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Holonomic multicontrolled gates for single-photon states

1

Carlo Danieli ®,"2-* Valentina Brosco,!:? Claudio Conti®,

3,4 1,4

and Laura Pilozzi

Unstitute for Complex Systems, National Research Council, Via dei Taurini 19, 00185 Rome, Italy
2Department of Physics and Astronomy, University of Florence, I-50019 Sesto Fiorentino, Italy
3Department of Physics, University of Sapienza, Piazzale Aldo Moro 5, 00185 Rome, Italy
4Research Center Enrico Fermi, Via Panisperna 89a, 00184 Rome, Italy

® (Received 23 December 2025; accepted 19 March 2026; published 8 May 2026)

Controlled and multicontrolled quantum gates whose action on a target qubit depends on the state of multiple
control qubits, represent a fundamental logical building block for complex quantum algorithms. We propose
a scheme for realizing this class of gates based on non-abelian holonomies in modulated photonic waveguide
networks. Our approach relies on linear photonic cicuits formed by two star networks coupled via a two-path
circuit. A star network with M peripheral waveguides coupled to a single central site, or M pod, naturally
generalizes the tripod structure used in non-abelian Thouless pumping and stimulated Raman adiabatic passage.
In the present work, we first analyze the minimal case of two connected tripods and design adiabatic driving
loops that implement single-qubit, CNOT, and SWAP gates. We then show how extending the approach to larger
M-pod structures enables the realization of multiply controlled operations, which we exemplify by designing
TOFFOLI and the OR gate on two coupled pentapods. Finally, we demonstrate that networks of connected tripods

can implement the Deutsch quantum query algorithm.

DOI: 10.1103/hs1t-64zm

I. INTRODUCTION

Non-abelian holonomies [1,2] represent the natural U (N)
generalization of Berry’s geometric phase [3]. They were orig-
inally introduced by Wilczek and Zee in their seminal work
[1], which elucidated the relation between non-abelian gauge
theories and the geometric structure of Hilbert space emerging
in the adiabatic evolution of quantum systems with degenerate
energy levels. Since then various experiments generated and
detected non-abelian holonomies in photonic platforms [4,5],
acoustic waveguides [6], quantum optical setups [7,8], cold
atoms [9], and superconducting devices [10]. At the same
time, theoretical works highlighted their fundamental role in
modeling quantum transport [11-14] and describing topolog-
ical phenomena [15-17].

The basic relevance of non-abelian holonomies is closely
intertwined with their practical interest in quantum control
[18-20] and quantum computing [21,22]. In particular, as
first demonstrated by Zanardi and Rasetti, holonomies can be
exploited to implement a universal set of holonomic quantum
gates (HQGs) [21]. This idea, introduced in Ref. [21], is
based on encoding qubits in the eigenstates of a degenerate
Hamiltonian H and performing unitary operations through
the Wilczek-Zee holonomy by adiabatically modulating a set
of classical control parameters defining H. A key advantage
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of HQGs lies in their robustness against certain kinds of
noise and decoherence [23-26]. Since the pioneering work
of Ref. [21], HQGs have been both theoretically proposed
and experimentally realized across various physical plat-
forms [27-32]. Furthermore, the potentially crucial role of
HQGs in enabling more robust quantum computing architec-
tures [33-37] has motivated various works aimed at realizing
holonomic gates beyond the adiabatic regime. Nonadiabatic
holonomic gates are quantum logic gates based on geometric
phases, but implemented without requiring slow (adiabatic)
evolution. They thus combine the robustness of geometric
gates with the speed of dynamical ones. This could potentially
reduce the exposure to decoherence, leading to enhanced per-
formance in physical devices [38—44].

In both photonic and atomic implementations of holonomic
systems, a crucial role is played by Hamiltonians with a tripod
structure, such as those illustrated in Fig. 1(a). This type of
Hamiltonian exhibits two degenerate energy levels for any
value of the coupling parameters, and the holonomy is typi-
cally generated by adiabatically controlling these couplings.
Hamiltonians of this kind lie at the heart of non-abelian Thou-
less pumping [13] and stimulated Raman adiabatic passage
(STIRAP) protocols [8,18,22,44—47].

In this work, we go beyond standard single-qubit holo-
nomic protocols, by focusing on the design of multicontrolled
holonomic gates with m control qubits and one target qubit
within an adiabatically modulated array of 2(2™ + 2) optical
waveguides. This array consists of two coupled M pods, each
having M = 2" + 1 legs connected to a central waveguide.
The system proposed in the present work encodes information
in the state of a single photon in a multimode setup and
uses holonomies to manipulate this information implement-
ing an holonomic version of linear optic quantum computing

Published by the American Physical Society
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FIG. 1. (a) Scheme describing the structure of the Hamiltonian of
a single tripod. (b) Schematic of the array composed of two tripods
respectively colored in blue and green. The two tripods are connected
via the hopping J,, and J;,, with respect to panel (a) the geometrical
structure of each tripod is rotated. (c) Two qubits encoding states
|s, p) for the target qubit p = O (upper row) and p = 1 (lower row).
At the initial parameters J,, = 0 for £ = ¢, d, x and J,, = J for p =
0, 1 of the driving cycle, the states correspond to the four zero-energy
degenerate eigenstates.

protocols [48-50]. In the simplest case, the array structure is
based on two tripods, (m = 1), connected via hoppings that
preserve the four-fold degeneracy of the single-photon space
for any coupling strength as shown in Fig. 1(b). By properly
choosing the qubit encoding scheme and the driving cycles,
we engineer a universal set of holonomic transformations
[51-54]. In particular, in addition to single-qubit operations,
such as Hadamard and phase gates, we design controlled two-
qubit gates of the form Cy = [0)(0] ® I + |1)(1| ® U and the
SWAP gate [55].

