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Abstract Geometric phase has the intrinsic property of being resistant to some types of local noises as it
only depends on global properties of the evolution path. Meanwhile, the non-Abelian geometric phase is in the
matrix form, and thus can naturally be used to implement high performance quantum gates, i.e., the so-called
holonomic quantum computation. This article reviews recent advances in nonadiabatic holonomic quantum
computation, and focuses on various optimal control approaches that can improve the gate performance,
in terms of the gate fidelity and robustness. Besides, we also pay special attention to its possible physical
realizations and some concrete examples of experimental realizations. Finally, with all these efforts, within
state-of-the-art technology, the performance of the implemented holonomic quantum gates can outperform
the conventional dynamical ones, under certain conditions.
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1 Introduction

Quantum computation has the potential ability to solve certain hard problems, such as large integer
factorization [1] and fast searching [2], in a way that is much faster than any known classical computers.
The practical application of quantum computation requires precise quantum gates, in terms of fidelity
and robustness, which is challenging with current technology, as the needed quantum evolution will be
inevitably disturbed due to various control errors and the environment-induced decoherence effect. It is
well-known that geometric phase only depends on the global properties of the evolution path and is inde-
pendent of the evolution speed. Therefore, quantum computation based on geometric phases [3-6], i.e.,
geometric quantum computation [7, 8], has become one of the inherently robust fault-tolerant quantum
computation schemes. To date, geometric quantum computation is proposed based on cyclic/non-cyclic
Abelian/non-Abelian adiabatic/nonadiabatic geometric phases.

Here, we term the quantum computation based on the non-Abelian geometric phase as holonomic
quantum computation (HQC) [8-10]. As detailed in Section 2, early HQC proposals were based on the
adiabatic evolution of quantum systems with degenerate eigenstates, which is restricted by the cyclic
evolution condition. The physical implementation of HQC has been proposed in many quantum systems,
such as trapped ions [11], atoms [12], superconducting quantum circuits [13, 14], and semiconductor
quantum dots [15], etc. However, implementing adiabatic HQC is difficult, and achieving high quality
quantum gates with this method seems challenging in typical solid-state quantum systems. Firstly, the
evolution process needs to be slow enough to meet the adiabatic condition [16], where decoherence will
lead to considerable error. Secondly, manipulation of the complex energy level structure is required for
HQC, which is experimentally demanding. Thus, only recently, the elementally adiabatic holonomic
quantum gates have been demonstrated with trapped ions [17] and cold atomic gas [18].

* Corresponding author (email: zyxue83@163.com)



Sci China Inf Sci 2

As presented in Section 3, the main theoretical obstacle of slow evolution can be resolved by using nona-
diabatic evolution, i.e., the nonadiabatic holonomic quantum computation (NHQC) [19, 20], which can
combine advantages of both gate speed and universality, and it is currently essential as the coherent times
of typical solid-state quantum systems are still limited. Therefore, after the original NHQC scheme based
on three-level quantum systems [19, 20], many alternatives of NHQC have been proposed theoretically
[21-31] and demonstrated experimentally [32-36], in various quantum systems. However, earlier NHQC
schemes required concatenating two separate cycles to realize arbitrary single-qubit gates, which doubled
the exposure time of the quantum system to its environment, and thus increase the decoherence-induced
gate error. To simplify the strategy, the single-loop/shot protocol of NHQC was proposed [37-42] and
experimentally demonstrated in various quantum systems [43-48], which can realize arbitrary single-qubit
gate with only one cyclical evolution, and thus shorten the gate time. Besides, the NHQC has also been
extended to other cases.

Due to the cyclic evolution condition in obtaining geometric phases, a holonomic quantum gate usually
needs a much longer gate-time, compared with its dynamical counterpart. Therefore, it is necessary to
further speed up the evolution and thus improve the fidelity of the holonomic quantum gate. So, in Section
4, we review different methods for speeding up the gate for NHQC. Firstly, incorporating the time-optimal
control technology, by solving the quantum brachistochrone equation [49-52], into the NHQC scheme is
straightforward [53-56], which can optimize the gate time under the set conditions. Secondly, as a longer
evolution path usually means more gate time, various methods for shortening the evolution path are also
proposed [57-60]. Besides, the shortcut to adiabaticity (STA) [61] technique is a successful method for fast
quantum dynamics, and thus is also proposed to be incorporated into NHQC [62-66] with experimental
verifications [67, 68].

It is well-known that high-fidelity and robust solutions are necessary conditions for quantum computa-
tion. As discussed in Section 5, benefiting from the compatibility of NHQC, the fidelity and robustness of
quantum gates can be further improved by incorporating error suppression and optimization techniques.
Decoherence-free subspaces (DFS) [23, 27, 29-31, 53, 69-77] is the preferred solution for resisting the col-
lective environment-induced dephasing. Other solutions, such as noiseless subsystems [25] and dynamical
decoupling [57, 78], can also provide similar results. To enhance the robustness of systematic Rabi error,
researchers have proposed optimization schemes such as pulse shaping[79-86], composite pulse [87, 8],
and dynamically corrected gates[89-91], etc.

To sum up, NHQC is a highly promising approach to quantum computation with the potential to
enhance fault-tolerance and improve resistance against certain types of errors. Therefore, the development
of NHQC has garnered great interest within the quantum computation community. Currently, we already
see indications that NHQC can outperform conventional dynamical quantum computation strategies.
Despite its potential, NHQC is still in its nascent stages, and there are several challenges that must be
overcome before its full potential can be realized.

2 Adiabatic holonomic quantum computation

2.1 The adiabatic non-Abelian geometric phase

In its early stage, HQC is a strategy that ensures flexible information processing through all-geometric
and adiabatic control. It encodes quantum information in a set of degenerate eigenstates of the Hamil-
tonian that depends on parameters, and then adiabatically drives these states to evolve cyclically in the
parametric space. This results in quantum computation being robust to control errors as transformations
within the eigenspace are geometric and rely on the global properties of the evolution path.

We consider a Hamiltonian, denoted by # ), which depends on a control parameter A(¢) and has R
distinct eigenvalues {g;}[2 |, each with a degeneracy of {n;}. It spectral A-dependent resolution can be
written as Hy ) = 2?:1 €i(AN) T, (A), where [T, () denotes the projector over the eigenspace spanned by
{|®7(\)) %1, with a common eigenvalues ¢;(\). The evolution state |¥(t)) satisfies the time-dependent
Schrodinger equation

P (1) = Ha (1), (1)

When the control parameter A(t) is restricted to adiabatic and cyclic conditions, i.e, hA JA < min;xjle; —
g;] and A(0)=A(T), any initial state |¥(0) will be mapped, after the period T, onto |¥U(T") = U(T")|¥(0),
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where U(T) = @fil P 4 (N). Here Dy(T) = fOT e1(A¢)dt is the dynamical phase, and
T4 (M) = Pexp/ A e U(ny) (i=1,...,R) (2)
A
is the holonomy, with P being the path ordering. The elements of A; are
(03 [ 6
(A" = (@F )] 502 (), 3
where (X,)?_; are the local coordinates on the control parameter space. For n; > 1 the holonomy T4, (X)

is referred to non-Abelian geometric phase [4, 7].
2.2 Holonomic quantum gates

Adiabatic HQC was proposed in trapped ions systems [11, 92, 93], which controlled transitions between
four energy levels by using a tripod configuration with three separate laser pulses. Later, it had been
expanded to various systems, including atomic/atomic ensemble [12, 94-96], superconducting [13, 14, 97—
103], Bose-Einstein condensates [104], semiconductor systems [15, 105-109], spin chains [110-112], neutral
particle [113] and optical system [114]. In addition to the four-level tripod model, other models can also
achieve adiabatic HQC [115, 116]. To improve its fault tolerance performance, one can encode the
information into subsystems [117, 118], adopt the error correction coding[119-124], and expand adiabatic
HQC into the topological regime [125, 126]. Geometric phases in open quantum systems have been
examined when considering the interaction between a quantum system and its environment [127, 128],
and the robustness has been analyzed [129-132].

