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We investigate the fidelity of measurement-based quantum computation (MBQC) when it is coupled with
a boson environment, by measuring the cluster-state fidelity and gate fidelity. Two schemes of cluster-state
preparation are studied. In the controlled-Z (CZ) creation scheme, cluster states are prepared by entangling all
qubits in |+) state with CZ gates at all neighboring sites. The fidelity shows an oscillation pattern over time. The
influence of the environmental temperature is evaluated, and suggestions are given to enhance the performance
of MBQC:s realized in this way. In the Hamiltonian creation scheme, cluster states are made by cooling a system
with cluster Hamiltonians, of which the ground states are cluster states. A fidelity sudden-drop phenomenon is
discovered. When the coupling is below a threshold, MBQC systems are highly robust against the noise. Our
main environmental model is one with a single collective bosonic mode.
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I. INTRODUCTION

Measurement-based quantum computation (MBQC) is a
widely accepted scheme for quantum computation [1-3].
Instead of designing complicated quantum gates to manipulate
qubits, MBQC is implemented by executing a sequence of
single-qubit measurements on cluster states consisting of a
group of highly entangled qubits. As a result, one great
difficulty lies in the cluster-state preparation.

There are various proposals for preparing cluster states. In
optics, a fusion operation to bind small cluster states into a
larger cluster state is used [4,5]. For quantum dots, there is
another method [6]. In Ref. [2], Raussendorf et al. pointed out
two general ways to prepare cluster states. The first is to prepare
all qubits in |+) state and entangle them into a cluster state
by implementing controlled-Z (CZ) gates on all neighboring
sites. The second is to design a so-called cluster Hamiltonian,
of which the ground state is a cluster state, and then cool
down the system to obtain an approximate cluster state. The
idea of a cluster Hamiltonian has been further explored.
For example, one can encode four physical qubits into one
logical qubit to achieve an experimentally realizable cluster
Hamiltonian [7]. It has also been shown that topologically
protected MBQC can reduce thermal fluctuations [8] in the
Hamiltonian-created cluster state. Experiments on optical
systems have been performed to demonstrate various quantum
algorithms and protocols using the MBQC scheme. In 2005,
Walther et al. reported a demonstrative experiment on four-
qubit cluster states [9]. In 2007, Grover’s search algorithm
for four qubits was reported [10]. Also, Deutsch’s algorithm
was realized by MBQCs on a four-qubit optical system [11].
Remarkably, in the same year, a six-photon cluster state was
successfully entangled by Pan’s group [12]. The one-way
MBQC scheme has even been used to test the quantum version
of the prisoner’s dilemma [13]. A four-photon cluster state
with a very high fidelity is demonstrated in Ref. [14]. The
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realization of MBQCs beyond the cluster state has also been
reported [15].

Unfortunately, cluster states, as a highly entangled system,
are fragile to decoherence. It is thus important to analyze
the noise to ensure that the computation on a cluster state is
reliable. Some works have been done on this topic. In 2006, a
method was proposed for checking the fidelity of a four-qubit
cluster state experimentally [16]. The entanglement sudden
death phenomenon [17], which may affect the fidelity of cluster
states, has also been studied [18]. Recently, Fujii et al. studied
the error appearing in Hamiltonian-created cluster states when
the temperature is nonzero [19]. They discovered that the
fidelity changes suddenly at a certain threshold temperature.

In this paper, we analyze the performance of the MBQC
system when coupled with a boson environment (Fig. 1).
The cluster-state fidelity and four kinds of gate fidelity are
measured, and the gate fidelity is studied in detail.

Due to the threshold theorem of fault-tolerant quantum
computation, if the error in individual quantum gates is below
a certain threshold, quantum computation on a large scale can
be achieved as well [20]. As a result, our analysis works to
protect MBQC systems with arbitrary scales.

The boson environment has long been an issue of concern in
various fields [21]. More importantly, the boson environment,
which is the noise caused by harmonic oscillators, actually
describes a wide range of weak noises. Thus, this noise model
is generic to many quantum computation cases.

A large cluster state can be prepared bit by bit. Therefore,
a strategy against noise is to prepare a portion of a cluster
state right before it is measured. In this paper, we assume that
the cluster state for an individual gate operation is prepared at
one time. With individual gate fidelities being analyzed, the
fidelity of the whole MBQC can then be studied by the scheme
of fault-tolerant quantum computation.

Two preparation schemes for the cluster state are eval-
uated. The first scheme was proposed by Briegel and
Raussendorf [22]. In this scheme, cluster states are prepared by
entangling all qubits previously in the |+) state with CZ gates
on neighboring sites. The second scheme was later proposed
by Raussendorf [2], where cluster states are made by cooling
a system with cluster Hamiltonians, and the cluster states are
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FIG. 1. (Color online) A cluster state coupled with a boson
environment.

the ground states. Both preparations are significant and widely
applicable. However, since the two preparation schemes are
quite different, it may not be meaningful to compare the fidelity
between them.

