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Nonadiabatic holonomic quantum computation using Rydberg blockade
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In this paper, we propose a scheme for realizing nonadiabatic holonomic computation assisted by two atoms
and the shortcuts to adiabaticity (STA). The blockade effect induced by strong Rydberg-mediated interaction
between two Rydberg atoms provides us the possibility to simplify the dynamics of the system, and the STA
helps us design pulses for implementing the holonomic computation with high fidelity. Numerical simulations
show the scheme is noise immune and decoherence resistant. Therefore, the current scheme may provide some
useful perspectives for realizing nonadiabatic holonomic computation.
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I. INTRODUCTION

Quantum computation has attracted many interests in recent
years [1-9]. The great capability of quantum computation has
been shown in the applications of quantum algorithms [10-12],
quantum parallelism [13-16], and so on. This makes quantum
computation a superior to solve many practical problems,
such as factoring, search problems, etc. When implementing
quantum computation, errors play troublesome roles, which
brings challenges in constructing a real quantum computer
[17]. In 1999, by taking the advantages of the geometric phase
[18,19] and quantum holonomy [20,21], adiabatic holonomic
quantum computation has been proposed [22] and subse-
quently demonstrated to hold good fault tolerance with respect
to certain types of errors in the control processes [23-25]. Since
then, many schemes [26-37] to realize the robust adiabatic
holonomic quantum computation have been put forward with
superconducting qubits [31], trapped ions [32], and quantum
dots [37], etc.

However, when a system undergoes an adiabatic evolution,
completing an adiabatic holonomic quantum computation
usually takes a long time. To shorten the evolution time
while retaining all the robustness of the adiabatic holonomic
quantum computation, the concept of nonadiabatic holonomic
quantum computation has been proposed [38,39]. Consider an
N-dimensional quantum system governed by a Hamiltonian
H(t) and an L-dimensional time-dependent subspace S(t)
spanned by a set of orthonormal basis vectors {|</>l(t))}1L
with |¢;(t)) being the solution of the Schrodinger equation
i|i(1)) = H(t)|¢i(r)). It has been indicated in the scheme [38]
that, if the system is initial in the subspace S(0), after the
evolution time 7', the evolution operator U(7') is a holonomy
matrix acting on S(0) when {|¢;(¢))} satisfy the following
conditions:
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Here, Eq. (1) is the condition for cyclic evolution, and Eq. (2)
is the holonomic condition.

To data, many fast and noise-resistant quantum computation
schemes [40-54] have been presented for nuclear magnetic
resonance systems [40,41], nitrogen-vacancy centers systems
[42,43], superconducting systems [44-48], and some other
quantum systems [49-54] by designing quantum evolutions to
fulfill the holonomic conditions. Among these works about the
holonomic quantum computation [40—54], schemes [43,44,48]
have shown many interesting results by using the technique
of shortcuts to adiabaticity (STA) [55-96]. For example, Liu
et al. [44] have achieved holonomic quantum computation in
atom-cavity coupled system by using the dressed-state based
STA method [76]. Moreover, Zhang et al. [48] have realized
fast holonomic quantum computation with the transitionless
quantum driving method [55-58] of the STA. With great
developments in the past few years, the STA, originally aiming
at optimizing the control of a system based on a known
adiabatic process, has now become a technique to drive general
transitions regardless of whether the initial and final states can
be adiabatically connected [96]. By merging with “inverse en-
gineering” methods [97-102] and the optimal control methods
[103-106], the STA has outranged the original aim in many
applications in practice, and can now help us nonadiabatically
realize arbitrary transitions or unitary transformations without
referenced adiabatic processes by means of many powerful
tools, such as Lewis-Riesenfeld invariant theory [58-60], Lie
algebra [64,65], and so forth. Therefore, the STA might be
a wonderful choice to design nonadiabatic control fields for
the holonomic quantum computation in different physical
systems.

On the other hand, the recent researches [107—115] on the
highly excited neutral atoms have showed that atoms with
long-lived Rydberg states are very promising candidates for
quantum information processing. Since they provide strongly
interatomic interactions that we demand in different quantum
information tasks. When Rydberg-mediated interaction be-
tween two Rydberg atoms is much stronger than the intensities
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of the driving laser pulses on atoms, the Rydberg blockade phe-
nomenon would arise and prevent the simultaneous excitations
of neighboring Rydberg atoms [116—118]. The regime of the
Rydberg blockade can be used in simplifying the dynamics of
the system, thus we can analytically investigate the evolution
of the system based on a simplified Hamiltonian. In addition,
the Rydberg states of atoms are quite stable [118,119] with
small decays. Thus, when using the regime of the Rydberg
blockade in quantum information tasks, the unitary evolution
of the system can be protected from the decay to a certain
extent.

