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ABSTRACT: The recent advent of quantum algorithms for noisy quantum devices offers a
new route toward simulating strong light−matter interactions of molecules in optical cavities
for polaritonic chemistry. In this work, we introduce a general framework for simulating
electron−photon-coupled systems on small, noisy quantum devices. This method is based on
the variational quantum eigensolver (VQE) with the polaritonic unitary coupled cluster
(PUCC) ansatz. To achieve chemical accuracy, we exploit various symmetries in qubit
reduction methods, such as electron−photon parity, and use recently developed error
mitigation schemes, such as the reference zero-noise extrapolation method. We explore the
robustness of the VQE-PUCC approach across a diverse set of regimes for the bond length,
cavity frequency, and coupling strength of the H2 molecule in an optical cavity. To quantify the
performance, we measure two properties: ground-state energy, fundamentally relevant to
chemical reactivity, and photon number, an experimentally accessible general indicator of
electron−photon correlation.

Polaritonic chemistry is a field that exploits strong light−
matter interactions for manipulating chemical reac-

tions.1−7 These strong light−matter interactions can be created
inside micro/nano/picocavities8−10 where the light field
strongly couples with a molecular system, giving rise to hybrid
light−matter states known as molecular polaritons. By tuning
the light field strength inside a cavity, a molecular reaction can
then be selectively and noninvasively modified.11−13

These experimental advances have been accompanied by the
development of theoretical methods that can offer insights into
the fundamental principles that govern polariton-assisted
chemical transformations. Among the various theoretical
approaches,5,7,14−18 a particularly robust class is the quantum
electrodynamics (QED) ab initio methods, such as quantum
electrodynamics density functional theory (QED-DFT)19−22

and quantum electrodynamics coupled cluster methods (QED-
CC),23−27 in which both electrons and photons are treated
quantum mechanically. Although these methods have provided
significant insight into chemical reactions inside a cav-
ity,22,24,28−30 practical implementations of these methods rely
on numerous approximations limiting their applicability to
weakly correlated molecular systems. Therefore, these methods
are expected to fail in the correct description of strongly
correlated systems which play a crucial role in transition metal
chemistry, photochemistry, catalysis, and bond-breaking
processes,31 among others. Strongly correlated systems can
be accurately described with multireference quantum chem-
istry methods where the corresponding wave function is
expanded in terms of excited electronic configurations.32

However, because the number of these configurations scales
factorially with the system size, multireference methods are
currently unsuitable for simulating large molecules.

Quantum algorithms offer an alternative way for solving
complex chemical problems.33−35 One such quantum algo-
rithm for solving the electronic structure problem is the
quantum phase estimation (QPE) algorithm.36 Although the
QPE algorithm offers an exponential speedup for the
evaluation of eigenvalues of the molecular Hamiltonian over
its classical counterparts, it requires very deep circuits
composed of millions of quantum gates.37 Therefore, this
algorithm exceeds the capacity of currently available noisy
quantum devices.38

An alternative to the QPE algorithm that is more suitable for
noisy quantum devices is an iterative hybrid quantum-classical
algorithm: the variational quantum eigensolver (VQE).39 In
the VQE, the quantum device is utilized for the classically
intractable parts of computations, such as the quantum-state
preparation and the ground-state energy measurement, where-
as the classical computer is employed for the optimization of
the parameters that minimize the ground-state energy. By
outsourcing the optimization routine to a classical computer,
the VQE algorithm exhibits more modest quantum require-
ments than the QPE algorithm. The VQE algorithm has been
successfully implemented on different noisy quantum devices
for simulation of molecular systems, including trapped ion
devices,40,41 photonic quantum processors,39 and super-
conducting qubits.42−44
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In practice, the quality of the VQE result depends on the
choice of the parametrized wave function ansatz. In its first
implementation, the VQE algorithm employed the unitary
coupled cluster with singles and doubles (UCCSD) ansatz.39

