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* Encoding a problem ontoaqg. comp |1, 2, 3, 4]
* Develop better languages |5, 6]
e Efficient measurement of g. observables [/, 8, 9]
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Efficient Encoding

Too hard for
HPC or

More symmmeftries needed Quantum

S. Bravyiet al., arXiv:1701.08213, (2017)

L. Gunderman et al., Phys. Rev. A 109, 022618, (2024)
C. Nation et al., arXiv:2605.18966 (2026)

C. Nation et al., arXiv:2605.30428 (2026)

S. Banerjee et al., arXiv:2605.30429 (2026)

More computational power




Efficient Encoding

More symmetries exploited Quantum

1 7 < V| | ;E::F?E . .
More computational power Solved with
I HPC or
S. Bravyiet al., arXiv:1701.08213, (2017)
L. Gunderman et al., Phys. Rev. A 109, 022618, (2024)
C. Nation et al., arXiv:2605.18966 (2026)
C. Nation et al., arXiv:2605.30428 (2026)
S. Banerjee et al., arXiv:2605.30429 (2026)



Efficient Encoding

More symmetries

—_—

exploited

 Quantum Inspired, Classically Efficient
e For Quantum and Classical Simulations
* Solidifies Quantum Advantage

S. Bravyiet al., arXiv:1701.08213, (2017)
L. Gunderman et al., Phys. Rev. A 109, 022618, (2024)
C. Nation et al., arXiv:2605.18966 (2026)

C. Nation et al., arXiv:2605.30428 (2026)

S. Banerjee et al., arXiv:2605.30429 (2026)



Efficient Encoding

Find and

A exploit symmetries

[2] C. Nation, R. Simon, S. Banerjee, F. Martini, A. Ricottone, F. Cerisola, LD, arXiv:2605.18966 (2026)
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Efficient Encoding

Pauli symmeftries

Molecule ‘ n ‘

C
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BeH, 14 5)
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CoHy 28 )
CoHg 32 4
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H JW encoding

2\ ZZZZIIII
Zy IIIIZZZZ
Z3s 17171717

C +Z2
Hubbard = "'/
Kitaev
102 L+ Kitaev, B
10(] ‘ ‘
10! 102 103 n
Zo & Hubbard Kitaev
— qubit(H.)
™ .
N ¢ 4{ 0\)\\’ . .
= & I
'—g L . “l’ I\‘/
o
= I\‘ I
— —e— ’ ®

[11S. Bravyi, J. M. Gambetta, A. Mezzacapo, and K. Temme, arXiv:1/01.08213, 2017/
[2]Image from L. Gunderman, A. Jena, LD, and Phys. Rev. A 109, 022618, 2024

* 5000+ qubits
* Generalised fo quDits
* Any input Hamiltonian

* Exponential advantage



Efficient Encoding

Permutations are Clifforad

Reflections are Clifford

Rotations are Clifford

|GHZ) «are Clifford»

[2] C. Nation, R. Simon, S. Banerjee, F. Martini, A. Ricottone, F. Cerisola, LD, arxi:2605.18966 (2026)
[34.C. Nation, R. Simon, S. Banerjee, F. Martini, A. Ricottone, F. Cerisola, L DgéirXiv:2605.30428 (2026)
[4] SBanerjee, V. Muthu, C. Nation, R. Simon, F. Martini, A. Ricottone 7 Cerisola, LD, arXiv:2605.30429 (2026)



Efficient Encoding

(—[ Input H
Find Clifford symmeftries ]—j
ind optimal Clifford decomposition

&
Diagonalize Cliffora subsecTorb
Qd effective Hamiltonians
Solve The problem

[2] C. Nation et al., arXiv:2605.18966 (2026)
[3] C. Nation et al., arXiv:2605.30428 (2026)




Efficient Encoding

Input H

Find Clifford symmeftries ]_j

[2] C. Nation et al., arXiv:2605.18966 (2026)
[3] C. Nation et al., arXiv:2605.30428 (2026)



Efficient Encoding

()
@)

[2] C. Nation et al., arXiv:2605.18966 (2026)
[3]1 C. Nation et al., arXiv:2605.30428 (2026)

| H=XY+2v |

Hadamard

XY

LY



Efficient Encoding

A o ® O o o
H=c\(Y1Zo+ Z1Z5 — X3) — co(X1Y2 — Y1)

(0) 7;\

(24 4), (3+5)

Find a mapping that corresponds to a Clifford and preserves the
input Hamiltonian...

