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Surface codes can protect quantum information stored in qubits from local errors as long as the
per-operation error rate is below a certain threshold. Here we propose holonomic surface codes by
harnessing the quantum holonomy of the system. In our scheme, the holonomic gates are built
via auxiliary qubits rather than the auxiliary levels in multi-level systems used in conventional
holonomic quantum computation. The key advantage of our approach is that the auxiliary qubits
are in their ground state before and after each gate operation, so they are not involved in the
operation cycles of surface codes. This provides a new and advantageous way to implement surface

codes for fault-tolerant quantum computation.

I. INTRODUCTION

Quantum error correction (QEC) can protect quantum
information from detrimental noise by encoding a logical
qubit with a set of physical qubits [1-3]. Recently, re-
markable progress has been achieved in the experimen-
tal demonstration of QEC on small-size codes [4-8]. A
prototypical approach to QEC is the surface code [9-
12], defined on a two-dimensional (2D) qubit lattice [13].
One attractive feature of these surface codes is that only
nearest-neighbor interactions are involved, which facili-
tates their experimental construction. Another appealing
feature is their appreciable tolerance to local errors [14—
18]. According to a recent estimation of this tolerance
with a balanced-noise model, the fidelities of every single-
and two-qubit gates for surface codes should be larger
than 99.4% [19], so as to satisfy the fault-tolerant thresh-
old.

Current quantum control technology has made it ex-
perimentally accessible to reach this surface-code thresh-
old for fault tolerance [5]. However, quantum gates
with higher fidelities are still needed since this could
allow to greatly reduce the many number of physical
qubits needed for encoding a logical qubit. For dy-
namic quantum gates, stochastic Pauli errors are im-
portant [19], but they are less important for holonomic
quantum gates because the holonomic gates are robust
against small stochastic fluctuations in the Hamiltonian
of the system (see the Appendix). Now, imperfect control
of the Hamiltonian during gate operations may become
the main source of errors in the quantum-holonomy ap-
proach. Here, we propose holonomic surface codes, where
the errors caused by imperfect control can also be sup-
pressed.

Non-Abelian geometric phases (i.e., quantum holon-
omy) [20-27] can be used to build quantum gates with
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higher fidelities, but existing holonomic schemes are
based on multi-level (usually three- or four-level) quan-
tum systems [22, 23, 26, 27]. A direct application of these
schemes to surface codes is problematic, because the re-
quired projective measurement on a multi-level quantum
system can have a state collapse to the auxiliary level,
in addition to the levels used for a qubit. To overcome
this problem, the holonomic gates are here built with
the help of auxiliary qubits rather than auxiliary lev-
els used in the original non-Abelian methods. The re-
quired multi-level structure is provided by the Hilbert
space spanned by both the target and auxiliary qubits
together. The key advantage of our method is that the
auxiliary qubits are in their ground states before and after
each gate operation, so they are not involved in the op-
eration cycles of surface codes. Moreover, the construc-
tion of a holonomic gate only needs a Hamiltonian with
nearest-neighbor XY-type interactions. This is another
advantage due to its accessibility in real systems. Thus,
our approach provides a new and advantageous way to
implement surface codes for fault-tolerant quantum com-
putation.

II. DYNAMIC AND HOLONOMIC SURFACE
CODES

Surface codes were studied on a square lattice of qubits
[11], with each qubit acting as either a “measurement”
qubit (open circle) or a “data” qubit (solid circle) [see
Fig. 1(a)]. The measurement qubit, denoted by Z or X,
has a stabilizer Z pcq = 0%080¢0% or Xypeq = 020b0c0?,
where o (o), with i = a,b,c,d, are Pauli operators act-
ing on the four data qubits adjoining the measurement
qubit [Fig. 1(b)]. At the boundary of the lattice, the
stabilizer is reduced to having three Pauli operators act-
ing on the three data qubits adjoining the measurement
qubit. These stabilizers commute with each other, be-
cause two (zero) data qubits are shared by two neigh-
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FIG. 1. (a) A 2D lattice implementation of dynamic surface
codes. (b) The stabilizer units (left) and syndrome extraction
circuits (right) for measurement qubits Z and X in (a). (¢) A
2D lattice implementation of holonomic surface codes, where
we introduce two types of auxiliary qubits, shown as orange
solid and open circles, respectively. (d) The stabilizer units
for measurement qubits Z and X in (c).

boring (non-neighboring) stabilizers. With projective
measurements on all the measurement qubits, the state
[t) of all the data qubits satisfies Zsped|t)) = Zabed|?)
and Xgpea|t) = Tapea|th) for all stabilizers, with zgped,
Tapeq = E1L.

A Z(X)-stabilizer requires a Hamiltonian with four-
body interactions. This is impossible because four-body
interactions do not occur in natural systems. Thus, a
sequence of single- and two-qubit operations, plus a pro-
jective measurement, are utilized to achieve the stabilizer
combined with the required projective measurement [see
Fig. 1(b)]. Then, as shown in [11], logical qubits can be
created by making holes (i.e., defects) inside the lattice,
and the operations on logical qubits for quantum com-
puting can be decomposed into single- and two-qubit op-
erations on physical qubits. However, in order to imple-

ment large-scale quantum computing with surface codes,
the fidelity threshold of any operation on physical qubits
should be above 99.4% [19]. For a large system with
many qubits, this is extremely difficult to achieve when
dynamic operations are employed.

Besides dynamic operations, one can harness the ge-
ometric nature of the quantum system to build quan-
tum operations (on physical qubits) with extremely high
fidelities. The implementation of surface codes in-
volves non-commutative operations on physical qubits,
so the employed geometric quantum gates should be con-
structed with quantum holonomy. In the existing holo-
nomic approach, multi-level quantum systems are uti-
lized to implement the holonomic operations on qubits.
However, it is problematic to directly apply this approach
to surface codes, since the required projective measure-
ment in surface codes can collapse the state of the system
to the auxiliary levels, in addition to the qubit levels.

Here we propose a new square lattice of qubits
[Fig. 1(c)], where besides data and measurement qubits,
some additional qubits (shown as orange circles) are used
as auxiliary qubits. For each pair of adjacent data and
measurement qubits, an auxiliary qubit (orange solid cir-
cle) lies in between, so each stabilizer unit contains four
auxiliary qubits [Fig. 1(d)]. We assume that the Pauli-z
and Pauli-y Hamiltonian of each single physical qubit are
available. In addition, an XY-type interaction Hamil-
tonian between nearest-neighbor physical qubits is re-
quired, which reads

. T - .
Hf,iy = %(aioﬁ + a{log), (1)

where J;y, is the coupling strength and o7 (07) represents
the Pauli-z () operator on the j-th physical qubit. Also,
we assume that the Hamiltonian for each single qubit can
be tuned to zero. Moreover, we can turn on the coupling
strengths Jj;, for a certain time, so as to satisfy the cyclic
condition for achieving holonomic gates. With this new
lattice, single- and two-qubit holonomic operations can
be implemented using physical qubits (see Sec. ITI below),
instead of employing multi-level systems. This makes it
possible to realize holonomic surface codes.

