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States of the art

• particle mixing and oscillations: neutral kaons, B-mesons,
neutrinos, neutrons, ...

• physical fields are superpositions of free fields with different
masses,

• small ∆m −→weak perturbations are also relevant,

• idea: a system where the intensity of g. interaction depends on
internal degrees of freedom,

• gravity is considered as one of the possible sources of
decoherence in flavor oscillations that leads to many interesting
effects, in particular, CPT violation.
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One flavored particle: Evolution

Mixing relations:

|nA⟩ = cos θ|m1⟩+ eiϕ sin θ|m2⟩,
|nB⟩ = −e−iϕ sin θ|m1⟩+ cos θ|m2⟩.

Hamiltonian:

Ĥ(1) = E+
c2

2E

∑
i=1,2

m2
i |mi⟩⟨mi|. (1)

Modified Hamiltonian:

Ĥ(1) = ω0σ̂
z, (2)

ω0 =
c2

2E
(m2

1 −m2
2),

σ̂z = |m1⟩⟨m1| − |m2⟩⟨m2|.
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One flavored particle: Oscillations

Pontecorvo formula:

PnA→nB(t) = sin2(2θ) sin2(ω0t), (3)

PnB→nA(t) = sin2(2θ) sin2(ω0t). (4)
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PnA→nB(t) = sin2(2θ) sin2(ω0t), (3)

PnB→nA(t) = sin2(2θ) sin2(ω0t). (4)

T -symmetry is conserved!
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Two flavored particles: Evolution

Ĥ(2) = Ĥ(1)
a + Ĥ(1)

b −
∑

i,j=1,2

Gmimj

d
|mi,mj⟩⟨mi,mj|. (5)

Modified Hamiltonian:

Ĥ(2) = ω(σ̂za + σ̂zb) + Ωσ̂zaσ̂
z
b,

ω = ω0 + g(m2
1 −m2

2),

Ω = g(m1 −m2)
2,

g = − G
4d
.

Gravity, entanglement, and CPT violation Kyryło Simonow 5 / 13



Two flavored particles: Evolution
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Two flavored particles: Entanglement

Initial state:
|ψ(0)⟩ = |nη⟩ ⊗ |nχ⟩. (6)

We can measure the entanglement between the particles through:

P(ρi(t)) = Tr(ρ2i (t))︸ ︷︷ ︸
purity of ρi(t) = Trj(|ψ(t)⟩⟨ψ(t)|)

=⇒ S2 = − ln(P(ρa(t)))︸ ︷︷ ︸
2-Renyi entropy

(7)

Purity:

P(ρi(t)) = 1− 1

2
sin4(2θ) sin2(2Ωt). (8)
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2-Renyi entropy

(7)

Purity:

P(ρi(t)) = 1− 1

2
sin4(2θ) sin2(2Ωt). (8)

θ ≠ πn
2 (flavor mixing)

t ̸= πn
2Ω

n ∈ Z

 =⇒ |ψ(t)⟩ is entangled
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Two flavored particles: Oscillations

PnA→nB(t) =
1

2
sin2(2θ)[1− cos(2ωt) cos(2Ωt)

+ cos(2θ) sin(2ωt) sin(2Ωt)], (9)

PnB→nA(t) =
1

2
sin2(2θ)[1− cos(2ωt) cos(2Ωt)

− cos(2θ) sin(2ωt) sin(2Ωt)]. (10)
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PnB→nA(t) =
1

2
sin2(2θ)[1− cos(2ωt) cos(2Ωt)

− cos(2θ) sin(2ωt) sin(2Ωt)] ]. (10)

T violation:

∆T (t) = sin2(2θ) cos(2θ) sin(2ωt) sin(2Ωt)
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Two flavored particles: Oscillations

TOO WEAK!
Solution: considering more particles

PnA→nB(t) =
1

2
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N flavored particles: Evolution

Hamiltonian:

Ĥ(2) =
∑
i

ωiσ̂
z
i +

∑
i,j

Ωijσ̂
z
i σ̂

z
j ,

ωi = ω0 +
∑
j

gij(m
2
1 −m2

2),

Ωij = gij(m1 −m2)
2,

gij = − G
4dij

.
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N flavored particles: Entanglement

Initial state:
|ψ(0)⟩ = ⊗M

i=1|nA⟩i ⊗
N
j=M+1 |nB⟩j. (11)

Reduced density matrix:

ρi(t) =
1

2

(
1 + ζi cos(2θ) ζie−iϕ sin(2θ)a∗i (t)
ζieiϕ sin(2θ)ai(t) 1− ζi cos(2θ)

)
, (12)

ai(t) = eiωit
N∏
j=1

(
cos(2Ωijt)+iζj cos(2θ) sin(2Ωijt)

)
,

ζi = sgn(M− i).

Purity:

P(ρi(t)) = 1− 1

2
sin2(2θ)(1− |ai(t)|2) (13)
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<1, t>0

) (13)
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N flavored particles: Oscillations

For |ψ(0)⟩ = ⊗N
i=1|nA/B⟩i:

PnA→nB(t) =
1

2
sin2(2θ)[1− 1

N

∑
i

Re(a(A)i (t))],

PnB→nA(t) =
1

2
sin2(2θ)[1− 1

N

∑
i

Re(a(B)i (t))].

For small Ωijt:

∆T (t) = sin2(2θ) cos(2θ)
2t
N

N∑
i,j=1

sin(2ωit)Ωij

= sin2(2θ) cos(2θ)2N⟨sin(2ωit)Ωij⟩ijt. (14)

For |ψ(0)⟩ = ⊗N/2
i=1 |nA⟩i ⊗

N
j=N/2+1 |nB⟩j:

∆T ∼
√
N. (15)
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many-body effect
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Outlook

• Gravity in a a system of mixed self-interacting particles leads to a
CPT violation.

• The CPT violation is related to a non-zero entanglement among
the particles due to the non-zero mass difference.

• In contrast to the open system approach, the CPT violation is
caused by a T violation.

• The CPT violation is a many-body effect being proportional to a
number of elements in the system and its density, so it could play
a crucial role in galactic and in first stages of the Universe.
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Outlook

• The presented result is not limited to the gravity and can be
generalized with requirements:

1 the presence of neutral particles whose flavor states are
superpositions of the eigenstates of a free Hamiltonian,

2 the presence of an interaction depending on the eigenstates of the
free Hamiltonian.

• Experiments based on Rydberg atoms confined in microtraps and
optically manipulated can simulate the mixing and the mutual
interaction:

1 ground state and the excited Rydberg level↔mass eigenstates,
2 orthonormal superpositions↔ flavor eigenstates,
3 dipole-dipole interaction↔ gravity.
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