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U(1) lattice gauge theory: Hilbert space

® Gauge field on links: (in the electric basis)

E|n>:n|n>7 n:07172a"'

b
6. =i. U=e"Um=ln+1). o~ [ A-d

e Matter field on vertices: (¢: a boson or fermion operator on vertex of x)

[CXa C;r]:t = 6x,y

® Gauss's law at each vertex

&l o + Ex—er1) + Eix—es2) — Eix,1) — Ex2) = q(%),

q(x) pre-defined
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Hamiltonian

H = Heg+ Hg + Hy

® FElectric energy:
He=g2 B >0

Odd Z,

® Magnetic energy:

Hg=—h>_ U1 Uster 2 Uy o, 1 UL 5 + hc ~ —2hcos(7§ Adl), h>0
X O

® Matter energy:
mec o+ J Z c, Ux1cx+e, + h.c.

x,i=1,2
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sz Tensor network representation of Zy LGT states

gauge theory in

(24+1)D
e Tensor network state with manifest gauge constraint:
® charge structure on each tensor leg
TN rep. . .
tensor leg index: i =1,2,---,D
e charge function: q(i/) — {0,1,2,--- ,N — 1}

Gauss's law: ¢ ¢ + Ex—ei,1) + E(x—es,2) = E(x,1) —

® gauge tensor B:

Bj} = Bjdn.q(0n,q(r) O

® matter tensor A:

Abds = Ahauda(s)+a(l)+a(d)—a(r)—a(u),a(x) ! r
p
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® Choose tensor B as the identity tensor without losing representibility:
By = 61r0n,q()
Optimization ) ) ) .
B can be frozen in the optimization of the tensor network states.

S ® One way to find the ground states of the LGT is to do variational Monte Carlo. In
0dd VMC, the key quantity to evaluate is the amplitude of the projection of the

wavefunction onto a gauge field configuration n and a matter field configuration p.
Due to the above structure of B, evaluation of the projected amplitude is equivalent
to the contraction of a 2D conventional TNS with reduced bond dimension:

projection
= a complex number
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e QED in (141)D: particle creation in real time

for abelian lattice
gauge theory in

(24+1)D
Wu
X 2 — i -
H=m> (-1)cla+J> (clUgiam+he)+g) Ely. U=e o [, E]l=i
X X X
Spontaneous creation of matter-antimatter pair
IS 06 —— small mass H
B 2 arge mase small mass — more particles created

large mass — less particles created

Easy numerics, but deep physics.

particle density (electron + positron)

4 6
evolution time
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Even Z, gauge theory

H=-g> Z— XiXXsXa, on each vertex 212,232, = 1%
! O

Ground state optimization: variational Monte Carlo
o efficient: ~ O((2)7) for Zy gauge theory

Z

Z4

® accurate: epgps = —0.69092(6) vs eqmc = —0.69083(6) for 16 x 16, g ~ g.

Wilson loop (over a square loop C):

—k Area(C)
€ g > &
W= HX/ ~ efk’ Perimeter(C) <
leC g gC
&c known from duality to 2D transverse field
Ising model.

Fit log(W) vs area(C)
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Odd Z, gauge theory

Zy

Z, odd gauge theory in (2+1)D:

H= —gZZ, - hZX1X2X3X4, on each vertex Z1 2,737, = —1 % 2

/ O
. Zy
Corresponds to a frustrated spin system.
16x16 9/h=0.4 16x16 9/h=0.8 T T T T
0.30 | i i A
o
- - _o25p o
2 16x16 Odd Z, LGT ’
e e Eo20f o R
g
o = o5} 2 R
8 hd
o - Dol ./ i
=
e e 005 « . g
e - 000 —eneas -—T - ) )
EERE R EERET L )0 02 02 o8 o8 7o
g/h
Distribution of (X1 X>X3Xs); at ground state. 1
Translation symmetry breaking (TSB) for large g. TSB OP = Dy = N Z(—l)’x (X1 X2 X3 Xa)i
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" Still a long way to go to reach QCD
° 7y — 5U(3)
* (2+1)D— (3+1)D
. i e
® no matter — fermionic matter (straightforward) ( YN
QED dynamics \\.
;(m”; Other directions: Discretize space by lattice

Future

e full update, simple update
® infinite PEPS
® continuous space MPS
® SPT and generalized symmetry in lattice gauge theory
® e.g. Higgs phase <» SPT: boundary phase transitions in Zo LGT with matter fields
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