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This paper proposes a new avenue for understanding the cosmological singularity. The standard
cosmological model contains a generic initial singularity usually referred to as the big bang. Herein, we
present a novel idea to extend the description of our Universe beyond this limit. The proposal relies on
rewriting physics in a purely Riemannian, i.e., locally Euclidean, four-dimensional space and the
emergence of Lorentzian patches owing to the interaction of all matter fields to a clock field that is
responsible for a signature change. If our Universe is contained within one of these patches, the initial
singularity is replaced by a smooth boundary on which the signature of the physical metric flips. In this
paper, we first define the model and draw the necessary conditions on its arbitrary functions for solutions to
exist. Next, we prove the existence of solutions that lead to an emergent universe with a primordial (almost)
de Sitter phase. To finish, we discuss the consequences of this construction for the universe on scales much
larger than our observable Universe: a large “Euclidean sea” in which Lorentzian islands locally emerge
and host an expanding universe potentially similar to ours. While speculative, this scenario has specific
features that can be tested, and the present paper sets the basis for further phenomenological investigations.
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I. INTRODUCTION

The existence of the primordial singularity of the
standard cosmological model has long been identified as
a signal of the domain of validity of general relativity to
describe gravitation, starting perhaps with Lemaître’s early
insight [1]. Many classical solutions to avoid the singularity
within general relativity have been proposed, such as the
Eddington-Lemaître model [2,3], bouncing solutions that
both require a nonvanishing spatial curvature, i.e., an
effective fluid with equation of state P ¼ −ρ=3 with
positive or negative energy density according to the sign

of the spatial curvature, oscillating universes [4–6] or even
a continuous creation of matter [7]. Indeed those solutions
either are not compatible with the actual measurements of
the cosmological parameters or do not avoid the singularity.
The occurrence of singularities in general relativity has

been related to energy conditions [8–10] and those early
classical solutions have all seen counterparts in the devel-
opments of quantum gravity phenomenology, including
bouncing universes thanks to duality [11,12], the dynamics
of the dilaton [13], branes [14,15] in string theory, or the
quantum pressure [16,17] that appears in loop quantum
gravity. On the side of quantum cosmology, many sol-
utions, invoking the no-boundary proposal [18], tunneling
geometries [19], or phase transitions in spin network
models [20] inspired by signature change in metamaterials
[21], have been considered to describe the emergence of
our Universe.
It is worth noting that one can find solutions of the

Einstein equations for a metric with Lorentzian as well
as Euclidean signatures. It was actually conjectured by
Sakharov [22], inspired by Ref. [19], that “there may exist
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states of the physical continuum which include regions with
different signatures of the metric and that the observed
Universe and an infinite number of other universes arose as a
result of quantum processes with a change in the signature of
the metric.” This led several authors [23–27] to study the
junction conditions between such spacetime patches with
different signatures at the classical level, which require these
regions to be glued smoothly on their boundaries with an
either smooth [23] or discontinuous [24,25] sign shift.
However, these studies assume a profile of sign changing
g00 and donot construct a fullmodel of time emergencebased
on a consistent field theory as proposed inRefs. [28,29]—see
also earlier work in the context of Nordström gravity [30].
Hence, following our previous investigations [28,29,31–

35] on a field theory based on a purely Euclidean (hereafter,
by “Euclidean” we mean “Riemannian,” i.e., “locally
Euclidean”) space, we propose in this paper a new road
to understanding the big bang singularity. This theoretical
approach relies on the hypothesis that (i) at the microscopic
level the metric is Riemannian, i.e., that all matter fields are
defined in a four-dimensional Euclidean space with metric
of signature ðþ;þ;þ;þÞ,

ds2E ¼ gEμνdxμdxν; ð1Þ

and (ii) interact with a clock field ϕ through its gradient so
that they are at the macroscopic level universally coupled to
the effective metric

