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Doubly parametric quantum transducers, such as electro-optomechanical devices, show promise for
providing the critical link between quantum information encoded in highly disparate frequencies such
as in the optical and microwave domains. This technology would enable long-distance networking of
superconducting quantum computers. Rapid experimental progress has resulted in impressive reductions
in decoherence from mechanisms such as thermal noise, loss, and limited cooperativities. However, the
fundamental requirements on transducer parameters necessary to achieve quantum operation have yet to
be characterized. In this work we find simple, protocol-independent expressions for the necessary and suf-
ficient conditions under which doubly parametric transducers in the resolved-sideband, steady-state limit
are capable of entangling optical and microwave modes. Our analysis treats the transducer as a two-mode
bosonic Gaussian channel capable of both beamsplitter-type and two-mode squeezing-type interactions
between optical and microwave modes. For the beamsplitter-type interaction, we find parameter thresh-
olds that distinguish regions of the channel’s separability, capacity for bound entanglement, and capacity
for distillable entanglement. By contrast, the two-mode squeezing-type interaction always produces dis-
tillable entanglement with no restrictions on temperature, cooperativities, or losses. Counterintuitively,
for both interactions, we find that achieving quantum operation does not require either a quantum coop-
erativity exceeding one, or ground-state cooling of the mediating mode. Finally, we discuss where two
state-of-the-art implementations are relative to these thresholds and show that current devices operating in
either mode of operation are in principle capable of entangling optical and microwave modes.

DOI: 10.1103/PhysRevApplied.17.044057

I. INTRODUCTION

The realization of quantum transduction between the
microwave frequencies of solid-state qubits and the optical
wavelengths of current low-loss communications is a crit-
ical step towards building large-scale, long-distance quan-
tum networks [1–3]. However, coherently bridging the 6
orders of magnitude separating these frequencies with min-
imal loss and added noise remains a technical challenge for
all the various proposed and actively pursued transducer
implementations [4–20]. Therefore, optical-electrical (OE)
transduction will likely significantly limit the performance
of near-term quantum networks. Understanding when a
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transducer is not capable of supporting any possible quan-
tum communication protocol is then a crucial step towards
designing and evaluating protocols that are robust to trans-
duction imperfections. Given the parameters describing the
performance of an OE transducer (such as cooperativities,
noises, and losses), we determine what thresholds need
to be exceeded in order for the transducer to successfully
achieve quantum operation. These thresholds then inform
which parameters are limiting current devices.

Here we define the successful quantum operation of
a transducer to be its ability to connect the optical and
microwave domains through entanglement, which is only
possible when the quantum channel describing a trans-
ducer is not separable across the OE partition. This is
because a transducer whose channel is separable will never
output entangled states and so any state it outputs can
always be prepared by local operations separately in the
optical and microwave domains with classical communi-
cation between them. Thus, this definition constitutes a
necessary, but not always sufficient, condition that any
OE transducer must first satisfy before it is capable of
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facilitating quantum communication between the optical
and microwave domains. As we will show, there are
some operating regions where a transducer is only capable
of establishing bound (nondistillable) OE entanglement,
which describes entanglement where many copies of the
state cannot be reduced to a single, more highly entangled
and purer state using local operation and classical com-
munication (LOCC) alone [21]. Therefore, it is unlikely
that a quantum communication protocol would be able
to achieve high-fidelity quantum communication through
such a transducer, even though, under this definition, it is
operating in the quantum regime.

Previous work has proposed and analyzed specific pro-
tocols for faithful conversion of OE modes using various
types of transducers. In the simplest protocol, the mode
to be converted is sent through the port in one domain
and ideally output from the port in the other domain.
This scheme implicitly initializes the unused input port
with vacuum while the unused output is ignored (traced
over). The resulting quantum channel can always be char-
acterized by effective loss and added noise parameters
that directly determine the transduction fidelity [22]. An
alternative protocol uses the OE entanglement genera-
tion capability of the transducer itself as a resource to
accomplish the mode conversion via quantum teleporta-
tion [23–26]. More involved protocols introduce squeezed
ancilla states to the unused input ports and homodyne mea-
surements of the unused output ports in order to improve
transduction fidelity of imperfect transducers [27]. Further-
more, allowing multiple uses of the transduction channel
interspersed with single-mode unitaries can also improve
transduction fidelity of imperfect transducers with reduced
need for squeezing and homodyne measurement resources
[28,29]. In all of these protocols, the classical average
fidelity bounds for the transduced states cannot be sur-
passed if the transducer fails to achieve quantum operation
under our definition. Thus, finding the thresholds for when
a transducer achieves quantum operation will set the lower
bounds for when any of these protocols can succeed or
when protocols for networking remote microwave modes
over optical links become limited by the transducers at
each node [30–35].

In practice, OE quantum transduction can be physi-
cally implemented in a myriad of ways. Han et al. [3]
provided a useful categorization in terms of the num-
ber of mediating modes and types of coupling between
them. Our work is motivated by electro-optomechanical
devices [4–8] that to date have demonstrated the high-
est conversion efficiency [5], although other devices have
demonstrated larger bandwidth operation [15]. Electro-
optomechanical transducers utilize a phononic mediating
mode coupled to both the optical and microwave modes
through two three-wave mixing interactions that together
require both an optical and microwave pump. This effec-
tively implements a four-wave mixing interaction between

the two pumps and two signal modes. While our model
is motivated by the experimental limitations of such dou-
bly parametric transducers (DPTs), it can also be applied
to devices where the microwave mode is linearly cou-
pled to the mediating bosonic mode at a fixed coupling
rate (thus the microwave and mediating mode frequencies
are degenerate). Piezo-optomechanical devices [9–13] are
examples of such devices with linear coupling between the
microwave resonator and mediating mechanical resonator.
Both types of devices, after approximation by linearizing
about the strong pump(s), can be viewed as two-port Gaus-
sian bosonic channels. The DPT channel then implements
either a beamsplitter-type or two-mode squeezing-type
interaction between the itinerant microwave and optical
modes when considering only the on-resonance frequency
mode in the steady-state and resolved-sideband limits.

This paper is organized as follows. We start with a dis-
cussion of our DPT model and approximations in Sec. II.
Next, in Sec. III A we show that the two-mode squeezing-
type interaction with vacuum inputs produces distillable
entanglement for all DPT device parameter values by
relating it to a two-mode OE squeezed lossy state with
effective squeezing and loss parameters. We then briefly
discuss in Sec. III B how reducing the squeezing-type
interaction to a single-mode amplification channel always
results in it being entanglement breaking. Although the
squeezing-type interaction always produces OE entangle-
ment, the beamsplitter-type interaction may offer some
advantages. Therefore, in Sec. IV A, we employ the Choi-
Jamiołkowski isomorphism to analyze the beamsplitter-
type two-mode channel, and find closed-form expressions
for the DPT parameter thresholds that define regions where
it is capable of producing OE distillable entanglement,
only capable of producing OE bound entanglement, and
never capable of entangling OE modes. Section IV B
demonstrates that the entanglement-breaking thresholds
for the simplest one-mode up-conversion and down-
conversion channels are strictly worse than the two-mode
thresholds. Finally, in Sec. V we numerically estimate
where two current devices are in relation to these thresh-
olds, finding that both devices exceed every threshold
with the exception of electro-optomechanical [6,7] being
entanglement breaking in up-conversion and the piezo-
optomechanical [13] device being entanglement breaking
in down-conversion.

