
J
H
E
P
0
9
(
2
0
1
2
)
0
7
3

Published for SISSA by Springer

Received: June 23, 2012

Revised: August 7, 2012

Accepted: August 18, 2012

Published: September 19, 2012

Bubble baryogenesis

Clifford Cheung, Alex Dahlen and Gilly Elor

Berkeley Center for Theoretical Physics, University of California,

Berkeley, CA 94720, U.S.A.

Theoretical Physics Group, Lawrence Berkeley National Laboratory,

Berkeley, CA 94720, U.S.A.

E-mail: clifford.cheung@caltech.edu, adahlen@berkeley.edu,

gelor@berkeley.edu

Abstract: We propose an alternative mechanism of baryogenesis in which a scalar baryon

undergoes a percolating first-order phase transition in the early Universe. The potential

barrier that divides the phases contains explicit B and CP violation and the corresponding

instanton that mediates decay is therefore asymmetric. The nucleation and growth of these

asymmetric bubbles dynamically generates baryons, which thermalize after percolation;

bubble collision dynamics can also add to the asymmetry yield. We present an explicit

toy model that undergoes bubble baryogenesis, and numerically study the evolution of the

baryon asymmetry through bubble nucleation and growth, bubble collisions, and washout.

We discuss more realistic constructions, in which the scalar baryon and its potential arise

amongst the color-breaking minima of the MSSM, or in the supersymmetric neutrino seesaw

mechanism. Phenomenological consequences, such as gravitational waves, and possible

applications to asymmetric dark-matter generation are also discussed.
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1 Introduction

The standard model is incomplete: it does not accommodate the observed baryon asymme-

try and therefore new physics is required. Substantial effort has been devoted to construct-

ing theories that dynamically generate this asymmetry and some prominent contenders

include GUT baryogenesis [1],1 electroweak baryogenesis [3], thermal leptogenesis [4], and

Affleck-Dine baryogenesis [5, 6]. This paper proposes a new mechanism, which we dub

‘bubble baryogenesis’.

Like the Affleck-Dine mechanism, our setup employs a complex scalar baryon φ, rep-

resented in a polar decomposition as

φ(x) = R(x)eiθ(x), (1.1)

1For a review see [2].
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where R(x) and θ(x) are four-dimensional real scalar fields. Under baryon-number trans-

formations U(1)B, φ rephases, R is invariant, and θ shifts. The charge density of φ is

identified with the number density of baryons

nB ≡ Im(φ∗φ̇) = R2θ̇, (1.2)

so a baryon asymmetry is present in field configurations that have ‘angular momentum’

in field space. Constraints on B violation today imply that φ is currently at the origin

of field space — so as not to spontaneously break B — and that the potential there has

approximate U(1)B — so as not to explicitly break it. In the early Universe, however, we

take φ to be displaced from this minimum, to a place in the potential where B violation

is more substantial. The observed baryon asymmetry is dynamically generated during the

field’s journey towards the origin.

In the Affleck-Dine mechanism φ evolves classically, relaxing uniformly towards the

B-symmetric minimum. B-violating potential terms torque φ during its evolution, and so

instead of moving in a straight line through field space, φ takes a curved trajectory; φ de-

velops non-zero θ̇ and consequently non-zero B. The phase transition from the B-violating

vacuum in the past to the B-symmetric vacuum today is second-order or higher-order, and

the end result is a spatially homogeneous condensate carrying a non-zero baryon asymmetry.

But what if there is no classical trajectory connecting φ to the symmetric minimum?

Bubble baryogenesis occurs when φ evolves via bubble nucleation — either through quantum

tunneling or thermal excitation. Spherical bubbles of true, B-symmetric vacuum nucleate

inside the false B-violating background. The bubbles expand, collide, and eventually per-

colate; the phase transition completes when the entire Universe is in the B-symmetric

phase. During this process, baryons are produced through two distinct mechanisms. First,

just as φ receives a torque in Affleck-Dine, the instanton that mediates bubble nucleation

also receives a torque from B-violating interactions. Consequently, the bubble wall takes a

curved trajectory through field space, and it therefore accumulates B as it expands. Sec-

ond, when the bubble walls collide, φ can be excited back into a region of the potential

where B-violating terms are large, generating additional baryon asymmetry. In bubble

baryogenesis, the phase transition is first-order, and the end result is a spatially inhomo-

geneous distribution of baryons. After percolation, the baryon asymmetry is assimilated

into the thermal plasma of the early Universe.

Like bubble baryogenesis, electroweak baryogenesis also relies on a first-order phase

transition in the early Universe. In that case, however, the tunneling scalar is the Higgs

field, and baryon number is generated indirectly through scattering off bubble walls.

In section 2, we outline the basic elements of bubble baryogenesis and present a general

analysis of the vacuum structure, nucleation rate, asymmetry generation, bubble collisions,

and washout. In section 3, we define an explicit toy model, outline its cosmological history,

and ascertain the final baryon asymmetry. Some more realistic examples — involving the

neutrino seesaw mechanism, and color breaking minima — are then presented in section 4.

We discuss phenomenological signatures in section 5 and conclude in section 6.
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Figure 1. A potential that evolves with time so as to give a percolating first-order phase

transition; the radial part of our potential has this behavior. We define a ‘clock’ parameter z that

indexes the shape of the potential. At early times, z > 1 and the true minimum is B-violating and

at φ 6= 0. At late times, z < 0 and the only minimum is B-symmetric and at φ = 0. Vacuum decay

is possible in the interval 1 > z > 0.

2 General considerations

Of the potential for the scalar baryon V (φ), we require two features: first, that it vary with

time in such a way as to yield a percolating first-order phase transition in the early Universe;

and second, that the potential accommodate explicit B- and CP -breaking dynamics. We

discuss how these two criteria can be accommodated in section 2.1 and section 2.2, respec-

tively. Afterwards, we tackle the dynamics of baryon production, which occurs at two times:

first, at nucleation, which we discuss in section 2.3; and second, at collision, which we dis-

cuss in section 2.4. Once generated, the baryon asymmetry must persist, and migrate into

the standard-model sector; we discuss the washout and decay of φ particles in section 2.5.

2.1 Vacuum structure and tunneling

A potential that achieves a first-order phase transition must evolve with time as in figure 1.

In the early Universe, the stable minimum is B-violating and at φ 6= 0. As time evolves, the

energy density of this B-breaking vacuum increases until it is no longer the true vacuum;

the lowest energy vacuum is now B-symmetric and at φ = 0, and bubble nucleation begins.

At even later times, the energy density in the B-breaking vacuum increases so much that

the minimum disappears entirely, ensuring that no region of the Universe remains stuck

there. For the transition to be first-order, the bubbles must percolate before this time.

It is convenient to introduce a dimensionless ‘clock’ parameter z that characterizes the

evolution of the potential. The two most important events — when the minima become

degenerate and when the B-breaking minimum disappears — are taken to be at z = 1 and
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z = 0, respectively, as in figure 1. So,

z ≥ 1 stable vacuum at φ 6= 0

1 > z > 0 metastable vacuum at φ 6= 0

0 ≥ z no vacuum at φ 6= 0.

