New Computational Methods
for Matrix Models

Enrico Rinaldi

(Main) | Quantinuum (London) ) + (Visitor) | RIKEN [RQC] )
2025-12-03 Matrix Model for Superstring/M-theory (YITP) @ Kyoto



https://www.quantinuum.com
https://ithems.riken.jp/en
https://indico.yukawa.kyoto-u.ac.jp/event/54

a|di et al., PRX ntum 3 (2022) 010324] ’ [Brehm et al., JHEP 2025) 116] Credits:APS/Alan Stonebraker. Physics Magazine

N \3\ ;’ 4 ;
\’::-\ = 'K\ ‘ ’ /7 /}:j()
— ’ T\ \ VO \ TR L) ) : “ , —
© s SAS N\ \ O\ \ [ 70 / LA ==
- ’ A ) \\ . ' e ——————————— : /() r &
< N\ = - ' 4 7 /
. )\ I U o, S
e ——— S — -~
!
._\- ' \
\ /

—— . ; T e PR
23— )7 T * ss
' - (_) ' \ \ \ ) .
-~ /('/ J { /\/) \[ | S ’»
< - N // /() T ————————— \&\- '% %1
< S&o 77 {10 \ AN B ~

S ‘ l ", | \ \ .
./ /0 s - () / \ \ \ \ ~ QQ\
/ [o¥e o\ \ :
o7 AN\



https://physics.aps.org/articles/v13/40
https://doi.org/10.1103/PRXQuantum.3.010324
https://link.springer.com/article/10.1007/JHEP09(2025)116

|di et al., PRX ntum 3 (2022) 010324] [Brehm et al., JHEP 2025) 116] Credits:APS/Alan Stonebraker. Physics Magazine

oA [ P7 ]

o
\\.:'\ = ) ‘ ; /}:}().-
— ’ R \ VO \ / Q7 , : - s
© s SAS N\ \ O\ \ [ 70 / 77 ==
. T AN 2 P WIS S S 70, >,
u I ne S W\ > VL 1 O iy e
< N\ - \ ; /; ' 4 /
. - .v“ -.' \ ) )\ ' \.' / (‘ ,) ) d .
- g —— -
. v
« |Introduction
\- ' \>
\ /
'O ,_.o‘ / ‘\ C ¢ \\“.\\ ) — Q)‘
wrl® au - ) ." \ 04 : - \(3 e
' (_7 ' | \ ) s .
~ /f‘y - s ! /\’/\ \' ‘\. - o
— \ : ~
A A ‘o L S Sl A0 o S
< SO/ 17 | | N S



https://physics.aps.org/articles/v13/40
https://doi.org/10.1103/PRXQuantum.3.010324
https://link.springer.com/article/10.1007/JHEP09(2025)116

a|di et al., PRX ntum 3 (2022) 010324] ’ [Brehm et al., JHEP 2025) 116] Credits:APS/Alan Stonebraker. Physics Magazine

—_— BA [ PF ] oo
: o
. |ntroduction
- Numerical techniques for
matrix quantum mechanics:
- Path integral Monte Carlo E
. Truncated Hamiltonian 4
« Quantum Computing o e UV
. Tensor Networks % 22| 0 TorT o | e S B,
&= oo A i ol s> XSS
//(;i)// 10 | \; \QQ\Q\



https://physics.aps.org/articles/v13/40
https://doi.org/10.1103/PRXQuantum.3.010324
https://link.springer.com/article/10.1007/JHEP09(2025)116

..
|d|eta|-, PRX ntum 3 (2022) 010324] [Brehm et al., JHEP 2025) 116] Credits:APS/Alan Stonebraker. Physics Magazine

S N LT 2o
Outline = oW
: o '
» |ntroduction
- Numerical techniques for
matrix quantum mechanics:
- Path integral Monte Carlo E
Truncated Hamiltonian 9
Quantum Computing R — —
. Tensor Networks &% 2 / | NSES
{9// AN /(/ );)(i 1777 [ | —\ 0 \‘t:’\ 7 Q%,% '
IO 11 |

» Conclusions and challenges e S



https://physics.aps.org/articles/v13/40
https://doi.org/10.1103/PRXQuantum.3.010324
https://link.springer.com/article/10.1007/JHEP09(2025)116

powered by Honeywell

'WW"

HHEARRA

LT

RAHAEERHARAREAEERE

=1 —
I

i'H'[f'\'

