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We demonstrate a two-qubit variational quantum eigensolver (VQE) implementation using two
spatially separated single-photon processors connected via a 3 km optical fiber network. Our
approach leverages local operations on pre-shared entanglement to evaluate two-qubit Hamiltonians.
By incorporating parameterized weak measurement operations within the local operations framework,
we enable access to the complete Hilbert space across distributed quantum processors — a capability
typically requiring complex non-local operations. Our experimental results show accurate ground
state energy estimation for Hamiltonians including H-He* cation and the Schwinger model, validating
both the necessity of weak measurements and high-quality entanglement in distributed quantum
computing. This work establishes a promising direction for resource-efficient, scalable quantum
network architectures that maintain full computational capabilities through local operations and

controlled entanglement manipulation.

Implementing large-scale quantum systems presents a major challenge,
requiring scalable architectures that ensure high-fidelity state preparation
and operations"”. One promising approach is distributed quantum com-
puting (DQC), where small, well-controlled qubit modules are inter-
connected via pre-shared entangled states, known as network qubits’™.
Within each module, circuit qubits execute local quantum operations, while
network qubits mediate inter-module interactions, enabling cooperative
large-scale quantum computation. To fully exploit the computational space
of distributed circuit qubits, pre-shared entanglements across network
qubits is essential for facilitating inter-module connectivity control.

In traditional DQC approaches, non-local operations based on
quantum gate teleportation allow the implementation of a universal gate
set across the network’™'’. However, these methods typically require
complicated protocols involving multiple gates, additional ancilla qubits,
and classical communication, which can introduce errors and reduce
fidelity as the system scales. This raises the question: can we simplify the
distributed quantum computing paradigm while maintaining access to
the full computational Hilbert space?

Weak measurement offers a promising alternative for controlling
entanglement in distributed quantum systems''”". Unlike projective mea-
surements that collapse quantum states entirely, weak measurements
induce partial collapses, allowing for the tuning of entanglement between

distant qubits. By controlling the measurement strength, one can access
quantum states that would otherwise require non-local operations.

In this paper, we demonstrate the feasibility of distributed quantum
computing by employing parameterized weak measurement. Using a basic
configuration in which two modules each host a network qubit, we show
that the non-local operations traditionally required for establishing arbitrary
entangled states can be effectively replaced by local operations combined
with weak measurement. Specifically, we prove that this approach enables
the preparation of any arbitrary two-qubit state, thus accessing the full
Hilbert space necessary for quantum algorithms. We integrate this techni-
que into a variational quantum eigensolver (VQE) framework'*""°, which
relies on parameterized quantum state preparation and measurement,
validating that high-fidelity quantum computations remain achievable in
distributed architectures. Our experimental implementation using photonic
qubits demonstrates that weak measurement can serve as a practical tool for
entanglement manipulation in networked quantum processors, potentially
simplifying the requirements for scaling up quantum computing resources.

Results

Variational quantum eigensolver

The variational quantum eigensolver (VQE) is a hybrid quantum-classical
algorithm designed to find the ground state energy of a quantum system
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Distributed quantum processor units (QPUs)
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Fig. 1 | Schematic diagram of distributed VQE. Two spatially separated QPUs
share N pairs of Bell states, with Alice performing local unitary operations U,( 0 ,)
and Bob implementing both local unitaries Ug( 6 5) and weak measurements
WM (7 )- Measurement outcomes are sent to classical processing units (CPU) which
computes the expectation value of the Hamiltonian and updates the parameters for
subsequent iterations.

described by a Hamiltonian H“'. VQE leverages the variational
principle of quantum mechanics, which states that for any trial wavefunc-
tion |¥( 0 ) ), the expectation value of the Hamiltonian provides an upper
bound to the ground state energy:

E(6) = (¥()IHN(D)) = E,, M

—
where E, is the true ground state energy, and 6 represents a set of varia-
tional parameters that characterize the trial wavefunction.

The VQE algorithm operates as follows: First, a parameterized quan-

—>
tum circuit prepares a trial state |\V( 6 )>, commonly referred to as an ansatz

—
state. To measure the expectation value of the Hamiltonian E( 6 ), the
Hamiltonian is decomposed into a linear combination of Pauli strings:

H= Z C,-Pi7 (2)

where ¢; are real coefficients and P; are tensor products of Pauli operators
(e.g, X ® Y ® Z). This decomposition allows the expectation value to be
calculated as a weighted sum of expectations of Pauli operators,
(H) = >, ¢;{P;), which can be measured directly on the quantum hard-
ware through appropriate basis rotations. A classical optimizer subsequently
updates the parameters 6 to minimize this energy expectation value:

E, = min[E( G )] 3)
0

This iterative process continues until the energy converges, at which

point the algorithm has approximated the ground state energy and corre-

sponding wavefunction of the system. The effectiveness of VQE depends on

the expressibility of the ansatz, which determines the algorithm’s ability to
represent the true ground state within the parameterized family of states.