This paper is organized as follows. In Sec. II, we introduce
gate fidelity. In Sec. III, we analyze how the coupling of a
boson environment affects the cluster state entangled by CZ
gates. We first solve the pure phase noise case exactly and
analyze it in detail. Suggestions are given for minimizing the
damage caused by the coupling. Then we consider both phase
noise and amplitude noise, which is a more general case. We
solve this problem numerically. In Sec. IV, we analyze the
influence of a boson environment on the cluster Hamiltonian
situation, with both phase and amplitude noise considered.
We also discover a threshold coupling coefficient at which the
fidelity drops dramatically. Section V presents the discussion.
We address the difference between the gate fidelity and the
corresponding cluster-state fidelity. The collective character of
our noise model is also discussed. We present our conclusions
in Sec. VL.

II. INTRODUCTION TO THE FIDELITY FOR GATE
OPERATIONS

The fidelity for a cluster state [2] is defined straightfor-
wardly,

F =Tr(|Wc){(Yclp), (D

where |W¢) is a perfect cluster state, and p is the state being
judged. The form and utility of a cluster state |\W¢) are reported
in Ref. [2].

However, we are often more concerned with how well a
gate operation is implemented by an MBQC system, and the
cluster-state fidelity fails to answer this question. It is thus
necessary to define the fidelity for gate operations. A good
definition employs a process called gate teleportation.

The basic idea of gate teleportation is simple: if you apply
some unitary operations to an EPR pair and use the pair to
teleport a qubit, rather than getting the original information
from the transported qubit, you will receive transformed
information. By applying the proper gate to the EPR pair,
we can get the transported qubit transformed by a desired
unitary operator. For example, if you would like to have a
qubit with Hadamard gate applied, rather than teleporting
it by a regular EPR pair (|00) 4 |11)), we teleport it by
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FIG. 2. (Color online) Using a five-qubit linear cluster state to
produce the gate teleportation resource state for Z rotation.

(I ® H)(J00) + |11)). Readers may refer to the original paper
on gate teleportation [23] to get a full understanding.

It turns out that a cluster state can be used to prepare
resource states for gate teleportation by implementing a
one-way scheme. This fact offers a way to define gate
fidelity [19,24]. We take a Z-rotation gate as an example to
illustrate this process. The Z-rotation operation is defined as

0
e 0
R9_<0 e_l‘f;)a (2)

and the resource state for it is Ry »(|00) + |11));5.

We prepare the resource state from a five-qubit linear cluster
state (Fig. 2). The resource state is prepared by a similar
measurement sequence to implement a Z-rotation gate in an
MBQC system. First, measure qubit 2 on the basis of the Pauli
X operator. The resulting state is

|£)2X77(100) + [11) Z4)13(10) + [1) Z5)4(10) + [1))5.  (3)
When the outcome of the measurement s [), = [+),my = 0;

when the outcome is |Y), = |—), my = 1. Then we measure
qubit 3 on the basis of

cosOX +sinfY = e 3% X¢l 57 4)

Here, 6§ = 46 when |y), = |+), respectively. The eigenstate
of this operator is

0 0
loy) = cos 5|+> —isin EH’ ®)
lp-) = él ) —isi é|+> (6)
»_ —COS2 lSll’l2 .

After the measurement of qubit 3, the system becomes

lp2)3 X122, (10)e'? + [1)e ' Zy),
X (10) 4+ [1)Z5)4(10) + [1))s
= |1)3 X1 Z" Ry 1(10) + 1) Z4),
X (10) 4 [1)Z5)4(|0) + [1))s. @)
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Next, measure qubit 4 on the X basis. The resulting state will
be

|£)a X2 Z1"™ Ry 1 X1 (100) + [11))15
= |)4(X]? Ry 1 X1?) X7 21" X (100) + [11))15
= |£)4Rp 1 X7 Z™ X1 (100) + [11))15. )
We rewrite the state of qubits 1 and 5 as
X5"Zs" X5™ Rg 5(100) + [11))15. )]

After correcting Pauli errors, By, = X5"?Zs™ Xs™* on qubit
5, we get the resource state for Z rotation.
We define fidelity for a gate operation as

Fy =Trpy|Vy){(Yul, (10)

where |Wy) is the perfect resource state, and py is the state
we measure. From our example we know that

124 =TrpZBummeBjn’ (11)

m

where m is the measuring outcome sequence, Py, is the
projection operator, and By, is the error-correction operator.
Tr,, the partial trace operation, traces out qubits other than
the qubits in the resource state. Returning to our Z-rotation
resource state, Pp stands for the measurement sequence
on qubits 2, 3, and 4, and By, stands for the correction
operator X5"?Zs" X5™*. After the measurement and Pauli-
error correction, a partial trace is taken so only qubits 1 and 5
existin py.

If our qubit chain is in a perfect cluster state, we will have
ov = |Yu)(Wyl, so our fidelity defined above turns out to be
1 in this case, coinciding with the perfect application of a Z-
rotation operation. As the supplementary material in Ref. [19]
points out, Jamiolkowski isomorphism ensures the correctness
of the gate fidelity so defined.

Finally, it is enlightening to write the gate fidelity as

Si+185+1
2 2 ’

where S; and §; are stabilizers of |\Wy). Equation (12) can be
further simplified for each type of gate (see Egs. (18)—(21) in
the supplementary material in Ref. [19]), which simplifies the
calculation greatly.

