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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 multilevel 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 an advantageous way to implement surface codes

for fault-tolerant quantum computation.
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I. INTRODUCTION

Quantum error correction (QEC) can protect quantum infor-
mation from detrimental noise by encoding a logical qubit with
a set of physical qubits [1-3]. Recently, remarkable progress
has been achieved in the experimental 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
facilitates 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 gate for surface codes should be larger than 99.4% [19],
so as to satisfy the fault-tolerant threshold.

Current quantum control technology has made it experi-
mentally accessible to reach this surface-code threshold for
fault tolerance [5]. However, quantum gates with higher fideli-
ties are still needed since this could allow one to greatly reduce
the many number of physical qubits needed for encoding a
logical qubit. For dynamic quantum gates, stochastic Pauli
errors are important [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 Appendices). Now, imperfect control of
the Hamiltonian during gate operations may become the main
source of errors in the quantum-holonomy approach. Here, we
propose holonomic surface codes where the errors caused by
imperfect control can also be suppressed.

Non-Abelian geometric phases (i.e., quantum holonomy)
[20-27] can be used to build quantum gates with higher fideli-
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ties, but existing holonomic schemes are based on multilevel
(usually three- or four-level) quantum systems [22,23,26,27].
A direct application of these schemes to surface codes is
problematic because the required projective measurement on
a multilevel quantum system can have a state collapse to the
auxiliary level, in addition to the levels used for a qubit. To
overcome this problem, here the holonomic gates are built with
the help of auxiliary qubits rather than auxiliary levels used
in the original non-Abelian methods. The required multilevel
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 operation cycles of surface codes. Moreover,
the construction 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 an advantageous way to implement surface
codes for fault-tolerant quantum computation.

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
Zapea = 0l0l0f0d or Xypey = 0l0botol, where of (o),
with i = a,b,c,d, are Pauli operators acting 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 acting on the three data qubits adjoining the
measurement qubit. These stabilizers commute with each other
because two (zero) data qubits are shared by two neighboring
(non-neighboring) stabilizers. With projective measurements

on all the measurement qubits, the state |¢) of all the data
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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).

qubits satisfies Zapca| V) = Zapea|¥) and Xopea|¥) = Xapeal¥)
for all stabilizers, with Z,pcd, Xapea = 1.

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 projective 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 computing can be decomposed into single- and
two-qubit operations on physical qubits. However, in order to
implement 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 geometric
nature of the quantum system to build quantum operations (on
physical qubits) with extremely high fidelities. The implemen-
tation of surface codes involves noncommutative operations
on physical qubits, so the employed geometric quantum gates
should be constructed with quantum holonomy. In the existing
holonomic approach, multilevel quantum systems are utilized
to implement the holonomic operations on qubits. However, it
is problematic to directly apply this approach to surface codes
since the required projective measurement in surface codes
can collapse the state of the system to the auxiliary levels, in
addition to the qubit levels.

Here we propose a 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 circle) lies in between, so each
stabilizer unit contains four auxiliary qubits [Fig. 1(d)]. We
assume that the Pauli-x and Pauli-y Hamiltonian of each
single physical qubit are available. In addition, an XY -type
interaction Hamiltonian between nearest-neighbor physical
qubits is required, which reads

A Tik ;i :
H' = == (oo +o]oy), (1)

where Jji is the coupling strength and o (o) represents
the Pauli-x (-y) operator on the jth 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
Jjx for a certain time, so as to satisfy the cyclic condition
for achieving holonomic gates. With this lattice, single- and
two-qubit holonomic operations can be implemented using
physical qubits (see Sec. III below), instead of employing
multilevel systems. This makes it possible to realize holonomic
surface codes.

III. HOLONOMIC OPERATIONS FOR SURFACE CODES

We first explain how quantum holonomy can arise in
nonadiabatic unitary evolution. Consider a quantum system
with Hamiltonian H, which spans a Hilbert space containing a
subspace L spanned by a set of basis states {|y)};_;, where m
is the dimension of £. We can define a projection operator Py =
Y iy 1) (k| for L. Then, nonadiabatic quantum holonomy
acting on L can be realized if two conditions are satisfied
[22,23]:

@) H vanishes in the evolving subspace P,(t) =
U@®)PUT@).

