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Take away message-1 Always question assumptions and pay attention to small

And simple things.

This talk is about

wonderland created by

gravity and

quantum mechanics




Fundamental questions on fundamental interactions

 Qut of all fundamental forces of nature gravity is the weakest force

 The standard model of particle physics is built on understanding discrete
symmetries or asymmetries. Parity, Time reversal and Charge conjugation.

* |n building standard model of particle physics, the discrete symmetry played an
Important role.

Wu experiment: “The parity violation In -
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Hidden features in the Planck CMB:
Parity Asymmetry
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The parity asymmetry and the quantum fluctuations
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From COBE to WMAP to Planck (1989-2019)

Observe large scales



Temperature fluctuations [ K ]

Notice the oscillations in C,
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CMB is consistent with inflation?

CMB angular power spectrum
Yes, because n, = 0.964 ~ 1

C—2 dkgﬁ k)i (klk
2Ny (:( >Jf< s) No, because its S| power spectrum is

Not good with € > 7" orZ < 30

Its okay nothing to worry AC, = Cr
The near scale invariant Its all cosmic variance, \/ 20 + Dfyy

power spectrum
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don’t do that please




We measure correlations in configuration space: there is an issue at 180 degrees
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Direct-sum inflation (DSI)
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DSI predictions
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DSI and CMB data

k3 1 35x107%}
@C — L@V
272 2a%e 3.x1077;
classical T=TF a*lH* — P, (1+AP,)
2 n—1 - . 25%x107%} ° - ‘
H;: kK\"® 1 k k P
N — ] = [24+0@OXAZ, [ — ) = O(-1)O(=X)AP, | — 2.x10° — Pl-ary
87Z'€>x< k>x< 2 I k>x< k>x< |
L5x1070 00 001 002 003 004 005
k
K,
SI+LCDM ¢ = 2-20 DSI+LCDM ¢ =2-20
0.8 . 08y See our paper
i 68% sim COMM m x:=19.7 | 68% sim COMM m ¥:=14.1
0. 3 : 0. |
w— SMIC_m x? =23.7 SEVE m x* = 21.0 e SMIC_m ¥? = 16.7 - SEVE_m x’ =15.8
0, === COMM c x?=27.3 —— NILC m y2=25.8 0, === COMM c x> =21.4 NILC m y2=19.5 | arXiv:2401.08288

0.5

for more details
especially

Eosl 8
Q
0.3}

0.2-
For discussion on
| Stochastic inflation and
24 6 8 0 12 1w 16 18 2  non-Markovian nature of
inflationary fluctuations.

0.1 44




RTT

1

Z
o

\
0.0

N\

Z3
© 0.0 ©

\

Direct-sum inflation vs Standard inflation

o_0
%385 % % 757

‘76 .00

%

m— [Data] £
S TT D +(fmax) £=even f(f T I)Cf
— [3]] R = D (7 = —
[S)IST;aer;n _(Cnax) an;agdd (¢ + 1)C,
w(180°) = < Z > = < T(AT (—h) >
£
5 2 + 1
— Z lcfzeven o szodd]
47
£
12N 4,
o Z'=<Zm)>= ) PZ)Z
Pl i=1
o |
| T = - 12NS2id€
S & P E PEP IS O S EAPO ? =<Z>= Y PZ)Z-<Z>)
G RTT Z zZ? i=1



Testing models with data and vice versa: Standard Inflation versus

Direct-sum Inflation

R ~ 0.79
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DSI is 650 times more favourable than the standard inflation:

A compelling evidence for DQFT in curved spacetime



The physics of direct-sum inflation

Our direct-sum inflation
(DSI) is a framework in
which a quantum
fluctuation evolves
forward and backward In

(6,0) (x—6,7+0) time at parity conjugate
N N points.

Inflation violates time
reversal symmetry which
Implies P-violation in the
framework of DSI.




Compelling proof of parity asymmetry and DSI
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There are no other anomalies:

Ruling out hemispherical power

asymmetry and axis of evil
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The physics of direct-sum inflation

Our direct-sum inflation
(DSI) is a frameworks In
which a quantum
fluctuation evolves
forward and backward In

(6,0) (x—6,7+0) time at parity conjugate
N N points.

