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Three main areas of this meeting:

Equation of state of compact objects

Tests of general relativity

Quantum simulators for fundamental interactions and cosmology
seen from the vantage points of

Laboratory experiment and theory

Cosmic observations and theory

To paraphrase Stanistaw Ulam’s famous remark on physics and
biology,

“Ask not what physics can do for biology— ask what biology can do
for physics*”

Ask what condensed matter physics (including cold atoms)
can do for high energy and nuclear physics and cosmology

Focus on study of matter under extreme conditions




Various impacts of condensed matter physics:

Early universe
-- Phase transitions in the very early universe
-- quark deconfinement transition

Neutron stars — densest matter in the universe

-- Physics of the crust, vortices, glitches

-- Bardeen-Cooper-Schrieffer (BCS) pairing in nucleons and quarks
-- BEC-BCS crossover physics in quark matter

Elementary particle physics
-- symmetry breaking and condensates, from chiral phase transitions
to BCS pairing, to gluon condensates, to Higgs physics

Cold atom simulations of high energy phenomena
-- |lattice gauge theory via cold atoms
-- acoustic analogs of Hawking radiation. Information “paradox”




BCS everywhere else




BCS beyond lab superconductors

Helium-3 S Cold fermionic atoms




BCS applied to nuclear systems - 1957

Pairing of even numbers of neutrons or
protons outside closed shells

David Pines brings BCS to Niels Bohr Institute in Copenhagen,
Summer 1957, as BCS was being finished in Urbana.
Aage Bohr, Ben Mottelson and Pines (57) suggest BCS pairing
In nuclei to explain energy gap in single particle spectrum
— odd-even mass differences

Pairing gaps deduced from odd-even mass differences:

A ~ 12 A"V2 MeV for both protons and neutrons




Energies of first excited states:

even no. of neutrons — even no. of protons (BCS paired)
vs. odd A (unpaired) nuclei

EXCITATION SPECTRA OF NUCLEI

F1c. 1. Energies of first excited
intrinsic states in deformed nuclei,
as a function of the mass number.
The experimental data may be
found in V: ucl%ar Data Cards IENa.—
tional Research Council, Washing- .
ton, D. C.] and detailed references © even-even nuclei
will be contained in reference 1 x odd-A nuclei
above. The solid line gives the
energy 8/2 given by Eq. (1), and
represents the average distance
between intrinsic levels in the odd-
A nuclei (see reference 1).

The figure contains all the
available data for nuclei with
150<A4 <190 and 228 < A. In these
regions the milclei are known to E
possess nonspherical equilibrium
shapes, as evidenced especially by ne rgy ga p
the occurrence of rotational
spectra (see, e.g., reference 2).
One other such region has also been
identified around A4 =25; in this
latter region the available data on
odd-A nuclei is still represented by
Eq. (1), while the intrinsic excita-
tions in the even-even nuclei in
this region do not occur below 4
Mev.

We have not included in the
figure the low lying K=0 states
found in even-even nuclei around
Ra and Th. These states appear to
represent a collective odd-parity
oscillation.




And in addition BCS explained more widely space
rotational spectra, E = J(J+1)/ 2|, of deformed nuclei:

moment of inertia, |, reduced from rigid body value, | .

Reduction of moment of inertia due to BCS pairing = analog of
Meissner effect. Detailed calculations by Migdal (1959).
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Abstract: A method is presented which permits one to study superfluidity in finite size
systems. Moments of inertia are computed by this method in the quasi-classical approxi-
mation and satisfactory agreement with the observed values is obtained. The calculated
increase of the moment of inertia upon transition from even to odd-mass nuclei and also
the gyromagnetic ratio for rotating nuclei are in agreement with the experiments. These
results thus confirm the assumption of superfluidity of nuclear matter.
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Mass ~ 1.2-2 Mg,

Radius ~ 10-12 km

Temperature
~106-10° K

Surface gravity
~10" that of Earth
Surface binding

~ 1/10 mc?