(i) The subspace L evolves in a cyclic manner
following  L(t) = Span{U (t)|¥x)}i,, where U(t)=
T exp[—i fot H(t')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 aux-
iliary qubit interacting with it via an XY-type interaction [see
Fig. 2(a)]. Specifically, we use “1” (“2”) to denote the auxiliary
(target) qubit. The Hamiltonian of the two qubits is

. , Ji2
A = ?l(cosﬂax1 +smﬁo;) + 71(0}1%2 +U;Uv2)’ )
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FIG. 2. (a) Implementation of holonomic single-qubit operations.
(b) Implementation of the holonomic quantum gate U, between
qubits M and D. (c) Implementation of the holonomic SWAP gate
between qubits M and D via three holonomic two-qubit Uy, gates
(first between qubits M and B, then between qubits D and M, and
finally between qubits B and D).

where o) (ayl) is a Pauli matrix acting on qubit 1 and 8
is a constant. By setting the parameters J; = Jo(#) sinf and
Ji2 = Jo(t) cos 0, the time-evolution operator U () generated
by H, (t) can be obtained as (see Appendix A)

T ; . i

Vo cos(a; D)V, —iVysin(a; D)V,

uiw=|( T S B©)
—iVy sin(a; D)V Vi cos(a; D)V,

where a, :fot Jo(s)ds, and

. g
Vo — sin
e cos §

e cos %)
. 0 9
—sin §

Vi cosd e Psing @
L e[‘ssin% —cos? |

We divide the 4D Hilbert space of H; into two subspaces
spanned by £y = 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 choos-
ing a certain time ¢t = t such that sin(a, D) = diag{0,0} but
cos(a, D) = dialg{z— 1,1} (this condition can always be satisfied

+2n

as long as 6 # —57 ), we obtain the final evolution operator,

Ui(Lo,£1) = 10)(0] ® V(Lo) + [1)(1| @ V(L1),  (5)
where
V(L) = —Vio. V]
= (=1 cos 0o, — sinf(cos Bo, + sin Boy)  (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 = /4 and B = 7. A single-qubit rotation around the
x axis, R,(«) = exp(—iwoy), can be obtained by applying
V(Ly) twice, during which 8 = /4 and § = /2 for the first
cycle, while & = w/4 + o and B = /2 for the second one.

Another rotation around the z axis, R,(«) = exp(—iaa;), is
also available since HR,(«¢)H = R,(«). Note that condition
(i) is satisfied because

Pu(t)H, Pu(t) = Uy (1) P Hy UL (1) = 0, (7
where [FII,UI ()] = 0 is used. Also, because
Li(t) = Uy(v)L;(0) = L;(0) (j =0,1), (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 mea-
surement (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

=AY + B, )
which has four invariant subspaces:
S1 = Span{|000)}, S = Span{|001),]010),]100)},
&3 = Span{|110),]101),]011)}, S4 = Span{|111)}.

Here and hereafter, for the state |ijk), we use i for qubit lu j
for qubit 2, and & for qubit 3. In the subspaces S and Sy, H;
simply reduces to Hs, = Hs, = 0, but it reduces to

0 Js Jiz
Hs,=Hs,=|Js 0 0 (10)
Jz 0 0

in the subspaces S, and S;.

We first focus on the evolution in S, owing to 1952.
We use the basis states |010) and |100) as the logical |0)
and |1) to define the qubit subspace S,(0), and |001)
to define the auxiliary subspace S;,(0). Here we choose
Jos and Jy3 as the controllable parameters and set Jr3 =
Q(#)sin(6/2) and Ji3 = (¢) cos(6/2), where 2(¢) describes
the envelope, and 6 is a time-independent parameter. By
turning on [:152, the qubit subspace S, ,(0) evolves to S, ,(¥)
spanned by the ordered basis {Us, (¢)|010),Us, (¢)|100) }, where
Us, (1) = exp[—i fot Flgz(t’)dt’]. Meanwhile, the auxiliary sub-
space S»,(0) evolves to S, ,(f) spanned by Us,(¢)[001).
With S, , and S, , evolved for a certain time 7, such that
Jo Q(t"dt" = m, the resulting unitary operator becomes

—1 0 0
Us(t)=1| 0 cosf —sind |. (11)
0 —sinf —cosé
Thus, we obtain a negative identity operator Us, () = —1,
on the subspace S; ,(0), and a quantum gate
Us,,(t) = cosfo; — sinfoy (12)

on the subspace S, ,(0). Note that condition (i) is satisfied since
Us, (t) commutes with Hg,, so

Ps, () As, Ps,, (1) = Us, () Ps,, Hs, Ps, UL ()
=0 (k=a,q). (13)
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Condition (ii) is also satisfied because
&2,4(7) = Span{Us, ,(7)|001)}
= Span{|001)},
(14)
&24(t) = Span{Us, (1)|001),Us, , (7)]100)}
= Span{|001),]100)}.

Therefore, the gate Us,(7) is holonomic. Similarly, evolving
S; for the same time interval 7, we obtain a holonomic
gate Us, ,(t) = —1, on 53, = Span{|110)}, and another holo-
nomic gate on Sz , = Span{|101),|011)} which reads

Us,,(t) = costo; —sinfoy. (15)

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

[¥)i = (ao0|00) + ao1|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

[¥) ¢ = [al00) + Us, ,(a01101) + a10]10)) — a11|11)] ® |0).

