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INTRODUCTION



History of the universe

Afterglow Light
Pattern  Dark Ages Development of DETd &=l rgy
400,000 yrs. Galaxies, Planets, etc.

Inflation

'!.Q" -','),- oo =

BigBang K
“Singularity” |

1st Stars
about 400 million yrs.

Dark Matter

-

Big Bang Expansion

13.7 billion years http://map_ésf(;_ nasa_govl



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 for quantum state

=» one of the fields plays the role of time

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



BASIC IDEA



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






If Lorentz symmetry can be emergent, how
about Lorentz signature?

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



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

K
M2
Consider the Euclidean action

- potential 1 )
Sy = / d*z | - —5“”3uxc9ux V(x)+57 14 (5ﬂyau¢auX)
Euclidean kinetic term coupling to clock field

This can be rewritten as

1
Sy = /dtdgx [—57]“”'8#)(6,,)( -V




Suppose that 9,¢ = const. # 0 in My

Choose one of coordinates t so that ¢ =

Consider the Euclidean action
Sa =

1
4

y 4
_ /d493 [_FMVF]S M4 FHPFE;O u¢ay¢]

Euclidean kinetic term coupling to clock field

This can be rewritten as

SA

1
4

— / dtd’z n“an”BF,_LaFyg

¢

M2



* Suppose that 0,¢ = const. # 0 in Mo
¢

e Choose one of coordinates t so that ¢ = —3

* Consider the Euclidean action  p — 5, _ 4,

potential

1
S, = / dtz [—%5’“’(Duw)*(D,,w)—U(|w|2)—I—W(5’W|aﬂngyw\2

Euclidean kinetic term coupling to clock field

 This can be rewritten as

S, = / dtd’z [—%n““(Duw)*(D,,w) - U]



 Consider the Euclidean action

S, = / do {1/‘, (i,yggj _ m) ) Euclidean kinetic and mass terms
o [(66925,) — £ 9,0)0,9] 0,0 |

2M2
couplings to clock field
* This can be rewritten as

+

Sy = /dw% [%’Yob_o) - %’Vﬁgf -~ m] 0

* Lorentzian & Euclidean gamma matrices

1"y = -2 V= =iyt
T =i 'V"E = vz O = TBIEVETE = 7

{vh, i} =-26" (@) =1 {1mE}=0



e Consider the Riemannian action

i o couplings to clock field
I, = —M? / dzx @l Y Rp+ LG, qﬁ&,qﬁ}
Euclidean msteln H|Ibertzw
* Adopt ADM in “unitary gauge” ¢ %

gwda:'“da’: — Ndtd + ;i (dz’ + N'dt)(dz’ + N?dt)

e Use formulas

1 1
5/daf;‘h/—gERE = Q/dtd:cgNE\/_( KPKE + K3+ RY)

v ]‘ 7
M4 — G 0,00,¢ = %(—Kéffg + Kz — RY))

e The action is rewritten as

2 g
L= 2 [ gtae®N VN2 4k, ) (KIKE —K2)+ (2 — g
g — 2 E NE% g E "1y E N%

* This describes Lorentzian gravity if s - . |
N? I
(but only for tensor sector) E



GRAVITY



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

Sg = /d$4\/9_E{G4(XE)RE — 95Gg 0,90, ¢ + K(Xk)
26 (Xp) [(V26)® — (VEVEG)?] }

Xg = g5 000,60  (V,V,9)? = gif g5t (VEVEo)(V V5 0)

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

S, = / d;c4\/g_E{G4(XE)RE + K(Xg)—2G4(XE) [(V39)* — (VL VL)) }




Riemannian metric in unitary gauge

gL datda” =|Ngdt® H v;;(dz’ + N*dt)(dz? + N7 dt)

_ 0 _ 1 M i — ij B _ E
=2 Ng = /_gg_ Xy N Z'ngtj Yij = Yi5
Extrinsic curvature e _ 1

ij — m(at%‘j — D;N; — D;N;)