AHHAKERI




powered by Honeywell

-

=
e
-
-
—1
—=
o
o=
—‘—J_
==
N
-z
R
—_—
—
=3
= X
e

=
—
==
_A_I
e I
R
—
—
== o

z
==
e =
I
=i
=g
-
1
— I
=

LA LL UV I A

T




9p)
®)
&
(a4
©)
3
X
@©
o)
S
I

Summit @ ORNL




[Maldacena "97, Itzhaki,Maldacena,Sonnenschein, Yankielowic ‘98] ['t Hooft, Susskind, Maldacena ...]

interaction strength

GAUGE/GRAVITY DUALITY

—

supersymmetric SU(N) gauge theory Superstring / M-Theory

SUOT}03110D 3ULn)s (wnjuenb)



[Maldacena "97, Itzhaki,Maldacena,Sonnenschein, Yankielowic ‘98] ['t Hooft, Susskind, Maldacena ...]

interaction strength

GAUGE/GRAVITY DUALITY

—

supersymmetric SU(N) gauge theory Superstring / M-Theory

strong coupling h Einstein gravity

HARDER EASIER

SUOT}03110D 3ULn)s (wnjuenb)



[Maldacena "97, Itzhaki,Maldacena,Sonnenschein, Yankielowic ‘98] ['t Hooft, Susskind, Maldacena ...]

GAUGE/GRAVITY DUALITY

—

supersymmetric SU(N) gauge theory Superstring / M-Theory

strong coupling h Einstein gravity

HARDER EASIER

interaction strength
SUOT}03110D 3ULn)s (wnjuenb)

finite coupling string effects

EASIER HARDER




[Maldacena "97, Itzhaki,Maldacena,Sonnenschein, Yankielowic ‘98] ['t Hooft, Susskind, Maldacena ...]

GAUGE/GRAVITY DUALITY

—

supersymmetric SU(N) gauge theory Superstring / M-Theory

Use numerical methods

strong coupling Einstein gravity

HARDER EASIER

interaction strength
SUOT}03110D 3ULn)s (wnjuenb)

finite coupling string effects

EASIER HARDER




[Maldacena "97, Itzhaki,Maldacena,Sonnenschein, Yankielowic ‘98] ['t Hooft, Susskind, Maldacena ...]

interaction strength

GAUGE/GRAVITY DUALITY

—

supersymmetric SU(N) gauge theory Superstring / M-Theory

Use numerical methods , o
Test the gravity predictions

strong coupling Einstein gravity

HARDER EASIER

finite coupling string effects

EASIER HARDER

SUOT}03110D 3ULn)s (wnjuenb)



[Maldacena "97, Itzhaki,Maldacena,Sonnenschein, Yankielowic ‘98] ['t Hooft, Susskind, Maldacena ...]

interaction strength

GAUGE/GRAVITY DUALITY

—

supersymmetric SU(N) gauge theory Superstring / M-Theory

Use numerical methods , o
Test the gravity predictions

strong coupling Einstein gravity

HARDER EASIER

Make predictions for gravity!
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[BFSS, hep-th/9610043]

Matrix Quantum Mechanics

Interpretation
1 . ] )
_ 2 N6’ o M
L = 2 Tr{(DtXM) _I_[XM7XM’] _|_7’77b thﬁ_l_w /YCXB[XM7?7DB]}
29
Y M
obtained from N=1 U(N) SYM in (9+1)d via dimensional reduction to (0+1)d
1/T or equivalently from N=4 U(N) SYM in (3+1)d: it is maximally supersymmetric
s— [ ar
0
)\ — 932(1\/[ N "t Hooft coupling

Xy, M=1,...,9 (N x N) — hermitian scalars
Y, a=1,...,16 (N x N) — adjoint fermions

D = 0y - —ilAs,:] — gauge covariant derivative
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Matrix Quantum Mechanics

Interpretation

[BFSS, hep-th/9610043]

Ir {(DtXM)2 + | X w1, XM’]2 + Z.lzathﬁ + lza/yo% XM, wﬁ]}

| DO0-branes I

coordi
COup

nates

Ngs

« Matrix regularization of 11D supermembrane [De Wit, Hope, Nicolai, 1988]
» Matrix model of M-theory [BFSS, 1996]

e Dual to type lI1A black O-brane near 't Hooft limit [IMSY, 1998]
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% Different cutoff
regulator