IIT. HOLONOMIC OPERATIONS FOR
SURFACE CODES

We first explain how quantum holonomy can arise in
non-adiabatic unitary evolution. Consider a quantum
system with Hamiltonian H, which spans a Hilbert space
containing a subspace £ spanned by a set of basis states
{|¥k)} 7, where m is the dimension of £. We can de-
fine a projection operator Pz = Y ;" [¢x)(¢x| for L.
Then, non-adiabatic quantum holonomy acting on £ can
be realized if two conditions are satisfied [22, 23]:

(i) H vanishes in the evolving subspace P(t) =
Ut)P:UT(t).



(ii) The subspace L evolves in a cyclic manner fol-
1owing L(t) = Span{U(t)|¥k)}i,, where U(t) =
T exp[—i fo )dt'], with T denoting time-ordering.

To construct a holonomic single-qubit gate on a target
(either data or measurement) qubit, we need a nearby
auxiliary qubit interacting with it via an XY-type inter-
action [see Fig. 2(a)]. Specifically, we use “1” (“2”) to
denote the auxiliary (target) qubit. The Hamiltonian of
the two qubits is

J12(0‘ o2 4+ ola?), (2)

iy J
Hy = ZX(cos Bol + sin o) + 5 e
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where o, (o)) is a Pauli matrix acting on qubit 1 and

is a constant. By setting the parameters J; = Jo(¢)sin 6
and Jia = Jo(t) cosf, the time evolution operator Uy (t)
generated by Hi(t) can be obtained as (see Appendix A)

Vo cos(atD)VOT

—iVysin(a; D)V 3)
—iV; Sin(atD)VOT ’

th(t) = ( Vi COS(atD)‘/lT

where at:fot Jo(s)ds, and

sin g e~ cos g
‘/0 - Z,@ o Q 9
COS 5 2 sin 3
20
cos 0
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(0% e ) @)
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vi cosg e sin 2
1 eBsin? —cos? )
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We divide the 4D Hilbert space of H, into two sub-
spaces spanned by Lo = Span{|00),|01)} and £ =
Span{|10), |11)}, and accordingly define two projection
operators Py = |00)(00]| + |01)(01] and P, = |10){10| +
[11)(11|. By choosing a certain time ¢ = 7 such that
sin(a, D) = diag{0,0} but cos(a,D) = diag{—1,1} (this
condition can always be satisfied as long as 0 # 1';2” ),
we obtain the final evolution operator

Ui (Lo, L£1) = [0){0] @ V(Lo) + [1){A @ V(L1),  (5)

where

V(Lk) = —Vio.Vy
= (=1)* cosfo, — sinf(cos B, + sin Bo,)  (6)

is a single-qubit gate acting on qubit 2. Given that qubit
1 is initialized in |0), the gate on qubit 2 is a Hadamard
gate H if 6 = n/4 and § = 7. A single-qubit rotation
around the z-axis, R, (a) = exp(—iao,), can be obtained
by applying V(Lg) twice, during which § = n/4 and 8 =
/2 for the first cycle, while § = 7/4 + o and 8 = /2
for the second one. Another rotation around the z-axis,
R.(a) = exp(—iao,), is also available since HR,(a)H =
R.(a). Note that condition (i) is satisfied because

Py(t)Hy Py (t) = Uy (t) P Hy PLU () = 0, (7)
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FIG. 2. (a) Implementation of holonomi single-qubit oper-
ations. (b) Implementation of the holonomic quantum gate
Us. between qubits M and D. (c) Implementation of the
holonomic SWAP gate between qubits M and D via three
holonomic two-qubit Us. gates (first between qubits M and
B, then between qubits D and M, and finally between qubits
B and D).

where [Hy, Uy (t)] = 0 is used. Also, because

‘Cj(T) = (.] =0, 1)7 (8)

condition (ii) is satisfied. Thus, V(L) is a holonomic
single-qubit gate.

To construct a holonomic two-qubit gate on a pair of
measurement (M) and data (D) qubits, we introduce an
auxiliary (A) qubit lying in between and interacting with
both of them [see Fig. 2 (b)]. Hereafter, qubits M, D
and A are also denoted as qubit 1, 2, and 3, respectively.
In this case, we turn off the single-qubit Hamiltonian
and turn on the interactions. Then the corresponding
Hamiltonian is

Ur(7)£5(0) = £;(0)

ﬁQ Hl):(’,YJFst ) (9)
which has four invariant subspaces:

S1 = Span{|000)}, Sy = Span{|001),]010),|100)},
Ss = Span{|110), |101),|011)}, S4 = Span{|111)}.

Here and hereafter, for the state |ijk), we use i for qubit
1, j for qubit 2, and k for qubit 3. In the subspaces S;
and Sy, Hg sunply reduces to Hs1 = H54 = 0, but it
reduces to

. . 0 Jaz Jis
Hs,=Hs,= | Jos 0 0 (10)
Jiz 0 0

in the subspaces So and Sj. .
We first focus on the evolution in Sy owing to Hsg,.
We use the basis states [010) and |100) as the logical
|0) and |1) to define the qubit subspace Sz4(0), and
|001) to define the auxiliary subspace S3,(0). Here
we choose Jo3 and Ji3 as the controllable parameters
and set Jog = Q(¢)sin(6/2) and Ji3 = Q(t) cos(8/2),



where Q(t) describes the envelope, and 6 is a time-
independent parameter. By turning on ﬁgz, the qubit
subspace Sz 4(0) evolves to Sg 4(t) spanned by the or-
dered basis {Us,(t)|010), Us, (¢)|100)}, where Us,(t) =
exp[—i fg Hs, (t')dt']. Meanwhile, the auxiliary subspace
82,4(0) evolves to Sz 4(t) spanned by Us, (¢)|001). With
S84 and Sy, evolved for a certain time 7, such that
fOT Q(t")dt’ = 7, the resulting unitary operator becomes

-1 0 0
Us,(t)=| 0 cosf —sinf |. (11)
0 —sinf —cosf

Thus, we obtain a minus identity operator Us, ,(7) =
—1I, on the subspace S 4(0), and a quantum gate

Us, (1) = cosfo, —sinfo, (12)

on the subspace Sz 4(0). Note that condition (i) is satis-
fied, since Us, (t) commutes with Hg,, so