Fy— Tr(pu (12)

III. CZ-GATE CREATION SCHEME

In 2001, Briegel and Raussendorf proposed the first scheme
to create cluster states [22]. First, prepare all qubits in state
|[4+). Then entangle them by applying the Ising Hamiltonian
for a certain time interval, of which the accumulated ef-
fect is a CZ operation for each pair of neighboring sites.
After these two steps, a cluster state is prepared. In fact,
one can easily generalize this preparation: any method that
applies CZ operations to all neighboring sites can fulfill this
scheme.

A cluster state prepared in this way will deteriorate with
time. We study the deterioration process in this section. We
assume that the creation process produces a perfect cluster
state. After the state is prepared, the system evolves over time
and deteriorates because of coupling to a boson environment.

PHYSICAL REVIEW A 90, 052306 (2014)

A. Pure phase noise: The exactly solvable case

We first limit the coupling term to pure phase noise.
Without the presence of amplitude noise, we can solve the
time-evolution problem exactly. We take amplitude noise into
consideration in Sec. III C. The Hamiltonian here reads

N
H=>Y o+ owajac+ ) o (gal + giaw).
n=1 k nk
13)
where N is the qubit number, €, is half of the energy gap
between the |0) and the |1) states of the nth qubit, and o is
the Pauli Z operator of the nth qubit. wy is the frequency or
energy of a boson mode. We set 4 = 1 in this paper. al(j) is the
annihilation (creation) operator. The third term is the coupling
term, with gy being the coupling coefficient. This Hamiltonian
is similar to the Dicke model [25], and the coupling term has
been comprehensively studied in the single-qubit case [26].
Presumably, the coupling is weak in quantum computation
situations, but our analysis applies to all coupling strengths.
Our qubits are initially prepared in a perfect cluster state:

POt =0) = Wc)(¥cl. (14)
Our boson environment is initially set in a thermal state,
5 exp (—B Yy €rayax)
p (=0 = ;
Tr [ exp (—B Xk exayax) ]

_ l—[ CXP(—,BEka]T(ak)
1+ (Ny,)

) 15)
k

where 8 = 1/kgT, and (N, ) is the mean boson number with
frequency wy in the thermal state.

We solve the time-evolution problem in the interaction
picture. Choosing Hj as

N
Hy = Z €0 + Z exay ax, (16)
n=1 k
we get the interaction part of the Hamiltonian,

Vi(t) = ot Hot (Z O_Z(n)(gkalt _i_gltak)) e~ Hot

nk

= Zaé")(gkei‘“*’al + gf:e_i“’“ak). (17
nk
The unitary time-evolution operator is
R t
Ui(t) = T exp [—i/ Vl(t')dt'i|
0

- {Z [20" 0, (Day, — 830"}, (t>ak]}

nk

X eXp {i Z Z |gk|2a§M)0§'l)s(wk,t)} . (18)

k m,n
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where

1 _ eia)kl

Yo (1) = ——, (19)
Wy

wyt — sin(wyt)

; (20)

s(wg,t) = -
k

We present the detailed derivation of this part in the Appendix
(Sec. 1). The reduced density matrix of the qubit part evolves
as

pL(t) = Trs[U()pf (0) ® pFOU,/ (1], 1)

After some calculation, we get the component form of the
density operator,

P2 O = (inine i lp POl jas - - )

- N 2
= exp —I'(t,T) Z(ln - jn)i|
Ln=1
— N P N 2
X exp {i0O(1) (Zi"> — (Zjn)
n=1 n=1

X 011y, - 22)

The subscript / indicates the interaction picture. The expres-
sion of I'(#,T) and ®(¢) and the detailed calculation of Eq. (21)
are presented in the Appendix (Sec. 2). We proceed to take the
continuum limit in the Appendix, after which gy is contained in
the spectral density. Afterwards, we assume an ohmic spectral
density here:

I(w) = nwe /. (23)

After some calculation, we reach

I, T)=nln(l + 0 t*) +nln <% sinh %) (24)
O(t) = nw.t — n arctan(w,t). 25)

The fidelity of a cluster state here is defined as
F =Te(|We)(Welpl(0)). (26)

Here p¢ is the reduced density operator of the qubits.
Remember that if the perfect cluster state is in the Schrodinger
picture, we of course require pp to be presented in the
Schrodinger picture. Rewriting the equation using the density
operator in the interaction picture, we have

F(t) = Tr(|We) (Wele 07 pP(1)e' ot @7)

We plot a seven-qubit linear cluster state coupled with a
boson environment (Fig. 3). The parameters are n = 1/1000,
o, = 100, and B/m = 1. There are three lines in the figure:
€, = 3 [solid (green)], €, = 0.9 [dashed (blue)], and €, = 0
[dash-dotted (red)].

Two factors contribute to the oscillation of fidelity over
time: the ® function and the Hy part. If the two oscillation
frequencies are close, the oscillation pattern is highly unpre-
dictable [see the dashed (blue) lines]. For any real systems,
this case should be avoided. We emphasize that when coupling
does not exist, the fidelity still oscillates due to the Hj part, but
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FIG. 3. (Color online) Fidelity-time relation of a seven-qubit
linear cluster state. Solid (green) lines, €, = 3; dashed (blue) lines,
€, = 0.9; and dash-dotted (red) lines, €, = 0. (a)¢€, = 3. (b)¢, = 0.9.
(¢) €, = 0. (d) Zoom-in on the whole figure, with the three €, values
presented.

the peak of the oscillation is always 1. Another fact is that even
when the temperature of the boson environment is 0, there is
still a fidelity drop at the peak. This is easy to understand, since
the coupling term still works for the system, even though all
modes of the boson environment are in the vacuum state.

