arXiv:0911.0687v3 [hep-ph] 24 Feb 2010

Semi-Analytic Calculation of the Gravitational Wave Signal From the Electroweak Phase Transition for General Quartic Scalar Effective Potentials

John Kehayias^∗ and Stefano Profumo^† Santa Cruz Institute for Particle Physics and Department of Physics, University of California, Santa Cruz, CA 95064, USA (Dated: February 25, 2010)

Upcoming gravitational wave (GW) detectors might detect a stochastic background of GWs potentially arising from many possible sources, including bubble collisions from a strongly first-order electroweak phase transition. We investigate whether it is possible to connect, via a semi-analytical approximation to the tunneling rate of scalar fields with quartic potentials, the GW signal through detonations with the parameters entering the potential that drives the electroweak phase transition. To this end, we consider a finite temperature effective potential similar in form to the Higgs potential in the Standard Model (SM). In the context of a semi-analytic approximation to the three dimensional Euclidean action, we derive a general approximate form for the tunneling temperature and the relevant GW parameters. We explore the GW signal across the parameter space describing the potential which drives the phase transition. We comment on the potential detectability of a GW signal with future experiments, and physical relevance of the associated potential parameters in the context of theories which have effective potentials similar in form to that of the SM. In particular we consider singlet, triplet, higher dimensional operators, and top-flavor extensions to the Higgs sector of the SM. We find that the addition of a temperature independent cubic term in the potential, arising from a gauge singlet for instance, can greatly enhance the GW power. The other parameters have milder, but potentially noticeable, effects.

I. INTRODUCTION

Gravitational wave (GW) interferometers currently taking data, and under development or construction, have as a possible target a stochastic background of GWs of cosmological origin (for reviews, see[1–4], for recent results, see [5]). Since GWs propagate freely through the Universe after being produced, their detection provides a powerful diagnostics for the physics of the Early Universe. Several mechanisms that might generate such GWs have been discussed, including quantum fluctuations during or shortly after inflation [6–8], cosmic strings [9], cosmological magnetic fields [10–13], plasma turbulence [14–17] and bubble wall collisions during first-order phase transitions [18–23].

Specifically, the space interferometer LISA, expected to fly, or to be nearing completion, over the next decade will have a sensitivity peak for GWs with a frequency between 10^{−4} and 1 Hz [4]. Quite fortunately, this range corresponds to the frequency range expected today, after redshifting, from GWs produced at a temperature T ∼ 100 GeV ∼ E_{EW}, where the latter symbol indicates the electroweak scale. Intriguingly enough, the production of GWs at T ∼ E_{EW} is indeed expected if the electroweak phase transition is strongly first order. In turn, this is a necessary condition for the success of scenarios where the baryon asymmetry of the Universe is produced at the electroweak phase transition (electroweak baryogenesis, EWB; for a review, see [24]). However, there is a generic tension between the requirement of a small bubble wall velocity needed in the context of electroweak baryogenesis models (see e.g. [25–27]) and the super-sonic bubble velocity values (detonation) under investigation here. Depending on the sources of net baryon number, super-sonic bubble wall velocities might be compatible with a baryon asymmetry produced at the EWPT, although this is generally not the case. We are at the dawn of the exciting period of exploring the electroweak scale with the possibility to connect such diverse experimental endeavors as GW detection and the Large Hadron Collider. These grand experimental enterprises may also help answer the question of how the baryon asymmetry arose in the Early Universe, which is all the more exciting.

In its minimal setup, the strength of the electroweak phase transition in the Standard Model only depends only on the mass of the Higgs bosons (for a review, see [28]). For the Higgs mass range compatible with searches at LEP-II, non-perturbative lattice computations indicate that there is no phase transition at all, but rather a smooth crossover [29]. No GW production is thus expected at the EW phase transition, if the electroweak sector corresponds to the

∗Electronic address: kehayias@physics.ucsc.edu †Electronic address: profumo@scipp.ucsc.edu

minimal Standard Model. In addition, if this is the case, EWB cannot be the mechanism underlying the production of the baryon asymmetry in the Universe.

Fortunately, the strength of the EW phase transition is actually strongly model-dependent and parameter-dependent (for a review, see [30]), and numerous extensions of the Standard Model do predict a strongly first order EW phase transition. If this is further extended with the other necessary ingredients for EWB, the EW scale might indeed be responsible for generating the observed baryon-antibaryon asymmetry.

If the EW phase transition is strongly first order, the universe finds itself trapped, at T ≲ E_{EW}, in a metastable EW unbroken phase where the vacuum state of the universe is a false vacuum (i.e. it is not the lowest energy state) as the universe cools down and its temperature decreases. A potential energy barrier exists between the false and the true (lowest energy) electroweak symmetry breaking vacuum. Quantum mechanical tunneling produces bubbles of true vacuum (broken EW phase), which then expand, collide, and combine to fill the universe with the true vacuum. GWs can be abundantly produced at the EW phase transition, primarily through bubble collisions [6–8, 17–20, 31]. This mechanism has been extensively investigated, analytically and numerically, and in relation to the effective potential that drives the transition itself.

In particular, the possibility of a GW signal from the EW phase transition has attracted, not surprisingly, a great deal of attention. In view of the above mentioned large model-dependence, though, most of the existing literature has been devoted to either special cases and particular corners of parameter space (such as the light stop scenario in the context of the minimal supersymmetric extension of the Standard Model, MSSM; for a review, see [32]), and/or to accurate but numerical studies only [33, 34]. Alternatively, model independent results on the detectability of a GW signal from a strongly first order phase transition have been derived assuming a few relevant parameters for the GW dynamics could be computed from the effective potential that drives the particular phase transition under consideration (for recent related work, see e.g. [35–37]).

The scope of the present study is to use semi-analytical results of the tunneling rate of scalar fields with quartic potentials [38] to predict analytically the strength of the EW phase transition and the GW signal in extensions of the Standard Model EW sector that can be characterized with the dynamics of a single order parameter, a scalar field ϕ. These models include simple generalizations of the SM effective potential, in appropriate dynamical regimes. The main result of this paper is a closed analytic formula for two parameters describing the GW signal as a function of parameters appearing in the effective potential of the scalar field driving the EW phase transition.

The rest of this paper is organized as follows: in Section II we summarize the relevant physics and definitions of the quantities we will be studying, in particular an approximation for the three dimensional Euclidean action, which is the basis for computing the finite temperature tunneling rate. Then, in Section III, we derive an approximation for the tunneling temperature and present exact and approximate formulas for the GW parameters for any effective potential similar in form to the SM case. Following that, in Section IV we constrain some parameters in order to reproduce the usual electroweak symmetry breaking pattern, and plot the effect of the various parameters in the potential on the parameters driving the GW signal. We examine the physical relevance of the parameter space and the detectability of the GW when varying various parameters beyond their SM values. In Section V we describe specific examples where our formalism can be applied in certain regimes, including SU(2) triplet and singlet extensions to the Higgs sector, top-flavor models, and models encompassing higher dimensional operators.

II. BACKGROUND

In the context of a strongly first-order phase transition in the early universe, the basic problem of evaluating the GW signal amounts to calculating the tunneling rate (i.e. the decay probability) from the false vacuum state to the true vacuum state – in other words, the bubble nucleation rate per unit time per unit volume (for a review of tunneling in a finite temperature quantum field theory, see [28]). This is given in general by the expression: Γ V ∼ A(T )e^{−SE3/T} (II.1) where the factor A(T ) ∼ T^4 and S_{E3} is the three dimensional^1 Euclidean action

S_{E3} = ∫ d^3x [ 1 2 ( ⃗∇ϕ )_2 + V (ϕ, T ) ] . (II.2)

1 The symmetry for finite temperature bubble nucleation is O(3), not O(4) [39, 40].

Typically S_{E3} is not calculated analytically, but semi-analytic expressions exist ([38]), which provide the basis for the rest of our analysis. We summarize these results below.

