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Abstract

By using transitionless quantum driving algorithm (TQDA), we present an efficient scheme for the
shortcuts to the holonomic quantum computation (HQC). It works in decoherence-free subspace
(DFS) and the adiabatic process can be speeded up in the shortest possible time. More interestingly, we
give a physical implementation for our shortcuts to HQC with nitrogen-vacancy centers in diamonds
dispersively coupled to a whispering-gallery mode microsphere cavity. It can be efficiently realized by
controlling appropriately the frequencies of the external laser pulses. Also, our scheme has good
scalability with more qubits. Different from previous works, we first use TQDA to realize a universal
HQC in DFS, including not only two noncommuting accelerated single-qubit holonomic gates but
also a accelerated two-qubit holonomic controlled-phase gate, which provides the necessary shortcuts
for the complete set of gates required for universal quantum computation. Moreover, our
experimentally realizable shortcuts require only two-body interactions, not four-body ones, and they
work in the dispersive regime, which relax greatly the difficulty of their physical implementation in
experiment. Our numerical calculations show that the present scheme is robust against decoherence
with current experimental parameters.

1. Introduction

Quantum computation (QC), which permits unitary operations on qubits, has attracted considerable attention
in recent years [ 1]. Many interesting theoretical schemes have been proposed for universal quantum logic gates
in various quantum systems, such as trapped ions [2], atom-cavity systems [3], photons [4, 5], quantum dots [6],
circuit quantum electrodynamics [7], and so on. In experiment, there are stochastic control errors during the
gate operation and the collective noise caused by the interaction between a quantum system and its ambient
environment. To suppress the former, Zanardi and Rasetti [8] introduced the holonomic quantum computation
(HQC) which is based on the adiabatic non-abelian geometric phases (holonomies) in 1999. The advantage of
HQC is that it depends only on the global geometric properties of the evolution in parameter space, but
resilience of the local noises and fluctuations [8, 9]. In 2001, Duan et al [10] proposed an interesting scheme for
adiabatic geometric QC in trapped ions. Subsequently, much effort was made on nonadiabatic geometric QC
[11-21] and unconventional geometric QC [22—24]. These holonomic quantum gates are more robust than the
conventional ones. Interestingly, the nonadiabatic geometric QC were demonstrated in several physical systems
by some groups. For example, in 2013, Feng, Xu, and Long [25] experimentally realized the nonadiabatic HQC
in aliquid NMR quantum information processor for the first time, including one-qubit holonomic gates and the
two-qubit holonomic controlled-not gate. Meanwhile, Abdumalikov et al [26] realized firstly the nonadiabatic
holonomic single-qubit operations on a three-level transmon qubit. In 2014, two groups [27, 28] demonstrated
the nonadiabatic holonomic quantum gates in diamond nitrogen-vacancy (NV) centers.

©2016 IOP Publishing Ltd and Deutsche Physikalische Gesellschaft
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The decoherence-free subspace (DFS) [29-31] of a quantum system can protect the fragile quantum
information against collective noises as the system undergoes a unitary evolution in its DES. It has been
demonstrated that DFS can be implemented experimentally with different physical systems [32—34]. In 2005,
Wu et al [35] presented a theoretic scheme by combining the HQC and DES to perform universal QC. By making
the dark states of the Hamiltonian of a quantum system adiabatically evolve along a closed cyclic loop, one can
acquire a Berry phase or quantum holonomy. In 2006, Zhang et al [36] and Cen et al [37] gave two schemes for
HQC with DFS in trapped ions. In 2009, Oreshkov et al [38] introduced a scheme for fault-tolerant HQC on
stabilizer codes. The adiabatic evolution for HQC requires along run time. To eliminate this dilemma, Berry
[39] came up with a transitionless quantum driving algorithm (TQDA), which is also outlined in slightly
different manner by Demirplak and Rice [40, 41], to speed up the adiabatic quantum gates when the eigenstates
of atime-dependent Hamiltonian are non-degenerate in 2009. Later, this transitionless algorithm has been
gained widespread attention in both theory and experiment [42—47].In 2010, Chen ef al [42] used the TQDA to
speed up adiabatic passage techniques in two-level and three-level atoms extending to the short-time domain
their robustness with respect to parameter variations. In 2012, Bason et al [46] experimentally implemented the
optimal high-fidelity transitionless superadiabatic protocol on Bose-Einstein condensates in optical lattices. In
2013, Zhang et al [47] implemented the acceleration of quantum adiabatic passages on the electron spin of a
single NV center in diamond. As for the degenerate case, Zhang et al [48] generalized TQDA to show the
adiabatic shortcuts to holonomic gates without DES. In 2015, Pyshkin et al [49] showed that the conventional
HQC can be accelerated by using external control fields.

