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We develop new protocols for high-fidelity single qubit gates that exploit and extend theoretical
ideas for accelerated adiabatic evolution. Our protocols are compatible with qubit architectures
where direct transitions between logical states are either vanishingly small or non-existent; in such
systems traditional approaches cannot be implemented. A prime example are superconducting
fluxonium qubits which have highly localized states or AMO systems where there is no dipole
allowed transitions between the ground states encoding the logical states. By using an accelerated
adiabatic protocol we can enforce the desired adiabatic evolution while having gate times that are
comparable to the inverse adiabatic energy gap (a scale that is ultimately set by the amount of
power used in the control pulses). By modelling the effects of decoherence, we explore the tradeoff
between speed and robustness that is inherent to shortcuts-to-adiabaticity approaches.

I. INTRODUCTION

Any approach to implementing quantum gates requires
applying time-dependent control fields to a system, such
that the corresponding time-dependent Hamiltonian gen-
erates the desired unitary evolution. Regardless of the
setting, ideal gates have two defining features: they are
both robust against small imperfections in the ampli-
tude, duration and phase of control pulses, and they are
fast. Unfortunately, typical approaches to constructing
gates optimize only one of these two desired character-
istics. Schemes based on quantum adiabatic evolution
(e.g. [1, 2]) are typically extremely robust against param-
eter variations [3], but suffer from extremely long proto-
col times. In contrast, more conventional non-adiabatic
approaches can be extremely fast (approaching the quan-
tum speed limit [4-9]), but require precise tuning of con-
trol pulses. In a typical experimental setting, neither
approach is fully optimal, as both speed and robustness
are important characteristics.

Given this, protocols that lie between these two ex-
tremes are highly desirable. This naturally leads one to
the general approach of shortcuts to adiabaticity (STA)
[10-13] (also known as counter-diabatic driving). STA
are a family of techniques that allow one to mimic
adiabatic evolution under some Hamiltonian Hy(t) us-
ing a modified Hamiltonian fImod(t), in a much shorter
timescale. STA protocols for evolving a well-defined ini-
tial state to some prescribed well-defined final state have
been discussed in many contexts, and have even recently
been implemented in a variety of experimental settings
[14-20]. While not often stressed, STA protocols invari-
ably involve a tuneable trade-off between speed and ro-
bustness. This tuneability can however be extremely use-
ful in a real experimental setting, where the ultimate infi-
delity of a gate will be influenced by both these features.
In Ref. [19], this tradeoff was discussed in the specific
context of an accelerated STIRAP protocol implemented
in an NV center system.

In this paper, we investigate the use of STA techniques
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Figure 1. (Color Online) (a) Schematic representation of a
tripod system. We choose |0) and |1) to encode the qubit
states. The ground state manifold couples to an excited state
le) via control fields denoted Qoe(t), Q1e(t), and Qac(t). (b)
Effective A system describing the evolution of the tripod sys-
tem. The control pulses Qb,c(t) and Qac(t) are chosen to
generate a cyclic evolution based on STIRAP. (c¢) Example
of a control sequence generating a cyclic evolution. The rel-
ative phase of Qac(¢) is changed instantaneously at ¢ = ¢4 /2.
This does not result in any discontinuity in the evolution since
Qae(tg/2) = 0. (d) Geometric representation of the evolution
of the system on the Bloch sphere. The geometric phase accu-
mulated by |i) is equal to the solid angle encapsulated during
the evolution.

to accelerate well-known adiabatic quantum gates based
on a tripod level configuration, where three “ground
state” levels all interact controllably with a single “ex-
cited state” level. Such schemes can find direct appli-
cation in a variety of systems, including trapped ion
qubits [1, 21] as well as superconducting qubits [22, 23].
Accelerating a quantum gate is a more challenging prob-



lem than simply accelerating an adiabatic evolution with
a single, well-defined initial state, as now one is inter-
ested in a manifold of possible initial states. In the
case of a unique initial state, the (global) phase accu-
mulated during the evolution is of no importance and
it can consequently differ between the adiabatic and ac-
celerated protocol. In stark contrast, when generating
a quantum gate, the accumulated phases are of utmost
importance. This is problematic, as standard STA tech-
niques are not designed to preserve dynamical or geo-
metric phases generated by adiabatic evolution. Despite
this difference, we show that the superadiabatic transi-
tionless driving (SATD) scheme developed in Ref. [24] to
accelerate STIRAP-style quantum state transfer can be
used to accelerate tripod-based adiabatic quantum gates.
We also study in detail the tradeoffs entailed with using
an accelerated protocol: while the protocol time can be
dramatically reduced, one necessarily also becomes less
tolerant of parameter variations, and also more sensitive
to dissipative effects originating with the lossy excited
level. The understanding we develop will allow one to
design an optimally-constructed accelerated protocol for
a given set of experimental parameters.

In contrast to other schemes [25-28] that generate non-
adiabatic geometric gates, ours is purely geometric and
does not rely on accumulating specific dynamical phases.
This also distinguishes our work from the recent exper-
iment by Yan et al. [29], where an accelerated geomet-
ric gate is only obtained if a dynamical phase is can-
celled by applying a m-pulse. We also note that while
Ref. [30] straightforwardly applied the dressed state tech-
nique of Ref. [24] to accelerate an adiabatic gate, they did
not consider the potential difficulties associated with this
procedure (stemming from STA-induced modification of
phases).

II. GEOMETRIC GATES IN A TRIPOD
SYSTEM

A. Basic double-STIRAP protocol

We start by reviewing how geometric qubit gates
can be implemented in a four-level tripod system [see
Fig. 1 (a)]. Our discussion complements existing liter-
ature [1, 2] by providing a thorough discussion on how
non-adiabatic errors deteriorate the performance of such
gates. The system consists of three ground state lev-
els (]0), |1), and |a)), each of which is controllably and
resonantly coupled to a common excited state |e). The
system Hamiltonian (in the rotating frame of the drive
fields) is

H(t) = % [0 ()[0Xe] + Que(8)[1)e] + Qac(t)|a)e] + H.c ],
(1)

where ;0(t) (¢ = 0,1,a) denotes the complex envelope
of each control field.

We will use the ground states |0) and |1) to encode a
logical qubit state (logical subspace). It allows one to
use highly isolated states as qubit levels, thus potentially
enabling long coherence times. This kind of situation can
be realized in a variety of experimental platforms, e.g. in
superconducting fluxonium qubits [22, 23].

We next parametrize the control fields, assuming only
that they are chosen to keep the instantaneous eigenval-
ues of H(t) independent of time:

Qoe(t) = Qg cos(a) sin[A(1)],
Q1e(t) = Qg sin(a) sin[0(t)] e, (2)
Qae(t) = Qo cos[0(t)]e®.

Qo determines the overall scale for the control fields [and
the size of the energy gap of H(t)], while the angles 6
and « determine their relative magnitudes. The angles 3
and v control the relative phases between control fields.
For reasons that will become clear, we consider in what
follows protocols where o and (8 are time-independent.
We emphasize that choosing {2 to be constant in Eq. (2)
is not restrictive. As we discuss below, adding a finite
turn-on (turn-off) to the control pulses does not modify
the dynamics of the logical subspace. .

Diagonalizing the instantaneous Hamiltonian H (),
one finds that it always possesses two zero-energy eigen-
states that are orthogonal to |e). States in this “dark
state” manifold are ideally suited for geometric gates, as
they will never acquire dynamical phases. Further, there
is always a unique dark state that is a superposition of
qubit states only, namely

|0) = sin(a)|0) — exp(iB) cos(a)[1). (3)

This state does not depend on time.
qubit-only state is

1) = cos(a)|0) + exp(if) sin(a)|1), (4)

The orthogonal

and in general is not an instantaneous eigenstate of A (t).
Writing H(t) in terms of these new qubit basis states
yields

H(t) = 5 [Qge(t)[1)fel + Qae(t)]a)e| + He],  (5)

N =

where Qj,(t) = Qo sin[f(t)]. We see that the qubit state
|0) is completely decoupled, whereas the qubit state |1)
forms a three-level A-system [31, 32] with the states |a)
and |e) [see Fig. 1 (b)]. One can now use well-known
STIRAP protocols [31, 32] to adiabatically manipulate
these states. In particular, using an appropriate double-
STIRAP protocol we can engineer a cyclic evolution, such
that the qubit state |i) acquires a purely geometric Berry
phase [33, 34]. This will form the basis of our adiabatic
single qubit gate (as first suggested in Refs. [1, 2]).

