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Autonomous quantum state transfer by dissipation engineering
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Quantum state transfer from an information-carrying qubit to a receiving qubit is ubiquitous for quantum
information technology. In a closed quantum system, this task requires precisely timed control of coherent qubit-
qubit interactions that are intrinsically reciprocal. Here, breaking reciprocity by tailoring dissipation in an open
system, we show that it is possible to transfer a quantum state between stationary qubits autonomously without
time-dependent control. We present the general requirements for this directional transfer process and show
that the minimum system dimension for transferring one qubit of information is 3 x 2 (between one physical
qutrit and one physical qubit) plus one auxiliary reservoir. We propose realistic implementations in present-day
superconducting circuit QED experiments and further propose schemes compatible with long-distance state
transfer using impedance-matched dissipation engineering.

DOI: 10.1103/PhysRevResearch.1.033198

L. INTRODUCTION

Dissipation in a quantum system from its coupling with
the environment usually causes decoherence, which has been
a major roadblock for quantum information technologies. In
recent years, however, it has been increasingly recognized
that dissipation from specifically engineered environment
reservoirs [1] can be an important resource for quantum
information processing (QIP). Mostly notably, dissipation can
drive a quantum system to relax towards a unique nontrivial
steady state. This steady state can be a resource state such
as a Bell state [2—4] or a multiparticle entangled state [5] for
subsequent QIP tasks, or itself can be the potential answer
to an open problem, such as a sophisticated many-body state
[5-7] or the output of a quantum computation algorithm [7].
Moreover, dissipation can be designed to create a steady-state
manifold spanned by two or more eigenstates. This allows
confinement of quantum states in a logical subspace [8—10]
without disrupting the encoded information, paving the way
for possible autonomous quantum error correction [11-16].

Development of the dissipation engineering toolbox should
ultimately enable implementation of arbitrary quantum pro-
cesses [17], which are a far greater set of QIP operations than
unitary rotations alone. Here, going beyond individual state
preparation [2-5,18,19] and manifold confinement [10,20],
we investigate the feasibility of implementing a dynamic
manipulation of a quantum manifold using dissipation: au-
tonomous quantum state transfer (AQST).

In a closed quantum system, state transfer between
stationary subsystems relies on interactions that swap
excitations back and forth, which is reciprocal as required by
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the Hermiticity of the Hamiltonian. Precisely timed external
control that turns on and off the swapping Hamiltonian at
the right moment is therefore essential for state transfer
[21]. If built-in directionality between subsystems is desired,
as is the case for minimizing backactions in a modular
quantum computer [22,23] or network [24], dissipative
reservoirs can be used to construct directional transmission
channels [25] to form cascaded quantum systems [26].
While directional transmission of traveling modes can be
lossless [27], engineerable [25,28], and highly valuable for
QIP [29,30] in its own right, stationary modes necessary
for storing quantum information are subject to decay if
directly coupled to these directional channels [26]. Therefore,
quantum state transfer implemented in cascaded systems so
far still requires time-dependent control to dynamically couple
and decouple storage modes from the reservoir [31-34].

Is it possible to build a cascaded system for quantum infor-
mation, where a quantum state is spontaneously fed forward
from an upstream qubit A to a downstream qubit B with unit
fidelity [as in Fig. 1(a)]? In other words, the free evolution
of a two-qubit state without time-dependent external control
follows

[vac)s|vr)p — |vac)alvr)s.
(D

Here |Y) = «|0) 4+ B|1) is a logical qubit to be transferred;
o and B are normalized complex coefficients. The vacuum
state |vac) is a predefined state void of information, which can
be |0), |1), or an additional noncomputational state. Such au-
tonomous quantum state transfer was first considered [35] for
atomic emitters with double symmetric A structures, which
have remained the only physical example of AQST and have
inspired encouraging experimental progress recently [36]. We
show that AQST can be quite generally achieved by explicitly
synthesizing a dissipative process that (i) acts equivalently on
different logical states and therefore is blind to the encoded
information and (ii) establishes directionality by driving the
system into a dark-state manifold that stores information in B.

[¥)alvac)p — |vac)al¥r)s,
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FIG. 1. (a) Conceptual diagram of AQST, where an encoded
quantum state |{) is spontaneously emitted from a subsystem A and
fully absorbed by a subsystem B. This is realized via a symmetric
coupling channel which is blind to [). (b) Basic construction of
AQST using a reservoir mode R. The two dashed boxes enclose quan-
tum states with information stored in A (orange) and in B (magenta),
respectively. The two gray levels represent the same global vacuum
state, which is never populated if both A and B use noncomputational
states for vacuum states, as is the case shown. However, either A or
B is allowed to use |0) or |1) as a vacuum, in which case the global
vacuum will merge with one of the computational states.

This article is organized as follows. In Sec. II we discuss
the minimum system size for AQST and the basic reservoir
engineering strategy for it. We then incorporate directional
traveling modes to support distinct modularization and remote
state transfer in Sec. III. Next we present in Sec. IV a
detailed experimental proposal of AQST in superconducting
circuit QED with realistic parameters. In Sec. V we show
the proof-of-principle applicability of AQST in more limited
physical systems with pure two-level systems with bilinear
interactions. In Sec. VI we comment on general conditions
for AQST and its connections to autonomous error correction,
followed by an outlook in Sec. VII.

II. MINIMUM SYSTEM CONSTRUCTION

The first observation we make from Eq. (1) is that at least
one of the two physical subsystems has to contain more than
two eigenstates. To prove this by contradiction, we suppose
that A and B are both two-level systems and let |vac); = |0);
(i = A or B) without loss of generality. The open system S
composed of A and B can be considered as part of a larger
closed system that includes the environment £ and undergoes
unitary evolution. Any quantum process for S can thus be
described by a unitary transformation U acting on (the state
vectors in) an expanded Hilbert space of Hs ® Hp ® Hg,
followed by tracing out E. To satisfy Eq. (1), for any input
state vectors of the form |)4|0)g|x)g or |0)a|1)5|x)E (Where
|x) is a state vector in Hg), U must not entangle S with E;
therefore E itself undergoes fixed unitary transformation R,
or R;)

U («]00) + BI10))slx)e = (@]00) + B101))sR1 |x),
0 (@|00) + B101))slx)e = (¢[00) + BI01))sRo|x)e.  (2)

For an input state |¢) = («|00) + B]10) + y|01))s|x)g, using
different linear combinations of Eq. (2), we get U|¢p) =

(@|00) + BIO1)R1|x) + y[01)Rs)x) and  Ulg) = (@|00) +
y|01)Ry|x) + ﬂ|91)lex) for arbitrary coefficients «, 8, and
y. This requires R} = R, so

U («|00) + B110)+y101))|x) = [«|00) + (B + y)|O1)]R, |x).

Therefore, U is a deterministic nonunitary quantum gate,
which is not only contradictory to its definition but also
forbidden within the framework of linear quantum mechanics
[37,38].

Now we allow one subsystem to have a noncomputational
eigenstate as its vacuum state, i.e., [vac)y = |2)4. This ensures
orthogonality among the four relevant global eigenstates: the
two initial states (|o, vac)) and the two final states (|vac, o))
that encode o = 0 or 1. Consider a system with Hamiltonian
H = 0, starting from an initial state of |/ )4|vac)z; AQST can
be achieved by engineering a jump operator (via a Markovian
reservoir) of

L = Jk[|vac)a|0)g(vaclp(Ola + [vac)al1)g(vaclp(1]al, (3)

where « is the jump rate. This dissipation process ex-
plicitly maps the two initial eigenstates onto the two fi-
nal eigenstates, respectively. The quantum jump L will
occur once and only once throughout the process. Al-
though the system evolves as a mixed state, with den-
sity matrix evolution p(t) = e ' |y)a|vac)p({vac|p{¥|s +
(1 — e )|vac)a |y )p{¥|p{vac|a, att > 1/k, it exponentially
converges to a pure state and the quantum state is transferred
with fidelity arbitrarily close to 1. This process is thus possible
for a system dimension as small as 3 x 2.