II. DOUBLY PARAMETRIC TRANSDUCER
MODEL

In general, the Hamiltonian describing a given physi-
cal DPT implementation will be nonlinear. However, the
relatively weak experimentally achievable bare coupling
rates between the mediating mode and a single photon can
be enhanced with strong coherent optical and microwave
pumps driving the doubly parametric interaction. In this
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regime, the operator equations of motion can be safely lin-
earized about the strong pump fields [36]. Thus, as the
starting point for our study, we take the following set of
linear Heisenberg-Langevin equations of motion, which
capture the essential couplings that most physical DPT
implementations can be reduced to [4]:

˙̂a =
(

i�a − κa

2

)
â + iGa(ĉ + ĉ†)+ √

κc
a âc

in + √
κe

a âe
in,

(1a)

˙̂b =
(

i�b − κb

2

)
b̂ + iGb(ĉ + ĉ†)+

√
κc

b b̂c
in +

√
κe

b b̂e
in,

(1b)

˙̂c = −
(

iωm + γm

2

)
ĉ + iGa(â + â†)+ iGb(b̂ + b̂†)

+ √
γmĉe

in. (1c)

Figure 1(a) illustrates the couplings in these equations
of motion, where the annihilation operators â and b̂ refer
to the optical and microwave cavity modes, respectively,
while ĉ refers to the mediating mode that couples to â and
b̂ at parametrically enhanced coupling rates of Ga and Gb,
respectively. In the linearized regime, it is convenient to
work in a frame rotating at the pump frequencies; thus, �a

and �b describe the frequencies of â and b̂ in terms of the
detuning from their respective pump frequencies.

As these devices are not isolated systems, we use input-
output theory in the above expressions to relate the internal
operators to propagating and environmental operators [37].
We assume that the optical, microwave, and mediating
modes couple to experimentally inaccessible environmen-
tal bath modes âe

{in,out}, b̂e
{in,out}, and ĉe

{in,out} at rates κe
a , κe

b ,

and γm, respectively, while the optical and microwave cav-
ities couple to itinerant input and output modes âc

{in,out} and
b̂c

{in,out} at rates κc
a and κc

b , respectively. Thus, the optical
and microwave cavities have linewidths of κa = κc

a + κe
a

and κb = κc
b + κe

b , respectively. We assume that the device
is cooled to a temperature where the thermal occupancy of
the environmental baths are negligible at the optical and
microwave frequencies; however, the environment of the
typically lower-frequency mediating mode is taken to have
a thermal occupancy of nth bosons. After accounting for
all these couplings, we solve for the steady state in the
frequency domain that results in a transfer function �(ω)

describing a unitary transformation on all itinerant fre-
quency modes (input and output modes plus environmental
modes). As expected from the assumed linear dynam-
ics, �(ω) represents a symplectic transform with terms
describing beamsplitter-type and squeezing-type interac-
tions between the optical and microwave input and output
modes.

The full model contains an unwieldy number of param-
eters, but with several approximations, the transducer can
be characterized by just five parameters. First, we only
consider the itinerant optical and microwave sideband
frequency modes that are on resonance with the medi-
ating mode [�(ω = ±ωm) in a frame rotating about the
strong pumps]. The interaction of these sidebands with
the mediating mode is maximized by setting the magni-
tude of the relative pump detunings �{a,b} to be equal
to the mediating resonator’s frequency, after accounting
for frequency shifts due to coupling. We refer to setting
a pump below its cavity resonance frequency (�{a,b} =
−ωm, maximizing anti-Stokes scattering) as red detuned,
while setting it above (�{a,b} = +ωm, maximizing Stokes
scattering) is blue detuned. Next, we assume that the
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FIG. 1. (a) Diagram showing the couplings in the linearized operator equations of motion in a reference frame rotating at the pump
frequencies. Circles represent internal resonator modes. (b) The equivalent circuit diagram derived from input-output relations of the
central frequency mode in the resolved sideband limit. In addition to the coupling losses arising from the equations of motion, this also
includes the effect of transmission losses on the itinerant optical and microwave modes. Environmental modes are represented with
dashed lines. Throughout this paper we use the convention of denoting optical, microwave, and mediating modes with red, blue, and
green, respectively.
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mediating resonator is high Q and we make resolved
sideband approximations so that 4ωm � κa, κb, γm. This
allows us to neglect the Stokes sideband when red detuned
and neglect the anti-Stokes sideband when blue detuned.
Thus, after these approximations, we only consider itiner-
ant signal modes that are on resonance with their respec-
tive resonators. We then define two cooperativities as
Ci = 4G2

i /κiγm where i ∈ {a, b}, which capture the rate at
which information may be exchanged between the opti-
cal or microwave mode and the mediating mode relative
to their cavity decay rates. The quantum cooperativity is
then given by Ci/nth. We also define τi = κc

i /κi, where
i ∈ {a, b}, as the cavity coupling transmissivities. Thus, we
now have the five dimensionless parameters, C{a,b}, τ{a,b},
and nth, which characterize a DPT.

Under these approximations, the coupling transmissivity
τi, which describes how over or under coupled the itin-
erant field is to the cavity field, can be modeled by an
environmental mode initialized in vacuum mixing with the
input and then output modes via beamsplitters, each with
the same transmissivity τi, as shown in Fig. 1(b). We also
include parameters describing losses on the input and out-
put modes that would be “external” to the cavities. Such
losses might include transmission losses, imperfect mode
matching between cavity and detector modes, or any other
losses that can be described by an effective beamsplitter
with an environmental vacuum mode as shown in Fig. 1(b)
where δi and εi refer to the beamsplitter transmissivities
before and after the DPT, respectively, while the subscript
i ∈ {a, b} refers to whether it is on the optical or microwave
mode, respectively.

In order to explicitly trace out the inaccessible environ-
mental modes, we reduce the unitary �(ω = ±ωm) to a
two-mode Gaussian channel acting on OE modes. This
channel can be explicitly described by two 4 × 4 matrices,
a unitarylike T and an added noiselike N, that describe the
action of the channel on an arbitrary covariance matrix as
V → TVT� + N [38,39] (see Appendix A for the explicit
forms). Note that we have chosen the convention of vac-
uum variance corresponding to 1/2 quanta for the single-
frequency modes considered under our approximations.

III. SQUEEZING-TYPE INTERACTION

A. Two mode

Doubly parametric transducers implement a two-mode
squeezing-type interaction between OE modes when red
detuning the microwave pump while blue detuning the
optical pump, or vice versa. When operated in this way,
DPTs are always capable of producing distillable entan-
glement between OE modes. While many different OE
input states can result in distillable entanglement under this
interaction, it is sufficient to consider the simplest case of
vacuum inputs in order to demonstrate distillable entan-
glement for any possible DPT parameter values. When

both OE inputs are initialized with vacuum, the covari-
ance matrix of the resulting output state φ̂ is found by
computing V = T(I4/2)T� + N, where I4 is the 4 × 4
identity matrix. A break down in our linearization about
a strong pump approximation occurs when Ci − Cj = 1
due to terms in V becoming infinite (i, j = a, b when the
optical pump is blue detuned and the microwave pump is
red detuned, while i, j = b, a in the opposite case). There-
fore we exclude the region near the Ci − Cj = 1 pole from
the following discussion of DPTs operating as squeezers.
In this case of 1 × 1 bipartite Gaussian states, the posi-
tive partial transpose (PPT) criteria is both a necessary and
sufficient condition for distillable entanglement [21,38,40].
We find that, for all parameters, φ̂ is entangled, and that
the amount of entanglement quantified by the logarithmic
negativity [41] in terms of DPT parameters is given by

EN = − log2

(
1 + 4

X (1) −
√

X (0)X (2)

(1 − Ci + Cj )2

)
, (2)

where, for compactness, we introduce the quantity

X (k) = εiτiCi(Cj + nth + 1)k + εj τj Cj (Ci + nth)
k.