Recently, the diamond NV center coupled to a quantized whispering-gallery mode (WGM) of a fused-silica
high-Q microcavity has been extensively investigated in quantum information. On one hand, an NV center in a
diamond has long electron-spin coherence time even at room temperature [50], and it is easy to manipulate,
initialize, and readout the quantum state on the NV center via the external laser and microwave field [27, 28]. On
the other hand, a microcavity can attain a ultrahigh Q factor ( >108 even up to 10'®) with a very small volume
[51, 52]. Taking advantage of the exceptional spin features of NV centers and the ultrahigh-Q factor of
microsphere cavity, Park et al [53] observed the normal mode splitting in this cavity QED system in 2006.
Afterward, some interesting schemes for high-fidelity entanglement generation between separate NV centers
and other quantum information tasks have been proposed [54-57]. In 2010, Yang et al [ 54] proposed a scheme
for generating the W state and Bell state in this nanocrystal-microsphere system. In 2015, Ren et al [56] presented
the dipole induced transparency of an NV center embedded in a photonic crystal cavity coupled to two
waveguides and designed two universal hyperparallel hybrid photonic quantum logic gates. Liu and Zhang [57]
proposed two efficient schemes for the deterministic generation and the complete nondestructive analysis of
hyperentangled Bell states, assisted by the NV centers coupled to microtoroidal resonators.

In this paper, we propose an efficient scheme to speed up the adiabatic holonomic quantum gates in DFS by
using TQDA. This proposal takes advantage of the fault tolerance of HQC and coherence preserving virtues of
DFS to protect quantum information from local fluctuations and collective noises. The TQDA makes the
adiabatic holonomic quantum process be accelerated in the shortest possible time. In addition, we present a
feasible physical implementation of this protocol with diamond NV centers dispersively coupled to a quantized
WGM of a microsphere cavity. We can achieve the shortcuts to adiabatic HQC in DES by tuning the frequencies
of the external laser field, which simplifies the operation procedure largely. Our scheme is scalable as it can be
straightforwardly applied to HQC with multiple qubits. Different from previous works, we use TQDA to realize
auniversal HQC in DFS, including both two noncommuting accelerated single-qubit holonomic gates and a
accelerated two-qubit holonomic controlled-phase (CP) gate. This provides an efficient route for shortcuts to
adiabatic HQC in DFS. Moreover, the present proposal requires only two-body interaction, not four-body ones,
which largely reduces the experimental challenge. With a virtual photon process, the cavity decay is greatly
suppressed. Our numerical calculations show that this scheme can reach a high fidelity with current experiment
parameters, and it exhibits the robustness of the HQC.

2. Basic theories

Let us give a brief review of TQDA for a general quantum system with an arbitrary time-dependent Hamiltonian
Hy (¢). If the initial state is in one of the eigenstates of the Hamiltonian Hy (t), the quantum adiabatic theorem
guarantees that the system remains approximately in this eigenstate when the time evolution is sufficiently slow.
Due to the long runtime required for adiabatic evolution, it will bring in the extra loss of coherence and
spontaneous emission of the quantum system. In 2009, Berry [39] introduced an optimized quantum algorithm,
i.e., TQDA, to speed up the adiabatic process. Actually, the main idea of TQDA is that if the adiabatic
approximation for the evolution operator of a given quantum system is specified, one can find another
Hamiltonian H(f) which can generate the equivalent unitary transformation in a shortest possible time. In the
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Figure 1. (a) Schematic diagram for Nidentical NV centers locating around the equator of a fused-silica microsphere cavity. (b) The
energy-level configuration foran NV center, where A; and ¢; are the detunings, Gjand ), ; are the coupling strength between an NV
center and a quantized WGM of the microsphere cavity and that between an NV center and the external laser field, respectively. Here,
the states |°A, m; = 0), |°A, m; = —1) and |°E, m, = 0) are encoded as the qubit states |0), |1), and |e), respectively.