[2] C. Nation et al., arXiv:2605.18966 (2026)
[3]1 C. Nation et al., arXiv:2605.30428 (2026)



Efficient Encoding

A o ® O o o
H=c,(Y1Zo+ Z1Z5 — X3) — co(X1Y2 — Y1)

Find a mapping that corresponds to a Clifford and preserves the
input Hamiltonian...

[2] C. Nation et al., arXiv:2605.18966 (2026)
[3] C. Nation et al., arXiv:2605.30428 (2026)




Efficient Encoding

(—( Input H
Find Clifford symmeftries

Find opftimal Clifford decomposition

Diagonalize Cliffora subsecTorb

S

[2] C. Nation et al., arXiv:2605.18966 (2026)
[3] C. Nation et al., arXiv:2605.30428 (2026)




Efficient Encoding

A o ® 06 o o
H=c,(Y1Zo+ Z1Z5 — X3) — co(X1Y2 — Y1)

\

Rl ey g p CLL et I

Diagonalizing a Clifford...

[2] C. Nation et al., arXiv:2605.18966 (2026)
[3] C. Nation et al., arXiv:2605.30428 (2026)



Efficient Encoding

A o ® O o o
H=c,(Y1Zo+ Z1Z5 — X3) — co(X1Y2 — Y1)

(ﬁsym = BHBT — classically efficient)

Efficiently Tind block decomposition S,y

[2] C. Nation et al., arXiv:2605.18966 (2026)
[3] C. Nation et al., arXiv:2605.30428 (2026)



Efficient Encoding

A o ® 06 o o
H=c,(Y1Zo+ Z1Z5 — X3) — co(X1Y2 — Y1)

S min Qubit cost
T IS Minimized:
%@Wﬁw ) (no entangling gate)

Efficiently find minimal block decomposition S,

[2] C. Nation et al., arXiv:2605.18966 (2026)
[3] C. Nation et al., arXiv:2605.30428 (2026)



Efficient Encoding

(-( Input H
Find Clifford symmeftries ]—5
d‘F'nd optimal Clifford decomposition
Diagonalize Clifford subsector

Qd effective Hamiltonians

[2] C. Nation et al., arXiv:2605.18966 (2026)
[3] C. Nation et al., arXiv:2605.30428 (2026)




Efficient Encoding

H

0

Find and

exploit symmetries

1.22 245 T
-

L) —b>

[2] C. Nation et al., arXiv:2605.18966 (2026)
[3] C. Nation et al., arXiv:2605.30428 (2026)

=YZ+7Z-1X-2XY +2¥1




Efficient Encoding

Cost?

e Diagonalization of (minimal with our method)

 Degeneracy of the eigenvalues of

Finding «| effective Hamiltonians... , buT yields
,and it know the right subsector

[2] C. Nation et al., arXiv:2605.18966 (2026)
[3]1 C. Nation et al., arXiv:2605.30428 (2026)



Efficient Encoding

(—[ Input H
Find Clifford symmeftries ]_j
ind optimal Clifford decomposition

df
Diagonalize Cliffora subsecTorb
({ Find effective Hamiltonians

- go ahead ©

[2] C. Nation et al., arXiv:2605.18966 (2026)
[3] C. Nation et al., arXiv:2605.30428 (2026)



Efficient Encoding

Does it work?

[2] C. Nation et al., arXiv:2605.18966 (2026)
[3]1 C. Nation et al., arXiv:2605.30428 (2026)



Efficient Encoding
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Efficient Encoding

TFI (Transverse-Field Ising model)

n—1 n
Hrpr = Jtri Z Z,Z; + hrpy Z X;
(i,)) =1




Efficient Encoding

TN
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TFI (Transverse-Field Ising model)
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Efficient Encoding

TFI (Transverse-Field Ising model)

S

I\

Exploitability?




