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Shortcuts to nonabelian braiding
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Topological quantum information processing relies on adiabatic braiding of nonabelian quasiparti-
cles. Performing the braiding operations in finite time introduces transitions out of the ground-state
manifold and deviations from the nonabelian Berry phase. We show that these errors can be elimi-
nated by suitably designed counterdiabatic correction terms in the Hamiltonian. We implement the
resulting shortcuts to adiabaticity for simple protocols of nonabelian braiding and show that the
error suppression can be substantial even for approximate realizations of the counterdiabatic terms.

Introduction.—It is envisaged that the information
processing of topological quantum computers relies on
adiabatic braiding of nonabelian quasiparticles [1H5]. Ex-
changing two nonabelions does not leave the quantum
state unchanged, possibly up to a sign (as for fermions
or bosons) or phase (as for abelian anyons) factor, but
rather effects a unitary rotation in a degenerate subspace
of ground states. The ground-state degeneracy grows
exponentially with the number of nonabelian quasipar-
ticles, and quantum information processing corresponds
to manipulating the system’s ground state by braiding
operations. Majorana bound states in topological su-
perconducting phases constitute the simplest example of
such nonabelions [6], and there has been considerable ex-
perimental effort towards realizing a possible hardware
[THI3], following a series of theoretical proposals [I4H22].

Topological quantum information processing is im-
mune to local sources of decoherence when braiding is
performed adiabatically [I]. Quite generally, adiabatic-
ity is protected by the gap of the underlying topological
phase. Here we want to ask the question whether it is
possible to realize the exact adiabatic quantum dynamics
of the braiding operation, albeit in a finite time interval.
There are obvious motivations why this would be desir-
able: First, any topological quantum computer would
operate at a finite clock speed which necessarily entails
possibly small, but nonzero errors. Second, a topolog-
ical quantum computer would presumably have to op-
erate faster than parasitic decoherence processes such as
quasiparticle poisoning or deviations from perfect ground
state degeneracy originating in the finite spatial extent
of the Majorana quasiparticles. In both cases, such a
scheme could then be used to offset the incurred errors —
enabling longer computations or higher clock speeds.

Demirplak and Rice [23] as well as Berry [24] intro-
duced a protocol that emulates the adiabatic dynamics of
any nondegenerate Hamiltonian Hy(t) as the exact quan-
tum dynamics in finite time. This scheme is known al-
ternately as transitionless quantum driving or shortcut
to adiabaticity. The prize that comes with the short-
cut is that the adiabatic quantum dynamics of Hy(t) is
generated by a Hamiltonian H(t), which differs from Hy

by counterdiabatic terms Hj(t). This shortcut to adia-
baticity does not apply directly to the adiabatic braid-
ing of nonabelian quasiparticles because of the associated
ground-state degeneracy. Here, we first generalize this
scheme to systems with degenerate manifolds of states
where adiabatic dynamics generates nonabelian Berry
phases. Then, we apply this generalized shortcut to non-
abelian statistics, using a simple model for braiding of
Majorana bound states. Within this model, the braiding
of Majorana zero modes is based on judiciously chosen
temporal variations of the couplings between a number
of Majorana end states. We find that shortcuts to non-
abelian braiding can be implemented by introducing a
small number of additional local couplings.

Shortcuts to adiabaticity for degenerate systems.—The
exact quantum dynamics of a Hamiltonian H () is gener-
ated by the corresponding time-evolution operator U(t)
which satisfies the Schrédinger equation

iOU(t) = HEU(L). (1)

Thus, we can give an explicit expression for the Hamilto-
nian H(t) generating any prescribed quantum dynamics

Ui,
H(t) = iU’ (2)

The shortcut to adiabaticity [23, [24] follows by inserting
into this expression the adiabatic time-evolution operator

Uty =3 e R B O g (1)) (1, (0)] (3)

for the Hamiltonian Hy(t), with instantaneous eigenval-
ues E,(t), instantaneous eigenstates |1, (t)), and Berry
phase v, (t) = i[5 dt' (1, (t)|0p ¥ (t')). One finds that
H(t) = Ho(t) + H1(t) with the so-called counterdiabatic

terms [23], [24]
Hy(t) =i (|10:bn) (Wnl = [90n) (@nl0tbn) (Wnl) . (4)

Such shortcuts to adiabaticity have recently been im-
plemented experimentally for effective two-level systems



arising in trapped Bose-Einstein condensates [25] and for
the electron spin of a single nitrogen vacancy center [26].

