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Preparation of an exciton condensate of photons on a 53-qubit quantum computer
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Quantum computation promises an exponential speedup of certain classes of classical calculations through
the preparation and manipulation of entangled quantum states. So far, most molecular simulations on quantum
computers, however, have been limited to small numbers of particles. Here we prepare a highly entangled state
on a 53-qubit IBM quantum computer, representing 53 particles, which reveals the formation of an exciton
condensate of photon particles and holes. While the experimental realization of ground state exciton condensates
remained elusive for more than 50 years, such condensates were recently achieved for electron-hole pairs in
graphene bilayers and metal chalcogenides. Our creation of ground state photon condensates has the potential to
further the exploration of exciton condensates, and this novel preparation may play a role in realizing efficient

room-temperature energy transport.
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I. INTRODUCTION

Exciton condensation is defined by the condensation of
particle-hole pairs (excitons) into a single quantum state
to create a superfluid. The superfluidity of electron-hole
pairs—while, by definition, incapable of involving either the
frictionless flow of matter or charge—does involve the nondis-
sipative transfer of energy [1,2]. As such, understanding and
exploiting the superfluid properties of exciton condensates
may be instrumental in the effort to design wires and elec-
tronic devices with minimal loss of energy. Consequently,
considerable theoretical and experimental investigation has
centered on exciton condensation in recent years [1,3-9].

While excitons form spontaneously in semiconductors and
insulators and while the binding energy of the excitons can
greatly exceed their thermal energy at room temperature, they
recombine too quickly to allow for formation of a condensate
in a simple manner. To combat recombination, the coupling
of excitons to polaritons—which requires the continuous in-
put of light [9,10]—and the physical separation of electrons
and holes into bilayers—which involves impractically high
magnetic fields and/or low temperatures [3,4,9,11,12]—are
employed. Thus, a new, more practical avenue for the creation
of exciton condensates and the study of their properties is
desired.

Computation on quantum devices has recently been em-
ployed to explore strongly correlated quantum matter [13], as
superconducting circuits allow for precise manipulation of the
strongly interacting qubits to create specified quantum states
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populated by microwave photons [13—18]. Here we prepare
and measure an exciton condensate of photons on a quantum
computer. Quantum computation should be particularly suited
to the exploration of exciton condensation as the binary nature
of an individual qubit can be interpreted as a site consisting
of one fermion and two orbitals; extrapolating, a system of
N qubits can be viewed as N degenerate sites each consist-
ing of one fermion and two distinct orbitals. (See Fig. 1 for
an example of how the |010) qubit state is interpreted in
this paradigm.) We use such a Hamiltonian of N fermions
in two N-degenerate levels, known as the Lipkin Hamilto-
nian [19-23] (see the Supplemental Material [43] for details),
to prepare a molecular-scale exciton condensate by tuning
its interaction parameter to the large-coupling limit. Because
each transmon qubit on the quantum computer utilized for this
study can be interpreted as an anharmonic oscillator [13—18]
whose natural particles are photons (see Ref. [13]), the exciton
condensates we construct can be viewed as being composed
of photon-hole pairs condensing into single quantum states—
i.e., exciton condensates of photons on a quantum computer.
We use the theoretical signature of exciton condensation—
derived by Rosina and Garrod [5,24]—to probe the extent of
exciton condensation for a wide range of preparations through
simulation and physical quantum computation experiments.
From analysis of the natural occupation numbers of these
preparations, we establish that prepared states with orbital
occupation numbers consistent with the Greenberger-Horne-
Zeilinger (GHZ) state—including but not limited to the GHZ
state—demonstrate maximal exciton condensation for three
qubits. Further, we establish through simulation that for any
number of qubits, the GHZ state exhibits maximal character
of exciton condensation, demonstrating that the “maximal
entanglement” of the GHZ state—for all N—corresponds to
the entanglement of particle-hole pairs. Through preparing
and probing the GHZ states on quantum devices, character
of exciton condensation is experimentally observed in sys-
tems composed of up to 53 qubits, although decoherence in
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the higher-qubit systems leads to multiple eigenstates of the

particle-hole reduced density matrix [ZG; Eq. (3)] demon-
strating excitonic character instead of a single, maximally
entangled eigenstate. Specifically, as the GHZ state is pre-
pared here on transmon qubits, the realization of exciton
condensation on the experimental quantum devices of 3 to 53
qubits can be interpreted as the entanglement of photon-hole
pairs, i.e., the experimental observation of exciton conden-
sates of photons for systems of 3 to 53 qubits.

