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From configuration to dynamics: Emergence of Lorentz signature in classical field theory
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The Lorentzian metric structure used in any field theory allows one to implement the relativistic notion of
causality and to define a notion of time dimension. This article investigates the possibility that at the
microscopic level the metric is Riemannian, i.e., locally Euclidean, and that the Lorentzian structure, that we
usually consider as fundamental, is in fact an effective property that emerges in some regions of a four-
dimensional space with a positive definite metric. In such a model, there is no dynamics nor signature flip
across some hypersurface; instead, all the fields develop a Lorentzian dynamics in these regions because they
propagate in an effective metric. It is shown that one can construct a decent classical field theory for scalars,
vectors, and (Dirac) spinors in flat spacetime. It is then shown that gravity can be included but that the theory
for the effective Lorentzian metric is not general relativity but of the covariant Galileon type. The constraints
arising from stability, the equivalence principle, and the constancy of fundamental constants are detailed and
aphenomenological picture of the emergence of the Lorentzian metric is also given. The construction, while

restricted to classical fields in this article, offers a new view on the notion of time.
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I. INTRODUCTION

When constructing a physical theory, there is a large
freedom in the choice of the mathematical structures. The
developments of theoretical physics taught us that some of
these structures are well suited to describe some classes of
phenomena (e.g., the use of a vector field for electromag-
netism, of spinors for some class of particles, the use of
some symmetries, etc.). However, these choices can only be
validated by the mathematical consistency of the theory and
the agreement between the consequences of these structures
and experiments. It may even be that different structures are
possible to reproduce what we know about physics and one
may choose one over the other on the basis of less well-
defined criteria such as simplicity and economy.

At each step, some properties such as the topology of
space [1], the number of spatial dimensions, or the numeri-
cal values of the free parameters that are the fundamental
constants [2], may remain a priori free in a given frame-
work, or imposed in another framework (e.g., the number
of space dimensions is fixed in string theory [3]).

Among all these structures, and in the framework of
metric theories of gravitation, the signature of the metric
is in principle arbitrary. Indeed, it seems that on the scales
that have been probed so far there is the need for only one
time dimension and three spatial dimensions. In special
and general relativity, time and space are geometrically
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different because the geometry of spacetime is locally
Minkowskian, i.e., it enjoys a Lorentzian metric with
signature (—, +, +, +), i.e., the line element is ds*> =
—dr? + d¢* = 7, dx*dx”. While the existence of two
time directions may lead to confusion [4], it is not clear
if there are theoretical obstacles to have more than one time
direction, as even suggested by some framework [5] (see
the argument for such possibilities made by Ref. [6] and
detailed further in Ref. [7]). Several models for the birth of
the universe [8] are based on a change of signature via an
instanton in which a Riemannian and a Lorentzian mani-
fold are joined across a hypersurface which may be thought
of as the origin of time. While there is no time in the
Euclidean region, where the signature is (+, +, +, +), it
flips to (—, +, +, +). Eddington even suggested [9] that it
can flip across some surface to (—, —, +, +). Signature flip
also arises in brane-world scenarios [10] (see Ref. [7] for a
review of these possibilities) or in loop quantum cosmol-
ogy [11]. These discussions however let the problem of the
origin of the time direction open [12].

In Newtonian theory, time is a fundamental concept. It is
assumed to flow and is described by a real variable. It can
be measured by good clocks and any observers shall,
irrespective of their motion, agree on the time elapsed
between two events [13]. The laws of dynamics describe
the change of configurations of a system with time. In
relativity, first the notions of space and time are set on
the same footing and, second, the notion of time is no more
unique. One has to distinguish between a coordinate time,
with no physical meaning, and the proper time that can be
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measured by an observer. Quantum mechanics offers an-
other insight on time: there, while there may be operators
or observables corresponding to spatial positions, time is
not an observable, and thus not an operator [14]. As de-
tailed in Ref. [7], by an argument going back to Pauli,
commutation relations like [£#, f’,,] = (8% are incompat-
ible with the spectrum of P* lying in the future light cone
and the notion of time is intimately related to the complex
(Hilbert space) structure of quantum mechanics [7].

The question of whether time does actually “exist” has
been widely debated in the context of classical physics
[15], relativity [16], and quantum mechanics [14]. The
debate on the nature of time has shifted with quantum
gravity where the recovery of a classical notion of time is
considered as a problem. In that case, the Schrodinger
equation becomes the Wheeler-DeWitt equation, of the
form A|¥) = 0, so that the allowed states are those for
which the Hamiltonian vanishes. Thus, it determines in
which states the universe can be but does not give any
evolution through time. We refer to Refs. [17-19] for
general discussions on the nature of time. This has led to
numerous works on the emergence of time in different
versions of quantum gravity [20-25] (and indeed the re-
verse opinion has been argued [26]). Also, the thermody-
namical aspects of gravity, the existence of dualities
between gauge theories and gravity theories [27], and
holography [28] have led to the idea that the metric itself
may have to be thought of as the result of a coarse graining
of underlying more fundamental degrees of freedom [29].

The local Minkowski structure is an efficient way to
implement the notion of causality in realistic theories and
is today accepted as a central ingredient of the construction
of the relativistic theory of fields. When gravity is in-
cluded, the equivalence principle implies (this is not a
theoretical requirement, but just an experimental fact, re-
quired at a given accuracy) that all the fields are universally
coupled to the same Lorentzian metric. From the previous
discussion, we may wonder whether the signature of this
metric is only a convenient way to implement causality or
whether it is just a property of an effective description of a
microscopic theory in which there is no such notion.

This article proposes the view according to which the
fundamental physical theory 1is intrinsically purely
Euclidean so that its field equations determine a static
four-dimensional field configuration. The Lorentzian dy-
namics that we can observe in our universe has then to be
thought of as an emergent property, that is as an illusion
holding in a small patch of a Euclidean mathematical space.
This is thus an attempt to go further than early proposals
[30-32] and see to which extent this can be an open possi-
bility. We emphasize that it is different from the models
discussed above involving a signature change across a
boundary or obtained by rotating to an Euclidean space.
We consider it important to take the freedom to see how far
one can go in such a direction. As we shall later discuss, if
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possible, such a setting may shed a new light on several
theoretical issues from the nature of singularities to quan-
tum gravity.

Our attitude is however more modest and we want to
start by constructing a decent classical field theory under
this hypothesis. Section II explains the basics of our
mechanism and then describes the construction of the
scalar, vector, and spinor sectors in flat spacetime. We
show that the whole standard model of particle physics
can be constructed from a Euclidean theory, at the classical
level. Section III addresses the more difficult question of
gravity. While general relativity is not recovered in gen-
eral, it shows that an extended K-essence theory of gravity
called covariant Galileon can be obtained. We then show in
Sec. IV that the dynamics of scalar and vector in curved
spacetime can also be obtained. We then discuss the ex-
perimental and theoretical constraint on our construction in
Sec. V and also propose a way to understand phenomeno-
logically the emergence of the effective Lorentzian dynam-
ics. It is however to be remembered that there is no
dynamics at the fundamental level and that this illusion is
restricted to a domain of a large Euclidean space.

II. FIELD THEORY IN FLAT SPACE

This section introduces the mechanism in the simple
case of a flat space (Sec. 11 A). It shows how scalars
(Sec. IIB), vectors (Secs. IIC and IID), and spinors
(Sec. ITE) defined in Euclidean space can have an apparent
Lorentzian dynamics. We finish by pointing out the prop-
erties and limits of this mechanism in Sec. II G, many of
them being discussed in a more realistic version in the
following sections.

A. Clock field

In order to understand the basics of our model, let us
consider a four-dimensional Riemannian manifold M with
.o, . . . . E _ .
a positive definite Euclidean metric g,, = 6,, in a
Cartesian coordinate system. As a consequence, the theory
we shall consider on this manifold does not have a natural
concept of time. In order to make such a notion emerge
locally, we introduce a scalar field ¢ and assume that its
derivative has a nonvanishing vacuum expectation value
(vev) in a region M, of the Riemannian space (see Fig. 1).
To be more precise, we assume that 9, ¢ = const # 0 in
M,. Tt follows that we can set
d,¢ =M?n, in M, (2.1)
with n,, a unit constant vector (6#"n,n, = 1). We have
introduced a mass scale M so that n,, is dimensionless.
By construction, its norm Xg = 6#79,¢0d,¢ = M* is
constant and satisfies

in M, (2.2)
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FIG. 1 (color online). Example of a spatial configuration of the
clock field. Locally, one can define regions such as M,, IM’O,
and J\/lg , in each of which a time direction emerges. Indeed this
direction does not preexist at the microscopic level and can be
different from patches to patches.

Now, under this assumption, one of the coordinates can be
chosen as

dt = n, dx*. (2.3)
This accounts for choosing
t= % (2.4)

up to a constant that can be set to zero without loss of
generality. The metric of the four-dimensional Riemannian
space (with Euclidean geometry) can be rewritten as

dst = 8,,dx#dx” = (n,dx*)* + (5, — n,n,)dx*dx"
by introducing a set of three independent coordinates x’
(i =1,...,3) on the hypersurfaces 2, normal to n*. Note
that the geometry on 3, would not be Euclidean if n u were
not constant. As we shall now discuss, the scalar field ¢

will be related to what we usually call “time,” so that we
shall call such a scalar field a clock field.