Although the theory of adiabatic HQC has been well developed, its implementation remains challenging
due to difficulties in controlling the complex energy level structure and achieving high-quality manipula-
tion under the required slow adiabatic evolution. So far, there have been very few experiments that have
achieved adiabatic holonomic gates[17, 18]. In Ref. [17], single-qubit adiabatic holonomic gates can be
achieved by using a four-level system of trapped 4°Cat ion that was connected by three oscillating fields.
Using quantum state tomography, the fidelities of  and z gates with 7 rotation, and the Hadamard gate
were estimated to be 0.965, 0.931, and 0.965, respectively. The infidelities of quantum gates were largely
due to imperfect initialization and analysis. The study also explored its robustness against variations in
parameters. In addition, Ref. [18] realized non-Abelian SU(2) geometrical transformations acting on the
dark states of the system and demonstrated the non-Abelian characteristics by cycling the relative phase
of the tripod beams in the strontium-87 atom laser cooling gas.

3 Nonadiabatic holonomic quantum computation

To relieve the constraint imposed by the adiabatic condition, which slows down the speed of evolution,
the NHQC was proposed [19, 20] using a three-level quantum system, and has since become the subject
of numerous studies and evaluations.

3.1 Nonadiabatic non-Abelian geometric phase

We consider an N-dimensional quantum system controlled by the Hamiltonian H(t). Suppose there is a
time-dependent L-dimensional subspace S(t) = Span{|¢x(t))}5_, undergoes the cyclic evolution around
a smooth path C, i.e., S(7) = S(0). Here |pr(t)) satisfy the Schrodinger equation i|ok(t)) = H(t)|pk(t)).
We can introduce a set of auxiliary vectors {|v(t))}i_; of S(t) along the smooth path C, with the
property that |v, (7)) = |vk(0)) = |pk(0)), which do not have to be solutions of the Schrédinger equation.
Therefore, the evolution states |¢(t)) can be expressed as

L

‘Wk(t» = Z |Vl(t)>clk(t)a k= 1727 "'7L7 (4)

=1

where Cj(t) are the time-dependent coefficients. The unitary evolution operator at 7 becomes

L
Ur) =Y len(™)e(0)] = Y Cun(r)|ma(0)){wx(0)], (5)

k k=1



Sci China Inf Sci 4

(@) le) (b)

A
iszl
1)

Figure 1 (a) Illustration of the construction of single-qubit nonadiabatic holonomic quantum gates, with |0) and |1) representing
the encoding space, and state |e) representing the auxiliary level. The detuning, represented by A, is zero in the case of resonant
coupling. (b) Evolution path with two loops. (c) Evolution path with a single loop, with v representing the geometric phase.
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which means that at the moment when the condition of cyclic evolution is met, the matrix element of the
evolution operator is Cjx (7). Moreover, combining Eq. (4) and the Schrodinger equation, we can obtain

L
Cun(t) =i Z (At (t) = Kim (8)]Cori (). (6)

m=1

Then,

U(r) = C(r) = Texp {z /O LA — IC(t)]dt} , (7)

with Ay, (8) = (v (1) |0m,(t)) and Ky, (t) = (v (8)| H (t)|vm (t)) being elements of L x L Hermitian matrices.
Here A;,, (t) represents the geometric component because it is independent of the Hamiltonian and only
depends on the Hilbert space structure, and /C,, (t) denotes the dynamical component.

To understand the meaning of A, we choose another set of auxiliary vectors {|v} (¢)) }_,, with |v (7)) =
|v1.(0)) = |¢x(0)). There is an unitary operator V(t), which is constrained by the boundary condition
V(1) = V(0) = I, can make the transformation of |v(t)) = Zlel [V (t))Vir(t). By using these new
vectors, we can obtain Aj, () = i(v] ()|, (t)), which meets A; = (VIAV);,, +i(VIV)1,. This indicates
that A transforms as a proper vector potential, and A;,, is the element of holonomy matrix generalizing
the WilczekCZee holonomy [4] to the nonadiabatic case.

3.2 The NHQC scheme

To construct universal gates with speed and built-in fault-tolerant features, the NHQC based on the
nonadiabatic non-Abelian geometric phases was proposed. For universal NHQC, the following cyclic
evolution condition and parallel transport condition are necessary [19, 20], i.e.,

L L
Sl er() = S ler @), (er@®IHD () =0, byl =1,2, ..., L, (8)
k=1 k=1

In these conditions, the unitary transformation U(7), as defined in equation (7), takes the form U(7) =
Texpli [ A(t)dt]. This transformation is a nonadiabatic holonomic gate that acts on the L-dimensional
computational subspace S(0). It is clear that the evolution operator U(7) acting on the computational
space depends only on the subspace determined by {|¢k(t))}£_,, and not on the selection of auxiliary
vectors. From another perspective, U(7) depends solely on the evolution path of the quantum state, and
not on the specific details of the evolution, which makes it resistant to various types of control errors.
This property enables us to construct universal gates with both speed and built-in fault-tolerant features.

The initial NHQC schemes [19, 20] implemented by using the resonance three-level model, as illustrated
in Fig. 1(a), with A = 0. The qubit consists of two ground states, denoted as |0) and |1), with an excited
state labeled as |e). The corresponding driving fields are denoted as Qq(t) = Q.,.(t)wp and Q1 (t) = Q- (t)w1,
respectively. In the interaction picture, the Hamiltonian is expressed as

HL(t) = o(0)]e)(0] + 21(1)le) 1] + Hc.
= Q,(t)|e)(b] + H.c., (9)
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where |b) = w{|0) + wi|1) is the bright state. Then, the evolution of the quantum system can be viewed
as a Rabi oscillation between the bright state |b) and the excited state |e), with a Rabi frequency of ().
The dark state |d) = —w1|0) +wp|1) is decoupled from the dynamics. When the cyclic evolution condition
j;)T Q. (t")dt' = 7 is satisfied, the system completes a cyclic evolution and returns to the computation space
spanned by |0) and |1). By setting wy = sin(#/2)e’® and w; = — cos(#/2), the evolution operator at the
final moment is expressed as U(7) = exp(—im n - ¢/2), which is a rotation operation around the axis

n = (sinfcos¢, sinfsingp, cosh) by an angle 7. However, an arbitrary single-qubit gate needs to be
constructed by two sequential rotations here, as the obtained geometric phase is fixed. As depicted in
Fig. 1(b), the starting and ending points of each loop are the bright state |b).

The nonadiabatic holonomic quantum computation has shown great promise as a method for quantum
computation in reducing excessively long evolution times and withstanding local fluctuations. This has
been experimentally verified in a superconducting circuit [32] and a liquid nuclear magnetic resonance
(NMR) system [33], where single-qubit gates have been performed with fidelities exceeding 95%. They
also provided evidence for the non-Abelian character of the implemented holonomic quantum operations.
Besides, the holonomic controlled NOT gates with an average fidelity of 93.12% is also demonstrated in
Ref. [33]. The experimental demonstrations of NHQC gates in superconducting qubit and liquid NMR
systems are significant milestones in the development of NHQC. Afterwards, NHQC has been successfully
implemented in various physical systems [34-36, 133, 134].