(2.1)

In bubble baryogenesis, z decreases monotonically; it is a reparameterization of time.

Bubble nucleation occurs in the window 1 > z > 0. Tunneling is mediated by an

instanton, a solution to the Euclidean equations of motion with a single negative mode.

The rate per unit volume per unit time is given by

Γ(z) = K(z)e−∆S(z), (2.2)

where K is a determinant factor of order the characteristic mass scale of the potential to

the fourth power, and ∆S is the difference in Euclidean action between the instanton and

the false vacuum [7]. At z = 1, tunneling is forbidden, ∆S is divergent, and Γ is zero. At

z = 0, ∆S is zero and semiclassical tunneling through the barrier is overcome by classical

evolution down the potential.

After nucleation, the energy difference across the bubble wall causes it to accelerate out-

ward, rapidly approaching the speed of light. Bubbles nucleate, expand, and collide until —

at percolation — the entire Universe is in the true vacuum. When does percolation occur?

Pick a point in space at time z. The expected number of bubbles N that have over-

lapped this point is

N(z) ∼
∫ z

1
V (z, z′)Γ(z′)

dt

dz′
dz′, (2.3)

where V (z, z′) is the three-volume at time z′ of the past lightcone that emerged from our

point in space at time z, and dt/dz′ is a Jacobian factor. The integrand therefore is the

probability that a bubble nucleates at a time z in the right position to convert our point

to the true vacuum, and it is integrated over all past z. Percolation occurs at a time z∗
satisfying

1 ∼ N(z∗), (2.4)

so that at least one bubble has nucleated in the past lightcone of every point in space.

As long as z is changing slowly enough with time, then N(z∗) ∼ Γ∗H
−4
∗ , where through-

out the ∗ subscript will denote a quantity evaluated at z = z∗. The integral is dominated

by values of z close to z∗ and the percolation condition can be approximated by

Γ∗ ∼ H 4
∗ . (2.5)

This means that bubbles typically nucleate one Hubble time before percolation, with

roughly one bubble per Hubble volume at percolation, as shown in figure 2. Though

some bubbles do nucleate before this time, the rate is too small to induce percolation.

A time-varying potential of the form in figure 1 can arise naturally in two ways, de-

pending on whether percolation completes before or after reheating. If the phase transition

occurs before reheating, then a direct coupling of the scalar baryon φ to the inflaton field

will give rise to a time-dependent effective potential. This is the same type of coupling that
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Figure 2. Depiction of a simplified bubble collision geometry. At percolation, there is typically one

bubble per Hubble volume and the bubbles nucleated one Hubble time earlier. Since the surface area

of a bubble scales as H−2
∗ and the volume scales as H−3

∗ , the baryon number density scales as H∗.

is used to generate the evolving potential in the Affleck-Dine mechanism [8, 9]. From an

effective-field-theory standpoint, such couplings are mandatory unless forbidden by a sym-

metry, and while they are often non-renormalizable they can nonetheless play an essential

role in the physics. In this scenario, the phase transition takes place between the end of

inflation — so as not to dilute the baryons — and reheating. During this matter-dominated

period the inflaton is oscillating about its minimum, but has not yet decayed to standard

model particles.

If the phase transition occurs after reheating, then a direct coupling of φ to the big bang

plasma will give rise to a time-dependent thermal correction to the effective potential. The

same couplings that allow φ to decay — so that the baryon asymmetry can migrate to the

standard model sector — can generate such terms. Note that similar thermal effects give

rise to the first-order phase transition in electroweak baryogenesis [10], with the crucial dif-

ference that the relevant scalar field there, the Higgs boson, is not charged under U(1)B. In

electroweak baryogenesis the purpose of the first-order phase transition is merely to provide

an out of equilibrium environment for particle and anti-particle scattering processes.

While bubble baryogenesis can occur in either scenario, the models we study in sec-

tion 3 and section 4 are in the former category, where it is easier to suppress thermal

washout.

2.2 B and CP violation

The Sakharov conditions [11] state that successful baryogenesis requires both B- and CP -

violating dynamics. Under B and CP transformations the angular field component trans-

forms as

θ
B−→ θ + const (2.6)

θ
CP−→ −θ. (2.7)

By eq. (2.6), B violation requires a potential that violates the shift symmetry on θ, i.e. car-

ries explicit dependence on θ. Such terms are necessary for asymmetry generation because

in their absence the field has no reason to move in the θ-direction of field space, so by

eq. (1.2) no asymmetry is produced. In the Affleck-Dine mechanism, these B-violating
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Figure 3. Sample instanton profiles for the fields R and θ as a function of radial coordinate ρ in

a potential that breaks U(1)B . False vacuum values for the fields are indicated with dashed gray

lines; the true vacuum is at R = 0. The center of the bubble (ρ = 0) is on the left.

terms torque the field in the θ-direction on its journey back to the origin; in bubble baryo-

genesis, they force the instanton, which solves the Euclidean equations of motion, to arc

in the θ-direction as a function of spacetime.

By eq. (2.7), CP -violation requires either potential couplings with complex phases or

spontaneous breaking by an initial φ localized at a CP -odd minimum. CP violation is

necessary for asymmetry generation because in its absence, though the potential can exert

a torque, φ’s trajectory is just as likely to curve in the +θ-direction as it is to curve in the

−θ-direction. That is, in a CP -conserving theory, two CP -conjugate instantons contribute

equally to the path integral. The percolating transition would therefore be comprised of an

equal number of bubbles with positive and negative B, which average out to a B-symmetric

Universe.

Explicit CP violation breaks the degeneracy between these two CP -conjugate instan-

tons. For example, one of them may disappear entirely if it is no longer a saddle point of the

action. Alternatively, both CP -conjugate instantons can persist, but the one with a larger

associated Euclidean action will be exponentially subdominant to the process of vacuum

decay. This will be true in the models we consider here, so we will only be concerned with

the dynamics of the dominant instanton contribution.

In general, it is useful to characterize the degree of B- and CP -violating effects with

a dimensionless ‘efficiency’ parameter ε which is proportional to B- and CP -violating pa-

rameters in such a way that nB ∝ ε. From an effective-field-theory perspective, ε � 1 is

technically natural, but ε ' 1 is also allowed.

– 6 –
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Figure 4. The trajectory (red) in field space taken by the Euclidean instanton solution of figure 3

overlayed on equipotential contours (purple) of the sample U(1)B-violating potential. To guide the

eye, we have drawn a straight dashed line connecting the true and false vacua. The trajectory taken

by the field is not straight; it curves in the θ-direction.

Bubble baryogenesis generates baryon asymmetry in two ways. First, the instanton

itself is asymmetric, which manifests itself as a surface density of baryons on the bubble

walls. Second, bubble collisions excite the field back into the B-violating region of the

potential. The net number density of baryons is given by a sum

nB = nB,instanton + nB,collision. (2.8)

We will discuss the two contributions in detail in section 2.3 and section 2.4, respectively,

and show that, for a broad class of models, both of these contributions scale as

nB,instanton ∼ nB,collision ∼ εR 2
FH∗, (2.9)

where ε is the dimensionless measure of B and CP violation, RF = |φF| in the false vacuum,

and H∗ is Hubble at the time of percolation.

