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Berry curvature is a fundamental element to characterize topological quantum physics, while a full
measurement of Berry curvature in momentum space was not reported for topological states. Here we
achieve two-dimensional Berry curvature reconstruction in a photonic quantum anomalous Hall system via
Hall transport measurement of a momentum-resolved wave packet. Integrating measured Berry curvature
over the two-dimensional Brillouin zone, we obtain Chern numbers corresponding to −1 and 0. Further, we
identify bulk-boundary correspondence by measuring topology-linked chiral edge states at the boundary.
The full topological characterization of photonic Chern bands from Berry curvature, Chern number, and
edge transport measurements enables our photonic system to serve as a versatile platform for further in-
depth study of novel topological physics.
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Being a central measure of the local geometry of Bloch
bands, Berry curvature is a basic element to characterize
topological phases [1,2], and has a direct effect on wave-
packet dynamics [3,4]. Integrating Berry curvature over the
Brillouin zone, one acquires the Chern number of the bulk,
which is related to the gapless states at the boundary through
the celebrated bulk-boundary correspondence. In solids, the
boundary states may have novel transport effects [5–9] and
can be measured directly by angle-resolved photoemission
spectroscopy [10,11]. For topological quantum simulation
systems, including those with cold atoms, photonics, and
solid-state qubits, various techniques have been developed
for bulk-topology measurements, such as bulk spin textures
[12–15], Berry phase [16,17], winding (or Chern) number
[18–23], and Berry curvature (or flux) [24–27], and
edge-state measurements have also been reported [28–
33]. However, all these studies suffer limitations: in par-
ticular, despite having been applied to trivial systems, Berry
curvature reconstruction has not been reported for any
topological system. Furthermore, although edge modes

and bulk topology were measured in a synthetic quantum
Hall ribbon [34], demonstrating bulk-boundary correspon-
dence in more flexible lattices and broader topological
systems is not yet reported but of great importance.
Here we first reconstruct Berry curvature over the two-

dimensional (2D) Brillouin zone (BZ) for a photonic
quantum anomalous Hall system via Hall transport meas-
urement. We made state-of-the-art improvements to achieve
this. First, we prepare a Gaussian wave packet with tunable
central momentum by combining 2D time-bin encoding
and phase-shifted nonunitary evolution. Then we imple-
ment a two-loop-per-step 2D quantum walk (2DQW)
evolution with rich Chern numbers on the momentum-
scanned wave packet and observe its Hall transport under
an effective external force to reconstruct Berry curvature
[3]. The 2D momentum-resolved measurement we achi-
eved by observing wave-packet evolution was challenging
in previous photonic experiments exploring topological
edge-state dynamics with spatially localized initial states
[29,30,33,35,36], where all momentum components were
mixed and unextractable.
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Integrating the measured Berry curvature over the BZ,
we obtain Chern numbers of 0 and −1. Furthermore, we
confirm bulk-boundary correspondence by observing chiral
edge states at the interface, whose bulks on two sides are
engineered to possess distinct Chern numbers. Therefore,
our experiment provides a flexible photonic quantum
simulation platform where both momentum-resolved trans-
port measurement and edge-state measurement are feasible,
which enables further in-depth study of novel topological
physics.
A 2DQW is programmable for quantum simulation

[18,19,36–44]. Our model involves a spin-½ particle in a
periodic square lattice under the repeated unitary operation

UðθÞ¼TxRðθ2ÞTyRðθ1ÞTxyRðθ1Þ; RðθÞ¼ e−i
θ
2
σy ; ð1Þ

with the R spin rotation parametrized by θ ¼ ðθ1; θ2Þ and
σy a Pauli matrix. Here

Tα ¼
X

α∈fx;y;xyg
½jαþ1ihαj⊗ j↑ih↑jþ jα−1ihαj⊗ j↓ih↓j�

is a spin-dependent translation in the α∈ fx; y; xyg direc-
tion as shown in Fig. 1(a). To map out the Bloch band of
UðθÞ, we use Floquet band theory to get the effective
Hamiltonian HðkÞ (see Supplemental Material [45]). The

two-band quasienergy spectrum ϵðkÞ over the 2D BZ is
shown in Fig. 1(b). By varying θ, the topological invariant
—Chern number—with respect to the lower band can be
controlled to be �1 or 0, as the phase diagram Fig. 1(c)
shows.
We resolve the bulk topology by measuring transversal