To engineer the jump operator (3), as shown in Fig. 1(b),
we introduce a cold auxiliary two-level reservoir R with
interaction A, with the system and a simple relaxation process
L, (from its excited state |e)g to its ground state |g)g),

H. = hQ(A.B} + A B)#, )

L = gy, )

where we define A, = |vac)4 (0|4, B, = |vac)p(o|p, and # =
|g)r{e|r. The resulting dynamics is underdamped (y < 4€2)
or overdamped (y > 42) oscillation between the two ini-
tial eigenstates and two intermediate states, but in any case
converges to the two final states with a rate of Re[y —
V% —16Q2]/2. The entire process is twofold degenerate,
analogous to optical pumping with a hidden degree of freedom
that can be used to encode a qubit. In the limit of Q < y, the
reservoir can be adiabatically eliminated from the Hamilto-
nian, leaving effectively a jump operator of the form of Eq. (3)
with k = kofr = 4Q2/y.

III. DIRECTIONAL COUPLING AND REMOTE TRANSFER

The directional nature of AQST discussed here is twofold.
On the one hand, the ultimate effect of information transfer is
directional (from A to B) by virtue of dissipation, regardless of
intermediate dynamics. On the other hand, one may demand a
more stringent form of directionality: The state of B will have
no influence on A on any timescale and regardless of the state
of auxiliary modes. This lack of backaction is often a defining
feature of quantum state transfer between remote or distinctive
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FIG. 2. (a) Energy-level diagram and transfer pathway of an
AQST scheme between two quantum modules A and B separated by
a directional transmission channel. The corresponding Hamiltonian
and dissipation operators are described by Eqgs. (5)-(10). (b) Cavity
QED representation of this AQST scheme, where photons in red-blue
superposition propagate across a waveguide with a circulator and the
receiving cavity b (horizontal) dissipates the incoming photons by
down-converting them to a lossy cavity mode R (vertical) while ex-
citing a storage qutrit. The detector at the third port of the circulator
does not “click” when the two labeled conditions are met (see the
text). (c) Numerically calculated intrinsic AQST fidelity as a function
of coupling and dissipation rates. We set k, = 4Q2/y to satisfy the
impedance matching condition and k, = k;, for convenience.

modules, which is not fully achieved in Fig. 1(b) because the
underlying connection between A and B, as described by a
coherent Hamiltonian Eq. (4), remains bidirectional.

The coupling between A and B can be rendered strictly
directional when mediated by one or more communication
ancilla in a cascaded system setting (Fig. 2). Communication
in a cascaded quantum system [26] is necessarily exposed to
an information leakage channel due to the open-system nature
of directional traveling waves. For this reason, time-domain
waveform shaping has been essential in demonstrations of
remote quantum state transfers [32—34]. Inspired by earlier
work of Refs. [35,39], we show in this section that information
leakage can be fully suppressed using impedance-matched
reservoir engineering in the adiabatic limit, thus enabling
AQST for long-distance quantum communication.

We consider a scheme with two additional ancilla modes a
and b added to the minimal system (Fig. 2): Ancilla a locally
interacts with A and emits information into a directional
traveling-wave mode; the receiving ancilla b, which is the
more essential of the two, locally interacts with B and R in
a similar way as in Fig. 1(b). Each ancilla has a ground state
and two excited states preferably from independent excitation
modes. For example, a and » may each be a two-mode cavity,
with no photon representing |vac), a red photon (ag or bo) rep-
resenting |0), or a blue photon (&; or l;l) representing |1) (or
using different photon polarization). The directional channel
between a and b can be realized by a chiral waveguide [30], a
circulator, or the reservoir engineering scheme of balancing

Hamiltonian interactions (H,,) with dissipative interactions
(Lo and Ly) [25]:

A

lh AT R A D AT T A T
Hab = 5. /KaKb(aob() — Cl()bg + albl — albl)’ (6)

Lo = iato + oo, Ly = ikt + Jiphy.  (T)

Here «, and «;, can be understood as the leakage rate of the
cavities a and b to the waveguide.

The dissipative dynamics of the global system can be
described by a stochastic wave function evolving according to
the Schrodinger equation ih% = ﬁeff|¢(t)) [26,35] with a
non-Hermitian effective Hamiltonian:

~ ~ N N h oaen PN PN
Hetr = Hag + Hap + H, — E(LSLO +LIL + 1L, @®)

Hao = in(ajAo + alA) +cc., )
H. = ©QuboB} + b1 B)#' + c.c. (10

The coherent evolution of the stochastic wave function is
eventually stopped by a jump operator L,, Lo, or L;. The
occurrence of L, completes the AQST, but Loorl, collapses
the system to the global vacuum, equivalent to a measurement
of the quantum state by the environment.

The occurrence probability of the undesirable Ly or L,
jump approaches zero when the following two conditions
are satisfied. The first is impedance matching [35,39], or the
engineered dissipation rate in receiving cavity b matches
waveguide coupling ke = 492 /y = k,. This ensures full
steady-state absorption of incoming signals from the waveg-
uide by b. The second condition is adiabaticity to minimize re-
flections of transient signals by b. This requires the incoming
signal to have a narrow bandwidth compared to the receiv-
ing cavity, obtainable by A < kj, y (or, alternatively, k, <
Kp, ). By numerically solving the system dynamics without
considering practical imperfections (such as transmission loss
or additional decoherence channels), we found that intrinsic
state transfer fidelity greater than 99% can be achieved for
very modest ratios of A/k;, and A/y (~0.15) [Fig. 2(c)]. We
further note that 2 < y is not a necessary condition for either
impedance matching or adiabaticity.

To provide more intuition of the state transfer dynam-
ics, we analytically solve the no-jump evolution of |¢(t))
in the small-A limit (Appendix A). Over a transient period
(t ~ 1/min[k,, kp, Ketr]), |@()) exponentially converges to a
metastable state (to first order in A /k,):

|poo) = |¥)alvac)|vac)y|vac)plg)r
— (2ir/kq)|Ivac)alr)alvac)y|vac) gk
+ (2ir/ /kakp)Ivac)alvac).|¥r) s vac) glg)
+ 21/ /kay)lvac)alvac)alvac)y|y)plelr  (11)

This is a dark state to the waveguide jump operators as
Lol¢oo) = Lil¢o) = 0. There is a nonzero probability rate
(Pool LI L, o) = 412/, for the AQST jump L, to collapse
the wave function to complete the transfer. The infidelity
1 — F due to information leakage during the transient stage
is given by a time integral of the probabilities of Ly and L,
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which shows a simple quadratic scaling when we further take
the limit of Q < y:

2

o 1
1-r= Y@L Lo = (12)
=0 50

26k + 2kp)

In practice, one may choose A to balance faster transfer speed
and smaller infidelity from transient reflections.

IV. IMPLEMENTATION IN CIRCUIT QED

Implementation of the AQST, whether or not mediated by
communication ancillae, relies on the ability to engineer a
Hamiltonian of the form A, [Eq. (4) or (10)], which is a three-
particle interaction analogous to parametric down-conversion
or three-wave mixing. Some physical systems naturally pro-
vide such three-particle interactions, such as the atomic A
emitter that enables single-photon Raman scattering. Adding
a twofold degeneracy to such a process, i.e., via a spin degree
of freedom, allows information to be carried in the conversion
[35,36]. Another example is superconducting circuit QED
[40], where the Josephson four-wave-mixing Hamiltonian
can be used to engineer the three-particle interaction. In
this section, we show that AQST can be demonstrated in a
readily available circuit QED experimental setup with modest
parameters.