TQDA, the Hamiltonian H(#) drives the evolving states following the selected instantaneous adiabatic eigenstates
of Hy (t) exactly without undergoing transitions, while there is no limitation to the adiabatic theorem. The
Hamiltonian H(¢) can be divided into two parts: one is the fundamental Hamiltonian Hy(¢) for adiabatic
evolution, and the other is the additional Hamiltonian H; (¢) which can suppress the transitions of the system
due to the rapid evolution. In theory, the TQDA ensures that the state of the quantum system remains in the
eigenstate of the Hamiltonian Hj (¢) invariable for all time. This reveals that the adiabatic evolution can be
accelerated close to the quantum speed limit by using the TQDA [46].

More specifically, considering the fundamental Hamiltonian Hy (¢) of the quantum system has the non-
degenerate instantaneous eigenstates |7 (¢) ) with corresponding eigenvalues E, (1), in the adiabatic
approximation, one could write the state evolution of the system by

10,(1)) = exp { —ifoth,,(t) —fodt (n(t|n (") }ln(t)). (1

By employing the reverse engineering approach described in [39], the driving Hamiltonian H(#), with 7z = 1,
takes the form of

H(t) = Y _Ejn)(n| + i) (7)) (n| — (nli) |n) (n]) = Ho(t) + Hi (1), (@)

where all kets are time-dependent and Hy(¢) = Zn E,.ln) {(n|.

On the other hand, if there exists degeneracy in the spectrum of the Hamiltonian, the situation becomes
more complex and troublesome. To get rid of this dilemma, Zhang et al [48] generalized the non-degenerate
TQDA to the degenerate case, which can acquire non-Abelian geometric phases, i.e., quantum holonomies, after
acyclic evolution. Likewise, the transitionless driving Hamiltonian to achieve adiabatic shortcuts for the
degenerate case is given by

H'(t) = Y Ea loh) (el + DG 1e0 (o)l — Al 1o (@] = Hy(t) + H{ (1), (3)
nk n
inwhich Hj(t) = ox En lop) (opls lop) (k = 1, 2,...,m,)are aset of degenerate eigenstates with the

corresponding eigenvalues E, (f) of the Hamiltonian Hy (¢),and Ajj = i (¢}|¢/") represents the matrix-valued
connection, also known as the holonomy matrix.

3. Effective Hamiltonian based on NV centers interacting with microsphere resonator

Our system is composed of Nidentical NV centers in N separate diamond nanocrystals which are dispersively
coupled to a quantized WGM at the equator of single fused-silica microsphere cavity, respectively, shown in
figure 1(a). An NV center consists of a substitutional nitrogen atom and an adjacent vacancy in diamond lattice,
and it can be easily manipulated by optical and microwave field. By imposing laser pulses on the arbitrary NV
center interacting with the WGM, the NV center can be modeled as a A-type three-level structure, as shown in
figure 1(b), where the states | °A, m; = 0)and | *A, m; = —1) are labeled by the qubit states |0) and | 1),
respectively. | °E, m, = 0) serves as the excited state |e). In our scheme, the transition |0) < |e) with the
frequency w,y is far-off resonant with the WGM whose frequency is w,, and |1) < |e) with the frequency w; is
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driven by a largely detuned classical laser field with the frequency w; and the polarization 0" [58]. Assuming
both the coupling strengths G;and €, ; are sufficiently smaller than the detuning A;, the state |e) can be
adiabatically eliminated. The NV centers are fixed and separated by distance much larger than the wavelength of
the WGM,, so that there are no the direct coupling among NV centers, and they can interact with laser beams
individually. Under the rotating wave approximation, the interaction Hamiltonian, in the interaction picture,
can be expressed as
N
Hipe = Zgj aU]+ e~ 1t —9¢) 1 He, 4)
=1

where a* (a) is the creation (annihilation) operator for the WGM, (b] is initial phase of the laser field imposed on

