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As the complexity of quantum systems such as quantum bit arrays increases, efforts to automate
expensive tuning are increasingly worthwhile. We investigate machine learning based tuning of gate arrays
using the covariance matrix adaptation evolution strategy algorithm for the case study of Majorana wires
with strong disorder. We find that the algorithm is able to efficiently improve the topological signatures,
learn intrinsic disorder profiles, and completely eliminate disorder effects. For example, with only 20 gates,
it is possible to fully recover Majorana zero modes destroyed by disorder by optimizing gate voltages.
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Introduction.—In recent years, increasingly complex
quantum devices have been proposed and implemented
[1–5], requiring more personnel-intensive tuning. There-
fore, it is becoming profitable, and in some cases even
necessary, to automate the tuning process [6–8], and
machine learning approaches have been found to be very
flexible and robust for this purpose [5,7–12]. Especially for
the implementation of large scale quantum computation
[13–16], efficient tuning of parameters and gates is crucial
and numerous automations in quantum dot based qubits
have been proposed [6–8,10,11,17–23].
A popular platform for scalable qubit architectures is

based on Majorana zero modes (MZMs) in topological
superconductors [1,4,24–29], whose advantages are the
nonlocal storage of quantum information and its manipu-
lation via anyonic braiding [24–27,30]. MZMs have been
proposed to exist in semiconductor-superconductor heter-
ostructures [24,31–34] and many of their predicted sig-
natures have been observed, such as zero-bias conductance
peaks [35–38], the fractional Josephson effect [39], and the
suppression of even-odd splitting in Coulomb blockade
resonances [40]. For a clean wire, it has been theoretically
demonstrated that a harmonic potential profile [41] and
magnetic field textures [41–44] can make MZMs more
robust, and the geometry of Majorana Josephson junctions
has been optimized [45]. Nevertheless, disorder remains a
crucial problem [46–49], as it can mimic MZM signatures
even in the topologically trivial region [46,48,50–53], or
destroy the topological phase altogether [54]: a recent study
[55] using the “topological gap protocol” [56] involving
multiterminal measurements found that due to disorder
only about 20% of Majorana devices are expected to have a
topological phase.
In this Letter, we present a case study of automatic tuning

of a gate array in proximity to a strongly disordered
Majorana wire using the covariance matrix adaptation
evolution strategy (CMA-ES) [57,58] algorithm. CMA-
ES is a machine learning algorithm that does not need

system specific information to operate, and is widely
applicable for high dimensional optimization problems
[59–63]. Crucially, a good metric allows us to improve
desirable system properties during optimization. For exam-
ple, signatures of MZMs can be mimicked by topologically
trivial Andreev bound states (ABSs) [53,64–81], which one
would like to avoid. We therefore use the amplitude of
coherent transmission [82–85] through a Coulomb-blocked
Majorana wire as a metric, which has been measured by
placing the wire in an arm of an electron interferometer
[84], and which allows us to distinguish MZMs from ABSs
[83,85]. We find that already 100 to some 1000 amplitude
measurements are sufficient to tune the gate array, such that
(i) both the localization of the MZMs and the transmission
amplitude are significantly improved and (ii) strong poten-
tial disorder is compensated.
Setup.—When embedding the Majorana hybrid wire in

one arm of an Aharonov-Bohm interferometer (see Fig. 1),
the interference part of the current through the interferom-
eter is given by Iintf ¼ ð2e2=hÞjTref jA cosðϕþ γÞ, where A
and Tref denote the amplitude of coherent transmission
through the wire or reference arm, ϕ the magnetic flux, and
γ the interference phase at zero magnetic field (for more
details see Ref. [86]). Here, we use the CMA-ES algorithm
(flow diagram in Fig. 1) to maximize A by tuning the
voltages Vj of Ng gates. The algorithm [58] is initialized
with a step size σð0Þ ¼ 0.1Eso, correlation matrix Cð0Þ ¼ 1,

the corresponding evolution paths sð0ÞC ¼ 0 and sð0Þσ ¼ 0,

and a gate configuration Vð0Þ
g ¼ 0. In each iteration, a

population of npop candidate configurations is drawn from a

multivariate normal distribution with mean VðtÞ
g and covari-

ance matrix ðσðtÞÞ2CðtÞ. Then, the metric A is measured for

each candidate in the population and the newmean Vðtþ1Þ
g is

determined as a weighted average of the ñ best candidates.

The new evolution path sðtþ1Þ
C is then the weighted average

of the previous path sðtÞC and δsðtþ1Þ ¼ ðVðtþ1Þ
g − VðtÞ

g Þ=σðtÞ,
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and it determines the new correlation matrix Cðtþ1Þ as a

weighted average including CðtÞ and sðtþ1Þ
C ½sðtþ1Þ

C �T [58].