PS2,k(t)‘HS2P82,k (t) = USz (t)Psz‘kﬁ32P32,kU£2 (t)
—0 (k=a.q). (13)
Condition (ii) is also satisfied, because
S2,4(7) = Span{Us,_, (7)|001)}
= Span{|001)},
S2,4(7) = Span{Us, ,(7)|001), Us, , (7)[100) }
= Span{]|001), [100)}. (14)
Therefore, the gate Us, (7) is holonomic. Similarly, evolv-
ing S3 for the same time interval 7, we obtain a holonomic

gate Us, ,(7) = —1, on S3 , = Span{|110)}, and another
holonomic gate on Ss 4 = Span{|101), |011) } which reads

Us,, (1) = cosfo, —sinfo,. (15)

The state of qubits M and D is generally an arbitrary
two-qubit pure state > . Gmp|mn). We initialize
qubit A in |0). Then, the initial state of the three qubits
reads

‘w% = (a00|00> +a01|01> +a10|10> +a11|11>) & ‘0> (16)

When the cyclic condition is satisfied, the state of qubit
A returns to |0) and the final state of the three qubits
becomes

|w>f = [a00\00> + U$2Yq(a01|01> +CL10‘10>) — a11|11>] ® |O>

(17)
The corresponding holonomic two-qubit gate on the
physical qubits M and D is given by

Uy = Ino @ Us, , @ (—111), (18)

where Iyo(11) is an identity operator acting on [00) (|11)).
Choosing 6 = 3w/2, we obtain a nontrivial holonomic
two-qubit gate

g =

(19)

oo o
o= OO
SO = O

O OO

4

Note that Us, transforms |0) ® (a|0) + b|1)) to (a|0) +
b|1)) ®|0) and vice versa. A SWAP gate between qubits
M and D can be realized in three steps by employing an
extra auxiliary qubit (B) initialized in |0), in addition to
the one (A) between qubits M and D [see Fig. 2(c)]:

VR = UEPUPWYEE. (o
A control-Z (CZ) gate is obtained as

M,D M,D
U((JZ ) = U(M’D)Ué\NAP)- (21)

Sz

Accordingly, a control-NOT (CNOT) gate is given by
M,D M,D
Utnor = HUg, ™ H, (22)

where H is the Hadamard gate on qubit D.

So far, we have shown how to construct all the holo-
nomic single- and two-qubit gates needed for surface
codes. In our lattice [Fig. 1(c)], there is always an aux-
iliary qubit below every target qubit, so we can imple-
ment holonomic single-qubit gates on all target qubits
at the same time. Also, the two-qubit gate architec-
ture in Fig. 2(c) exists for every pair of measurement
and data qubits in our lattice. For each measurement-
X (or Z) qubit, we can implement a holonomic CNOT
gate on this qubit and its nearest-neighbor data qubit
i, where ¢ = a,b,c,d [cf. Fig. 2(b)]. Among these eight
types of CNOT gates, we can simultaneously implement
all CNOT gates of the same type. Thus, all the X (or
Z) syndrome extraction circuits can be implemented in
parallel.

IV. GATE ROBUSTNESS TO ERRORS AND
AUXILIARY-QUBIT RESETTING

In Appendix B, we show how Pauli errors spread in
holonomic quantum gates. In fact, as a distinct advan-
tage, holonomic quantum gates are robust against small
stochastic fluctuations (see Appendix C), including also
stochastic Pauli errors. Below we consider the area error
due to imperfect control of the Hamiltonian, because now
it may become the main source of errors. When an area
error ¢ is included, the cyclic condition [ Q(s)ds =  for
a holonomic Uy, gate becomes [ Q(s)ds = m + 4. The
final state of the employed three qubits is

[0 s = W)o ® [0) +isindlpp @ 1), (23)

where
50 1)
|7,Z)>o = a00|00> + (a01 Sln2 5 “+ aig COS2 §)|01>

) )
+(a1g sin? 3 + apy cos® 5)\10) — ay1 cosd|11),

V2 V2
7(@01 + a10)|00> + 7&11|10>

) =



The lower bound of the fidelity for the holonomic U,
gate can be written as (see Appendix D)

54

Fp=1-——o
h 162+ o

(25)

For the holonomic single-qubit gate (e.g., Hadamard
gate), its fidelity is even higher (see also Appendix D).
Owing to the error §, the two target qubits become
entangled with the auxiliary qubit in the real final state
10" . To reset the auxiliary qubit to its ground state
|0), one needs to implement a measurement with o, on
the auxiliary qubit. When |0) is obtained for the aux-
iliary qubit, the state of the two target qubits is col-
lapsed to |¢)o with a very high probability. Although
1) ®|0) deviates a bit from the ideal final state [1)()) ; =
[ |50, it is perfectly correctable by surface codes as
long as 0 is small enough. However, when |1} is obtained
for the auxiliary qubit, the state of the two target qubits
is collapsed to [¢); with a very low probability. Here
[th)1 ®|1) is free of the area error § and can be converted
to [ ¢ via holonomic operations (see Appendix E).
Also, we can use XY interactions between the mea-
surement and data qubits to directly build a dynamic
iISWAP gate by turning on
i, - Q1) (oMqP

oy 0y + aéwaf) (26)

for a time ¢, so that fot Q(s)ds = 2Z. We calculate the
fidelity of the dynamic iISWAP gate by considering the
area error fot Q(s)ds = 37” + 6. The corresponding lower
bound of the gate fidelity is (see Appendix D)

Fy=1 5 (27)

A holonomic CNOT gate can be constructed in ten
steps, including four Ug,’s, four initializations, and two
Hadamards. With an iSWAP gate, a dynamic CNOT
gate can be realized in seven steps [28, 29]. According to
the balanced-noise model, the lower bounds of the gate
fidelities for holonomic and dynamic CNOT gates are
then given by (F,)'° and (F;)7, respectively. Figure 3
shows the numerical results for both of them. It is clear
that the holonomic gate fidelity decreases more slowly
than the dynamic one when increasing d, indicating that
the holonomic gate is more robust than the dynamic gate.

V. DISCUSSION AND CONCLUSION

We have proposed a method to implement surface
codes by harnessing quantum holonomy, where the holo-
nomic gates on target qubits are built with the help of
auxiliary qubits. After each gate operation, the measure-
ment on the auxiliary qubit can provide a heralding signal
which can be used to improve gate fidelity. In Ref. [26],
the same Hamiltonian as in Eq. (2) was used to achieve
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FIG. 3. The lower bound of the fidelity for the holonomic
CNOT gate (blue curve) and that for the dynamic CNOT
gate (green curve) versus the area error 0. For § < 0.152, the
fidelity of the holonomic CNOQOT is larger than the threshold
99.4% (marked by the red dotted line), but it requires § <
0.041 for the dynamic one.
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holonomic single-qubit gates. In Ref. [27], the three-level
systems, instead of two-level systems, were used to real-
ize the holonomic single-qubit gates, but only two lev-
els of each three-level system were used to construct the
holonomic two-qubit gates and the Hamiltonian used is
also the XY-type. In our approach, all holonomic single-
and two-qubit gates are achieved by employing auxiliary
qubits instead of using three-level systems. Moreover,
we focus on achieving surface codes for fault-tolerant
quantum computation via the required holonomic single-
and two-qubit gates, rather than the holonomic quantum
computation considered in, e.g., Refs. [26] and [27].