The advantages of the UCCSD ansatz are that it is unitary,
variational, systematically improvable, and performant for the
simulation of strongly correlated systems, in particular for
bond-breaking processes.42 However, because the UCCSD
ansatz results in deep quantum circuits along with a large
number of wave function parameters, practical implementa-
tions of this method on quantum devices require careful
optimization of the algorithm, such as term truncation, to
minimize quantum resources.
Encouraged by the success of the VQE algorithm for

molecular simulations on noisy quantum devices, as well as by
the need for a robust method for simulation of strongly
correlated systems confined to a cavity, we have previously
developed an ansatz referred to as the quantum electro-
dynamics unitary coupled cluster with singles and doubles
(QED-UCCSD).25 Therein, we have demonstrated that the
QED-UCCSD ansatz for VQE is in excellent agreement with
the exact method, even in the regions of the potential energy
surface where the strong electronic correlations become
significant. In the remainder of this work, we will refer to
the QED-UCCSD ansatz as the polaritonic unitary coupled
cluster (PUCC) ansatz, and VQE-PUCC will refer to the
method of using the VQE with the PUCC ansatz.
In this work, we study the VQE-PUCC method using

realistic noise models and leverage physical symmetries and
composite error mitigation strategies to improve the results.
The main motivation for this work is to present the formalism,
working equations, and technical details for the efficient use of
quantum devices to simulate systems where electrons and
photons are strongly coupled. Among these technical details is
the deployment of appropriate error mitigation techniques to
precisely resolve ground-state observables, such as the ground-
state energies and photon numbers, even in coupling regimes
where differences are small. Overall, these results demonstrate
the practical feasibility of quantum simulations of mixed
fermion−boson systems, such as molecular polaritons, on
noisy quantum hardware.
The interaction of an embedded molecular system inside an

optical cavity and the quantized light field can be described by
the Pauli−Fierz Hamiltonian.2 This Hamiltonian�within the
dipole approximation and in the coherent-state basis23 for a
single-mode cavity in second quantization notation�reads as

d

d

H h a g a b b b b1
4 2

( )( )
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2

( )

q
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p
q

rs
pq

pq
rs

2

= + + · +

+ ·
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The first two terms in this equation correspond to the
electronic Born−Oppenheimer Hamiltonian (note that ex-
tensions to include nonadiabatic effects are also possible45−47),
where apd1pd2...pdn

q1q2...qn = aq d1

†aq d2

†... aq dn

†apdn
...ap d2

apd1
are the second-quantized

electronic excitation operators expressed in terms of fermionic
creation (a†) and annihilation (a) operators. Additionally,
hqp = ⟨q|ĥ|p⟩ is a matrix element of the one-electron core
Hamiltonian and g̅rspq = grspq − grsqp = ⟨rs|pq⟩ − ⟨rs|qp⟩ is the
antisymmetrized two-electron Coulomb repulsion tensor
element. Furthermore, p, q, r, s, ... indices denote general
electronic spin−orbitals, i, j, k, l, ... indices denote occupied

electronic spin−orbitals, and a, b, c, d, ... indices denote
unoccupied (virtual) electronic spin−orbitals. The third term
of eq 1 represents the Hamiltonian of the cavity photon mode
with frequency ω. There, operators b† and b are bosonic
creation and annihilation operators, respectively. The fourth
term accounts for the interactions of electronic and photonic
degrees of freedom. Finally, the last term corresponds to the
dipole self-energy. Within the last two terms, λ = (λx, λy, λz)
with λ = |λ| is the coupling strength vector and Δd = d − ⟨d⟩ is
the total molecular dipole moment operator subtracted by its
expectation value that arises due to the coherent-state basis
transformation.23 Note that the total molecular dipole moment
is defined as d = delectronic + dnuclear.
Within the VQE algorithm, the ground-state energy of a

system inside a cavity (EQED) is determined by variationally
minimizing the energy functional