In this paper, inspired by the interesting concept of nona-
diabatic holomic quantum computation, the advantages of the
STA, and the promising applications of the Rydberg blockade,
we propose a scheme for realizing nonadiabatic holonomic
computation with the help of two atoms and the STA. The
blockade of the Rydberg atoms allows us to simplify the
dynamics of the system and derive an effective Hamiltonian.
By analyzing the effective Hamiltonian, we exploit the STA
to design the pulses, which drive the system to complete
nonadiabatic holomic two-qubit logical gates of two atoms
with high fidelities. Numerical simulations indicate the current
scheme is insensitive to two typical types of noise, the random
noise of pulse amplitudes and the additive white Gaussian
noise. Moreover, good robustness against the decoherence is
also shown in the numerical simulations. Therefore, the scheme
may offer some useful perspectives to the robust nonadiabatic
holomic computations.

The article is organized as follows. In Sec. IT A, we introduce
the physical model for implementing nonadiabatic holonomic
two-qubit logical gates with atoms and give the effective
Hamiltonian of the system. In Sec. II B, we design the pulses
driving the system to complete high-fidelity nonadiabatic holo-
nomic two-qubit logical gates via STA. In Sec. III, numerical
simulations are performed to examine the robustness of the
scheme against noise and decoherence. Discussions and the
conclusions are given in Sec. V.

II. NONADIABATIC HOLONOMIC TWO-QUBIT
LOGICAL GATES

A. Physical model and effective Hamiltonian

The setup for implementing nonadiabatic holonomic two-
qubit logical gates is shown in Fig. 1. As shown in Fig. 1, there
are two atoms a and b. Atom a (b) has two ground states |g) ()
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FIG. 1. Level configurations and pulse couplings of two atoms a
and b with a Rydberg-Rydberg interaction V.

and | f)q@), an intermediate state |e),;) and a Rydberg state
|7)a)- We consider that transition |g(f))x <> |e)r (k = a,b)
is coupled to a pair of laser pulses possessing Rabi frequencies
Qpg(p)(t) and Q}cg(f)(t) with a red detuning A; and a blue
detuning A}(, respectively. Besides, transition |r); <> |e); is
coupled to a pair of laser pulses possessing Rabi frequencies
Q- (1) and Q;{r (t) with a blue detuning A, and a red detuning
A;C, respectively. Here, we assume the Rabi frequencies €2;,(1),
Q7 (¢) and 4, (¢) are all real valued for simplicity. Two atoms
interact with each other with Rydberg-mediated interaction
with strength V when they are both in Rydberg states. In
the interaction picture, the Hamiltonian of the system can be
written as (& = 1)

Hi0) = Y (0™ + Qp (e 2| g) el
k=a,b

[ (€™ + QD 1 f)eel
F (D (™ + Q, (De A |r) el + Hee.)
+ Virr)ap(rr|. 3)

Then, we assume Qo (f) = Quo(t) cos[P(1)], Q’kg(t) =
Qo) COs[I()], Qup(1) = Quo(t) sin[D(1)], and (1) =
SZ'kO(t) sin[9(¢)]. In the current scheme, ¥ is considered as

a time-independent parameter. Thus, the Hamiltonian of the
system can be written as

Hi0) = Y {[Qu0()e ™ + Qo0 211+ fel
k=a,b

F[Q (O™ + Q, (e 2 |r) (el + Hee.)
+ Virr)ap(rrl, “4)

where |+); = cos U%|g)x + sin 9| f). Besides, we define
| =)k = cos | f)x — sindk|g), such that {|+)r,|=)k.le)k,
|r)x} can form a complete orthogonal basis for atom k
instead of {|g)«,| f)k.l€)x,|r)x}. In the current scheme, we
set Ay = A, to help us cancel some Stark shifts when cal-
culating the effectivc;, Hamiltoni,an. Considering conditions
Quo(t) = Qur (1) = Q1) = —R, (1) = (), and [ (1)] <
min{Ag,|Ap — A,|,V}, if the system is initial in sub-
space S(0) = {[++)aps|+—)abs|—+)ab,|——)as}, the effective
Hamiltonian can be derived as

Hegr (1) = Q@) +)ap (++] + Qp (@) +7)ap (++]

+ Qa1+ =) ap (r — | + Q)| —+F)ap(—r| +Hec.,
)

with effective Rabi frequency,

2Q2(1)

Q1) = A,

(6)

The derivation of Eq. (5) is listed in the Appendix. In the
following discussions, we assume the initial time is # = 0 and
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the final time is = T'. If we can achieve the gate operation,