Beam of
radiation

7 “Rotation N
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" Magnetic
| £ field
Beam of o lines
radiation

Neutron star interior

Nuclei and electrons

Mountains< 1 mm :
=l Nuclel, electrons and free neutrons
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Pasta nuclei

OUTER CORE

Free neutrons, protons and electrons

1S,y neutrons
1S, protons
3P, neutrons
INNER CORE

possibly continuous-
transition to

quark-gluon plasma

Superfluids




Superfluidity of nuclear matter in neutrons stars
Migdal 1989, Ginzburg & Kirshnits 1964; Ruderman 1967; GB, Pines & Pethick, 1969

Neutron stars (very big Dewars) have the preponderance of
superfluids in the universe, and with the highest T,’s ~ 1010-11 K

Estimated pairing gaps and T.'s from scattering phase shifts:
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Neutron fluid in core °P, paired

Neutron fluid in crust BCS-paired _ _
(triplet spin)

in relative 1S, states (singlet spin)

Proton fluid 'S, paired




Quantum Monte Carlo (AFDMC) 'S, nn gap in crust:
Fabrocini et al, PRL 95, 192501 (2005)

-3
p [fm ]
30 0.00027 0.00216 0.00730  0.01729 0.03377  0.05836  0.09268

I.% fferent interactio

QMC (black points) close to standard BCS (upper curves)
Green’s function Monte Carlo (Gezerlis 2007)




Superconducting protons in neutron star magnetic fields, ~1012-16G

Even though superconductors expel magnetic flux,
for magnetic field below critical value, flux diffusion
times in neutron stars are >> age of universe.
Electric conductivity >>> Cu at room temp.

Proton superconductivity forms with field present.

Proton fluid threaded by triangular (Abrikosov) lattice of
vortices parallel to magnetic field (for Type Il superconductor)

: : 2
Quantized magnetic %B L go = 2The bo = 2X 107 G cm?
C

flux per vortex: 2e

Vortex core ~ 10 fm,
= B/$y => spacing ~ 5 x 1019 cm (B /1012G)-"2

vort




Rotating superfluid neutrons

(Rotation periods from few seconds to > msec.)

Rotating superfluid threaded by triangular
lattice of vortices parallel to stellar rotation axis

Bose-condensed 8’"Rb atoms
Schweikhard et al., PRL92 040404 (2004)

Quantized circulation of omh
. 0 VS * dﬁ —
superfluid velocity about vortex: i

20,

Vortex core ~ 10 fm.  Vortex separation ~ 0.01P(s)"2cm.
Vela pulsar (PSR0833-45) ~ 10" vortices




Pulsar glitches

Sudden speedups in rotation period, relaxing back in days to
years, with no significant change in pulsed electromagnetic
emission: ~500 glitches detected in > 100 pulsars

Vela (PSR0833-45) Period=1/Q2 =0.089sec
>135 glitches since discovery in 1969
AQ/Q ~10°% Largest = 3 14 X 10 on Jan. 16, 2000

Moment of inertia ~ 10%° g- cm® => AE,;~ 1043 erg

0-0892093

87
85

83

0-0892081
22 12 9 162329 6 132027 3 10 1724 3 10 17 24

Nov Dec Jan Feb Mar
Date (UT)
Fig. The barycentric iod f PSR 083345 a: bser ed from

IJ
No emb 22, 968 to h2 1969, showu:g he 134 ns decrease
betwi Fbruxty 24 and March 3.

Reichley and Downs, Nat(gg 1]@259 Radhakrishnan and Manchester, Nature 1969

Crab (PSR0531+21) P = 0.033sec 25 glitches since 1969
AQ/QQ~ 107 t0 0.5 X 10-%(in 2018)




Vortex model of glitches

Pin vortices on nuclel in inner crust.

