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Abstract

Null Energy Condition (NEC) can be violated in a consistent way in models with

unconventional kinetic terms, notably, in Galileon theories and their generalizations.

We make use of one of these, the scale-invariant kinetic braiding model, to discuss

whether a universe can in principle be created by man-made processes. We find that

even though the simplest models of this sort can have both healthy Minkowski vacuum

and consistent NEC-violating phase, there is an obstruction for creating a universe in a

straightforward fashion. To get around this obstruction, we design a more complicated

model, and present a scenario for the creation of a universe in the laboratory.

1 Introduction

Once it was realized that inflation can stretch a tiny region of space into the entire visible

Universe, a question has been naturally raised of whether one can in principle create a new

universe by man-made processes [1, 2]. In the context of classical General Relativity and

conventional theories of matter obeying the Null Energy Condition (NEC), the answer is

negative [2, 3] because of the problem with the initial singularity guaranteed by the Penrose

theorem [4] (see, however, Refs. [5, 6]). Widely discussed ways out are to invoke tunneling [7,

8, 9, 10, 11, 12, 13, 14, 15, 16] or other quantum effects [17, 18, 19], modify gravity [20, 21,
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22] and violate NEC [23, 24, 25, 26]. The latter option, however, has been problematic,

since most of the NEC-violating theories are plagued by pathologies like ghosts, gradient

instability and/or superluminality. Yet it has been realized some time ago [27, 28, 29, 30,

31, 32] that within General Relativity, the NEC-violation is not necessarily accompanied by

unacceptable pathologies, if one considers theories with unconventional kinetic terms. One

class of examples is given by the Galileon theory [33] and its generalizations [34, 35, 36, 37,

38, 39, 40]. Indeed, by making use of the Galileon, a cosmological Genesis model has been

constructed [31, 32], in which the evolution starts from nearly Minkowski space-time, the

energy density eventually builds up and the Universe enters the epoch of rapid expansion.

The NEC-violation in this scenario occurs in a controllable and fully consistent way [32].

These developments suggest that one might be able to create a universe in the laboratory

in a purely classical way and within General Relativity. In this paper we suggest a scenario

of this sort, allowing ourselves not only to set up appropriate initial conditions for the field

evolution, but also to design a field theoretic model at our will. The idea is to construct

initial condition in a Galileon-type theory such that inside a large sphere the field is nearly

homogeneous and behaves like at the initial stage of Genesis, whereas outside this sphere the

field tends to a constant and space-time is asymptotically Minkowskian. For this initial data,

the energy density and pressure are initially small everywhere and the entire space-time is

nearly Minkowskian, so that the required field configuration can in principle be prepared in

the laboratory. As the field evolves from this initial state according to its equation of motion,

the energy density inside the large sphere increases, space undergoes accelerated expansion

there, and the region inside the sphere eventually becomes a man-made universe. Outside

this sphere the energy density remains small and asymptotes to zero at large distances; the

space-time is always asymptotically Minkowskian.

Implementing this idea is not entirely trivial, however. The field theoretic model we

are after should have not only healthy Genesis regime but also healthy Minkowski vacuum.

The latter property is lacking in the model of Refs. [31, 32]. Moreover, there must be

smooth and healthy interpolation between the Genesis regime inside the large sphere and

asymptotic Minkowski vacuum; we will see that this requirement is particularly restrictive.

For this reason the model we end up with is rather contrived. Yet it serves the purpose of

proof-of-principle.

This paper is organized as follows. We find it instructive to begin in Sec. 2 with a

prototype model which actually does not work. We introduce the model and collect useful

formulas in Sec. 2.1, consider the stability of the Minkowski vacuum in Sec. 2.2 and study a

NEC-violating homogeneous solution in Minkowski space-time in Sec. 2.3. We find in Sec. 2.4

that creating a universe in the laboratory in a way outlined above is actually impossible in

the model we consider in Sec. 2 and, in fact, the obstruction we encounter is inherent in a

large class of NEC-violating theories. Yet we are able to design a working model in Sec. 3 by
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introducing an extra field whose background produces spatially inhomogeneous couplings.