B. Scalar field

The Euclidean configuration of a scalar field y can be
obtained by combining the usual action for a scalar field,
with a kinetic term and a potential,

1
— fd“x[i M9, x9, x + V(,\/)],
with a coupling to the clock field ¢ as

fd“x(S“”&Md)B,,)()z.
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Let us consider the action obtained by the following
combination:

1
S, = j-d“x[—iﬁ””aﬂ)(ay,\/ - V(x)

1
+ W(S’“’a#qﬁa,,)()z]. (2.6)
It is straightforward to conclude that since 6#7d, xd, x =
(0,x)* + 8Y9;xd;x and, when restricted to M,,
(670, ¢0,x)* = M*(9,x)?, the action (2.6) reduces to

1 1.
SX = [dtd3x[§(6tx)2 - 55”61X61X - V] (27)

in 2M,,. This can indeed be rewritten as

S, = fdtd%l:—%n””aw(a,,)(— V]. (2.8)
The action (2.6) thus describes, when restricted to /M, the
dynamics of a scalar field propagating in a four-dimensional
Minkowski spacetime with metric 1, =diag(—1,+1,+1,
+1). The apparent Lorentzian dynamics, with a preferred
time direction, is thus the result of the coupling to the
scalar clock field.

C. Vector field

Usually, the dynamics of a vector field A, is dictated by
the action F,, Ff;”, where F,, is the Faraday tensor defined
asF,, = d,A, — d,A, and where the subscript £ indicates
that the indices are raised with the Euclidean metric 6.

The standard action of the vector field can be extended to
include a coupling to the clock field of the form
Fg’Fg,0,49,¢ so that the action for the vector field
we consider is

1 4
Sy =4—1 [d“xl:—FWF{;V +WF§’)FEPGM¢6V¢:|. (2.9)
Since F,, Ff" = 28FyFo; + 8"6/'F;;F;, and since
FEPFE, 0,00, = M*8TFFy; in M,, it is easily con-
cluded that this action can be rewritten as

1 . _
Sa=7 f did*x[28" Fo;Fo; — 8™ 8/ F;Fyy],  (2.10)
or more simply as

Sy = —% [dtd%n““n”ﬁFWF,,ﬁ. (2.11)
Because of the coupling of the Faraday tensor to the clock
field in the Euclidean theory, the vector field propagates
effectively in a Minkowski metric and we recover the
standard Maxwell action for a vector field. The general-
ization to a non-Abelian group is straightforward.
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D. Charged scalar field

The construction of Sec. II B can easily be generalized
to a complex scalar field charged under a U(1).
Considering a complex scalar field w, we add to the
standard kinetic term 6“”(D, w)"(D, ) a coupling to the
clock field of the form 6#”{, ¢D,w|?, where D,=9,—

iqgA, . The Euclidean action is then chosen to be
1
S, = [ 56" D0 (D,0) - UlloP)

1
#1010, 80,00 | (2.12)

Following the same arguments as for the real scalar field y,
this action takes the form

S, = [dtd%[—%n“”(DMw)*(D,,w) — U]. (2.13)

Again, the coupling to the clock field implies that the
Euclidean dynamics leads to an effectively Minkowskian
dynamics for .

E. Spinor fields

The next step is to include fermions in such a way that
the standard Dirac dynamics emerges from a Euclidean
action. Let us start by comparing the standard Dirac alge-
bra in Minkowski spacetime (Sec. IIE1) and that in
Euclidean space (Sec. ITE 2) before we propose a choice
of Euclidean action for the fermions (Sec. I1E 3).

1. Dirac matrices in Minkowski spacetime

In a Minkowski spacetime with signature (— + ++),
Dirac matrices are 4 X 4 matrices satisfying the anticom-
mutation relation

it vy = —29M.

For concreteness, throughout this section we shall adopt
the following form of the Dirac matrices in Minkowski
spacetime:

0 o
70200‘3’01:( 0>,
g 0

i s 0 o;
Y =10;90,= s
—g; 0

where o is the 2 X 2 unit matrix and o; (i = 1, 2, 3) are
Pauli matrices,

(01 (0 i A
7o) 2 \io) P \0-1) @9

While y° is Hermitian, y’ are anti-Hermitian. One then
defines y° by

(2.14)

(2.15)

i g 0
fEﬂW¢¢¢=%®%=< ) 2.17)
O _0'0
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which satisfies
(y’) =1,

The matrices

(S, y*}=0 (u=0,...,3). (2.18)
s =1yt ']
4
satisfy the algebra of Lorentz generators
[SHY, SPO] = i(n?PSHT — kP §YT — plISKP 4 Qio §VP).
(2.20)

(2.19)

Hence, the Lorentz transformation for a Dirac field ¢ is
i
= exp [ ~3 a)w,S"“’iI,

where w ,, are real numbers. Concretely,

S 3 I
si— -7 0 s 0
2 0 _O'l 2k=l O (Tk

(2.22)

While S are Hermitian, S% are anti-Hermitian. As a
consequence, A% is not unitary in general. In particular

y— Ay, A 2.21)

this means that
gt — Al # gta]! (2.23)
2 2

and that T 4 is not a scalar under Lorentz transformation.
However, it is easy to check that

b= AL g= gty (2.24)
so that ¢  is a scalar under Lorentz transformations. This

is the reason why the Dirac action in Minkowski spacetime
is usually constructed as

Sy = [d“xt_p(yf‘aﬂ —m)i. (2.25)
2. v matrices in Euclidean space

In a four-dimensional Euclidean space with metric 0,
one can also define matrices yf according to

VR=iv, =7 (2.26)
so that they obey the anticommutation relation
{vk, vt = —26m. (2.27)
Then, we can define
Y= YRVEVEYE = ¥ (2.28)
which satisfies
=1  {yyE}=0 (k=0...3). (229
It follows that the matrices
n%”zﬁhﬁvﬂ (2.30)

satisfy the algebra of SO(4) rotation generators
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[SE”, S87] = i(87°SE” — 8P SET — 677 SEY + 817 SLP).
231)

Hence, the SO(4) rotation for the Dirac field ¢ is

¥ — Ap1, Agy = exp[ 3 a)M,,S’“’], (2.32)
where %, are real numbers. Since all S are Hermitian,

Ag 1 is unitary. In particular, this implies that
U — AL
and that both ¢ ¢ and iy (= 1) are scalars under a

SO(4) transformation (see e.g., Refs. [33,34]). Note also
that 4y = 19 can be written as

‘f/ = ‘;“75'

pt— yTALL (2.33)

(2.34)

3. Euclidean action and emergence
of the Lorentzian Dirac action

As in the previous sections, we will need to couple the
spinor field ¢ to the clock field ¢ in order for the spinor to
have an apparent Lorentzian dynamics. Starting from the
Euclidean Dirac action in flat space with the metric 6,

(i e
Jaxta (5, - m)o.
and assuming that the clock field ¢ has derivative
couplings to the Euclidean Dirac field ¢ of the form

fdx“aW(ingyg‘é'w)ayqb,
f At 8 iy 0o, o, b,

we can consider a Euclidean action for the Dirac spinor of
the form

= [aela(3ta.

— (igyd, w)aqu]am}.

1
—m)w 2 83,0
(2.35)

As in the previous sections, the action § " reduces to

Sy = /dx“z]x[é YT, + %yf‘é’,. - m]¢. (2.36)
The coupling to the clock field implies that ¢ effectively
propagates in an effective Lorentzian metric and we re-
cover the standard Minkowskian Dirac action (2.25) with
the usual algebra (2.14) for the y matrices.

F. Massive point particle

The dynamics of massive object is usually derived from
an action defined from the length of their worldline. In
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order to recover a proper dynamics, we start from the
Euclidean action for a point particle

Ns,, T )
2 f ( Our d dT "
to which we add the coupling to the clock field of the form
dx* d
/ N0, 0,0~ v
The Euclidean action for a point partlcle is thus given by
1 dx* dx”
S [N l( ;w_M4 du$9, d’)

T 2 dr dt
— sz]dT

(2.37)

The equation of motion is thus simply given by the geo-

desic equation for the effective metric gg",,) = gﬁ,, -

# d,¢0,¢. Itis obvious that in M, this effective metric
reduces to the Minkowski metric 7,,,.

G. Discussion

This section has provided the general construction of a
mechanism that allows for scalar, vector, and spinor fields to
actually propagate in an effective Lorentzian metric even
though the underlying theory is purely Euclidean and writ-
ten in terms of the Euclidean metric 6,,. This general
construction assumes the existence of a scalar field ¢,
called clock field, that couples to all fields (scalar, vector,
and spinor fields). In particular, this implies that we can
construct the whole standard model of particle physics.

Let us now discuss some properties and limitations of
such a construction.