2.3 Asymmetry generation: instanton

In the presence of B- and CP -violating potential terms, the instanton will arc in the

θ-direction. We are interested in computing both the net torque, which fixes the baryon

asymmetry in the walls, and the bubble nucleation rate, which sets the percolation time z∗.

For both reasons, we need to find the instanton, since it characterizes the most likely bubble

configuration to nucleate, and gives the rate via eq. (2.2). Assuming SO(4) symmetry of

– 7 –
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the instanton, then the field components R(ρ) and θ(ρ) are functions of the Euclidean

radial variable ρ alone, and the equations of motion for the instanton are

R′′ +
3

ρ
R′ −Rθ′2 =

1

2
∂RV (2.10)

θ′′ +
3

ρ
θ′ + 2

R′

R
θ′ =

1

2R2
∂θV. (2.11)

Boundary conditions are regularity at the origin, so R′(0) = θ′(0) = 0, and that

far from the bubble the fields settle into their false vacuum values, so R(∞) = RF and

θ(∞) = θF, where φF = RFe
iθF . Here, we are assuming that bubble nucleation happens by

quantum tunneling through the potential barrier, as would be the case if percolation occurs

before reheating. If instead, bubble nucleation occurs primarily by thermal activation over

the potential barrier, then the Euclidean time coordinate is periodic, the SO(4) symmetry

becomes SO(3)×U(1), and the equations of motion change correspondingly [12].

The field value at the center of the bubble is near, but not exactly at, the true vacuum.

Solutions are found by adjusting the field value at ρ = 0 so that the boundary conditions

are satisfied at ρ→∞; that is, we apply Coleman’s overshoot/undershoot algorithm gener-

alized to two scalar field directions. A sample instanton, and its curved trajectory through

field space, are shown in figures 3 and 4.

To estimate the extent of the curving, consider a simple potential set by only two

parameters: m, the characteristic mass scale of the potential in the R-direction, and ε, a

dimensionless parameter that characterizes the degree of the B-violation. Parametrically,

ε ∼ ∂θV

V
. (2.12)

Because m is the only dimensional parameter, RF ∼ m, and the instanton solution varies

in ρ on scales of order ρ ∼ m−1. The parametric scaling of eq. (2.11) is then such that

θ′(ε ∼ m−1) ∼ εm (2.13)

∆θ ≡ θ(∞)− θ(0) ∼ ε. (2.14)

To determine the O(1) factors here requires finding the instantons numerically as above.

Given instanton profiles R(ρ) and θ(ρ), the evolution of the bubble post nucleation

follows from analytic continuation of the instanton from Euclidean to Minkowski signature.

The typical size of a bubble at the time of nucleation is much smaller than Hubble, so we

can ignore the expansion of the Universe and simply continue ρ→
√
r2 − t2, where r is the

radial coordinate away from the center of the bubble, and t is time. At nucleation, t = 0 and

so ρ = r, and the field profile that nucleates is a slice through the center of the instanton.

Because the bubble nucleates at rest, θ̇ = B = 0. However, as the wall accelerates out-

wards, spacetime points in the wall traverse an angle in field space ∆θ in less and less time,

so the baryon density inside the wall grows and grows. At the same time, as the bubble

expands, the thickness of the wall becomes Lorentz contracted, so the baryon density is

supported on a smaller and smaller region. As we will now show, these two effects cancel

– 8 –
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t

B

Figure 5. The total B that results from a numeric simulation of an expanding 1+1-dimensional

domain wall. At nucleation, the bubble wall has B = 0; but as the wall accelerates, B rapidly

asymptotes to µ2, indicated by the dashed gray line. In higher dimensions than 1+1, total B

would grow with the surface area of the bubble, but in 1+1-dimensions, ‘surface area’ is constant.

The simulation was run in an expanding FRW background; gravitational expansion does not affect

the value of µ2.

at late times, and the accelerating bubble wall asymptotes to a constant surface density

µ2 of baryons.

To compute the baryon asymmetry contained in a single bubble wall, we integrate

eq. (1.2) on a fixed time slice t = τ long after nucleation

Binstanton =

∫
t=τ

R2θ̇ d3x. (2.15)

where we plug in the analytically continued classical instanton profile R(ρ) and θ(ρ); we

are working in the semiclassical approximation where loop corrections to this formula are

small. Using spherical symmetry, this becomes

Binstanton = 4π

∫ ∞
τ

R
(√

r2 − τ2
)2
θ̇
(√

r2 − τ2
)
r2dr

= 4π

∫ ∞
0
−R(ρ)2θ′(ρ)τ

√
ρ2 + τ2 dρ, (2.16)

where the prime indicates a derivative with respect to ρ. In the first line, the integral is

taken from τ to∞ because analytic continuation of the instanton only gives the field profile

outside of the light-cone; inside the light-cone, the field relaxes towards the B-symmetric

minimum, producing negligible baryons. The second line is obtained by changing inte-

gration variable from r to ρ =
√
r2 − τ2. Lastly, we add the approximation that τ is a

long time after nucleation, considerably bigger than the size of the bubble at nucleation.

Since R2θ′ dies off exponentially at large ρ, τ � ρ over the region where the integrand has

support, and.

Binstanton ∼ 4πτ2 ×
∫ ∞

0
−R(ρ)2θ′(ρ)dρ, (2.17)

– 9 –
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which is the bubble surface area at late times (4πτ2), multiplied by the number of baryons

per surface area

µ2 ≡
∫ ∞

0
−R(ρ)2θ′(ρ)dρ =

∫ T

F
R2dθ, (2.18)

Because it is a line integral along the instanton field trajectory, µ2 is constant in time. In

the spirit of eq. (2.13), a parametric estimate is that

µ2 ∼ εR 2
F. (2.19)

Note that the sign of µ2 depends on the direction in which θ arcs, which in turn depends

on the imaginary phases in the potential.

Figure 5 shows the total baryon number of a 1+1-dimensional expanding bubble. The

stationary bubble wall carries zero baryon asymmetry, but as it accelerates up to the speed

of light the number of baryons per surface area of the bubble wall grows and quickly

asymptotes to µ2. The integrated number of baryons scales with the surface area; in 1+1

dimensions the ‘wall’ is point-like, and its ‘surface area’ is constant.

Though we derived eq. (2.18) in flat space, it remains true in an FRW background.

Expansion acts globally on the bubble, affecting the growth of proper surface area with

time, but it does not act locally — because the bubble wall is much thinner than H−1,

the field profile is not significantly affected, and so µ2 remains as in eq. (2.18). Though

the scale factor a(t) does modify the equation of motion, its effect is far smaller than the

gradient and potential terms, which set the shape of the wall [13].

Because the baryon asymmetry scales with the surface area of the bubble wall rather

than the volume, the baryon number density from a single bubble dilutes with time, van-

ishing as τ → ∞. The baryon asymmetry that is produced is carried away to infinity

by the accelerating bubble walls. Thus, to explain the observed asymmetry, there must

be many bubbles, and the bubbles must percolate — not only to ensure that φ is in the

B-symmetric minimum today, but also to preserve the asymmetry we have generated from

escaping to infinity.

