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Berry’s phase on photonic quantum computers
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We formulate a continuous-variable quantum computing (CVQC) algorithm to study Berry’s phase on
photonic quantum computers. We demonstrate that CVQC allows the simulation of charged particles with orbital
angular momentum under the influence of an adiabatically changing B field. Although formulated entirely
in the CVQC setting, our construction uses only passive linear-optical operations (beam splitters and phase
shifts), which act identically in single-photon photonic architectures. This enables experimental realization
on the QUANDELA ASCELLA platform, where we observe the Berry’s phase phenomenon with interferometric
measurement. We also generalize the framework to more rapid nonadiabatic evolution. By concatenating
Aharonov-Anandan cycles for opposing magnetic fields we demonstrate that one can engineer a circuit in which
dynamical phases and leading nongeometric errors cancel by symmetry, leaving the intrinsically robust geometric

phase contribution.

DOLI: 10.1103/v1hx-rh26

I. INTRODUCTION

Berry’s phase is an important physical phenomenon in
quantum mechanics [1]. This feature of quantum mechan-
ics was central in several classical and quantum contexts,
including Pancharatnam’s early work on interference in polar-
ized light and in the Aharonov-Bohm effect [2-8]. However,
its geometric nature was not fully appreciated until the de-
velopments initiated by Berry [1,9,10], which unified these
previously disconnected observations into one simple princi-
ple that properly established its geometrical and topological
origin.

Berry’s phase becomes relevant in adiabatically changing
systems. Its topological character stems from the defining
property of the adiabatic limit: in this limit a system changes
so slowly with time that it can be described by its instanta-
neous energy eigenstates, which is to say the set of eigenstates
|¢,) determined at time ¢ by treating the Hamiltonian as if
it were constant. In such a system, provided that the energy
eigenvalues remain ordered and well separated,

Eo(t) < E1(t) < Ex(1)..., (1.1)

there is parametrically small mixing between the instanta-
neous energy eigenstates. Thus a system that is prepared at
time ¢ = 0 in the nth energy eigenstate, |1 (0)) = |¢,(0)), will
in the adiabatic approximation evolve as

[ (1)) ~ e ®]g,(0)). (1.2)
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Here the phase ©,(¢) is the straightforward nongeometric
dynamical phase that one would expect to arise from the
Schrodinger evolution,
1 t
0,1 = ——f E,(t)Hdt'. (1.3)
h Jo
However, the phase y,—the Berry phase—is far more inter-
esting. It is given by
! d
Yall) = i/ (¢n|d—l¢n>dt- (1.4)
0 t
The geometric properties of y, are manifest when it is
reexpressed in terms of the parameters that define the time-
dependent Hamiltonian. If we arrange the set of p parameters
into a vector R(r) € R” which determines the instantaneous
energy eigenstates |¢, (R)), then ¥,(t) can also be written as

a line integral along the curve C(r) which is traversed in R
space:

>

yat) = i | A-dR, (1.5)

@)

where A is the Berry connection,
A = i(¢u(R)|ViI$n(R)). (1.6)

From the geometric point of view, the parameter space plays
the role of a base manifold for the eigenstate bundle. More-
over, unphysical phase redefinitions of the wave functions,
|¢.) — €X|¢p,), correspond to gauge transformations of A
and thus the phase takes on a topological nature, becoming
physically meaningful only over closed curves:
Ya(C) = i7§ A-dR, (1.7)
c
for an arbitrary closed curve C in R space.

In recent years there has been increasing interest in the
Berry’s phase phenomenon with the advent of quantum
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computing. It has been studied in several contexts [11-18].
Most notably, Berry-phase gates, and holonomic schemes
more generally, promise a route towards intrinsic error re-
silience, offering advantages over purely dynamical gates
[11,12]. Within this broader context, geometric gates have
been implemented using cyclic evolution of a computational
subspace [19], including unconventional geometric schemes
in which the dynamical phase is not canceled, but is instead
made proportional to the geometric phase [20], as demon-
strated in trapped ions [21].

The purpose of this paper is to present an implemen-
tation of Berry’s phase in the continuous-variable quantum
computing (CVQC) paradigm [22-24]. While previous imple-
mentations of the phenomenon in quantum computing have
almost always been via loops in “control parameter space,” in
this work we shall perform a Hamiltonian simulation by Trot-
terizing the real-time evolution of a physical Berry’s phase
system. The system we will simulate is a state with orbital
angular momentum in an adiabatically evolving B field, whose
Hamiltonian is the usual orbital Zeeman term —uL - B.

The use of the CVQC framework is especially interesting
in this context because these systems operate on continuous
harmonic ¢ and p quadratures. This offers natural quantum-
computing analogs of continuous Hamiltonian mechanics,
enabling the straightforward implementation of continuous
physical operators such as momenta and fields. CVQC plat-
forms are therefore particularly well suited to simulating the
dynamics of a multitude of quantum systems and they have
recently gained attention for the simulation of both quantum-
mechanical systems and quantum-field theories [25-30].

In the case of the Berry phase, this characteristic feature of
CVQC devices allows us to study this phenomenon for orbital
angular momentum, as opposed to, for example, intrinsic spin.
Our main approach will be to simulate the time-dependent
Hamiltonian with an evolving B field, using only passive
Gaussian CV primitives (beam splitters and phase rotations).
The Berry phase will then be extracted by interfering the re-
sulting wave function against a reference arm interferometer.

There are several reasons that this approach is attrac-
tive. First, it allows us to consider the generalization of the
geometric phase to nonadiabatic systems, in the guise of
the so-called Aharonov-Anandan phase [31], in a controlled
manner. This allows us to take advantage of the robust-
ness provided by the geometric phase’s topological nature.
The Berry phase, which is an exact invariant, provides a
benchmark against which to test and mitigate the effect of
nonadiabaticity, and errors due to other distortions such as
Trotter error, in a precise manner. Furthermore, by concatenat-
ing Aharonov-Anandan cycles for opposing magnetic fields
one can engineer a geometric phase gate in which dynamical
phases and leading nongeometric errors cancel by symmetry,
leaving an intrinsically robust geometric phase, that is resis-
tant to Trotter error and nonadiabaticity. This cancellation
is related in spirit to that in Ref. [20], but uses a different
mechanism. Here, we will cancel the dynamical phase di-
rectly by reversing the magnetic field, leaving the geometric
contribution.

A further advantage of this framework is that the time
evolution required for the Berry’s phase protocol can be im-
plemented using single-photon states and passive optics alone,

without the need for non-Gaussian operations. This enables
experimental realization of the model on current photonic
hardware. An advantage of photonic devices is that they ex-
hibit extremely low decoherence and operate without the need
for extensive cryogenic cooling. In this paper, we will validate
our model on the QUANDELA ASCELLA quantum computer
[32], which encodes quantum information in single photons.
Although this means that ASCELLA is not, strictly speak-
ing, a continuous-variable quantum device (in the sense that
one cannot make measurements of the quadrature variables
themselves), it is a reconfigurable linear-optical interferom-
eter capable of implementing arbitrary beam-splitter and
phase-rotation operations on single photons, which are equiv-
alent to passive operations on quadrature variables. Since
our CVQC algorithm acts entirely within the passive linear-
optical framework, these transformations are identical in both
the continuous and single-photon regimes. This enables an
efficient implementation of our scheme on the QUANDELA
platform, even though it is not a fully fledged CVQC device.
In this sense for our purposes we consider QUANDELA AS-
CELLA to be a platform in the CVQC paradigm and we will
refer to it as such throughout the paper.