To understand the double-STIRAP protocol, we first
list the remaining instantaneous eigenstates of H(¢).
In addition to the zero energy qubit dark state \(~)>



[c.f. Eq. (3)], H(t) in Eq. (5) also has a second, orthogonal
zero energy dark state

|da(t)) = cos[B(t)][T) — " sinB()]]a).  (6)

as well as two non-zero energy eigenstates:
ba () = (Esinfo()][) + €O coslo(®)][a) + Je))
V2

(7)
with instantaneous energies + /2.

The double-STIRAP protocol involves adiabatically
evolving the dark state |dy(¢)) from being purely |1) at
t = 0, to being |a) at ¢ = t;/2, and then back to being
1) at the final time ¢ = t,. This can be accomplished by
choosing

t
gP(t) 0<t<E
o) =1 2 T b ®)
i _ - = = <t<
oo (-5)] e

where P(t) is a monotonic function varying between
P(0) = 0 and P(ty/2) = 1. The following form for P(¢)
is particularly effective:

P(t) =6 (Z)S ~15 (Z>4+ 10 (Z)g (9)

This choice gives a smooth turn on and turn off of the
pulses, i.e. it satisfies 0(0) = 6(t,/2) = 6(ty) = 0(0) =
f(ty/2) = 6(t,) = 0. Note that at this stage, we do not
specify the time-dependence of the relative phase ~(¢);
as we will see, v(t) will determine the geometric phase
acquired by |1). We assume for clarity that the control
field Qae(t) is non-zero at ¢ = 0. This is not restrictive.
Even if one includes a finite turn-on (turn-off) time for
this field, the additional resulting dynamics only effects
the states {|a),|e)} (i.e. the auxiliary subspace). As
shown in what follows, this does not hinder the realiza-
tion of our geometric gate, as this gate is not contingent
on any special preparation of the auxiliary subspace.

The system dynamics is best analyzed in the instan-
taneous eigenstate frame (adiabatic frame) that diago-
nalizes H(t) at each instant in time. The frame-change
operator is given by:

Saa(t) = [0)0] + [da(t))da| + [b—(£)}b—| + |b+(t)><b(4£\0-)
In the adiabatic frame, we have

Haoa(t) = 81 () H (t)Saa(t) — iST, (£)0; Saa ()

= HO(t) + ‘Z,‘rr(ﬂ? (11)

where
Hy(t) = *% (Ib-Xb—| = [byXby|) +4(t) sin[0(¢)]?|da)da|
+ %"Y(t) cos[0(t)] (Jb_)b—| + [by )by )

(12)

is a diagonal operator which generates the desired adi-
abatic evolution. In contrast, Vi, (t) describes non-

adiabatic errors in the evolution:

‘err(t) = 9(\/2(Z|Cb><b| - Z|d2><b+| + HC)
+ I [ costocoPioo- |+ =22 gy
_sin[QG(t)]

Tp d2)(bs] +He
(13)

Equation (13) differs from the non-adiabatic Hamilto-
nian derived in Ref. [24] because the latter work did not
consider STIRAP with time-dependent relative phases.

If one now assumes that we are in the adiabatic limit,
ie. 20(t)/Q — 0 and 2%(t)/Qo — 0, then we can ignore
Verr (t), and the unitary operator describing the evolution
is

Uaa(t) = [0X0] + e 70 |da)(do|
+ @ CFE Wb |+ e (F )b by |

i) (0
e an}
(19
where
0= [ dtvsinfo(en (),
. (15)
= [ sl Pi(e)

are the geometric phases accumulated by the dark and
bright states, respectively.

Before proceeding, we note that there is an extremely
simple choice for the relative control field phase (¢) that,
despite first appearances, is compatible with adiabatic
evolution. Namely, one can use

Y(t) =00 (t - t2g> :

where O(t) denotes the Heaviside step function. Despite
the discontinuity at ¢ = ¢, /2, there is no issue with adia-
baticity. Note that our chosen pulse shapes [c.f. Eq. (2)]
satisfy 0(ts/2) = m/2 which leads to Qac(tg/2) = 0, im-
plying that the phase y(t) is not well defined at this time;
this allows the jump in Eq. (16). Another way to under-
stand that choosing (¢) as given by Eq. (16) does not
impact the adiabaticity of the protocol is to realize that
the instantaneous eigenenergies of Haq(t) [see Eq. (11)]
are not altered by the phase jump. For a more geometric
picture, note that this type of control results in a trajec-
tory on the Bloch sphere that resembles a citrus wedge,
as depicted in Fig. 1 (d). Finally we emphazise that this
choice leads to v; = 0 [c.f. Eq. (15)].

We can express Eq. (14) in
independent) lab frame via the

(16)

the  (time-
transformation



Una(t) = Saa(t)Un a(t)S14(0). Using for
we find at the final time ¢ = ¢,

7(t) Eq. (16),

Ugaqa=e " 2e i 00 g i ¢i 3 Maa Oac (17)
Here, 601 = (|0)X1] + H.c., —i|0X1| 4+ H.c., |0)X0] — |1X1])
and 6, = (|a)e|+ H.c., —i|a)e|+H.c., |a)a| — |e)e]|) de-

note a vector of Pauli matrices. We have further defined

the unit vectors

[sin(2a) cos(B), sin(2«) sin(B), cos(2a)],

Nad = S:;((Q({j))sm (720) [ cot (720) , 1, cot (Q;tg)] ,

(18)

n =

and the rotation angle

Qot
Pad = 2arccos {cos (%) cos ( g gﬂ )

Equation (17) shows clearly that at t = t; the qubit
subspace is decoupled from that of the two auxiliary lev-
els. The evolution in the qubit subspace is a simple ro-
tation. The rotation axis m is controlled by the static
pulse parameters «, 3, whereas the rotation angle -, is a
geometric phase. We thus have a purely geometric arbi-
trary single qubit gate. We stress that having a gate that
acts independently on the qubit and auxiliary subspaces
is crucial: it allows a qubit gate to be performed without
first having to prepare the state of the auxiliary levels.

(19)

B. Non-adiabatic errors

Our goal is to accelerate the adiabatic gate described
above. As a first step, we need to understand the ef-
fects of non-adiabatic errors that occur when the proto-
col time is not infinitely slow compared to the inverse
instantaneous energy gap 2/ of H(t).

We can calculate non-adiabatic corrections to the evo-
lution perturbatively in Vo, (¢) [c.f. Eq. (13)] using a Mag-
nus expansion [35]. Using 6(¢) as defined in Eq. (8) with
P(t) given by Eq. (9) and () as defined in Eq. (16), we
find to leading order (see Appendix A)

UG = (e_lWQO e_’—YTOn‘o' s ei%oei%"“nnaﬂ'ae)_i_o |:

- W sin (%) {— cot (%) , 1, cot [wo(tg)]} ;

Yo
(Pna = 2arccos {cos (?> cos [po(t }

Qotg ].071’2
ty) = .
olle) = =57 ¥ 7o,

(21)
Comparing against Eqgs. (17) and (20), we see that to
leading order, non-adiabatic errors do not change the na-
ture of the gate: we still have a pure geometric operation
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Figure 2. (Color Online) Error ¢ = 1 — F [see Eq. (22)] as a
function of gate time for the unitary operator Ug acting on
both the qubit and auxiliary subspace and its projection Uq on
the qubit subspace (g4). Corrections to the ideal gate due to
non-adiabatic transitions only affect the auxiliary subspace at
leading order in Ve, while the dynamics in the qubit subspace
is only affected at third order. This is a consequence of our
choice for 0(t) whose first and second derivates vanish at ¢ = 0,
tg/2, and tg.

on the qubit subspace and the latter is still decoupled
from the auxiliary subspace. Non-adiabatic errors only
change the rotation performed on the auxiliary levels.
The favourable scaling here is a direct consequence of
our choice for 6(¢) [c.f. Eq. (8)], whose derivatives vanish
at the protocol start and end; this corresponds to the
“boundary cancellation method” for non-adiabatic error
suppression discussed in Refs. [36-38].