E ~ few Mev/nucleus.

(Bogoliubov- de Gennes calculations suggest
pinning between nuclei)

A

vortex

Nyortices fIX€d => Qg rermiuig fiXxed; Qg st decreases as star radiates.
As st = () crust GrOWS, Magnus force = Ps QX (Vvortex'vsuperﬂ)

drives unpinning (glitch) and outward relaxation.

pinned vortices

Collective outward
motion of many (~1014)
Vortices produces
large glitch




Vortices in superfluids: quantized circulation
Order parameter  U(7) = [¢|e?®(")

p=mv

\J

Superfluid velocity U () = (h/m)V ¢ —r ALY

. . . = 2mhn
Quantized circulation v-dl =
C

m n = integer

Singly quantized (n=1) vortex flow: v, (1) = h/mr

But what m should one use in an interacting system?




Vortices in superfluids: quantized circulation

Order parameter  U(7) = [¢|e?®(")

\J

Superfluid velocity U () = (h/m)V ¢ i

. . . = 2mhn
Quantized circulation v-dl =
C

m n = integer

Singly quantized (n=1) vortex flow: v, (1) = h/mr
But what m should one use in an interacting system?

How is the superfluid velocity related to the momentum?
p=p-T—put=7=p/p
M = chemical potential including rest mass

p=mv

%V¢-dl:27m




Vortices in superfluids: quantized circulation
Order parameter  U(7) = [¢|e?®(")

p=mv

Superfluid velocity U () = (h/m)V ¢ — B

. . . = 2mhn
Quantized circulation v-dl =
C

m n = integer

Singly quantized (n=1) vortex flow: v, (1) = h/mr
But what m should one use in an interacting system?

How is the superfluid velocity related to the momentum?
p=p-T—put=7=p/p
M = chemical potential including rest mass

In circulation, replace m by y more correctly
and specific enthalpy at finite temperature

In superfluid “He, -7.17K correction to m, is only ~ 1 : 6 X1072




Quark matter




10“4sec 3min 3x10°y 10°y 1.37 x10°

Quarks in dense matter

The early universe before one microsecond
after the big bang -- hot quark gluon plasma

temperature 102[K] 10°[K] 3000 [K] 20 [K] 3[K]
-— 1

& 3N ‘. "
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e W “. Q.Q“h“‘”_.
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and created in ultrarelativistic heavy ion collisions

Quarks (and gluons) in
nuclei will be mapped by
future Electron-lon Collider

INNER CORE

possibly continuous-
transition to

quark-gluon plasma

Strongly interacting system: cannot do
lattice QCD simulations at finite density,
zero temperature, owing to fermion sign

Cold quark matter cores
problem.

of high mass neutron stars —




Phase diagram of dense matter
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Phase diagram of quark-gluon plasma
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Quark-gluon plasma state

Degrees of freedom are deconfined quarks and gluons
Theory is quantum chromodynamics - SU(3) gauge symmetry

Many more degrees of freedom than hadronic matter

(color, spin, particle-antiparticle, & flavor);
much larger entropy at given temperature.

<= Large latent heat
(or sharp rise at least)

neutron = udd, proton = uud

At low temperatures form Fermi - ﬂ
seas of degenerate u,d, and s quarks: l

(e.g., in neutron stars)
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Asakawa-Yazaki critical pt.

Hadronic B

I
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Diquark pairing

Possible new critical pt.

Critical points similar to those in liquid-gas phase
diagram (H,O). Neither critical point necessary!!

Can go continuously from A to B around the
upper critical point. Liquid-gas phase transition.

In lower shaded region have BCS pairing of nucleons,

of quarks, and possibly other states (meson condensates, quarkyonlc)
Different symmetry structure than at higher T.




Asakawa-Yazaki critical pt.

B

I

I

Diquark pairing

Possible new critical pt.