We emphasize that the linear-optical regime employed here
is efficiently classically simulable. The purpose of this work
is therefore not to claim a computational advantage, but to
validate a hardware-realizable geometric-phase protocol on
current low-decoherence photonic devices.

The paper is structured as follows. Section II reviews
Berry’s phase for orbital angular momentum in an adiabati-
cally evolving magnetic field. Section III describes the CVQC
implementation, outlining the state preparation routine, the
Trotterized time-evolution circuit, and the interferometric
readout method. Section IV extends the analysis to the
Aharonov-Anandan phase, a generalization of the Berry phase
that is applicable even when the system becomes nonadia-
batic. In Sec. V, we validate the model and present results
from a CVQC quantum emulator and the QUANDELA ASCELLA
quantum computer. Finally, in Sec. VI we provide a summary
and conclusions.

II. BACKGROUND: BERRY’S PHASE IN ORBITAL
ANGULAR MOMENTUM

Berry’s phase is a subtle phenomenon. Indeed, in many
situations it will not be manifest at all. For example, it is easy
to see that in general y, as it is defined in Eq. (1.4) is indeed a
real phase by integration by parts: that is,

trd
)/:(l) = _i/ <d (¢n|)|¢n>dt = Vn(t)’ (21)
0 t

by parts, since d{¢,|¢,)/dt = 0. This implies that, if an in-
stantaneous eigenstate can be written globally as a real vector
times an overall phase, then its evolution traces a contractible
path in projective Hilbert space and no Berry phase can
appear. In other words, Berry’s phase arises only when the
eigenstate develops a parameter-dependent complex structure,
giving a nontrivial loop in state space. In addition, a one-
dimensional parameter space cannot produce a Berry phase
either. This can be seen from the expression in Eq. (1.7). If the
parameter space has only a single dimension, that is R € R,
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then the closed contour in Eq. (1.7) is trivially comprised of
canceling integrals.

A system that can manifest a Berry’s phase is a charged
particle with angular momentum in a time varying B field. As
we have mentioned, often Berry’s phase is considered for sim-
ple systems such as the half-integer intrinsic spin contribution,
but in the context of CVQC it is very interesting to examine it
for particles with orbital angular momentum, defined in terms
of the quadrature variables, § and p: in a magnetic field B the
Hamiltonian becomes

=2 22
=2 "% _ 7. B 2.2)
2m 2

where u = 5 is the gyromagnetic ratio (which we denote

by u instead of the traditional y to avoid confusion with the
geometric phase) and where the angular momentum operators,

L = (G xp) (2.3)
obey the usual commutation relation
[Li,L;] = iheijily. (2.4)

As we shall see, a genuine CVQC device, such as a photonic
quantum computer, contains all of these operations as Gaus-
sian gates. Our general approach therefore will be to simulate
the slow time evolution of B(7) in a closed loop and measure
the final phase y, which is induced on a state, in addition to
the dynamical phase fot E(t)dt'.

Let us consider how the Berry’s phase is manifest in such a
physical system and postpone for the moment the question of
how we are going to simulate it. For our study, it will suffice
to consider systems that evolve with constant modulus for the
magnetic field, such that B(t) = B#(t), and for convenience
let us for the moment choose a coordinate system in which the
initial magnetic field is E(O) = B?Z. First, we need to choose
the specific energy eigenstate that we will be subjecting to
the B field. Generally we express the states by the quantum
numbers of Hog, L2, and L., which we denote by n,, £, and m,
respectively. By standard arguments, the energy eigenvalues
can be shown to be of the form

Ep, o = ho(2n, + £+ 3) — uBm. (2.5)

The lowest nontrivial case has n, = 0 and £ = 1 and hence

Eo1m = 2hw — uBm, (2.6)

=2
where the azimuthal angular momentum takes values m =1,
0, —1. Defining

the £ = 1 eigenstates are given by the standard spherical har-
monic decomposition to be

= . _lgg
¢0,1,+1(Q) o8 _(qx + le)e 294 ’
- _1
@0,1.0(g) x g, e 294
bo.1.-1(§) o (qx — igy) e 27, 2.7)

where it will be convenient to express them in Cartesian
coordinates. For uB > 0 the ground state within the £ = 1

FIG. 1. Isosurface of the density |¢. 1] (at |¢o1.1]* = 1/8) of
the “donut state” when B is pointing in the 2 direction.

manifold has m = +1, i.e., it is

$0.1.1(@) o (qu +igqy) e 2. (2.8)

This lowest-lying £ = 1 state will be the state that we will
evolve adiabatically. The density for this state is shown in
Fig. 1. We will often refer to it as the “donut state.” As we
shall see later, in order to single out the Berry phase it will
also be useful to adiabatically evolve its friend, ¢¢ 1, —1(F),
or equivalently to evolve the ¢ ;.1(g) state in the reversed B
field.

It is instructive to present the Wigner function of these
states. In principle it is six dimensional; however, four of
these dimensions are somewhat trivial and it factorizes. For
example, the ¢ 1.1(g) state Wigner function is

Wo.1.1 = Wolqz, p:) Wo(qg—, p-) Wi(q4, p+), (2.9)
where
1 >
Wo(q, p) = —e @+,
T
1
W, (g, p) = ;e*qzﬂ’”(z(p2 +q) -1, (2.10)

and where we have introduced quadrature variables in the
ladder-operator basis:
1

gy 2.11
ﬂ(p qy) (2.11)

1
q+ = E(‘]x :tpy)s P =

The function W, is shown in Fig. 2.

Let us now consider the adiabatic evolution of this lowest
energy £ = 1 eigenstate. When the orientation of the magnetic
field is slowly adjusted in time, the state ¢p ;,; changes its
orientation to follow it. This induces a Berry phase which it
is relatively straightforward to calculate. To do so let us write
the time-evolving state using a polarization unit vector & such
that

1 2
- F0q

$0.1,1(§) o E-ge 27, (2.12)
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FIG. 2. Wigner function W (r;) of ¢, where the radius in
phase space is r. = /g% + p?, where the quadrature variables are
g+ and pr asin Eq. (2.11).

where initially we have € = —%(l, i,0)and B = 0,0,B). If
we parametrize the time-evolving magnetic field by
sin@(t) cos ¢ (1)
B(t) = B sin@(t)sin¢(r)
cos6(r)

(2.13)

then the polarization vector evolves as follows:

—cosO(t)cos P(t) + isin (1)

gt) = — | —cosO()sing(t) —icos¢ (2.14)
V2 sin (1)

One can verify that the real and imaginary components of &
remain orthogonal both to each other and to B for all time.