While VQE has been primarily implemented on single quantum
processors with various physical platforms'’, the growing interest in
quantum networks opens new possibilities for distributed quantum
computing’>*’. In a networked environment, quantum processors at dif-
ferent locations can collaborate to solve computational problems that might
be intractable for individual nodes. This distributed approach to VQE
requires careful consideration of how entanglement and quantum opera-
tions are managed across the network.

VQE on quantum network

Figure 1 presents the schematic diagram of VQE between distant parties. Let
us begin by a central party distributes a Bell state [ ¥+ > =1 (IOI) + ]10)) to
two distant parties, Alice and Bob, via quantum channels Without loss of
generality, we can present the shared state between Alice and Bob in the
form of

W) = (I, ® CyI¥") = %um ®lv) + D@l @)

where I, and Cy are Alice’s identity channel and Bob’s arbitrary unitary
channel which satisfies Cy|1) = |1//b> and Cg|0) = |t//bi>. Note that |1//b>
and |yj ) are orthogonal, i, (y,ly; ) = 0. It is notable that Eq. (4)
remains in a perfect entangled state since local unitary channels do not
change the amount of entanglement”. This means that, with only local
unitary operations, Alice and Bob cannot access the full Hilbert space to find
the solution of a given Hamiltonian.

In order to adjust amount of entanglement of distributed states, we
apply weak measurements or partial collapse measurements on Bob’s
qubit'™". The weak measurements on an arbitrary state |%> can be
represented as

(
MY = T ) (il + VT=Dlvi) (v, )
M = By )i
where 0<p<1 represents the weak measurement stren . Note that while

M(% leads to a complete projection onto |y ), M, produces only a
partial collapse towards |y, ), thus called weak measurement.

Now, we apply this weak measurement operation M, g”b ) to the pre-
shared state, yielding the post-measurement state:

1
(I ® M{)¥) SHl0e MPPly,) + 1) @ MY ly)),  (6)

and the normalized post-selected state becomes

[¥(p)) = (10) ® lyy,) + /1= pl) ® lyy, ). @)

1

Ny

From Eq. (7), we can understand the role of weak measurement in the
networked VQE as a tuning knob for the amount of entanglement. For
example, when p = 0, the measurement has no effect, equivalent to a
perfect transmission channel that preserves maximal entanglement. On
the other hand, p = 1 corresponds to a complete projection onto
[¥(p = 1)) — [0)|y,,), collapsing the entangled state into a fully separ-
able state. Quantitatively, the concurrence of the output state in Eq. (7),
which quantifies the amount of entanglement, is given as

2/1—p

="y,

®)

Then, Alice and Bob perform local unitary operations (Uy, Up) to
explore the minimum state energy. Together with Bob’s weak measurement,
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Fig. 2 | Experimental setup of the VQE on distributed quantum processors. The
central source produces telecom-wavelength Bell states, which are distributed to
Alice and Bob via 1.5 km optical fiber links. Each QPU contains waveplates (H, Q)
for local operations, with Bob’s QPU additionally incorporating a Mach-Zehnder
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interferometer with polarization beam displacers (PBDs) to implement weak mea-
surements. Measurement results from superconducting nanowire single-photon
detectors (SNSPDs) are collected by the central coincidence counting unit (CCU).

these local unitary operations enable them to explore entire space of pure
two-qubit states. To prove this, let us rewrite Eq. (7) in the general Schmidt
decomposition with a parameter 6 where /T — p = tan 6”". Then Eq. (7)
can be represented as

[¥(6)) = cos 6]0) ® |y, ) +sin6]1) [y ). 9)
This explicitly takes the form of the Schmidt decomposition.