To be more specific, we analyze the fidelity for various gate
operations:

Fy = Tr(py (O)|Vy) (Yu)). (28)

The fidelity-time dependence for a five-qubit identity gate,
an eight-qubit Hadamard gate, a Z-rotation gate, and a CZ
gate are plotted in Fig. 4. The parameters are n = 1,/1000,
w, = 100, and B/ = 1. Because a medium ¢, will result in
an unpredictable time-evolution pattern, this kind of fidelity
curve is not presented. Different gate operations show different
oscillation patterns, due to their own lattice structures and
sizes.

Figure 4 shows that when ¢, is large, all types of gates
exhibit a fidelity peak uniformly at r &~ 8, which is better than
the €, = O case. This is because when ¢, is large, the H causes
the fidelity to oscillate rapidly, which leaves the gate-type-
independent ® function to shape the envelope of the fidelity.
Therefore, if the measurement can be implemented rapidly, a
strong €, is preferred.

B. Suggestions for enhancing the performance of the CZ-gate
creation scheme

Because of the advantage listed above, we chose the solid
(green) line in Fig. 4 to conduct our investigation here. In
this section, we focus on making suggestions for enhancing
the performance of MBQCs realized by the CZ-gate creation
scheme.
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FIG. 4. (Color online) Fidelity-time dependence. Solid (green)
lines, €, = 5; dash-dotted (red) lines, €, = 0. (a) Five-qubit identity
gate. (b) Eight-qubit Hadamard gate. (c) CZ gate. (d) Z-rotation gate,
¢ =m/8.

If the gate operation is implemented as soon as the cluster
state is prepared, one would be concerned about the drop rate
of the fidelity in the first several fidelity peaks. We treat the
fidelity drop rate as

AF _ Ft=1H)—F(t=0)

- 29
At t—0 b 29

where 7, is the time to the first peak of fidelity after + = 0.
We calculate the fidelity drop rate versus the temperature
of the boson environment. Our result is shown in Fig. 5.
As the figure reveals, the fidelity drop rate curves decrease
as the temperature increases, but the decrease is slow and
nonlinear. When the environmental temperature gets lower,
the decrease becomes even slower. This process eventually
stops at T = 0, where the fidelity drop rates reach a nonzero
value. Utilizing this fact, we can save cooling equipment, since

02— —-0.222
0.3 —-0.224
g | 5
T -0.4 - -0.226
g <
0.5 —-0.228
06— 2 3 4 5 0BT 5 4 s
T T

FIG. 5. (Color online) The derivative of fidelity as a function
of temperature. Dash-dotted (red) lines, five-qubit identity gate;
solid (green) lines, eight-qubit Hadamard gate; dashed (blue) lines,
Z-rotation gate; and dotted black lines, CZ gate. (a) The derivative of
four gate operations. (b) Extraction: the derivative of the five-qubit
identity gate only.
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FIG. 6. (Color online) Peak statistics. Dash-dotted (red) lines,
five-qubit identity gate; solid (green) lines, eight-qubit Hadamard
gate; dashed (blue) lines, Z-rotation gate; and dotted black lines, CZ
gate. (a) Arrival time of the peak dependent on the temperature, with
the solid (green) line and the dotted black line overlapping. (b) Peak
fidelity dependent on the temperature.

there is little room for the fidelity drop rates to decrease at low
temperature.

If a cluster state could be kept for some time before
measuring it, we would ask where the fidelity peaks become
high enough. This question fits the situation when a part of
the computation must wait until other parts are finished, and
the cluster state is already prepared. From Fig. 4 we learn that
the fidelity peaks in the first peak of the envelope (see the set of
fidelity peaks near + & 8) may be suitable for our purpose. To
evaluate this area, we calculate the arrival time of the highest
peak in it and the fidelity of the highest peak.

Our calculation (see Fig. 6) proves the suitability of this area
in two respects. First, the fidelity of the highest peak is high
enough. From Fig. 6, we see that the fidelities are all above
0.8 when T' < 0.5. We also work out the fidelity-temperature
dependence at very low temperatures (see Fig. 7). When the
temperature goes even lower, the fidelity no longer changes,
stopping at a value lower than 1 at T = 0. Therefore, again,
we need not cool down the temperature with great effort. In
our parameter setting, wy = 0.1 is good enough to ensure a
high fidelity for the highest peak.

Second, the arrival time of the highest peak is almost
independent of the environmental temperature and completely
independent of the gate type, which simplifies its utilization.
The highest peak may switch from one to another among
several neighboring peaks, as happens for the identity gate and
the Z-rotation gate in Fig. 7, but this fact does not complicate

0.92 0.905
o9 e 0.904
£0.88 =
[0 © 0.903
Soss o)
0.84 0.902
08005 041 To.15 02 025 9% 005 0.1To.15 02 025

(a) (b)

FIG. 7. (Color online) Fidelity-temperature dependence. Dash-
dotted (red) lines, five-qubit identity gate; solid (green) lines, eight-
qubit Hadamard gate; dashed (blue) lines, Z-rotation gate; and dotted
black lines, CZ gate. (a) Four types of gates. (b) Extraction: five-qubit
identity gate only.
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our procedure. Since several peaks near the highest peak are
almost equally good and the temperature should not vary much,
we can just stick with one of the peaks. The fact that the
highest peak arrives uniformly regardless of T is because the
oscillation is mainly controlled by the ® function and Hy, both
of which do not depend on the environmental temperature at
all. The arrival time is also independent of gate type. Again,
it is because of the ® function, which remains invariant under
changes in gate type, qubit number, and lattice shape of the
cluster state.

