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ABSTRACT: In this work, we have studied the possibility of setting up Bell’s inequality violating experiment
in the context of cosmology, based on the basic principles of quantum mechanics. First we start with
the physical motivation of implementing the Bell’s inequality violation in the context of cosmology. Then
to set up the cosmological Bell violating test experiment we introduce a model independent theoretical
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fluctuations seen in CMB were produced by
guantum mechanical effects in the early universe.
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According to the inflationary paradigm, primordial
fluctuations seen in CMB were produced by
guantum mechanical effects in the early universe.

An important problem in theoretical physics is to
find compelling evidence for their guantum nature.

In other words, one would like to rule out
alternative scenarios where the fluctuations
originated through classical statistical mechanics
during an inflationary phase.

Such fluctuations provide seed for large scale
structure formation.

The fluctuations that we observe at present are
classical in nature. 12
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fluctuations, highly entangled QM wave function of
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During the QM interpretation of the required
fluctuations, highly entangled QM wave function of
the universe plays significant role.

Quantum fluctuations can be demonstrated in primordial
cosmology, if we can perform a Bell's inequality violating
experiment using the highly QM entangled wave function
of the universe defined in the inflationary period.

In the context of QM, Bell experiment is described by the
measurement of two non-commutating physical operators
which are associated with two distinctive locations in the
space-time (Alice ‘s and Bob’s location).

Similarly in the context of primordial cosmology, one can
also perform cosmological observations on two spatially
separated + causally disconnected places upto the epoch of
reheating (after inflation).

16



e Apart from the success in its observational ground it
is important to point that for all such observations it
is impossible to measure the value of associated
canonically conjugate momentum.
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Apart from the success in its observational ground it
is important to point that for all such observations it
is impossible to measure the value of associated
canonically conjugate momentum.

Consequently, for these observables it is impossible
to measure the imprints of two non-commuting
operators in primordial cosmology.

In QM, to design such setup one needs to perform
repeated measurement on the same object (here it
is the same quantum state of the universe).

In such a case one can justify the appearance of
each and every measurement through a single
guantum state. 20



* In the context of cosmology, one can similarly consider two
spatially separated portions in the full sky which exactly
mimics the role of performing repeated cosmological Bell's
inequality violating experiment via the same QM state.
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* In the context of cosmology, one can similarly consider two
spatially separated portions in the full sky which exactly
mimics the role of performing repeated cosmological Bell's
inequality violating experiment via the same QM state.

 Here one can choose the appropriate properties of two
spatially separated portions in the full sky to setup Bell's
inequality violating setup in cosmology.

* Ifitis possible to connect a link between non-commuting
cosmological observables and a classical probability
distribution originated from inflationary paradigm, then it is
possible to setup a Bell's inequality violating setup in
cosmology.
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Bell's
inequality
in QM




* Concept of reality = Real properties of
microscopic objects determines the
results of guantum mechanical
experiments,

* Concept of locality = Reality in one place
Is not affected by experiments done at
the same time at a distant place.




* Concept of reality = Real properties of
microscopic objects determines the
results of qguantum mechanical
experiments,

* Concept of locality = Reality in one place
Is not affected by experiments done at
the same time at a distant place.

Bell’s inequality=No local hidden variable
theory is compatible with quantum
mechanics.- John Stewart Bell (1964).
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Bell Inequality sell 1964

— 06—

o Spin Singlet o

All operators, A, A', B, B have eigenvalues +1 or-1.

eg A=ig, A =id
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Clauser, Horne,

C —_ AB — ABI _I_ AFB _I_ j'ﬁlj‘r,B#‘F Simony, Holt, 1969
C=AB-B)+AB+B)

C* =4+ A A'[B, B

‘C|QM,max — 2\/5 > 2 = Ic‘clasical,max




 |f we choose:

!
A=o,, A'=g

B = smfo; + cosfloy,

B' = cosflo, — sin i,

32



 |f we choose:

A=o,, A'=g
B = smfo; + cosfloy,
B' = cosflo, — sin i,

|

‘{" —24/2 cos(f — :"

4

For O=m/4 we get the maximal violation
of the Bell’s inequality, which contains an

extra V2 factor.