II. SIGNATURE OF EXCITON CONDENSATION

Condensation phenomena have been an active area of re-
search since 1924 when Einstein and Bose first introduced
their ideal “Bose-Einstein” gas [25,26]. The identical particles
composing this gas—bosons—are able to aggregate into a
single quantum ground state when sufficiently cooled [26],
which leads to superfluidity of the constituent bosons [27,28].
In 1940, Pauli established the relationship between spin and
statistics, demonstrating that particles with integral spin val-
ues (bosons) obey Bose-Einstein statistics and hence may
form a condensate [29]. Particles with half-integer spins
(fermions), in contrast, must obey the Pauli exclusion princi-
ple and are therefore unable to condense into a single quantum
state to form a condensate. However, pairs of fermions—
forming an overall bosonic state—can condense. In a system
of fermionic particles, this pairing can be accomplished
through either particle-particle or particle-hole pairing. The
condensation of particle-particle pairs into a single quantum
state is termed fermion-pair condensation with the resultant
superfluidity of fermion pairs causing superconductivity [30];
likewise, the condensation of particle-hole pairs (excitons)
into a single quantum state is termed exciton condensation
with the resultant superfluidity of exciton pairs causing the
nondissipative transfer of energy [1].

In order to computationally probe the presence and extent
of condensation behavior, it is useful to establish a calcu-
lable, characteristic property. As proven independently by
Yang and Sasaki [31,32], the quantum signature of fermion
condensation is associated with a large eigenvalue of the
particle-particle reduced density matrix (RDM) with elements
given by

2D% = <\p|&f&j&z&k|‘ll>, M

where | W) is an N-fermion wave function, the Roman indices
correspond to one-fermion orbitals in a finite basis set with
rank r, and &' and & are fermionic creation and annihilation
operators, respectively. We denote the largest eigenvalue of
the particle-particle RDM as Ap and use this value as a sig-
nature of the extent of fermion pair condensation, with values
above 1 demonstrating condensation.

In analogy to the signature of fermion pair (particle-
particle) condensation being a large eigenvalue of the
particle-particle RDM, one may assume the quantum sig-
nature of exciton (particle-hole) condensation to be a large
eigenvalue in the particle-hole RDM [5,24,33] with elements
given by

G = (Wlala;a) | W), )

However, there exist two large eigenvalues for the particle-
hole RDM, one of which corresponds to a ground-state-to-
ground-state transition (not exciton condensation). In order
to eliminate this extraneous large eigenvalue, the modified
particle-hole matrix with the ground state resolution removed,

2(";};’, = Gy, —'D;'D], 3)

is constructed. Garrod and Rosina [24] have shown that—for
an N-fermion system—the eigenvalues of the *G matrix are
zero or 1 in the noninteracting limit and bounded above by
%’ in the limit of strong correlation. We denote the largest
eigenvalue of the modified particle-hole RDM as Ag and use
this value as a signature of the presence and extent of exciton
condensation.

Note that while we use fermionic creation and annihilation
operators to be consistent with the traditional approach to con-
densation in which particle-particle pairing occurs when two
electrons form a Cooper pair and particle-hole pairing occurs
when an electron and an electron-hole become paired, bosonic
operators can equivalently be employed. A large eigenvalue in
the boson-boson reduced density matrix or a large eigenvalue
in the modified boson-hole reduced density matrix would
equivalently indicate boson-boson pairs or boson-hole pairs
condensing into a single quantum state and hence demonstrat-
ing condensation, respectively.

