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Matrix Quantum Mechanics
Interpretation

[BFSS, hep-th/9610043]
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� +  ̄↵�M↵� [XM , � ]
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XM ,M = 1, . . . , 9 (N ⇥N) ! hermitian scalars
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Dt· = @t ·�i[At, ·] ! gauge covariant derivative
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Z 1/T

0
dtL

� = g2YMN ’t Hooft coupling

obtained from 𝒩=1 U(N) SYM in (9+1)d via dimensional reduction to (0+1)d
or equivalently from 𝒩=4 U(N) SYM in (3+1)d: it is maximally supersymmetric
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D0-branes

• Matrix regularization of 11D supermembrane [De Wit, Hope, Nicolai, 1988] 
• Matrix model of M-theory [BFSS, 1996] 
• Dual to type IIA black 0-brane near ’t Hooft limit [IMSY, 1998]
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Previous results
A long history

[Agnastopoulos et al. arxiv:0707:4454]
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‣ Wave function → physics 
applications require knowledge 
of entanglement (i.e. information 
paradox, geometry)

Credits:RIKEN

Quantum Computers  
→ Represent the entire 

wave function using 
quantum bits (qubits)

Deep Learning  
→ Represent the real and 

imaginary part of the 
complex wave function 

using generative models



Quantum Computing

• Juan Maldacena is not immune 
to the quantum “hype" 😁 

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

arxiv:2303.11534

http://arxiv.org/abs/2303.11534


Numerical Methods for MQM
Prototypes

Bosonic Model Supersymmetric Model

Physical states are invariant under SU(N) Gauge Symmetry
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2
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2
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ĤB2 = Tr ( 1
2

̂P2
I +

m2

2
X̂2

I −
g2

4 [X̂I, X̂J]
2

)

X̂I =
N2−1

∑
α=1

X̂α
I τα I = 1,…, D
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ĤB = ∑
α,I ( 1

2
̂P2
Iα +

m2

2
X̂2

Iα) +
g2

4 ∑
γ,I,J

∑
α,β

fαβγX̂α
I X̂β

J

2

I = 1,2 α = 1,2,3

1 2 3

4 5 6

I = 1

I = 2

SYMMETRIES

g2 = 0

g2 > 0

Physical states are invariant under SU(N) Gauge Symmetry

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

https://doi.org/10.1103/PRXQuantum.3.010324


Numerical Methods for MQM
Prototype: small-scale system

Bosonic Model
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Truncation in the coordinate basis

̂x |x⟩ = x |x⟩
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•  is the “infrared” cutoff R → ∞

•  is the digitization spacing adig → 0
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Note: can extend this to 
many bosons !Nbos > 1
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Challenge: Hilbert space becomes 
exponentially large! dimℋ = ΛNbos

[Hanada, Liu, Rinaldi, Tezuka, MLST 4, 045021]
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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 quantum computing algorithms 

• Any Hamiltonian  can be studied in this framework 

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

Ĥ =
1
2 ∑

a

̂p2
a + V( ̂x)

[Halimeh, et al., arxiv:2411.13161]

Space Time

http://arxiv.org/abs/2411.13161
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Ĝα = i∑
β,γ,I

fαβγ ̂a†
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Excited states
[Rinaldi et al., PRX Quantum 3 (2022) 010324]
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Quantum Computing
Variational Quantum Eigensolver - VQE

[Peruzzo et al., arxiv:1304.3061]

Credits: 1Qbit docs

https://arxiv.org/abs/1304.3061
http://openqemist.1qbit.com/docs/vqe_microsoft_qsharp.html
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Evaluation of cost function → E(θ) Optimize parameters → θ*
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Results
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Results
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Results
Supersymmetric N=2 D=2 at large coupling

https://github.com/erinaldi/bmn2-qiskit

Λ = 2 log₂ Λ⁶ = 9 qubits  

depth = 5 depth = 9

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

https://github.com/erinaldi/bmn2-qiskit
https://doi.org/10.1103/PRXQuantum.3.010324


Computational Resources
How hard is it?

Bosonic Model Supersymmetric Model

D=2 HT VQE DL MC

N=2 ✅ Λ = 2,4 ✅ ✅

N=3 ‼ ❌ ✅ ✅

N>3 ❌ ❌ ✅ ✅

D=2 HT VQE DL MC

N=2 ✅ Λ = 2 ✅ ✅

N=3 ‼ ❌ ✅ ✅

N>3 ❌ ❌ ✅ ✅

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

https://doi.org/10.1103/PRXQuantum.3.010324


Tensor Network Methods
Quick Introduction

• In 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 

• In quantum computing, TN are the leading “classical” simulation 
methods

[Berezutskii et al., arxiv:2503.08626][tensors.net, https://tensornetwork.org/]

https://arxiv.org/abs/2503.08626
http://tensors.net
https://tensornetwork.org/%5D


Matrix Product States
Ingredients

[Brehm et al., JHEP 09 (2025) 116]

•  sites  total number of bosons ( ) 

• Sites are  dimensional  dimension of each bosonic Hilbert space  

•  is the bond dimension  computational cost of DMRG:

L → ∼ N2D

d → Λ

D →

[tensors.net, https://tensornetwork.org/]