E Hmin ( ) ( )n nQED QED , QED ,
n,

= | |
(2)

with respect to wave function parameters θμ,n. In this equation,
|ΨQED(θμ,n)⟩ is the trial wave function that depends on
parameters θμ,n. In the case of the PUCC method, the wave
function is defined as

e 0 0T T
PUCC

e ph| = |
†

(3)

where |0e0ph⟩ = |0e⟩⊗|0ph⟩ corresponds to the reference
quantum electrodynamics Hartree−Fock (QED-HF) wave
function23 defined in terms of an electronic Slater determinant
(|0e⟩) and a zero-photon state (|0ph⟩). Because the interaction
of the quantum particles (i.e., electrons and photons) is
accounted for through a mean-field potential, correlation
effects are not included in the QED-HF method. In eq 3, T̂ is
the cluster operator

T a b( )
n

n
n

,
,= †

(4)

where aμ = aμ
† = {aia, aijab, ...} is a set of single, double, and higher

electronic excitation operators, μ is an excitation manifold, and
n is the number of photons. Therefore, action of the operator
aμ(b†)n on the QED-HF reference will produce the excited
configuration

a b n n( ) 0 0n e ph| = ! | |† (5)

that accounts for the correlation effects between quantum
particles. Because of the unitary form of the wave function,25

the PUCC method is suitable for quantum computations, since
quantum computers implement unitary operators via quantum
gates.33−35,39,48 Truncation of the excitation cluster operator
up to a certain electronic excitation manifold and the number
of photons establishes the systematically improvable PUCC
hierarchy. In cases where the electronic excitation rank equals
the number of electrons, the method is said to be exact. In this
work, we consider the truncated cluster operator defined as

T a b a a b a b
1
4

1
4a

i
i
a

ab
ij

ij
ab

a
i

i
a

ab
ij

ij
ab,0 0,1 ,0 ,1 ,1= + + + +† † †

(6)

where up to one photon and up to two electrons interact with
each other.23 In the original proposal, this method was coined
as QED-UCCSD-1.25 Importantly, the QED-UCCSD-1
method is exact for systems comprising two electrons
interacting with at most one photon. One such system that
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we study in this work is the interaction of a single photon with
the two electrons of an H2 molecule in an optical cavity, as
illustrated in Figure 1(a). In section 3A of the Supporting
Information, we show the advantage of the QED-UCCSD-1
method by tabulating energies calculated using the QED-HF
and QED-UCCSD-1 methods for this system. We use the full
configuration interaction (FCI) energy as a reference against
which we assess accuracy. In addition, we compare the FCI
average photon numbers with those calculated using the QED-
UCCSD-1 method. This is done with respect to both bond
length and coupling strength.
An implementation of the VQE-PUCC method on a

quantum device follows the standard procedure.39,49 In the
first step, the second-quantized Hamiltonian from eq 1 is
constructed by using the QED-HF spin−orbitals. In the
second step, the fermionic and bosonic operators that occur in
both the Hamiltonian and cluster operators are converted into
the I, X, Y, and Z Pauli basis. Due to different spin statistics
between electrons (fermions) and photons (bosons), their
corresponding creation/annihilation operators are mapped to
the qubit basis differently. The fermionic creation and
annihilation operators are converted into the qubit basis with
Jordan−Wigner mapping50 or with a more economic Bravyi−
Kitaev mapping.51,52 The latter approach allows the removal of
two qubits, thereby significantly reducing the quantum
hardware requirements.53 The bosonic creation and annihila-
tion operators can be converted to the qubit basis by the direct
boson mapping54−56 in which the state with n bosons is
mapped to n + 1 qubits. With the direct boson mapping, the
bosonic creation operator is transformed as

b j 1
j

n
j j

0

1
1= +†

=
+

+

(7)

where σ± = 1/2(X ± iY). Moreover, we will also calculate the
photon number operator that is transformed as

b b j Z I
2j

n j

0

= +†

= (8)