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

Uy = Ipo @ Us,, ® (—111), (18)

where Igo1) is an identity operator acting on [00) (|11)).
Choosing 6 = 37/2, we obtain a nontrivial holonomic two-
qubit gate,

1 00 0
00 1 0
uMP = 19
¥ 01 0 0 e
00 0 -1

Note that Uy, transforms [0) ® (a|0) + b|1)) to (a|O) +
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)]:

Uswap = UG DU UG, (20)
A control-z (Cz) gate is obtained as
(M. D) ,D)y(M,D)
Uz ' = Us(éw D)USWAP : 21
Accordingly, a control-NOT (CNOT) gate is given by

Utnor = HUg " H. (22)
where H is the Hadamard gate on qubit D.

So far, we have shown how to construct all the holonomic
single- and two-qubit gates needed for surface codes. In our
lattice [Fig. 1(c)], there is always an auxiliary qubit below every
target qubit, so we can implement holonomic single-qubit gates
on all target qubits at the same time. Also, the two-qubit gate
architecture 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 i = 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 advantage,
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 for Q(s)ds = m for a holonomic Uy, gate
becomes for Q(s)ds = m + 4. The final state of the employed
three qubits is

WD) p =)o ® 10) + i sin8|y) ® 1), (23)

where

., 0 8
[V )o = agp|00) + (am sin’ 5 “+ajo cos’ §>|O])

22 28110y —
+ { a1 sin 2+a01cos 5 [10) — a;q cosé§|11),

2 2 2
) = g(am + ai0)|00) + %—a11|10> + §f111|01>~

(24)

The lower bound of the fidelity for the holonomic Uy, gate can
be written as (see Appendix D)
84
F,=1 oo (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 [/)) . 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 auxiliary qubit, the state of the two
target qubits is collapsed to |y)o with a very high probability.
Although |¢¥)¢ ® |0) deviates a bit from the ideal final state
lY @) ;= [¥") rls—o, it is perfectly correctable by surface
codes as long as § 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,
[Y)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 measurement
and data qubits to directly build a dynamic iSWAP gate by
turning on

. Q(t
H; = L(a)fWUXD + U}{WayD) (26)
for a time 7, so that fol Q(s)ds = 37” We calculate the fidelity
of the dynamic iSWAP gate by considering the area error

fot Q(s)ds = 37” + §. The corresponding lower bound of the
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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) vs
the area error §. For § < 0.152, the fidelity of the holonomic CNOT is
larger than the threshold 99.4% (marked by the red dotted line), but
it requires § < 0.041 for the dynamic one.

gate fidelity is (see Appendix D)

32

Fy=1 5 (27)
A holonomic CNOT gate can be constructed in ten steps,
including four Us,’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;),
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 8, 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 holonomic gates
on target qubits are built with the help of auxiliary qubits.
After each gate operation, the measurement 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 holonomic single-qubit gates. In
Ref. [27], the three-level systems, instead of two-level systems,
were used to realize the holonomic single-qubit gates, but only
two levels 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 holo-
nomic 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 conventional 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 CNOT 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 of the number of physical qubits, we achieve a
reduction of error caused by imperfect control by three orders
of magnitude. This is advantageous for constructing a logical
qubit. Given that the logical error rate of a surface-code qubit
decreases roughly as ~(p/ py)?, where d is the distance of the
code and py ~ 0.6% is the threshold, by reducing p to three
orders of magnitude less than py,, the required distance of the
code and hence the total number of physical qubits required
for a logical qubit will easily result in a net benefit.
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APPENDIX A: DERIVATION OF THE TIME-EVOLUTION
OPERATOR IN EQ. (3)

By setting the parameters J; = Jy(t)sin6 and Jjp =
Jo(t) cos 6, the Hamiltonian in Eq. (2) becomes

m=no() T (A1)
= t
1 0 T]L 0
in the ordered basis {|00),|01),]|10),[11)}, where
1 singe~i# 0
T = - » (A2)
cosf 3 sinfe~f

isa?2 x 2 time-independent matrix. Since 7 is invertible, there
is a unique singular value decomposition [26],

T =V,DV], (A3)
with
v sin g e~ cos % Al
07 \eifcos ? —sin? )’ (A9
2 2
. <0052 % 0 ) (A5)
= 20 )
0 sin” 3
and
0 —iB i 6
cos? e Psinl
vi=[ .7 2 (A6)
efsin?  —cos g
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According to Eq. (A3), it is easy to check that

o 0 VoDV,
H' = JI'(1) T (A7)
ViD"V, 0
for odd n, and
N A AA 0
A = Ji @0 . (A8)
0 ViD"V,

for even 7. Then, the time-evolution operator U;(¢) generated
by H;(t) can be obtained as

Ui(t) = Texp{—i / ﬁl(t’)dt’}
0

[—if, Bi@Hdr']" [—if, Bi@hdt']"
- Z : n! + Z : n!

n=even n=odd
Vo cos(a; D) VJ —iVy sin(a, D) VIJr (A9)
—iVysin(@ D)V,  Vjcos(a, D)V, |’

where T denotes the time ordering and a, = fof 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) before implementing the
gate operation and then perform a measurement on it after the
gate operation. The evolution operator for these two physical
qubits reads

Ui(Lo,L1) = 10)(0] ® V(Lo) + [1)(1] ® V(Ly).