(1) It requires that the clock field satisfies d,¢ =
const # 0 in a region M, of the Euclidean space.
It follows that the effective Lorentzian description is
local and holds in M. The properties of this model
when d,¢ is not constant will be discussed in
Sec. V C below. As we shall see in the next section
the clock field should enjoy a shift symmetry in order
for the system to exhibit the time translation symme-
try after the emergence of time. In M, both the shift
symmetry and the translational symmetry along the
direction of d,¢ are spontaneously broken, but a
combination of them remains unbroken and is re-
sponsible for the existence of a conserved quantity
that reduces in JM,, to the usual notion of energy.

It is limited to classical field theory in flat space. The
extension to curved space is discussed in Secs. III
and IV below and the quantum aspects are left for
future investigations.

The origin of the effective Lorentzian dynamics in
M, can be intuitively understood for scalars and
vectors. For scalars, the action (2.6) is equivalent to
the coupling to the effective metric

2

3
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“)

(&)

(6)

2
g”,l/ = SHKY — W&ﬂaéljlgaa(ﬁaﬁg{), (238)

For vectors, one could have simply used a
coupling to g*” and a Lagrangian of the form
gregvBF uwrFap since the extra term quartic in
d,¢ compared to the action (2.9) is of the form
AM 8P SN 577 5P ) pdyhd 0 DF,,Fap
and does not contribute (note that it reduces to
4F%, = 0 in M,). Hence, the apparent Lorentzian
dynamics for scalars and vectors boils down to the
fact that g*”| M, = n*”. Massive point particles
also propagate in this metric.

This interpretation cannot be extended to spinors
mostly because of the vy matrices, at least
straightforwardly.

It is however important to realize that despite this,
when restricted to M, all fields propagate in the
same effective Minkowski metric so that the equiva-
lence principle is safe in first approximation.

The couplings to the clock field have been tuned in
order to recover the exact Minkowski actions. For
instance, the action (2.6) for a scalar field could have
been chosen as

K
S, = fd“x[—%ﬁ“”aw\/a,,)( - V(y)

(64
+ 2—]‘/)1‘4(<SMVaM<;s(9V)()2:|. (2.39)

®

b,
iyyED b,
(WDyE o,
SH (i T, h)d, b,
M (iryRd ), 0, ¢,

The first two of the left column correspond to the
standard mass and kinetic terms while six among the
eight others describe possible couplings to the clock
field. Among these six couplings, we have only used
the two which were sufficient as an existence proof
of our mechanism for Dirac spinors, namely
S* (i yEd, ), ¢ and 84 (i ygd )9, $9,¢.
It has to be remarked that the second term is not CPT
invariant after the clock field has a vev. Hence, unless
the coefficient of this term is exactly the value shown
in (2.35), the CPT invariance is violated. We also
need to emphasize that we have been able to con-
struct the Dirac spinor but that we also need to
construct Majorana and Weyl spinors. This is an
open problem at the moment.

The mass scale M is related to 9, ¢ and is arbitrary.
It is important to realize that it does not appear in the
final expressions of the effective Lorentzian actions.

065020-6

(N

®)

PHYSICAL REVIEW D 87, 065020 (2013)

In such a case, a Lorentzian signature is recovered
only if @, >k, >0. In the case where these
constants are not tuned, different fields can have
different light cones. This will be discussed in
Sec. V.

In the bosonic sector, since the theory is invariant
under the Euclidean parity (x* — —x*) as well as
the field parity (¢ — — ¢b), both P and T invariances
in the emergent Lorentzian theory are ensured.
Without the field parity invariance, the T invariance
would be spontaneously broken by a nonvanishing
vacuum expectation value (vev) of the derivative of
the clock field. This explains the reason why we
have included only quadratic terms in 9, ¢ in the
actions for scalars and vectors.

In the fermionic sector, let us first remark that one
could have constructed 16 independent Euclidean y
matrices, explicitly given by

Ly vE vives St (2.40)

From the Dirac spinor ¢, we can thus construct
bilinear combinations that transform as scalars
under SO(4) rotations. Among them, Hermitian bi-
linears that do not include more than one derivative
acting on spinors are the following ten possibilities:

by,
PyivEd L,

(YYEYEY)udb,

SH iy} d )9, b,
MYy yed  h)d,dd, .

(10) Xg may not be constant if g]fw # 8, (curved

(11

So

space) and/or if d,¢ is not strictly constant in
M,. This will be discussed in Secs. III and V

) The configuration of the clock field is not arbitrary
but should be determined by solving the equation
of motion. Since the action for the clock field
enjoys a shift symmetry, its equation of motion
takes the form of a current conservation. This
will be addressed in Sec. III, where we will show
that 9, ¢ = const # 0 can be a solution, e.g., with

gh =8,

III. GRAVITATION AND CURVED SPACE

far, our description has been restricted to the classical

dynamics of standard fields in flat spacetime. The first
natural generalization we must consider is the way to
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include gravity, i.e., a theory that will mimic or be close to
general relativity.

For this purpose, we now consider a general four-
dimensional Riemannian' manifold M with a positive
definite metric gk;,. Again, the theory we shall consider
on this manifold does not have a microscopic concept of
time. As previously, we introduce a clock field ¢ and
assume it enjoys a shift symmetry that, as we have already
seen, is necessary for the system to exhibit the time trans-
lation symmetry after the emergence of time.

A. Generic couplings to the clock field

In order to minimize the number of physical degrees of
freedom, we demand that the equation of motion for ¢ is a
second-order differential equation. Hence, the action for ¢
is restricted to the Riemannian version of the Horndeski
theory [35] with shift symmetry. Equivalently, it is given
by the shift-symmetric generalized Galileon [36] as

Sg = fdx4@(L2 + L3 + L4 + Ls), (31)
where the Lagrangians are explicitly given by
Ly = K(Xg),
Ly = —G5(Xg) Vi o,
L, = G4(Xp)Re — 2G,(Xp)[(VE$)* — (V. VS ¢)],
Ls = —gsGE"0,40,¢ + Gs(Xp)GE "V Vid
1~
+ gGé(XE)[(V%¢)3 —3(VEd) (VL Vie)
+ 2(VEVE¢)3]. (3.2)

Here, VE, Rg, and GE” are the covariant derivative asso-
ciated with the Riemannian metric gﬁy, its Ricci scalar,
and Einstein tensor. The coefficient g5 is a constant and
K(Xg), G34(Xg), and Gs(Xg) are arbitrary functions of X
and a prime refers to a derivative with respect to Xg that is
defined as

Xe=gg 0,40,¢. (3.3)
We use the following short-hand notations:
Vid =gt ViVig,
(ViVie) = g’ gg“(VEVi)(VEVE o),
(VEVE®) = gt g7 gE" (VEVED)(VEVES)(VEVE ),
(3.4)

where gf” is the inverse of gk,

'"We use the term Riemannian for a curved spacetime with a
positive definite metric and Lorentzian for a curved spacetime
with a Lorentz signature. We keep the terms Euclidean and
Minkowskian for the analog in flat space. However, for simplic-
ity, we use the same subscript E for the Riemannian and
Euclidean cases.
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For the effective equations, i.e., once the Lorentzian
structure and the notion of time have emerged, we would
like to ensure that the system is invariant not only under
time translation but also under CPT.?

For this reason, we require that besides the shift sym-
metry (¢ — ¢ + const) the theory also enjoys a Z, sym-
metry (¢ — —¢) for the clock field action. With these
symmetries, the action reduces to

5, — [ dv* JZE(G, (Xp)R, — gsGE" 0, bd, ¢ + K(Xp)
— 2G,(Xp)[(V2)? — (VEVEH)T,

since only L,, L,, and the first term of L5 can contribute.
It is easy to show that the constant g5 in the action (3.5)
can be absorbed into the redefinition of G4(Xg) up to a
boundary term. Hence, by setting g5 = 0, hereafter we
consider the Riemannian gravity action of the form

(3.5)

S = [dx4\/E{G4(XE)RE + K(Xg)

- 2G,(Xp)l(VE9)* — (VEVES) T (3.6)
B. Action for the gravitational sector

Following the logic developed in Sec. II, we restrict our
analysis to a region M, in which Xg > 0 so that we can
define a preferred direction, that we shall call #, defined as
in Eq. (2.4),

(3.7

that is chosen as one of coordinates of the four-dimensional
Riemannian manifold. We refer to such a coordinate choice
(3.7) as unitary gauge.

1. Decomposition of the Riemannian metric

One can then introduce a set of three other independent
coordinates x' (i = 1, 2, 3) so that the Riemannian metric is
decomposed as

gk, dxtdx” = NEde? + y;;(dx’ + N'dr)(dx/ + Nid),
(3.8)
where the lapse Ng is given, thanks to Eq. (3.7), by
[ M?
8k

The 3-metric y;; is given by

ZVEE

(3.9)

ﬁ
A

%As we have seen in the previous section, this requirement is
not obviously fulfilled for spinors without fine-tuning. An addi-
tional mechanism is needed to naturally ensure the CPT invari-
ance for spinors. In the present article we shall thus focus on the
bosonic sector.
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Vi = &y (3.10)
and " is its inverse. To finish, the shift vector N’ is
given by

N = yijgg. (3.11)

One can then easily check that the inverse Riemannian
metric is given by

o to— it — N’ ij — Aif N'N/
gE_N_l%Z’ 8E gE__N_E’ E= Y/t N2
3.12)

2. Riemannian geometrical quantities

With the decomposition (3.8), it is straightforward to
show that the Einstein-Hilbert term reduces to

VBERE = Np /¥ (=K KE + K2+ R®) —20,(/yy" 9;Ng)
—23,(/yKg) +29,(/YN'Kg), (3.13)

in terms of the extrinsic curvature of the constant-¢ hyper-
surface, KE, defined by

l]’

1
E — _ —
where D; is the spatial covariant derivative compatible
with y;;, and R® is its Ricci scalar. We have used the
notations Ky = y*y/KE Ky = yUKE, and N; = y;;N/.