Figure 3(a) shows a superconducting circuit that realizes
the minimal model of AQST composed of one qubit and one
qutrit in an on-chip demonstration. (It can be further extended
to serve as a waveguide receiving node in a remote AQST
scheme.) This circuit uses the shared nonlinearity between
two resonance modes under a continuous-wave microwave
pump as a resource. Preparation of the initial state and veri-
fication of the final state will require time-dependent control
and readout pulses as in a typical circuit QED experiment, but
the pump tones can be kept on at all times in the background.

We consider a transmon qutrit [41] and a superconducting
cavity as the subsystems A and B, simultaneously coupled to
another transmon qubit R acting as a reservoir with a decay
rate of k. We only access the three lowest levels (|g), |e), and
| £)) of A and the two lowest levels of both R and the cavity B.
Computational and noncomputational states are defined as

Da=1f)a,
1) = |88,

[vacja = [g)a.

Ivac)p = |g)s.  (13)

Two continuous-wave off-resonance pump tones are applied
to induce the |eg, g) — |ge, e) and |fg, g) — |gg, e) transi-
tions (with sequential indices of A, B, and R omitted) with
equal Rabi rates 2 [Fig. 3(b)].

The circuit Hamiltonian incorporating two off-resonance
drives applied to the reservoir mode with normalized ampli-
tudes &; and &, can be written as [10]

H = hiwaa'a + liwgh™b + hagt'#

E;i . . . .
= > Sy ®nt b+ i+ Ei + B) + Hel',
i=L1I

(14)
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FIG. 3. Implementation of AQST in circuit QED. (a) Effective
circuit diagram of a transmon qutrit A (with Josephson junction II),
a storage cavity B, a reservoir transmon R (with junction I), and
auxiliary elements for state preparation and readout. (b) Energy-level
diagram that shows the state transfer paths, similar to Fig. 1(b).
(c) Numerical results of transferring an equator state, including
decoherence, showing the fidelity of the instantaneous state p against
the target state |@), F = [Tr(\/pl¢){¢|/p)"/*]*, as a function of
time during the transfer. Different color curves are simulated for
different x;, and their corresponding achievable €2 and optimal «,
all divided by 2m. The inset shows the ideal-case infidelity due
to rotation of the virtual states in the drive frame which scales as

(k/xp) 2

where a', b, and #' are creation operators of oscillator modes
A, B, and R; Ej; is the Josephson inductance of junction i (=I
or II); and ®y; is the zero-point flux fluctuation of mode X
(=A, B, or R) across junction i. Here we have taken the cosine
expansion of the Josephson energy to the fourth order and the
drive terms have been absorbed into the Josephson nonlinear-
ity after a displacement transformation (see Appendix B). The
frequencies of the drive tones, w; and w,, are chosen close
to the two aforementioned transitions (with small detunings
81 and §,) and near-stationary fourth-order terms of the form
gab't" and £a%t (+H.c.) emerge as a result of four-wave
mixing. Under the rotating-wave approximation (RWA), the
Hamiltonian in the reference frame of the drives is

Ho = Tid)|ge, e) (ge, e| + 1i82]gg, ) (gg. el
+ Q2 |ge, e)(eg, gl + N2 g8, e)(fg, gl + H.c., (15)

where x, & Ej®3,®%, /% is the dispersive shift between B and
R. The Rabi drive rates are 2; = Zi E;i& CDA,-QDB,-CD%i/h and
Qo = Y, Ej&,®3,9%,/2h. To implement the protocol, & and
&, are chosen to satisfy Q| = Q, = Q.

The reservoir loss operator L = /k# for relevant states in
the Heisenberg picture of the drive frame is

Lo = V188, 8)(g8, €| + @70 |eg, g)(eg, el].  (16)
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The time-dependent phase factor in L, indicates a dephasing
effect due to the energy difference of the reservoir emission
for logical |0) versus |1). To eliminate this error, we choose
detunings 8; = —x5/2 and 8, = x,/2 to make Lot stationary.
Effectively, we drive the two sets of A transitions through
nearby virtual states to compensate for the dispersive shift of
the real states. The different rotation axes of the two detuned
Rabi drives leads to a rotation of the logical state, but the
resulted infidelity has a favorable scaling of xf /2k? and is
independent of €2, as we found analytically (Appendix C) and
numerically [Fig. 3(c), inset].

We performed master equation simulation under the RWA
including the 12 basis states of the A 4+ B + R system using a
full set of experimentally attainable parameters as discussed in
Appendix D. The simulation considered transmon and cavity
frequencies in the standard 4-8 GHz range, Rabi rates 2 of
0.1-0.5 MHz (achieved with microwave drive amplitudes
& < & = 0.3 comparable to Ref. [42]), conservative internal
T, times of 50, 25, and 800 us for |e)a, |f)a, and |1)g [43]
in addition to reservoir-induced Purcell effect, and a spurious
excited-state thermal population of 1% in R (comparable
to Refs. [20,43]) that dominates dephasing in A and B.
The results for transferring a logical equator state, i.e.,
10y, + |1)L)/\/§, are presented in Fig. 3(c). For a wide
range of x, and «, the state transfer reaches within a few
microseconds a fidelity of 89%—93% averaged over the six
cardinal points of the Bloch sphere. The total infidelity is
subject to trade-off between several major sources, including
relaxation of transmon A (3.5%—-0.7% from internal 7; and
0.7%-1.5% from Purcell effect), transmon dephasing from
thermal excitation shot noise in the reservoir (1.8%-3.5%),
and the intrinsic error due to detuned drives [0.8%—4%, as
shown in the inset in Fig. 3(c)], where the quoted ranges
of error correspond to the range of parameters in Fig. 3(c),
from top to bottom. Leakage error out of the 12-dimensional
Hilbert space is not included, but its leading contribution
from the spurious transition of R to its second excited state is
estimated to be less than 0.2%. Further improvement beyond
these numerical results is possible if Purcell filters [44],
advanced thermalization techniques [45], or active or passive
methods to cancel y;, [46,47] are employed.

V. IMPLEMENTATION WITH BILINEAR INTERACTION

While our prescription for AQST explicitly requires a
three-body type of Hamiltonian interaction [Eq. (4)], many
physical systems only naturally support two-body (bilinear)
interactions, such as Ising interactions, two-mode squeezing,
and Jaynes-Cummings-type interactions. Nevertheless, it is
possible to build composite degrees of freedom from multiple
particles so that effective three-particle interactions can be
achieved. In the following, we provide a proof-of-principle
example for AQST with only bilinear interaction.

We consider a system as in Fig. 4, where the information
emitter A and receiver B are each composed of three identical
two-level atoms described by Pauli operators & 1, 6,2, and 6,3
(n = A or B). The atomic states are |g) and |e) with transition
energy /iw. We consider a system Hamiltonian with swapping

O-AZ UA1

. A

6 @ A A
S QN‘%
9

(b) A _
leee) P -"‘\‘
R (= I
IL2) _152) _ |R2). /L) 3 R2) ",
0) 1) A ;.
|L1) |51>l R L) % R1).
\‘Q ' '1'
l999) . lggg) ..