We present the model and discuss relevant stability issues in Sec. 3.1, and end up with a fairly

detailed scenario for the creation of a universe in the laboratory in Sec. 3.2. We conclude in

Sec. 4.

2 Prototype model

2.1 Preliminaries

In this Section we consider a model of kinetic braiding type [35, 36] with a scalar field π,

and impose dilatation invariance of the action in Minkowski space-time,

π(x) → π′(x) = π(λx) + lnλ . (1)

Hence, the Lagrangian is (mostly negative signature)

L = F (Y )e4π +K(Y )�π · e2π , (2)

where

Y = e−2π(∂π)2 (3)

and F and K are yet unspecified functions. Assuming that K is analytic near the origin, we

set

K(Y = 0) = 0 . (4)

Indeed, upon integrating by parts, a constant part of K can be absorbed into the F -term in

(2).

The field equation is

4e4πF − 2e2π(∂π)2F ′ − 2∂µ
(

e2πF ′∂µπ
)

(5)

+ 2e2π�π ·K +�
(

e2πK
)

− 2�π · (∂π)2K ′ − 2∂µ (�π ·K ′∂µπ) = 0 , (6)

where prime denotes d/dY . Let πc(x) be a solution to this equation. We will be interested

also in perturbations about πc. To this end, let us decompose π = πc + χ and write the

quadratic Lagrangian for perturbations:

L(2) = (∂χ)2 F ′e2πc + 2F ′′∂µπc∂νπc · ∂µχ∂νχ
+ (∂χ)2

[

−2Ke2πc + 2 (∂πc)
2K ′ + ∂µ (K

′∂µπc) +�πc ·K ′
]

+ ∂µχ∂νχ
[

−2∂ν (K
′∂µπc) + 2�πce

−2πcK ′′∂µπc∂νπc

]

+ χ2
[

8F e4πc − 6F ′e2πc(∂πc)
2 − 2∂µ

(

F ′e2πc∂µπc

)

+ 2F ′′(∂πc)
4 + 2∂µ

(

F ′′(∂πc)
2∂µπc

)]

+ χ2
[

�
(

e2πcK
)

+ 2Ke2πc�πc −�
(

K ′(∂πc)
2
)

− 2�πc(∂πc)
2K ′

+2�πce
−2πc(∂πc)

4K ′′ + 2∂µ
(

�πce
−2πc(∂πc)

2K ′′∂µπc

)]

. (7)
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We will eventually need the expression for the energy-momentum tensor. To this end, we

consider minimal coupling to the metric, i.e., set Y = e−2πgµν∂µπ∂νπ and �π = ∇µ∇µπ in

curved space-time. To calculate the energy-momentum tensor, we note that in curved space-

time, theK-term in
√−gL can be written, upon integrating by parts, as

√−ggµν∂µπ∂ν (Ke2π).

Then the variation with respect to gµν is straightforward, and we get

Tµν = 2F ′e2π∂µπ∂νπ − gµνF e4π

+ 2�π ·K ′∂µπ∂νπ − ∂µπ · ∂ν
(

Ke2π
)

− ∂νπ · ∂µ
(

Ke2π
)

+ gµνg
λρ∂λπ∂ρ

(

Ke2π
)

.

In what follows we mostly consider homogeneous backgrounds, π = π(t), and omit sub-

script c wherever possible. For a homogeneous field, equation of motion (6) reads

4e4πF + F ′e2π
(

−6π̇2 − 2π̈
)

− 2e2ππ̇F ′′Ẏ

+Ke2π
(

4π̇2 + 4π̈
)

+ 4e2ππ̇K ′Ẏ +K ′′Ẏ
(

−2π̇3
)

+K ′
(

−12π̇2π̈ + 4π̇4
)

= 0 , (8)

while the energy density and pressure are

ρ = e4πZ (9a)

p = e4π
(

F − 2Y K − e−2πK ′π̇Ẏ
)

, (9b)

where

Z = −F + 2Y F ′ − 2Y K + 2Y 2K ′ .