33



Set up for a Bell inequality violating experiment. An entangled state is
produced in the past and its two parts are transmitted to Alice and Bob
who perform measurements on A or A" or B or B'. The choice of
experiment (A vs. A') is determined by a local variable, which we can call
Alice’s “free will” or decider variable. The results of the experiments and
the values of the decider variables are classically transmitted to a central
observer who computes the statistical averages. All classical
communications have been denoted here by black lines.

Final Observer

A N space : I B I B’
N Quantum Mechanics A
|.ﬂ.u5. A Demderl | Bwvs. B DECIdE‘FI
variable variable

time
‘ Entangled State I




Cosmological
Bell violating
setup




* Each Fourier mode of fluctuation can be treated as
a time dependent harmonic oscillator.
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e Each Fourier mode of fluctuation can be treated as
a time dependent harmonic oscillator.

9 _drq2 _|_ dagz End of inflation ?7 ~ 0

ds® = >
"\
Comoving coordinates nx

an .
5= / G - Ko

k¥ o(n),ndy0) = °k* =0 as k=0

37



* Each Fourier mode of fluctuation can be treated as
a time dependent harmonic oscillator.

— 2 2 End of inflation 7] ~~ 0
o —dn” +dg

- n}

Comoving coordinates

an .
5= / G - Ko

Elo(n),nd,0] =n°k> =0 as nk—0

!

This implies that fluctuation becomes classical
when they exit the horizon.

38



e After inflation when reheating occurs one can write
down a measure or more precisely a probability
distribution function of fluctuation:

U (¢(2))|" = plo(x)]
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e After inflation when reheating occurs one can write
down a measure or more precisely a probability
distribution function of fluctuation:

U (d(x))|* = plo(z)

Q. Can we really able to distinguish
between this probability distribution
from a purely classical distribution function?
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e After inflation when reheating occurs one can write
down a measure or more precisely a probability
distribution function of fluctuation:

U (d(x))|* = plo(z)

Q. Can we really able to distinguish
between this probability distribution
from a purely classical distribution function?

Testing Quantum Mechanics
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e After inflation when reheating occurs one can write
down a measure or more precisely a probability
distribution function of fluctuation:

U (d(x))|* = plo(z)

Q. Can we really able to distinguish
between this probability distribution
from a purely classical distribution function?

1.Many many successful predictions in Quantum
Mechanics.

2. Fundamental deviation from the classical theory
(probability distribution) via Bell’s inequality violation.




But.....
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But.....

* |If we view Alice and Bob as doing
experiments after the end of inflation,
then we will not be able to set up a Bell
inequality for primordial perturbations.

* This is true if we make the realistic
assumption that we cannot measure the
conjugate momentum.
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But.....

* |If we view Alice and Bob as doing
experiments after the end of inflation,
then we will not be able to set up a Bell
inequality for primordial perturbations.

* This is true if we make the realistic
assumption that we cannot measure the
conjugate momentum.

This is disappointing! But fortunately this is

not the end of the story.
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Any Hope.....?

* A measurement is a particular unitary
evolution of the combined system
+measuring apparatus, whose state can be
viewed as classical.

 We need to produce all the elements of the
Bell inequality discussion out of fluctuations.

* The initial entangled state would be a
guantum fluctuation, the measurement
apparatus would be another quantum
fluctuation that has already become cIassicA?I.



Any Hope.....?

* |t should have shorter wavelength than the one
corresponding to the entangled state. This shorter
wavelength fluctuation should act both as the
decider variable as well as measuring apparatus.

* The measurement should be some process which
depends on the quantum state of one of the pieces
of the entangled sate.

 The result of the measurement should be
transmitted to us. Therefore the measurement
should be some process which produces a large
effect on the fluctuations so that we can see it
today.
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Any Hope.....?

* The state of the shorter wavelength fluctuations
that acted as “decider” variables should also be
preserved and transmitted to us.