Electron-ion collider

Critical points similar to those in liquid-gas phase
diagram (H,O). Neither critical point necessary!!

Can go continuously from A to B around the
upper critical point. Liquid-gas phase transition.

In lower shaded region have BCS pairing of nucleons,

of quarks, and possibly other states (meson condensates, quarkyonlc)
Different symmetry structure than at higher T.




Pairing in high energy physics
Vacuum condensates: quark-antiquark pairing underlies

chiral SU(3) X SU(3) breaking of vacuum=> (/)1y}

Experimental Bose-Einstein decondensation

Broken symmetry —

Particle masses via Higgs field NG/ h

Higgs field
strength

Lm = ghyY 1° y => g <h>yYyPy => m = g<h>




Color pairing in quark matter

In quark matter have “free quarks” = spin %2 with flavor u,d,s and
color = internal degree of freedom for SU(3) gauge symmetry.

Two interesting pairing states: .. i
IIMI Eﬂ

2SC (u,d) Color-flavor locked (CFL) (m,2=m4=m,)
WA= LRe>s ¢sud

2
g
=
2.
£
(D]
H

2SC similar to superconducting
protons:
e.m. vortices in magnetic field.
London moment under rotation

Quark-gluon plasma

Hadronic matter

CFL similar to superfluid neutrons:
U(1)g vortices under rotation
e (Partial screening of magnetic fields.)

Nuclear e
liquid-gas




BCS pairing in Color Flavor Locked (CFL) phase

In free equally populated up, down, and strange quark matter have
SU(3)r symmetry in flavor (uds) and SU(3): symmetry in color ( gb)

Most favored BCS pairing state is anti-symmetric in spin, flavor (i),
and color (a):

d,; x EijkGaﬁv<q6j0’75quk>XSpin—sing1et

0 AN VN CFL order
0 y— |10 A 0]y parameter
(I)Bg 0 0 A in ground

state
color ->

Pairing with correlation of color and flavor reduces symmetry from
SU(3)c X SU(3) XU(1)g to SU(3)c.e




Vortices threading
rotating neutron star

How do neutron vortices
interface with quark (CFL)
vortices??

M. Alford, GB, K. Fukushima,
T. Hatsuda, & M. Tachibana,
PR D 99, 036004 (2019).




Try to match circulations

Circulation: (C = 7{ TF-df = Bt v = superfluid velocity p/u
C

7
In paired hadronic phase u = 2y, (u,=neutron chemical potential).

In paired quark phase y = 2y, = 21,/3 (Uq= quark chemical pot.),
since nucleon is made of 3 quarks, u,= 3y,

=> quark phase superfluid velocity =
3X velocity in hadronic phase. Hadronic Vortices

Continuity in flow states in neutron
star would require 3 hadron vortices Boojum
merging into a single quark vortex.

A boojum! Abelian CFL Vortex




E Pluribus Boojum:
the physicist as neologist

An account—heretofore available only in a samizdat edition—
of how the word “boojum’ became an internationally accepted
scientific term, printed in some very distinguished journals.

N. David Mermin

1 know the exact moment when 1 decided to make the word
“boojum” an internationally nccepted scientific term, |
was just back from & symposium at the University of Sussex
near Brighton, honoring the discovery of the superfiuid
phases of liguld belium-3, by Doug Osheroff, Bob Richard-
son, and Dave Lee. The Sussex Symposium took place
during the drought of 1976. The Sussex downs Jooked like
brown Southern California hills, For five of the hottest
days England has endured, phywicists from all over the
world mot in Sussex to talk about what hapgpens st the very
lowest temperatures ever attained

Superfluid belium-3 is an anisotropic liquid. The sniso-
tropy is particularly prosounced in the phase known as He'-
A. A network of lines weaves through the liquid He™A
which can be twisted, bent or splayed, but never obliteratad
by stirring or otherwise disturbing the liquid.