Following the conversion of second-quantized operators to the
qubit basis, state preparation with the PUCC ansatz, and

energy measurement on a noisy quantum computer, the
optimization of the wave function parameters θμ,n is performed
on a classical computer. This step is repeated until convergence
in energy is achieved.
For electron−photon systems, we can exploit an additional

symmetry to reduce the number of necessary qubits in the
simulation. After applying the Bravyi−Kitaev mapping that
results in two fewer qubits compared to the Jordan−Wigner
mapping, we can taper off an additional qubit by exploiting the
total parity operator, which is a 2 symmetry.53,57 For the
electron−photon system studied here, the total parity operator

e ph= · is the product of the electronic parity e and the
photon parity operator ph that is defined as

b bexp( i )ph = †
(9)

Therefore, using the Bravyi−Kitaev mapping, direct boson
mapping, and the parity symmetry, we can describe the system
by n − 3 qubits compared to n qubits needed in the Jordan−
Wigner and direct boson mapping alone. Figure 1(b) shows
the ansatz after undergoing Bravyi−Kitaev mapping and qubit
tapering. Table 1 shows the number of qubits and CNOT
gates associated with different mappings.

Experimentally relevant electron−photon coupling strengths
result in comparatively small differences in observables. For
instance, ground-state energy shifts between experimentally
realizable ranges of λ are expected to be on the order of meV.27

As an example, Figure 1(c) shows FCI calculations for the
energy difference between the ground-state energy of an H2
molecule outside the optical cavity (i.e., λ = 0 a.u.) and the
ground-state energy for finite values of λx (where ω = 2 eV).

Figure 1. (a) Schematic of an H2 molecule in an optical cavity. A cavity mode of frequency ω interacts with the electronic system of H2 with bond
length R via electron−photon coupling strength λ. (b) The reduced ansatz circuit obtained by using Bravyi−Kitaev mapping and tapering off a
qubit using 2 symmetries. (c) and (d) show FCI calculations for H2 interacting with a single photon mode. (c) The energy difference of the
system between the coupling strength λx and λ = 0 a.u. (ω = 2 eV, R0 = 0.735 Å). (d) Dissociation curves at increasing values of λx (ω = 2 eV).

Table 1. Dimensions of the Cluster Excitation Operator for
H2 in a Cavity for Different Fermion-to-Qubit Mappingsa

Mapping Qubits CNOTs

Jordan−Wigner (JW) 5 96
Bravyi−Kitaev (BK) 3 10
BK + Tapering 2 2

aBy leveraging 2 symmetries, we reduce the circuit to two qubits
and two entangling CNOT gates.
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These results give an estimate of how high the resolution of the
noisy VQE approach must be to resolve energy differences
between λx. For example, the energy difference between λx = 0
a.u. and λx = 0.1 a.u. in Figure 1(c) is 7.8 mHa. Similarly, the
FCI calculations in Figure 1(d) show how the bond-length-
dependent energy, or dissociation curve, also shifts on the
order of mHa across the relevant range of λx. We find the
equilibrium bond length shifting from 0.735 Å for λx = 0 a.u. to
0.726 Å for λx = 0.2 a.u. Additionally, we find for the energy
difference between λx = 0 a.u. and λx = 0.05 a.u. a value of 1.96
mHa, which is close to the standard of chemical accuracy of 1.6
mHa (∼43 meV) in electronic-structure calculations. Thus,
these small energy differences in the weak coupling regime, and
in particular if λ < 0.05 a.u., set an additional criterion for the
precision of the quantum simulation. Not only must the results
be within the criteria for chemical accuracy, but the noise level
must fall within the energy difference to correctly resolve it. In
section 1 of the Supporting Information, we show the energy
dependence on cavity frequency by plotting the change in
energy (with respect to cavity frequency) relative to the energy
of bare H2 at equilibrium bond length (i.e., λx = 0 a.u.).
To resolve these differences in small, noisy quantum devices

in practice, we employ error mitigation. In this work, we
compose several methods: readout-error mitigation,58 zero-
noise extrapolation (ZNE),59−61 and reference-state zero-noise
extrapolation (rZNE),62 which is a combination of reference-
state (RS) error mitigation62 and ZNE.59−61