* We know one mechanism for transmitting this
information. Namely, through the inflationary
evolution of massless (or nearly massless) scalar
fields where small fluctuations are amplified and
stretched to cosmic scales.

* Unfortunately, we have not been able to produce a

suitable observable using the simplest single scalar
field model.

48



Strategy




Strategy

* Choose a toy model of universe that will make the
job easy.

* Here we are not at claiming that this is the unique
model of universe using which one can design the
setup.
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Strategy

Choose a toy model of universe that will make the
job easy.

Here we are not at claiming that this is the unique
model of universe using which one can design the
setup.

Since we don’t have any direct observational
evidence we also can’t claim that this toy model is
our known universe. But may be in future this will
be tested.

In this toy model of universe we test the validity of
Bell’s inequality with primordial fluctuations.
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Strategy

* |n this computation massive particles with spin
and additionally “isospin” quantum number plays

important role.

 We provide the example for Stringy axion which has
“Isospin”.

o_
S
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Strategy

In this computation massive particles with spin
and additionally “isospin” quantum number plays
important role.

We provide the example for Stringy axion which has
“isospin”.

Time dependent mass profile with dependence in
“isospin” makes the job easy here. Axions have such
profile.

Such time dependence in mass profile of the
massive particles (ex. axion) produces classical
perturbations on the inflaton. As a result hot spots
produced in CMB by curvature fluctuations and all
such massive particles are visible today. o

o_
S



A diagram of a successful set up where the whole process occurs
during inflation. We generate an entangled state. Some time later we
generate the variables that will decide whether we make an A or A’
measurement and similarly for B and B’. These decider variables as well
as the result of the measurement should remain as classical variables
for the rest of the evolution and be visible to us.

T

Classical information

k///

Usual Big Bang

Reheating

B
Inflation
— Cosmology —
Decider Decider

Entangled state



Role of new
particles
(Bell pairs)




* Massive particle pair creation is required
to produce hot and cold spots in CMB.

* Massive particle mass should have time
dependent profile.



* Massive particle pair creation is required
to produce hot and cold spots in CMB.

* Massive particle mass should have time
dependent profile.

* Heavy fields become heavy at early and
late times, but in an intermediate time

scale where inflation occurs it behaves
like a light field.

* Each massive particle pair is created in
“isospin” singlet manner. This is required
for measurement in the detectors.
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* Egn of motion for massive field:

hy + c2h® + fi - iﬂ *} hp =0 for dS
[n '....HE 'i'||" -I
i 3
2 ) B n s
i 2,1 m 2 1 l - F—E+E+§+§
hy {f-H'L + (H? v JD m J!r hp =10 for gdS. o
i - =
= e ELTE-
hi. (1) = VI VIi~He Hes

xact sélution only
possible if we

We choose Bunch Davies (¢ = /Fand 3 =0. ) assume that the

and ad vacuum ( i = cosha and Cs = ¢ sinh o ) time dependence
in mass profile
is very slow.
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Eqn of motion for massive field:

S 0
o (e (o

2
hy + {f.'::é;ui-‘g + (% - [.'E

l

ia

l

a

} he = 0 for dS

} h =0 for qdS.

WKB approximated
solution for arbitrary
time dependent mass
profile.

hi(m) = [Dhur(n) + DQE_;.[;'J“.-:
J- n
1 up(n) = — £Xp |1 f dn pwj
2p(n)

al®* — |5
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* Toy model 1:

m=\/,?.(%—1)i+éﬂ'

* Toy model 2:

m = TT;\/[I — tanh (% |Illr—HT]']J]

* Toy model 3:

m = my sech(

£
H

In(—H :ﬂ)

'-—..2:

“E

r
=

o8

b
i

("
N
s
-
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e Toy model 1:

y 2

m 1'|. [ﬁ l)_ Fd H

e Toy model 2:

r.u- | L_’%\.":I.:l tanh (;—;]n[ Hrf].

e Toy model 3:

m = my H:ﬁ]][ﬁll] HJ;])
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e Curvature fluctuations in presence of massive
particles:

g
M/E—m— for dS

3
x./!ﬁ - for qdS.
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e Scalar fluctuation: Mukhanov T

. Sasaki g = —
! . . L
Cim,x) = f{i’;ﬂ Cie(17) exp(ik.x) Variable:
o hklm) hip k) a(k)+h*(n,-k)al (-k) a1 al '
ok ]1_1 e .FI i

.