We can gain additional insight into the nature of the
OE entanglement by relating φ̂ to an effective two-mode
squeezed lossy state (TMSLS) as shown in Fig. 2. A
TMSLS has a specific form of the covariance matrix,
which V always satisfies. Solving for the TMSLS param-
eters of effective squeezing r′ and effective OE transmis-
sivities τ ′

{a,b} respectively in terms of the DPT parameters
gives

cosh(r′) = 8(Ci + nth)(Cj + nth + 1)
(Ci − Cj − 1)2

+ 1, (3)

τ ′
i = τiεi

Ci

Ci + nth
, (4)

and τ ′
j = τj εj

Cj

Cj + nth + 1
. (5)

For all nonzero C{a,b}, τ{a,b}, ε{a,b}, and nth, we see that
r′ > 0 and 0 < τ ′

a, τ ′
b < 1, which illustrates that this state is

|0〉a

|0〉b

τ ′
a

τ ′
b

r′

FIG. 2. Effective two-mode squeezed lossy state describing
the state generated by a DPT under a squeezing-type interaction
with vacuum inputs. The variable r′ is the effective squeez-
ing parameter while τ ′

a and τ ′
b are the effective single-mode

transmissivities.
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always entangled and mixed [42], and reaffirms the robust-
ness of any TMSLS to single-mode losses [43]. Therefore,
under the assumptions of our model, DPTs are always
capable of entangling OE modes. However, in transform-
ing from device parameters to effective TMSLS parame-
ters, we see that, for large nth, the τ ′

{a,b} scale with n−1
th ,

while conversely, r′ scales with 2 ln (nth). Thus, a device
with C{a,b} � nth would produce highly mixed entangle-
ment from large squeezing followed by large losses.

B. Single mode

With the application of exchanging quantum informa-
tion between optical and microwave frequencies in mind,
an intuitive way to use a transducer is as a converter, which
we define to be a one-mode channel where the input and
output are at different frequencies. There are two converter
classifications distinguished by the direction of infor-
mation flow: (1) optical-to-microwave down-conversion
[Fig. 3(a)] and (2) microwave-to-optical up-conversion
[Fig. 3(b)]. There are several ways to reduce the two-mode
transducer considered thus far down to one input and one
output [22,24,27]. Here we examine the simplest case: ini-
tialize one mode in vacuum and trace the other mode at
the output. When implementing the two-mode squeezing-
type interaction, the converters become phase-insensitive
phase-conjugating amplifiers (or attenuators if the loss
exceeds the gain) [12]. In this configuration we find that the
squeezing-type converters are always entanglement break-
ing [44], equivalent to a measure-and-prepare channel
[45], have zero quantum capacity [21,46], and the p func-
tion of the output state is always positive [47]. However,
the squeezing-type converters can function as excellent
amplifiers and, for example, may be useful for amplify-
ing classical information or reading out a microwave qubit
optically.

(a)

τ ′
d n′

d

Optical Microwave
Down-convert

(b)

τ ′
u n′

u
Microwave Optical

Up-convert

FIG. 3. (a) Single-mode down-conversion channel obtained by
initializing the microwave port with vacuum and tracing out the
optical output in Fig. 1(b). (b) Single-mode up-conversion chan-
nel obtained by initializing the optical port with vacuum and
tracing out the microwave output in Fig. 1(b). These single-
mode channels can be completely characterized by effective
transmissivity τ ′

{u,d} and added noise n′
{u,d} parameters.

IV. BEAMSPLITTER-TYPE INTERACTION

A. Two mode

Doubly parametric transducers implement a two-mode
beamsplitter-type interaction between OE modes when
both pumps are red detuned. We want to know the most
general conditions under which this two-mode channel can
establish OE entanglement, allowing arbitrary (potentially
non-Gaussian) input states with ancilla modes, operations,
and measurements, all of which are separable across the
optical-microwave partition. Since this interaction is not
capable of intrinsically generating entanglement, it cannot
entangle its OE outputs by simply initializing the inputs
with vacuum as with the two-mode squeezing-type inter-
action. Therefore we must use a more general method for
understanding the conditions under which a quantum chan-
nel is either separable or capable of entangling the modes
it acts on.

In order to find such conditions, we use the Choi-
Jamiołkowski (CJ) isomorphism to find the four-mode
Choi state ρ̂ that is dual to the two-mode transducer chan-
nel E [48]. To calculate ρ̂, we first define A1 and B1 as the
respective optical and microwave modes that E acts on,
while A2 and B2 are single-mode optical and microwave
continuous variable ancilla modes, respectively. Both the
A1-A2 and B1-B2 systems are then initialized in infinitely
squeezed two-mode squeezed vacuum states, and after the
channel E has acted on the A1 and B1 modes we obtain ρ̂,
as illustrated in Fig. 4 (see Appendix B for their explicit
expressions). Since E is Gaussian, ρ̂ is completely charac-
terized by a covariance matrix, which makes the following
calculations tractable.

The CJ isomorphism tells us that E is separable if and
only if ρ̂ is separable with respect to the bipartition defined
by the A-B systems. Conversely, E can facilitate entangle-
ment creation across the A-B partition if and only if ρ̂ is
inseparable with respect to the A-B partition [49,50]. So
we use the covariance matrix V of the Choi state to find
when E is separable. By implementing the iterative method

A2 : |0〉

A1 : |0〉

B1 : |0〉

B2 : |0〉

rr

rr

ρ̂ET N

FIG. 4. Given the channel E , the Choi-Jamiołkowski isomor-
phism gives the dual state ρ̂, which is found by E acting on
inputs that are each maximally entangled with an ancilla. For
continuous variable systems, the maximally entangled states
are infinitely squeezed two-mode squeezed vacuum states (r →
∞). The dashed box represents the two-mode channel between
optical and microwave modes that the transducer implements.
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for finding general Gaussian bipartite separability for an
arbitrary numbers of modes [40], we numerically fit the
following threshold, finding E is separable with respect to
the A-B partition if and only if

νa + νb ≤ 1 (6)

with

νi = δiτi

1 − δiεi(1 − 2τi)2

(
Ci

nth

)
. (7)

The CJ isomorphism also relates the positivity after partial
transposition (PPT) criteria between a channel and its dual
state. By definition, the Choi state ρ̂ is PPT with respect
to the A-B partition if and only if ρ̂�A ≥ 0, where “�A”
refers to partial transposition with respect to subsystem
A. Similarly, we call the channel E PPT preserving with
respect to the A-B partition when, for all states ρ̂�A

in ≥ 0,
we have E(ρ̂in)

�A ≥ 0. Then by the CJ isomorphism we
know that E is PPT preserving if and only if ρ̂ is PPT, both
with respect to the A-B partition (see Appendix C) [49–51].
So by checking the PPT criteria on V (see Appendix B)
we find that E is PPT preserving with respect to the A-B

partition if and only if

max{νa, νb} ≤ 1. (8)

Plots of these thresholds for specific parameter regions are
shown in Fig. 5.

As all separable states are PPT and thus all separable
channels are PPT preserving, the above thresholds given
in Eqs. (6) and (8) define three distinct regions for the two-
mode beamsplitter-type DPT channel.

(i) Separable: E is separable and thus cannot be used
to entangle OE modes if and only if Eq. (6) is true. Since
in this region the state of the optical and microwave modes
output from E will never be entangled, they can always
be prepared using local operations on the OE modes and
classical communication between them.

(ii) Inseparable, PPT preserving: E is inseparable and
PPT preserving if and only if Eq. (8) is true and Eq. (6) is
false. In this region E is capable of outputting bound entan-
gled OE states (it is, of course, still possible for separable
states to be output). In order to create bound entangled
Gaussian states, the input to E must be locally entangled
with ancillas on both the microwave and optical sides of
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FIG. 5. Plots of entanglement thresholds for the beamsplitter-type DPT interaction with equal cooperativities (C = Ca = Cb) and no
transmission losses (δa = δb = εa = εb = 1), in which case the thresholds can be characterized simply by the quantum cooperativity
C/nth that is related to the average thermal occupation of the mediating mode due to radiation pressure cooling [36]. (a) Thresholds as
a function of equal optical and microwave coupling transmissivities. (b) Thresholds as a function of only optical transmissivity with
microwave transmissivity fixed at 0.5 to illustrate the different functional behavior between the thresholds. For both plots, below the
red curve the two-mode transducer channel is separable [Eq. (6)], while between the red and green curves the channel is capable of
producing bound entanglement, and above the green curve the channel is capable of producing distillable entanglement [Eq. (8)]. The
entanglement breaking thresholds for the one-mode up-conversion [Eq. (11)] and down-conversion [Eq. (12)] channels are indicated
with the dashed curves and are never better than the two-mode transducer channel thresholds. Finally, the logarithmic negativity [41]
of the transducer’s Choi state is plotted, which shows increasing entanglement with higher coupling transmissivities and quantum
cooperativities.
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the channel because 1 × N bipartite Gaussian systems can-
not be bound entangled [52]. However, it may be possible
to create bound-entangled non-Gaussian states without the
use of ancilla modes. Additionally, in this region the beam-
splitter DPT is not capable of generating entanglement that
can be transferred to 1 × 1 OE qubit systems (since 1 × 1
qubit entanglement is always non-PPT [53] and LOCC is
PPT preserving [21]).