Multicontrolled quantum gates based on two coupled M
pods extend the CNOT by applying a gate U to a target qubit p
conditioned on the state of m control qubits. These gates rep-
resent a basic logical building block in the design of complex
quantum algorithms, see, e.g., Refs. [56-59]. Here we encode
the qubits in single-photon states on two coupled M pods and
we engineer driving protocols to control holonomically the
evolution of the qubit states. As specific examples we propose
the realization of the TOFFOLI gate [60] and the quantum OR
gate on a structure formed by two coupled 5-pods which we
call pentapods. Eventually we show that similar structures can
be used to implement the Deutsch quantum query algorithm
[61,62].

II. PHOTONIC LATTICE AND QUBIT ENCODING

We consider a chiral symmetric photonic lattice of eight
single-mode waveguides coupled through evanescent hop-
pings J;, withi = b, c,d, x, and p = 0, 1 shown in Fig. 1(b).
The lattice consists of two tripods, colored in blue and green,
connected via the hoppings Jy, and J,,. The different coupling
strengths J;, with i = b, ¢, d, x and p = 0, 1 are given by the
spatial distance between the neighboring guides.

The dynamics of photon propagation is described by a
Schrodinger equation i9,|¥ (z)) = H(z)|¥(z)) with Hamilto-
nian

H = Hy+ H, + Hy, (D

where the 0,1 tripod Hamiltonian are given by H, =
(prb;up + Jcpc;up + Jdpd;up 4+ H.c.) with p=0,1, while
Hy denotes the coupling between the two tripods Hy =
(JxUb‘;uo + Jxlbgul + H.c.). Chirality ensures that, for any
choice of the hopping parameters, the spectrum of H con-
sists of four degenerate modes B = {|v1), ..., |¥4)} at energy
Ey = 0 and four nondegenerate nonzero modes. Chirality fur-
thermore enforces that the zero modes lie only on the majority
sublattice M = {by,, ¢, dp}p=0,1, i.€., they are zero on the
minority sublattice m = {u,},—0,1 [63].

We focus on holonomic gates obtained by periodic and
adiabatic modulation of the couplings along z, i.e., the prop-
agation distance along the waveguides, which plays the role
of time in the evolution process. At z = 0 only J;, and J,,, are
different from zero while all other couplings vanish. In this
initial configuration, the four orthonormal zero modes shown
in Fig. 1(c), are

_ lco) — Ido) _ e —1dy)
1¥1(0)) = 7 [¥2(0)) = 5
|co) + Ido) ler) + |di)
= — e — 2
1¥3(0)) N 1¥4(0)) N 2

yielding a natural encoding for two qubits in a single-photon
excitation. We can, therefore, recast the logic states in Eq. (2)
as

lcp) + (2s — 1)|d))
=S, ) 3
7 s, p) €))

with p = 0, 1 denoting the position and s = 0, 1 the symme-
try. For the realization of controlled gates the position p is
the rarget qubit, while s is the control qubit. The notation in
Eq. (3) for two-qubit states therefore refers to a single-photon
state implementing both qubits at once via spatial encoding in
single-mode waveguides.

III. SINGLE- AND TWO-QUBIT GATES

We focus on the implementation of geometric gates by ini-
tializing the system in the degenerate subspace of zero modes
[¥(0)) =Y, cu|$,(0)) defined in Eq. (2) and by manipulat-
ing adiabatically the coupling of the Hamiltonian H along the
z coordinate following a cycle y. To this end, we consider
systems of single-mode optical waveguides coupled through
evanescent interactions, where the separation between neigh-
boring guides controls the hopping strength and thus directly
defines the coupling structure. Over the cycle y of duration A,
the input state | (0)) transforms as

[V (1) = Wy, (&, 0)[4(0)), 4)

where W, (A, 0) = Pexpli fy I',dz] indicates the U (4) holon-
omy, P denotes the path ordering, and [T',],, = (¥, |id;|¥)
is the Wilczek-Zee connection.

As first highlighted by Zanardi and Rasetti [21], non-
abelian holonomies can be exploited to implement universal
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FIG. 2. (a) Driving cycle in the parameter space (the circle in-
dicates the initial point) and quantum state detection probability for
the single qubit Hadamard gate. (b) Same as (a) for the single-qubit
phase gate.

set gates. In particular, within the setup of Fig. 1(b), they allow
for the implementation of rotations and phase gates acting
on the symmetry quantum number s, respectively given by
Vi = e ® o and V,, = /2079 @ o).

Both transformations can be generated holonomically
through adiabatic manipulations acting on both tripods simul-
taneously and setting Hr = 0 following the route presented in
Refs. [13,46,47] for single tripod systems. For example, mod-
ulating each tripod with the driving cycles shown in Fig. 2,
one can realize the Hadamard gate and the phase gate, respec-
tively, see Appendix B for more details. See Figs. 2(a) and
2(b) for the corresponding final state detection probability, ex-

tracted from the numerical data as R} ;" = (s, P'Irs () 2.
For the four states system considered in this work, the
holonomic evolution along suitably defined cycles also offers
a natural playground to design two-qubit gates. We start by
focusing on the generation of conditional gates of the form

