PHYSICAL REVIEW LETTERS 136, 090205 (2026)

Catability as a Metric for Evaluating Superposed Coherent States

Simon Briuer , Jan Provaznik®, Vojtéch Kala®, and Petr Marek
Optics Department, Faculty of Science, Palacky University, 17. Listopadu 12, 77146 Olomouc, Czech Republic

® (Received 3 July 2025; revised 15 October 2025; accepted 26 January 2026; published 5 March 2026)

Superposed coherent states are central to quantum technologies, yet their reliable identification remains a
challenge, especially in noisy or resource-constrained settings. We introduce a novel, directly measurable
criterion for detecting catlike features in quantum states. The criterion is based on the concept of nonlinear
squeezing and bypasses the need for full state tomography of the tested states. The numerical results
confirm its robustness under loss and its potential for experimental implementation. The method naturally
generalizes to more exotic superpositions, including multiheaded cat states.
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Superposed coherent states, also known as coherent cat
states, are inspired by the famous Schrddinger thought
experiment [1]. Apart from being particularly useful for
discussing the foundations of quantum mechanics, they
play a crucial role in practical applications; coherent cat
states can be used to encode information in quantum
computation [2—11], as highly sensitive probes in quantum
metrology [12,13], and as fundamental resources in breed-
ing protocols for the experimental preparation of more
complex quantum states [8,14—16]. Due to their versatility,
cat states are the sought-after target of many experiments;
to this day, cat states of various quality have been prepared
in traveling light [17-20], microwave resonators [21-23],
trapped ions [24,25], atoms [26], or hybrid systems [27],
and there are several proposals for their preparation in
optomechanical systems [28,29].

One of the central challenges in all related experiments is
the characterization of the prepared quantum states. A
commonly considered indicator is non-Gaussianity of the
state [30-32], commonly defined as deviation from a
Gaussian shape of its Wigner function. Although there
are several methods for its detection [32-36], they offer
only a limited view of the nature of the state. The
conventional approach used in practice utilizes fidelity
[15,23,37], defined as the geometric overlap between two
quantum states, to provide a more complete, global
comparison of the experimentally produced state and its
theoretical counterpart. Fidelity is appealing due to its
intuitive interpretation, but it lacks nuance when applied to
states occupying infinite-dimensional Hilbert spaces. Its

“Contact author: brauer @optics.upol.cz

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

0031-9007/26/136(9)/090205(6)

090205-1

value can be affected in fundamentally different ways thatare
difficult to distinguish from fidelity alone. For example, low
fidelity might indicate that the tested state is qualitatively
different; equally it might also be a mixture of qualitatively
similar states. Furthermore, fidelity typically requires full
knowledge of the quantum state, which must be obtained
through quantum state reconstruction [18-25,38].

A directly measurable alternative to fidelity is available
in some quantum states that manifest reduced fluctuations
of some observable operator. The original squeezed states
[39-41] displayed reduced fluctuations in the canonical
quadrature operators of harmonic oscillators. These states
became indispensable for the preparation and manipulation
of quantum states [18-20,42—44], with applications in
quantum metrology [45] and quantum communication
protocols [46,47]. When it comes to state characterization,
the concept of squeezing is beneficial because it requires
only a single measurement basis. While this omits some
information about the state, it is often sufficient as the
performance of many applications depends only on the
squeezed variance of the quadrature operators [45,48-50].

The concept of squeezing can be broadened to nonlinear
squeezing, where an arbitrary observable operator exhibits
reduced fluctuations [51,52]. Whereas traditional squeez-
ing principally represents a similarity to some eigenstate of
a canonical quadrature operator, nonlinear squeezing char-
acterizes correspondence to some eigenstate of the general
observable. In principle, nonlinear squeezing can quantify
closeness to any quantum state, which can be identified as
an eigenstate of some observable. This extension can be
advantageously used to evaluate the quality of complex
non-Gaussian quantum states used as resources in quantum
technologies, for example, those displaying cubic or quartic
nonlinearity [53-56], or the Gottesman-Kitaev-Preskill
states [57].