[a{k],a[k] 0,

‘ =

a'(k),a' (k)| = 0.
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Scalar fluctuation:

o dik
Clm,x) = m;k-.:lgjmp[zk.xj

hk(m) _ h(nk)a (k) +h* (n,-k)a' (-k)

o
RALES T2 57

In-In formalism:

Mukhanov —
Fi2,
Sasaki z = mt -
Variable: €s
lﬂ{k]. at(—K| = 2n %tk + K.

I
—
:--'

[ﬂ',rl{].ﬂl;l{f]

al(k),al (k)

One point function

((x(np=0)) = —1 f dn a(n) (0] [Gx (0) , Hine (17)] |0},

Interaction part
due to massive field:
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e Curvature fluctuations in presence of massive
particles:

EH . . i & _—iT
(€61 = ke o 2~ IC2201 = G103 i (C1Coe™(41) 4 01 Ce(M49)) 0y,
p
k H ¢ L] L i
(%, =€ = 0))kegn|s0 = % (C1Cy +C1C3 — |y - r;.‘ﬂﬂ};jiu:j~ One r.)omt
=HpET function
H./f
Q=6 Dot = 20 (CECa+ CiC3 - 01 - [Cof) OF
Ll p i




e Curvature fluctuations in presence of massive
particles:

b 1 HE IITEEE E ﬂ ¥ T ."'l.-l-l i - -‘Ill.'|"Il

Q- > G, (G +1C:P) i+ (CiCae™ M) b+ CyCpe M) )|
2
. H? cg )™ E”"EE ['(A :
I:(:[}[.Ifﬂib{}’..?ﬂ} F:L,grﬂ—}[l % M'g (,ﬂ?gsl} 4 F % [“CEF + |C1|E:| - (CIEE +CIGL;] er-u

EE Two
. HY 1 &[] . _ ‘ point
(e =000y, = 0))jkesnit = o 2 gﬂ[i—ﬁn]ﬂ-igg_ F{(%; (ICa* +1C1*) = (CIC2+ CiC9)] 21 gynction
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e Curvature fluctuations in presence of massive
particles:

Bunch Davies Vacuum+Canonical model

One point
Function:

1
(¢(#)) = 7=min -

()¢ (0))

Two point 1 (Hl

Function: N [Qw]ﬂ
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Important Note

e Scale of inflation and the associated new physics can be
predicted if the amount of Bell violation is known.

 Here we need to measure the mass of the particles
participating in evolution of universe and to serve this
purpose we need to measure the one point function scalar

fluctuations.

* One can derive the expression for the three point function
in terms of the time dependent mass of new particles (Bell
pairs). Enhancement in NG in slow roll.

4

n =1 4
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Z
¢
¢
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Analogy with
axion
fluctuations from
String Theory




e Axion model:

Ba)’]

Surim = [ 18

EHE

m

E
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Axion model: U(a) =V (af.) = paf, + AL cosa

,"'Lf_ﬁ —pfﬂ_a+b::usa].
armn [d ds Iz'ﬁl']l:'] Ul{ﬂ:l IE' = #Efﬂ_ i
EH? 139 - HY o1 )
Ula) = omg ;.. (a —ag)

Vo=pfo = ——e"" + —mi e
a f."llliﬂa o' [A SUS)
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e Axion model:

U(a) =V(af,) = plaf, + AL cosa

~ (B:a)"]

A4 = I f,, o+ beosal.
b = .