G, =10)(0[ @I+ 1)(1| @ Uy, %)

where U, = €% is a rotation around the y axis of the Bloch
sphere and the angle 1 depends only on the geometry of the
cycle and the structure of the Hilbert space, see Appendix C
for more details. An example is illustrated in Fig. 3 where
we demonstrate a CNOT gate, i.e., a gate that SWAPSs the target
qubit p if and only if the control qubit s is |1). The latter
corresponds to setting n = 7 /2, hence, U, = io, in Eq. (5).
In our photonic array, this gate is achieved holonomically
by setting Jy, = Jy, = Jy, Jp, = Jp, =Jp, and J., = Jy, = J.
for both p = 0, 1. The symmetry relations for J., = J,, imply
that |0, 0) and |0, 1) are exact eigenstates of the array along
the entire cycle y while the states |1, 0) and |1, 1) evolve adia-
batically according to Eq. (4) leading to W,, (4, 0) = Cy 2, see
Appendix C for more details. Consequently, the geometrical
meaning of the couplings arrangement is twofold: (i) it defines
the physical configuration of the waveguide network and (ii)
it controls the evolution on the manifold of degenerate states.
In Figs. 3(c) and 3(d) we show the evolution of the
states |1,0) and |1, 1) obtained by numerically solving the
Schrodinger equation i9,|Y¥(z)) = H(2)|¥(2)). As predicted,
the transformation flips the target qubit p while preserving
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FIG. 3. (a) Illustration of the lattice pumped to implement a CNOT
gate. The left tripod p = 0 is colored in green while the right tripod
p =1 1is colored in blue. (b) Driving cycle in the parameter space.
The circle indicates the initial point. (c), (d) Propagation of |1, 0)
and |1, 1) states, respectively, over one cycle period. The yellow lines
separate the O and the 1 tripods. (e), (f) Quantum state detection
probability for the CNOT gate and the SWAP gate, respectively.

their control qubit s = 1. In Fig. 3(e) we show the numerical
quantum state detection probability matrix R. However, by
setting J., = —Jg, while keeping J,, = Jy4, in the cycle in
Fig. 3(b), the CNOT gate can be turned into a SWAP gate, see
Appendix C for more details. This gate indeed, SWAPs the
two qubits |0, 1) and |1, 0) while keeping |0, 0) and |1, 1)
unchanged. The numerically computed quantum state detec-
tion probability is shown in Fig. 3(f). This implementation of
the SWAP gate requires changing the sign of the hopping Jy,
from positive to negative, which can be done experimentally
by introducing an additional auxiliary waveguide between u,;
and d; [64,65], through a resistor applied to array [66], or by
replacing certain waveguide with multiorbital ones [67,68].

IV. MULTICONTROLLED GATES

The array shown in Fig. 1(b) can be modified to host
multicontrolled gates by replacing the two tripods with two
M pods. An M pod is a system of M 4 1 waveguides with
a star topology, where the M ones are connected to a central
guide u, and it has M — 1 zero-energy states [46,47,69]. The
Hamiltonians of the pth M pod are

HM = Z Jepla) up+He) p=0,1,  (6)
Le[1,M]

with J; , denoting the coupling strengths of the £th peripheral
waveguide ay , to the central central one u,. For M = 2" 4 1,
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FIG. 4. (a) Schematic of the lattice composed of left (0) and right (1) pentapods respectively colored in blue and green. The two tripods are
connected via the hopping J;, and J,,. (b) Three qubits encoding states |b(s;, s, p)) with two control qubits s;, s, = £ and a target p =0, 1
qubits. At the initial parameters o, = Oforf =c,d,e, f,x and o, =J for p = L, R of the driving cycle, the states correspond to the eight
zero-energy degenerate eigenstates. (¢) Quantum state detection probability for the TOFFOLI gate. The driving cycle is shown in the top-right

corner. (d) Same as (c) for a quantum version of the OR gate.

each M pod has 2™ zero-energy states which can be used to
encode the m qubit.

The array with two coupled M pods has the following
Hamiltonian:

H = HM + H™ + Hy, )

where the coupling Hamiltonian between the M pods is Hxy =
(Jxoa;luo + Jxla}o“l + H.c.). The 2 x 2™ zero-energy states
of the Hamiltonian H™ yield the encoding of m control
qubits and one target qubit [70].

Let us unfold this extension on the TOFFOLI gate. This gate
is a doubly controlled not, i.e., it applies a NOT gate condi-
tioned on m = 2 control qubits, namely, CCNOT = |0)(0| ®
I4+ |1)(1] ® CNOT, which is an important component in
quantum search algorithms [71-73]. We realize the TOFFOLI
gate by replacing each tripod in Fig. 1(b) with 5-pods, as
shown in Fig. 4(a). The Hamiltonian of each 5-pods H,SS),
which we dub pentapods, is H, = (prb; +J. ¢t + Jdpd; +

cptp
Je, €} + Jg, fup + Hec.. The spectrum of the resulting array
in Fig. 4(a) consists of eight degenerate modes { |y j)}?.: | aten-
ergy Ey = 0 and four nondegenerate modes, see Appendix A
and Ref. [69] for more details.

For Jy, = Jp, = J and all other couplings’ vanishing, the
orthonormal zero modes are supported exclusively on to the
disconnected external sites of the two pentapods, namely, they
are linear combinations of the states |cy), |dy), |eo), and | fo)
and |cy), |d,), |e1), and | f;). Choosing this initial configura-
tion and limiting ourselves to the single-excitation space, we
can encode the three qubits as follows:

2 (lep) + 2s1 — DId,))

[$1, 82, p) = NG

1—s
+ 7204,) +Qs = DI, ®
where the control qubits are identified by the quantum num-
bers s; and s, while the farget qubit is identified by p. The
waveguides by and b; are instead used only to couple the two
pentapods.

By modulating the hopping terms J;, , J.,, and J;, according
to the driving cycle shown in Fig. 3(b), while setting all other

couplings to zero (e, = 0 for € =e, fand p =0, 1), a TOF-
FOLI gate is implemented. The corresponding quantum state
detection probability R for this gate is shown in Fig. 4(c). This
gate is particularly notable because it realizes a reversible AND
operation [74]. During the implementation of the TOFFOLI
gate, the waveguides e and f remain decoupled from the rest
of the circuit; however, they are activated to implement more
complex logical operations.

