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“But we live in a Lorentzian spacetime”...?

Lorentzian Euclidean
Gravity Quantum field theory
Cosmology Black hole thermodynamics

Statistical field theory

Causal dynamics




The necessity of Euclidean time

Path integral in quantum theory

(g1, #1, S1lg2, 2, S2191, ¢1, S1lg2, P2, S2) =/D[97¢]GXP(U[9,¢]),

Black hole thermodynamics

2 = Tefexp(~5H)} = [ Dlg. élexp(~1xlg,9])

( Hawking temperature T' = 1/, intrinsic entropy S = Baal—g —Ig)




Is Euclidean spacetime the fundamental framework to define physics?




Standard Wick rotation

Euclidean itg Lorentzian ¢t

Im Re

» does not apply to certain spacetime metrics

» index rotation of the gamma matrices with ¥4 = —i+? fails to

- establish Euclidean symmetry in Dirac action
- maintain hermiticity wl =Y
- maintain self-conjugacy of Majorana spinor

(components become complex)




Cartan Khronon framework

Chiral gravity
A=tAt+-A
F=1TF4+~F

Euclidean

background

(CEE D)

Spinors
Clifford alg a or
Effective DM inherent in Spin(4)

Lorentzian- J(2)xSU(2)

Euclidean . Canonical

correspondence source currents
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Khronon + Spin(4) as a solution

Chiral gravity
A=TA+ A
F=TF4+F

Effective DM ‘

01tot

5@

=DM*? Canonical

source Cl;l}'l’ents
Olm
ta = -
a
6Im
Ogp =

‘Works for Kerr, Cosmological background & perturbations, etc.



Euclidean-Lorentzian correspondence — the dimension

For a dimensionless symmetry breaking scalar field ¢%, e* = D¢ ~ [E].
Introducing dimensionful [E] parameters mp and 1/4/k in respective framework,

t=¢/mp and T = Vkd

e¥ = dt and e* = dr both become dimensionless.

Euclidean framework

¢! = ¢o}
T =Ko

Lorentzian framework

¢4 = 965t
s

mapping

U 71/m%<—>ﬁ

it <> T

All the dimensionful parameters require mapping, e.g., spin parameter a = J/M



Euclidean-Lorentzian correspondence — spinors

A unitary rotation U = exp (’7475 9) by 0 = 7/2 maps spinors between the two
frameworks without violating each group symmetry

i i 4 5 2 3.4 4
Ve =70 VE=71 VB =VEVEVEVE =7,

which satisfy the corresponding hermiticity relations.

{w{;,wé} =26"71, () =-vEvEE =k (R =

This new system can be understood as a reinterpretation of 44 and ~°.




Phenomenology in the purely right-(left-)handed limit

The full ambidextrous action
I:/D¢IAD¢JA (g++FIJ—gfiFIJ) —/*A—/D(f)l/\t[ —/AIJ/\OIJ,

In the (g+,9-) = (1,0),(0,1) limit, when O’ = 0, we recover...

» FLRW background + A(= —m}_;.2)\) + effective ideal dust M’
(vanishing pressure and sound speed for M)

» Standard GR black hole solutions

» Gravitational wave propagating at the speed of light




Phenomenology in the general chiral configuration

The full ambidextrous action
I:/D¢1AD¢JA(g++FU—g:FU) —/*A—/Dq&’/\t;—/A”/\OU,

For the general g+g— # 0, when OI7 = 0, we obtain...
» FLRW background with M7-effect included in the vacuum + A(= —m}_;,2)\)
(vanishing sound speed for M)

» No black hole solutions have been found

» Gravitational wave propagating at the speed of |y| = |er'+§7_ |

multi-messenger data from the neutron star merger GW170817 :

lg7/9+| < 10715 at present




Phenomenology in the chirally symmetric limit

The full ambidextrous action
1:/D¢1AD¢JA(g++FU—g:FU) —/*A—/ng’/\t;—/A”/\OU,

For the chirally symmetric g+ = —g— case, when O/ = 0, we obtain...
» khronon field acting as scale factor a ~ ¢
» radiation-dominated universe H ~ t~1
» M. candidate for dark radiation...?