-1 0 0 O
U@,,0p) oo @)
asVb) — O 0 1 O ’
0 0O 0 1
in the basis {|+-+)up, |+—)ap, | —+)ap,|——)ap} att = T, while ensuring that the condition for cyclic evolution (i) and the holonomic
condition (ii) fulfilled, back to the basis {|gg)up,|&f Vb, f€)ab,| ff)ap}, We can obtain
sin? 9, — cos? ¥, cos 21, —cos? ¥, sin 2% —sin 28, cos? ¥ —1 sin 20, sin 249,
U.0) —cos? ¥, sin 21 cos? ¥, cos 209, + sin® ¥, —% sin 29, sin 219, — sin 28, sin®> ¥,
@mh —sin 29, cos? ¥, —% sin 29, sin 219, cos? ¥, — cos 20, sin* ¥, —sin? ¥, sin 29,
—1sin 20, sin 249, — sin 29, sin® ¥, —sin? ¥, sin 29, cos? ¥, + sin? ¥, cos 20,
@)
[
For ¢, = /2, 9, = /2, U(,,9;) becomes (2) When the system is initial in state [¢2(0)) = |—+)4 €
Se2, the evolution is governed by
1 0 O 0
0 1 0 0 He (1) = Qp(0)(|=+)ap(—r| + [=r)ap(—+D.  (15)
U(r/2,7/2) = , )
0 0 1 0 Similar to the discussions of subspace S, in case (1), the
O 0 0 -1 evolution of the system is
which is a holonomic controlled phase gate. While for o, = |d2()) = Uea()|+—)ap
/2,9, = —m /4, a holonomic controlled-NOT gate .
/20 ==ml § = cosl 2O+ —)ap — i sinlpxOllr—)aps (16)
1 0 0 O .
with
2 4) = 0 0 10 i [ "dt'
Ur/2, —m/4) = o 0 o 11 (10) Uny(t) = e~ Jo Hathd" 17
0o 0 1 O and
can be realized. Therefore, for the sake of obtaining such a r. o
gate operation shown as Eq. (7), let us fully analyze dynamics ua(t) = /0 Qp(t')dr. (18)

governed by the effective Hamiltonian shown in Eq. (5). Ac-
cording to Eq. (5), the dynamics of system can be divided into
four independent subspaces S.; = {|+—)up,|r—)ap}, Se2 =
{I=F)ab,|=7)ab}s Sez = {Ir+)ap, [++)ap, |+F)ap), and Sy =
{|——)a»}- Then, we have the following discussions.

(1) When the system is initial in state |¢(0)) = |+—)up €
S.1, the evolution is governed by

Hei (1) = Qu(O)(+=)ap (r=| + [r=)ap(+=D.  (11)

The evolution operator for H,;(¢) can be directly given by

Uer (1) = e Jo Ha )’ (12)
Thus the evolution of system is
[#1(0)) = Uer(Dl+—)ap = cos[u1(O]l+—)ab
— i sinfu(O1r—)ap, (13)
where () reads
ﬂl(t):/OtQa(t/)dt/~ (14)

Therefore, if u(T) = 2k (ky = 0,1,2,...) is satisfied, the
evolution during time interval [0,7] is |¢1(0)) = |[+—)ap —

191(T)) = [+—)ab-

By choosing u»(T) =2k (kp, =0,1,2,...), the evolu-
tion during the time interval [0,7] is |¢2(0)) = |—+)ap —
|$2(T)) = |—+)ab-

(3) When the system is initial in state |¢3(0)) = |[4++)4 €
S.3, the evolution is governed by

Hes (1) = Qu(O)lr+)ap (++] + Q)47 ap (++] + Hee. (19)

In this case, the evolution of the system cannot be directly
obtained. However, we can assume the evolution of the system
described by an arbitrary three-dimensional vector,

1$3(1)) = Ues(Dl++)ab
= ¢ sina cos Blr+)ap + cos a|++)ap

+¢'2 sin o sin Bl+7) aps (20)

with « and B being two time-dependent parameters. Be-
sides, take the holonomic condition (ii) shown in Eq. (2)
into account, (¢3(t)|Hetr(2)|p3(¢)) should be satisfied for
t € [0,T]. Thisrequires ®,0, = +7/2,4£37/2,£57/2, . ...
Here, ®; = ©®, = —m/2 is considered, such that

p3(1)) = —i sina cos Blr+)ap + cosa|++)ap

— i sinasin Bl+7)qp. 201

042336-3



KANG, CHEN, SHI, HUANG, SONG, AND XIA

PHYSICAL REVIEW A 97, 042336 (2018)

In Sec. IIB, STA is introduced to achieve the pulse design
for realizing the evolution |¢3(0)) = |4++)up — |93(T)) =
—|4)ap in the time interval [0,7']. Meanwhile, the effective
Rabi frequencies ,(¢) and ,(¢) designed by STA should
make w1 (T) = 2kt and u,(T) = 2k, both fulfilled.

(4) When the system is initial in state |¢4(0)) = |——)up €
S.4, it is decoupled with the Hamiltonian shown in Eq. (5),
thus the system remaining in state |¢4(t)) = |——),p during

the time interval [0,T].
According to the discussions above, we have

4 4
D 1310 i (O) = Y 16u(T)) ($u(T))
=1 =1

= ) (] 4 =) =]+ =)
X A=+ + |==H~==1, (22)

which makes the condition for cyclic evolution (i) fulfilled. On
the other hand, it is easy to prove that (¢;(t)| Hets (1) |y (1)) = O
(I, =1,2,3,4) is always satisfied, which means the holo-
nomic condition (ii) is also fulfilled.

