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e Hawking effect: Creation of entangled pairs of particles by black hole event
horizons. S. W. Hawking, Black hole explosions, Nature 248, 30 .

e Direct observation? For typical black hole masses: Ty/Tcys < 1 — signal
burried under CMB.

e Analog black holes: A viable alternative for the experimental observation of the
Hawking effect.



Optical black holes: The Kerr effect

e Ingredients:

1. Dielectric medium.
2. Strong EM pulse (pump).
3. Weak EM pulse (probe).

e The mechanism: Kerr effect, i.e. non-linear interaction between the strong pulse
and the medium.

[ nesr(w, x, t) = n(w) + dn(x, t), dn(x,t) = aE3(x, t) ]




Modes and emergent causal structure

e In the comoving frame (x, 7) w.r.t to the strong pulse, the system has time
symmetry — Conservation of frequency.

e For x < —Xh, X > +xn: 4 modes (1 right-moving and 3 left-moving).

e For —xp < x < +Xxn: 2 modes (both left-moving).
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e Hawking particle creation at the WH and BH horizons out of vacuum fluctuations! 5



Observations?

— T. G. Philbin et al, (2008), Science 319, 1367.
— J. Drori et al, (2019), Phys. Rev. Lett. 122, 010404.
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Observations?

— T. G. Philbin et al, (2008), Science 319, 1367.
— J. Drori et al, (2019), Phys. Rev. Lett. 122, 010404.
Successes

e Generation of horizons.

e Particle production via the stimulated process.
Open questions

e Observation of a blackbody spectrum (dispersion the main obstacle and absence
of perfect horizons).

e Generation of entanglement (fragile to background thermal noise).



The effect of background noise

e As input states, we restrict ourselves to the family of Gaussian quantum states and we quantify
entanglement by means of Logarithmic Negativity (LN).

e \We assume that the input modes are in thermal equilibrium with a blackbody bath of
"environment” photons.



The effect of background noise

e As input states, we restrict ourselves to the family of Gaussian quantum states and we quantify
entanglement by means of Logarithmic Negativity (LN).

e \We assume that the input modes are in thermal equilibrium with a blackbody bath of
"environment” photons.
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e We find that the presence of the thermal background degrades the entanglement generated in
the Hawking process.
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Stimulated Hawking emission: Input non-vacuum initial state (on top of the
environmental noise).
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The stimulated process

Stimulated Hawking emission: Input non-vacuum initial state (on top of the
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The stimulated process

Stimulated Hawking emission: Input non-vacuum initial state (on top of the
environmental noise).

e Coherent state:
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— Increase intensity of the Hawking radiation? v
— Enhances the generated entanglement? X

e Single-mode squeezed state:
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Entanglement, noise, and single-mode squeezed input

e We consider the ingoing k3 mode to be in a single-mode squeezed state.
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Entanglement and single-mode squeezing in the case 7o, =50 K
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e Single-mode squeezed inputs enhance the entanglement generated by the horizons.



The protocol to extract T, from observations

Intensities (classical signal)

o (M(w)) = A(w)(ew/TH _ 1)—1_

10



The protocol to extract T, from observations

Intensities (classical signal)
o (fiz(w)) = A(w)(e*/ T —1)71
Entanglement (quantum signal)

e Theoretically, we compute the function LN4(w) = f(w; Ty, Teny, 1)
e Measure all mode correlations <{§;’”t(w), éj‘-’”t(w)}>, <{§;’“t(w),§f””(w)}>.
<{AoutT( ) AoutT(w)}>_

e Construct LNyj4(w).
e Obtain Ty from LNyjju(w).
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Take home messages

e The black hole causal structure can be reproduced in dispersive, inhomogeneous
media.

e Stimulating the process with a single-mode squeeze state is a promising strategy
for the detection of the Hawking effect as it enhances both the Hawking intensity

and the entanglement generated by the Hawking process.

e Connecting observations (intensities and entanglement) with the causal horizon is
essential for the experimental confirmation of the Hawking effect.
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Additional Slides
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e Hawking effect: Creation of entangled pairs of particles by black hole event
horizons. s. w. Hawking, Black hole explosions, Nature 248, 30 .

e Direct observation? For typical black hole masses T/ Tcys < 1 — signal
burried under CMB.

e Analog black holes: Dispersive media where propagating perturbations
experience causal horizons mimicking the structure of black hole/white hole
spacetimes. Popular analog models include: 1) Hydrodynamic systems, Bose

Einstein Condensates, Optical media, etc.
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River-analog of black holes

TonE
no relurn
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River-analog of black holes

TonE
no relurn

River metric in 1+1D:
ds? = —u2dt? + (dx — V(x)dt)

Acoustic horizon condition |V/(x)| = u.
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River-analog of black holes

ds? = — (1 . r?) 2de? + (1 - 5)71 dr?

River metric in 1+1D: r

ds? = —u?dt? + (dx — V(x)dt)2 ds? = —c2dP? + (dr +cy/ rfdf)

Acoustic horizon condition |V/(x)| = u.