Efficient Encoding

TFI (Transverse-Field Ising model)

Smin — ETSATFIB —

Z

 Symmetry found+diagonalized

e "Qubit cost” is 2 for all sizes!

e Bestreference frame

KK XK XXX XEXK[S




Efficient Encoding
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Efficient Encoding

Heisenberg XX/
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Efficient Encoding
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Efficient Encoding
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Efficient Encoding

Does it work?

e Efficiently finds all Clifford symmetries of any model

 Diagonalizes the symmetry opftimally by minimizing their qubit cost
 Evenif the symmetryisknown, we exploit it finding effective Hamiltonians
e Crucial fo develop understanding the model

e 256xlarger models solved up to 60.000 times faster for 20 qubits (ED)

[2] C. Nation et al., arXiv:2605.18966 (2026)
[3]1 C. Nation et al., arXiv:2605.30428 (2026)



Efficient Encoding

Can we bypass complexity with a quantum computer?

[2] C. Nation et al., arXiv:2605.18966 (2026)
[3]1 C. Nation et al., arXiv:2605.30428 (2026)



Efficient Encoding

Can we bypass complexity with a quantum computer?

H=XXI+IXX Hr=IX+ZX Ho=2X+Z
+217 +1Z H) = Z

(1001 0010] | |
0-110 0001| I®Hg=[CIHCT [0)(0H]o
0110 1000 N T
100-10100

0010-1001 l;/ X 4
0001 0110 — ol lo1 |

1000 01—10 ‘ 10
o

0100 1001 ® 0—1|%Hp

[2] C. Nation et al., arXiv:2605.18966 (2026)
[3]1 C. Nation et al., arXiv:2605.30428 (2026)




Efficient Encoding

Can we hynass complexity with a quantum computer?

= XxXT+ IXX\(Hr = IX + ZX\ H]o 17

I + Z1Z + 17 H|
J L oooooooooooooooooooooo gone
— @ — —@— One X rofatfion
—\ Y Residual complexity

[2] C. Nation et al., arXiv:2605.18966 (2026)
[3]1 C. Nation et al., arXiv:2605.30428 (2026)



Efficient Encoding

* Symmeftries have huge untapped potential
* They can push thelimits of classical simulations
* They can push thelimits of gquantum simulations

* They will shedlight on real qguantum advantage

[2] C. Nation, R. Simon, S. Banerjee, F. Martini, A. Ricottone, F. Cerisola, LD, arXiv:2605.18966 (2026)
[3] C. Nation, R. Simon, S. Banerjee, F. Martini, A. Ricottone, F. Cerisola, LD, arXiv:2605.30428 (2026)
[4]S. Banerjee, V. Muthu, C. Nation, R. Simon, F. Martini, A. Ricottone, F. Cerisola, LD, arXiv:2605.30429 (2026)
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Jansen, P. Zoller and C. A. Muschik, PRX Quantum, 2, 030334, 2021



Measurement

1/M scolmg Single-shot error | Adaptive Doublmg

LDF [1] YES (trivial) NO

Classical YES NO(exp. NO NO NO NO NO NO
shadow [2] worse)

APS [3] YES NO NO NO NO NO NO NO
Derand [4] YES YES NO NO NO NO NO NO
OGM [5] YES YES NO NO NO NO NO NO
AEQuUO [1] YES YES YES YES YES NO NO NO
CBS [¢] YES YES YES NO NO NO NO NO
AQUIRE [7,8] YES YES YES YES YES YES YES YES

1]: A. J. Jenq, A., Schlosberg P. Mukhopadhyay, J. F. Haase, F. Leditzky and LD, Quantum 7, 903, 2023
2]:H. Y. Huang, R. Kueng, J. Preskill, Nat. Physics, 16, 1050-1057, 2020

3]: C. Hadfield, S. Bravy, R. Raymond, A. Mezzacapo, arXiv:2006.15788, 2020

4]:H. Y. Huang, R. Kueng, J. Preskill, PRL, 127, 030503, 2021

5]: B. Wu, J. Sun, Q. Huang, X. Yuan, arXiv:2105.13091, 2021

6]: M. Kohda, R. Imai, K. Kanno, K. Mitarai, W. Mizukami, Y. O. Nakagawa, arXiv:2112.07416, 2022

71R. Simon, Z. Shi, C. Nation, A. Jena, LD, arXiv:2509.01482 (2025)

