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Abstract

The ground state of the kagome Heisenberg antiferromagnet, a candidate quantum spin liquid, is a
demanding target for near-term hardware. The lattice is frustrated, and a generic variational circuit
explores far more of Hilbert space than the physics requires. The SU(2)-equivariant spin-network
ansatz of East et al. [1] is built from SU(2)-invariant gates, so it stays in one total-spin sector, and
on the small plaquettes where every triangle can host a singlet dimer (8 and 12 spins) it prepares
the ground state exactly in noiseless simulation. Here we ask what the symmetry buys on a real
device, beyond the trainability arguments of geometric quantum machine learning [4,8]. We find it
buys three things. First, the trained circuit can be compressed. An SU(2)-aware compression [3]
only has to reproduce each gate on the singlet sector, and it cuts the 8-spin circuit from 172 two-
qubit gates to 46. In noise sweeps the compressed circuit wins above a two-qubit error an order of
magnitude below today’s rates, and a single mitigated run on ibm_torino gives an energy error of
0.47 (exact ground energy —12), in line with a device-faithful simulation of the chip (0.53). Second,
the symmetry filters noise at readout, because the target state has zero magnetisation along every
axis. Third, excited states come at no extra cost. A different initial singlet covering places the
ansatz in a different magnetisation sector, and the same circuit then reaches the lowest state of each
S, sector of the 12-spin star. Three noiseless layers reach the frustrated 18-spin plaquette to within
2.5% of the exact energy, though under device noise neither circuit is usable at that size. At today’s
error rates the compression is already worth its noiseless cost, and at 18 spins the limit is the device
rather than the ansatz.

1 The equivariant ansatz and what we ask of it

A circuit built entirely from SU(2)-invariant gates commutes with global spin rotations, so it never
leaves the total-spin sector it starts in [9]. The variational search [7] then runs over one sector instead
of the full Hilbert space. The spin-network ansatz we study realises this for the kagome Heisenberg
model (East et al. [1]). That paper sets out the construction and its noiseless behaviour, and ties
the reduced search space to the trainability arguments of geometric quantum machine learning [4,8].
Our question is what happens on a device. How accurate is the circuit under realistic gate noise, and
how many two-qubit gates does it cost to run? Beyond the ansatz itself, the symmetry also gives a
compression of the trained circuit, excited states from re-initialisation, and a route to a fully frustrated
cell.

The model is the nearest-neighbour Heisenberg antiferromagnet H = Z@.’ i 0;-0j, written here with
Pauli matrices, on kagome plaquettes. The ground state is a spin singlet [5|. Each triangle (Fig. 1,
left) is handled in the Schur basis [6], where three qubits split into one spin—% and two spin—% copies.
The parametrised rotation mixes the two spin—% copies and is then undone:

Spin3(0) = S3Ux(0) S5, Spin2(¢) = Sy Pa(¢) Si.
The starting state is a covering of the lattice by singlet dimers, which lies in the S = 0 sector. For
readout we measure in the X, Y and Z bases and drop shots of nonzero total magnetisation. A singlet
has zero magnetisation along any axis, so the filter removes only noise.
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Figure 1: Left: kagome lattice of corner-sharing triangles. The shaded triangle is the three-spin unit handled
in the Schur basis, where Spin3 acts (Spin2 acts on a pair). Right: the Spin2 vertex gate, the two-qubit
SU(2)-invariant primitive of the ansatz. An inverse Bell transformation (CX, then H) sends the singlet to a
computational basis state. A controlled phase P(¢) marks that state, and the transformation is then undone.
The result Usy(2)(¢) = Spin2(¢) commutes with the total spin and phases the singlet alone.

2 Results

8-spin: symmetry-aware compression. The trained layer is built from three-qubit Spin3 gates
and two-qubit Spin2 vertex gates (Fig. 1, right). In noiseless simulation it reaches the ground state to
one part in 103, at a cost of 172 two-qubit gates. A generic transpiler [11] is blind to the symmetry and
compiles each Spin3 as an arbitrary three-qubit unitary, spending about 40 two-qubit gates on each.
The compression [3] exploits the fact that the ansatz only ever acts within the SU(2) singlet sector. A
trained Spin3 need only be reproduced on that sector, not as a full unitary, so we re-fit it as a short
brickwork of the two-qubit vertex gate, with angles chosen to maximise the fidelity of the prepared
state. Three of the four distinct Spin3 gates compress exactly. The fourth reaches fidelity 0.99 and
leaves a fixed noiseless error of 0.041, the floor at which the compressed curve in Fig. 2 flattens. The
layer shrinks to 46 two-qubit gates, about 70 after routing onto hardware connectivity. That is a 73%
reduction.