The key idea behind ZNE is that the application of a unitary
gate, succeeded by the application of its inverse, produces an
identity for a noiseless device. Thus, if the whole circuit U is
unitary, its copy U and its inverse U−1 can be appended to the
end of the circuit, i.e., U = UU−1U. On a noisy device, this
procedure has the effect of amplifying the noise of the original
circuit. The degree of noise amplification is defined by the
noise factor m, where m = 2n + 1 and n is the number of times
that a copy of the circuit and its inverse is applied, i.e., U =
U(U−1U)n. The expectation value of the unitary is measured at
different noise factors, and then, these noisy expectation values
are used to extrapolate the gate-error-free expectation value at
a noise factor of 0.
To further reduce errors, we rely on the RS error mitigation.

Here, the noise of the quantum device is treated as an
operation which rescales the exact expectation value into the
measured expectation value, i.e.,

O r Onoisy exact| | = | | (10)

where Ô is an arbitrary operator, are the parameters of the
ansatz, and r is the rescale factor. To obtain these rescaling
factors, this approach makes use of reference states: states for
which the exact expectation values are known or can be
constructed noise-free. For the electron−photon systems
discussed here, we can use the QED-HF state, where all
parameters in the PUCC ansatz are set to 0, as a reference
state. The rescale factor is then the ratio of the measured QED-
HF energy on the quantum device to the numerically exact
QED-HF state obtained from standard electronic-structure
packages. The rescale factors can then be used in eq 10 to
obtain the unbiased expectation value in any arbitrary state.
The underlying assumption here is that the noise of the
quantum device is only weakly dependent on the specific
ansatz parameters. RS mitigation can be combined with other
error mitigation techniques as long as the same combination of

mitigation techniques is used for measuring in both the
reference state and the desired state.
The rZNE mitigation strategy works by using the ZNE

fitting functions of both the reference state and the desired
state to calibrate the noisy expectation value. This method is
based on the assumption that the noise between two qubits can
be modeled as a depolarizing channel, an assumption which
holds well for IBM’s devices under Pauli twirling.63 The
depolarizing channel can be mathematically expressed as such:

p p(1 )m m
I I

2 2 4
+ , where ρ2 is the density matrix

representing the state of the two qubits, pm is the depolarizing
probability given by pm = 1 − e−gm, m is the noise factor, and g
is the device and gate-dependent exponential decay constant
that governs how drastically the noise is amplified at a given
noise factor. This function is chosen such that if the noise
factor becomes large, the density matrix becomes maximally
mixed, while when the noise factor goes to zero, the density
matrix remains unchanged. It follows that when applying ZNE,
the fitting function has the following exponential form: f(m) =
Ee−gm, where E is the energy being measured. To combine the
RS mitigation with ZNE, we apply ZNE both when measuring
the reference state and when running the VQE algorithm. We
obtain the ZNE fitting function for both as such: f r(m) =
are−gr m + cr for the reference state and fe(m) = aee−gem + ce for
the VQE result, where the subscripts r and e denote fitting
parameters for the reference state and VQE result, respectively.
We note that at zero-noise (m = 0), f r(0) = EQED‑HF = ar + cr
and fe(0) = Eunbiased = ae + ce, where EQED‑HF is the QED-HF
energy and Eunbiased is the energy obtained from the VQE with
zero gate noise. We note that in practice, when ZNE is applied,
the fitting functions contain the additive parameters cr and ce
for the reference and VQE energies, respectively. Since the
energies at m = 0 still contain noise, we can rescale as such:
EQED‑HF = ar·r + cr and Eunbiased = ae·r + ce, where r is the rescale
factor. We combine the expressions for the rescale factors with
the fitting functions to obtain the following energy expression:

E a
E c

a
ce

r

r
erZNE

QED HF= +
(11)