gμν ¼ gEμν −
∂μϕ∂νϕ

M4
; ð2Þ

where M is a mass scale. References [28,29,31–35]
demonstrated that if the gradient of the clock field develops
a constant nonvanishing vacuum expectation value on a
patch M0, then within this patch the effective metric can
exhibit a ð−;þ;þ;þÞ signature. Furthermore, it was shown
that the whole action of the standard model of particle
physics in the patch M0 can be obtained while gravity is
described by a more general covariant Galileon theory.
While in the standard approach of any field theory, the
Lorentzian metric structure allows one to implement the
relativistic notion of causality and to define a notion of time
dimension, it is now seen as an emergent property. Hence,
in this description, there is no dynamics nor signature flip
across some hypersurface; instead, all the fields develop a
Lorentzian dynamics in some patches of space because they
minimally couple to an effective metric that depends on the
local value of the clock field.
This insight offers a new view on the notion of time as an

emergent property. From a phenomenological point of
view, this shall affect the construction of our cosmological
model since the whole dynamical observable Universe with
a well-defined time arrow can exist only within the patch
M0. On the boundaries Σ0 ofM0, “time freezes” since the
space becomes Euclidean but without necessary passing
through a singularity. Hence, one is led to the idea that if

our Universe is contained in such a patch M0, then the
cosmological singularity of the big bang is replaced by the
boundary Σ0 of this patch.
To investigate this idea further andmake it more concrete,

we shall construct a four-dimensional Euclidean space with
planar symmetry such that both gEμν and ϕ depend only on
one coordinate, z, so that the fz ¼ constg hypersurfaces are
homogeneous and isotropic, ensuring that the emergent
universe1 satisfies theCopernican principle. Indeed, if a shift
of signature (2) occurs withinM0, the z direction will play
the role of the arrow of time since fz ¼ constgwill be fϕ ¼
constg and thus ft ¼ constg. We further assume that the
effective metric has the signature ð−;þ;þ;þÞ in the
asymptotic regions. The whole global space structure is
as described in Fig. 1; that is, two “mirror” universes M0þ
and M0− with signature ð−;þ;þ;þÞ match a central
Euclidean region with no time. Each of the two
Lorentzian zones can be thought as a universe, with time
flowing in opposite directions. What the observers in each
emergent universe will identify as the big bang is simply the
boundary Σ0 on which the signature of the metric flips.

II. EMERGENT BIG BANG MODEL

A. Definition of the theory

We decompose the Euclidean metric gEμν in terms of the
lapse NE and the metric γij on the three-dimensional

FIG. 1. A big bang that never happened. Our Universe can
be thought as an emergent Lorentzian patch within a four-
dimensional purely Riemannian space. The “big bang” can be
understood as the hypersurface Σ0 on which the signature of the
metric flips. In the simplest version, the geometry and field
configurations are assumed to (i) depend only on one space
coordinate, z, so that the emergent spacetimes M0� satisfy the
Copernican principle and (ii) exhibit the ð−;þ;þ;þÞ signature
for the effective metric in the two asymptotic regions.

1To avoid ambiguities, we shall use the term universe for the
Lorentzian regions for which we can use the words “time” and
“space” in a well-defined way.
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hypersurface normal to a coordinate z as

ds2E ¼ N2
EðzÞdz2 þ e2hðzÞδijdxidxj ð3Þ

with

γijðzÞ ¼ e2hðzÞδij ¼ a2ðzÞδij: ð4Þ

Indeed, h ¼ ln a so that ḣ ¼ ȧ=a with a dot denoting a
derivative with respect to z, and for later convenience we
define

HE ≡ ḣ=NE: ð5Þ

The gradient of the clock field ϕðzÞ is given by

ψðzÞ ¼ ϕ̇=NE; ð6Þ

so that the configuration up to a constant shift of ϕ is
characterized by the three functions NE, h and ψ of the
variable z. NE can always be set to unity thanks to a
redefinition of z so that we only have effectively two
functions to determine the model.
Following Ref. [28]—see its Eq. (3.6)—we consider the

action S ¼ R
Ld4x with Lagrangian2

L ¼ ffiffiffiffiffi
gE

p fG4RE þK − 2G0
4½ð∇2

EϕÞ2 − ð∇E
μ∇E

νϕÞ2�g ð7Þ

with ∇E
μ the covariant derivative associated to gμνE ,

∇2
Eϕ≡ gμνE ∇μ∇νϕ ¼ ðψ̇ þ 3ḣψÞ=NE, and ð∇μ∇νϕÞ2 ≡

gμσE gντE ∇μ∇νϕ∇σ∇τϕ. The action involves only the two
free functions,K andG4, that depend only on XE defined as