As an example, Fig. 4(d) shows the quantum state detection
probability of a reversible OR gate [74]. This gate is obtained
by composing three driving cycles of the form shown in
Fig. 3(b), each time setting a different group of hopping am-
plitudes to zero. Specifically, the OR gate is implemented by
applying the cycle in Fig. 3(b) three times with the following
configurations:

(1) modulating pr, Jcp, and pr for p = 0, 1, while zeroing
all other couplings;

(i1) modulating Jj,, J.,, and J, on the p = O tripod and J,,,
J, and J,, on the p = 1 tripod, while zeroing the others;

(iii) modulating J,,, J,, and J,, on the p = O tripod and Jj,,,
Je,, and Jy, on the p = 1 tripod, while zeroing the others.

These two gates shown in Figs. 4(c) and 4(d) are condi-
tional gates of the form

C =) lst, )51, 0| @V, ©)

51,52

where V"% is a 2 x 2 unitary transformation which depend
on s; and s, hence, extending the conditional gate C, in
Eq. (5) from a single to a doubly controlled gate. The uni-
taries V**"2 can be implemented by either composing driving
cycles that selectively involve a few waveguides only, as in
our examples above, or driving cycles that involve all guides
simultaneously.

V. IMPLEMENTATION OF A QUERY PROBLEM

We now show that the array in Fig. 1(b), together with the
driving cycle in Figs. 2 and 3, can be used to implement quan-
tum computing gate-models. A quantum gate-model consists
of (i) a set of qubits, (ii) a sequence of quantum gates acting
on them, and (iii) measurements performed on selected qubits.
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TABLE I. Table of the four Boolean functions.

s Sis) fa(s) f3(s) Ja(s)
0 0 0 1 1
1 0 1 0 1

A specific class of gate models is that of query models,
which involve an oracle U, that encodes an unknown black-
box function f to be investigated. Deutsch’s algorithm is a
paradigmatic example of this class [62]. It determines whether
a single-bit Boolean function f : {0, 1} — {0, 1} is constant,
f(0) = f(1), or balanced, f(0) # f(1), using a single oracle
query, whereas any classical strategy requires two. The four
possible Boolean functions are summarized in Table I, with
f1 and f; constant and f> and f3 balanced.

As presented in Ref. [62], the oracle Uy which implement
the four Boolean functions is an operator acting on the two
qubit states |s, p) defined as Ur(|s, p)) = |s, p @ f(s)) where
@ is the XOR operation (i.e., the sum Modulo 2). The query
of the Deutsch’s algorithm, as schematically recapped in
Fig. 5(a), consists in considering a superposition state |+, —)

(a) Deutsch's algorithm - setup

|s) | H H
Oracle

lp) —H

®1-.-)

Ac 0 A 1.0
0.8 = 0.8
xe}
o
0.6 g 0.6
N N
0.4 0.4
0.2 0.2
co do ugp by by uy ¢y d, co doug by by uycy d 0
sites sites
Iy |2 Ly 2

A Mo i

tripod H,;
tripod H,
tripod H;

co do ugp by by uy ¢y d, by uy ¢y d,
sites sites

co do uy by

FIG. 5. (a) Illustration of the Deutsch’s algorithm. (b), (c) Su-
perposition states |+, —) and |—, —). (d), (e) Propagation of |—, —)
over one cycle period for op = %1 and «; = 1 which respectively
implement the constant functions f; and f;. (f), (g) Same as (d),
(e) for ap = £1 and o; = F1 which respectively implement the
balanced functions f, and f;. The yellow lines separate the 0 and
the 1 tripods.

obtained by applying the Hadamard gates on both control and
target qubits on an initial input |0, 1), as explicitly detailed in
Appendix D. The oracle Uy discerns the functions in the two
classes as

(=104, -)

Up(4, =) = {(_1)‘)((0)'_7 7 constant,

balanced. (10
The four operators Uy can be obtained via four different
combinations of the CNOT gate and single-qubit NOT gate
[62]. In our photonic array Fig. 1(b), these four oracle op-
erators are implemented through proper combination of the
driving cycles in Figs. 2(a) and 2(b) and Fig. 3(b). However,
an alternative and less cumbersome way to implement the
oracles comes from exploiting the symmetries of the array
Fig. 1(b). Let us impose J;, = aJ., for o, = £1 in each
tripod that, i.e., H, = (prb; + Jcpc; + apJde;)up + H.c. for
p =0, 1. Consequently, the driving cycle in Fig. 3(b) yields
four holonomies Wy, «,, among which the holonomy corre-
sponding to the CNOT can be obtained for g = 1 and o) = 1
and the holonomy corresponding to the SWAP can be obtained
for ¢p = 1 and «; = —1. In our photonic array in Fig. 1(b),

the superposition states read |—, —) = %(—Ido) +|d)) and

[+, —) = \/Li(|c0) — |e1)), respectively shown in Figs. 5(b)
and 5(c). In Figs. 5(d) and 5(g) we show the single queries
which distinguish the identity functions fi, f4 [shown in
Figs. 5(d) and 5(e)] from the balanced functions f;, f3 [shown
in Figs. 5(f) and 5(g)].

Let us conclude by conjecturing that the proposed exten-
sion of the array from interconnected tripods to interconnected
M pods may pave the way to generalize this procedure.
Indeed, setting M = 2" + 1 could allow the photonic im-
plementation of the Deutsch-Jozsa quantum algorithm via
non-abelian holonomies. This is an algorithm that efficiently
distinguishes m-bits binary functions f(s) : {0, 1}" — {0, 1}
between constant (the function returns the same value for all
2 inputs) and balanced (the function returns 0 for half 2”"~!
inputs and 1 for the remaining half).

VI. CONCLUSION

Recent work on non-abelian Thouless pumping [4,13,16],
non-abelian braiding [5,12,75,76], and quantum walks [20]
has demonstrated that holonomies in photonic waveguide ar-
rays can be used to control light propagation, enabling the
engineering of topological effects.

In the present work, we explore the possibility of encoding
the state of single and multiple qubits in the position of a sin-
gle photon within a waveguide array, and we investigate how
non-abelian holonomies can be used to implement different
quantum gates realizing a holonomic version of linear optic
quantum computing protocols [50].