The step size σðtÞ is updated with its own evolution path sðtÞσ ,
for details see Refs. [58,86]. We stop optimization if

jAðVðtþ1Þ
g Þ−AðVðtÞ

g Þj<10−8 or kVðtþ1Þ
g − VðtÞ

g k < 10−5Eso.
We Fourier expand the gate voltages

Vj ¼
b0
2
þ

Xb
Ng−1
2

c

k¼1

ak sin

�
2π

Ng
kj

�

þ
Xb
Ng
2
c

k¼1

bk cos
�
2π

Ng
kj
�
; ð1Þ

as optimizing Fourier components is more robust: since a
Fourier component affects all voltages, the algorithm is not
distracted by first lowering the gates at the ends which
would slightly improve the amplitude, but corresponds to a
local optimum only. In the following, we set the average
gate voltage b0 ¼ 0 (for b0 ≠ 0 see Ref. [86]).
To obtain the spatial profile VgðyÞ, we assume that the

wire is located at a distance zsys from the gates, such that the
potential profile is smoothed according to

VgðyÞ ¼ F−1
�
e−jqjzsysF

�XNg

j¼1

VjχjðyÞ
��

; ð2Þ

whereF andF−1 are Fourier transform and inverse Fourier
transform in the variables y and q, respectively, and χjðyÞ is
1 if y lies in the region of gate j and 0 otherwise.
We first consider a strictly one-dimensional model

for the hybrid wire, and generalize to a more realistic

two-dimensional model later. TheMajorana wire consisting
of a semiconductor with Rashba spin-orbit coupling αR
and a proximity induced s-wave gap Δ is described in
the Nambu basis ðd†↑ðyÞ; d†↓ðyÞ; d↓ðyÞ;−d↑ðyÞÞ by the
Hamiltonian

Hwire ¼ τz

�
−
ℏ2
∂
2
y

2m� σ0 − μσ0 − iℏαRσx∂y

þ δdisðyÞσ0 þ VgðyÞσ0 þ VconfðyÞσ0
�

− Ezτ0σz þ Δτxσ0; ð3Þ

with disorder potential δdis, confinement potential Vconf ,
gate potential Vg [see Eq. (2)], and Pauli matrices σi and τi
acting in spin and particle-hole space. Rashba spin-orbit
coupling defines a characteristic energy scale Eso ¼
α2Rm

�=2 ¼ 0.05 meV and length scale lso ¼ ℏ=ðαRm�Þ ¼
0.19 μm of the system, where ℏα¼ 0.2 eVÅ and m� ¼
0.02me are realistic values for InAs [29,35]. We consider
wires of length L ¼ 13 lso on a grid with spacing
a ¼ 0.026 lso, with chemical potential μ ¼ 1Eso, Zeeman
energy Ez ¼ 6Eso, and gap Δ ¼ 2Eso, such that the system
is in the topological regime.
We describe disorder by first drawing random numbers δ

with standard deviation σdis from a normal distribution, and
then introduce a finite correlation length λdis by damping
high Fourier modes according to

δdisðyÞ ¼ F−1½e−jqjλdisF ½δðyÞ��: ð4Þ

Here the case λdis ¼ 0 corresponds to onsite disorder.
Wire and leads are connected via steep tunnel barriers of

shape Vσ;V0
ðyÞ ¼ V0 exp½−y2=ð2σ2Þ� with σ ¼ 0.1 lso and

V0 ¼ 65Eso, which are not subject to optimization. For
simplicity, we assume the leads as normal conducting and
without spin orbit coupling. We treat Coulomb blockade in
the Majorana wire using a mean-field approximation, such
that adding an extra electron costs a charging energy
Ec ¼ 8Eso, and introduce effective energy levels εeff;i
containing both charging energy and single particle ener-
gies. We consider the system to be tuned to the center
between conductance resonances, for a fixed particle
number N0 in the Majorana wire.
Using the Weidenmüller formula [92]

T ¼ iφ†
RΓRUw

1

ε − diagðεeffÞ − U†
wΣUw

U†
wΓLφL; ð5Þ

with eigenvectors Uw of the wire Hamiltonian Eq. (3),
we determine the transmission amplitude jT↑↑ þ T↓↓j.
Here, ε is the energy of incoming electrons in the lead,
and self-energies Σα, Γα ¼ iðΣα − Σ†