FIG. 4. Autonomous transfer of a quantum state encoded in three
atoms. (a) Schematic system with pairwise interactions between
atoms in B (green arrows), swapping interaction between 64; and
6p; (i = 1,2, 3) (red arrows), and collective dissipation of B or 1:B =
G + 6p, + Gy (red twisted lines). (b) Energy-level diagrams of A
and B. The red and blue circles indicate the levels used for logical |0)
and |1) when encoded in A (dashed) or in B (solid). The thick black
levels denote the vacuum states. The red and blue arrows indicate the
transfer paths for |0) and |1).

interactions between certain pairs of atoms

A=ho) 6i+hoy 65+ Y (6565 +6564)

i<j

+ g (0505 + 0fiog), 17)

where g < J < w. The swapping Hamiltonian is equivalent
to the XY spin model and can arise, for example, from reso-
nant dipolar interactions in Rydberg atoms [48] or laser-driven
interactions in trapped ions [49]. The three atoms in B are
subject to collective decay by emitting into the same reservoir
with jump operator

Ly = Vi(og + 05 +05). (18)

We define logical and vacuum states as [Fig. 4(b)]

0)a = [S1)a, [1)a = |R1)a, |vac)s = |ggg)a, (19
|0)g = |R1)p, |1)p=|L1)p, |[vac)p = |RI)3.
Here

IS1) = legg) + |geg) + |gge).
IL1) = |egg) + " * ¥ |geg) + e "7 |gge),  (20)
IR1) = legg) + e~"*/|geg) + &'/ |gge)

are symmetric left-handed and right-handed states in the one-
excitation manifold. Due to the symmetric collective decay in
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B, |S1)p is unstable but |L1)g and |R1)p are stable. The three
states for the two-excitation manifold are similarly defined
as |S2), [L2), and |R2), e.g., |L2) = |gee) + ¥ |ege) +
e~'?/3)7 | geg). Note that |L2) and |R2) are also subject to
decay, i.e., Lz|R2) = |R1).

Starting from an initial state |{)4|vac)p, the relatively
weak g term resonantly couples the two initial logical states
[ISL(R1))4|R1)p to |ggg)alR2(L2))p, respectively, which al-
lows the transfer of one collective excitation from A to B. [On
the other hand, coupling to |R2(L2))|ggg)s is off-resonance
and can be neglected in the RWA when g < J.] Subsequently,
Lg leads to decay from |ggg)a|L2(R2))p to steady states
lggg)a|L1(R1))p without acquiring the which-state informa-
tion, completing the directional transfer to |vac)s|y)p.

Our logical qubit in this construction is encoded in the
chirality of the superposition coefficients, while both the
Hamiltonian and the dissipation have the symmetry that pre-
serves the total chirality. The figy_.(0,,04 + 0,:05;) term in
Eq. (17) plays the role of the transfer interaction as Eq. (4).
It exchanges the chirality degree of freedom between A and B
while simultaneously adding an energy excitation to a dissi-
pative reservoir (subject to Lg decay), effectively achieving a
three-body interaction necessary for AQST.

There are a few variations of this protocol worth consid-
ering. The interactions within B can alternatively use an Ising
type of coupling such as o o¥. Qubit encoding for A and B can
also be made identical: |0) = |R1) and |1) = |L1) if the last
term in Eq. (17) is rewritten as ig(o,,054, + ¢ ® "o 0t +
e A" g ok + c.c.). For possible scaling up of the scheme
into a chain of subsystems, interatom couplings and collective
dissipation can be introduced to A to enable it as a receiver of
the quantum state from further upstream emitters.

VI. GENERAL CONDITIONS

So far we have focused on one type of strategy for AQST
by synthesizing a one-step quantum jump. More generally,
AQST can be realized through a more complex trajectory
with many jumps and/or jump operators. In this section, we
discuss the conditions for autonomous transfer of one qubit of
information.

Consider a system consisting of A, B, and an auxiliary
subsystem C that has Hamiltonian A and interacts with m
independent Markovian reservoirs described by jump opera-
tors lA,M, w € [1, m]. In order for a qubit to be transferred from
A and eventually stored in B, first of all, a two-dimensional
stationary dark-state manifold Mp = span{|¢o 5), |$1.5)} is
needed to encode information locally in B with

l¢o.5) = Ivac)alo)p|vac)c Vo € {0, 1},
Li#s5) =0, Hlpos) = Espldss) @21

Second, all basis states of the initial-state manifold M, =
span{|go.a), [¢1.4)}, With |§ga) = |0)alvac)p|vac)c, should
be attracted to My at long times. The third requirement is
that orthogonal states in M, remain orthogonal throughout
any possible quantum trajectories evolving towards M. This
is necessary and sufficient to ensure no leakage of quantum
information to the environment, which is equivalent to meet-
ing the Knill-Laflamme quantum error correction criteria [50]

(@) Error spaces (b) Steady-
state

manifold

0) +¢“11)e

Logical 5

FIG. 5. Conceptual comparison of (a) AQEC and (b) AQST.
In either case, the black ring represents a two-dimensional steady-
state manifold encoding a qubit (“a Bloch sphere seen from low
dimension”), where the radial angle on the ring represents the qubit
state. Any translation or expansion or shrinkage of the ring create an
alternative encoding space (error space) for the qubit. Each thickened
green ring represents a mixture of multiple error spaces. A state
depicted by a red or blue band is mixed among different error spaces
but still contains a pure logical qubit state. In (a) AQEC, dissipation
maps a few neighboring error spaces (and their mixtures) back to the
code space. In (b) AQST, dissipation maps M, and any mixture of
intermediate code spaces to M.

at all times
(o AlKIK |0 4) = 1180 Yo, 07, j, (22)

where K; and K ; are any possible Kraus operators after a
given evolution time and 7;; is Hermitian.

The AQST discussed in this article is intrinsically con-
nected to autonomous quantum error correction (AQEC)
[11-16,51], as reflected by the above requirements similar to
(but stronger than) that of AQEC [51]: The initial manifold
My can be viewed as an error space that is being continuously
mapped back to the correct code space Mp through dissipa-
tion engineering in AQEC. The difference is technical but yet
distinct: AQEC is designed to recover information from an
adjacent error space that is typically separated from the code
space by the perturbation of a single natural error. On the other
hand, AQST seeks to transport information from an initial
space as distant from the final code space as necessary to store
the logical qubit in a different physical subsystem (Fig. 5).
As a result, the Kraus operators in general involve a series of
quantum jumps from {Izu} intertwined with no-jump evolu-
tions Lo(t) = exp (—iH /h — Y ' L} L,)t, making Eq. (22)
fairly difficult to use in practice. A helpful strategy to design
AQST schemes is to conceptually divide the global system
into two independent degrees of freedom L and P: a logical
(L) qubit mode that contains the information |¢) and is
associated with certain symmetry and a position (P) mode
that marks where the information is. We then engineer A
and IAJM to respect sufficient symmetry and drive nonreciprocal
interactions in mode P only and therefore maintain the density
matrix of the global system in a separable form of

p=¥)i¥l)® (Z pi|i>p<i|p). (23)

033198-6



AUTONOMOUS QUANTUM STATE TRANSFER BY ...

PHYSICAL REVIEW RESEARCH 1, 033198 (2019)

Here |i)p are eigenstates of the position mode including (but
not limited to) |[A)p and |B)p.

VII. OUTLOOK

We have shown that it is possible to construct a dissipative
quantum channel where logical qubit states are autonomously
fed forward from one subsystem to the next. This can be
achieved in example protocols by synthesizing a one-step
relaxation process from a pair of intermediate states to the
final states and more generally by engineering dissipation
that transfers excitations while maintaining orthogonality of
underlying logical states. Autonomous quantum state transfer
does not entangle the source qubit and the receiving qubit,
but entanglement with any external party is preserved. Au-
tonomous quantum state transfer can be implemented in a
variety of local or remote physical settings and is achievable
in circuit QED under current experimental capabilities.

Looking forward, an intrinsically directional but still
information-preserving channel may be used to enforce hier-
archy and improve isolation in modular architectures of quan-
tum computation [22,23]. The ability to implement essential
QIP operations without time-dependent external control also
leads to potential savings in arbitrary-waveform control elec-
tronics, thus addressing one of the scalability bottlenecks for
quantum computing architectures [52,53]. It will also be inter-
esting to explore AQST schemes to include protection against
errors, for example, in multicavity bosonic states [16,43].
Beyond gate-based QIP, the use of dissipative engineering for
state transfer may also be integrated into dissipative quantum
computation [7]. Finally, AQST naturally implements irre-
versible a classical OR gate [e.g., letting |vac)s = |2)4 and
|[vac)p = |0)p in Eq. (3), the output of B equals A or B], which
may inspire ways to combine quantum and classical logic in
the same system.