. 4 - . _ 1 1)
the j-th NV center, o = [1); (0], o = |0); (1|, and the couplingstrength g, = G (¥ (m + XJ) with
Aj = Wej — W, 6 = we — wigj — wrjpand wigj = W j — Wer j-

To take 6; > g; into account, i.e., in the dispersive regime, the direct energy exchange between NV centers

and WGM is negligible. Using the unitary transformation U = exp [% (ato™ — ao*)] to eliminate the direct

NV-center-WGM coupling, one can obtain the effective Hamiltonian for the system composed of the NV
centers as follows:

2

N g: N .
Her = Zéaa* [1); (1] + Z G fkaja,f + H. ¢, (5)
j=19j jkj=k
where \j; = ?(é + 5%) and ¢, = ¢, — ¢,. Here we assume the WGM filed is initially in the vacuum state.
)

The first term corresponds to the Stark shift term, which can be compensated by applying additional lasers with
appropriate frequencies [59, 60]. For simplicity, hereafter, we assume that the coupling strengths g;

(j =1, 2, ---)areidentical for all the NV centers, that is, §=8& =8 The effective Hamiltonian can be further
simplified as

N

He/ff = Z )\;’k(e‘@jkajfaf + H. C.), (6)

jok,j=k
where )\;) = %2 (é + %), which serves as the effective Rabi frequency for the energy conservation transition
)i k

between the j-th and k-th NV centers. It is indicated that the Rabi frequency )\;) « is inversely proportional to the
detuning 6; (6x), which relies largely on the difference between the frequencies of cavity field w, and the external
laser field wy,j (wy, ). With the Hamiltonian H/;;, applying different initial conditions, one can achieve efficiently
the shortcuts to the adiabatic single-logic-qubit gates and the two-logic-qubit gate in DFS on this NV-center
system, and the detailed physical implementation about it will be presented in next section.

4. Shortcuts to adiabatic single-qubit holonomic gates in DFS with NV centers system

4.1. Shortcuts to adiabatic single-qubit bit-phase gate in DFS

Considering a four-NV-center system which is coupled to a microsphere resonator in a symmetric way and
undergoes a dephasing process, described by the interaction Hamiltonian Hy = Z?:I o' ® B,whereBisan
arbitrary environment operator. The DFS against the collective dephasing noise can be expressed as

G, = span {|0001), |0010), |0100), |1000) }, in which [0); = |0001)and |1); = |0010) donate the
computational basis, and the remaining states [a;) = |1000) and |a,) = |0100) are employed as the ancillary
states. For accomplishing the singe-qubit bit-phase gate in this logical DFS, we can utilize the target Hamiltonian

H{(®) = Ny lage (0| + A5 lae (1] + X5 la) (ao] + H. ¢, ™)

where )\;, « 1s the effective coupling strength between the j-th and k-th NV centers for this four-NV-center

system, A{ , = X'sinf cos , \{ 3 = Xsinfsin, A, = X cos @ with X = \/|/\{’2|2 + AP + [N 4P ,and 0
and ¢ are the time-dependent tunable parameters with € [0, w]and ¢ € [0, 27]. The dark states of the
Hamiltonian H{ (t) are |Dy(t)) = cosf cos ¢ [0), + cosBsin ¢ [1); — sin O]a,)and

ID/ (t)) = —sin ¢ |0); + cos ¢ |1);, respectively. Under the adiabatic cyclic evolution of the dark states, one
gets the required single-qubit holonomic bit-phase gate U, = e/ %, where o = i(|0); (1| — |1), (0]) and 3, is
the Berry phase factor. As shown in equation (3), it is known that with the purpose of achieving shortcuts to the
adiabatic gate U,, one needs an additional Hamiltonian H" (¢) that can block the transition of quantum states
caused by the rapid evolution of the system. In the ordered orthogonal basis {|a;), |0)r, |1)r, |42) }, the
additional Hamiltonian for speeding up the adiabatic single-qubit holonomic bit-phase gate U, reads
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Table 1. Scheme for a three-step approach to realize the shortcuts to
the adiabatic holonomic single-qubit bit-phase gate.