C. Generalized noise: Numerical results

Until now, we have only evaluated pure phase noise. From
the perspective of noise theory, pure phase noise fails to
describe all circumstances. As a result, we generalize our
Hamiltonian to consider both phase and amplitude noise in
this section:

N
H = Z e,,ozf") + Z a)kalak
n=1 k

+ > (cos®)o™ — sin(@)o")(gxay + gra).  (30)
nk

With amplitude noise added, we can no longer solve the time-
evolution problem analytically. Instead, we seek numerical
solutions, trying to figure out the character of the generalized
noise. For simplicity, we calculate a single-mode boson
environment, with the frequency resonant with the energy gap
of a two-level qubit:

N
H=c¢ Z UZ(") +2¢ata

n=1

+g@ +a) ) (cos(®)ol” —sin(@)0). (31)

This single-frequency model is reasonable, because naturally
the resonant frequency mode causes more damage. The only
drawback of this model is that it fails to describe the situation
when € = 0, in which case a boson would have zero energy,
which is impossible.

For cluster states consisting of several qubits, we write a
program to calculate the time evolution of the density operator:

p2(t) = e pQ(0)e' . (32)

In the system, the boson environment is infinite-dimensional.
In our program, however, we adopt a cutoff approximation,
setting the maximum boson number to some large number.

The gate fidelity is still defined by Eq. (10). We show the
calculation outcomes for the five-qubit identity gate, eight-
qubit Hadamard gate, Z-rotation gate, and CZ gate. We set
g=0.1,e =5,and T = 1, with different 8’s considered (see
Fig. 8).

The fidelity curves in Fig. 8 show some common patterns.
First, all angles 6 result in similar oscillation patterns, with
the same oscillation frequency. The reason is transparent.
Since the coupling is weak, we are safe to assume that the
oscillation frequency is mainly governed by the Hj part of the
Hamiltonian, which remains independent of the noise type (or,
equivalently, the parameter 6).
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FIG. 8. (Color online) Fidelity-time dependence. Solid (green)
lines, 0 = 7 /2; dashed (blue) lines, # = 7/4; and dash-dotted (red)
lines, 8 = 0. (a) Five-qubit identity gate. (b) Eight-qubit Hadamard
gate. (c) CZ gate. (d) Z-rotation gate, { = 7/8.

An interesting fact is that phase noise imposes less damage
than amplitude noise. According to Fig. 8, the case where
6 = 0 has its peak fidelity near 1 even after a long time.
This character can be understood through some qualitative
reasoning. Since a Z error cannot change the energy of the
qubits, while the boson environment must add or subtract its
boson number by 1 to impose an error, the total energy of the
system is changed by 2e¢. In contrast, an X error changes the
energy of the qubits by 2¢, which compensates for the energy
change in the boson environment and maintains the energy of
the whole system unchanged. Since X errors do not require the
energy of the system to change, they occur much more easily
than Z errors.

IV. CLUSTER HAMILTONIAN CREATION SCHEME

A cluster state can also be created by cluster Hamiltoni-
ans [2,7], of which the cluster state is the ground state. The
simplest cluster Hamiltonian is

Hic=—J1) K (33)
where J > 0, and K; are the stabilizers of the cluster state:
Ki=X:[] 2 (34)
neigh

The product is over all sites neighboring site i. Since the ground
state |g) must be a state where

Kilg) =1g), Vi, (35)

weclaimthat |g) = |W¢). Therefore, upon cooling this system,
we obtain a thermal state close to a cluster state.

To construct an appropriate model for noise, we need to
study the energy level of Hamiltonian (33). The eigenstate of
Hyc is just the common eigenstates of all cluster stabilizers
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FIG. 9. (Color online) Energy levels of H¢, with g = 0.

{K;}. The first excited state, |e;), will be the eigenstate with
eigenvalue —1 of a certain K; and the eigenvector with
eigenvalue 1 of K;,Vj #i. Its energy is 2J higher than the
ground state. Following this reasoning, we conclude that the
energy gaps between neighboring energy levels are all 2J.
Degeneracy of this model can also be deduced. For example,
since |e;) can only have one eigenvalue —1, and there are n
stabilizers for a certain cluster state, we conclude that the first
excited state is N-fold degenerate. Applying the same method,
one can calculate the degeneracy of higher excited states. We
remark that the ground state is nondegenerate.

Now we can construct a single-mode boson environment,
with the mode frequency resonant with the gap between the
nearest energy levels:

He=—JY K;i+2Ja'a+ g’ +a)

1

x Z (cos(®)o™ — sin(@)a ™). (36)

fidelity
© o o
~ [ee] [(<}

o

FIG. 10. (Color online) Fidelity of a five-qubit identity gate,
dependenton 7 and g. (a) 0 = /2. (b) 0 =7 /4.(c) 0 = 0.
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FIG. 11. (Color online) Fidelity of an eight-qubit Hadamard gate,
dependentgon 7" and g. (a) 6 = /2. (b)0 =m/4.(c) 6 = 0.