XE ≡ gμνE ∂μϕ∂νϕ ¼
�

ϕ̇

NE

�
2

≡ ψ2; ð8Þ

and we shall use a prime to denote a derivative with respect
to XE, i.e., G0

4 ≡ dG4=dXE.
Since the Lagrangian does not depend explicitly

on ϕ, the equation of motion for the scalar field takes
the form of a current conservation equation; ∂μJμ ¼
∂μ½ δLδ∂μϕ

− ∂ν
δL

δ∂ν∂μϕ
� ¼ 0. The current has a single nonvanish-

ing component, Jμ ¼ J0δ
μ
z given by J0 ¼ a3jψ ¼ const

with

j ¼ K0 − 6H2
EðG0

4 þ 2X2
EG

00
4Þ ¼

J0
a3

ffiffiffiffiffiffi
XE

p : ð9Þ

Then, the variation of the action with respect to the metric
leads to two equations, respectively for NE and h,

K − 2XEK0 − 6H2
E½G4 − 4XEG0

4 − 4X2
EG

00
4� ¼ 0; ð10Þ

K − 2

�
3H2

E þ 2
ḢE

NE

�
G4

þ 4

��
3H2

E þ 2
ḢE

NE

�
XE þHE

ẊE

NE

�
G0

4

þ 8HE
ẊE

NE
XEG00

4 ¼ 0: ð11Þ

Indeed only two of the three equations [(9)–(11)] are
independent thanks to the Bianchi identity. Hence, for
the sake of simplicity, we only use the first two [(9) and
(10)] in our analysis. Defining

G≡G4 − 2XEG0
4 ¼ −2X3=2

E

�
G4ffiffiffiffiffiffi
XE

p
�0
; ð12Þ

they simplify to

K0 þ6H2
EG

0 ¼ J0
a3

ffiffiffiffiffiffi
XE

p ; K−6H2
EG¼ 2

J0
ffiffiffiffiffiffi
XE

p
a3

; ð13Þ

a system which describes the whole theory and is inde-
pendent of the choice of NE.

B. Necessary condition for the existence of solutions

Equation (9), or the first of (13), has an important and
generic implication on the field profile.
Suppose that ψðz ¼ z0Þ ¼ 0 and that jðz ¼ z0Þ is finite

and nonzero. Then J0 ¼ 0 and thus jðzÞψðzÞ ¼ 0 for all z.
Also, by continuity jðzÞ is finite and nonzero in an open
neighborhood of z ¼ z0. These two facts imply that
ψðzÞ ¼ 0 in the open neighborhood, meaning in particular
that ψ and its all-order derivatives vanish at z ¼ z0. Since
ϕðzÞ satisfies a second-order ordinary differential equation
and ψðzÞ is its first derivative, it is concluded that ψðzÞ ¼ 0
for all z. Therefore, ψ cannot cross zero unless j also
vanishes there.
To evade this no-go result, we can for example consider

clock-field configurations with “Z2 antisymmetry,” i.e.,

ϕð−zÞ − ϕ0 ¼ −½ϕðzÞ − ϕ0� ð14Þ

with ϕ0 an arbitrary constant, and metric configurations
with “Z2 symmetry,”

að−zÞ ¼ aðzÞ; NEð−zÞ ¼ NEðzÞ: ð15Þ

2In [31] (cf. Sec. IV of [32]), it was shown that on the
Lorentzian patchM0, L may be rewritten in the Lorentzian form
LL ¼ ffiffiffiffiffiffi−gp ffRþ Pþ 2f0½ð∇2ϕÞ2 − ð∇μ∇νϕÞ2�g, where R and
∇μ are the respective Ricci scalar and Levi-Civita connection for
gμν given by (2) and f ¼ fðXÞ and P ¼ PðXÞ are functions
satisfying f=G4 ¼ P=K ¼ ffiffiffiffiffiffiffiffiffiffiffiffi

X=XE

p
, where X ¼ −gμν∂μϕ∂μϕ ¼

ð1=M4 − 1=XEÞ−1.
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In particular, this implies