III. RESULTS

A. Condensation with 3 excitons

Three-qubit systems—which correspond to three fermions
in six orbitals [34]—are the smallest systems to possess non-
trivial classes of entanglement. Hence, in this study, these
minimally small, three-qubit systems are first thoroughly ex-
plored in order to obtain insights on the preparation and
characteristics of exciton condensates that are later employed
to guide the investigation of larger-qubit systems.

To this end, the three-qubit preparation

|W) = CiR,3(03)CiRy,1(62)Ci R, 1(61)]000)
= «|000) + B|011) + y|101) + §|110), 4)

which—as shown in Ref. [34]—is a minimalistic three-qubit
preparation known to effectively span all real, 1-qubit occu-
pations, is utilized to systematically prepare a wide variety
of real, three-qubit quantum states. Note that in this prepa-
ration, |000) represents the initial all-zero qubit state, C/ is
a controlled-NOT (CNOT) gate with i control and j target,
R, ;(0) is a 0-angle rotation about the y axis of the Bloch
sphere on the ith qubit, and «, 8, y, and § are variables that
depend upon 61, 6,, and 65. By scanning over the angles of ro-
tation (6, 61, 03), we prepare states with all possible, real qubit
occupation numbers including states that exhibit exciton con-
densation. We then construct the particle-hole RDM [Eq. (3)]
for each preparation by translating the expectation values of
the creation and annihilation operators to linear combinations
of the expectation values of the Pauli X, Y, Z matrices, which
can be directly probed on a quantum device. (See Sec. A 2
in the Appendix for a detailed explanation of this process.)
By probing As—the largest eigenvalue of the particle-hole
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FIG. 1. A schematic demonstrating the interpretation of the [010)
state as three (V) particles in six (2N) orbitals in two triply degen-
erate (N-degenerate) levels separated by some energetic gap. Each
qubit (Q0, Q1, 02) must contain a particle in either the lower |0) or
upper |1) level, and only vertical transitions are allowed.

RDM—for each of the prepared states, we then determine the
extent of exciton condensation for all three-qubit correlation.
Orbital occupation numbers—obtained from the eigen-
values of the one-fermion RDM—are used as a practical
coordinate representation in which to visualize As for all
electron correlations (all possible occupations). For a three-
qubit system, a pure quantum system of three electrons in
six orbitals, the requirement that the wave function be anti-
symmetric for fermionic systems [35,36] further constrains
the eigenvalues of the one-particle reduced density matrix
(i.e., the orbital occupations) beyond the traditional Pauli con-
straints (0 < n; < 1) [37]. For a three-qubit quantum system,
these relevant so-called generalized Pauli constraints are

ns +ne —ng 2 0, (%)
where
n +ng =1, (6)
n,+ns =1, @)
ny+ny =1, ®)

in which each n; corresponds the natural-orbital occupa-
tions ordered from largest to smallest [38—42]. The three,
independent eigenvalues, 14, ns, and ng, can be used as a three-
coordinate representation of a given quantum state against the
Pauli polytope, the set of all possible occupations according to
the Pauli constraints (0 < n; < 1), as well as the generalized
Pauli polytope, the set of all possible occupations according
to the generalized Pauli constraint [Eq. (5)] (See Fig. 2).
Scatter plots of the occupation numbers for simulated and
mitigated experimental calculations (see Methodology for
discussion on error mitigation) are shown in Fig. 2 against
the Pauli polytope (the combination of the yellow and blue
regions allowed by 0 < n; < 1) and the generalized Pauli
polytope [only the yellow region allowed by Eq. (5)]. For the
simulated calculations [Fig. 2(a)], possible combinations of
angles 0y, 0, and 65, varied systematically for 6; € [0, %], are
used to prepare quantum states according to Eq. (4). Note
that the Ag value associated with the given calculation is
represented by the color of the corresponding sphere in the
figure with values increasing from blue to red. As can be
seen from Fig. 2, while the preparations span all orbital occu-
pations consistent with the generalized Pauli constraints and
hence all electron correlations, only values approaching the
(n4, ns, ng) = (0.5, 0.5, 0.5) corner of the polytope, known to