Ufa)

pfa 1

2

f iy &

/]

- HYy 1

Ty % i '.2
Ula) = =My i@ — G0)

= \/msysy M, e ”‘|

Scale of the effective potential:

3 3
M, = i Vo=pif. = j gldo 4 inz};rq-ﬁg""”
C ya'g, oy, a' L4 7
] Ao : L n Llj ,'I? 3,5
Warp factor: | <" — —vg.a = [ — g~ = Vina

mspsy /] R I-'E.EIT'.HTR\'I s

String Scale: | - o _ (A VL o L' s,
= Vva' B (m_q_r-m- R@_ msysy B,/g: -




* Axion have time dependent decay
constant. It serves the purpose of time
dependent mass for heavy particles as
mentioned earlier.

 Time dependent decay constant is large
at early and late times. It becomes small
during some time, a few e-foldings after
creation of massive axion pairs. Then it
becomes large.

* Fluctuations are produced at the
characteristic scale of axions.
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e Axion fluctuation with time dependent decay
constant:

ﬂg (Hﬁf? ) 2 ] .llr.z- —
3 2 " n M, rion o U = iy 7 Ok
d e+ | K RN o the =0 H2n?M:
()

Astlon decay constant profile

10
[ — =]
Toy model for Axion decay constant profile of — n=—2
el
' ol T I
l_il...;l — : 1{:“::' - 2 H [ -'rg
. s
4\\ 1+ (llim) of
st
: - e
rion An
m;__.;. _ C % B¢ | n
fﬂ H- 0 T Axion mass parameter profile f-n-rp:"m.ﬁc"'=1
Hm—wH' {._{....5;"""""""""
- o.040
T o_n.:-.si
q :‘: {L{I.Mf
! | A 100 —ES{] for total [/{a) 3 a.oasf
cog | sin (100 - ) :
Ya= ?{_ | 1 (| 4 N "“E a.oz0f
0= \ +(In2 = :
0.015
(-1)™ for osc. [/{a). ootof




Axion

Characteristics New particle
JENAE) ...,
L:-'.-r gin— 1 Z fDI‘ tﬂtﬂl f |
R R W -
Mass parameter m(n) ﬂﬂf‘iﬂ = <I
AL -
| = gymt for osc. U{a).
A ¥
1
Rescaled mode hy = 2 Mplx Py = mak
function
; L _ ok _ /& I
Mukhanov-Sasaki = —"M— = T W
variable
ml af ir!
. , e , ) . Ol wEeT 2
Sealar mode hli + ekt 4+ a hy =10 fﬂ%vk ) - L C it Lrﬂf-‘&“% =0
& [ fiH*y
Hig? |
. r 8
— for 5.
A E for dS AL |7 I
equation where § = — = 1 | where ‘J; LEEA \ 5 for early & late 5
: :
(v' - —]) for qds. e 2 for <.
[ .::l |H|! L Case [
\ T I,
2 " ' Inj a1 ] 1 !
Parametrization -E? = ! % l:l Y p] ”"" Case I1 Mazion _ My zion
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Role of isospin
breaking
inferaction




* |sospin breaking interaction:

§— f d'ry=g

%.9’“”{3;?{};_(%?{ )+ %f”fﬂgﬂ‘Lﬂuﬂj - HT (Z Mim\,wm”) H+- ]
- - n=[

| I for even n
(e.n)" = (o cosmb + oy, sinmfl)™ =

(om), for odd n.
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Isospin breaking interaction:

S = fﬂ’trf g

(e.m)" = oy cosmfl + oy sinmb)" =

7 (0,H)(6.H) + t}“ (0,0)(0.9) - HT(ZMEG‘-JN)H-I- ]

I for even n

(om), for odd n.