(iii) Non-PPT preserving: E is non-PPT preserving if
and only if Eq. (8) is false. In this region E is capable of
outputting distillably entangled OE states (it is, of course,
still possible for separable and bound entangled states to
be output).

In this beamsplitter-type interaction, the anti-Stokes
scattering processes cool the mediating mode to an equilib-
rium thermal occupancy of nm = nth/(Ca + Cb + 1). We
see that ground-state cooling (nm < 1) is not necessary for
the transducer channel to be either inseparable or non-
PPT preserving. Additionally, devices capable of achiev-
ing high cooperativity and low loss on either the optical or
microwave side, but not both, may still be capable of quan-
tum operation despite the poorer performing side. This is
a direct consequence of the non-PPT-preserving threshold
given by Eq. (8) being a maximum of two expressions
that each involve parameters strictly on either the optical
or microwave side. However, designing experiments capa-
ble of utilizing both ports of the beamsplitter-type channel
will be more challenging than simply ignoring the unused
input and output ports when operating as single-mode
up-conversion or down-conversion channels.

B. Single mode

We again examine the performance of a transducer when
used as a single-mode converter, but now for the case
when both pumps are red detuned. As before, one input
is eliminated by initializing it in vacuum and one output is
eliminated by tracing the output. Now the up-converter and
down-converter are attenuation channels (Fig. 3), which
are completely characterized by an effective transmittance
τ ′

u/d and added noise photons at the output n′
u/d given by

τ ′
{u,d} = δ{b,a}ε{a,b}τaτb

4CaCb

(1 + Ca + Cb)2
, (9)

n′
{u,d} = 1

2
+ 2ε{a,b}τ{a,b}C{a,b}(2nth − δ{a,b}τ{a,b}C{a,b})

(1 + Ca + Cb)2
.

(10)

As expected, the up-conversion and down-conversion
channels both become the identity channel in the limit
nth → 0, Ca = Cb → ∞, and τ{a,b}, δ{a,b}, ε{a,b} = 1, and

TABLE I. Numerical estimate of entanglement thresholds for
the electro-optomechanical (EM) device in Refs. [6,7] and the
piezo-optomechanical (PM) device in Ref. [13]. These val-
ues correspond the left-hand side of the respective thresh-
old equations, where exceeding 1 indicates that the two-mode
beamsplitter-type device channel is inseparable across the OE
partition [Eq. (6)], non-PPT preserving across the OE partition
[Eq. (8)], capable of nonentanglement breaking (non-EB) up-
conversion [Eq. (11)], or capable of non-EB down-conversion
[Eq. (12)]. Values that do not exceed the threshold of 1 are shown
in red. All thresholds are for the beamsplitter-type interaction,
since the squeezing-type interaction always produces distillable
entanglement.

Channel threshold Equation EM PM

Inseparable (6) 25 3.4
Non-PPT preserving (8) 25 3.4
Non-EB up-conversion (11) 3.7 × 10−2 1.5
Non-EB down-conversion (12) 18 2.8 × 10−4

are entanglement breaking if and only if

τbδb
Cb

nth
≤ 1 (up-conversion), (11)

τaδa
Ca

nth
≤ 1 (down-conversion). (12)

These thresholds follow directly from the effective loss and
noise parameters [Eqs. (9) and (10)] along with the entan-
glement breaking criteria for one-mode channels [44]. If
these inequalities are true then the converter is equiv-
alent to a measure-and-prepare channel [45]. Therefore,
Eqs. (11) and (12) are also sufficient conditions for zero
quantum capacity [46]. These thresholds are more restric-
tive than those in the previous section [Eqs. (8) and (6)],
which can be seen in Fig. 5. This is partially due to
the fact that tracing over the unused output discards use-
ful information [5]. Additionally, it is interesting to note
that loss incurred after added noise due to transduction
does not affect entanglement-breaking thresholds [ε{a,b}
does not appear in Eqs. (11) and (12)], illustrating the
noncommutativity of these two sources of decoherence.
Thus, it is possible to operate a transducer in a parame-
ter regime where up-conversion is entanglement breaking
while down-conversion is not, or vice versa [see Fig. 5(b)].
Finally, higher cooperativities are better for moving into
the quantum regime, but once the converters are capable
of quantum operation it may be necessary to strike a bal-
ance between large and equal cooperativities so that τ{u,d}
is not too small.

V. IMPLICATIONS FOR CURRENT
TRANSDUCTION DEVICES

There are many promising experimental transducer
implementations, so to demonstrate where current devices
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are with respect to our entanglement thresholds, we
numerically evaluate them for two recently demonstrated
devices. One potentially advantageous way of integrating
two transducers into a two-node network is to use them
as up-converters and then herald entanglement with opti-
cal photon counting [32]. With this application in mind,
recent experiments have integrated a qubit with either
an electro-optomechanical [6] or piezo-optomechanical
[13] transducer operating as an up-converter to optically
measure the state of a superconducting qubit. In these
experiments, the Rabi oscillations of the qubit were opti-
cally resolved via heterodyne detection in Ref. [6] and
single-photon counting in Ref. [13]. These experiments
are important milestones for demonstrating the compat-
ibility of superconducting qubits with transducers; how-
ever, these experiments neither verified entangled states
nor channel inseparability across the OE partition. Using
the reported device parameters from these recent experi-
ments, we can estimate whether these devices are ready
for demonstrations of quantum operation by determin-
ing which thresholds they may be close to or already
exceed.

We find that both devices show promise for exceed-
ing almost every threshold in this paper. Table I sum-
marizes the numerical estimates of the given thresholds
based on the recently reported experimental parameters
for the electro-optomechanical device in Refs. [6,7] and
piezo-optomechanical device in Ref. [13] (see Appendix D
for a discussion of how these values are estimated from
the reported experimental values). Specifically, the val-
ues correspond to the left-hand side of the respective
threshold equation, where a value greater than one (shown
in black) indicates that the two-mode beamsplitter-type
device channel is inseparable across the OE partition
[Eq. (6)], non-PPT preserving across the OE partition
[Eq. (8)], capable of non-EB up-conversion [Eq. (11)],
or capable of non-EB down-conversion [Eq. (12)]. We
see that both devices’ quantum channels are potentially
inseparable and non-PPT preserving since the values of
the relevant thresholds all exceed one. In a one-mode
up- or down-conversion operation, the asymmetry in
achievable cooperativities for each device is evident. For
the electro-optomechanical device, the power-dependent
microwave LC circuit parameter noise and internal loss
limited the achievable microwave cooperativity, which
means that up-conversion is likely entanglement break-
ing in that device. For the piezo-optomechanical device,
optical pump induced heating of the mechanics limited
the achievable optical cooperativity, which means that
down-conversion is likely entanglement breaking in that
device.

