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Motivation W =0 e THTI

Ultimate goal: Nonabelian LGT in higher dimensions(incl. matter)

Crucial ingredient for any interacting QF T: n-point functions
Example: 2-point function, i.e. propagator
(QIW(x2, t2)W(xq, t1)"|Q)
Spatial correlator < time-independent variant(t; = t, = 0)

Acquire vacuum vector Q via VQE (variational quantum eigensolver)
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Motivation W =0 e THTI

Ultimate goal: Nonabelian LGT in higher dimensions(incl. matter)
Crucial ingredient for any interacting QF T: n-point functions
Example: 2-point function, i.e. propagator
(QW(xz, t2)W (x4, 1) 7| Q)
Spatial correlator < time-independent variant(t; = t, = 0)

Acquire vacuum vector Q via VQE (variational quantum eigensolver)

Here: pure SU(2) Yang Mills . What basis to choose?
Large # of quantum d.o.f. on lattice
H = Q. L, (SU), u(h)) . Bosonic nature of Hilbert space
dim(SU(Z)) -3 = - Retain gauge-invariance

3 quantum numbers on each edge . VOE scalability (barren plateau problem)



Gauge-invariant Hilbert space

How to deal with large # of quantum d.o.f. on lattice?
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Gauge-invariant Hilbert space - = T

How to deal with large # of quantum d.o.f. on lattice? = Restriction to gauge-invariant Hilbert space

Hz ¢ H =Q, L,(SU(2), u(h))

SU(2) Gauss constraint:

Gsu(2) (v) = Zenvi(bﬁe

()W) :
/A DR () |
- o [U 1 DYY (hy)

Spin-network basis of H;:

: ,71 C ' , . . . .
[Penrose " 71] i1, Jos Jiar - ) = ZmlmzngT(Iﬁ)...(hl) Dr(,{;)(hz) Dr(;{:)(hg,) (]1 J2 3 )

mp; mp; ms

* Implement Gauss constraint (fully)  3j-symbols enforce symmetry conditions: [Wigner 93]

* Reduce quantum numbers 1. ji+j,+j3 €2N
2. =2 <jzs<j1+)2



Gauge transformations - e TLITI

Gauge transformation on holonomies: h(e) » U(e,)h(e)U(e))™
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Gauge transformation on holonomies: h(e) » U(e,)h(e)U(e))™

Cc
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Spin network function form a basis of intertwiner space:

— (]1) (]2) (13) Ja J3
171e211Lt3
s jz.Jar ) = Eamymyms Dot (he) D2 (h)DYP (ha) (2 2 %)

my; mp ms

|j1'j27j3'j4: Tl') = T

WY}
= Zonymymy DY (A1) DY? (hp)DYP. (hs)DYY (hy)
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Gauge transformations

Gauge transformation on holonomies: h(e) » U(e,)h(e)U(e))™

Cc

(@ 5 =@ g y)PE@PROPGW - /l\

Spin network function form a basis of intertwiner space:

i Jzdz ) = Smymm, Dt (h) D (h)D? () (2 2 7).

3
,L____s, 6-valent vertex decomposition:
|j1;j2;j3;j4; ) = ’,Tl;
p A, \/5,_
4, i :
I
) :"}
= Zomymyms Dt (1) D2 (h2)Dyl2 (h3)Dy? (hy) *=>/ 4
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Long range entangelement due to gauge constraint G, H,c H=Q,L,(SU2))

= Restriction to (almost only)
gauge-invariant Hilbert space

T 1 l l Yang-Mills Hamiltonian [Kogut&Susskind ‘75]
T HP. Hyy = Hg + g° Hp
Hg
\— . SU(2): Bosonic nature of FH requires qubit-registers / qudits
j=012,3,.. and finite cut-off j,,,4, (limiting accuracy)



Hamiltonian W 0= = TUTI

* Yang-Mills Hamiltonian [kogut&Susskind “75]:

Hym = S.B.B, + g?IoRe(h(O))
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* Yang-Mills Hamiltonian [kogut&Susskind “75]:
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VQE for LGT W =O= = TLTI

* Yang-Mills Hamiltonian [kogut&Susskind “75] restricted to 5—[6:
HYM = 2:epepe + QZZDRQ(E(D))
= z:e(‘)ea;—ae + aea;a;aeae + 922D=(el,e2,e3,e4) [f3j (5) aelaezaeS &34 +
/ +11(©)ah e enlon + -+ f11(O)a1, 00500

diagonal part \

creates excitations obeying

3j-symbol conditions
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VQE for LGT W =O= = TLTI

