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t = Time (seconds, years)
E = Energy of photons (units GeV = 1.6 x 1010 joules)
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Keep Gauge Redundancies on QQuantum Computer




First Principle Calculations- Lattice QCD
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Euclidean Spacetime

field configurations
C on lattice
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Real Time

dimH o |G|V

exponentially large number
of classical bits in system size




First Principle Calculations- Real Time

“a computing system with qubits”

R. P. Feynman - 19382

dimH o |G|V

N, g X N V 10g |G |
The number of qubits required is a polynomial function of the system size

’:: 1996 - Seth Lloyd: efficient simulation of LOCAL Hamiltonians
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(Quantum Computing for HEP
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GG mapping
@ —>
 DOF to qubits
OO ‘1— time evolution
¢ 'to quantum gates

non-trivial vacuum,
composite initial state,
bosonic and fermionic DOF,
symmetries, ...




Gauge Symmetries in (Quantum Simulations

* Hamiltonians
+ (auge transformation
» redundant Hilbert space

* (Gauge redundancy utilized for error corrections

* Krror threshold for gauge redundant encodings

+ Time-evolution with gauge redundant encodings



(auge transformations

Oq(z) = exp(id(Q)G*(x))

—
gauge transformation
UZ A 0O U2 N
U_1 U U_1 Q7 QU
> >
X L
U_» d U_,Q!

quadratic Casmir :

éa(ZE) = Z [E?{(x — €4, 67;) - Eg(xv 673)
1=1
lattice analog of covariant
divergence of chromo-electric field

A . FT
E2 \ijmR> = ](] + 1) |ijmR> ’ijmR> AN |U>



(auge transformations

Oq(z) = exp(ip(Q)G* («))
—

gauge transformation
QUs 4

Ul U_lﬂT

QU,

U_oQf

gauge invariant Hamiltonian

Higs=» (—=— + D)
Ky Un

quadratic Casimir
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(auge transformations

improved Hamiltonian

M. Carena, H. Lamm,YYL, W. Liu, PRL. 129, 051601



(auge transformations

Oq(z) = exp(ip(Q)G* ()
—

gauge transformation

Ul U_lﬂT

QU,

U_2 U_QQT

gauge equivalent states

O (2) |[U_1ULU_oUs) = |U,UJU”,Us)



(auge transformations

gauge invariant states

O () [Yphys) = [Vphys)
neutral charge

L
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Gauge transformations

See also Dorota Grabowska’s talk

I I UU1 UU5 U
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Hean = span({|U),U € G})®":
Hiny = span({|U) ,U € G})®NL—Nv+1
Oal@) W) = [¢) ———>
G*(z) |¢) =0 Oa () [tphys) = |Vphys)

gauge redundant
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Gauge redundancy utilized for error corrections

quantum CrTor COTrrections

) - *-
) - o) 55 e 1) = al000) + B111)

undetectable errors

)

Hean : Heode : |111), |000)

) ) ) quantum errors
OO> ) OO> 9 OO>* A
01:_> | 1:_O> | :_01> detectable errors Os(2) |¥phys) = |¥phys)

Os = {1,212, Z2y 73, Z1 73}
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Gauge redundancy utlized for error corrections

state preparation:
encoding Gauss’s law

Hinv )

Hred

2y

charge

computation

Ancillary Cg]

M. Carena, H. Lamm,YYL, W. Liu, arXiv:2402.16780
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Gauge redundancy utilized for error corrections

G—register : |U) —

|
=
3
|

M. Carena, H. Lamm,YYL, W. Liu, arXiv:2402.16780
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Gauge redundancy utilized for error corrections

Encoding

Gauss's Law
A E
Us) I §15 85 :—L:r
Us) @E $ ‘ U , :
Us) gR
Us) : 815 l
Us) E 815 E
Ur) @: $ = ' :
R '

M. Carena, H. Lamm,YYL, W. Liu, arXiv:2402.16780



Gauge redundancy utilized for error corrections

U Us charge
Uy % Us computation
Usz: Uns U) =H o1t :
Uy === (R ——p
Us) = I e
U) = 4R —
: l g
@; $ e 1 =, Ur mH i :
: 771 3 U ':_
| I =
Us) = L3, :
Us) : 85 :
Ur) = U :
=== l = 4r npr