A more useful measure for quantifying the impact of
non-adiabatic errors is given by the state-averaged fi-

delity of the gate [39]
Tr [OOT} + |Tr {OA} ‘2

d(d+1) ’

F:

(22)

where Tr[-] denotes the trace operation, d = 4 is the
dimension of the Hilbert space, and O = U(T; 2qUa where

Ug’ad is given in Eq. (17) and Ug is the unitary operator

generated by Eq. (1) evaluated at t = ¢,. Using the
approximate Ug given in Eq. (20), we find
_ 4074 1
F=1-—7" 2+O[ 4}. (23)
49 (Qot,) (Qotg)

However, it is misleading to compare Uc,ad to Ug to
determine the gating time for which the error e = 1 — F
goes above a critical threshold, e.g. ¢ = 1073 for quan-
tum error correction. In Eq. (23) the deviations from
unity are only due to imperfect dynamics in the auxil-
iary subspace as we identified earlier on [see Eqs. (17)



and (20)]. Since Eq. (22) holds for any linear opera-
tor O in a d-dimensional Hilbert space, we consider in-
stead éq = Pq0é7adpqﬁgpq that allows us to quantify
errors that only affect the dynamics in the qubit sub-
space. Here, I:’q is the projector onto the qubit subspace.
Oq corresponds to measuring the overlap between the
unitary operator quad = qufgyadpq and the operator
U, = P,UcPy; the latter is not necessarily unitary. Due
to the direct sum structure of Ug aq [cf. (17)], the projec-
tion operation yields the ideal gate acting on the qubit
subspace only.

Within this framework, and performing a fourth order
Magnus expansion (see Appendix A), we find

- a7T2 |: (QOt ) :l QOt
F,=1+———— |—1+4cos [ —2 | cos sin? <g>

(24)
with a = 14745600. We stress that there exists special
gate times for which the fidelity is equal to unity. Using
Eq. (24), we find those times to be

8
ok kN,
ty = (25)
4(m + 27ks)
—_—  k .
o s 2 €N

This phenomenon (a coherent cancellation of non-
adiabatic effects) has also been discussed in Ref. [38].

In Fig. 2, we plot the error ¢ = 1 — F [see Eq. (22)]
as a function of gate time for O and O, both obtained
numerically by integrating the Schrédinger equation and
perturbatively via the Magnus expansion. In the adia-
batic regime, i.e. Qotg/2 — oo, the Magnus expansion
fully captures deviations from the ideal adiabatic evo-
lution which confirms our error scaling analysis. How-
ever, even with the improved error scaling in the qubit
subspace, the achievable gate times in a realistic setup
remain longer than typical decoherence rates.

III. ACCELERATED GATE

We now turn to the main goal of this paper: how
can we accelerate the geometric qubit gate presented in
Sec. IT A using the general philosophy of “shortcuts to
adiabaticity” (STA) [10-12, 24, 40]? At first glance, this
is a non-trivial problem. The original purpose of STAs
is to accelerate the evolution of a specific initial state,
and usually, one does not care about the final, overall
phase of the state. In contrast, we want to accelerate
the evolution of an arbitrary initial qubit state, and the
phases acquired by the adiabatic states are of crucial im-
portance. Despite these difficulties, we show that our
desired goal can indeed be accomplished. We will use
our recently proposed dressed-state approach, which al-
lows acceleration of STIRAP-type processes by simply
modifying the form of the original control pulses [19, 24].

Note that Ref. [30] did not consider these difficulties; as
we show below, it is not a trivial task to find a suitable
STA that preserves the phases acquired by the adiabatic
states.

Our goal will be to modify the three control fields
Qie(t) (1 = 0,1,a) from the values given in Egs. (2)
and (8), so that the desired gate operation is accom-
plished even though the total protocol time ¢, is not
long compared to 2/9g. This modification can be de-
scribed by adding a term to the Hamiltonian, i.e. H(t) —
H(t) + W(t) = Hmoa(t). In the adiabatic frame, this
modification can be written as

Waa(t) = 5 [-W.(6) ()b — b2 Yb- )
0 14,0 + da)ba] + Hc)
2 2 b_ 2 b+ .C.
+Wj}§’ (—ilb_)da| — ifby )| + H>]

(26)
One can readily verify that transforming Eq. (26) to the
original frame, W (t) = Aad(t)Wad(t)Sid(t), results in a
control Hamiltonian having the same form as Eq. (1);
no additional control fields are required. Note that
the qubit-only dark state \()) remains decoupled for any
choice of the W;(t), j € {z,y, z}.

Conventional STAs attempt to modify H (t) so that the
evolution follows the (original) adiabatic trajectory at all
times. In contrast, the dressed-state approach of Ref. [24]
aims for something less extreme. We let the system devi-
ate from the adiabatic trajectory at intermediate times.
This can be framed as a time-dependent dressing of the
original adiabatic eigenstate, with the dressing vanishing
at t = 0 and t = t,. For our problem, we need to add an
additional constraint. We must find a dressed version of
the dark state |ds)

|da(t)) = SL()|dz),

which retains the geometric nature of the evolution. In
other words we require that the new dressed dark state
does not acquire any dynamical phases.

(27)

A. Generic dressing

Following Ref. [24] we try a simple dressing transfor-
mation

$u() = exp [—iu(t) ([b_Yda| + Hee)],

where the dressing angle p(t) remains to be determined.
It must satisfy 1(0) = p(tg) = 0, to ensure the dressing
vanishes at the start and end of the protocol (which then
guarantees |da(t)) = |1) at t = 0 and ¢ = t). Note that
at this stage we only assume 6(t) to be of the form given
in Eq. (8) while no particular form is assumed for ~(¢).
The goal is now to pick the dressing parameter u(t)
and control modifications W (t) such that the resulting

(28)



dynamics does not cause transitions out of the dressed
dark state. By considering the dynamics in the time-
dependent frame defined by Eq. (28) (dressing frame),
we find that this can be accomplished by choosing the
dressing angle to fulfill the differential equation

o sin[20(t)] (t)
i) = B0 (29)

and the control fields to be

W (t) = sin[20(¢)]5(¢),

W,(t) = V2 [cos[e(t)]%an[ ()]4(t) + \/ié(t)} ,
W.(t) = =0 + 4v/2 cot[2u(1)]6(t)

+ % [1+ 5cos[26(t)] — 2 cos[0(t)]* sec[u(t)]*] .

(30)
Unfortunately, suppressing unwanted transitions is not
enough to achieve our gate. We also need control over
the phase acquired by the dressed dark state. In partic-
ular, it should not acquire a dynamical phase which de-
pends explicitly on ¢, while still accumulating a geomet-
rical phase. We stress that the control fields in Eq. (30)
also cancel the purely dynamical phase originating from
the dressing by ensuring that the energy of the dressed
dark state is 0. Within this framework the phase accu-
mulated by the dressed dark state is given by

s sec 2
pase = [ @™ BEL {50) 3.+ costautr

—cos[20(t)](1 43 cos[Qu(t)})} +4V2 sin[Q,u(t)]é(t)} .