To compute the Berry phase we use ¢(z) € [0,27] to
parametrize the contour (at the risk of confusion), while the
azimuthal angle is given (for consistent confusion) by 6(¢).
We stress that these angles ¢ and 6 are parameters defining
the orientation of B in parameter space and are not themselves
space coordinates. Then (dropping the suffix on y) we have

y(C) = if d5 - (0.1.1V:1d0.1.1)
C

- d .
Zifd¢(¢o,1,1|—~|¢0,1,1>- (2.15)

d¢

To evaluate the Berry connection projected along the ¢
direction,

—é = i [—| ) (2.16)
Az + —=A; = (¢ = | , .
¢ dé 0 0,1,1 dé 0,1,1
we first normalize
$01.1(G) = NE- é'e_%aqz, (2.17)

such that
(Bo.1.11do11) = |N|2[d3q G- PE-Ge " =1. (2.18)

The integral can be performed using odd and even symmetry
properties to write (£ - §)(8 - §) = 1(¢" - &) = 1 and then

1
NP 5/d%;g‘“‘f = 1. (2.19)

FIG. 3. Inducing Berry phase with state ¢ 1 ;, with B field indi-
cated in green.

Again, we stress that here the angles 6 and ¢ in the § integral
are different from the configuration space angles 6 and ¢ that
appear in . In a similar fashion, for the Berry connection we
have

do d 2
A~+—~A~='N2fd3 zT-*(—j-*) ~ag
ot g iIN] qE" - q) a3 q)e

d
=g’ . —&. (2.20)
de
Inserting € from Eq. (2.14) gives
do .
A; + —A; = cosb(¢), 2.21
5+ gghs = cos0@) @21)

which then gives
y(C) = 2nm — /d&(l —cos0(@)) =2an—Q, (2.22)

where n € Z and € is the solid angle swept out by B in
configuration space. (We are able to add 2wn to y as this
merely corresponds to a different gauge, e.g., & = ¢'?g.) More
generally for the eigenstates with L, = m we find a Berry
phase of

y(C) = 2nwr — m2. (2.23)

This is a rather standard kind of Berry phase result, but for
the lowest nontrivial orbital angular momentum eigenstate it
corresponds to the relatively involved precessing donut state,
shown in Fig. 3.

After a time ¢ the accumulated Berry phase on the lowest
energy £ = 1 eigenstate would be

o) o
y(t)= —/0 dp(l —cosO(¢)), (2.24)

while, because the modulus of the magnetic field is constant,

the dynamical phase is simply given by

O(1) = Eg11t = (3hw — uB)t. (2.25)

012461-4



BERRY’S PHASE ON PHOTONIC QUANTUM COMPUTERS

PHYSICAL REVIEW A 114, 012461 (2026)

III. IMPLEMENTATION IN THE CVQC REGIME

Let us now consider the implementation of such an evolu-
tion on a photonic CVQC device. As mentioned, an interesting
feature of the circuit for Trotterized time evolution is that the
Hamiltonian itself involves only Gaussian gates and thus it
is very straightforward to implement, as we shall see in due
course.

A. Initial-state preparation

As a first step we address the preparation of the initial state
in Eq. (2.8). As this state is a single-photon Fock state it is
manifestly non-Gaussian (with the Wigner function in Fig. 2
exhibiting the expected regions of negativity, consistent with
Hudson’s theorem [33,34]). Thus some non-Gaussian opera-
tion is inevitable if one wishes to create the state in Eq. (2.8)
from an initial Gaussian state.

In a fully fledged CVQC device the creation of such a
state can be achieved via a two mode squeezed vacuum state
(TMSV) followed by photon counting (known as “herald-
ing”). To begin with let us write the state we wish to prepare
as follows:

1
bo.1.1) = ﬁ(ll,(), 0) /0,1, 0))

I
V2

with qumodes ordered as x, y, z and with z being left in vac-
uum. This is a sum of single photon states; therefore, we begin
by preparing a simple single-photon state. This can be done by
starting with a state consisting of an entangled ancilla mode A
and intermediate mode C:

00
ITMSV)a.c = v 1 =2 Z Atn)aln)c, (3.2)
n=0

(a! +ia))|0,0,0), (3.1

with A = tanhr, where r is the squeezing parameter, and
n refers to the photon number on each qumode. This is a
Gaussian entangled state and is in principle easy to prepare.
Performing a photon-number-resolving (PNR) detection mea-
surement on the ancilla qumode, A, and selecting the “one
photon” outcome generates the collapse

(LHalTMSV)a.c o [1)c. (3.3)

Thus mode C is approximately collapsed to a single photon
state. The probability of successfully detecting one photon in
the ancilla is

Preraig = (1 = 22)22, (3.4)
so that finite squeezing (A not infinitesimal) is crucial and
implies higher-photon contamination in the unheralded runs.
However, by conditioning on the single-photon detection and
choosing moderate A one obtains high fidelity. By contrast, in
single-photon devices such as QUANDELA ASCELLA the prepa-
ration is much easier, as the individual photons are injected
into the linear optical network from quantum-dot sources and
arbitrary configurations of single-photon states can be deliv-
ered to the photonic chip as desired.

This completes the entire non-Gaussian content of our
discussion. Next, let us introduce a vacuum mode V (which
will become the y mode) and interfere modes C and V with a
balanced beam splitter as follows:

i ¥

i i
T_ac—i—av s e —ay

a —_, a! = s
! V2 Y V2

1
)clO)y — —2(|1,0) +10, 1))y

5

Finally a 7 /2 phase shift is applied to the y mode, i.e.,
Ry (7 /2), which inserts the required factor of i

(3.5)

1 R(/2) 1

1,0) + 10, 1)),
ﬁ(l )+ >),y—>ﬁ

Including the inert z-vacuum factor, this is our desired start-
ing state. The procedure above would be applicable for state
preparation on a genuine photonic device and is straightfor-
ward to implement.

Thus once the “heralding” step has been carried out and a
single photon state prepared, one need only implement

(11,0) + 10, 1)),,,. (3.6)

do,1.1) = Ry(1/2) BSy |1, 0, 0) (3.7
to prepare our state: i.e., we start with a single photon in mode
x and then apply the same balanced beam splitter between x
and y, and phase shift on mode y by 7 /2, as described above.

B. Gadget for real-time evolution

Having prepared the initial state, the rest of the discussion
proceeds in a Gaussian way and will ultimately yield a passive
circuit that is common to both single photon and genuine
CVQC machines. In order to evolve the state in real time we
will use Trotter-Suzuki evolution. Therefore, we next need to
configure a Trotter “gadget” that will approximate the evolu-
tion of the system through a small time dr. We will consider
unit mass and angular frequency, m = w = i = 1; thus our
Hamiltonian takes the explicit form

H=2 3 (B+4)-nB-L

i=x,y,2

(3.8)

with components L, = qyP: — q- Py, etc. The exact evolution
operator over a time T is U(T) = e~'f'T and the Trotter ap-
proximation to it can be implemented using the “gadget”

GV (dr) = o~ How pinB-Ldt e—i"T’Hm’ (3.9)
where
U(T) ~ GV, (3.10)

As we have already mentioned all terms in the operator GV
can be implemented with Gaussian gates, for example using

Ri(§) = 0%

Cx, () = e 5Pt (controlled X from j to k).