___________________________________

M. Carena, H. Lamm,YYL, W. Liu, arXiv:2402.16780
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Gauge redundancy utlized for error corrections

correctable errors

: L, creates no flux

: (Abelian center) :
:or 1 flux (non-Abelian) :
: Not Correctable '

Gauss’s law:
0 net flux

f‘a creates flux pair
Correctable

M. Carena, H. Lamm,YYL, W. Liu, arXiv:2402.16780
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Gauge redundancy utlized for error corrections

correctable errors

isolated flux pairs

|
KL condition — —
I | | |

M. Carena, H. Lamm,YYL, W. Liu, arXiv:2402.16780
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Error threshold for gauge redundant encodings

worthwhile to keep the redundancy?
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Error threshold for gauge redundant encodings

resource requirements?

Hean = span({|U) ,U € G})®N: Hine = span({|U), U € G})EN—Nv+1

C:)Q(CU) |¢thS> — thYS>

Nq:NLlog\G\ Nq:(NL—Nv—Fl)lOg’G’

20



Error threshold for gauge redundant encodings

Hamiltonian complexity?

Hean = span({|U) ,U € G})®N: Hine = span({|U), U € G})EN—Nv+1

Oa(z) [Yphys) = [Yphys)

HKS:Z (—>—+ {3) K, U

kinetic terms for Us, U;

depend on other links

21



Error threshold for gauge redundant encodings

resilience to errors?

Heann = Span({|U> LU € G})®NL
<+ error correction

single link correctable error rate e,

N,
C— Z QnE?(l — E)NL_n
n=0

fth

Hiny = span({|U),U € G})®NL—Nv+1
C:)Q(ZE) |¢phys> — ‘¢phys>

not correctable

Finv Z (1 — G)NL_NV+1

?
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Error threshold for gauge redundant encodings

2d lattice
: isolated flux pairs : KL condition
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Near-term hardwares are reaching such error threshold!
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o

applying to various methods of
encoding gauge field

including charged matters
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Propagation

digital quantum computer

o) {4 (U —e Y| < e T Hu(t)

time-evolution with gauge redundant encodings
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Propagation with gauge redundant encodings

G —register : |U)

L{(t) — 6_iHKSt =L[_1=
[e—iétKLe—iétUD]t/‘St

Y
)
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Propagation with gauge redundant encodings

M. Carena, H. Lamm,YYL, W. Liu, PRL. 129, 051601
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Propagation with gauge redundant encodings

Hp=> (—>—+->—>-+D+m++:j)
U R[] R

Kr, Kor, a

(U1, Uy Urcy, |Ur, Uz) = dprus v,0, (Ur] €550 [UY)

|U1> :n': ﬂ}, :uphase Sy HU :ln:i,[_l =
X

|U1) ==

|Uz) = UL H

|Us) e

Uy) 54 1t [T YR
Us) 54 Uy U

Us) 541 UL H iy HU oy R Ul

Demonstration of improved Hamiltonian is allowed in the near future

M. Carena, H. Lamm,YYL, W. Liu, PRL. 129, 051601
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Summary and Outlook
4 )
* (Gauge redundancy as quantum error correction codes

quantum error threshold for gauge-redundant digitization, with
the error rate achievable for near-term quantum devices.

* Techniques on real-time simulation of lattice field theory

improved Hamiltonian: matrix elements for the improved terms,
circuits designed

r 3 [ h
é g , discrete subgroup improved Hamiltonian
|

redundancies demonstration with redundancies
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BACK UP
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Propagation with gauge redundant encodings
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Operator Gate(s) Matrix
Pauli-X (X) =blm | o H
Pauli-Y (Y) — Y [g —g]
Pauli-Z (Z) —Z L
Hadamard (H) —H|- [ 4
Phase (S, P) (87 R
/8 (T) sl e o o]

Controlled Not
(CNOT, CX)

Controlled Z (CZ)

SWAP

Toffoli
(CCNOT,
CCX, TOFF)
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Gauge redundancy utlized for error corrections

Hred

B

Us A Us
®— 0
Us:  Ur:

Maximal Tree Gauge
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