Our control strategy is based on the paradigm of adia-
batic population transfer, similar to that employed in STIRAP
atomic protocols. Accordingly, we focus on lattices with the
structure of single or coupled M pods, or star graphs, where
a single site is coupled to M peripheral sites. Within these
structures, we show that it is possible to engineer manip-
ulations in which the structure of the single-photon wave
function on a single M pod with M =2" 41 acts as m
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control qubits, while the placement on one or another M
pods serves as the target. Within this holonomic framework of
driven waveguide networks, we discuss the implementation
of (i) single-qubit gates, such as the Hadamard and phase
gates (shown in Fig. 2), and (ii) multi-qubit gates, such as
the CNOT (shown in Fig. 3) and the TOFFOLI gate (shown in
Fig. 4). This pair of multicontrolled gates, CNOT and TOFFOLI,
supplemented with single-qubit Hadamard and phase gates,
constitute a universal set since they approximate any unitary
circuit [51-54]. Within our approach, the network topology
(which guides are connected and with what strength) governs
how the zero modes mix by implementing different controlled
gates. Moreover, under the approximation of adiabatic evo-
lution, the evolution of the system is completely determined
by Wilczek-Zee connection. Geometry thus enters with two
distinct meanings: it refers both to the physical geometry of
the waveguide network and to the geometric evolution within
the space of zero-energy states.

We further show that the proposed photonic array can re-
alize notable quantum query algorithms, such as the Deutsch
algorithm, where the adiabatic evolution operator associated
with a holonomy acts as the oracle. This implementation can,
in principle, be extended to the Deutsch-Jozsa quantum algo-
rithm. Such an approach, on the one hand, does not require
many-body interaction, which may degrade the fidelity of
the gates due to noise. On the other hand, realizing M pods
with a large number of waveguides may be challenging due
to unwanted couplings. This technical issue may be tamed
by switching to multimode waveguides. This holonomic im-
plementation of quantum query problems reframes both the
oracle and queries in terms of geometric holonomies. Our
approach thus opens an alternative direction for leveraging
non-abelian holonomies in quantum algorithms and quantum
computing.
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APPENDIX A: EIGHT-SITES ARRAY AND HOLONOMIES

The Hamiltonian of the photonic array written explicitly
reads

H=Hy+H +Hr
= (Jbobg + JCOCJ; + Jdodg)uo + (Jb]b-;- + JC]C-I + J4, dll)ul

+ Iy, blug + Jy bjuy + He., (A1)

which has the matrix

O Jp Jo Ju O Jy O 0O
Jo 0 0 0 J, 0 0 0
Jo 0 0 0 0 0 0 0
s 0o 0 0o 0o o o0 o
B=10 7. 0o o o 4 4 J| B
J, 0 0 0 J, 0 0 0
0O 0 0 0 J 0 0 0
0O 0 0 0 J, 0 0 0

Due to chiral symmetry, this array has four degenerate
eigenenergies at Ey = 0 for any value of the parameters. The
other four nondegenerate eigenenergies are

1
E=+

V2
2
+[(p +J5 +I2 T2+ I+ + T2+ T7)
+ 420 I i dx, — (U2 + T3 +T0) (2 + 07 +T7)

[T + 5 + 12+ T2+ 05 +0 + 0+ T3

11

Chirality constricts the four eigenstates onto the major-
ity subarray M = {by, ¢, dy, b1, c1, d,}. Degeneracy implies
that there exist arbitrary choices of the orthonormal basis
B={l¥1),...,|¥s)} of the Ey = 0 degenerate subspace. In
the following computation of the Wilczek-Zee connection:

[Tzl = (Yulid; | ¥) (A4)

is used to obtain the holonomy

—Jy (2 +177) (A3)

. 21
W (20, 21) = e Pexp [l/ deZ} (AS)
20
we specify that the basis B is used to compute I', for each
gate. This does not affect the calculation nor loose generality,
but avoids us having to report four cumbersome eigenstates.

APPENDIX B: SINGLE-QUBIT GATES

To implement single-qubit Pauli gates represented by
oy ad o, we set J, =J, =0 for all zeR. In this
setup, the four nonzero modes in Eq. (A3) reduce to E =
{ix/./fﬂ + Jjo + Jgo, :tx/Jfl + le + J,i }. An orthonormal ba-
sis of zero modes for this specific configuration is

V@)= Jdlcwg;olldw |
) = 2al) - Joldy)

i) = Iy ey |€0) +8le§10>) — 80|b0)

@) = I, (Ue,lc1) +5J1‘Z|fil)) - 5%|bl)’ o)

where 8, = VJ; +J; and A, = I +J; +J; for p=
0, 1. At the starting pomt of the evolutlon where the parame-
ters are J., = Jy, = 0, J,,, = J, these eigenstates reduce to the
encoding states |s, p) for p =0, 1 and s = 0, 1 as in Eq. (C5).
Let us compute the auxiliary terms A, useful to obtain the
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o,

FIG. 6. Driving cycle y,, split in three branches ¢; (red), ¢,
(blue), and ¢5 (green).

connection I'; in Eq. (C5), here written as

Avwr = i{ (W35, [¥u), (WulBi, 190)s (13, 190),

(Wolds, 1), (Woldg, 1), (Wldy, 1) ). (B2)
The only relevant terms are A3 and A4, which read
iJp
A13 = ﬁ{‘]L‘o? _Jdg’ 07 03 0’ 0}9
(B3)
A = 22 10.0,0, ., —1,.,0)
214 = 82A1 e» —Jdp» U,

with Az; = —A 3 and A4p = —Ay4. The Wilczek-Zee connec-
tion then reads

o Jbo (‘Id(]jC(] - Jcnjdo) o oy + o,
o 820 Y 2
o (Jay jczl —JeJa,) o % —0; B4)
61A1 2

For closed paths y,, in the parameter space, the path integrals

yield & = 35 [[;li3dy and & = 9§ [[;]24dy. In Eq. (AS),
this results in
cos & 0 sin &, 0
. 0 cos & 0 sin &
W)= —sin&y 0 cos & 0
0 —siné; 0 cos &
oo + o,

= [cos &yop + isin&yo,] ® >
.. oy — O
+ [cos 109 +isinéjo,] @ . (BS)

These are two independent o, rotations for single qubits in
each tripod. Loops of the kind shown in Fig. 6, split in
three separate branches £, £,, and ¢3, respectively, colored
in red, blue, and green, allow implementing, among others,
the Hadamard and the NOT gates.

