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Quantum walks are the quantum analogs of classical random walks, which allow for the
simulation of large-scale quantum many-body systems and the realization of universal quantum
computation without time-dependent control. We experimentally demonstrate quantum

walks of one and two strongly correlated microwave photons in a one-dimensional array of

12 superconducting qubits with short-range interactions. First, in one-photon quantum walks,
we observed the propagation of the density and correlation of the quasiparticle excitation of
the superconducting qubit and quantum entanglement between qubit pairs. Second, when
implementing two-photon quantum walks by exciting two superconducting qubits, we observed
the fermionization of strongly interacting photons from the measured time-dependent long-
range anticorrelations, representing the antibunching of photons with attractive interactions.
The demonstration of quantum walks on a quantum processor, using superconducting qubits as
artificial atoms and tomographic readout, paves the way to quantum simulation of many-body

phenomena and universal quantum computation.

uantum walks (QWs) are the quantum
mechanical analogs of classical random
walks, describing the propagation of quan-
tum walkers on a lattice (7, 2). Different
from classical random walks, QWs gener-
ate large-scale quantum superposed states and
entanglement, allowing for classically unavail-
able applications, such as simulating many-body
quantum biological, chemical, and physical sys-

Fig. 1. QWs of one and two photons in a 1D
lattice of a superconducting processor.

(A) Optical micrograph of the 12-qubit chain
sample. Each qubit has an independent
microwave line for XY control and flux bias
line for Z control, which is coupled to a
separate A/4 readout resonator (R) connected
to the transmission line for measurements.
(B) Starting from a localized initial state by
exciting the central qubit (Qg). The distance
of the spread of nonlocal correlations is

d = 2vgt, with v being the group velocity of a
walker. (C) For weakly interacting photons,
QWs starting with initially localized two-
photon states implement photon bunching
(HBT effects). (D) For two strongly interacting
photons, QWs display antibunching and
fermionization of photons. (E and F) Experi-
mental waveform sequences for single-photon
QWs (E) and two-photon QWs (F). All qubits
are initially prepared at |O) at their idle points,
and then one or two qubits are transformed to

tems (3), and for developing quantum algorithms
exponentially faster than classical computation
(4). QWs have been investigated in many phys-
ical systems, including photons (5, 6), nuclear
magnetic resonance (7), trapped ions (8, 9), su-
perconducting qubits (10), and neutral atoms
(11, 12). These studies are useful for further studies
on quantum dynamical phenomena such as en-
tangled state engineering (13), dynamical phase
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transition (74), and thermalization versus local-
ization (15, 16).

In systems with finite-range interactions, QWs
of a single particle show the propagation of cor-
relations within a linear light cone limited by the
Lieb-Robinson bounds (I17), implemented in a
chain of seven ion spins for entanglement (18).
Multiparticle QWs in interacting systems—for
example, the Bose-Hubbard model (19)—are
capable of performing universal quantum com-
putation (4, 20). Here we investigated the
continuous-time QWs (2) of one and two strongly
correlated microwave photons on a 12-qubit
superconducting processor (Fig. 1) using super-
conducting qubits as artificial atoms with high-
fidelity manipulation and tomographic readout.
We observed fundamental quantum effects, in-
cluding light cone-like propagation of quantum
information of superposed states, in particular,
entanglement between qubit pairs, and exotic
behaviors of time-evolved correlations, repre-
senting photon antibunching with attractive
interactions.

To preserve and observe the quantum features
of QWs, a low-decoherence system capable of
simultaneous readouts and high-precision full
controls is required. In our experiment, QWs of
photons are performed on a one-dimensional
(1D) array of 12 coupled superconducting trans-
mon qubits of the Xmon variety (Q;, withj varied
from 1 to 12), which has a decreased sensitivity
to charge noise (21-23). This system can be de-
scribed by the Bose-Hubbard model with the
Hamiltonian (we set # = 1, where #is Planck’s
constant & divided by 2x) (15, 19, 22)

H=J i (&}'am n h.c.) +

=
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where d} (@) is the bosonic creation (annihila-
tion) operator, 72; = & is the number operator,

|1) by an X gate. After the free evolution with a time t with all qubits tuned to the working point, all qubits are measured at their idle points.

Yan et al., Science 364, 753-756 (2019) 24 May 2019

1 of 4

6T0Z ‘v7Z AeN uo /610 Bewasusios aoualds//:diny wolj papeojumoqd


http://science.sciencemag.org/

RESEARCH | REPORT

J is the nearest-neighbor hopping strength, U is
the on-site nonlinear interaction, A; is the tuna-
ble on-site potential, and h.c. is the Hermitian
conjugate. During the quench dynamics, all the
on-site potentials are tuned to the same A; = h.
The experimental details of our system can be
found in the supplementary materials.