B. Designing pulses for the implementations
of two-qubit logic gates via STA

In this part, we design pulses for the implementations of
two-qubit logic gates via the STA method [95]. First, we
briefly introduce the method [95]. Suppose that we intend
to drive an N-dimensional system from its initial state |Wy)
to a target state |Wr) along a moving state |£;(7)) (i.e.,
1£1(0)) = |Wo), |£1(T)) = |\Wr)). To further construct a unitary
evolution operator for the N-dimensional system, we intro-
duce another N — 1 state |&,(¢)),|&3(2)), ... ,|En(2)), such that
{I&,())|p = 1,2, ...,N} forming a complete orthogonal basis
(.e., Zp |&,())(§,(t)| = Iy, where Iy denotes the identity op-
erator for the N-dimensional system). Then, we can construct
an evolution operator for the N-dimensional system as

Un(t) = 16:(0)) (51 (0)] + Z ApgDIEp()) (540N, (23)
P.g#1
where parameters {A ,,(#)} should satisfy
D A0 (1) = 8pg (prg # 1), (24)
s#1

to ensure the unitary of Un(?) (i.e., UN(t)U;,(t) = UL(t)
Un(t) = Iy). It is easy to find that the evolution operator
Un(t) makes sure the system evolves along |&()) when
|€1(0)) = |Wp). On the other hand, consider the Schrodinger
equation,

iUn(t) = Hy(t)Un(1), (25)

one can derive the Hamiltonian Hy(¢) of the N-dimensional
system as

Hy(t) = iUN()U) (1)

N
=iy l&a)(E)

d=1
i Y AL OIEONEDL (26)
P.q,5#1

where the condition shown in Eq. (24) is used in the derivation.

Now applying the above method to the current scheme and
considering the subspace {|r+)ap,|++)ap, |+ )ap} (N = 3) of
case (3) of Sec. ITA, we select

|€1(2)) = —isinacos B|r+)a + cosal|++)ap

—isinasin B|+r)qp,

|§2(1)) = i cosa cos Blr+)ap + sina|++)ap
+ i cosasin B|+7)ap,
1&3()) = i sin Blr+)ap — i cos Bl4r)ap, 27)
and
An(t) = cosB, Ay(t) = —sinb,
A3(t) = sin6, As3(t) = cos6, (28)

where |£1(¢)) = |¢3(¢)) and 6 is a time-dependent parameter.
Substituting Eqgs. (27) and (28) into Eq. (26), we obtain

Hy(1) = (¢ cos f — 6 sina sin B)(|++)ap (r+| + |r+)as
X (4+4]) + (& sin B + 6 sin & cos B)(|4++)up
(7] + [+7)ap X (+41) + (B — 6 cos a)(|+7)ap
X (r+| = [r4)ap (+7). (29)
Comparing Hi(¢) in Eq. (29) with H,3(¢) in Eq. (19), we set
Q.(t) = @cos B — O sina sin B,
(1) = & sin B + 6 sin « cos B,
B =6 cosa 30)

to make H;(t) = H,3(t) satisfied. When the system is initial
in [++4)4p, by selecting @(0) = 0, a(T) = 2k3 + D (k3 =
0,1,2,3,...), the system would evolve from |++) to —|++)
along state |£1(7)) (|¢3(7))) in time interval [0,T]. Besides,
we add condition &(0) = a(T) = 6(0) = 6(T) = 0, such that
Q,(0) = Q(T) = €2,(0) = Q,(T) = 0is fulfilled. Therefore,
parameters « and @ can be chosen as

(2k3+1)n[ <mﬂ
«=—"—"—|1—cos|{— ||,
2 T

. Yt Tzl‘z () + Tz)l3
0=—- — ,

T2 T3 T4
where Y and Y, are two time-independent parameters. With
Eq. (31), parameter 8 can be solved by calculating

€1y

B(t) = B(0) + / 0" cos[a(t))]dr . (32)
0

Until now, effective Rabi frequencies Q,(¢) and 2, (¢) with
the parameters given in Egs. (31) and (32) can make the system
evolve along |&,(¢)) from |[++) to —|++) with arbitrary T
and Y. Next, we should select suitable values of Y| and Y to
make conditions p1(T) = 2k and u,(T) = 2k, fulfilled.
Here, the numerical integrations are adopted to find suitable
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FIG. 2. G(Y;,Y5,) versus Y| and Y5.