It is evident that if the auxiliary qubit is prepared in
the orthogonal state |1), a similar holonomic single-qubit
gate V(L)) on the target qubit is achieved. We assume
that a stochastic two-qubit Pauli error occurs, which af-
fects the two physical qubits and can be chosen from
{loy,10y,10;,0:1,0,0¢,0,0y,0,0;,...,0,0;} (15 errors in
total) [19]. When performing a measurement on the auxiliary
qubit, if an incorrect measurement result 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.

(BI)

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 auxiliary
qubit. In the proposed holonomic surface codes, the basic

M Us: Us:

B Us:

D_H Usz H—

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 Uy, gates. On the contrary, if we
choose qubit M as the control qubit, the two Hadamard gates should
be applied to qubit M.

holonomic two-qubit gate for constructing the needed CNOT
gate is

1 0 0 O
0 0 1 O
Us, = (B2)
0O 1 0 O
0 0 0 -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:

Ugylo, @ DUy, = 0, ® 0, Uy, (I ® 01)Us, = 0, ® 05
Usz(oz & I)Usz =I® UzsUsz(I ® Uz)Usz =0, Q I
Uy (o, ® NUs, =0, ® 0,,Us,(I ® 0,)Us, =0y, ®0,. (B3)

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

Usz(Uat by Uﬂ)Usz = Usz(oa ® I)UszUsz(] ® O—ﬁ)[]sv (B4)

Here we model errors as the perfect application of a gate
followed by one of the two-qubit Pauli errors with probability
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 in 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

FIG. 5. (a) The stabilizer unit for a measurement qubit in holo-
nomic surface codes, where the four data qubits are denoted by a, b, c,
and d. Here qubit M is the measurement qubit and each qubit B is
an auxiliary qubit. (b) The stabilizer unit for a measurement qubit in
dynamic surface codes.
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TABLE 1. This table shows how the error o5 (i) spreads through a stabilizer circuit, where 6 5(i) (i = a,b,c,d) is the error occurring in the
CNOT (M, i) gate between the measurement qubit M and the ith data qubit. The four CNOT gates in the left column are implemented successively
in the stabilizer circuit and the corresponding accumulated errors at both the measurement qubit M and the ith data qubit are listed in the other

columns.
Qubits
Operations M a b c d
CNOT (M ,a) ol(a) ol(a) I 1 I
CNOT (M, b) ol (b)ol(a) o5(@) oy (a) 1 1
CNOT (M, ¢) o (c)ok(b)ok(a) aZ(a) oZ(b)ok(a) o (c)o(b)ok(a) 1
CNOT (M, d) ol (dyal(c)al(b)ol(a) al(a) ol (b)ol(a) ol (c)al(b)ol(a) ol (d)ol(c)ol(b)ol(a)

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 |¢M)|0)|¥P), where |yM D) is 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)p19")10)|¥2), where [y2) = H|yP).
Here the Pauli operator o/} in (-)p is the error followed by
implementing H on qubit D. The superscript of o/} denotes
the error which is originally generated on qubit D and the
subscript ai implies that the error is the Pauli-o (o = x,y,z,0)
operator generated in the ith step (here, « = 0 corresponds
to the identity operator /). 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 (UY™). (04 u(0.5)a(@.0)pI0) [ V).

Step 3 (UM). (0,50502,003)m (0 5(0,30507), al)D
|1//g YwM)|0), where Uzp is an operator depending on o,,
(when @2 = x or y, 2p = z; otherwise, 2p = 0).

Step4 (UEP). (oMo, [{Uzp oMu(clo %Uﬁgaz’:;, (ﬁaﬁ, o)
(0,0 %0313,050%02?) oY) 0) ).

Step5(U
D B DD _M_D_D_-M_M_D_M_M
(ot «5%40q 203p‘7a3‘7a2‘72p%104;7%3%102,;%2)M

D _M,_D,_D_B
(0, 0490394292p04193) a2)B

D _M_D _M_M_D_B _D_D
(04594304192,04204,06203 04304 202p rxl)D

UstIWH)IO)IwM%

Step6(H)
B_D _D,M_D _D _M_M,_D _M_M
(o, %4‘7 2‘73p%3%2‘72p%1U4p%2%102p%2)M
D _M
(G 30a202paa103p 012)3

D_M M D _B _D,_D
(0% 6%5%%%1Uzp%zaztp%z(’%paw%z"zp o)

UYLy DI04 ).

