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OUTLINE

 Resonant Hawking radiation

« Violation of Cauchy-Schwarz inequalities by HR

 Birth of quasi-stationary sonic black hole in an outcoupled BEC
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Andreev reflection in superconductors
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from C. Beenakker (Les Houches, 1994)




hole Andreev reflection vs. two-electron emission
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BE Condensate: Gross—Pitaevskii and Bogoliubov — de Gennes equations
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2
{_j—ma% —HAV () +91p [V (X) ] :|LPO(X) =0  Gross-Pitaevskii (GP) equation
mean field

e

Z[ui(x)e v (X)e Y T]
A v; >0
oY (X,1) = Bogoliubov expansion
a;) + 3 [ u0e™ P +v) ()™ 7, |
L vi<0

H ¥ () |[u(x u
l: . Jio OA( ) :l{ ) )} hao { (x )} Bogoliubov-deGennes (BdG) equations
—0,p ¥ (X) -H Vi (X) Vi (X) non-Hermitian!
A n 0
H=-———-u+ X)+2 Y, (X

2m ox? UV (0 +2G15 |4 (0 Bogoliubov approximation

Vo= Idx . (X) |2 —[V.(X) |2]=J_r1 normalization = independent quasiparticles

(7071 ] =0



BE Condensate: Gross—Pitaevskii - two speeds
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Three paradigms of quantum transport through a barrier

matter wave flow
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Three paradigms of quantum transport through a barrier

matter wave flow

—_—
supersonic / subsonic supersonic / subsonic
supersonic || supersonic —> ~ noninteracting
Schrodinger-like
subsonic || subsonic ——>  ~superfluid
Josephson link
subsonic || supersonic —— leaking (outcoupled) condensate

sonic black-hole
P. Leboeuf, N. Pavloff, PRA (2001)

or sonic white-hole (unstable)
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Hawking-Unruh vs Andreev

matter wave flow

—
Hawking <—— Andreev
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BE Condensate: Gross—Pitaevskii - two speeds
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Hawking radiation in BECs
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Hawking radiation in BECs
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Symmetry property of BdG wave functions

For each solution with frequency w and wave
function (u, v), there exists another (physically
identical) solution with frequency —w*, wave function
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Symmetry property of BdG wave functions

For each solution with frequency w and wave
function (u, v), there exists another (physically
identical) solution with frequency —w*, wave function
(v*, u*), and opposite normalization. And y 2 y+
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(X t) a;j Z{u (X)e it Jr-I—V (X)ela)t }

We can choose:
all frequencies > 0, normalizations = + 1

frequencies >< 0, all normalizations = +1,



Hawking radiation (with positive normalization)
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Hawking radiation (with positive frequency)
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Andreev reflection
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Andreev-Hawking (anomalous) processes
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Hawking radiation in BEC
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week ending

PRL 105, 240401 (2010) PHYSICAL REVIEW LETTERS 10 DECEMBER 2010

Realization of a Sonic Black Hole Analog in a Bose-Einstein Condensate

Oren Lahav, Amir Itah, Alex Blumkin, Carmit Gordon, Shahar Rinott, Alona Zayats, and Jeff Steinhauer
Technion—Israel Institute of Technology, Haifa, Israel
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Observation of self-amplifying Hawking radiation
in an analogue black-hole laser

Jeff Steinhauer
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Observation of thermal Hawking radiation and its entanglement in an
analogue black hole

Jeft Steinhauer

Department of Physics, Technion—Israel Institute of Technology, Technion City, Haifa 32000,
Israel

arXiv:1510.00621

Fig. 5. Wave motion near the horizon. A preliminary experiment is shown in which the step
potential at the horizon 1s caused to oscillate at 50 Hz with an amplitude of 1 pm. The solid line

1s drawn parallel to the feature marking equal times on opposite sides of the horizon.



Observation of noise correlated by the Hawking effect in a water tank
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Resonant Hawking radiation
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Resonant Hawking radiation: Hawking spectrum
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Bogoliubov vacuum: depletion cloud

mean field (COT )N | vac)

N/2
Bogoliubov vacuum (COTCOT +> ﬂkaTCij | vac)
k

due to interactions

e.g. AJLeggett— RMP (2001)
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Resonant Hawking radiation: Time of flight
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Classical vs Quantum coherence (l)
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Classical vs Quantum coherence (ll)
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One barrier - Hawking spectrum (non-resonant)
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One barrier - CS violation (non-resonant)

- | Sud2 (0)) |2
15 B kBTvioI (0))/!1

e - small absolute
0.1 0.3 0.5 0.7 0.9 violation
ol

t t Pt i f
<7d2,out7/u,0ut7/u,out7/d2,out>k T /\/<7u,out7/u,out7u,out7u,out>k T= <7/d2,0ut7/d2,out7d2,out7/d2,out>k T
B! =H B! =H H

= = gl =

il il o T i T il
<7/d2,0ut7/u,out7/u,out7/d2,out>k T=u \/<7/u,out7u,out7u,out7/u,out>k T=u <7/d2,0ut7/d2,out7/d2,out7/d2,out>

B! = B' = kgT=u

No CS violation near the conventional w—0 peak



Two barriers - Hawking spectrum (resonant)
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Two barriers - CS violation (resonant)
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Resonant Hawking radiation

Time-of-flight CS violation by atoms
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Gradual outcoupling of a BEC

OV (. t) he 5
h ’ — - , ,
2y Qmam—l—V(uU?t)—{—gl‘;[J(.L,f;)l \IJ(.E?t)

Vet = V(t 27k (r — L Gradual lowering of the
(%) (t) cos” [Fir, (x )| (initially) confining optical

V(t) = Voo + (Vo — Voo )e U7 lattice




measure of flatness o(t)
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Time for a movie!
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one more movie...
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Event horizon at the center of the Gaussian envelope
(simplified proof, m cnst.)
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The movie
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CONCLUSIONS - Hawking radiation

» Highly non-thermal Hawking (zero-point) radiation is generated on the
subsonic (superfluid) side of a condensate leaking through a double barrier
interface

« Cauchy-Schwarz violation in the u-d2 channel occurs if and only if
spontaneous (zero-point) Hawking radiation is present.

* |t can be observed near the peak in the Hawking spectrum of a resonant
double-barrier structure.

* In some setups, CS violation can be directly observed in the atom signal
of a time-of-flight experiment.

 The decisive CS violation cannot occur near the conventional, zero-
frequency peak universally shown by one-dimensional sonic black-hole
structures.



CONCLUSIONS - birth of a sonic black hole

« Lowering of an extended optical lattice favors the emergence of well
controlled quasi-stationary subsonic -> supersonic condensate flow.

» Lowering of a Gaussian-envelope (realistic) optical lattice is likely to give
birth to a robust quasi-stationary sonic black hole.

» This scenario offers hopes for the observation of spontaneous Hawkling
radiation.
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