Note added. Recently, the authors became aware of two
related works [54,55], which propose different dissipative
protocols to implement directional quantum state transfer in
specific systems. In contrast, the present article more gener-
ally addresses the minimum resources, the generic strategy,
and the applicability in various physical settings for direc-
tional quantum state transfer and also formulates a detailed
experimental plan towards realizing AQST in circuit QED.
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APPENDIX A: INTRINSIC INFIDELITY OF AQST VIA A
TRAVELING MODE

Following Egs. (5)—(10), before any quantum jump hap-
pens, the dynamics of the global system can be described
by a stochastic wave function evolving according to the

Schrodinger equation

d N
ih "flf” — Aulé).

with the non-Hermitian effective Hamiltonian [26,35]
1
Aer =) haa
o=0

- ih%égég + 1 B, + b, B

(AD)

Ay + a,AY) — ih/iakpi b, — zh—a*aa

Y= i,
(A2)

We consider the parameter regime of A <K k4, kp, ¥ tO
satisfy the adiabaticity condition and we enforce «j, =
4Q%/y to satisfy the impedance matching condition.
Starting from an initial wave function of |¢(r =0)) =
[¥)alvac)alvac),|vac)glg)r, |¥) = «]0) + BI1), since the dy-
namics associated with transferring logical |0) and |1) are
exactly mirrored and do not interact with each other, we have

lp(@)) = Co(0)[r)alvac)a|vac)y|vac)|g)r
+ Ci(0)[vac)a|¥)alvac)s|vac)s|g)r
+ Ca(2)[vac)a|vac)a|¥)s|vac)s|g)r
+ G3(r)[vac)a|vac)q|vac),| V) sle) k. (A3)

There exists a steady-state solution for the above wave func-
tion |Pso), With

2iA 2i\ 2A
1= - ) 2 = 5 = s
Py ik Nioid

\/ A2 A2 A2
Cy = 1—4(—2+ + >%1. (A4)
KZ  KeKp  KqY

It is easy to verify that ﬁeff|¢oo) ~ (0 to first order in A.
It can be further checked that, up to second order in A,
d|¢oo)/dt = 0 after renormalization. Here |¢,) is the quasis-
teady state that the system asymptotically approaches before
any quantum jump occurs. Impedance matching is realized
because |¢o) is a dark state for jump operators Ly and
Li: Lyls) = (VKa0s + \//c_;,lsa)lqboo) = 0. Therefore, once
the wave function evolves past its initial transient dynamics,
information loss due to the reflection at cavity b can no longer
occur. Adiabaticity is realized with the excitation probability
in cavities a and b kept small at all times (|C; 12, 1G> « 1),
suppressing the occurrence probability of Lo and L; during the
transient evolution towards ().

The intrinsic infidelity of this AQST protocol can be eval-
uated by solving the (transient) time-dependent coefficients in
Eq. (11). Since the asymptotic state has |C; |?, |C2|?, |C5]? <« 1
up to first order in A, we assume Co(t) = 1 — o(A?/k2) —
o(kz/xg) — o(kz/yz) ~ 1. From Egs. (A1)—(11) we arrive at
the equations of motion

G = —ik— %“cl, (A5)
— JmCr — —Cz _iY Zby G, (A6)
G = —iY 2” G - gcg, (A7)
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where we have used Q = , /kpy /2. The solution has the
following form, to be consistent with the steady-state solution
att — oo:

2iA
Cilt) = — =2 (1 — =/, (A8)
Ka
G(t) = m(l — xpe /Dy e e, (A9)
Gy = — y<1 — x3e” /D e e, (A10)
Here
N+wt+n=x+yt+zn=1 (A11)

to satisfy the initial condition at + = 0. Plugging Egs. (A8)—
(A10) into Egs. (A6) and (A7) and collecting coefficients for
the three different exponential components, the solutions are

, 1
y = Z[(Kb+y)i\/(lcb+)/)2—8w€b], (A12)
2 - Ra
- (v = a) , (A13)
2KpY + K2 — Kakp, — KqY
2
X3 = Fo¥ , (A14)

2KpY + K2 — Kok, — KqY
(kp 4+ )+ kg — Kkp — V)X2:|
Vkp +y)* —8kpy

1
2,22 = 5[(1 —x) =%

(A15)

1 kp+ 1)+ Rk, — kp — Y )x:
y3,z3=§|:(1—X3):|:(b ¥)+( b y)a}

V(K +y)? = 8kpy

(A16)

From Eq. (A12) we note that when y/k, < 24/2 — 1~
1.83 (or equivalently when y/Q < 2v/24/2 — 1 ~ 2.71), the
dynamics between C, and C; corresponds to underdamped os-
cillation with an exponential decay rate of Re(x’) = Re(y’) =
(kp 4+ 7)/4. When y /k;, > 24/2 — 1, the oscillation is over-
damped and the system approaches the quasisteady state
under a linear combination of three exponential timescales «,
k', and y'. In the limit of y > «y,

Kp
K~ Kb(l — —) & Kp,
Y

(A17)

(A18)

Xy R 2K2 ot Vo & m, and z, ~ 0. This is the limit when
the dynamlcs of the reservoir, i.e., the C; term, can be adiabat-
ically eliminated and the state of the receiving cavity b is only
governed by two timescales (the C; term) /2 and «p.

The total probability rate for quantum jumps Lo and £, to
occur at any given time is

1

> (o)L}

o=0

Ly 1) = |ViC1 (1) + /i Ca(0)?

2ik —(kq/2)t —K't —y't 2
= [(1 —xp)e ¥/ —ype™ ! —ze” '] . (A19)

N

The infidelity 1 — F due to information leakage during the
transient stage is given by a time integral of the above proba-
bility rate:

o 1
1=F= [ S lewr
=050

2 fe'e) , ,
= / [(1 —xp)e™®a/2l —yy o™ — 2577 2d1.
K, t

a =0
(A20)

In the limit of y > Q so that A K kg, kp L V¥,

432 [

- F= /
Ka =0
242

- Kp(Ka + 2kp)

The AQST fidelity shown in Fig. 2(c) is the result of
numerically solving the Lindblad master equation and is not
subject to the assumption of A < kg, kp, v as is the analytic
solutions described in this section [Eqgs. (A20) and (28)—(32)].
As expected, the two agree in the small-A regime. Somewhat
surprisingly, as shown in Fig. 2(c), for given A, «,, and «p,
choosing y > «; is not only unnecessary but also not optimal
for state transfer fidelity. Instead, highest fidelity is achieved
near critical damping: y /k, = 2+/2 — 1. This can be verified
by evaluating Eq. (A20) for different y. We also remark that
our numerical results in Fig. 2(c) treat the specific case of x, =
kp, which is an arbitrary choice and by no means optimal. In
fact, in practice, the regime of A < x, < k; may be beneficial
as the relative gain in transfer speed (4A%/«,) by reducing «,
outweighs the relative increase in infidelity, i.e., Eq. (A21).