(0,0,0)
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FIG. 2. (a) Simulated and (b) experimental data demonstrating
that the occupation numbers (n4, ns, ng) of the 1-RDM lie in the
generalized Pauli polytope (yellow region) with exciton condensate
character (with Ag increasing from blue to red) emerging as the
occupations saturate the vertex (0.5, 0.5, 0.5).

be the occupations of the GHZ state, demonstrate maximal ex-
citon condensation. The mitigated experimental results shown
in Fig. 2(b) in which 6, is constrained to either O or % to limit
computational expense confirm the simulation results.

In order to better visualize the variation of exciton con-
densate character with respect to variation in the preparation
of the qubit quantum state, one particular scan of A for the
minimalistic three-qubit state preparation is shown in Fig. 3
in which the 6; value is set to zero and the other angles
are varied systematically from 0 to 7 with a % interval.
In Fig. 3, results are given for (a) simulation, (b) experi-
ments without mitigation, and (c) mitigated experiments. Note
that these particular scanning parameters are chosen as they
well represent the observed range in A and demonstrate the
maximal three-qubit Ags of % = % = 1.5 for the simulated
results. Additionally, note that even the unmitigated experi-
mental results [(b)] demonstrate a relatively large Ag of 1.39,

a clear demonstration of exciton condensate character despite
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FIG. 3. The largest eigenvalue As of the modified particle-hole
density matrix shown as a function of the preparation angles 6,
and 65 in the range [0, 2] with 6, = 0 in Eq. (4) for (a) simulated
calculations, (b) experimental results, and (c) mitigated experimental
results.

experimental errors (see the Supplemental Material [43] for
discussion of errors). This large, non-error-corrected signature
of exciton condensation shows that exciton condensation is
indeed created on the quantum computer and is not an artifact
of error correction. The large eigenvalue Ag and the degree
of saturation of the generalized Pauli constraint in Eq. (5) are
reported in Tables IV through VII and Fig. 1 of the Supple-
mental Material [43] for many sets of orbital occupations.

B. Condensation with 3 to 53 excitons

As shown above, the region of the Pauli polytope associ-
ated with the GHZ state, the state described by

1
E(IO)‘X’N +[1)®Y) ©))

|WenHz) =

TABLEI. Eigenvalue table for the * & matrix for simulated (Ag‘“),
mitigated experimental (AR'), and experimental (A¢¥) GHZ state
results.

N Agm gt A’

3 1.50 1.44 1.39
4 2.00 1.92 1.80
5 2.50 233 2.22
6 3.00 2.70 2.27

7 3.50 2.44
8 4.00 272
9 4.50 273

10 5.00 2.93

11 5.50 3.08

12 6.00 3.22
13 6.50 3.28
14 7.00 3.25
15 7.50 291°
16 8.00 2.28
22 11.0 2.68
28 14.0 3.48
34 17.0 3.82
41 205 3.99
47 235 3.48
53 26.5 4.74*

“No suitable circuit orientation on quantum device for creation of
a 15-qubit or 53-qubit GHZ state, introducing excess error to the
calculation.

for an N-qubit system, demonstrates maximal exciton con-
densate character for three qubits. While the computations
with maximal exciton condensation have occupation numbers
consistent with the GHZ state (among other states), the mini-
malistic preparation used to probe Ag in the previous section
permits only double excitations as shown in Eq. (4). As the
GHZ state is relatively easily generalizable to higher-qubit
preparations and is hence desirable, a different qubit prepa-
ration scheme [Eq. (A4) in the Appendix] is used to generate
the three-qubit GHZ state and verify that the true GHZ state
demonstrates exciton condensation. As can be seen in Table I,
maximum exciton condensate character (%’ = % = 1.5)is in-
deed observed for simulation of the three-qubit GHZ state.