The first and third branches ¢; and {3 yield zeros in
Eq. (B4) as along them J., and J,, are respectively zero. Along
&, Jp, = J while J., = rpJ cos6 and J,, = r,J sin6 for 0 €
[0, %] The prefactors of the Pauli matrix tensor products in
Eq. (B4) then reduce to F Hence, in Eq. (B5) the angles

. The Hadamard gate is achieved by choos-

are 1, = - 2+1

ing r, = \/§, which implies 1, = 7. A NOT gate obtained
for n, = 7 in Eq. (BS5) can be achieved by either extending

[1.0) = 0.0)
V2 5 NG

[1,0) +0.,0)

tripod H;
o
o

T
°
o
2

tripod H,
o
o

=S
°

I}
e

R0 ‘ju ug by by uy dy ¢, 0 dﬁ ug by by uyd, ¢,
sites sites

| 1,0) [0,0)
1,1) —0,1)

2
"l o

0.8
0.6
0.4
0.2

tripod H;

tripod Hy
tripod H;
o
o

¢ dy ug by by uy dy c‘l‘ by uy d ¢,
sites sites
[1.1) 10,1)

¢o do ug by

FIG. 7. (a), (b) Evolution of the |1, 0) and |0, 0), respectively, via
cycle in Fig. 6 with & = 7 in the tripod Hp. (c), (d) Evolution of the
[1, 1) and |0, 1), respectively, via cycle in Fig. 8 in the tripod H,. The
yellow lines separate the O and the 1 tripods.

the quarter circle to a half circle (i.e., for 6 € [0, 7]) or by
simply repeating the loop y,, in Fig 6 twice. The holonomy
in Eq. (BS) for §y = % and &; = Z hence reduces to

2
1 0 1 0
wo Lo o o 2
Aal-1 0 1 0
0 -v2 0 0
_Uojzla}, 60;0Z+ioy®6020z. (B6)

In Fig. 7, we show the evolution of the states |1, 0) [Fig.
7(a)] and |0, 0) [Fig. 7(b)] in the tripod Hy via the cycle in
Fig. 6 defined for & = 7. The two tripods are disjoint as the
connecting Hamiltonian Hy = 0. Both panels show that, for

& = 7, the initial states end respectively in a superposition
[1,0)— \00) and 1L0)+10.0)
V2
To perform a phase qubit o, we assume J., = J,, in both

tripods p = 0, 1 and turn the hoppings J;,, complex, i.e., Jp, =
Jp,, + €“rJy , for phases ¢,. An orthonormal basis of zero
modes, for this specific configuration, reads

, which correspond to a 7 rotation.

2\ lco) — Ido)
[vi(2) = —7
o ler) —1dy)
[V (2)) = —7
o In(lco) + 1do)) — Je,Ib1)
Vi) = - ,
) = I, (1) + |i1>> = Jolbo). )
1

with €, = \/2(2./31] + |pr|2)' At the initial point of the cy-

cle where the parameters are Jcp =0,Jp, =J,and J,,, =0,
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FIG. 8. Driving cycle y,, split in three branches ¢, (red), £,
(blue), and ¢5 (green).

these eigenstates reduce to the encoding states [s, p) as in
Eq. (3). The auxiliary terms A,  useful in obtaining the con-
nection I'; in Eq. (C5), here are

Av = i (Y15, W), (Wl 1) Wl 1)
(Wl 1) (Wl | 19}, (Bldy, [¥0)). (BS)

The only relevant terms are As3 and A4, which read

sin ¢
Ay == 210, Jsys —Jo,» 0,0, 0,0},
° (BY)
sin ¢]
Ay = o {0,0,0,0,Jp,,, —Jp,, }.
1
The Wilczek-Zee connection then reads
_ sin ¢0(Jb0,2jb0,1 - Jbo.ljbo,z) 0o —0; _ 00+ 0
.=
€ 2 2
sin o (Jbl.zjbl,l - Jbl,ljbl.z) oy — 0; oy — Oy
+ 2
€ 2 2
(B10)

For a closed path y in the parameter space, the path integrals
yield g = §, [T:Js3dy and ¢; = § [ lady. In Eq. (AS),
this results in

1 0 0 0
01 0 0
W(z0,21) = 0 0 €% 0
00 0 e
- 0p — Oy igo ooy + oy i) 0y — Oz
=5 ©® [e 2y T T
+ 0% o (B11)

2

A typical loop y,. that provides a phase shift gate is shown
in Fig. 8, split in three branches ¢, £,, and ¢3 colored in red,
blue, and green, respectively.