3. Riemannian action in M,

With the use of the quantities introduced above, the
Riemannian action (3.6) takes the form

S, = / dtdx3 Ng/y{— G4(K”KE K%) + G4RY + L},

(3.15)
where the Lagrangian L is given by
Ly = —2(8% 0% + DG, — 2G[(Vig)?
— (VEVES)(VL VI )] + K(Xe), (3.16)

in which the three-dimensional Laplacian is defined as
usual as D* = y/D,;D;. The perpendicular derivative 9%
is defined in terms of the unit vector normal to the constant
¢ hypersurfaces, nf, = 9,¢//Xg, as

1 .
o =nko, = N—(a, — N%9,), (3.17)
E

with nf = gf"n},.
In order to further simplify L,, note that VL Vi =
—MT%,  in terms of the Christoffel symbols for the

Ep,l/
metric g& s I'? . Its components are explicitly given by

Euv:

PHYSICAL REVIEW D 87, 065020 (2013)

E — UEUE — E
5= ViVied = JXeKi,
FJJ = ¢]§J_ = nEVEVE¢ = —VXEG lnXE, (318)
J_J_ = I’lE nEVE VE¢ \/XEa]j:_ lnXE.
It implies that the term (Vi¢)* — (VEVE®)(VEVE®)
appearing in Eq. (3.16) takes the form
(YIP = vy o8, + 297 (dF | &Y — ¢F 8% )

and thus reduces to

y 1

Inserting this into Eq. (3.16), it follows that L, takes the
form

K2) + K(Xg) + 2

= 2G)X, K”KE , 3.19
Ly 4 Xe( Nefy (3.19)
where the last term is given by
Ay = —29,(/y05 Gy) +20,(JyN'd% Gy)

and is a total derivative. We finally obtain the expression of
the Riemannian action

S, = f d1dv* N yF{2G,Xg — G)(KIKE — K2)

+ G4R® + K(Xp)}, (3.21)

where it is understood that Xg defined in Eq. (3.3) is
given by

and that the time coordinate is fixed according to the
unitary gauge (3.7).

4. Lorentzian metric

We now introduce a Lorentzian metric g,, and decom-
pose it as

g dxtdx? = —N2d? + y;;(dx’ + N'dr)(dx/ + N’dr),
(3.22)
where the lapse N is defined by
NdAN = —NgdNg (3.23)

so that the Riemannian and Lorentzian lapses are related to

each other as
N =4NZ = N,

N, being an arbitrary positive constant. As above, we can
define the extrinsic curvature of this metric as

(3.24)

065020-8
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K” (8,711 Dle - D]Nl) (325)

and KV = *y“‘)/ﬂKkl, K = yUK,;;. It is related to the

Riemannian extrinsic curvature by

N, y
K;;=—-EKE  Ki

A VT (3.26)

Ng i Ng

The Ricci scalar of g,, can be expressed in terms of the
extrinsic curvature by the well-known formula

J=8R = NJ¥[KVK;; — K* + R9T - A

with A=29,(,/yyYd;N)—20,(/yK) +29,(,/7yN'K) and
g = detg,,.

(3.27)

5. Lorentzian action in unitary gauge

In the unitary gauge we have been using so far, the action
(3.21) is now rewritten as

Sg = f dedo* N Y[ f(X) — 2X ' (X)IKVK;; — K?)
+ f(XOR® + P(X)}, (3.28)

where the functions f and P are defined by

N, df(X N,
=", 0= pex =" xix)
(3.29)
in terms of
4
X = % (3.30)

To show the equivalence between Eqs. (3.21) and (3.28),
we have noted that Eq. (3.24) implies that
X2

=——. 3.31
X2 (3.3D

1 1

N?
4+ =_c
X Xg

M*’

dx
dXg

Now, using the property (3.27), the action (3.28) can be
further simplified to

S, = f dtdx3Nﬁ{ FXOR = 2Xf'(X)(KVK;; — K?)

(D;X)?
+ f’(X)[ + 2K8J_X] + P(X)} (3.32)
where the perpendicular derivative 9 is defined similarly

as Eq. (3.17) in terms of the normal vector to the constant ¢
hypersurfaces, n, = d,,¢/ VX, as

1

P N(at — Ni9;), (3.33)

with n# = gtn,,

PHYSICAL REVIEW D 87, 065020 (2013)

6. Covariant expression

In the previous section the action has been derived
assuming that the time coordinate was fixed according to
the unitary gauge (3.7).

The action (3.32) can be rewritten in a covariant way by
noting that V,V, ¢ = —MQF;“,, where V, is the cova-
riant derivative compatible with the Lorentzian metric g,,,
and I',,, are its Christoffel symbols for g wv- Concretely, its

components are given by

¢ =ViV;¢ = —VXK;;
1
.1 =L =n*V, V¢ = E\/}_(a"lnx’ (3.34)
(b;lj_ = I’lMT’lVVMvV¢ = %\/)_(al In X.

Hence, the term (V2¢)? —
expressed as

(Y =y Yy bjba — 2y (b1 —

which reduces to

(VEV?$)(V,V,¢) can be
¢;J_i¢;J_j)r

y 1DX2
—X(KVK;; — K*) + Kd | X~I—2( )

Finally, the Lorentzian action takes the form

5, = [ @ TRUOOR + 27 COUV2 9

— (VEV?$)(V,V,¢)] + P(X)} (3.35)

Whilst this form of the action was derived assuming the
unitary gauge (3.7), it can become manifestly covariant by
promoting X to a scalar defined by

X = -gh,¢0,5.

It is thus well defined without the unitary gauge condition.
Actually, the covariant action (3.35) is a special case of the
covariant Galileon considered in Ref. [36] coupled to the
Lorentzian metric g,,. In particular, the equations of
motion are second order (see Ref. [37] for comparison).

(3.36)

C. Correspondence

The derived Lorentzian theory (3.35) and the parent
Riemannian theory (3.6) are related to each other by the
following relations:

9. b9,d
— uPo
Euv = g%v - T’
wp
g BEOG0 1_1 1
E X, — Xg X X, Xg
JX) _ Gy(Xp) P(X) _ K(Xg)

_ O4l%e) A 3.37
X K X % G37

where X, is an arbitrary positive constant given by
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M4

Xc =N_g

(3.38)
These relations are well defined even without the unitary
gauge condition as far as Xg/X, is large enough. It is
straightforward to express various quantities defined in
the Lorentzian theory in terms of those in the
Riemannian theory.

D. Stability analysis

We now analyze the stability of a general flat Friedmann-
Lemaitre (FL) background using the Lorentzian action
(3.35) with the Lorentzian Arnowitt-Deser-Misner decom-
position (3.22).

1. Cosmological background

We consider a flat FL. background spacetime for which
the metric in cosmic time reduces to

N = 1, Ni = 0, 'yl] = a(t)zﬁl-j, (339)

where a is the scale factor, and for which the clock field
@ = dol0).

The action (3.22) being invariant under a constant shift
of the clock field ¢, there is a conserved current associated
with the shift symmetry so that the equation of motion for
¢ takes the form

Jy +3HI, =0, (3.40)

where H = a/a is the Hubble function and
Jg =[Py + 6H*2Xofl + f4)]dbo. (3.41)

We are using notations according to which
Xo=d3 PY=POX), fi'=1"X),  (342)

where n stands for the order of the derivation. Thus,
Eq. (3.40) implies that J decays as J, > 1/a.

By using the correspondence (3.37), J 4, can be expressed
in the language of the Riemannian theory as

Jybo = {[4G|XE + 4G\ Xy — G, 1r*/?
+ [2G, X5 — G,Ir'/?}3H?

+ %[(K —2K'Xg)r'/? + i]

mred SRS

where a prime in the right-hand side represents derivative
with respect to Xg, and where the ratio r is defined by
Xe _Xe |
X X '
From Eq. (3.24), we have that N2> (N2, N*) which
implies that r > 0.