L ey L1 , |
= fr_{"r-.f_— [—q*‘”[fh'. Ha)* (O H1) + g (B Ha)* (B Ha) + 50" (0u0) (0u0)

_ [ ?'!'1 + |H2| Mimn } — [exp(—im#)H{Ha + expl(imt)H3H ] Mgdd[—fﬁ',‘l 4 .- ]
=]
A D0
Mevenl®) = Z M (9), udd (@) = z Mg
n=01.1 n=135

Mass eigen value

Menld)  expl-imf)Megg(9

explimf)Mgg(0)  Meyeal) As(p) = 1.w-“f M an (@) + M3 44(¢)




Toy model for mass parameter

As(m)

H

i

%

IIII Meven(7) E:I: -'M%dd'-rrll] :
V\ T =& H

r
| £}

| n i
v [ — -1

1‘{ . (fl':' )
mp+

| — tanh [ pH) Case 11
(11—t — .
Mo 11" inh (Ir,l 7 ) ase

+d4 Case [

Mg+ In{ —Hn)
I:T_ sech (,;—l“ 7] ”)

Case 1L

- — - — . i 1T
+ = Teven * Yodd = feyen T SIEIN 7.1 Yodd .

5-I_- = d&vnn 1 fiudd = f%mrnn + EiEﬂ'-rfr-ﬂJf%cudd-
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Heavy field mass profile for two eigenvalues (Case l)

y

Heavy field mass profile for two eigenvalues (Case I1)
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Heavy field mass profile for two eigenvalues (Case 1)
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How we interpret?

* To avoid any instability, eigen values of the mass matrix are
always positive definite.

* At late times, so that the two eigenvalues of the mass differ by a
distinguishable amount.

 The field H is a complex field and when we produce a particle
pair one member of the pair will be a particle and the other an
antiparticle.



How we interpret?

To avoid any instability, eigen values of the mass matrix are
always positive definite.

At late times, so that the two eigenvalues of the mass differ by a
distinguishable amount.

The field H is a complex field and when we produce a particle
pair one member of the pair will be a particle and the other an
antiparticle.

The complex conjugate field is, of course, also a SU(2) doublet.

In our prescription, at late times, one can measure both the
primordial scalar fluctuations as well as the primordial axion
fluctuations.

If we want to make the model consistent with present day data
one can imagine that the axion corresponds to a sub-leading
component of the dark matter.
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How we interpret?

* This dark matter density depends on the value of 6 left
over from the end of inflation, since this determines the
deviation from the minimum of the axion potential.

* This is the source of isocurvature fluctuation (f, small).

* |n this prescription, the scalar fluctuations are given by the
usual gaussian random field + some characteristic hot.




How we interpret?

* This dark matter density depends on the value of 6 left
over from the end of inflation, since this determines the
deviation from the minimum of the axion potential.

* This is the source of isocurvature fluctuation (f, small).

* |n this prescription, the scalar fluctuations are given by the
usual gaussian random field + some characteristic hot.

 There are two types of hot spots that differ by their overall
amplitude. Let us call them the superhot and the very hot
spots (+ sign in the eigen values).

e Each hot spot can be assigned a £1 (superhot or very hot
spot).

* Hotspot =individual massive particle.
* The final result of this procedure is a set of (Bell) pairs.::
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Final Note:
e Here for each 8 we have a collection of £+ measurements. Let us
identify the pair as, (-_|'19A, ileB ). These outcomes are similar

to Bell experiment in QM.
* Here one can define the observable,

1
CABzg[C(GAI GA/,GB y GB/ )+C(GB, eBI, GA y GA/ )]

where 0, , 0, correspond to the two choices of
detector at Alice’s location and , 0p , 65/ similarly at Bob's
location.

e Here one can define Alice’s location to be the location
of the particle and Bob’s location that of the
antiparticle.

* Orientation of the detector in such setup is
proportional to cos(6, — 05 ). o8




Final Note:

TU
* Next we set, 0 =Z' in A, A’ ,B,B’:

A W 3 A’ Ty
oxt+0y
= sin o, + cosfo, | V2
B' = cosflo, — sin o,
Oy — Oy
V2

[A, A'l=[0,, 0,]=2i5, <|Capl>=y4+ [4,A'][B,B']=y/4 + 402=2V2

11 _(Ox10y Ox—0y,
[B, B'l=[Z 2, =~
Then by observing C,5 we would observe maximal violation of Bell’s
inequality in primordial cosmology.