According to the Schmidt decomposition theorem, any arbitrary two-
qubit pure state can be represented as:

[¢) = (U, ® Ug)(cosbley) ® |fy) + sinble;) @ |f,)),  (10)

where |e, > ey > and |f, > ) > are orthonormal bases for the first and second
qubits, respectively. Therefore, by applying appropriate local unitary
operations to the state in Eq. (9), Alice and Bob can generate any arbitrary
two-qubit pure state:

o) = (Uy ® Up)|¥(0)), (11)

where {[0), 11} % {ley). le, )} and (10}, [1)} =3 {If, ). If,) -

We can generalize our method to the d-dimensional case with d = 2".
The resources required to explore the whole d x d Hilbert space are a
maximally entangled two-qudit state and local operations and classical
communication (LOCC)*?. The maximally entangled state can easily be
prepared with # pairs of Bell states, written as

2"—1

-

lo+)® Ik, k),

® lem: %)

x*O

(12)

where x,x, X, - - - X,,_ ) is a binary representation of k.

Starting from the maximally entangled state, it is possible to explore
the whole d x d Hilbert space using LOCC transformation, provided that
arbitrary local operations are available to both Alice and Bob. In general,

represented as

M, = [00)(00] 4 [01)(01] + [10)(10|

+T=plL1)(11], (13)
M, = ¢plin)(11], (14)

cannot be implemented simply by applying two separate weak measure-
ments on each qubit individually. In such cases, we can expand the
experimentally accessible Hilbert space by employing nonlocal measure-
ments acting jointly on multiple qubits™**. It would be interesting to explore
optimization strategies within experimentally reliable nonlocal measure-
ments. However, the goal of VQE is to find ground states of given Hamil-
tonians rather than prepare arbitrary quantum states. Investigating which
classes of Hamiltonians admit ground states accessible through local weak
measurements alone constitutes an important direction for future research.
Scaling to n Bell pairs distributed across the network, our approach
maintains practical resource efficiency. The weak measurement strategy
requires O(n) strength parameters-one per Bell pair-enabling tunable
entanglement control across all network qubits. Combined with local
unitary operations, this provides access to a wide range of 2°"-dimen-
sional Hilbert space needed for VQE. The total number of parameters
remains polynomial: O(n) to O(n?) for typical hardware-efficient ansatz
and O(n) weak measurement parameters'®'®. This avoids the complexity
of gate teleportation, which requires additional Bell pairs and classical
communication for each non-local gate, with overhead scaling with the
circuit depth rather than just the system size. By leveraging pre-shared
entanglement as a foundation and using weak measurements to tune
entanglement levels, our approach provides a resource-efficient pathway
for scaling quantum networks with multiple Bell pairs between nodes.

Experimental results

Figure 2 shows the experimental setup of the photonic VQE, which consists
of pre-shared entanglement and two distant QPUs. At the center of the
setup, a Sagnac interferometer with a periodically poled KTP crystal gen-
erates Bell states:

1
—=(HV) + |VH)),

implementing arbitrary operations on d qubits requires nonlinear two- ) = (15)
qubit operations. In particular, a joint weak measurement on two qubits, V2
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Fig. 3 | Experimental results for the evaluation of the H-He™ cation using dis-
tributed quantum processors. a Convergence of the estimated energy and input
parameters during a single VQE run at R = 0.9 A. b Ground state energy as a function
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where |H) and |V) represent horizontal and vertical polarization states,
respectively, corresponding to the spin eigenstates |0) and |1)**". It gen-
erates high quality Bell state with the purity and concurrence of P = 0.98 +
0.01, and C = 0.98 + 0.01, respectively.

Each single-photon state is then transmitted to Alice and Bob via
two 1.5 km-long optical fibers. Upon receiving a single-photon, Alice’s
QPU applies an arbitrary local unitary transformation using a combi-
nation of a half-wave plate and a quarter-wave plate (H;, Q;). Addi-
tionally, she has a half waveplate Hp placed between two quarter
waveplates at 45°, which modifies the relative phase between the two
components gf the initial Bell state of Eq. (15)**. Overall, Alice has three
parameters 6 4 = {H,,Q,,Hp} for her ansatz state preparation via
U,( 6 ,). Following this, the Pauli basis measurements are performed by
sets of waveplates (H3, Q3), a polarizing beamsplitter (PBSL,)and a single-
photon detector (D1). The measurement results {P4} and 6 , are sent to
a classical process unit (CPU) located between Alice and Bob for further
processing in the VQE loop.