% Different
discretizations

% Finite N
% Finite cutoff

* Qualitative
agreement

* Not enough precision
for quantitative
predictions

Previous results
A long history
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Quantum Computing
arxiv:2303.11534

A simple quantum system that describes a black hole

Juan Maldacena

- Juan Maldacena is not immune
to the quantum ”hype" @ Institute for Advanced Study, Princeton, NJ 08540, USA

« He estimates the number of
qubits and gates to describe
the evolution of a black hole:

A1/3 >_ A1/3 Abstract

N, ~ N2 8 _|_ 9 1 o gz ( ~ 7 OOO fOI' N _ ].6 ~ 4 During the past decades, theorists have been studying quantum mechanical systems that are
q y y — y

W believed to describe black holes. We review one of the simplest examples. It involves a collection
of interacting oscillators and Majorana fermions. It is conjectured to describe a black hole in an
emergent universe governed by Einstein equations. Based on previous numerical computations,
we make an estimate of the necessary number of qubits necessary to see some black hole features.
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| VACUUM) = ( ®,,10),,) =50  |Ground State) = (2??)
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Hilbert space regularization

Truncation in Fock space

|[VACUUM) = ( ®,,10),,) —,50  |Ground State) = (???)
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Hilbert space regularization

Truncation in Fock space

|[VACUUM) = ( ®,,10),,) —,50  |Ground State) = (???)

A

Challenge: physical results are
at A =oo |

Largest excr”
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Hilbert space regularization

Truncation in the coordinate basis

X|x) =x|x)

x(n) = —R+nadig, dgio = AT’ n=0,1,-,A—1

. Risthe “infrared” cutoff — o0
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Hilbert space regularization

Truncation in the coordinate basis

X|x) =x|x)

x(n) = —R+nadig, dgio = AT’ n=0,1,-,A—1

- R is the “infrared” cutoff — oo
. g, is the digitization spacing — (

. /A is the number of digitization points — 00
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Hilbert space regularization

Truncation in the coordinate basis

X|x) =x|x)

x(n) = —R+nag,, ag, =

« R isthe “infrared” cutoff — o0 Note: can extend this to

many bosons N, . > 1!

. g, is the digitization spacing — (

. /A is the number of digitization points — 00
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Hilbert space regularization
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Hilbert space regularization

Truncation in the coordinate basis

X|x) =x|x)

Challenge: Hilbert space becomes
exponentially large! dim#Z = ANvos
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[Halimeh, et al., arxiv:2411.13161]

¢
Universal Framework
General paradigm across MQM and LGT

» Digitizing matrix elements or fields on lattices is a general strategy that
makes these systems amenable to qguantum computing algorithms

~ 1
~ Any Hamiltonian 1 = 5 Zﬁg + V(X) can be studied in this framework

A

« “Space” and “Time” resources can be easily computed for time evolution

algorithms
Number of qubits | # T gates in V(Z) term | # T gates in p* term
Scalar QFT ViatticeQ Viattice (612) ‘/latticeQ(Q o 1)
Matrix Model dN?*Q d(d — 1)N*Q* dN*Q(Q — 1)
OI' blfOId YM sz 2Viatt:iceQ dzviatticeN 4Q4 N zdviatticeQ(Q o 1)
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Results
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Results
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- Benchmark: compute the lowest states
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Results

Small-scale: N=2, D=2, A = o

- Benchmark: compute the lowest states

via exact diagonalization

« Study the convergence to A = o
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Small-scale: N=2, D=2, A = o

- Benchmark: compute the lowest states
via exact diagonalization

« Study the convergenceto A = ©

- Study the effects of different couplings
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Small-scale: N=2, D=2, A = o

- Benchmark: compute the lowest states
via exact diagonalization

« Study the convergenceto A = ©

» Study the effects of different couplings
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Small-scale: N=2, D=2, A = o

- Benchmark: compute the lowest states
via exact diagonalization

« Study the convergenceto A = ©

» Study the effects of different couplings
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Small-scale: N=2, D=2, A = o

- Benchmark: compute the lowest states
via exact diagonalization

» Study the convergenceto A = o

» Study the effects of different couplings
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Small-scale: N=2, D=2, A = o