In eq 11, ErZNE is the rZNE mitigated VQE energy. We
combine rZNE with readout error mitigation by mitigating the
readout error for the energy at each noise factor for both the
reference state and VQE measurements. In section 3B of the
Supporting Information, we tabulate the rZNE fit parameters
with respect to bond length and coupling strength.
To further reduce the error, we found that it is possible to

map the occupied states to |0⟩, which is less susceptible to
processes leading to in particular amplitude damping.64 For the
H2 molecule, there are two electrons; therefore, two of the
spin−orbitals must be occupied. In the ansatz circuit, this is
done by initializing the qubits in the |1⟩ state by operating on
each qubit with an X-gate, as shown in Figure 1(b). In the
context of superconducting qubits, a qubit is a two level system
in which the |0⟩ state is the ground state and the |1⟩ state is the
excited state. Since the |1⟩ state is an excited state, energy loss
in the qubit causes the |1⟩ state to irreversibly decay into the |
0⟩ state after a finite time, so it is generally more ideal to start
off in the |0⟩ state if possible. We avoid initializing the qubits in
the |1⟩ state by multiplying the coefficients of each term in the
mapped Hamiltonian by (−1)k, where k is the number of Z-
gates that appear in that term. Table 2 compares the results
between an ansatz with X-gates and the ansatz without X-gates.
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From this, we find that the ansatz with X-gates gives a result
with a percent error of 3.2709%, while the ansatz without X-
gates gives a result with a percent error of 2.2997%. This result
shows that removing the X-gates indeed gives a small
advantage in accuracy while also reducing computational
resources.
In this work, we run all simulations using the Qiskit

platform.65 Qiskit offers tools called “Fake Devices” which
allow us to simulate real IBM devices. This is done by
extracting characteristics of the device’s qubits and quantum
gates and using them as parameters to generate a noise model.
The noise model assumes that the noise of the quantum
computer can be modeled using a depolarizing channel and an
amplitude-phase damping channel with the addition of readout
error after measurement. To this end, IBM records the
relaxation time (T1), the dephasing time (T2), the readout
error, gate errors, and gate lengths of the device. The readout
error is used to determine the probability of measuring a 0
after preparing a 1 and vice versa. T1 is a time constant that
dictates how long it takes the |1⟩ state to lose energy and decay
into the |0⟩ state. T2 is also a time constant that dictates the
loss of relative phase in the qubit state. T1 and T2 are used in
calculating the probabilities for the amplitude and phase
damping. The gate errors are used for calculating the
probability for the depolarizing channel. The noise model
allows us to generate noise in our simulations which mimic the
noise of the actual device. In this work, we use the calibration
data of the IBM Cairo device for our noisy quantum
simulations. IBM Cairo was chosen because it has longer T1
and T2 time constants as well as lower CNOT and readout
assignment errors relative to IBM’s other devices. In section 4
of the Supporting Information, we tabulate the T1 and T2 time
constants, the readout error, gate errors, and gate lengths of the
device, along with the dates on which those parameters were
reported.
All of the simulations are run with twenty thousand shots.

For each data point, ten VQE simulations are run, and the
average result of these ten runs is plotted. The error bars
shown are the root-mean-square error (RMSE) of these ten
runs.
Readout-error mitigation is applied using the M3 package.58

We use M3 by sampling the calibration data from two physical
qubits on the fake device (which can also be done on the real
device) and then mapping the virtual qubits of our system to
those same physical qubits. The measurement of the system is
then corrected by the calibration data during every function
evaluation of the VQE loop.
In implementing ZNE, we only scale the CNOT gates. We

use scale factors of 1, 3, 5, 51, 101, and 201. Using these scale
factors allows us to properly fit the measured expectation
values to an exponential so that we can obtain the fitting