ψð−zÞ ¼ ψðzÞ; HEð−zÞ ¼ −HEðzÞ; ð16Þ

and

ψ̇ðz ¼ 0Þ ¼ 0; HEðz ¼ 0Þ ¼ 0: ð17Þ

In such a case, the existence of a nontrivial solution with
j → 0 (z → �∞) is not forbidden by the no-go and could
be found by tuning ψðz ¼ 0Þ. If HEðzÞ > 0 for z > 0, then
this is basically what we could call a Euclidean bouncing
universe. The shift charge density jψ will automatically
approach zero as z → �∞ if ψðz ¼ 0Þ is in the basin of the
attractor.
For the emergence mechanism to work, one needs that

g00 ¼ ð1 − ψ2=M4ÞN2
E ð18Þ

changes sign on the hypersurface Σ0 defined by
g00ðψcÞ ¼ 0, i.e.,

ψðzcÞ ¼ ψc ¼ M2 ≡ ffiffiffiffiffiffi
Xc

p
: ð19Þ

This happens if

ψ2ðz ¼ 0Þ < M4 < ψ2ðz ¼ �∞Þ ð20Þ

or if

ψ2ðz ¼ �∞Þ < M4 < ψ2ðz ¼ 0Þ: ð21Þ

The previous argument teaches us that one has to set
boundary conditions such that ψ tends toward either zero or
a constant that makes j vanish as z → �∞ and that they
never cross ψ ¼ 0. In order to have two external zones with
Lorentz signature and a de Sitter geometry at z ¼ �∞, one
needs to ensure that Eq. (20) holds and that HE approaches
a positive constant as z → �∞.

C. Cosmological singularity

We now analyze the cosmological solution that emerges
in the regionM0 where g00 becomes negative and in which
the metric is of the Friedmann-Lemaître form

ds2 ¼ −dt2 þ R2ðtÞδijdxidxj: ð22Þ

Setting NE ¼ 1, the emergent cosmic time follows from

dt2 ¼ −g00dz2 ¼
�
ψ2

M4
− 1

�
dz2 ð23Þ

and the scale factor is given by

RðtÞ ¼ a½zðtÞ�; ð24Þ

hence providing the cosmological dynamics, i.e., RðtÞ and
HðtÞ ¼ ∂t ln RðtÞ in the emergent region M0. It is impor-
tant to note that Eq. (23) implies that H and HE differ by a
singular factor,

H ¼
�
ψ2

M4
− 1

�−1=2
HE: ð25Þ

It follows that while the scale factor remains on
Σ0∶ fψ2 ¼ M4g, H will be singular on Σ0 if HE remains
nonvanishing.
The singular behavior in H should not be surprising, as

the effective metric becomes degenerate on the hypersur-
face Σ0. It has been pointed out in the literature that while a
degenerate metric may correspond to coordinate singular-
ities, a degenerate metric on a surface of codimension one
may signal the presence of a distributional or thin-shell [36]
singularity (cf. also Refs. [23–27]) and other types of
curvature singularities (as in the example presented in
Ref. [34]). In our scenario the hypersurface on which the
effective metric becomes degenerate is completely regular
from the viewpoint of the Euclidean theory and corre-
sponds to the cosmological singularity from the viewpoint
of the emergent spacetime.

D. General behavior

To see general behavior of the system, it is convenient to
rewrite the system (13) in the following manner:

H2
E ¼ K − 2XEK0

6Gþ 12XEG0 ; a3 ¼ J0ðGþ 2XEG0Þffiffiffiffiffiffi
XE

p ðGKÞ0 : ð26Þ

Up to sign changes, HE and a are thus expressed alge-
braically as functions of XE. One can see that these
equations implicitly specify the dependence of the system
on z through the relation ðln a3Þ: ¼ 3HE. One can obtain a
differential equation for ψ by differentiating a3ðXEÞ with
respect to ψ , employing the chain rule Ḟ ¼ ẊEF0 ¼ 2ψψ̇F0
to obtain

ψ̇

NE
¼ 3a3HE

2ψða3Þ0 ;
ḢE

NE
¼ 3a3

2

ðH2
EÞ0

ða3Þ0 : ð27Þ

The expression for the derivative ḢE=NE is obtained from
the chain rule and the expression ψ̇=NE. Observe that the
rhs of each expression in Eq. (27) may be expressed in
terms of ψ ¼ ffiffiffiffiffiffi