Benchmark: compute the lowest states
via exact diagonalization

Study the convergence to A = o
Study the effects of different couplings

Study the gauge-singlet constraint

GAa — iZfaﬂy&}tg&Iy - éa ( ®I,,B ‘O>Iﬂ) =0
pord

3.90 1

3.70
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Results
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Benchmark: compute the lowest states
via exact diagonalization Z <E0
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[Rinaldi et al., PRX Quantum 3 (2022) 010324]

Study the convergence to A = o
Study the effects of different couplings

Study the gauge-singlet constraint

10—7_

—_
(@)

O

~

Gy = izfaﬂy&;ﬂdly — G, ( ¥ ‘O>Iﬂ) =0 o
porid

10—11_
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Small-scale: N=2, D=2, A = o

Benchmark: compute the lowest states

via exact diagonalization

Study the convergence to A = o

Study the effects of different couplings

Study the gauge-singlet constraint

Ga — iZfaﬂy&}Lﬂ&Iy - Ga ( ®I,ﬁ ‘O>Iﬂ)
prd
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Results
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Benchmark: compute the lowest states
via exact diagonalization

Study the convergence to A = o
Study the effects of different couplings

Study the gauge-singlet constraint
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& QuTiP
Quantum Toolbox in Python
Results
Small-scale: N=2, D=2, A &
- Benchmark: compute the lowest states H' = H+c Z G>

via exact diagonalization
« Study the to\ =
» Study the effects of different couplings

« Study the gauge-singlet constraint

 Study a perturbed Hamiltonian with gauge
penalty: increase energy iff not singlet
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% QuTiP

Quantum Toolbox in Python

Results
Small-scale: N=2, D=2, A & o

- Benchmark: compute the lowest states H = H+c Z G>

via exact diagonalization

. Study the to/\ & o© :?) ordered by (E|G?|E) |
 Study the effects of different couplings ..
» Study the gauge-singlet constraint (szz .
Cu=i ) Sy, — G @510)) =0 . - .
ol |
. Study a perturbed Hamiltonian with gauge = | - .

3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0

penalty: increase energy iff not singlet )
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& QuTiP
Quantum Toolbox in Python
Results
Small-scale: N=2, D=2, A &
- Benchmark: compute the lowest states H' = H+c Z G>

via exact diagonalization

. Study the convergence to A = o © 1 oeredry i

10_1;

» Study the effects of different couplings

10_23

» Study the gauge-singlet constraint .

Ga = iZfaﬁy&Zg&Iy - Aa ( ®I,,B ‘O>Iﬂ) =0 10~

10_5;

 Study a perturbed Hamiltonian with gauge
penalty: increase energy iff not singlet
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Excited states
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[Peruzzo et al., arxiv:1304.3061]

Quantum Computing

Variational Quantum Eigensolver - VQE

Qubit Hamiltonian A
Choice of ansatz

Initial parameters 90 New set of H values
Classical Optimizer
v v 3
Energy Evaluation Repeat until

convergence

to obtain

min, E(0)

Parametrized

quantum circuit

E©) = <yy|H|yy >

’ 1 b 1

State Expectation
preparation estimation

Credits: 1Qbit docs
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Quantum Computing

Variational Quantum Eigensolver - VQE

Qubit Hamiltonian A
Choice of ansatz

Initial parameters 90 New set of 9 values
Classical Optimizer
v v 3
Energy Evaluation Repeat until

convergence

to obtain

min, E(0)

Parametrized

quantum circuit

EWO) = <yy|H|yy >

i O 1

State Expectation
preparation estimation

Credits: 1Qbit docs

PQC — Variational Ansatz for |® ) * Evaluation of cost function — E(0) * Optimize parameters = 0*
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Quantum Computing

Variational Quantum Eigensolver - VQE

Qubit Hamiltonian A
Choice of ansatz

Initial parameters 90 New set of 9 values

v

Classical Optimizer

Repeat until

0) convergence
. to obtain
0) Parametr 0 mi ng E( 0)

quantumc

State Expectation
preparation estimation

Credits: 1Qbit docs

PQC — Variational Ansatz for |® ) * Evaluation of cost function — E(0) * Optimize parameters = 0*
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VQE details

Small-scale: N=2, D=2

log, \° = 6 qubits — Choose Variational Ansatz
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Small-scale: N=2, D=2

log, \° = 6 qubits — Choose Variational Ansatz
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VQE details

Small-scale: N=2, D=2

Choose Variational Ansatz

log, \° = 6 qubits

depth =1

PQC — Variational Ansatz for |® )