Inflation violates time
reversal symmetry which
Implies P-violation in the
framework of DSI.




Parity Asymmetry in Primordial Gravitational Wave Spectra

arXiv: 2209.03928v4 KSK, J. Marto

Ja=1
Ja=2

- 3a=3

Ja=4
Ja=5
3a=6

0.050"\<
i 0020
0.010
0005, @00
0.005 0.010 0.015 0020 _ 3, —7
k/k.
ﬁij — i (T, X) & ﬁl; (—T,




Einstein-Rosen’s conjecture (1935) to solve the problems of GR+QM

A particle in the physical world should be mathematically described by a
bridge between two sheets of spacetime.

Access by

The Particle Problem in the General Theory of Relativity

A. Einstein and N. Rosen
Phys. Rev. 48, 73 — Published 1 July 1935

PhysTiCs

Article References Citing Articles (894) m

The writers investigate the possibility of an atomistic theory of matter and electricity which, while
excluding singularities of the field, makes use of no other variables than the g,, of the general relativity
theory and the ¢, of the Maxwell theory. By the consideration of a simple example they are led to
modify slightly the gravitational equations which then admit regular solutions for the static spherically
symmetric case. These solutions involve the mathematical representation of physical space by a
space of two identical sheets, a particle being represented by a "bridge" connecting these sheets.
One is able to understand why no neutral particles of negative mass are to be found. The combined
system of gravitational and electromagnetic equations are treated similarly and lead to a similar
interpretation. The most natural elementary charged particle is found to be one of zero mass. The
many-particle system is expected to be represented by a regular solution of the field equations

corresponding to a space of two identical sheets joined by many bridges. In this case, because of the
absence of singularities, the field equations determine both the field and the motion of the particles.
The many-particle problem, which would decide the value of the theory, has not yet been treated.

Received 8 May 1935



Origin of ER conjecture

A particle in the physical world should be mathematically described by a
bridge between two sheets of spacetime.

- ER focussed on understanding quantum fields at r > 2GM

» There are two realizations to represent

U<0,V>0

/| > -1 — U->-U,V—> -V
U>0,V<0 —” T

r>20M —= {

ov=1-— e"*M U= Ke ™V =F ke
2GM

2 = 61 cmdUdV + erQZ, X = T, I = 5
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ER ignored angular coordinates (6’, qo)

ds



Two time realizations for one physical Universe

Let us take De sitter Universe R = 12H? The PT symmetry

ds® = — dt* + e*'dx2, a = e A {t > —t,H—-> —H, X > X}
1 1 d

ds? = (—de + dxz), H = -

- a dt

Doing QFT with 7 < 0 is the origin of unitarity

(6: 9)
problem

(ﬂ—&ﬂ+¢)

H>0:t: —00 >

Expanding Universe
XP ng v :{H<O;t:oo—>—oo

K. Sravan Kumar, J. Marto, arXiv: 2305.06046 [hep-th]



The fundamental question of unitarity in curved space-time

EXPANDING
UNIVERSES

Home > Foundations of Physics > Article

Black Hole Unitarity and Antipodal -g TL *
~ Entanglement

Open access | Published: 05 May 2016
Volume 46, pages 1185-1198,(2016) Cite this article

In standard QFT in curved spacetime unitarity is lost because pure states

evolve into mixed states. This is because part of a pure state can
disappear beyond the horizon then we end up with mixed states within the

horizon.



Anti-unitariy nature of time and definition of positive energy

\ Space and time are not on equal footing in quantum theory

Time is parameter and position is an operator: Wigner (1926)

0|V n .
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J. Donogue, G. Menezes (2019), ‘tHooft (2018)



A quantum state in the physical world should be mathematically
described by a bridge between two sheets of spacetime (ER 1935)

* We devide the physical space (spatial) into two parity conjugate regions

e A state is direct-sum of two components

1 1 ¥
V) = — ( |Y.,) D \‘I’_)) = — ( ‘ +>> in the pair of parity conjugate

V2 V2 \I¥)

regions corresponding to two superselection sector Hilbert spaces

H =H DI

» A positive energy state in #Z __is defined according to arrow of time 7 : — co — o0

where as a positive energy state in #Z _ is defined according to arrow of time
[:00 —=> — 0

