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Phonon, sonic, acoustic or analogue BHs, are objects that
are formed in certain types of fluids and exhibit some of
the same characteristics as true BHs.

These objects were first proposed by Unruh in 1981, who
demonstrated that the flow of a fluid through a
converging nozzle could create an analogue of a BH
horizon.
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Analogue black-hole horizons

Some gravitational phenomena are difficult or even impossible to observe in real
spacetime. Laboratory analogues of black-hole horizons offer new perspectives on field

t might help our understanding of gravitation.
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n 1935, when both quantum mechanics and Albert Einstein’s
I general theory of relativitywere young,aldittle-known Soviet

physicist named Matvel Bronstein, just 28 himself, made the first

detailed study of the problem of reconciling the two in a quantum

theory of gravity. This “possible theory of the world as a whole,” as
Bronstein called it, would supplant Einstein’s classical description of

gravity, which casts it as curves in the space-time continuum, and

The Soviet theoretical physicist Matvel . . . .
petrovich Bronstein (1906-1938),  pioneer o rewrite it in the same quantum language as the rest of physics.

quantum gravity research whose work Page 6 of 28

remains largelv unknown in the west.



PHYSICAL REVIEW D

covering particles, fields, gravitation, and cosmology

Highlights Recent Accepted Collections Authors SCICIGEER Search

Decoherence of black holes by Hawking radiation

Jean-Guy Demers and Claus Kiefer

Phys. Rev. D 53, /050 = Published 15 June 1996

Classical and Quantum Gravity

LETTER TO THE EDITOR

Hawking radiation from decoherence

Claus Kiefer!
Published 2 November 2001 « Published under licence by IOP Publishing Ltc

Classical and Quantum Gravity, Volume 18, Number 22

Citation Claus Kiefer 2001 Class. Quantum Grav. 18 L151
DOI 10.1088/0264-9381/18/22/101

nature communications

ABS | RAC |

We discuss in detail the semiclassical approximation for the CGHS model of two-
dimensional dilatonic black holes. This is achieved by a formal expansion of the full
Wheeler-DeWitt equation and the momentum constraint in powers of the gravitational
constant. In highest order, the classical CGHS solution is recovered. == 48[l

ields a functional Schrédinger equation for quantum fields propagating on this
background. We show explicitly how the Hawking radiation is recovered from this
aquation. Although described by a pure quantum state, the expectation value of the
number operator exhibits a Planckian distribution with respect to the Hawking
emperature. We then show how this Hawking radiation can lead to the decoherence of
o 1ol el SRS ST S {s a5 The cases of a superposition of a black hole with a white
hole, as well as of a black hole with no hole, are treated explicitly. © 1996 The
American Physical Society.
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The action for the SABH solution is given in the relativistic Gross—Pitaevskii theory
as follows

| b
S = [ dtx/=g(10u02 + m|g — I,

Acoustic black hole in Schwarzschild spacetime:
Quasinormal modes, analogous Hawking radiation, and
S h a d OWS where @ 1s a complex scalar field as order parameter; b 1s a

constant, and m- is a temperaturc dependent parameter
assumed as m* ~ (T — T.) |55]. The equation of motion for
@ 15 reduced as

Hong Guo, Hang Liu, Xiao-Mej Kuang, and Bin \Wang
Phys. Rev. D 102, 124019 — Published 7 December 2020

e P+ m>p — bl 2p = ). (2)

o~

Guo et al derived the SABH line-element as follows
ds? = V/3c? | — F(r)dt* + —— + r*(dd?* + sin*0d¢?)) . I

F(r)

in whichif denotes the sound velocity, which can be set as ¢ = 1/+/3 without loss of
generality. The metric function F(r) of SABH is given by

ZM) '1_§2M (1 ?_M)—

r r

where ¢ is a positive tuning parameter. One can immediately observe that metric reduces
to the Schwarzschild BH as ¢ — 0. at Schwarzschild coordinate radius r. It can be set as v, ~