(31)
In spite of the similarities with Eq. (15), there is no
guarantee that this phase is purely geometric since one
might not be able to express p as a function of v and
0 only. In our example, however, the situation is far
worse. A solution of Eq. (29) that fulfills the require-
ment that the dressing must vanish at the boundaries,
[t(0) = p(ty) = 0] leads to (t ) to be an antisymmetric
function on the interval [0, t4] since sin[260(¢)] is symmet-
ric on said interval [see Eq. (8)]. Using the symmetry of
the functions involved in Eq. (31), one finds pqqs = 0.

B. Spin-based dressing

However, for (t) given by Eq. (16) and arbitrary 6(¢)
of the form in Eq. (8), one can find a large class of
STAs for which there is an accumulated phase whose
nature is geometric. To proceed, we first define effec-
tive spin-1 operators to describe the dressed frame states:
Jo = (|dz)(b| + [d2)b| + H.c.)/v2, Jy = (i|d2)(b_| —
ildz)(bs | +H.c.)/v2, and J. = (Jb_Wb_|~[b by ). The
dressing transformation of interest is then:

$u(t) = exp [=iv(t) Juaa] - (32)

In the dressed frame, the Hamiltonian is given by

-Hdressed - SZ( ) ( )S (t) S ( )ats’T(t)

= Hopin(t) + Hus(t) + Hyoom (t) )
with
Hopin(t) = B.(t)J. + Bo(t)J, + B,(t)J,  (34)
() = O [2,0) ()b + b2 - )
+Z5(t) (Iby b |+ He.)
+ Z3(t) (ifby Xb-| + He.) (35)
+ 2a(t) (da)(b-| — [do)(be| + Hec.)
+25(t) (s1da)b- | + ildaXby | + Hee. )]
and
Hyeom (1) = (1) sin?[0()] cos?[p(D)]da)(dal.  (36)

We have written Eq. (33) as the sum of a spin Hamilto-
nian [see Eq. (34)], a non-spin Hamiltonian [see Eq. (35)],
and a Hamiltonian that generates the geometric phase

[see Eq. (36). We also defined the effective magnetic
field components
B, (t) = —it),
B,(1) = 2 sinly(t)] + 00) coslr ()], (3
B.(1) =~ coslu(1)] — (1) sinlu(1),

as well as the parameters of the non-spin Hamiltonian:

sin[29(t)] cos[u(t)] (38)

V2

The choice of dressing in Eq. (32) was made to en-
sure that (&2|Hdressed (t) — ngom(t)|&2> = 0; this partly
solves the problem of the STA giving rise to unwanted dy-
namical phases in the evolution of the dressed dark state
|d2). In contrast to the STA approach (see Sec. IIIA),
we do not start by looking for a dressing angle v(t)
that generates a dressing transformation that cancels
unwanted transitions (between dressed dark state and
dressed bright states). Instead, we start by looking for a
v(t) that gives a specific value for the phase accumulated

by the dressed dark state \&2) Neglecting for a moment



transitions involving the dressed dark state, we have that
the phase accumulated by |ds) is given by

Pads = / Catsin?0(1)] cos? (ML), (39)

Taking into account that we have chosen a particular
form for v(t) [see Eq. (16)] and comparing Eq. (39) to
Eq. (15), we see that the phase accumulated by the
dressed dark state is equal to the adiabatic-limit dark
state geometric phase g if

v(tg/2) =0, (40)

i.e. we must restrict ourselves to a class of dressing trans-
formations that exactly vanish halfway through the pro-
tocol.

There is a second consequence of having to work with
dressing transformations that fulfill Eq. (40): one can eas-
ily verify that flns(t) does not generate any dynamics.
Since §(t) = Yd(t — t5/2), integrating H,s(t) between
t =0 and t = t, yields 0 because we evaluate Hy(t) at
t = tgy/2 where 0(ty/2) = /2 and v(tg/2) = 0 such that
all parameters defined in Eq. (38) evaluate to 0.

Within this framework all that remains is to find a
specific dressing function v(t) satisfying Eq. (40), and
a corresponding control Hamiltonian W( t) that cancels
unwanted transitions generated by lem(t). This is es-
sentially equivalent to the general problem treated in
Ref. [24]. While many choices are possible, a particular
simple approach is the so-called superadiabatic transi-
tionless driving (SATD) dressing introduced in Ref. [24].
This is defined by the specific dressing angle

v(t) = vsarp(t) = arctan l%(t)] . (41)
Qo

This satisfies our constraint Eq. (40) as long as the initial
pulse sequence satisfies 9(tg/ 2) = 0. For example, the
pulse shape in Eq. (9) satisfies this property.

Before proceeding we note that the phase accumulated
by the dressed dark state can still be viewed as a geomet-
ric phase. As long as Eq. (40) is fulfilled the accumulated
phase is independent of the protocol time ¢, and does not
depend on the details of the pulse. We stress, however,
one more time that the dressing transformation allowing
one to get a STA that preserves the geometric nature of
the phase accumulated by the dressed dark state |ds(t))
explicitly depends on our choice of (¢) and that our spe-
cific choice of dressing [see Eq. (41)] further requires the
adiabatic protocol to obey 6(tg/2) = 0.

For this choice of dressing, the required modified con-
trol fields (which cancel transitions out of the dressed

dark state) are:

Qoe(t) = % cos(a) lsin[e(t)] + 4‘305[ ()]0 (t)]

02 +462(t)
cos[0(1)]6(t)
02 4 462(t) |’

4sin[e(t)}_é(t)] |
Q2% +4602(t)

Die(t) — % sin(a)e’? [sin[@(t)] +4

Que(t) — %e”“’ [608[9@)] -

(42)

Combining these results, we find that the accelerated

dynamics results in an evolution that at ¢t = ¢, yields the
gate

2 _;00 _;00mM.6
Ugsatp =e "2e 2% ge

MNSATD O ac
(43)
whose action on the qubit subspace is the same as Ug aq
[see Eq. (17)], but acts differently on the auxiliary sub-
space. The latter undergoes a rotation of angle psaTp =

2 arccos[cos(p/2) cos(®)] around the axis

;0 ; $SATD
iy el

sin(®) sin (L)

NSATD = sin (LPS/;TD)

[ co t(é) 1 cot(@)} (44)

with & = [/=/% 4t /02 4 462(1).

We note that Eq. (43) always leads to a perfect qubit-
subspace fidelity F,, = 1 independent of the speed of the
protocol.

IV. DISSIPATIVE DYNAMICS

In the following section, we characterize the perfor-
mance of both the adiabatic and STA gates in the pres-
ence of imperfections. We consider two types of imper-
fections: dissipation and uncertainties in the parameters
of the Hamiltonian.

To model the loss we consider a Lindblad master equa-
tion that describes pure dephasing of the ground and ex-
cited states

3 Ty |WGINOLNI - 5 NI AL

7=0,1,a,e

(45)
where H(t) is the Hamiltonian, j(t) is the density op-
erator of the system, I'y; (j € {0,1,a,e}) is the de-
phasing rate of state |j), and we have defined the anti-
commutator {01702}+ = 0,05 + 0,0,. We stress
that in the adiabatic frame the dephasing processes we
are considering lead to transitions between instantaneous
eigenstates. For this reason we do not explicitly consider

relaxation processes.
To quantify how decoherence affects the performance
of the gate, we use the result of Bowdrey et al. for the



average fidelity of single qubit maps [41]

_ 1
Fmang Z

j=*tz,ty,t=z

T [O4psUlps (1)), (46)

where p; with j € {+x,+y,+z} is an axial pure state
on the Bloch sphere of the qubit, e.g. p, = 1/2(|0) +
11)((0] + (1]), Uy was defined earlier in the text, and
p;(t) is a solution of Eq. (45) for the initial state p;.

In addition to errors due to noise, we also consider
errors arising from uncertainties in the system Hamilto-
nian. Here, we assume that the amplitude parameter g
[cf. Egs. (1) and Eq. (2)] is only known with finite pre-
cision, as described by a probability distribution p(£p).
In the following we assume p(£y) to be uniform on the
interval [Qo(1 — k), Qo(1 + k)] with k& € (0,1). The per-
formance of the gate is then quantified via the averaged
average fidelity

B Qo(]:‘rk}) B
<Fmap> = / dQOP(QO) map(QO)' (47>
Qo(1-k)

For the results that follow, accelerated gates are im-
plemented using a starting pulse shape given by Eq. (9)
and the SATD STA defined by Egs. (41) and (42).

