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Ultimate goal: performing LATTICE-QCD calculations using Quantum 
Computer

Intermediate steps: 

Suitable development and choice of framework. 

Suitable choice of variables/basis. 

Algorithm development for various tasks- classical/quantum/hybrid. 

Quantum information theoretic understanding - connection to physics of QCD 

Quantum advantage - knowledge generation in fundamental laws of nature.
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These tasks are difficult for non-Abelian gauge theories

Gauge invariance governed by the local Gauss’ law constraints

Ga(x) |Ψphys⟩ = 0

SU(2):

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

[H, Ga(x)] = 0 ∀x, aThe constraints are preserved in dynamics

Satisfy non-Abelian SU(2)/SU(3) 
algebra: mutually non-commuting

a = 1,2,3.

Global Symmetries: global SU(2)/SU(3) charges; discrete symmetries
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Gauge invariance leads to non-locality

On site snapshots of gauge 
invariant configurations

LOOP STRING HADRON 
 (LSH framework)



staggered site x
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<latexit sha1_base64="J94h1drC9pEX8rU4HYUWjI2Egr0=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahopTdKuix4MVjBfsh7VKyabYNzSZLkhXL0l/hxYMiXv053vw3ZtsetPXBwOO9GWbmBTFn2rjut5NbWV1b38hvFra2d3b3ivsHTS0TRWiDSC5VO8CaciZowzDDaTtWFEcBp61gdJP5rUeqNJPi3oxj6kd4IFjICDZWehA9WX46804LvWLJrbhToGXizUkJ5qj3il/dviRJRIUhHGvd8dzY+ClWhhFOJ4VuommMyQgPaMdSgSOq/XR68ASdWKWPQqlsCYOm6u+JFEdaj6PAdkbYDPWil4n/eZ3EhNd+ykScGCrIbFGYcGQkyr5HfaYoMXxsCSaK2VsRGWKFibEZZSF4iy8vk2a14l1UqneXpdr5PI48HMExlMGDK6jBLdShAQQieIZXeHOU8+K8Ox+z1pwznzmEP3A+fwAJL48t</latexit>
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<latexit sha1_base64="C46UB8MJelIfEd1pRAqdVCM/KWo=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahopTdKuix4MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3ZtsetPXBwOO9GWbmBTFn2rjut5NbWV1b38hvFra2d3b3ivsHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0U3mtx6p0iyS92YcU1/ggWQhI9hY6UH2WPnpzDst9Iolt+JOgZaJNyclmKPeK351+xFJBJWGcKx1x3Nj46dYGUY4nRS6iaYxJiM8oB1LJRZU++n04Ak6sUofhZGyJQ2aqr8nUiy0HovAdgpshnrRy8T/vE5iwms/ZTJODJVktihMODIRyr5HfaYoMXxsCSaK2VsRGWKFibEZZSF4iy8vk2a14l1UqneXpdr5PI48HMExlMGDK6jBLdShAQQEPMMrvDnKeXHenY9Za86ZzxzCHzifP//kjyc=</latexit>
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<latexit sha1_base64="ku24w/TUUZlPrJqUixxHVdVnLX8=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahopTdKuix4MVjBfsh7VKyabYNTbJLkhXL0l/hxYMiXv053vw3ZtsetPXBwOO9GWbmBTFn2rjut5NbWV1b38hvFra2d3b3ivsHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0U3mtx6p0iyS92YcU1/ggWQhI9hY6UH2ePnpzDst9Iolt+JOgZaJNyclmKPeK351+xFJBJWGcKx1x3Nj46dYGUY4nRS6iaYxJiM8oB1LJRZU++n04Ak6sUofhZGyJQ2aqr8nUiy0HovAdgpshnrRy8T/vE5iwms/ZTJODJVktihMODIRyr5HfaYoMXxsCSaK2VsRGWKFibEZZSF4iy8vk2a14l1UqneXpdr5PI48HMExlMGDK6jBLdShAQQEPMMrvDnKeXHenY9Za86ZzxzCHzifPwSRjyo=</latexit>

nl(x)
<latexit sha1_base64="gkaW9S0o6r8/FB4QmTB1+jZbxvc=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahgpTdKuix4MVjBfsB7VKyabYNTbJLkhXL0h/hxYMiXv093vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewtr6xuVXcLu3s7u0flA+P2jpKFKEtEvFIdQOsKWeStgwznHZjRbEIOO0Ek9vM7zxSpVkkH8w0pr7AI8lCRrCxUkcOePXpvDQoV9yaOwdaJV5OKpCjOSh/9YcRSQSVhnCsdc9zY+OnWBlGOJ2V+ommMSYTPKI9SyUWVPvp/NwZOrPKEIWRsiUNmqu/J1IstJ6KwHYKbMZ62cvE/7xeYsIbP2UyTgyVZLEoTDgyEcp+R0OmKDF8agkmitlbERljhYmxCWUheMsvr5J2veZd1ur3V5XGRR5HEU7gFKrgwTU04A6a0AICE3iGV3hzYufFeXc+Fq0FJ585hj9wPn8AKpuOug==</latexit>