The energy level structure of this Hamiltonian, with g = 0, is
plotted in Fig. 9. In the figure, |0), |1), and |2) are the boson
number states in Fock space. The ground state is a cluster state,
lg) = |Y¢), coupled with a vacuum |0), and the first excited
state is either |e;) with a vacuum or |g) with one boson. The
gap between the nearest energy levels is also 2J.

The density operator for the thermal state is

o = e PHc | Tr(ePHe), (37)

Again, we compute the fidelity for gate operations of this
density operator. At low temperatures, the thermal state mainly
comprises the lowest several energy levels. As a result, we
again use a cutoff on the boson number in our computation.

InFigs. 10and 11, we plot the fidelity of a five-qubit identity
gate and an eight-qubit Hadamard gate as a function of the
temperature 7 and coupling coefficient g. For clarity, we also
present the fidelity-g dependence for different 7’s in Fig. 12,
setting 0 = 7 /2.

We find that the Hamiltonian creation scheme produces
cluster states robust against the boson environment, when the

30.8 b08
go.e %0-6
0.4 0.4
o ] 5 3 0 05 1 15 2 25
g g

(a) (b)

FIG. 12. Fidelity-g dependence. Different lines vary only in
temperature. § = 7 /2. (a) Five-qubit identity gate. (b) Eight-qubit
Hadamard gate. For small g, the fidelity drop is negligible.
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208 038
3 506
06 =
0.4
04 1 2 3 0 05 1 15 2 25
g g

FIG. 13. (Color online) Fidelity-g dependence for different 6.
Solid (green) lines, 6 = m/2; dashed (blue) lines, 6 = m/4;
and dash-dotted (red) lines, & = 0. (a) Five-qubit identity gate.
(b) Eight-qubit Hadamard gate.

coupling is below a certain threshold amount, whether it is
under phase or amplitude noise. The fidelity is close to 1
as long as g and T are below a critical coupling coefficient
value, depending on the gate type (see Fig. 13). Further, a
small g value does not deteriorate the fidelity even when the
temperature 7 is high. This is shown in Fig. 12, where, with
small g, the curves overlap greatly.

When the coupling becomes gradually stronger, a sudden
drop in fidelity is observed. This character is similar to the
sudden change in fidelity when T goes high, which is well
treated in Ref. [19]. Figures 12 and 13 show that for a five-qubit
identity gate, g, ~ 2.9, while for an eight-qubit Hadamard
gate, g. &~ 2.4. Below these critical coupling coefficients, the
fidelity does not suffer from the coupling effect. For example,
setting 0 = m /4 and € = 5, the fidelity of a five-qubit identity
gateatg = 0,7 = 1.83150.9874, whileatg = 2.4, 7 = 1.83
itis 0.9203, which means the fidelity only drops by 0.0671 with
superstrong coupling. Actually, g/J ~ 1, known as ultrastrong
coupling, and requiring special design to be achieved in
experiments [27], would not occur in a quantum computation
task. As a result, the sudden drop in fidelity does not harm
the gate operations evaluated here. However, in a large cluster
state, this character may become an issue. Since g, depends
on the cluster size, it is probable that a large cluster state has a
small critical value. In this case, one must calculate the critical
coefficient carefully and restrict the coupling effect to below
this level in the MBQC system.

PHYSICAL REVIEW A 90, 052306 (2014)

V. DISCUSSION

In this section we first analyze the difference between gate
fidelity and cluster-state fidelity. We then discuss the collective
character of our environment.

One may wonder why the gate fidelity is different from
the corresponding cluster-state fidelity, as their definitions are
similar. The first observation to answer this question is that, to
get a correct gate teleportation resource state by the procedure
shown in Fig. 2, one does not necessarily need a cluster state.
Again, we take the Z-rotation gate as an example. If there are
X errors on both qubit 2 and qubit 4, the resource state can also
be correctly prepared:

pu =Trp Y BmPu(X2 ® X4)|Wc)(Wel(Xa ® X4) PmBl,

m

=Trp ) (X2 ® X4) B Pa| W) (We | P B (X2 ® Xu)
m

=Trp Y BumPul¥c)(Yc|PuBl. (38)

m

where the relationship Pp(X: ® X4) = (X2 @ X4) Py holds,
since the measurement of qubits 2 and 4 is under the X basis.
In this section, we denote the Pauli X operator as X and the
Z operator as Z. The same reasoning holds when the error is
Zy ® Zy. It is thus natural that the gate fidelity does not equal
to the corresponding cluster-state fidelity.

Further, we quantify the difference by the eigenstates of
the cluster state’s stabilizers, since they form a complete
orthonormal basis. We denote the eigenstates

i), Vie{l2 ...2"} (39)

with n being the qubit number. We denote the cluster state in
it |y1), satisfying

Fy = Tr([Wu)(¥ulpu) = Tr (|%><%| Tr, ) BummeBJ;.>

4
—Tr <|\vu><\vu|Tr,,ZBumamwl)(WmB,t,) + Tr | [Wy)(Py|Tr, > BumPm Y aijl¥i) (V)1 PuBL | .
m m

where the primed sum does not go over i = j=1.
By the process of gate teleportation, the first part
on the right-hand side equals a;;. The second part,
which is nonzero generally, results in the difference be-

Kjlyh) =1, Vjefl2 ... n} (40)
We decompose an arbitrary density matrix as
p= ayli)(¥;l. (41)
iJ
For the cluster-state fidelity,
F =Tr(\Wc)(Welp) = Tr(|[y)(dilp) = an.  (42)
For the gate fidelity, in contrast,
(43)

iJj

(

tween the gate fidelity and the corresponding cluster-state
fidelity.