3.3 The single-shot/loop NHQC

In early NHQC schemes, two separate continuous evolution operators were necessary to perform an
arbitrary single-qubit gate, leading to increased errors due to decoherence. To remove this obstacle,
researchers have developed improved methods that allow for the realization of arbitrary single-qubit
gates through a single-loop evolution.

One such approach is to utilize detuned laser pulses in a three-level A system to achieve quantum gates,
known as single-shot NHQC [37-39, 42]. As illustrated in Fig. 1(a), the transitions between ground states
and the excited state are driven by Qo(t) and Q;(t), with a detuning of A. In the interaction picture,
the Hamiltonian can be written as

Hys(t) = [Q0(6)]0)(e] + Qu(t)[1)(e] + Hoc.] — Ale)(e]- (10)

By setting Qo(t) = Qgscosacosy, Q(t) = QgePsinacosy, and A = —2Q,,sin~y, the Hamiltonian
becomes

His () = Qs siny(le) {e] + [0)(b]) + Qss[cosy(le) (0] + [b)(e]) + siny([e)(e| — [b){b])], (11)

where |b) = cosa|0) + e sina|1) is the bright state, and |d) = sin a|0) — e cosa|1) is the dark state
decoupled from the dynamics. Here a, 3, and v are time-independent parameters. When the evolution
period T = 7/Qss, the evolution operator under the basis vector |b), |e) and |d) can be written as
Uss(T) = e7"|e) (e| + e *|b)(b| + |d){d|, with ¢ = wsin~y + 7. In the computation space spanned by |0)
and |1), the evolution operator can be recast as U(T) = exp[—i¢(|b)(b| — |d){d])/2].

It is important to note that both Qg 1(¢) and A are dependent on the frequency and amplitude of the
laser. This results in a time-dependent synchronous variation between the laser fields and the detuning,
making it difficult for pulse waveforms other than square waves to meet these requirements. This is one
limitation of this scheme. Furthermore, due to the restriction tany = A/(—21/|Q0|? + |Q1|?), the rotation
angle in the evolution operator can only be within a specific range limited by the system parameters,
which is the other limitation of the scheme.

The single-shot NHQC was first demonstrated experimentally in a NMR system [43]. They constructed
the R, (7/2), R.(w/2), R.(7) and R, () gates and tested the corresponding gate fidelities, which were
98.07%, 98.29%, 99.68% and 99.75%, respectively, using quantum state tomography (QST). Subsequently,
arbitrary single-qubit gates were obtained in a nitrogen-vacancy center in diamond [44]. However, the gate
fidelities there are limited by additional errors, such as excited state occupation and crosstalk between
driving fields. Additionally, all single-qubit Clifford gates were experimentally demonstrated in a three-
level superconducting Xmon qutrit [135]. Characterized by both QST and randomized benchmarking
(RB), all gate fidelities exceed 99%. Furthermore, the geometric spin in a degenerate subspace of a spin-1
electronic system under zero field in a nitrogen-vacancy center in diamond can also be used as a platform
for implementing the single-shot NHQC [45].
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Figure 2 Randomized benchmarking (RB) of the single-qubit holonomic gates on a transmon qubit. (a) Sequence of both a
reference RB experiment and an interleaved RB experiment. (b) Sequence fidelity as a function of the gate length m. Adapted
with permission [46]. Copyright 2018, American Physical Society.

The single-shot method may simplify the original two-loop NHQC scheme somewhat, but it is not
compatible with pulse shaping and presents some practical difficulties. Hence, the single-loop NHQC
(SL-NHQC) [40, 41] is a better alternative, as it is compatible with various optimization techniques.
This is made possible by using resonant-driven multiple pulses. The key idea behind the multi-pulse
method is to divide a single-loop into segments to generate a holonomic gate. The Hamiltonian in this
multi-pulse approach is

Hg(t) = Qo(t)e 0|0)(e| + Q1 (t)e 1 [1)(e| + H.c.

Qo
Qa(t)e b)Y (e| + H.c.,

(12)

with Qg(t) = v/Q0(t)%2 + Q1(¢)2. The dynamics of the system is equivalent to a resonant coupling between
the bright state |b) = sin(#/2)|0) — cos(#/2)e’?|1) and the excited state |e), while the dark state |d) =
cos(6/2)e~|0) +sin(6/2)[1) is decoupled from the dynamics of the system, with tan(0/2) = Qq(t)/Q4(t),
and ¢ = ¢o — ¢1 + 7.

We divide the evolution period into two equal intervals [40, 41]. In the first interval ¢ € [0,7/2], we
set ¢p = 0, which reduces the Hamiltonian to H; = Q4(t)(|b)(e| + |e)(b|). Under the condition that
JF72 Qg (t)dt = 7/2, the evolution operator in the first interval is Uy = |d)(d| — i(|b){e| + [e)(B]). In the
second interval ¢ € [T/2,T], the parameter turns to be ¢9 = m — =y, and the corresponding Hamiltonian
is Hy = —Qg(t)(e"|b){e| + e "|e)(b]). With the condition f;}Q Qg (t)dt = 7/2, the evolution operator
is given by Us = |d)(d| + i(e?|b){e| + e~ |e)(b]). At the final moment, the evolution operator in the
computation space is obtained as

(

which is a rotation operation around the axis n = (sin cos ¢, sinfsin ¢, cosf) by an angle of 4. Thus,
the arbitrary single-qubit gates can be constructed by choosing different values of parameters 6, ¢, and
~. The corresponding evolution path is just a single-loop on the Bloch sphere, as depicted in Fig. 1(c).

Single-qubit gates in the single-loop scheme have been experimentally demonstrated in both super-
conducting transmon qubit and a microwave photonic qubit [46]. As shown in Fig. 2, characterized by
RB, the average gate fidelity in the transmon qubit is found to be 99.6%, which represents a significant
improvement compared to single-shot NHQC. In addition to single-qubit gates, nontrivial two-qubit gates
of NHQC have also been demonstrated in geometric spin qubits [136].

cos T —ising cosf —isin 7 sinfe’®

Ua(T) ) = eXp(*i%n o), (13)

T cosf

—4¢in X
7 81n 5

1sinfe™ cos + isin

3.4 Extensions of NHQC

The conventional NHQC must adhere to two conditions: the cyclic evolution condition and the parallel
transport condition. This results in a decrease in the freedom of parameters, ultimately limiting its
widespread practical applications. For maintaining the geometric robustness of NHQC and relaxing the
restrictions on parameters, researchers have made some extensions.
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Firstly, the extension to the unconventional NHQC case, which is based on the unconventional geomet-
ric phase, eases the restriction of the parallel transport condition. This is because it allows for a non-zero
dynamical phase by requiring the dynamical phase to be proportional to the geometric phase, thereby
maintaining the same geometric properties as the pure geometric phase. The unconventional geometric
phase was first introduced [137] to create a geometric gate, and has then been expanded to include the
implementation of NHQC [53-55, 138]. From the evolution operator in Eq. (7), we can choose another
set of auxiliary vectors {|vg[Aq(t),75(¢)]) }£_,, which has two sets of independent parameters A, (t) and
n(t) (a,b = 1,2,...,n). Then, the geometric component A, (t) becomes A, (t) = AN, + A | where
AN =3 i(yl(t)|%|ym(t)>(d)\a/dt) and A =3, i(n (t)|aim|1/m(t)>(d77b/dt). We set the dynamical
part K, (t) to be offset by the geometric part A} at each moment, i.e., K, +.A;) = 0. As a result, the
evolution operator in Eq. (7) becomes U(7) = Pexp (i § A**d),), which is an unconventional holonomy.
Here P is the path ordering along the closed path, and A*e is the non-Abelian connection. In this case,
the dynamical component K, (t) # 0, so we call it unconventional nonadiabatic holonomy.

