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Quantum simulations of physics

Feynman, R. P. Simulating physics with computers. Int. J. Theor.
Phys. 21, 467-488 (1982)
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Quantum computers and quantum systems

for one qubit
dim (H) =2

for N qubits
dim (H®V) = 2"
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Quantum computers and quantum systems

for one qubit
dim (H) =2
for N qubits
dim (H®V) = 2"
for N =50
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Simulations of LQG
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Quantum computers IBM Q
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Quantum processors

QO Qubits 11 Connectivity

O Qubits 14 Connectivity

(i)

single-qubit U2 error rate CNOT error rate

@ e o

0

single-qubit U2 error rate CNOT error rate
3.795e-4 3.304e-3 1.726e-2 1.148e-1

4.321e-4 7.390e-4 1.111e-2 1.589%e-2
Melbourne quantum processor
Yorktown quantum processor
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Quantum circuits

Quantum register:
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Quantum circuits

One-qubit gates:
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s ( e'?sin (6/2) &% cos (9/2), )

Us|0) = cos (8/2) |0) + e'®sin (6/2) [1)
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Quantum circuits

Two-qubits gates:

0)
0) {UfF—9—
0) ———D—
0)
Lo 0o €X|00) = |00)
cx|o1) = |o1
ofea e
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0010
CX|11) = |10)
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Quantum circuits

Measurements:
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Quantum circuits

Measurements:
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Spin-network states

1Zn) € anSU(2) (Hj, ® Hj, @ Hj. @ de)
T Zn) = Q) In
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Single node

1Z) € Invsy(2) (7‘[1/2 Q@ Hipp @ Hip® HI/Q)

0 ; 0
|Z) = cos §|Lo> + e/ sin §|L1>
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Single node on qubits
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Simulation on quantum processor
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G. Cz, Jakub Mielczarek, "Quantum simulations of a qubit of space”
Phys. Rev. D 103, 046001 (2021)
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Gluing tetrahedra

twisted geometry
(area-matched tetrahedra)

Spin-network basis states are un-entangled |I', i, Z,) = ), Z»
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Gluing tetrahedra

Baytas, B., Bianchi, E., & Yokomizo, N. (2018). Gluing polyhedra with
entanglement in loop quantum gravity. Physical Review D, 98(2),
026001.

squeezed states

[y
~—

1B, \)) = (1 - |>\,|2) S V2 + 107 (B, ) (
J

singlet state of spin j, which is maximally entangled

J

Z ’Ja m>5 |j7_m>t

1B, j) =
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Gluing tetrahedra

projection on spin-network basis states

Pr = Z ‘r7j/7l—n> <r7j/,In’
jlen

T, B, A1) = Pr(X) 1B, A)
I
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New circuit for node
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New circuit for node

0 ; 6
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wi

— [0X0]
— 10X0|

— [0X0]

"Projection” operator on intertwiner subspace, expressed in one-qubit

representation.
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Projection of state |¢) on intertwiner subspace, expressed in one-qubit

representation.
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Gluing tetrahedra

for j = % in qubit notations:

5.3) = 5 (o1) ~ 10)
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Transfer of projected state on ansatz:

|0> 7 ] VCL
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Pentagram

PF |¢> = Z {15./} ‘Lk1l'k2Lk3Lk4Lk5>

U

where
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Ansatz:
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Open pentagram
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Open pentagram

Ansatz:

\/
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Decagram

\/
/\
l

8 qubits + 8 qubits — 10 qubits
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Simulations of spin networks

Spin network

Parametrized
quantum
circuit

e s S ]
Measurements of observables

V), S(pi), ... <—

—

Execution on quantum device
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Mutual information

Mutual information:

I(pag) = S (pa) +S(ps) — S (pas)

Entropy:
S(p)=—Trpnp
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Mutual information

Mutual information:

I(pag) = S (pa) +S(ps) — S (pas)

Entropy:
S(p)=—Trplnp
Correlation funtion:
1
[|Oall 1|08l

Bound on correlation function:

C(0a,08) = ({Oa0B) — (0a){(O8))

1
EC(OA, 08)* < I(pag)
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Mutual information: Decagram

® ' j

~1.4 MAX

~0.7

@ ~ ~0.1

~0.02

I(pag) = S(pa) +S(ps) — S (pas)
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Page curve - random pentagram

Pairs of spins in random state on the links:

Entropy of subsystem:
Ny =2

p = Trall's)
S(p) =—Trplogp
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Page curve - random pentagram
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Page curve - random pentagram

Pairs of spins in random state on the links:

Entropy of subsystem:
Ny =2
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Grzegorz Czelusta (JU) Quantum simulations of LQG September 23, 2022 43 /54



Page curve - random pentagram

Pairs of spins in random state on the links:

Entropy of subsystem:
Ng=3

p = Trall's)
S(p) =—Trplogp
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Page curve - random pentagram

Pairs of spins in random state on the links:

Entropy of subsystem:
Ng=3

p = Trall's)
S(p) =—Trplogp

Grzegorz Czelusta (JU) Quantum simulations of LQG September 23, 2022



1

Random pentagram - spin 5
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Random pentagram - spin 1
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Random pentagram - spin 3
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Random pentagram - spin 2
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Random pentagram - maximally entangled links - spin 1
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Random pentagram - maximally entangled links - spin
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Random pentagram - maximally entangled links - spin 2
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@ we can prepare a broad class of spin-network states on a quantum
register

@ measurements can be performed both on simulator and real quantum
processor

@ a number of required qubits is not much greater than the number of
nodes

@ entropies of subsystems and Page curve can be extracted

o for low spins, typical entropy of a subsytem in random pentagram is
smaller than in random 5-qubit quantum system

@ entropy of subsystems in pentagram grows up to typical entropy of a
5-qubit quantum system if maximally entangled links are used
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@ we can prepare a broad class of spin-network states on a quantum
register

@ measurements can be performed both on simulator and real quantum
processor

@ a number of required qubits is not much greater than the number of
nodes

@ entropies of subsystems and Page curve can be extracted

o for low spins, typical entropy of a subsytem in random pentagram is
smaller than in random 5-qubit quantum system

@ entropy of subsystems in pentagram grows up to typical entropy of a
5-qubit quantum system if maximally entangled links are used

Thank you for your attention
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