(rotation on mode i),
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|1/)y> ] R(_%) CXz—)y(+MBxdt) CX@—)y(—lerzdt) R(—%)
¥=) — R(_%) CXy—sz(—pBzdt) CXy— 2 (+pBydt) R(—%)

FIG. 4. Trotter-Suzuki “gadget” GV (dt) for a single time step through time dt, to generate real time evolution under the influence of the
Hamiltonian in Eq. (3.8). The second-order Strang “gadget” is given by halving the time interval and doubling the gates, S(dt) = G(%) .

(G(4))"-

It is straightforward to verify that (defining &; . to be the usual
Levi-Cevita symbol) the evolution operation becomes

e

i=x,y,2

G (dt) ~ [ ] Cximsj(—&ijxnBrdr)

i,j.k

@3.11)

The error is O((H dt)?) per step and the error accumulated
after N = T/dt steps is order H>T dt. The operator GV (dt)
corresponds to the circuit diagram in Fig. 4. Note that in
these gates the parameters B; are themselves functions of 7.
Our entire time evolution will consist of a set of T /dt such
“gadgets” with their ¢ dependent parameters, where T is the
total time.

A second-order (Strang) approximation can be achieved
by doubling the configuration and halving the time. That is,
U(T) ~ GP(dt)"/*", where

G(Z)(dt) — G(U(ﬂ) . (G(l)<£)).
2 2

This incurs a smaller error of O((H dt)?) per step, accumu-
lating an error of order H3T dt* after N = T /dt steps. The
process can be iterated, with each improvement in the approx-
imation costing twice as many gates and suppressing the error
by an extra factor dt. For this study we will use the Strang
approximation.

(3.12)

The configuration above is Gaussian and may be imple-
mented in, e.g., STRAWBERRYFIELDS [35] with no need for
nonlinear gates. In practice though, despite being Gaussian,
controlled-X gates are hard to implement because they are
not passive (i.e., they do not conserve photon number). How-
ever, upon inspection the total Hamiltonian in Eq. (2.2) is
passive and indeed an alternative method for implementing
the evolution is available, in which the components of e#Bilid!
are generated using beam splitters. In terms of creation and
annihilation operators a beam splitter on modes i, j generates

BS; ;0. ¢) = expl0(¢?aa} — ¢a;a])]. (3.13)
Thus, since §; = (& +4a)) and ip; = 55(a; —a]), we
straightforwardly find

e"PLd — BS (d uB,, 0)BS, ((df uBy, 0)BS, ,(d uB., 0),
(3.14)
and hence an alternative and entirely passive Trotter-Suzuki
gadget is the following:
1 N dt o
GV (dt) ~ UR,»<—7> [ [ BS«(uBdt,0)

X02

(3.15)

The corresponding circuit is shown in Fig. 5. Of course, in
simulations the distinction is not important and either gadget
works (although the passive gadget is significantly faster to
simulate and can also be implemented on QUANDELA). At the
time of writing, a passive gadget is necessary for the practical

|wac> ] R(*%)
oy)
[¥y) — R(-%) I
=
=
e
[$:) — R(=%) g

8 i
8 R(—%) —
<
3 =
I
N &
S 8 R(,ﬂ) L
= =) 2
os]
S
e
R f%) —

FIG. 5. Gaussian Trotter-Suzuki “gadget” GV (dt) for a single time step through time dt, to generate real time evolution under the influence

of the Hamiltonian in Eq. (3.8). Here the pairs of CX gates in Fig. 4 that generated ¢

iBiuBili are replaced by beam splitters.
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[Yw) R(—dt) R(—dt) R(—dt) | ---- | R(—dt) —| A
= (an)
ki &l
- 3
V) — 53 — — - _’?'
[Yy) — = R(%) — g 0% — q%' — (I% . q%'
S o o o o
3 o+ (3 (3 (3
g;
|92) = — I

FIG. 6. Four-mode interferometer: an initial “donut state” is prepared (left) by the orange gates, in superposition with an inert m = 0
eigenstate, and then split to the reference qumode, w, using a balanced beam splitter. A series of Trotter-Strang step gadgets (i.e., the
configuration in Fig. 4) evolve the donut state on modes x, y, z through any desired path in B parameter space, while the reference state
on mode w is evolved with rotation gates such that it acquires the same dynamical phase on the w qumode. Finally modes x and w are

recombined for interferometric readout.

implementation on QUANDELA. We then embed this gadget
into the full circuit toolchain, shown in Fig. 6, to carry out
the Trotterized time evolution.

It is worth remarking on the resource scaling in the partic-
ular problem that we are studying here. We begin with a fixed
non-Gaussian input state whose Wigner function Wi, (g, p) is
known. However, the subsequent gates in the circuit which
implements the time evolution will be either controlled-X
gates or beam splitters or rotations, all of which are Gaussian
unitaries. Such unitaries act as linear symplectic transforma-
tions on phase space, so if § € R"™*™ is the total symplectic
matrix for the composed Gaussian evolution (with m = 2x
number of modes = 6), then the final Wigner function is of
the form

Wou(q. ) = Win(S™' (G, P)). (3.16)
Thus, in the SHO type Hamiltonian of Eq. (3.8) that we are
considering, no new non-Gaussianity is generated and the
initial non-Gaussian feature is carried along by a mapping of
coordinates. This is in fact another way to see that the net
measurable effect of such an evolution will amount to a simple
Berry phase.

This is why, ultimately, on the real photonic device, the
entire postinjection circuit can consist of passive linear optics
(beam splitters and phase shifts that conserve total photon
number) and therefore the single-photon amplitude can be
propagated very cheaply (less so for anharmonic oscillator
Hamiltonians). Likewise, in order to perform a simulation one
can, for example, in STRAWBERRYFIELDS, work in a highly
truncated Fock basis, because in principle the Gaussian gates
should not spread amplitude to higher photon number states.
This picture is of course aligned with the goal of adiabaticity.
Thanks to the adiabatic theorem we know that (assuming
we can perform our analysis correctly) any spread to higher
Fock states should remain exponentially suppressed and we
can anticipate that the analysis for this kind of problem will
continue to be resource efficient.