T and Y3. Defining a function,
G(Y1, Vo) = [u(T) = 2k | + |ua(T) — 2kame|,  (33)

if G(Y1,Y,) =0, conditions w(T)=2k;wr and u,(T) =
2k, are accurately fulfilled. However, if it is difficult to
find Y and Y, to make G(Y,Y,) = 0 in a range, one may
try to select T; and Y, to make G(Y,Y,) as tiny as pos-
sible. When considering k; = k; = k3 = 1 and B(0) = /4,
G(Y,Y,) versus Y and Y3 is plotted in Fig. 2. According to
Fig. 2, we choose Y| = 8.222 and Y, = —53.996, where we
can get G(Y,Y,) = 0.0115, a value very close to zero. With
chosen Y| and Y3, the effective Rabi frequencies €, (1) and
Q(¢) versus ¢/ T are plotted in Fig. 3. According to Fig. 3, we
obtain the maximal value of the effective Rabi frequencies as
Qeffm = Maxog,<7{82(1), (1)} = 15/T.

To check that the effective Hamiltonian can realize an
operation of the two-qubit logic gate shown in Eq. (7), we
define the fidelity for the effective dynamics as

Fo(@as o) = (W1 (00, 00)| Ue(T) | Wo(@u, @))%,

where U, (T) is the evolution operator of the effective dynamics
with designed effective Rabi frequencies €2,(¢) and €2, (¢) for
the time interval [0, 7],

(34)

[Wo(@a,0p))
= €08 @, COS @p|++)ap + COS @ SN @p|+—) ap
+ sin @, cos @p|—+)ap + Sin @, sin @p|——)ap,  (35)
15 ~ -
4 Qa(t)
2o
S =20
g o
= 3
=g
23
=
o . . , \
0 0.2 0.4 0.6 0.8 1

HT

FIG. 3. The effective Rabi frequencies Q,(r) and €2,(¢) versus
t/T.

is the initial state of the system, and

Y7 (@a,0p))
= — COS @y COS @Yp|++)ap + COS @, SIN @p|+—)ap

+ sin @, cos @p|—+)ap + SN @, SN @p|——)ap,  (36)

denotes the final state after an ideal gate operation. 1 —
Fo(¢q,9p) versus ¢, /2w and @, /27 is plotted in Fig. 4. As
shown in Fig. 4, 1 — F,(¢,,¢p) takes tiny values for different
@, and @,. Besides, seen from Fig. 4, we have maxg, ,,[1 —
Fo(@a,05)] = 1.4175 x 10~*. Moreover, we consider the av-
erage effective fidelity [120],

1 2 2
F, = 4—2f / Fe(@a,0p)dpad .
T Jo 0

Numerical integration of Eq. (37) indicates that 1 — F, =
3.58 x 1077,

(37

III. NUMERICAL SIMULATIONS

In this section, we investigate the feasibility of the scheme
via numerical simulations. Here, the controlled phase gate
(W, = /2,9, = m/2) is taken as an example in the following
discussions. Before we begin the discussions, we define the

FIG. 4. 1 — F.(¢,,pp) versus ¢, /2m and ¢, /2.
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Ay (Units of 1/7)
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FIG.5. 1 — F,, versus A, and A, (V = v2A,$2efm)-

fidelity of the controlled phase gate as

Fep(asmb) = K@ epr (s 1) Uep (T Po(nasmp)) 1, (38)

where U, (T) and Fe,(n4,75) are the evolution operator for
the time interval [0,7] and the fidelity with corresponding
gate operation, respectively. Moreover, the initial state can be
described by

[ Po(1a,mp)) = €OS NG COS Ny L) ap + COS N SIN NI L[ Vb

+ sinn, cos np| £8)ab + sinng sinnp| ff )ap-
(39)

On the other hand, the final state after ideal gate operations of
the controlled phase gate can be written as

| Pepr (1a,15)) = COS 1y COS Np| €8V ab + €OS Ny SIN Ny |8 f ab

+ sinn, cos np| fg)ap — Sinng sinnp| ff )ap-
(40)

As an index to check the performance of the scheme with a
different initial state, the average fidelity [120],

1 2r p2w
Fcp = m /(; /(; Fcp(navnb)dnadr]b, (41)

would be mainly considered in the following discussions.

To derive Rabi frequencies $2;,(), Q¢ (t), and £, (¢) from
effective Rabi frequencies 2,(¢) and €2,(7), we should first
make a choice of detunings A, and Aj. Therefore, we plot
1-— Fcp versus A, and A, in Fig. 5. Here, we consider

V = v/2A,efim for the Rydberg blockade in the numerical
simulation, which is fourfold to the maximal value of Rabi
frequencies 2,(¢) and ,(¢). Seen from Fig. 5, the average
fidelity Fcp gets close to 1 gradually when detunings A, and
A} increase. Because when detunings are becoming larger,
the dynamics of the system is even approaching the effective

600

400

Rabi frequencies
(Units of 1/T)

04 0.6 0.8 1

t/T

FIG. 6. ,(t) and 2,(¢) versus t/T.