2

Flow velocity: V(r) = —cy/%.
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Optical black holes: The (microscopic) model

[10:A]” — |0xA] + % [[0:9] — Q%] + gRe [0:A*]
N e’

P =

N

EM field medium linear interaction

Qx,t) = Qo + ast|Es(x, 1)

nonlinear interaction

Nefr(Wiab, X, t) = \/1 + m
) lab

i3



6?A(X, t) - 8§A(Xa t) = —gaﬂﬁ(X, t)
O2(x, t) + Q3(x, t)v(x, t) = gd:A(x, t)

l

{(@2( +w?) [72 (udy + iw)® + QZ(X)} —7°g” (vd; + iw)z} Yu(x) =0
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Dispersion relation in the comoving frame
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Particle creation: a simple example

Consider a time dependent quantum harmonic oscillator.
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Particle creation: a simple example
—
/
/

Consider a time dependent quantum harmonic oscillator
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WH-BH scattering via a quantum circuit

Hawking
radiation
i int
L kb
= Kk Sq kS K"
Ky
in BS out
ks ks
in
e g
e
1 Credits to A. J. Brady

Event horizon Barrier

The scattering process at the black hole can be modeled via a two-mode-squeezer

followed by a beam splitter.

Squeezer Beam splitter

35 = cosh ry &7 + €'? sinh ry (4T 33" = cos @ 85" —sin0 &Y

4" = cosh ry 4" + €'? sinh ry (4iM)T 55" = cos a5 +sin &5 19



White hole-Black hole scattering
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In the asymptotic regions (x — +00):
4
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Hawking radiation

Hawking radiation emitted via the particle creation process at the analog BH horizon.
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Hawking radiation

Hawking radiation emitted via the particle creation process at the analog BH horizon.

i §§Ut — ﬁ31 (é\in)T + a32 é\é" + 33 55" -+ (34 é\in
—
Kt o ~egfjmm— ki
K ot " ~agmmm ko
ks e—— . - K
Ka « « ka4

21



Hawking radiation

Hawking radiation emitted via the particle creation process at the analog BH horizon.
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Hawking radiation

Hawking radiation emitted via the particle creation process at the analog BH horizon.
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Modes and emergent causal structure

e In the comoving frame (x, 7) w.r.t to the strong pulse, the system has time

symmetry — Conservation of frequency.

e For |x| > xn: 4 modes (1 right-moving and 3 left-moving).

e For |x| < xh: 2 modes (both left-moving).
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e Hawking particle creation at the WH and BH horizons out of vacuum fluctuations! o,



Gaussian states and Logarithmic Negativity

e We work with the family Gaussian states, where all the information about the
quantum state is encoded in the first moments i = <[\> and the covariance

matrix o = <{[\’— 1, A — u}>, where A = (41,40, 4, 85, 43, 85 35, 3))T.
e The evolution of the state is given by: Aout S. A,,,, [l = S © [T,
Oout =S - O - sT.

e We use Logarithmic negativity (LN), a well-known entanglement monotone in
quantum information theory, to study and quantify the entanglement produced in
the Hawking process. LN can be easily computed from the first and second
moments.
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Entanglement structure of the analog WH-BH

Entanglement production by the analog WH-BH
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e The BH and WH horizons behave as frequency-dependent two-mode squeezers generating
entanglement in the modes (k{“*|ks“*) and (k{“*|ks“t), respectively.

o At low frequencies: LNjj4 > LNy3.

o At larger frequencies: LNjjs ~ LNy3. 24



Generation of entanglement from vacuum fluctuations

e To study the evolution, we use Gaussian states and we quantify entanglement by means of
Logarithmic Negativity (LN).

e The BH and WH horizons behave as frequency-dependent two-mode squeezers generating
entanglement in the bipartitions (k{“*|ks"®), (k{“f|ks“") and (k{“*|k§""), respectively.

e The strongest correlated couple is the WH Hawking pair of modes (k{“|k{™).
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Generation of entanglement from vacuum fluctuations

e To study the evolution, we use Gaussian states and we quantify entanglement by means of
Logarithmic Negativity (LN).

e The BH and WH horizons behave as frequency-dependent two-mode squeezers generating
entanglement in the bipartitions (k{“*|ks"®), (k{“f|ks“") and (k{“*|k§""), respectively.

e The strongest correlated couple is the WH Hawking pair of modes (k{“|k{™).

Entanglement for vacuum input

LNjjy(w)

X 0




Observations?

T. G. Philbin et al, (2008), Science 319, 1367.

S. Weinfurtner et al, (2011), Phys. Rev. Lett. 106, 021302
J. Steinhauer, (2016), Nature Phys. 12, 959-965.

J. Drori et al, (2019), Phys. Rev. Lett. 122, 010404.

Successes

e Generation of horizons.
e Particle production via the stimulated process.

Open questions

e Observation of a blackbody spectrum (dispersion the main obstacle and absence
of perfect horizons).

e Generation of entanglement (fragile to background thermal noise). -



The protocol to extract T, from observations

Intensities (classical signal)
o (A3(w)) = Aw)(e/TH — 1)~

Entanglement (quantum signal)

LN j4(w) = — log, {% {7 — 4 cosh 2r(w) + 8 cosh 4r(w) + 4 cosh 6r(w) + cosh 8r(w)

1/2
— 16 cosh? r(w) cosh 2r(w)*/? (9 + 6 cosh 2r(w) 4 cosh 4r(w))*/? sinh r(w)

e Measure all mode correlations ({4;j(w)a;(w)})
e Construct LNyj4(w)

e Obtain Ty from LNjj4(w)
27



Take home messages

e The black hole causal structure can be reproduced in dispersive, inhomogeneous

media.

e Frequency conservation and dispersion single out a finite number of degrees of
freedom interacting with each other, allowing us to import theoretically rigorous
and experimentally accessible tools from quantum information theory to study the

entanglement in the Hawking process.

e Stimulating the process with a single-mode squeeze state is a promising strategy
for the detection of the Hawking effect as it enhances both the Hawking intensity
and the entanglement generated by the Hawking process.
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