parameters for use in eq 11. ZNE is applied during each
objective function evaluation. Unlike readout-error mitigation
and ZNE, RS mitigation and rZNE are only applied to the final
converged VQE results. When calculating the rescale factors
for reference-state mitigation and the reference exponential fit
parameters for rZNE, we measure the noisy QED-HF state 50
times and take the average.
We now discuss the results obtained by using the IBM Cairo

simulator. Figure 2(a) shows the dissociation curve of the H2

molecule inside an optical cavity. In the plot, we show the
ground-state energy changing with different bond lengths,
where the bond length is defined by the distance between the
two hydrogen atoms. In this case, the cavity frequency is
chosen as ω = 2 eV and the coupling strength is chosen as λx =
0.1 a.u., with the coupling strength in the other directions set
to zero. These parameter values are chosen in agreement with
previous work.25,66 The VQE results are plotted for different
levels of error mitigation.
Figure 2(b) shows the relative error as the absolute value of

the difference between the FCI energy and the VQE energy in
Figure 2(a). We find that we are able to achieve chemical
accuracy for many of the bond lengths when combining rZNE
with readout-error mitigation and when combining ZNE with
readout-error mitigation and RS mitigation. However, for the
combination of readout-error mitigation with ZNE, most of
the results are just outside of chemical accuracy. This shows
quantum computing is a promising avenue for studying

Table 2. VQE Results for Polaritonic H2 with ω = 2 eV and
λx = 0.1 a.u. at Equilibrium Bond Lengtha

Ansatz Initialization E [Ha] % Error Std [Ha]

|1⟩ (With X gates) −1.0925 3.2709 0.0019
|0⟩ (No X gates) −1.1035 2.2997 0.0016

aWe compare the results for when the ansatz is initialized in the |1⟩
state (by applying X-gates to the beginning of the ansatz) and the |0⟩
state. For each case, the result is the average of 20 VQE runs. The FCI
energy in this case is −1.1295 Ha. The last column shows the
standard deviation.

Figure 2. (a) Potential energy surface for H2 coupled to a single
photon mode. Results are shown for different levels of error
mitigation. The inset shows the error bars near equilibrium. (b)
The error relative to the FCI energies for different levels of error
mitigation. The gray shaded region is the region in which the results
are chemically accurate. The first few points for the unmitigated
energies are cutoffs due to high errors. The results obtained using
combinations of ZNE, readout-error mitigation, and RS mitigation are
not shown in (a) due to their close overlap with the rZNE results, but
their associated errors are shown in (b). Chemical accuracy can be
achieved with combinations of ZNE, readout-error mitigation, and RS
mitigation and can consistently be achieved with rZNE.
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electron−photon problems, even in the near term, due to the
unique advantage that electron−photon reference states have
for enhancing error mitigation.
In the following, we further explore the robustness of the

VQE-PUCC approach across various coupling strengths. To
quantify the performance, we measure two properties: the
ground-state energy, which is fundamentally relevant to
chemical reactivity, and the photon number, which is a general
indicator of how correlated the electron−photon system is and
can be monitored experimentally.
Thus, Figure 3(a) shows the VQE results for the energy at

different coupling strengths for photon polarization along the

x-direction. The cavity frequency is set to ω = 20 eV. The
bond length at each data point is the equilibrium bond length
for the given ω and associated λx. The purpose of the inset is to
show the scale of the error bars.
Figure 3(b) shows the relative error as the absolute value of

the difference between the FCI energy and the VQE energies
in Figure 3(a). Unlike Figure 2, where rZNE generally
performs better than RS mitigation, in this case, RS mitigation
performs better than rZNE. In fact, RS mitigation gives
chemically accurate results for points.
Figure 4 shows the average photon number. The average

photon number is calculated as b b ZZ(1 )1
2

=† , where
⟨b†b⟩ is the average photon number and ZZ is the operator
that represents the application of a Pauli-Z gate on each of the
two qubits. The expectation value is computed using the
ground state of the Hamiltonian. To obtain the average photon
number in the ground state on a quantum computer as shown
in Figure 4(a), we use the ZZ expectation value at the optimal
points found by the VQE. These are the same optimal points
that give the energies in Figure 3(a). The reference exponential
fit parameters for rZNE are found by measuring ⟨b†b⟩ in the
QED-HF state at different scale factors. For RS mitigation,
since the exact result for ⟨b†b⟩ in the QED-HF state is zero,