Ry Variational
Form
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VQE details

Small-scale: N=2, D=2

Choose Variational Ansatz

log, A\° = 6 qubits

# parameters =24

PQC — Variational Ansatz for |® )
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VQE details

Small-scale: N=2, D=2

Choose Variational Ansatz —_— Choose Quantum Simulator

log, A\° = 6 qubits

PQC — Variational Ansatz for |® )
# parameters =24
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VQE details

Small-scale: N=2, D=2

Choose Variational Ansatz —_— Choose Quantum Simulator

log, A\° = 6 qubits

PQC — Variational Ansatz for |® ) Evaluation of cost function — E(0)

# parameters = 24

Statevector simulator
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VQE details

Small-scale: N=2, D=2

Choose Variational Ansatz I Choose Quantum Simulator — Choose Classical Optimizer

log, A\° = 6 qubits

PQC — Variational Ansatz for |® ) Evaluation of cost function — E(0)

# parameters = 24

Statevector simulator
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VQE details

Small-scale: N=2, D=2

Choose Variational Ansatz I Choose Quantum Simulator — Choose Classical Optimizer

log, A\° = 6 qubits

# parameters = 24

PQC — Variational Ansatz for |® ) Evaluation of cost function — E(0) Optimize parameters — 0*

Statevector simulator

Least SQuares Programming optimizer (SLSQP)
Constrained Optimization By Linear Approximation optimizer (COBYLA)
Limited-memory BFGS Bound optimizer (L-BFGS-B)

Nelder-Mead
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Qubitization of MQM

Small-scale: N=2, D=2, A = o
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Qubitization of MQM

Small-scale: N=2, D=2, A = o

Truncation Level
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Qubitization of MQM
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Each boson is 1 qubit
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Qubitization of MQM

Small-scale: N=2, D=2, A = o

Truncation Level

Each boson is 1 qubit log, A° = 6 qubits

Each boson is 2 qubits log, A° = 12 qubits
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Qubitization of MQM

Small-scale: N=2, D=2, A = o

Truncation Level

Each boson is 1 qubit log, A° = 6 qubits

Each boson is 2 qubits log, A° = 12 qubits

Each boson is 3 qubits log, A° = 18 qubits
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Qubitization of MQM

Small-scale: N=2, D=2, A = o

Truncation Level

Each boson is 1 qubit log, A° = 6 qubits

Each boson is 2 qubits log, A° = 12 qubits

Each

limited resources

qubits log, A° = 18 qubits
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Truncation Level

Each boson is 1 qubit log, A° = 6 qubits

Each boson is 2 qubits log, A° = 12 qubits
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Fach Hy= 2\ 5Pt 5780 |+ 2| LI X%y 1212 =123

limited resources

qubits log, A° =18 qubits

Build matrix Hamiltonian which gets mapped to
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Qubitization of MQM

Small-scale: N=2, D=2, A = o

Truncation Level Rewrite X; — a,
Annihilation operator for site “i”

Each boson is 1 qubit log, A° = 6 qubits i 6
1
0 R
Each boson is 2 qubits log, A° =12 qubits i 6
0
0
\2
A | PN m* 55 g* ey
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Results
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Optimizer Var. form: R, Var. form: Ry R,
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Supersymmetric N=2 D=2 at large coupling
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Computational Resources

Bosonic Model

How hard is it?

[Rinaldi et al., PRX Quantum 3 (2022) 010324]

Supersymmetric Model
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[Berezutskii et al., arxiv:2503.08626]

m Tensor Network Methods

A@ Quick Introduction

« |n quantum many-body systems, TN are used as a parsimonious
representation of the amplitudes of the wave function

- TN elements can be optimized to compress correlated wave functions

« Algorithms based on TN allow for representing ground states and for
time-evolving arbitrary states

- TN with finite computational resources are inherently approximate

» |n quantum computing, TN are the leading “classical” simulation
methods


https://arxiv.org/abs/2503.08626
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[Brehm et al., JHEP 09 (2025) 116]

Matrix Product States

Ingredients

01 g9 03 g; O,
Al A? A3 A AL

[ sites — total number of bosons ( ~ NZD)
. Sites are d dimensional — dimension of each bosonic Hilbert space A

« D is the bond dimension — computational cost of DMRG:

O (2LD;  xd + 2LDZ, x*d* + LD} xd?)
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[Brehm et al., JHEP 09 (2025) 116]
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Conclusions

and outlook

v Quantum simulations may be used for addressing Quantum Gravity problems,
using the holographic duality

+ Hybrid quantum-classical algorithms can be used on current quantum hardware
to study small-size matrix models. Difficult to scale.