dynamics governed by the effective Hamiltonian shown in
Eq. (5), and thus the average fidelity F, is getting close
to the effective average fidelity F, simultaneously. Here, we
consider A, =5 x 10*/T and A, =2.5 x 10*/T, and plot
Q,() and Q4(¢) versus t/T in Fig. 6. The maximal value
of Rabi frequencies Q,(¢) and €2,(¢) reading from Fig. 6 is
Qmax = Maxo<<7{2(2),2p(t)} = 566/T. In this case, the
average fidelity is Fop, = 0.9990. Additionally, we consider
the influence to the average fidelity due to the fluctuation
8V of Rydberg-mediated interaction strength V. 1 — FCP ver-
sus 8V/V with A, =5 x 10*/T and A, =2.5 x 10*/T is
plotted in Fig. 7. As shown in Fig. 7, when [§V/ V| < 20%,
the change of the average fidelity F, is less than 4 x 1074,
which indicates the performance of the controlled phase gate
suffers little from the fluctuation of the Rydberg-mediated
interaction strength V. Moreover, the average fidelity Fep,
tends to increase when the Rydberg-mediated interaction with
strength V increases. Thus, increasing V may be a choice to
improve the performance of the controlled phase gate.

In real experiments, there may exist several kinds of noise,
which disturb wave shapes of Rabi frequencies of pulses. It is
worthwhile to study the influences caused by the noise. Here,
we investigate two typical kinds of noise, the random noise
of pulse amplitudes and the additive white Gaussian noise
(AWGN). For the controlled phase gate (¥, = 7 /2,9, = 7/2),
we have Q, = Q}{g =0 (k = a,b). Therefore, only noise
acting on ¢, (¢) (j = f,r) is considered.

Random noise of pulse amplitudes. The Rabi frequencies
under the influence of the random noise of pulse amplitudes

x 107

-0.05 0 0.05 0.1 0.15 0.2

VIV

FIG.7. 1 — F,versus8V/V (A, =5 x 10°/T and A, = 2.5 x
10*/7).

6 L .
-02 -0.15 -0.1
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FIG. 8. 1 — Fy, versus simulation count with (a) A, = A,, = 0.01,(b) Ay, = A, = 0.05,(c) Ay, = Ay, = 0.1, and(d) Ay, = A}, =0.2.

can be described as
Sy (1) = [1 + randy, (2, Ax, ) 1%, (1),

@, (1) = [1 + rand, (1, A )], (1), (42)

where randy, (1, Ag,) (1rand;c ; (t,A;{ ; )) denotes a random func-
tion with the amplitude Ay, (A;{J), ie., randg,(t,Ax;)
(rand;{ ; (t,A}( ;) generates a random number in the interval
[—Ax,, Ag)] ([_A;cj , A}” ]) at time ¢. Since the noise is random
in the simulations, one is required to perform simulations
several times for estimating the influences of the noise. Here,
we perform numerical simulations based on the Rabi frequen-
cies shown in Eq. (42) 25 times (for each group of noise
amplitudes), and plot the 1 — F;, versus simulation count in
Figs. 8(a) and 8(d) with (a) Ay, = A}q =0.01, (b) A¢, =
Ay, =0.05,(c) Ay, = Ay, =0.1,and (d) Ay, = Ay, =0.2,
respectively. According to Figs. 8(a)-8(c), one can obtain
1 —Fp~ 10~3 when Akj,A}U < 0.1. Even when Ay, and
A’k , reach 0.2, the average fidelity F¢, may still be higher than
0.9. Generally speaking, the scales of noise are usually much
weaker compared with the amplitudes of original pulses. Thus,
the controlled phase gate could be quite robust against the noise
of pulse amplitudes.

Additive white Gaussian noise (AWGN). The Rabi frequen-
cies under the influence of the AWGN of pulse amplitudes can
be described as

Qp (1) = Qi (1) + awgn(, (1), Rsi, ).
QL) = @, (1) + awgn(, (). Rgyy ). (43)

where awgn(2, (1), Rsni,) (awgn(Q}{j (1), Rspk,)) is the func-
tion generating AWGN with signal-to-noise ratio Ry,

(R’SNkj) for pulses €2, (¢) (Q}w (t)). The signal-to-noise ratios
indicate the ratio between the original Rabi frequencies and the
scales of n(?ise. Based on Eq. (43), signal-to-noise ratios (a)
Rsyi; = Rgyi, =10, (0) Rsyi, = Rgyy, =5, (©) Rswiy =
Ry, =2, and (d) Rsnk; = Ryy,, = 1 are considered. For
each group of signal-to-noise ratios, 25 numerical simulations
for 1 — Fy, are performed, and the results for corresponding
signal-to-noise ratios are plotted in Figs. 9(a)-9(d), respec-
tively. According to Figs. 9(a)-9(c), 1 — F¢, ~ 107 can be
obtained when Ry, ,R/S Ny = 2. Moreover, as shown in
Fig. 9(d), in the case of Rsyi, = R’SN,(J = 1, where the scales

of noise are similar to the original Rabi frequencies, 1 — F¢,
can still reach 1073 ~ 1072, Comparing the results of AWGN
with the results of the noise of pulse amplitudes, the scheme is
more robust against AWGN than the noise of pulse amplitudes.