\/ 2M¢E&/r in which & > 0 1s required to guarantee the

velocity is real. Note that recalling ¢ = =52 and rescaling

v

£ Eq. (5) could give us the

) P
i i

’, 2 |
m*- — 7, as well as v#v, —

2¢?’
relation v, v# = m* — 1. As addressed in [30], one can work
at the critical temperature of GP theory such that m?
vanishes, and then one has v,v* = —1. Note that to fulfill

the relation v,v* = —1, the time component of the velocity

N S
in, this,case can be worked out as v, = \/ f(r)+=5f(r)%




and set the scalar field as ¢ = /p(X, 1)e®*"). In the fixed
spacetime, one could assume the background solution of
the scalar field as (py.6,), then consider the fluctuations
around (pgy,6,) as

p=po+p and 60=0,+0,. (4)
By substituting (3)—(4) into the Klein—Gordon equation (2)
and considering the long-wavelength limit, one can extract

two equations. One 1s the leading order for the background
scalar field

ACOUSTIC BLACK HOLE IN SCHWARZSCHILD SPACETIME: ... PHYS. REV. D 102, 124019 (2020)

bpy = m* — G,,0,000,0) = m? — v u U, () d,(v/ -GG d,0,) (6)

75
where in the second equality we have defined vy = —0,60y,
v; = ;04 (i = r, 3, ¢). The other 1s a relativistic equation  From the above fluctuation equation, one can extract and
governing the propagation of the phase fluctuation derive the effective metric G, as

G = —=—= - (7)

gii(c: —v v“)b” + v;v;

with ¢5 = %ﬂ. It is obvious that the metric G, encodes both the information of the background spacetime dsy, and the
background four velocity of the fluid »,.

Following— {301, we consider 7, #0,v, #0.v, = 0(a = 9.¢).g9,9,, = —1 and the coordinate transformation
dt — dt — ~dr. Then the lme element of a static acoustic black hole in the background spacetime metric can

r

be retorme(i from (7) as

ds* = c, \/ cs ,‘;,, .(}udf“'2 - — 9rrdr® + goedd* + g,,,,;,d(/)z . (8)

We shall focus on the Schwarzschild background spacetime

2M 2M 2M .
with F(r) = (1-—) [1-5—(1-—)1, (11)
dsgg — g,,dtz = g,.,.dl‘2 + g,q,thgz = g,/,,/,d(/)?‘ 4 r r

— —f(l')dlz | dr- | r2((18'2 + Siﬂz 9d¢2). (9) which 1s the'acoustic blde hole metric in S.ChW‘dI'ZSChild
f(r) background. Here & > 0 is defined as the tuning parameter
~and its regime for the existence of acoustic black holes will
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Figure 1. Graphs of Hawking temperature vs ¢ (left) and Bekenstein-Hawking entropy vs ¢ (right) for
the SABH spacetime.




There are three difterent solutions for F(r) = 0: 7, = 2M and 1, = (f + /&2 — 4¢ ) M, in which ry,,
represents the optical and 7, represent the outer (+) and inner (—)acoustic event horizons.

To make the analysis 1n the existence of the acoustic event horizons region, we shall consider ¢ > 4.

For ¢ = 4, the acoustic BH becomes extremal with the clashed horizons ot r,, =1,., = 4M.

Moreover, if { — o, then 7., — o0, which means that there 1s no way for the sound to leave the
spacetime.

In the case of & > 4, the spacetime has four regimes:

No light, no sound

(1) r < ry,,, represents the inside of the BH;

(2) "bh < r< Toce and |lght, no sound

(3) 1qc. <1 <7y, , which both (2) and (3) regimes mean that the sound cannot escape the BH but

light can; and light, no sound

(4) 1n the regime of r > 1., both light and sound could escape from the BH.

