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INTRODUCTION



History of the universe
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gy VI
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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

arXiv: 1301.1361 with Jean-Philippe Uzan



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 .
—

S, = jd4x ——0"0, 0, x—V(x)+ (5#@“@%)2}
o M

Euclidean kinetic term coupling to clock field

This can be rewritten as
| 1
\ =jdtd3x{—§ge’]}8ﬂ;(8vz—V(;()} gl =




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

Uv=- po
— Euclidean kinetic term
This can be rewritten as

|
3 Vo
S, = Idtd x[—zgg‘ﬁ‘fgeﬂFwFpa

|

geﬁ

F _F

pa” of

coupling to clock field

&
M?2
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* Suppose that 0,¢ = const. # 0 in Mo
e Choose one of coordinates t so that ¢ = %
* Consider the Euclidean action D, = 8, — igA,
1 . potenztial a
S, = j d4x{—55‘” (D,») (D,0)-U( o] )+F\5Waﬂ¢a/w
Euclidean kinetic term coupling to clock field

* This can be rewritten as
1, .
S, =| dtd%[—g g4 (Do) (Dva))—U(|a)|2)} g = 1

2




GRAVITY @ LOW MOMENTA

arXiv: 1301.1361 with Jean-Philippe Uzan



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

S, = [ et VER{ Gu(Xe) i — g5 Gl 0,00, + K(Xr)
96 (Xe) [(V29) — (VEVEG)?] }

Xg = g 0u00,¢  (V,Vy0) = g5 g8 (ViV )V, V50)

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

S, = / d$4\/g_E{G4(XE)RE + K(Xg)—2G4(Xg) [(VE0) — (V5 V) 9)?] }




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)?] }

0,00y
Juv, — gEu I HXC
” gﬂpgycr ¢80¢
_ QE 4+ E JE |810

XC_XE

g™

1

X T X [Xg  teT a2

fX)| [GiXe) P(X) _ |K(XE)

VX T VX | WX WX

S, = [ datV=g {fCOR+ 27/ () [0
—(VEV79)(Vu Vo) + P(X)}




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

* Shift symmetry: o 2 ¢ +c

e 4D parity invariance: x* = -x¥

IIR — /dﬂ?4\/.g_E [QZAE — ZRE
+ X5 — 22X, Xg — 27(Vig)® +29(V,,V,9)* + v X R



UV action (4t" derivatives)

I, = /d:c‘l\/gE [clR]% + R R, + csRE™ R, . + 4 XrRE

UV po

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

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

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

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

- C5:0 Cf;:]_

0

1 w
— 4 27 Aw — 7 i R4+ F
I = [d ‘VgE[ B Al o3 G — gyttt B

+XE - 2X.Xp + a(VE0)? + B(VEVES)? + 7 X Re]
C% = RERE, — 2RIRE, + RY/3

Ex = R RE, , — ARWRE, + R2

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].

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.



APPLICATION:
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 applied 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 proposed a NEIMERIER
theory as a candidate UV theory.

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

Endpoint of BH evaporation may be Euclidean geometry.



Big-bang as Euclidean topological defect? [work in
progress]|

Cosmological constant problem as boundary value
problem?

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?

Multi-clock models?

Time emergence & compactification =2
landscape with various signatures & dimensions?



Remove redundancy

Y

4D space

Ne, N, i

Co nSt

\ 4

Riemannian
(locally Euclidean)

Set of 3D configurations
parameterized by ¢

Introduce redundancy

Y

3

4D spacetime

N, N', v;

Thank you for your Ilstenlng'

Co ,.)St

A 4

Lorentzian






BACKUP SLIDES



COSMOLOGICAL SOLUTION
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Flat (K=0) FLRW
N=1 N;=0 7%j=a(t)’; ¢=dot)
EOM for ¢ = shift charge conservation
qu 3HJ¢ 0 quocl/a,
Jo = [Po+ 6H?(2X0f3 + f3)] ¢o
I\/Ietrlc EOM
3MZ2:H? =2J,¢0 — Py MZ =2(fo — 2X0f})
P’(X) and f’(X) near a local minimum of P(X)
P'(X) = p20+0(?) 7x)=1E L o) 5= 4
Jsyx1/a* ™y §+ O(H?/M?) < 1/a> — 0
= 3M_*H? = DM («1/a3) + DE (~const)




* Tensor-type perturbation o1
N =1 szo ﬂ}/%:}:a’(t) [e ]ﬁ
¢ = Po(t) Oihy, = 0 = 6 h;
* Quadratic action in Fourier space
2
65}%}%:%/&@ [ 203 —2f0k ]

Mfff = 2(fo — 2Xo /)

e Stability condition
Mz >0 fo >0



e Scalar-type perturbation in unitary gauge
N=1+0IW=fﬂ’m=a@%§
¢ = ¢o(t)

* Quadratic action after eliminating o and [3

| . ke
5550 = 5 / dta’ [Acz — %c%]