All that remains for the evolution then is to choose a
time-dependent closed curve in parameter space, B(r), which
will generate a Berry phase. For this purpose, it is convenient
to consider the path shown in Fig. 7, which is composed of
three segments each taking time 7; (with the total time being
T=T + T, +T;). The path begins with the B field point
along the z axis and then tilts down to azimuthal angle 6,
during time 77, sweeps through angle ¢y during time 75, and
finally returns to point along the z axis during time 73. The
modulus B = |B| will be kept constant at all times, so that the
energy eigenvalues also remain constant. Thus the path can be
defined by the following time-dependent values for the unit
direction vector 7(t) of B(t) = BA(t):

(sinfy, 0, cosfy), t [0, Ti1,
Ai(t) = 4 (sin 6y cos qu, sin 6 sinqu, costy), tell1, T-T3],
(sin 85 cos ¢o, sin 65 sin ¢o, cOs 8y, te[T-1T],
(3.17)

—

B

FIG. 7. Closed contours C used for this study (in red). The B field
starts pointing along the Z axis and is tilted down to an azimuthal
angle 6, rotated by ¢y, and tilted back up to its starting position. The
solid angle swept out by BisQ = ¢o(1 — cosby).
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where
t
0,(t) = —06,,
1(1) T, %
b ="l
2 - T2 0’
- T —1t
0:(t) = o, (3.18)
Iy
with

Q
6y = arccos (1 — —), (3.19)
®o
such that Q = ¢ (1 — cos ). Thus by Eq. (2.24) the accu-
mulated Berry phase is

Y(C) = — ¢ (1 —cos ).

We also note that as Berry’s phase depends on the solid angle
subtended by the contour, if we were to consider a different
contour that encloses the same area (and thus the same solid
angle) on the surface of the sphere, it must give the same
Berry’s phase. Hence we will also consider the antipolar path,
defined by the time-dependent values for the unit direction
vector mi(t) of l§(t) = Bm(t), where we have mi(t) = —i(t),
with 7i(¢) defined in (3.17). This clearly has the same solid
angle as the path above, but the ¢ ; _; state is now the lowest-
energy eigenstate, rather than the ¢y | ; state. In other words,
taking ¢, 1,1 around the antipolar path is equivalent to taking
¢0.1,—1 around the original polar path. Given Eq. (2.23) it is
clear that one can add the two in order to expose the Berry
phase. This will prove to be very useful later in the paper.

(3.20)

C. Circuit for interferometric measurement of Berry’s phase

There are several approaches one could take for observ-
ing the Berry phase which is induced by the Hamiltonian
evolution of the previous section. The most comprehensive
procedure would be to reconstruct the entire wave function
of the (almost pure) end state with wave-function tomogra-
phy. That is, after the evolution we would measure the Fock
probabilities and also insert beam splitters to interfere the one
photon modes and measure their relative phases. However,
this would require at least five repeat runs and is somewhat ex-
cessive since we only wish to measure the one phase. A much
more efficient approach, which we will use here, is to instead
split the incoming state into a “signal” state and a “reference”
state and then interfere them once the signal state has been
traversed around its closed path in parameter space. This is
in essence equivalent to performing an Aharonov-Bohm-like
experiment within our simulation.

The expanded configuration for such a procedure is shown
in Fig. 6. As well as the Berry circuit on modes x, y, z, we
add a fourth qumode w, which will carry the “reference”
state. First, on the x, y, z qumodes we prepare the continuous-
variable “donut state” by creating a single excitation in the x —
y subspace and imprinting the relative phase as per Eq. (3.7)
and as indicated by the orange gates in Fig. 6. This leaves us
with

1

Wfdonut) = \/E

(11,0,0) +i10,1,0)) 3.21)

on the x,y, z qumodes. Next, we split the x qumode into a
signal rail and a reference rail (the w qumode) via a balanced
50:50 beam splitter. This copies the x component of |V gonut)
onto the reference arm so that the total four-qumode state
becomes

1 i

[¥) 2(|1, 0,0,0)4+10,0,0,1)) + ﬁIO, 1,0,0). (3.22)
It is easy to see that adopting the state at this juncture as our
initial state would result in a complicated interference from
which it would be very difficult to extract the Berry phase.
Indeed the additional |0, 1, O) piece (dropping the inert |0},
vacuum factor) may be decomposed using Eq. (2.7) into the
sum of m = =+1 eigenstates:

i
0, 1,0),, = ﬁ(|¢(),l,l> + ldo,1,-1)),
with the phase chosen as in Eq. (2.7). The dynamical
phases are different for these two components because from
Eq. (2.25) they have energies

(3.23)

Eo1m = 3o — muB. (3.24)

Adding the vacuum energy of the reference w mode, and set-
ting i = w = 1, the dynamical phases are thus @, = E.T =
3T = uBT for the m = =1 components of the wave function
when the photon is on the x, y, x qumodes and simply 8y = 3T
when the photon is either on the w qumode or in the m = 0
eigenstate on the z qumode. Meanwhile, the Berry evolution
acts on the single-photon subspace with phases y = —mS
as in Eq. (2.23). Thus, if we were to work with the state
in Eq. (3.22), there would be contributions to the probabili-
ties with both different dynamical phases and different Berry
phases.

To simplify the interferometric analysis therefore, we next
add a third balanced beam splitter into our state preparation
which acts on the y and the z qumodes. This sends

L
V2

removing some of the |0, 1, 0, 0) amplitude and putting it onto
the z qumode. Thus at the end of this initialization we have the
following state:

0,1,0,0) — —=(10,1,0,0) +10,0,1,0)),  (3.25)

[ (0)) = 1(I1,0,0,0) +i0, 1,0,0))

+1(10,0,0, 1) +10,0,1,0)). (3.26)

At this point we may perform Trotterized evolution on the
signal arm by repeated application of the gadget of Fig. 4
on the x,y,z qumodes [with its appropriate time-evolving
B(r) value], while applying identical free-oscillator rotations
R(—dt) on the reference qumode (indicated in red in Fig. 6).
It is rather simple to work out the expected evolution of
the state. The first line of the initial state in Eq. (3.26) is our
m = +1 mode. Thus, after having completed a closed circuit
C in time T, this component of the state returns to its starting
position with a dynamical phase ® = 3T — uBT and with a
Berry phase of y = —. The remaining pieces on the second
line of Eq. (3.26) both evolve without a Berry phase and with
a dynamical phase of ® = 37T. Thus the final state at time 7

012461-8



BERRY’S PHASE ON PHOTONIC QUANTUM COMPUTERS

PHYSICAL REVIEW A 114, 012461 (2026)

is expected to be
in

; e
STy(T)) = 7(|1, 0,0,0) 40, 1,0, 0))

1
+ §(|O’ 0,0,1) 40,0, 1, 0)), (3.27)
where we have defined the single combined angle
A(T)= uBT + y(C) (3.28)

and where the accumulated Berry phase y = —2 along the
path defined by Eq. (3.17) is given by Eq. (3.20).

The final ingredient in the circuit of Fig. 6 is of course the
measurement itself. To do this, following the time evolution
the x and w qumodes are recombined with a fourth balanced
beam splitter (shown in red in Fig. 6), which yields

! <em_1>|1 0,0,0)
ﬁ 2 9 Yy Y
1 (b 41

C +>MLQ®

3iT
e’ 1Y) ou =

+_
AW

1
+ — |photon on mode y or z).
72 p y
We conclude that the relative probabilities of measuring a
photon on the “signal” x qumode or the “reference” w qumode
are given by

(3.29)

Pjs = 5(1+cosA), Per = 3(1 —cosA). (3.30)

Thus our careful state preparation has yielded the ideal Mach-
Zehnder interference fringe.