At percolation, there is on average one bubble wall stretched across each Hubble vol-

ume. The expected number of baryons per Hubble volume at percolation, therefore, is

the surface area of that wall (∼ H−2
∗ ) times the baryon surface density (µ2). The number

density of baryons right before collisions, therefore, scales like

nB,instanton ∼ µ2 ×H∗ ∼ εR 2
FH∗. (2.20)

In the next subsection, we will argue that these baryons are approximately conserved by

the collision, so that this nB,instanton contributes directly to the total nB in eq. (2.9).

2.4 Asymmetry generation: collisions

To gain insight into the dynamics of bubble collisions, we have run numeric simulations for

a variety of different models. Specifically, we have studied the collisions of 1+1-dimensional

bubble walls in an expanding, matter-dominated, FRW background with scale factor a(t)

– 10 –
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Figure 6. Sample field profiles of a collision event at three different times. The gray dashed lines

indicate the value of ±φF. Top panel: two boosted domain walls approach one another. Middle

panel: as the walls pass, they solve the free wave equation, and so linearly superimpose; the walls

pass through each other unimpeded and the field between is deposited at −φF. Bottom panel: on

time scales of order m−1, the field begins to respond to the potential. The field between the walls

evolves back towards the true minimum, corresponding to behavior I in the text.

for an array of different potentials. The equation of motion for φ, ignoring gravitational

backreaction, is

φ̈+ 3Hφ̇− φ′′

a(t)2
= −V ′(φ). (2.21)

As initial conditions, we used the exact 1+1-dimensional instanton profiles.

The dynamics of eq. (2.21) are complicated, but the moment of collision is simple. The

colliding walls are relativistic — they are moving very fast and are very thin, by Lorentz

contraction. This means that the time scale on which they cross is far smaller than both

H−1 (the time scale on which FRW expansion acts) and m−1 (the time scale on which the

potential acts). Gravity and the potential, therefore, can both be ignored, and the field

approximately obeys the free wave equation φ̈− φ′′ = 0, where we have rescaled x by a(t)

the time of collision. Linear superposition of waves is an exact solution to the free wave

equation, so the impinging walls merely pass through one another, and the field in between

is deposited at −φF, as shown in figure 6. This behavior is generic: as long as the walls

are moving fast enough, the field value at the intersection of the walls is −φF, independent

of the precise shape of the bubble wall or the structure of the potential.

– 11 –
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Figure 7. Re(φ) as function of space and conformal time η during a bubble collision showing

behavior I. Using conformal time ensures lightcones travel at 45 degrees. Domain walls separating

the false and true vacua emerge from the top and bottom of the plot and collide at x = 0. The

walls cross and the field is locally deposited at −φF, from which it evolves back toward the true

vacuum. The value of Re(φ(x = 0)) is shown in red. Several localized field excitations related to

oscillons are visible at late times.

On longer time scales, of order m−1, linear superposition is no longer a good approxi-

mation and the field begins to evolve under the force of the potential. The field in between

the crossed walls rolls down the potential and begins to oscillate around a local minimum.

There are two behaviors, depending on which local minimum.

I. Oscillation about the true minimum.The field between the walls, deposited on the

other side of the potential at −φF , is no longer in a vacuum state; under the force

of the potential, it evolves back towards the origin, as shown in the bottom panel of

figure 6. By the time the field reaches the true minimum, it has lost enough kinetic

energy to gradients and Hubble friction that it cannot escape; it oscillates, Hubble

friction damps the oscillations, and eventually the field settles into the true mini-

mum. Figure 7 shows a collision that illustrates this behavior, and figure 8 depicts

the corresponding baryon number density.

As the field at the collision site evolves back towards the origin, it moves through a

B-violating region of the potential, so a second wave of baryon generation is taking

place. Figure 9 shows the integrated baryon number as a function of time, which in

d+ 1-dimensions is

B(t) = a(t)d
∫
nB(t, x) ddx. (2.22)

Before the collision B(t) was constant, as in figure 5, but it makes an abrupt jump

upwards at the moment of collision. The evolution of the field from −φF generates
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Figure 8. The baryon number density as a function of space and conformal time η for the same

collision as figure 7. Initially, the asymmetry is carried entirely on the walls; as they accelerate the

baryon density at the center of the wall grows and the thickness of the wall shrinks. At the collision,

the walls move through each other, roughly conserving baryon number, and the evolution of the

field from −φF back to the origin generates new baryons around x = 0. The oscillons of figure 7

carry non-zero B.

new baryons inside the collision lightcone, visible in figure 8. A simple estimate can

be made for the baryon number generated during this evolution.

The process in which the field in the collision region evolves from −φF to the origin

can be thought of as a localized Affleck-Dine condensate forming and dissolving at

the collision site. If the field takes a time ∆t to evolve from −φF to 0, then the spatial

width of this condensate is of order ∆t, since the bubble walls propagate at nearly

the speed of light. The Affleck-Dine mechanism, were it to occur in this potential,

would generate a number density of baryons which scales like R2θ̇ ∼ εR2
Fm. Multi-

plying this by the width of the condensate and by the surface area of the collision

site per unit volume at percolation H∗ gives the expected number density of baryons

generated by the collision as

nB,collision ∼ εR2
Fm×∆tH∗ ∼ εR 2

FH∗, (2.23)

where ∆t ∼ 1/m since m is the characteristic scale of the potential. The contribution

to nB from bubble collisions has the same parametric dependence as the contribution

from the instanton.

After the collision, the energy in the field and the walls dissipates, and the asym-

metry spreads; the way in which this happens is potential-dependent. Potentials

which grow more slowly than quadratically at the origin, admit two related non-

topological solitons that can temporarily trap energy and baryon number [14, 15].

Field excitations that move solely in the θ-direction, locally orbiting the origin, are
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ReHΦHx = 0LLB

Η

Figure 9. The total baryon number B as a function of conformal time for the same collision as

figure 7. Superimposed, in red, is a plot of Re(φ(x = 0)) during the collision. B is flat before the

collision, as in figure 5. At the collision, the field is deposited at −φF and evolves back towards the

origin; during that evolution, B surges.

called Q-balls [16, 17]; their charge contributes a centrifugal term to their effective

potential that makes them absolutely stable. Field excitation that move solely in

the R-direction, locally oscillating along a line through the origin, are called oscil-

lons [18]; these excitations are long-lived, but not eternal. Our collisions produce

a hybrid: it oscillates predominantly in the R-direction, and can therefore be seen

in figure 7, but it also carries non-zero baryon number, and can therefore be seen

in figure 8. In other words, the field is locally executing very elliptical orbits about

the origin. A number of these hybrids are visible: a stationary one emerges from

the collision site, and several boosted ones fall off the wall as it propagates. Because

these non-topological field configurations probe larger field amplitudes, they are still

sensitive to U(1)B violation, as we discuss in the next subsection.