calculating the rescale factor would result in a division by zero.
What we do instead is measure ⟨ZZ⟩ in the QED-HF state.
Since the exact expectation value of the ZZ operator is one, the
rescale factor is the noisy measurement of ⟨ZZ⟩ in the QED-
HF state. We use this rescale factor to rescale the noisy
measurement of ⟨ZZ⟩ in the optimal state. We find that even
though the optimal points found by the VQE allow for
convergence of the energy with small error bars, this does not
necessarily mean that the photon number at those optimal
points will have similarly small error bars. In section 2 of the
Supporting Information, we replot Figure 3 and Figure 4 for a
cavity frequency of 2 eV. We find that the error bars for the
photon numbers are large compared to those of Figure 4.
Additionally, even though the absolute errors of the photon
numbers at 2 and 20 eV are similar, the small value of the
photon number at 2 eV makes the relative error larger than the
relative errors at 20 eV. Thus, simulations for small photon
numbers are more susceptible to noise. Simulating the system
at a cavity frequency of 20 eV allows us to simulate photon
numbers that are much higher than the noise level. Though
such a high cavity frequency might be hard to realize in a lab, it
allows us to demonstrate the ability of the VQE to simulate
observables other than energy. We observe that even though
the combination of readout-error mitigation and RS mitigation
is more accurate than readout-error mitigation and rZNE when
calculating the energy (Figure 3), rZNE is more accurate than
RS mitigation when calculating the average photon number.
The convergence data for the VQE simulations are listed in

Figure 5. Figure 5(a) shows the average number of iterations
for the results shown in Figure 3(a). For each λx, we average
the number of iterations for the 10 VQE results and plot the
average in Figure 5(a). Similarly, in Figure 5(b), we plot the
average number of iterations over the ten VQE results from
2(a) for each bond length and each error mitigation technique.
We find that as the coupling strength increases, the number of
iterations required to converge decreases. We also find that
using readout-error mitigation and ZNE together greatly

Figure 3. (a) Energy with respect to coupling strength in the x-
direction for H2 coupled to a single photon in single photon mode.
Results are shown for different levels of error mitigation. (b) The
error relative to the FCI energies for different levels of error
mitigation. The shaded region is the region in which the results are
chemically accurate.

Figure 4. (a) Average photon number with respect to coupling
strength in the x-direction for H2 coupled to a single photon in single
photon mode. Results are shown for different levels of error
mitigation. (b) The error relative to the FCI average photon number
for different levels of error mitigation.
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reduces the required number of iterations, but this does not
reduce the simulation time due to the overhead necessary to
execute these mitigation techniques.
In this work, we show the viability of the PUCC ansatz for

calculating the ground-state energy by using the VQE
algorithm on realistic noise models. Furthermore, we use the
optimized parameters from VQE to calculate the average
photon number. The performance of this method is tested on
an H2 molecule interacting with a single photon in a single
cavity mode. We use Qiskit’s noisy simulators to obtain
ground-state energies across different regimes of bond lengths,
cavity frequencies, and coupling strengths. Additionally, we
employ various error mitigation techniques and show that the
availability of reference states for electron−photon problems
offers unique advantages in achieving chemically accurate
results. Our VQE results for the ground-state energies are in
excellent agreement with the FCI results, with many of the
VQE results falling within chemical accuracy. Future work will
include the calculation of excited-state energies25,67,68 using the
quantum electrodynamic equation-of-motion (QED-qEOM)
method which was developed alongside the PUCC ansatz.25

The methods presented in this work open up many additional
research directions for developments in computational
polaritonic quantum chemistry using quantum computing as
well as using quantum devices for strongly coupled fermion−
boson systems.
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