2

Kq
a (—e (Kn/Z)t+e Kbt) dt

2Kp — Ky

(A21)

APPENDIX B: DRIVEN JOSEPHSON CIRCUIT
HAMILTONIAN

The Hamiltonian for the circuit in Fig. 3(a) incorporating
two microwave drives with angular frequencies w; and w, and
amplitudes €; and €, can be written as [10]

H = hwqd' a+hw3bb+hw 77

- EJi[COS(@i)-F :|

i=I, 11

+ Z Tieg cosQayt )(F + 71), BD
k=12

where a', b7, and #' are creation operators of LC oscillator
modes that are closely associated with A, B, and R; Ej; is
the Josephson inductance of junction i (=I or II). The phases
across the junctions I and II are given by

9i = ®x@" +a)+ Opi(b" +b) + Or(FT+ 7). (B2)

Here ®y; is the zero-point flux fluctuation of mode X (=A,
B, or R) across junction i. We use junction I as a resource
of three-body nonlinear coupling with a relatively large
D41 D g DPprr product. Junction II is mostly for the purpose of
providing anharmonicity to make A a usable qutrit, whose
coupling to B is negligible, i.e., ®p5; =~ 0, and contributes rela-
tively little to the state transfer process. Because the junctions
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I and II are located within transmons R and A, respectively,
®pr and O, are much greater than all other ®y;.

Using the same procedure as performed in the Supplemen-
tal Material of [10], we can move the drive terms in Eq. (B1)
into the cosine expansion [arriving at Eq. (B13), if readers
wish to skip this part of the derivation]. First we move to
an effective Hamiltonian by introducing a non-Hermitian loss
term for our reservoir mode and Taylor expanding cos @; to
the fourth order:

H = hwyd'a + hopb™b + h(wg + i) 7
Ey; N ~ N 4
— Z —[CI)Al-a =+ cDBib + (DR,'I" + HC]

i=LII 24

+ ) hecosQayt)(F + i) (B3)
k=12
i |

Now we apply the displacement transformation
P Pt Ele N 4 e (B4)

using two independent unitary operators with complex dis-
placement amplitudes & and &, to be determined later,

Uip = D(—§1 e, (B5)

where the displacement operator is performed on the reservoir
mode

F (B6)

The Hamiltonian (B1) is now

A At A R Eli A 7 ~ —iwit —iwst 4
H = liwsa' o + liwgh'h — Z Sy @ui+ ®pib+ PrilF + E1e7 " + £re” ) + e

i=LII

+ D (Awp + i)+ ELEN)F + BT ) + he 2 Re(ee ) (F + £%e N + 7T + g )
k=1,2

+iRl(—& + iod)e ™ P+ (5] + iong)e ™ 7). (B7)

We can rewrite this, collecting terms inside the curly brackets,
in the form

AP+ AP + (g + Sowg + ik)FTF + const.  (BS)

Here Swg is a shift in the bare frequency of the mode and A
can be written as

A= Z 2Refere ) + if(—& + ik )e "
k=12

+ I, + i)'+ &™), (B9)

We want to choose & ; and w; » such that A = A* = 0. These
terms disappear if we rewrite

E1 o= & pe i,

This gives us two independent conditions for & 5,

(B10)

2 . - 2i —iw
€12 = [i(wa — w12) + Kkal§12 — ERe{El,Ze 2} (BL1)
On a timescale of 1/« we can approximate this as

E10 i€ /lkq + i(w, — w1 2)]. (B12)

These values are dependent on the detunings between the
reservoir mode and the drive tones, the reservoir linewidth,
and the strength of the drive tones. Keeping terms up to
fourth order in the expansion of the junction energies, our
Hamiltonian now looks like

H = hiwsd'a + hwgh'b + hiwgh'?
EJi N ~ N = = 4
- Z a[(DAia + Ppib + Opi(F + &1 + &) +Hell™.

i=II1
(B13)

For simplicity of the derivation, we assumed that the drive
is equally effective in coupling to junctions I and II. This is

(

not essential for the experiment as junction II contributes very
little to the conversion Hamiltonian in the state transfer.

The fourth-order expansion in Eq. (B13) contains a large
number of terms, but if we apply the RWA, the only stationary
terms are diagonal terms (which preserves excitation numbers
in all modes) and off-diagonal terms that convert excitations
between specific modes if certain frequency-matching condi-
tions are satisfied. In this case, we choose drive frequencies
w; and w; close to the frequencies

W] X W + WR — w4, (B14)
wy X 2ws — Wp. (B15)
Under the RWA we have
I—? = I:IO + I—?SS + I'?Kerr + ﬂconva (B16)
Hy+H. o
% = (wp — 8w)d'a + (w5 — Swp)bTh
+ (wr — Swp)F'F, (B17)
Hier SPPY) £1272 A1252 A AT
A = —aqa' a” — agb'b* — agi'° 7" — xaga'ab'b
— xard'ar'F — yprb bi' 7, (B18)
Heony —iwt AT AT —iwat A2 AT
W = (Qie "ab'i' 4+ Qe "' a7 + H.c.). (B19)

Here H, is the original linear contributions of the modes; Hss
contains the Stark shifts caused by both drives and the Lamb
shift caused by junction anharmonicity

Ej; N N 1
o = Y (93,0416 + 93 ORI + 504, )

(B20)
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@) Y n ) by w=wn—
119:9)  4ge. o) 9.9 f oo o 7
10) 4 l9g, e) 10) 4 lgg,e) |

lge, g) m ==

_) ge,g
o9, 9) g leg, 9) o e
T 1) 5
W= wp 1) a Xb
199, 9) YTYRET Y Y99, 9)
10) 5 10) 5

FIG. 6. Comparison of (a) driving resonantly versus (b) driving detuned from resonance through the intermediate states in a circuit QED
implementation of AQST. In (a) the emitted photon has frequency w or w — x;, depending on the logical state. In (b) the emitted photon has
identical frequency regardless of logical state when we drive with detunings 6; = —x, and 8, = 5.

Hyere contains the anharmonicity (self-Kerr «x) of the modes
and the dispersive shifts (cross-Kerr, xxy) between the modes

Ej;i
ax =y ﬁcbg‘ﬁ, (B21)
(B22)

H.onv describes the targeted four-wave-mixing terms where
the Rabi drive rates

Ey;
Q= E %EICDAiq)Biq)]zei’ (B23)
Eji, 5> >
Q) = E EEZ(DA[CDRP (B24)

i
To implement the protocol, & and &, are chosen to satisfy
Q) = Q) = Q, and w; and w; are chosen specifically as

w; = [(wp — dwp) + (wr — Swg) — xar]

— [wa — dwal + 61, (B25)

wy = [2(wg — dwa) — aa)] — [wg — dwg] — 8. (B26)

As shown in Fig. 6(b), §; (§,) represents a small detuning
of the drive tone 1 (2) from the transitions |eg, g) — |ge, )
(Ifg, 8 — lgg, e)) after accounting for Stark shifts.

Now we apply the transformation to go in a rotating frame,

10)s = |g8. ) = |gg. 8). (B27)

11)p = 1geg) = e |ge, g), (B28)

1004 = [£8, ) = e ~)| fg, g), (B29)

1) = l€g8) = e |eg, g), (B30)

10), = g8 e) = e |gg, e), (B31)

1), = |gere) = e 0 ge ¢), (B32)

where x, = xpg is the simplified notation used in the main
text for the dispersive shift between B and R. The system
Hamiltonian (B16), within the Hilbert space of the six relevant

states, is transformed to

m|m>

= 8,1ge, e)(ge, e| + 82gg, e) (gg, el

+Q(lgere) (g el + lége)(fg el + He).  (B33)

The reservoir loss operator L = ./k# is transformed to
Eq. (13):

Lo = V(188 8) (g8 €] + @700 | geTg) (geTel). (B34)

The time-dependent phase factor in o indicates a dephasing
effect due to the energy difference of the reservoir emission
for logical |0) versus |1). To eliminate this error, we may
choose detunings 8; = —x,/2 and §; = x,/2 to make Lot
stationary:

Lo = Vi (188, 8) (g8, el + |ge, g) (gerel).

Effectively, we drive the two sets of transitions through nearby
virtual states to compensate for the dispersive shift of the
real states. These symmetrically chosen detunings also ensure
equal rates [equal to /22 + (x,/2)?] for the two detuned
Rabi drives. In the main text and in the discussion below, we
refer to all states in the rotating frame directly, omitting the
use of the tilde.