Given these estimates of the thresholds for cur-
rent electro-optomechanical and piezo-optomechanical
devices, we conclude that their demonstrated experi-
mental parameters are now of the sufficient order of

magnitude to achieve quantum operation. Our analysis
accounts for the most significant sources of experimental
imperfections; however, some limitations, such as nonzero
thermal occupancy of the microwave resonator, are not
accounted for in the values in Table I. A definitive exper-
imental demonstration of quantum operation would wit-
ness optical-microwave entanglement. The squeezing-type
interaction may provide a less experimentally demanding
method for carrying out such a demonstration than the
beamsplitter-type interaction, where an ancillary source
of entanglement is necessary and thus poses integration
challenges. Additionally, either interaction must overcome
the experimental challenges posed by efficient filtering
of the bright pumps, and noise introduced by the mea-
surements. A potentially less demanding experiment that
could infer a transducer’s capability for quantum opera-
tion would involve performing Gaussian quantum chan-
nel tomography on the devices. By determining, with
uncertainties, the T and N matrices that characterize the
transducer’s Gaussian quantum channel, the separable and
PPT-preserving conditions could be evaluated via the Choi
state, along with the one-mode entanglement-breaking
criteria. By contrast, the reported figures of merit are
typically given as values for total efficiency and added
noise, which are not sufficient for evaluating all of these
thresholds. Gaussian quantum channel tomography fully
characterizes the transducer, giving valuable information
that can be used to predict whether the device can sup-
port a given protocol, and will enable the design of
better networks for connecting remote microwave sys-
tems.

VI. CONCLUSION

We find explicit thresholds on DPT parameters that must
be satisfied in order for the two-mode beamsplitter-type
channel to be capable of entangling OE modes. Since
bound-entangled states are not useful for many quantum
information tasks, we also find a more restrictive threshold
that must be surpassed for the beamsplitter-type interac-
tion to be capable of creating distillable OE entanglement.
In contrast, we show that the two-mode squeezing-type
interaction with vacuum inputs always creates distill-
able OE entanglement. Thus, we conclude that, for low
cooperativity and “hot” DPTs, the squeezing-type inter-
action is the only viable way for such devices to achieve
quantum operation. However, taking advantage of the
highly mixed entangled states produced by such devices
is likely technically challenging given that it is impossible
to distill Gaussian states using only Gaussian operations
[49,54,55]. As DPT device performance improves to
below the beamsplitter-type distillable-entanglement
threshold, it may be that using devices in such a
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configuration offers benefits over the squeezing-type inter-
action. Finally, we evaluate the thresholds in this paper
for two recently demonstrated transducers, finding that
both devices show promise for facilitating OE distillable
entanglement, especially if both inputs and outputs are
utilized rather than using them as one-mode up-converters.

Current quantum information devices are based on
a diverse set of physical platforms. To continue to
build ever more complicated and powerful systems,
we need to leverage the strengths of disparate sys-
tems. Quantum transducers capable of coherently link-
ing disparate frequency modes will be essential compo-
nents of future heterogeneous quantum networks. Yet,
any transducer will introduce loss and noise into the
system, which degrades their utility. Entanglement dis-
tillation, purification, concentration, or error correction
protocols can help overcome the transduction imperfec-
tions; however, the entanglement thresholds found in
this work must be overcome before a transducer is
ready to support such protocols or be integrated into a
quantum network. By employing the Choi-Jamiołkowski
isomorphism we have identified fundamental thresh-
olds that are not specific to any particular transduc-
tion protocol. These general methods can guide future
research in quantum transduction beyond doubly paramet-
ric devices.
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APPENDIX A: FROM INPUT-OUTPUT
RELATIONS TO TWO-MODE GAUSSIAN

CHANNELS

There are many different physical nonlinear Hamil-
tonians that can be used to perform optical-microwave
transduction. Rather than starting with a specific nonlin-
ear Hamiltonian, for generality, we start from the lin-
earized Heisenberg-Langevin equations of motion given
in Eqs. (1). These equations of motion can be compactly
written as a state space model

ȧ(t) = Aa(t)+ Bain(t), (A1)

aout(t) = Ca(t)+ Dain(t), (A2)

where

a = [â b̂ ĉ â† b̂† ĉ†]�, (A3)

ain = [âc
in âe

in b̂c
in b̂e

in ĉe
in (âc

in)
† (âe

in)
† (b̂c

in)
† (b̂e

in)
† (ĉe

in)
†]�, (A4)

aout = [âc
out b̂c

out (âc
out)

† (b̂c
out)

†], (A5)

A =

⎡
⎢⎢⎢⎢⎢⎣

i�a − κa/2 0 iGa 0 0 iGa
0 i�b − κb/2 iGb 0 0 iGb

iGa iGb −γm/2 − iωm iGa iGb 0
0 0 −iGa −i�a − κa/2 0 −iGa
0 0 −iGb 0 −i�b − κb/2 −iGb

−iGa −iGb 0 −iGa −iGb −γm/2 + iωm

⎤
⎥⎥⎥⎥⎥⎦

, (A6)

B =

⎡
⎢⎢⎢⎢⎢⎢⎣

√
κc

a
√
κe

a 0 0 0 0 0 0 0 0
0 0

√
κc

b
√
κe 0 0 0 0 0 0

0 0 0 0
√
γm 0 0 0 0 0

0 0 0 0 0
√
κc

a
√
κe

a 0 0 0
0 0 0 0 0 0 0

√
κc

b

√
κe

b 0
0 0 0 0 0 0 0 0 0

√
γm

⎤
⎥⎥⎥⎥⎥⎥⎦

, (A7)
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C =

⎡
⎢⎢⎣

√
κc

a 0 0 0 0 0
0

√
κc

b 0 0 0 0
0 0 0

√
κa

c 0 0
0 0 0 0

√
κc

b 0

⎤
⎥⎥⎦ , (A8)

D =

⎡
⎢⎣

−1 0 0 0 0 0 0 0 0 0
0 0 −1 0 0 0 0 0 0 0
0 0 0 0 0 −1 0 0 0 0
0 0 0 0 0 0 0 −1 0 0

⎤
⎥⎦ .

(A9)

This state space model can be transformed to the
frequency-space transfer function �(ω) relating the input
frequency modes ain(ω) to the output frequency modes
aout(ω) in the steady state:

aout(ω) = �(ω)ain(ω), (A10)

�(ω) = C(−iωI6 − A)−1B + D. (A11)

Here I6 is the 6 × 6 identity matrix.

In principle, �(ω) describes the unitary evolution of the system and environmental modes; however, as the environmental
modes will be traced over, their output modes are neglected in aout, simplifying �(ω) to a rectangular 4 × 10 complex
matrix. In order to make the rest of the analysis symbolically tractable, we apply the approximations discussed in Sec. II
to get �(ω = ±ωm). As �(ω = ±ωm) preserves the canonical commutation relations of the system and environmental
operators, it is a linear symplectic map, but in complex form [38,56]. For convenience, we transform �(ω = ±ωm) to the
more standard quadrature basis symplectic form to get �xp(ω = ±ωm), which is now defined by the vector of quadrature
operators given by

axp
in = [x̂c

a,in p̂c
a,in x̂c

b,in p̂c
b,in x̂e

a,in p̂e
a,in x̂e

b,in p̂e
b,in x̂e

c,in p̂e
c,in]�, (A12)

axp
out = [x̂c

a,out p̂c
a,out x̂c

b,out p̂c
b,out]

�. (A13)

We then reduce �xp(ω = ±ωm) to two-mode Gaussian channels acting only on the system OE modes that are described
by the unitarylike 4 × 4 matrix T and the 4 × 4 noiselike matrix N. We rearrange the ordering of the operators when
transforming from ain to axp

in , so now T is simply given by the 4 × 4 matrix of the first four columns of �xp(ω = ±ωm)

defined by the system input operators. Then, N is found by first taking the 4 × 6 matrix, which we will call M, of the
remaining six columns of �xp(ω = ±ωm) defined by the environmental bath operators and then computing N = M�M�,
where � = I6/2 + nth(04 ⊕ I2).
The full forms of T and N are finally given by

Tσa,σb = 1
1 − σaCa − σbCb

×

⎛
⎜⎜⎝

√
δaεa[−1 + σaCa + σbCb + 2τa(1 − σbCb)]I2 2

√
εaδbτaτbCaCb

(
σa 0
0 σb

)