On the other hand, due to the limitation of the cyclic evolution, the NHQC has a strict limit on the
evolution time. Therefore, researchers extended it to the non-cyclic evolution case to relax the condition
of cyclic evolution [139]. With the help of dynamical invariants, they obtained the evolution operator at
the last moment as Une(T) = 3, _o 1+ € [¢n(T))(¢n(0)|, where |, (t)) are the eigenstates of invariant,
and «,, are the Lewis-Riesenfeld phase. The key idea of this approach is to divide the evolution path into
two equal parts and change the driving parameters at the midpoint to swap the two orthotropic channels
|+ (t)) so as to remove the dynamical phase.

Note that, although the three-level A system is the typical building block for NHQC, exploring NHQC
beyond the three-level setting can expand the Hilbert space and reduce the circuit complexity for quantum
algorithm [140-142].

4 Speeding up holonomic quantum gates

High-fidelity quantum gates are a necessary component for achieving quantum computation. However,
quantum systems are inevitably impacted by environment-induced decoherence, causing a reduction in
gate fidelity. While NHQC can improve the gate fidelity by using pulses that are short compared to
the decay time scale, this requires extremely high pulse intensities and rapid pulse changes, making it
challenging to implement experimentally. Hence, to improve the fidelity of the holonomic gate within
the range of pulse intensities that can be achieved experimentally, new optimization methods have been
explored, such as time-optimal control NHQC and short-path NHQC.

4.1 NHQC with time-optimal control technique

Although the NHQC scheme reduces the evolution time to some extent, it is still important to further
shorten it to minimize the decoherence-induced errors because the coherence times of quantum systems
are limited. By solving the quantum brachistochrone equation [49-52], the time-optimized technology pro-
vides a way to achieve the NHQC with the shortest time [53-55]. However, due to additional constraints,
the resulting geometric phase is of an unconventional nature as described in Section 3.4. Thus, we call
this scheme as time-optimal unconventional NHQC (TO-UNHQC). The shortest time can be obtained
by solving the time-dependent Schrodinger equation in conjunction with the quantum brachistochrone
equation, i.e.,

iOF/0t = [Hy, F, (14)

where F' = 0L./0Hr, Lc = _; pij fj(Hr), and p; is the Lagrange multiplier.
To implement the TO-UNHQC, we consider a three-level system as shown in Fig. 1(a). The Hamilto-
nian of the system is

Qr(t) _, 6 0
Hrp(t) = %e*ww (sin 5e“’n 0) + cos 5 [1)){e| + H.c. (15)

In the physical system, the energy bandwidth must also be taken into account, meaning that the condition
2
fi(Hr) = L[Tr(H?) - %] = 0 needs to be satisfied. Additionally, since the independent o, operation

cannot be implemented directly in the experiment, the constraint of fo(Hr) = Tr(Hro.) = 0 must also
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Figure 3 (a) The evolution paths of TO-UNHQC (red line) and conventional NHQC (blue line) schemes. (b) Comparison of time
costs as a function of rotation angles. Adapted with permission [53]. Copyright 2020, American Physical Society.

be satisfied. By solving the Schrodinger equation and quantum brachistochrone equation, and setting
Qp(t) = Qo, we can obtain the minimum-time solution to this method as ¢(t) = 2(y — 7)t/7, with a
minimum evolution time 7 = 24/72 — (7 — 7)2/Q. This evolution time decreases as the geometric phase
~v decreases. As shown in Fig. 3, the TO-UNHQC scheme possesses the shortest evolution time and
shorter evolution path compared to the conventional NHQC.

Recently, the TO-UNHQC has been successfully implemented in an Xmon-type superconducting circuit
[143]. The experiment results demonstrate the superiority of TO-UNHQC in terms of gate operation time
and its lower sensitivity to detuning error compared to conventional NHQC. They achieved a fidelity of
99.51% for a single qubit gate using interleaved RB. Moreover, they implemented a two-qubit holonomic
control-phase gate, and proved it more robust against certain control noises than the conventional SL-
NHQC. Subsequently, fast and high-fidelity implementation of NHQC using the time-optimal method
was proposed in a hybrid spin register in diamond [144]. With the help of time-optimal control, the
gate-fidelities of the single-qubit gate and two-qubit gate there can exceed 99.2% and 96.5%, respectively.

4.2 NHQC with path-optimization

Path optimization is an alternative efficient way to speed up holonomic quantum gates by shortening the
evolution path. A first step for optimizing the path is made by the single-loop scheme [41], which reduces
the two loops required to construct an arbitrary holonomic gate in the original plan to just one loop,
cutting the evolution path and time in half. However, in the single-loop scheme, regardless of the type of
rotation gate, the evolution path on the Bloch sphere always has to go from the North Pole to the South
Pole and then back to the North Pole, resulting in the same evolution time for all rotation operations.
This makes the path to be much longer than that of the corresponding dynamical gate.

To break this limitation, a shortened path scheme is proposed [57], which further shortens the evolu-
tion path of a quantum system by segmentally selecting the parameters of the non-resonant three-level
Hamiltonian. The Hamiltonian in the jth segment is given by H; = Ajle)(e| + Q;[exp(i¢;)|e) (b| + H.c.],
where all the parameters are time-independent. The key to the design of the path-shortening scheme
is to establish the connection conditions that must be met between the segment parameters while sat-
isfying the constraints of the cyclic condition and the parallel evolution condition. For example, we set
¥ = /(4;/2)2 + Q7 (j = 1,2), and tann; = 2Q;/A;, with 7; being the evolution period of the jth
section. If the condition |sin; sinn| = |sindy sinn,| is met, the phase parameter ¢o can be adjusted
so that the quantum system satisfies both the cyclic and the parallel evolution condition throughout the
entire evolution process. The improvement of the path-shortening scheme is that it relaxes the restriction
of ¥;9; = m in the previous scheme to X;¥; < m, thereby shortening the evolution path of the system
and reducing the operation time of the quantum gate.