The equation of motion for the metric reduces, as usual,
to the Friedmann equation that takes the form

(3.44)

r

PHYSICAL REVIEW D 87, 065020 (2013)

3M2 H? = 2] 4y — P, (3.45)
where the effective mass scale is defined by

To understand the qualitative behavior of the system, let
us suppose that H>/M?* < 1 and Taylor expand P’(X) and
f'(X) around a local minimum of P(X) (which we denote
as X = gM*) as

Foo =112 4 o),

PI(X) = py5 + O(8?), p

(3.47)

where g, p,, and f ; are dimensionless constants of order
unity, and § = % — g is a small quantity. Accordingly,

H? H? ;

As already stated above, J4 behaves as o 1/a*—0
(a — ). Hence, apart from the trivial behavior with
¢o— 0, the system has a nontrivial attractor with
8+ OH?*/M?) = 1/a®> — 0. This implies that ¢, —
JaM*[1 + O(H*/M?)] and that M2; and P, approach
constant values up to O(H?/M?) corrections. Therefore,
Eq. (3.45) is no more than the standard Friedmann equation
for a universe containing a pressureless fluid (from Jg o«
1/a*) and a cosmological constant (from P, — const).
This behavior is similar to the one obtained in ghost
condensate models [38,39]. To be consistent with the
cosmic expansion as understood today, we need to have

Py <O. (3.49)
More precisely, we even need Py to be tuned so that
Py~ —3Q\oM%H ~ —2.1M>*H3}, (3.50)

where () 5, ~ 0.7 is the standard density parameter for the
cosmological constant. Note also that since J 4 contributes
to the dark matter component, it has to be bounded so that
we shall require

2 Jg,

(3.51)
3 Mf2:ff

2
@% =0,,~03
0
today. Note that the term can even be negative at the
expense of introducing more dark matter. These two last
bounds are the only indicative form that can be derived
from cosmology, but a full cosmological analysis will be
presented elsewhere.

2. Tensor perturbations

We now consider tensor (T) perturbations around the FLL
background so that the metric is given by

N =1, N; =0, yij = a(0)*[e"];;, (3.52)
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where h;; is transverse and traceless (i.e., d;ht, =0 =
5”]’111) We still have that ¢ = d)o(t)

In Fourier space, the quadratic action for each
polarization of the tensor mode is given by

1 : k?
887, = g / dm3[M§ffh,§ - 2f0?h,2€]. (3.53)
Note that this result can be easily inferred from the
expression (3.28). Hence, the stability of the tensor sector
requires that

M2, >0, f,>0. (3.54)

By using the correspondence (3.37), M%; and f, are
expressed in the language of the Riemannian theory as

1
fo= 7—

p
where a prime in the right-hand side of these expressions
represents derivative with respect to Xi and r is defined in

Eq. (3.44). Thus, the stability of the tensor sector gives the
constraint

Mezsz = 2(2G{Xg — G, G4, (3.55)

26Xy > Gy > 0. (3.56)

3. Scalar perturbations

For scalar perturbations around the FL background, the
metric in the unitary gauge is given by

Ni=3:B, v =al)?e*s;

and, by definition, ¢ = ¢ (7).

It is then straightforward to calculate the quadratic per-
turbed action since the time derivatives of a and 8 do not
appear in the action. Thus, the equations of motion for «
and B become constraint equations. After solving for those
constraint equations with respect to a and 3, one gets that
the perturbed action for £, in Fourier space, is

N=1+a, (3.57)

J?

2
885, = % fdzcﬁ[ﬂg',% — B%g,f], (3.58)

where A and B are given by

M? 1 d faM?
(3.99)
with F and G given by
1 .
+6fXo = fol
G = 4fiX5 + 4foXo — fo. (3.60)

The quadratic action (3.58) agrees with a special case of
the action derived in Ref. [40]. The stability of scalar
perturbations requires that

PHYSICAL REVIEW D 87, 065020 (2013)
A >0, B>0. (3.61)

By using the correspondence (3.37), this sets two other
constraints on the Riemannian theory since F and G can
be expressed in the language of the Riemannian theory as

3
F = —{[4G§(’Xg + 18GX% + 9G, Xg — E(;4:|r5/2
1
+ I:zc;gx%E +2G Xg — 5G4:|;»3/2}31L12
1
+ (K”X% + K'Xg — Zﬂ()r3/2

- (K = 250X) P,

G = [4GIXE + 4G\ Xy — G417, (3.62)
where a prime in the right-hand side of these expressions
represents derivative with respect to Xg and r is defined in
Eq. (3.44).

E. Summary

Starting from the Riemannian action (3.6) for a positive
definite metric gﬁv, we have been able to derive an action
for a Lorentzian metric g,,. The key ingredient is the
coupling of the Einstein tensor of g%, to the clock field.
In M,, the dynamics of g, is dictated by the covariant
action (3.35), which is a special case of the covariant
Galileon considered in Ref. [36]. (See Ref. [41] for the
original Galileon theory.)

The theory has two free functions, K and G,, and we
have shown that the stability of the FL spacetime with
respect of both scalar and tensor perturbations at linear
level sets four constraints on these quantities. An extra
constraint appears from the requirement that the constant
term entering the Friedmann equation reproduces a posi-
tive cosmological constant.

IV. BOSONIC MATTER FIELDS IN CURVED SPACE

Given the formulation of gravity described in the
previous section, we shall now extend the constructions
presented in Sec. II to describe the proper dynamics of the
matter fields in curved spacetime.

A. Scalar field

Following Sec. I C we assume that the clock field ¢ has
a derivative coupling to a real scalar field y of the form

[ ot et o, 00,02 @.1)

Adding this to the Riemannian kinetic term and a potential
term V for y, the general action for y is of the form
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Y-E

o 14
+2—A;4(g’é 8M¢8VX)2].

_ngva,u/\/aVX - V(X)
(4.2)

It involves two dimensionless constants, «, and « . There
is a freedom to rescale y and thus we can set k, = *1 if
needed.

With the decomposition (3.8), the Riemannian kinetic
and the derivative coupling terms are correspondingly
rewritten as

gk 9 xd,x = (07 x)* + v, x9;x,
) M 4.3)
(gh"0,00,x)* = —5 (35 x)%
Ng
where BE is defined in Eq. (3.17). Therefore, the action of
the scalar field y reduces to

= f dtdx3NE\/7[%<% )(6 X)?

—-Vix) - —7”8”\/3,){] 4.4)
If
N_)]%; >k, >0, 4.5)

then S, describes a scalar field propagating in a Lorentzian
spacetime. To see this explicitly let us define a Lorentzian
effective metric g}, by

ghodxtdr? = —N2d72 + Q2 y;,(dx' + Nidr)(dx/ + Nidr),

4.6)
where
K3 /4 a 1/4
e s IR ()
X E Vé_ K, X X NI%: X
4.7

The scalar field action S 1s rewritten as

- fanrefles

where gX and g4" are the determinant and the inverse of
X d
8pv, all

VouX) = 700 « (;E—KX)]_”Z

= V(X)[ ( M{f‘i ~ KX)]_UZ. 4.9)

Note that a, and «, may depend on Xy and that Xg is
related to X via the correspondence (3.37).

8#)(8 x + Vix, X)] (4.8)
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B. Vector field

Let us now consider the case of a gauge field A*.
Similarly as in Sec. IIC, we can add a coupling to the
clock field ¢ of the form

fm4@ngngaM¢ay¢ (4.10)
to the standard (Riemannian) Maxwell action. Again,
F,,=d,A,—0d,A, is the Faraday tensor of A, and we
use the notations Fg, = gi”F,, and Fg~ = gi”F¢ . This
leads to the general gauge-invariant action for the vector
field,

1 v
Sy :Z,[dX4 gEI:—KAF“ F, +2—F“Pnga#¢aV¢],
(4.11)
where k4 and a4 are two dimensionless constants.
With the decomposition (3.8) for the Riemannian metric,

the Riemannian kinetic term and the nonminimal coupling
term can be respectively written as

FE'F,, = 2yUF | F | + y* I FyFy,
M4 . L 4.12)
FEPFE,0,40,¢ = F')’UFJJFJ./’,
B

where

1 .
Ng

Jt

Therefore, the gauge-invariant action takes the form

1 a T
SA = Z [dtdx3NE\/7|:2(N—/]2; - KA)‘yl]FJ_iF_]_j

- KA’yik’)’leiij[iI. (414)
If
a2
N 0, 4.15)

then S, describes a U(1) gauge field propagating in a
Lorentzian spacetime. To see this explicitly, let us define
a Lorentzian effective metric gfw by

g4 dxtdx” = —N3d? + Q3 y,;;(dx’ + N'dr)(dx’ + N/dp),
(4.16)

where (), is an arbitrary positive function and

1/2
Ny = NEQAI:Q_A o ] . 4.17)
Nz~ Ka

The vector field action S, takes the form of the usual
Maxwell action
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1
fdx4\/—g » — g 8L F 1 F o,

where g# and g/" are the determinant and the inverse of
gﬁ,,, and the effective coupling constant e is given by

G e)]
e” = | Kal—5 — Ka .
Ng

Note that oy and x4, may depend on Xg and that Xg is
related to X via the correspondence (3.37).