II. Pockets of a false vacuum. For certain potentials instead of oscillating around the

true vacuum, the field at collision site ends up in a false vacuum. This can happen in

two ways. First, if the potential at −φF is very sloped, then the field can overshoot

the true minimum and land back in the original false vacuum, as was noticed in the

earliest simulations of bubble collisions [19]. Second, if the potential happens to have

an additional local minimum at −φF, then the field never has to evolve anywhere,

since it is already in a false vacuum [20]. The presence of an additional minimum

at −φF does not necessarily require tuning; potentials with approximate U(1)B have

this feature automatically.

The false vacuum provides a locally stable state for the field, around which it can

execute small oscillations. Though locally stable, the field does not remain in the false

vacuum forever. The walls, moving away from the collision, now have true vacuum on

the outside and false vacuum on the inside. This induces a pressure that pushes the walls

back towards the collision site, so the walls eventually slow, turn around, and re-cross on

a time scale of order H−1
∗ , which is far longer than the time scale of oscillations about the

– 14 –
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Figure 10. Re(φ) as function of space and conformal time η during a bubble collision showing

behavior II. As in figure 7, domain walls separating the false and true vacua emerge from the top

and bottom of the plot and collide at x = 0. At the collision, the field is deposited at −φF, which is

another false vacuum of the theory. The field oscillates about this vacuum, while the bubble walls

move outward, slow, turn around and re-cross. This process can occur several times.

minimum. The formation and collapse of long-lived pockets of false vacuum is shown in

figure 10. While the field lingers in the false vacuum, B is not conserved, and the fact that

the field is oscillating around the false vacuum can yield large fluctuations in the baryon

asymmetry. In this case, the asymmetry is presumably still non-zero, but it is difficult to

get an analytic handle on it, and numerical simulations are required.

For potentials with broken U(1)B, there is no reason for −φF to be a local minimum,

and the steepness of the potential at −φF determines which behavior occurs. For potentials

with approximate U(1)B, the physics depends on the nature of the false vacuum. When

−φF has a strong basin of attraction, which happens at larger z∗, collisions tend to exhibit

behavior II; when −φF has a weak basin of attraction, which happens at smaller z∗, colli-

sions tend to exhibit behavior I. In the toy model of section 3, percolation tends to happen

at smaller z∗.

2.5 Washout and decay

After percolation, a baryon asymmetry density of order ∼ εR 2
FH∗ is inhomogeneously dis-

tributed throughout the Universe in the form of the φ field. In order to explain observation,

this asymmetry must persist and it must migrate to the standard-model sector.

For the asymmetry to persist, we must avoid two types of washout: classical and

thermal. Classical washout refers to depletion of the asymmetry by evolution under the

classical equations of motion from B-violating operators present in the early Universe.

The dynamics of classical washout depend on the dimensionality of these operators. In

the case of higher-dimension operators, washout can only be effective at large field values.

But, since the expansion of the Universe and the growth of the bubble both tend to damp
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field excitations toward the origin, classical washout from higher-dimension interactions

is typically evaded, as is true in the Affleck-Dine mechanism. In the case of marginal or

super-renormalizable operators, classical washout may be active even as the fields damp

to origin. Consider, for instance, the case in which the potential for φ near the origin is of

the form m2(|φ|2 + εφ2 + h.c.), where ε is a dimensionless measure of B violation. The ε

term induces an ‘ellipticity’ to the potential that splits the mass eigenstates, causing the

field to precess as it orbits the origin. The total baryon asymmetry, therefore, oscillates

around its initial value. The frequency of these oscillations scales like ∼ (εm)−1. Whether

the baryon number is spread out evenly, or localized in non-topological solitons, the effect

of classical washout is to make it oscillate.

For small ε, this precession frequency is far lower than the characteristic oscillation

time of the field m−1; the field must sit at the origin through many oscillations if the

asymmetry is to appreciably change. As long as the φ condensate decays before this time,

the asymmetry is preserved. Besides, even if it does not decay in time, the asymmetry

oscillates around its initial value, it does not damp; unless there is a conspiracy between

the decay time and the oscillation time, the final asymmetry will be an O(1) fraction of

the initial asymmetry. Alternatively, in certain models B-violation is O(1), in which case

numerical simulation is necessary to evaluate the degree of washout.

Thermal washout refers to depletion of B that occurs after the asymmetry is ab-

sorbed into the plasma of the early Universe, through scattering processes which involve B-

violating interactions. Such scattering tends to restore chemical equilibrium and therefore

deplete the asymmetry. Even if these interactions arise from higher-dimension operators,

they can still be significant since the associated scattering rates grow with temperature.

However, as we will discuss in section 3, our models evade thermal washout because B-

violation is sourced by interactions between φ and the inflaton. B-violation occurs when

the temperature is small, before the inflaton has decayed; when the inflaton decays and the

temperature becomes large, the B-violating interactions have shut off and the asymmetry

is frozen in. Thermal washout is avoided because B-violating interactions and the thermal

plasma are never present at the same time.

Finally, for the baryon asymmetry to migrate to the standard-model sector, the φ con-

densate must decay. A direct coupling of φ to some operator comprised of standard-model

fields suffices to transfer the asymmetry; the decay rate of φ depends on the strength of

this coupling. For homogenous fields, the decay rate of a condensate is more or less the

same as the decay rate of φ quanta in the vacuum [21]. In bubble baryogenesis, however,

the field configuration is highly inhomogeneous. In particular, because the bubble walls are

boosted to near the speed of light shortly after nucleation, one might worry that these field

fluctuations will be long-lived due to a Lorentz boost factor. However, as discussed earlier,

after the collision these boosted field configurations are not solutions to the equations of

motion so they broaden and dissolve. As the quanta become softer, they can decay. In

certain models of bubble baryogenesis, the decay of φ can be very fast — much faster than

the Hubble parameter at the time of percolation. In such cases, the φ condensate decays to

particles nearly instantaneously after the nucleation event. Afterwards, there is no classical

field, meaning classical washout is straightforwardly evaded.
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3 Toy model

Our discussion in section 2 was framed rather broadly, so in this section we now study a

concrete setup. A working model of bubble baryogenesis must accommodate the following

criteria:

• Percolation. The Universe must efficiently transit from the false to true vacuum.

• Asymmetry. The theory parameters must accommodate the observed baryon asym-

metry.

• Perturbativity. The effective couplings cannot blow up and all energy scales are

bounded by the cutoff.

• No Washout. B-violating effects, classical or thermal, must be under control.

In this section we present a toy model which satisfies these criteria. As we will see, despite

its simplicity the toy model may actually be phenomenologically viable.

3.1 Model definition

Our toy model is defined by a potential of the form

V (R, θ) = V0(R) + εV1(R, θ), (3.1)

where ε is a small parameter characterizing B- and CP - violating interactions. The B-

symmetric part of the potential is

V0 = m2|φ|2 −A|φ|3 + λ|φ|4. (3.2)

In general, the shape of the potential will vary in time due to couplings between φ and the

inflaton χ, whose vacuum expectation value is time-dependent. This occurs in Affleck-Dine

models of baryogenesis, where such couplings induce Hubble-dependent parameters in the

action. For simplicity, we take λ and A to be constant, but

m2 = m̃2 − ρ

Λ2
, (3.3)

where ρ = 3H2m2
Pl is the energy density of the Universe. Here we require Λ2 > 0 and

m̃2 > 0 so that B is spontaneously broken at early times but restored in the present day.

