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Tunable two-qubit couplers offer an avenue to mitigate errors in multiqubit superconducting quan-
tum processors. However, most couplers achieve this by fine-tuning circuit parameters and often
target specific couplings, such as the spurious ZZ interaction. We introduce a superconducting
coupler that alleviates these limitations by suppressing all two-qubit interactions with an expo-
nentially large on-off ratio and without the need for fine-tuning. Our approach is based on a bus
mode supplemented by an ancillary nonlinear resonator mode. Driving the ancillary mode leads
to a coupler-state-dependent field displacement in the resonator which, in turn, results in an expo-
nential suppression of real and virtual two-qubit interactions with respect to the drive power. A
superconducting circuit implementation supporting the proposed mechanism is presented.

I. INTRODUCTION

Two-qubit couplers are useful components for quan-
tum information processing as they enable fast and
high-fidelity operations between qubits while reducing
crosstalk during idle times. Several superconducting cou-
pler designs have been theoretically proposed and ex-
perimentally implemented [1-18]. These devices can, in
principle, offer precise control of two-qubit interactions
while helping to mitigate frequency crowding effects in
multiqubit processors such as to improve gate speed and
fidelity. There are, however, limitations to the perfor-
mance of current couplers. For instance, while couplers
are designed to activate interactions between qubits on-
demand, spurious interactions can remain active when
the coupler is tuned to its ‘off’ state. A common ex-
ample is the ubiquitous always-on cross-Kerr, or ZZ,
coupling [3, 4, 19-22]. A second difficulty is that the
coupler’s on-off ratio is often sensitive to first order in
a control parameter, such as an external magnetic flux,
thus requiring fine-tuning and frequent calibration. Cou-
plers which do not rely on frequency tuning do not suffer
from this, but the lack of tunability comes with its own
set of challenges such as large crosstalk errors during idle
times. Finally, the impact of these effects could be ex-
acerbated in multiqubit devices where frequency shifts
from spectator qubits can counteract fine-tuning.

Here, we alleviate these issues by introducing a tunable
coupler with an exponentially large on-off ratio and that
does not require fine-tuning of the coupler or qubit pa-
rameters, see Fig. 1. This is realized by adapting some of
the ideas of protected qubits to coupler designs. Broadly
speaking, the large on-off ratio is achieved by connecting
a bus mode responsible for qubit-qubit interactions to an
ancillary driven nonlinear resonator, in such a way that
the bus transition matrix elements that control two-qubit
interactions vanish exponentially with respect to the am-
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plitude of the drive on the ancillary system. This key fea-
ture renders the coupler, which includes the bus and the
driven nonlinear resonator modes, exponentially insensi-
tive to noise and relaxes the need for fine-tuning. This
proposal is particularly well suited to processors based on
protected qubits such as Kerr-cat [23, 24] and fluxonium
[25, 26] qubits where exponential suppression of multi-
qubit crosstalk would enhance the intrinsic robustness of
the processor against noise.

This paper is organized as follows. In Sect. II we
describe the physical mechanism enabling the expo-
nential suppression of two-qubit interactions and intro-
duce a model Hamiltonian realizing this mechanism.
In Sect. III, we report numerical results demonstrating
the exponential suppression of qubit-qubit interactions
mediated by the coupler and discuss implications in the
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FIG. 1. Two-qubit coupling strength vs control parameter.
For standard coupler designs, the on-off ratio depends linearly
with respect to a control parameter A (orange line). This re-
sults in linear sensitivity to noise in the control parameter.
Our coupler design implements a two-qubit coupling that can
be exponentially suppressed with respect to the control pa-
rameter (green line). Therefore, sensitivity to noise in the
‘off’ state of the coupler is exponentially small, and the need
for fine-tuning is relaxed.
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context of large-scale processors as well as some of the
limitations of the proposed design. Finally, we introduce
a superconducting circuit implementation of these ideas
in Sect. V.

II. WORKING PRINCIPLE AND
HAMILTONIAN MODEL

Figure 2 a-b) schematically illustrates the proposed
device consisting of two qubits, labeled @; and @a,
which are coupled via a bus mode B also connected
to a driven nonlinear resonator mode R. In the ab-
sence of a drive on the nonlinear resonator, the sys-
tem reduces to a standard circuit QED setup where the
bus mediates energy-exchange interactions between the
qubits [3, 4, 2022, 27, 28]. We assume that the qubit-
bus interactions (full lines) can be modeled by a Jaynes-
Cummings-type Hamiltonian. On the other hand, the
bus-resonator interaction (dashed line) is engineered such
that, upon driving R, the resonator field undergoes a bus-
state-dependent displacement characteristic of a longi-
tudinal interaction [29-32]. As a result, a distinct res-
onator coherent state |a,), is associated to each bus
eigenstate |n),, such that the states |¢,,) = n), |a,,), are
stabilized. Then, transitions between the mth and nth
low-energy eigenstates of the bus are suppressed in the
coherent-state amplitude

n) (ml, © 1, — e7lon=onl/2 Jy ) (| (1)

Because all two-qubit interactions are mediated by real
or virtual transitions amongst the bus eigenstates, sup-
pressing these transitions robustly switches off all inter-
actions mediated by the coupler. As discussed below,
if the bus mode is constrained to its ground state, only
the virtual transitions of the form 0 — n need to be
suppressed for all n. This mechanism is reminiscent of
the strategy used to protect cat qubits from spurious bit
flips [23, 24, 33, 34].

An effective Hamiltonian realizing this decoupling
mechanism can be put in the form
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are the qubits (7 = 1,2) and bus Hamiltonians modeled
as Kerr-nonlinear oscillators, and

H,/h = w717 — e(t)em@atit — e*(t)e™atp,  (5)

is the quadratic part of the driven nonlinear resonator
Hamiltonian subject to a drive of amplitude £(¢) and fre-
quency wg. In these expressions, §1, ¢o, B, 7 are the an-
nihilation operators of 1, Y2, B, and R with mode fre-
quencies w1, ws, wp, wy, and anharmonicities Ky, Ko, K,
respectively. Although our Hamiltonian model is formu-
lated for the case of transmon qubits [35], which can
be described as Kerr nonlinear oscillators, our coupling
scheme is in principle applicable to other qubit modali-
ties. The qubits interact with the bus mode through a
Jaynes-Cummings-type Hamiltonian of the form

Ffjb/h =9 <lj;i)+ Blej) s (6)

where g; is the coupling strength, while the bus mode
interacts with the resonator via the cross-Kerr coupling
Hamiltonian

Hy, /b= xbbpt7 (7)

which makes the resonator frequency conditional on the
bus state via the dispersive shift y. As will be made
clear below, unlike in common circuit QED set-ups, a
large cross-Kerr interaction |x/g;| will be necessary for
our protocol. For the last term of Eq. (2), we assume the
form

/= 3755 )l @ 20720, (8)

n

where n runs over all bus states, and #,(t) = # —
ap,(t)e~@at, This interaction corresponds to a displaced
self-Kerr nonlinearity of the resonator and will be shown
to constrain the system dynamics to a low-energy mani-
fold. This synthetic 6-wave mixing can be experimentally
challenging, but we present a circuit implementation in
Sect. V that approximates such a term. Moreover, we
show in Sect. IV how to trade this nonlinear interaction
for two additional drives on the resonator.

Momentarily ignoring the effect of K, the drive on
the resonator grows a coherent state of amplitude a,
satisfying

i (t) = (0 +nx — ir/2)an(t) —&(b), 9)

which, because of the interaction ﬁbr, is conditional on
the bus state |n). Here, § = w, — wy is the frequency
detuning between the resonator and the drive, and k is
the single-photon loss rate of the resonator. Omitting the
qubits, the Hamiltonian of Eq. (2) together with single-
photon loss stabilizes joint bus-resonator states of the
form ¢ k(t)) = |n), |an(t)e ™ k) | where |a;k), =
e =7 k) is the kth Fock state displaced by an am-
plitude «. This can be more clearly seen by plotting
the metapotential associated to the Hamiltonian H with
the qubit modes traced out and for K, = 0, obtained
by replacing the operator # (#1) with the complex vari-
able I +iQ (I —iQ). As illustrated in Fig. 2c), this
metapotential has a single well corresponding to a stable
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FIG. 2. Tllustration of the proposed superconducting coupler. a) In the ‘on’ state of the coupler the driven nonlinear resonator
(R) does not participate in the two-qubit interactions mediated by the bus mode. Local drives on the qubits or bus activate
two-qubit gates. b) In the ‘off” state, R is subject to a microwave drive which strongly suppresses two-qubit interactions that are
mediated by the bus. ¢) Metapotential of R for the bus states |0), (orange) and [1), (purple). Here §/27 = —5.0 MHz, x/27 =

—20.0 MHz and K, = 0. To help visualization, the metapotential £(I, Q) is renormalized as € - [(§ + nx) |a0/4|2] ! for the nth
bus state and white corresponds to unity. The global minima of the metapotentials for n > 2 are close to the global minimum

of the n = 1 metapotential but not shown for simplicity.

point of the system and whose position in the I-Q plane
is distinct for each bus state |n),. Moreover, because the
latter states are associated with coherent states |au),
that are disjoint in phase space, bus transitions are ef-
fectively suppressed. If the system is energetically con-
strained to the first state |y, 0(¢)) of the metapotential
wells, we recover Eq. (1) where the matrix elements of
the bus mode are exponentially suppressed with respect
to the drive amplitude. The nonlinear interaction H,,p,
of amplitude K. plays the role of a self-Kerr nonlinearity
within each well of the resonator metapotential. As a
result, similarly as in the Kerr-cat qubit [23], this Kerr
nonlinearity helps constrain the system’s dynamics to the
low-energy states of each of the metapotential wells.

Rapid switching between the ‘on’ and ‘off’ states
of the coupler is realized by taking advantage of the
transitionless-quantum-driving (TQD) method to rapidly
displace the coherent state in the resonator starting from
vacuum [36]. In the numerical simulations that are dis-
cussed below, we use the pulse shape

_ __&®) Yo _ _
e(t) = <50(t) 5 in/Q) O(r —t) +&9(7)O(t — 1),
(10)
where go(t) is a smooth drive amplitude, ¢(0) = 0,

and ©(x) is the Heaviside step function. With this choice
of drive envelope, the steady-state reached at time 7 takes
the form

_ go(7)
n = §+nx —ik/2 (11)

for each bus state |n),.

To avoid overlapping metapotential wells and strongly
suppress the bus transitions 0 <> n, the system parame-
ters are chosen such that &g is large with respect to any
other @,. This last requirement ensures that the bus
ground state is well separated in energy from the res-
onator excitations, maximizing the exponential suppres-
sion of the two-qubit interaction. More precisely, this is

achieved for |6/x| < 1 and |k/x| < 1. We note that
choosing the drive such as to make &,»o large is also
a valid strategy. However, we numerically find that in-
creasing &g performs better for small to moderate values
of K,.. Importantly, the TQD protocol is reversible and
can be used to bring the coupler back to the ‘on’ state by
emptying the resonator in a time much faster than 1/k.
The details of this analysis are provided in appendix A.

