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Black Hole

inside outside

virtual
pairs of
particles

one partner the other partner
falls into the escapes to infinity
black hole

—= Hawking
Radiation

|
event horizon
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ﬁrrespective of what initial state a )
black hole starts with before
collapsing, it will evolves
eventually into a thermal state
after being completely exhausted
\_into emitted radiations. -/

[The radiations should be altered ]

B. Zhang et al, UJMPD 22 (2013) 1341014

[The interior should be reinterpreted ]

B. Zhang, PRD 92 (2015) 081501(R)
B. Zhang, et al, PLB 765 (2017) 226

Is information loss a feature for semi-classical theory? Unruh effect! ] ]
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Unruh effect

The Unruh effect states that an observer with
uniform acceleration a in the Minkowski vacuum of
a free quantum field would feel a thermal bath of
particles at the temperature
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Vacuum Thermal field Change’s trend of transition probability
A (A
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Massive Increase decrease
Scalar
Massless Increase Increase

» Unruh effect or thermal field alone would lead
to the increase of transition probability.
» Only anti-Unruh effect causes the decrease of

> T.Li, B. Zhang, and L. You, Phys. Rev. D 97, 045005 (2018). transition probability.

» Y. Pan and B. Zhang, Phys. Rev. A 101, 062111 (2020). . : : :

» Y. Pan and B. Zhang, Phys. Rev. D 104, 125014 (2021). > Anti Uanh effeCt exists in thermal fleld'
» J. Yan and B. Zhang, JHEP 10, 051 (2022).

» Y. Pan and B. Zhang, Phys. Rev. D 107, 085001 (2023).
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» T. Li, B. Zhang, and L. You, Phys. Rev. D 97, 045005 (2018). )
» Y. Pan and B. Zhang, Phys. Rev. A 101, 062111 (2020). Acceleration-induced
> Y. Pan and B. Zhang, Phys. Rev. D 104, 125014 (2021). TP increase
» J. Yan and B. Zhang, JHEP 10, 051 (2022). transparency
» Y. Pan and B. Zhang, Phys. Rev. D 107, 085001 (2023).
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Thermal field

T. L1, B. Zhang, and L. You, Phys. Rev. D 97, 045005 (2018).

Y. Pan and B. Zhang, Phys. Rev. A 101, 062111 (2020).
Y. Pan and B. Zhang, Phys. Rev. D 104, 125014 (2021).
J. Yan and B. Zhang, JHEP 10, 051 (2022).

Y. Pan and B. Zhang, Phys. Rev. D 107, 085001 (2023).

Logarithmic negativity

N = Zf(’§f| — fz)/Q

Ey =log, (2N + 1)

0<Ey<I1

5 _ the i-th eigenvalue of the partial transpose
' of the bipartite state density matrix
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Vacuum Thermal field

T. Li, B. Zhang, and L. You, Phys. Rev. D 97, 045005 (2018).

Y. Pan and B. Zhang, Phys. Rev. A 101, 062111 (2020).
Y. Pan and B. Zhang, Phys. Rev. D 104, 125014 (2021).
J. Yan and B. Zhang, JHEP 10, 051 (2022).

Y. Pan and B. Zhang, Phys. Rev. D 107, 085001 (2023).
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Squeezing
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» Anti-Unruh effect appears for accelerated atoms in thermal field.

» For the present experimental conditions, the observable sensitivity
is reached with smaller requirement for acceleration.
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No matter what kind of
situation, entanglement
will become less than
the initial entanglement
before the acceleration.

Why? How?
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Entanglement Hides in
High-dimensional
Spacetime?
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J. Yan and B. Zhang, JHEP 10, 051 (2022).
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Wightman function for massless Minkowski vacuum field
/ / 2 s _(D_Z)/Q
G(m,m)CDl(——l) ((t—t —@'E) -—-|:IT——;I?|2)]

Trajectories of two accelerated atoms
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Wightman function for accelerated atoms
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»S. Takagi, Prog. Theor. Phys. Suppl. 88, 1 (1986)
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g(a)

Fourier transformation of Wightman function (diagonal)
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Fourier transformation of Wightman function (non—diagonal)
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Master equation Hamiltonian
dp(T) _ H=H s+ Hr+ Hj
27 — —i[Har, p (7)) + Dlp(r) Lo
Hi=20"+260  Hy = plof)o(t,21) + 0 o(t, 22)]

Total System
Effective Hamiltonian

System i i :
HEH:HA__S‘ ?H{ B) ( (_»3)
=T j=1

Environment

Dissipation term

Dip(r) Z Z C® (2600 — o) — po(®)

— =1
» J. Arrechea, et al, PRD 104, 065004 (2021) F g

» Y. Chen, J. Hu, H. Yu, PRD 105, 045013 (2022)
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Dicke states as Negativity

1/\1—\1-‘/\1-‘

e) = le1) ® |ez), ”
—migx g 0. —2 :
) = (192) ® lea) + [g2) © lex))/ V2 2H
g> - |91> ® |92>’ Ui are the eigenvalues of the partially transposition
a) = (|g1) ® |ea) — |g2) ® ]El))/\/g. of the density matrix of two—body system.

N = max {0, N1,N2}

Density for two atoms
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Evolution of density matrix for two accelerated atoms

Pyg = —4(Aa — Ba)pgg +2(Aa+ Ba — Ap — Bp)paa + 2(As + Ba + Ap + Bp)pss,
Poe = —4(Aa + Ba)pee + 2(Aa — By — Ay + Bp) paa + 2(Aa — Ba + Ap — By)pss,
Bon =—A(Ag — Ap) Do + 2Ag — B, — Ayt By gy + 2 Ay + By — Ap—By)pee;
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Evolution of entanglement between two accelerated atoms

N (p(r)) = max (0,N1(r)) N(0) = k (4\A§| — /a2 - Bg)

N{(0) > 0 Condition for entanglement produced at the neighborhood of the initial
time

<1
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Entanglement evolutionary process over time
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Change of maximal Negativity for different L
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the initial entangled states a|10) + B[01) (a, B #0,a% + 52 =1)
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the initial entangled states a|10) + B[01) (a, B #0,a% + 52 =1)

0.25

a = () tor the blue line

( a = 0.1 tor the red line

- a = 1/4/2 for the yellow line

I

Q 1 2 3 =

5 G Fi a8 9 10
w/a

when 7 — oo, the behaviors of Negativity are nearly the same for the different spacetime dimensions.
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Entanglement evolution for massive field
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Massive field (dashed lines) leads to the delay of entanglement
generation compared with the case for massless field (solid lines).
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In high—-dimensional spacetime, Unruh effect
into anti—-Unruh effect!

changes
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>4l CONCLUSION “lusion

@® Spacetime dimensions influence change of entanglement.

® For generation, more difficult for higher dimensions.

&® For change, slower for higher dimensions.

@® Massive field leads to delay of entanglement generation.

@® Unruh effect changes into anti—-Unruh effect only
by increasing the dimensions of spacetime.
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By equivalence, acceleration can give some clues for the
study of gravitation, in particular for black holes!