+ Tensor Network methods allow an efficient representation of the ground state of

matrix models up to larger N and number of matrices.
= Study dynamics of DO-brane bunches in “small” systems: black hole formation

= Study entanglement entropy of matrix ground states in different “configurations’

= Use matrix models to benchmark how quantum computers improve with time
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Results
Small-scale: N=2, D=2

Parameters:
« Temperature: T
« Number of lattice sites: N

No truncation A

Observables:
« Energy

3.50

3.251

3.00;

2.75-

w 2.50

2.251

.~
-~
L]

2001 4 72005 -4 T=025 °
175 _+_ T=01 —+— T=O3
-$- T=0.15 -4- T=0.4
G 0.2 0.4 0.6 0.8 1.0 1.2 1.4


https://arxiv.org/abs/2108.02942
https://github.com/erinaldi/bmn2-lattice

[Rinaldi et al., arxiv:2108.02942]

Results
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Results
Small-scale: N=2, D=2
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« Temperature: T
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Comparison

Benchmarking different methods

Bosonic Model
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Deep Learning

Variational Quantum Monte Carlo with Neural Quantum States

ERERED v«  wo=(xiw)
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Deep Learning

Variational Quantum Monte Carlo with Neural Quantum States

V(o) ) = (X | wp)
, (X1 ly,)
WQ(X) — EXN‘WQ‘z [GQ(X )]

V@Eg — EXN‘VJQ‘z [V@GQ(X)] + EXN‘WH‘

NQS — Variational Ansatz for |® ) * Evaluation of cost function = E(0) * Optimize parameters — 0*

2
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[Carleo and Troyer, Science 2017]

Deep Learning

Variational Quantum Monte Carlo with Neural Quantum States

Choice of Neural Network Architecture

V@Eg — EXN‘VJQ‘z [V@GQ(X)] + EXN‘VJQ‘

NQS — Variational Ansatz for |® ) * Evaluation of cost function — E(0) * Optimize parameters — 6*

2
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[Carleo and Troyer, Science 2017]

Deep Learning

Variational Quantum Monte Carlo with Neural Quantum States

Choice of Neural Network Architecture

Choice of Monte Carlo Sampling

2
V@Eg — E 2 [V@GQ(X)] + EXN‘WH‘Z IGQ(X) V@ln ‘l//g‘ ] 9’ — 9 — ﬁV@E@

X~{w

NQS — Variational Ansatz for |® ) * Evaluation of cost function — E(0) * Optimize parameters — 6*
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[Carleo and Troyer, Science 2017]

Deep Learning

Variational Quantum Monte Carlo with Neural Quantum States

Choice of Neural Network Architecture

2
> [Veg(X)] + Ey ol leg(X) Vgln || ] 0'=0-BV,E,

X~{w

NQS — Variational Ansatz for |® ) * Evaluation of cost function — E(0) * Optimize parameters — 6*
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[Rinaldi et al., PRX Quantum 3 (2022) 010324]

Neural quantum state
Small-scale: N=2, D=2

w(X) = |p(X)|
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[Rinaldi et al., PRX Quantum 3 (2022) 010324]

Neural quantum state
Small-scale: N=2, D=2

p0) = [p(X) [ 90 ——— (X)) | = /5
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[Rinaldi et al., PRX Quantum 3 (2022) 010324]

Neural quantum state
Small-scale: N=2, D=2

p0) = [p(X) [ 90 ——— (X)) | = /5

P X)=p (xl;Fg)p ()cz;F@1 (xl))p ()c3;F92 (xl,xz))...
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[Rinaldi et al., PRX Quantum 3 (2022) 010324]

Neural quantum state
Small-scale: N=2, D=2

p0) = [p(X) [ 90 ——— (X)) | = /5

Credits: Lilian Weng

f1(zo) fi(zi—1) fi+1(2z;)
® - @@ - @
//J\\\\ /// A \\\ //’ \\\
/ \ / \ / \
I \ I \
\ — \ = Autoregressive Flow
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[Rinaldi et al., PRX Quantum 3 (2022) 010324]

