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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
dim (1®%°) ~ 10"
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Quantum computers IBM Q
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IBM - Qiskit library
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Xanadu - Penny Lane library

pennylane qml
pennylane numpy np
devl = gml.d ('default.qubit', wires=1)

(devl)
phil, phi2):

gml.RX(phil, w
qml.RY(pht.
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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
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Quantum circuits

One-qubit gates:

0)

0)

0)

0)

_(es(6/2)  —ePsin(0/2)
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) HUF—¢—
0) ———
0)
L1000 CX|00) = |00)
oX = 8 é 8 (1) CX|01) = |01)
CX|10) = |11)
0 010
) = |10)
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Quantum circuits

Measurements:

0) A
0) —Ul—e——

0)

By
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Quantum circuits

Measurements:

=)
~~
D
UV
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Quantum geometry
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[L;, L{)] = i8,p2eT Lk
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Quantum geometry

[L;, L{)] = i8,p2eT Lk

CIZ) =0; |Z) € Invsyay (Hy, ® Hj, @ Hj. @ H;,)
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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

|Z) =cos Q|Lo> + e/ sin €|L1> =
(/0011) + |1100))+

7
7(|0101> +[1010))+

f(\011o> +]1001))
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Single node on qubits

(%)

V2

C3

V2

a

1Z) 7

(10011) +[1100)) + —=(]0101) + [1010)) + —=(]0110) + |1001))

0) —{H]

0) <Uf—s -

0) % $ d
0) $ o ®

Viea? + [esf? o Cs
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Simulation on quantum processor

. Yorktown
mm Melbourne

0.925
0.900
20875
3
2 0.850
0.825
0.800
0.775
0.750
L) Y [+) [=) [v) [9)

States

0.950

G. Cz, Jakub Mielczarek, "Quantum simulations of a qubit of space”
Phys. Rev. D 103, 046001 (2021)
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Gluing tetrahedrons

twisted geometry
(area-matched tetrahedra)

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

twisted geometry
(area-matched tetrahedra)

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

squeezed states

—~~
[y
~—

BAY = (1= INP) D V2 + 107 |B.))
J

maximally entangled state of spin j

|B,_j> == \/21T Z )j ’Ja |j7_m>t
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Gluing tetrahedrons

squeezed states

BAY = (1= INP) D V2 + 107 |B.))
J

—~~
[y
~—

maximally entangled state of spin j

|B,_j> == \/% Z )j ’Ja |.j7_m>t

projection on spin-network basis states

Pr = Z ‘r,_j/7In> <r7j/7In’
jlen

1B\ = PrQ)1B,\)
i
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Gluing tetrahedrons

forj:é;

= (B -H-B-HEN)

in qubit notations

1
>= -5 (10 —[10))
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VN

1 1
2,5, 2> =Fr ® '87 2> - Z Lal)mzm3m4L(/)m1mzm3m4 ki)
/ k,l

= \2 (leoto) + [e1e1))
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New circuit for node

0 {7 7,
@

0) b—o U_3/4r b

0) = [ H |

10) D D

0 ; 6
|Z) = cos §\L0> + e sin 5’1,1) =

3 (10110) + |1001))

<L (j0011) +[1100)) + f(101o1> +11010)) + 5

V2
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New circuit for node

0 ; 6
|Z) =cos §|L0> + e sin §|L1> =

2 (j0110) + |1001))

a
——=(|0011) 4 |1100)) + \[(|0101> +11010)) + \ﬁ

V2
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Tl 10)0]
— — [0X0]

— — 10Xl

Projection operator on intertwiner subspace, expressed in one-qubit
representation.
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0)
0)
0)
0

Uy

wt

— [0X0]
— [0X0]

— 10X0|

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

representation.

Grzegorz Czelusta (JU)

(Z |k) <Lk\> [¥)
k
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(leoto) + [e1e1))

Sl
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2> = \2 (leoto) + [e1e1))

o)
10) o
0 o
10) — [0)
0) —{X] O

0) —{x1 <> ol 10)
0) X1} O — |0)
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Dipole

Variational algorithm

cost(ar) =1 — Prob(goga = 00)

o 25 50 75 100 125 150 175
Steps
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Pentagram

P W)> = Z {15j} ’Lk1Lk2Lk3Lk4Lk5>

Lk

where

N\, Mi2mizmiamis mi3migmss miamis
{151} =4 2;m2 3;mi2m3
m

5
La;miamismig L5;miamizmiamys
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Decagram

\/
/\
l

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

I'(pag) = S (pa) + S (pB) — S (paB)
S(p)=—Trplnp
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Mutual information

I'(pag) = S (pa) + S (pB) — S (paB)
S(p)=—Trplnp

1

C (04, 0B) = m(<

0a0g) — (0a)(08))

1
EC(OAv 08)* < I(pas)
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Mutual information: Decagram

® ' j

~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

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
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S(p) =—Trplogp
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Random pentagram - spin 5
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Random pentagram - spin 1
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0 1 2 3 4 5
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Random pentagram - spin 3

Maximal
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0 1 2 3 4 5
Na
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Random pentagram - spin 2

Maximal

Mean
0.0 - —&— Random pentagram
0 1 2 3 4 5
Na
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Maximal
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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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