(C +




Standard Model of Elementary Particles

three generations of matter
(fermions)

Dirac Equation
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Dirac Equation m

The Dirac equation i1s a fundamental equation in quantum mechanics that
describes the behavior of spin- % particles, such as electrons. It i1s written
as a first-order partial differential equation that describes the
relationship between the wave function of a particle and 1ts energy and
momentum. In four-dimensional curved spacetime, the Dirac equation:

vrey (0, +T,)Y =0,

where 7" and Iy, = %['y"‘, 'yﬂ]e},jeb,,;,, represent the Dirac matrix and spin connection, respec-
tively, and e/, indicates the inverse of the tetrad e, which is defined as

10
|

, . 1 . ,
e;‘l — dzag(\/f, \/f,r, rsinf). T o ?,

Therefore,

YO oY ] 1 ] Y3 oY B
VE ot , 1 rsinf d¢




in which

After decoupling the equations, one can obtain

tortoise coordinate dr. = ‘};”

d*H
dr2

+ (w?* —V;)H =0,

d*G
dr?

-+ (w2 — Vz)G —
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Thus, the effective potentials of the fermionic waves having spin-5 and moving in the
SABH geometry are found as

- I r
Vigy = 5+ (12 = (2 —2me5 ) + 1) e 5y - 1) ) )

r

VA

where A = \/ f(r) ZA;K f?%(r) and positive and negative signs are conjugated with spin
signs. The behaviors of the effective potentials are depicted in the Figure for various
¢ parameters.




Rarita—Schwinger Equation

_ The Rarita-Schwinger equation is a partial differential equation
that describes the behavior of spin- % fields in a four-dimensional curved

spacetime; spin- % fields, also known as Rarita-Schwinger fields, are

fields that are characterized by having spin- % .

e The Rarita-Schwinger equation was first derived by W. Rarita and
J. Schwinger in 1941, and it has since been an important tool for

the study of high-spin particles and their interactions with other
fields.

e Itis used in the study of supersymmetric theories, where spin-

3/2 fields appear as superpartners of spin- 1/2 fields.

: ' .f:{,"' e e ‘ Family Delta (A)
. : ,'/.., P S ,.c"" Characteristics only u and d quarks, spin 3/2
/ Ly A ', A& r A Member;} ' 4:A A N A
: v 88 e - > Particle delta (A" delta (A').= delta (2°).

@7 % I Haff-life (s) 3.90e-24 |
3 & Mass (MeV/c?) | 1232
harge +2

Spin 3/2




Fermions Bosons

Leptons and Spin ] 1*  Force Carrier
Quarks Particles

Baryons (qqq) Spin 0, ' Mesons (qq)

y \ .
Data from the LargéHadron Colliderft CERN. Image courtesy CERN.



Rarita—Schwinger equation

where 1, indicates the spin-3/2 field, and " [E=>the antisymmetric of Dirac
matrices as

HvK uw & UV

Y =yt =g g — g

D is the super-covariant derivative, which is defined for four-dimensional spacetime as

O
,. 1 7 7 O
Dy = Vu+ 2%t + gy -

The covariant derivative for the spinor-vector field is

V 1 Y, = (),u Y, — | (20 T W L Yy,

LV

where

- l , Zab
— .?Wuab

Spin connections

A spin 3/2 particle has four possible spin states

3
2 h




At this stage, our concentration will be on the non-TT eigenfunctions | x |; therefore,
the radial and temporal wave functions are given as

Phys. Rev. D 2018, 97, 024038.

b 7 h |
1Pr — fPr X tI](A)’ wt — (Pt 0% IP(A),

> of iA where A = 7+ 1/2 and
= C y

in which ) represents an eigenspiner
j=23/2,5/2,7/2,.... Moreover, the angular wave

o, = ¢y @ Vo By + 057 © To, P,

where 4)(()1) and (l)(gz) depend on r and .