It is straightforward to see that for π̇ 6= 0, eq. (8) is equivalent to energy conservation,

ρ̇ = 0 .

Finally, in a homogeneous background the quadratic Lagrangian for perturbations, eq. (7),

simplifies to

L(2) = Uχ̇2 − V (∂iχ)
2 +Wχ2 , (10)

where

U = e2πc

(

F ′ + 2Y F ′′ − 2K + 2Y K ′ + 2Y 2K ′′
)

= e2πcZ ′ , (11a)

V = e2πc

(

F ′ − 2K + 2Y K ′ − 2Y 2K ′′
)

+ (2K ′ + 2Y K ′′) π̈c . (11b)

We will not need the general expression for W .

2.2 Minkowski vacuum

Recalling that K(0) = 0, we find that the Minkowski vacuum ∂π = 0 exists (cosmological

constant is zero), provided that

F (0) = 0 . (12)
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It is clear from eq. (11) that it is stable for

F ′(0) > 0 . (13)

There remains an issue [41, 30] of the possible superluminality of perturbations about back-

grounds in the neighbourhood of the Minkowski vacuum, i.e., backgrounds with small ∂πc(x).

From this viewpoint, the most dangerous terms in (7) involve ∂µχ∂νχ ∂µ∂νπc. We make these

terms small by requiring that

K ′(0) = 0 . (14)

Then the inverse effective metric for perturbations, modulo irrelevant terms, is

Gµν = ηµν +
1

F ′e2πc

[2F ′′∂µπc∂
νπc − ∂ν (K ′∂µπc)− ∂µ (K ′∂νπc)] .

and the metric itself reads

Gµν = ηµν −
1

F ′e2πc

[2F ′′∂µπc∂νπc − ∂ν (K
′∂µπc)− ∂µ (K

′∂νπc)] (15)

Potentially dangerous situation is when null (in conventional sense) direction of propagation

nµ is time-like in the metric Gµν . For generic nµ this is avoided by requiring

F ′′(0) > 0 . (16)

Indeed, the dangerous terms are of order K ′′(∂πc)
2∂2πc, so the first term in square brackets

is the dominant source of Lorentz-violation and Gµνn
µnν < 0 for generic nµ.

This argument does not apply to the special direction for which ∂µπc n
µ = 0. Let us

consider this direction separately. We treat our model near the Minkowski vacuum as a low

energy effective theory with a UV cutoff Λ. Consider now the background configuration (we

set πc(x = 0) = 0 by using the dilatation symmetry)

πc = qµx
µ +

1

2
Aµνx

µxν

and choose the wave vector kµ = nµk such that qµk
µ = 0. Then the effective metric (15) at

distance l from the origin in the direction nµ is

Gµν = ηµν −
1

F ′(0)

(

2F ′′(0)l2Aµλn
λAνρn

ρ − 2K ′′(0)q2Aµν

)

. (17)

We see that Gµνn
µnν > 0 near the origin, if Aµνn

µnν ≡ (n · A · n) < 0 (assuming for

definiteness that K ′′(0) > 0 and q2 < 0), which signalizes the superluminality. Near the

origin the correcion to the propagation speed is of order

δc ∼ K ′′(0)

F ′(0)
q2(n · A · n) .
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This correction becomes detectable when it yields the deviation from distance traveled by

light which is at least of the order of the wavelength [30],

δc · l & k−1 .

We require that at this distance the first term in parenthesis in (17), which reduces the speed

of signal, dominates,

F ′′(0)l2(n ·A · n)2 ∼ F ′′(0)F ′ 2(0)

k2K ′′ 2(0)q4
> K ′′(0)q2(n · A · n) .