2
√
δaεbτaτbCaCb

(
σb 0
0 σa

) √
δbεb[−1 + σaCa + σbCb + 2τb(1 − σaCa)]I2

⎞
⎟⎟⎠

and

Nσa,σb = 1
2

⎛
⎜⎜⎝

μI2 γ

(
σaσb 0

0 1

)

γ

(
σaσb 0

0 1

)
νI2

⎞
⎟⎟⎠

with

μ = 1 − εa{δa[1 − σaCa − σbCb − 2τa(1 − σbCb)]2 − 4τaCa[1 + σa + 2nth + Cb(2 + σa + σb − δbτb)]}
(1 − σaCa − σbCb)2

,

ν = 1 − εb{δb[1 − σaCa − σbCb − 2τb(1 − σaCa)]2 − 4τbCb[1 + σb + 2nth + Ca(2 + σa + σb − δaτa)]}
(1 − σaCa − σbCb)2

,
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and

γ = 2
√
εaεbτaτbCaCb

(1 − σaCa − σbCb)2
[4nth + (σaδa + σbδb)(1 − σaCa − σbCb)+ (1 − σaσb)(1 + Ca + Cb)

− 2σaδaτa(1 − σbCb)− 2σbδbτb(1 − σaCa)],

where σa and σb are the signs of the optical and microwave pump detunings, respectively (−1 for red detuned, +1 for
blue detuned).

APPENDIX B: DERIVATION OF THE
PPT-PRESERVING THRESHOLD FOR THE

TWO-MODE BEAMSPLITTER-TYPE
INTERACTION

Here we find the constraints on transducer parameters
in order for a single DPT operated with the beamsplitter-
type interaction (i.e., both pumps red detuned) to facilitate
the production of distillable entanglement (i.e., NPT states
[40]) shared between optical and microwave frequency
bosons. Let E be the two-mode channel implemented by
the beamsplitter-type interaction of a DPT (this channel is
completely characterized by T−1,−1 and N−1,−1). Next, the
Choi state ρ̂ is found by initializing both the A1-A2 and
B1-B2 systems in infinitely squeezed two-mode squeezed
vacuum states, and then having the channel E act on the
A1 and B1 modes (see Fig. 4). As a consequence of the CJ
isomorphism, the channel E can only output states that are
PPT (i.e., cannot output NPT states) if and only if the Choi
state ρ̂ is PPT (see Appendix C). Therefore we find the
conditions under which ρ̂ is PPT. We start by constructing
the covariance matrix V of the state ρ̂, which is given by

V = T′VinT′� + N′, (B1)

where from Fig. 4 we see that

T′ = I2 ⊕ T ⊕ I2, (B2)

N′ = 02 ⊕ N ⊕ 02, (B3)

Vin = 1
2

⊕
j =1,2

(
I2 cosh r Z2 sinh r
Z2 sinh r I2 cosh r

)
, (B4)

and T = T−1,−1 and N = N−1,−1 since we are working
with a beamsplitter-type transducer. Additionally, I2 and
02 are the 2 × 2 identity and zero matrices, respectively,
and Z2 = diag(1, −1). The CJ isomorphism requires tak-
ing r → ∞; however, as we will see later, this will not in
fact be necessary to do here.

The state ρ̂ is PPT if and only if [38]

Ṽ + i� ≥ 0, (B5)

where

� = 1
2

4⊕
j =1

(
0 1

−1 0

)
(B6)

and Ṽ is the partial transpose of V with respect to the
optical modes A1, A2, given by

Ṽ = PVP�, (B7)

where P = Z2 ⊕ Z2 ⊕ I4 and I4 is the 4 × 4 identity
matrix.

Nominally, conditions under which ρ̂ is PPT can be
found by using Eq. (B5). This would be done by finding
the eigenvalues {λi} of the matrix Ṽ + i� and requiring
λi ≥ 0 for all i. Stated explicitly

{λi ≥ 0 | det(Ṽ + i� − λiI8) = 0}. (B8)

However, since the eigenvalues are the zeros of the
eighth-order characteristic polynomial, this method returns
unwieldy expressions for λi that are difficult to simplify.
An alternative method, which is computationally simpler,
is to first find the boundary between PPT and NPT regions
and then to identify the PPT and NPT sides.

We start by finding the conditions on the physical
parameters that cause one or more of the eigenvalues to
be zero. This is true if and only if the determinant is zero,
so the boundary is defined by the equation

det(Ṽ + i�) = 0. (B9)

Upon solving this equation for nth we find that there are
two solutions, i.e.,

nth = δiτiCi

1 − δiεi(1 − 2τi)2
, i = a, b, (B10)

or, alternatively, νi = 1, where

νi = δiτi

1 − δiεi(1 − 2τi)2

(
Ci

nth

)
. (B11)

We find that, when νa, νb > 1, two eigenvalues are nega-
tive; when min{νa, νb} ≤ 1 < max{νa, νb}, a single eigen-
value is negative; and when νa, νb ≤ 1, none of the
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eigenvalues are negative. Therefore, ρ̂ is PPT and E is PPT
preserving if and only if

max{νa, νb} ≤ 1. (B12)

Note that we did not need to take the limit r → ∞ because
the threshold is independent of r (provided that r 
= 0).

APPENDIX C: A CHANNEL IS PPT PRESERVING
IF AND ONLY IF ITS CHOI STATE IS PPT

In this section we prove a slight generalization of Propo-
sition (iii) of Ref. [50]. Let us consider a completely
positive map (i.e., channel) E acting on systems A1 and
B1, while implicitly understanding it to act as the iden-
tity on all other modes. Let EA1A2,B1B2 , acting on HA1 ⊗
HA2 ⊗ HB1 ⊗ HB2 [where dim(HAi) = dim(HBi) = d], be
the Choi state of E that is defined as [49,50]

EA1A2,B1B2 = E(|�〉 〈�|A1A2
⊗ |�〉 〈�|B1B2

), (C1)

where |�〉 is the maximally entangled state defined as

|�〉XY = 1√
d

d∑
i=1

|i〉X ⊗ |i〉Y (C2)

and {|i〉}d
i=1 is an orthonormal basis. Finally, we define

the additional systems A′ and B′ with dim(HA′
i
) =

dim(HB′
i
) = d′ so that we can write a density operator

ρA1A′B1B′ acting on HA1 ⊗ HA′ ⊗ HB1 ⊗ HB′ that will have
modes the channel E acts on while containing arbitrary
modes in systems A′ and B′ that E acts as identity on. We
also define systems A′′ and B′′ similarly to A′ and B′.

Now we can write down the statement that we will
prove, where “�X ” refers to partial transposition with
respect to subsystem X .

For all ρ
�A1A′
A1A′B1B′ ≥ 0, we have E(ρA1A′B1B′)

�A1A′ ≥ 0 if

and only if E
�A1A2
A1A2,B1B2

≥ 0.
The forward implication is trivial to show since we can

write ρA1A′B1B′ = |�〉 〈�|A1A2
⊗ |�〉 〈�|B1B2

, where we let
A2B2 and A′B′ refer to the same ancillary system. In order
to prove the reverse implication we need the following
relation that one can readily show:

E(ρA1A′B1B′) = d2d′2trA2A′′B2B′′
(
EA1A2,B1B2 |�〉 〈�|A′A′′

× |�〉 〈�|B′B′′ ρ
�A2A′′B2B′′
A2A′′,B2B′′

)
. (C3)

Immediately following from the above relation we have

E(ρA1A′B1B′)
�A1A′ = d2d′2trA2A′′B2B′′

(
E

�A1A2
A1A2,B1B2

× |�〉 〈�|A′A′′ |�〉 〈�|B′B′′ ρ
�B2B′′
A2A′′,B2B′′

)
.