8-spin: noise sweep. We study two simulated settings (Fig. 2). The first is an idealised all-to-all
depolarising sweep, a stand-in for machines such as Quantinuum’s, with the one-qubit error fixed at
2x107° and readout error on every qubit. Here the compressed circuit overtakes the uncompressed one
near a two-qubit error of 2 x 107%. At the 2.7 x 1073 of today’s devices the errors are 0.12 compressed
and 0.58 uncompressed. The second setting is a model of IBM Heron hardware. We use ibm_marrakesh
(Heron r2) via Qiskit’s FakeMarrakesh model, keeping the chip’s connectivity and its median readout
and one-qubit errors, and scaling only the two-qubit error. Routing inflates the uncompressed circuit
from 172 to about 300 two-qubit gates. At the device’s current two-qubit error the compressed circuit
gives 0.28 and the uncompressed 1.7. Even with perfect two-qubit gates the compressed circuit floors
at 0.07 to 0.08, limited by readout.

8-spin: hardware run on ibm_torino. On this Heron rl device we executed the compressed circuit
once, with three measurement bases, 1000 shots each, the magnetisation filter, and the error mitigation
of Haiqu’s execution pipeline. The uncompressed circuit was not run. The measured energy error is
0.47, several times the idealised prediction of about 0.12, but in line with an unmitigated, device-faithful
FakeTorino simulation of the same circuit (0.53).

Comparison with real-time evolution. Ref. [2] reaches the same plaquettes with many short cir-
cuits rather than one trained circuit. Real-time evolution feeds a small classical linear-algebra problem
over a Krylov basis of time-evolved states [10]. In noiseless statevector simulation both methods reach
the exact energy to machine precision, but neither of those calculations runs on hardware. Theirs uses
the exact evolution operator, and ours is the uncompressed circuit, about 300 two-qubit gates once
routed. Looking to potential hardware suitable setups, their longest hardware circuit uses a single
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Figure 2: 8-spin energy error against two-qubit gate error, compressed and uncompressed. Solid lines show
an idealised all-to-all depolarising sweep (Quantinuum-like). The low-noise floor of the compressed curve is
the 0.041 compression error. Dashed lines show a real Heron architecture (FakeMarrakesh, Heron r2, with its
connectivity and median readout and one-qubit errors, and the two-qubit error scaled). Routing inflates the
uncompressed circuit to ~300 gates, and the compressed one floors at 0.07 to 0.08, readout-limited. Dotted lines
mark where Quantinuum H2 and ibm marrakesh (Heron r2) sit today. The star is the measured ibm_torino
run (Heron rl, compressed, mitigated). It need not lie on the ibm marrakesh sweep.

Trotter step and totals at most 78 CNOTs on Quantinuum’s H1-1, and five measured time steps give
a ground-state error of about 0.2 (adjusted to our units). Our compressed circuit routes to about
70 two-qubit gates, and its one run on ibm_torino gave 0.47, against the 0.041 compression floor.
With one run for each method, on different machines, we read this as comparable circuit sizes and
comparable accuracy, not a controlled benchmark.

12-spin: excited states by re-initialisation. The initial dimer covering fixes the magnetisation,
and removing one singlet raises S, by one. The same ansatz therefore reaches the lowest state of
each S, sector by re-optimising from a different covering. The circuit is grown layer by layer with
warm starts. Accuracy is not monotonic in S, (Table 1). It runs from 1072 at S, = 1 to 107! at
S, = 5. Ref. [2] treats the same 12-spin star by real-time evolution, with one exact-statevector Krylov
calculation per sector. Reading their per-sector plots (see Fig. 21 of Ref. [2]), their errors in our units
run from about 2 x 1072 in the slowest, small-overlap sectors to about 2 x 1072 at S, = 5. Ours match
theirs at S, = 1 and are one to two orders lower elsewhere, though their curves are still falling where
the plots end.

S, 1 2 3 4 5
energy error 9.9 x 1073 54 x107* 54x107% 64x107° 1.6x 107"

Table 1: 12-spin star: noiseless energy error per magnetisation sector, against the exact sector minimum.

18-spin: A true frustrated cell. The 18-spin periodic plaquette is the smallest kagome cell that
cannot be fully dimerised. Nine singlets cover its eighteen sites, but its twelve triangles cannot all
host one, so no covering minimises every triangle at once. Here the frustration is complete and exact
preparation is out of reach. Three noiseless layers get to —31.47 against an exact —32.26, a 2.5% error.
Ref. [1] finds the best converged energy on this cell keeps falling with depth, though the optimisation
grows harder. Under noise the 8-spin picture repeats. In the idealised all-to-all model at two-qubit
error 8.6 x 10™* the compressed circuit reaches about 6% energy error against 12% uncompressed,
trading a higher noiseless floor (4.8%) for 4.7x fewer two-qubit gates (294 against 1374). Simulated
on a realistic IBM Heron device instead, with the circuits routed onto its heavy-hex connectivity and
its real error rates, neither circuit gives a usable energy. The errors are about 33% compressed and
77% uncompressed. Compression still halves the error but no longer decides success. For this circuit
on today’s heavy-hex hardware the limit is the device, not the gate count.
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