XE
p

using the expressions in Eq. (26). This
allows us to extract the general behavior of the system from
the functional forms of KðXEÞ and GðXEÞ without solving
the differential equations. Of course, if the rhs of Eq. (26) is
expressed explicitly in terms of ψ , one may also read it as a
first-order differential equation for ψðzÞ; given the solution
ψðzÞ, the algebraic expressions (26) supply the z depend-
ence (up to sign changes) for HE and a.
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E. Simple example

To give a concrete example, we consider a specific class
ofK andG4. In the early work [32] a part of the Lagrangian
of the renormalizable scalar-tensor theory containsK that is
quadratic in XE and G4 that is linear in XE. This led us to
assume that

G4 ¼ g0 þ g1XE; K ¼ k0 þ
1

2
k2ðX0 − XEÞ2: ð28Þ

The result of the procedure described in Sec. II D is
summarized in Fig. 2 that shows H2

E, a, ψ̇ and ḢE as
functions of ψ and then ψ and HE as functions of z, where
we have set NE ¼ 1. The profile of the clock field allows,
depending on the mass scale M, for the apparition of two
Lorentzian universes respectively for z > zc and z < −zc
with zc the positive root of Eq. (19). Then at large z, ψ tends
to a constant so that t ∼ z and since HE also tends to a
constant,H tends to a constant at large t. Hence, this allows
us to conclude that two mirror emergent universes with a
proper primordial almost de Sitter phase and “emergent
time flowing in different directions” can be obtained with
the simple choice of the free functions.

III. RECONSTRUCTION

A. Formalism

The system (13) can be seen as a set of equations to
determine fK;Gg from a given solution, i.e., faðzÞ;ψðzÞg
from which one can, at least formally extract XEðzÞ, HEðzÞ
and hðzÞ as well as aðXEÞ and HEðXEÞ, provided that NE is
fixed (i.e., NE ¼ 1 in the following).

First, the two equations (13) can be combined to get
ðHEGÞ0 ¼ J0

ffiffiffiffiffiffi
XE

p
a0=2HEa4 from which one obtains the

formal integral solution

GðXEÞ ¼
1

HEðXEÞ
�
C0 þ

J0
2

Z
XE

0

ffiffiffiffiffiffi
X̃E

p
HEðX̃EÞ

a0ðX̃EÞ
a4ðX̃EÞ

dX̃E

�
;

ð29Þ

from which one easily deducesK from the second equation
of Eq. (13) as

KðXEÞ ¼ 6H2
EGðXEÞ þ 2J0

ffiffiffiffiffiffi
XE

p
a3

ð30Þ

and then G4 by a direct integration of Eq. (12).
While this formally demonstrates the possibility of the

reconstruction, this procedure is not practical unless XEðzÞ
can be inverted analytically since a and HE are not directly
known as a function of XE but as a function of z. This is
easily circumvented by noting that whatever function F,
Ḟ ¼ F0 × ẊE. Hence ðHEGÞ·=NE ¼ J0

ffiffiffiffiffiffi
XE

p
=2a3 so that

Eq. (29) becomes

GðzÞ ¼ 1

HEðzÞ
�
C0 þ

J0
2

Z
z

0

ψðz̃Þ
a3ðz̃ÞNEðz̃Þdz̃

�
; ð31Þ

which, once combined with XEðzÞ, trivially provides GðXEÞ
in a parametric form. Then Eq. (30) gives

KðzÞ ¼ 6H2
EðzÞGðzÞ þ

2J0
ffiffiffiffiffiffi
XE

p ðzÞ
a3ðzÞ ; ð32Þ

and then G4ðzÞ is obtained as

G4ðzÞ ¼
�
C1 −

Z
z

0

Gðz̃Þψ̇ðz̃Þ
ψ2ðz̃Þ dz̃

� ffiffiffiffiffiffi
XE

p
ðzÞ: ð33Þ

Note that whatever the value of the integration constant C1,
the expression (33) ofG4 leads to the same expression for G
and hence to the same solution fψðzÞ; hðzÞg of the system
(13). This reflects the fact that one can always add a term
proportional to

ffiffiffiffiffiffi
XE

p
to G4ðXEÞ without changing GðXEÞ.