In a supersymmetric context, such a ρ dependence would originate from |χ|2|φ|2/Λ2 in the

Kahler potential.

If the couplings between φ and χ are B- and CP -violating, then V1 will also contain

time-dependent terms. At least two B-breaking operators are required — otherwise all CP

phases can be removed by a field redefinition. As discussed in section 2.5, if B violation is

higher-dimensional, e.g. φ5 and φ6, then explicit breaking is localized far from the origin

and classical washout is ameliorated by Hubble damping of the field. In contrast, renor-

malizable B-violating operators, e.g. φ2 and φ3, typically mediate classical washout with

model-dependent effects. Importantly, we assume that B-violating interactions are sourced
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Figure 11. ∆Ŝ(z) for the potential in eq. (3.2), computed numerically (blue solid) and analytically

in the thin-wall approximation (red dashed).

by the inflaton alone, so B is restored after reheating — thus, thermal washout is evaded.

This setup can be easily engineered by invoking additional symmetries under which both

φ and χ transform.

Let us outline the cosmological history of this model. We begin during inflation, when

H and therefore all model parameters are constant in time. During this epoch, m2 < 0 and

the field resides at φ 6= 0. After inflation ends, the inflaton starts to oscillate around its min-

imum and the Universe shifts from vacuum-energy domination to matter domination. As H

decreases, m2 eventually becomes positive, growing monotonically until the φ 6= 0 vacuum

becomes metastable. Once the nucleation rate rises sufficiently, percolation occurs. The

B- and CP -violating interactions in the potential cause the nucleated bubble walls to ac-

cumulate baryons; subsequent bubble collisions yield an additional asymmetry component.

In the subsequent sections, we will analyze the vacuum structure, nucleation rate, and

asymmetry generation in this model.

3.2 The instanton

Neglecting effects proportional to ε, the Euclidean action for this theory is

S = 2π2

∫
ρ3dρ

[(
∂R

∂ρ

)2

+m2R2 −AR3 + λ2R4

]
. (3.4)

While the model parameters vary in time, they do so on scales H � 1/m, so we treat them

as constant in our analysis of the instanton. It is convenient to transform to dimensionless

variables,

S = Ŝ/λ2

R = R̂m/λ

A = Âmλ

ρ = ρ̂/m, (3.5)
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where

Ŝ = 2π2

∫
ρ̂3dρ̂

(∂R̂
∂ρ̂

)2

+ R̂2 − ÂR̂3 + R̂4

 . (3.6)

As a result of our change of variables, the rescaled Euclidean action Ŝ is a function of Â

alone.

As discussed in section 2.1, the variable z is a convenient reparametrization of time in

which 1 > z > 0 corresponds to the epoch in which tunneling is allowed. We can express

Â in terms of z as

Â (z) =
√

32/9 + z(2−
√

32/9), (3.7)

where 1 > z > 0 maps onto the range 2 > Â >
√

32/9. Within this interval, there is a

true and false vacuum located at

R̂T = 0, R̂F =
3Â

8

(
1−

√
1− 32

9Â2

)
. (3.8)

Next, we evaluate ∆Ŝ by solving the associated Euclidean equation of motion for an

SO(4) symmetric ansatz R̂ subject to the initial condition ∂R̂/∂ρ̂ = 0 at ρ̂ = 0. Solving

for ∆Ŝ numerically, we find that for z . 0.25, ∆Ŝ is very well fitted by the function

∆Ŝ = 431.5z0.679 + 8139.4z2.27 (3.9)

As z → 0 the phase transition shifts from first-order to second-order. As z → 1 the bubble

becomes thin-walled. From figure 11, it is clear that our numerics agree with analytic

expressions in this regime.

The determinant prefactor can also be straightforwardly estimated. From [22] we can

compute the K factor in eq. (2.2)

K =
∆S2

4π2

∣∣∣∣det′(−�+ V ′′(φ(ρ)))

det(−�+ V ′′(φF))

∣∣∣∣−1/2

(3.10)

∼ ∆Ŝ2m4

4π2λ4
, (3.11)

where φ(ρ) is the instanton solution and det′ indicates the determinant with zero modes

removed. In the second line we used that ρ varies on scales of order m−1 to estimate the

determinant factors.

Up till now we have neglected B- and CP -violating effects proportional to ε. Employing

our numerical code, we have generated instanton profiles for the potential at finite ε. Given

these numerical solutions, we can compute µ2, defined in eq. (2.18) as the measure of the

baryon asymmetry in the bubble wall. As shown in figure 12, at small ε, these numerical

results match the simple estimate for µ2 described in eq. (2.19).

3.3 Before percolation

Consider the cosmological history of this model leading up to percolation. As shown in

section 3.2, the vacuum structure of the theory depends solely on Â, which varies in time
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Figure 12. Plot of the exact value for µ2 divided by our parametric estimate, εR2
F —

the answers agree within O(1) factors. Here we used V0 corresponding to z = 0.2 and

V1 = R2 cos(2θ + π/4) +R3 cos(3θ).

with the energy density, ρ. Shortly after inflation, m2 < 0 and the potential has a single

minimum at large field values. As the universe cools, eventually m2 > 0 and an additional

local minimum forms at the origin — at this point Â is divergent. As m2 continues to

increase, Â monotonically decreases, and a first-order phase transition becomes possible in

the window 2 > Â >
√

32/9.

Plugging ρ = 3H2m2
Pl into eq. (3.7) and eq. (3.3), we obtain expressions for the im-

portant physical quantities as a function of z,

m(z) =
A

λÂ(z)
(3.12)

H(z) =
Λ
√
m̃2 −m(z)2

√
3mPl

, (3.13)

where Â(z) is defined in eq. (3.7). Given the parametric dependences in eq. (3.13), it is

clear that during the first-order phase transition, the dimensionful parameters, H, m, and

A are all well below the cutoff Λ and so the effective theory description remains valid.

Eventually, the universe cools sufficiently that Hubble decreases enough that there is a

first-order phase transition. Percolation occurs when eq. (2.4) is satisfied, which is roughly

when Γ∗ ' H4
∗ ; in the context of our model this approximation is accurate to . 15%.

Recall that Γ∗ implicitly depends on z∗ through the model parameters in eq. (3.13). The

criterion for percolation can be rewritten as

H4
∗ =

∆S2
∗m

4
∗

4π2
e−∆S∗ . (3.14)

The exponential factor essentially fixes the solution to this equation, and so the prefactors

are only logarithmically important. Solving for S∗ yields

∆S∗ = log

(
9m4

Pl∆S
2
∗

4π2Λ4(1− m̃2/m2
∗)

2

)
(3.15)
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∼ 4 log
(mPl

Λ

)
, (3.16)

where the ellipses denote logarithms of O(1) numbers. If S∗ � 1, then the nucleation rate

is very high at the onset of percolation, indicating that the phase transition is bordering

on second order. While this is not necessarily bad in and of itself, in this regime φ evolves

like a slow roll Affleck-Dine condensate. Of course, we will be interested in the first-order

regime, whereby tunneling is the dominant mode of the phase transition. To achieve this,

we require a modestly sized instanton action, so Λ� mPl, which is to say that the higher

dimension operators coupling the inflaton to φ cannot be Planck slop operators, and must

be suppressed by a lower scale.