III. NUMERICAL EXPERIMENTS
A. Suppression of bus transitions

We now turn to numerical simulations of the concepts
presented in the previous section. To illustrate the work-
ing principle—the suppression of bus-state transitions in
the presence of a drive on the resonator—we first simplify
the setup by omitting the qubits. In lieu of the qubits,
we add a drive term of the form

gRabi/h — Q (e—i@bth + ei&)bté) ; (12)

where € is the drive amplitude and the drive frequency @
is set to the ac-Stark shifted 0 — 1 transition frequency
of the bus

00 +x) — (1/2)?
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with
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a=qaq] — Qg =
being the distance between the metapotential wells as-
sociated with the ground and first excited states of the
bus. In the ‘on’ state of the coupler, the resonant drive
on the bus will result in Rabi oscillations between [0),
and [1),. In the ‘off” state, bus transitions, and therefore
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FIG. 3. Renormalized bus a) Rabi frequency /27 and b)
dephasing time flp under a resonant /27 = 1 MHz mi-
crowave bus drive as a function of the photon number in
the resonator, \070|2. The results are obtained using a 5-
ns-long TQD scheme with /27 = 100 KHz, §/2r = —5
MHz, K;/2m = —300 MHz. The cross-Kerr x/27 is varied
in the range -5.0 to -30.0 MHz. Fits are done by comparing
the time evolution to that of an effective two-level system, in-
cluding both 77 and T5. Dashed lines correspond to Egs. (15)
and (16). c) Example of the time-evolution traces that are
fitted for |ao|> = 11.

Rabi oscillations, are exponentially suppressed with the
coherent state amplitude ag.

Indeed, according to Eq. (1), we expect the Rabi fre-
quency in the presence of a drive on the resonator to take
the form

O~ Qexp (_ Ek /2) . (15)

Following Eq. (14), |@| is bounded by |ap|. Indeed, 0 <
|&| < |&o| where the lower bound corresponds to x = 0
or @y = 0, and the upper bound is reached for |x| — co.
As a result, increasing |x| results in a stronger suppres-
sion of €. 5

Figure 3 (a) shows the Rabi frequency ) obtained
from numerical integration of the coupler master equa-
tion based on Eq. (2). The result includes damping in the
resonator but excludes decoherence in the bus, and it is
computed for different equilibrium values of |a|* and
cross-Kerr interactions y. The data points are extracted

4

from fits to the bus population (b7b)(¢) with the bus and
resonator initialized to the vacuum state, see panel (c).
The numerical result (symbols) is in excellent agreement
with Eq. (15) (dashed lines) and display the expected ex-
ponential suppression of the bus Rabi oscillations. This
suppression becomes more significant for increasing cross-
Kerr coupling |x| /27 which is shown here ranging from
5 to 20 MHz. We note that these results are obtained
for K, = 0. In the absence of the qubits (g; = 0), choos-
ing small |2/d| guarantees that the dynamics is mainly
generated by states |1, o) for which the exponential sup-
pression of the Rabi frequency is maximized. Indeed, the
states |10 ) are separated in energy by d and thus, to
prevent transitions to k # 0 states during a 1 — 0 bus
transition, we ideally require the matrix elements of Rabi
drive Hamiltonian in the state basis |¢, ) to be small rel-
ative to 4, i.e. ’Q <’(/J0)k|i)|’¢170> /ké) = ‘Q@k/kém‘ <1
for k # 0.

In the presence of single-photon loss in the resonator,
the distinct coherent states associated to the different bus
states lead to bus dephasing. This originates from the
‘which-bus-state’ information that is carried by the lost
photons, something that is akin to measurement induced-
dephasing in the dispersive readout of circuit QED [37].
With T, denoting the bare bus dephasing time, the co-
herence time in the presence of the resonator drive takes
the form

~ 1 K _ 2 -t
Ty~ |—+ = . 16
o~ (gl (16)

Fig. 3 (b) shows this dephasing time extracted from the
numerical simulations including « # 0 [symbols]. Sim-
ilarly to the previous case, we find excellent agreement
with the analytical expression (dashed lines). To iso-
late the effects of resonator dissipation on the system,
we have omitted intrinsic relaxation and dephasing of
the bus mode. A key observation is that, while transi-
tions between the bus states are suppressed exponentially
with @, dephasing only increases polynomially with this
quantity. Moreover, we demonstrate below that the de-
phasing induced on the bus mode does not percolate to
the qubits.

B. Suppression of two-qubit interactions

Having numerically confirmed that suppressing the bus
transitions by driving the resonator is possible, we now
reintroduce the qubits to the model and explore the two-
qubit decoupling. In particular, we characterize the hy-
bridization between the qubit and bus modes as a func-
tion of the resonator drive parameters and demonstrate
how spurious two-qubit couplings, such as the ZZ inter-
action, are exponentially suppressed.

We now take K, # 0 in Eq. (2). In the presence of this
term, Eqgs. (5), (7) and (8) still stabilize displaced Fock
states in the resonator, with displacement a,(t)e~twat.



The driven states in the nonlinear resonator are there-
fore unchanged under the action of Eq. (8). As is dis-
cussed below, the role of the nonlinearity K, is instead
to constrain the resonator to low-energy states.

1. Polaron transformation

Analyzing the underlying physics of the model Hamil-
tonian is made easier after a rotating-frame transforma-
tion and a polaron-like transformation which displaces
the resonator mode conditionally on the state of the bus.
Acting with Eq. (A1) on Eq. (2), the transformed Hamil-
tonian takes the form (see appendix A)

2
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where the resonator decay rate x appears in the displace-
ment transformation according to Eq. (9). In H ; we have
defined the bus-state-dependent phases
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the resonator displacement operators
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and the ac-Stark shifted qubit-bus detunings and bus an-
harmonicity

Aj=wj—wp —8aol* + (3 +x) |ea]?, (24)
Ky = Ky — 8 |ao> + 200 + x) |oa > = (6 + 2x) oo,
(25)

respectively. In what follows, we neglect the transients to
focus on times where the polaronic states are fully grown
with a;, = @&, as defined in Eq. (11).

In the polaron frame Hamiltonian HY, all modes are
described by a Kerr nonlinear oscillator Hamiltonian.
Moreover, the interaction between the qubits and the
bus, H, ;3 , reflects the fact that transitions in the bus
are accompanied by displacements of the resonator field.
Damping is described by the usual Lindblad master equa-
tion, now expressed in the polaron frame as discussed

in appendix A 2. In particular, the resonator photon-loss
Lindblad operator L, = /k7 in the laboratory frame
transforms to LY = \/k (7 4+, @n |n) (n],) in the po-
laron frame. The action of both HF and L ensures
the stabilization of the vacuum state in the resonator
for all [n),. Under the rotating-wave approximation, the
Lindblad dynamics of the system can be further reduced
to the effective Hamiltonian H” — HY together with the
two Lindblad operators \/k7 and /&), &, |n)(n|,. By
assuming the dynamics to be restrained to the ground
and first-excited states of the bus, the latter operator
takes the simpler form (c.f. appendix A)

2
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Ly =/ = (1) 1], = [0) 0l,) - (26)

This result is in agreement with the expression for the
bus dephasing time of Eq. (16).
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FIG. 4. Suppression of 1 —n1000 with respect to the resonator
photon number |ao|®. The data points are obtained from nu-
merical diagonalization with a fixed drive amplitude in the
resonator. Analogous plots for 1 — 70100 can be found in ap-
pendix B 2. Dashed lines correspond to the same system but
with the resonator undriven and the bus frequency tuned to
the ac-Stark shifted frequency found in the driven system.
The gray regions are bounded by the analytical estimates
in Eq. (28) for K, — oo and K, = 0. Here (w1 —ws)/2m = 7.0
MHz, (w2 — wp) /27 = 14.0 MHz, K1 /27 = K2 /27w = —300.0
MHz, x /27 = —20.0 MHz, and g/27 = 2.0 MHz.



2. Inverse participation ratio

A useful quantity to further characterize the exponen-
tial suppression of the two-qubit interactions is the mode
hybridization between the qubits and the bus in the ‘off’
state. To quantify this effect we make use of the inverse
participation ratio (IPR) [38, 39], which here takes the
form

— Zy |<1/)h,u|wb7u>|47 (27)

|<1/’h7u|7/’h,u> |2

where |93 ,) and |¢p,,) are the bare (g; = 0) and hy-
bridized (g; # 0) eigenstates of the full system. The
IPR is a measure of how localized the wavefunctions of
the circuit modes are with respect to the bare modes,
and it ranges from 1/4 (maximally delocalized states)
to 1 (maximally localized states) for our system with four
modes.

In the dispersive regime where the qubits are largely
detuned from the bus mode, analytical expressions for
7, can be obtained by eliminating H; in HY us-
ing a Schrieffer-Wolff transformation. For the bare
states |4y, ) with v € {1000,0100,1100} and where the
state indexing corresponds to (Q1,Q2, B, R), we obtain
in appendix B 2

1%

2
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Nooo &~ 1 — 2741 <Zl> 4Fy (Pl; 1+ py; |07\2) , (28)
1

~1 - 2ol <{72
Tlo100 A

2
> 4Fy <p2;1+p2;|6z\2), (29)
2

and 71100 =  7wooo + 7Moo — 1, where a =
&y — O, pFy is the generalized hypergeometric func-
tion, p; = (pj— pj— pj+ pjr) with pj=z = B[l +
V1+2A;872/K,], and B = (6 + x)/K, — 1/2. The
expressions for 7, show that the degree of mode hy-
bridization decreases with increasing detuning. More
importantly, we also see that hybridization is exponen-
tially suppressed with increasing photon population of
the resonator mode. At large photon number, virtual
transitions to higher-energy states within the resonator’s
metapotential wells can impact the level of exponential
suppression, something that is represented by the contri-
bution from the hypergeometric function. These higher
energy transitions can, however, be prevented by increas-
ing |6 + x| and |K,|.

To verify these observations, we investigate the quan-
tity 1 — 91000 as a function of the photon number |ag|?
in the resonator by exact diagonalization of the Hamil-
tonian of Eq. (17) for k = 0 (see Fig. 4). Different colors
correspond to different values of the nonlinearity K,.. Fo-
cusing first on panel (a), obtained for § /27 = —1.5 MHz,
the anticipated suppression of the hybridization with in-
creasing |ap|? is clearly observed, together with the slow-
down of that trend for larger |ag| o |&].

The shaded region is plotted using the analytical ex-
pression in Eq. (28) for K, in the range |K,|] — oo

to K, = 0. In the former limit, the dynamics is con-
strained to the low-lying polaronic states, i.e. the res-
onator is constrained to the displaced Fock states |0)
and |1) in the laboratory frame, and the exponential sup-
pression persists for large |@g|. As a comparison, the
dashed line is obtained from the usual dispersive fac-
tor (g;/A;)? taking into account the change in qubits-bus
detuning due to the ac-Stark shift and which corresponds
to usual qubit-bus-qubit couplers without the driven res-
onator. The very strong suppression of 1—19gg observed
in Fig. 4 (a) for our coupler design has an important con-
sequence: because of the very small hybridization of the
qubit eigenstates, all real and virtual qubit-qubit inter-
actions mediated by the coupler are exponentially sup-
pressed in amplitude; see appendix B 4 for details. Anal-
ogous plots for 1 — 7ng199 can be found in appendix B 2.

Figure 4(b) also shows 1 — 11900 as a function of the
number of photons |ag|? in the resonator but now for a
positive detuning of §/2r = 1 MHz. In this situation,
we observe a divergence in 1 — 11900 associated with a
resonance in the ac-Stark shifted detunings Ay. As dis-
cussed in appendix B 6, this resonance can be understood
from the poles of the generalized hypergeometric func-
tion appearing in Egs. (28) and (29), which correspond
to frequency collisions with higher energy levels of the
resonator. For negative detunings ¢, these collisions are
avoided and the suppression is monotonic with photon
number. On the other hand, choosing § > 0 results in
a nonmonotonic 1 — 11999 something which can lead to
a stronger suppression of unwanted interactions. See ap-
pendix B6 for a detailed discussion of these frequency
collisions and how to take advantage of them.