Hence, we shall set C1 ¼ 0 in the following numerical
examples.
Let us also stress that the case J0 ¼ 0, in which the

formal integrals simplify considerably, must be handled
with care. In this case one reconstructs GðXEÞ ¼
C0=H̃EðXEÞ and KðXEÞ ¼ 6C0H̃EðXEÞ, where we have
renamed the input HEðXEÞ as H̃EðXEÞ. However, once the
Lagrangian is reconstructed in this way, the set of equa-
tions (13) for fhðzÞ, ϕðzÞg generically becomes ill behaved:
(i) if H̃E is not proportional to

ffiffiffiffiffiffi
XE

p
and if the algebraic

equation 2H̃0
EðXEÞXE ¼ H̃EðXEÞ does not admit a non-

negative real solution, then there is no solution with J0 ≠ 0;

FIG. 2. Integration of the field equations assuming G4 and
K of the form (28) with parameters ðg0; g1; k0; k2; X0Þ ¼
ð1;−1; 1;−1.55; 1Þ and the integration constant J0 ¼ 1. The
upper line shows the intermediary functions ð10H2

E; a
3Þ [left]

as a function of ψ obtained from Eq. (26) and ð10ḢE; ψ̇Þ [right] as
a function of ψ obtained thanks to Eq. (27). The missing
segments in the plot of ψ̇ correspond to regions where
H2

E < 0. The lower plot gives the full solution for the clock
field ψ and the geometry HE as functions of z.
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(ii) if H̃E is not proportional to
ffiffiffiffiffiffi
XE

p
and if the algebraic

equation admits a non-negative real solution XE ¼ XE� ¼
const, then the only solution with J0 ≠ 0 is those with
ψðzÞ ¼ � ffiffiffiffiffiffiffiffi

XE�
p

and thus generically exhibits discontinuity
at J0 ¼ 0 where ψðzÞ is undetermined by the equations of
motion; (iii) if H̃E is proportional to

ffiffiffiffiffiffi
XE

p
, then ψðzÞ is

undetermined by the equations of motion.

B. Worked out example and implications

The previous section has exhibited a model depicted in
Fig. 2 with two emergent mirror universes connected by a
Euclidean region. The reconstruction approach allows to
illustrate the variety of solutions that can in principle exist
in the theory. To that purpose we assume that the spatial
geometry (4) behaves as

hðzÞ ¼ 2kz arctanðkzÞ=π; ð34Þ

which has the property that h ∼ kz at large jzj so that
HEðzÞ → �k. Then, two kinds of configurations can be
constructed depending on the clock-field profile, either
mirror universes, as already obtained, or pocket universes
embedded in a Euclidean sea, a simple choice being

ψðzÞ ¼
�
ψ0 − Δψ exp ð−z2=z2�Þ ½mirror�;
exp ð−z2=z2�Þ ½pocket�; ð35Þ

with Δψ < ψ0 and ψ0 > 0 to ensure that ψ does not cross
0, as imposed by the analysis of Sec. II B. Figure 3
illustrates these two classes of models and Fig. 4 depicts
the reconstructed free functions fKðXEÞ; G4ðXEÞg that
depend on the two integration constants ðJ0; C0Þ assuming,
as discussed above, that C1 ¼ 0. To finish, we give the
emergent cosmologies, that is, RðtÞ and HðtÞ, in Fig. 5.

This demonstrates that there exist solutions of the two
families. Concerning the mirror universes, the expansion
starts from a finite value of the scale factor at t ¼ 0 on Σ0

and expands indefinitely while converging to a de Sitter
behavior. Interestingly, due to the variation of ψ close to Σ0,
the universe has a primordial phase prior to its de Sitter

FIG. 3. The considered solutions to be reconstructed require to
specify the profile of the geometry h (solid line) and HE (dashed
line) [bottom] as given by Eq. (34) and of the clock field ψ [top]
as given by Eq. (35) for a model of mirror universes [left] and
pocket universe [right]. Asymptotically at large z, HE → const
and h ∼HEz while ψ → const, allowing for the emergence of a
de Sitter phase at late time in the case of the mirror universe.