As we point out in Sec. III, it is possible to derive an expression for the temperature at which tunneling is probable and the universe undergoes a phase transition. Now that regions of the universe can tunnel to the true vacuum, it is possible to produce large bubbles of true vacuum which expand, collide, and combine into larger bubbles. Expanding bubbles gain wall velocity and energy, but spherical symmetry does not allow any energy to be directly transferred into GWs. However, when more than two bubbles collide, this symmetry is broken and energy can be released into GWs^2. Energy released into the universe can also be transferred to GWs through turbulence, but we neglect this sub-dominant contribution to the spectrum (for recent analyses, see [41–43]).

Two quantities determine the GW spectrum when the phase transition proceeds through detonation (the bubble wall velocity is faster than the speed of sound in the plasma). α measures the energy density change by transitioning from the false to true vacuum, and β is the bubble nucleation rate per unit volume. The actual parametrization of the GW spectrum is summarized below.

A. The Three Dimensional Euclidean Action

The tunneling process is calculated from the three dimensional Euclidean action. Typically this is done numerically, however, there is a general, semi-analytic, approximate solution for quartic potentials of a single scalar field [38]. This is the key starting point for our calculations.

Consider the potential for a scalar field ϕ of the form

V (ϕ) = λϕ^4 − aϕ^3 + bϕ^2 + cϕ + d (II.3)

with λ > 0 to have the potential bounded from below, b > 0 to have ϕ = 0 a minimum, and a > 0 for the minimum to be for positive ϕ. Without loss of generality, the false vacuum can be placed at the origin (ϕ = 0, V = 0), and so d = c = 0. Here the above coefficients are typically not the same as in the zero temperature potential of the same theory, and may have temperature dependence. They are also all greater than zero. The three dimensional Euclidean action is approximately given by

S_{E3} = πa λ^{3/2} 8 √ 2 81 (2 − δ)^{−2} √ δ/2 ( β_1δ + β_2δ^2 + β_3δ^3 ) (II.4)

where δ ≡ 8λb/a^2, β_1 = 8.2938, β_2 = −5.5330, and β_3 = 0.8180. These parameters are the result of a numerical fit in the semi-analytic study^3 [38].

B. Gravitational Wave Parameters

We are interested in the gravitational wave signal from electroweak symmetry breaking, which is mostly produced through bubble (as in which vacuum state) nucleation. The first part of calculating the GW parameters is to determine at what temperature bubble nucleation will be an energetically favored process.

Assuming temperatures of O(100 GeV), the probability of a single bubble to be nucleated in a horizon volume to be ∼ O(1) is well approximated^4 in the Early Universe by

S_3(T_t)/T_t ∼ 140 (II.5)

where T_t is the tunneling temperature (see e.g. [28]). This temperature will be between the critical temperature T_c, where there is a degenerate minimum with ϕ ≠ 0 (the only minimum at high T is at ϕ = 0), and the destabilization temperature T_{dest}, where the minimum at ϕ = 0 is a local maximum: T_{dest} ≤ T_t < T_c. (II.6)

2 Section IIB of [19] has a detailed discussion of the symmetry of two colliding bubbles.

3 The absolute errors of the reduced action divided by the thin wall limit action are bounded to be less than 0.033 – see [38] for the full details.

4 The exponential factor of the tunneling probability ensures that this approximation is valid for a broad range of temperature or energy scale.

An approximation is derived for T_t in Section III.

The vacuum energy (latent heat) density in this process is given by the standard statistical mechanics expression ϵ_t = −V (v(T ), T ) + T d dT V (v(T ), T ) | | | T_t , (II.7)

and the ratio between this and the radiation energy density is α = 30ϵ_t π^2g_tT^4_t

, (II.8)

where g_t is the number of relativistic degrees of freedom at T_t. In a radiation dominated universe the parameter β is given by β H_t = T_t d(S_3(T )/T ) dT | | |_{Tt} . (II.9)

α and β/H_t parametrize the GW spectrum [31], which is defined below, following [34].

We consider only a phase transition proceeding through detonation – the bubble wall velocity is faster than the speed of sound in the plasma. This also ensures that the thin wall approximation is valid, which was used in [34]. The wall velocity is [9]

v_b(α) = 1√ 3 + √ α^2 +^2_3 α

1 + α

, (II.10)

which increases with α, starting at the speed of sound in the plasma (1/ √ 3) up to the speed of light. However, this may not always be a good assumption, depending on the exact theory for the electroweak phase transition; particle scattering with the bubble wall will affect v_b. For instance, [44] analyzed the MSSM stop contribution to the friction of the bubble wall in the plasma. This can greatly decrease v_b, down to about 0.05. On the other hand, one still expects some scaling with α (which can be quite large and we are not restricting ourselves to just the MSSM), which could counteract these effects. Since we do not make any assumptions on the underlying theory, it is difficult to say what value of v_b will ultimately take, and we use the above equation for what follows. We are also restricting ourselves to the case of detonation, so we must have v_b greater than 1/ √ 3. This is a non-trivial calculation from the effective potential and bubble dynamics, so for the purposes of this work we must assume that this holds. For a particular model, however, one must check that v_b is sufficiently large to apply the formulas we will present for the GW spectrum.

How much of the vacuum energy is transferred to the bulk, rather than reheating the bubble, is given by an efficiency factor, again considering only the case of detonations and the same caveats above: κ(α) = 1 1 + 0.715α ( 0.715α + 4 27 √ 3α 2 ) (II.11)

For the bubble collision contribution the spectrum is parametrized (close to the peak frequency) as

Ω_{Col∗}(f_{Col∗}) = ~Ω_{Col∗}

(a + b)f̃^b_{Col∗}f^a_{Col∗} bf̃^{(a+b)} Col∗ + af (a+b) Col∗

(II.12)

with the peak frequency f̃_{Col∗} and peak amplitude ~Ω_{Col∗} (as functions of the wall velocity). The exponents are in the range a ∈ [2.66, 2.82] and b ∈ [0.90, 1.19] with the case of large wall velocity, v_b ≈ 1, having a ≈ 2.8 and b ≈ 1.0 (see the numerical analysis of [34] for details). The spectrum observed today is found by redshifting:

f̃_{Col} = 16.5 × 10^{−3} mHz ( f̃_{Col∗} β ) ( β H_t ) ( T_t 100 GeV ) ( g_t 100 )_{1/6} (II.13)

h^2 ~Ω_{Col} = 1.67 × 10^{−5} ~Ω_{Col∗} ( 100 g_t )_{1/3}

= 1.67 × 10^{−5}Δ̃κ^2 ( H_t β )_2 ( α α + 1

)_2 ( 100 g_t )_{1/3} (II.14) with the functions f̃_{Col∗}/β and Δ̃ approximately [34]

Δ̃ = 0.11v^{3b} 0.42 + v^2_b

(II.15)

f̃_{Col∗}/β = 0.62 1.8 − 0.1v_b + v^2_b

. (II.16)

Although we use the results of a numerical analysis for the GW spectrum, there has also been recent analytic work on this subject (e.g. [36, 45]).

To summarize, the three dimensional Euclidean action is used to calculate the tunneling rate to the true, symmetry breaking, minimum of the potential. An approximation for quartic potentials was given in [38], which we will employ in this study. The action is used to directly calculate the tunneling temperature, where this process can produce appreciable amounts of gravitational waves. Two parameters are calculated from the potential to give the spectrum observed today.