For one-photon QWSs, we used 11 supercon-
ducting qubits by turning Q, off (see supplemen-
tary materials). With 11 superconducting qubits
initialized at their idle points, we prepared the
localized state using an X gate with Gaussian-
enveloped microwave pulses (24) on the target
superconducting qubit (Fig. 1E). Then, all qubits
are biased to the working point (4.88 GHz) using
the Z pulses, for the quench dynamics with a
time ¢. After turning off the Z pulses to tune the
qubits back to their idle points, the single-photon
density distribution p;(¢) = (f;) can be read out
simultaneously for all the qubits using a single
transmission line coupled to each qubit’s read-
out resonator (25). The density distributions
of single-photon QWs are obtained by averag-
ing 1000 repeated single-shot measurements
for the initially centrally localized, leftmost-
localized, and rightmost-localized states (Fig. 2, A
to C, compared with the numerical simulations,
Fig. 2, D to F, respectively). To study the high
coherence generated in the QWs, we investigated

the fidelity F (¢ Z\ /D;(t)g;(t) for the mea-

sured and theoretlcal probability distributions

p;(t) and g;(¢) (Fig. 3A). The high fidelity (greater
than 90% within 100 ns) indicates that our ex-
perimental results are consistent with the theo-
retical predictions within the decoherence time
(see also the comparisons in the supplementary
materials). For the propagation of one photon
starting from the central qubit, the single-qubit
von Neumann entropy, S = —Tr(plogp), where p
is the density matrix, is measured by perform-
ing full tomography measurements on a single
qubit (Fig. 3B), which reveals the spread of
information and the nonlocal correlations with
other qubits.
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Furthermore, to observe the time evolution
of nonlocal correlations, we implemented full
tomography measurements on all reduced two-
qubit states. We first consider the two-site cor-
relation function Cy(¢) = (6{67) — (67)(67) with
67=10),;(0| — [1);(1] and plot the time evolutlon
of the averaged correlation function Cy(t)=

IZ Cjjra(t) (Fig. 3D), where d is

the dlstance between two qubits, which also
reveals the light cone-like spread of correla-
tions (I8, 26). Here, 6* with a = @, y, z are Pauli
matrices on the |0) and |1) subspace. Figure 3E
shows the entanglement propagation of two
qubits located symmetrically around the cen-
tral qubit. The entanglement measure of a
mixed state p of two qubits used here is the
concurrence (27)

E(p) b —hs =M} (2)

wherel, ..., Ay are eigenvalues listed in decreasing
order of the Hermitian matrix R = (p}pp?)?, with
p = (6Y ®6")p*(6¥ ® 6¥) being the spin-flipped
state of p. In contrast to classical random walks,
the quantum dynamics with diffusive expansion
of equal pairs of Gaussian-distribution waves, to-

(11-d

= max{0,A; —

A

gether with entanglement propagation, can be
described by the coherent interference of quasi-
particle modes of the collective behavior of the
system (I8).

Because longer-range interactions in our sys-
tem can be neglected, compared with the nearest-
neighbor ones, the propagation speed of quantum
information is limited by the maximal group
speed v;“ax, known as the Lieb-Robinson bound
(17). Tt exhibits a linear light cone with exponen-
tially decaying tails analogous to the causal light
cones arising in relativistic theories, which has
been previously observed in different physical
systems (I8, 26, 28). For only nearest-neighbor
interactions, the photon density propagation,
after a local excitation at the j-th qubit, has a
tighter bound (7;) < I;(48t) (29), where I;(x) is
the modified Bessel function of the first kind,
g =max(Jj 1), and d = |7 — j|. In Fig. 3C, we
compare the waves of density distributions of
qubits from Q; to Q;; with the upper bounds
1,(4gt) corresponding to shaded forbidden areas,
showing that the nearest-neighbor cases can be
well captured by the Lieb-Robinson bounds. The
maximum propagation velocity, the linear fitting
analyses of the group speeds of the concurrence,
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Fig. 2. QWs of a single photon in a 1D array of 11 superconducting qubits (from Q; to Qy;).