Compared with the original surface-code lattice, our
holonomic scheme consumes more qubits to obtain the
same code distance. However, by paying such a price, our
approach gains a significant advantage: the holonomic
two-qubit gate is much more robust than the conven-
tional dynamic two-qubit gate achieved with the same
interaction Hamiltonian. For example, it follows from
Fig. 3 that when § = 0.041, the fidelity of the dynamic
CONOT gate just reaches the needed fidelity 99.4% of the
quantum gates for surface codes. However, for the same
value of ¢, the fidelity of the corresponding holonomic
CNOT gate is about 99.9993%, which is much higher
than 99.4%. Moreover, even though this scheme requires
an increase by a factor of 4 the number of physical qubits,
we achieve a reduction of error caused by imperfect con-
trol by 3 orders of magnitude. This is advantageous
for constructing a logical qubit. Given that the logi-
cal error rate of a surface-code qubit decreases roughly
as ~ (p/pwn)?, where d is the distance of the code and
pin ~ 0.6% is the threshold, by reducing p to 3 orders
of magnitude less than pyy,, the required distance of the
code, and hence the total number of physical qubits re-
quired for a logical qubit, will easily result in a net ben-
efit.



ACKNOWLEDGMENTS

This work is supported by the National Key Re-
search and Development Program of China (grant
No. 2016YFA0301200), the MOST 973 Program of
China (grant No. 2014CB848700), the NSFC (grant
No. 11774022), and the NSAF (grant No. U1530401).
FN was partially supported by the RIKEN iTHES
Project, MURI Center for Dynamic Magneto-Optics via
the AFOSR Award No. FA9550-14-1-0040, the Japan
Society for the Promotion of Science (KAKENHI), the
IMPACT program of JST, JSPS-RFBR grant No. 17-
52-50023, CREST grant No. JPMJCR1676, and the
Sir John Templeton Foundation. SJD acknowledges
support by the Australian Research Council Centre
of Excellence in Engineered Quantum Systems EQUS
(Project CE110001013).

Appendix A: Derivation of the time evolution
operator in Eq. (3)

By setting the parameters J; = Jo(t)sinf and Jio =
Jo(t) cos 0, the Hamiltonian in Eq. (2) becomes

- 0T
Hy = Jo(t) (TT 0 ) (A1)
in the ordered basis {|00), |01), |10), |11)}, where
L sin fe=? 0
= 2 )
T ( cos 6 %sin e~ 1P (A2)

is a 2 x 2 time-independent matrix. Since T is invertible,
there is a unique singular value decomposition [26]

T = VoDVy, (A3)
with
in @ —if A
_ sing e "cosg
Vo < e'f cos g —sin g > ’ (Ad)
cos? ¢ 0
- 2
D < 0 sin? g ’ (A5)
and
[ —if qip &
t_ cosg e Psing
Vi ( e'f gin g — cos g ) ' (A6)
According to Eq. (A3), it is easy to check that
R 0 VoD Vi
H = JJ(t 1 A7
PO (e ) @D
for odd n, and
A VoD"Vy 0
H = J} (¢t 0 AR
p=ae (0 D)

for even n. Then, the time evolution operator U (t) gen-
erated by Hi(t) can be obtained as

Uy (t) =T exp{—i /0 H(t')dt'}
(=i Jy Hi(t)dt)"

:Z n!

n=even

Ly iAoy

n=odd
(W cos(atD)VOT —iVy sin(atD)VlJr
—iVyisin(a; D)V, Vi cos(a; D)V,

). o)

where T denotes the time ordering and a; :fot Jo(t')dt'.
This is Eq. (3) in the main text.

Appendix B: Error spreading due to stochastic Pauli
errors

In the proposed holonomic surface codes, we introduce
auxiliary qubits to construct the required quantum gates,
so more physical qubits than in the dynamic surface codes
are consumed for a given code distance. Here we show
how stochastic Pauli errors spread in holonomic quantum
gates.

1. Holonomic single-qubit gate

As shown in the main text, a holonomic single-qubit
gate on a target qubit is achieved with the help of an
auxiliary qubit. Thus, it involves two physical qubits.
Also, one needs to prepare the auxiliary qubit in |0) be-
fore implementing the gate operation and then perform
a measurement on it after the gate operation. The evo-
lution operator for these two physical qubits reads

Ur(Lo, £1) = [0){0] @ V(£Lo) + [1) (1] @ V(L1).

It is evident that if the auxiliary qubit is prepared in
the orthogonal state |1), a similar holonomic single-
qubit gate V(£1) on the target qubit is achieved. We
assume that a stochastic two-qubit Pauli error occurs,
which affects the two physical qubits and can be chosen
from {Io,,Ioy,l0.,0,1,0,04,0,0y,040, - ,0,0.} (15
errors in total) [19]. When performing a measurement
on the auxiliary qubit, if an incorrect measurement re-
sult is reported, only the target qubit is affected and the
error is not spread to other physical qubits. Therefore,
local Pauli errors do not spread out through a holonomic
single-qubit gate.

(B1)

2. Holonomic two-qubit gate

Also, as shown in the main text, a holonomic two-qubit
gate on two target qubits is achieved with the help of an
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FIG. 4. Quantum circuit for a holonomic CNOT gate acting
on qubits M and D, where qubit B is initially prepared in |0).
Here we choose qubit D as the control qubit, so there are two
Hadamard gates applied before and after the four Us, gates.
On the contrary, if we choose qubit M as the control qubit,
the two Hadamard gates should be applied to qubit M.

auxiliary qubit. In the proposed holonomic surface codes,
the basic holonomic two-qubit gate for constructing the
needed CNOT gate is

0
0
Uy = 0 (B2)

OO O
oL OO
oo = O

-1

Unlike Uy, it may spread errors because it is a conditional
two-qubit gate. Below we list how local Pauli errors are
spread by Us,:

Usz(gm X I)Usz =0, ® (7.”1:7IJSZ(I(g> Um)Usz =0, ® 023
Usu(0: @ DU, = I ® 0,,Us,(I @ 0,)Us, = 0, @ I

Usz(ay @NUy, =0, UyaUSZ(I Y Uy)Usz =0y Q0.
(B3)

The spread relation for any other two-qubit Pauli error
can be obtained from Eq. (B3) by using the decomposi-
tion

Usz<Ua ® Uﬁ)Usz = Usz(aa & I)USZUSZ(I ® 0,8>USZ~ <B4)

Here we model errors as the perfect application of a gate
followed by one of the two-qubit Pauli errors with prob-
ability p/15. Our strategy to study the error spread is
to examine how the Pauli errors caused by the auxiliary
qubit spread in a single holonomic CNOT gate at the first
place and then to trace them through a whole stabilizer
circuit as shown in the main text.