Several of us at the Sussex Symposium had been thinking
sbout how the local anlsotropy axis of He'-A would srrange
itoelf in » spberical drop of the liquid. The most symmedtri-
cal pattern might appear 1 have lines radlating outward
from the center of the drop, like the quills of & (spherical)
hedgebog (deft diagram below). There is an elegant topo-
Jogical argument, however, that such a pattern cannot be
produced without at the same time producing a pair of
vortex lines connecting the point of convergence of the
anisotropy lines to polnts on the surfoce of the drop.
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It appeared that if ane did try to establish the symmetric
pattern of radiating lines then the sccompanying vortices
would draw the point of convergence of the lines to the

46 PHYSICS TODAY / APRIL 1881

surface of the drop, resulting in a final pattern that locked
like the oae on the right:

When | returned to Ithacs | began to prepare for the
proceedings the final text of the talk 1 had given which
examined, among other things, the guestion of the spherical
drop. Although no remarks about the spherical drop were
made ofter my talk, 1 decided to use the format of the
discussion remark to describe the opinion thot developed
during the week: that the symmetrie pattern would col-
lapee 1o one in which the lines rudisted from & point on the
surfoce. | found myself describing this as the pattern that
remalned after the symmetric one had “softly and suddenly
vanished away.” Having said that, 1 could hardly aveid
proposing that the new pattern should be called a boojum.

The term “boojum™ is from Lewis Carroll’s “Hunting of
the Saark™ and it came to me at my typewriter ruther as it
had first come to Carroll ss be walked in the country. The
last line of & poem just popped into his head: “For the
Soark was & Boojum, you see” A little distance along it
was joined by the next w0 last line, “He had soflly and
suddenly vanished away.” The hundreds of lines leading to
this denousment followed in due course

Goodness knows why “boojum" suggested softly and
suddenly vanishing sway to Carrcll, but the connection
havieg been made, it was inevitable that softly and sudden-
Iy vanishing away should suggest “bogjum™ to me. I was
not unawsre of how editors of schentific journals might view
the attempt of beojums to enter their pages | was not
unmindful of the prodable reactions of internationsl coem-
missions on nomenclature; nevertheless [ resolved then and
there o get the word into the litersture.

There would be competition. Other people st the sympo-

OO A0 < A1 5 OADOAE-08 / SDA 50 & VT Averar Miate of Paysce

David Mermin
Physics Today
April 1981

A boojum tree




Abelian vortex in CFL phase

Order parameter matrix O(r,¢) = A - f(r)ew
of Abelian CFL vortex. ’

Circulation = 27h/2u, = 3(2wh/2u,,)

But this vortex is unstable against decay into three color flux tubes

with ~1/3 kinetic energy (A. P. Balachandran et al. PR D 73 (2006);
E. Nakano et al., PR D 78, 045002 (2008). Phys. Lett. B 672 (2009)):

Color flux tube

e'? f(r)
O = A 0
0

" flux tube order parameter

Leading phase (1/3) is U(1)g. Ph?ses within => color rotation; do
not contribute to circulation = 52%/2% = 2nh /24,




Single color flux tube has circulation 1/3 that of initial
(unstable) Abelian CFL vortex — same as a single original
hadronic vortex.

) _>fl_m?l_‘ .
@ @ @ .
il q...¢

1"

BEC of colorless H BEC of colored gq BCS

Pairing continuity
K. Fukushima, PRD (2004)

Conclude that three hadronic vortices can turn into three
non-Abelian CFL vortices, with no discontinuity in
circulation. But: gauge invariance???




Gauge invariant description of flux tubes

e’ f(r)
O = A 0
0

flux tube order parameter

1

Then T () = 6€aﬁfy€ijkq)aiq)5jq)’yk = GWABJB(T)QQ ()

IS gauge invariant order parameter, independent of choice of
of the gauge fixed ®/,. Only one gauge invariant
physical object.