Subsequently, a general way to construct NHQC is proposed [58] via inverse engineering. This method
can be used to construct the Hamiltonian that implements arbitrary L-dimensional holonomic quantum
gates. To implement an L-dimensional holonomic gate, we select a set of auxiliary vectors {|ux ()}t
that satisfy the cyclic condition |u(0)) = |ux(7)), and set the Hamiltonian of the system to be

L

He(t) = |3 (aal®) fonsa ()i () i ()] + Hee:

+ {i{prr () o (8)) = SO | lupar (B) (posa (B)], (16)
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Figure 4 (a) Evolution paths of different gates for the S-NHQC scheme, where the dashed line is the evolution path of the T gate,
and the solid line is the evolution path of the S gate and the vV H gate. (b) The comparison of the z-axis-rotation gate time-costs
as a function of rotation angles. Reproduced with permission [59]. Copyright 2022, American Physical Society.

where ((t) is a time-dependent real function with ¢(0) = 0. In this case, the subspace Sp(t) =
Span{|¢x(t))}-_, spanned by solutions of the Schrédinger equation can readily fulfill the cyclic and
parallel transport conditions, where |¢g(t)) are solutions of the Schrédinger equation with initial con-
dition |¢(0)) = |ux(0)). By denoting the computational subspace as Sr,(0) = Span{|¢y(0))}5_,, the
evolution operator U(7) = Texpli [ A(t)dt] acting on the computational subspace is a path-dependent
holonomic gate, with A;;(t) = i(u;(t)|fz;(t)). The structure of the auxiliary vectors {|ux(t))}rt] dictates
the path of evolution in the parameter space. This implies that there are multiple paths for the same
rotation operation. It is noteworthy that these paths need not necessarily traverse the South Pole, which
distinguishes it from the single-loop scheme and is also crucial for path optimization.

We recently constructed the shortest-path NHQC (S-NHQC) scheme [59], as shown in Fig. 4, where
the path is a circle in the parameter space. To create arbitrary single-qubit gates, we choose a set of
auxiliary vector as

0 0
|1 (t)) = cos §|O> + sin 56“"|1>,
= o A0 (G O e 0 in 20 is)
|pa(t)) = cos 5 (Sll’l26 |0) cos2|1)) + sin 5 € le),
lus(t)) = sin ?e‘iﬂ(t) (SinZe_wm - COS§|1>) — cos @k), (17)

where 0, ¢ are time-independent parameters used to define the rotation axis. «(t), 8(t) denote the time-
dependent polar angle and azimuthal angle of a spherical coordinate system, with a(7) = «a(0) = 0.
The subspace Sp,(0) = Span{|u1(0)), |2(0))} denotes the computational space, and |us(t)) serves as an
auxiliary vector. From Eq. (16) we can derive
H(t) = A@)]e)(e] + {2s()e BNy (0)) (e| +H.c.}
(18)

with

At) = —B(t) [1+cosa(t)], Qs(t) = 1\/ [B(t) Sina(t)r +a2(t),
X(t) = arctan {d(t) / [,B(t) sina(t)} } . () = %B(t) [3 + cosa(t)]. (19)

To generate the nonadiabatic holonomic gate with the shortest path, we provide a general set of
parameter forms of «(t) and S(t) that can be used to create a circular path, i.e.,

B(t) = By + 1 sin’ (;’f) . at) = 2arctan[¢sin(8(t) — Bo)), (20)
with £ = /2wy —4%/(m — 7), and the geometric phase v = [/ B(t)[1 — cos a(t)]dt/2. The circular paths
of different holonomic gates are shown in Fig. 4(a), it can be observed that the smaller the rotation angle,
the shorter the circular evolution path. In addition, as depicted in Fig. 4(b), the smaller the rotation
angle, the shorter the evolution time. Benefiting from the shortened evolution path, the robustness of
the gates here are also improved compared to the SL-NHQC, as demonstrated in Fig. 5.
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4.3 NHQC based on shortcuts to adiabaticity

While NHQC speeds up gate operations compared to adiabatic HQC, it lacks robustness to systematic
errors and requires more precise control in experiments. To tackle these problems, researchers suggested
the shortcut to adiabaticity (STA) based NHQC [61-66, 68, 73, 81, 145, 146].

Shortcut to adiabaticity based on transitionless driving technique is to seek a transitionless Hamiltonian
that can drive the system to evolve accurately at any desired rate along the adiabatic channel. The
transitionless driving Hamiltonian can be written as [62]

Hy = Hio+ Ho =Y Eul@i) (el +i Y (160 0k = (@Rl em) (@f']), (21)
n,k n,k,l

where Hy = 3, Bal@i) (i} | is the target Hamiltonian, Hy = i3, (1600 {eh] — (el (op]) is
the extra Hamiltonian term that enables the dynamical evolution of the system to proceed entirely along
an adiabatic channel driven by Hy. |p}) are a set of degenerate eigenstates of Hamiltonian Hyy, with
the corresponding eigenvalues F,,.

When a generic system of four bare states is considered [62], in the interaction picture, the Hamiltonian
is Hyp = Qole) (feol0] + fer (1] + fe2(2]) + H.c., where f.; are the time-dependent control parameters for
transitions between |k) <> |e) (kK =0, 1, 2). The qubit information is stored in the dark state subspace to
prevent any dynamical contribution, and the adiabatic holonomic quantum gate can be obtained through
the implementation discussed in [11]. To speed up the adiabatic evolution, an additional Hamiltonian term
H;, is added to the target Hamiltonian Hyy. Specifically, when constructing the phase-shift gate Up =
exp(i71]1)(1]), the Hamiltonian can be rephrased as Hyg = Q|e)(— sin(6/2)exp(ip)(1|+cos(0/2)(2])+H.c..
The shortcut to this phase-shift gate is realized by adding an extra Hamiltonian term Hy;. To simplify
the form of Hy, we divide the evolution process into three steps, resulting in an “orange slice” path
on the parameter sphere. In the first step, the evolution path starts at the North Pole and follows the
longitude to the South Pole. We choose ¢ = 0 and Hy; = 9/2|2><1| + H.c., so H; = Hyy + Hy1 becomes
a A-like Hamiltonian. In the second step, we keep 8 = m while varying ¢ from 0 to 1, creating a total
Hamiltonian that is just a transition between |e) and |1) with detuning ¢. Finally, we keep ¢ constant
and return to the North Pole along the longitude. In this case, the total Hamiltonian is of the same form
as the first step. Due to the additional Hamiltonian term Hy;, the evolution can proceed rapidly along
the dark state channel without having to satisfy the adiabatic condition.

The STA-based NHQC has been demonstrated experimentally [67] in a three energy levels system with
a superconducting qubit in a scalable architecture. In their scheme, all single-qubit holonomic gates can
be achieved nonadiabatically through a single-loop evolution. Characterized by QST, the fidelities of the
X, H, and X (7/2) gates were found to be Fx = 96.6 +£0.8%, F'y = 97.6+ 1%, and Fx(/2) = 96.4+ 1%,
respectively. The errors were attributed to higher energy level contributions, decoherence, and control
pulse errors.
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5 Enhancing the Robustness of holonomic gates

As outlined in the above section, the holonomic gate fidelity can be improved through the time-optimal
technique and short-path schemes, but these schemes only slightly increase the gate robustness against
error. To enhance the gate robustness, optimization methods such as pulse shaping, composite pulse, and
dynamical corrected can be used. However, these schemes come at the cost of increased evolution time,
leading to a decrease in maximum achievable fidelity. The NHQC with composite dynamical decoupling
scheme, based on the shortest path, can be an alternative that significantly improves both fidelity and
robustness.

5.1 NHQC with encoding

Quantum computation will inevitably suffer from noises, making it difficult to scale up in experiments. To
overcome this constraint, error correction and fault tolerance strategies are crucial for achieving scalable
quantum computation in the future. One effective approach is the combination of NHQC with DFS which
protects quantum gates from both manipulation errors and decoherence [20, 23, 27, 29-31]. We consider
a quantum system interacting with the environment and the total Hamiltonian is

Hsp=Hs®Ip+1s® Hp + Hj, (22)

where Ig and Ig are the identity operator of quantum system and its environment, Hg and H g represent
the Hamiltonian of the system and the environment, respectively. The interaction Hamiltonian between
the quantum system and its environment is represented by Hy =" S, ® B,, with S, and B, being the
operators for the system and environment. We suppose that there is an eigenspace S = Span{|¥x)}r_;
spanned by the degenerate eigenstates, and Sy|vx) = Aa|tk), Hs|tr) € S. Therefore, the quantum
state starting from S will not be affected by environmental noise, i.e., S is a decoherence-free subspace.
Furthermore, if an L-dimensional subspace S* = Span{|y;)}f_, (S* C S) exists and satisfies both the
cyclic evolution condition and parallel evolution condition, a nonadiabatic holonomic gate acted on this
subspace can be constructed by encoding the qubit within S*.