III. Tt, α, AND β/Ht FROM A GENERIC SM-LIKE POTENTIAL

The potential we consider is a generic, quartic potential modeled after the SM Higgs’s effective potential at high temperature. What follows is a quick overview of the relevant terms and quantities in the SM. The one loop, finite temperature, effective potential due to the gauge bosons and top quark, expanded at high temperature, is

V (ϕ, T ) = D(T^2 − T^2_{0SM} )ϕ^2 − ET ϕ^3 + λ_{SM} (T ) 4 ϕ^4 (III.1)

with the coefficients being D = 2m^2_W + m^2_Z + 2m^2_t 8v^2

≈ 0.17 (III.2) E = 2m^3_W + m^3_Z 4πv^3 ≈ 9.6 × 10^{−3} (III.3)

T^2_{0SM} = m^2_h − 8Bv^2 4D ≈ (238.6 GeV)^2 (III.4) B = 3 64π^2v^4

(2m^4_W + m^4_Z − 4m^4_t ) ≈ −4.6 × 10^{−3} (III.5) λ_{SM} (T ) = λ_{SM} − 3 16π^2v^4 ( 2m^4_W log m^2_W A_B T^2

+ m^4_Z log m^2_Z A_B T^2

− 4m^4_t log m^2_t A_F T^2 ) (III.6)

where log A_B = log a_b −3/2, log A_F = log a_f −3/2, a_b = 16π^2 exp(3/2−2γ_E), a_F = π^2 exp(3/2−2γ_E), and γ_E ≈ 0.5772 is the Euler-Masccheroni constant [46] (for details, see e.g. [28]). All the masses (Higgs, W, Z, and top) above refer to the usual zero temperature values, and v ≈ 246 GeV is the Higgs vacuum expectation value (vev). The high temperature approximation comes from expanding the thermal bosonic and fermionic functions, J_{B,F}, appearing as the thermal contribution to the one-loop effective potential:

T^4 2π^2

J_B [ m^2(ϕ)/T^2 ] , −2λT^4 2π^2

J_F [ m^2(ϕ)/T^2 ] , (III.7)

where m is the field-dependent mass of the boson or fermion and we are working in units where k = 1 = ℏ = c (so temperature is measured in energy units). The thermal functions are given by J_{B,F} [ m^2β^2 ] = ∫_∞ 0 dxx^2 log [ 1 ∓ e^− √_{x2+m2 β2} ] , (III.8)

and have high temperature expansions

J_B(m^2/T^2) ≈ − π^4 45 + π^2 12 m^2 T^2 − π 6 ( m^2 T^2 )_{3/2} − 1 32 m^4 T^4 log m^2 a_bT^2

+ · · · (III.9)

J_F(m^2/T^2) ≈

7π^4 360 + π^2 24 m^2 T^2 − 1 32 m^4 T^4 log m^2 a_f T^2

+ · · · (III.10)

Since T_t > T_{0SM} , the destabilization temperature, the temperature scale for the phase transition is much larger than any of the particle masses; a high temperature expansion will be a good approximation in this regime.

In terms of the definitions given in Section II we have

λ(T ) = λ_{SM} (T ) 4 (III.11)

a(T ) = ET (III.12) b(T ) = D(T^2 − T^2_{0SM} ) (III.13) δ(T ) ≡ 8λb a^2 = 2λ_{SM} (T )D(T^2 − T^2_{0SM} ) E^2T^2 = 2D E^2 [ 1 − ( T_{0SM} T )_2] λ_{SM} (T ). (III.14)

We now consider an effective potential of the general form of the SM case, V_{ef f} (ϕ, T ) = λ(T ) 4 ϕ^4 − (ET − e)ϕ^3 + D(T^2 − T^2_0 )ϕ^2, (III.15)

where there is a new parameter, e, motivated by gauge singlets (see Sec. V A). e = 0 in the SM. The potential minima (first derivative with respect to ϕ is 0) located at ϕ = 0, 3(ET − e) ± √ 9(e − ET )^2 − 8Dλ(T )(T^2 − T^2_0 ) 2λ(T ) . (III.16)

The parameters in the Euclidean action are (using a tilde here to denote the λ of the formulae in Sec. II A, otherwise we mean the λ of our general effective potential above):

λ̃(T ) = λ(T ) 4 (III.17)

a(T ) = ET − e (III.18) b(T ) = D(T^2 − T^2_0 ) (III.19) δ(T ) ≡ 8λ̃b a^2 = 2D(T^2 − T^2_0 )λ(T ) (ET − e)^2 . (III.20)

The critical temperature is (the sign of the square root is chosen so that the temperature is positive in the SM case):

T_c = eE − √ Dλ(T_c)(e^2 + (Dλ(T_c) − E^2)T^2_0 )

E^2 − Dλ(T_c)

(III.21)

From here on the temperature dependence of λ will be dropped, taking it as a free parameter in the theory. Alternatively, λ(T ) ≈ λ(T_0) or λ(T ) ≈ λ(T_c), since λ is slowly varying with temperature (logarithmic corrections).

For calculating the tunneling temperature, we note the general behavior of S_{E3}/T : it decreases rapidly as the temperature is lowered, from a singularity at T = T_c. Physically, this is because the tunneling rate starts at zero when the minima are degenerate, and increases rapidly as the new minima becomes the global one. In the approximation, this can be seen by looking at the term (2 − δ)^{−2}. At T_c, δ(T_c) = 2, for this general effective potential. To approximate a solution for T_t we expand near T_c: T → T_c(1 − ϵ). ϵ will be very small for T_t, as the sharp peak ensures that S_{E3}/T = 140 very close to T_c. Expanding δ to lowest non-vanishing order in ϵ, about ϵ = 0,

δ ≈ 2 + 4Dλ(ET^2_0 − eT_c)T_c (e − ET_c)^3 ϵ ≡ 2 + F ϵ, (III.22)

where the first term is due to substituting in (III.21). As ϵ → 0, we recover that δ → 2. Now the relevant quantity for the tunneling temperature, S_{E3}/T , can be approximated by again having T → T_c(1 − ϵ) and expanding about ϵ = 0. Defining the prefactors of S_{E3} as G ≡ 64 √ 2π 81λ^{3/2}

, (III.23)

the resulting lowest order expression is S_{E3}/T ≈ 2G(β_1 + 2β_2 + 4β_3)(ET_c − e) F^2T_c 1 ϵ^2

. (III.24)

As expected, there is a singularity as ϵ → 0, with the same power as the divergent piece in the original expression. Finally, we arrive at an estimate for the tunneling temperature: ϵ ≈ √ 2G(β_1 + 2β_2 + 4β_3)(ET_c − e) 140F^2T_c

(III.25)

T_t ≈ T_c(1 − ϵ). (III.26)

A rough error estimate comes from comparing this value of T_t to the value obtained numerically using the first approximation, (II.4). Throughout most of the parameter space that we analyze in the next section, the difference between the two values averages to be less than 0.1% (most of the space is much lower even). Some regions of −e, however, can have an average difference of 30%.