Following Wilczek and Zee [27], we now consider a
Hamiltonian Hy(t) whose instantaneous spectrum de-
fined through

Ho(8)[¢q (1)) = En(t)|ta(t)) ()

includes one or more sets of states [¢)"(¢)) which remain
degenerate for all ¢t. Here, « = 1,...,d, labels the states
within the degenerate subspace n of multiplicity d,.

We first define |n7(t)) as the adiabatic solution of the
time-dependent Schrédinger equation

(0, (1)) = Ho(t)[ne (1)) (6)

with initial condition |57 (0)) = [7(0)). In the adiabatic
limit, the time-evolved state need not remain parallel to
[2(t)) but will in general be a linear combination of all
basis states within the degenerate subspace,

76, (t) Z sl¥5 () (7)

Inserting this expansion into the time-dependent
Schrédinger equation yields an equation for the coeffi-
cient matrices U™,

i0,U™ = U™A" — E,1), (8)

where A5 = i(Y3]0:ty,) denotes the nonabelian Berry
connection [27]. This is solved by

Un(t) _ efifot dt’En(t’)rjvei J§dt' A () (9)
in terms of time-ordered exponentials.

The adiabatic time evolution of the Hamiltonian Hy(t)
follows the time-evolution operator

) =>_In®)mio)=>_ U,

n,af

aplB () (P4 (0)].

(10)
Now we use Eq. to derive the Hamiltonian H(t) for
which this is the ezact time-evolution operator. Inserting
Eq. into , we obtain the shortcut to adiabaticity
(all quantities evaluated at time t)

—ZZZ{ (U™ 10" gl (51

HU™M U galOryn) (W51} (11)
The second term in H simplifies due to unitarity of
Un, (UMTU™ = 1. Combining unitarity and Eq. .
we also have i(U™)U™ = (E,1 — A") which simplifies
the first term. With these identities, we readily find
H(t) = Ho(t) + Hy(t) with

n

Hy =1 D lowpm)wnl = > i wnlows) (wh]
« af
(12)

These counterdiabatic terms generalize the shortcut to
adiabaticity to systems with degenerate spectra and non-
abelian Berry connections.

Majorana systems.—In view of topological quantum
information processing, we specifically consider the coun-
terdiabatic terms for a Bogoliubov—de Gennes Hamilto-
nian in Majorana representation,

H() = ZZ €nVn,20—1Vn,2a- (13)

no

Here, both €, and the v, are explicitly time dependent
and associated with the instantaneous Hamiltonian. The
instantaneous many-body spectrum of Hy contains de-
generacies whenever an eigenenergy ¢, vanishes or when
one or several nonzero €, are degenerate. The Majorana
eigenmodes associated with ¢, are denoted by 7, o where
a takes on 2N values for an N-fold degenerate energy ¢,.
The counterdiabatic terms H; guarantee that the time
evolution generated by the full Hamiltonian Ho+ H; does
not take the Majorana eigenmodes 7, o out of the sub-
space n. At the same time, H; should not alter the time
evolution within these subspaces. In the supplementary
material [31] we show that these conditions yield

%Z;Vn,a'yn,a - é Z Yr,a{ V.00 V.61 V0,6 (14)

no n,af

H, =

This result complements the counterdiabatic terms in
first quantization in Eq. .

Application to nonabelian braiding.—A minimal model
for nonabelian braiding starts from a Y-junction of
three one-dimensional topological superconductors, la-
beled wire 1, 2, and 3 [28-30], as illustrated in Fig. [1ja).
If all three arms are in the topological phase, there are
four Majorana bound states in this system. Three of
these are located at the outer ends of the three wires,
with Bogoliubov operators labeled «y; for wire j, and a
fourth Majorana mode g is located at the junction of
the three wires. As long as the three arms have a finite
length, these outer Majorana bound states hybridize with
the central Majorana and the system is described by the
Hamiltonian

3
Hy=1i Z AaY0Va (15)

a=1

This Hamiltonian couples the central Majorana 7y to a
linear combination of the outer three Majoranas. We can
thus readily bring it to the form of Eq. (13)),

