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❑ Motivation

❑ Loop-string-hadron (LSH) formulation in SU(2) : Features and advantages

❑ LSH Formulation for SU(3) lattice gauge theory in 1+1 D

❑ Conclusions and Outlook
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Outline
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Hamiltonian Formulation

▪ Hamiltonian in a discretized space and continuous 

time

Path Integral Formulation

▪ Lagrangian in a discretized space-time

▪ Wick rotate to Euclidean spacetime

▪ Monte-Carlo sampling of the functional integral

❖ Strong force → Quantum chromodynamics (QCD)

❖ Strongly coupled at low energies → Requires nonperturbative calculations

Quantum simulation and 

Quantum computation

1. No sign problem

2. Both static and dynamic quantities

3. Hilbert space scales exponentially with the 

system size

1. Very successful

2. Sign problem

3. Dynamic quantities

Non-Abelian gauge theories



From staggering
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➢ Kogut-Susskind (KS) Hamiltonian

Staggered Fermion

Matter → Even sites 

Anti-matter → Odd sites 

Hamiltonian formulation of non-Abelian lattice gauge theories

Example: SU(2) gauge theory in 1+1 D with dynamical matter field

2 × 2 Unitary matrix

Temporal Gauge



Equivalent of 

generators of 

rotations in body 

and space frame

From staggering
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➢ Kogut-Susskind (KS) Hamiltonian

Staggered Fermion

Matter → Even sites 

Anti-matter → Odd sites 

➢ Hilbert space of link operator  ↔ Quantum spherical rigid rotor in body and space frame

with

Hamiltonian formulation of non-Abelian lattice gauge theories

Example: SU(2) gauge theory in 1+1 D with dynamical matter field



Pauli matrices
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➢ Gauss’s law operator: Full generator of local gauge transformations 

➢ Physical Hilbert space: Gauge invariant states

➢ Construct the Hilbert space of physical states for simulation:

❖Different formulations for mapping the vacuum and excited field states to a state basis

❖Truncation of the Hilbert space depending on its formulation

❖Different (dis)advantages of different formulations

Hamiltonian formulation of non-Abelian lattice gauge theories

Example: SU(2) gauge theory in 1+1 D with dynamical matter field

Non-commutative 

Gauss’ law constraints
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KS Hamiltonian of 

SU(2) LGT in 1+1 D

Angular momentum 

formulation

Purely bosonic 

formulation

Loop-string-hadron formulation*

Purely fermionic 

formulation

❖ DOF: Local gauge singlets namely loops, 

strings, and hadrons

❖ Generalizable for higher dimensions*

❖ Hamiltonian is made from operators that act 

directly on local basis states

❖ Abelian Gauss’ law

Davoudi, Raychowdhury, and Shaw
Phys. Rev. D 104, 074505Comparison with other formulations

* Raychowdhury and Stryker

Phys. Rev. D 101, 114502

Digital Quantum Simulation:
Jesse Stryker
Thursday 11:50 AM in Algorithms

Analog Quantum Simulation:
Dasgupta and Raychowdhury
Phys. Rev. A 105, 023322

Many more formulations, see
Bauer, Davoudi, et Al. 
arXiv:2204.03381

For other approaches
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Kogut-Susskind 

Hamiltonian for SU(3)

LSH Formulation for SU(3) lattice gauge theory in 1+1 D

A step towards quantum simulation of QCD



Gell-Mann matrices

3 × 3 Unitary matrix

3 colors
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➢ Gauss’ law operators

➢ Physical Hilbert space is given by states that satisfy:

Kogut-Susskind 

Hamiltonian for SU(3)

Non-commutative 

Gauss’ law constraints

with
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Kogut-Susskind 

Hamiltonian for SU(3)

LSH Formulation for SU(3) lattice gauge theory in 1+1 D

A step towards quantum simulation of QCD

Schwinger Bosons Prepotential Formulation
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➢ Prepotential formulation of KS Hamiltonian:

❖Electric field and link operator → Schwinger bosons

❖Commutation relations remain the same

❖ 𝑆𝑈 3 is a rank 2 group ⟹ Requires two triplets of 

Schwinger bosons

Chaturvedi and Mukunda
J. Math. Phys. 43, 5262 (2002)

Anishetty, Mathur, and Raychowdhury
J.Math.Phys. 50 (2009) 053503

Anishetty, Mathur, and Raychowdhury
J.Phys.A 43 (2010) 035403

Anishetty, Mathur, and Raychowdhury
J.Math.Phys. 51 (2010) 093504

with
Prepotential Formulation
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Kogut-Susskind 

Hamiltonian for SU(3)

LSH Formulation for SU(3) lattice gauge theory in 1+1 D

A step towards quantum simulation of QCD

Schwinger Bosons Prepotential Formulation

Construct LSH basis
Gauge invariant 

operators



Construct LSH basis

Local degrees of freedom

• Local singlets using

𝛿𝛽
𝛼 ≡ ∙ or 𝜖𝛼𝛽𝛾 ≡ ⋀

• Only a subset of them is required to 

reconstruct the Hamiltonian

• Basis is constructed from all 

possible gauge invariant 

combinations of creation operators
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LSH Formulation for SU(3) lattice gauge theory in 1+1 D

Quantum numbers and the state basis

Local degrees of freedom

Loops:

Bosonic

Strings:

Fermionic + Bosonic

Hadron:

Fermionic

• Local singlets using

𝛿𝛽
𝛼 ≡ ∙ or 𝜖𝛼𝛽𝛾 ≡ ⋀

• Only a subset of them is required to 

reconstruct the Hamiltonian

• Basis is constructed from all 

possible gauge invariant 

combinations of creation operators
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Number operators

Abelian Gauss’ laws

Non-locality is only through 

these Abelian Gauss’ laws

LSH Formulation for SU(3) lattice gauge theory in 1+1 D

Abelian Gauss’ laws and non-locality
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Kogut-Susskind 

Hamiltonian for SU(3)

LSH Formulation for SU(3) lattice gauge theory in 1+1 D

A step towards quantum simulation of QCD

Schwinger Bosons Prepotential Formulation

Construct LSH basis
Gauge invariant 

operators

LSH Hamiltonian



Ladder operators

Fermion-like and loop number 

operators

Fermion-like number operators
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LSH Formulation for SU(3) lattice gauge theory in 1+1 D

LSH Hamiltonian

quantum number

P  Total gauge flux 

quantum number

Numerical benchmark:

Purely fermionic 

formulation



18

Outlook

❑ Desirable features of SU(2) LSH are seen in SU(3) LSH Hamiltonian

✓ Local gauge singlet basis

✓ Non-locality through Abelian Gauss’ laws

✓ Hamiltonian as building blocks that act on local basis states

❑ Generalization to higher dimensions → QCD

❑ Digital quantum circuit

❑ Comparison with other formulations

Thank You !

**Preliminary Results
-Kadam, Raychowdhury,, and Stryker

Conclusions



19

Appendix Slides
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Numerical Benchmark

Comparing with purely fermionic formulation

➢ In 1+1 D with open boundary condition: No dynamical gauge dof

➢ Gauge field can be removed by fixing the gauge as:

implies

➢ Electric field can be rewritten using Gauss’ law:

and

implies

➢ Hamiltonian is reformulated in only fermionic dofs

➢ Hilbert space is spanned by fermionic occupation number basis 



21



22