Another disturbing factor in real experiments is the deco-
herence. In the current scheme, the main decoherence factors
are the atomic spontaneous emission from the Rydberg state
|r)x to the intermediate state |e); with spontaneous emission
rate ¥, and that from the intermediate state |e); to the ground
state |g)x (| f)x) with spontaneous emission rate Y, (Vir). As
shown by many previous schemes [120—122] that the Lindblad
master equation with the Markov approximation is an effective
model to describe the quantum evolution when the atom-cavity
coupled system is interacted with a thermal reservoir, as the
reservoir is typically an extended open system with many
degrees of freedom. For the current scheme, considering the
decoherence factors discussed above, the evolution should be
described by a master equation as

6
|
P = ilp@), HOV+ Y _[LipL = S(L{Lip + pL{L)],

=1

(44)
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FIG.9. 1 — Fcp versus simulation count with signal-to-noise ratios (a) Rsyi;, = R’SNk_, =10, (b) Rsyi, = R:wv/q =35,(c) Rynk, = R'SNk_, =

2, and (d) Rgyi, = R:ka, =1

where, Lindblad operators {L,|t = 1,2,3,...,6} read
Ly = Varle)alrl, Lo = /Yorle)s(rl,
Ly = /Yag/2l€)a(8l, La = /voe/2le}n(gl,
Ls = /Yar/2l€)a{r]. Lo = /v /2le)s(rl.

When the decoherence is considered, the fidelity of the con-
trolled phase gate with initial state |®y(n,,7n)) can be derived
using

(45)

Fcp(naanb) = |(q)cpT(naanb)|p(na777baT)lq)cpT(naanb))|2a
(46)

Afb/ Qma.x

/)

a
Ja/ = *max

FIG. 10. 1 — FCP versus ¥,/ QLmax and v,/ Lo -

with p(n,,n,,T) being the density operator of the system at
time 7 with initial state |®¢(n,,1)). The average fidelity Fcp
can still be calculated by using Eq. (41). Generally, the Rydberg
state |r) is more stable than the intermediate state |e). The
spontaneous emission rates Y, ~ kHz and yiq, s ~ MHz
have been shown in schemes [118,120-122]. Therefore, we
assume Y = Yir = Yir X 10° = y; in the following. 1 — F,
versus ¥,/ Qmax and yp/ Q2max is plotted in Fig. 10. Seen
from Fig. 10, the average fidelity F, falls when y, and
yp increase, while for v,/ Qmax,Vs/ Cmax < 0.5, the average
fidelity Fcp keeps higher than 0.9140. Moreover, considering
a group of parameters V = 20 MHz, A, = 441.7 MHz, A, =
220.8 MHz, Quax = 5SMHz, y, = ¥, = 1 MHz (y,/ Qmax =
vp/ 2max = 0.2) [118,120], we obtain Fcp = (0.9158. To obtain
a relative high average fidelity, one may try to intensify
the maximal value of Rabi frequencies. Besides, one may
also adjust the detunings of couplings to restrain the pop-
ulations of the intermediate states for higher fidelities of
gates.

IV. DISCUSSIONS AND CONCLUSION

In conclusion, we have proposed a scheme for re-
alizing nonadiabatic holonomic computation assisted by
two atoms and STA. The physical model can be built
by ®Rb atoms with |g) = [5s10,F = |, Mp = 1), |f) =
|5S1/2,F = Z,MF = 2), |e) = |5p1/2,F = 2,MF = 2), and
[r) = |58d3/, F = 3,Mp = 3) [118,123]. The blockade ef-
fect induced by strong Rydberg-mediated interaction between
two Rydberg atoms allows us to simplify the dynamics of
the system and obtain an effective Hamiltonian. Based on
the effective Hamiltonian, the STA is applied in designing
pulses, which produces high fidelity of holonomic quantum
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J
APPENDIX: DERIVATION OF THE EFFECTIVE HAMILTONIAN OF EQ. (5)

According to the Hamiltonian shown in Eq. (4), the system evolves in Hilbert space spanned by
V1) = I++)ap, [¥2) = [+=)avs V3) = |+€)ap, [¥a) = [+7)ab, |Vs) = |=F)abs  |¥6) = |——)aps
V) = |=€lap, |¥8) = [=Tap, [¥9) = le+t)ap, |¥10) = le=)ap, |¥11) = le€)ap, |V12) =ler)ap, |V13) = [r+)ap,
[V14) = r=)ap, |V¥1s) = |redap, |¥16) = |rr)ap. (AD)
Thus, the Hamiltonian shown in Eq. (4) can be rewritten as
H(t) = [Quo(t)e' ™" + Qo(0e™ 2 1|1 (Yol + [¥2) (Wiol + [¥3) (Yria| + [9a) (Y12 )
+ [Qar (D™ + @, (e 2 N(Y13) (Yol + [V14) (Yol + [¥1s) (Y| + [Yr16) (Y12))
+ [Q60(1)e ™ + Qo (e A 1Y) (W3] + W) (Wal + o) (Y| + Y13 (Yrs)