The true minimum of the potential is ϕ with the positive square root in (III.16) which gives an expression for the minimum of the potential as a function of temperature. This yields an exact expression for α (from the formulae in Sec. II B): α = 15(3e − 3ET_t − ξ) 16π^2g_tλ^3T^4_t { 9e^3 + e^2(9ET_t − 6ξ) + 9E^2T^2_t (3ET_t + ξ) − 4Dλ [ −3ET_t(T^2_0 − 3T^2_t )

+(T^2_0 + T^2_t )ξ ] + e [ −45E^2T^2_t + 12Dλ(T^2_0 + T^2_t ) − 3ET_tξ + ξ^2 ]} , (III.27)

where ξ ≡ √ 9(e − ET_t)^2 − 8Dλ(T^2_t − T^2_0 ). β/H_t can be computed directly from (II.4) and the definitions in Sec. III: β/H_t = 1024πD^2 √ 2λ 81T_t(e − ET_t)^{10} √ Dλhk^3 { −32DλT_t(ET^2_0 − eT_t)(ET_t − e)h^2j(8, 64)

−ET_th^2kj(8, 64) + (ET_t − e)h^2kj(8, 64) + T_t(eT_t − ET^2_0 )hkj(8, 64)

+4T_t(ET^2_0 − eT_t)(e − ET_t) [ (e − ET_t)^2 − 4Dλh ] hj(16, 192) } , (III.28)

where

h ≡ T^2_t − T^2_0 (III.29)

j(x, y) ≡ (ET_t − e)^4β_1 + xDλ(ET_t − e)^2hβ_2 + yD^2λ^2h^2β_3 (III.30) k ≡ (ET_t − e)^3 ( 2 − 8Dλh (ET_t − e)^2 ) . (III.31)

A much simpler expression comes from using the approximation in (III.24) (noting that^d_{dT} = −^1_{Tc}^d_{dϵ} near T_t): β/H_t ≈ 4G(β_1 + 2β_2 + 4β_3)(ET_c − e) F^2T_c

(1 − ϵ) ϵ^3

. (III.32)

Again, a rough error estimate comes from comparing this approximation versus computing β/H_t directly from (II.4). Over the parameter space we consider, the difference typically averages to be less than 10%. Again, part of the −e region has much larger errors, but, on average, well within an order of magnitude. These errors in T_t and β/H_t might potentially affect the peak frequency and overall power, to an extent that quantitatively depends on the size of these errors. It is difficult to estimate analytically the effect on the GW spectrum, but if the errors are not very large, they are possibly only important in borderline detection cases.

Using the above approximation for the tunneling temperature provides an approximation for the GW parameters for any theory with a SM-like effective potential. The GW spectrum is then fully specified, using the equations at the end of Sec. II B.

A. Parameter Constraints

We need to enforce that the potential of (III.15) (where we will work at T = 0 here) correctly describes electroweak symmetry breaking. Note that the potential is typically not a tree level potential, even at T = 0 (in the SM there are still the one-loop effects), and using the SM parameters will give differing results (by a few percent) from tree level calculations. The first condition is that ϕ at the electroweak breaking minimum, (III.16) at T = 0 with the positive root, is the usual vev of the Higgs field: < ϕ >= −3e + √ 9e^2 + 8DλT^2_0 2λ = v ≈ 246 GeV, (III.33) where λ is also at T = 0. This point must be a stable minimum, hence

∂^2V_{ef f} (ϕ, T = 0) ∂ϕ^2 | | |_{ϕ=v} = 1 2λ ( 9e^2 + 8DλT^2_0 − 3e √ 9e^2 + 8DλT^2_0 ) > 0. (III.34)

Finally, we will also restrict the parameters to have a Higgs mass above current limits:

m^2_h =

∂^2V_{ef f} (ϕ, T = 0) ∂ϕ^2 | | | |_{ϕ=v} > (114GeV)^2 (III.35)

The first constraint, (III.33), can be solved to give an expression for T_0:

T^2_0 = v(3e + λv) 2D (III.36)

which is rather similar to the SM form. Requiring that T_0 and v are greater than 0, along with the original constraints on the coefficients of the potential (λ, D, (ET −e) > 0, see Section II A and [38]), satisfies the second constraint, (III.34), if e > 0 or if e < 0 and λ ≠ −^{3e}_{2v} . Finally, we can use the the last equation for m_h, (III.35), to solve for λ. In order to satisfy all the constraints we are left with the following solutions:

λ = m^2_h−3ev 2v^2 , 1 4v^2 (m 2 h − 9ev − √ m^4_h − 18evm^2_h + 9e^2v^2), if (_{m2h−2v2} 3v ,^{−1}_6 ( 3v + √ 4m^2_h + v^2 )) < e < 0, m^2_h−3ev 2v^2 , if 0 ≤ e < m^2_h

3v .

(III.37)

For the SM case of e = 0 we have the usual relation of m^2_h = 2λv^2. In order for the theory to be perturbative we need λ < 1, so for the SM we use

0.11 ≤ λ < 1, (III.38)

where the lower bound is from the Higgs mass limit. This roughly corresponds to

115 GeV ≤ m_h < 348 GeV. (III.39)

When e ≠ 0 the value of e and m_h in the range given above set the value of λ. When e < 0 both solutions for λ are used, which gives the greatest range of values for both λ and e.

Other constraints follow from requiring T_c to be real and positive, which can be deduced simply from (III.21). For instance, for T_c to be real,

e^2 ≥ (E^2 − Dλ)T^2_0 , (III.40)

while having T_c > 0 can reduce to a simple constraint depending on which parameters are being varied together, as well as the sign of the square-root.

It is also important to note divergent features of the above expressions. First, in (III.25), ϵ will be complex if e > ET_c > 0, since the other terms are all positive (D and E are positive in general, as they depend only on masses-squared). In this case T_t and the GW parameters will also be complex, so we limit

e < ET_c. (III.41)

Since this arises in our approximation, it is possible that higher order terms will resolve this behavior. However, if e ≥ ET_c, then the sign of the cubic term in the potential changes (becoming positive). There would no longer be any potential energy barrier, and the phase transition could not be first-order. Therefore, it is consistent for this analysis to limit e by the inequality above.

In several of the equations in Section III the term E^2 − Dλ appears. Occurring in the numerator of eq. (III.21) this appears in the reality constraint above. Appearing in the denominator, however, when it equals zero it is a pole in the (exact) expression for T_c. This causes ϵ to diverge, and thus T_t will pass through zero. This carries over to a pole in α. Clearly, as ϵ approaches one, our approximation will break down. However, fine-tuning to be near this pole could provide models with a very strong phase transition (large α). Below, we only consider values of E^2 up to 90% of Dλ.

FIG. 1: In each plot the labels for the x-axis denotes the varied parameter in blue and red (dashed), respectively. The green line is the (constant) SM value. The ranges for the varied parameters were chosen arbitrarily, to show the overall behavior. e is in GeV, while the other parameters are dimensionless. Note the pole as E is varied, as described. On the left-hand side, the blue line (varying e) closely follows the green one (SM value), for the range shown.

IV. THE PARAMETER SPACE

Now that we have general expressions for the GW parameters in terms of the coefficients of our potential, we can look at the parameter space. Throughout this analysis the parameters we are not varying are set to their SM values (with λ_{SM} = 0.3, and λ_{SM} (T ) | |_{T =T0} when not varied). Also, we set g_t = 100 throughout. This can vary greatly between models, but here we are looking at the parameter space in general, without assumptions on what theory is being used.