By utilizing the Weyl gauge (¢: = 0) one can obtain the following gauge invariant variable

\S
O = —(\/Z?iO‘B)(Pél) +o5), ) D?LW‘

Quasinormal modes and absorption probabilities of spin-
3/2 fields in D-dimensional Reissner-Nordstrom black

which can be rewritten as . hole spacetimes
_I(L) . en, . L. O, CJLomell, . farmsen, an . Ccono
@ — ¢1 e . gh;%';v DHQ:II: (():;402-85- (qublisltlle?j ;5 January 2?)1)2(3 o
T ¢2 e iwt |-

Parameters ¢ and ¢, are radially dependent:

where By = V'F — A and B, = v/F + A. Now, with aid of the tortoise coordinate, we obtain
a set of one-dimensional Schrodinger-like wave equations




Theretfore, the explicit forms of the effective potentials belonging to the SABH space-
time for spin-3 fermions are written as

1 12 - v / B B B
V,, = F(r) r?((;—%\Z;z b:i:( Fz\/fzp)(p—ﬂ) = r/EF + A(1—12)|.

rrime symbol indicates a derivative with respect to r.
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GFs of SABH via FERMION EMISSION

GFs for BHs are a measure of how much the spectrum of radiation emitted
by a BH deviates from that of a perfect black body. The general semi-analytic bounds

for the GFs are given by (and see also Chandrasekhar’s famous monograph for the details).

The Mathematical
Theory of Black Holes

S. Chandrasekhar

Figure: The purely thermal radiation emitted at the horizon (red) gets modified (orange)
by the black hole geometry.




Spin-% Fer

Mions

Substituting the effective potential derived from Dirac equations into Equation (*),

we obtain

o(w) > sech?

1 T |k r
. Lude +
2w )y, 1 (lk‘ (zf dr \/F )>

After evaluating integral, the GFs of spin-5 fermions are found out to be

o1 (w) > sech? | +— (k

_])

- M(1+¢)  2M?

— 58+ 3¢ +1)

2w

l

Ih

v’ 4

The increase in ¢ value also increases the GF value for both fermions.

-
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Figure. ¢;(w) versus w graph for the spin-5 fermions. While the solid lines stand for spin-++

+1

fermions, the dotted ones represent spin-= =+ fermions. The physical parameters are chosen as M = 1

and k = 2.5.




. 3 .
GFs of SABH via the spin-5 fermions
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As can be seen from Figure , GFs increase with the ¢ parameter and vice versa
Moreover, it was observed that GFs of spin-=> fermions are higher than the spin-3°
fermions. Therefore, one can conclude that thermal emission of Rarita-Schwinger fermion
from the SABH separates the particles of different spin into separate beams. So, SABH

spacetime acts as a device similar to the famous experiment that is about how electron

are measured in a Stern-Gerlach magnetic field device, which splits up and down spinnec
beams.
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Stern-Gerlach Effect for Electron Beams

H. Batelaan, [. J. Gay, and J. J. Schwendiman
Phys. Rev. Lett. 79, 451/ — Published 8 December 199/
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Conclusions

We obtained analytical GFs for the covariant massless Dirac
and Rarita-Schwinger equations in the SABH spacetime.

The angular part of the solutions is given in terms of the
spherical harmonic functions, while the radial equations are
reduced to one-dimensional Schrodinger-like wave equations.

We studied the thermal radiation (HR) spectrum for massless
fermions in the vicinity to the exterior event horizon. Namely,
we obtained the quasi-spectrum of greybody spectrum for
massless fermions having spin- 1/2 and spin- 3/2 propagating in
the SABH spacetime.

We employed the method of semi-analytic bounds for the GFs.

We showed that with the increased value of the ¢ parameter,
the GFs increase as well. This means that higher acoustic values
of SABH will result in a higher probability of detecting HR.



Moreover, it was shown that the thermal emission of Rarita—
Schwinger fermions from a SABH result in the separation of
fermions with different spin into distinct thermal radiations.

Therefore, we presented some analytical results that might
be compared with data to be detected in future.

Finally, it is important to note that previous observations
have confirmed the existence of HR in an analog BH | *]
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Observation of quantum Hawking radiation and its
entanglementin an analogue black hole

- »

Nature Physics 12, 959-965 (2016) | Cite this artic

Abstract

We observe spontaneous Hawking radiation, stimulated by quantum vacuum fluctuations,

emanating from an analogue black hole in an atomic Bose-Einstein condensate. Correlations