The Berry phase may now be inferred by determining A at
time T by photon counting on the x and w qumodes. In detail,
a photon number count of Ny on the x qumode and Ns on
the w qumode corresponds to

Nsig — Neet

y(C) =~ —cos™! (—
Nsig +Nref

) —arg(e®'T), (331
where we consider the case where N = Nper + Ny to be very
large (i.e., we run the experiment N times).

Note that in this expression there is a sign ambiguity in
the arc-cosine in addition to the ambiguity under addition
of 2. Although this can be inferred and compensated by
hand, it is worth mentioning that there is a more sophisticated
version of the experiment in which the ambiguity is removed
by performing two runs, with the second run including a phase
of /2 on the reference arm. This produces sin A instead
of cos A and if, for example, T = 27z n/uB, then one can
determine the Berry phase as

Ngg — Nyer Nyig + N,
(C)~ —tan! [ e Trer Mg T et ) 5 59,
Nsig +Nref Nsig - Nfef

where the primed quantities are the measurements made for
the second run.

In practice we use the simpler version and take Eq. (3.31)
as our master equation to accompany the interferometer cir-
cuit in Fig. 6. For simplicity one could for example take
T =2nmn/uB to expose y. For such values any photon ob-
served on the reference w qumode would indicate a nonzero

Berry phase. However, it is also interesting to vary 7' continu-
ously to check the correct time dependence.

Finally, in this section, let us determine the conditions for
adiabaticity in this setup. In particular, in the instantaneous
basis of B - L the energy eigenstates are split by 1B between
adjacent m values and in our initial wave function in Eq. (3.26)
the mode |0, 0, 1, 0) is an m = 0 momentum eigenstate and
has energy E; 1,0 = 3, while the m = 1 component has energy
3 — uB. Therefore, our initial state |4 (0)) is a superposition
of two instantaneous energy eigenstates. However, according
to the adiabatic theorem, in an adiabatic evolution mixing
between these eigenstates will be exponentially suppressed.
The general condition for adiabaticity to hold is

(m'|H |m)
(Em’ - m)2

In this particular case we have E,, — E,, = uB and H =
O(uBa/T), where « is the total angle moved through by B.
For the generic single-winding contours considered here, « is
of the same order as the enclosed solid angle and hence the
Berry phase y. Therefore, we expect nonadiabatic couplings
to be suppressed provided that

< 1. (3.33)

UBT > o ~ vy, (3.34)

where the second approximate equality is a statement about
the parameters we shall choose in the study.

Note that there is a tension between minimizing the Trotter
error and minimizing the nonadiabatic mixing, as the former
requires uB dt < 1. If the total number of Trotter steps is N,
then we require

1
N>»——>1.

B (3.35)

IV. AHARONOV-ANANDAN PHASE

We now make an important extension of the analysis to
include the Aharonov-Anandan phase. This is a generalization
of the Berry phase that is applicable even when the system
becomes nonadiabatic. It emerges from any cyclic wave func-
tion, that is, for any state |y) that satisfies Schrodinger’s
equation, and is cyclic, i.e., | (T)) = | (0)), for some
overall phase £ € Re and time period T € Re.

In such a situation, the overall phase

& = arg({(y (O (T)))

is still comprised of two distinct contributions, a dynamical
phase &gy and a geometric phase, which we will continue to
call y. The observation of Aharonov and Anandan was that
in quantum mechanics the state vector moves through Hilbert
space, but the only physically relevant motion is that of the
path traced out by the ray (i.e., the state vector modulo the
overall phase), in the projective Hilbert space. The dynamical
part can be defined by

A.1)

1

Edyn = -7

T T .
h/<mm=4/<wwm, 4.2)
0 0

using Schrodinger’s equation. However, this phase is gauge
dependent since we may always redefine |') = ¢/*|y/) and
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then (¥'|v¥/') = (¥|¥) + ix, and we therefore have

T T
i/O (W'1y')dt = i/O (Wlg)dt — [x(T) — x(0)]. (4.3)

Aharonov and Anandan note that the difference between the
total phase and the dynamical phase,
T .

y=§ +i/0 (Wly)de (4.4)
clearly is gauge independent and has a geometrical interpre-
tation analogous to the Berry phase. Indeed one can use yx to
entirely remove the dynamical phase for some locally defined
|¥). In this case (V|¥) =0 trivially and the entire phase
& becomes equal to just the geometric phase, y. As with
the Berry phase, this remaining geometric phase is the only
physically meaningful one.

The system we are studying is of particular interest because
it allows us to isolate the phase y as follows. Suppose that
we begin in state ¢ ;1 and take the system nonadiabatically
around the trajectory B(t) defined in Eq. (3.17). The total
phase &, is measured as the phase A in Eq. (3.27). That is,
we would measure

A =& =uBf(T)+y(C).

Here f(T) is some function that encodes nonadiabatic effects
such as Landau-Zener mixing,' where the original state leaks
to other eigenstates, and also leading Trotter error (which
can itself be thought of as a form of nonadiabaticity). Thus
f(T) tends to T when the system becomes adiabatic: that is,
limyoo f(T)/T = 1.

We then repeat the experiment with a reversed magnetic
field, E(t) — —E(t), and find a phase £_. In the second,
mirror, case the state ¢ ;| is an excited state. However, the
splitting of energy levels does not change (and in particular
the energy levels do not cross). Therefore, we do not expect
to generate Landau-Zener transition, but rather this evolution
will also have a Landau-Zener mixing function. To leading or-
der, the same function f(7) appears in the reflected evolution.
The reason is that reversing B interchanges the m = +1 and
m = —1 branches and reverses the sign of the relevant energy
gaps, but the leading transition probabilities depend on the
squared adiabatic denominators. Thus the leading correction
is even under B — —B, giving

4.5)

A=§& =—uBf(T)+y(C). (4.6)
The geometric phase can then be determined as
(€)= 3+ + ), 4.7

where y (C) is the Berry phase in Eq. (3.20).