Step 0 [0} the required Hamiltonian
0 0—1/2 0 521
(ii) /2 0— ¢ 521
(iii) o /2 — 0 H%
0 0 0 0
w  cosf d 0 0 cos —sin 6 sin ¢
{ (1) =icost ¢ 0 —cosf 0 sin 6 cos ¢
0 sinfsing —sinf cos¢p 0
0 0 0 0
0 0 —0 cos ¢ 0
i . . 8
o % 0 singd ®
0 —cos¢pH —sing @ 0

Now, we focus on how to realize the shortcuts to the adiabatic single-logic-qubit bit-phase gate U, on the
four-NV-center system by making use of the additional Hamiltonian. In this case, we choose the initial phase
difference between the external classical laser pulses ¢ = 0. On the first step, setting ¢ = 0, while increasing 6
from 0 to 7/2, the corresponding Hamiltonian of the system in the DFS C, is
H% = Xsinf |a) (0] + X cos@ |ay) (ay] + 16 |0) (a;] + H. c.. This Hamiltonian is under a A-style
structure. For achieving this goal, we can tune the effective Rabi frequencies between the physical qubits as
A4 = Xsinf, X, = X cos#,and A5 ; = 0, and other control parameters are zero. In other words, the first step
can be effectively completed by the three laser fields with different frequencies being applied to the 1-st, 2-nd,
and 4-th NV centers, while there is no any operation on 3-th NV center when the cavity frequency is constant.
Second, keeping 6 invariant but changing ¢ from 0 to a certain value ¢,, the required Hamiltonian takes the form
of H%: = Xcos¢ |a) (0] + Xsing |a) (1] — i ¢ [0) (1] + H. c.. Adjusting the effective Rabi frequencies
Mg = X cos ¢, A 3 = X sin ¢, and Asg = ¢, one can obtain the required Hamiltonian. It is worth emphasizing
that the minimal resources with three different frequencies of the external laser pulse can achieve the second
step. Finally, we keep ¢ unchanged while decrease 6 to 0. The control Hamiltonian for this case reads
H% = Xsinf cos¢ |a) (0] + Xsin@sing |a)) (1] + X cos |a) (]
+i0cos¢ |0) (a] 4+ ifsing |1); (a] + H. c.,and then the system forms a cyclic evolution after tuning ¢ to
0. Different from the former two steps, in order to realize the last step, all of the four NV centers should be
imposed on the external laser pulse with different frequencies to obtain the different effective Rabi frequencies
)\;)k (> k=1, 2, 3, 4,and j = k). The details for the parameters chosen in each step for speeding up the
adiabatic U, gate are shown in table 1. Up to now, we have implemented the shortcuts to the single-logic-qubit
holonomic bit-phase gate on the four-NV-center system in DFS.

4.2. Shortcuts to adiabatic single-qubit phase gate in DFS
Here, we illustrate how to accelerate another holonomic gate, phase gate, which is noncommuted with the
single-qubit bit-phase gate. The target Hamiltonian in the same DFS C; can be designed as

Hoz(t) = )\{)3 ei‘*j ILI1>L<1| + )\{)2 |a1> <az| + H.C., (9)

where X = /IX,/> + |\ 5]*,and the relative phase § = 2arctan(|\{ 5| /|\{ ,|) and ¢ are the time-dependent
control parameters with 6 € [0, w]and ¢ € [0, 27]. The Hamiltonian H{ (t) has two degenerate dark states as
[Do(#)) = |0), and |D;(¢)) = cos g [1), — sin ge“ﬂaz}, in company with two non-degenerate bright states. In
the dark-state subspace, weset § = ¢ = 0 initially. Using the standard formula for the HQC, we can get the
single-qubit holonomic phase gate U, = e'*!!): {1 by adiabatically changing the angles § and ¢ after a cyclic
evolution, where §; = — yg sin? gdd), corresponding to half the solid angle swept out by the polar angles # and ¢.
Thus, we can obtain the additional control Hamiltonian Hf? (¢) to realize the shortcuts to the holonomic phase
gate U, with the basis {|a;), |1);, |a,) }. Thatis,
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Table 2. Scheme for a three-step approach to realize the short-
cuts to the adiabatic holonomic single-qubit phase gate.