αÞ, Σ ¼ P
α Σα, and

FIG. 1. Schematic diagram of the CMA-ES algorithm [57,58]
used to learn an optimal gate voltage configuration that max-
imizes the amplitude A of coherent transmission through a
Majorana hybrid wire embedded into one arm of an Aharo-
nov-Bohm interferometer.
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propagating modes φα of lead α are obtained by using the
PYTHON package KWANT [93].
A finite temperature can be considered by computing the

scattering matrix for different thermally excited states and
averaging the transmission amplitude A ¼ jhT↑↑ þ T↓↓ij.
Denoting the energies of the ABSs by ϵ1, ϵ2, the contri-
bution of trivial ABSs to A is suppressed by a factor
1 − exp½−βðϵ1 þ ϵ2Þ� [83,85,86], as there is destructive
interference between the transmission through states with
empty and occupied ABSs, respectively. When setting
kBT ¼ 0.3Eso [94], we find that local optima of A due
to ABSs are reliably ignored, and we did not encounter
false positives in our optimization runs. For the optimiza-
tion, we consider transport through the first 10 levels and
verify the final results by taking into account 50 levels. We
carefully checked that this does not influence the optimi-
zation results.
In the absence of disorder and forVj ≡ 0, the lowest level

of the wire is approximately at zero energy [see Fig. 2(c)],
and the associated wave function Ψ0 ¼ ðu0; v0Þ is localized
at thewire ends satisfying theMajorana condition ju0ðyÞj ¼
jv0ðyÞj (see Fig. 2). When adding strong disorder, both the
topological gap and the MZMs are destroyed, and the
transmission amplitude is reduced by 2 orders ofmagnitude.
Optimization results.—To understand the convergence

behavior and the influence of the population size npop on
the CMA-ES algorithm, we consider two scenarios: (i) a
finite correlation length λdis ¼ 0.052 lso and (ii) onsite
disorder, and optimize 20 gates with population sizes
npop ¼ 12 and npop ¼ 80. In the easier case (i) already
the smaller population size is sufficient to achieve fast

convergence after less than 1000 function evaluations
[brown line Fig. 3(a)], whereas for npop ¼ 80 about
5 times as many evaluations are necessary [brown line
Fig. 3(b)]. In contrast, we find that the more difficult
problem (ii) converges poorly in the case of small popu-
lation sizes, but converges almost as fast as the correlated
disorder case for npop ¼ 80. Thus, if the primary time effort
is to perform a function evaluation, we recommend to
deviate from the standard value npop ¼ 4þ 3 lnðNg − 1Þ
[95] for the case of a small disorder correlation length.
In the following, we distinguish between (i) optimization

in the absence of disorder to improve the localization
properties of the MZMs (“wave function engineering”),
and (ii) optimization with disorder in the wire. In the case
(i) for 20 gates, the transmission amplitude is enhanced by a
factor of about 1.6 due to improved MZM localization
[Fig. 4(a)] while keeping a sizable topological gap (inset).
Here, potentials of the outermost gates are lowered to
draw more weight of the wave functions to the wire ends
[Fig. 4(c)]. In case (ii) with disorder [cf. Fig. 2(b)], the
optimization almost completely restores the MZMs and the
topological gap, increasing the transmission amplitude by
two orders of magnitude [Fig. 4(b)]. The optimized
potential compensates the average disorder [dashed red
line Fig. 4(d)], in addition to the zero disorder optimal
values [Fig. 4(c)].
We next consider how reliable the optimization is for

different disorder correlation lengths, how many gates are
necessary, and how strong the dependence on the seed of
the CMA-ES random number generator is. For this, we
consider 15 different values for the number of gates, from
Ng ¼ 4 to Ng ¼ 200, and three types of disorder, onsite
(λdis ¼ 0), λdis ¼ 0.052 lso, and λdis ¼ 0.52 lso, as well as
wave function engineering without disorder. We consider

FIG. 2. Reference results for deactivated gates: wave function
jΨ0j2 of the lowest level (blue), decomposed into hole wave
function jv0j2 (orange) and electron wave function ju0j2 (green)
for the case (a) without disorder, (b) with disorder strength σdis ¼
50Eso and correlation length λdis ¼ 0.052 lso. (c) Energies of the
lowest ten Bogoliubov levels for the case without disorder (blue
crosses) and with disorder (red circles). (d) Disorder potential
along the wire (blue) and average of the disorder over gate regions
(dashed, red).

FIG. 3. Convergence speed of the CMA-ES algorithm in the
presence of disorder using 20 gates. We consider runs of the
CMA-ES algorithm with population sizes (a) npop ¼ 12 and
(b) npop ¼ 80. In both cases, we consider a “hard” problem
(green) with onsite disorder, and an “easier” problem with short
range disorder correlations λdis ¼ 0.052 lso. The panels depict the
degree of convergence AðiÞ=Amax as a function of the number of
function evaluations i (number of amplitude measurements)
where Amax is the value to which the amplitude ultimately
converges.
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ten different disorder realizations and average the resulting
amplitudes, while in the absence of disorder we average
over ten different seeds. We find that for at least 20 gates all
disorder profiles can be compensated reliably (see Fig. 5).
For too few gates Ng ≤ 10, disorder with very small
correlation length cannot be removed any more. For many
gates, Ng ≈ 100, the amplitude saturates, having increased
by 1 order of magnitude as compared to Ng ¼ 20, but with
the drawback that up to 105 function evaluations are
needed. We observe a sweet spot 20 ≤ Ng ≤ 50, where
the number of necessary function evaluations is acceptable
and still significant improvements of the amplitude and
complete compensation of disorder are possible.
With standard electron beam lithography and Al gates