In the plots of the α − β/H_t plane both λ and one other parameter are varied. λ ranges as described above. The other varied parameter ranges from an order of magnitude less than its SM value to an order of magnitude larger for the darker blue region, and a further order of magnitude larger and smaller for the lighter blue region, taking into account the above constraints. Note that for negative e, we also need to make sure that ϵ is real and less than one, as this is the only parameter (in the ranges we considered) that could cause these problems for ϵ. The red line represents the SM with only λ varied. e is less than ET_c or m^2_h/3v, whichever is smallest. LISA and BBO sensitivity regions were computed using rough estimates of the sensitivity curves, as in [34, 35, 43, 47], and finding the region in the α-β/H plane where the computed GW spectrum is above the sensitivity. The LISA spectrum used is the approximate instrument strain sensitivity, while the BBO spectrum is the correlated extension (BBO Corr), which uses data analysis of two LISA-like detectors to improve sensitivity. LIGO is not sensitive in this region to GWs. The sensitivity regions shown flatten (do not reach into higher β) for large α, as the LISA and BBO sensitivity drops considerably outside of their most sensitive frequency. Thus, even with increasing α, larger β means a greater peak frequency, pushing it out of the experimental range.

We note that very small v_b, due to viscosity of the plasma, could potentially affect detection with LISA or BBO, due to a change in the peak energy density and the peak frequency of the GWs. A small v_b = 0.05, as in [44], does not change the overall overlap of the experimental sensitivities with the parameter space in the figures (using this v_b in calculating the experimental sensitivity). However, this could be a large effect for borderline cases. Without specifying the specifics of a theory, it is difficult to explore the issue of calculating v_b precisely. Furthermore, our analysis considers only detonations, where v_b is at least ten times greater. Small v_b requires considering the case of deflagrations in detail, and is outside the scope of this work (for recent work, see [36, 48]). This is another direction to be explored not only in the context of GW detection, but also for baryogenesis, as v_b affects the length of the phase transition.

FIG. 2: A plot of the α − β/H plane with λ and D varying. The red line is the SM with λ in the allowed range. The darker blue region is an order of magnitude greater and less than the SM value for D. The lighter blue region is a further order of magnitude greater and less. BBO and LISA rough sensitivity regions are shown as the lighter and darker red shading, respectively.

FIG. 3: A plot of the α − β/H plane with λ and E varying. The red line is the SM with λ in the allowed range. The darker blue region is an order of magnitude greater and less than the SM value for E. The lighter blue region is a further order of magnitude greater and less. BBO and LISA rough sensitivity regions are shown as the lighter and darker red shading, respectively.

FIG. 4: A plot of the α − β/H plane with λ and e varying. The dark blue region is for e > 0, while the light blue shading indicates the first solution for λ when e < 0, and the green the second solution. BBO and LISA rough sensitivity regions are shown as the lighter and darker red shading, respectively. The tail of the green region, extending to very large α, may have errors in the calculation of β/Ht due to the approximate formula. However, the points remain in the LISA region.

Although varying D or E does not greatly enhance α, their effect is noticeable. Both also tend to have large values of β, but cover a very large range. However, D, at least for this range of variation, is not close to the sensitivity regions of LISA or BBO. E has regions which are much closer to LISA or BBO, but we do not predict any overlap. e < 0, on the other hand, can greatly increase α, as well as have a much smaller β. Here there is the greatest parameter space which may be observable. There is considerable overlap between the various potential parameters and the corresponding values of the GW parameters, and thus a particular GW spectrum does not generally point to a value of just one of these potential parameters.

V. MODELS

In this section we investigate a few models which naturally fit into the effective potential analyzed above. Of primary interest are models with gauge singlets, which we argue provide a very good motivation for the parameter e. Since this parameter was shown to have the largest effect in producing a strongly first-order phase transition, these models could predict an observable GW signal in the near future. There are many models with singlets, and in general it is not possible to derive an analytic expression for the effective potential. We will look at the simplest such model, the SM with the addition of one (real) gauge singlet field.

A. SM + Gauge Singlet

While the motivation for the overall form of the effective potential we consider is due to the SM, the additional term, e, is motivated by gauge singlets. Gauge singlets are present in many models, such as the Next-to-MSSM (NMSSM). Singlets in the context of the electroweak phase transition and baryogenesis have been studied for some time (e.g. [49–51], and more recently, e.g. [52–54]), including the effect of trilinear couplings driving a strongly firstorder phase transition without even considering the thermal term (see, for instance, [55, 56]). Recently, [54] has also explored the connection of singlets with possible explanations for recent astrophysical signals. In this section we will give a brief decoupling (in the sense of taking the singlet to be much heavier than the Higgs) analysis, motivating the inclusion of e in the effective potential, and showing that these classes of models naturally fit into our framework above.

The procedure we will follow is to use the tree-level, zero-temperature mass eigenstates as a basis, taking the mostly singlet state to be much heavier. In addition, we will want the mixing of the states to be very small. The goal is to show that there is a tree-level, cubic, self-coupling term of the lighter (mostly Higgs) state. We will consider two different limiting cases (in terms of an expansion parameter, defined below) and show that we can always have a very small mixing angle, a very heavy singlet state, and a light Higgs state with sufficiently large cubic coupling. If we consider SM values for all other parameters of the effective potential, than we need e ≲ −20 GeV (see previous section) for a strongly first-order phase transition.

Following the notation of [53], the tree level scalar potential of the SM Higgs sector with an additional gauge singlet field is the sum of V_{SM} = −μ^2 ( H^†H ) + λ ( H^†H )_2 (V.1) V_{HS} = a_1 2 ( H^†H ) S + a_2 2 ( H^†H )_2

S^2 (V.2)

V_S = b_2 2 S^2 + b_3 3 S^3 + b_4 4 S^4 (V.3)

with H the usual SM SU(2)_L scalar doublet and S the gauge singlet (real) scalar field. The vevs are defined to be v_0/ √ 2 for H and x_0 for S. The fields for the fluctuations about the vevs are h and s, defined as H = (v_0 + h)/ √ 2 and S = x_0 + s. For simplicity, we’ll now take H to be real. The minimization conditions (for both fields, with x_0 ≠ 0) can be used to eliminate the mass parameters:

μ^2 = λv^2_0 + (a_1 + a_2x_0) x_0 2 (V.4)

b_2 = −b_3x_0 − b_4x^2_0 − a_1v^2_0 4x_0 − a_2v^2_0 2 . (V.5)

While for x_0 = 0 the conditions enforce a_1 = 0 and μ^2 = λ_S v^2_0 , as in the SM.

The mass matrix has the following elements:

μ^2_h ≡

∂^2V ∂h^2 = 2λv^2_0 (V.6)

μ^2_s ≡

∂^2V ∂s^2 = b_3x_0 + 2b_4x^2_0 − a_1v^2_0 4x_0

(V.7) μ^2_{hs} ≡ ∂^2V ∂h∂s = (a_1 + 2a_2x_0)v_0. (V.8)

The mass eigenstates are defined as

h_1 = (sin θ)s + (cos θ)h (V.9) h_2 = (cos θ)s − (sin θ)h (V.10)

with the mixing angle θ as

tan θ = y 1 + √ 1 + y^2

, where y ≡ μ^2_{hs} μ^2_h − μ^2_s

. (V.11)

Here, | cos θ| > 1/ √ 2, and so h_1 is the state with the largest SU(2)-like component (and h_2 has the largest singlet component). The terms singlet state, h_2, and heavier state will be used interchangeably (and likewise for the Higgs state). Inverting the above states, we have the original fields, expanded about the minimum, in terms of these mass eigenstates:

H = v_0 + (cos θ)h_1 − (sin θ)h_2 (V.12) S = x_0 + (sin θ)h_1 + (cos θ)h_2. (V.13)

The mass eigenvalues are

m^2_{1,2} = μ^2_h + μ^2_s 2 ± μ^2_h − μ^2_s 2 √ 1 + y^2, (V.14) with the upper (lower) sign for m_1 (m_2).