Neural quantum state
Small-scale: N=2, D=2

p0) = [p(X) [ 90 ——— (X)) | = /5

Credits: Lilian Weng

f1(zo) fi(zi—1) fi+1(2z;)
® - @ D@ - @
//J\\\\ /// A \\\ //’ \\\
/ \ / \ / \
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\ — \ = Autoregressive Flow

p (3 Fy)



https://github.com/hanxzh94/minimal_BMN_MQM
https://doi.org/10.1103/PRXQuantum.3.010324

[Rinaldi et al., PRX Quantum 3 (2022) 010324]

Neural quantum state
Small-scale: N=2, D=2

p0) = [p(X) [ 90 ——— (X)) | = /5

Credits: Lilian Weng

@ - OTIE T - @
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\ — \ S \ =, Autoregressive Flow
zo ~ Po(Zo) z; ~ pi(2;) zg ~ Pk (ZK)

*
Prob. distribution 4 (xl; Fg) — Fé — Aé,m o tanh OAé’m_l otanh o --- oAé’z o tanh oAé’l

LAar2\ N7 qi,a
Ae (X) =M, x+b6,
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[Rinaldi et al., PRX Quantum 3 (2022) 010324]

Neural quantum state
Small-scale: N=2, D=2

No truncation A

p0) = [p(X) [ 90 ——— (X)) | = /5

Credits: Lilian Weng

@ OTET - @
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Zgy ~ Po(zo) Z; pi(zi) ZK ~ pK(ZK)

*
Prob. distribution 4 (x1§ Fg) — Fé — Aé,m o tanh OAé,’m_l otanh o --- oAé’z o tanh oAé’l

LAar2\ N7 qi,a
Ae (X) =M, x+b6,
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[Rinaldi et al., PRX Quantum 3 (2022) 010324]

Neural quantum state
Small-scale: N=2, D=2

p0) = [p(X) [ 90 ——— (X)) | = /5 -

I Direct Sampling

Credits: Lilian Weng
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[Rinaldi et al., PRX Quantum 3 (2022) 010324]

Optimization
Small-scale: N=2, D=2

|lw(X)| = \/PQ(X)

X =[x, ..., %]

NQS — Variational Ansatz for |® )
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[Rinaldi et al., PRX Quantum 3 (2022) 010324]

Optimization
Small-scale: N=2, D=2

0 o'

|lw(X)| = \/PQ(X)

X =[x, ..., %]

—) Ly= EXN‘%,‘Z e0(X)|

NQS — Variational Ansatz for |® ) * Evaluation of cost function — E(0)
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[Rinaldi et al., PRX Quantum 3 (2022) 010324]

Optimization
Small-scale: N=2, D=2

0 o'

|lw(X)| = \/PQ(X)

X =[x, ..., %]

—) Ly= EXN‘%,‘Z e0(X)|

NQS — Variational Ansatz for |® ) * Evaluation of cost function — E(0)


https://github.com/hanxzh94/minimal_BMN_MQM
https://doi.org/10.1103/PRXQuantum.3.010324

[Rinaldi et al., PRX Quantum 3 (2022) 010324]

Optimization
Small-scale: N=2, D=2

0 o' 9*

| Ground State) = y.(X)

|lw(X)| = \/PQ(X)

X =[x, ..., %]

—) Ly= EXN‘%,‘Z e0(X)|

NQS — Variational Ansatz for |® ) * Evaluation of cost function — E(0) * Optimize parameters — 6*
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[Rinaldi et al., PRX Quantum 3 (2022) 010324]

https://github.com/hanxzh94/minimal BMN_MQM

Optimization
Small-scale: N=2, D=2

0 o' 9*

| Ground State) = y.(X)

|lw(X)| = \/PQ(X)

X =[x, ..., %]



https://github.com/hanxzh94/minimal_BMN_MQM
https://doi.org/10.1103/PRXQuantum.3.010324

ith

H/

m/hanxzh94/minimal BMN MQM

Results

Small-scale: N=2, D=2

[Rinaldi et al., PRX Quantum 3 (2022) 010324]

c=10
A 0.2 0.5 1.0 2.0
Eovar || 3.137(2)  3.299(2) 3.518(2) 3.856(3)
Goar  110.0028(4) 0.0059(6) 0.0062(7) 0.0122(9)
Eo singlet || 3.135(2)  3.297(2)  3.520(2) 3.859(3)
c =10
A 0.2 0.5 1.0 2.0
Fovar || 3.137(2)  3.309(2) 3.545(3)  3.912(3)
GZar 110.00011(8) 0.00019(7) 0.00022(11) 0.00021(8)
Eo singlet || 3.139(2)  3.307(2) 3.544(3)  3.908(3)