Bob’s QPU operates in a similar manner to Alice’s, but with an addi-
tional weak measurement stage. Upon receiving a single-photon, Bob first
implements the weak measurement using a Mach-Zehnder interferometer
with two polarization beam displacers (PBDs) and two half-wave plates. The
PBD transmits horizontal (vertical) polarization state without (with) lateral
displacement. While one of the half waveplates is fixed at 45° (H,s.), the
other’s angle is controlled by an input parameter Hy. This way, Bob can
change the weak measurement strength p by adjusting the angle of Hyu.
After the weak measurement, the local unitary operation and Pauli mea-
surement are performed using a set of waveplates of H,, Q, and Hy, Q4,a PBS
and a single-photon detector (D2). Overall, Bob’s local operations can also be
parametrized with three wavelplate angles of 6 ; = {Hywm, H,,Q, }. The
input parameters 6 ; with the Pauli measurement results {Pg} are sent to the
CPU in the middle as well.

After both QPUs complete their executions, a home-made coincidence
counting unit (CCU) in the middle of Alice and Bob receives the joint Pauli

39,40 1 ot = e
measurement results™"". With the six input parameters of { 0,4, 0 B} =
{H,,Q,,Hp, Hyy, H,,Q, } and the joint Pauli measurement results, the
CPU performs linear calculation and classical optimization. In the linear
calculation process, the CPU calculates the expectation value of Hamilto-
nian at the i-th VQE iteration (H); in Eq. (3). Then, with the six input

—
parameters 0 ; and (H), the classical optimizer updates the next input

—
parameters, ¢, to find the minimum expectation value (H),.. and

min

transmits to Alice and Bob for the next VQE run. In our experiment, we
employed the COBYLA algorithm to perform the classical optimization
with fol = 0.01 and rhobeg=n/2", with a 200 max iteration cap that was
typically sufficient for convergence and restarts otherwise”. See Methods for
details. The experimental values and error bars are obtained by taking
averages and standard deviations of the five lowest energy points during a
single VQE run.

In order to verify our photonic VQE on two distributed QPUs, we
estimated the ground state energy of the H-He" cation. The Hamiltonian of
this simple cation is described by two Pauli operators, providing an ideal test
case for our distributed VQE setup'’. The detailed form of the Hamiltonian
with respect to the interatomic distance R is given in the Methods.

Figure 3a shows the input parameters and corresponding estimated
ground state energy with respect to the number of iterations at the intera-
tomic distance of R=0.9 A. With a sufficient number of iterations, the
estimated ground state energy converges to its theoretical value
E,=—2.863 MJ/mol. It is worth noting that the optimal eigenstate of the
H-He" cation Hamiltonian at this interatomic distance is a nearly separable
state, |y) .~ |00). Indeed, as shown in Fig. 3a, the input parameter Hyyyy,
which determines the weak measurement strength p, converges to Hyy —
/4 which means p — 1.

Figure 3b presents the ground state energy as a function of the
interatomic distance R. The black line represents the theoretical values,
while the red circles indicate our experimental data at various interatomic
distances. The minimum ground state energy of (H)..,
—2.86 +0.02MJ /mol was obtained at the interatomic distance of R = 0.9 A.
The error bars represent the standard deviation calculated from the five
lowest energy points during each VQE run.

To investigate the role of weak measurements, we conducted a com-
parative experiment without the weak measurement. For this test, we
removed the weak measurement setup, the Mach-Zehnder interferometer
with two PBDs, from Bob’s experimental setup. The results of this modified
experiment are shown as blue triangles in Fig. 3b. Details and interpretation
are discussed in the Discussion.

In order to further investigate the role of pre-shared entanglement in
distributed quantum computing, we tested the Schwinger Hamiltonian.
This model describes the interaction between Dirac fermions via photons in
a two-dimensional space”. The simplest form of the Schwinger Hamilto-
nian is presented as:

1 1
H(m)=l+XX+YY—%ZI+EZZ+%IZ7 (16)
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Fig. 4 | Experimental results for the evaluation of the Schwinger Hamiltonian using distributed quantum processors. a Minimum eigenvalues obtained under different
strengths of dephasing noise. b Comparison of VQE results with and without weak measurement.

where m denotes the particle mass. The optimal eigenstate of the Schwinger
Hamiltonian is computed as:

[y (m)) g ~ 101) = f(m)[10), 17)
where f(m) = 1(v/4m? +4m + 17 + 2m + 1). For m = — 1/2, fim) = 1

and the ground state becomes a maximally entangled Bell state [¥~) =
%QOI) — |10)) with eigenvalue E_,, = — 3/2. For other values of m, the
ground state is only partially entangled.