The generalizable qubit preparation of the GHZ for a
generic N-qubit state allows for the extension of the above
result to larger numbers of qubits, the outcomes of which
can be seen in Table I. These results demonstrate that the
beginning of exciton condensation is achieved on quantum
computers using 3 to 53 qubits. Note that error mitigation
is limited to systems with N < 6 qubits as larger-qubit error
mitigation schemes necessitate more expensive circuits for the
quantum device. Additionally, to limit computational expense,
only real contributions to the reduced density matrices are
computed. See the Appendix for specific experimental details
and Tables I, II, and III of the Supplemental Material [43] for
device specifications.

As is apparent from simulated results [Table I and
Fig. 4(a)], the GHZ state for all qubits yields the maximal
value for the exciton condensate character of % As such,
the GHZ state is expected to demonstrate maximal exciton
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FIG. 4. Plots showing (a) the largest eigenvalue of the > G matrix
(blue) and the 2P matrix (red) for simulated (dots) and all mitigated
experimental (x’s) calculations, (b) the largest eigenvalue of the un-
mitigated experimental G matrix, and (c) the sum of all eigenvalues
of the unmitigated experimental ’G matrix demonstrating exciton
condensation (A > 1) for experiments of N qubits on the Yorktown
5-qubit IBM Quantum Experience device (blue), the Melbourne
15-qubit IBM Quantum Experience device (red), and the Rochester
53-qubit IBM Quantum Experience device (green).

condensation for a given number of qubits. While the experi-
mental results in Table I and Fig. 4(b) do not achieve maximal
A values, although the error-mitigated results do appear to
approach %, exciton condensation character (Ag > 1) is ob-
served for each GHZ state prepared for N = 3 to 53 qubits.
The larger deviation from the simulated results observed in
the higher-qubit experiments—in which there seems to be a
maximal signature of exciton condensation of around Ag ~ 3
[Table I and Fig. 4(b)]—is likely due to the cumulative effects
of errors that become increasingly significant as the number
of qubits—and hence the number of CNOT gates applied—
increases. (See the Supplemental Material [43] for details of

gate errors, readout errors, and multiqubit CNOT errors for
the quantum devices employed for experimentation.) These
errors seem to prevent the formation of a global excitonic
state due to dispersion; however, as the number of qubits is
increased, the condensation behavior of the N-qubit system
does still increase as is shown in Fig. 4(c). In these higher-

qubit experiments, there are multiple eigenvalues of the °G
matrix above 1, indicating that there are multiple eigenstates
demonstrating character of exciton condensation. The sum of
the eigenvalues above 1 increases in an almost linear fashion
as the number of qubits is increased, demonstrating an overall
increase in the excitonic nature of the prepared states even if
maximal condensation behavior in a single orbital cannot be
obtained for these higher-qubit experiments due to dispersion.
The GHZ state is often referred to as a “the maximally en-
tangled state” as it has maximum entanglement entropy [44];
however, there are diverse types of nonequivalent multipar-
tite entanglement. For example, Bose-Einstein condensation,
fermion pair condensation, and exciton condensation are all
phenomena that occur due to the entanglement of bosons,
differing in their signatures and the types of bosons that are
entangled. Here we have demonstrated a new characteristic
of the maximal entanglement of the GHZ state—namely the
maximal entanglement of particle-hole pairs (excitons). Fur-
ther, the fermion pair condensate character (Ap) is additionally
probed for the GHZ state, and no fermion pair condensation
is observed (Ap < 1). (See Fig. 4.) As such, we have shown
that the maximal entanglement of the GHZ state does not
correspond to the entanglement of particle-particle pairing.