To implement a holonomic CNOT gate on qubits M
and D, we need to perform the quantum circuit shown
in Fig. 4. Below we examine how Pauli errors are spread
through the circuit. For convenience, we write the initial
state of the qubits M, B, and D as |¢*)|0)[4)P), where
|pM(P)y s the state of qubit M (D). Note that we
write the state of qubits M and D in such a product
state because an entangled state can be expressed in a
superposition of this form and it does not change our
result. The state with error after a given gate operation

is listed below:

Step 1 (H):

(02 p ) 0)|wB), where [B) = H[yP). Here the
Pauli operator o) in (...)p is the error followed by
implementing H on qubit D. The superscript of o2
denotes the error which is originally generated on qubit
D and the subscript «ai implies that the error is the
Pauli-a ( = z,y,2,0) operator generated in the i-th
step (here v = 0 corresponds to the identity operator I).
When we write the state of the three qubits, we always
put the state of qubit M in the first place and the state
of qubit B at the second place, and so on.

Step 2 (UMB):
(082) 01 (085) 5(0g1) pl0) ™M) [ ).

Step 3 (UDM):
(o202 oM ) (o) 0By MDD o) ) 0),
where 03, is an operator depending on o, (when a2 = z
or y, 2p = z; otherwise, 2p = 0).

Step 4 (UZD):
(0050 09,000) M (0840 50 0505,0 01 05,085) B
(05405205;053%]\4/[202[1)9051)D W’g> 0) |1/)M>'

Step 5 (UMPD):
(0050 aATr 050 500505, 04 O 0b 0 08,005 i
(0540530%0505105052)3
(0550(%0510%0%03052050530%030051)D

U PIom0)[).

Step 6 (H):
(0050 A0 2050 50 0505, 04 O ab0 05, 085 M
(0540530%02%0510%052)3
(056‘7550%0510%0%0305203%0530%0%051)D

USSP I 0.

After applying the gates in this circuit, we find that
qubit B is not entangled with qubits M and D. This im-
plies that we can do a measurement on qubit B without
disturbing the other two qubits. After the measurement,
the Pauli errors (05,0000 0B, 08 0 B,) on qubit B are
eliminated so that it can be reset to [0). On the other
hand, since we use an auxiliary qubit B, the error o5,
induced by qubit B is spread to qubits M and D in a
CNOT-gate circuit.

Now we check how the error o, spreads through the
whole stabilizer circuit. For simplicity, we omit the Pauli
errors induced by qubits M and D because they also
occur in the circuit for dynamic surface codes. For the
holonomic stabilizer unit shown in Fig. 5(a), we list the
corresponding error-spread path in Table I.

The possibility to form an undetectable error (d = 4)
with the Pauli errors induced by four auxiliary qubits

12 ., 3 3 3 4 which

B’s can be calculated as 15 X 15 X 15 X 15 = o5
is quite small. Also, it is easy to check that the error-



TABLE I. This table shows how the error ¢%,(i) spreads through a stabilizer circuit, where ¢%,(i) (i = a,b, ¢, d) is the error
occurring in the CNOT (M,i) gate between the measurement qubit M and the i-th data qubit. The four CNOT gates in
the left column are implemented sucessively in the stabilizer circuit and the corresponding accumulated errors at both the
measurement qubit M and the i-th data qubit are listed in other columns.

Qubits
Operations M a b ¢ d
CNOT (M,a) B, (a) B, (a) I I I
CNOT (M,b) Ufz(b)UaB2(a) Ufz(a) Ta2(a) I I
CNOT (M,c) Ufg(c)afz(b)afg(a) 052((1) UQQ(b)Ufg(a) afz(c)afz(b)afg(a) I
CNOT (M,d) 052@)“52(0)052((7)052(@) Ufz(a) 02 (b)oaz(a) 052(6)0%(17)052(0) 052(51)052(0)052(17)052(@)

@

® ™ © ©—W
T

@

FIG. 5. (a) The stabilizer unit for a measurement qubit in
holonomic surface codes, where the four data qubits are de-
noted by a, b, ¢, and d. Here qubit M is the measurement
qubit and each qubit B is an auxiliary qubit. (b) The stabi-
lizer unit for a measurement qubit in dynamic surface codes.

spread path just mimics that for dynamic surface codes.
Therefore, the implementation of the holonomic stabi-
lizer circuit does not spread Pauli errors worse than the
implementation of the dynamic one.

Appendix C: Robustness to stochastic fluctuations

In this section, we show that holonomic quantum gates
are robust against small stochastic fluctuations. Let us
study a quantum system described by a Hamiltonian H
which has eigenstates {|1;)}. When the considered com-
putational subspace experiences a non-adiabatic cyclic
evolution in the total Hilbert space of H, its evolution is
described by [22, 23]

U(t, 0) — Te~ ! fOt[G(s)+D(s)]ds, (Cl)
where G(t) = (Ggi(t)) and D(t) = (Dg(t)), with

Gualt) = —i{un (D] S (1),

Dya(t) = (i ()| H|vu(t)), (C2)

are owing to the geometric and dynamic contributions,
respectively. In the ideal holonomic scheme, H = H;
and H, for the single- and two-qubit gates, which are
properly designed to have zero dynamic contribution

Dy (t) = 0. Below we consider the case with stochas-
tic fluctuations occurring in the Hamiltonian of the sys-
tem, i.e., H;(t) = H; + §H/(t) (i = 1,2), where the small
perturbation dH(t) contains the stochastic fluctuations,
and show that the holonomic gates are robust against the
small stochastic fluctuations. . R

(i) For the special case with 0 H|(t) = 6(t)H;, there is
H;(t) = [1+ 6(t)]H;. The corresponding dynamic contri-
bution remains equal to zero because

Dya(t) =(ui (8) Hi ()[4 (1))
=[1+ 6(8)](wor (8) | Hili(2)) = O,

indicating that the stochastic fluctuations do not give rise
to dynamic contributions, and the system evolves fully
quantum holonomically. Meanwhile, the fluctuations do
make the real cyclic path deviate a bit from the ideal
cyclic path because

(C3)

Gialt) =~ (0] 2 i (1)

= —<1/}k|0T(t)E[(t)U(t)|wl>a (04)

where

U(t) = Te i Jo Hs)ds, (C5)
However, owing to the small stochastic fluctuations, the
deviation along the whole cyclic path is averaged by the
path integration. Therefore, the net influence of the fluc-
tuations can be ignored if the time used for the cyclic
evolution is long. . .