As previously alluded to, the exponential suppression
of qubit-qubit interactions is greatly enhanced at large
photon numbers in the resonator if |A;/x| or |A;/K,|
are small. These ratios determine the probability of a
resonance with higher-energy levels of the resonator. Be-
cause the latter tend to cover a larger area in the phase-
space of the resonator than the low-energy states, their
occupation would attenuate the exponential suppression
of qubit-qubit interactions. We highlight that taking
|A;/x| or |A;/K,| small is a natural parameter regime
with protected qubits, which often have small frequencies
by design [23, 26]. This feature underlines the compati-
bility of our coupler with protected qubits.

We conclude this section with a remark regarding
the optimal ramping rate v of the photon number, i.e.
|t (t)|? = vt, to minimize the impact of accidental reso-
nances. Frequency collisions in Figs. 4 and 9 correspond
to pairs of qubit-coupler states that are brought into res-
onance as the coherent state amplitude goes from 0 to ag.
As detailed in appendix B 3, as the levels go through the
crossing, the state of the qubit leaks to the coupler follow-
ing the Landau-Zener formula [40] and, as a result, the
probability of leakage is exponentially reduced in |v/g’],
where g;- is the effective coupling strength between Q);
and B that is exponentially suppressed in |ag|. However,
non-adiabatic errors in the TQD protocol, determined by



ratios of the pulse’s time derivatives to the cross-Kerr in-
teraction strength x [c.f. appendix A], impose an upper
bound on v. Near that upper-bound, the leakage prob-
ability is nonetheless exponentially suppressed in both
|ag|? and |x/gj| as inferred in appendix B3. We high-
light that |g;/x| < 1 was already a key requirement for
the proposed device.
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FIG. 5. Suppression of the ZZ interaction 12 between the
qubits as a function of the resonator photon number |ao|*.
Data points correspond to numerical diagonalization of the
system Hamiltonian with a fixed drive amplitude in the res-
onator. Dashed lines correspond to Eq. (31), i.e. the same
system but with the resonator undriven and the bus frequency
tuned to the ac-Stark shifted frequency found in the driven
system. Here (w1 —ws)/2m = 7.0 MHz, (w2 — wyp) /27 = 14.0
MHz, K, /27 = K»/2m = —300.0 MHz, x /27 = —20.0 MHz,
and ¢g/2m = 2.0 MHz.

3. Suppression of spurious interactions

We now analyze how the proposed coupler help to
suppress the spurious cross-Kerr coupling between the
qubits, which is given by

X12 = W1100 — W1000 — W0100 1 W0000, (30)

where w, = <’l/)h”u*|ﬁp — ﬁﬂwh’#*) is the energy
associated with the two-qubit eigenstate [¢p ,,) with

maximal overlap with the bare state |1 ), ie. p, =

2
argmax,, |(Yn,v|¥p,u)|"-

Fig. 5 shows |x12| obtained from numerical diagonal-
ization of HP — HP as a function of |ag|?, for different
values of K. (symbols). As a comparison, the dashed line
shows |x12| resulting only from the change in detuning
between the qubits and the bus due to the ac-Stark shift,
and computed using the perturbative expression

1 g% g2 1 1
X?g = 7‘?71?72 <~ + ~> 5 (31)
6A; Ay \A; | A,

valid for |A;/K;| < 1 and |Aj/K;| < 1. The latter
is obtained from a Magnus expansion to fourth order in
the coupling strengths [c.f. appendix B4]. The two res-
onances observed in the dashed line and the numerical
data in panel (b) correspond to A; = 0.

As first noticed for 1 — 11909 in Fig. 4, the suppression
of x12 is monotonic with photon number for negative de-
tunings ¢ [panel (a)], while some nonmonotonic features
appear at positive detuning where the suppression is also
stronger [panel (b)]. See appendix B 6 for a discussion of
the origin of these features.

We also note the presence of more features in Fig. 5b)
for x12 than in Fig. 4b) for 1 — n1900. The first two
dominant peaks in Fig. 5b) result from accidental reso-
nances between each qubit and the bus, i.e. Aj =0, in
agreement with the peaks observed for 1 —nggp in Fig. 4
and 1 —ng100 in Fig. 9. Additional features in Fig. 5 not
present in Figs. 4 and 9 result from frequency collisions
with higher energy levels in the system, activated by the
ac-Stark shifts in the bus.

Importantly, the suppression of 1 — 7, and the result-
ing reduction of the spurious cross-Kerr coupling does
not require fine-tuning of the circuit or drive parameters.
Indeed, as illustrated in Figs. 4 and 5, strong suppres-
sion is observed for different choices of circuit parame-
ters including ¢ and K,. It is also worth emphasizing
that all real and virtual interactions are suppressed by
this scheme. This fact is in stark contrast to other ap-
proaches where cancellation of two-qubit interactions is
realized only for a precise value of a control parameter
and where residual virtual interactions such as yio2 re-
main present [5, 21, 22].

Finally, we note that it is possible to combine our cou-
pler with other approaches for suppressing spurious inter-
actions, for instance by using qubits with opposite sign
anharmonicities[21, 22].

C. Bus-induced qubit dephasing

At the origin of the suppression of unwanted interac-
tion are the disjoint bus-state dependent coherent states
of the driven resonator. A photon lost from the resonator
carries the ‘which-bus-state’ information and leads to de-
phasing of the bus state. Because there exists hybridiza-
tion between the bus and qubit modes, this mechanism



can introduce additional qubit dephasing. However, as
shown in more details in appendix A, we find that this
is not an important contribution to qubit dephasing. In-
deed, by expressing Eq. (26) in the hybridized eigenbasis,
the dephasing rate of the first qubit is given by

k=0

12 o0 2
Vo1 = il |2a| (Z <¢h,1000|¢b,001k>|2>
(32)

K |54|2 1 — 11000
2 2 ’

Q

where the second line follows from a Schrieffer-Wolff
transformation [c.f. appendix B 5]. The expression above
was obtained with a rotating-wave approximation, which
is valid for |v,,1/A1| < 1. An expression for the second
qubit is obtained by simply replacing the subscript 1000
by 0100.

Similarly to measurement-induced dephasing [37], the
prefactor of Eq. (32) scales with the photon number |a&|?
in the resonator. However, because 1 — 7, is exponen-
tially suppressed with increasing |@|?, the qubit dephas-
ing rate can be made negligible in the ‘off’ state of the
coupler. Appendix B 5 also compares Eq. (32) versus pho-
ton number against the result obtained from numerical
diagonalization of HY — HF. As with the suppression of
unwanted ZZ interactions, the reason for this negligibly
small dephasing rate is the very low hybridization of the
qubits’ eigenstates with the bus and resonator modes.

IV. EFFECTIVE PARAMETRIC MODULATION

In the previous sections, we have seen that large non-
linear interaction amplitudes K, help in the suppression
of the unwanted interactions in the ‘off” state of the cou-
pler. Here, we explore an alternative strategy that relies
on a two-tone drive on the resonator. Moreover, because
the nonlinearity is not needed in this case, the resonator
can be taken to be a linear resonator (LR). This might
also simplify the experimental realization of these ideas.

Our starting point is again the Hamiltonian of Eq. (2)
where we now take K, = 0 and introduce the following
additional drive on the LR

—t(wr—wm )t _

terten] 1 4 b,

(33)

where ) is a real-valued amplitude and the frequency wy,
is assumed here to be much larger in magnitude than the
cross-Kerr interaction y. With this additional two-tone
drive on the LR, the steady-state bus-dependent coherent
state Eq. (11) becomes

Q= Oy, — PAcos(wpt)/a”, (34)

where A\ plays the role of the amplitude of a modulation
around the steady-state value &,. Crucially, this modu-
lation changes the phase ¢, that specifies the bus-state-
dependent displacements Hamiltonian H f in Eq. (21),
which can now be written as

¢n(t) = én — ARe |:an+1__an
«

e = =
Apy1Qn — OpQnyl
24 ’

} cos(wmt),  (35)

(Z;n =

(36)

Moreover, the qubit-bus detunings transform to Aj =
AY + Al where

+ (0 +x) |a ] (37)

X
+ o,
2 |al?

2

A
A = —2xAIm { 5 } cos(wmt) + 2X_ cos(2wmt). (38)

2
al

An additional rotating frame transformation such as to
remove the time-dependence of the qubit-bus detunings,

leads to the following approximation for H f
TP _ Zgj(j;ew;’(t)ﬁn,r\/m In) (n + 1|, + h.c.,
7.n
(39)
where we have introduced ¢/, (¢) )+ fot dtAL. Ex-
cept for the now time-dependent phase qb' (t), Eq. (39) as
the same form as Eq. (21).

The role of the time-dependent phase ¢!, (t) can be un-
derstood by using the Jacobi-Anger expansion

+o00 _ _
“25" — el¢n Z (—i)sJS ()\ Re |:a”+1_ a’ﬂ:|> eiswmt7
[0
s§=—00
(40)

where J,(z) is the sth Bessel function of the first kind,
and where we considered negligible x/w,, for simplicity.
Because the bus mode is ideally only virtually excited at
all times, our goal is to dominantly suppress the 0 <> 1
transition in the bus. To achieve this, we adjust the
amplitude A to reach a zero of Jy in Eq. (40), noticing
that @ = a3 — ap. Higher harmonics of Eq. (40) oscillate
rapidly for w,, > |x|, |A§-’|, and result in a lower bound
on the suppression of the two-qubit interactions (c.f. ap-
pendix C).

To understand how the two proposed implementation
mechanisms compare to each other, we compute in ap-
pendix B2 the quantity 1 — 7, using a time-dependent
Schrieffer-Wolff transformation to find

+oo
— | 2 - — . —
1 — n1000 &~ 29%6 |&| E 52 3161(32 $1)wmt

81,82=—0C
F. i1 Jlaf?
4144 plslszv +p151523 |Oé‘

X Js, (A) s, (A) (A‘f + S1wm) (A? * Sme)

, (41)
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FIG. 6. Time-averaged inverse participation ratio against
photon number using a two-tone drive on the LR (K, = 0)
with frequencies w, + w,, and amplitudes wmA/a@*. The
shaded regions are bounded by A = Ao where Jo(Ao) = 0 and

a 10% error on A\g. The other parameters are 6/27 = —1.0
MHz, x/2m = —20.0 MHz, (w1 — wp)/27 = 7.0 MHz, (w2 —
wp)/2m = 14.0 MHz, K,/2r = K,/2r = —300.0 MHz,

and g/2m = 2.0 MHz. (1 — 1o100), can be found in appendix C.

where pjs,s, = (pj81— Pjsa— Pjsi+ pj82+) with pj+ =
Bl1E V1 +2(A9 + swm)B~2/K,] and B = (0+X) /K, —
1/2.We observe that Eq. (41) is reminiscent of Eq. (28),
and a similar expression for 79100 can be derived. In
the large wy, > |AY] limit, the dominant contribution
to Eq. (41) arises from the term with s; = s = 0, which
is canceled by adjusting A to reach a zero of Jy. Impor-
tantly, because of the already suppressed interactions,
there is no need for a very fine adjustment of A\. The
time-averaged 1 — n1900 according to Eq. (41) is illus-
trated in Fig. 6, where we take w,, = wpg|@| such that
the drive amplitude in Eq. (33) is independent of |&|.
The dashed line corresponds to the absence of dynamical
decoupling. The shaded regions correspond to + 10% er-
ror bounds on the drive amplitude. We observe a strong
suppression of 1 —n1g9pp and of the drive amplitude sensi-
tivity. As discussed further in appendix C, we note that
the asymptotic behavior of the suppression is polyno-
mial in &. With the very large suppression of 1 —7,, that
is observed in Fig. 6, this is a small price to pay when
trading the nonlinearity K, for an additional drive. We
finally note that the suppression can be further enhanced
with the help of a longitudinal drive in the LR (c.f. ap-
pendix C).