IV. DISCUSSION AND CONCLUSIONS

In this study, we have prepared molecular-scale exciton
condensates for 3- to 53-qubit systems on three quantum com-
puters and verified the presence of the condensation through
postmeasurement computation of the exciton condensate’s
quantum signature [24]. The maximal condensate character is
observed for the Greenberger-Horne-Zeilinger (GHZ) “maxi-
mally entangled” state, indicating that a characteristic of this
maximally entangled state is the entanglement of particle-
hole pairs (excitons). Further, as transmon qubit quantum
states [1,3-9] are experimentally constructed on the quantum
devices employed, these exciton condensates corresponding
to the GHZ state can be interpreted as exciton condensates
of photons—the entanglement of photon-hole pairs. Whether
photon-hole pair condensation would have similar properties
to those of traditional fermion-hole exciton condensates is
unknown, but it seems likely that, as the photons are directly
analogous to fermions in a traditional exciton condensate,
the superfluidity of photon-hole excitons should allow for the
dissipationless flow of energy, which has possible applications
in energy transport.

Additionally, the recognition of the GHZ state as an exciton
condensate on a quantum computer establishes a new avenue
for the creation and characterization of exciton condensates.
As the GHZ state can be remotely and reliably constructed
and probed through the use of cloud-accessible quantum
devices, this preparation of exciton condensation may be more
convenient than prior experimental methodologies. Moreover,
multiparticle GHZ states have previously been experimentally
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realized through optical methodologies [45-47], ion
traps [48], and even Ising spin models [49], demonstrating
that various types of exciton condensates can be—and indeed
have been—prepared. The recognition that such established
methodologies for preparation of the GHZ state also demon-
strate exciton condensation may advance the search for the
creation of convenient, high-temperature, ground state exciton
condensation, which may have technological applications.

As quantum devices are created with a larger num-
ber of qubits, preparation of these higher-qubit GHZ states
would create more macroscopically scaled exciton conden-
sates of these various compositions, although—as we have
demonstrated—unless sufficient effort is done to prevent dis-
persion, this condensate character will be scattered throughout
multiple eigenstates of the particle-hole RDM. Thus, fu-
ture exploration of the properties of exciton condensates
on quantum computers is anticipated, and the creation and
characterization of exciton condensates is yet another moti-
vation for the development of low-error quantum devices with
macroscopic numbers of qubits.
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APPENDIX

We include details on the quantum algorithms used to
prepare the qubit states presented in the article; the quantum
tomography of the modified particle-hole reduced density ma-
trix; the methodology by which error is mitigated; and relevant
details on the experimental quantum devices employed.

1. State preparations

Two algorithms are utilized in this work to prepare the
qubit states.

Minimalistic scanning approach. The first algorithm takes
a minimalistic approach to span all valid one-qubit occupation
numbers for a three-qubit system and is given as follows:

|W) = C3R,3(03)CIR, 1 (62)Ci R, 1(6))]0) %, (A1)

where R,; refers to rotation of a qubit i about its Bloch
sphere’s y axis, which is given by

cos (§)
0
2

sin (%)

Ryi(0) = (A2)

and C; is a standard controlled-NOT (CNOT) gate with con-
trol and target qubits i and j, respectively. Note that the control
qubit is rotated prior to the application of the CNOT transfor-
mation. Overall, the sequence of transformations in Eq. (A1)
yields a wave function of the form
W) = «]000) + B|011) + y|101) 4 §|110), (A3)
such that «, B, y, and § are functions of the input angles
(01, 62, 63) and the 1-RDM contains solely diagonal elements.
The GHZ state. The GHZ state described in Eq. (9) is
prepared according to
W) =Cy_, -+ C5CTH |0)®Y (A4)
for an N-qubit state where H; represents the Hadamard gate—
which maps |0) to % and |1) to %—aeting on qubit
i. There has been much study on the optimal preparation of
the GHZ state for various numbers of qubits [50-53]; in this
study, however, the simple algorithm from Ref. [54] for GHZ
state preparation is utilized as it is easily implemented and
generalizable to any arbitrary number of qubits.

2. Quantum tomography of the particle-hole RDM

The modified particle-hole RDM—with elements given
by Eq. (3)—is obtained through the translation of all of its
elements into the bases of Pauli matrices, which are directly
probed on the quantum computer.