8] R. Simon, M. Meth, F. Martini, P. Tirler, A. Jena, M. Ringbauer, LD, arXiv:2605.00682 (2026)



Measurement

Qudit reqdy el

Hardware noise
awareness

» Output 0, (AO_J‘-S[

(@)

(roi0- 37
i

( Which pairs of
APauIis comAmute?
P1 =1IX P2 = X/

Py = XX

Single scheme

Double scheme

Prepare |©) & measure )
a commuting subset of { P;}

N

[ Prepare |£) @ |¥)
& measure all {P; ® P;}

_ _J

]

(AO)

Virtual measurements; Bayesian estimation of variance

(AO)? (with 1/2 meas.) |

/

¥

( Assign shots to minimize )
Budget estimated variance
depleted’?
e.g. smallest

[

~Upda’Ee =>measure
0,(A0)* y

[7]R. Simon, Z. Shi, C. Nation, A. Jena, LD, arXiv:2509.01482 (2025)
[8]R. Simon, M. Meth, F. Martini, P. Tirler, A. Jena, M. Ringbauer, LD, arXiv:2605.00682 (2026)




Measurement - double scheme

worst run -==“double” on

== hest run “double” off

100 300 37, 500

100

rmae exact histogram
AEQuO [4] =single shot ===y ormal fif]
; I (b.1) |
;
| ! 2
_i_
1
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I
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1
l
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: (b.2)
i
i 0.79
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I
i
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[7]Image from R. Simon, Z. Shi, C. Nation, A. Jena, LD, arXiv:2509.01482 (2025)
[8] R. Simon, M. Meth, F. Martini, P. Tirler, A. Jena, M. Ringbauer, LD, arXiv:2605.00682 (2026)




Measurement - qudit observables

Particles = ‘easy’ for g. computer
Gauge fields = hard and expensive for g. computer... Much better if qudit ready!

2D-QED with Variational Quantum Circuit Quantum Computation Results
periodic boundaries

a

M magnetic representation
M electric representation
4 qutrit experiment (VQE)
+ ququint experiment (VQE)
& ququint experiment
--- exact

— exact (d=21)

gauge qudits

M. Meth et many al., Nature Physics 21, 570-576 (2025)



Measurement - qudit observables

p q
O=> b with P=Q)X/27,
i=1 j=1

Spin Hamiltonian \

Pauli Hamiltonian

-~

SC’“ZE o’ Xy, 2y, with a=uz9,2

r,s
is obtained from the coefficients
dg—2

| o(r—1) d(r+1—d)
Co = d— Th wSH wS(p+1) ’
S 10
i = (5(q~—1) 5(r+1—d)
Cy = 7~ Tp sp s(put1 ’
ds = WSH wS(u+1)
ds—1
2 de — 1
ﬂ s = — ( = — ;L> W (r),
ds &\ 2

[7]R. Simon, Z. Shi, C. Nation, A. Jena, LD, arXiv:2509.01482 (2025)
[8] R. Simon, M. Meth, F. Martini, P. Tirler, A. Jena, M. Ringbauer, LD, arXiv:2605.00682 (2026)




Measurement — error awareness

(AO,)? = (AO)? + (O, — 0)?,
~ < ~ ~ 1
Oe—O ;C%&,Z (9@“—@ wgp.

o

2

[7]R. Simon, Z. Shi, C. Nation, A. Jena, LD, arXiv:2509.01482 (2025)
[8]R. Simon, M. Meth, F. Martini, P. Tirler, A. Jena, M. Ringbauer, LD, arXiv:2605.00682 (2026)



Measurement

a-(0) Open D3 .@J BC Stat.  (c)
o) (a) ac S | mmm BC Dev.
. GC / o mmm GC Stat,
0.15 - 4 4 mmm GC Dev. I
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[7]1R. Simon, Z. Shi, C. Nation, A. Jena, LD, arXiv:2509.01482 (2025)

[8] Image from R. Simon, M. Meth, A. Jena, F. Marftini, M. Ringbauer, LD, in preparation
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Conclusions and Outlook

Classically efficient Qpproech for symmetry finding
Measurement protocol+* ~at |et you down

Error mitigation wi
Beyond Clifford symmetries and “almost” symmetries


https://github.com/QuAOS-Lab/SympleQ
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