We consider the decoupling limit where the singlet is very heavy (i.e. the state h_2) and study the cubic term of the effective h_1 potential. The lighter state, h_1, should roughly be in the mass range allowed for the SM Higgs. Although we allow mixing between the states (so the singlet will not be completely physically decoupled), we want to keep the mixing angle small; interactions between h_1 and h_2 will be highly suppressed after integrating h_2 out, by both the small mixing angle and large mass scale of h_2. However, since higher dimensional operators are generated, this could contribute to enhancing E (and thus α), as discussed in [57]. We will also consider x_0 an essentially free parameter, determined by physics at the higher, singlet scale. We will consider x_0 both much larger or smaller than v_0, and use the ratio as an expansion parameter.

Since we consider x_0 set by other dynamics, S will be expanded as in eq. (V.12), while we will drop the v_0 in expanding H^5. The reason for this is that we want to consider these results as leading terms in the finite-temperature effective potential; the proper degree of freedom before the phase transition is the unshifted field (there is no vev yet). Clearly, the mass eigenstates above are for the tree-level, zero-temperature, shifted fields. However, we will consider this as simply a change of basis; the coefficients of the expansion are just the proper values for the mass eigenstate basis at tree level (and zero temperature).

Considering the limit of x_0 ≫ v_0, we expand to lowest order in the small parameter u ≡ v_0/x_0. We have that cos θ ≈ 1 and sin θ ≈ −^{a2}_{2b4} u. Also, to lowest order in u,

m^2_1 ≈

(4b_4λ − a^2)v^2_0 2b_4

(V.15)

m^2 ≈

2b_4v^2_0 u^2

. (V.16)

Note that as we take u very small, the heavy mass becomes arbitrarily large. Writing the fields in the potential in terms of the mass eigenstates and working to lowest order in u, the coefficient of h^3_1 is given by − a^2v_0 2b_4 + a_2 2b_4 ( a_2b_3 2b_4 − a_1 ) u. (V.17)

Some fine tuning will be needed to have appropriate masses and cubic coupling. The values, for example, of a_2 = 0.35, b_4 = 0.3, λ = 0.4, has a light mass of about 190 GeV and a cubic coupling of about −50 GeV (in the limit of u → 0). The massive parameter a_1 could also be tuned as 1/u, for instance. In this case the series expansions also change and there are large regions of parameter space where all the constraints can be met.

In the small x_0 limit, to lowest order in w ≡ x_0/v_0,

θ ≈ 2w (V.18)

m^2_1 ≈ 4λv^2_0 + a_1v_0w (V.19)

m^2 ≈ − a_1v_0 4w . (V.20)

Again, the heavy state mass is arbitrarily large as we take w very small. The cubic coefficient of h_1, in this limit, is simply a_1w. In this case, we can have m_2 large and a sufficient cubic coupling by having a_1 negative and (possibly unnaturally) large. However, the second term in the expression for m^2_1 can constrain a_1 (or require tuning with λ). For instance, the light state has mass about 177 GeV when λ = 0.3 and a_1 = −20/w (the cubic coupling is −20 GeV), with w arbitrary. Note that these expansions (to lowest order) do not change for a_1 = a/w.

In both limiting cases then, a cubic coupling in the effective potential of the light state appears. This coupling can be of the right size to drive a strongly first-order phase transition, while still having a small mixing angle between the states, and appropriate heavy/light masses for the fields. It is also possible (for instance, [53]) to approximate the two-field effective potential in the same form as we analyzed (with the field being the Higgs, not the singlet). Viewed this way, the coefficients are more general functions of the singlet field. In general, however, this potential still must be numerically analyzed, due to the dynamics of the Higgs-singlet interactions. The decoupling analysis shown above is simply one limit of a general analysis. It is meant to motivate e and show that, even in this extreme limit, a singlet can have a large effect on the phase transition^6.

5 If we include v_0, the only change is the addition of the expected cubic coupling of the shifted Higgs field in the SM. 6 The singlet may also have other effects on the overall potential, including from its own finite temperature potential. A full analysis, of course, must account for effects besides generating e.

B. SM + SU(2)L Triplet

An example of a model where the quartic coupling in the tree-level effective potential is suppressed for a fixed value of the SM-like Higgs is given by models with an additional SU(2)_L triplet in the scalar sector. First considered in [58], this extension to the SM Higgs sector has several significant phenomenological implications, including a dark matter candidate [59, 60] and providing a natural framework for a Type II seesaw mechanism for generating non-vanishing neutrino masses [61]. We postpone an exhaustive study of this scenario to a future paper [62], but we point out here this scenario as one where the results of the present analysis apply.

Indicating with δ the neutral component of the SU(2)_L triplet Δ, the tree level neutral CP-even part of the Higgs potential, neglecting interaction terms with two or four Δ’s, reads:

V (H, δ) = −m^2_H H^2 + λ_{SM} 4 H^4 + M^2_Δδ^2 − 2μδH^2, (V.21)

where M_Δ is the mass term associated to Δ and the last term stems from the term, in the scalar potential,

μH^T iσ_2Δ^†H + h.c. (V.22)

(see e.g. [61]). Imposing the minimization condition to the tree level potential and singling out the field-space trajectory along which the minimum of the (tree-level) potential is found allows us to express δ as a function of H: ∂V ∂δ = 0 → δ = μ M^2_Δ

H^2. (V.23)

Along the locus of minima in the δ direction, the effective potential is now a function of a single field, H:

V_{min}(H) = −m^2_H H^2 + ( λ_{SM} 4 − μ^2 M^2_Δ ) H^4. (V.24)

This is essentially the same as in the SM case, but with the parameter change λ_{SM} 4 −→ λ_{SM} 4 − μ^2 M^2_Δ

≡ λ_T . (V.25)

This model can therefore be cast into the form of the effective potential of the SM we consider in this study, with the above change to the effective quartic coupling λ. The extra triplet scalar therefore automatically enhances the strength of the phase transition, since, for a given SM Higgs mass and at a given tri-scalar coupling E, a smaller λ correspond to larger values of α (which we can think of as the “strength” of the phase transition).

C. Other Models

Here we will only briefly mention a few other models which could be analyzed in our framework. First is the analysis of [63]. The authors study baryogenesis using the MSSM to generate a low energy effective theory, and in particular also study the strength of the electroweak phase transition. Given certain constraints on the parameters, the potential minimization reduces to the one-dimensional case, and the phase transition strength (i.e. the value of α) can be greatly enhanced. It is enhanced through an increase of the parameter E, which can be about an order of magnitude larger than in the SM. Given SM values for the other parameters in the effective potential, this alone, for a light Higgs, drives α to be larger than one. The new expressions for E can also be used to investigate more closely the parameter space that produces large α.

In a similar vein, [57] considers dimension-six Higgs operators, arising, for instance, from integrating out a heavy singlet. This can also produce a first-order phase transition. Another effect of this operator is to alter the Higgs selfcouplings from the SM. The cubic and quartic self-couplings are altered, and this in turn would alter the couplings appearing in the effective potential. Again, this is easily incorporated in our analysis.

The “topflavor” model also has a phase transition which fits into our framework. In this model there are separate SU(2)’s for the third versus other generations. In [64], the earlier phase transition, from SU(2)_1 × SU(2)_2 to the SM SU(2)_L × U(1)_Y , was analyzed in the context of baryogenesis. This phase transition has a scalar field as the order parameter, which has a quartic (tree-level) potential. The one-loop, finite-temperature, effective potential can be derived, and it has the same functional structure as the SM. The high temperature expansion will then be the same form as the general effective potential we analyzed. By using the constants of the topflavor model, which has a strongly first order phase transition, the GW parameters can be found through the above results. Note that in this case some of the constraints on the parameters are not applicable, since they refer to specific electroweak constraints. Baryogenesis in this model requires that the electroweak phase transition is not strongly first order, and therefore any GW produced comes from this earlier phase transition.