Hy =ihavova, (16)

with ya = (1/ha) Y20 Apve and ha = [A? + A2 +
Ag]l/ 2. For any choice of the couplings A;, there are also
two linearly independent combinations of the outer Ma-
joranas which do not appear in the Hamiltonian and thus
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FIG. 1. (a) Y-junction with central Majorana o and three
outer MaJoranas ~v; (j = 1,2,3). The outer Majoranas are
coupled to the inner Majoranas with strength A;. (b) Basic
step of the braiding procedure, moving a zero-energy Majo-
rana from the end of wire 1 to the end of wire 3 by varying
the A;. Dark (light) wires indicate zero (nonzero) couplings
Aj. Dark red circles correspond to zero-energy Majoranas,
light blue circles indicate Majoranas acquiring a finite energy
by coupling. In the intermediate step, the zero-energy Majo-
rana is delocalized over the three Majoranas along the light
wires. (c) Three steps as described in (b) result in braiding
the zero-energy Majoranas ~y; and ~a.

remain true zero-energy Majoranas. Due to these zero-
energy modes, the two eigenvalues of H are each doubly
degenerate. Specifically, when just one of the couplings
Aj is nonzero, these two zero-energy Majoranas can be
identified with the Majoranas located at the ends of those
wires with zero coupling.

We assume that we can change the couplings A; as
a function of time. We can now imagine the following
braiding procedure [28], [30]. Initially, only Ag is nonzero.
Then, ~; and o are zero-energy Majoranas. In a first
step, we move a zero-energy Majorana from the end of
wire 1 to the end of wire 3, without involving the zero-
energy Majorana 7, as shown in Fig. b). To this end,
first increase A; to a finite value. The zero-energy Ma-
jorana originally located at the end of wire 1 is now delo-
calized and a linear combination of «; and 3. We then
localize the Majorana zero mode at the end of wire 3 by
reducing Az down to zero, leaving only A; nonzero. The
braiding process is completed by two completely analo-
gous moves (see Fig. [I[c)): We first move the zero-energy
Majorana from the end of wire 2 to the end of wire 1, and
finally the zero-energy Majorana from wire 3 to wire 2.
The combined effect of this procedure is to exchange the
initial zero-energy Majoranas at the ends of wires 1 and
2. One can check easily [30] that the change of the state
of the system under this adiabatic exchange is described
by the familiar braiding matrix Ujs = exp(imy172/4).

When performing this exchange operation over a finite
time interval, there will be corrections to the adiabatic
time evolution. We can now apply one of the nonabelian
shortcut formulas in Egs. or . As shown in the

FIG. 2.
with shortcut protocol. The additional couplings needed
for the shortcut protocol are shown in blue. (b) Wire net-
work with many Majoranas allowing for pairwise exchanges
of neighboring Majoranas including shortcut protocol. Im-
plementing the shortcut merely requires the addition of local
couplings within the network.

(a) Minimal implementation required for braiding

supplementary material [31], we obtain

H, :*’YAVA 2h2 ;BAL%A — Aulp)vays. (17)

Thus, the shortcut is based on additional couplings be-
tween the outer Majoranas, while the adiabatic braiding
protocol only uses couplings between the central and the
outer Majoranas, see Fig. a). Specifically, during the
basic step of moving a zero-energy Majorana from the
end of wire ¢ to wire j, only the couplings A; and A;
are nonzero. According to Eq. , performing this step
accurately in finite time merely requires the additional
coupling between «; and ;.

Practical implementation.—There has been consider-
able work on how to implement braiding based on one-
dimensional superconducting phases [2830] [32H34]. The
couplings of the Majoranas can, e.g., be varied by chang-
ing the length of the intervening topological section.
However, this may not be easily compatible with the ge-
ometric constraints imposed by the shortcut protocol, cf.
Fig. a). A better approach may be to vary the mag-
nitude of the topological gap. Both methods control the
overlap of the Majorana end states and hence their cou-
pling. Physically, this can be achieved, say in quantum-
wire based realizations, by changing the chemical poten-
tial by means of a gate electrode [28] or a supercurrent
in the adjacent s-wave superconductor [35].

More controlled variations of the Majorana couplings
may be possible by exploiting charging effects [30] or by
quantum dots [32]. For simplicity, assume that the quan-
tum dot has a single level which is tunnel coupled to the
ends of two topological wires with their Majorana end
states. When the dot level is far from the Fermi energy,
there is essentially no coupling between the adjacent Ma-
joranas. Conversely, when the dot level is close to the
Fermi energy, the Majoranas become strongly coupled.
This approach modifies the coupling of the Majoranas
by conventional gate control of a quantum-dot level and
is also compatible with the geometric constraints of the
shortcut protocol.