+ Q0+ Q,, (e M N(Wa) (W3] + 198) (Y] + [Yria) (Y11l + [i6) (Y15])
+H.c. + VI[Yi6) (Y16l (A2)

By introducing a picture transformation with unitary operator R(t) = e~*V/V16)¥16l one can move to another picture where the
Hamiltonian is

4
H'(t) = RIOHORE) — iRNOR@) = Y k(0" + hy(t)e ™", (A3)

n=1
with
hi(t) = Qao(Wo) (Wil + [W10) (Wl + [Yrin) (W3] + [W12) (Wal) + Quo(O(W1) (ol + [¥2) (Wriol + [¥3) (Win| + W) (Yrial)
+ Qar (Vo) (Wial + [Wr10) (Wrial + [¥r11) (Wis]) + o, (W13} (Wol + [Y1a) (Yol + [¥1s) (Y1),
ha(t) = o)(V3) (W] + 1W7) (Us| + [Yin) (ol + [¥1s) (Wis]) + o) (W3l + [Ws) (W] + o) (Wi | + [¥13) (Yis])
+ Qur(O(Y3) (Wal + 1Y) (Wsl + 1Y) (YD) + @, (O(Wa) (W3] + [¥s) (7] + [¥r12) (Yrna]).
ha(t) = Qur (O|Y12) (V16| + 2, (O1Y16) (V12],
ha(t) = Qur (D[ V15) (V6] + Ly (O 1W16) (W51, (A4)

and
w1 =0y, 00 =A0p, 03 =0, +V, 04=A7p+ V. (A5)

According to Ref. [124], with the Hamiltonian in the form of Eq. (A4), one can derive the effective Hamiltonian as

4

1 . .
Her(t) = ) ——[h},(1),hn(0)]e" =", (A6)
mon=1 Wmn
with
1 1/ 1 1
— = (—+—). (A7)
Opn 2\Wp @,
if condition
Hgax{lﬂkj(t)l,lﬁ}q(t)l} L min{Ag, Ay, V), (k=a,b; j=0,r) (A8)
]
is fulfilled. Moreover, by adding condition
max{[ €2 (1,2, (O]} < 180 = A, (A9)
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the terms of m # n in Eq. (A6) oscillate very quickly and can be omitted by considering the time average. Thus, Eq. (A6) can be

further simplified as

4

1
He(t) = 3 —[h},(0), ()] =

n=1

Q2,(t) — Q2(1)
Ag

2, () — Q2()

+ () (Y3l + [V1a) (Yual + [¥15) (Prs]) +

Ag
@5, (1) — Q2(1)

+ [r3) (Yizl) + A,

(194) (Wal + 1) (W] + [V12) (Y12]) +

Qo (1) R (1) — R,,0(1)2y,. (1)

()| 4 () (W] + (W) (W3] =+ [¥a) (Yra])

Qo) — 2% (1)

A, (1) (Wl + [¥s)(Ps] + [v9) (Yo

Qu0(1)Rar (1) — R,0()R,, (1)
Aq

(1) (V3]

+ [2) (Y14l + |¥3) (W15] + Hee) +
L S0 + 200 = Lp(0) — 24,0
Ay

QA1) + QAW — Q1) — Q1)
+ A
b

Qi (1) — 25o() Q1) — Q1)
+ A—b|w15><w15| + W
Q1) — 25 (1)

A, 1V (1¥16) (V16| — 1¥1s) (¥1s1)-

() (W3l + 1¥7) (Y| + 1Y) (YD) +

(Y1) (ral + [s) (s 4 [vho) (V12| + Hoco)

(19} (Yol 4 [¥r10) (W10l + [¥11) (Y11l

Q20 — (1)

A [V12) (V2]

(Y16} (16l — 1¥12) (Yri2l)

(A10)

By substituting Qx0(t) = Q- (1) = (1) = —;,(t) = (t) (k = a,b), Eq. (A10) can be simplified as

2Q2(1)

Heff(t) =

2Q2(1)

+Ab

1) (sl =+ 1Y) (Wl + [¥2) (Yial + [1a) (2| + [3) (Wis] + [¥s) (W3 )

() (sl + () (Wil 4 [rs) (sl + [9) (Ws| + [W0) (Wriz] + [¥12) (Wol). (ALD)

Considering the initial state of the system is in {[y1),[¥2),|¥5),|¥6)} (e, {|++)ap:|+—)abs | =F)ab,|——)ap}) terms,

2Q4(1)
A,

20Q2(1)
Ay

() (Ynsl + [¥s) (d3]) +

(o) (Yrizl + [¥12) (Yo ) (Al2)

can be adiabatically removed from Eq. (A11). Thus, we can obtain Eq. (5).
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