* Yang-Mills Hamiltonian [kogut&Susskind “75] restricted to 5—[6:
HYM = z:epepe + QZZDRQ(E(D))
= z:e(‘)ea;—ae + aea;a;aeae + 922D=(el,e2,e3,e4) [f3j (5) aelaezaeS &34 +
/ +11(©)ah e enlon + -+ f11(O)a1, 00500

diagonal part \

creates excitations obeying

3j-symbol conditions

* VOE [Peruzzoetal. 2014, ...]t0 solve Hyy Q2 = E,Q
»  Algorithm A(8) to prepare 5 = A(6) |0)

. mgin (Y5, Hympg) equivalenttopy; = Q

= Choice of A(é) motivated by Hamiltonian !



Gauge-invariant ansatz A(9) == = TUT




Gauge-invariant ansatz A(9)
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Cut-Off, e.9. jmax =3 = {0,1,2,3} = |q1,92) . In-bulk symmetry verification by
Creation of gauge-invariant excitations testing symmetry conditions
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Local lattice interactions in Hamiltonian Hy,,
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VOE for LGT: expected advantages - e TUTI

Scaling advantages for VOE in LGT:

Local lattice interactions in Hamiltonian Hy,,
—> Mild scaling of # Pauli strings for Hy,; decomposition & parallelizable readout

0(N4 log, Umax)) = O(Njﬁwx)

Highly symmetric Hamiltonian & vacuum state
—> Translational invariance reduces # optimization parameters and shot count
O(Nj;lliax) . O(jf)rlax)

Gauge-invariant Hilbert space and gauge-invariant ansatz
- Reduced # qubits & # optimization parameters for state preparation

O(3dNlog,(2jmar + 1) + 2Ndlog, 2)
— 0((3d — 3)N10g,(2jmax + 1) + (2d — 3)N log, 2)



Toy model W == = TUTE

Toy model: Uz2)
Tvertex with 6 edges & periodic boundary conditions lj1)
— ja)
lj1)
Physical motivation: symmetry reduction before quantization

j2)

l Gauge-invariant

. Q= Q(j,j» j3) characterized by 3 quantum numbers Hilbert space

= 6 data qubits + 1ancilla(instead of 18 qubits naively) |
H, —

Jmax=3

: : , = span(ljy,j2,j3) | jk € {0,1,2,3})
Completely emulatable with classical numerics



Systematic state preparation (SSP) W =C= = T

Hyy = (1 —g*) Hg + g* Hp

™~

Strength of coupling g € [0,1] & phase transitions coupling parameter

« g = 0:freetheory

« g — 1:tuning coupling strength
& tuning correlations
& ) containing more excitations ng,;
& increasing algorithm depth
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Strength of coupling g € [0,1] & phase transitions coupling parameter

« g = 0:freetheory
_ _ # 2-0 gates # opt. param.
- g — 1l:tuning coupling strength '
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Systematic state preparation (SSP) O = TUT

Hyy = (1 —g*) Hg + g* Hp

™~

Strength of coupling g € [0,1] & phase transitions coupling parameter

« g = 0:freetheory
_ _ # 2-0 gates # opt. param.
- g — 1l:tuning coupling strength '

& tuning correlations SSP?2  Nipr = 2 40 6

& ) containing more excitations ng,;

& increasing algorithm depth SSP3  Mior =3 72 10
SSP4  Nior =4 12 16
HEA3O 20 30

Neor = 2




Ideal VOE simulations 0= = TLI

Hyy = (1 —g*) Hg + g* Hp

Ideal VOE simulation \

Fidelity of SSP protocol Coupling parameter
s  S5P2 [e=0] [
0.35
0.30 # 2-0 gates # opt. param.
£l SSP2 M =2 40 6
d 0.20 1
T o | SSP3 N =3 72 10
‘—4
0.10 - : SSP4 Neor = 4 112 16
HEA30 20 30
0.00 14— - . - ]
O.IO Cl.|2 0:4 D.IE O.IB l.IO
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Hyy = (1 —g*) Hg + g* Hp

Ideal VOE simulation \

Fidelity of SSP protocol Coupling parameter
+ S5P2[e=0] .
0354 ¥ 5SSP3[e=0]
ol # 2-0 gates # opt. param.
< 057 SSP2  Ntor = 2 40 6
>
o 020
~ t SSP3 ntot - 3 72 10
| 0.15 v
— Y
0.10 : SSP4 Neor = 4 112 16
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Ideal VOE simulations 0= = TLI