The direct-sum is the mathematical bridge

E. Gaztanaga, K. Sravan Kumar, J. Marto, arXiv: 2408. XXXX (Upcoming paper)



Quantum Harmonic Oscillator & Schrodinger Equation

0 .
— |V =H|YVY
lat\ ) |¥)
Where H is Hamiltonian [H, 29| = 0

H="—+—k% p=—i—, [X,pl=i (h=1)

PT symmetry of Schrodinger Equation

PT should preserve p invariant

. e,
Px—>—x9 t->—-1t = = PTp=—i—

(x> —Xx,1 > —1)

a A\ a A\
i— W) =H|¥Y) > —i—|¥)=H|¥Y
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Time reversal is anti-unitary operation, Wigner (1926)



Positive Energy State Definition in QM
0 2 —iHt

15\\11) =H|¥Y) = |¥), =" |P),

0 2 —iHF

i— W) =H|¥) = |'P), ="M ¥),

Irrespective of our labeling of position and time (Especially time which is special in
quantum theory because we time is not an operator, it is a parameter)

Since 1 = — t, if the first line is positive energy state with arrow of time
[ . — 00 — o0, the second line iIs positive energy state with arrow of time

Phys.Rev.Lett. 123 (2019) 17, 171601



QFT in Minkowski spacetime:
Quantum Mechanics+Special Relativity

We decompose field operator following definition of positive energy state
fixing the arrow of time 7 : — 00 — ©©

. d’k ] o L
¢ (x) = - )3/2\/2”(‘ ake’x+cﬁ e k-x=—kyt+k-X
7t 0

The field operators commute for space-like distances (causality condition)
[p(x), pO)] =0, (x—y)*>0

If we instead fix our arrow of time 7 : 00 — — 00, we decompose field
operator following way
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Superselection rules Quantum Harmonic Oscillator

Direct-sum split of Hilbert space is a way out
Direct-sum Schrodinger A
equationis a PT id\‘P) _ (H+ 0 )‘%
symmetric formulation of or, 0 —H
quantum mechanics

According to this a single-

quantum state is expressed Mirror
as a direct-sum of a

component evolving forward

in time at position x and L (1Y,)
- - W)= — (¥, @) = -

another component evolving V2 V2 \IP)

backward in time at position

-X

One can define positive energy without referencing to the arrow of time.

Wigner, Wightman, Wick Phys. Rev. 88, 101-105, 1952



Direct-Sum QM (PT symmetric QM)

K. Sravan Kumar, J. Marto, arXiv: 2305.06046 [hep-th] E. Gaztanaga, K. Sravan Kumar, JCAP 06 (2024) 001 R . d
Py =—1
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o - ( i ) ) . . d
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dx._
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¥) = — (19,) @ |¥.)) = —( ) =H O
V2 v2 \ ) o X
0 1 [ P=Py+OP_
J (¥|W)dx = [(\I‘+ WP+ (P_| ‘P_)]dx 1 —
Wave function is H=H.(p., %) & H_(p_,x)
1 1 7 A
Wt 1) = (1) = o (0 W) + 1 90) = o (Wee)e o+ WO0e ), 2y = x> 0,0 = —x < 0

A quantum state is direct-sum of two positive energy components

evolving forward 7 : — o0 — oo and backward 7 : oo — — o0 In time at
parity conjugate points.

PTY(x, t,) = Y(x, ) Wave function is PT symmetric



Direct-sum Hilbert spaces, Direct-sum rules

|V, ), |Y_) are the state vectors in direct-sum Hilbert space # = #, @ # _

These two Hilbert spaces are super-selection-sectors corresponding to

Parity conjugate regions of position space spanned by coordinates (x 4 x_)