In this toy model z? is typically small and we are in the weakly first-order regime.

Allowing both A and λ to also vary with time can yield any value of z? between 0 and 1.

3.4 After percolation

Once percolation occurs, bubbles of true vacua nucleate and soon fill the volume of space.

Using eq. (2.19), which applies for ε � 1, we find that the surface density of baryons on

the walls is

µ2
∗ ∼

εm2
∗R̂

2
F∗

λ2
. (3.17)

The total baryon number density nB arising from the initial instanton plus the subsequent

bubble collisions is given in eq. (2.9). To compute the observed baryon asymmetry today,

we need to consider the remainder of the cosmological history. Because the inflaton sources

the B- and CP - violating interactions of φ, we require that the decay of the inflaton, and

thus reheating, occur after the percolating phase transition. Consequently, the asymmetric

yield at the time of reheating is given by

ηB ≡
nB
sR

H2
R

H2
∗

(3.18)

∼
√

3εm∗TRR̂
2
F∗

4λ2mPlΛ
√
m̃2/m2

∗ − 1
, (3.19)

where HR and TR are the Hubble parameter and the temperature, respectively, at the time

of reheating. The above estimates neglect the effects of classical washout, but as discussed

in section 2.5 these effects are expected to change the asymmetry by an O(1) fraction and

are model-dependent.

To accommodate the present day observed baryon asymmetry, we require that ηB ∼
6× 10−10. The energy density of the Universe at reheating is bounded from above by the

energy density at percolation, so T 4
R ∼ ρR . ρ∗. In turn, this places an absolute upper

limit on ηB from eq. (3.19). Given the observed baryon asymmetry, this upper bound can

be rephrased as a lower bound on m̃ in terms of the other fundamental parameters

m̃ & Λ

(
1010 GeV× λ2

εΛ

)2/3

, (3.20)
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Figure 13. Parameter space for the toy model, fixing ηB to the observed baryon asymmetry today.

The blue region depicts the allowed region after requiring that reheating occurs after percolation,

ρR . ρ∗. The red dotted lines are contours of TR and the solid gray lines are contours of ∆S∗. We

have fixed λ = 1, ε = 0.1, m̃ = A.

where for simplicity we have dropped the O(1) factors from the z∗ dependence. This limit

is a substantial constraint on m̃ in this toy theory, and is depicted in the blue region of

figure 13.

Next, we briefly discuss how the asymmetric yield in eq. (3.19) is actually transferred

from φ into standard model fields. In a supersymmetric context this is achieved, for ex-

ample, by the operator UDD/M in the superpotential, where M is the mass scale of some

connector field which has been integrated out. This is the lowest-dimension operator which

can link standard model B to a gauge singlet field φ. Given this operator, the field φ has

a decay rate of

Γ(φ→ qqq) ∼ 1

128π3

m3

M2
, (3.21)

which can be much greater than H∗, the Hubble parameter at the time of percolation. In

this case the φ field within each bubble of nucleated true vacuum decays very shortly af-

ter percolation. Classical washout from B-violating interactions are thus minimized since

φ decays so fast into particle quanta. Alternatively, fast decays can occur if φ decays

promptly to additional non-gauge-singlet particles which in turn decay to standard model

fields. Finally, while our discussion thus far has been framed within the context of B, the

asymmetry can of course be converted into L via the operators φLHu, φLLE, or φQLD,

or into a dark matter asymmetry via similar interactions.

– 22 –



J
H
E
P
0
9
(
2
0
1
2
)
0
7
3

4 More realistic models

In this section we discuss possible realizations of bubble baryogenesis in more realistic

contexts. The examples here are supersymmetric, but we emphasize that this is not a

requirement for bubble baryogenesis.

4.1 Neutrino seesaw

Consider the MSSM augmented by a supersymmetric neutrino seesaw. The superpoten-

tial is

W = λLHuN +
1

2
MN2, (4.1)

where N denotes the sterile neutrinos and we have suppressed all flavor indices. Explicit vi-

olation of U(1)L is present in the form of the mass parameter, M . Integrating out the heavy

N fields yields the active neutrino masses, whose sum is bounded by cosmological mea-

surements to be less than 0.17 eV [23]. Requiring that λ . 1 implies that M . 1014 GeV.

The supersymmetric F -term and D-term contributions to the potential are

VF = |λHuN |2 + |λLN |2 + |λLHu +MN |2

VD =
g′2 + g2

8
(|Hu|2 − |L|2)2. (4.2)

If supersymmetry breaking approximately preserves L, then the corresponding contribu-

tions to the potential are of the form

Ṽ = Ṽ0 + εṼ1 (4.3)

where ε is small and

Ṽ0 = m2
L|L|2 +m2

N |N |2 +m2
Hu
|Hu|2

+ALHuN + h.c. (4.4)

Because the parameters in Ṽ acquire contributions from both zero-temperature supersym-

metry breaking and Hubble-induced supersymmetry breaking, they are in general time-

dependent. Which specific contributions arise depends on the symmetry structure of the

ultraviolet theory, which dictates the coupling between the MSSM fields, the inflaton, and

the supersymmetry breaking sector. For instance, if the inflaton carries R-parity, then

L-violating terms like LHu or N3 could be present in Ṽ1.

The scalar potential is complicated, and contains a large number of fields and param-

eters. However, it is clear that all the required features of bubble baryogenesis are present.

First, the A parameter may be large in the early Universe and produce global minima far

from the origin of field space. Second, these B-breaking vacua are stabilized by the quartic

λ which can be O(1) in order to achieve a sufficiently large nucleation rate. Third, L- and

CP -violating interactions can torque the Euclidean instanton solution during a first-order

phase transition. Hence, we do not expect bubble baryogenesis in this potential to differ

in any qualitative way from the toy model in section 3.
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A complete analysis of the multi-field potential of the supersymmetric neutrino seesaw

would be non-trivial. However, we take note of certain simplifications to the theory which

can reduce the potential to a solvable one. In particular, the lepton flavor indices serve

largely to complicate the analysis, so the potential is greatly simplified by taking a single

flavor of L and N to be the only fields active in the dynamics. Furthermore, the D-term

contribution in eq. (4.2) tends to fix |L| = |Hu|,2 which effectively eliminates another set

of field directions.