Hyy = (1 —g*) Hg + g* Hp

Ideal VOE simulation \

Fidelity of SSP protocol COUp”ﬂg parameter
« SSP2 [e=0] .
03514 ¥ SSP3[e=0]
ol S5P4 [e=0] # 2-Q gates # opt. param.
o 9257 SSP2 Neot = 2 40 6
2: 0.20 -
Y s L . SSP3 Nt =3 72 10
- v
0.10 - : SSP4 Neor = 4 12 16
1 n
0.05 i : = HEAZD 20 20
0.00{ ®# = = = a & =
0.0 0.2 0.4 0.6 0.8 1.0




17-qubit chip at WMI =

. 17-qubit-QPU in characterization at WM|

. Superconducting Transmons w/ tunable couplers

o e s I s

- Aiming at state-of-art KPls: = 8 %\}ﬂm"ﬁgl'ﬁ'\}" '
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Toy model with qubit

registers transpiled on QPU



17-qubit chip at WMI =

. 17-qubit-QPU in characterization at WMI = ntnnninnan g OFU with 17 superconducting
. _, (Transmon) qubits at WMI

. Superconducting Transmons w/ tunable couplers

-5 J2
i’__ﬁ_ l E-Lt l a
. Aiming at state-of-art KPlIs: ""LL"I"\E"' :
. Ty~100ps g. E E
e« To~100us 23 #-ﬂ z i
__._._ b»‘f" \\\:
. Infid ~0.005 | .
1QGate !.! p ﬂli | #ﬂ i)
. InfiszGateNO.OS -.-.-.. —m T ;?_U_ ! ELS‘;I
H H B B Toy model with qubit
-.!.!.!.! registers transpiled on QPU
« Digitial twin emulator Be=l=l=
Kraus map for realistic markovian noise i.i

Parametric 20Gates [Huber et al. 2024]
This talk: algorithm only tested on emulator



Ground state energy and error mitigation W O e TUTI

Noisy VOE simulations:

Ground State Energy with Cut-Off-Error . Antagonistic influence:
2-0 gate error vs. circuit depth N(n4y¢)

Test on sc qubits emulator with Markovian
noise with 0.5% error CZ gates

g4 = S5P2[e=0]
¥ S5P3 [e=0]
B 5S5P4 [e=0]
Ea,j.,w=3

=10 4

Uncertainty from |E; — Eo,j,., = 3|
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Noisy VOE simulations:

Ground State Energy with Cut-Off-Error . Antagonistic influence:
2-0 gate error vs. circuit depth N(n4y¢)

Test on sc qubits emulator with Markovian
noise with 0.5% error CZ gates

Error mitigation [EM]:
Projection to gauge-invariant states
« j1tj2tJj3€EN

¥ S5P3 [e=0]
¥ S5P3 [e=0.005]
¢ Ja <Jp+ie

Uncertainty from |E; — Egj,. 3]

_1{] -

Symmetry verification of ground state, e.q.
rotational symmetry(j; < j,)
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Ground state energy and error mitigation W O e TUTI

Noisy VOE simulations:

Ground State Energy with Cut-Off-Error . Antagonistic influence:
2-0 gate error vs. circuit depth N(n4y¢)

Test on sc qubits emulator with Markovian
noise with 0.5% error CZ gates

Error mitigation [EM]:
Projection to gauge-invariant states

_g4 ¥ 5SSP3[e=0]

¥ SSP3[e=0.005] e Jj1+ij>+7j2 EN
SSP3 [e=0.005] EM J1 T2 T3
—10 A E&,jnw=3 ® ja S jb + jC

Uncertainty from |E; — Egj,. 3]

Symmetry verification of ground state, e.q.
rotational symmetry(j; < j,)

! ! ! ! ! !
0.0 0.2 0.4 0.6 0.8 1.0



Correlator on noisy emulator - <o TLITI

2-point correlator

Use corresponding circuit
to prepare Q on QPU/emulator

Evaluate correlations with prepared €

—~ —~ +
QWL (W) Q)

= 6" (8apl + 84 fr(9))



Correlator on noisy emulator - <o TLITI

Emulating 0.5% 2-Q gate error:

