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Big picture

* Entanglement of a subregion
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local state p, = Trz{p} SPa) = —Tra{pslnp,} I(pa:pp) = S(pa) +S(pp) —S(p)

« Quantum state tomography  or clever readout
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Outline

Theory Experimental perspective

 Subtracted classical entropies » Bose-Einstein condensate

e Scalar field e Area law = Volume law



Measurement distributions

Subtracted classical entropies

 Fundamental fields y = (¢, n); p(x)|P) = p(x)|d); [d(x), w(x)] = i6(x — x")
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* Measurement distributions O[v]

— Local distributions 0,[v,| = [ Dvg O[v]
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Classical entropy & uncertainty

Subtracted classical entropies

* Local classical Rényi entropy Volume law
Se[0a] = —In[[ Dv, 0F] 2 5,[0,4]~= 307
Entropic uncertainty J 22
» Subtract extensive contribution 12
AS,[04] = S, [04] — S, [04] ~ local uncertainty g’

* Classical Rényi mutual information
=5y [OA] + 5y [OB] _ Sr[O] ~

— Let's check these out!
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Scalar quantum field

Scalar field

« Hamiltonian
H = [ dx [n? + (0x¢) + m*¢’]
* Typical local distribution

1 1..T 0y~ 1 / /
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General formulae

Scalar field

* Classical Rényi entropy Volume law

1@ nr D, Inug

S [04] = —1ndet(2ny§) +'TZEI + =

_______ J L J
Gaussian non-Gaussian
1 T / /
Ug (r) = (kg[o; " oz d dxdx' T COVR(ex ) (') l¢=0

 Subtracted classical Rényi entropy

anA . 1 M

AS,|04] = —ln det []/,51? ()/,51?)_1] 80 - . - %

e Classical Rényi mutual information

1, det(y?) det(y? viuY
04051 = *1n (dﬁt)(w)( I
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(Gaussian states

Scalar field

 Classical and quantum entropies are related

SZ (pA) — ASr [WA] — AST [fA] + ASr [gA]
Lpa:ppl = LWy Wgl = LAfa: fel+ 1[4 95!

]' it W = fxg
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Particles

Scalar field

 High particle energies: w(p) = ym?2 + p2 »

55, [0a] = 2 [1+ 30 0, (9]

— Area laws also for non-Gaussian states

« Entanglement surplus of a particle
652 [Wieal = —In|(&)" + (1 -]

- Like a Qbit with p =+
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Spin-1 BEC

* Dynamics: Quench

R ++

Mg =_ﬁ_ f--lfJ
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H = 2321
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-I—aéJraéTa{a{l + h.c.]

BEC

« Readout: Spins
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* Entropy estimation: kNN

S(k, Ng) = g(k, Ng, d) + & X5, In €t (k)
— Asymptotically unbiased

— Entropy estimated directly from data

— No assumptions on p4 or Oy
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Area law

Area law = Volume law

* Early times

20f-
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— Area laws signal build-up of quantum correlations
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Area law = Volume law

Area law = Volume law

 Early times + late times

AS(WA) AS(f*) + AS(g?) I(Q4:QB)
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— Volume laws reveal local thermalization, incline = 1/T
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Area law = Volume law

Area law = Volume law

* Full time evolution of W-quantities
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Summary

Theory

Experimental perspective

 Subtracted classical entropies
AS [04] = Sp[04] = S[04]
[-[04:0p] = $¢104] + S¢10p] = S:[0]
* Scalar field

Distributions O[v] ~ AS,[0,] < cIn:

* Spin-1 BEC
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Outlook

« Classical entropies should solve most of their quantum analog’s problems

g '+, ' Higher-order correlations,
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Quantitying quantum information

* Asingle QBit

Pure states |1) 0) e Mixed states p = p|1){(1| + (1 —p)|0)(0| € B(H)

* Quantum entropy = Missing information S(p) = —Tr{plnp}

* Increases with states’ mixedness S(p)
0.8/ Maximum entropy
S(p)~p~! In2
. . 0.6~
* Information of independent systems adds up
04 -
Pa®pp > S(py) +S(pp)
» Non-negative (zero iff state is pure) 20
S5(p) =20, S(p) =0 p=|YNY| % 0.25 0.5 0.75 1 P
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Entanglement and quantum entropy
« Two QBits

?
Global p
A

Local p, = Try{p}

 Classical theories: classical correlations (separable states, e.g.p=p,®p5)
S(p) =5(pa), - S(P)=0=5(p, =0
— Know the system and thus know all about its parts

* Quantum theories: entanglement

S(p) < S(pa), - S(P)=0 A S(pa) >0

— Know the system and may know nothing about its parts
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Particles in phase space

Scalar field Backup

« Wigner W-distribution for free particle

GoQD @ Siegen, 30/08/2024 | Tobi Haas | Quantum features from classical entropies 20/28



Central charge

Scalar field

* Ground state entropies
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Particles - Other quantities |

Scalar field Backup

« High particle energies: w(p) = m? + p2 » 2

l’l, l
55, [0a] = 2In |1+ X0y ari (D]
©) 65 (Wl f) 632 Wil
; ; 08F - o e
0.6} | ‘ ‘ | |
04
02/
0.0t
/L /L
5Sr Ok a]~(2)s small energies
~6S, [pk,A] 0S, [Wk,A] — const.
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Particles - Other quantities |l

Scalar field Backup

5S04l =

a) 6S,[f, gkA]
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Parameters

BEC

« Experimental values

Total system size
Subsystem size

Energy scale

Number of atoms

Spin coupling

2" order Zeemann shift
Coupling between wells

Samples

Backup
N = 20
M =5
¢ =-1/n
n = 103 per well
co = —2c¢q (“Li)
q=2]
J=2
N, = 10*



Correlation matrices: Gaussian vs. TWA

BEC | Area law — Volume law | Backup

Analytic TWA Analytic - TWA
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Time evolution - Other quantities

Area law — Volume law | Backup

 Early times + late times

I((WAWB)
20+ 3 :
: time
16 :
' 1 —o— TWA+Fit
2 --eo-- Gaussian+Fit
3
4
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Non-Gaussianity

Area law — Volume law | Backup

 Relative Wigner entropy
S[WAllwA,GaUSS] — fDVA WA(IHWA —In wA,Gauss)

S((WA”(WA,GaUSS)
16F . . e emnen e S 1 time

O~NOO O~ WN-~O0

m

— Non-Gaussian features in higher dimensions
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Mode occpuations

Area law — Volume law | Backup

« Populations of momentum modes

01 2 3 4 5 6 7 8 9 0O 12 3 4 5 6 7 8 9 0O 1 2 3 4 5 6 7 8 9
K| IK| IK|

— Mesoscopic occupations justify TWA for late times
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