Why would we expect to find the same f(7) function
with the reversed magnetic field, even when the overall phase
A is large? The reason for this is the particular three-spin

'By Landau-Zener mixing we mean finite-time transitions between
instantaneous eigenstates when the evolution is not perfectly adi-
abatic. In the present setting this corresponds to leakage from the
initially occupied branch into neighboring eigenstates.

configuration that we are considering. To make this explicit
note that the Hamiltonian may be written as

H>-—pL-B=ulLB, +LB_+L_B,) (4.8)

with Ly being the usual ladder operators for azimuthal an-
gular momentum. When we perform the experiment with
reflected B, according to Eq. (2.6) it is exactly equivalent to
considering the m = —1 state with the B field unreflected.
For ¢ = 1 we have Ly |m = F) = |m = 0) and hence crucially
(m = 1|Ly|m = —1) = 0. This implies that the leading mix-
ing effect is from the m = 1 state to the m = O state in the
original system and from the m = —1 state to the m = 0O state
in the reflected system. Meanwhile, the m = 1 and m = —1
states do not directly mix into each other. More explicitly, the
relevant transition amplitudes contain factors proportional to
(E,, — E,)~", while their leading contribution to the observed
phase or probability enters through the modulus squared of
these amplitudes. Reversing the magnetic field changes the
sign of the corresponding energy gaps, but not the squared
denominators. This is the sense in which the same function
f(T) should be understood in Egs. (4.5) and (4.6). Differences
between the two reflected evolutions can only enter at higher
order, once processes such as double transitions through the
m = ( state become relevant.

This provides us with several checks. We will of course be
able to determine the Berry phase even without adiabaticity
and we expect to reproduce results approaching Eq. (3.20).
But thanks to the separate £, and &_ branches, it will also
allow for the observation of Landau-Zener mixing and the
asymptote to adiabaticity as we increase 7.

In addition it allows us to test where the first-order
Landau-Zener mixing assumption breaks down, giving a
minimal circuit for consistent measurements of the phe-
nomenon. Where do we expect this first-order assumption,
and hence Eq. (4.7), to fail? The leadmg contribution to f(7")
comes from terms linearin H = —uL - B giving contributions
A ~ —uBf(T). The first subleading term is from the double
hop from the excited m = —1 state to the m = +1 state.
This amplitude is of order (ug_T)z This is to be compared
with the leading single-hop term «/(uBT ), which implies a
breakdown of our averaged Aharonov-Anandan approxima-
tion precisely where Eq. (3.34) predicts loss of adiabaticity.
In other words, the parameter

o

BT 4.9)

governs the accuracy of our predictions, but the y that we
deduce from the average in Eq. (4.7) is in fact accurate to

0(£2): in summary then, we expect to see y (C) = &, — O(¢)
and y(C) = &_ + O(¢), but
y(C) =5 +£)+ 0@E). (4.10)

V. RESULTS

A. Simulation on QUANDELA PERCEVAL

In order to test our analysis above, the circuit was first im-
plemented on the QUANDELA PERCEVAL simulator [36], which
is an open-source Python framework. PERCEVAL provides
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state-vector and sampling-based backends, with symbolic lin-
ear optical simulator (SLOS) exact solvers.

Using the simulator the circuit was run for the contour of
Eq. (3.20), with uB = 1 over various times T =T} + T» + T,
first varying ¢y with fixed 8y, and then vice versa. In these runs
we take T} = T, = T3 for the three segments of the contour.

Figure 8 shows the measured Aharonov-Anandan phases
(i.e., the values of £ and their average) for fixed 6y = %
and varying ¢g, which has Berry phase y (C) = —¢y for this
circuit. The theoretical adiabatic ideal y is shown as a dashed
line. Note that in all our figures we will take a fixed Trotter
step of dt = 0.01 x 7.

Figures 8(a) and 8(b) show the results for T = 48x.
Clearly both &; and &_ are very close to the theoretical
Berry phase, but what is notable is that, while they individ-
ually diverge from the theoretical Berry phase as the cycle
grows, their average follows its theoretical value almost ex-
actly, regardless of ¢y. This is as predicted by Eq. (4.10),
since for this choice of parameters we would estimate
e~ ¢o/Tr = ¢p/16m, taking the T, segment as representative
of the whole evolution. When ¢y = 27 we expect an error
of order O(1/64) ~ 1% in the y that we deduce from the
averaged Aharonov-Anandan phase.

In Figs. 8(c) and 8(d) we show an example where the
circuit is completed in a much shorter overall time (T = 127).
We see that the behavior is now far from adiabatic for large ¢,
since we estimate ¢ ~ 1/2 at the largest values of y. Here
we see a roughly 25% deviation in the &. values from y in
Fig. 8(d), but with the average in Eq. (4.10) still reproducing
y(C) to an accuracy of order 5%, showing its intrinsic robust-
ness.

In Figs. 8(e) and 8(f) we show a run in which the circuit
was completed in total time 7' = 6. Here we see that the §_
curve fails to mirror the &, curve for values of ¢y = 7 and
the averaged Aharonov-Anandan phase no longer adheres to
the geometric phase y (C). Here we have ¢ = ¢y/2x and thus
adiabaticity is indeed expected to be lost completely at larger
values of ¢, with Eq. (4.10) failing at this point.

The variation with 7 in Fig. 8 also helps to separate
the dominant error sources. Since dr is held fixed across
Figs. 8(a), 8(c), and 8(e) [and likewise across Figs. 8(b), 8(d),
and 8(f)], reducing T decreases the number of Trotter steps.
The growing deviation of the individual phases &1 from y (C)
at smaller T therefore cannot be attributed to accumulated
Trotter error. Instead, it is primarily nonadiabatic in origin,
controlled by ¢ = «/(uBT), while the recovery of the av-
eraged phase demonstrates the cancellation of the leading
nonadiabatic contribution.

Finally in Fig. 9 we present the results for the same circuit
with total time 7" = 48w but varying 6y with ¢y = /2, for
which we see the expected form of geometric phase, namely
y =cosby — 1.

As expected we do not see any evidence of Landau-Zener
transition in any of these graphs.

B. Implementation on QUANDELA ASCELLA QPU

To further validate our model, we exploit the exact cor-
respondence between passive Gaussian operations in the
continuous-variable framework and the linear-optical uni-

taries implemented by single-photon photonic processors.
This allows for the experimental realization of the circuit
on the QUANDELA ASCELLA platform, a photonic quantum
computer operating a MOSAIQ-6 processor: a reconfigurable
12-mode interferometer capable of supporting up to six si-
multaneously injected single photons. Since our algorithm
requires only beam splitters and phase rotations, the entire
Trotterized evolution of the three-segment contour of Fig. 7
can be executed natively on the device.

The system was prepared in the initial state outlined in
Sec. IIT A by injecting a single photon into the x mode. Time
evolution has been performed for a total time of 7T = 8x
and a Trotter time step size of dt = 0.1m, with the evolution
along the three contour segments partitioned as (73, Tz, T3) =
2w, 4m,2m). We vary ¢o while keeping 6y = /2. The
Aharonov-Anandan phases, &1, have been extracted from the
device with each data point obtained from 1000 shots; statis-
tical uncertaintites have been included.” The results from the
quantum computer are shown in Fig. 10.

Figure 10(a) shows the raw geometric phases, £, obtained
from ASCELLA compared to the theoretical adiabatic ideal
value for y, indicated by the black dashed line. For small and
intermediate values of ¢y, both &, and £_ remain close to the
theoretical value of the Berry phase, y (C) = —¢y, indicating
that the evolution remains in the adiabatic regime despite the
small evolution time of 7 = 6. As ¢ increases, the two
phase curves diverge from the adiabatic prediction, following
the same trend observed in Figs. 8(c) and 8(d).

