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Quantum Entanglement

emergent quantum quantum
spacetime matter technologies
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What Makes #He so Quantum?
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Helium-4 is the only
atomic bosonic
system with Adg ~ s

at T ~ 0(1 K)



Superfluid 4He Is a
macroscopic quantum
phase of matter!

Is 1t
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Entanglement and Entropy

quantifying uncertainty in many-body systems

%

Measuring Entanglement

algorithmic development in d-dimensional continuous space
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Toy Quantum Matter

bosons with hard-cores on a 1d lattice
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Investigate the quantum ground state for
different interaction strengths V



What are the ground states?
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A Quantum Bipartition

Break up the system into ) A A
and make a local measurement on A _..

Suppose we find: §@I®¥ in A what do we know about A?
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no uncertainty =

V>1 .... complete knowledge
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rQuantifying Entanglement with Entrop\;

Entropy: A measure of encoded information

Entanglement: Non-locally encoded ¢

Entanglement Entropy: A measure of entang

probabilities encoded in

uantum information

ement

reduced density matrix PA = TrZP
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Experimental Measurement

Density matrix is generally inaccessible
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How does entanglement
scale with the size of
the subregion?




Entanglement and Entropy

quantifying uncertainty in many-body systems

m

Measuring Entanglement

algorithmic development in d-dimensional continuous space
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Renyi Entanglement Entropies

An alternate measure of entanglement
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The Replica Method

Computing Rényi entanglement entropies by swapping
subregions between non-interacting identical copies

x =2 - 2 replicas of system swap subregions

claim: Sp(A) = —log Tr p2 = —log <m>

@ P. Calabrese and J. Cardy, J. Stat. Mech.: Theor. Exp. PO6002 (2004 ) 4



Studying SWAP for
quantum liquids

algorithmic development needed!




N

round tate QMC

ath Integral

Description Ur(Rom)
H = Z(——V2+U) ;VU .
2T Wo(Rm)
Configurations
project trial wavefunction to the ground
state in R basis: wo(R) = lim (Rle~™|w7)

discrete imaginary time worldlines
constructed from products of the short

time propagator G(R, R’; A1) = (R|e=2™"|R’) Observables
exact method for computing

Updates ground state expectation

Local and non-local worldline deformations  values -

with weights controlled by H and U+(R) o _ (Wrle=™0e~™|Wr)
=

(Wrle=2TH )



rPorting the Replica Method to PIGS

Break paths at the center time slice T, measure SWAP
when replicas are linked via short time propagator G.

<m> - <G (RT ® Rfr’ S/vaj [RT+AT ® Rfl'+AT] ; AT)>

Technology adapted from other QMC flavors

M. B. Hastings, |. Gonzalez, A. B. Kallin, and R. G. Melko, PRL 104, 157201 (2010)  T. Grover, Phys. Rev. Lett. 111, 130402 (2013)
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SWAP Simulation Details
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rBen(:hmarking on a Solvable Model

Lieb-Liniger model of d-function interacting bosons on a ring
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Entanglement and Entropy

quantifying uncertainty in many-body systems

m

Measuring Entanglement

algorithmic development in d-dimensional continuous space
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How does entanglement
scale with the size of
the subregion?
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thermodynamic entropy is
extensive = A =d
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s this always the case?




Black Hole Entropy Area Law ‘

Black hole thermodynamics:

e Quantum black holes emit thermal radiation

e Area Law: entropy of a black hole is
proportional to surface area, not volume!

SegH X Area

Is this due to entanglement?
e Toy model: coupled harmonic oscillators

e “Area Law™: number of springs connecting
with A scales with boundary size

Proof for gapped ground statesind=1

M.B. Hastings, J. Stat. Mech., P08024 (2007)
G

J.D. Bekenstein, PRD 7, 2333 (1973)
S.W. Hawking, Nature 248, 30 (1974)
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What about our real

quantum phase of
matter?

helium-4
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Entanglement in Superfluid “He

3d box at T = 0 with periodic boundary conditions at SVP

Measure entanglement Sz(R) between spherical region of
radius R and the rest of the box
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Investigate scaling by changing the radius of the sphere

< C. M. Herdman, P-N. Roy, R. G. Melko & A.D. Nature Phys 13, 556 (2017)J
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Scaling of the Entanglement
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Area Law vs.

Area: s = 4na(

)

2 fit parameters

Volume: s = —a( ) +C
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C. M. Herdman, P-N. Roy, R. G. Melko & A.D. Nature Phys 13, 556 (2017)J



Discovery of an area law in a real quantum liquid
Quantum entanglement scales

with the surface area and not V
volume in superfluid 4He Analogous to
Bekenstein-Hawking
52 o« R2 black hole entropy

Prospects for measurement and manipulation?

Can numerically determine an
entanglement equation of state

area law strength
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