Step 0 0] the required Hamiltonian
() 00— 0 e
(i) ™ 0— ¢ e
(111) oc T —0 Hz3
-1 0 0
Hy (1) = ¢ sin? 1 0 3cos g —1 —% sin e~
0 —2sinfe 3sin2? —
2 2
0 0 0
Yy o o
+ 0 sin? E(25 %e 1¢(19 + sin 0¢) ‘ (10
0 %ei‘b(*i@ + sin 6¢) —sin? %b

Similar to the approach for the shortcuts to single-logic-qubit adiabatic bit-phase gate, we can also accelerate
the adiabatic single-logic-qubit phase gate U,. It can be summarized as follows: (i) choosing ¢ = 0, while
changing @ from 0 to 7, the corresponding Hamiltonian can be written by H4 = X sin g lar) (1]

+X cos% lar)y {an] + %ié [1)r (@] + H. c. ; (ii) keeping § = , butincreasing ¢ from 0 to ¢,, and the
required Hamiltonianis H = X e |a)) (1] + X e ¢ [1)(a] — % lag), (@] + %H) (1]; (iii) setting ¢

unchanged, while decreasing 6 to 0, and the required Hamiltonian takes the form of H% = X sin gei‘b lap), (1]

+X cos g lar)y {an] + %i e~ |1); (ay] + H. c.. The detailed steps for shortcuts to the phase gate are shown in
table 2, in which the dark eigenstates of H{ (#) complete a cyclic evolution in the parameter space. Apparently,
the cyclic evolution path of this approach is unlike the one in the shortcuts to the adiabatic holonomic single-
logic-qubit bit-phase gate U,. On the other hand, the quantum operations involved for realizing the accelerated
phase gate, which only require three of the four NV centers at most to be imposed the external classical laser
pulses, are much simpler than the case in the bit-phase gate. The experimental complexity is greatly reduced.
Based on the analysis, it is not difficult to find that as long as the cavity frequency and the initial phase of the
external laser field are fixed, one can tune the different frequency of the external laser pulse to achieve the
shortcuts to the adiabatic single-logic-qubit phase gate U, in DFS.

5. Shortcuts to adiabatic two-qubit holonomic CP gate in DFS with NV centers system

Our shortcuts scheme for adiabatic two-qubit holonomic CP gate, which is a more basic and crucial element for
a universal holonomic quantum computer, is based on a variant of the proposed HQC on the DFS in [35]. To
this end, one needs eight physical qubits to encode two logical qubits. We define four computational states as
[00); = ]00010001),|01); = |00010010), |10); = |00100001)and |11), = [00100010), with two ancillary states
las) = ]10000010) and |a4) = |01000010). When the physical qubits interact collectively with the dephasing
environment, the DFS can be chosen as C, = span {|00);, |[01);, [10), |11);, |as), |a4) }, and the target
Hamiltonian takes the form as follows:

HgE @) = /\{,3 el |as) (11] + /\{,2 las) (as] + H.c. (11)

Here the parameters X[ 5, A{ ,, and ¢ have the same forms as those in the case for the single-qubit holonomic
phase gate. It is straightforward to obtain the eigenstates with zero eigenvalue of the Hamiltonian as follows:

Dy (£)) = 100)1, 1Dy (1)) = [01)1,|D; (1)) = [10);,and |D; (t)) = cos % |11); — sin Ze|a). The only
nonzero element of U(4)-valued connection is A3; = —sinzg $.When the dark states evolve adiabatically along
acyclic closed path, the logical basis | 11); will acquire a Berry’s phase 3, while the other computational
components |00);,|01);, and |10); are decoupled. The associated two-qubit CP gate is given by