Quark-hadron continuity

Hadronic Vortices

Can envision continuous evolution of

vortices from nuclear (hadronic) phase
(a)Y (b)y © to quark phase provided order

parameter in hadronic phase is anti-

Abelian Non-Abelian o«
Vortex Vortices SymmetrIC IN f|aV0r.

BCS pairs in neutron gas have 6 quarks: ddu + ddu.

(nn) — (ud)(ud){(dd)

Cannot arrange into flavor anti-symmetric quark pairing.
But in SU(3)s,,., INvariant hadronic matter with equal mass
n, p, /\, 2, and = baryons can have flavor antisymmetric pairings

<—\/g[AA] /2055 + /5 vE)

Connecting neutron matter to usual CFL quarks requires transition.
Other quark matter pairings, e.g., °P,, pairing could work.




Cold atoms and high density matter




Remarkably similar behavior of ultracold fermionic atoms

and low density neutron matter (a,,=-18.5fm)

® Neutron Matter
B Cold Atoms

QMC unitarity p-

|
10

A. Gezerlis and J. Carlson, Phys. Rev. C 77, 032801(R) (2008)




Similarities of cold fermionic atomic clouds & quark matter

-- In lab both are small clouds with ~ 10* — 107 degrees of freedom
-- Strongly interacting:

atomic clouds via Feshbach resonances

Scattering Length ( a,)

quark-gluon plasmas
always strongly interacting

j
GLSR
R,

bEthreshold

— L ppipp —> 7HX

600 800 1000 1200
Magnetic Field (G )

Resonance at B= 830 G

ays

cgbbdec
Jet:
bB+Jets

B gg B o
~4m (33 —2Ny)In(p/A)

/" Dis

s (p)

/ LGT

‘ eR'—) ets

/PP

R
= Scal.Viol.(¢*e")
+
R

pp —> Wlets
¥ R

Running coupling constant

100
Q/1GeV]

-- Scale free in strongly coupled regime

Fagp ~ cONSt Ngy 3 E coid atoms ~ const n?3/m

In cold atoms near resonance only length-scale is density.
No microscopic parameters enter equation of state:

E 3
= —FEp(1
N & r(l+B)

Green’s Function Monte Carlo -- § = -0.60
Experiment: -0.61




Creating high energy density matter in the lab

Relativistic Heavy lon Collider (Brookhaven) since 2000 Beams 100 GeV/A
Large Hadron Collider (CERN) since 2010 now 2760 GeV/A
HADES at GSI ~1.25 GeV/A
FAIR (GSI) ca. 2025+ to 45 GeV/A

L

Au(197x100GeV)+Au(197x100GeV)

Energy scale ~ 10%° times cold atom scale
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BEC-BCS crossover in Fermi systems

Continuously transform from molecules to Cooper pairs:

D.M. Eagles (1969)

A.J. Leggett, J. Phys. (Paris) C7, 19 (1980)

P. Nozieres and S. Schmitt-Rink, J. Low Temp Phys. 59, 195 (1985)

Cooper pairs,

Molecules :
’ weak coupling

strong coupling

e Pairs shrink

Superfluidity
T/T:~ 0.2
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Phase diagram of cold fermions vs. interaction strength

free fermions +
di-fermion molecules

free fermions
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Phase diagram of cold fermions vs. interaction strength

free fermions +
di-fermion molecules

free fermions
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BEC-BCS crossover in quark matter phase diagram
GB, T. Hatsuda, M. Tachibana, N. Yamamoto J. Phys.G: Nucl. Part. Phys. 35 (2008)

Normal

(as mgincreases)
Hadronic “

Color SC

! S‘%EC BCS paired

ver quark matter .