V. SUPERCONDUCTING CIRCUIT
IMPLEMENTATION

In this section, we introduce a superconducting quan-
tum circuit realizing our coupler. To approach the model
Hamiltonian of Eq. (2), we draw inspiration from the
Kerr-cat qubit which exploits the bifurcation physics of
driven Josephson-based devices [23, 24]. A simplification,

based on the idea of dynamical decoupling in Sect. IV, is
also discussed.

A. Kerr-cat-based circuit model

Figure 7(a) shows a possible circuit realization of our
coupler with two transmon qubits interacting through a
transmon-like device playing the role of bus mode. The
latter is connected to a driven nonlinear circuit represent-
ing the resonator and consisting here of a loop formed
by two symmetrical Josephson junctions and a SNAIL-
like element which incorporates an array of N ~ 3 junc-
tions [3]. As mentioned earlier, although for simplicity
we focus here on transmon qubits, this scheme is applica-
ble to other types of superconducting and, in particular,
is well adapted to protected qubits.

Omitting the qubits for the moment, the Hamiltonian
of the circuit reads

ﬁ:ﬁb+ﬁr+ﬁbru (42)
where

]flb = 4Ecbﬁ§ — EJb COS (@b)
e Koo (43)
~ wpbTh + 7%*%2,

is the bus Hamiltonian, which we treat as a weakly non-
linear oscillator of frequency w, = /8F¢, Ej, — E¢, and
negative anharmonicity K, = —FE¢,. We define the phase
operators of the two modes across the SNAIL-like ele-
ment as 291+ = —@p = (@, — @¢) where @y (P,) is the
phase operator of the bus (resonator) and ¢y is a real-
valued scalar determined from the minimization of the
potential energy of the circuit. We consider two external
flux biases: ys2 in the three-node loop and psn — g2 in
the SNAIL-like circuits. Here, 5o (¢sn) shifts the co-
sine potential of the two junctions (N junctions) in the
SNAIL-like circuit. Moreover, @1 ($2) is the phase oper-
ator of Q1 (Q2). The resonator and bus-resonator Hamil-
tonians take the form

~ _ !
H, = 4AEc 72 — NEy, cos (“”’”N%N> + 2¢(t)iny

. s
—2E;, cos <% 5 W) —2Ey, cos <% %2) ,

©
i, = —2E,, [cos (32@”) - 1} cos (‘pgw) . (45)

where ¢, = @e + @r and ¢l = psn + @¢. In these
expressions, F¢, is the resonator charging energy, £,
the Josephson energy of the symmetrical junctions in
the resonator’s circuit, £, the Josephson energy of each
of the two smaller resonator’s junctions, and Ej, the
Josephson energy of each of the NV large junctions in the
array. Moreover, €(t) is the amplitude of the drive of
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FIG. 7. Superconducting circuit implementation. a) Circuit design. The qubits and bus modes are implemented using transmon

qubits; ¢1, ¢2 and @, are the phase operators of Q1, Q2 and the bus modes respectively. Here 2901 = —¢@p + (Hr —

@e¢) where @y

is a real-valued scalar to be defined. A SNAIL-like element, representing the resonator mode with phase operator ¢, is
linearly driven by a voltage source V. ®ops2/2m and ®o (wsn — s2) /27 are two external fluxes that control the bus-resonator
interaction. b) Metapotential of the resonator for each of the bus states |0), (orange), [1), (purple) and |2), (blue). Here 6/27 =
—5.0 MHz, x /27 = —5.0 MHz and K, /2m = —10.0 MHz. ¢) 1 — 71000 (and 1 — no100 can be found in appendix D) estimated
by numerical diagonalization of the full system using the effective Hamiltonian in Eq. (53) with 6/27 = 1 KHz, x/27 = —5.0
MHz, (w1 —ws)/2m = 7.0 MHz, (w2 — ws)/2m = 14.0 MHz, K, /27 = K3 /27w = —300.0 MHz, and g/27 = 2.0 MHz.

frequency 2(w, — ) on the resonator, where w, is the
frequency of the undriven resonator.

Here we aim at stabilizing cat states in the resonator
with amplitudes that depend on the bus photon num-
ber. Just as in the simplified model discussed in the
previous section, transitions between bus states are asso-
ciated to displacements in the resonator. An advantage
of this proposed realization is that the large anharmonic-
ity in the resonator is now determined by the size of the
cat state. To this end, we follow Frattini et al. [3] by
choosing the external fluxes and Josehpson energy such
as to obtain a cubic nonlinearity of the form bth (Fr + 72)3

in Hy,. In the presence of a linear drive on the resonator,
the cubic nonlinearity leads to a nearly resonant, bus-
photon-number-dependent two-photon drive in the res-
onator. The Kerr nonlinearity in the resonator can then
stabilize bus-photon-number-dependent cat-states.

More precisely, we take Ej, = Ej, oo = m — 2¢
and @', = —m — 2¢ where ( is a parameter to be de-
fined. With these choices, we have

_ Or — SO/SN -
H =4F¢, n — NEj, cos N + 2¢e(t)n,,
(46)

and

br ~

b ~79mflE"‘f (213T13+ 1)

X [cos(sm (i ) + sin ¢ cos <2T>] , (47)

where zyy = Zyr) /Rq is the reduced impedance of

the bus (resonator) mode with Rg ~ 6.5k the re-
sistance quantum. In ﬁbr, the sine and cosine terms
which depend on ¢, are key for implementing the bus-
photon-number-dependent cubic nonlinearity BTB(fT +7)3
and the cross-Kerr interaction bb7T#. Our next step
is to apply a displacement transformation D[£(¢)] on
the resonator mode to eliminate the drive term which
we take to have constant amplitude ey for simplicity,
€(t) = €psin[2(w, — §)t]. To achieve this, we take —i€ +
wpé + ie(t)//mz, = 0 or, equivalently, \/mz-£(t)
—Qcos[2(w, — O)t] + (iQ2/2) sin[2(w, — §)t] with the dis-
placement amplitude Q = 2¢y/3w,.. By doing so, we ob-
tain the displaced Hamiltonian HP = H, + HP + ﬁblz
with

Ar 42 9w, —
?rme 20—t L hc. (48)

K
HP ~ w, i + 7’“N2f2 +

N PR |
HP ~ (bTb+2> AL

No /oean .
+3 (QbTb v 1) PT2emi2(wr=0)t 4 ¢, (49)

for small ¢, /N. The above expressions are valid for
small reduced mode impedance 7z, = /2NE¢./E;,
and assume the rotating-wave approximation. We
have introduced the resonator frequency w, =

V8E¢, Ej, /N — Ec., the self-Kerr anharmonicity K, =
—FE¢, /N2, the two-photon drive amplitude

72, )32QOF !
A = - ) h (50)




the cross-Kerr interaction amplitude

Imzpmzr E g, sin(()
8 )

X = (51)

and the bus-number dependent two-photon drive ampli-
tude

 9mzy(m2,)?2QE,, cos(C)

A 64

(52)
We, moreover, set A\, = —2\; by a proper choice of the
flux biases.

Finally, in a doubly rotating frame at w, — ¢ for # and
at wy for l;, the displaced Hamiltonian HP then approx-
imately becomes

4
AP~ %Bﬁz}? _ KT“ (26 - 1)2

+ (6 +x/2+ thg,) P17
+ K7 [f” fa? (213*13 - 1)} [ﬁ +a? (28% - 1)} :
(53)

where a? = \y/K,. Equation (53) is reminiscent of the
Kerr-cat Hamiltonian [3, 23] with the difference that the
amplitude and the orientation of the cat now depend on
the bus Fock-state-number.

The metapotential associated to this Hamiltonian is
illustrated in Fig. 7(b). As in Fig. 2 for the simplified
system, the different Fock states of the bus mode lead to
displaced wells in the I-@Q plane. However, because of the
combination of the Kerr nonlinearity and the engineered
two-photon drive, each Fock state is associated with two
metapotential wells [23]. The central idea of blocking
the bus-state transition by entangling those states to co-
herent states in the resonator is, however, unchanged.
This is confirmed in Fig. 7(c) which shows 1 — 71900 as a
function of photon number. Apart from additional res-
onances which can be avoided, the overall behavior is
the one expected: we see an exponential reduction of the
bus-state hybridization with resonator photon number,
as originally predicted by the model of Eq. (2).

Furthermore, it is useful to note that the ac-Stark
shift on the bus frequency vanishes in this model, i.e.
the ground- and first-excited states of the bus are both
shifted in energy by K,a*/2. The bus-resonator entan-
glement is therefore entirely responsible for the exponen-
tial suppression observed in Fig. 7c).

B. Harmonic model with parametric modulation

In Sect. IV we have seen how it is possible to trade
the large nonlinear interaction between the bus and the
resonator by additional drives. Here, we show how this
idea can be realized without modifications to the cir-
cuit of Fig. 7. For this second approach, we take ¢, =
0, (pISQ = 27‘1’, EJ2 = )\EJK with A = 1 — (3/2)27sz/2,
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and ¢,y mod 27N = 0. With these parameter choices,
the circuit Hamiltonian can now be written as

. 35
Hy = 4Ec, 2 — By, cos (¢y) — 2y, cos (?) . (54)

H, = 4E¢, 72 — NEj, cos <fv> + 2¢(t) . (55)

H, = —2E, [cos <32“0b) - A] [cos <‘p2> - 1} , (56)

We note that the reduced mode impedance of the res-
onator, 7z, &~ \/2N E¢, /E,, needs to be made small to
prevent the drive on the resonator from resulting in ap-
preciable nonlinear terms due to the cosine potentials and
the nearly resonant two-photon and cubic terms. More
precisely, we take 1/,/7z, to be much larger than any
displacement in the resonator field associated with the
bus Fock states n # 0, and small compared to N//7z,
for n = 0.

As above, we treat the bus and resonator modes as
weakly nonlinear oscillators. Importantly, for n = 0, we
find that Hy,. =~ 0 and H, is approximately harmonic de-
spite a large displacement in the resonator field. More-
over, for n # 0, Hy, effectively implements a large cross-
Kerr interaction that strongly reduces displacements of
the resonator field by rendering the linear drive of the
resonator off-resonant. Particularly, we find that

N K o
H~ ; (w,,m + 2”&”#) + xbibit 7
+4iQ(t) (P — 7).

In this expression, we have defined the frequencies w, ~
\/8E¢c, Er, — Ec,, the reduced mode impedances 7z, ~
V2E¢,/EL,, the inductive energies Ep, = E; +
2(3/2)?E;, and E;, = E;,/N, the anharmonici-
ties Kb = —[E,]b + 2(3/2)4EJ€]ECI>/ELIJ and Kr =
Ec,/N?, and the linear drive amplitude Q(t) =
e(t))2y/77.