So far, we have focused on the exchange of two Ma-
joranas within the minimal setting of a Y-junction. Of
course, one can readily imagine a scheme in which there
is an entire keyboard of Majoranas and any two neigh-
boring Majoranas can be readily braided. Importantly,
amending this scheme to implement the counterdiabatic
terms merely requires additional local couplings as shown
in Fig. b).

Robustness.—The manipulation of the quantum state
is independent of the precise braiding path as long as
the exchange is performed adiabatically. In contrast,
the diabatic corrections are sensitive to the details of
the braiding protocol. Consequently, the counterdiabatic
terms ((17)) are not topologically protected, depend on the
specifics of the braiding path, and for full effect, have to
be implemented exactly for a given Ho(t).

However, we find that one can reach substantial re-
ductions in the diabatic errors even when the shortcut
protocol is implemented only with reasonable accuracy.
We have computed the diabatic errors numerically, both
for the bare braiding protocols and for approximate im-
plementations of the counterdiabatic terms. Specifically,
we consider the diabatic errors for

H(t) = Ho(t) + A1 (2). (18)

For A\ = 1, the counterdiabatic terms exactly compensate
the diabatic corrections for any duration of the braid-
ing protocol. As approximate implementations of the
counterdiabatic terms, we consider relative errors of 10%
(A =10.9) and 30% (A = 0.7). We compute both the tran-
sition probability out of the degenerate subspace and the
accumulated deviation from the adiabatic Berry phase.

Implementing the basic step [shown in Fig. b)] of
the braiding protocol in Fig. [[c) by A1(t) = Asin(t)
and As(t) = Acosp(t), with ¢(t) increasing from 0 to
/2, both the transition probability and the phase error
exhibit a power-law dependence on the protocol duration
T. The power law depends on the specific choice for p(t).
Choosing the latter such that the derivative vanishes at
the end points yields a T~* dependence. Corresponding
numerical results are included with the supplementary
material [3I]. Interestingly, we find similar results for the
protocol given in Ref. [30], in which one initially increases
Ay, leaving Ag constant, and then reduces Az to zero in
a second step [31].

Exponentially small transition rates can be realized by
choosing A;(t) = Asin® p(t) and Asz(t) = Acos? p(t).
Now the gap assumes a minimum during the protocol as
in the familiar Landau-Zener process. For the numerical
calculation presented in Fig. [3| we have chosen ¢(t) to
have a smooth derivative. The diabatic transition rate
is indeed exponential in the protocol duration which is
somewhat conterintuitive as the transition rate actually
decreases relative to the previously discussed protocols
although the gap is smaller. The phase error also exhibits
exponential scaling as shown in the inset of Fig.
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FIG. 3. Diabatic errors vs duration of braiding protocol for
the transition probability out of the degenerate subspace of
the initial state. The inset shows the phase error relative
to the nonabelian Berry phase. For both quantities, curves
are shown in the absence of counterdiabatic terms [A = 0 in
Eq. (I8)] and with counterdiabatic terms with 10% (A = 0.9)
and 30% (A = 0.7) relative error. There would be no diabatic
error if the counterdiabatic errors were implemented exactly.

An exact implementation of the counterdiabatic terms
fully corrects for these errors. As can be seen from Fig. [3]
a suppression by two orders of magnitude merely requires
an implementation which is accurate at the 10% level.
Even a very rough implementation at the 30% level still
substantially reduces the errors. More generally, we find
that the relative error scales approximately as (1 — \)?
with the accuracy of the implementation of Hy. It is
also worth noting that the approximate counterdiabatic
terms suppress the diabatic error, but do not modify its
scaling with protocol duration.

Conclusions.—In summary, we have generalized the
concept of shortcuts to adiabaticity to nonabelian Berry
phases and showed how this can in principle be used to
implement nonabelian braiding operations exactly in a
finite time. Such protocols can substantially improve the
accuracy of braiding operations performed in a finite time
interval. It is interesting to note that our scheme bears
some resemblance with the concept of quasi-adiabatic
continuity for topological phases [36].

In this work we have focused on a simple model of non-
abelian braiding which excludes the quasiparticle contin-
uum. The current protocols are therefore useful when-
ever there is a separation of scales between the finite-
energy subgap states and the magnitude of the topolog-
ical gap. Including the quasiparticle continuum is an
interesting problem for future research. It should also
be interesting to extend the current considerations for
Majorana zero modes to more exotic nonabelian quasi-
particles.