For k2, q2, Aµν ≪ Λ2, this inequality holds, provided that the functions F and K obey a

constraint
F ′′(0)F ′ 2(0)

K ′′ 3(0)
& Λ10 . (18)

Under this constraint, the local superluminality is undetectable, and hence not dangerous.

We conclude that the Minkowski vacuum and its neighborhood are healthy, provided that

eqs. (12), (13), (14), (16) and (18) are satisfied.

2.3 Rolling solution

With an appropriate choice of the functions F and K, eq. (8) admits also a rolling solution,

similar to that in the Galileon theory [30, 31, 32]:

eπ =
1√

Y∗(t∗ − t)
, (19)

where t∗ is an arbitrary constant. For this solution Y = Y∗ = const, and Y∗ is determined

from equation

Z(Y∗) ≡ −F + 2Y∗F
′ − 2Y∗K + 2Y 2

∗
K ′ = 0 , (20)

where F , F ′, etc., are evaluated at Y = Y∗. For this solution one has T00 = ρ = 0 and

p =
1

Y 2
∗
(t∗ − t)4

(F − 2Y∗K) . (21)

Thus, the rolling background violates NEC, provided that

NEC violation: 2Y∗K − F > 0 . (22)

The quadratic Lagrangian for perturbations (10) reduces in this background to

L(2) =
A

Y∗(t∗ − t)2
[χ̇2 − (∂iχ)

2] +
B

Y∗(t∗ − t)2
χ̇2 +

C

Y 2
∗
(t∗ − t)4

χ2 , (23)
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where

A = e−2πcV = F ′ − 2K + 4Y∗K
′

B = e−2πc(U − V ) = 2Y∗F
′′ − 2Y∗K

′ + 2Y 2
∗
K ′′

C = 8F − 12Y∗F
′ + 8Y 2

∗
F ′′ + 8Y∗K − 8Y 2

∗
K ′ + 8Y 3

∗
K ′′

are time-independent coefficients. As a cross check, one can derive from the latter Lagrangian

the equation for homogeneous perturbation χ(t) about the rolling background and see that

χ = ∂tπc = (t∗ − t)−1 obeys this equation, as it should. Indeed, making use of eq. (20) one

finds that the coefficients of χ̇2 and χ2 in eq. (23) are related in a simple way,

4(A+B) = C/Y∗ .

Hence, homogeneous perturbation obeys a universal equation

− d

dt

(

χ̇

(t∗ − t)2

)

+ 4
χ

(t∗ − t)4
= 0 ,

whose solutions are χ = (t∗− t)−1 and χ = (t∗− t)4. This shows that the rolling background

is stable against low momentum perturbations; like in the Galileon case [31], the growing

perturbation χ = (t∗ − t)−1 · χ0(x) with slowly varying χ0(x) can be absorbed into slightly

inhomogeneous time shift.

In fact, we can see in more general terms that the rolling background is an attractor in

the class of homogeneous solutions. To this end, we use the conservation of energy (9a) to

write for any homogeneous solution

e4πZ = C · sign(Z) , C = const > 0 . (24)

Now, the relation ρ̇ = 0 for positive π̇ can be written as

4π̇Z + Ẏ Z ′ = 4eπY 1/2Z + Ẏ Z ′ = 4

(

C

|Z|

)1/4

Y 1/2Z + Ẏ Z ′ = 0 .

If Z ′ 6= 0, this gives

Ẏ = −4

(

C

|Z|

)1/4

Y 1/2 Z

Z ′
, (25)

so that

Ż = −4C1/4Y 1/2 Z

|Z|1/4 . (26)

This shows that the rolling solution with Z = 0 and π̇ > 0 is an attractor whose basin of

attraction is bounded by the points, if any, where Z ′(Y ) = 0. This is also obvious from

eq. (24): if π increases, |Z| decreases.
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Let us consider the stability of the rolling background and subluminality of the pertur-

bations about it. The spatial gradient term in (23) has correct (negative) sign provided

that

No gradient instability: A = F ′ − 2K + 4Y∗K
′ > 0 . (27)