(ii) The general case is [0H/(t), H;] # 0. In this case,
Dyi(t) does not vanish because the qubit subspace is no
longer a dark-invariant subspace for H;. However, for
small stochastic fluctuations, the deviation of Dy, (¢) from
0 is also small. Then, we can write the evolution operator
as

o0
U(t,0) = H e*ij},t;‘“(G(s)JrD(s))ds

n=1

oo
. ptn . ptn
_ H e~ ft:+1 G(s)dsefz ft:_H D(s)ds
n=1

=4 ST G s) D s 4

(C6)



where we have used the Baker-Campbell-Hausdorff
formula [30]. When the stochastic fluctuations are
small enough, —% t:“ Lt;”l[G(s),D(s/)]dsds’ + - s
a higher-order small term and U(t,0) can be approxi-
mately written as

H =i o frt1 G( s)ds 71ft”+1 D(s)ds

(C7)

Now we are going to sort out the geometric evolutions
from the dynamic ones. For any two adjoining sections
n=jandn=7j+1,

g [ttt [ttt i [tit2
e zftj G(s)ds zftj D(s)dse zft]_+1 G(s)ds

_ tj+2
Y e 1f1j+1 D(s)ds

[ttt i [tit2
— zftj G(s)dse lffj+1 G(s)ds

i ot t o rtit2 Vds
% o= 5 for T [ G(s),D(s ) dsds - = [y [T D(s)ds

it i rti+2 it 5
e zftj G(s)dse lftj«i»l G(s)dse zftj D(s)ds

. ptig2
—1i ftj’;rl D(s)ds

X e , (C8)

where we have again ignored the higher-order small term.
When the stochastic fluctuations are small enough, fol-
lowing the same procedure, we can approximately write
the evolution operator as

U(t, 0) — H e—z‘f::“ G(s)dse—if:;Jrl D(s)ds

n=1
i t i t
~ H e ! ft:+1 G(s)ds H et ft:Jrl D(s)ds
n=1 n=1
— Pe—if G(s)dsTe—ifot D(s)ds7 (Cg)
where P denotes the path-integral ordering. While

Dy (t) = 0 in the ideal holonomic scheme, the real dy-
namic contributions Dy;(t) become

Dya(t) = (0)|[H; + SH(t)][1(2))
=Wk (t)[SH] (£)[¢1(t) = (rl0A() ),  (C10)
with
SA(t) = UT(t)sH, (1)U (¢). (C11)

Because O0H!(t) fluctuates stochastically around O,
Dy (t) behave like errors which also fluctuate stochas-
tically around 0. Therefore, the dynamical evolution
Te~iJo P()ds ig related to the average of stochastic er-
rors over time, which goes to zero (i.e., the dynamical
evolution is reduced to an identity operator) for a long
time interval used for the whole cyclic path. For the ge-
ometric evolution Pei$ Gs)ds owing to the stochastic
fluctuation d H](t), the real path stochastically fluctuates

around the ideal loop with 6 H!(t) = 0. However, the de-
viation from the ideal geometric evolution is averaged by

the path integration along the whole cyclic path, which
also goes to zero when using a long time interval for the
cyclic evolution.

To explicitly show that the stochastic Pauli errors con-
sidered in the previous section can be regarded as special
cases of the stochastic fluctuations, let us consider, for
example, the Hamiltonian in Eq. (2), i.e.,

H, = %(C()S Bolk 4 sin /30,‘[ )+ JT((T o2+ (TUO'U) (C12)
When stochastic fluctuations occur, H; becomes H; (t) =
Hy+6H 1(t), where the fluctuation term can be generally
written as

SH(8) = 67 ()} + 61 (D)o, + 633 (t)os0
+5(‘/>( )O'yO'J (C13)
The evolution operator of the system is
U, (t) = Te—i Jo lH1(s)+6H (s)]ds (C14)

When the stochastic fluctuation §H/(t) is small enough,
we can write the evolution operator as

01( ) deT() ify SH| (s)ds

/6H (s)ds]. (C15)

The first term in Eq. (C15) corresponds to the ideal
ds

Te™ 1]0 Hi(s

~ T()—lfo Hy(s )ds

unitary evolution of the system Uy (t) = Te~" /o #1(s)
and the second term corresponds to the errors due to
§H'(t). For instance, when U;(t) = o, the second term
in Eq. (C15) becomes

—w/éH’ ds——z/ 6(1 ds—&—o/é(y

fm?/ 5g)(s)ds
0

t
—&—0;05 /0 55'7;)(3)(15

It gives rise to the Pauli error o, ® I on qubit 1, the
Pauli error I ® o, on qubit 2, and the Pauli error o, ® o,
on both qubit 1 and qubit 2. When higher-order terms
in the expansion of Te~t o 0H1(9)ds g0 included, each of
them, together with U;(t) = o, will also give rise to the
Pauli errors of the types o, ® I, I ® og, and 0, ® 0,
where o, 5 =z, y or z.

(C16)

Appendix D: Fidelities of the holonomic and
dynamic two-qubit gates

As explained above, holonomic quantum gates are ro-
bust against small stochastic fluctuations in the Hamil-
tonian of the system. This is a distinct advantage of the
quantum-holonomy scheme. Below we further consider
the area error due to the imperfect control of the param-
eters in the Hamiltonian, because it may now become the
main source of errors in the holonomic quantum gates.



1. Dynamic two-qubit gate

For a dynamic two-qubit iSWAP gate built on a pair
of measurement and data qubits coupled directly via an
XY-type interaction, the Hamiltonian reads

: Q(t)
Hy(t) = == (0307 + 0y 0)). (D1)
By turning on Hy for a time 7 so that Jo Q(s)ds = 2F,

the corresponding time evolution operator turns out to
be an iSWAP gate,

Uswap = e o Ha()dt — ) (D2)

S oo
O = OO
O O = O
_— o OO

in the ordered basis {|00),|01),|10),|11)}. In the pres-
ence of an area error §, we replace [ Q(s)ds = 2% with

fOT/ Q(s)ds = 2T + 6. With respect to the iSWAP gate
in Eq. (D2), the corresponding gate with this area error
can be written as

1 0 0 0
0 sind icosd O
0 7cosd sind 0
0 O 0 1

Ua(7') = (D3)

For a given initial state [¢); = ago|00) + ao1/01) +
a10]|10)+a11|11), where ago, ao1, a10, and aq; are complex
numbers that satisfy the normalization condition, when
the ISWAP gate in Eq. (D2) is applied, the ideal final
state can be obtained as

|¢(l)>f = CL01|00> + ia10|01> + Z'CL01‘10> + a11‘11>. (D4)

J
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Given the same initial state, when the corresponding gate
in Eq. (D3) is applied, the real final state is given by

1) § =ago|00) + (ao1 sin d + ia1g cos §)[01)

+ (tap1 cos & + aggsind)|10) + a11]11). (D5)
Therefore, the fidelity between the ideal and real final
states can be obtained as