𝒪 (2LD3
max χd + 2LD2

max χ2d2 + LD3
max χd2)

𝒪 (2LD3
max χd + 2LD2

max χ2d2 + LD3
max χd2)

https://link.springer.com/article/10.1007/JHEP09(2025)116
http://tensors.net
https://tensornetwork.org/%5D
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[Brehm et al., JHEP 09 (2025) 116]

Matrix Product States
Layouts

SU(3), D=2

SU(2), D=9

https://link.springer.com/article/10.1007/JHEP09(2025)116


Results
SU(2), D Matrices (Bosonic)

[Brehm et al., JHEP 09 (2025) 116]

g=0.5 g=1.0

https://itensor.org/

iTensor

https://link.springer.com/article/10.1007/JHEP09(2025)116
https://itensor.org/


Results
SU(2), D Matrices (Bosonic), Λ → ∞ 

[Brehm et al., JHEP 09 (2025) 116]

g=0.5 g=1.0

Ground state energy

Gauge invariance violation

iTensor

https://link.springer.com/article/10.1007/JHEP09(2025)116
https://itensor.org/


Results
SU(2), D Matrices (Bosonic), Λ → ∞ 

[Brehm et al., JHEP 09 (2025) 116]

g=0.5

g=1.0

Energy convergence

iTensor

https://link.springer.com/article/10.1007/JHEP09(2025)116
https://itensor.org/


Results
SU(2), 9 Matrices (Bosonic BFSS) 

[Brehm et al., JHEP 09 (2025) 116]

Average boson occupation number

iTensor

Entanglement Entropy

m=1.0 g=1.0

https://link.springer.com/article/10.1007/JHEP09(2025)116
https://itensor.org/


Results
SU(N), 2 Matrices (Bosonic)

[Brehm et al., JHEP 09 (2025) 116]

=1.0g2N

https://itensor.org/

iTensor

https://link.springer.com/article/10.1007/JHEP09(2025)116
https://itensor.org/


Results
SU(2), 2 Matrices (SUSY)

[Brehm et al., JHEP 09 (2025) 116]

https://itensor.org/

iTensor

https://link.springer.com/article/10.1007/JHEP09(2025)116
https://itensor.org/


Results
SU(2), 2 Matrices (SUSY)

[Brehm et al., JHEP 09 (2025) 116]

https://itensor.org/

iTensor

https://link.springer.com/article/10.1007/JHEP09(2025)116
https://itensor.org/


Conclusions
and outlook

✓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 D0-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

[Rinaldi et al., PRX Quantum 3 (2022) 010324] [Brehm et al., JHEP 09 (2025) 116]

https://doi.org/10.1103/PRXQuantum.3.010324
https://link.springer.com/article/10.1007/JHEP09(2025)116
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In preparation



Time Evolution
Of SU(2) 1 Matrix model on Quantum Computers

In preparation



Time Evolution
Of SU(2) 1 Matrix model on Quantum Computers

 = 6 qubits  log2 Λ3

|⟨0 |e−iĤt |0⟩ |2
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Path Integral Monte Carlo
Lattice Gauge Theory Primer
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Challenge: extrapolation to the 
continuum limit



Results
[Rinaldi et al., arxiv:2108.02942]https://github.com/erinaldi/bmn2-lattice

Parameters: 
• Temperature: T 
• Number of lattice sites: Nt

Observables: 
• Energy

Small-scale: N=2, D=2 
No truncation Λ 
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Energy difference
Dependence on Λ 
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Comparison
Benchmarking different methods

Bosonic Model Supersymmetric Model
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SU(3)

SU(2)
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Eθ ≡ ⟨ψθ | Ĥ |ψθ⟩ = ∫ dX ψθ(X)
2

⋅
⟨X | Ĥ |ψθ⟩
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⟨X | Ĥ |ψθ⟩

ψθ(X)
= E

X∼ ψθ
2 [ϵθ(X)]

∇θEθ = E
X∼ ψθ

2 [∇θϵθ(X)] + E
X∼ ψθ

2 [ϵθ(X)∇θln ψθ
2] θ′￼ = θ − β∇θEθ

Choice of Neural Network Architecture

https://www.science.org/lookup/doi/10.1126/science.aag2302


Deep Learning
Variational Quantum Monte Carlo with Neural Quantum States

[Carleo and Troyer, Science 2017]

NQS → Variational Ansatz for |Φ ⟩ Evaluation of cost function → E(θ) Optimize parameters → θ*

ψθ(X) = ⟨X ∣ ψθ⟩
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Neural quantum state
https://github.com/hanxzh94/minimal_BMN_MQM
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Results
Supersymmetric: N=2, D=2 

https://github.com/hanxzh94/minimal_BMN_MQM

λ = 1.0
dependence on hidden layer units α 

Strong coupling

[Rinaldi et al., PRX Quantum 3 (2022) 010324]
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Results
Large N limit: N=3,4,6,8,10,11 with D=2 

https://github.com/hanxzh94/minimal_BMN_MQM [Bodendorfer et al., Phys. Rev. D 112, 046010]

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

λ = 1 m = 0 λ = 1 m = 1

https://github.com/hanxzh94/minimal_BMN_MQM
https://doi.org/10.1103/t8m6-zhrm