Loops-Strings-Hadrons : SU(2) in 1+1 d
On site snapshots of gauge 

invariant configurations
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Loops-Strings-Hadrons : SU(2) in 1+1 d
On site snapshots of gauge 

invariant configurations



Loops-Strings-Hadrons : SU(2) in 1+1 d
Global LSH states are constructed by imposing Abelian Gauss Law constraints

Non-locality remains crucial, but is then care by Abelian constraints

nl

ni no

|nl, ni, no⟩x

nl
ni no

|nl, ni, no⟩x+1

x x + 1

nl + no(1 − ni) |x = nl + ni(1 − no) |x+1

Continuity of flux lines: Abelian Gauss Law



Loops-Strings-Hadrons Framework

Local non-Abelian constraints are solved analytically by 

construction: LSH formalism is manifestly SU(2)/SU(3) invariant

Local constraint structure: U(1), always as in 1d even 

for higher dimensional LSH

Multiple U(1)Global constraint structure:



Loops-Strings-Hadrons Framework

Local non-Abelian constraints are solved analytically by 

construction: LSH formalism is manifestly SU(2)/SU(3) invariant

Local constraint structure: U(1), always as in 1d even 

for higher dimensional LSH

Multiple U(1)Global constraint structure:

Useful for both theoretical analysis and classical/quantum computation



SU(2) in 1 spatial dimensionGlobal constraint structure:

Ladder operator for no

Ladder operator for ni

Global U(1) charges

∑ ni ∑ no

or,



Loops-Strings-Hadrons : SU(3) in 1+1 d



Loops-Strings-Hadrons : SU(2) in 1+1 d
Global LSH states are constructed by imposing a pair of Abelian Gauss Law constraints



SU(3) in 1 spatial dimensionGlobal constraint structure:

A set of non-trivial 

constructions are involved

HI



SU(3) in 1 spatial dimensionGlobal constraint structure:

Or,

Global conserved charges:

Three U(1) charges



For each U(1) global symmetry sector: still remain degeneracies

…Due to Discrete Symmetries

Translation symmetry for periodic boundary condition

along with charge conjugation symmetry. 



Identifying block diagonal structure:  

working with blocks of various sizes 

are feasible as per available 

computing capacity

Importance of global 
symmetries



Blocks of varying dimensions: 
q

Q

Example: 12 site SU(2) 

1-d spatial lattice with 

open boundary condition



Has been extensively used in MPS 
calculations

Collaborators at:



Also being extensively used in an ongoing 
work on thermalisation properties for 


non-Abelian gauge theories

Collaborators at:



LSH specific advantage of global symmetries

SU(2): 
Global U(1) symmetries arise manifestly  for the 
Hamiltonian to preserve the Abelian Gauss laws 



Protection of global 
symmetries

Complete protection of all the 
local symmetries

LSH specific advantage of global symmetries

SU(2): 

⇒

Quantum simulation of non-Abelian gauge 
theory without imposing any local constraint 

is possible



LSH specific advantage of global symmetries

SU(3): 
Global U(1) symmetries arise manifestly  for the Hamiltonian to 
preserve the Abelian Gauss laws 

Yet, global symmetries are found to be 
connected to the local Abelian Gauss laws.



LSH specific advantage of global symmetries

Manifestly violating global symmetries leads to all local symmetries to be violated

SU(3): 



LSH specific advantage of global symmetries

Manifestly 
protecting 

global 
charges 

automatically 
leads to all 

local 
symmetries to 
be protected

SU(3): 



LSH specific advantage of global symmetries
All local symmetries can be protected individually by another scheme- generalized 

in higher dimension

Bonus in 1+1d: global symmetries are all protected



LSH specific advantage of global symmetries
SU(3): 

Ongoing work on analog simulation of SU(3) 
lattice gauge theory, based on these facts.

Collaborators at:



LSH specific advantage of Abelian global symmetries

LSH framework: Abelianized,  
involves only Abelian entanglement distillation

Nontrivial due to non-locality in physical states

Entanglement distillation procedures are to be performed and 
that is based upon global symmetry structure.

Nontrivial for non-Abelian gauge theories, specifically for SU(3).

Being explored in the context of thermalisation study and is leading to novel understanding

Understanding entanglement structure for gauge theories: 



Loops-Strings-Hadrons : SU(3) beyond 1+1 d

Towards quantum simulating QCD

First step:
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