Position and momentum operators in these two Hilbert spaces commute

X, x_1=0, [p,p_1=0

Operators only act on the states of corresponding Hilbert space

ﬁ‘ LPi) — <ﬁ+(p+9x+) 69 ﬁ—(p—ax—)) ‘\Pi> — ﬁi ‘ ‘Pi>

K. Sravan Kumar, J. Marto, arXiv: 2405.20995 [gr-gc
K. Sravan Kumar, J. Marto, arXiv: 2307.10345 [hep-th] E. Gaztanaga, K. Sravan Kumar, JCAP 06 (2024) 001




Direct-sum quantum harmonic oscillator
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PT symmetric wavefunction of direct-sum harmonic oscillator

) 1\ 4 ) 1\ A
= (—) e_xiHn (x +) e HEnlp 4 (—) e‘xEHn (x_) e'Enlp
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H, are Hermitian polynomials

Direct-sum QM is a PT symmetric QM with Hermitian operators



Direct-sum quantum field theory (DQFT)

We take forward the construction to Minkowski spacetime
ds* = — dt* + dx?

We write the single quantum state as direct-sum of two

components which describe the same field at parity conjugate
points in physical space

R | N 1 .

We showed that this construction ) =—¢, (1,,X) ®—=_(—1,, —X)

does not change any results of 2 V2

standard quantum theory 1 (gﬁ , 0 )

because spacetime is PT == .

0
symmtric: \/5 P-
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In a nutshell:

Future Future/Past

Past/Future

Special Relativity+ Quantum Mechanics: Field operators commute for spacelike
A A 2
distances [gb (X), ¢ (y)] = (), (x — y) > 0

A quantum field in DQFT has two direct-sum components with opposite time
evolutions at parity conjugate regions satisfying an additional new causality condition

b, (0, 4_(-x)| =0



No observational implications for QFT in Minkowski spacetime
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DSI calculations

The second order action for curvature perturbation

2
57S, =%J'dfd3xa2£ lg2 ( 5)2]

The Mukhanov-Sasaki variable (a classical field redefinition)

The quantum MS variable
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. . 1 . .
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PT symmetry breaking (quantum mechanically: 7 —» — 7 — (t,H,¢,n) - (—t,— H,— ¢ — )




Power Spectrum
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Horizon i1s a Mirror

DQFT brings back the unitarity that is lost

DQFT is a solution to information paradox




Pure states evolve into Pure states: Unitarity

[Y12) = Zcmn\qbl) ® | P,) Con F CimCn :
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Horizon is a Mirror

T — P

Both left and right Rindler observer’s QFT is unitary

Since left region is PT conjugate of Right, observers can reconstruct physics beyond
the horizon.



Pure states evolve into Pure states: Unitarity in curved spacetime (Horizon is a
Mirror)

1 — Ei,iﬂ)é’, T+ @) ]
v U Y
X N X
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K. Sravan Kumar, J. Marto, arXiv: 2405.20995 [gr-gcC] K. Sravan Kumar, J. Marto, arXiv: 2307.10345 [hep-th]



Quantum gravity at the black hole horizon T

3G
rg(£2+¢+1

3nG
i (2++1)

[(IA)Iext’ (IA)Iint] = ih >’ [(ADIIext’ (i)mm] = ih (c=1) V4 I

Derived from GR+QM

—>(6’,q0)
— (71'—(9,71'+(,0)

The interior and exterior quantum field components correspond to direct-sum Fock space & = F; €

G ‘tHooft, Universe 2021, 7(8), 298 K. Sravan Kumar, J. Marto, arXiv: 2307.10345 [hep-th]



Conclusions (Take away message-2)

* Quantum Field Theory in Curved Spacetime is need of the hour for both
theory and observations.

« Without a consistent QFT in curved spacetime, one cannot achieve full
quantum gravity.

« (Gravitational Horizons are most important in our understanding of

Universe. (i) In the context of dark energy: Black Hole Universe proposal
E. Gaztanaga Symmetry 14 (2022) 9, 1849, Mon.Not.Roy.Astron.Soc. 521 (2023) 1, L59-L63 (ii) In the
context of understanding dark matter: Matter horizons proposed by . w.
R Ellis and S. W. Stoeger Mon.Not.Roy.Astron.Soc. 398 (2009) 1527-1536

An important message: Observational people should know
the theoretical principles and theory people should
understand observational analysis and principles for a
coherent progress in physics.
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