Acknowledgments.—We acknowledge useful discus-
sions with Piet Brouwer and Aris Alexandradinata. This



work was funded by the Packard Foundation and the In-
stitute for Quantum Information and Matter, an NSF
Physics Frontiers Center with support of the Gordon and
Betty Moore Foundation through Grant GBMF1250. We
are also grateful for financial support by the Virtual In-
stitute “New states of matter and their excitations” as
well as DFG Schwerpunkte 1666 “Topological insulator”
and 1459 “Graphene.”

[1] A. Kitaev, Ann. Phys. 303, 2 (2003).

[2] M. H. Freedman, Proc. Natl. Acad. Sci. 95, 98 (1998).

[3] C. Nayak, S. H. Simon, A. Stern, M. Freedman, and S.
Das Sarma, Rev. Mod. Phys. 80, 1083 (2008).

4] J. Alicea, Rep. Prog. Phys. 75, 076501 (2012).

[5] C.W.J. Beenakker, Annu. Rev. Con. Mat. Phys. 4, 113
(2013).

6] A.Y. Kitaev, Phys. Usp. 44, 131 (2001).

[7] V. Mourik, K. Zuo, S.M. Frolov, S.R. Plissard, E.P.A.M.
Bakkers, and L.P. Kouwenhoven, Science 336, 1003
(2012).

[8] A. Das, Y. Ronen, Y. Most, Y. Oreg, M. Heiblum, and
H. Shtrikman, Nature Phys. 8, 887 (2012).

[9] H.O.H. Churchill, V. Fatemi, K. Grove-Rasmussen, M.T.
Deng, P. Caroff, H.Q. Xu, and C.M. Marcus, Phys. Rev.
B 87, 241401(R) (2013).

[10] L.P. Rokhinson, X. Liu, and J.K. Furdyna, Nature Phys.
8, 795 (2012).

[11] M.T. Deng, C.L. Yu, G.Y. Huang, M. Larsson, P. Caroff,
and H.Q. Xu, Nano Lett. 12, 6414 (2012).

[12] A.D.K. Finck, D.J. Van Harlingen, P.K. Mohseni, K.
Jung, and X. Li, Phys. Rev. Lett. 110, 126406 (2013).

[13] S. Nadj-Perge, I.LK. Drozdov, J. Li, H. Chen, S. Jeon, J.
Seo, A.-H. MacDonald, B.A. Bernevig, and A. Yazdani,
Science 10.1126/science.1259327 (2014).

[14] N. Read and D. Green, Phys. Rev. B 61, 10267 (2000).

[15] L. Fu and C. L. Kane, Phys. Rev. Lett. 100, 096407
(2008).

[16] L. Fu and C. L. Kane, Phys. Rev. B 79, 161408(R)
(2009).

[17] J. D. Sau, R. M. Lutchyn, S. Tewari, and S. Das Sarma,
Phys. Rev. Lett. 104, 040502 (2010).

[18] J. Alicea, Phys. Rev. B 81, 125318 (2010).

[19] R.M. Lutchyn, J.D. Sau, and S. Das Sarma, Phys. Rev.
Lett. 105, 077001 (2010).

[20] Y. Oreg, G. Refael, and F. von Oppen, Phys. Rev. Lett.
105, 177002 (2010).

[21] S. Nadj-Perge, I.K. Drozdov, B.A. Bernevig, and A. Yaz-
dani, Phys. Rev. B 88, 020407(R) (2013).

[22] F. Pientka, L.I. Glazman, and F. von Oppen, Phys. Rev.
B 88, 155420 (2013).

[23] M. Demirplak and S.A. Rice, J. Phys. Chem. A 107, 9937
(2003).

[24] M.V. Berry, J. Phys. A: Math. Theor., 42 365303 (2009).

[25] M.G. Bason, M. Viteau, N. Malossi, P. Huillery, E. Ari-
mondo, D. Ciampini, R. Fazio, V. Giovannetti, R. Man-
nella, and O. Morsch, Nat. Phys. 8, 147 (2012).

[26] J. Zhang, J. Hyun Shim, I. Niemeyer, T. Taniguchi, T.
Teraji, H. Abe, S. Onoda, T. Yamamoto, T. Ohshima, J.
Isoya, and D. Suter, Phys. Rev. Lett. 110, 240501 (2013).

