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Quantum Computation EraClassical Computation Era Lattice gauge theory calculations

Requires different theoretical framework.

Addressed different objectives

Computational Methods are entirely different.
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Emergent research directions: Analog quantum simulation protocols, 
Digital algorithms, 
Tensor network calculations 
Hybrid analog-digital algorithm 
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State of the art:

Experimental demonstration

2016
2020

2020
2019

2019
2022

2022

Till date: only for Abelian 
gauge theories

Q. How to make non-
Abelian gauge theories 
accessible on quantum 

computer?
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(−1)n ψ†(n)U(n, I)ψ(n + I)

2a
g2 ∑

plaquettes
[TrUplaquette + h . c]

U(1): U(n, I) = eiθ(n,I)

Schwinger Model : U(1) in 1+1d,  term absentHB

SU(2): E → Ea, a = 1,2,3

U → Uαβ, α, β = 1,2

ψ → ψα, α = 1,2

G(n) → Ga(n) = ∑
I

[Ea
L(n, I) + Ea

R(n − I, I)] + ψ(n)† σa

2
ψ(n)

Kogut-Susskind ‘74

SU(3): a = 1,2,3,...,8.

[H, G(n)] = 0 ∀n
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Another (also most popular) candidate: 

Quantum Link Model

SU(2) rishon representation of gauge fields

  LSH Hamiltonian dynamics 
  No need to impose Gauss law constraint: Significant   
reduction in the cost of Hilbert space generation, 1-sparse 
basis.
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Prepotential Formulation

Abelian Gauss’ Law



Local SU(2) Invariant Operators in 1d: loops-strings- hadrons

Gauge singlets 
constructed out of 

 1 boson and  
 1 fermions

Gauge singlets 
constructed out of 

 1 boson and  
 1 fermions

Gauge singlets 
constructed out of 

two fermions

Gauge singlets 
constructed out of  

left and right bosons

Gauge singlets 
constructed out of 

left bosons and  
 fermions

Gauge singlets 
constructed out of 
 Right boson and  

 fermions



Local SU(2) Invariant Operators in 1d: loops-strings- hadrons



|nl, ni, no⟩ = (ℒ++)nl (𝒮++
i )ni (𝒮++

o )no |0⟩

LSH Formulation: local LSH basis for SU(2) in 1+1 dimension

At each site define:

Abelian weaving along the link:

staggered site x
<latexit sha1_base64="PADzTBLRNjG7pHL/69N6vZgDrbI=">AAACA3icbVBNS8NAEN34WetX1JteFovgQUpSBT0WvHisYD+gDWWznaZLNx/sTqQlVLz4V7x4UMSrf8Kb/8akzUFbHww83pthZp4bSaHRsr6NpeWV1bX1wkZxc2t7Z9fc22/oMFYc6jyUoWq5TIMUAdRRoIRWpID5roSmO7zO/OY9KC3C4A7HETg+8wLRF5xhKnXNw47vhqNEI/M8UNCjWiDQCX0YFbtmySpbU9BFYuekRHLUuuZXpxfy2IcAuWRat20rQidhCgWXMCl2Yg0R40PmQTulAfNBO8n0hwk9SZUe7YcqrQDpVP09kTBf67Hvpp0+w4Ge9zLxP68dY//KSUQQxQgBny3qx5JiSLNAaE8o4CjHKWFcifRWygdMMY5pbFkI9vzLi6RRKdvn5crtRal6lsdRIEfkmJwSm1ySKrkhNVInnDySZ/JK3own48V4Nz5mrUtGPnNA/sD4/AGsGJdy</latexit>

staggered site x+ 1
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no(x)
<latexit sha1_base64="ME0Q9U8/FGZn/0vlnhR2rBSLFZY=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahgpTdKuix4MVjBfsB7VKyabYNzSZLkhXL0h/hxYMiXv093vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewtr6xuVXcLu3s7u0flA+P2lomitAWkVyqboA15UzQlmGG026sKI4CTjvB5DbzO49UaSbFg5nG1I/wSLCQEWys1BEDWX06Lw3KFbfmzoFWiZeTCuRoDspf/aEkSUSFIRxr3fPc2PgpVoYRTmelfqJpjMkEj2jPUoEjqv10fu4MnVlliEKpbAmD5urviRRHWk+jwHZG2Iz1speJ/3m9xIQ3fspEnBgqyGJRmHBkJMp+R0OmKDF8agkmitlbERljhYmxCWUheMsvr5J2veZd1ur3V5XGRR5HEU7gFKrgwTU04A6a0AICE3iGV3hzYufFeXc+Fq0FJ585hj9wPn8ALzOOvQ==</latexit>
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LSH Formulation: key ingredients

Local gauge invariant Hilbert space

Local constraint on each link: Abelian Gauss’ law

Generalization to QCD

First attempt: SU(3) gauge theory in 1+1 dimension

Starting point: Prepotential formulation of SU(3) gauge theory 



Prepotential formulation of SU(3) gauge theory 
Ramesh Anishetty, Manu Mathur, IR, (2009), (2010)

Kogut-Susskind 
Formulation

Schwinger boson 
representation of SU(3)

Not a trivial generalisation 
of SU(2)

SU(3): rank 2


Fundamental and anti-fundamental representation: 
Two Schwinger boson triplets a†

α, b†α

Multiplicity problem caused by: 


 SU(3) singlets

3

∑
α=1

a†
αb†α ⇒ ≡ a† ⋅ b†

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

: Irreducible 
Schwinger boson 

representation of SU(3) 
  

A†
α, B†α

A†
α ⋅ B†α ≈ 0

Solved

Prepotential formulation for 
SU(3)