Hall drifts of a wave packet. We initially prepare a Gaussian
wave packet in position space, which evolves under uni-
tary steps [Eq. (1)] with applied external force F ¼ Fŷ
(mimicking an electric force). Given the force arising from
a time-dependent vector potential, the crystal momentum
is then modulated from k to kþ ðFδt=ℏÞ after time δt ¼
tf − t0 with t0 (tf) the initial (final) time. The wave packet
moves by ðFδt=ℏÞ in the ky direction [Fig. 1(b)]. Mean-
while, as shown in Fig. 1(d), ½xðtÞ; yðtÞ� the center of mass
(c.m.) of the wave packet experiences a transversal Hall
drift in the x direction [3,49], namely,

Δx ¼
Z

kyðtfÞ

kyðt0Þ
dky

�
1

F
∂ϵlðkÞ
∂kx

þ ΩlðkÞ
�����

kx¼kxðt0Þ
; ð2Þ

with ½kxðtÞ; kyðtÞ� the momentum-space c.m. at time t, and
the subscript l denoting the lower band of interest. The
Berry curvature is

ΩlðkÞ ¼
∂

∂kx

�
ul

����i
∂

∂ky

����ul
�
−

∂

∂ky

�
ul

����i
∂

∂kx

����ul
�

ð3Þ

with juli the lower-energy eigenstate. Equation (2) shows
that, except for energy-band dispersion, Berry curvature
also gives rise to transversal drift, which is known as the
anomalous drift.
To extract Berry curvature from the Hall drifts, we need

to cancel the contribution from the band dispersion. Speci-
fically, to measure Berry curvature around a momentum
kc ≔ ðkxc ; kycÞ, we apply two opposite forces �F for time
duration δt. In these two cases, wave packets initially
centered at kc and ðkxc ; kyc þ FδtÞ, respectively, are driven
over the same path in momentum space but in opposite
directions as

ðkxc ; kycÞ⇋
−F
þF

ðkxc ; kyc þ FδtÞ: ð4Þ

Denoting the two displacements Δx when �F are applied
by Δx�, half the difference is

Λ ¼ Δxþ − Δx−

2
¼

Z
kycþFδt

kyc

dkyΩðkxc ; kyÞ; ð5Þ

namely the integral only over Berry curvature (see
Supplemental Material [45]). Therefore, Berry curvature
can be extracted directly from transversal Hall drifts of the
wave packet. For convenience, we always prepare wave

FIG. 1. Translation operations in 2DQW, energy band spec-
trum, phase diagram, and transversal Hall shift. (a) Spin-
dependent translations Tx, Ty, and Txy. The walker of spin up
and down shifts in the opposite directions. (b) Typical open-gap
two-band quasienergy spectrum. An external force along the y
direction drives the eigenstate wave packets (balls) moving in the
ky direction. (c) Phase diagram of 2DQW in the parameter space
ðθ1; θ2Þ. Different topological phases are denoted by the Chern
number of �1 and 0 for the lower band. (d) Transversal wave-
packet drift when the external force is along the y direction. The
wave packets of the lower and upper bands drift in the opposite
directions.
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packets with c.m. at a fixed site in position space, denoted
as (0,0), so that we only need to measure x�ðtfÞ to get Λ.
Experimentally, we implement 2DQWs with photons in

a laser pulse [25,38,50], and the coherence of the laser
source suffices to achieve quantum interference needed for
photonic quantum walks [51]; of course, two-particle or
multiparticle quantum walks would need nonclassical
sources providing, e.g., single photons as input [52–54].
The 2D lattice is encoded in photons’ time-bin modes,
where the position space x, y is represented by the temporal
modes with time intervals of 1.12 ns and 34.06 ns,
respectively. The horizontal (vertical) polarization of pho-
tons defines spin up (down) of the walker. The walker
firstly goes through nonunitary evolution for initial state
preparation (ISP) [55,56], during which the considerable
optical loss is compensated for by a tapered optical
amplifier [see Fig. 2(a) and Supplemental Material [45] ].
After 15 loops for ISP, mapping back the temporal laser
pulse distribution [Fig. 2(b)] to 2Dposition space, thewalker
has a Gaussian distribution [Fig. 2(c)], which corresponds to
a Gaussian wave packet with momentum distribution width
Δk ≈ 0.095π (see Supplemental Material [45]).
After ISP, we switch two pairs of acousto-optic modu-

lators (AOMs) so that the walker starts 2DQW as Eq. (1),
where a half wave plate (HWP) and a polarization electro-
optical modulator (EOM) rotate the light polarization as
Rðθ1;2Þ [Fig. 2(a)]. Txy is realized by implementing Tx

directly after Ty; i.e., Txy ¼ TxTy. The effective forces �F
along the y direction are implemented when upward and
downward ladder-type modulations are applied to the

y phase EOM, respectively [see Fig. 2(d) and Supple-
mental Material [45] ]. Owing to ∼50% optical loss per
loop during the 2DQW process, the pulses survive at a
single-photon level and are detected by single-photon
detectors after traveling for 20 loops, corresponding to
ten walking steps (i.e., δt ¼ 10).
To deterministically map out the Berry curvature and