To verify the critical role of pre-shared entanglement, we introduced
variable noise to the initial state Eq. (15) by adding different lengths of quartz
in Alice’s quantum channel, which induce group velocity differences
between |H) and | V) modes. This causes dephasing noise to the initial state,
so the pre-shared state becomes:

A A
o) = (1 - 5) a},|w+><\1/+|a,, + Ea}Z|\1/+><\P+|a,Z (18)

where A represents the strength of noise. The VQE results with different
amounts of noise are presented in Fig. 4a. In addition to the no-noise case
(red circles for A = 0), we present the experimental minimum eigenvalues
with noise of A=0.5 and 1 with green squares and blue triangles,
respectively. The minimal eigenvalues at m = — 1/2 are
(H) pin = —1.40£0.02, —0.71 £0.02, and 0.25+0.05 for A=0, 0.5 and
1, respectively. It is clear that increasing noise A introduces increasingly
erroneous minimal eigenvalues near # = —1/2, highlighting the importance
of high-fidelity pre-shared entanglement.

Furthermore, we investigated the role of weak measurements in
accessing the full Hilbert space. Figure 4b shows experimental results
comparing VQE implementations with and without weak measurements.
Without weak measurements, the algorithm consistently converged to an
eigenvalue of — 1.5 regardless of m. In contrast, enabling weak measure-
ments allowed convergence to the true ground state energies across different
mass values. Further interpretation is provided in the Discussion.

Discussion

In order to clearly demonstrate the crucial role of weak measurement in
the networked VQE implementation, we conducted a comparative
experiment in Fig. 3b. Without weak measurement, the experimentally
obtained ground state energies consistently fail to reach the theoretical
values across all interatomic distances. This significant discrepancy
demonstrates that without weak measurement, the system cannot access
the full Hilbert space required to accurately represent the ground state of
the Hamiltonian. This result confirms our theoretical prediction that

weak measurement is essential for enabling distributed quantum pro-
cessors to explore the complete Hilbert space necessary for effective VQE
implementation.

In the case of the Schwinger Hamiltonian, the impact of noise is par-
ticularly pronounced near m = — 1/2, where the ground state approaches a
maximally entangled Bell state. In this region, the entanglement reduction
caused by channel noise A significantly degrades the VQE performance, as
the algorithm cannot reach the required high entanglement level. Con-
versely, for larger |m]| values, the ground states become increasingly separ-
able (as indicated by Eq. (17)), making them less sensitive to entanglement
degradation. This explains why the error induced by noise decreases as ||
increases. The results clearly demonstrate that maintaining high-fidelity
pre-shared entanglement is crucial for accurately finding ground states
across the entire parameter range.

Beyond entanglement quality, we also investigated the role of
weak measurements in accessing the full Hilbert space. In our
experimental setup with an initially shared maximally entangled Bell
state, reaching the ground state when m = — 1/2 requires only local
unitary operations since these preserve the entanglement level.
However, for m # — 1/2, where the ground state is partially entangled,
weak measurements become necessary to reduce the entanglement to
the appropriate level. Figure 4b demonstrates this critical distinction.
When employing VQE without weak measurements and starting from
a maximally entangled state, the algorithm consistently converges to
an eigenvalue of — 1.5, indicating the final state remains maximally
entangled (the |¥™) state). This occurs regardless of the target mass
parameter, as the procedure lacks a mechanism to reduce entangle-
ment to reach partially entangled ground states for m = — 1/2.

In contrast, with weak measurements enabled, our procedure suc-
cessfully converges to the true ground state energy across various mass
values. These results collectively demonstrate that both high-quality pre-
shared entanglement and the ability to manipulate entanglement through
weak measurements are essential for effective distributed quantum com-
puting. This combination provides the flexibility needed to access states with
different entanglement levels based on specific problem requirements.

In conclusion, we have successfully implemented a distributed
variational quantum eigensolver using photonic quantum processors
connected through a 3 km optical fiber network. Our approach intro-
duces a fundamentally different paradigm for distributed quantum
computing by integrating parameterized weak measurements with local
unitary operations to achieve precise control over pre-shared entan-
glement. This combination provides full access to the two-qubit Hilbert
space without requiring complex non-local operations that are typically
necessary in distributed architectures.
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Table 1| The Pauli operators and corresponding weights that form the Hamiltonian, shown in relation to the interatomic distance