We also largely reduce the resonator’s anharmonic-
ity K, by choosing a small Ec_ and large N. It is possible
with this model to observe the exponential suppression of
two-qubit coupling by choosing €(t) to be nearly resonant
with the resonator.

As discussed in Sect. IV, with a reduced anharmonicity
in the resonator an additional drive, which we choose to
be of the form

(57)

— w',nA 2
Q(t) = 2dag cos [(wr — O)t] + o 1;: v sin [(wp, + vw,)t]

(58)

can serve as a complementary mechanism to suppress
interactions. In the limit [6/x| < 1, |x/wm| < 1
and |wy, /wr| < 1, we find that the bus-state dependent
displacements take the form

an(t) =~ 3 i—a:;x - %cos(wmt), (59)




in agreement with Eq. (34).
result of Sect. IV follows.

Finally, we emphasize that even though a cross-Kerr
type interaction between the bus and the resonator could,
in principle, be implemented using a dispersive cou-
pling [28], the dispersive Hamiltonian is invalid at large
photon numbers and yields virtual qubit-qubit interac-
tions through the driven resonator. We also note that a
discussion of the leading effects of stray couplings can be
found in appendix D.

From this point on, the

VI. CONCLUSION

We introduced a two-qubit coupler with an exponen-
tial on-off ratio, realized by connecting a pair of qubits
to a bus mode complemented by a driven ancillary res-
onator. The cross-Kerr interaction between the bus and
the driven resonator results in a displacement of the res-
onator’s field that is conditional on the bus state. Be-
cause the displaced resonator states have negligible over-
lap, bus-state transitions are suppressed exponentially in
the amplitude of the drive. In turn, because two-qubit
interactions are mediated by bus transitions, the two-
qubit coupling also results strongly suppressed, leading
to a high on-off ratio. As a clear demonstration of this
mechanism, we have shown how the inverse participa-
tion ratio, which is a measure of qubit-bus hybridization,
and the spurious cross-Kerr between the qubits are ex-
ponentially reduced with the number of photons in the
resonator mode. We also proposed two complementary
superconducting quantum circuit implementations of our
coupler.

The strong reduction in two-qubit couplings demon-
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strated here can be advantageous in multiqubit proces-
sors, where spectator qubits and long-range qubit-qubit
interactions can have detrimental effects [38]. For the
same reason, the proposed approach can be particu-
larly useful in all-microwave frequency-fixed qubits ar-
chitectures with interactions mediated by frequency-fixed
buses. Furthermore, our device could be used to improve
the performance of a protected-qubit-based processor,
where crosstalk could now be exponentially suppressed
on demand. The parameter exploration in this work fur-
ther suggests that exponentially protected qubits, which
typically have low transition frequencies and would there-
fore be naturally closely packed in frequency, would yield
a stronger exponential suppression of spurious qubit-
qubit interactions.

Finally, we note that possible improvements to the cou-
pler include squeezing the resonator mode to further re-
duce the overlaps between the resonator states associated
with distinct bus states, and extending the ancillary sys-
tem to multiple modes such that the exponential sup-
pression is now with respect to multiple modes.
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Appendix A: Polaron transformation

To gain intuition about the underlying physics of the model, it is useful to move to a frame defined by the time-
dependent polaron transformation

P(t) — ol Jo drlwp+Aac (D] (BT0+3, é;ﬁj)e—iwdtﬁf Z ﬁr[an(t)] ® [n)(nly,, (A1)

n=0

where |n)(n|, is the projection operator associated with the eigenstate |n) of the bus mode, and A, is an ac-Stark
shift that will be defined below. The displacements {a,(t)} are determined from the damped classical equation of
the resonator [c.f. Eq. (9)] that result from the bilinear Hamiltonian terms only.

1. Transformed Hamiltonian

Under Eq. (A1) the Hamiltonian Eq. (2) transforms to HY = PTHP — Pt P, where

2
Y =Y "Hf + A + HY + HY, (A2)
j=1
AP — (. A Vit 4 B 22 A3
i = (Wi = wn = Bac)djd; + 5745745 (A3)
AP = (5 +xb10) #t + bgrpe 4 Brgioge A A4
br — + X 7’"’7 +7T T —I—Z ac,n|n><n|ba ( )
N K . .o
HP = 5 (aan —ai?) |n) (n],, (A5)
Y =3 g; (ae Do/ + 1) (0 + 1], + hc.) (AG)
j.n
with i2¢, = o 10 — @ianit, Doy = Dy (anp1 — an), Di(a) = @™ =" g the displacement operator in the
resonator, and
PAVN :6|a0|2 — (0 +nyx) |o<n\2 — nl,e, (A7)
Aue = 8lag)* = (5 +x) oa | (A8)

As we only consider Jaynes-Cummings-type interactions, the transformed Hamiltonian can be reduced to the form
in Eq. (17). In addition, driving the resonator mode introduces an ac-Stark shift AC (¢) = A (t) — A§ (¢) of the bus
frequency given by

AL () = 8 lao()]* = (8 +x) [aa (B)]* (A9)

2. Transformed Master equation

The full system dynamics can be described by the Lindblad Master equation formalism,

b= il o) + S Bypkl — 5 {E1Ls. 0} (A10)
J
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where p is the density matrix of the system, H is the Hamiltonian and ﬁj are the collapse operators. Under the
transformation Eq. (A1) the density matrix transforms as p = PpP Pt 1t follows that

. ~ ~ ~ 1 ~ ~

:p_ [P AP P AP 7Pt Pt3P P

F _—Z[H ,p}-f—ZLjp i —§{Lj iPp } (A11)
J

where we defined the transformed collapse operators Ef = PTEJP. As examples, the collapse operators can take the

form L, = /&, Ly, = /7 [0) (1], and L., = /70.,/2(11) (1], —|0) (0] ) for v = {b,1,2}. We find that qubit
collapse operators as well as E,W are unchanged under the polaron transformation. However, we have

t

Ly, = yape e o drlnt B IDE o) (1], (A12)

LF =k <r +) o |n) <n|b> . (A13)

from where it follows that ﬁ{i o I8 exponentially suppressed because of the displacement operator in the resonator.
Irrespective of this observation, it is worth nothing that ﬁi . does not prevent the formation of the polaronic states

in the coupler and therefore does not hinder the proposed protocol. In addition, f/f corresponds to measurement-
induced dephasing in the coupler. It is possible to further simplify the master equation within the rotating-wave
approximation to

pP = —i [I?IP . ffﬂﬁp} + S LEpPL - % {i“il’,ﬁp}, (A14)

where Ef = Iif, except LY = \/r#* and we define a new collapse operator Ly, = VEY, an |n) (n|, which captures
measurement-induced dephasing in the bus.

3. Transitionless driving

Large conditional displacements in the resonator (‘off’ state) can be prepared by controlling the phase of the
envelope in Eq. (10) in time. The same mechanism makes it possible to empty the resonator quickly (‘on’ state).
Imperfections in the envelope lead to deviations in the intended displacements, which we characterize in this section.
Using Eq. (9) we find the displacements

t
an(t) =i / dz e(2)et07R/24m)E=t) 4 o (0)e 1 0—iR/2Hnx)t, (A15)
0

Extending the envelope in Eq. (10) to include both switching-off and switching-on events

e(t) = <50(t) - 5150@(’?/2> O(T —t) +eo(r)O(t —T)O(T + 7 —1t)

igo(t — T —

+ (50(7) et =T - 1)+ = T)) Ot — T —7)O(T + 27 — 1), (A16)
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where 7 is the ramping time to switch off/on the device and T is the time during which the drive is on, we find that

0, t=20
1 Eo(t), 0 <t § T
(1) :m o(7), T<t<7T+T
go(r) —eot—7-T), 7+T<t<27+T
0, t<2r+T
- % (/t dz@(T - t) - /t dZ@(T tor t)) d€0<2) ei‘(é—m/Z'-i-nX)(z—t)
0 —ik/2 \ o Tir dz (=1)(0 —ik/2 + nx)
0, t=0
. eo(t), 0<t<r
:m eo(T), T<t<Tt+T
eo(r1) —eot—7-T), 7+T<t<27+T
0, t<2r+T
ny o dk€0(2’) et(0—ir/2+4nx)(2—x) F=T

t—2)0(r—t)—0(t—7—-T—2)0027+T —1)),

0 —ik/2 = dzk  (=i)*(0 —ir/2 + ny)kt!

(A17)
where we assumed «,(0) = 0. It follows that, for
d*eo(2) d*eo(2) k
§ —ik/2 Al
| ol | T ]| < 10 w2 (A1)

Eq. (A17) simplifies to Eq. (11) for 7 < ¢t < 7+ T, and vanishes for ¢ > 27 + T. Ultimately, the derivatives of the
pulse at the endpoints of the ramp would contribute the most to deviations in the conditional displacements av,. If
one has perfect control over the pulse envelope the ramping time can be made arbitrarily small but limitations could
arise from pulse imperfections. To see this, we define the perturbed envelope

e(t) = &(t) + (), (A19)
where €4, () is a small time-dependent perturbation. Using integration by parts, we find that

dk Ecﬁ (6 ik/24nx)(z—t) ¢

an(t) = an(t) +i Z A2k (—i)k (5 — ik /2 + nx)" 0. 20

The effects of non-adiabatic errors are quantified by the ratio between the time derivatives of the drive envelope at
the endpoints and powers of |§ — ik/2 + nx|. These errors result in time-dependent fluctuations of v, (t), which can
change the conditional displacements «,, and the ac-Stark shift of the bus. When switching on, TQD errors could
result in residual photons in the resonator and ac-Stark shifts in the bus that can affect two-qubit interactions in the
‘on’ state. It is therefore desirable to have a reset scheme for the resonator.

Appendix B: Numerical experiments and analytical estimates

In this section, we provide details regarding the numerical simulations, the derivations for the analytical estimates
associated with the inverse participation ratio and the spurious two-qubit interactions. We also report additional
numerical results for the inverse participation ratio and measurement-induced dephasing.

1. Rabi drive experiment

The envelope in Eq. (10) used in Fig. 3 is shown in Fig. 8. The ramping time 7 was set to 5 ns independently of ay.
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FIG. 8. Envelope £(¢) in Eq. (10) used for Fig. 3 to turn off the coupler. The drive can be turned off after some arbitrary time
in order to turn the coupler back on with the time-reversed pulse shape shown here [c.f. appendix A 3].

2. Inverse participation ratio

In analogy to Fig. 4, the inverse participation ratio for the second qubit, 79100, is computed numerically and
reported in Fig. 9. The observations made in Fig. 4 can be extended to Fig. 9. The only difference here is the
emergence of a second divergence at small photon numbers for K, = 0. This peak results from the frequency
collisions with higher energy levels in the resonator and the specific choice of parameters. This effect is, however,
absent in the presence of anharmonicity in the resonator.