After applying the gates in this circuit, we find that qubit
B is not entangled with qubits M and D. This implies
that we can do a measurement on qubit B without dis-
turbing the other two qubits. After the measurement, the
Pauli errors (Uﬁaogogazgoﬁ angofz) on qubit B are elim-
inated so that it can be reset to |0). On the other hand,
since we use an auxiliary qubit B, the error ¢ induced
by qubit B is spread to qubits M and D in a CNOT-gate
circuit.

Now we check how the error 0%, 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 B’s can be

calculated as 2 x 2 x & x 2 = 2 which is quite small.

15 5715715 = 625
Also, it is easy to check that the error-spread path just mimics
that for dynamic surface codes. Therefore, the implementation
of the holonomic stabilizer 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 {|i)}. When the considered computational
subspace experiences a nonadiabatic cyclic evolution in the
total Hilbert space of Jai , its evolution is described by [22,23]

U(t,0) = Te~ JlG@+DG)ds (C1)
where G(¢) = [Gu(?)] and D(t) = [ Dy (t)], with

Gu(t) = —i(Wk(l)|%|K[fl(t)),

Du(t) = (YOI H [y (1)), (C2)

are owing to the geometric and dynamic contributions, re-
spectively. 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 stochastic fluctuations occurring
in the Hamiltonian of the system, i.e., H;(t) = H; + 8 H/(t)
(i = 1,2), where the small perturbation § I:Ii/(t) contains the
stochastic fluctuations, and show that the holonomic gates are
robust against the small stochastic fluctuations.

(i) For the special case with (SI:Ii/(t) = 8(t)H;, there is
H@® =1+ 8(t)]I:Ii. The corresponding dynamic contribu-
tion remains equal to zero because

Dy(t) = (Y| H; (1) |y (1))
= [14 8O Hi|[yi(1)) = 0,

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

(C3)
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cyclic path deviate a bit from the ideal cyclic path because

0
Gu(®) = =i {Yu(Ol Y1 (1)
= — (| OO HOT@0)|Y), (C4)
where
U(t) = Te i Jo HMs (C5)

However, owing to the small stochastic fluctuations, the de-
viation along the whole cyclic path is averaged by the path
integration. Therefore, the net influence of the fluctuations can
be ignored if the time used for the cyclic evolution is long.

(ii) The general case is [§ Fli’(t), H;] # 0. In this case, Dy (1)
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,0) = He—i S G (s)+D(s))ds
n=1

o0
_ He—i St Gs)ds =i [y D(s)ds
n=1

e~ I ["’*'[G(s),D(s’)]dsds/er’ (C6)

where we have used the Baker-Campbell-Hausdorff formula
[30]. When the stochastic fluctuations are small enough,
-5 j;’"“ j;t”“ [G(s),D(s"))dsds’ + - - - is a higher-order small
term and U (¢,0) can be approximately written as

[0}

U(t,0) ~ 1—[ ot I Gs)ds =i [ D(s)ds (C7)

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

zf,f“ Gs)ds ,—i [,f“ D(s)ds ,~i f,/jf G(s)ds ﬂf,f” D(s)ds

—zf,f*' G(s)ds —zf,/” G(s)ds —iﬁ.”' D(s)ds

2 1 +2
=i [7E [ (G ($), DG )dsds'+- ,j,/fH D(s)ds

+2 G(s)ds ,~i f,/*' D(s)ds

_if,,f“ G)ds =i [,/

zf,'+2 D(v)d? (C8)

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

oo
U(t.0) = He—i !t Gs)ds =i [y D(s)ds

n=1

_j [+l _j [Tn+1
He zf G(s)ds l_[ lfm D(s)ds

n=1

— Pe*i \f G(s)ds Tefi f() D(S)ds’ (C9)

where P denotes the path-integral ordering. While Dy, (z) = 0
in the ideal holonomic scheme, the real dynamic contributions

Dy, (t) become
Dy (t) = (Y[ H; + S H/(O11¥(1))

= (WIS OYn(@)) = (Yxl8AD|Yn),  (C10)

with

SA() = U0 H/ (1)U (1). (C11)
Because 8ﬁi/(t) fluctuates stochastically around zero, Dy, (t)
behave like errors which also fluctuate stochastically around
zero. Therefore, the dynamical evolution Te™ Jo D&s g
related to the average of stochastic errors 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 geometric evolution Pe~'# @) owing
to the stochastic fluctuation 81—7{(0, the real path stochastically
fluctuates around the ideal loop with 8I:Ii’(t) = 0. However, the
deviation from the ideal geometric evolution is averaged by the
pathintegration 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 considered
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.,

12 (o a + o 02)