First, let us focus on the ID{ terms of the 26 matrix
elements. As 1-RDMs simplify to block-diagonal forms with
respect to single qubits, there are no nonzero two-qubit 1-
RDM terms. In order for a 1-RDM to be nonzero, then, it must
be a one-qubit 1-RDM of the form

| &p,O &p,l
a,la.a ala (A5)
.0 p,04p,0 p,0%p.1
~ AT A AT A
pa | dpadp0 Ay, dpi

for qubit p where &; and a, are creation and annihilation op-
erators for qubit p, respectively. Each term of these nonzero,
one-qubit 1-RDMs can be written as a linear combination of
Pauli matrices. For example, &;,0&,,,1, which represents the

qubit going from state |1) = ((])) to state |0) = ((1)), can be
written as follows:

At 0 1

1
hatn = (o o) =30+ (A0)

Similarly, the other elements can be represented as shown:

b (0 0y _ 1
& a0 = (1 0) = S (X, —i¥,), (A7)
a0y 1

ahotro = (o o) =30 +2Z). (A8)
(0 0y _ 1

i = (5 1) =350-2). (A9)

(See the Supplemental Material [43] for a discussion on how
our representation of creation and annihilation operators cor-
responds to bosonic and fermionic statistics.) The expectation
value of each matrix element for a given qubit (p) can then be
obtained by directly probing the expectation values of X, Y,,,
and Z, for a given state preparation.
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The overall particle-hole RDM ( >G matrix) can be represented as a 4N x 4N matrix composed of N? 4 x 4 submatrices of
the form

AT A AT A AT A AT A
aq’oaqyo aq’laqyo aq’oaqql aq’la(“

AT A AT A T A~ AT A A~ AT A A AT A
ap,OaP»an,Oa‘IvO ap,Oanoaq,la‘IvO ap,OaP~oaq,Oaf1-l ap,OaPﬂan,laqﬂl

PEA Aooa At oA
ap,Oanl ap,Oanlaq,Oa‘IvO

~T A~
ap,OanO

At oA At A At A At oA At A At oA
a, odp,1d, 18q.0  a,,ap 1, odg1 4y 0p 10, 1dg (A10)

PEA At A At oA At A At oA At A At oA At A At oA
ap,lapqo ap,lapvoaq,Oa‘IvO ap,lapvoaq,la%o ap,lapﬂaq,oaq,l ap,lapyoaq,lan

At A S N At A At oA At oA At oA At A At oA

a,dp1 | 4, 4p1a, odg,0 4, dp1a, 4dq,0 4, dp1d,0dq1 4, dp1d, 10q,1

where each element of the matrix is the expectation value of the creation and annihilation operator terms shown. As multiqubit
wave functions are the tensor products of individual qubit wave functions, these four-body terms can be represented as the tensor

products of the two-body terms composing them. For example, the matrix element given by &Tp ol p,1&; 184,1 can be written as

~ ~

&Tp,oap,la;,laq,l = (&;,o&p,l) ® (&;,laq,l) = [%(Xp + iYI’)] ® [%(fq - Zq)] = All[Xl’ ® iq X, ®Z,+ 1Y), ®iq — Y, ® Z,],
(A1)

where Y, ® Z, is one of nine possible two-qubit tensor products. The Pauli representation of all other matrix elements can be
determined using analogous, straightforward methodologies, and the values of these matrix elements are then calculated by
probing the expectation values of the two-qubit tensor products of Pauli matrices.