The speed of perturbations about the rolling background is smaller than the speed of light,

if the coefficient of χ̇2 is greater than that of −(∂iχ)
2, i.e.,

Subluminality: B = 2Y∗F
′′ − 2Y∗K

′ + 2Y 2
∗
K ′′ > 0 . (28)

We require that the latter inequality holds in a strong sense, then the perturbations about

the rolling solution are strictly subluminal, and hence the perturbations about backgrounds

neighbouring the rolling solution are subluminal as well. When both inequalities (27) and

(28) are satisfied, there are no ghosts either. The conditions (22), (27) and (28) together

with eq. (20) can be satisfied at Y = Y∗ by a judicious choice of the functions F and K in

the neighbourhood of this point, so that the NEC-violation is stable and subluminal. This

can be seen as follows. Equation (20) can be used to express F (Y∗) in terms of F ′(Y∗),

K(Y∗) and K ′(Y∗), namely, F = 2Y∗F
′ − 2Y∗K + 2Y 2

∗
K ′. Then the inequalities (22), (27)

are satisfied, provided that 2K − 4Y∗K
′ < F ′ < 2K − Y∗K

′, which is possible for positive

K ′. The condition (28) can be satisfied by an appropriate choice of F ′′ and K ′′.

2.4 Obstruction to a simple way of creating a universe in the

laboratory

Obviously, the functions F (Y ), K(Y ) can be chosen in such a way that both Minkowski

vacuum and rolling solution are healthy, i.e., eqs. (12), (13), (14), (16) and (18) are satisfied

at Y = 0 and eqs. (20), (22), (27) and (28) are satisfied at Y = Y∗. It is then tempting to

implement the approach outlined in Sec. 1 in a simple way, by considering the initial field

π(t,x) which slowly varies in space and interpolates between the rolling solution (19) inside

a large sphere and Minkowski vacuum ∂π = 0 at spatial infinity. By slow variation in space

we mean that the spatial derivatives of π are negligible compared to temporal ones, so that

at each point in space π evolves in the same way as in the homogeneous case.

An advantage of this quasi-homogeneous approach is simplicity of the analysis; a dis-

advantage is that it actually does not work in our prototype model. The point is that

irrespectively of the equation of motion, the term with χ̇2 in (10) is proportional to Z ′(Y ),

see eq. (11a). Thus, for configurations slowly varying in space, the absence of ghosts requires

Z ′(Y ) > 0

everywhere. For both Minkowski vacuum and rolling solution we have Z = 0, so there

is no ghost-free configuration that slowly varies in space and interpolates between the two

solutions as r, the distance from the center of the sphere, changes from 0 to ∞.
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This obstruction to have a quasi-homogeneous ghost-free configuration, interpolating

between two different solutions of zero energy, is generic in theories with the following prop-

erties: (i) there is a single scalar field π; (ii) the field equation is second order; (iii) the action

is invariant under dilatations (1). This class of theories includes, e.g., conformal higher order

Galileons of Ref. [33] and conformal DBI Galileons of Ref. [34]. The argument is essentially

the same as above. The Noether energy-momentum tensor obeys

∂µT
µ
ν = −(E.O.M.) · ∂νπ ,

where (E.O.M.) stands for the equation of motion. Therefore, the equation of motion for

spatially homogeneous π = π(t) is

(E.O.M.) = −1

π̇
ρ̇ . (29)

Since the field equation is second order, ρ = ρ(π, π̇) does not contain π̈ and higher derivatives,

and by scale invariance it has the form ρ = exp(4π)Z(Y ), where Y = π̇2 exp(−2π), cf.

eq. (3), and Z is a model-dependent function. It follows from eq. (29) that the equation of

motion for homogeneous perturbation about the background πc(t) reads

− 1

π̇c

∂ρ

∂π̇c

χ̈+ · · · = 0 ,

where omitted terms do not contain χ̈. Hence, the kinetic part of the Lagrangian for the

perturbations has the form

L(2) ⊃ 1

2π̇c

∂ρ

∂π̇c
χ̇2 = e2πcZ ′(Y )χ̇2 ,

which is the same as in (10). Both zero energy solutions have Z = 0, so an interpolating

configuration has Z ′ < 0 somewhere in between, and thus it is not ghost-free.