Despite the deviations of the individual phases, the aver-
aged Aharonov-Anandan phase, %(“;‘+ + &_), remains in good
agreement with y (C), demonstrating that the quantum device
is capable of experimentally capturing the cancellation of the
dynamics phases. The normalized data shown in Fig. 10(b)
reinforce this conclusion. While £, /y(C) show significant
deviations at large ¢y, the averaged quantity remains compar-
atively stable and close to unity until the onset of the strongly
nonadiabatic regime.

Overall, the ASCELLA device performs remarkably, re-
producing the key qualitative features observed in the
quantum emulation, including the robustness of the averaged
Aharonov-Anandan phase, and the characteristic divergence
of the individual phases at large values of ¢y. These results
confirm that our model can be faithfully implemented on
current photonic quantum hardware using only passive linear
optics and that the cancellation of nongeometric phases is
experimentally accessible even in regimes where nonadiabatic
effects are substantial.

VI. CONCLUSIONS

In this paper, we have presented a continuous-variable
quantum computing (CVQC) framework for studying Berry’s
phase on photonic quantum architectures, encoding infor-
mation in the quadrature operators of the simple harmonic
oscillator, X and p. We demonstrated that the CVQC frame-
work naturally captures the time evolution of a charged

2Note that there is some ambiguity in the transpilation for ¢y = 7
exactly; thus a value of ¢y = 7 + 0.005 has been used.

012461-11



STEVEN ABEL, IWO WASEK, AND SIMON WILLIAMS PHYSICAL REVIEW A 114, 012461 (2026)

04 &&‘ - 144 - -y
A S .
‘\t‘ &t * 54/7
~14 ‘%% & te) (SRR ST
e Y(C) 1.2
5, .
—2- TRy
W .
W . e
o3 “.‘5\%;_. S 101 X RK RN e
\; ".‘»}‘(.' (b xx Vet MR R R R .
X . 0.
—4 S .t
P .
SN 0.8 1
—5 1 "f’\\;',
"' x e
6’ o.*‘\, .
— '.‘Xx 0.6
0 1 2 3 4 5 6 0 1 2 3 4 5 6
®o ol
(a) (b)
04 *i.. - & 254 ° c &y
TeTese. S ]
Tre « 1
~11 'T’.&:;:‘. 3(&+&) 204 S (S S Vo]
TCeele.. T 1(C)
2 Tl
L S 1.5 1 .
ey .. .
—34 .. ’x,( te.. — Teal. PR
— . x. . . D U et . . IO . .
. ®, ..
S} cL Tl = 1.0 S
& 4 o T . > e ceerenenan,
KX '0 hed ".. S . 0-00-0-0"“
. . ) .
5 . Xxx« 0.5 .
Tty
—61 . T 0.0
~74
.. -051 .
0 1 2 3 4 5 6 0 1 2 3 4 5 6
%o $o
(c) (d)
I RS a1 R
Tl (. &y
T « 1
iy T 36 +&) N < 3+ )/
. ’xxxi .. . - (0)
B “n LN °
—2 c. xx‘\ ‘.. et
. "\e‘\‘ R 21
c. Hey — . Tt
673 . . X*\"«\ x* 9/ x Trrenes Tt ."'..
= .. Xy = 11 XX X % x S —
< . 3 x ~ X x x ..
4 ., e Wl e B R R P s
e N | ot Tt
5 . 0
6 Y
-71 . AT .’
. -
0 1 2 3 4 5 6 0 1 2 3 4 5 6
$o ®o
(e) ®

FIG. 8. Total phase &, of Eq. (4.5) and &£_ of Eq. (4.6) for the contour of Fig. 7 and its corresponding antipolar contour, respectively. Here
we vary ¢ with 6y = 7 /2. The ideal Berry’s phase y (C) is given in Eq. (3.20) and indicated by the dashed line. The data points in blue are the
&, phases observed when going around the contour in Fig. 7, while those in red are the £_ phases for the antipolar contour. In these plots we
keep 7| = T, = T; for the three segments of the circuit, with total time 7 = T} + T + 7. In (a) and (b) the total time to complete the circuit is
T = 48m. In (c) and (d) the total time 7 = 12m. Here the error from nonadiabaticity grows with the overall geometric phase, but the averaged
Aharonov-Anandan phase still gives the correct y (C). In (e) and (f) the total time is T = 67 and the averaged Aharonov-Anandan phase fails
to give the correct y (C) for ¢g = 7.
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particle with orbital angular momentum subjected to an adi-
abatically varying magnetic field. Moreover, we showed that
this evolution can be realized using entirely passive linear
optics: a regime in which continuous-variable Gaussian op-
erations coincide exactly with the linear-optical unitaries of
single-photon platforms. Although our construction is devel-
oped within the CVQC formalism, this equivalence enables
a direct, one-to-one mapping onto existing single-photon
photonic devices, permitting experimental realization on the
QUANDELA ASCELLA quantum processor.

Using this formulation, we simulated the real-time evolu-
tion on a quantum emulator and examined how the geometric
phase behaves across different dynamical regimes. The sim-
ulated results show excellent agreement with the theoretical
Berry phase in the adiabatic limit. Furthermore, the averaged
Aharonov-Anandan phase was found to robustly suppress
nonadiabatic dynamical contributions, continuing to track the
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geometric phase even when far into the nonadiabatic regime.
The model was implemented on the QUANDELA ASCELLA de-
vice, a single-photon quantum computer that realizes arbitrary
passive linear-optical transformations. The hardware results
closely match the emulator, demonstrating that the extraction
of the geometric phase is experimentally possible even when
nonadiabatic effects are substantial on current photonic quan-
tum devices.

Overall, this work establishes a practical bridge between
CVQC formulations and present-day linear-optical hardware.
It highlights that geometric and topological phase phenom-
ena, often formulated in continuous-variable settings, can
be explored experimentally on existing single-photon archi-
tectures without the need for non-Gaussian gate operations.
While the harmonic system studied here remains efficiently
classically simulable, it provides a controlled testbed for the
geometric-phase protocol. A natural next step is to extend the
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FIG. 10. Results from the QUANDELA ASCELLA quantum computer. The total phase &, of Eq. (4.5) and &_ of Eq. (4.6) for the contour of
Fig. 7 and its corresponding antipolar contour, respectively. Here we vary ¢ with 6y = /2 and take total time 7 = 87 to complete the circuit
with 7} = T3 = 2m and 7T, = 4x. The ideal Berry’s phase y (C) is given in Eq. (3.20) and indicated by the dashed line. The data points in blue
are the £, phases observed when going around the contour in Fig. 7, while those in red are the £_ phases for the antipolar contour.
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construction to genuinely non-Gaussian settings, for example
by introducing anharmonic confining potentials, where effi-
cient classical simulation is no longer expected in general. The
methods developed here therefore open the door to higher-
dimensional orbital-angular-momentum spaces, nonadiabatic
geometric gates, and potentially holonomic protocols on pho-
tonic quantum computers.
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