[27] F. Wilczek and A. Zee, Phys. Rev. Lett. 52, 2111 (1984).

[28] J. Alicea, Y. Oreg, G. Refael, and F. von Oppen, M.P.A.
Fisher, Nature Phys. 7, 412 (2011).

[29] J.D. Sau, D.J. Clarke, and S. Tewari, Phys. Rev. B 84,
094505 (2011).

[30] B. van Heck, A.R. Akhmerov, F. Hassler, M. Burrello,
and C.W.J. Beenakker, New J. Phys. 14, 035019 (2012).

[31] Supplementary material

[32] K. Flensberg, Phys. Rev. Lett. 106, 090503 (2011).

[33] B.I. Halperin, Y. Oreg, A. Stern, G. Refael, J. Alicea, F.
von Oppen, Phys. Rev. B 85, 144501 (2012).

[34] T. Hyart, B. van Heck, 1.C. Fulga, M. Burrello, A.R.
Akhmerov, and C.W.J. Beenakker, Phys. Rev. B 88,
035121 (2013).

[35] A. Romito, J. Alicea, G. Refael, and F. von Oppen, Phys.
Rev. B 85, 020502(R) (2012).

[36] M.B. Hastings, arXiv:1008.5137 (2010).


http://arxiv.org/abs/1008.5137

SUPPLEMENTARY MATERIAL

Derivation of Eq. (14) in the main text

Here we derive general expressions for the counterdiabatic correction for non-interacting systems in terms of the
(instantaneous) eigenmodes 7, o of the original (time-dependent) Hamiltonian in a Majorana representation,

HO = ZZ €nYn,2a—1"n,2a- (19)

no

Note that both the eigen-Majoranas 7, o and the eigenvalues €, are time dependent. Degeneracies of the many-body
spectrum can arise when one or more of the eigenvalues €, vanish or when some nonzero ¢, is degenerate, independent
of time. The various Majorana operators associated with each single-particle eigenvalue €, are labeled by the index
«. If the single-particle eigenvalue €, is N-fold degenerate, o takes on 2N different values, a« = 1,...,2N.

A direct derivation of the counterdiabatic terms based on the general Eq. (12) in the main text is cumbersome. Here,
we choose to proceed as follows. The counterdiabatic terms suppress transitions out of the degenerate subspace but
leave the dynamics within the degenerate subspace as governed by the nonabelian Berry connection of the original time
evolution unchanged. Thus, we can determine the counterdiabatic terms H; uniquely from the following constraints:

(a) Hy has no matrix elements which act within the degenerate eigenspaces of Hy. This ensures that H; affects
only transitions between states with different energies.

(b) The time evolution of the 7, o with respect to the full shortcut Hamiltonian H = Hy + H; does not include any
transitions between different degenerate subspaces.

To implement these constraints, we note that the time evolution of the Majorana operators is governed by the
Heisenberg equation of motion

d 0
% = 'éy;a —|—Z[H0 +H1,’}/n a] (20)

where the first term on the right-hand side accounts for the explicit time dependence of the Majorana operators. This
term allows for the expansion

Here, the coefficients C%2 can in principle be expressed in terms of the instantaneous eigenfunctions and their time
derivatives. It turns out, however, that we do not need these explicit expressions for the present purpose. To proceed,
we also write the counterdiabatic terms in the general form

H, —ZZZhn m In,aVYm,B- (22)

n,m o,

Thus, it is our goal to derive the coeflicients hO"B which satisfy the antisymmetry relation ho‘ﬁ h,ﬂn%
Implementing the contraints (a) and (b), we demand that the Vn,o satisfy the time evolution

dv
e Z 7Ln7nﬁ +Z HO”}/”,OC]' (23)
Here, the first term of the right-hand side contains only those terms of V" < that belong to the same subspace n. All
terms in % which belong to different subspaces must be cancelled by the counterdiabatic terms H;.