FIG. 4. Reconstruction of the free functions KðXEÞ [top] and
G4ðXEÞ [bottom] for a mirror universe [solid lines] and pocket
universe [dashed lines] assuming J0 ¼ 1 and C0 ¼ 0. The mirror
universe curve is not defined below the value of XE correspond-
ing to the minimum value of ψ occurring at z ¼ 0 in Fig. 3, and
from the form of Eq. (35), one can see that the values of ψ and
consequently XE are bounded.

FIG. 5. The emergent cosmologies for mirror universes [solid
lines] and pocket universe [dashed lines]. The scale factor R and
the Hubble rate H as a function of the cosmic time t—assuming
t ¼ 0 on Σ0—are respectively plotted on the top and bottom
frames for the same parameters as in Fig. 4. The red dot-dashed
curve represents an exact de Sitter spacetime and the vertical
dashed lines mark the limit of the Lorentzian regions M0.
Contrary to the mirror universes, a pocket universe has a
boundary in the future and hence a finite maximum age.
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phase. This can eventually have cosmological signatures
the study of which is beyond the scope of this paper.
Concerning the pocket universes, it has a finite lifetime
since there is a boundary Σ0 in the future. Since ψ has no
time to settle to constant value, the scale factor never
behaves as de Sitter but enjoys a mild bounce.

IV. DISCUSSION

This paper gives a proof of concept that within the
framework for the emergence of the Lorentz signature
originally proposed by Refs. [28,29], one can construct
pocket universes with emergent dynamical expansion of
Friedmann-Lemaître kind. In this approach, the standard
big bang singularity is replaced by a three-dimensional
hypersurface Σ0 on which the signature of the metric flips.
Hence, dynamics freezes outside the Lorentzian pockets
that eventually emerge. It should be emphasized that the
Euclidean metric gEμν and the scalar clock field ϕ remain
regular at Σ0, so it is not a singularity in these variables.
Our analysis relies on the action (7) initially introduced

in Ref. [28]. Our construction also assumed a planar
symmetry in order to recover a spatially homogeneous
and isotropic spacetime in the Lorentzian regions, as
depicted in Fig. 1. But this can only be thought as a local
approximation since this symmetry can a priori not be
extended over the whole four-dimensional space. Hence,
our Universe may also have a spatial boundary on scale
larger than our observable Universe.
First, we have derived in Sec. II B a necessary condition

for a Lorentzian pocket to emerge, in the form of a no-go
theorem. We have then studied in Sec. II D the cases that
evade the no-go and showed an explicit example in which a
Euclidean island is embedded between universes with the
Lorentzian signature. In this case the emergent geometry in
each of the two asymptotic regions enjoys an almost de Sitter
expansion while the initial cosmological singularity of each
universe is replaced by the hypersurface Σ0 on which the
effective metric becomes degenerate and beyond which it
has the signature ðþ;þ;þ;þÞ. Then Sec. III has demon-
strated that the reconstruction procedure can be explicitly
solved; i.e., one can determine the two free functionsG4 and
K from the choice of the clock field and spatial geometry
profiles, that is, from ψðzÞ and aðzÞ. This approach allowed
us to show that our model contains a rich phenomenology
containing at least to classes of emergent spacetime: mirror
universes already discussed in Sec. II D and pocket uni-
verses; see Fig. 4. In the latter case, the Friedmann-Lemaître
spacetime exhibits a bounce but the dynamics is bounded by
Σ0 both in the future and the past; see Fig. 5.
While beyond the scope of this first analysis, it is clear

that in principle one could mimic the usual cosmological
big bang expansion history aBBðtÞ after a choice of clock-
field profile ψðzÞ. Indeed, imagine that ψ becomes linear
outside of a neighborhood of Σ0—ψðjzj > z0Þ ∼Mjzj—
then Eq. (23) is integrable as

tðzÞ ¼ z
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2

M2
− 1

r
−M ln

�
z
M

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2

M2
− 1

r �

from which it follows that hðzÞ is given by ln aBB½tðzÞ� and
the reconstruction procedure ensures that in this ad hoc
setting, a model reproducing the whole expansion history
of our observable Universe can be constructed. Indeed,
such an argument of existence is far from being sufficient
since we shall consider free functions that are fixed and
study, e.g., whether this requires a fine-tuning and the
behavior of solutions with other symmetries, etc.
Even if this new cosmological construction may seem