We plot four fidelity-temperature curves to give a direct
demonstration; see Fig. 14. The gate fidelities here all go above
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fidglity °
fidelity

o

(©)

FIG. 14. (Color online) Comparison between the gate fidelity
[solid (green) lines] and the corresponding cluster fidelity [dash-
dotted (red) line], with €, = 5. (a) Five-qubit identity gate. (b)
Eight-qubit Hadamard gate. (c) CZ gate. (d) Z-rotation gate, 0 = 7 /8.

the corresponding cluster-state fidelities, but generally they
show the same pattern.

Now we analyze the collective character of our noise
models. Our Hamiltonians, such as Eq. (30), do not distinguish
qubits from each other and, thus, remain invariant when the
qubits are permuted. In Ref. [28], this is called the “collective
decoherence” case, to distinguish it from the individual
decoherence case. The collective character of our Hamiltonian
may result in an outcome that is different from the individual
case. As evidence, we evaluate the fidelity drop versus the qubit
number in a linear cluster state. We use Hamiltonian (30). We
setd = /2, g = 0.1, e = 5, and the temperature of the boson
environment 7 = 1. The typical fidelity oscillation pattern is
like Fig. 15. Again, the fidelity peaks occur at a certain time,
indifferent to a change in the qubit number.

fidelity
o o
@ @

N
£

o
(S}

t

FIG. 15. A typical oscillation pattern in this setting, showing the
fidelity-time relationship for a six-qubit linear cluster state.
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@ 0.85
D089 e}
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FIG. 16. Cluster fidelity for the first four peaks versus qubit
number n. The fidelity drop turns out to be linear.

As expected in the independent case, the fidelity drops
exponentially with an increase in qubits. However, here, the
fidelity only drops linearly with the increase in qubit number
(Fig. 16). This fact may just be due to the character of our
“collective” noise model.

VI. CONCLUSION

In this paper, we analyze the fidelity of the MBQC scheme
when the system is coupled with a boson environment. Two
specific schemes, the CZ creation scheme and the Hamiltonian
creation scheme, are studied.

In the CZ creation scheme, we solve the time evolution of
the fidelity. We provide the exact solution for the pure phase
noise case and calculate numerically for the generalized noise
case. We study four kinds of gate fidelity in detail and propose
two suggestions to enhance the performance under coupling.

In the Hamiltonian creation scheme, the phenomenon of
a sudden change in fidelity is discovered. Below a certain
threshold coupling coefficient value, the damage caused by the
boson environment is negligible. The threshold value depends
on the gate type and cluster size. For individual gates consisting
of several qubits, the threshold value is large so one will not
worry about the effect caused by coupling. We conclude that
the Hamiltonian creation method is robust against this kind of
noise under a threshold coupling value.

MBQC is a promising quantum computation scheme, and
the findings in this paper may be significant for the practical
implementation of MBQC systems.
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APPENDIX A: DERIVATIONS OF TWO FORMULAS 1. Derivation of the unitary evolution operator

For completeness, we next present the detailed calculations The fact that U, (¢) can be solved exactly is due to the pure
for two formulas in the text. The calculations here are similar ~ dephasing character of the Hamiltonian interaction part. In this
to those in Refs. [28] and [29]. One may also refer to Ref. [30] ~ section, we prove formula (18). Substituting Eq. (17) into Uy,
for some parts of the calculations. This part is self-consistent ~ W€ get
and is presented in the same style as in the text.

J

t
U](f) = fCXp |:—l/ Zgz(”)(gkeiwkz’alz + glte—iwu’ak)dt/:| ) (Al)
0wk

In order to simplify the expression, we here prove the useful formula

Texp[ / dtl(A(t1)+1§(t1))i| = exp|: / A(tl)dtl]f"exp{ / |:exp (— / 1 A(tz)dtz)é(tl)exp ( / l A(tz)dtz)}dtl}.
0 0 0 0 0

(A2)
First, we denote X(t) = T exp[ [y A(t1) + B(t1)d11,Y(t) = expl [y A(t)dt;], and Z(t) = Y~ (1)X(¢). We have
dX/dt = [A(r) + BO1X (@), (A3)
d¥dt = AY (). (A4)
As a result,
dZ/dt = —AOY ' OX@) + Y OAG@) + Be)X@) =Y ' OBOX(@0) = [Y ' O)BOY()]IZ(@). (A5)
Integrating this equation, we have
t
Zit)=1 +f Y~ (t)) B(t)Y (1)) Z(1y)d 1. (A6)
0
Iterating this equation repeatedly, we get
t t t t
2(t)=1+ / dn V() + / dty / duoV()V(t) +--- = Texp [/ V(tl)dtl}, (A7)
0 0 0 0
where V(t) = f"l(t)é(t))?(t). We can rewrite this equation as
t
X(@t) = Y(t)exp [ / ?l(t)f?(t)f/(t)dtl] (A8)
0
Substituting the expressions of X(t) and Y (¢) into it, we prove formula (A2).
Now we evaluate U,(¢) in Eq. (A1). Setting
Aty = —i Zoz(”)gkei“""ai, (A9)
nk
B(t) = —i Z oMgte gy, (A10)
nk