We now provide an analytical estimate for the inverse participation ratio based on a Schrieffer-Wolff (SW) trans-
formation on Eq. (17), where the Hamiltonian takes the form

o, =l at(AT-A7) H;D o—ifat(HP—HT) (B1)
To this end we define the generator

Sr=i / dt Hy, (B2)

under which the Hamiltonian transforms to Hg = eSTH Ie’gf +iS; = O(gjz-). In what follows we describe different

cases where H 5 and H” — H P have a particular time dependence used for parametric modulations in appendix C.
Furthermore, we compute the generator back in the polaron frame as

G o i f (T —AT) g i (A7), (B3)
This transformation holds for ||S|| < 1, i.e. if the transition amplitudes are much smaller in magnitude than the
energy gaps. Then, the hybridized states are approximately given by [5.,) = % |ihp.) ~ [1 + 5 + O] |th.0),

with |¢4 ) the bare eigenstates of the full system for g; = 0. An estimation of Eq. (27) using the SW transtormation
follows as

M~ 1= 2 (U8 Sl ) (B4)
However, as S can be time-dependent, it is useful to also define the time-averaged quantity
o 1 s
(1= 2 (4, 81810n,.) =12 Jim 5 [ dt (0,8l (B5)

We will now identify the generator of the SW transformation for the different cases considered in this manuscript.
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a. Static flf and HT —I;[,f
The generator of the SW transformation in this case is

(n+ D+ 1) (k|Dn|€) g, /A

= N\ m 4 1) (ml; [n) (n + 1], |k) (€], — h.c., (B6)
j,n,zm:,k,e Lt (mEj = nKy)/Aj + @ik = djnt1,e ! '
0+ nyx K, k(k—-1)
ink = —=—k+ =——7—. B7
dj,n.k A] AJ 2 ( )

Given that |(k|D,.|¢)| is more strongly suppressed for small Fock state numbers {k, £}, it is clear that the parame-

ters (6 +nx)/A; and K,./A;, which control the probability of virtually populating larger Fock states of the resonator,
play an important role in the efficiency of the suppression of two-qubit interactions. More precisely, we find that

2 « _2¢ 2
ot & “la)? [ Y5 o™ /¢! —la)? [ 91 ~12
P1000/STS|W1000 ) = e 151 | 2L =e == | 4Fy (P11 +pislal”). (B8)
< > A; ; (1-gj10)’ Ay ( )

Throughout this work, we consider the two limiting cases including K, = 0 and K, — oo. In these limits, it is possible
to derive asymptotic expressions for the inverse participation ratio, as

2 i
7)‘1}5&?0 =1- 2%€_Ia| 2l (fh; 14 qq; \04|2> ) (B9)
1
1 voe _ g o9 otal? (4, Al (B10)
1000 =l—a=€ = |
A? (1+¢)?

where q; = (1/@- 1/@) and ¢ = — (0 + x) /AJ This can be easily generalized to the states 0100 and 1100.

b. Time-dependent I—fl; and static HT — f[,f

We now consider a time-dependent phase
+oo
el = N Gy et (B11)

s=—00

where (s and w,, are free time-independent parameters. In this case, the generator takes the form

(0 ) (m+ 1) (KD 1) g5 set™ent /A,
S+ Swm/Aj + (mK; — nf(b)/Aj + Qink — Qjnt1,e

Im + 1) (m|; [n) (n + 1], [k) (|, —h.c.. ~ (B12)

Jym,m,k, e,
It then follows that

G051 G 5, €751 52)0mt |52 /01

1+ s1wm/Aj — CIj,l,@) (1 + sowm /A — q;kM)

2
<¢1000|S'T5|1/11000> = ¢ lol (Z) g,;2 ( (B13)

with time average

&t & ~la* [ 9i 2 o, [ /01
<1/21000|5' S|1/J1000>t =e X Z —— 5 (B14)
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FIG. 9. Suppression of 1 — no100 with respect to the resonator photon number |o70|2 in the stabilized ground state. Each
data point is computed from numerical diagonalization with a fixed drive amplitude in the resonator. Black lines correspond
to the same system but with no drive on the resonator and the bus frequency tuned to the ac-Stark shifted frequency found
in the driven system. The gray regions are bounded by the analytical estimates in Eq. (29) for K, — oo and K, = 0.
We also note the presence of a resonance in b) for K, = 0 only for a small photon number for this specific choice of system
parameters. This results from frequency collisions with higher Fock states in the resonator which can be otherwise prevented by
the addition of a resonator anharmonicity. Here (w1 —ws)/2m = 7.0 MHz, (w2 —wp) /27 = 14.0 MHz, K, /27 = K, /27 = —300.0
MHz, x /27 = —20.0 MHz, and g/27 = 2.0 MHz.

c. Static I:[;) and time-dependent H® — HY
Here we consider a time-dependent 6 — § — zwi, sin(wy,t). The generator takes the form

(TL ¥ 1)(m ¥ 1) <k|ﬁn,r|£> gjeizbnCkx’seiswmtfi(kfl)zCos(wmt)/Aj

S = _ _
ikt L+ swim /Aj + (MK —nKp)/Aj + Gjnk — Qi1
clm 4+ 1) (m|] In) (n+ 1], |k) (€|, — h.c., (B15)
where the parameters (¢ s are defined with
el(k=0)z cos(wmt) — Z i5J, [(k — £)z] et = Z Ck,e,selswmt, (B16)

where we have used a Jacobi-Anger expansion. We thus arrive at

2
NN 2 . __1)s1+s2 r81—S82 i(sl—SQ)wmt 20 |
<¢1000|ST5|¢1000> — o—lal (%) (-1 J51<~£2)J32 (£z)i e ’ || /E.’ (B17)
3/ 051,82 (1 + s1wm /A — qg‘,u) (1 + Sowm /A — qj,u)
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and the time-averaged version

2
o ., ) 2 _ 120 |
<¢1000|515|¢1000>t — e lal (%) ( J3 (Lz) \~a| /t )2. (B18)
J ts (14 swm/Aj —qjie

d. Time-dependent ﬁ; and H® — HY
Finally, we combine the two previous cases, namely we consider a time-dependent phase
+o0 s
eitn — Z Cﬁysewwmt’ (B19)
S=—00
and a time-dependent § — § — zw?, sin(w? t) with

“+oo
6i(k7€)zcos(wfnt) _ Z s 7, [(k g zsw t_ Z Ck,, zsw t (BQO)

S§=—00 S§=—00

The generator takes the form

(0 D) 1) (kD) 9768 G e (St rom izt 4,

5= %

Jinamok,ls,r 1+ (Swﬁz + W%) JAj+ (MK —nKy) /A + qjnk — Qi1
“[m +1) (ml; [n) (n+ 1], [k) {¢], — h.c.. (B21)
With this we find that

2
<¢1000|§TS|1/)1000> 267‘6"2 (?) Z Z'81752+T1frzei(sl732)w3j,,t+i(r17r2)wfnt
J

£,51,52,71,T2

) (= 1)1 472C0 5, G oy T (€2) Ty (£2) |G /01
(1 + <31Cd?;1 + rlwfn) JA; — ‘ijl,é) (1 + (Szwg@ i r2w§n> /A, - qj’u) ;

(B22)

which under time-averaging reduces to

2 2 20
A _lal ; |7 J2(02) &t /0
(b0l S0, = (9) S P REal e 523
J T (1 + (sw% + rw§n> /AJ — qj'71’g)

Here we assumed sw® + rwd, = 0 only for s = 0 and 7 = 0.

3. Sweeping through frequency collisions

To understand the impact of frequency collisions between the qubits and the bus as the photon number in the
resonator is increased, it is useful to consider the toy-model Hamiltonian Hy(t) = et fo @ 20 () GTh 4+ h . between Q;
and the bus in the interaction picture, where we ignore Q2 for simplicity. Here, Ay(t) as defined in Eq. (24) is the
instantaneous detuning between these systems including ac-Stark shifts, and ¥ is an effective coupling strength. To
simplify the discussion, we focus on the case where Ay = A; — dvt with Ay the initial detuning between (@1 and the
bus, § = w, — wq as before, and the rate v = |ay(tf)[>/ts is set to a constant, where ¢y is the final time.

Assuming 0v/A; > 0 such that there is a crossing at some time 7 = A; /v, an excitation in @)1 leaks to B with

1—e=27191°/I8lv 5 o the Landau-Zener formula [40, 41]. A fast sweep v > 27 |[0|? / |8| naturally minimizes

probability
leakage to the bus.
Given that ao(t) = eo(t ) / in our TQD protocol [c.f. appendix A], the envelope is therefore o(t) = §v/vt. It follows

that d*eq(t)/dtF = (1/2)FvFeq(t)/ad*(t) must be much smaller in magnitude than x**! to prevent non-adiabatic
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errors in the TQD protocol for k > 1 [c.f. appendix A]. In other words, |[2x%aq(t)/d| > v > =|9|?/|5|. Here we
emphasize that ¢ is an effective coupling strength between Q7 and B near the resonance, which we expect to be
exponentially suppressed with 1 ~ gle_‘dﬂ(t)‘z/z.

Finally, setting v = n2x?|@o/d| where 0 < n < 1 (with 7 = 1 corresponding to the upper bound defined above), we
estimate the leakage probability to be of the order of

_ 2
P~ 1—exp (—n‘lﬂléo(T)\_le_'“O(”‘ |91/X|2) , (B24)

where ao(7) is the coherent state amplitude at the crossing at time ¢t = 7. For n ~ 1.0, |g1/x| ~ 0.2 we find that
P ~ 0.001 for |ag(7)| ~ 2.0 and P ~ 5 x 1076 for |ag(7)| ~ 3.0. P is further suppressed for even larger |ao(7)| and
smaller |g1/x|. Note that for smaller sweeping rates, it is possible to further reduce to the leakage probability by
dynamically decoupling the bus using, for example, a flux modulation of the bus frequency [42] which is compatible
with our scheme. In the presence of this modulation, only processes that do not conserve the bus excitation number
are exponentially suppressed.

4. Two-qubit interactions

In this section we demonstrate how the matrix elements of the displacement operator in H, L [cf. Eq. (17)] yields
exponentially suppressed two-qubit interactions by deriving an upper bound based on the inverse participation ratio.
Consider the time-evolution operator in the interaction picture

. X _An t t . N
U[(t) _ Tefifo' dTHr(T) _ Z % / d7—1 .. / dTnTHI(Tl) A HI(Tn)a (B25)
n—o 0 0
where 7 is the time-ordering operator and we defined the interaction picture Hamiltonian in Eq. (B1). It is convenient
to approximate Eq. (B25) using a Magnus expansion,
UI = e_if(f d-,—ﬁ}”(.,_)’ (B26)
where H M is an effective Hamiltonian. Up to fourth order in g; we have that

A N 1

A (6) ~H 1) — :

[E1(8), 51| + ¢ /0 L ([, [Fr(m), 8o | + |Sitr), [ B )] )
+112/0t/0ﬁ arudrs ([|[ ), o] A (r2)] S Si(m)] + [0, [ [ (r), B (72)] L S0(72)] ])
+112/0t /Oﬁ drodrs ([050). [ (), [ 7). $1m2)]|] + [Br(m0). [ m2). [S1m2). 1120)]]]) - (B27)

where based on Eq. (B2) we introduced Sy (t) = zfot drHi (7).