The desired shortcut time evolution in Eq. satisfies

dyna
’ m = 24
{ D s} =0 (24)

for m # n. Inserting the Heisenberg equation of motion into this condition, we obtain

a n,x
4heB — 4pPe 4 { ét’ ,’ym,g} =0 (25)




for m # n. Using the antisymmetry property of the h%» yields

i NMnya
Hl = _g Z Z { ot 7’Vm,ﬁ} Yn,aVYm,B- (26)
nm o8

(n#m)

Finally, we write this as

' .o ' D
Hy = éZZW’m,ﬁ {'Ym,ﬁﬁ ’gt’ }Vn,a - ;Z;Vn,ﬁ {'7n,67 ,ét’} Yn,a- (27)

n,m «af n

and use the relation

afYn,a 6’Yn,o¢
B

m

to obtain Eq. (14) of the main text.
In the following, we derive the counterdiabatic terms for the braiding procedure given in Eq. (17) of the main text
using this general result as well as a more basic approach starting with Eq. (12).

Derivation of Eq. (17) using the general Majorana counterdiabatic terms

Here, we derive Eq. (17) using H; in the Majorana operator representation as given in Eq. (14). The braiding
Hamiltonian in Eq. (16) is

Ho = iha(t)y0ya(t). (29)

The system comprises a mode of energy ha (t) associated with the two Majorana operators v and ya (t) as defined in
the main text. In addition there are two Majoranas y4(t) and 7p(¢) which remain uncoupled by Eq. and form a
zero-energy mode. Using the identity

{'youf)/ﬁ} = _{;Yﬂa'ya} (30)

(with the shorthand 4 = a—’;) we can write the time derivatives (suppressing time arguments) in the most generic form
as

YA = mYB + M2Ya,
YB = —MmyaA +N37A,
YA = =124 — 137YB- (31)

with real coefficients 7;. The first term in H; can be written as

Z Yn,aVn,a = YAYA +YBYB + YavAa = 27AavA + 2m17B YA (32)
no

The second contribution to H; subtracts all terms within a degenerate subspace and thus eliminates the term ~ ygya4.
Thus we obtain

7

Hi = —9a7a = 55 O AaBprays (33)
2 23 £

as given in Eq. (17).

Derivation of Eq. (17) using the spin construction

We can alternatively derive Eq. (17) using the general formulation of the counterdiabatic terms in Eq. (12). To this
end, we introduce conventional fermionic operators through

1 ) 1 )
c1 = 5(71 —iy2) ; c2 = 5(70 —iv3). (34)



Using the inverse relations

71 =c1 +CI i v =i(e —CD ;s =i(co —Cg) 5 Yo =C2+C;7 (35)

we can write Hy in terms of ¢; and ¢y

3
Hy =iy Aoy
j=1
—iA(cler — of ey Z Ao(el T ey — Aa(2eics — 1 3
iAq(cher — cjea + cac1 — cqcl) a(cher + cjea + cacy + cicl) 3(2chea — 1). (36)

Specifically, we write the Hamiltonian in the basis {|00),|11),]10),]01)}, where the basis states are defined as
1) = clebjoo) , [10) = ¢}[00) , |01) = c}joo) (37)

with ¢1]00) = ¢2|00) = 0. This yields

Ag ZAl — AQ 0 0
I 7N 0 0
Ho = 0 0 Ay —iA - Ay | (38)
0 0 ZAl — AQ *AS

The block-diagonal structure originates from the conservation of fermion-number parity. In fact, it is easy to show
that the Hamiltonian H commutes with the parity operator

P = vy717273- (39)

The top-left block Heven = A37, — A7y — Ag7, corresponds to even fermion parity, while the bottom-right block
Hoqq = As7, + A7y — A7, has odd fermion parity. Here we have defined Pauli matrices 7; within the even and odd
subspaces. If we also define Pauli matrices 7; in the even-odd subspace, then we can write

HO = AgTz — A17y7rz — AQTT (40)

for the overall Hamiltonian H. Expressing Hoyen and Hyqq in terms of Pauli matrices makes it obvious that
these Hamiltonians take the form of a spin Hamiltonian in magnetic fields Beyen = (—A2, —A1,As) and Byga =
(—As, A1, Ag), respectively. The degeneracy due to the presence of the Majorana modes implies that the two sub-
spaces have the same eigenvalues. At the same time, the spectrum for each subspace by itself is non-degenerate.

In order to evaluate the counterdiabatic terms, it is useful to eliminate the time derivatives of the states from Eq.
(12). To achieve this, we first multiply the first term on the right-hand side of Eq. (12) by 1 =37 >4 [5") (¢
from the left and obtain

Hy=i Y Y W R 100 (el (41)
m#n af

Taking the time derivative of Eq. (5) and multiplying from the left by (¢'[, one finds

(1510 Holvg)

(V5" 10g) = T E _E. (42)
for n # m. Inserting this into Eq. yields
. o VB O Ho[Yg)
H1=ZZZ|¢B>%T<¢a|~ (43)
m#n off n m

Using this expression, the counterdiabatic terms H; can be conveniently derived.