One way to get around this obstacle would be to insist on slow spatial variation of the

initial field configuration but give up the prescription that the field inside the large sphere

is in the rolling regime (19). Instead, one would consider the field with non-zero energy

density inside the sphere, so that there exists a smooth and ghost-free configuration that

interpolates, as r increases, between this field and the asymptotic Minkowski vacuum. This

can hardly lead to the creation of a universe, however, since eq. (26) shows that the point

Y = 0 is an attractor, and the field in the interior of the sphere will likely relax to it1. Near

Y = 0 one has F = F ′(0)Y and Z = F ′(0)Y , so that the equation of state is p ≈ ρ (recall

that K(0) = 0; one can show that the last term in (9b) is negligible at small Y ). Thus, NEC

does not get violated.

1A loophole here is that we neglect effects of gravity.
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Other possibilities are to consider field configurations with non-negligible spatial gradients

or give up scale-invariance of the action. In both cases the above no-go agrument would be

irrelevant, but the analysis would be more complicated. We will follow another route, and

complicate the model instead.

3 Improved model

3.1 Spatially inhomogeneous couplings

We do not abandon quasi-homogeneity, but now allow the functions F and K to depend

explicitly on spatial coordinates. This can be the case if there is another field, call it ϕ, which

determines the couplings entering these functions, and this field acts as quasi-homogeneous

background, ϕ = ϕ(x). In this case one can consider a field configuration π(t,x) which at

any point in space is approximately given by the rolling solution (19), but with Y∗ depending

on x (recall that Y∗ is independent of time for the homogeneous solution). We prepare the

background ϕ(x) in such a way that Y∗(x) is constant inside the large sphere (to evolve into a

man-made universe) and gradually aproaches zero as r → ∞. We have to check that with an

appropriate choice of the functions F (Y ;ϕ), K(Y ;ϕ), this construction does not encounter

pathologies.

Let Φ(ϕ) be a function of the new field, such that Y∗ = Φ(ϕ) is a solution to eq. (20).

As r varies from zero to infinity, Φ(x) changes from some positive value Φ0 to zero. We are

going to check that the inequalities (27), (28) can be satisfied for any Φ ∈ (0,Φ0). To this

end, we write F and K in the vicinity of Y∗ = Φ as a series in (Y − Φ):

F = a(Φ) + b(Φ)(Y − Φ) +
c(Φ)

2
(Y − Φ)2 (30a)

K = κ(Φ) + β(Φ)(Y − Φ) +
γ(Φ)

2
(Y − Φ)2 , (30b)

and set κ(0) = 0 without loss of generality, see eq. (4). In these terms, eq. (20) reads

a− 2Φb+ 2Φκ− 2Φ2β = 0 , (31)

and the inequalities (27), (28) become

No gradient instability: b(Φ)− 2κ(Φ) + 4Φβ(Φ) > 0 (32a)

Subluminality: c(Φ)− β(Φ) + Φγ(Φ) > 0 . (32b)

Let us also write the pressure (21) for the rolling solution:

p =
1

Φ2(t∗ − t)4
(a− 2κΦ) =

1

Φ2(t∗ − t)4
· 2Φ(b− 2κ+ βΦ) , (33)

10



where we used eq. (31). We require the NEC-violation inside the large sphere, i.e.,

NEC violation: b(Φ0)− 2κ(Φ0) + Φ0β(Φ0) < 0 . (34)

Finally, the stability conditions of the Minkowski vacuum, eqs. (13), (14), read

b(0) > 0 , β(0) = 0 ,

while eq. (18) requires that γ is sufficiently small. The condition (12) is satisfied automat-

ically, provided that the coefficients in (30) obey eq. (31). Note that since b(0) > 0 and

κ(0) = 0, pressure (33) is positive at small Φ. Away from the large sphere with Φ = Φ0, the

space contracts.