It was first proposed to combine DFS with NHQC in Ref. [20]. The quantum system there consists of
N physical qubits interacting with a phase-shifting environment. The system Hamiltonian is

N
Hy = 5 Y ii(oiof +olo)) + Jiy(oto} — o), (23)
k<l

where Ji and J}, are controllable coupling constants between qubits, the first and second terms are XY
and Dzialoshinski-Moriya interaction terms, respectively. off (a = x,y,2) is the Pauli operator that
operates on the kth qubit. The interaction between the system and the environment is described by
the Hamiltonian H; = (X,0%) ® B, where X0} is the collective spin operator for the system, and B is
the corresponding operator for the environment. For a system with three physical qubits, the subspace
S = Span{|100), |010), |001)} is a three-dimensional DFS. We can choose S* = Span{|010),]001)} to be
the computational space and denote the logical qubits as |0);, = |010) and |1);, = |001). The remaining
vector |100) acts as the ancillary qubit. The parameters of Hamiltonian are set as

iy = —Ji3 = J(t) cos(¢/2), Jiy = Ji3 = —J(t)sin(¢/2). (24)

When fOT J(t)dt = 7/y/2 is satisfied, the evolution operator acting on the computational space is a
nonadiabatic holonomic gate. However, this approach requires using two non-commuting one-qubit gates
to achieve an arbitrary one-qubit gate, which results in a long evolution time. To shorten the evolution
time, researchers combined the use of DFS and a single-loop implementation to construct the nonadiabatic
holonomic gate within one loop in various physical systems [31, 53, 69-77, 147], such as superconducting
circuit, quantum dots, trapped ions, nitrogen-vacancy centers, cavity QED, etc.

Aside from the DFS, other quantum error-correcting codes have been designed to protect stored quan-
tum information from noise and decoherence. The binomial code is particularly important in correcting
the dominant photon-loss errors in bosonic modes [148]. To make the quantum computation solutions
more resistant to collective decoherence, one can combine the HQC with passive protection methods such
as noiseless subsystems [25]. Additionally, surface codes are considered promising candidates for achiev-
ing large-scale, fault-tolerant quantum computation and have been used to protect holonomic quantum
gates [149-151].
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5.2 NHQC with pulse shaping

It is found that one can design target pulse-shaping NHQC (PS-NHQC) that satisfies both experimental
requirements and enhances the robustness of the proposed scheme. And, the NHQC scheme based on
pulse shaping has been successfully demonstrated experimentally [67, 141, 152, 153].

Pulse shaping is often applied to the Hamiltonian acquired through reverse engineering to enhance its
robustness to systematic Rabi error [79, 80, 82, 85]. The Hamiltonian under consideration has parameters
that must be determined, in the same form as presented in Eq. (12), that is,

Hyo(t) = Qps(t)e oM b) (e| + H.c., (25)

while the phase ¢¢(t) is time-dependent. The evolution states that fulfill the Shrédinger equation and
are spanned by {|b),|e)} can be described by using two time-dependent angles, x(t) and ¢(t), and a
time-dependent global phase, i.e.,
; £() - o(t ot
Wp()) = e 5 (e cos X)) + &% sin[ W] fe) ) . (26)

By solving the Shrédinger equation W, (t)) = Hps(t)|¥,s(t)), the relationships between the parameters
can be obtained as

f(t) = =p(t)/ cosx(t), X(t) = —29s(t) sin[p(t) + do(1)],
P(t) = —2(t) cot x(¢) cos[p(t) + do(t)]- (27)

In particular, when x(¢) satisfies the cyclic condition x(0) = x(7) = 0, the evolution state will accumulate
a phase factor that includes both the geometric and the dynamical components after a periodic evolution.
Thus, the holonomic gate can be acquired by eliminating the dynamical phase. Furthermore, the pulse
shape of Q,,5(¢) is determined by the free parameters f(¢) and x(¢), so we can design a special pulse shape
to suppress the influence of noise or error by choosing appropriate parameters.

For the Rabi error, i.e., Q,5(t) = (1 4 €)$2,5(t), the excitation profile at the end of the first interval is

2

T/2 )
P, = y<x11ps(7/2)|x11;5(7/2)>|2 ~1—¢ / e~ xsin? ydt| | (28)
0

with 7 being the total time of the evolution. This shows that the gate is resistant to first-order of Rabi
error. To make it even more robust, we establish x(t) = 7wsin®(nt/7), f(t) = ¢[2x — sin(2x)], thus

P, ~ 1 —é%sin®(sm)/(26)2. (29)

Hence, for a positive integer ¢, we can achieve P. = 1, which eliminates the influence of the second-order
systematic Rabi error completely. However, under the limit of a certain maximum of pulse amplitude,
¢ = 1 corresponds to a very long evolution time, which will lead to a significant effect of decoherence
and reduce the gate-fidelity. Therefore, we need to determine the optimal value of ¢ to strike a balance
between fidelity and robustness.

The optimal control of this pulse shaping has been confirmed in trapped ion system [152], where they set
¢ = 1/5. The performance of the implemented holonomic single-qubit quantum gates was characterized
using the interleaved RB method, and the resulting fidelities were Fx = 99.10%, Fy = 98.90%, Fr =
99.20%, and Fs = 99.10%, respectively. The study also demonstrated the robustness of the optimized
gates to Rabi error. The pulse shaping NHQC exhibited much greater robustness compared to the
conventional SL-NHQC scheme and even surpassed the dynamical scheme in this aspect.

5.3 NHQC with composite pulse

The composite NHQC (C-NHQC) is a simple and effective method to suppress the influence of Rabi
error, especially for large-angle rotation operations [87, 88]. The central idea of the composite scheme is
to take U(v/N, 0, ¢) as an elementary gate with rotation angle of v/N, and then the target gate U(~, 6, ¢)
is achieved by consecutively applying N of these elementary gates, causing the accumulated geometric
phase to be v, i.e., [U(y/N,0,8)]N = U(y,0,¢). Here v is the rotation angle, and 6 and ¢ are used to
determine the rotation axis.
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Figure 6 Experimental gate distances to the Rabi error e for single-qubit holonomic NOT and Hadamard gates in the single-loop
scheme and in the composite scheme with N = 2. Adapted with permission [88]. Copyright 2019, American Physical Society.

It is experimentally verified that [88] the C-NHQC scheme is indeed more robust compared to the
single-loop scheme when it comes to Rabi error, as illustrated in Fig. 6. They construct the holonomic
NOT gate and Hadamard gate with two loops (N = 2), and the corresponding evolution operator were
NOT = [U(n/2,7/2,0)]? and H = [U(n/2,7/4,0)]?, respectively. The abnormal behaviors of NOT
gates within a small systematic Rabi error range mainly come from the imperfect state preparation and
measurement which accounts for the dominant error when the Rabi error is small.