R[A] 1] 1z zl zz 1X zX X1 Xz XX
0.05 33.9557 —2.4784 —2.4784 0.2746 —0.1515 0.1515 —0.1515 0.1515 0.1412
0.1 13.3605 —2.4368 —2.4368 0.2081 —0.1626 0.1626 —0.1626 0.1626 0.2097
0.2 3.633 —2.2899 —2.2899 0.1176 —0.1405 0.1405 —0.1405 0.1405 0.3027
0.5 —2.3275 —1.5236 —1.5236 0.1115 —0.157 0.157 —0.157 0.157 0.3309
0.7 —3.3893 -1.2073 -1.2073 0.1626 —0.1968 0.1968 —0.1968 0.1968 0.3052
0.9 —3.8505 —1.0466 —1.0466 0.2356 —0.2288 0.2288 —0.2288 0.2288 0.2613
1.1 —4.0539 —0.982 —0.982 0.3225 —0.243 0.243 —0.243 0.243 0.2053
15 —4.1594 —0.991 —0.991 0.4945 —0.2086 0.2086 —0.2086 0.2086 0.0948
2 —4.1347 —1.0605 —1.0605 0.6342 -0.1119 0.1119 -0.1119 0.1119 0.0212
2.5 —4.0918 -1.1128 —-1.1128 0.701 —0.0454 0.0454 —0.0454 0.0454 0.0032
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Fig. 5 | The classical computer emulation test results of the classical optimizers
with 1000 trials. a The estimated energy (b) the number of iterations. In a the red
solid line represents theoretical value of our simulated Hamiltonian,

E, = —2.863 MJ/mol. The gray region shows the optimizer’s convergence tolerance
tol = 0.01, which corresponds to the convergence criterion.

Notably, our scheme maintains favorable resource scaling with
only O(n) additional weak measurement parameters-one per Bell
pair-complementing the O(n) to (O(n?) variational parameters
required by typical VQE ansatz. This linear overhead avoids the
complexity of gate teleportation, which requires additional Bell pairs
and classical communication for each non-local gate, with overhead
scaling with circuit depth rather than system size alone. Leveraging
pre-shared entanglement and using weak measurements to tune the
amount of entanglement, our approach offers a resource-efficient
framework for scaling quantum networks with multiple Bell pairs
between nodes.

Through evaluations of both the H-He" cation Hamiltonian and the
Schwinger model, we have demonstrated that weak measurements play a
crucial role in distributed quantum computation. Our experimental
results clearly show that without weak measurement capabilities, the
quantum processors cannot access states with the appropriate entan-
glement structure required to represent ground states of general
Hamiltonians. Additionally, we verified that high-quality pre-shared
entanglement is essential, as degradation in entanglement fidelity directly
impacts solution accuracy.

Our demonstration highlights the versatility of photonic qubits not
only as carriers of quantum information across networks but also as capable
processing elements for quantum computation. The success of our weak
measurement-assisted distributed quantum computing approach estab-
lishes a viable and adaptable framework for future quantum information
processing technologies that harness the power of quantum networks™.

Methods

H-He" cation Hamiltonian

In the framework of second-order quantization, any Hamiltonian can be
expressed as

H= thq apdy + Z hpqrsapaq“r“s+
pq’s

(19)

where a" and a denote the creation and annihilation operators, respectively.
Through the Jordan-Wigner transformation, equation (19) can be
reformulated as a linear sum of Pauli operators: (19) an be presented as a
linear summations of Pauli operators as

H:ZWj-6j+Zl;wjk.o'j®o-k+... .
J j

(20)

The coefficients W), Wi, -+ are calculated during the transformation. The
coefficients are presented in Table 1. Here, X, Y, Z, I correspond to the Pauli
matrices 0, 0), 0, and the identity operators, respectively'.

The classical optimizer

We evaluated the hyperparameters of the COBYLA optimizer using 1000
emulation runs on a classical computer. The initial parameters were ran-
domized for each run, and we accounted for a Bell state purity of 0.98 and
used 50,000 shots to reflect the experimental conditions. Figure 5a shows the
histogram of the estimated energy, and Fig. 5b shows the number of
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iterations. In Fig. 5a, the red vertical line indicates the theoretical value
E, = —2.863 MJ/mol. The gray region represents the convergence tolerance
range of the optimizer, tol = 0.01. The mean estimated energy value is
—2.853 +0.006 MJ/mol, which differs negligibly from the theoretical value
and is mainly due the Bell state purity. From Fig. 5b, the mean number of
iterations is 76, indicating that a maximum iteration cap of 200 is sufficient.

Data availability
The data and analysis scripts are available from the corresponding author
upon reasonable request.

Code availability

We cite the specific COBYLA implementation used in this study*". Sup-
porting scripts used in the analysis (including hyperparameter settings and
emulation routines) are available upon reasonable request.
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