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Entanglement of the Z, gauge Higgs model

* Entanglement of gauge theories is largely unexplored
* A boundary phase transition, can we observe in entanglement spectrum

Kogut, RMP, (1979)

G. A. Jongeward,

PRD 21,

3360 (1980)

|.S. Tupitsyn et.al, PRB
(2010)

(a) periodic b.c.

€ 1.0~ Higss

— phase

@

=

<05

— » .

~ ‘ confined

toric phase
( code
).0 - = !
.0 05 1.0

h (magnetic fluct.)

J (charge fluct.)

1.0-

(b) open b.c.

Y
b J
Higgs y boundary
phase vy fransition
¥
b
.l
' confined
phase
0.5 1.0

h (magnetic fluct.)

R. Verresen, et.al,
arXiv.2211.01376



Toric code mode and the Z, gauge Higgs model

Toric code model: Hy

Z gauge Higgs model: H;y
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* Relation between Hamiltonians: Hoyy = VHp V7

Quantum channel

o |Woy) = VW) ) p ., ————) P

|.S. Tupitsyn et.al, PRB (2010)

Q: what is the relation between their entanglement structures?



Outline

* Toric code (TC) model (in a magnetic field) and Z, gauge Higgs (GH) model

= Quantum channel mapping between reduce density matrices of two models

= Contrast ground state entanglement Hamiltonian (EH) and entanglement spectra

(ES) of TC and GH model

" |nvestigate the entanglement distillation of the Z, GH model.



Toric code model in a magnetic field

e Toric code model in a magnetic field: Kitaev, Ann. Phys. (2003)
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* Electric-magnetic (EM) duality:
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Isometry transformation

* Anisometry transformation from toric code model to Z, gauge Higgs model:
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4., gauge Higgs model

* 7, gauge Higgs model: Kogutand Susskind, PRD, 1975
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Phase diagrams and bipartition

* Same phase diagram: H;y = VH V1 ha

Toric code in a magnetic tield

* EM duality Uy, for TC:
UrcHrc (hx'hz) U;EC = Hrp¢ (hz: hx)

* EM duality for Z, GH:Ugzy = VU VT
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Quantum channel

* Since |W;y) = V|¥; ), what is the relation between p;- and p;p?
L 0L OR R
4o i |

A = o

:
i

Tr,. . ----------------------------------------- '''''''''''''''''''''''''''''''''''''''''''' e /j E;él; ./>/ S
1 VAR Ve

Tr, V|Wre (WPrcl vt

N
R

N
%o

* prc and psy are related by a quantum channel V';
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Quantum channel

* Graphic notation

P = N (prc) = z K, ..zyPrc
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e Gauge symmetry of the quantum channel (V e € 0R)
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* Obtain all entanglement properties of Z, GH model via solution of the TC model

* Find how symmetry applies on p;y, which might be unusual.
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Ground state EH of TC S
* Perturbed ground state wavefunction: s
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Ground state EH & ES of TC

W. W. Ho et.al.,, PRB.91.125119(2015)
.

* EH of a ground state with trivial anyon flux
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Ground state EH of Z, GH model

Obtain ES and EH of Z, GH model from p:y = N (o7¢).

If 3e € R s.t. {0, X,} = 0, NV (0) = 0.

— K e

o KT— = —K KT

XeeaR XeEBR

hy h,
pre = ITCNTC| + T, (£ X, + "2 Z, ) [TCHTC| + h. c. +0(h?)
Ze, |TC)(TC|,X€2} = 0, sonoterm );; Z; in EH of Z, GH model

EH: a classical Ising chain

Hg g = P;

N
h
log 2V-1 — 7’52 X X;0q + 0(h?)
=1

oL OR

-



Contrast the ES of TC model and Z, GH model

Toric code L, gauge Higgs
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e EM duality for TC
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Py is block diagonal

Because
- K Kt =—K o oK' —
XecoR Xeeor Xecor Xecor
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Study distillable EE via guantum channel

* Entanglemententropy (EE) of pgy = @y Px PGH x:

§ =Trypeulogpey = — Z Pxlogpy + Sp
X

* Spisthedistillable EE:Sp = Y.x PxS(PgH x)

* Sp:entanglementthat can be accessed by gauge invariant operations.
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* Subblock EE of Z, GH model from TC: S(pGH’x) = S(PTc,x), because Karel VanAcoleyen, PRL

pGH;x

P.QI

Prc

KT

117, 131602 (2016)

-

TC: ...

K

PTcx _‘f(x-l- F
L R

]
:%ﬁx
Y

T
® [} [}
E%ﬂX
® oo
: I3
o o o
E%ﬁX
: °

dL OR



Area law of the distillable EE

Zo gauge Higgd

* Conjectures: Karel Van Acoleyen, ha |
PRL 117, 131602 (2016) Confined
1. For pure gauge along h, axis (h, = 0),S, =0 E
o(d)
2. Inthe deconfined phase with matter field, TR i::i
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* Efficient tensor network method to calculate S, for large N.

1. S, = c|dR| — 0 for pure Z, gauge theory °

2. Sy =c|dR| —log 2 for Z, gauge theory '
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Summary and outlook

e Using the quantum channel we can
1. Extract entanglement of Z, GH model from TC
2. Analysis how symmetries (EM duality) apply on RDM of Z, GH model

3. Entanglementdistillation of Z, GH model from TC

 Qutlook:
1. A practical approach to study entanglement of other gauge theories

2. Study entanglement of non-trivial SPT (SET) from trivial one
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