(4.18)

(4.19)

C. Generalization to a complex scalar field

The generalization to a complex scalar field charged
under the U(1) is straightforward and follows the construc-
tion presented in Sec. IID. Consider the action for a
complex scalar ¢,

/dx4 gE{ _gE (a,u, + lqA,u,)w*(aV - lqAV)¢

o1t 0,00, — igA )yl = Oy}
(4.20)
where ¢, Ky, and «, are dimensionless constants and
U(|1?) is a function of |2
Supposing that
@y
it is easy to show that
— — [ary=et 5t 0 + a9, = g0
+UuP0) 4.22)

where we have introduced a Lorentzian metric g,‘i’,, by

ghydxtdx” = —N2,d7* + Q2 y,,(dx’ + N'dr)(dv/ + N/dr),

(4.23)
K3 1/4 a 1/4
_ 4 _ [
Vo =Nt =[]
N2 ¥ E
(4.24)

g¥ and gi,f” are the determinant and the inverse of g,‘/jy, and

— [7(|¢|2)|:be(0‘;‘/:[§13 B Kz//):l_l/z.

Note that @, and k, may depend on Xy and that X is
related to X via the correspondence (3.37).
Generalization to a non-Abelian group is trivial.

(4.25)
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D. Massive point particle

For a massive point particle, we assume that the action is
given by

(4.26)

where I\ is a function of 7. Then, a test particle prop-
agates in the effective metric gil, = &,pgh, —3%9,$0,¢
so that its equation of motion is simply a geodes1c equatlon
for this metric

utViru” =0, (4.27)

with u# = dx*/d\, where A is an affine parameter defined
by dA = Ndr. Using the decomposition (3.8) of the
Riemannian metric, we obtain that

gibdxtdx” = —(ay,, — ik, Ng)dr
+ Kppyij(dx’ + N'dr)(dx/ + N/dr).  (4.28)
This effective metric has Lorentzian signature if
6_Y_pzp > Kpp > 0. (4.29)
E

V. PHENOMENOLOGY

A. Summary

We have proposed a Riemannian field theory for gravity,
vector, and scalar fields that, with the expense of the
introduction of a scalar field ¢ called a clock field, leads
to an effective Lorentzian dynamics.

This construction involves a set of free parameters:

(i) For the gravitational sector, we have two free func-
tions of Xg, K and G4 in terms of which the two free
functions of the Lorentzian theory f(X) and P(X) are
defined; see the correspondence between the two sets
given in Eq. (3.37).

(i) For the matter sector, we have derived the actions
for scalar and vector fields. Each action depends on
two parameters (k, «) that are allowed to be func-
tions of Xg, or equivalently X, in general but may as
well be assumed constant.

(iii) Besides, there is an environmental parameter which
characterizes the clock field configuration on the
patch M, Ng [see Egs. (3.3) and (3.9)] and the
associated integration constant N, [see Eq. (3.24)].
They combine in the parameter r [see Eq. (3.44)].

With these parameters the actions for gravity, scalar, and
vector fields are respectively given by Egs. (3.35), (4.8),
and (4.18).

We have already shown that these parameters are subject

to a series of constraints.
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(1) For the gravitational sector, we have two sets of
constraints. The first one arises from the stability
analysis and is given by Egs. (3.56) and (3.61).
The second is related to the dynamics of the homo-
geneous model. Interestingly, the model induces two
components which respectively behave as dark mat-
ter and dark energy. This sets the two constraints
(3.50) and (3.51) in order for the cosmology to be
consistent with the standard cosmology [42], at least
at the background level.

(i1) For the matter sector, the constants a have to satisfy

[see Eqgs. (4.5) and (4.15)]

a, > Nik,, a, > Niky. (5.1)

From the effective Lagrangians (4.8) and (4.18), we see
that scalars and vectors propagate in two different effective
metrics In order for the weak equivalence principle to hold,
we have to impose that these two metrics coincide. This
can be obtained by imposing that ¢i = ¢, with ¢ =
O, 2N3/N} and ¢4 = Q2N%/NE. This sets the following
constraints:

Kp o K X

Ay o

(5.2)

X

In the simplest situation in which the coefficients («, «) are
assumed to be constant, we can always set k = 1 in both
sectors so that we are left with the constraint a4 = a, for
the two coupling constants. This is similar to what we
performed in Sec. II in which the couplings to the clock
field were chosen a priori so that effectively all fields
propagate in the same effective Minkowski metric.
Interestingly, in this class of models, one requires a tuning
on the parameters of the Lagrangians, but once it is done, it
is satisfied whatever the configuration of the clock field, that
is whatever Ng or Xg. In this sense the tuning is not worse
than the one usually does by assuming that all the fields
propagate in the same metric. This conclusion holds even if
k’s and a’s are functions of X as long as their ratios agree
between different sectors. Again, once this condition is
satisfied, it holds whatever the field configuration.

The Lorentzian effective metric (4.28) for a point parti-
cle coincides with that for the vector if a,,/k,, — Ng =
N3%/Q4, that is if

S [ a (5.3)

RPPN% KAN]_% ] ’
This may look as a functional fine-tuning depending on the
local value of Xg. Actually, this arises from the fact that
@, and i, have been introduced with reference to gﬁ,,
while @ , and k4 , have been introduced with reference to
gk”. Shifting to the inverse metric and redefining these
coefficients leads to a constraint similar to Eq. (5.2).
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Only the condition (5.1) for the emergence of the
Lorentzian signature is environmentally dependent so
that there are regions in the configuration space where
the dynamics is effectively Lorentzian while other regions
remain Riemannian. This could drive us toward a multi-
verse description in the configuration space but we do not
have any anthropic reasons associated.

Note that without such a tuning so that all fields propa-
gate in the same effective Lorentzian metric, one can
choose one metric as reference so that the equations of
motion of other fields will exhibit an explicit coupling to
the clock field.

B. Other constraints

The fundamental parameters entering our effective
Lorentzian actions are environmentally determined. This
means that if X is not strictly constant on M,;, fundamental
constants may be spacetime dependent, which can induce a
violation of the equivalence principle [2].

(1) From Eq. (4.19), it can be deduced that the coupling
constant of any gauge field will be environment
dependent. The first implication is that the coupling
constants of the three nongravitational interactions
have to be spacetime varying. There exist strong
constraints on such a possibility [2].

(i) The action for the gravitational sector implies that
the Newton constant is also expected to be space-
time dependent.

(iii) Furthermore, even if ¢, = ¢, so that scalars and
vectors propagate on the same light cone, we have
to compare the propagation speeds of gravity waves
and photons. The first is given by

N ay X, -
2 — 2 — A A2E 1
YT AT N [KAM4 ]

(5.4)

The propagation speed of the gravity waves can be ob-
tained from the action (3.53) rewritten as

1 Ng [ e \2 N k?
(2) _ k E ("
6ST,k = g ‘/‘d[a’;NE[MgffW<N—E) - 2f0N—E ?hi],

from which we read off

It can be rewritten in terms of the function G4(Xy) entering
the Euclidean gravitational action (3.6) as

2G\X -1
CZGW=|: (‘;‘4E—li| .

(5.6)

As long as both light cones are nondegenerate, there is no
a priori intrinsic problem even if these two propagation
speeds are different [43,44] and similar features indeed
appear in many bimetric theories such as TeVeS [45] or
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many other extensions of general relativity [43]. This
difference can be tested by future experiments by compar-
ing e.g., the arrival time of gravity waves and light emitted
during the explosion of supernovae; see e.g., Ref. [46].
Models in which ¢y, < ¢3 are very constrained by the
observations of cosmic rays [47] because particles prop-
agating faster than the gravity waves emit gravi-Cerenkov
radiation. They lead to the constraint [48]

Cc, — C
r TGV o x 10705,
Cy

(5.7)

C. Emergence of Lorentz symmetry on
intermediate scales

Let us first consider our mechanism in flat space. As
discussed in Sec. II, M is not the most important mass scale
of the problem. More important is the scale characterizing the
variation of Xg/M*. In order to illustrate this and to capture
the way the Lorentz dynamics appear on relevant scales, let
us assume that the clock field configuration is given by

o (x*) = M[m,x + cos (m,y) + Bcos (M,y)]

with m, < M, two mass scales that characterize respec-
tively large- and small-scale variations of ¢ and 8 a dimen-
sionless number. We neglect the two other dimensions for
simplicity. With such a form it is obvious that 9, ¢ is not
constant.

Now, assume that we are smoothing the dynamics at a
scale R ~ m; ! with, e.g., a top-hat window function. (See
Fig. 2.) On the scale R, the clock field is given by

2 Jl (myR)

ny,

JI(M R)
Miy% cos (Myy)],

¢ = M[mxx + cos (myy)

+28
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where J; is the Bessel function of order 1. It follows that
d,¢ is given by
m,/M

0,6
M? —2J‘;;"§R) sin (m,y) — 28 JI%QR) sin (M, y) '

This can be considered as constant only if 2J;(m,R) <
m,R and 2J,(m,R) < m,R. By choosing R ~ m, !, the
first condition reduces to

m
“x1,

my

since J;(x) ~ x/2 at small x, while the second gives

2 M
2 —Bcos(—y-l-z) M« 1.
T m, 4)\M,

This condition is clearly fulfilled if m, < m, < ,B_ZMy.
For example, if we assume that M, is of the order of the
Planck mass, M, ~M,~ 10" GeV, and that the large-scale
variations appear on Hubble scales, m,~ H,~ 10741 GeV,
then we end up with the conclusion that d,¢ can be
considered as constant at the level 107" on scales

-2
1074 GeV < m, < 1021_2"(0%) GeV. (5.8)

For n =9 and B8 = 0(0.1), this means that we can work
with scales

107 m<m;!' <10' m. (5.9

In such a range of scales, we expect no deviations larger

than 107 to the standard field theory. On cosmological

scales, we can probably relax the bound to deviations of the
order if 10711072 so that our model may be compatible

S o
. .