A. Excited State Dephasing

In Fig. 3, we plot the error epap = 1 — Fihap as a
function of the gate time for « = 7/4, 8 = 0, 79 = 7,
I'ye = Q/(2m x 100), and 'y, ; = 0 for j € {0,1,a} for
both the adiabatic (blue traces) and accelerated protocol
(orange traces) either without uncertainty on Qg (dashed
traces) or with an uncertainty of 40% (k = 0.2) on Qo
(solid traces). We have indicated with a green arrow the
shortest gate time for which the maximal amplitude of
the modified controls is still Qg, with a blue (red) arrow
the gate time for which the energy cost to generate the
STA is twice (three times) as large as the energy cost to
generate the adiabatic control sequence. We define the
energy cost of a control sequence as

1 [t
C:—/dt
tg 0

where Hﬁ(t)HQ = Omax[H(t)] is the p = 2 operator norm

A (48)

equal to the largest singular value of the Hamiltonian
operator H(t) denoted by opmax|[H (t)].

We start by observing that going to the adiabatic
regime, t, — 00, results in both gates becoming insensi-
tive to noise and uncertainty. This is expected because
the evolution of the system can be reduced to the evolu-
tion of the dark state |d2(¢)) [see Eq. (6)] which contains
no excited state amplitude. We note that for the ac-
celerated gate, going to the adiabatic regime results in
a vanishing dressing such that the dressed dark state is
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Figure 3. (Color Online) Comparison of the average error
Emap = 1 — Fap between adiabatic (upper blue traces) and
accelerated gate (lower orange traces) either without uncer-
tainty on o (dashed traces) or with a 40% (k = 0.2) uncer-
tainty on o (solid traces) as a function of the gate time for
a=7/4,B=0,v% =, [pe=10"2(Qo/2r), and ', ; = 0
for j € {0,1,a}. Shorter gate times than the one indicated
by the green arrow (first arrow from the right) result in a
modified control sequence whose maximal amplitude is larger
than Q. The blue (second from the right) (red [third from
the right]) arrow indicates a modified control sequence that
requires twice (three times) the energy cost [see Eq. (48)] of
the adiabatic sequence.

effectively |ds). Moreover, a small uncertainty on the in-
stantaneous gap is irrelevant as long as t; > 2/Qp. It
is only outside of the adiabatic regime that both gates
are affected by a lossy excited state since during the evo-
lution the excited state will be occupied. One clearly
sees that the accelerated version of the gate outperforms
its adiabatic counterpart; this reflects the fact that the
mechanism leading to excited state occupancy is different
in each case.

For the adiabatic version of the gate, non-adiabatic
processes are responsible for the transitions between the
dark state |ds) and the bright states |by), which con-
tain a finite excited state amplitude [see Eq. (7)]. Since
non-adiabatic transitions need first to happen for noise in
the excited state to disrupt the dynamics, the gate error
is mainly dominated by non-adiabatic errors. However,
signatures of the dissipative dynamics can be observed
for the special times [see Eq. (25)] for which the coher-
ent evolution brings the system back to the dark state.
These special times do not lead to a perfect gate anymore
because the coherent mechanism that brings the system
back to the dark state is disrupted by excited state de-
phasing. This coherent mechanism is further hindered by
the uncertainty on €.

The accelerated gate is constructed such that whatever
amplitude leaves the dark state it has to come back to the
dark state by the end of the protocol; this is equivalent
to having the system remaining in the dressed dark state



|da(t)) for the whole evolution. However, leaving the dark
state is not harmless in the presence of a noisy excited
state: it disrupts the STA dynamics in two ways. First,
there is no guarantee that the amplitude leaving the dark
state comes back by the end of the evolution. Second,
even if the amplitude that left the dark state comes back,
it could come back with a phase error. These two mech-
anism can be identified as the leading order processes
leading to deviations of the average fidelity [Eq. (46)]
from unity. Using a Magnus expansion we can find ap-
proximate solutions of Eq. (45) which we use to evaluate

Fiap [Eq. (46)] (see Appendix B). We find
0°(t)

_ 4 tg/2
Fap =1— =T / dt———
P 377 ) Q2 + 462(t)

tg/2 12
g [ PO
0 [Qg+402(t)}
Too)”
Ote) |

which is in good agreement with numerical simulations
[see Appendix B]. In particular, Eq. (49) captures the
non-monotonic behavior of the gate error as a function
of gate time. Sufficiently faster gates become insensitive
to a lossy excited state. We note, however, that reaching
such a regime experimentally is difficult.

In the presence of uncertainty in €, it is impossi-
ble to realize the exact STA that would cancel out non-
adiabatic transitions. As a result, a small non-adiabatic
transition probability from the dressed dark state to the
bright states remains. This becomes apparent for faster
gate times where the fidelity of the accelerated gates os-
cillates in sync with the fidelity of the adiabatic gate.

Finally, we note that in this scenario if being fast is
not essential, then there is no benefit in using an ac-
celerated gate. Both gates perform equally well in the
adiabatic regime. However, if the gate time has to be
below a threshold outside of the adiabatic regime, then
the accelerated gate will outperformed the adiabatic one.

(49)

+0

B. Ground and Excited State Dephasing

In Fig. 4, we plot the error, emap = l—F’map, as a func-
tion of the gate time for a =7/4, =0, v =7, Ty =
QQ/(27T X 100), and F‘on = F‘Pvl = FS&,@ = Qo/(27{' X 100)
for both the adiabatic (blue traces) and accelerated pro-
tocol (orange traces) either without uncertainty on g
(dashed traces) or with an uncertainty of 40% (k = 0.2)
on Qp (solid traces). Similarly to Fig. 3, we have indi-
cated with a green arrow the shortest gate time for which
the maximal amplitude of the modified controls is still
0, with a blue (red) arrow the gate time for which the
energy cost [see Eq. (48)] to generate the STA is twice
(three times) as large as the energy cost to generate the
adiabatic control sequence.
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Figure 4. (Color Online) Comparison of the average error
Emap = 1 — Fap between adiabatic (upper blue traces) and
accelerated gate (lower orange traces) either without uncer-
tainty on o (dashed traces) or with a 40% (k = 0.2) uncer-
tainty on Qo (solid traces) as a function of the gate time
for o = w/4, B = 0, y0 = 7w, Tpe = 1073(Qo/2r), and
T,; = 107%(Q0/27) for j € {0,1,a}. Shorter gate times than
the one indicated by the green arrow (first from the right) re-
sult in a modified control sequence whose maximal amplitude
is larger than €. The blue (second from the right) (red [third
from the right]) arrow indicates a modified control sequence
that requires twice (three times) the energy cost [see Eq. (48)]
of the adiabatic sequence.

In contrast to the case where only the excited state
is lossy, operating in the adiabatic regime does not lead
to a perfect gate. The dephasing on the ground state
manifold sets a threshold for the slowest “allowed” gate
time. As a consequence, the adiabatic version of the gate
becomes an unviable option. Trying to perform the gate
faster to avoid ground state dephasing unavoidably leads
to a regime where the dominating source of errors are
non-adiabatic transitions. On the other hand, the ac-
celerated gate is less susceptible to non-adiabatic errors.
As a result decreasing the gate time allows one to escape
the interval for which the error is mainly dominated by
ground state dephasing, t; < 1/(T'g0+Ty1+T,4), to
operate in a regime where only excited state dephasing
contributes to the gate error.

In this scenario, being fast becomes essential and corre-
sponds to a situation where the accelerated gate provides
a real benefit over its adiabatic counterpart.