https://github.com/hanxzh94/minimal_BMN_MQM
https://doi.org/10.1103/PRXQuantum.3.010324

https://github.com/hanxzh94/minimal BMN_MQM

H/

dependence on hidden layer units a

Results

Small-scale: N=2, D=2

[Rinaldi et al., PRX Quantum 3 (2022) 010324]

c=10

0.2

0.5

1.0

2.0

Eovar || 3.137(2)  3.299(2)  3.518(2) 3.856(3)

Gs. 0.0028(4) 0.0059(6) 0.0062(7) 0.0122(9)

Eo singlet || 3.135(2) 3.297(2) 3.520(2) 3.859(3)
c =10
A 0.2 0.5 1.0 2.0
FEo va 3.137(2) 3.309(2) 3.545(3) 3.912(3) |

Gy,

0.00011(8

0.00019(7

0.00022(11) 0.00021(8

Fosinglet || 3.139(2)  3.307(2)  3.544(3)  3.908(3)
o 1 2 5 10 20 50 |HT (exact)
X = 0.2][3.137(2)[3.137(2)[3.140(2) [3.138(2) [ 3.137(2) [3.135(2)|  3.134
N =0.5]/3.313(2)[3.312(2)|3.308(2)|3.307(2) [3.302(2) | 3.305(2) | 3.297
X = 1.0|[3.544(3)[3.544(2) | 3.541(3) [3.528(2)[3.519(2) [ 3.520(2)| 3.516
N = 2.0]|3.914(3)]3.910(3)|3.892(3) [3.872(3) [3.857(3) [3.859(3) | 3.854
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H/

dependence on hidden layer units a

Results

[Rinaldi et al., PRX Quantum 3 (2022) 010324]

Small-scale: N=2, D=2

c=10

0.2 0.5 1.0 2.0

Eovar || 3.137(2)  3.299(2)  3.518(2) 3.856(3)

Gs. 0.0028(4) 0.0059(6) 0.0062(7) 0.0122(9)

Eo singlet || 3.135(2) 3.297(2) 3.520(2) 3.859(3)
c =10
A 0.2 0.5 1.0 2.0
FEo va 3.137(2) 3.309(2) 3.545(3) 3.912(3) |

EO,singlet

Gy,

0.00019(7
3.307(2)

0.00022(11) 0.00021(8
3.544(3)  3.908(3)

0.00011(8
3.139(2)

2

5

3.137(2

3.137(2)

3.140(2)

3.313(2

3.312(2)

3.308(2)

3.544(3

3.544(2)

3.541(3)

3.914(3

S | S | S | S

3.910(3)

3.892(3)



https://github.com/hanxzh94/minimal_BMN_MQM
https://doi.org/10.1103/PRXQuantum.3.010324

ith m/hanxzh94/minimal BMN MQM

dependence on hidden layer units a

Strong coupling

Results

Supersymmetric: N=2, D=2

[Rinaldi et al., PRX Quantum 3 (2022) 010324]

o 1 2 5 10 20 50 HT (exact)
H 0.058(6) 0.053(6) 0.041(6) 0.031(6) 0.014(6) 0.005(6) 0.000
G? 0.007(8) —0.008(8) 0.014(8) 0.007(9) 0.022(9) 0.012(9) 0.000
M —0.0003(3) —0.0004(3) —0.0001(4) 0.0001(4) —0.0003(5) —0.0001(4) 0.0000
F 0.1844(6) 0.1833(6) 0.1895(6) 0.1922(6) 0.1946(7) 0.1935(7) 0.2034
A=05 A=1.0 A—20

H 0.009(5) 0.014(6) 0.034(7)

G? 0.010(6) 0.022(9) 0.038(14)

M —0.0002(3) —0.0003(5) 0.0006(7)

F 0.1224(4) 0.1946(7) 0.2729(9)
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[Bodendorfer et al., Phys. Rev. D 112, 046010]

Large N limit: N=3,4,6,8,10,11 with D=2

Se

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.00 0.02 0.04 0.06 0.08 0.10 0.12
1/N z 1 /NZ

Extrapolated results are not compatible with the Path Integral Monte Carlo ones
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