]=-2io,
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e Egn of motion for

neavy field with spin S:

he(n) = v—n [L”:H“.-]T

-k

(—kesn) + CaH (2)

for dSs
—f+g+§ for qdS
for dS
1
[P-El for qdS

ms = H

mg << H

ms == H.

for ms = H

(53
N, 2
f 3
m
3 — =2
; — (—kesn) mg ) H?
Yri-wt I m?
— -
| H
- I| o
1|'|.' (S — l}) —1 for
}:;? o= (.S — %} for
|'1II|I-'IT”|-5 —~ (.5‘ — —I]j- for
[ ," 1 7 & :
15"((5__}_{.+§_E} —1
(5_1} e+ 342
2 2 a2

for mg << H

_—
for ms >> H. 91



Egn of motion for

neavy field with spin S:

0

hi + {r By (m%
k 5 q?

WKB approximated solution

1

Vg — —
& _1-

E.'S =

-)i}hk L (q—é) for dS

1 [ [T ,
Ir ] = Y ' F i |
hi(n) = [Dhue(n) + Dot (7)) ‘ ugi1| o] EXp _! dn;- plm J]
- ', ] [ . I ¢ :
——¢

| 77 5‘
|H |kegnl< <], |kean] =1 1"

I—

|';g.ll5

| a

| | 1
‘Vl (Ei - E) — ] for dS
1
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Future
prospects and
Bottom lines




Bottom lines

 We provide a toy model for Bell’s inequality
violation in cosmology.

e Model consist of inflaton and additional massive
field with time dependent behaviour.

* For each model massive particle creation in
“isospin” singlet state plays crucial role.
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Bottom lines

We provide a toy model for Bell’s inequality
violation in cosmology.

Model consist of inflaton and additional massive
field with time dependent behaviour.

For each model massive particle creation in
“isospin” singlet state plays crucial role.

Prescribed methodology is consistent with axion
fluctuations appearing in the context of String
Theory.

Signature of the Bell violation is visualized from
non-zero one point (+two point) function of
curvature fluctuation.
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Future Prospect

e Effect on three point function (PNG) for curvature fluctuations in presence
of Bell’s inequality violation. Role of high spin of new particles (Bell pairs) in
PNG.

 There are other signatures of quantum mechanics: e.g. Looking at phase
oscillations in the 3 or 4 point function produced by massive particles. This
is an interference effect.
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Future Prospect

Effect on three point function (PNG) for curvature fluctuations in presence
of Bell’s inequality violation. Role of high spin of new particles (Bell pairs) in
PNG.

There are other signatures of quantum mechanics: e.g. Looking at phase
oscillations in the 3 or 4 point function produced by massive particles. This
is an interference effect.

Explicit role of quantum entanglement and decoherence in dS.

Study of guantum discord. (What is discord?->In quantum information
theory, quantum discord is a measure of non classical correlations between
two subsystems of a quantum system. It includes correlations that are due
to quantum physical effects but do not necessarily involve quantum

entanglement. It is defined by qguantum mutual information and
computed by optimizing over all possible measurements that can be

performed on one of the subsystems.)
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Future Prospect

Effect on three point function (PNG) for curvature fluctuations in presence
of Bell’s inequality violation. Role of high spin of new particles (Bell pairs) in
PNG.

There are other signatures of quantum mechanics: e.g. Looking at phase
oscillations in the 3 or 4 point function produced by massive particles. This
is an interference effect.

Explicit role of quantum entanglement and decoherence in dS.

Study of guantum discord. (What is discord?->In quantum information
theory, qguantum discord is a measure of non classical correlations between
two subsystems of a quantum system. It includes correlations that are due
to quantum physical effects but do not necessarily involve quantum
entanglement. It is defined by qguantum mutual information and

computed by optimizing over all possible measurements that can be
performed on one of the subsystems.)

Connection with thermalization, quantum critical quench etc (where post
qguench dynamics is described by a CFT with initial state of the generalized
Calabrese-Cardy form and pre quench states are ground/squeezed state).

Role of open quantum systems, dissipation etc in dS and its connection with
Bell pairs.
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