(C4)

Now if we consider an arbitrary |ψ〉A1A′,B1B′ ∈ HA1A′,B1B′ ,
we get

〈ψ |A1A′,B1B′ E(ρA1A′B1B′)
�A1A′ |ψ〉A1A′,B1B′

= d2d′2tr
[(

E
�A1A2
A1A2,B1B2

|�〉 〈�|A′A′′ |�〉 〈�|B′B′′
)

× (
ρ

�B2B′′
A2A′′,B2B′′ |ψ〉 〈ψ |A1A′,B1B′

)]
. (C5)

Recall that, for any M ≥ 0 and N ≥ 0, we have M ⊗ N ≥
0 and tr(MN) ≥ 0. Therefore, Eq. (C5) is non-negative,
and so we conclude that E(ρA1A′B1B′)

TA1A′ ≥ 0.
It is also worth stating the Choi-Jamiołkowski iso-

morphism in this more general context with additional,
arbitrary ancilla modes

E(ρA1A′B1B′) = d4trA2A3B2B3(EA1A2,B1B2ρA3A′B3B′ |�〉
× 〈�|A′A′′ |�〉 〈�|B′B′′). (C6)

The interpretation of this equation is the same as in
Ref. [50], namely if we have the Choi state EA1A2,B1B2 , we
can always (probabilistically) simulate the action of E on
the A1B1 subsystem ρA1A′B1B′ via the joint projection of the
A2A3 subsystem onto the maximally entangled state while
doing the same for the B2B3 subsystem.

Note that our notion of PPT-preserving channels is
equivalent to the definition of completely PPT-preserving
channels in [51] where they also give a proof that a channel
is completely PPT preserving if and only if its Choi state is
PPT with respect to the appropriate bipartition. Proposition
(iii) of Ref. [50] lacked complete positivity that is neces-
sary for the forward implication to hold, where a simple
counterexample is that of the swap operator between sys-
tems A and B. Finally, note that while this proof, along with
those given in Refs. [50,51], assumed finite-dimensional
Hilbert spaces of dimension d, it is expected to hold as
d → ∞ for Gaussian states and channels due to the CJ
formalism for bosonic Gaussian systems established in
Refs. [48,57].

APPENDIX D: ESTIMATION OF CURRENT
DEVICE PARAMETERS

In this section, we discuss details of the numerical
estimation of the thresholds in Table I that are directly
calculated from the parameter values given in Table IV.
The values in Table IV are in turn calculated from the
reported experimental values summarized in Table II for
the electro-optomechanical (EM) device and Table III for
the piezo-optomechanical (PM) device. Both devices suf-
fer some amount of pump-power-dependent thermal noise
that ultimately limits the maximum achievable cooperativ-
ities. Our analysis can account for pump-power-dependent
thermal noise in the mediating mode by considering an
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TABLE II. Experimentally measured values for the electro-
optomechanical transducer in Refs. [6,7]. These values are used
in Table IV to compute values for the parameters that we work
with in this paper. The values in Table IV are then used to com-
pute the numerical estimates of our thresholds given in Table I of
the main text. The symbols given are those used in Refs. [6,7],
not the symbols used in this paper.

Parameter Symbol Value

Mechanical resonant frequency ωm/2π 1.451 MHz
Intrinsic mechanical dissipation rate γm/2π 113 mHz
Optical cavity external coupling κo,ext/2π 2.12 MHz
Optical cavity linewidth κo/2π 2.68 MHz
Microwave circuit external coupling κe,ext/2π 1.42 MHz
Microwave circuit linewidth κe/2π 1.64 MHz
Optomechanical coupling rate �o/2π 3 kHz
Electromechanical coupling rate �e/2π 14 Hz
Bidirectional modematching ε 0.88
Microwave transmission loss ηmic 0.34
Occupancy of mechanical thermal bath nth 1000

elevated thermal occupancy of the environmental bath cou-
pled to the mediating mode. However, for both the PM
and EM devices, there is some amount of pump-power-
dependent thermal noise introduced to the microwave
resonator, which would correspond to nonzero thermal
occupancy of the environmental bath coupled to the
microwave resonator in our model. Given that our analy-
sis assumes that this bath is at zero temperature, a value in
Table I exceeding one does not imply that the actual device
exceeded the corresponding threshold. Furthermore, it is
possible that this additional source of thermal noise means
that the squeezing-type interaction will not always create
distillable entanglement in these devices. In other words,
when the microwave environment has nonzero thermal
occupancy, violation of the thresholds given in this paper
are necessary (but they may not be sufficient) for quantum
operation.

Table II gives the experimentally measured param-
eter values for the electro-optomechanical transducer
in Refs. [6,7]. Pump-power-dependent heating of the
microwave resonator limited the electromechanical and
optomechanical coupling rates that could be realized
before the microwave resonator was no longer in the
ground state. We choose an optomechanical coupling rate
of 3 kHz and electromechanical coupling rate of 14 Hz
that together would limit the pump-induced heating of the
microwave resonator to less than 0.2 thermal photons [see
Fig. 4 and Fig. 10(b) of Ref. [7]]. The microwave res-
onator also suffered a microwave pump-power-dependent
loss; however, at a 14 Hz electromechanical coupling rate,
this effect is negligible and so the total linewidth of the
microwave resonator is 1.64 MHz. Finally, we note that
our analysis assumes well-resolved sidebands; however,

TABLE III. Experimentally measured values for the piezo-
optomechanical transducer in Ref. [13]. These values are used
in Table IV to compute values for the parameters that we work
with in this paper. The values in Table IV are then used to com-
pute the numerical estimates of our thresholds given in Table I of
the main text. The symbols given are those used in Ref. [13], not
the symbols used in this paper.

Parameter Symbol Value

Mechanical resonant frequency ωm/2π 5.159 GHz
Intrinsic mech. dissipation rate κm,T1/2π 446 kHz
Optical cavity external coupling κe,o/2π 0.81 GHz
Optical cavity internal coupling κi,o/2π 0.80 GHz
Qubit lifetime T1,q 522 ns
Qubit circuit linewidth κq/2π = 305 kHz

1/(2πT1,q)

Optomechanical coupling rate γom/2π 19 kHz
Piezomechanical coupling rate gpe/2π 2.24 MHz
Fiber-to-device coupling efficiency ηcplr 0.65
Qubit-mechanical swap efficiency ηswap 0.75
Average mechanical mode occupancy nm 0.43

this device does not operate far in the resolved sideband
regime (4ωm/κe ≈ 2.2 and 4ωm/κe ≈ 3.5).

Table III gives the experimentally measured param-
eter values for the piezo-optomechanical transducer in
Ref. [13]. With the exception of κq, all values in this table
are taken directly from Ref. [13]. As piezo-optomechanical
devices operate with only an optical pump, the microwave-
mechanical coupling rate is a fixed value dictated by the
device’s design. While this piezo-optomechanical device
does not perfectly map onto our model, we make certain
choices here in order to apply the results presented in this
paper to such a device. Our model assumes a microwave
resonator to be coupled to the intermediary mode, while
this device instead directly couples a superconducting
transmon qubit to the mechanical resonator. Thus, we
assume that the decay rate of qubit excitations is analo-
gous to the decay rate of excitations from a microwave
resonator. So κq gives this linewidth calculated based on
the qubit’s T1 lifetime. From this, we then calculate the
microwave cooperativity based on the usual expression in
the resolved sideband approximation (see Sec. II). Given
that this device is designed to transduce qubit excita-
tions instead of itinerant microwave fields, we set the
microwave coupling transmissivity to τb = 1. However,
we set δb = εb = ηswap in order to capture the analogous
loss of microwave excitations that would be incurred in
reaching the mechanics. Since the optomechanical cou-
pling rate and the mechanical mode’s thermal occupancy is
dependent on the pump pulse duration, we use the reported
values that were used during the optical qubit-readout
experiment. We then attribute this thermal occupancy of
the mechanics to an effective thermal occupancy of the
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TABLE IV. Summary of the device parameter values used to evaluate the thresholds in this paper (given in Table I) for the EM
transducer in Refs. [6,7] and the PM transducer in Ref. [13]. The EM and PM expression columns use the symbols from Table II and
Table III, respectively, while the “Our symbol” column uses the symbols we define in Sec. II of the main text.