To compute effective two-qubit interactions, we project H M in the ground state of the coupler, valid in the dispersive
coupling limit. Due to the form of H; [c.f. Eq. (B1)], only terms of even order in g; remain in HM. Defining the
projection operator P = |0g, 0,-) (0, 0|, we compute the effective two-qubit Hamiltonian

HIU(t) = Tr, (H}”(t)ﬁ) , (B28)

corresponding to H }V[ , where the coupler mode is traced out assuming that it is stabilized in its ground state. For
compactness, we define H M= Zizl H }wn where H IMn incorporates the couplings g; at nth order. In what follows
we shall approximate the qubits and coupler as two-level systems. This approximation is valid in the limit where the
qubit-coupler detunings are small compared to the anharmonicities of the qubits and the coupler. Our results can,
however, be extended to include the effects of finite anharmonicity. We therefore write

Hi(t) = Y gjetd0ttoraant 4 5, 5+ he., (B29)
7.k, 2

Ay = e (k| Do, |E) k) (€], 5, (B30)
5+ K, k(k—1 -

gimp = X K BEZD) o (B31)

Aj Aj 2 Aj
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where 6_; (6_) are the spin ladder operators, the two-level approximation of §; (13) The interaction picture

generator S; and the polaron frame generator S then take the form

Z 9i iB;(1+g50k—a5 ot Awedye; h.c., (B32)
o “ A L+ gj0k —j1,e

. - A 5y

G Y Aoy g (B33)

b A1+ g0k —dj1,

in analogy to Eq. (B2) and Eq. (B3). Our goal is to find an upper bound on the amplitude of two-qubit interactions
in Eq. (B28) corresponding to a partial trace over Eq. (B27). This upper bound can be obtained from the Cauchy-

Schwartz inequality,
70 (4B)| < \/Tr (414) Wr (818) =4

where ||o|| - stands for the Frobenius norm. We will separate the two-qubit interactions by the order in the coupling
strengths g; and stop at fourth order. However, the following analysis can be extended to higher orders in the coupling
strengths.

B

o (B34)

a. Second-order interactions

We now focus on the two-qubit interactions of second order in the coupling strengths in Eq. (B28). To this end, it
is convenient to expand

- - 1
Tr (£74(0)P) :fiTrc( 1HS1(OP) + e, (B35)
where
& o AL,
Tr, (H[(t)Sj(t)P) = Y B Rty 1y ZAO PR AT T (B36)
=1 /=0 Aq‘ 1_q82,1,€
51,82= s
Interestingly, applying Eq. (B34) yields
g AT g A(T)z
Tr Ag =22 : 22 715 B37
<Z 0, é qsz 1 — (sy,1,0 ) Z q52 — (sy,1,0 . ( )
where
> Aoe|| = |10y 0L, e Dos|| - llo—pllp = 1. (B38)
£=0 F
Furthermore,

T A
Z Gss OZ P
qu

q52,1,£

9 . 2
:932 i ’<£|DOT‘|O>’ ~ 1-— N0 (s2) (B39)
A {=0 (1 - q$2,1,€)2 2

g

with Q(s2) = 1000 for s; = 1 and 0100 for s = 2, and where we used the dispersive limit expression for 1 —
N [cf. Eq. (B8)]. Since each term in Eq. (B35) is bounded in magnitude by max,e(1000,0100yv/1 — 7. it follows
that Eq. (B35) is equally bounded in magnitude by max, ¢ {1000,01003v/I — 7. Intuitively, this means that the virtual

interaction is always smaller in magnitude than ‘gi 9;
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b. Fourth-order interactions

We will now demonstrate that the max, ¢ 1000,01003v/1 — 7 bound holds true for higher-order two-qubit interactions.
First, we expand the commutators such that

Tr. (ﬁ%ﬁ) = % /Ot /OT1 dmdmy {QTrc (.E[](t)ﬁI(Tl)HI(T2)SI(T2)P)
1 ([Hrr), By (0)] Ar ()31 () (
= Tre ([Artr). ()| i (031(r2)P) = Tre

(

Ty, ([H,(t),ﬁf(m)} §I(72)ﬁ1,(71)13) ~Tr,
Second, we find that

kU>
N——
I
S~
3
o
=
=
-
il
=
-~
i
N
£
&
hU>
SN—

,(71),H,(T2)} 51(72)161,@)15)} +he.  (B40)

2
Tr. (Hl(tl)Hl(t2)HI(t3)SI(t4)P) = Z e Basy 11 o= 18asy 121y B3 =18y ¥ o1 Jsa s
S1,00,84=1
go Al
Ir Z e_ZTl k(i1 =ta) ~dro,e(ia=ta) =dr1,m (b3 ~ta) A() kAe kAZm = %P 5’+,5157,52&+,535’7,847 (B41)
kIZ’I’I’L 0 qsy _QS4,1,m
and similarly,
2
Tr, (ﬁ,(tl)ﬁ;(tg)ﬁl(tg)ﬁf(t4)ﬁ> - _ Z o Baa t1 =il ta il ta i 951952934
S1,000,84=1
Ay Al R
Tr Z e_'”‘l k(t1—t2)— iro, e(ta—tz)—iry m(tg t4)A kA Gss3 . £,m 0,m P &+751&—752&+753&—,s4- (B42)
k,£,m=0 Aq93 + (s3,0,6 — 4s3,1,m

As it was done in the previous section we apply Eq. (B34) to find an upper bound on Eq. (B41)

Tr Z eIk (1 —ta)—iro ¢ (t2—t3)—ir1,m (t3—1t4) AO kAg kfilm 9sa Ao’m P

k,£,m=0 Aqs4 1_q8471,m
o0 /\
S Z 677;7‘1716(7517t2)7i’l"0)[(t27t3)7i’l“1,m(t37t4)A07k‘A;,kAe’m 934 1 — 0 m P
k,£,m=0 Tsa,1,m F
S o AL
<|| X AowAl A Z P (B43)
k,6,m=0 434 = Gse,1m F
where it can also be verified that HZZ?Lm:O AO,kAg,kAé,m‘ ‘F = 1 and where
[eS) AT ) 1_
Z Jsa __TOm__ p 27 9(sa) (B44)
=0 ACIS 1-—- (ZS4,1,m 2
Similarly, Eq. (B34) can be applied on Eq. (B42)
el A At
T,r, Z 67’”,1 k(tl t2) iTo, [/(tQ tg) iry m(tg t4)A kAé . gS3 Aé,mAO,m P
k,@,m:O Aqs3 1 + QS3,0,€ - q.53,1,m
o0 fe'e) ~ /\,'_
S Z eiirl’k(t17t2)7’iro’£(t27t3)1407k14z7k Z e*i’l“l,m(tgft(l) ;gS:} - Al,mAO,m N
k(=0 » £.m=0 AQS;; + Gs3,0,6 — 4s3,1,m »
> Ay Al ,
< Z Agp Al Z Yss &mAgm p (B45)
k,£=0 * qg L+ s3,06 = Gsg,1,m
’ F
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where HZ;}:O flo,kflzkHF = 1 and where

< g Agldb, = (g, ) (ODosbm) (1D 16) (Do, lm) (mI D, 10)
’ P Z CAE .

0 =0 Aqss 1 + (4s5,0,¢6 — Qs3,1,m A (]- + 4s5,0,0 — q53,1,m’) (]- + Gs3,0,6 — QSg,l,m)

£,m,m’'=0 ds3

F
(B46)

Considering this norm to be bounded from above by the limiting case § = 0 and K, = 0, we find that

2
~ N 2 ~
f: 953 AZ,mA(JS,m P < io: gss ’<m|DO’T|O>’ ~ / 1 - 779(33) (B47)
A 1 + Qs3,0,6 — 4s3,1,m ~ A (1 — q53717m)2 2
F

£m=0 —9s3 £,m=0 ds3

As previously found for second-order interactions, all contributions are bounded in magnitude
by max,e(1000,0100yv/1 — 7.  These observations can be straightforwardly extended to higher orders in a simi-
lar fashion.

This implies that exponentially suppressing 1—7,, will equally exponentially suppress virtual two-qubit interactions.
However, we stress that this only provides an estimate for the order of magnitude.

5. Measurement-induced dephasing

In order to quantify the dephasing induced by the coupler drive we express Eq. (26) in the hybridized eigenbasis

2
[Allf) = t |Z| Zcu;u’ ‘¢h,u> <wh,1/" ) (B48)
with
v = (n (1) (1, = 10) (Of,)[¢n.r) - (B49)

To study the effects of bus dephasing on )7 alone, we first trace out @2, B and R in the hybridized basis where all
three have zero excitation

=Y <wh,i000|£5|¢h,j000> [¥n,i000) (¥n,j000] - (B50)
i,

We then apply a rotating-wave approximation to obtain

2
. [k |a
LY ~ 7|4 | E €i0003000 |¥h,i000) (¥h,i000] - (B51)
i

Because the total excitation number in @1, Q2 and B is conserved under Eq. (17) and the interaction in Eq. (17)
dominantly yields hybridization between 1 and B, we neglect (¢,1000/%b0105) = 0. We also use the fact

that 3, |(¥n.0000|4b,0005)|> = 1 due to total excitation number conservation, and finally, 3=, [(4on 1000|ts,1008)|° ~
L=> ‘<¢h,1000|¢b,001k>|2- It follows that ci000;1000 = 2 |<¢h,1000\¢b,001k>|2 — 1 and cpo00;0000 ~ —1, leading to

—_12 o0

A K|

LY ~ ‘4 | E |<1/)h,1000\7//b,001k>|2 (|1Ym,1000) (¥n,1000] — [%h,0000) (¥ 0000]) - (B52)
k=0

The dephasing rate of Q1 can be estimated by computing the dephasing rate associated with Eq. (B52), which takes
the form

Yo,1 =

_2
r|al
2

& L oklaf1-q
— 11
<Z|<7//h,1ooo¢b,001k)|2> ~ 5 TOOO, (B53)
k=0

where the second line follows from the Schrieffer-Wolff transformation [c.f. Eq. (B4)]. The expression above was
obtained under a rotating-wave approximation, which is valid for |y,1/A;| < 1. An expression for the second qubit
is obtained by simply replacing the subscript 1000 by 0100. Measurement-induced dephasing rates in the qubits are
estimated numerically from diagonalization and are reported in Fig. 10.
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FIG. 10. Measurement-induced dephasing rates in the qubits 1 and 2. Dephasing rate for a)-b) qubit 1, and c¢)-d) qubit 2.
The gray regions correspond to the analytical estimates in Eq. (32) with Egs. (B9) and (B10). Left column (a), ¢) and e)
with 6/2m = —1.5 MHz) and right column (b), d) and f) for 6/2m = 1.0 MHz) correspond to two different parameter regimes
set by the sign of §. Here (w1 — wsp)/2m = 7.0 MHz, (w2 — wyp) /27 = 14.0 MHz, K, /27 = K> /27 = —300.0 MHz, x/27 = —20.0
MHz, g/2r = 2.0 MHz, and /27 = 100.0 kHz.

6. Parameter regimes

We have seen in Figs. 4 and 5 that the choice of frequency detuning between the resonator and the drive §, which
controls the sign of the ac-Stark shift between the qubits and the bus, has both a quantitative and qualitative impact
on the system. To better understand this behavior, we consider again Eqs. (28) and (29) where we now express the
generalized hypergeometric functions as

] —_12n —2
_12 « n
Byt +psslal) =3 T (1 ) (B54)
=0 'V =z Pk

We recall that in this expression pj+ = B[1 £ V1 +2A;872/K,] with 8 = (§ 4+ x)/K, — 1/2 and where A; is the
ac-Stark shifted detuning given in Eq. (24). Physically, Eq. (B54) corresponds to a weighted sum over all virtual
transitions to higher energy levels in the resonator for a displacement & during a 0 — 1 transition in the bus. The
poles 1 +n/p;i in Eq. (B54) correspond to frequency collisions with these higher energy levels.