Likely scenario:
chirally symmetric gravity g+ = —g— in early universe (before BBN)

transitions into the (almost) purely right-(left-)handed gravity




Cartan Khronon Cosmic Timeline

~ 1 sec

~ 10* yr

~ 3.8 x 10% yr

~ 9.8 x 10° yr

~ 1010 yr

~ 1010 eV

~1leV

~ 0.4 eV

~ 1073 eV

~ 1074 eV

Symmetric Phase ¢* =0, gy = —g_

Inflationary era — Phase transition

e Phase transition towards g+ ~ 1, g— ~ 0

Radiation-Dominated Era
e Big Bang Nucleosynthesis
Start of structure formation
Matter-Dominated Era
e Photon decoupling produces CMB
Freezing of structure formation
Dark Energy-Dominated Era

e Present

a~33x10"*

a~9x107%

a~0.73



Phenomenology with spin current

The full ambidextrous action
I:/D¢1AD¢JA (g++FIJ—g_7FIJ) —/*)\—/D(,bl/\t[ —/AIJ/\OIJ,

When 0O = \/k£0 x e? # 0, we obtain...

» Coupling between effective DM and material spin current

KT3 2y72

. L2 6 tOo+ -0

o (pr )= 8 _T0r0
KT

» New effect in the Friedmann equations

= = - _ x3/2 -
=£ (to+70), == P2 (9470 —g-T0)

302

3aH2+3HQ+Z—:n(p+ﬁ)+3,87-_2,
0%

. 02 .=

3aH2+2aH+2HQ+4—+Q+

o

ﬁ = —kp+pBr 2.



Is Lorentzian spacetime — where we observe physics —

the optimal framework to define physics?




Cartan-khronon flowchart

General action

1(¢, A) = [ €qapcaDd® A Dg? A DA
¢: symmetry breaking field into SO(3)
A: gauge field of an O(m,n) (m+n=4)

Lie algebra
so0(1,3) s0(4)

{50(1,3) €p123 = 1 J {50(4), Spin(4) €1234 = 1}
FC'D

eapcpDo™ AD@E A ersx Do’ ADol A FEL

complexification |

SO(1,3)c requires Matter representation included
E<+L mapping Cl
Chirality Spin(4)
Left- or Right- o
handed o Chirality
Left- and Right-
handed
- == and
(Anti-) Self-dual (Anti-) Self-dual
eABCDeA/\eB/\iFCD eIJKLeI/\eJ/\iFKL

Chiral Chiral
eABcDeA ANeB A (g++FcD ar gffFCD) eIJKLeI Ael A (g++FKL +g__FKL)




.
Perturbations in GR limit 5 =0 : FLRW + A + ideal dust

» Standard cosmology
Gravitational wave

Wick

1
hij + 3¢ h” + - v2h” =0 —=5 —hf; —3Hhj; + a—2v2hi]— =0 (25)

No propagation for vector perturbation

V2V, =0
26
Continuity equation under scalar perturbation
’ 2 (v ’ @ ’
dp +3H(5p+5p):(p+p)[v (;+c—a—2)—3\11] (27a)
i 2
Euler equation a(p+p) (v +4aHv) + (p+p) v =0p— §V2H (27b)

» + effective ideal dust

Continuit; ti 1
ontinuity equation (SA, +3Hsp = @'p +3 <H<I>' v+ Evzc/) p (28a)

Qenmty eAvolutlon of CDM & 4 oHS = p2 § (28b)
(0=16p/p) 2m3,



g+ F — g_~F: nature of M*

» effective pressure R H 1
A

» effective energy density sourced by its own pressure

P +3Hp=—3p/t

» acceleration driven by time lapse fluctuation

o 2
¢
» clustering
2 2 2
8¢ +3HSp = v—z 28m?% (V' — H®') + (,3 —28mLH + 5:1’) @]
a

» vanishing sound speed
=0

o
w
I
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