4.2 Color-breaking minima

Bubble baryogenesis may also be possible within the context of tunneling from color-

breaking minima [24] to the electroweak vacuum within the MSSM. If supersymmetry-

breaking A-terms are too large, then deep minima can form at field values away from the

origin, inducing an instability for the electroweak vacuum. The vacuum dynamics are dom-

inated by the field directions of the top squark and the Higgses, where the superpotential

is dominated by the usual top quark Yukawa coupling,

W = λ3Q3HuU3. (4.5)

Given approximately B-symmetric supersymmetry breaking, the corresponding terms in

the potential are as in eq. (4.3) but with

Ṽ0 = m2
Q3
|Q3|2 +m2

U3
|U3|2 +m2

Hu
|Hu|2

+A3Q3HuU3 + h.c. (4.6)

Considering the D-flat field direction |Q3| = |U3| = |Hu|, then the absence of color-breaking

minima implies that

A2
3 ≤ 3λ2

3(m2
Q3

+m2
U3

+m2
Hu

), (4.7)

if the electroweak vacuum is to be absolutely stable.

For our purposes we take the opposite tack — we want the electroweak vacuum to be

unstable in the early Universe. Couplings to the inflaton can be easily arranged so that

eq. (4.7) fails in the early Universe, so that the fields reside in the true, color-breaking

vacuum. As the Universe cools, eq. (4.7) is eventually satisfied, and the fields can tunnel

from the color-breaking minimum to the electroweak vacuum.

Of course, to generate a baryon asymmetry, this phase transition requires B- and CP -

violating interactions. The natural candidate for this is the Hubble-induced cubic term,

UiDjDk, whose coupling can carry non-zero CP phases. Because this operator involves

multiple squark flavors, we are then required to understand the tunneling from the color-

breaking minimum in other squark directions besides the stop. We leave a proper analysis

of this scenario for future work.

2Some cosmological implications of such D-flat directions are discussed in [25–27].
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5 Observational consequences

The byproduct of bubble baryogenesis is a frothy mixture of standard model baryons, inho-

mogeneously distributed in the early Universe. This inhomogeneity provides a potentially

dangerous relic, since the observed baryon density is known to be homogeneous at the epoch

of big bang nucleosynthesis (BBN). On average, inhomogeneities are small at BBN: the per-

colating bubbles have a length scale set by H−1
∗ , which is far smaller than (a∗/aBBN)H−1

BBN,

the size of an inhomogeneity at percolation that would grow to be Hubble size at BBN. The

potentially dangerous relic doesn’t come from the average bubble, it comes from the rare

bubble that nucleates early enough and avoids enough collisions to grow big by percolation.

Constraints from big bubbles were studied in [28] in the context of extended inflation [29],

which also features a first-order transition around the end of inflation. Though the context

was different, the constraints are purely geometrical, so the analysis in [28] carries over. Big

bubbles constrain the decay rate considerably before percolation to be small, so that big

bubbles are exceedingly unlikely. Bubble baryogenesis is aided in avoiding this constraint

by the fact that the nucleation rate can be completely shut off at early times.

Constraints aside, the first-order phase transition also opens up new observational sig-

natures, like gravitational waves. Bubble collisions are an efficient producer of gravitational

waves; numeric estimates in [30] show that as much as .1% of the energy released in the

transition can end up in gravitational waves. Unfortunately, the energy for us is small

— most of the energy density of the Universe is in the inflaton — but the gravitational

waves have a distinct signature which may make observation feasible. Because the colliding

bubbles at percolation have roughly the same size, the gravitational wave spectrum has a

spike at H∗ [31]. This observational signature is distinct from Affleck-Dine.

Additionally, black holes might form at the collision sites. This is an intriguing possi-

bility, because a current tension in the data of the mass distribution of early quasars would

be alleviated by a source of primordial ‘seed’ black holes [32]. Also, because these black

holes form with a characteristic size, there could be a second bump in the gravitational

wave spectrum from their coincident evaporation.

Lastly, as we discussed in section 2.4, bubble collisions can spawn non-topological

solitons, like oscillons and Q-balls. Oscillons, though long-lived, are not typically stable

on present Hubble time-scales [33–35]; they radiate energy and dissociate. Q-balls, on the

other hand, can be stable and persist since they are charge-stabilized [36, 37]. In Affleck-

Dine baryogenesis, Q-balls typically form in gauge-mediated theories [38, 39], and may or

may not form in gravity-mediated theories, depending on the supersymmetric spectrum [40,

41]. Analogous statements are likely true for bubble baryogenesis. If Q-balls form, their

subsequent evolution is model-dependent: Q-balls that carry B will be absolutely stable if

their mass-to-baryon-charge ratio is smaller than that of a proton; Q-balls that carry L,

however, typically decay, since the mass-to-lepton-charge ratio of the neutrino is so small.

– 25 –



J
H
E
P
0
9
(
2
0
1
2
)
0
7
3

6 Future directions

Bubble baryogenesis is a novel scheme for the generation of the cosmological baryon asym-

metry. A scalar baryon undergoes a first-order phase transition in the early Universe, and

a baryon asymmetry is generated by the process of bubble nucleation and the subsequent

bubble collisions. We have presented an explicit toy model to illustrate the basic features

of the mechanism, and introduced a handful of realistic models. In addition to fleshing out

these more realistic theories, there exists a variety of interesting directions for future work.

First, in section 2.3, we argued that a single bubble could never explain the observed

baryon asymmetry because the baryons are carried away to infinity. This is not strictly

true: a loophole is provided in theories with large extra dimensions — the same loophole

that boom-and-bust inflation [42] exploits to provide a graceful exit to old inflation. If a

bubble nucleates smaller than the size of the extra dimensions, then as it grows, it wraps

the extra dimension and collides with itself on the other side. The bubble wall no longer

runs off to infinity; the self-collision preserves the baryons in the wall, and distributes them

uniformly throughout the interior of the bubble.

Second, as we discussed in section 2.1 there is the possibility of bubble baryogenesis

after reheating. Thermal effects from the big-bang plasma can induce time-dependent cou-

plings which give rise to a first-order phase transition; the thermal plasma also assists the

transition by enhancing the nucleation rate. To achieve such a scenario requires engineering

the appropriate thermal potential and avoiding thermal washout.

Third, models considered in this paper had only a single instanton mediating decay,

which imposed a relationship between the efficiency of the phase transition and the result-

ing asymmetry. This need not be the case. Consider a true and false vacuum connected

by two instantons: a dominant one that is purely radial so that it generates zero baryons,

and a subdominant one that arcs so that it alone is responsible for generating baryons.

Physically, this would correspond to a percolating phase transition in which the vast ma-

jority of nucleated bubbles are B-symmetric, but some small fraction are asymmetric. The

smallness of the asymmetry in such an example would arise not from small ε, but from

the exponential suppression of the subdominant instanton. Such a model may suffer from

fine-tuning issues because the baryon asymmetry would be so sensitive to the Euclidean

action of the subdominant instanton.

Finally, in recent years there has been a resurgence of interest in so-called asymmetric

dark matter, where the dynamics of baryogenesis and dark matter genesis are linked [43–

73]. Such a linkage can arise naturally in hidden-sector theories in which dark matter has a

U(1)DM, and can have phenomenological signatures distinct from standard weakly interact-

ing dark matter. A modification of bubble baryogenesis can achieve simultaneous genera-

tion of baryons and dark matter by extending the symmetry structure to U(1)B×U(1)DM.
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