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INTRODUCTION
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History = dynamics = sequence of
configurations parameterized by time

Beginning of the hot universe @ reheating

Geometrical description of the universe
breaks down @ initial singularity

Space may be emergent
How about time?



* |n any diffeo-invariant theories of gravity,

=>» no evolution of quantum state

=» one of the fields plays the role of time
e.g. inflaton during inflation

* |n this sense, concept of time and dynamics
may be emergent



BASIC IDEA
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Clock field = field playing the role of time

It must carry at least one number
=» simplest: scalar field ¢

Time translational symmetry requires

Time reflection symmetry requires

Clock field does not have to be the same
everywhere; multi-clock models also possible






Lorentz symmetry may be emergent (Chadha &
Nielsen 1983)

How about Lorentz signature & time itself?

Let’s suppose that there is

no concept of time @ fundamental level

and start with 4D Riemannian (i.e. locally
Euclidean) metric with (++++) signature.

Physical fields couple to effective metric.



SIMPLE EXAMPLES
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Suppose that 9,¢ = const. # 0 in My
Choose one of coordinates t so that ¢ =

¢
M2
Consider the Euclidean action
1 potential

v «@ v ’
SZ = Id4x[—55” @ﬂZaVZ—V(Z)+W(5# 5ﬂ¢@v)()

Euclidean kinetic term coupling to clock field

This can be rewritten as
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Suppose that 9,¢ = const. # 0 in My
Choose one of coordinates t so that ¢ =

Consider the Euclidean action

1

S, = [d*x| ~=8"5"F, F,, +— 5" 575"
M

Hv- po
— Euclidean kinetic term
This can be rewritten as

|
3 Vo
S, = jdtd x[—zgfﬁ‘fgeﬂFwFpa

|

geﬁ

F _F

pa~ off

coupling to clock field

&
M?2

@ﬂ¢@v¢}




* Suppose that 0,¢ = const. # 0 in M
* Choose one of coordinates t so that ¢ = %
 Consider the Euclidean action D, = 8, — iqA,

1 . potential a
S = j d*x {— > 5" (Do) (D,w)-U(lof)+ VO 50, ¢D,
Euclidean kinetic term coupling to clock field

* This can be rewritten as
| * 1
S, = | dud 3{—5% (D) (D,0)-U(w m} 2 -

2




Lorentz violation

 Lorentz-invariance is broken @ UV

is generic [Chadha
& Nielsen 1983] (and may apply to GW as well; cf.
|cew® — ¢,°| <10 from GW170817) but running is

slow (logarithmic)

* SUSY (w/o boost) or/and strong dynamics may
speed-up the RG running towards Lorentz-invariant
IR fixed-point

e Eg.SUSY (w/o boost) + SM gauge symmetry forbid
dim-3 and -4 LV operators [Groot Nibbelink &

Pospelov 2005]. Dim-5 LV operator can be
forbidden by CPT.



GRAVITY @ LOW MOMENTA
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Shift symmetry: ¢ =2 ¢ + C
Z, symmetry: ¢ =2 - ¢
Minimal # of d.o.f. 2 2nd-order EOM -

Sg = /dx4\/9_E{G4(XE)RE — 95Gg 0,90, ¢ + K(Xg)
26 (Xp) [(V26)® = (VEVEG)?] }

Xg = g870,00,0  (V,Vy0)* = gl gt (VV,0)(ViV5o)

Redefinition of G,(X;) = g: =0

S, = / dx4¢g—E{G4(XE)RE+K(XE)—2G;(XE) [(V%mz—(vﬁv%ﬂ}




Riemannian diffeo. vs Lorentzian diffeo.

Remove redundancy

4R

4D space

N, N, i

Set of 3D configurations
parameterized by ¢

N, Tij

Riemannian
(locally Euclidean)

Introduce redundancy

7Ny

4D spacetime

Lorentzian



Correspondence

S, = [ dx4\/g—E{G4(XE)RE + K(Xg)—2G(Xe) [(VE0)* — (Vi V, 9)?] }
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EMERGENT BIG-BANG
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Euclidean metric

gEVdac”da:’/: Né(z)dz2 + th(z)éijda:idxj

Effective metric
E: 8“ ()bqub 2
goo = (;34 )

Gpv = Guv — M4 1 L

Hg = h/Ng  %(z) = ¢/Ng

¢2 —1/2
H = (W — 1) Hg diverges @ g,,=0

s, = | dx4¢g—E{G4(XE)RE+JC(XE)—2G;(XE) [<v%¢)2—(v5v5¢)2]}
Gi=go+ @ Xr, K==ko+ika(Xo— Xg)?
(go, gl, ko, ]CQ, X()) — (1, —1, 1, —1.55, 1)



MIRROR UNIVERSE POCKET UNIVERSE




Possible Global Picture

Mirror umverses

Pocket universe



CANDIDATE UV THEORY
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arxiv: 1303.1409
Riemannian (i.e. locally Euclidean) theory

Shift symmetry: ¢ 2 ¢ + ¢

4D parity invariance: x* = -x¥

- include all possible terms up to dim-4
Building blocks

Vpo Ex—7E
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UV action (4t derivatives) Xg = gp 0,90,¢
I, = /d:c‘l\/gE [clR]% + CQR%VREV + s REPPRE 4+ ¢y XpRE

UV po

+es Rl 0,00, + ca X§ + c2(Vi)* + cs(VEVES)?)

Relevant deformations (2"d derivatives & Ot" derivatives)

I, / dz'\/g5 [coRE + co Xg|  Io=cn / drt /g8

Integration by parts (+ redef of c; ;) & rescaling of ¢

- C5:0 Cf;:]_
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+XE - 2X.Xp + a(VE0)? + B(VEVES)? + 7 X Re]
CZ = RIRE, — 2RIRE, + RY/3
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UV po

Cy —



This theory is indeed renormalizable (Muneyuki &
Ohta 2013).

RG flow has not yet been studied.

Lorentzian signature is recovered in IR under a

certain condition [arXiv: 2505.00112 with Justin Feng
& Sante Carloni].

In UV, higher derivative terms become
important and physics is purely Euclidean.

Matter action also needs to be UV completed by
Euclidean higher derivative terms.

Euclidean quantization needs to be developed.



END OF BH EVAPORATION
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Saddle-like causally discontinuous
singularity




Trousers spacetime




BH evaporation in 2D




BH evaporation in (d+1)-D




Possible UV completion




Possible global picture

(b) !



SUMMARY & DISCUSSIONS



of a fundamentally Riemannian theory.

This requires introduction of a field playing the role of
time, a

This idea was applled to scalar, vector, (Dirac, Weyl,
Majorana) spinor fields and gravity as explicit examples.

In a simple realization, the clock field/gravity sector is
described by the

We found a FLRW solution and analyzed stability of scalar-
and tensor- perturbations.

Big-bang may be replaced by Euclidean geometry.
Endpoint of BH evaporation may be Euclidean geometry.

We proposed a Riemanian theory as a
candidate UV theory.



Emergent big-bang in the renormalizable
Riemannian theory?

Cosmological constant problem as boundary value
problem?

Emergent black holes?
Lorentzian dS/CFT from Euclidean AdS/CFT?

Emergence of Lorentz symmetry at low energy?
Chadha & Nielsen 1983; Groot Nibbelink &
Pospelov 2005]

Development of quantum theory?
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