To see explicitly that all above conditions can be satisfied, let us choose

b(Φ) = u+ vΦ2 , κ(Φ) = 0 , β(Φ) = wΦ , c(Φ) > β(Φ) , γ(Φ) = 0

with constant u > 0, w > 0, v < 0 and wΦ2
0 ≫ u, while a(Φ) is given by eq. (31). Then the

only non-trivial constraints are (32a) and (34). These are satisfied by choosing

−4w < v < −w .

Thus, there is indeed a choice of F (Y ;ϕ), K(Y ;ϕ) such that the entire set up is not patho-

logical, at least in the quasi-homogeneous case.

3.2 Sample scenario

Let us now sketch a concrete scenario for creating a universe. Let us assume that the field

ϕ is a usual scalar field which has two vacua, ϕ = 0 and ϕ = ϕ0. We prepare a spherical

configuraion of this field with ϕ = ϕ0 inside a sphere of large enough radius R and ϕ = 0

outside this sphere, see Fig. 1. We assume for definiteness (although this assumption can be

relaxed) that there is a source for the field ϕ that keeps this configuration static. Let L ≪ R

be the thickness of the wall separating the two vacua; L is also kept time-independent by

the source. We require that the mass of this ball is small enough, so that R ≫ Rs, where

Rs is the Schwarzschild radius. The mass is of order µ4R2L, where µ is the mass scale

characteristic of the field ϕ. Hence, the latter requirement reads µ4RL ≪ M2
P l. For small

enough µ both R and L can be large.

Let the function Φ(ϕ) of Sec. 3.1 be such that Φ(0) = 0, Φ(ϕ0) = Φ0 and Φ′(ϕ0) = 0.

The latter property ensures that coupling of π to ϕ does not move ϕ out of the vacuum ϕ0

inside the large sphere, whatever π does there2.

2We implicitly neglect kinetic mixing between π and ϕ. It can be made small by considering the function

Φ which depends on λϕ, where λ is a small parameter.
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r

ϕ

R1 R

ϕ

t*

t*, out

t*, in

Figure 1: The set up. Dashed and solid lines show t∗(r) and ϕ(r), respectively. The behaviour

of the function Φ(r) = Φ(ϕ(r)) is similar to that of ϕ(r).

We prepare the initial configuration of π at t = 0 in such a way that it initially evolves

as

eπ =
1√

Φ0t∗(r)−
√

Φ(r)t
, (35)

where we allow the parameter t∗ in (19) to vary in space, and choose a convenient parametriza-

tion. We choose t∗(r) = t∗,in inside a somewhat smaller sphere of radius R1 < R (butR1 ∼ R)

and t∗(r) = t∗,out ≫ t∗,in at r > R1 (hereafter subscripts in and out refer to the regions r < R1

and r > R1, respectively), as shown in Fig. 1, with the transition region of, say, the same

thickness L. We take t∗,out ≪ L, then the characteristic time scales are smaller than the

smallest length scale L inherent in the set up, so the spatial devivatives of π are negligible

compared to the time derivatives. This ensures that the field π is in the quasi-homogeneous

regime. As r → ∞, we have Φ(r) → 0 and t∗ → const, so the field π tends to the Minkowski

vacuum π = const.

At the initial stage of evolution, pressure inside the sphere of radius R1 is

pin =
M4

Φ2
0(t∗,in − t)4

,

where M is the mass scale characteristic of the field π. We require that pinR
3/M2

P l ≪ R,

then the gravitational potentials are small everywhere, and gravity is initially in the linear

12



regime. Thus, we impose a constraint

M4R2

Φ2
0t

4
∗,in

≪ M2
P l , (36)

which is consistent with the above conditions for M ≪ MP l and Φ0 & M2. We integrate the

equation Ḣ = −4πGp to find that soon after the evolution begins, the Hubble parameter

inside the sphere of radius R1 is

Hin =
4πM4

3M2
P lΦ

2
0(t∗,in − t)3

. (37)

In view of (36) and t∗,in ≪ R, the Hubble length scale is large for some time, H−1 ≫ R.