(B35)

APPENDIX C: INTRINSIC INFIDELITY FROM DETUNED
DRIVES IN CIRCUIT QED IMPLEMENTATION

THE most straightforward implementation of AQST in this
proposed circuit QED device is to populate the two intermedi-
ate states (|0), = |gg, e) and |1), = |ge, e)) with on-resonance
drives (§; = 6, = 0). However, because these two intermedi-
ate states have an energy difference unequal to the difference
between the final states (|0)p = |gg, g) and |1)p = |ge, g)) by
Xp, there is an intrinsic infidelity introduced to the transfer
scheme. In this case, the transfer of the logical |0) or logical
|1) state emits a photon of different frequency [Fig. 6(a)] and
the environment receiving the photon may acquire this which-
frequency information and hence collapse the quantum state.
The infidelity of the transfer, governed by the Heisenberg
uncertainty of the frequency of the emitted photon, depends
on the time over which the transfer occurs. Quick transfer
will have a relatively small time uncertainty and a relatively
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lge, €)
Z‘

AR

oY

~

!
leg, 9)

) \
} ~[ 2,/ \\\N 12

leg, g)

FIG. 7. Schematic visualization of the trajectory of a logical |0) during AQST in the limit of x, <« Q < «, within the Bloch sphere of
leg, g) and |ge, e}, including (a) a three-dimensional view, (b) projection in the x-z plane, (c) projection in the y-z plane, and (d) projection in

the x-y plane.

large frequency uncertainty that limits the information leakage
to the environment. In practice, we expect that the transfer
speed will be limited by the relatively small four-wave-mixing
transition rate 2. When Q < «, this will bound the total
transfer rate to ke &~ 492 /k, and high-fidelity transfer will
require xp <K k. In this limit the transfer infidelity will be
proportional to (x»/kei)?, but it is challenging to approach
this limit.

Instead we drive with detunings of §; = —x,/2 and 6, =
X»/2 to make the frequencies of these two decay transitions
equal. This makes the loss operator L. stationary so that the
environment no longer decoheres the transferred state by
discerning the frequency of the emitted photon [Fig. 6(b)].
However, this does introduce a new error due to the fact that
excitations in the intermediate states are now rotating in the
drive frame (with an angular frequency of +x,/2 or —x,/2)
and accumulating different phases depending on the logical
qubit state. Therefore, there will be a relative phase imprinted
between logical |0) and |1) through the state transfer process.
Furthermore, this phase depends on the random timing of the
reservoir dissipation process and causes decoherence. This
intrinsic infidelity turns out to have a more favorable scaling
1-F= %( )(b//c)2 for an equator state (which is the worst
case), as we found by numerical simulation of the master
equation (without considering experimental nonideality such
as Ty and T, processes [Fig. 3(c)]). We will discuss the limiting
case of x, <« © « « to shed light on this scaling and why it
is independent of .

The scaling of this infidelity can be intuitively considered
via the trajectory for a logical |1) state during the transfer
in the rotating frame of the drives (Fig. 7). Consider the
textbook picture of Rabi rotation under a slightly detuned
drive, where the quantum state is driven from the south pole of
the Bloch sphere (|eg, g)) towards near the north pole (|ge, ¢))
along a circle slightly tilted from the x-z plane by an angle
of 6 =4§/2Q = x/4Q2. When the quantum state is driven
out of the south pole, it is subject to reservoir dissipation
which suppresses its dynamics (Zeno effect) and eventually
completes the AQST via a quantum jump out of this Bloch
sphere. The distance that the quantum state travels along the
Bloch sphere (assumed with a radius of 1) can be represented
by the red arc, whose length [ is of the order Q2/k < 1.
This arc’s projected height along the 7 axis is of the order />
[Fig. 7(b)] and its projection along the y axis is therefore of the
order 126 [Fig. 7(c)]. The accumulated phase of the transferred

logical |1) state relative to the original state is given by the
azimuth angle of the trajectory, which is /6 or on the order of
Xx»/k. Note the cancellation of 2 here. Since the trajectory for
a logical |0) in its own Bloch sphere is mirror symmetric to
Fig. 7, there will be an added relative phase between the two
logical states of order x,/«, giving infidelity of order (x/k)>.
More rigorous calculation of this intrinsic infidelity can be
done analytically using the effective Hamiltonian approach
similar to Appendix A. Before quantum jump occurs, the
stochastic wave function follows the Schrodinger equation

Ldlg)) .
ih e eff| (1)), (€1
t
with the non-Hermitian effective Hamiltonian [from
Eq. (B33)]
Hyg H i, .
p gl
K —1Xp K +ixp
= —|1)(1]. + —10).{0.
2i 2i
+ Q(|1)e(1]a + 10).(0]a + H.c.). (C2)

Solving the no-jump dynamics in the limit of Q < «, the
system wave function, starting from an equator state |@)inir =
(10)4 + [1)4)/+/2, will first quickly converge to a quasisteady
(dark) state over a timescale of 1/«. To first order in 2/,

1
90) = (1004 + 1))
— L 2iS2 — e —ixp)/2
ﬁ{x—ixh“ e 10)e
- ﬁ?xh | 1>e}, (3)

noting that the |0), and |1), components have phases of
+x»/K, respectively, at this converged quasisteady state
(1/k < t < k/Q?). If a quantum jump were to occur at this
quasisteady state, the final state would be

1 . .
9)finat = —=(€"[0) + ™" [1)p),

V2
with n = x,/k. For x;, < k, this would give an infidelity of
n* = (x»/k)* relative to the target final state of |¢)areer =
(10)g + |1)5)/+/2. However, once reaching this quasisteady

(o))
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state, the wave function also rotates slowly over a long
timescale following

1 2iQ2 (092 v /2
() = —<|0>A i |0>e>e—l<29 ol
V2 K —iXp

n 1 <|]> 2iQ2
VAN

Therefore, over this long timescale that AQST may occur
(whose rate is 4Q7?/k), the final state will acquire a phase
angle n depending on the exact timing ¢ of the quantum jump:

|1>e>e"<29%/“2>’. (C5)

xo  29%x
n) =22 - =8y
K

(C6)
K

In the end, the intrinsic infidelity of the transferred state
against the target state |¢)rger i an integral weighted by the
jump probability Piymp (7):

oo
l—F%/ 1*Pumpdt
t=0

:/“ Xo 2250\ (42 Liariey, _ X0
—o \ K K2 K 2ic?

(C7)

It should be noted that so far we have naively chosen
the target final state to be not rotated from the initial state.
However, on average, the phase angle n acquired during this
AQST process is nonzero:

() = / "B = X0 (C8)
t=(

2K

If we choose this average case as the target state |¢)urger =
(€/%€|0) 5 + e~/ |1)5) /+/2 (which is indeed the nearest
pure state for the final density matrix), we get an updated
infidelity for the transferred state:

X
1-F = 1
In essence, our computed infidelity in Eq. (C7) and quoted in
the main text includes two equal contributions, half being a
coherent error, or a unitary rotation that in principle can be
corrected for, and half being a more intrinsic incoherent error
due to the random timing of the quantum jump.

When @ « « is no longer satisfied, even though we
can no longer separate the system dynamics into short-time
[Eqg. (C3)] and long-time [Eq. (C5)] behavior, through master
equation simulation, we found the fidelity in Eq. (C7) still
approximately holds for a large range of the parameters.
This includes the parameter sets of x ~ Q ~ «/5 that we
simulated for realistic experiments.

