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Introduction

Z, gauge

Z,4 gauge
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continuous gauge group is difficult for qubit devices
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Introduction

let’s use a toy model with discrete gauge group

Z3 lattice gdauge theory (instead of Z, lattice gauge theory)

for near-term quantum simulation
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2. Z4 lattice gauge theory



Z3 lattice gauge theory

Z5 gauge field

state vector

link operator

conjugate operator

|g> — Colei0> + Cllei2n/3) + Czlei4n/3>

4/18



Z3 lattice gauge theory

Z5 gauge field

Co
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Z3 lattice gauge theory

Gauss law operator

D M@} x =€) = e2mee/? o ) 0 (x) = 2mp(x)/3
k k
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Z3 lattice gauge theory

Gauss law operator

D M@} x =€) = 2me/? o ) 0 (x) = 2mp(x)/3
k k
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Z 3 lattice gauge theory

Z5 gauge theory Z, gauge theory

fermionic baryon bosonic baryon
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3. Phase diagram in 3 dimensions



Phase diagram in 3 dimensions

Hamiltonian

H = Helectric + Hmagnetic + Hquark

parameters

gauge coupling g

quark mass m (assumed to be nonzero)
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Phase diagram in 3 dimensions

strong coupling limit g > 1

H = Helectric + Hmagnetic + Hquark
0(g*>) 0(1/g*) o)
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Phase diagram in 3 dimensions

strong coupling limit g > 1
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Phase diagram in 3 dimensions

strong coupling limit g > 1

H = Helectric + Hmagnetic + Hquark
0(g*>) 0(1/g*) o)

confinement (+ string breaking) chiral symmetry breaking
— L T
—O o —
(Helectric) X g°L m+0(1/g%)
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Phase diagram in 3 dimensions

two-flavor quarks

000¢
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Phase diagram in 3 dimensions

two-flavor quarks

000¢

proton & neutron
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Phase diagram in 3 dimensions

two-flavor quarks mesons

XXX

proton & neutron
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Phase diagram in 3 dimensions

two-flavor quarks mesons
proton & neutron baryon-baryon interaction




Phase diagram in 3 dimensions

p vs g phase diagram (zero temperature)
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Phase diagram in 3 dimensions

p vs g phase diagram (zero temperature)
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Phase diagram in 3 dimensions

u vs g phase diagram (zero temperature)
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Phase diagram in 3 dimensions

p vs g phase diagram (zero temperature)
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Phase diagram in 3 dimensions

u vs g phase diagram (zero temperature)
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Phase diagram in 3 dimensions

p vs g phase diagram (zero temperature)
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Phase diagram in 3 dimensions

u vs g phase diagram (zero temperature)

i T‘ U =M
g2
topologically ordered Bermi liquid
. vacuum
gc
y gapped :
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ﬂc=m+0(1/gz) U

confinement & ySB
onset of baryonic matter 10/18



Phase diagram in 3 dimensions

p vs g phase diagram (zero temperature)

no color superconductivit
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4. Emulator testin 1 dimension



Emulatortestin 1 dimension

Florio, Weichselbaum, Valgushev, Pisarski (2024)
Hamiltonian

H = Hglectric T+ Hquark

three-flavor quarks SU(3) singlet baryon
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Emulator testin 1 dimension

quark numbers (q = u,d, s)

[H'Qq] =0

- qu\_p) - Nq|LP>
Z3 gauge symmetry
[H,G(x)] = [H,T(x)[T* (x — 1) — e?2m™P0)/3| = 0

- Gx)|¥Y)=0
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Emulator testin 1 dimension

ground state is obtained by adiabatic (or variational) algorithm

initial state quantum circuit ground state
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Emulator testin 1 dimension

ground state is obtained by adiabatic (or variational) algorithm

initial state quantum circuit ground state
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Q,|¥,) =N, |¥ Qq|¥) = N, [¥P)
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Emulator testin 1 dimension

total Hilbert space
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Emulatortestin 1 dimension

total Hilbert space
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Emulatortestin 1 dimension

if circuit is not gauge invariant...
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/ gauge variant \
ground state
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Emulatortestin 1 dimension

ground state energy

[ (obtained by exact diagonalization)

o
S gauge variant

gauge invariant
o < .

0 1 2
baryon number
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Emulatortestin 1 dimension

ground state energy

[ (obtained by exact diagonalization)

o
S gauge variant

gauge invariant
o < .

0 1 2
baryon number

g>1

Helectric Hquark

do - 0
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Emulatortestin 1 dimension

ground state energy

(obtained by exact diagonalization)

o
S gauge variant

gauge invariant
¢ <

0 1 2
baryon number

H electric

do -

g>1

H quark

gauge variant
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Emulator testin 1 dimension
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Emulator testin 1 dimension

W) = | [ lbad e s pe) | |19

site link

v @O, g _OX A0
QC}-'C}-CO
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6 + 2 + 6 + 2 4+ 6 = 22qubits
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Emulatortestin 1 dimension

energy density

baryon density
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Emulatortestin 1 dimension

energy density

(-]

[S—

——————— 1.0 |+ i— ----------
i emulator ok
i
2 —
wn I
s i
) s Z 05t e
5 :
emulator > gre = -
. 3 i
---%--- exact o4
exact i
: ] e N
. | 1 .
0.0 0.5 1.0 0 I 2
baryon density \/ chemical potential
min[E — u(N,, + N4z + N)]

17/18



Z lattice gauge theory is a nice model for benchmarking quantum simulation

v 1D Z; will be possible now

v' 3D Z; will be possible in several years

v" dense QCD is the ultimate goal
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