Finally, we note that the form of the potential we used is really quite general. The potential mimics the SM form, which we might reasonably expect to be a good approximation to any low energy, effective theory. Also, besides e, the form of the potential and the constants are all derived from the high-temperature expansion of the general one-loop, finite-temperature, effective potential of a theory with gauge bosons and fermions coupled to a scalar field. As we have shown above, the addition of gauge singlets motivates the inclusion of the additional parameter. Thus we expect this potential to arise very generically for any field theory model. The obvious exception is for multiple fields controlling the phase transition (so that all but one cannot simply be integrated out). In that case, it may still be possible to use this potential, by approximating field configurations or by taking certain limits.

VI. CONCLUSIONS

Upcoming experiments may soon observe the first GW signals, including those from early universe processes. Such experiments will deliver the very exciting prospect of observing GWs from the electroweak phase transition, if it is strongly first-order. While there have been many studies on this topic, they largely involve numerical computations of the phase transition temperature and GW parameters. In this work we have presented an analysis of a generic effective potential which is motivated by the SM Higgs potential and an additional contribution from a gauge singlet (or other possible origins) in the form of a temperature-independent cubic coupling.

By approximating the tunneling temperature to be very close to the critical temperature (based on the general form of the action), we have derived an expression for the tunneling temperature based on the parameters of the effective potential. Using this result, the GW parameters also have expressions depending on the parameters of the potential.

Once these expressions were found, the parameter space of the potential was explored starting from the SM values. While all the parameters can have noticeable effects, e, motivated from singlet models, easily has the greatest effect. Following this, we showed how this parameter arises from a decoupling analysis of a simple SM plus singlet model.

Other models can also be analyzed with our effective potential. The addition of an additional SU(2) triplet affects λ, while higher dimensional operators can also affect E. Increasing E by an order of magnitude from its SM value could also produce a strongly first-order phase transition. The topflavor model also has an effective potential of the same form as the SM for its earlier phase transition, which can also be analyzed through this work. In this case, the GW signal would not be from the (later) electroweak phase transition.

Finally, although the effective potential studied has clear origins in the SM and singlet extensions, the potential is indeed very general. A low energy, effective theory attempting to model the electroweak phase transition will likely closely model this form of the potential. Additionally, the potential is a high-temperature approximation to a one-loop, finite temperature, effective potential of a scalar field with gauge bosons, fermions, and singlets. So in this sense its form is also generic and expected to be common in a phase transition with a scalar field order parameter.

The potential applications of the results presented include applying it to other models for the electroweak (or other) phase transition. By approximating or otherwise finding a way to put an effective potential in the form we analyzed, the tunneling temperature and GW spectrum is now easily obtained through the above formulae. Besides being significant itself, the detection of a stochastic background of GWs may provide insight into the specifics of models of the electroweak phase transition, and the fundamental mechanism underlying the generation of the baryon asymmetry of the universe.

Acknowledgments

We gratefully acknowledge Lam Hui for useful discussions and feedback on this manuscript, and especially for first bringing the idea elaborated on in this paper to our attention. We also acknowledge the many helpful comments and corrections (especially regarding turbulence) from the anonymous JCAP referee. S.P. is partly supported by an Outstanding Junior Investigator Award from the US Department of Energy (DoE), Office of Science, High Energy Physics, and by DoE Contract DEFG02-04ER41268 and NSF Grant PHY-0757911. J.K. was partially supported by a Doctoral Student Sabbatical Fellowship and an Orals Fellowship from UCSC.

References

[1] K. Thorne, 300 Years of Gravitation. Cambridge U.P., Cambridge, 1987. [2] B. Allen, The stochastic gravity-wave background: Sources and detection, gr-qc/9604033. [3] M. Maggiore, Gravitational wave experiments and early universe cosmology, Phys. Rept. 331 (2000) 283–367, [gr-qc/9909001].

[4] M. Maggiore, Stochastic backgrounds of gravitational waves, gr-qc/0008027.

[5] T. L. S. Collaboration and t. V. Collaboration, An Upper Limit on the Stochastic Gravitational-Wave Background of Cosmological Origin, Nature 460 (2009) 990, [arXiv:0910.5772].

[6] M. S. Turner and F. Wilczek, Relic gravitational waves and extended inflation, Phys. Rev. Lett. 65 (1990) 3080–3083. [7] C. Hogan Mon. Not. R. Astr. Soc. 218 (1986) 629.

[8] E. Witten, Cosmic Separation of Phases, Phys. Rev. D30 (1984) 272–285.

[9] P. J. Steinhardt, Relativistic Detonation Waves and Bubble Growth in False Vacuum Decay, Phys. Rev. D25 (1982) 2074. [10] M. Gyulassy, K. Kajantie, H. Kurki-Suonio, and L. D. McLerran, Deflagrations and Detonations as a Mechanism of Hadron Bubble Growth in Supercooled Quark Gluon Plasma, Nucl. Phys. B237 (1984) 477–501.

[11] L. Van Hove, Two problems concerning hot hadronic matter and high energy collisions. (Equilibrium formation, plasma deflagration), Z. Phys. C21 (1983) 93.

[12] K. Enqvist, J. Ignatius, K. Kajantie, and K. Rummukainen, Nucleation and bubble growth in a first order cosmological electroweak phase transition, Phys. Rev. D45 (1992) 3415–3428.

[13] P. Y. Huet, K. Kajantie, R. G. Leigh, B.-H. Liu, and L. D. McLerran, Hydrodynamic stability analysis of burning bubbles in electroweak theory and in QCD, Phys. Rev. D48 (1993) 2477–2492, [hep-ph/9212224].

[14] L. Landau and D. Lifshitz, Fluid Mechanics. Pergamon, New York, 1959.

[15] M. Abney, Hydrodynamic detonation instability in electroweak and QCD phase transitions, Phys. Rev. D49 (1994) 1777–1782, [astro-ph/9305021].

[16] S. Weinberg, Gravitation and Cosmology. Wiley, New York, 1972. Chapter 10.

[17] M. S. Turner, E. J. Weinberg, and L. M. Widrow, Bubble nucleation in first order inflation and other cosmological phase transitions, Phys. Rev. D46 (1992) 2384–2403.

[18] A. Kosowsky, M. S. Turner, and R. Watkins, Gravitational waves from first order cosmological phase transitions, Phys.

Rev. Lett. 69 (1992) 2026–2029.

[19] A. Kosowsky, M. S. Turner, and R. Watkins, Gravitational radiation from colliding vacuum bubbles, Phys. Rev. D45 (1992) 4514–4535.

[20] A. Kosowsky and M. S. Turner, Gravitational radiation from colliding vacuum bubbles: envelope approximation to many bubble collisions, Phys. Rev. D47 (1993) 4372–4391, [astro-ph/9211004].

[21] S. R. Coleman, The Fate of the False Vacuum. 1. Semiclassical Theory, Phys. Rev. D15 (1977) 2929–2936. [22] J. Callan, Curtis G. and S. R. Coleman, The Fate of the False Vacuum. 2. First Quantum Corrections, Phys. Rev. D16 (1977) 1762–1768.

[23] M. Kamionkowski and K. Freese, Instability and subsequent evolution of electroweak bubbles, Phys. Rev. Lett. 69 (1992) 2743–2746, [hep-ph/9208202].