isolated by native oxide it is currently possible to construct
such gate arrays of 20 to 50 gates in proximity to Majorana
wires of length L ¼ 13 lso ≈ 2.6 μm [96,97] considered
here. As the CMA-ES algorithm is not gradient based it can
escape extended regions in parameter space where the
initial amplitude of the disordered wire can be an order of
magnitude smaller than the noise level, as long as the
transmission amplitude for restored MZMs is an order of
magnitude above the noise level [86].
Choice of metric.—Besides the coherent transmission

amplitude discussed above, other metrics come to mind that
may be easier to determine experimentally, which, how-
ever, turn out to cause problems in the optimization
process. For example, optimizing the gap jε1 − ε0j has
the disadvantage that it does not require ε0 to be small and
in addition does not depend on the localization at the wire
ends. On the other hand, when minimizing the lowest level
ε0, localization of MZMs is not strengthened, and the gap
may vanish or ABSs may be present. Optimizing the
incoherent part of the conductance through the wire
produces trivial ABSs instead of MZMs by lowering the
outermost gates. In principle, multi-terminal measurements
are able to distinguish MZMs from ABSs [56]. However,
their disadvantage is that there is no obvious single quantity
that can be optimized.
Two dimensional case.—We study a wire with length

Ly ¼ 13 lso and width Lx ¼ 0.39 lso, and account for the
orbital effect of the magnetic field by adding Peierls phases

e
−ie=ℏ

R
r2
r1

A·dr
to the hoppings from site r1 to site r2. We

choose a chemical potential μ ¼ 63Eso and Zeeman energy
Ez ¼ 6Eso such that the wire in the absence of disorder and
gates is in the topological regime with one occupied
subband (for a discussion of higher subbands see
Ref. [86]). In the presence of strong disorder, the MZMs
are destroyed [Fig. 6(a)] and the gap collapses [red circles
in Fig. 6(d)], but again optimization with only 20 gates
along the wire can restore the MZMs [Fig. 6(b)] as well as
the gap [blue crosses in Fig. 6(d)].

FIG. 4. Optimization of transmission via tuning of 20 gates for
a one-dimensional wire in the topological regime with npop ¼ 80.
Wave function jΨ0j2 of the Majorana level (blue), and the
corresponding hole and electron wave functions jv0j2 (orange),
ju0j2 (green) for (a) no disorder in the wire and (b) disorder
strength σdis ¼ 50Eso and a correlation length λdis ¼ 0.052 lso.
The insets depict the energies of the lowest five Bogoliubov
levels. Optimized gate potentials in the absence of disorder are
shown in (c), and in (d) the difference between optimized
potential obtained with and without disorder is shown. The
dashed, red line shows the negative average −Vavg

dis of the disorder
potential over the gates, indicating that the algorithm has learned
the shape of the disorder potential.

FIG. 5. Optimized transmission amplitude as a function of the
number of gates along the wire. Results are shown for disorder
strength σdis ¼ 50Eso and correlation lengths λdis ¼ 0.52 lso (blue
squares), 0.052 lso (green diamonds), 0 (onsite disorder, brown
crosses). Red crosses indicate the wave function engineering
result obtained for optimization without any disorder in the wire.
We show averages over ten realizations of disorder in each case,
and an average over 10 seeds of the CMA-ES algorithm in the
absence of disorder. The black dashed line shows the reference
value obtained without disorder and no optimization.
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Conclusions.—We studied machine learning optimiza-
tion of a gate array using the CMA-ES algorithm. Using the
coherent transmission amplitude through a Coulomb block-
aded Majorana wire as metric, we find (i) optimization in
absence of disorder improves localization of MZMs sig-
nificantly and (ii) optimization even restores MZMs fully in
the case of strong disorder that otherwise destroys the
topological phase. We discussed the importance of the
choice of an appropriate metric, showed that the number of
necessary function evaluations would be experimentally
feasible, and demonstrated that a moderate number of gates
is sufficient for restoration of MZMs in the presence of
disorder. While tuning scalable topological qubits remains
a major challenge due to the required number of individu-
ally tunable gates, we argue that automated tuning of
individual wires and smaller systems can enable proof-of-
principle experiments and advance the understanding of
disorder effects, with the ultimate goal of scalability in
improved materials with lower disorder.
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