Similarly, the overall modified particle-hole RDM (ZG matrix) can be represented as a 4N x 4N matrix composed of N> 4 x 4
submatrices. These submatrices are identical to the submatrices of the G matrix with the block modification shown below
subtracted off to eliminate the extraneous ground state to ground state transition:

&;,0&%0 &;,1&%0 &;,0&%1 a;,lap»l
a' oapo | 'Dpl0,01'D4[0,01  'D,l0,01'D4[0, 11 'D,l0,01'D,[1,01  'D,[0,01' D1, 1]
a1 | 'Dp[0.11'D4[0.01  'Dy[0. 11'Dy[0. 11 'Dpl0, 11'Dg[1.0]1  'D,[0, 11 Dy[1. 1] (A12)
a' ap0 | 'Dpl1,01'Dy[0,01  'D,[1,01'D4[0, 11 'D,[1,01'D,[1,01  'D,[1,01'D,[1,1]
a ap1 | 'Dpl1, 11'Dg[0,01 D1, 11'D4[0, 11 'D,[1, 11'D,[1,01  'D,[1,11'D,[1, 1]

Note that 'D; is the RDM for qubit i described in Eq. (A5)
and that !D;[a, b] is the element of that matrix with matrix
coordinates [a, b].

The overall form of the 2G matrix is hence

p=0,g=1
p=lg=1

p=0,qg=0 p=0,g=N—1

p=1,4=0 p=l.g=N—1

(A13)

p=N—-1,4q=0 p=N—1,q=1 p=N—-1,q=N—1

where each p/q combination represents one of the previously
specified blocks, i.e., the difference of the matrices given in
Egs. (A10) and (A12). The largest eigenvalue of this overall
matrix is the Ag value employed throughout this article.

In order to probe the extent of fermion pair condensation,
the particle-particle RDM shown in Eq. (1) must additionally
be constructed. Similarly to both the 2G and “G matrices, the
2D matrix can be represented as a 4N x 4N matrix, and the
elements of the 2D matrix can be computed according to

2pyid _ silpyi 2l
Dy, =8/ 'Di =Gy,

bl = (A14)

where 8{ is a delta function whose value is defined to be 1
when i = j and otherwise zero and where ! Dj'( and ZG;c'lj

(

are the one-particle RDM and the particle-hole RDM whose
elements are computed according to Egs. (A5)-(A9) and
Egs. (A10) and (A11), respectively. The signature of fermion
pair condensation—i.e., Ap, the largest eigenvalue of the >D
matrix—can then be obtained from the particle-particle RDM
obtained for a given preparation.

As the states prepared in this study are real wave func-
tions, the imaginary components of the RDMs should be
approximately zero within a small range dictated by inherent
randomness and by the error of the devices. Therefore, only
the five of the possible nine two-qubit expectation values that
correspond to real contributions to the RDMs [(X, ® X,),
Y, ®Y,), (Z,®Z2,), (X, ® Z;), and (Z, ® X,)] are nonzero
and hence essential for construction of the 2G matrix. While,
for the sake of completeness, the negligibly small imag-
inary components are included in the construction of the
*G matrix for the low-qubit (N = 3-5) computations, only
real components are included in the *G matrix for higher-
qubit (N = 6-15) computations to lower computational
expense.

Error mitigation. A measurement correction fitter for a
tensored calibration is employed to mitigate measurement
error through use of the “least-squares” method—which con-
strains the resultant mitigated counts to having physical
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probabilities—to construct a mitigation filter that can be ap-
plied to experimental data [55,56].

3. Quantum device specifications

Throughout this work, we employ the ibmqgx2
(ibmqg_5_yorktown) [57], the ibmqg_16_melbourne [58],
and the ibmgq_rochester [59] IBM Quantum Experience
devices, which are available online. Unless explicitly stated
otherwise, all low-qubit (N < 5) experiments are conducted

using the 5-qubit ibmgx2 (ibmq_5_yorktown) device, all
midrange-qubit (5 < N < 15) experiments are conducted
using the 15-qubit ibmq_16_melbourne device, and all
high-qubit (N > 15) experiments are conducted using the
53-qubit ibmq_rochester device. These quantum devices are
composed of fixed-frequency transmon qubits with coplanar
waveguide resonators [15,17]. Experimental calibration
data and connectivity for these devices are included in the
Supplemental Material [43].
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