Even though the composite pulse enhances robustness against Rabi frequency error, it also prolongs
the evolution time. This is because the evolution time for each cycle remains the same, regardless of
whether the rotation angle is large or small. For instance, when N is 2, U(v,0,¢) = [U(3,0, #)]?, the
composite scheme requires twice as much evolution time compared to the single-loop scheme. This makes
the system more vulnerable to environment-related decoherence. This is why the composite scheme has
lower fidelity compared to the single-loop scheme when the decoherence is taken into account.
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Figure 7 Schematic diagram of the evolution paths for holonomic quantum gate. The evolution path of the single-loop NHQC
scheme is shown in (a) for the ideal case and in (b) for the case with the Rabi error. The evolution path of the DC-NHQC scheme
is shown in (c) for the ideal case and in (d) for the case with Rabi error. As demonstrated in (d), the Rabi error can be effectively
corrected by the dynamic correction. Reproduced with permission [89]. Copyright 2021, American Physical Society.

5.4 NHQC with dynamically correction

With the same purpose as pulse shaping and composite pulse optimization, dynamically corrected NHQC
(DC-NHQC) [89-91] is also an optimization method that improves the gate robustness. The idea of DC-
NHQC is illustrated in Fig. 7. Figure 7(a) illustrates the evolution path of the conventional single-loop
NHQC without interference from errors. In the absence of noise, the path of the evolution state in the
parameter space travels from the North Pole to the South Pole and then returns to the North Pole after
passing through a phase change at the South Pole. However, when there is systematic Rabi error present,
as expressed by HG.(t) = (1 + €)H(t), where € is the error fraction and Hy(t) is the same form as
Eq. (12), the evolution path is no longer a perfect orange-slice path, as shown in Fig. 7(b). In this case,
when the systematic Rabi error is small, i.e., € < 1, the gate fidelity drops from perfect unity to [89]

F:l—%(%f(l—cosyg), (30)

where 7, is the pure geometric phase. Thus, due to the Rabi error, and the trajectory of the evolution
can not precisely return to the North Pole in the single-loop NHQC scheme.
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Figure 8 (a) The symmetrical evolution path of the T gate obtained by using the simplest composite dynamical decoupling pulse
with N = 2. The performance of the T gate optimized with different pulse sequences, where (b) represents the population of the
excited state, and (c) depicts the gate fidelity as a function of decoherence. The comparison with the un-optimized S-NHQC scheme
(blue lines), where (d) represents the gate infidelity with respect to systematic Rabi error, and (e) represents the gate infidelity
with respect to detuning error. Reproduced with permission [59]. Copyright 2022, American Physical Society.

To suppress the influence of systematic Rabi error through dynamical correction, we interpolate two
dynamical processes at the halfway point of each half-evolution path. The sum of dynamical phases in
these two processes is zero. The first dynamical process is governed by the Hamiltonian

Hi(t) = (1 + €)Quae(t)e T2 b (] + Hec., (31)

which is inserted at time 7'/4 with f,ﬁﬂ * Qac(t)dt = w/2. The Hamiltonian

Ho(t) = (14 €)Qqe(t)e @079 =7/2)|p) (e| + H.c. (32)
with f;g/ 44 Qqc(t)dt = 7/2 is inserted at 57'/4 to drive the second dynamical process. The trajectory on
the Bloch sphere is depicted in Fig. 7(c) without Rabi error and Fig. 7(d) with Rabi error, respectively.
In this case, despite the presence of Rabi error in all the processes, the trajectory can still approximately
return back to the North Pole. The gate fidelity is calculated to be

1 4

F.=1-—- (ﬂ) (1 —cosny), (33)
2\ 2

indicating that the dynamical correction can suppress the error to the fourth-order perturbation, which

greatly enhances the robustness of the Rabi error.

5.5 NHQC with composite dynamical decoupling

The environment-induced decoherence is one of the obstacles to the realization of high-fidelity and robust
quantum gates. Dynamical decoupling [154] can effectively reduce the impact of decoherence by reversing
the evolution of the quantum system through the use of control pulses at specific times, which can be ap-
plied [57, 78] to the NHQC. The physical system under consideration consists of N qubits, and the interac-
tion between the system and the environment is determined by the Hamiltonian Hy = ),  of @By, where

i is the environment operator corresponding to the Pauli operator of (a = z,y, 2) in the kth qubit. The
impact of environment-induced decoherence can be suppressed through the use of dynamical decoupling
with a decoupling sequence of the decoherence-suppressed being {®~_, I}, @0, @ 0V, @N 07}
However, this decoupling sequence may interfere with the evolution of the quantum system. To make
the decoupling sequence compatible with the system evolution, we chose a Hamiltonian of the form ooy
(k,j=1,2,...,N) to implement NHQC.
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However, the traditional dynamical decoupling method requires the addition of fast and strong de-
coupling sequences, which can lead to control errors. To address this issue, we proposed a composite
dynamical decoupling NHQC (CDD-NHQC) scheme[59], which does not require the addition of external
field control. According to the cyclic and parallel transport conditions, the Hamiltonian of the single-
qubit holonomic gate obtained through inverse engineering is the same as in Eq. (16). To decouple the
gate implementation from the environment, the system evolution is divided into N segments, resulting
in U(y) =Un(y/N)---Us(y/N)Ui(y/N). By setting fy in all even-numbered pulse sequences to 5y + ,
the evolution paths are symmetrical about the North Pole on the Bloch sphere, and thus effectively
suppressing decoherence.

Figure 8(a) shows the evolution paths of the T gate when N = 2, and Fig. 8(b) demonstrates that
the population of the excited state |e) decreases as the number of pulse sequences N increases, reducing
decoherence, see Fig. 8(c). Additionally, the CDD-NHQC scheme can enhance the robustness of sys-
tematic Rabi error and detuning error. As shown in Figs. 8(d) and (e), the robustness of the T gate to
detuning error becomes stronger with increasing NV, while the robustness to Rabi error reaches saturation
at N = 2.

6 Discussions and conclusions

6.1 Gate performance for different optimal strategies

As discussed in the above, various optimized schemes are devoted to improving the gate-fidelity and
enhancing the robustness against errors. Here we compare the robustness of the S gate for recently
proposed optimization schemes, using an ideal three-level A system, the detailed parameters for each
scheme are shown in Table 1. We introduce the systematic Rabi error, i.e., Q@ — (1 + ¢€)Q2, and the
detuning error n€|e)(e|, where € and n are Rabi error rate and detuning error rate, and (2 is the average
value of the Rabi frequency. The performance of different schemes can be evaluated by the Markovian
master equation in the Lindblad form

p= =il + 5 3 TiLiey), (34)

where p is the density matrix of the quantum system, H;(¢) is the corresponding Hamiltonian in various
schemes, and L(A) = 2ApA — ATAp — pATA is the Lindbladian operator with o_ = |0)(e| + |1){e| and
o, = le){e] — [1)(1] —]0)(0|, I'_ and T", represent the decay and dephasing rates, respectively.

As illustrated in Fig. 9(a), the TO-UNHQC scheme (black line) performs better in terms of resisting
decoherence since it achieves gate operation in the shortest time. However, the S-NHQC (dotted cyan
line) and CDD-NHQC (blue line) schemes are more resilient to decoherence, with CDD-NHQC showing
the best results, despite the fact that they require longer evolution times than TO-UNHQC. We believe
that the ability of S-NHQC and CDD-NHQC schemes to resist decoherence is due to the lower population
of excited states compared to the other schemes, as shown in Fig. 4 and Fig. 8(a). Although the CDD-
NHQC method has a long evolution time, it exhibits strong resistance against environment-induced
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Table 1 Parameters for quantum gates with different optimal strategies.