C. Extended Robustness Comparison

To identify the regimes where the accelerated gate pro-
vides a clear benefit over the adiabatic gate, we look for
the gate time that yields the smallest error for fixed de-
phasing rates. We have constrained the minimal gate
time by imposing that the maximal amplitude of the
modified pulse sequence cannot be larger than . For
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Figure 5. (Color Online) Comparison of the smallest gate

error between adiabatic and accelerated gate. For fixed values
of the dephasing rates we look for the gate time that yields
the smallest error. We consider an uncertainty on ¢ of 10%
(k=0.05) and I'p .0 =T'y1 =Ty 2 = 'y .gs. The accelerated
gate reaches the same error as the adiabatic gate for dephasing
rates that are roughly one order of magnitude larger.

simplicity we consider the case where the ground state de-
phasing rates are equal, i.e. 'y o =Ty 1 =Ty 2 =T, as.
We also assume that the uncertainty on Qg is 10%
(k = 0.05). In Fig. 5, we plot contour lines for differ-
ent error thresholds as a function of I', gg and I'y, . for
the adiabatic gate (dashed lines) and accelerated gate
(solid lines). For the displayed contours, we see that the
accelerated gate reaches the same error level as the adia-
batic gate for rates that can be roughly up to one order
of magnitude larger.

V. CONCLUSION

We have shown how to use the framework of shortcuts-
to-adiabaticity to accelerate geometric gates in tripod
systems. We have discussed both how standard STA
techniques designed for the transfer of a single known
state are problematic due to STA-induced modification
of dynamical and geometric phases. We have also shown
a set of protocols that overcome this seeming limitation
and discussed the advantages of using accelerated gates
in the presence of dissipation and Hamiltonian uncertain-
ties: the accelerated gate preserves the robustness against
parameter variations and allows one to be fast enough
to overcome thresholds set by relaxation and dephasing
times. Our accelerate control scheme can be implemented
in a variety of state-of-the-art qubit implementations.

Our work also suggests that accelerated geometric-
based two-qubit gates could be developed for a vari-
ety of systems. In particular, it could greatly bene-
fit superconducting-based architectures where two-qubit
gates are still the main limitation preventing the realiza-
tion of high-fidelity complex gate sequences.
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Appendix A: Average Gate Fidelity with Unitary
Evolution

In this appendix we show how to use a Magnus expan-
sion to obtain approximate solutions of the Schrédinger
equation

i0:U(t) = HH)U(b), (A1)
where H(t) was defined in Eq. (5) of the main text. We
focus on the special case where the control field phase
~(t) is given by Eq. (16). The special form of ~(¢) and
the symmetry of the function 6(¢) [see Eq. (8)] allows us

to split the evolution into two distinct STIRAP processes
defined by the Hamiltonians

Qo .. =
Hq(t) = ?O [sin[6: (¢)]|1)(e| + cos[f:(¢)][a)e| + H.c.],
(A2)
which describes the first half of the evolution that brings
the system from |1) to |a), and

Hy(t) = % [cos[01(£)][1)(e] + € sin[f1 (¢)]]a)e| + H.c.]

(A3)
which describes the second half of the evolution that
brings |a) back to |1). Here, 6;(t) = 7 P(t)/2 [see Eq. (9)]
is defined for ¢ € [0,t,/2] and we have used the symme-
try of the function 6(t) [see Eq. (8)] to obtain Eq. (A3).
Within this framework the evolution operator U can be
parametrized as

NN R0
o= {fw — /DUt

<t<!t

—_ 737 A4
<t <ty (A4)

s =}

where Uy (t) is generated by Hi(t) [see Eq. (A2)] and
Us(t) is generated by Hy(t) [see Eq. (A3)]. We stress
that U(t) is continuous at ¢ = t,/2 because the actual
coupling strength between |a) and |e) is 0, which allows
us in the first place to have a phase jump.

It is useful to look for solutions of Eq. (A1) in the
adiabatic frame. We can transform Eqs. (A2) and (A3) to
the adiabatic frame by using the frame-change operator
Sad(t) defined in Eq. (10) of the main text with

dy(8)) = {C?S[Hl(t)] ~1> - Sin[91(t)}|a> for f:fl (t)
sin[0 (¢)]|1) — €7 cos[f1(t)]|a) for Ha(t)
(A5)



and
1 . =
7% (% sinf; (¢)][1) + cos[f:(¢)]|a) + |e))
b (1)) = folr H,y(t), ) N
7 (£ cos[f1(£)]]1) & € sin[f1(t)]]a) + |e))
for Hy(t).
(AG)
We find
Had,l(Z) (t> = 7%jz,ad + 91 (t)jy,ad7 (A7)

where Ha,q1 (Haa2) denotes H,(t) [Ha(t)] in the adi-
abatic frame. We have introduced the spin operators
Jzad = ([b-)b—| = [by)by]) and Jyaq = (i[d2)(by| —
i|da)Xb_| + H.c.)/v/2. We note that the remaining spin
operator jw,ad was introduced in the main text below
Eq. (32). It is convenient to transform Eq. (A7) to the
interaction picture generated by ﬁO,ad = fﬂojzyad/Q to
perform the Magnus expansion, this yields

20,61 (t) 120,01 (t)

Vii(2)(t) = Fie by )}da]

+ H.c..
(AS)
It is useful to notice that the dynamics generated by
WVi,1(2)(t) can be parametrized as

Ur1(2)(t) = exp {—z‘ (A(t)jz,ad 4+ Qo (t)Jpaa + Qy(t)jy,ad)}

= exp [<i6(t) (n2() 2 0 £ 1 ()00 £ 1y () 00|

(A9)
with £(1) = /A2(1) + Q2(0) 1 Q2(1), na (1) = . (1)/£(0),
ny(t) = Q,(t)/€(t), and n.(t) = A(t)/&(t). This form
allows us to get an exact representation for ULl(g) (t) by
expanding the exponential into a series and using the
properties of the spin operators. The functions A(t),
Q;(t), and 2, (t) are found perturbatively using a fourth-

order Magnus expansion [35]. We find that at ¢ = t,/2
these functions evaluate to

a1 a9
Aty /2) = —
/2 = i+ Ty
0 (t /2) ) sin? (%) ) sin (%)
T =0 2 ) A10
. (Q0ts)® (uty)” 10
sin (Qi’fg) cos? (%)
Qy(tg/2) =C 3 Co 1
(Qotg) (Qotg)

with a; = —572/7, ay = 45007% /2431 — 96072 /7, by
38407, by = 9607(336 + 572)/7, ¢ = —19207, and ¢y =
—19207(336 + 572) /7.

Finally, the evolution operators are given by

(71(2) (t) = Sad,uz)ﬁo(t)ffl,l(z)(t)éid,l(z) (0),

(A11)
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Figure 6. (Color Online) Comparison of the average error

Emap = 1 — Fiap calculated numerically (solid blue trace) and
using Eq. (49) (dashed orange trace). We used a = w/4,
B=0,v =, ['ye=Q0/(2m x 100).

with U()(t) = GXp[igotS’Z’ad/Q}.

We can evaluate Eq. (22) with O = Oy [see text below
Eq. (23)] and Ug = U(t,) [see Eq. (A4)] (not shown due
to the length of the result). To get Eq. (24), one further
needs to expand the trigonometric functions involved in

the result to fourth-order in £(¢) and collect terms up to
sixth-order in 1/(Qot,).

Appendix B: Average Map Fidelity with Excited
State Dephasing

In this section we present the general framework al-
lowing us to evaluate perturbatively the average fidelity
of the qubit map [cf. Eq. (46)] for the accelerated gate
in the presence of excited state dephasing. We start by
defining the modified Hamiltonian with the SATD cor-
rection

Hioa(t) = H(t) + Wsarp (t), (B1)

where H(t) is the Hamiltonian of the tripod system writ-
ten in terms of the new qubit states [cf. Eq. (5)] and

2000(8)

02 + 462(t)

cos[9(t)]|T)e| — 7 sin[f(t)]|aXe| + H.c.} .
(B2)

In the frame defined by the SATD dressing [see
Egs. (32) and (41)], the master equation describing the
evolution of the tripod system with excited dephasing is

Wsatp =



given by

Oupar(t) = ~i [ o (1), e (1)

+Tye Z ci(t)c; () ]i)1par (t) e (t)er (8) k)|
Bm%il,gz

Lo Z {ci(®)

_LI=
b.by,da

J‘ Pdr( )}+

(B3)
with ¢ () = ¢ (t) = 1/ (ﬁ,/1+4é?(t)/gg> and
cg, = 2i0(t)/ <QO 1+ 4é2(t)/93).