To do so, we temporarily perform rotations within the even and odd subspaces such that Hy(t) in Eq. involves
only the 7, term. Then, the eigenstates in the even and odd subspaces are simply the “spin-up” and the “spin-down”
states. Using

8151—]0 = ASTZ - AITy'ﬂ—z - A2T:c7 (44)
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FIG. 4. Diabatic errors vs duration of the braiding protocol defined by Aq(¢) = Asine(t) and As(t) = Acosp(t) for the
transition probability out of the degenerate subspace of the initial state. The inset shows the phase error relative to the
nonabelian Berry phase. The excitation gap remains unchanged during the entire braiding protocol, which results in a power-
law dependence on the duration. The function ¢(¢) is chosen to have zero derivative at both endpoints. For both transition
probability and phase error, curves are shown in the absence of counterdiabatic terms and with counterdiabatic terms with
10% and 30% relative error. There would be no diabatic error if the counterdiabatic errors were implemented exactly.

we then find that

1

H =
LAY+ A2+ AY) {(

A3A1 — A1A3)T17Tz + (AgAg — AgAg)Ty — (AlAQ — AgAl)TZﬂ'z} . (45)

This can be readily expressed in terms of the original Majorana operators. Indeed, we have the identities
iA1oy1Y2 = —A12(2cicl -1
iA137173 = Ars(cacr + e} — cher — clea) (46)
iDo327s = ilas(cacr — el + clea — cher),
or, in the basis specified above,
iA127172 = D127,
iA137173 = D137, (47)
iA237273 = —A237y.
Thus, we finally find
i

H, —
P 2(AT+ A3+ A3

) {(A2A1 — A A y1y2 + (A3AL — A A vy + (AzAg — AQAS)’YTY:;} (48)

in terms of the original Majorana operators.

Numerical calculation of the robustness

In this section we provide details of the numerical calculations. For completeness we also include numerical results
for the transition probability and Berry phase errors of the non-exponential protocols mentioned in the main text.
Due to the conservation of fermion-number parity the nonabelian Berry phase takes the form exp(iyr,), where 7, is a
Pauli matrix in parity space. Performing the braiding protocol adiabatically yields v = /4. For finite durations we
numerically compute the Berry phase as v = arg[(W.(T)¥.(0))/(¥,(T)¥,(0))]/2, where ¥, /,(t) denotes the ground
state wavefunction at time ¢ with even (odd) parity. The diabatic phase error is |y — /4]

We first consider the protocol with the basic step A;(t) = Asing(t) and Az(t) = Acos(t). When ¢(¢) has zero
derivative at both endpoints (¢ = 0 for t = 0 and ¢ = /2 for t = T/3), the transition probability scales as T—*
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FIG. 5. (a) Couplings A; and gap ha during the braiding process for the protocol in Ref. [30]. (b) Diabatic errors vs duration
of braiding protocol. Similar to the protocol in Fig. 4] the error has a power-law dependence on the duration. The derivative
of ¢(t) jumps at the end points and therefore the error scales as T2

with the protocol duration T. This is shown in Fig. |4l Specifically, we have chosen ¢(t) = (7/2)[3(3t/T)? — 2(3t/T)?]
between 0 and ¢ = T'/3 for this calculation (as well as for the one in the main text). When the derivative jumps at
either (or both) end points (as for the simplest choice ¢(t) = 37t/2T), we find the errors to decay even more slowly,
namely as T—2. Note that both the transition probability out of the degenerate subspace and the phase error of the
topological qubit scale in the same manner with T, see inset of Fig. [

Interestingly, the same dependences are found for the protocol given in Ref. [30] and displayed in Fig. a). The
initial step of the braiding operation is effected by increasing A; first at constant As. The latter is reduced to zero
only subsequently. In this protocol, the gap increases and takes on a maximum halfway through this basic step.
Nevertheless, the diabatic errors still vary as a power law of T'. Fig. b) shows corresponding numerical results. Here
we chose a linear protocol, ¢(t) = 3xt/2T, in which the derivatives of ¢(t) do not vanish at the end points.
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