Chern number of the lower band, we require that, when
scanning kc in the BZ, wave-packet transversal drifts for
the lower band be measured. As the spin eigenstate varies at
different momenta, the horizontally polarized initial wave
packet could overlap with both bands. In this case, we
observe that the initial wave packet splits into two oppo-
sitely drifted parts, respectively corresponding to upper and
lower bands. In experiments, we choose θ such that the
band gap is open. Owing to continuity of band dispersion
and Berry curvature, when we scan kc in the BZ, the c.m. of
the evolved wave packet of the lower (upper) band is also
continuous in position space. Then, when our initial wave
packet is prepared to be dominantly overlapping with the
lower band at kc, we can track the evolved wave packets
related to the lower band by continuity as we slowly change
kc to a neighboring momentum site (see Supplemental
Material [45]).
We first measure the Chern number by discrete Bloch

oscillations, with ky driven over the whole BZ under the
external force (Fδt ¼ π) while kx is scanned discretely.
Parameters θ of ½−ðπ=2Þ; ðπ=2Þ� and ½0; ð5π=6Þ� are chosen,
whose effective Hamiltonians are topologically distinct.
The applied force (F ¼ ðπ=10Þ) is much smaller than the

FIG. 2. Experimental setup, temporal-spatial coordinate mapping, and electro-optical modulator signals. (a) Experimental setup of
time-bin encoded 2DQW. A picosecond laser pulse of 905 nm generated by Mira-900 is injected into the circuit by an AOM. Spin-
dependent translation in the x (y) direction is implemented by a two-polarizing-beam-splitter fiber (free-space) optical delay. Between
two translations, the light is switched by pairs of AOMs either for ISP (dashed red line) or for 2DQW evolution (dot-dashed red line).
(b) Sketch of laser pulse distribution in temporal modes after the ISP. (c) Mapping the temporal distribution in (b) to 2D position space.
(d) Schematic phase EOM voltage signals V versus loop number n. The evolution time t is labeled as 0 when 2DQW starts after
15 loops’ ISP and increases by 1 for every two loops. During the 2DQW, an upward and downward ladder-type modulation is applied on
the y-phase EOM to implement an effective force in the�y direction, whose strength F is tuned by the two-step difference. The initial kc
is tuned by voltages during ISP. Vπ is the half wave voltage.
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band gap ΔE ≈ ðπ=2Þ. Typical probability distributions
Pðx; yÞ of finding the walker at ðx; yÞ on the lattice after
ten steps of the 2DQW with �F applied are shown in
Figs. 3(a) and 3(b). Transversal Hall drifts in the x direction
are observed. By Gaussian fit to the marginal distribution
PðxÞ, we obtain the distance between the x�ðtf ¼ 10Þ. After
the complete Bloch oscillation in the ky direction, we have

ΛðkxcÞ ≈
R kycþπ
kyc

dkyΩðkxc ; kyÞ, where kyc is fixed to be 0. By
summing up ΛðkxcÞ over kxc ∈ ½−ðπ=2Þ; ðπ=2Þ�, we obtain
the Chern number according to C ¼ R

BZΩðkÞdk=2π. As
expected, the measured Chern numbers are −1.01� 0.02
and 0.00� 0.02 for the topological regime and trivial
regime shown in Figs. 3(c) and 3(d), respectively. In
addition, we observe the wave-packet recurrence in the y
direction, the evidence ofBloch oscillation [see Fig. 3(e) and
Supplemental Material [45] ].
We then measure the complete landscape of Berry

curvature in the 2D BZ and further confirm the bulk
Chern numbers. In this process, we set Fδt to be ðπ=5Þ,
which is driven by nine steps, making the effective F as
small as ðπ=45Þ. Small F facilitates the wave packet of one
band to be separated from the other after the evolution,
because the drift Δx is proportional to the inverse of F
[Eq. (2)]. For a specific kc, the measured Λ corresponds to

the averaged local Berry curvature around kc over a
distance of ðπ=5Þ in the ky direction. By scanning kc over
the whole BZ, the entire Berry curvature landscape is
reconstructed (see Supplemental Material [45]). As shown
in Fig. 4, two different landscapes are measured corre-
sponding to experimental parameters θ ¼ ½ð−π=2Þ; ðπ=2Þ�
and θ ¼ ½ðπ=2Þ; ðπ=2Þ�. When we sum up the measured
Berry curvature shown in Figs. 4(a) and 4(b) over the 2D
BZ, we obtain the integral Chern numbers as −1.09� 0.03
and −1.05� 0.02. This result matches well with the
measurements by scanning only kxc (Fig. 3), showing that
Berry curvature reconstruction is achieved for topologically
nontrivial phases.
Up to now, we have confirmed that the topologically