(A2) becomes

Uy(t) =T exp [ fo dn(A(n) + é(m)}

:exp[ /0 A(tl)dtl]f"exp{ fo |:exp (— fo | A(tg)dtg)é(tl)exp< /0 1 A(tz)dt2>:|dt1}. (A11)

Applying the Baker-Hausdorff formula eABe A = B +[A,B] + [A,[A,B]]/Z! + ... and noting that [A,[A,B]l1 =0, we
conclude that

" A " gl2(1 — e~exn)
exp (- f A(tz)dt2>B(t1)exp ( / A(tz)dtz) =B(t)- Yy oM™ (A12)
0 0 n,m,k LWy k i
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As a result, time ordering is no longer required in the third line of Eq. (A11), and we rewrite it as

r t R 7 t 2 1_ —iwt)
Us(r) = exp / At exp{ / [B(ll)—Z%aé”)a;m) dn

LJO i 0 nk k
] ‘ gkl (r — ot

= exp / A(t)dt, | exp / B(t)dt; — Z ( . ol )a\f”)ozf’”)
LJo | 0 o en
C T , Lol (r — =t

= exp / A(t)dt exp[ / B(tl)dt1:| exp [—Z (iwk o )og%;m ) (A13)
LJO i 0 nm.k

When [A,[A, B]] = [B.[A, B]] = 0, we have eA™5 = eAeBe14.81/2 Applying this formula, we get

exp |: A(tl)dtl] exp |: B(tl)dtl] = exp |:/ A(t) + B(tl)dt1i| exp (%/ dn / dtz[A(tl),B(tz)]>
0 0 0

t 2
= exp [ / A(t) + B(tl)dt1i| exp (Z @(2 el — e-"wkf)ag")agm) . (A14)
0 n.

m,k

Substituting this into Eq. (A13), we finally get

Z |gk|20(n)a(m)

Ui(t) = exp |:/ A(ty) + B(I])dl‘]] exp |:l 3 (it — smwkt):| (A15)
0

n,m,k

which proves Eq. (18).

2. Derivation of the reduced density operator of the qubits

In this section, we present the detailed calculation for Eq. (22). The density operator for the whole system is

p1(t) = Ur()p2(0) ® pEO)U] (1), (A16)

where the subscript / indicates the interaction picture, and the superscripts Q and B indicate qubits and the boson environment,
respectively. What we really care about is the reduced density matrix of the qubits:

PP (1) =Trg [U1(0pf0) ® pfO)U; ()] (A17)
We now evaluate each matrix element of p; (t) We define
L i@ = iz, o inlp POl jis oy - ) (A18)
where N is the total number of qubits, and i,, = %1 is the state of the nth qubit in the cluster state. We have

P i@ =T [pf QU U )]0, 0,

(A19)
where
Ui (1) = exp |: Z |gk|*s (k. 1) Z lnlmi| exp {Z[gkq)wk(t)l"ak 8k¢wk(t)’"ak]} (A20)
n,k
satisfies
Ur(Olfin}) = UM Oin}). (A21)

Explicit calculation reveals that

n,m n,k

U@ = exp[ > leklPs@it) Y (inim — J,.]m)} exp [Z[gkw:,k(t)jnak—gkwwk(njnalt]

X exp [Z[gk%k (inay, — giiwiik(r)inak]

n,k
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= €Xp |:l Z |gk|25(0)k,t) Z(lnlm - ]n]m)i|
k n,m

X exp [Z[&’Zw}ﬁk (D — in)ak — gkPur, ()i — in)al]} : (A22)

nk

We here, again, use the fact that eATB — oA pBo—IABI2 yhen [A,[A,B]1 =[B.,[A,B]] =0. Substituting Eq. (15), the initial

density operator of the boson environment, into it, we have

1—
Trp |:pf(0) exp {Z(d’kbl - 4’;2%)” — Hexp |:—|gk|2 C;);(wkt) o
k k

where

Pk = B () D _(in — ju)-

This equation leads to

. (ZZZT) 2 = )i = jn)] , (A23)

k m,n

(A24)

Wi . . . . . .. ..
P, (@) = exp [— > lgkle(er 1) coth (m)om — Jn)in — m} exp [, > lgul (@i ) imin — Jmm} P2, i 0.

k,m,n

where

c(wg,t) =

Taking the continuum limit, we get the form of Eq. (22), with

o) = / dwl(w)s(w,1),

T(.T) = /dwl(cu)c(a),t)coth (i)
2607'

Here, wy = kpT is called the thermal frequency, and the spectral density

dk
l@) =) 80— ol = = G@)lg@)P,
k

with G(w) being the density of states. Assuming an ohmic spectral density,

I(w) = nwe

we get Egs. (24) and (25).

Kk,m,n

(A25)

1 — cos(wyt)
w—kz. (A26)
(A27)
(A28)
(A29)
—o/oc (A30)
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