very speculative, it offers a new vision of the primordial
Universe and of the Universe on scales larger than those
of our observable Universe, which gives a concrete
reconstruction of the early insight by Sakharov [22].
Besides, it has specific properties and signatures. First,
the big bang is no more a singularity in the fundamental
(Euclidean) variables and Rðt ¼ 0Þ remains finite as seen in
Fig. 3. Second, the expansion in the primordial phase may
not be directly de Sitter so that inflation would be preceded
by an expansion phase that could let a specific signature on
the primordial fluctuations. Indeed, this remains to be
investigated with care. Third, the physical extension of
the three-dimensional spatial (i.e., constant t or z) hyper-
surfaces may be bounded so that one may have a finite
universe without invoking a spatial topology. Indeed it has
to be larger than the observable Universe but may still leave
detectable signatures, e.g., on CMB temperature and
polarization distributions [37]. To finish, there shall be
gravity beyond general relativity and the amplitude of the
deviations from general relativity can be predicted once a
full model is constructed and its parameters determined by
the cosmology, hence making the construction, at least in
principle, falsifiable. The propagation of test fields in
spacetime with Euclidean pockets has already been studied
in analogue systems [38–41], which can be a setting for
exploring primordial fluctuations.

FIG. 6. Once boundary conditions are set, the profile of the
clock field cannot cross the line ψ ¼ 0 as demonstrated in
Sec. II B. ψc ¼ M2 defines the change-of-signature hypersurface
Σ0 and delimitates the Lorentzian and Euclidean regions; see
Eq. (19). ψ0 is defined by the condition jðψ0Þ ¼ 0; see Eq. (9).
From a generic point of view, we may expect to have a
nonmonotonic profile so that the four-dimensional Riemannian
space may contain many Lorentzian “pockets” that may or not be
bounded in the z, i.e., emergent time, direction.
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It is also worth pointing out that the change in the metric
signature of the effective metric gμν fundamentally modifies
the nature of the matter field equations since they shift from
elliptic to hyperbolic—as was actually the early motivation
of Refs. [28,29,31–33]. While a Lorentzian effective metric
is required at long distance scales, on short distance scales
in the vicinity of Σ0, one will need to introduce higher
derivative terms in the matter action coupled to gEμν in order
to avoid the potential pathologies that arise from coupling
to a signature changing metric. In a similar manner, a more
complete treatment of the gravitational sector will require a
higher derivative model as well, following that introduced
in Ref. [32] and Eq. (2.5) therein, i.e.,

S ¼
Z ffiffiffiffiffi

gE
p �

G4ðXEÞRE −
ω

3λ
R2
E þ

1

2λ
C2
E

þKðXEÞ þ αð∇2ϕÞ2 þ βð∇E
μ∇E

νϕÞ2
�
d4x ð36Þ

with KðXEÞ ¼ ð2ZΛE − 2X�XE þ X2
EÞ and G4ðXEÞ ¼

ðγXE − ZÞ so that it has a modified coupling to the scalar

field since one allows for β ≠ α besides other higher
derivative terms. Ultimately the stability analysis of inho-
mogeneous perturbations should also be performed in these
higher derivative theories with proper boundary conditions,
as in Ref. [35]. In the present work, we have only shown a
proof of concept for the emergent big bang scenario at the
level of the plane-symmetric background.
To conclude, we can grasp the big picture on the

Universe at large that emerges when the description
developed in this paper. It is illustrated in Figs. 6 and 7.
Since the large-scale distribution of the clock field shall
depend on boundary conditions and eventually on the
geometry of the four-dimensional Euclidean space, one
expects it to be nontrivial. In full generalities, many
Lorentzian pockets can emerge with their own geometry
and with a large span of sizes, i.e., of expansion time as
seen from their inside. It also follows that the description of
the primordial Universe may not require it to go through a
quantum gravity phase even if it requires gravity beyond
general relativity. This proposal opens a new, rich and
exciting phenomenology that needs to be investigated
further and that can eventually change our conception of
the cosmos on the largest scales.
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