0 2 4 6 8 10

6 8 00 2 3 6 8 10

FIG. 2 (color online). Example of a field configuration with fluctuations on scales larger than M, !"and shorter than my I (left). When
smoothed on scales m; ! (middle) and 10m; ! (right), the distribution of the clock field is such that 9 « @ can be considered as constant

on scales smaller than m .

065020-15



SHINJI MUKOHYAMA AND JEAN-PHILIPPE UZAN

with standard cosmology on scales of the order of the
observable universe.

VI. SUMMARY AND DISCUSSION

We have followed the idea that the apparent Lorentzian
dynamics of the usual field theories is an emergent prop-
erty and that the underlying field theory is in fact strictly
Riemannian. This requires the introduction of the clock
field, a scalar field playing the role of the physical time. We
emphasize that the microscopic theory is Euclidean, and
that time evolution is just an effective and emergent prop-
erty, which holds on some energy scales, and in some
regions of the Euclidean space. We have thus to think of
time and dynamics as illusions in our local patch M,,. This
has to be distinguished from the mathematical trick of a
Wick rotation used to effectively study genuine Lorentzian
theories in a Euclidean space.

We have been able to perform such a construction in flat
spacetime for scalar, vector, and spinor, hence allowing for
the construction of the standard model of particle physics.
Our construction is however restricted to classical field
theory and the spinor sector suffers from the severe
fine-tuning to ensure the CPT invariance. (See e.g.,
Ref. [49] and references therein for recent constraints on
CPT violation.)

We have then generalized our construction to curved
spacetimes. This generalizes an early attempt [31] that
ended up with a Nordstrom theory of gravity. Our con-
struction leads to an extended K-essence model for gravity
called covariant Galileon, which can be close enough to
general relativity to be experimentally acceptable. We have
then generalized the scalar and vector sectors to curved
spacetimes. This requires the introduction of four arbitrary
functions. Again, so far we have not generalized the con-
struction of spinors to curved spacetime. We have ex-
pressed the effective Lorentzian action that can emerge
in a patch M, of the Euclidean space. It allowed us to list a
set of constraints arising from the stability of the cosmo-
logical solution, and the requirement for the different test
fields to propagate in the same metric, in order for the weak
equivalence principle to hold. The effective fundamental
constants, such as the three nongravitational coupling con-
stants and the gravitational constant, are spacetime depen-
dent and the difference of the propagation speeds of gravity
and electromagnetic waves can also set constraints on
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our model. We have proposed a heuristic description on
the way the Lorentz symmetry can emerge on a band of
energy scales.

From a theoretical point of view, our construction gives
a new insight into the need for Lorentzian metric as a
fundamental entity. As we have shown, this is not a man-
datory requirement and a decent field theory, at least at the
classical level, can be constructed from a Riemannian
metric. Such a formalism may be fruitful in the debate
on the emergence of time and, speculating, for the develop-
ment of quantum gravity.

It also opens up a series of questions and possibilities
that will be addressed in a companion article. We can list
(1) the construction of Majorana and Weyl spinors, (2) the
development of a quantum theory and study of particle
creation [50], (3) the possibility from the classical view-
point that singularities in our local Lorentzian region may
be related to singularities in the clock field (e.g., similar to
topological defects) and not in the metric of the Euclidean
theory (see Ref. [51] for a similar idea in a totally different
setup), (4) the possibility that a de Sitter spacetime may be
an “illusion” in an anti-de Sitter Riemannian space. It then
follows that a Euclidean AdS/CFT correspondence at the
microscopic level would reveal itself as a dS/CFT corre-
spondence in our effective Lorentzian universe.

All these are indeed, for now, bold speculations but they
illustrate that this framework may be fruitful for extending
our current field theories, including general relativity.

ACKNOWLEDGMENTS

We thank Emir Giimriik¢iioglu, John Kehayias,
Chunshan Lin, and Yi Wang for discussions. S. M. thanks
the Institute of Astrophysics for hospitality during the
beginning of this work. J. P. U. thanks the Kavli-IPMU in
Tokyo and the Yukawa Institute for Theoretical Physics at
Kyoto University, where this work was completed during
the Long-term Workshop YITP-T-12-03 on ‘““Gravity and
Cosmology 2012.” The work of S.M. was supported by
Grant-in-Aid for Scientific Research 24540256 and
21111006, by Japan-Russia Research Cooperative
Program, and by the WPI Initiative, MEXT, Japan. J. P. U.
acknowledges partial support from the Agence Nationale de
la Recherche via the Grant THALES (ANR-10-BLAN-
0507-01-02) and thanks Stéphane Charlot and the PNCG
for their support.

[1] J.-P. Luminet, J. R. Weeks, A. Riazuelo, R. Lehoucq, and
J.-P. Uzan, Nature (London) 425, 593 (2003).

[2] J.-P. Uzan, Rev. Mod. Phys. 75, 403 (2003); AIP
Conf. Proc. 736, 3 (2004); Living Rev. Relativity 4, 2
(2011).

[3] J. Polchinsky, String Theory (Cambridge University Press,
Cambridge, England, 1998).

[4] I Bars, Classical Quantum Gravity 18, 3113 (2001); G. B.
Halsted, Science 19, 319 (1892).

[5] C.M. Hull, J. High Energy Phys. 11 (1998) 017.

065020-16


http://dx.doi.org/10.1038/nature01944
http://dx.doi.org/10.1103/RevModPhys.75.403
http://dx.doi.org/10.1063/1.1835171
http://dx.doi.org/10.1063/1.1835171
http://dx.doi.org/10.1088/0264-9381/18/16/303
http://dx.doi.org/10.1126/science.ns-19.487.319
http://dx.doi.org/10.1088/1126-6708/1998/11/017

FROM CONFIGURATION TO DYNAMICS: EMERGENCE OF ...

(6]
(7]

(8]

(21]
[22]
(23]

(24]
[25]
(26]

(27]
(28]

J. Dorling, Am. J. Phys. 38, 539 (1970).

G.W. Gibbons, The Arrows of Time: A Debate in
Cosmology, edited by L. Mersini-Houghton and R. Vass,
in Fundamental Theories of Physics, Vol. 164 (Springer,
New York, 2012), pp. 107-146.

J.B. Hartle and S. W. Hawking, Phys. Rev. D 28, 2960
(1983); J.L. Friedman, Classical Quantum Gravity 15,
2639 (1998); J.R. Gott and X.I. Li, Phys. Rev. D 58,
023501 (1998); G. W. Gibbons and J. B. Hartle, Phys. Rev.
D 42, 2458 (1990).

A.S. Eddington, The Mathematical Theory of Relativity
(Cambridge University Press, Cambridge, England,
1923), p. 25.

G.W. Gibbons and A. Ishibashi, Classical Quantum
Gravity 21, 2919 (2004); M. Mars, J.M.M. Senovilla,
and R. Vera, Phys. Rev. D 76, 044029 (2007); 77, 027501
(2008).

J. Mielczarek, arXiv:1207.4657.

H.D. Zeh, The Physical Basis of the Direction of Time
(Springer-Verlag, Berlin, 2001).

N. Deruelle and J.-P. Uzan, Mécanique et Gravitation
Newtonienne (Vuibert, Paris, 20006).

C. Rovelli, Phys. Rev. D 42, 2638 (1990); R.
Giannitrapani, Int. J. Theor. Phys. 36, 1575 (1997).

J. Barbour, The End of Time: The Next Revolution In
Physics (Oxford University Press, New York, 2000).

T. Damour, “Time and Relativity,” Séminaire Poincaré
XV (2010).

C. Rovelli, Found. Phys. 41, 1475 (2011).

V. Balasubramanian, arXiv:1107.2897.

G.E.R. Ellis, Gen. Relativ. Gravit. 38, 1797 (2006).

C. Rovelli, Phys. Rev. D 44, 1339 (1991); Quantum
Gravity (Cambridge University Press, Cambridge,
England, 2004); Phys. Rev. 43, 442 (1991); Classical
Quantum Gravity 8, 297 (1991); W.G. Unruh and R. M.
Wald, Phys. Rev. D 40, 2598 (1989).

F. Markopoulou, arXiv:0909.1861.

P. Martinetti, arXiv:1203.4995.

C.J. Isham and J. Butterfield, in The Arguments of
Time, edited by J. Butterfield (Oxford University Press,
New York, 1999).

M. Heller and W. Sasin, Phys. Lett. A 250, 48 (1998).
A. Connes and C. Rovelli, Classical Quantum Gravity 11,
2899 (1994).

S.M. Carroll, arXiv:0811.3772; G.F.R. Ellis and T.
Rothman, Int. J. Theor. Phys. 49, 988 (2010); G.F.R.
Ellis and R. Goswami, arXiv:1208.2611.