2-point correlator 2-point correlator
—— exact
55 Uncertainty due to jmax = 3
Use corresponding circuit v SSP3[e=0]
55P3 [e=0.005] EM
to prepare Q on QPU/emulator 50 - - -
—
. . S 151
Evaluate correlations with prepared &
1.0 A
@I, ()" 10)
ea eb 0.5 -
_ <l
= 6" (8apl+642p fr(9))
0.0
D.IEI D.IE 0:4 D.Iﬁ D.IB l.IU



Summary and outlook W =C= = TLTH

Summary:

- Implemented Gauss constraint making near term VQE accessible for non-abelian LGT
. 1-vertex toy model approximating pure SU(2) Yang-Mills vacuum

. Test on noisy emulator simulating phase transitions with suitable accuracy

Outlook:

. Implementation on real device

%
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.
.
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.
.
. .
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.
.
.
.
.
.
.
.
.
.
.
.
%
.

. Advanced error mitigation
schemes(ZNE,0DR,...)

. Sophisticated parameter
optimizer(Adiabatic VQE, ...)

. Extension of lattice size and OPU with 17 superconducting
. : (Transmon) qubits at WMI
inclusion of matter
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Numerical comparison BA = £ TUTH
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2-point Correlator for ©-graph
Ground state energy for ©-graph
(a) (b)
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HEA comparison (ideal) BAW = == TUTH

le6 FevsPlot OverlapPlot
XRange from 0 to 1 with step size 0.05 for heal8 with method BFGS and N=200 0.35 —— XRange from 0 to 1 with step size 0.05 for heal® with method BFGS and N=200
XRange from O to 1 with step size 0.05 for hea24 with method BFGS and N=200 . 7| = XRange from 0 to 1 with step size 0.05 for hea2d with method BFGS and N=200
6 4 —— XRange from 0 to 1 with step size 0.05 for hea30 with method BFGS and N=200 — XRange from 0 to 1 with step size 0.05 for hea30 with method BFGS and N=200
—— XRange from 0 to 1 with step size 0.05 for hea36 with method BFGS and N=200 0304 XRange from 0 to 1 with step size 0.05 for hea36 with method BFGS and N=200
5 -
u 0.25
2
T 4 - o
% m 0.20 A
[
> ©
L >
c 34 o
Q [ =
g & 0.15
S
o
iz
27 0.10 4
11 0.05 -
0 - 0.00
T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

X Value X Value



Error mitigation _ e T

Institut

* 3j-symbols enforce symmetry conditions: [Wigner 93]
1. ji+j,+j3 €2N

2 Vi=llsjssih+i . In-bulk symmetry verification by
testing symmetry conditions
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Few remaining symmetry conditions via 3j-symbols

- Implementation of in-bulk symmetry verfication for error mitigation



Rough estimator: W =0 e T

Hyy = Z PP, + QZZDRe(E(D))
« Only total population for each

. . . _ A+ A A+2 A2 2 A A ! /\+ A

« Enforce gauge-inv.subspace , L L2 _
T . Happrox = (w — 2f5;92)a*a + aa™ "a® + g?[ fz; 4% +h.c.]
« Realize similarity to displaced

. . ! B. a. 1.41421 a. B. ! B. 8 1.41421 @ a.
harmonic oscillator 6. 1. 6. 2.44929 . ® © © o o
1.41421 B. 2.33333 B. 3.4641 * 1.41421 @& 2.33333 @ 3.4641
_ A\ A4~ A A ~4 B. 2.449449 B. 4, B. ] B B B B
H - w(n)a’ a’ + x(n)(a + a’ ) B. B. 3.4641 B. G. B. B 3.46841 @ B.
. . B. B. B. 4.47214 B. ] B 8 B B
« Ground state given by Poisson
distribution: Do
2n .
_ 2,2 (x/w) Mot
(Q,ngor )~e™™ /@ , i
Tltot. 0.3 »
« Exact LGT

Rough estimator

« Comparison with numerical exact g
results show rough similarity




Aimed accuracy: W O e TLTI

« Quantum simulations in LGT typically aim at verifying conceptual processes of physics instead of reaching a
targetted accuracy

« Goal: Identify LGT analogon to chemical accuracy

« LGT models accuracy determined by discretization artefacts: H.pnt = Hygttice + O(€)

g2V3

2€

« Characteristic energy of the system is mass gap A := min E;(g) — Eo(g)
g

« l|dentification of energy and length via photon-wave length A and

« Lattice spacing small compared to relevant energy scale Ai <« 1 and gives the releative error rate
A

. Toy model: f ~0.36€3 K1
A

« Argumentation only valid in limit € — 0, because not estimating the size of the prefactor of O(¢)



