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Why Quantum Computing

Usefulness of Euclidean lattice QCD at finite temperature: QCD
matter crossover at zero chemical potential, some transport
coefficients (e.g. heavy quark diffusion)

Challenges of Euclidean lattice QCD, sign problem (signal-to-
noise ratio): fermion at finite chemical potential, real-time
observables

Use quantum computers to simulate quantum systems
“Simulating physics with computers” R. P. Feynman, 1982

Quantum computing devices are developing quickly:
superconducting circuits (IBM Q, Google, rigetti), trapped ion (lon
Q)

“Quantum supremacy using a programmable
superconducting processor” Google Al Quantum, 2019
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Elements of Quantum Computing

* Three elements of quantum circuits: state initialization, gate
operation, readout

Initial state » Quantum operations » Readout

e State initialization
 Ground state: adiabatic state preparation

* Thermal state (important to study quantum systems at finite
temperature, e.g. calculate real time correlators): couple with
ancilla qubits, quantum Metropolis, imaginary time evolution
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Schwinger Model
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States in Schwinger Model

* Impose Gauss law for states Electric flux = 1 unit
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Even sites: fermion, odd sites: anti-fermion

* Focus on states with specific momentum and symmetry

k=0 state: first find states that are equivalent under cyclic permutation
then symmetrized linear combination (trivial Fourier transform)

Positive parity: reflection w.r.t. a chosen site
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Open Quantum System

Total system = subsystem + environment: H = Hq + Hp + H;

p(t =0) = ps @ pE

Subsystem & environment

Unitary evolution U(tv O) (IOS & IOE)UV]L (tv O)

Time reversible

>
Subsystem & environment

l Trace out (integrate out) environment l

ps(t =0)

Non-unitary

Subsystem

=
Time irreversible

Tep Ut 0)(ps ® pr)U (£,0)|




From Open Quantum System to Lindblad Equation

time- |rreverS|bIe evolution

Markovian
(weak-coupling)

Teg [U(t,0)(ps @ pp)U (1,0)

Quantum Brownian motion Quantum optical limit
(high T) (low T)
Tp > Tg, Tg > Tg Tp > Tp, Tp > Ty

~ 7

Lindblad equation

dps(t)
dt

—i[Hs,ps(t)] + Lips(t)L] — —{LTLWS( 2}
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From Open Quantum System to Lindblad Equation

Review: XY, 2102.01736 Subsystem: non_unitary,
time-irreversible evolution

Markovian
(weak-coupling)

Tep [U(L,0)(ps @ pp)UT (1,0)]

Quantum Brownian motion Quantum optical limit
(high T) 7z environment correlation (low T)
TR > Tp, Tg > T 7¢: subsystem intrinsic time TR > T, Tp > Tg

\i: relaxation time

Lindblad equation

dps(t)
dt

—i[Hs,ps(t)] + Lips(t)L] — —{LTLM’S( 2}
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From Open Quantum System to Lindblad Equation

time- |rreverS|bIe evolution

Markovian
(weak-coupling)

Teg [U(t,0)(ps @ pp)U (1,0)

Quantum Brownian motion Quantum optical limit
(high T) Ty~ —, Ty~ —— (low T)
Tp > Tg, Tg > Tg Tp > Tp, Tp > Ty
For QFT in contlnuum

expect AL — 0
SO Tg — OO

Lindblad equation

dps(t)
dt

—i[Hs, ps(t)] + Lips(t)L] — —{LJr i ps(t)}
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Schwinger Model Coupled w/ Thermal Scalars

e Hamiltonians H = Hq¢+ Hg + H;
) 1
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Simulation on Quantum Computers

e Stinespring dilation theorem: simulate non-unitary from unitary

ancilla qubits  |0) -

system qubits
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One cycle

No. of ancilla qubits depend on No. of Lindblad operators

After each cycle, ancilla qubits are reset
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Results from Simulators

0.1

* Observables (A) = Tr(psA) e=tm="" p=0la =1

~ 1 e?
2 2
Average of E flux squared Ap2 = der E*(x) = — E /
2Na () 2N n
n
Total number of fermion pairs Ay , = E ot (n)o~ (n)
n, even
1.0 0.7
Simulator, N = 2 Simulator, N = 2
e D =04 == RK4, open system 0.6 1 e D =04 == RK4, open system
087 D =32 RK4, closed system D =32 RK4, closed system
Neycle = 200 === thermal equilibrium 0.5 7 Neycle = 200 === thermal equilibrium
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t t
Interaction with environment leads to thermalization

Thermalization rate depends on D
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Results from Real Quantum Devices

1.0
IBM Q Montreal, Neyle = 4
Uncorrected = RK4 open system
0.8 1 4 Readout corrected RK4 closed system

== Simulator, Neyce = 4

@ Readout + RIIM corrected ==

Thermal equilibrium

* Error mitigation

Readout error correction: small effect

0.7

IBM Q Montreal, Neye = 4

Uncorrected = RK4 open system
-4~ Readout corrected RK4 closed system
® Readout + RIIM corrected == Thermal equilibrium

= Simulator, Neycle = 4

RIIM (random identity insertion method): correct CNOT gate error, big effect

Possible to extend to higher number of cycles
& prepare states close to thermal equilibrium
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Summary

Quantum simulation of Schwinger model as open quantum
system (non-equilibrium dynamics) —> prepare thermal state as
initial state

Couple with thermal scalar fields and trace out environment
Lindblad equation in quantum Brownian motion limit

Simulation results from IBM Q simulators and real devices:
possible to achieve thermalization by using current devices
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