Scheme Hamiltonian Pulse shape Phase Pulse area
- =0, teo,T/2],
SL-NHQC  Eq. (12) Q=0 ¢o €10,7/2]
¢o = —7/2, t € [T/2,T).
Qps(t) = /0% + Q2
QR:cosgpsinxffsintp)'(, gb:—fcosx,
Q; = si i f Y 0) =—7/2,
PS-NHQC  Eq. (25) 1 = sinsinxf + cos px, ©(0) = —m/ 2,167
X = 7rsin2[7rt/(2'r)] ©(T/2) = —m,
= [2x — sin(2x)], tan ¢o = Q1 /Qr,
S Qpa(t)dt/T = Q
b0 =0, t€[0,T/2],
~ =-—n/4, t € [T/2,T],
C-NHQC Eq. (12) Qe =0 2 w/ (T/2,T) o
¢o =0, t e [T,3T/2],

o = —m/4, t € [3T/2,2T).

¢o =0, t € [0,T/4],

b0 =m/2, t € [T/4,3T/4],

o, ¢’O = O; te [3T/47 T]7

DC-NHQC Egs. (12), (31), (32 Qge =Q 2
Q ags. (12), (31), (32) d ¢o =w/2, t € [T,5T/4], "
¢o = —m, t € [5T/4,7T/4],

¢o =m/2, t € [TT/4,2T).

TO-UNHQC Eq. (15) Qr =0 ¢ =mnt/T 0.437

B8 = wsin?(wt/2/7),

Qelt) = - 2 2 /o a = 2arctan[lsin 8 — Bo],

S-NHQC Eq. (16) { ‘fw(g) ; dt[f;i(é +a2/ 1= 2ny —72/(x — ), 0.87n
o Qs(t) - x = arctan{c/[Bsin o]},

v =7/2,

B = Bo + wsin®(wt/2/7),

a = 2arctan[lsin 8 — Bo],

. y L= 2mny—=~7/(m =),
CDD-NHQC Eq. (16) Qop(t) = /I8 smoi]Q +a2/2 X = arctan{d/[,é’ sinal}, 1.327
JE Qep(t)dt/T = Q By = 0.t € [0.T]
o =0, , T,

Bo = m,t € [T,2T],
y=m/4,

decoherence by decoupling its dynamics from the environment. For systems where decoherence is the
main source of error, we can improve fidelity by increasing the number of dynamical decoupling pulse
sequences. Conversely, the C-NHQC, PS-NHQC, and DC-NHQC optimization methods are susceptible
to decoherence because of their longer evolution time.

Figure 9(b) depicts a comparison of the robustness of various optimization schemes against Rabi error.
Among these schemes, the PS-NHQC (green line) and DC-NHQC (magenta dot-dashed line) focus on
enhancing the robustness of the systematic Rabi error. As anticipated, they exhibit outstanding resistance
to Rabi error. The C-NHQC (yellow line) is also an optimization scheme for fortifying against Rabi error,
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but its effectiveness is not as potent as that of PS-NHQC and DC-NHQC. Nonetheless, it is crucial to
note that decoherence is an inevitable factor in real physical systems, which causes the robustness curves
of PS-NHQC, DC-NHQC, and C-NHQC to decline, particularly for the DC-NHQC scheme. This implies
that high fidelity is compromised in exchange for increased robustness against systematic Rabi error.
Achieving satisfactory results necessitates considering the trade-off between various factors in a physical
implementation. In general, the CDD-NHQC optimization is a sound choice as it balances high fidelity
and robustness. Additionally, it is evident from Fig. 9(b) that irrespective of the optimization technique
employed, resistance to systematic Rabi error is improved to some degree in comparison to the traditional
SL-NHQC scheme (red line).

The robustness to detuning error is demonstrated in Fig. 9(c). The CDD-NHQC optimization surpasses
other solutions and is the optimal option for mitigating detuning error. For physical systems where the
detuning error is the main source of errors, dynamical decoupling pulse sequences can also be increased
to enhance robustness while enhancing maximum fidelity. Except for the CDD-NHQC, S-NHQC, and
TO-UNHQC optimization methods, the robustness of other optimization methods to detuning error is
inferior to the traditional SL-NHQC method. As different physical systems have distinct primary sources
of error, it is preferable to select appropriate optimization procedures based on specific requirements.

6.2 Conclusion

In the theoretical design of NHQC, researchers simplified the original two-loop scheme to a single-shot
scheme, decreases the exposure time of holonomic gates to decoherence. Later, researchers replaced
the single-shot solution, which necessitated non-resonant laser pulses, with a single-loop multiple-pulse
solution to overcome the limitations of square pulses and limited-rotation-angle. The traditional NHQC,
which eliminates the dynamical phase, was subsequently extended to unconventional NHQC, in which
the dynamical phase is retained but proportional to the geometric phase. Later on, the cyclic evolution
condition was relaxed, and noncyclic NHQC emerged. More recently, NHQC has been developed beyond
the three-level setting. In short, NHQC represents a promising direction for the development of quantum
computation and has the potential to offer significant advantages over conventional methods.

6.3 Perspectives

While much work remains to be done to fully realize the potential of NHQC, the progress that has been
made so far is very encouraging and holds great promise for the future. Since it was first discovered,
HQC has experienced remarkable growth. It has evolved from the early adiabatic case to NHQC, and
then to the current stage of optimized NHQC. NHQC inherits geometric characteristics while combining
speed with universality, and becomes a promising quantum control solution that has been demonstrated
on various physical platforms. However, quantum computation based on geometric manipulation requires
longer computing time and a more complex physical implementation process than traditional dynamical
schemes, making it challenging for NHQC to surpass the dynamical scheme and hindering its wide
adoption. Therefore, the development of NHQC schemes that are comparable to the dynamical scheme
is crucial for making NHQC widely applicable.

The objective of NHQC optimization is to achieve high-fidelity and robust quantum gates. Certain
optimization schemes focus on speeding up the evolution and enhancing fidelity, such as TO-UNHQC and
S-NHQC. Others aim to improve robustness to Rabi error, such as PS-NHQC, C-NHQC, and DC-NHQC.
There are also optimization schemes that improve both fidelity and robustness, such as CDD-NHQC.
However, the source of errors in quantum systems is complex, and NHQC is susceptible to errors that
can impact both the evolutionary path and the path integral. Therefore, one of the most concerning
issues in this field is how to combine NHQC with other noise resistance schemes and error correction
technologies in quantum information processing to develop a scheme that can resist a variety of errors.

Current experimental research is primarily focused on superconducting circuits, nitrogen-vacancy cen-
ters, NMR, and trapped ion systems. Looking ahead, other physical systems such as nanophotonics and
Rydberg atoms may also become relevant. While experimental fidelities of single-qubit holonomic gates
can exceed 0.99, the fidelities of two-qubit gates remain low, which is insufficient for realizing large-scale
quantum computation. The primary reason is due to crosstalk between qubits and leakage from com-
putational subspace to non-computational subspace. Additionally, energy relaxation and dephasing of
qubits can also contribute to infidelity. Thus, the most significant challenge facing NHQC is to achieve
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high-fidelity two-qubit holonomic gates. This is also an urgent problem faced by both geometric quantum
computation and dynamical quantum computation.
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