J.M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998).
G. ’t Hooft, arXiv:gr-qc/9310026; L. Susskind, J. Math.
Phys. (N.Y.) 36, 6377 (1995).

[29]

(30]
(31]

(32]
[33]
(34]
[35]
(36]
[37]
(38]
[39]
[40]
[41]
[42]
[43]

[44]

[45]
[46]
[47]

(48]

[49]

[50]

[51]

065020-17

PHYSICAL REVIEW D 87, 065020 (2013)

V. Balasubramanian, B. Czech, K. Larjo, D. Marolf, and J.
Simén, J. High Energy Phys. 12 (2007) 067; T. Jacobson,
Phys. Rev. Lett. 75, 1260 (1995); E.P. Verlinde, J. High
Energy Phys. 04 (2011) 029; T. Padmanabhan, Rep. Prog.
Phys. 73, 046901 (2010).

J. Greensite, Phys. Lett. B 300, 34 (1993).

F. Girelli, S. Liberati, and L. Sindoni, Phys. Rev. D 79,
044019 (2009).

E. Goulart and S. E. P. Bergliaffa, Phys. Rev. D 84, 105027
(2011).

C. Wetterich, Nucl. Phys. B852, 174 (2011).

M.R. Metha, Phys. Rev. Lett. 65, 1983 (1990).

G. W. Horndeski, Int. J. Theor. Phys. 10, 363 (1974).

C. Deffayet, G. Esposito-Farese, and A. Vikman, Phys.
Rev. D 79, 084003 (2009); C. Deffayet, X. Gao, D. A.
Steer, and G. Zahariade, Phys. Rev. D 84, 064039 (2011).
C. Charmousis, E.J. Copeland, A. Padilla, and P. M.
Saffin, Phys. Rev. Lett. 108, 051101 (2012).

N. Arkani-Hamed, H.-C. Cheng, M.A. Luty, and S.
Mukohyama, J. High Energy Phys. 05 (2004) 074.

N. Arkani-Hamed, H.-C. Cheng, M. A. Luty, S. Mukohyama,
and T. Wiseman, J. High Energy Phys. 01 (2007) 036.

T. Kobayashi, M. Yamaguchi, and J.”i. Yokoyama, Prog.
Theor. Phys. 126, 511 (2011).

A. Nicolis, R. Rattazzi, and E. Trincherini, Phys. Rev. D
79, 064036 (2009).

P. Peter and J.-P. Uzan, Primordial Cosmology (Oxford
University Press, England, 2009).

J.-P. Bruneton and G. Esposito-Farese, Phys. Rev. D 76,
124012 (2007).

J.-P. Bruneton, arXiv:hep-th/0612113; E. Babichev, V.
Mukhanov, and A. Vikman, J. High Energy Phys. 02
(2008) 101; R. Geroch, arXiv:1005.1614; G.F.R. Ellis
and J.-P. Uzan, Am. J. Phys. 73, 240 (2005).

J. Bekenstein, Phys. Rev. D 70, 083509 (2004).

E. O.KahyaandR. P. Woodard, Phys. Lett. B 652,213 (2007).
C.M. Caves, Ann. Phys. (N.Y.) 125, 35 (1980); G.D.
Moore and A.E. Nelson, J. High Energy Phys. 09
(2001) 023; J. W. Elliott, G.D. Moore, and H. Stoica, J.
High Energy Phys. 08 (2005) 066.

R. Kimura and K. Yamamoto, J. Cosmol. Astropart. Phys.
07 (2012) 050.

K. Toma, S. Mukohyama, D. Yonetoku, T. Murakami,
S. Gunji, T. Mihara et al., Phys. Rev. Lett. 109, 241104
(2012).

A. White, S. Weinfurtner, and M. Visser, Classical
Quantum Gravity 27, 045007 (2010); S. Weinfurtner, A.
White, and M. Visser, Phys. Rev. D 76, 124008 (2007).
V.P. Frolov and S. Mukohyama, Phys. Rev. D 83, 044052
(2011).


http://dx.doi.org/10.1119/1.1976386
http://dx.doi.org/10.1103/PhysRevD.28.2960
http://dx.doi.org/10.1103/PhysRevD.28.2960
http://dx.doi.org/10.1088/0264-9381/15/9/011
http://dx.doi.org/10.1088/0264-9381/15/9/011
http://dx.doi.org/10.1103/PhysRevD.58.023501
http://dx.doi.org/10.1103/PhysRevD.58.023501
http://dx.doi.org/10.1103/PhysRevD.42.2458
http://dx.doi.org/10.1103/PhysRevD.42.2458
http://dx.doi.org/10.1088/0264-9381/21/12/009
http://dx.doi.org/10.1088/0264-9381/21/12/009
http://dx.doi.org/10.1103/PhysRevD.76.044029
http://dx.doi.org/10.1103/PhysRevD.77.027501
http://dx.doi.org/10.1103/PhysRevD.77.027501
http://arXiv.org/abs/1207.4657
http://dx.doi.org/10.1103/PhysRevD.42.2638
http://dx.doi.org/10.1007/BF02435757
http://dx.doi.org/10.1007/s10701-011-9561-4
http://arXiv.org/abs/1107.2897
http://dx.doi.org/10.1007/s10714-006-0332-z
http://dx.doi.org/10.1103/PhysRevD.44.1339
http://dx.doi.org/10.1088/0264-9381/8/2/011
http://dx.doi.org/10.1088/0264-9381/8/2/011
http://dx.doi.org/10.1103/PhysRevD.40.2598
http://arXiv.org/abs/0909.1861
http://arXiv.org/abs/1203.4995
http://dx.doi.org/10.1016/S0375-9601(98)00824-X
http://dx.doi.org/10.1088/0264-9381/11/12/007
http://dx.doi.org/10.1088/0264-9381/11/12/007
http://arXiv.org/abs/0811.3772
http://dx.doi.org/10.1007/s10773-010-0278-5
http://arXiv.org/abs/1208.2611
http://arXiv.org/abs/gr-qc/9310026
http://dx.doi.org/10.1063/1.531249
http://dx.doi.org/10.1063/1.531249
http://dx.doi.org/10.1088/1126-6708/2007/12/067
http://dx.doi.org/10.1103/PhysRevLett.75.1260
http://dx.doi.org/10.1007/JHEP04(2011)029
http://dx.doi.org/10.1007/JHEP04(2011)029
http://dx.doi.org/10.1088/0034-4885/73/4/046901
http://dx.doi.org/10.1088/0034-4885/73/4/046901
http://dx.doi.org/10.1016/0370-2693(93)90744-3
http://dx.doi.org/10.1103/PhysRevD.79.044019
http://dx.doi.org/10.1103/PhysRevD.79.044019
http://dx.doi.org/10.1103/PhysRevD.84.105027
http://dx.doi.org/10.1103/PhysRevD.84.105027
http://dx.doi.org/10.1016/j.nuclphysb.2011.06.013
http://dx.doi.org/10.1103/PhysRevLett.65.1983
http://dx.doi.org/10.1007/BF01807638
http://dx.doi.org/10.1103/PhysRevD.79.084003
http://dx.doi.org/10.1103/PhysRevD.79.084003
http://dx.doi.org/10.1103/PhysRevD.84.064039
http://dx.doi.org/10.1103/PhysRevLett.108.051101
http://dx.doi.org/10.1088/1126-6708/2004/05/074
http://dx.doi.org/10.1088/1126-6708/2007/01/036
http://dx.doi.org/10.1143/PTP.126.511
http://dx.doi.org/10.1143/PTP.126.511
http://dx.doi.org/10.1103/PhysRevD.79.064036
http://dx.doi.org/10.1103/PhysRevD.79.064036
http://dx.doi.org/10.1103/PhysRevD.76.124012
http://dx.doi.org/10.1103/PhysRevD.76.124012
http://arXiv.org/abs/hep-th/0612113
http://dx.doi.org/10.1088/1126-6708/2008/02/101
http://dx.doi.org/10.1088/1126-6708/2008/02/101
http://arXiv.org/abs/1005.1614
http://dx.doi.org/10.1119/1.1819929
http://dx.doi.org/10.1103/PhysRevD.70.083509
http://dx.doi.org/10.1016/j.physletb.2007.07.029
http://dx.doi.org/10.1016/0003-4916(80)90117-7
http://dx.doi.org/10.1088/1126-6708/2001/09/023
http://dx.doi.org/10.1088/1126-6708/2001/09/023
http://dx.doi.org/10.1088/1126-6708/2005/08/066
http://dx.doi.org/10.1088/1126-6708/2005/08/066
http://dx.doi.org/10.1088/1475-7516/2012/07/050
http://dx.doi.org/10.1088/1475-7516/2012/07/050
http://dx.doi.org/10.1103/PhysRevLett.109.241104
http://dx.doi.org/10.1103/PhysRevLett.109.241104
http://dx.doi.org/10.1088/0264-9381/27/4/045007
http://dx.doi.org/10.1088/0264-9381/27/4/045007
http://dx.doi.org/10.1103/PhysRevD.76.124008
http://dx.doi.org/10.1103/PhysRevD.83.044052
http://dx.doi.org/10.1103/PhysRevD.83.044052