Useful formulas
VIERE = Neyy(—K§ Kf + K§ + R®) |
—20;(v"” 0;Ng) — 20,(\/7KE)+20;(VYN'KE)
ot = ViVie =/ XgK;,
oF. = oF, = naVEVEH = o v/Xndh In X
s

Riemannian action is rewritten as

S, = / dtdeNEﬁ{(2G;XE — G4)(KJ KE — K2)+G4R® + lC(XE)}

ng — L

1 B _ arin
n%nEVEvLE,qb =5 /XEC‘)JFi In Xz O] =ngoy N (0y — N'9;)



e Lorentzian metric
g datdz” =|—N?dt* 4 v;;(dz’ + N'dt)(dz? + N7 dt)
NdAN = —Ng dNg [N = \/NQ _ N2

* Extrinsic curvature g, =

* Apparent Lorentzian structure

S, = [ dida*N T {(£(0) — 2X () (KK — K
+H(X)R® + P(X)}

0 = Mo o0 = Y8 peg = Tk
WE

>
|
\



e Useful formulas
V—gR =N/~ [K%’jKij K24 R(?’)} _A
A =20; (79 9;N) — 20, (\/7K) + 20; (VIN'K)
¢.i; = ViV =—VXK;
O.1i = Qi1 =0V, V0= %\/)_(8Z In X

1 .
1 0L =n"dy, = — (0 — N'0;
¢.11 = n'n"V,V,0 = 9 X0, InX G N( ' )

e Lorentzian action

S, = [detv=g{fOOR+2f/(X) (V)"
—(VAV79)(V,Vu9)| + P(X)}

* “Covariantization”

M*4 y
- X = _gu 8u¢8V¢

XEW



Correspondence

S, = f dz \/g_E{G4(XE)RE—|—’C(XE) 2G,(Xg) [(VEd)* — (VEV%H}

_ B ,u(;bavqb
g,UV e gp,u X
O

g
1
E B Z_ Xe = N2
FX) _[Gixe) PX) _ |K(Xg)
VX VvXE VX vVXE
S, = [ datV=g{fOOR +2f/(X) [(V*9)?

—(VEVT9)(V,. V., 9)] + P(X)}




COSMOLOGICAL SOLUTION



Flat (K=0) FLRW
N=1 N,=0 7%j=a(t)’6i; ¢=¢o(t)
EOM for ¢ = shift charge conservation
qu SHqu,—O ) J¢oc1/a
Jo = [Py + 6H?(2X0 fo' + fo)] do
Metric EOM
3M H? = 2J¢Q50 — Py MG =2(fo—2Xof)
P’(X) and f’(X) near a local minimum of P(X)
P/(X) = pad+0(8) px) =10 0w 5= -
Jpx1/a* ™y § + O(H?/M?) < 1/a> — 0
> 3M_4’H? = DM (o< 1/a3) + DE (~const)




* Tensor-type perturbation 5 1
N =1 N?,ZO ﬂ}/%j':a’(t) [e ]ﬁ
* Quadratic action in Fourier space

1 . k?
552, = 5 [ awa® iz — 2o 0

Mz = 2(fo — 2Xo f})

e Stability condition
MZ >0 fo >0



N=1+4+a N;=08 7ij=a(t)
¢ = ¢o(t)
* Quadratic action after eliminating o and [3
1 . k>
5550 = 5 / dta’® {Agﬁ - Bﬁ(jﬁ]

M2 4
A= =25 (6+MzF) B = Ld (aMeH) + 4o

e Scalar-type perturbation in unitary gaulgi
2¢
§

H2G?2 1 adt \ HG?
F = FYX3+ 5 Jogo+3H? [Afg" X3 + 14f XG + 6£5X0 — fo]
G = AfI X2+ 4, X0 — fo Mz = 2(fo — 2Xofg)

e Stability condition
A >0 B >0



PHENOMENOLOGY



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

Sg = /dx4\/g_E{ G4(XE)RE — 95(;%”8“@8”@5 + ]C(XE)

?(X)]