This is true also at r > R1, so there are no anti-trapped surfaces initially.

As t approaches t∗,in, pressure becomes large at r < R1 and the Hubble length shrinks

there to R1 ∼ R. The anti-trapped surfaces get formed inside the sphere of radius R1, a new

universe gets created and enters the Genesis regime there. This occurs when Hin ∼ R−1,

i.e., at time t1 such that

(t∗,in − t1) ∼
(

M4R

M2
P lΦ

2
0

)1/3

.

Note that at that time the energy density ρin ∼ M2
P lH

2
in is still relatively small,

ρin
pin

∼
(

M4

Φ2
0R

2M2
P l

)1/3

≪ 1 .

This implies that at time t1, space-time is locally nearly Minkowskian. Another manifestation

of this fact is that the scale factor is close to 1:

ain(t1) = 1 +
2πM4

3M2
P lΦ

2
0(t∗,in − t1)2

where the correction to 1 is of order ρin/pin. Hence, our approximate solution (35), (37) is

legitimate.

Since t∗,out ≫ t∗,in, the field eπ at time t1 is still small at r > R1, and the Hubble length

scale exceeds R there. Gravity is still weak at r > R1, so it is consistent to assume that the

configuration of ϕ is not modified by that time. Note also that a black hole is not formed

by then either.

At somewhat later times, the geometry of hypersurfaces t = const is that of a semi-

closed world: at some distance from the origin the area of the sphere r = const decreases as

r increases, ∂(ar)/∂r < 0. This regime begins (i.e., a neck gets formed) when there appears

a solution to
∂a

∂r
· r + a ≈ − 4πM4

3M2
P lΦ

2
0[t∗(r)− t]3

∂t∗
∂r

· r + 1 = 0 .
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Clearly, this happens at a place where t∗(r) ≃ t∗,in, but ∂t∗/∂r starts to deviate from zero.

The neck gets formed at time t2 such that

M4

M2
P lΦ

2
0(t∗,in − t2)3

t∗,outR

L
∼ 1 .

Since we take t∗,out ≪ L, we have t2 > t1 indeed. Nevertheless, it is straightforward to

arrange parameters in such a way that our approximate solution (35), (37) is legitimate at

time t2 as well.

This completes the discussion of the initial stage of the creation of a new universe. To

make the scenario complete, one would specify the way to design the configuration of the

field ϕ and keep it static (or consider an evolving field ϕ instead). Also, one would like to

trace the dynamics of the system to longer times and see what geometry develops towards

the end of the Genesis epoch occuring at r < R1. Since the background we have studied is

healthy, one does not expect surprizes from this complete analysis.

4 Discussion

Because of the obstruction we encountered in Sec. 2.4, it is rather unlikely that simple, scale-

invariant Galileon-type theories can be employed to create a universe in the laboratory. We

had to make the model a lot more complicated, to the extent that the whole scenario may

appear completely unrealistic. While the particular model we considered in Sec. 3 is indeed

not very appealing, we think that the overall situation is not absolutely hopeless. First,

one can think of a possibility that a model designed on paper can be implemented in the

laboratory, even though this certainly sounds as fiction. Barring this possibility, let us make

the second point. If there is anything like Galileon in Nature, and if the Universe experienced

anything like the Genesis epoch, there must be a smooth and consistent interpolation between

the Genesis regime and Minkowski vacuum, albeit in the course of the cosmological evolution

rather than in the radial direction in space as we need. It is not inconceivable that one may

be able to use the mechanism making this interpolation healthy in cosmology for the purpose

of creating a universe in the laboratory.

The author is indebted to S. Demidov, D. Levkov, M. Libanov and I. Tkachev for helpful

discussions. This work has been supported in part by RFBR grant 12-02-0653.
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