[24] A. Riotto and M. Trodden, Recent progress in baryogenesis, Ann. Rev. Nucl. Part. Sci. 49 (1999) 35–75, [hep-ph/9901362].

[25] M. S. Carena, M. Quiros, M. Seco, and C. E. M. Wagner, Improved results in supersymmetric electroweak baryogenesis, Nucl. Phys. B650 (2003) 24–42, [hep-ph/0208043].

[26] J. M. Cline, M. Joyce, and K. Kainulainen, Supersymmetric electroweak baryogenesis, JHEP 07 (2000) 018, [hep-ph/0006119].

[27] C. Lee, V. Cirigliano, and M. J. Ramsey-Musolf, Resonant relaxation in electroweak baryogenesis, Phys. Rev. D71 (2005) 075010, [hep-ph/0412354].

[28] M. Quiros, Finite temperature field theory and phase transitions, hep-ph/9901312.

[29] K. Kajantie, M. Laine, K. Rummukainen, and M. E. Shaposhnikov, Is there a hot electroweak phase transition at m(H) ¿ approx. m(W)?, Phys. Rev. Lett. 77 (1996) 2887–2890, [hep-ph/9605288].

[30] V. A. Rubakov and M. E. Shaposhnikov, Electroweak baryon number non-conservation in the early universe and in high-energy collisions, Usp. Fiz. Nauk 166 (1996) 493–537, [hep-ph/9603208].

[31] M. Kamionkowski, A. Kosowsky, and M. S. Turner, Gravitational radiation from first order phase transitions, Phys. Rev.

D49 (1994) 2837–2851, [astro-ph/9310044].

[32] M. Quiros, Electroweak baryogenesis and the Higgs and stop masses, Nucl. Phys. Proc. Suppl. 101 (2001) 401–409, [hep-ph/0101230].

[33] A. Ashoorioon and T. Konstandin, Strong electroweak phase transitions without collider traces, JHEP 07 (2009) 086, [arXiv:0904.0353].

[34] S. J. Huber and T. Konstandin, Gravitational Wave Production by Collisions: More Bubbles, JCAP 0809 (2008) 022, [arXiv:0806.1828].

[35] C. Grojean and G. Servant, Gravitational Waves from Phase Transitions at the Electroweak Scale and Beyond, Phys.

Rev. D75 (2007) 043507, [hep-ph/0607107].

[36] C. Caprini, R. Durrer, and G. Servant, Gravitational wave generation from bubble collisions in first-order phase transitions: an analytic approach, Phys. Rev. D77 (2008) 124015, [arXiv:0711.2593].

[37] T. Kahniashvili, A. Kosowsky, G. Gogoberidze, and Y. Maravin, Detectability of Gravitational Waves from Phase Transitions, Phys. Rev. D78 (2008) 043003, [arXiv:0806.0293].

[38] F. C. Adams, General solutions for tunneling of scalar fields with quartic potentials, Phys. Rev. D48 (1993) 2800–2805, [hep-ph/9302321].

[39] A. D. Linde, On the Vacuum Instability and the Higgs Meson Mass, Phys. Lett. B70 (1977) 306. [40] A. D. Linde, Decay of the False Vacuum at Finite Temperature, Nucl. Phys. B216 (1983) 421. [41] A. Kosowsky, A. Mack, and T. Kahniashvili, Gravitational radiation from cosmological turbulence, Phys. Rev. D66 (2002) 024030, [astro-ph/0111483].

[42] G. Gogoberidze, T. Kahniashvili, and A. Kosowsky, The spectrum of gravitational radiation from primordial turbulence, Phys. Rev. D76 (2007) 083002, [arXiv:0705.1733].

[43] C. Caprini, R. Durrer, and G. Servant, The stochastic gravitational wave background from turbulence and magnetic fields generated by a first-order phase transition, JCAP 0912 (2009) 024, [arXiv:0909.0622].

[44] P. John and M. G. Schmidt, Do stops slow down electroweak bubble walls?, Nucl. Phys. B598 (2001) 291–305, [hep-ph/0002050].

[45] C. Caprini et. al., General Properties of the Gravitational Wave Spectrum from Phase Transitions, Phys. Rev. D79 (2009) 083519, [arXiv:0901.1661].

[46] I. Gradshteyn and I. Ryzhik, Table of Integrals Series and Products. Academic Press, 1965. [47] A. Buonanno, G. Sigl, G. G. Raffelt, H.-T. Janka, and E. Muller, Stochastic gravitational wave background from cosmological supernovae, Phys. Rev. D72 (2005) 084001, [astro-ph/0412277].

[48] A. Megevand, Gravitational waves from deflagration bubbles in first- order phase transitions, Phys. Rev. D78 (2008) 084003, [arXiv:0804.0391].

[49] G. W. Anderson and L. J. Hall, Electroweak phase transition and baryogenesis, Phys. Rev. D 45 (Apr, 1992) 2685–2698. [50] K. E. C. Benson, Avoiding baryon washout in the extended standard model, Phys. Rev. D 48 (Sep, 1993) 2456–2461. [51] J. R. Espinosa and M. Quiros, The Electroweak phase transition with a singlet, Phys. Lett. B305 (1993) 98–105, [hep-ph/9301285].

[52] A. Ahriche, What is the Criterion for a Strong First Order Electroweak Phase Transition in Singlet Models?, Phys. Rev.

D75 (2007) 083522, [hep-ph/0701192].

[53] S. Profumo, M. J. Ramsey-Musolf, and G. Shaughnessy, Singlet Higgs Phenomenology and the Electroweak Phase Transition, JHEP 08 (2007) 010, [arXiv:0705.2425].

[54] S. Das, P. J. Fox, A. Kumar, and N. Weiner, The Dark Side of the Electroweak Phase Transition, arXiv:0910.1262. [55] M. Pietroni, The Electroweak phase transition in a nonminimal supersymmetric model, Nucl. Phys. B402 (1993) 27–45, [hep-ph/9207227].

[56] J. Choi and R. R. Volkas, Real Higgs singlet and the electroweak phase transition in the standard model, (UM-P-93/80, OZ-93/20), Phys. Lett. B317 (1993) 385–391, [hep-ph/9308234].

[57] C. Grojean, G. Servant, and J. D. Wells, First-order electroweak phase transition in the standard model with a low cutoff, Phys. Rev. D71 (2005) 036001, [hep-ph/0407019].

[58] D. A. Ross and M. J. G. Veltman, Neutral Currents in Neutrino Experiments, Nucl. Phys. B95 (1975) 135. [59] M. Cirelli, N. Fornengo, and A. Strumia, Minimal dark matter, Nucl. Phys. B753 (2006) 178–194, [hep-ph/0512090]. [60] M. Cirelli, A. Strumia, and M. Tamburini, Cosmology and Astrophysics of Minimal Dark Matter, Nucl. Phys. B787 (2007) 152–175, [arXiv:0706.4071].

[61] P. Fileviez Perez, H. H. Patel, M. J. Ramsey-Musolf, and K. Wang, Triplet Scalars and Dark Matter at the LHC, Phys.

Rev. D79 (2009) 055024, [arXiv:0811.3957].

[62] P. F. Perez and S. Profumo, Neutrino masses and electro-weak baryogenesis, . [63] K. Blum and Y. Nir, Beyond MSSM Baryogenesis, Phys. Rev. D78 (2008) 035005, [arXiv:0805.0097]. [64] J. Shu, T. M. P. Tait, and C. E. M. Wagner, Baryogenesis from an earlier phase transition, Phys. Rev. D75 (2007) 063510, [hep-ph/0610375].