The first and the third branches £, and ¢3 yield zeros in
Eq. (B10) as along them J;,, and J,,, are respectively zero.
Along £, the hopping J., = 0 = J,,, which implies that the
prefactors of the Pauli matrix tensor products in Eq. (B10)
are the derivative in z of the complex parameters, i.e., 9,;Jp, =
[['cls3 and 0.Jp, = [['c]4s. In this branch ¢,, where J;,, =
Jcos6 and Jy,, = Jsin6 for 0 € [0, %], the path integrals
reduce to gy = fy[r‘z]wd)/ = ¢ and ¢ = fy[rz]md)/ = ¢r.
Hence, the holonomy in Eq. (B11) represent two relative

phase rotation gates, one in each tripod H; and Hg. These
rotations reduce to two o, gates, one per tripod, by choosing
¢, = m whose matrix is

1 0 O 0
0 1 0 0

W(z0,21) = 00 —1 o |=%®od% (B12)
0O 0 0 -1

In Fig. 7, we show the evolution of the states |1, 1) [Fig.
7(c)] and |0, 1) [Fig. 7(d)] in the tripod H; via the cycle in
Fig. 8. The two tripods are disjoint as the connecting Hamil-
tonian Hy = 0. These panels show that for & = %, the initial
state |1, 1) is mapped into itself, while |0, 1) flips sign.

APPENDIX C: TWO QUBITS GATES

Let us discuss the CNOT and the SWAP gates. To realize the
former one, we consider a fully symmetric structure where
Jxo = Jxl = Jx, Jbo = Jbl = Jh, and Jco = Jcl = Jdu = Jd] = JC
for which the Hamiltonian reduces to

H(z) = Jy(bjug + bjur) + Jo(blug + bjur)
+ Jol(ch 4 dhyuo + (¢ +dDu]+He..  (Cl)

In this setup, the four nonzero modes in Eq. (A3) reduce to
E = +,/2J% + (J; £ J,)*. We introduce an orthonormal basis
of zero modes for this specific driving cycle, hence, we denote
the basis with an apex ¢

lco) — |do)
Y1) = ——F——. (C2)
1}”1 ﬁ
lc1) — 1d1)
(4
)= —F——,
|5 (2) 7
. Jp (207 = T2+ J7)Is0) + S (202 4+ JZ — J7) s1)
[¥5(2) =
R;
N V2J(JE + 202 + J2) o) — 2820 JpJc|bi)
R; ’
Jelso) + Jpls1) — ~/2J.1by)
|W§(Z)> Iso) + Jbls1) |b1) (€3)
R4
where o) = AL ) = —“"Q*E“’”, Ni=

V2I2+ (22 Ry=,/2J2+J2+J2, and R;=
R4N{N_. At the initial parameters considered for any cycle
Jy =J.=0,J, = J, these eigenstates in Eq. (C5) reduce to
the two qubits encoding states |s, p) for p =0, 1 and s =0, 1

lco) — |do)
£(0)) = ——— =0, 0),
v5(0)) 7 10,0)
le1) — |dv)
$(0) = ——=10,1),
|¥50)) 7 0. 1)
lco) + |do)
0) = —— =11, 0),
|¥50) 5 11.0)
lc1) + |di)
¢ O = — = 1, 1 . C4
|¥5(0) 7 11, 1) (C4)
We calculate each element of I, in Eq. (A4)
[Fz]vv’ - Avv’V» (CS)
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where V = (J, J., J,) and A, are given by
Ay = i{ (W10, 190), (Wolds W), (Woldy ) ). (C6)

Since all eigenvectors are real, then (v, |9,,|y,) = 0 for all
eachv =1, ..., 4 and for each ¢ = b, c, x. Hence, the diago-
nal elements of the connection I, are zero. Furthermore, since
|Y1) and |y,) and independent on the parameter Jy, the only
nonzero terms in I', are those induced by |yr3) and |4). It
then follows

i
Azy =——— T (J2 =272 = J?),
34 R§N+N7 { ( b c X )
ATpd o de, Jp(I] = 7 = 202) ), (C7)
with A4z = —A34. The Wilczek-Zee connection then reads
_— 20 Iy — Adpdd e + 20,02,
o RN, N_
— Il (Ipdy + JoJ) + T30y + T3 09 — o, ®
0,
RIN.N_ 2 ’
= fonUe, I, Jx)(0g — 0,) ® Oy (C8)

for the Pauli matrices o, with i =, x, y, z and the identity oo.
For a closed path y in the parameter space {J;, J;, J,}, let us
define the result of the path integral yields n = fy [T;]34dy.In
Eq. (AS), this results

oo — Oy . op + o
Wi(z0,21) = 0 3 = ® [cos nog + isinno,] + 0 £ ® oy
1 0 0 0
0 1 0 0
~lo 0 cospy sin 7 (©)
0 0 —sinp cospy

Let us consider the driving cycle y¢ for the CNOT, and split it in
three separate branches ¢, ¢,, and ¢ respectively colored in
red, blue, and green. In each branch ¢;, £,, and ¢3, only pairs
of parameters evolve while the third is set to zero. This imme-
diately sets the first three terms in Eq. (C8) irrelevant as they
require the simultaneous variations of all three parameters.
The four remaining terms require the simultaneous variation
of J, and J,, hence, the branches £; and £, immediately yield
zero. Branch {5 instead reads set J, = cos6 and J, = sin6,
with J, = 0. From Eq. (C8)

T3dy + J3J = Ind (U + JJy)

Tl =
ek 2+ )02 7))

cos* 6 — sin* 6

—_—— =11 C10
sin? @ — cos? 6 ( )

Integrated from O to 7, it follows that n = fO%[FZ]Mdz =z
which, via Eq. (C9), implies that the holonomy W is

1 0 0 0
01 0 0
Wox=1p 0 0 1
00 -1 0

= 31(00 + 02) ® 09 + i00 — 02) ® 0, ]. (C11)

FIG. 9. Driving cycle yc split in three branches ¢; (red), £,
(blue), and ¢5 (green).