M2 4
A= (64 MGF) B = S (GMGH) vy

H2G? 1 adt \ HG?
F = PIX2+ §J¢<i>o +3H? [4f) X5 + 14fY X2 4+ 6 £ X0 — fo]
G = AfI X2 +AfXo — fo M = 2(fo — 2Xofo)

e Stability condition
A >0 B >0



PHENOMENOLOGY
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* Gravity sector: , K(Xg) [or 11X,

s, = | dx4\/g—E{G4(XE)RE—gﬁ%"’amaycmc(xm

?(X)]

3G (X0 [(V26)° — (VEVEG)?] }

* Matter sector: (i<, o), (i<, o),

y Oly)

K v ~ a v
Sx = f dz* /g |- 95" 0uxBuX =V (X) 45,55 (95 0u60,%)?|
1 y A y
Sa=17 / dz' /g5 | RAFY Fu + QWFgPFEpaugbaugb}

Ryl pv : * :
So = [ artvas { -t @u +iaA)v" 0, — iad, )

8 v .
_|_ v |g]% ugb(au_quu)wlz

* Clock field configuration: ¢(x)
Xg = QEV u¢8u¢

~U(jp)}



Stability of clock field/gravity sector
A >0

Mz >0 fo>0
Amount of DE/DM

B> 0

Py ~ —3QA0 M2 HE ~ —2.1 M H¢

2
2 des 0 gm0
Stability of matter sector
]C\Er—:% > Ky >0 %—% > Kq >0
Coincidence of speed limits in matter sector
KR A R
as oy

= independently from clock field configuration

* Speed of GW [LiGo/virgo 2017]

3x10716 < S 1 710716

€

C

2
B

d

A XE
K,AM4

_1]_1




FERMIONS IN FLAT SPACE
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e Consider the Euclidean action

S, = / Ao {7’; (E,Yggj _ m) ) Euclidean kinetic and mass terms
o [(i+280) — (i988,)9,0] 2,0

2J\J2
couplings to clock field
* This can be rewritten as

+

Sy = / da'<) [3703& +29°6; - m] "

* Lorentzian & Euclidean gamma matrices

%97 = -2 77 = =iyl
=0 = ’y" O = TRIEVEYE = 7

{vh, v} =-26" (@) =1 {1878} =0



MATTER FIELDS IN CURVED SPACE
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» ADM decomposition in unitary gauge ¢= -2

. . . M?
gL dxtdz” =|Ngdt* H i (dx’ + N*dt)(dz? + N7 dt)

action
Sy = [ dnt v [ Rk 00— V00 + 5 ok 0,000

s K i
- /dtdeNE\/'_y [5 (% = HJX) (01X)° = V(x) —Exfywaixajx}
E

e If |°X>k,>0/,then the action is rewritten as

Ng

1
= — / dz*/—gX [5952"" L X0 X + V(X,X)]

V(. X) = V0o s (B0 - ﬁx)]‘”g

with metric
gX, dztdz” = —N2dt* + Q2;;(dz" + N*dt)(dz? + N7 dt)

&3 1/4 ax 1/4
X
- Oy = |y (o -
NE —""?x] : [ﬁx (N% HX)]

E

N, = Ng




* ADM decomposition in unitary gauge ;— %
Gy dat'da” = Ngdt? 4 v;;(dz’ + N'dt)(dz? + N7 dt)

. ~ 1 )
action i = N—E(th‘—Nijz')
1 v A v
Sa =17 / do* /95 [—ﬁ;AFg Fl + QWFQF’FEP@MQMVQD}
1 U T
= 3 /dtdx?’NEﬁ [2 (% — RA) ’)/”FMFLJ-—fi}A’)/Zk’)/ﬂFiijg}
E

o If |y > 0‘, then the action is rewritten as

1 ~1/2
SA = — /d$4 \V/ _gA@gﬁpgzaFuprg e? = [K:A (% —RA)]
E

with metric
gl datdz” = —Ndt” + Q% v;;(dz* + N*dt) (dz? + N7 dt)

1/2
NA:NEQAICEAHJA ]

Q,>0
Nz~ ha
E



« ADM decomposition in unitary gauge t= %
gL dxtdz” =|Ngdt* H i (dx’ + N*dt)(dz? + N7 dt)
* Riemannian action
K v . * .
Sy = /da:'i\/ {——ngg (0, +1qA,)Y™ (0, —iqAL)Y

ool g 0,0(9, — ig A )yl — T (1l)]
o |f O"‘” 3 > Ky >0 , then the action is rewritten as

= — [ aat V= |G 0u + 10400 @, — iaA)BHU (VP )|

i —1/2
UG, X) = D) | (2 — )|

with Lorentzian metric
gl dztdz” = —Njdt” + Qi (de’ + N'dt)(dz? + N7 dt)

3 1/4 ay 1/4
Ny =N « v Q = | KR — — K
’ Elw—‘é—“w] v [”(N% ”’)]