(C9)

APPENDIX D: CIRCUIT QED SIMULATION
PARAMETERS AND DISCUSSION

Simulations of the circuit QED implementation were per-
formed with QUTIP, a PYTHON-based master equation solver.
This allows us to simulate both Hamiltonian terms and any
potential jump operator. Our system is composed of a three-
level system (A) and two two-level systems (B and R) making
a 12-level Hilbert space. We simulate under the rotating-wave

approximation in the rotating frame defined by Eqs. (B27)—
(B32), canceling out all bare mode energies. Initial states are
encoded in a pure superposition of |fg, g) and |eg, g). The
initial states are coupled to the states |gg, ¢) and |ge, e) through
the four-wave-mixing process, simulated through off-diagonal
Hamiltonian terms with amplitude Q2 [see Eq. (B33)]. These
two intermediary states are slightly detuned from the bare
states by =+ yx,, as reflected by appropriate diagonal elements
for these two states [Eq. (B33)] and other noncomputational
states. The loss acting upon the reservoir mode is then sta-
tionary with respect to the intermediate states and can be
simulated with a time-independent operator L as in Eq. (B35).

In order to faithfully assess the potential of this scheme
in circuit QED, we must consider a number of decoherence
processes that could affect the process fidelity. The decoher-
ences here are simulated with four different jump operators:
(1 and 2) Both A and B have relaxation (7;) processes due to
internal material dissipation as well as Purcell loss introduced
by couplings to R. (3) Decay from the second excited state
in A is simulated with a separate operator with twice the
rate as decay from the first excited state. (4) The reservoir
can be excited by a hot environment due to nonideal ther-
malization, which is simulated with a rate I'y we chose to
be « /100 (corresponding to a thermal population of 1% for
the reservoir, comparable to reservoir modes strongly coupled
to the transmission line in Refs. [20,43]). This effectively
captures the dominant dephasing effects in both A and B, and
we do not consider any additional dephasing that A and B
may experience. This is because the internal dephasing rate
for fixed-frequency transmons or linear cavities, if there is
any, is much smaller than other error rates in our simulation,
and dephasing due to other peripheral, i.e., readout, modes
can also be minimized by choosing relatively slow rates for
them.

We do not account for thermal excitation processes in A or
B as their contribution to the error is much smaller than the
relaxation processes (by a factor equal to the spurious excited
state populations in A and B, typically no more than a few
percent). We also neglected spurious thermal excitation of R
to its second excited state in the simulation, which is estimated
to contribute to infidelity by less than 0.2%. This is because
the effective time that R is excited during the AQST is 1/27w«
(note that R remains close to its ground state at all times in the
limit of Q < k), and the probability of such a jump occurring
is 2I'y /2« ~ 0.3% and the contribution to infidelity is half
of that for a depolarizing error. Neglecting these error chan-
nels allows us to limit our simulation to the 12-dimensional
Hilbert space as there is no near-resonance excitation of the

TABLE I. Simulation parameters: Josephson energy of junctions
I and II and the ZPFs across each of them due to excitations in modes
A, B, and R. The ZPF of mode B across junction I is a variable
parameter in the simulation.

Parameter Junction I Junction II
E;/2n 40 GHz 56 GHz
[N 0.03 0.23

(o 0.0025-0.0141 0.002
(oY 0.32 0.01
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TABLE II. Frequencies, nonlinear couplings (x matrix /27), and relaxation times of modes A, B, and R used in our simulation. For the x
matrix, diagonal terms are the mode anharmonicities and off-diagonal terms are dispersive frequency shifts. Here xzg and the reservoir lifetime
(equal to 27 /) are variable parameters in the simulation, with the range of values for the graph in Fig. 3 reported here. The loaded 7; time of
A and B (including the Purcell effect) is varied accordingly. The 7} time of |f), is assumed to be half of that of |e), (which is listed here).

Frequency w/2r Nonlinear coupling Intrinsic Loaded
Mode (GHz) A B R Ty (1s) Ty (1s)
A 5.9 78 MHz 50 14-42
B 6.5 0.01 MHz 0-0.8 kHz 800 80-500
R 8.0 4.0 MHz 0.03-0.82 MHz 210 MHz 0.05-0.7

*The frequency of cavity B can be chosen arbitrarily with no effect on the simulation.

system into higher states: The two pump tones are far-off-
resonance from any direct single-photon transitions by at least
600 MHz under our (relatively arbitrary) choice of mode
frequencies and off-resonance from any undesirable four-
wave-mixing transitions by at least 80 MHz, the chosen an-
harmonicity of the qutrit, which is orders of magnitude larger
than the four-wave-mixing Rabi rates of hundreds of kilohertz.

Simulation parameters were selected to be realistic with
transmons in a coaxial three-dimensional cavity architecture
[56]. For all simulations we start with the two junction en-
ergies (E;;) and the zero-point fluctuation (ZPF) across each
junction from each mode (®x;) as shown in Table 1. The
junction energies and ZPFs, except ®p;, are kept constant
throughout all simulations. These parameters uniquely define
the mode frequencies, anharmonicities, and dispersive cou-
plings as shown in Table II (with the exception of wg), assum-
ing A and R are transmonlike modes with no additional linear
inductance. (If desirable, w4 and wg can be reduced without
impacting any other Hamiltonian terms by introducing linear
inductance to them.) Frequencies of all objects were kept in
the 4-8 GHz range, convenient for most experimental setups,
but they play no explicit role in the simulation because of the
rotating-wave approximation.

For the plot in Fig. 3(c) we sweep the dispersive coupling
between B and R, x;, by changing ®p;. For each x,, because
the relaxation rate of the reservoir can be engineered at will,
it is always beneficial to maximize &, and hence the four-
wave-mixing rate €2 to the largest extent possible. In practice,
& is limited by heating effects due to higher-order Josephson
nonlinearity [57], and we consider a conservative upper bound
of &nax = 0.3, compared with £ =~ 0.35 in Ref. [42] and
& ~ (0.5 in Ref. [58]. Because the linear cavity B has the
relatively small junction ZPFs (®p; and ®pyy), a & larger than
&, is needed to achieve 2| = 2, as indicated by Eq. (B24).
Therefore, we always maximize €2; by maximizing &, and

then choose &, accordingly, i.e., & < & = 0.3. For each yx,
after maximizing €2, we then sweep over values of k to
maximize the state transfer fidelity. Increasing y, increases
the transfer speed but has drawbacks we need to consider.
Larger y, causes an increase in Purcell loss through the reser-
voir, an increase in dephasing from thermal shot noise of the
reservoir, and an increase in intrinsic infidelity as discussed
in Appendix C. We report overall state transfer fidelity as an
average of the fidelities of the six cardinal points on the logical
Bloch sphere (between |0); and |1)7).

For the inset in Fig. 3(c), no other forms of decoherence
or relaxation other than the reservoir x were implemented,
to demonstrate the scaling of the intrinsic infidelity of the
proposed protocol with the ratio of «/xp. Each point is the
measure of the infidelity as 1 — oo while varying xp for each
simulation. We found this infidelity to scale as ()»/k)?/2
over a very large parameter range even when x, < Q < k
is no longer satisfied. It should be noted again (as described
in Appendix C) that half of this infidelity originates from a
random-phase accumulation between the two logical states
and the other half originates from an average phase angle
imparted between the two logical states. The latter can be
accounted for in software at no experimental cost and hence
reduce this source of infidelity by half.

Further improvement beyond our simulated fidelity is pos-
sible when additional experimental techniques are employed.
Property-designed Purcell filters [44] can essentially eliminate
Purcell-induced T; relaxation error. Advanced thermalization
techniques with specifically engineered cryogenic attenuators
have proved capable of reducing thermal population of reser-
voir modes to the sub-0.1% level [45], therefore reducing
transmon dephasing significantly. Finally, active [46] or pas-
sive [47] methods to cancel x;, can eliminate both the thermal
shot-noise dephasing error and the scheme’s intrinsic error
due to detuned drives.
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