For the SWAP, we keep the symmetry conditions J,, =
Joo =y Ip, = Jpy = Jp, and J,, = J,, = J, set for the CNOT,
and impose an antisymmetry condition J., = —Jg4, = J.. The
orthonormal basis of zero modes for this specific driving cy-
cle, hence, we denote the basis with an apex s

[co) — |do)
1(2) = ———,
¥ () 7
s Jelso) + Jplar) — ~/2J.1by)
W3 () = R :
3
. Jp (272 = T2+ J})Iso) + S (272 4+ J2 — JF)lay)
|¥3@) = R
4
N V2 (I} 4202+ 7)1bo) = 2V/20 e |bi)
R; ’
. lc1) + |d1)
S(z)) = LT C12
[¥4(2)) 7 (C12)
where |a;) = 'C”\;E'd‘). Similarly, for the CNOT, at J, = J. =

0,J, = J these eigenstates in Eq. (C13) reduce to the two
qubits’ encoding states |s, p) for p=0,1 and s =0, 1 as in
Eq. (C5). For the same driving cycle in Fig. 9, the holonomy
results in

0
0
Wsw = 1
0

SO O
oo = O
— O O O

= (00 ® 09 — i0; ® 0y + i0y ® 0, + 0, ® 7).
(C13)

Let us obtain the SWAP from the CNOT. A holonomic NOT
gate acting on the control qubit on the right tripod Hi can
be obtained in Eq. (BS5) by setting 7, = 0 and ng75. These
two angles are obtained by (i) in the left tripod H keep all
the hopping to zero J,, = 0 for £ = ¢, d, b, while (ii) running
two times the driving cycle in Fig. 6 in the right tripod Hp.
Equation (B5) then reduces to

1 0 0 0
0 0 0 1
Wr =10 o 1 o
0 -1 0 0
:oo®00+az+iay®ao_az. (C14)
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The product
1 0 0 O
t 0O o0 1 0
WnRWCNWnR = 0 —1 0 0 = Wsw (C15)
0 0 0 1

corresponds to the holonomy Wgw of the SWAP gate in
Eq. (C14).

APPENDIX D: DEUTSCH’S ALGORITHM

The Deustch’s algorithm leverages on quantum superpo-
sition to distinguish binary functions f in Table I between
constant and balanced with a single measurement. Formally,
for a binary function f and a state |s, p) with control qubit s
and target qubit p, the oracle Uy of Deustch’s algorithm acts
as Us(ls, p)) = Is, p® f(s)) the XOR a @ b = [a + b], (sum
modulo 2).

Applied on a superposition

L
V2

the oracle Uy yields the phase kickback property Uyls, —) =
(—1)/®|s, —). For a superposition state

(|S, O> - |S, ]))7 (Dl)

|S? _> =

1
—(|0, — 1, —
ﬁ(l )Y+ =)

1
= 500,00 =10, 1) +[1,0) — [1, 1)),

I+, - =
(D2)

obtained by applying the Hadamard gates on both control and
target on an initial input |0, 1), it then follows that

(=1/®[0) + (=D D)

Upl+, ) =1-)®

V2
|0Y + (_1)f(0)63f(1)|1)
— |— —1)yY©®
|—) ® (—1) 7
_ DO ) fO)® f(1) =0,
_{<—1)f<°>|—,—> foeram=1 o9

A final Hadamard gate on the control qubit s allows then to
distinguish constant functions from balanced ones.

We now explicitly show that the photonic array proposed in
Fig. 1(a) and the driving cycle in Fig. 3(b) with proper signs of
the hopping terms implement the oracle identity in Eq. (D3).
Consider the Hamiltonian H = Hy + H; + Hr, where Hr =
Jibiug + Jxlbgul + H.c. and for p = 0, 1 we have that H, =
(J;,pb; + Jc,,C;; + a,,]cpd; Ju, + H.c. withJy, = a,J., fora, =
+1. The driving cycle in Fig. 3(b) yields four holonomies
Woo.an

Wi =%[(Uo + 0;) ® 0y + i(og — 0;) ® 0,],
W11 =3[00 ® 00 + 0: ® 0 + i(0y ® 0x — 0, @ 5],
W_ia =%[Uo ® 09 — 0, ®0; +i(0, ® 0, + 0, ® 0,)],
W_i._1 =3[(00 — 02) ® 09 + i(09 + 0,) ® 7). (D4)

Straightening the minus signs in the holonomies via the phase
gate, we obtain the four transformations

1 0 0 0 01 0 0

0 1 0 0 1 0 0 0
Vi=lo o o 1| Y2=|o o 1 o

00 1 0 00 0 1

1 0 0 0 00 0 1

00 1 0 01 0 0
Ve=1o 1 0 o] Y=fo o 1 of ®

00 0 1 1 0 0 0

We define the functions fi, ..., f4 in Table I via the trans-
formations Vp,, ..., Vy, in Eq. (D5) by first setting the input
x € {0, 1} in the two-qubits states as

x=0 +— 10,0),

x=1+r— [1,1). (D6)

inputZ : {

Then we compose Vy,, ..., V;, with a measurement done via
scalar product P, = (1, 0| + (1, 1]

fe(x) = |Py oV, |x, x) . (D7)

Indeed,

V
05 10,00 25 10,00 B 0
filx) = (D8)

\%
159,025 1,0 5o,

05 10.0) 2 10.0) 2 0
frlx) = (D9)

V')
150,030,080,

V
05 10,00 210, 1) &1
filx) = (D10)

V.
15,021,080,

V
05 10,00 25 10, 1) &5 1

falx) = (D11)

\%
15,020,051

The superposition states where we perform the Deustch’s
algorithm are

[+, =) = 3(10,0) = [0, 1) +[1,0) — |1, 1)),

—, =) =1(10,0) — 0, 1) — [1,0) + |1, 1)). (D12)
Then
Vi(l— =) =3(10,0) — 0, 1) — [1, 1) + [1,0)) = |+, —),
V(= =) = 3(10,0) —[1,0) — 0, 1) + |1, 1)) = |-, =),
Vi(l— =) = 3(1,1) = [0, 1) — [1,0) + [0, 0)) = —|—, =),
(1= =) = $(10,1) —10,0) — [1,0) + [1, 1)) = —|+, —).
(D13)
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