A —ﬁ(cosﬂ ' +sinBo)) +
1= o, +sin fo, 5 Mo

(C12)
When stochastic fluctuations occur, ﬁl becomes H, (1) =

H, + Bﬁ{ (t), where the fluctuation term can be generally
written as

8y (ool + 8 (ool

(C13)

8A{(1) = 8o + 6 (1)o) + 8

The evolution operator of the system is
Ul (t) — Tefi fé[ﬁ1(3)+§ﬁ{(s)]dsl (C14)

When the stochastic fluctuation 81311’ (¢) is small enough, we
can write the evolution operator as

01 (1) = Te™! Jo Hi(s)ds Te—ifo'aﬁll’(x)dx
v oA r
~Te 'l H‘(“’“[l —i / aH’(s)ds]. (C15)
0

The first term in Eq. (C15) corresponds to the ideal unitary
evolution of the system U (1) = Te~' Jo 11545 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

t t
—io| / 8H(s)ds——i/ 5}“(s)ds+o;/ 8 (s)ds
0 0

—io; /S(X)(s)ds+o o /S(V)(s)ds
(C106)

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

APPENDIX D: FIDELITIES OF THE HOLONOMIC
AND DYNAMIC TWO-QUBIT GATES

As explained above, holonomic quantum gates are robust
against small stochastic fluctuations in the Hamiltonian 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 parameters 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
( ) M_D

—— (007 +070)).

Hy(1) = y

(DD
By turning on Fld for a time t so that fof Q(s)ds = 37” the
corresponding time-evolution operator turns out to be an iSWAP
gate,

1 0 0 O
RS 0O 0 i O
Ui — ol (/‘0 Hy(t)dt — , D2
SWAP e 0 i 0 0 (D2)
0 0 0 1

in the ordered basis {|00),]01),]|10), |11)} In the presence of
an area error 8, we replace [ Q(s)ds = 2 with fo Q(s)ds =

2 T + 8. With respect to the iSWAP gate in Eq. (D2), the
corresponding gate with this area error can be written as

0 0 0

sin & i Ccosé

Ua(x') = (D3)

S O O =

0
icosd sin & 0
0 0 1

V /D VT =
o cos(a, D)V, —Ee’ﬁ sin 9[005 (5 cos

Vo sin(a, D)V| = )
sin 5 sin (8 sin?

l sin 9[ sin (8 sin? 9)
—eif]

Vi cos(a, D)V, =

—sin® § cos (8 cos? §) + cos? § cos (8 sin” §)
%) + cos (8 sin? §)]

sin (8 cos? %))]

) + cos? % sin (8 cos? Q)]

(— cos? % cos (8 cos? ) + sin? % cos (6 sin? %)

D8
—Leip sm@[cos (8 cos —) + cos (5 sin? g)] —sin? £ cos (8 cos —) +coszgcos (8 sin? )) (08)

For a given initial state [{¥); = agol00) + ap|01) +
aipl10) + a1 |11), where agg,ao1,a10, and a;; 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

1Y) ; = a01100) + iai|01) + iagi[10) +an|11).  (D4)
Given the same initial state, when the corresponding gate in
Eq. (D3) is applied, the real final state is given by

[W ")+ = a0|00) + (aor sin & + iajocos §)[01)

+ (iag; cos 8 + ajosin §)|10) + a;;|11).  (D5)

Therefore, the fidelity between the ideal and real final states
can be obtained as

= (W OlY )yl =[1 - 2sin’ —<|am|2 +laiol®)
— isind(agai + aoajy)|. (D6)
Note that |a01|2 + |a10|2 € [0,1]. When ag; = 1 and a9 = 0,
the fidelity reaches its lower bound that reads
52
Fg=1- IR (D7)

up to second order in sin §.

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 I:II on for some
time ¢ to realize the holonomic single-qubit gate so that the
cyclic COIldlthIl can be satisfied, i.e., a,cos®> ¢ = 2n + D
and g, sin’ 2 = 2nm. Also, the auxiliary qublt should be
initially prepared in the state |0). In the presence of an area
error §, the real cychc cond1t10n becomes a; cos =(2n+
D7 + 8 cos? 2 5 and a, sin® £ = 2n7 + §sin & 3 The matrix
elements in the evolutlon operator U, [see Eq. (3)] are now
given by

£) + cos (8sin” §)]
g cos (8 cos? §) + sin® § cos (8 sin® 9)

) + cos g sin (8 sin? 9)])

) + sin (8 sin? g)]

—1e7" sin 0] cos (8 cos?
(

e’iﬂ[ sin? % n (8 cos?
3

sin 9[ — sin (8 cos?

) + cos (8 sin %)]

2
—ze —iB smG[COS (8 cos?