U, = e 1411 (1lin DFS, In our implementation, there is no need to apply four-body interactions, just two-
body ones. One can see that the adiabatic two-qubit holonomy can be accelerated effectively, as illustrated in the
implementation for speeding up single-logical-qubit adiabatic phase gate in DFS. Actually, this is the main
advantage of our work, different from previous works. The combination of this accelerated two-qubit
holonomic CP gate and the two noncommuting accelerated single-qubit holonomic gates in DFS described
earlier suggests that the complete set of shortcuts to adiabatic holonomic quantum gates in DFS are effectively
built along with a realisable implementation based on four-NV-center systems.
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Intuitively, the present scheme can be scaled up the encoded logical qubits easily as it requires only two-body
interactions. For example, if we want to design the two-logic-qubit holonomic CP gate between the #1-th and
n-th logical qubits, the target Hamiltonian has the same form as equation (1 1) but with the exchanging

12— MNim—sum—aand X 5 — Ny, _5 4., 1. Also, we can realize the shortcuts for this scalable CP gate by using
the approach discussed above.

Generally, speeding up holonomic quantum gates inevitably leads to at least an extra transition or detunings
because of the existence of the additional Hamiltonian. By taking the choice of the special path along the
geodesic curve, the controlled complexity can be greatly reduced and the operation procedures can also be
largely simplified. For example, in the Bloch space, choosing the evolution trajectories of the shortcuts to two
noncommuting adiabatic holonomic single-qubit gates and a two-qubit CP gate on DFS are connected geodesic
curves, one can obtain that the dynamical phases of evolution path are vanishing, thus the set of the accelerated
adiabatic holonomic quantum gates are pure geometric. Meanwhile, in the whole steps, a feasible route is
exploited to make sure that all of the elements of matrix-valued connection A are vanishing, i.e., A{; = 0.

6. Discussion and summary

For Nidentical NV centers placed near the microsphere cavity surface, the coupling strength between them can
be expressed in terms of the NV and cavity parametersas G = LoIE ()/Emaxl/Va/ Vi [61], in which T}y donates
the spontaneous decay rate of the excited state |e) for the NV center, IE (r)/ Emax| is the normalized electric field
strength at the location r, V, = 3¢®/4712T} serves as a characteristic interaction volume with cbeing the speed of
light and v being the transition frequency between the excited state |e) and the ground state |0), and V,,, is the
cavity mode volume. The spontaneous decay rate [} of the excited state reported in experimentis 27 x 83 MHz
[62,63]. Considering |1:f (r)/ I:fmax| = 1/6, v = 471 THz (the transition wavelength between states |e) and |0} is
637 nm), and V,, = 100 um?>, we obtain G ~ 27 x 1 GHz [54]. The dephasing time of up to 0.65 ms for pure
NV centers has been experimentally observed [64]. When dynamical decoupling pulse sequences are employed
to suppress nitrogen-vacancy spin decoherence, the dephasing time of NV centres can reach 0.6 s at 77 K [65].
On the other hand, the cavity frequencyis w, = 27 X 74.8 THz with the decayrate x = 27 x 0.0748 MHz
and the quality factor Q = 10° [51]. The transition frequencies of NV centers are wyo = 2.87 GHz (zero field
splitting) and w,o = 471 THz with a zero-phonon line at 1.945 eV [66]. Here, we have w;y < w;, and the
detuning 6; is dependent on the difference between the cavity frequency w, and the external laser field frequency
wr,j- Choosing different frequency of classical laser field, we can obtain the required different detuning 6; when
the cavity frequency is fixed. In our implementation, the coupling strength between the NV center and the laser
field could be € = 27 x 500 MHz, and the detuningis A = 27 x 20 GHz which satisfies the conditions
A > Gand A > () to ensure that the excited state |e) can be eliminated adiabatically. On the other hand,
assuming A > 0,e.g., 6 = 27 x 2 GHz,wehave g ~ 2GS} /A = 21 x 50 MHz that fulfills the large
detuning condition ¢ > g. This guarantees there is no energy exchange between the NV systems and the
microcavity. Indeed, it is not necessary to apply the condition A >> ¢, and we can also reach the condition of
6 > g provided the order of magnitude of A or § is not less than GHz, irrespective of the relation between them.
Consequently, we can gain the different effective Rabi frequencies )\;) « by tuning the detuning between the cavity
frequency and the external laser field frequency. Once the cavity frequency and the initial phase of the external
laser field are determined, it is easy to realize the entire physical procedures required in the shortcuts to adiabatic
HQC in DFS by changing the external laser field frequency wy ;.