Our symbol EM expression EM value PM expression PM value

Ca �o/γm 26,000 γom/κm,T1 0.043
Cb �e/γm 124 4g2

pe/(κqκm,T1) 148
nth nth 1000 nm(Ca + Cb + 1) 75
τa κo,ext/κo 0.791 κe,o/(κe,o + κi,o) 0.5
τb κe,ext/κe 0.866 – 1
δa = εa ε 0.88 ηcplr 0.65
δb = εb ηmic 0.34 ηswap 0.75

environmental bath coupled to the mechanics in order to
compute the nth parameter used in our analysis.
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[34] O. Černotík and K. Hammerer, Measurement-induced long-
distance entanglement of superconducting qubits using
optomechanical transducers, Phys. Rev. A 94, 012340
(2016).

[35] Z. qi Yin, W. L. Yang, L. Sun, and L. M. Duan, Quantum
network of superconducting qubits through an optomechan-
ical interface, Phys. Rev. A 91, 012333 (2015).

[36] M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt, Cavity
optomechanics, Rev. Mod. Phys. 86, 1391 (2014).

[37] A. A. Clerk, M. H. Devoret, S. M. Girvin, F. Marquardt,
and R. J. Schoelkopf, Introduction to quantum noise, mea-
surement, and amplification, Rev. Mod. Phys. 82, 1155
(2010).

[38] C. Weedbrook, S. Pirandola, R. García-Patrón, N. J. Cerf,
T. C. Ralph, J. H. Shapiro, and S. Lloyd, Gaussian quantum
information, Rev. Mod. Phys. 84, 621 (2012).

[39] J. Eisert and M. M. Wolf, Gaussian quantum channels,
arXiv:quant-ph/0505151v1 [quant-ph] (2005).

[40] G. Giedke, B. Kraus, M. Lewenstein, and J. I. Cirac, Entan-
glement Criteria for all Bipartite Gaussian States, Phys.
Rev. Lett. 87, 167904 (2001).

[41] G. Vidal and R. F. Werner, Computable measure of entan-
glement, Phys. Rev. A 65, 032314 (2002).

[42] J. Hoelscher-Obermaier and P. van Loock, Optimal gaus-
sian entanglement swapping, Phys. Rev. A 83, 012319
(2011).

[43] S. Kotler, G. A. Peterson, E. Shojaee, F. Lecocq, K. Cicak,
A. Kwiatkowski, S. Geller, S. Glancy, E. Knill, R. W. Sim-
monds, J. Aumentado, and J. D. Teufel, Direct observation
of deterministic macroscopic entanglement, Science 372,
622 (2021).

[44] A. S. Holevo, Entanglement-breaking channels in infinite
dimensions, Problems Inf. Transmission 44, 171 (2008).

[45] M. Horodecki, P. W. Shor, and M. B. Ruskai, Entanglement
breaking channels, Rev. Math. Phys. 15, 629 (2003).

[46] D. Lercher, G. Giedke, and M. M. Wolf, Standard super-
activation for gaussian channels requires squeezing, New J.
Phys. 15, 123003 (2013).

[47] J. S. Ivan, K. K. Sabapathy, and R. Simon, Nonclassicality
breaking is the same as entanglement breaking for bosonic
gaussian channels, Phys. Rev. A 88, 032302 (2013).

[48] A. S. Holevo, The choi-jamiolkowski forms of quantum
gaussian channels, J. Math. Phys. 52, 042202 (2011).

[49] G. Giedke and J. I. Cirac, Characterization of gaussian
operations and distillation of gaussian states, Phys. Rev. A
66, 032316 (2002).

[50] J. I. Cirac, W. Dür, B. Kraus, and M. Lewenstein, Entan-
gling Operations and Their Implementation Using a Small
Amount of Entanglement, Phys. Rev. Lett. 86, 544 (2001).

[51] S. Khatri and M. M. Wilde, Principles of quantum commu-
nication theory: A modern approach, arXiv:2011.04672v1
[quant-ph] (2020).

[52] R. F. Werner and M. M. Wolf, Bound Entangled Gaussian
States, Phys. Rev. Lett. 86, 3658 (2001).

[53] M. Horodecki, P. Horodecki, and R. Horodecki, Inseparable
two spin-12density Matrices can be Distilled to a Singlet
Form, Phys. Rev. Lett. 78, 574 (1997).

[54] J. Eisert, S. Scheel, and M. B. Plenio, Distilling Gaussian
States with Gaussian Operations is Impossible, Phys. Rev.
Lett. 89, 137903 (2002).

[55] L.-M. Duan, G. Giedke, J. I. Cirac, and P. Zoller, Entangle-
ment Purification of Gaussian Continuous Variable Quan-
tum States, Phys. Rev. Lett. 84, 4002 (2000).

[56] G. Adesso, S. Ragy, and A. R. Lee, Continuous variable
quantum information: Gaussian states and beyond, Open
Syst. Inf. Dyn. 21, 1440001 (2014).

[57] A. S. Holevo, Entropy gain and the choi-jamiolkowski cor-
respondence for infinite-dimensional quantum evolutions,
Theor. Math. Phys. 166, 123 (2011).

044057-15

https://doi.org/10.1103/PhysRevA.84.042342
https://doi.org/10.1103/PhysRevLett.109.130503
https://doi.org/10.1103/PhysRevLett.124.010511
https://doi.org/10.1103/PhysRevA.101.032345
https://doi.org/10.1103/PhysRevLett.120.020502
https://doi.org/10.1038/s41534-019-0143-1
https://arxiv.org/abs/2007.02385v2
https://doi.org/10.1103/PhysRevLett.105.220501
https://doi.org/10.1103/PhysRevA.84.042341
https://doi.org/10.1103/PhysRevLett.127.040503
https://doi.org/10.1002/andp.201400100
https://doi.org/10.1103/PhysRevA.94.012340
https://doi.org/10.1103/PhysRevA.91.012333
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1103/RevModPhys.82.1155
https://doi.org/10.1103/RevModPhys.84.621
https://arxiv.org/abs/quant-ph/0505151v1
https://doi.org/10.1103/PhysRevLett.87.167904
https://doi.org/10.1103/PhysRevA.65.032314
https://doi.org/10.1103/PhysRevA.83.012319
https://doi.org/10.1126/science.abf2998
https://doi.org/10.1134/S0032946008030010
https://doi.org/10.1142/S0129055X03001709
https://doi.org/10.1088/1367-2630/15/12/123003
https://doi.org/10.1103/PhysRevA.88.032302
https://doi.org/10.1063/1.3581879
https://doi.org/10.1103/PhysRevA.66.032316
https://doi.org/10.1103/PhysRevLett.86.544
https://arxiv.org/abs/2011.04672v1
https://doi.org/10.1103/PhysRevLett.86.3658
https://doi.org/10.1103/PhysRevLett.78.574
https://doi.org/10.1103/PhysRevLett.89.137903
https://doi.org/10.1103/PhysRevLett.84.4002
https://doi.org/10.1142/S1230161214400010
https://doi.org/10.1007/s11232-011-0010-5

	I. INTRODUCTION
	II. DOUBLY PARAMETRIC TRANSDUCER MODEL
	III. SQUEEZING-TYPE INTERACTION
	A. Two mode
	B. Single mode

	IV. BEAMSPLITTER-TYPE INTERACTION
	A. Two mode
	B. Single mode

	V. IMPLICATIONS FOR CURRENT TRANSDUCTION DEVICES
	VI. CONCLUSION
	ACKNOWLEDGMENTS
	A. APPENDIX A: FROM INPUT-OUTPUT RELATIONS TO TWO-MODE GAUSSIAN CHANNELS
	B. APPENDIX B: DERIVATION OF THE PPT-PRESERVING THRESHOLD FOR THE TWO-MODE BEAMSPLITTER-TYPE INTERACTION
	C. APPENDIX C: A CHANNEL IS PPT PRESERVING IF AND ONLY IF ITS CHOI STATE IS PPT
	D. APPENDIX D: ESTIMATION OF CURRENT DEVICE PARAMETERS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