2
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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

0 0 0
vy = {a|:— sin’ 7 cos <5 cos? 5) + cos? 5 cos <3 sin® =

b _. 0 0
— —e P sinf|cos [ §cos® = ) + cos ( 8sin® = |00)
2 2 2 2

2 e sing scos? 2 ) +cos (ssin? &) | = bl cos? L cos (50052 L) = sin? & cos (5sin2 2 ) | Lo
— 4 - sin COS COoS™ — COS sinT — — COS™ — COS COS™ — — S1In~ — COS Sin- —
2¢ 2 2 2 2 2 2

N

0 0 , 0 0 0 0
—i{=sin@|sin [ 8sin®> = | —sin [ §cos® = | | — be | sin? = sin [ § sin® = | + cos® = sin [ § cos® = [10)
2 2 2 2 2 2

; 0 0 0 0 b 0 0
—i{ae®|sin? = sin [ 8§ cos? = ) 4+ cos?> = sin [ §sin® = ) | + = sin@| —sin 8 cos> = | + sin [ & sin”® = [11).
2 2 2 2 2 2 2

Without the area error (§ = 0), the ideal final state is
[¥i?) = (acos @ — be~" sin 6)|00)
— (ae' sin6 + b cosH)|01). (D10)

For the holonomic Hadamard gate, 6 = % and 8 = 0. The
fidelity of this holonomic single-qubit gate can be obtained
as
54
F~1——(—|ab)). D11
32( lab|) (D11)
In particular, when |a| = |b| = «/LE’ the fidelity reaches its

lower bound,

54
6_4 )
which is much better than the fidelity of the holonomic two-
qubit gate given below [see Eq. (D18)].

Fp=1- (D12)

3. Holonomic two-qubit gate

In contrast to the dynamic iSWAP gate, when the holonomic
Uy, gate in Eq. (4) is applied, the initial state [{); ® |0) of the
three qubits, where |0) is the state of the auxiliary qubit, is
transformed to

[v D) ;= (apol00) + a10|01) + ag;]10) — a11|11)) ® |0).
(D13)

When including the area error §, the cyclic condition

s Q(s)ds = 7 becomes fOT, Q(s)ds = 7 + 8. Given the same
initial state |¥); ® |0), the real final state of the three qubits
can be obtained as

WD) = 1Y) ® |0) +isind|y) @ 1), (D14)

where

_ ., 0 ) 6
[¥)o = aoo|00) + | aor sin §+f110008 5 |01)

8 8
+ (am sin® 2 + ag; cos? 5)'10) —appcosd|ll),

2 2 2
) = %_(001 + ai0)|00) + \/T_Clnllo) + §011|01)-

(D15)

(D9)

(

Since 8 is a small quantity, we replace cos 8 with 1 — §2/2
and sin 6 with 6 (up to second order). Thus, the fidelity of the
considered holonomic two-qubit gate can be written as

__l-a¥ (D16)
T —ad? st
where
a = 3(ao1|* + larol* + agyai0 + aniajy). (D17)

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

54

~ 4
BT T

=1 (D18)

which corresponds to o« = 1 (ag; = ajp = %) 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 become
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 auxiliary qubit, the state of the two target qubits is
collapsed to |¢)¢ with a very high probability, while the state
of the two target qubits is collapsed to |y); with a very
low probability when |1) is obtained for the auxiliary qubit.
Although |¥)o ® |0) deviates a bit from the ideal final state
|y @) 7 it is perfectly correctable by surface codes, as long as
§ is small enough. Here, |); ® |1) is free of the area error §,
but we need to have it recovered to [®) ;.

For convenience, we write the coefficients a;; of the
initial state |Y); = apo|00) + ao1]01) + a10/10) + a;;1|11)) as
|a;;|e'%i . 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 [{); to |Y)1 = |ag||00) +
laio||01) + |ao1|]10) — |a;j1||11). Then, we recover the phase
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population phase
) |W> recovery recovery |W)f
— - - L
(b) 4112(91) Uz(Hz)MCNOTﬁUZ(Q;)*
(c) CNOT CNOT
C
(&}

FIG. 6. Quantum circuit for the state recovery of |[{), to |) ; =
ap|00) + a10|01) + ap1|10) — ayy|11). (a) The recovery 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.

factors e'% by converting |1/); to |¥) = ago|00) + a10|01) +
ap1|10) — ay;|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,

—Sil’l@] ®_1
—sinf; —cos6, t

cos 6,
Ux(01) = Ioo @

where 6; = %n. After this, |1/); is transformed to

\/_allllo

ap + apo 100) +

(EL)

where a = \/|ao; 4+ aio|? + 2|a11|? is a normalization factor
and we write ag; + ajo = |aogr + aigle!®+o.
(ii) We perform a single-qubit gate,

e%(¢11—¢01+10) 0
Uy = ,.
0 e~ 2(@11—¢o1+10)

cos 6 sin Qi (—#n+dorri0)
% <sin @i (@11 —¢o1+10) —cosf ) (E2)

on the first target qubit, where 6 = arccos(|ag|) +
arctan ( I;th;l ‘ |) Then, the state is transformed to

lagol100) + v/laoi | + laio|? + lai1 210). (E3)