≡



Prepotential formulation of SU(3) gauge theory 

A†
α(L, x)

B†α(L, x) A†
α(R, x)

B†α(R, x)

A†
α(R, x − 1)

B†α(R, x − 1) A†
α(L, x + 1)

B†α(L, x + 1)

EL(x), U(x), ER(x)

EL(x), UL(x) UR(x), ER(x)

A†
α(L, x)

Abelian Gauss’ Law
NA(L, x) = NB(R, x)

NB(L, x) = NA(R, x)

Directed flow of electric flux on a link: From triplet to anti-triplet

Imposes continuity of the flux lines
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Loop-String-Hadron formulation of SU(3) gauge theory 

Jesse Stryker

Collaborators:

Saurabh Kadam

Local ingredients: Singlets can be formed using:

δα
β ≡ ⋅ ϵαβγ or ϵαβγ ≡ ∧



Loop-String-Hadron basis: onsite SU(3) invariant basis

Local ingredients:

Singlets can be formed using:

δα
β ≡ ⋅ ϵαβγ or ϵαβγ ≡ ∧



Loop-String-Hadron basis: Pictorial Representation

LSH state:
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Loop-String-Hadron basis: Pictorial Representation

LSH state:

Snapshots of loops-strings-hadron 
configurations at each site 

We further need to weave these along links

Abelian Gauss laws



Local LSH state:

Abelian Gauss laws



Local LSH state:

Abelian Gauss laws

LSH Formulation: key ingredients for SU(3) in 1+1 dimension



Towards building the LSH Hamiltonian

Kogut-Susskind 
Hamiltonian

Irreducible Schwinger boson representation of SU(3) 
coupled to on-site staggered fermions

Local LSH operators weaved 
together by the Abelian Gauss law

Local 
building 
blocks



acting on



acting on



Towards building the LSH Hamiltonian

KS Hamiltonian in LSH basis:

re-written in terms of LSH 
operators 



The LSH Hamiltonian for (1+1)d SU(3) gauge theory



The LSH Hamiltonian for (1+1)d SU(3) gauge theory

Structurally identical to the SU(2) LSH construction



The LSH Hamiltonian for (1+1)d SU(3) gauge theory

Structurally identical to the SU(2) LSH construction

Numerically benchmarked with completely gauge fixed (pure gauge) Hamiltonian



  The LSH Hamiltonian Numerically benchmarked with completely gauge fixed (pure gauge) Hamiltonian

Fermionic Hamiltonian with long range interaction

Contains degeneracy 
Due to global symmetries



Benefits of working in the LSH framework: Applications in quantum simulation

Already demonstrated for SU(2)
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Already demonstrated for SU(2)Symmetry protection protocol:

Emil Mathew, 
Grad. Student, 
BITS-Pilani, Goa
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Symmetry protection protocol:

Protection of global 
symmetries

⇒
Complete protection of all the 

local symmetries

Quantum simulation of non-Abelian 
gauge theory without imposing any 

local constraint

Also crucial for tensor network calculations
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Benefits of working in the LSH framework: Applications in quantum simulation

Already demonstrated for SU(2)

Analog Quantum Computation

Also upcoming results by Jesse Stryker, Alex Shaw and 
Zohreh Davoudi, UMD

Qubit Cost Analysis



Benefits of working in the LSH framework: Applications in quantum simulation

Other ongoing works:
Tensor network calculations for non-Abelian gauge theories

Understanding entanglement structure 
for non-Abelian gauge theories

Zohreh DavoudiNiklas MuellerAniruddha Bapat

Collaborators:



The LSH Hamiltonian for (1+1)d SU(3) gauge theory

Structurally identical to the SU(2) LSH construction

We look forward to demonstrate all such advantages for SU(3)

LSH framework for arbitrary dimension:  
    Exists for SU(2) 

To be developed for SU(3)

The LSH Hamiltonian for (3+1)d SU(3) gauge theory A concrete step towards 
quantum simulating QCD

arXiv:2209.xxxx



Jesse Stryker

Zohreh DavoudiNiklas Mueller

Aniruddha Bapat

Raka Dasgupta

Thank You

Saurabh KadamEmil Mathew



Back-up slides



Hamiltonian, describing dynamics of loops, strings and hadrons for SU(2)

Hamiltonian, describing dynamics of loops, strings and hadrons: Identical spectrum to KS 



Global symmetries of the LSH framework: SU(2)

with local constraintsLSH basis in 1 spatial dimension

The super-selection sectors of the LSH Hamiltonian are defined by:



Global symmetries of the LSH framework: SU(3)

The super-selection sectors of the LSH Hamiltonian are defined by:

Or equivalently by:



SU(2) LSH framework in d > 1

3 physical d.o.f = 6 (local loop quantum numbers in 2d)

                                                       - 2( Abelian Gauss’ law constraint along 2 link directions) 


             -1 (Mandelstam constraint )

Prepotential Formulation for 2+1 d:
a†(1)

a†(2)

a†(2̄)
a†(1̄)

Local Loop Operator: ℒ++
ij = ϵαβa†

α(i)a†
β ( j)

Pictorial representation: 

Overcomplete 

Non-linear constraints, become increasingly complicated with increasing dimension

Way out? Virtual point splitting scheme:

3 physical d.o.f = 2 x 3 (local loop quantum numbers in 2d)

              - 3( Abelian Gauss’ law constraint) 


        + 0 (Mandelstam constraint )

Generalized for arbitrary dimension!



SU(2) LSH Formalism: 2+1 d

Matter-Gauge interactions  
are same as in 1d



SU(2) LSH Formalism: 3+1 d

Matter-Gauge interactions are same as in 1+1d 
Pure gauge interactions are same as in 2+1d