Using a superoperator formalism Eq. (B3) can be writ-
ten as

Oepar(t) = [lo(t) + £y (t)] Par, (B4)
where fo(t) = i [Alqa () ®1 =1 Auoaar(t)]
and £, = L'() ® L(t) —(1/2)1 © LT(H)L(1)

—(1/2)L7(t)L () ® 1 and we have defined L,(t) =

AV gpez Ci )| ><J‘ with Z ] € {b b+7d2} We

(3
also mtrO(fuced the complex conjugation and transpose
operation denoted by L*(t) and LT (t), respectively.
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To find approximate solutions of Eq. (B4) it is conve-
nient to work in the interaction picture defined by £y(¢).
In this frame Eq. (B4) reduces to

O¢par,1(t) =Ly 1(t)par1(t),

where €, 1(t) = L)€, (t)Lo(t) and Lo(t) is the solu-
tion of Oypar(t) = Lo(t)par(t), i.e. par(t) = Lo(t)par(0).
Within this framework the solution of Eq. (B4) is given
by par(t) = Lo(t)L1(t)par(0) where L1(t) is a solution of
Eq. (B5). Using a first order Magnus expansion [35], we
can approximate Li(t) by

(B5)

L1(t) =~ exp [ /O t dtléw(tl)}

: (B6)
~1 +/ dt1e¢71(t1).
0
This leads to an approximate solution for pq.(t),
t
ﬁdr(t) >~ ,Co(t) |:]]. +/ dtle@’l(tl)] s (B7)
0

which can be used to evaluate Eq. (46).

In Fig. 6 we plot the error em., as a function of
gate time for « = 7/4, f =0, 70 = m, and I'y, . =
0o/ (27 x 100) for the accelerated protocol calculated nu-
merically (solid blue trace) and using Eq. (49) (dashed
orange trace). As stated in the main text, the approxi-
mate analytical result is in very good agreement with the
numerical results.

[1] L.-M. Duan, J. L. Cirac, and P. Zoller, Geometric manipu-
lation of trapped ions for quantum computation, Science
292, 1695 (2001).

[2] Z. Kis and F. Renzoni, Qubit rotation by stimulated ra-
man adiabatic passage, Phys. Rev. A 65, 032318 (2002).

[3] D. Mgller, L. B. Madsen, and K. Mglmer, Geometric
phases in open tripod systems, Phys. Rev. A 77, 022306
(2008).

[4] L. Mandelstam and I. Tamm, The uncertainty relation

between energy and time in non-relativistic quantum me-

chanics, in Selected Papers, edited by B. M. Bolotovskii,

V. Y. Frenkel, and R. Peierls (Springer Berlin Heidelberg,

Berlin, Heidelberg, 1991) pp. 115-123.

N. Margolus and L. B. Levitin, The maximum speed of

dynamical evolution, Physica D: Nonlinear Phenomena

120, 188 (1998).

[6] S. Deffner and E. Lutz, Quantum speed limit for non-
markovian dynamics, Phys. Rev. Lett. 111, 010402
(2013).

[7] A. C. Santos and M. S. Sarandy, Superadiabatic con-
trolled evolutions and universal quantum computation,
Scientific Reports 5, 15775 (2015).

[8] D. P. Pires, M. Cianciaruso, L. C. Céleri, G. Adesso,
and D. O. Soares-Pinto, Generalized geometric quantum
speed limits, Phys. Rev. X 6, 021031 (2016).

5

[9] 1. Marvian, R. W. Spekkens, and P. Zanardi, Quantum
speed limits, coherence, and asymmetry, Phys. Rev. A
93, 052331 (2016).

[10] M. Demirplak and S. A. Rice, Adiabatic population
transfer with control fields, The Journal of Physical
Chemistry A 107, 9937 (2003).

[11] M. Demirplak and S. A. Rice, Assisted adiabatic passage
revisited, The Journal of Physical Chemistry B 109, 6838
(2005), pMID: 16851769.

[12] M. V. Berry, Transitionless quantum driving, Journal
of Physics A: Mathematical and Theoretical 42, 365303
(2009).

[13] S. Ibarniez, X. Chen, E. Torrontegui, J. G. Muga, and

A. Ruschhaupt, Multiple schrédinger pictures and dy-

namics in shortcuts to adiabaticity, Phys. Rev. Lett. 109,

100403 (2012).

M. G. Bason, M. Viteau, N. Malossi, P. Huillery, E. Ari-

mondo, D. Ciampini, R. Fazio, V. Giovannetti, R. Man-

nella, and O. Morsch, High-fidelity quantum driving, Na-

ture Physics 8, 147 (2011).

J.-F. Schaff, X.-L. Song, P. Capuzzi, P. Vignolo, and

G. Labeyrie, Shortcut to adiabaticity for an interacting

bose-einstein condensate, EPL (Europhysics Letters) 93,

23001 (2011).

(14]

(15]


https://doi.org/10.1126/science.1058835
https://doi.org/10.1126/science.1058835
https://doi.org/10.1103/PhysRevA.65.032318
https://doi.org/10.1103/PhysRevA.77.022306
https://doi.org/10.1103/PhysRevA.77.022306
https://doi.org/10.1007/978-3-642-74626-0_8
https://doi.org/10.1016/S0167-2789(98)00054-2
https://doi.org/10.1016/S0167-2789(98)00054-2
https://doi.org/10.1103/PhysRevLett.111.010402
https://doi.org/10.1103/PhysRevLett.111.010402
https://doi.org/10.1038/srep15775
https://doi.org/10.1103/PhysRevX.6.021031
https://doi.org/10.1103/PhysRevA.93.052331
https://doi.org/10.1103/PhysRevA.93.052331
https://doi.org/10.1021/jp030708a
https://doi.org/10.1021/jp030708a
https://doi.org/10.1021/jp040647w
https://doi.org/10.1021/jp040647w
http://stacks.iop.org/1751-8121/42/i=36/a=365303
http://stacks.iop.org/1751-8121/42/i=36/a=365303
http://stacks.iop.org/1751-8121/42/i=36/a=365303
https://doi.org/10.1103/PhysRevLett.109.100403
https://doi.org/10.1103/PhysRevLett.109.100403
https://doi.org/10.1038/nphys2170
https://doi.org/10.1038/nphys2170
https://doi.org/10.1209/0295-5075/93/23001
https://doi.org/10.1209/0295-5075/93/23001

[16] J. Zhang, J. H. Shim, I. Niemeyer, T. Taniguchi, T. Ter-
aji, H. Abe, S. Onoda, T. Yamamoto, T. Ohshima,
J. Isoya, and D. Suter, Experimental implementation of
assisted quantum adiabatic passage in a single spin, Phys.
Rev. Lett. 110, 240501 (2013).

[17] S. An, D. Lv, A. del Campo, and K. Kim, Shortcuts to
adiabaticity by counterdiabatic driving for trapped-ion
displacement in phase space, Nature Communications 7,
12999 (2016).

[18] Y.-X. Du, Z.-T. Liang, Y.-C. Li, X.-X. Yue, Q.-X. Lv,
W. Huang, X. Chen, H. Yan, and S.-L. Zhu, Experimen-
tal realization of stimulated raman shortcut-to-adiabatic
passage with cold atoms, Nature Communications 7,
12479 (2016).