50
F =[O0 | = [1 — 2sin’ (|a01|2 + Jaol?)

—isind(ag a0 + a01a’1‘0)|. (D6)
Note that |ag1|*> + |a10|*> € [0,1]. When ag; = 1 and
a1g = 0, the fidelity reaches its lower bound that reads

52
Fy=1-—,

a (D7)

up to second order in sind.
2. Holonomic single-qubit gate

In our approach, a holonomic single-qubit gate involves
two physical qubits, with one designed as the target qubit
and the other as the auxiliary qubit. Thus, its fidelity can
be compared directly with that of a dynamic two-qubit
gate. As shown in the main text, one needs to turn H;
on for some time ¢ to realize the holonomic single-qubit
gate, so that the cyclic condition can be satisfied, i.e.,
ay cong = (2n 4 )7 and asin® 2 = 2nm. AlbO the
auxiliary qubit should be initially prepared in the state
|0). In the presence of an area error ¢, the real cyclic

condition becomes a} cos® § = (2n + 1)7r + dcos? § and
ay sin? Q = 2nm + §sin? g. The matrix elements in the

evolutlon operator U; [see Eq. (refE1)] are now given by

20 20 29 —ip 0
/ P sm % cos(6 cos? §) + cos g cos(sin®g) —Le " sin 0[005(5 cos? 9) —|— cos (6 sin?
Vo cos(a D)Vy = ( zB sin f[cos(6 cos? &) + cos(0sin® §)]  —cos? & 005(5 cos? §) + sin® £ cos(6 sm )
20 20 715 [ (4 29
.y t_ 1 sin 0[s1n(5 sm 5) — sin(d cos® 5] e [sm g sin (0 cos? 2) + cos? s1n( sin” 5)
Vosin(a; D)y ( e'#[sin® ¢ sin(6 sin® ) + cos? & sin(6 cos2 o) sin 0[7 sin(§ cos? ) + sm(5 sin® £)] ’
028 29 29 1 —1,8
o t_ cos? & cos(8 cos? §) —|— sin” 5 cos(dsin” 5) —3¢ sin 9[005(6 cos? &) + cos(dsin® &)]
Vi cos(a, D)V, ( €' sin f[cos(6 cos? ) + cos(4 sin® 9)] — sin? g cos (8 cos? 2) + cos2 g cos (4 sin” g) - (D8)

Assume that the initial state of the two physical qubits is
(a]0) +b[1)) ® |0), where |a]? +|b|?> = 1 and the auxiliary

(

qubit is in the ground state |0). With U; applied to these
two qubits, the real final state reads



_ 2

i)

{ [— sin? g cos ((5 cos? g) + cos? g cos ((5 sin

l\ﬂ@
@,

0
+ cos? 3 sin

~i{5e :
o oo o)

Without the area error (§ = 0), the ideal final state is

|z/11i)> = (acos —be~ " sin 0)|00) —(ae

(D10)
For the holonomic Hadamard gate, § = 7 and 8 = 0 .
The fidelity of this holonomic single-qubit gate can be

obtained as

54
F~1——(1-]|abl). D11
32< ab) (D11)
In particular, when |a| = |b] = —=, the fidelity reaches
its lower bound
54
F,=1—— D12
=1 (D1

which is much better than the fidelity of the holonomic
two-qubit gate given below [see Eq. (D18)].

3. Holonomic two-qubit gate

In contrast to the dynamic iISWAP gate, when the holo-
nomic Uy, gate in Eq. (4) is applied, the initial state
[1); ®]0) of the three qubits, where |0) is the state of the
auxiliary qubit, is transformed to

) § = (a00|00) + a10/01) + ag:[10) — any[11)) ® [0).
(D13)
When including the area error 6, the cyclic condition

Jy Q(s)ds = 7 becomes [ Q Jds = 7+ J. Given the
same 1n1t1a1 state [1); ® \O} the real final state of the
three qubits can be obtained as

1Y) = [¥)o ®10) +isindl)r @ [1),

where
5 ) o

9)0 =aval00) + (
50 50
+ ( ajosin? §—|—a01cos =) 10) — a3 cos d|11),

2 V2 V2
7(&01 =+ a10)|00> + 7@11|10> + 7&11|01>.

2
(D15)

(D14)

50
ap1 bln 5 + aig cos? =

)1 =

% sin §+b cos 0)]01).

0
2

2)

fais g 20 LAY 20
{26 mn&{cos <6COS 2)+cos (651n 3 b |cos 2005
4 4 _ 0 v 2

2
0 b 0 0
2 P T 27 . . 27
(5s1n 2)] +2s1n0[ sin (5cos 2>+s1n <5sm 2>}}

11

_ b

2

) —
(¢0)] B

=

(

Since ¢ is a small quantity, we replace cos § with 1 —§2/2
and sin § with ¢ (up to second order). Thus, the fidelity of
the considered holonomic two-qubit gate can be written
as

1 — ad?

F=———
1 — ad? + ad?’

(D16)
where

1
= §(|a01|2 + ‘0410|2 + a;lalo + amaiko). (D17)

It is clear that F' decreases when increasing «. Also, it
is important to note that « € [0, 1], because ap; and a1
must satisfy the normalization condition. Therefore, the
lower bound of the fidelity for the holonomic gate Us, is
given by

54

F=1—-——— ~1-4§* D18
h 1 — 52 + 54 I ( )
which corresponds to @ = 1 (ag1 = a9 = 72) in

Eq. (D16).

Appendix E: Two different measurements on the
auxiliary qubit

1. Measurement with o,

Owing to the area error §, the two target qubits be-
come entangled with the auxiliary qubit in the real final
state [¢)(")) ¢ given in Eq. (D14). Therefore, we need to
implement a measurement on the auxiliary qubit, so as
to reset the auxiliary qubit to its ground state |0). If
we implement this measurement with o, there are two
possible outcomes. When |0) is obtained for the auxil-
iary qubit, the state of the two target qubits is collapsed
to |[tb)o with a very high probability, while the state of
the two target qubits is collapsed to [¢); with a very low
probability when |1) is obtained for the auxiliary qubit.
Although |¢)o ® |0) deviates a bit from the ideal final
state \w(i)> 1, it is perfectly correctable by surface codes,
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(b)  |u(e) U(0)] |CNOT| |U(9)]
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FIG. 6. Quantum circuit for the state recovery of |¢); to
[¥)f = a00]|00) + @10|01) + ao1|10) — a11]11). (a) The recov-
ery is divided into two steps, i.e., the population recovery
and the phase recovery, both of which are also accomplished
with holonomic gates. (b) Explicit circuit for the population
recovery. (c) Explicit circuit for the phase recovery.

as long as § is small enough. Here |3); ®|1) is free of the
area error 9, but we need to have it recovered to [¢)() ;.