Given that we wish to maximize the exponential suppression of 1 — 7, [i.e. the exponential factor in Eqgs. (28)

and (29)], we want 4 F4(p;, 1+pj; |@|?) to be as close as possible to unity. To have a monotonic suppression with respect
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to |o7|2, this parameter should be chosen such as to avoid frequency collisions corresponding to the poles of Eq. (B54).
With these constraints, we define two key parameter regimes below. In what follows we take (x/2)? < [6(5 + x)|, but
we note that x also plays a role in controlling the ac-Stark shift of the bus and can be seen as an additional knob.
To simplify the analysis below, it is useful to note that for K, = 0 we find p;j; — oo and p;— — —A; /(6 + x), while

for |K,.| > {|A;], |6 + x|} we find pj; — —1+2(5 + x — A;)/K, and p;— — 2A;/K,.

a. Monotonic suppression

We first focus on the situation illustrated in panels (a) of Figs. 4 and 5 where there are no frequency collisions
between the different modes of the system and the suppression factor is a smooth function of the photon number.
There are two possible sources of frequency collisions: i) the ac-Stark shifted qubit-bus detuning A; of Eq. (24) and
ii) higher energy levels in the resonator as captured by Eq. (B54).

First, to avoid a collision where Aj = 0, the ac-Stark-shifted qubit-bus detuning should ideally grow in magnitude
with respect to &. This, in turn implies that wq; —wp and (6 + x)/x = J should have opposite signs. Considering the
second source of frequency collisions, p;j+ > 0 in Eq. (B54) suppresses frequency collisions with higher energy levels
in the resonator. For K, = 0 this condition is achieved with p;_ = —A;/(§+x) > 0, meaning that A; and § + x have
opposite signs. Combining this with the above finding, it follows that é and y have the same sign, and opposite sign
to wgj — ws. We stress that this choice of parameters is equally compatible with the large |K,| limit because |1/p;_|
is then large.

Combining the above with the fact that [6/x| < 1 for large conditional displacements, allows us to define the
parameter regime for monotonic suppression of 1 — 17, as

0/x| <1, (wj—wp)d <0, (wj—wp)x<O. (B55)

Because the nonlinearity of Josephson junctions is negative, in panels (a) of Figs. 4 and 5 we chose x < 0 and w; —wj >
0.

b. Nonmonotonic and strong suppression

As illustrated in panels (b) of Figs. 4 and 5, working in a parameter regime where the behavior of 1 — n, with
photon number is nonmonotonic can lead to stronger suppression. A first observation to understanding this effect is
that, taking p;— o< A; and p;— — 0, forces Eq. (B54) to be unity. Moreover, we can exploit the fact that symmetric
two-qubit interactions, such as the ZZ interaction, are suppressed when the bus frequency lies between the qubit
frequencies. As a result, the choice A; + As = 0 minimizes the ZZ interaction in Eq. (31) in the limit of large
anharmonicities with respect to the detunings, i.e. |A;/K;| < 1 and |A;/Ky| < 1.

Based on these arguments, we define a second parameter regime according to

0/x| <1, (wj—wp)d >0, (wj—wp)x<O. (B56)

The essential difference with respect to Eq. (B55) is that 6 has now changed sign. In this regime, the ac-Stark shift of
the bus mode changes the sign of the qubit-bus detunings for some &, something that can help suppressing spurious
interactions. ~

It is worth highlighting that the protocol presented here works best for small qubit-bus detunings |A;| relative
to |x|. This is because the drive on the resonator, close to its resonance frequency, renders the energy gaps between
the stabilized states in the resonator smaller in magnitude than in the bare energy spectrum of the resonator. Without
anharmonicity in the resonator, these energy gaps are predominantly set by |x|.

Finally, although we have focused on ag with the TQD protocol, one could have chosen to grow @; for example,
such as to still suppress the dominant 0 <> 1 transition in the bus. The main reason for the focus on @q is that, in
this case, § is made small but  + x is large, thus preventing transitions to higher energy states of the resonator.

Appendix C: Effective parametric modulation

In this section we provide supporting analytical derivations and numerical results for the parametric modulation
(PAM) scheme presented in Sect. IV and discuss another decoupling scheme based on a longitudinal drive (LD) in the
resonator to mimic the effects of an anharmonicity. We also show that the two schemes can be potentially combined
to offer stronger suppression of qubit-qubit interactions.
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1. PAM: additional tones in the resonator drive

We comment on the effects of the fast-oscillating contributions in Eq. (40). As previously stated, these terms
impose a lower bound on the time-averaged 1 — 7),. For large w,, as compared to 6 and x, this lower bound is
approximately 2 (g/ wm)z. In the particular case of w,, = wq |@|, such that the voltage drive amplitude in the resonator
is displacement-independent, we observe that the asymptotic behavior in the suppression is polynomial in |&|. We
also stress that an appreciable anharmonicity K, in the resonator could in principle result in additional frequency
collisions due to negative swy,/A; where s is an integer. Finally and in addition to Fig. 6 we report the inverse
participation of the second qubit in Fig. 11. For both Figs. 6 and 11 we plot the time-averaged inverse participation
ratio obtained in appendix B 2b.
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FIG. 11. Dynamical decoupling in the bus: time-averaged inverse participation ratio against photon number in the ground
state. Here we assume two additional tones w, + wy, with amplitude w., A/&, and we choose wy, such that the voltage-drive
amplitude is fixed for all as. The regions are bounded by A = Ao where Jo(Ao) = 0 and £10% error on A\g. Note that we
exclude anharmonicity in the resonator (K, = 0). Parameters: §/2r = —1.0 MHz, x/2m = —20.0 MHz, (w1 — ws)/2m = 7.0
MHz, (w2 —wsp)/2m = 14.0 MHz, K, /27 = K3 /27w = —300.0 MHz, and g/27 = 2.0 MHz.

2. LD: longitudinal drive in the resonator

We now discuss how a longitudinal drive in the resonator can help recover a strong suppression in absence of large
anharmonicity and without the need for fine-tuning. Our starting point is Eq. (B18). In the z — oo limit, the
asymptotic behaviour of the Bessel functions is

To(2) ~ \/Zcos <z s 17r> , (1)

and we also have J,(—z) = (=1)"J,(z). It follows that the matrix elements of Eq. (B15) are renormalized

by |(k — E)z|71/ % for k = {. This result is appealing given that the suppression of two-qubit interactions is strongest
if the resonator is constrained to Fock states of small photon number and it is desirable to suppress 0 — k transitions
in the resonator, as shown in Fig. 12. _

A key advantage of this scheme is that it might be possible to relax parameter constraints for A, and x due to
the simulated anharmonicity. Regarding the physical implementation, it can range from a modulated detuning in the
voltage drive to flux-modulating a superconducting loop with junctions. The results shown in Fig. 12 correspond to
the time-averaged participation ratio obtained in appendix B2 c.

3. PAM and LD in parallel

A key challenge in combining PAM and LD is to prevent frequency collisions. Having simultaneously large modula-
tion frequencies for both schemes is therefore not a good option. Given that the lower bound on 1 — 17, is dominantly
set by the modulation frequency in PAM, we choose this frequency to be the largest. Since the modulation frequency
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FIG. 12. Dynamical decoupling in the resonator: time-averaged inverse participation ratio against photon number in the ground
state. We assume an additional longitudinal drive § — § — zw, sin (wmt) in the resonator with w,, = 1.0 GHz. Note that no
anharmonicity is considered for the resonator (K, = 0). Parameters: 6/2r = —1.0 MHz, x/2m = —20.0 MHz, (w1 —wp) /27 = 7.0
MHz, (w2 —ws)/2m = 14.0 MHz, K, /27 = K> /27w = —300.0 MHz, and g/27 = 2.0 MHz.

in LD is small, we can choose z to be large. We indeed observe in Fig. 13 that it is possible to grow stronger suppression
factors by increasing z. Fig. 13 illustrates the time-averaged inverse participation obtained in appendix B 2d.
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FIG. 13. Dynamical decoupling in the bus and in the resonator: time-averaged inverse participation ratio against photon
number in the ground state. Here we assume two additional tones w, + w$, in the voltage drive with amplitude wf, A /@, and
we choose w?}b = 0.5& such that the voltage-drive amplitude is fixed for all a&s with A = A\¢g where Jo(Xo) = 0. We assume

an additional longitudinal drive § — § — zw3, sin (wfnt) in the resonator with w’, = 10.0 MHz. Parameters: 6/2r = —1.0

MHz, x /2 = —20.0 MHz, (w1 —ws)/27 = 7.0 MHz, (w2 —wyp) /27 = 14.0 MHz, K /27 = K2/21n = —300.0 MHz, and g/27 = 2.0
MHz.

Appendix D: Superconducting implementation

The inverse participation ratio for the second qubit is illustrated in Fig. 14 and should be contrasted to that of
panel ¢) in Fig. 7.

We conclude with a remark on stray couplings, not captured by Eq. (2), but most likely present in a superconducting
circuit implementation. For instance, direct coupling g; o between the qubits cannot be suppressed by manipulating
the coupler and, in that case, 1, includes an additional term —2¢7_,/(w; — w2)? which bounds 1 — 7,,. However, this
bound can be conveniently lowered by detuning the qubits and improving circuit design such that g;_» is minimized.
It is also worth noticing that this interaction is typically very small compared to desired couplings. Another possibility
for the presence of stray couplings is to have spurious qubit-resonator interactions. In this case, virtual two-qubit
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FIG. 14. 1 — no100 estimated with the numerical diagonalization of the full system with the effective Hamiltonian in Eq. (53)
with §/2m = 19.9 MHz, x/2m = —20.0 MHz (parameter regime of ¢) where |ag| — 0). Here (w1 — wp)/27 = 7.0 MHz, (w2 —
wp)/2m = 14.0 MHz, K, /27 = K2 /2w = —300.0 MHz, and g/27 = 2.0 MHz.

transitions mediated by the resonator are not exponentially suppressed. However, if the resonator is far detuned in
frequency with respect to the qubits, these interactions can be greatly reduced. Finally, stray dispersive coupling
between the bus and the resonator can also exist. However, this type of nonidealities are not particularly detrimental,
as the resulting weak hybridization between the bus and the resonator does not prevent the suppression of two-qubit
interactions.



	Superconducting coupler with exponentially large on-off ratio
	Abstract
	Introduction
	Working principle and Hamiltonian model 
	Numerical experiments 
	Suppression of bus transitions
	Suppression of two-qubit interactions
	Polaron transformation
	Inverse participation ratio
	Suppression of spurious interactions

	Bus-induced qubit dephasing

	Effective parametric modulation
	Superconducting circuit implementation 
	Kerr-cat-based circuit model
	Harmonic model with parametric modulation

	Conclusion
	Acknowledgments
	References
	Polaron transformation
	Transformed Hamiltonian
	Transformed Master equation
	Transitionless driving

	Numerical experiments and analytical estimates
	Rabi drive experiment
	Inverse participation ratio
	Static gP and P-P
	Time-dependent gP and static P-P
	Static gP and time-dependent P-P
	Time-dependent gP and P-P

	Sweeping through frequency collisions 
	Two-qubit interactions
	Second-order interactions
	Fourth-order interactions

	Measurement-induced dephasing
	Parameter regimes
	Monotonic suppression
	Nonmonotonic and strong suppression


	Effective parametric modulation 
	PAM: additional tones in the resonator drive
	LD: longitudinal drive in the resonator 
	PAM and LD in parallel

	Superconducting implementation 