4G (X0 [(V26)° — (VEVEG)?] }

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

y Oly)

K 17 = @ v
Sx = / dz’/gE [— 5 95 Oux0ux =V (X) +5, 71098 £60,X)?]
]' v aA |7
SA — Z /d$4\/gE [—'HAFEJ FUJV + QWFEPFEpaugbaygb}

Ryl pv : " :
So = [ artvas {5t @u +iaA)v" 0, — iad, )

0% v .
+— g 9,6(8, — igA,) Y|

2 M4
* Clock field configuration: ¢(x)
Xg = QEV u¢8u¢

—~U(jp)}



* Stability of clock field/gravity sector
M% >0 fo>0 A>0 B>0

* Amount of DE/DM
Py ~ —3QpoMZ2%HS ~ —2. 1M H
2 Jy, _M?
- < ~ 0.
3 Mgff‘/aﬂg S o ~ 0.3
e Stability of matter sector

Ly QA
X —= > fp4 >0
N2 Nz~ A
e Coincidence of speed limits in matter sector

&A &X o . . .
— = — independently from clock field configuration
A Oty

* Avoidance of gravi-Cerenkov radiation

—1 / !

Cy — CGW _ 2 oA XE 2 2G4 Xg

! <2x107"° c,Y:L M4—1} caw = |~ 1
ny A

> Ky > 0




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 fields
and gravity as explicit examples.

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

We obtained the dictionary for the mapping from
Riemannian Galileon to Lorentzian Galileon.

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



Development of quantum theory
Construction of Majorana and Weyl spinors
CPT-invariant construction of Dirac spinor
Understanding of black holes and singularities

Possibility of embedding Lorentzian dS/CFT inside
Euclidean AdS/CFT

Emergence of Lorentz symmetry at low energy

Multi-clock models

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



Thank you fc




BACKUP SLIDES



MATTER FIELDS IN CURVED SPACE



» ADM decomposition in unitary gauge ¢= -2

. . . M?
gL dxtdx” = Njdt® + v;;(dz’ + N*dt)(dz? + N7 dt)

action
Sy = [ dnt VI [t 00— V00 + o ok 0,000

5 K iy
— /dtdeNEﬁ [5 (% - HJX) (05x)* =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)w

V(. X) = Voo [ (B2 _ﬁx)]—m

with metric
gX, dztdz” = —NZdt* + Q2v;;(dz’ + N*dt)(dz? + N7 dt)

&3 1/4 ax 1/4
X
- Q= [y (X
NZ _""X] X {Rx (N]% KJX)]

E

N, = Ng




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

. ~ 1 )
action i = N—E(Fm—Nij@')
1 v A v
Sa=17 / do* /95 [—RAFE Fl + QWFELPFEF)@@@M}
1 U T
= 3 /dtdx3NEﬁ [2 (% — &A) ’)/”FMFLJ-—KJA")/?’k"}/ﬂFiijg]
E

o If [§ > 0‘, then the action is rewritten as

1 —1/2
SA = — /d$4 \V/ —gArezgﬁpgnguprg e? = [HA (% —KZA)]
E

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

1/2
KA ]

Q,>0
Nz~ ha
E




. e . ¢
ADM decomposition in unitary gauge t= e
gL dxtdx” = Njdt® + v;;(dz’ + N*dt)(dz? + N7 dt)

* Riemannian action

K v : " :
Sy = /da:zl\/ {——wg% (8 +iqA,) Y™ (0, — iqAL )Y

ol g 0,0(9, — ig A )yl® - U (1l)]
o |f O“" 3 >y >0 , then the actlon IS rewritten as

=~ [ stV |G 0+ 10400 0, — iaA )TV )|

i —1/2
UG X) = D) | (20 — )|

with Lorentzian metric
gy, dztdz” = —NJdt” + Q7 yi;(de’ + N'dt)(dz? + N7 dt)

3 1/4 ay 1/4
Ny = N, a v Q = |KR — — K
' Elw—%—“w] v [w(N% “”)]