Assuming all the qubits are in the collective dephasing environment, we use the Lindblad master equation to
simulate the performance of the quantum gates under the influence of dissipation [67] :

d .
d_ft’ = —i[Hin, p] + £D[alp + 4DIS71p + %DISp, (12)

where Hj,, donates the Hamiltonian in the form of equation (4), p is the density matrix operator,

D[L]p = QLpLT™ — L*Lp — pL*L)/2.S™ = Zi:l o; and §% = zi:l o7.~vand v are the collective
relaxation rate and dephasing rate of NV centers, respectively. « is the decay rate of the cavity. Here, we define
the fidelity of the gate by F = (tideall p|¥idear) With |1)idear) being the corresponding ideally final state under an
ideal gate operation on its initial state |1);,). Numerical simulation of the fidelities for shortcuts to single-qubit
holonomic phase, bit-phase and two-qubit CP gates are shown in figures 2(a) and (b) with initial states

% (10);, + [1)r),|0); and % (100); + |11);), respectively. By taking the feasible experimental parameters as

6y = 2w x 4 GHz, §, = 27 x 0.4 GHz,and 6; = 27 x 0.4 GHz, the fidelities of single-qubit holonomic
phase and two-qubit CP gates can reach about 99.52% and 99.76%, respectively. Moreover, we numerically geta
high fidelity of 99.91% for single-qubit holonomic bit-phase gate with the detunings between the frequencies of
miscosphere cavity and NV centers being 6; = 27 x 7 GHz, 6, = 27 x 0.7 GHz, 65 = 27 x 0.7 GHz,and

7
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Figure 2. (a) The fidelities of shortcuts to single-qubit holonomic phase (blue line) and bit-phase (red line) gates with the initial state
% (10). + [1)1),and |0}, respectively. (b) The fidelity of shortcuts to two-qubit holonomic CP gate with the initial state
%GOO)L + |11);). Here, g = 27 x 50 MHz, the decay rate of miscosphere cavity is £ = 27 x 0.0748 MHz [51], and the relaxation
and dephasing rates of NV centers are v = v, = 27 x 4 KHz [64].

64 = 27 x 0.7 GHz. That s, our robust protocol has a feasible physical implementation with the current
experimental techniques.

In summary, we have proposed an efficient scheme for the shortcuts to HQC in DFS by employing TQDA.
Combining the features of HQC and DFS, the present protocol is robust against the local fluctuations and
collective noises. The optimized Hamiltonian of TQDA can greatly shorten the time required in the adiabatic
HQC to avoid the errors due to the long runtime of quantum information processing. Moreover, we give a
feasible physical implementation of this scheme on diamond NV centers large-detuned interacting with a
quantized WGM of a microsphere cavity. Our scheme can also be extended to multi-logic-qubit HQC in DFS
efficiently. Compared with previous works, our scheme has the following advantages: First, the TQDA is newly
applied to implement universal HQC in DFS, and we realize shortcuts to both two noncommuting single-qubit
holonomic gates and a two-qubit holonomic CP gate in DES. This provides the necessary shortcuts for the
universal HQC in DFS. Second, this protocol does not require four-body interactions and the entire quantum
operation procedures for realizing the shortcuts to universal adiabatic holonomic quantum gates in DFS are
performed by a virtual photon process, thus the experimental challenge is much reduced. Third, our calculation
indicates that our physical implementation proposal can be efficiently realized by appropriately applying the
external laser pulses as long as the initial conditions are determined, which greatly simplifies the experimental
complexity. Numerical calculations reveal that the present scheme can reach a high fidelity with current
technology, which may offer a feasible route towards robust HQC.
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