/f

Small quark pairs are diquarks
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Iton In

hadrons (neutrons,
protons) to
diquarks to quark
T. Kojo, GB, &

I. Hatsuda,

the core from
matter
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Using cold atoms




Cold atom simulations of QCD

1) Analog models, e.g., three hyperfine states < quarks of 3 colors

2) Can simulate external magnetic fields. Major challenge is to induce
electromagnetic-like interactions between atoms! (Dipolar atoms)

3) Cold atoms as analog computer. ex. Hubbard model.
To eventually do simulations of lattice gauge theory will need to
address fields on each link of lattice, or at least more locally

Eventual goal:
Simulate SU(3) quantum chromodynamics with quarks.

Recent review: M. Aidelsburger et al. Phil Trans (2021)
https://doi.org/10.1098/rsta.2021.0064




“Confinement” of three atomic fermions on lattice —

formation of “nucleons”
A. Rapp, G. Zarand, C. Honerkamp, &
W. Hofstetter , PRL 98 (2007), PRB 77 (2008)

Hubbard model with 3 internal degrees of freedom

3 lowest hyperfine states of 6Li

Small |U|: (U < 0) T/ ‘t‘] N
€ supertiul

| (19}?]&1118 TFL;

Superfluid of two species
(“color superfluid”)

Large |U]|:

Three particles bind together
(formation of trions = “baryons”)




Boson-fermion mixtures of ultracold atoms -- and dense
QCD -- forming superfluid of composite fermions

Bosons (8’Rb) < diquarks, fermions (*°K) < unpaired quarks
Formation of b-f molecules & transition to nucleons

K. Maeda, G.B, T. Hatsuda, PRL 103, 085301 (2009)

unpaired quark

nucleon

40K
87
‘ Rb 6 adiquark

b,f normal gas
Quark Gluon Plasma

Hadrens
Neutron™, W

b-BEC & f-BCS sr_.'perﬁ'n'r'n'_.-l

n=—1/n'3ay

n = b & f densities, a,; = b-f scattering
length

sperconaucior

baryon chamical potential




Acoustic “black holes” with cold atoms:
trapped BEC analogs of Hawking radiation

Pisa and Trento

Outside horizon . Inside horizon

horizon
region

er-sonic flow V¢, Vz 5 (2

Carusotto et al., NJP (2018)




Larger density “outside horizon™ has larger sound velocity.
Subsonic particles outside become supersonic inside

fluid velocity gradien'
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Phonon emission at “horizon” like Hawking radiation.
Look at correlations between phonons inside and outside horizon

Detection strategy

The phonon emission perturbs the system producing long-range density
correlations

Parametric plot of the density-density correlation function

120

emi ITECl pl’lOl] ons

/V
X/ C_1
Carusotto et al New J. Phys. 10 103001 (2008)

Expts: J. Steinhauer et al. (2016)




Experimental observation

experiment numeric

black hole position effect of phonon emission on the density

Image obtained by 4600 repetitions of the experiment

Fitted Hawking temperature ~ 107K : . : ,

Figure 3.7: Analogue horizon. In this figure we show the experimental data for the
acoustic hole horizon realized in the laboratory by Steinhauer. In figure (a) the 1D
condensate, trapping the phonons in the right region: the averageover the ensamble is
shown. In figure (b), blue and red regions correspond to outside and inside the black
hole. Here &, = &,; the green line is a half a grey soliton [?].

Steinhauer, Nature Phys. 12 (2016) 959

N (n(x)n(x"))

density-density correlation function

Figure 3.9: Hawking radiation. In (a) two-body correlation function: the horizon is at
the origin. The dark bands emanating from the horizon are the correlations between the
Hawking and partner particles. In (b) the profile of the Hawking-partner correlations:
the Fourier transform of this curve measures the entanglement of the Hawking pairs via
A. The error bars indicate the standard error of the mean. In (c.d) the corresponding
numerical simulation of two-point correlation and profile: in (c) the fringes marked
with A are artifact of the creation of fluctuations. From [55].

Wormholes?? G. Pennington et al., N. Engelhardt et al. (ongoing)
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