[19] B. B. Zhou, A. Baksic, H. Ribeiro, C. G. Yale, F. J. Here-
mans, P. C. Jerger, A. Auer, G. Burkard, A. A. Clerk,
and D. D. Awschalom, Accelerated quantum control us-
ing superadiabatic dynamics in a solid-state lambda sys-
tem, Nature Physics 13, 330 (2016).

[20] J. Kolbl, A. Barfuss, M. S. Kasperczyk, L. Thiel, A. A.
Clerk, H. Ribeiro, and P. Maletinsky, Initialization of sin-
gle spin dressed states using shortcuts to adiabaticity,
Phys. Rev. Lett. 122, 090502 (2019).

[21] R. Srinivas, S. C. Burd, R. T. Sutherland, A. C. Wil-
son, D. J. Wineland, D. Leibfried, D. T. C. Allcock, and
D. H. Slichter, Trapped-ion spin-motion coupling with
microwaves and a near-motional oscillating magnetic field
gradient, Phys. Rev. Lett. 122, 163201 (2019).

[22] V. E. Manucharyan, J. Koch, L. I. Glazman, and M. De-
voret, Fluxonium: Single Cooper-Pair Circuit Free of
Charge Offsets, Science 326, 113 (2009).

[23] N. Earnest, S. Chakram, Y. Lu, N. Irons, R. K. Naik,
N. Leung, L. Ocola, D. A. Czaplewski, B. Baker,
J. Lawrence, J. Koch, and D. I. Schuster, Realization
of a A system with metastable states of a capacitively
shunted fluxonium, Phys. Rev. Lett. 120, 150504 (2018).

[24] A. Baksic, H. Ribeiro, and A. A. Clerk, Speeding up adi-
abatic quantum state transfer by using dressed states,
Phys. Rev. Lett. 116, 230503 (2016).

[25] E. Sjoqvist, D. M. Tong, L. M. Andersson, B. Hes-
smo, M. Johansson, and K. Singh, Non-adiabatic holo-
nomic quantum computation, New Journal of Physics 14,
103035 (2012).

[26] E. Sjoqvist, Nonadiabatic holonomic single-qubit gates in
off-resonant A systems, Physics Letters A 380, 65 (2016).

[27] A. A. Abdumalikov Jr, J. M. Fink, K. Juliusson,
M. Pechal, S. Berger, A. Wallraff, and S. Filipp, Experi-
mental realization of non-abelian non-adiabatic geomet-

13

ric gates, Nature 496, 482 (2013).

[28] B. B. Zhou, P. C. Jerger, V. O. Shkolnikov, F. J. Here-
mans, G. Burkard, and D. D. Awschalom, Holonomic
quantum control by coherent optical excitation in dia-
mond, Phys. Rev. Lett. 119, 140503 (2017).

[29] T. Yan, B.-J. Liu, K. Xu, C. Song, S. Liu, Z. Zhang,
H. Deng, Z. Yan, H. Rong, K. Huang, M.-H. Yung,
Y. Chen, and D. Yu, Experimental realization of nona-
diabatic shortcut to non-abelian geometric gates, Phys.
Rev. Lett. 122, 080501 (2019).

[30] B.-J. Liu, Z.-H. Huang, Z.-Y. Xue, and X.-D. Zhang, Su-
peradiabatic holonomic quantum computation in cavity
ged, Phys. Rev. A 95, 062308 (2017).

[31] K. Bergmann, H. Theuer, and B. W. Shore, Coherent
population transfer among quantum states of atoms and
molecules, Rev. Mod. Phys. 70, 1003 (1998).

[32] N. V. Vitanov, A. A. Rangelov, B. W. Shore, and
K. Bergmann, Stimulated raman adiabatic passage in
physics, chemistry, and beyond, Rev. Mod. Phys. 89,
015006 (2017).

[33] S. Pancharatnam, Generalized theory of interference, and
its applications, Proceedings of the Indian Academy of
Sciences - Section A 44, 247 (1956).

[34] M. V. Berry, Quantal phase factors accompanying adia-
batic changes, Proceedings of the Royal Society of Lon-
don A: Mathematical, Physical and Engineering Sciences
392, 45 (1984).

[35] W. Magnus, On the exponential solution of differential
equations for a linear operator, Communications on Pure
and Applied Mathematics 7, 649 (1954).

[36] D. A. Lidar, A. T. Rezakhani, and A. Hamma, Adiabatic
approximation with exponential accuracy for many-body
systems and quantum computation, Journal of Mathe-
matical Physics 50, 102106 (2009).

[37] A. T. Rezakhani, A. K. Pimachev, and D. A. Lidar, Ac-
curacy versus run time in an adiabatic quantum search,
Phys. Rev. A 82, 052305 (2010).

[38] N. Wiebe and N. S. Babcock, Improved error-scaling for
adiabatic quantum evolutions, New Journal of Physics
14, 013024 (2012).

[39] L. H. Pedersen, N. M. Mgller, and K. Mglmer, Fidelity of
quantum operations, Physics Letters A 367, 47 (2007).

[40] M. Demirplak and S. A. Rice, On the consistency, ex-
tremal, and global properties of counterdiabatic fields,
The Journal of Chemical Physics 129, 154111 (2008).

[41] M. D. Bowdrey, D. K. Oi, A. Short, K. Banaszek, and
J. Jones, Fidelity of single qubit maps, Physics Letters A
294, 258 (2002).


https://doi.org/10.1103/PhysRevLett.110.240501
https://doi.org/10.1103/PhysRevLett.110.240501
https://doi.org/10.1038/ncomms12999
https://doi.org/10.1038/ncomms12999
https://doi.org/10.1038/ncomms12479
https://doi.org/10.1038/ncomms12479
https://doi.org/10.1038/nphys3967
https://doi.org/10.1103/PhysRevLett.122.090502
https://doi.org/10.1103/PhysRevLett.122.163201
https://doi.org/10.1126/science.1175552
https://doi.org/10.1103/PhysRevLett.120.150504
https://doi.org/10.1103/PhysRevLett.116.230503
https://doi.org/10.1088/1367-2630/14/10/103035
https://doi.org/10.1088/1367-2630/14/10/103035
https://doi.org/10.1016/j.physleta.2015.10.006
https://doi.org/10.1038/nature12010
https://doi.org/10.1103/PhysRevLett.119.140503
https://doi.org/10.1103/PhysRevLett.122.080501
https://doi.org/10.1103/PhysRevLett.122.080501
https://doi.org/10.1103/PhysRevA.95.062308
https://doi.org/10.1103/RevModPhys.70.1003
https://doi.org/10.1103/RevModPhys.89.015006
https://doi.org/10.1103/RevModPhys.89.015006
https://doi.org/10.1007/BF03046050
https://doi.org/10.1007/BF03046050
https://doi.org/10.1098/rspa.1984.0023
https://doi.org/10.1098/rspa.1984.0023
https://doi.org/10.1098/rspa.1984.0023
https://doi.org/10.1002/cpa.3160070404
https://doi.org/10.1002/cpa.3160070404
https://doi.org/10.1063/1.3236685
https://doi.org/10.1063/1.3236685
https://doi.org/10.1103/PhysRevA.82.052305
http://stacks.iop.org/1367-2630/14/i=1/a=013024
http://stacks.iop.org/1367-2630/14/i=1/a=013024
https://doi.org/10.1016/j.physleta.2007.02.069
https://doi.org/10.1063/1.2992152
https://doi.org/10.1016/S0375-9601(02)00069-5
https://doi.org/10.1016/S0375-9601(02)00069-5

	Accelerated adiabatic quantum gates: optimizing speed versus robustness
	Abstract
	Introduction
	Geometric Gates in a Tripod System
	Basic double-STIRAP protocol
	Non-adiabatic errors

	Accelerated Gate
	Generic dressing
	Spin-based dressing

	Dissipative Dynamics
	Excited State Dephasing
	Ground and Excited State Dephasing
	Extended Robustness Comparison

	Conclusion
	Acknowledgements
	Average Gate Fidelity with Unitary Evolution
	Average Map Fidelity with Excited State Dephasing
	References