For convenience, we write the coeflicients a;; of the
initial state |’$>z = a00|00>—|—a01|01>+a10|10>+a11|11>) as
|aij\ei¢if . Our strategy is to complete the state recovery
task for |¢);1 in two steps (see Fig. 6): First, we recover
the population of each basis |ij), so as to transfer |1); to

|[¥)1 = laool|00) + |a10]|01) 4 [a01][10) — |a11|[11). Then,
we recover the phase factors e’®s by converting [1); to
|1/}>f = a00|00> + a10|01> + 1101|10> — a11|11>. Here we
will only use the holonomic single- and two-qubit gates
achieved in the main text for these two steps.

The procedures for population recovery are listed as
follows [see Fig. 6(b)]:

(i) We perform a holonomic two-qubit gate

cos 01 _Sinel)GB—In,

Usz(61) = Ioo ® ( —sinf; —cosf

where 61 = 37. After this, [¢)); is transformed to

N V2ar;

a

ap1 + a1o

|00) |10), (E1)

where a = \/|a01 + a19]? + 2|a11]? is a normalization fac-
tor and we write ag1 + aio = |ag1 + ajglei®or+1o.
(ii) We perform a single-qubit gate

e%(¢11—¢01+10) 0
Uy = iy
0 e~ 3 (#11—¢o01+10)

cosf sin fei(—¢11+d01410)
x sin Het(d11—do1+10) — cos®

(E2)

on the first target qubit, where § = arccos(|agg|) +
M) Then, the state is transformed to

arctan (|a01+a10|

|a00][00) + /[ao [? + [a10[? + |a11[2[10). (E3)
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(iii) We perform another two-qubit gate

coslly —sinbs
—sinfy — cosfy ®—h,

/ 2 2 .
where 05 = 7 + arctan (Iaerlam . The state is

la11]

Us(02) = Ipo ® (

transformed to

|a00||00> + v/ |a01\2 + |a10|2|01> + |a11||10>. (E4)

(iv) We perform a CNOT gate on the two target qubits,
which transforms the state to

laoo][00) + v/lao1]? + |a10[?|01) + [a11[[11).  (E5)

(v) We perform a two-qubit gate

cos 03 —sin%,)@_ll17

Us(03) = Ipp @ ( —sinfs; —cosbs

where 03 = —arctan (IZS;D The state is then trans-

formed to
)1 = laoo||00) + |a10[[01) + |ag:|[10) — [a1,||11). (E6)

The procedures for phase recovery are listed as follows
[see Fig. 6(c)]:
(i) For convenience, we define

m— D11 ;%1 o,
" — d11 ; do1 7 (ET)

P = ¢o1 + ¢10 — 290,

where 4¢9 = ¢poo + Po1 + ¢10 + ¢11. We perform single-
qubit phase-shift gates

e”™ 0 e~ intg) 0
Rl = ( 0 eim ) ) R2 - ( 0 ei(n+g) )

on target qubits 1 and 2, respectively. After this, \1;)1 is
transformed to

e—i(m+n+%)|a00||00> 4 ei=mAnts) |agy||01)
+ e ago|[10) + M D jay |11). (ES)
(ii) We perform a sequence of CNOT, Rj, and CNOT

gates, where
-iZ
Ry=|(° "
2 < 0 612)

is a phase-shift gate on the target qubit 2. The state is
transformed to

|’(/J>f = a00|00) + a10|01) + a01|10) — CL11|11>7 (Eg)

up to a global phase e~**. Then, we recover |¢(i)>f =
|¢) ; ®|0) from |¢); @ |1), by mapping |1) of the auxiliary
qubit to |0) via a holonomic single-qubit rotation.

Note that several procedures are needed when recover-
ing [ ™) from [1h); @ |1), but actually these will rarely
be used because [¢)(") ; in Eq. (D14) collapses to the state
[)1 ® |1) with very low probability when implementing
a measurement on the auxiliary qubit with o,.
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2. Measurement with o, where |4+) and |—) are two eigenstates of ¢, correspond-
ing to the eigenvalues +1 and —1, respectively. By im-
plementing a measurement on the auxiliary qubit with

T _ 1
The real final state in Eq. (D14) can also be rewritten %’ the real final state collapses to |¢(7); = W(W))O +
as isind|y)1) @ |£). Here each of the states |+) of the aux-
iliary qubit can be reset to |0) by a single-qubit rotation
based on the outcome. When this is performed, the re-
sulting final state is [¢("); = (|¢0)o £ isind|y);) @ |0),

1 which is close to the ideal final state in Eq. (D13) for a
Y :ﬁm(@o +isindly)r) ® [+) small area error 4.
o Note that the module of the wavefunction |[¢)y +
+ (|’(/}>0 - ZSIH(SW})l) oY |_>]? (ElO) 7 sin §|'(/)>1 is

J

[19)o £ isind|y)1| =agoagy + (= sin dapo(ag; +ajg) — i~ sin dago(aor + ao) + 5 sin 62(ao1 + aro)(ag; + alo)

. 90 o v 20 o V2 w 0 o
+ <a01 sin? B + ayo cos® 2) <a01 sin? B + ajp cos? 2) + 27 sin daq1q (am sin 3 + ajq cos 2)

V2, * .0 0 1. 5 "
—27sm5a11 a01sm§ +alocos§ —|—§sm daiial;

V2

S ,-2é ‘2§ * ‘~2§ * ‘Qé - Ve s E é * é
10 SIn 5 + agp1 cos 1SN~ =~ + agq COS +1 5 sindaiy | ajgsin - + ag; cos

2 2 2 2 2
- 2 . * : 5 5 1 .2 * * 2
— i~ sin daiy | aipsin B + ap1 cos B + 5 sin dayrai, + ariay; cos”d. (E11)
[

After the measurement on the auxiliary qubit with o, where both sind ~ § and cosd ~ 1 — % are taken. Using
the fidelity of the two-qubit gate can be written as the lower bound condition ag; = a19 = —=, we obtain
. o the lower bound of the two-qubit gate fidelity

P (W D](|¢)o +isind|y)r) ©|0)]
[[¥)o £ isind|e)1]
= ,1_ [agoag, + sin? é(aioam + afya10)
[[1h)o & isind|i)| 2
(5 * * *
+ cos? §(a10a10 +ajiao1) + ajjar; cosd 18 19
) F, = ﬁ ~1-— 1854, (E14)
+ ZE sin d(agpao1 + agoaio + ajpa11 + ajia11)]- 12
(E12)
As an estimation, we consider the case with real a;;’s and
then have
. . - . 54 ~ YR
1_ %|a01a10| which is larger thap F, =1 T=orer 1—-96 .m
F = 1 5 , (E13) Eq. (D18). Thus, this measurement improves the fidelity
1 — 570%(aiy + a5y + 2a10a01) of the two-qubit gate.
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