(iii) We perform another two-qubit gate,

cos 6, —sin6,
Ux(82) = Ioo © . ® -1,
—sinf, —cosb,
where 6, = 7 + arctan (¥ ‘aO;JJ Jr“am ). The state is transformed
to
lago|100) + v/ laot > + laio|*101) + |a11]10). (E4)

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

lago100) + v/laoi|* + laiol*[01) + |an||11). (ES)
(v) We perform a two-qubit gate,
cos 03 —sin 65
U2(63) = Ioo ® . ® -1,
—sinf; —cosbs

where 63 = — arctan (%). The state is then transformed to

V)1 = laoo||00) + |a10][01) + |ao||10) —

The procedures for phase recovery are listed as follows [see

lan|[11).  (E6)

Fig. 6(c)]:
(i) For convenience, we define
¢+ o
- 2 ¢01
11 — doi
= E7
3 (E7)
P = $o1 + 10 — 2¢o,
where 4¢g = ¢oo + ¢o1 + P10 + ¢11. We perform single-qubit

phase-shift gates,

X e—im 0 X e—i(n+§) 0
1= 0 eim ’ 2 = O ei(n+§) ’

on target qubits 1 and 2, respectively. After this, |1Z)1 is
transformed to

eI 14001 100) 4 €D g, (01)
+e D ag|[10) 4 € D gy ||11). (ES)

(ii) We perform a sequence of CNOT, R}, and CNOT gates,

where
R e % 0
"\ o els

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

V) y = aool00) 4 a10/01) + ao1[10) — an|11),  (E9)

up to a global phase e =% Then, we recover [ V) y = |¢/) r ®
|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 recovering
| ¢ from |); ® |1), but actually these will rarely be used
because |1//(’))f in Eq. (D14) collapses to the state |¢); ® |1)
with very low probability when implementing a measurement
on the auxiliary qubit with o,.

2. Measurement with o,

The real final state in Eq. (D14) can also be rewritten as

1
ARY: =72[<|w>0 +isind|y)) ® |[+)

+ (1¥)o — isind|y)) ® [-)],

where |+) and |—) are two eigenstates of o, corresponding
to the eigenvalues +1 and —1, respectively. By implement-
ing a measurement on the auxiliary qubit with o,, the real
final state collapses to |¢"); = \/%(W)o +isind|y)) ®
|£). Here each of the states |£) of the auxiliary qubit can
be reset to |0) by a single-qubit rotation based on the outcome.
When this is performed, the resulting final state is [")) ; =
(|¥)o £ isind|y¥)1) ® |0), whichis close to the ideal final state
in Eq. (D13) for a small area error §.

(E10)
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Note that the module of the wave function |y)o & i sin §|y); is

l1W)o £isiné|y) 1| = agoagy + 17 sin Sapo(ag;, + ajy) —

+ .0 28 v .20 X 5, 0 'ﬁ'(ﬁ ) . b}
ap sin §+a10008 3 agy SIN° = + aj; COS™ — —i—l?sm aip| ag smi—i-alocos—

lT sin 56100(6101 +ajp) + E sin §“(ag; + alo)(am + alO)

2 2 2

A2, .6 ) ., .
—17s1n8a11 apq sm§+alocos— +§sm danay,

2 2

8 8 8 8 2 8 )
+ (am sin® = + ag; cos® —) (a]"o sin® = 4 agj; cos® —) + i\/?— sinday; (afo sin = + ag; cos —)

. 2 . * 8 8 L. 2 * * 2
—17811186111 alosm§+a01 Ccos — +§sm danay, + ajaj; cos” 4.

(¥ @1(y)o £isind|y)1) ®10)]
[[¥)o £ i sind|yr)]
1

F =

l[¥)o £ i sind|y)]

1
. : * * * *
+i—=siné(agyaor + agaio + ajpan + ag ain) |-

2

As an estimation, we consider the case with real g;;’s and then
have

2

2 2 2 2

Ell
> (E11)
After the measurement on the auxiliary qubit with o, the fidelity of the two-qubit gate can be written as
* .2 8 * * 2 8 * * *
= agodg, + sin z(alo‘lOl + agy,aip) + cos E(aloalo + agao1) + aj ap cosé
(E12)
(
bound of the two-qubit gate fidelity,
1-& 19
Fy i e (E14)

1 — Sagial
_ 2%
F =1 Ssia 5 > s (E13)
24 (alo + any + al()aOl)

where both siné &~ § and cos§ ~ 1 — % are taken. Using the

lower bound condition ay; = ajp = we obtain the lower

1
V2’

Tt 48
which is larger than Fj, = 1 — % ~ 1 - 6§*inEq. (D18).
Thus, this measurement improves the fidelity of the two-qubit
gate.
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