nontrivial (trivial) bands of Chern number C ¼ −1ð0Þ can
be constructed by tuning the parameters based on Berry
curvature measurement. We further identify bulk-boundary
correspondence that states the difference of the bulk
Chern numbers on the two sides of an edge equals the
number of edge modes existing on the edge. For this, we
construct a boundary between the regions of C ¼ 0 and
C ¼ −1. The trivial and topological phase regimes are
identical to those measured in Figs. 3 and 4; however,
because of the experimental limitation (θ1 must be the same
for the left and right lattice) we choose the parameters of
edge measurements to slightly deviate from those in the
bulk measurements (see Fig. 5 and the Supplemental
Material [45]).

FIG. 3. Measured transversal Hall drifts, Chern number, and the
wave-packet recurrence under the Bloch oscillation in ky with
Fδt ¼ π. (a) Measured probability distribution Pðx; yÞ after ten
steps 2DQW under �F forces. We set θ ¼ ½−ðπ=2Þ; ðπ=2Þ� and
kxc ≈ 0.46π. The inset shows the marginal distributions PðxÞ for
the measured Pðx; yÞ, where the distance between the wave-
packet c.m. under �F is labeled. (b) Same as (a) except for
θ ¼ ½0; ð5π=6Þ�. (c) Measured (simulated) ΛðkxcÞ versus kxc with
θ of (a). The ΛðkxcÞ marked by the triangle is obtained from the
displacement shown in (a). By summing up ΛðkxcÞ, we get the
Chern number −1.01� 0.02. (d) Same as (c) except for the θ of
(b). In this case, C ¼ 0.00� 0.02 is obtained. The ΛðkxcÞmarked
by the red circle corresponds to the situation shown in (b).
(e) Recurrence of the wave packet in the y direction during the
Bloch oscillation when θ of (a) is chosen.

FIG. 4. Reconstruction of Berry curvature in the 2D Brillouin
zone. (a) Theoretically simulated (left) and measured (right)
Berry curvature when θ ¼ ½−ðπ=2Þ; ðπ=2Þ�marked by the red star
in the phase diagram. By scanning kc in steps of ðπ=11Þ in the
BZ, we obtain the local Berry curvature ΩðkcÞ from the measured
ΛðkcÞ. The contour lines of Berry curvature being −0.68 are a
guide for the eye. Measured Berry curvature configurations agree
with the theoretical ones in general. The momentum resolution
can be promoted by using long-time initial-state evolution to
prepare the Gaussian wave packet with smaller momentum
distribution width. (b) Theoretically simulated and measured
Berry curvature when θ ¼ ½ðπ=2Þ; ðπ=2Þ�.
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When initializing a walker on an edge where the bulk
Chern number across varies [Fig. 5(a)], we find the walker
to have a significant probability of propagating along the
edge compared with the homogeneous 2DQW cases
(see Supplemental Material [45]), showing the presence
of chiral edge states. The edge states propagate along the
edge in the opposite direction when the topologies of the
two sides are exchanged by tuning θ [see Fig. 5(b) and
Supplemental Material [45] ]. The reason that the walker
also can be found either in the left or right bulks is because
the initial states have some bulk-mode components [35].
This observation is realized by directly switching the initial
laser pulse into the 2DQW circuit without the Gaussian
wave-packet preparation. Temporal-position mapping is
reconstructed to create the boundary. The ability of mea-
suring both the Berry curvature in the BZ and the chiral
edge states in the position space directly confirms the bulk-
boundary correspondence, and is the key advantage of our
experimental setup compared with other experimental
quantum simulation systems.
In conclusion, we fully characterize photonic Chern

bands by reconstructing Berry curvature through Hall drift,
and measuring Chern number and chiral edge states, with
which the bulk-boundary correspondence is experimentally
substantiated. Our achievement of the momentum-resolved
transport measurement together with edge-state measure-
ment in a programmable 2D lattice makes our photonic
time-bin system a versatile platform to investigate broad
topological physics including anomalous Floquet topologi-
cal states. The Berry curvature reconstruction with trans-
port measurement may also enable a systematic study in
precisely revealing all the different micromechanisms of
anomalous Hall transport by flexibly engineering disorder
in the present photonic lattice, including the Berry curva-
ture and disorder effects [4], which cannot be directly
observed in solid systems. Our system may be further

extended to simulate other topological systems with various
symmetries and dimensions [37] and non-Hermitian topo-
logical systems with real gain and loss [57], under
complicated experimental conditions, like electromagnetic
fields [58,59], and incommensurate potentials [60].
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Note added.—Recently, we became aware of a related work
extracting Berry curvature by Bloch-state tomography [61].
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