(A to F) The time evolution of the density distribution (A;) of the quench after the initially localized
state by placing one microwave photon into the central qubit Qg (A), the leftmost qubit Q; (B),
and the rightmost qubit Q;; (C), compared with the numerical simulations (D), (E), and (F),
respectively. Eleven superconducting qubits are used to allow a symmetric propagation in (A).
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von Neumann entropy, and density distributions
are shown in the supplementary materials.
Finally, we demonstrate the QWs of two in-
distinguishable photons (30) with an array of
12 superconducting qubits in the presence of

strong attractive interactions (12) (Fig. 1F).
Strongly correlated multiparticle QWs are be-
lieved to have higher quantum complexity than
the single-particle case and are capable of real-
izing universal quantum computation (4). In ad-

dition, two-photon QWs can demonstrate the
Hanbury Brown-Twiss (HBT) interference (6),
and the dynamical behaviors of the QWs are
sensitive to the particle statistics. In the Bose-
Hubbard model, for weakly interacting photons
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Fig. 3. Propagation of quantum information in the QWs of a single
photon with a 1D array of 11 superconducting qubits (from Q; to Qy,).

(A) The fidelity for the measured and theoretical probability distributions with
respect to the centrally localized (blue circles), leftmost-localized (red squares),
and rightmost-localized (yellow diamonds) initial states, respectively. (B) The time
evolution of the single-qubit von Neumann entropy S. (C) Lieb-Robinson (LR)
bounds [shaded forbidden areas with boundaries given by /4 (4gt), color matched

for different qubits] capture most of the signal of the density spreading (from Q5
to Qq1). Solid curves are for the Gaussian fitting analyses of the wavefronts

of the density. (D) The time evolution of the averaged two-qubit correlation
function C4(t) versus the distance d between two qubits. (E) Propagation of
entanglement (concurrence) between pairs of qubits located symmetrically
around the central qubit Qg. The second and third wavefronts that are due to
the quantum interference and reflection of the photon are clearly shown.
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Fig. 4. Photon antibunching and fermionization in QWs with two
identical photons on a 1D array of 12 superconducting qubits.

(A and B) The time evolution of the density distribution (f;) after two
photons placed into two adjacent central qubits (Qg and Q;) (A) and
two boundary qubits (Q; and Qi) (B), respectively. (C to H) The

Yan et al., Science 364, 753-756 (2019) 24 May 2019

normalized two-site correlators 1‘,)/1“5»nax measured during the QWs of
two strongly correlated photons at different evolution times. The long-
range anticorrelations are clearly observed in the 1D Bose-Hubbard
model with strong attractive on-site interactions, which reveal the
photon antibunching and fermionization.
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|U| « J, QWs starting from two adjacent excited
qubits exhibit photon bunching (Fig. 1C), whereas
for strongly interacting photons |U|» J, QWs of
two adjacent photons display photon antibunch-
ing and fermionization (Fig. 1D). These different
features of the HBT interference of boson- and
fermion-like particle statistics can be distinguished
by measuring the density-density correlators (12)
Ty = (@jajaia;) 3)
where the measurements contributing to the
diagonal elements of the correlator were ne-
glected because of the low double-occupation
probability (see supplementary materials).

In Fig. 4, A and B, we show the time evolution
of the density distribution after two identical
photons placed at two adjacent central qubits (Q¢
and Q;) and two boundary qubits (Q; and Q;s),
respectively. Both cases show higher quantum
complexity of quasiparticle dynamics than the
single-photon QWs. For the Bose-Hubbard
Hamiltonian (Eq. 1), the behavior of the HBT
interference, bosonic or fermionic, depends on
the dimensionless ratio U /J (30). For U /J — 0, it
describes free bosons, whereas for |U /J| — =, the
model describes hard-core bosons. Because our
1D bosonic system has attractive (negative) inter-
actions —U/J ~16 or 20 » 1, the emergence of
photon antibunching, fermionization, and spa-
tial anticorrelations are similar to those of non-
interacting spinless fermions (19). However, the
time evolutions of the density distributions are
also similar to those of noninteracting bosons
(see supplementary materials). In Fig. 4, C to H,
we clearly observed anticorrelations compared
with the free-boson cases, where composite prob-
abilities concentrate around the diagonal of the
normalized correlator I';/T'7™, which demon-
strates the process of fermionization of two in-
teracting photons by repeating QWs. Because
U < 0in our system, we have also verified that
the spatial anticorrelations by QWs with the two-

Yan et al., Science 364, 753-756 (2019) 24 May 2019

particle HBT interference depend on the strength
of the interaction but not on its sign (30).

We experimentally demonstrated QWs of one
and two strongly interacting photons in a 1D
array of superconducting qubits with short-range
interactions. We observed the light cone-like
propagation of quantum information, especially
entanglement, and the photon antibunching with
the two-photon HBT interference. Our results
would be scalable to a few tens of qubits beyond
classical simulation and lay the foundation for
further studies on many-body dynamical pheno-
mena and universal quantum computation.
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