In this Letter, we identify such an operator for super-
posed coherent states and use it to define catability: a
directly measurable quantity that can be used to identify
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and evaluate cat states, clearly showing their non-Gaussian
nature. We compare its sensitivity to non-Gaussian features
for decohered cat states with fidelity. We then show that its
evaluation requires only three sets of number operator
measurements instead of full quantum tomography. We
further demonstrate that it can be generalized to a broader
class of cat states.
The balanced coherent cat states are defined as

I (m£|-a)

V2 V1 £ exp(=2|al?)

and represent the ground eigenstates of a class of directly
observable positive semidefinite operators

. ) (1)

A
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The symbols @ and a' are the annihilation and creation
operators of the harmonic oscillator, and IT embodies the
parity operator. The first term tests the separation of the
coherent peaks, while the second term uses the parity
operator to verify the presence of quantum coherence. The
real parameter y > O controls the importance of achieving
either of these features. Regardless of its value, the ideal cat
states (1) are the eigenstates of the positive semidefinite
operators (2) corresponding to the lowest eigenvalue
Ao = 0. The parameter y > 0 in (2) represents a tunable
trade-off between the two ingredients of the witness: the
peak separation and the parity terms. In practice, y balances
sensitivity to branch separation versus quantum coherence.
Ideal cat states remain ground states of @(i)(a, y) for any
y > 0, and the definition of catability (3) minimizes over y
so that the optimal weight is chosen to suit the data. For
very large y, the criterion becomes primarily sensitive to
parity, while for small y it favors peak separation. In
experiments, moderate y values naturally balance both
features. In our subsequent numerical analysis, we restrict
y €0, 5] for convenience. In principle, the optimization is
not limited to this range.

These operators can be used to define the catability of an
arbitrary quantum state p as

1u) (@) = min— Tr(O) (. V)/))A ’ )
7 min, Tr(O, (@, 7)pg)
where the minimization in the denominator is performed
over the set of all Gaussian states [58]. Note that the
optimization over Gaussian states needs to be performed
only once. The normalization can be quickly determined
using a precomputed lookup table [59]. The whole expres-
sion is minimized over all the possible y > 0 parameters.
The numerator can be interpreted as nonlinear squeezing on
its own,; it is the second moment of the operator

A

O)(ar) (4)

and even becomes equal to its variance when the first
moment is set to zero, similarly to the approach presented
in [57]. The nonlinear squeezing can be normalized with
the best value attainable by Gaussian states, making the
following practical interpretation possible: (1) If
$)(@) =0, then p is an eigenstate of the operator

@(i) (a,y) and represents a perfect cat state |a, £), which
is necessarily non-Gaussian. (2) If 0 < &4 (@) < 1, then p
is an imperfect, approximate cat state with amplitude a, but
we can still confirm its non-Gaussian nature. (3) If
$y(a) > 1, we cannot say. It might be the correct cat
state with too much decoherence, a different cat state, or a
different state altogether.

Imperfect or approximate cat states are understood here
as realistic quantum states that may be expressed as
superpositions or mixtures of ideal cat states and other
components, arising, for example, from loss, decoherence,
and other experimental imperfections [58].

Catability allows us to determine the quality of an
experimental cat state with specific parity and amplitude
a. It can also serve as a straightforward witness indicating
whether an unknown state approaches the desired cat state.
We can also define a global catability

&= Iéllin Sy (a) (5)

to check whether a given unknown test state is a non-
Gaussian approximation of some undetermined cat state.

Let us now demonstrate the application of catability in
some realistic scenarios. We consider ideal cat states (1)
decohered by pure loss; this is a common occurrence in
optical experiments and quickly reduces the quantum non-
Gaussian properties of the affected states [60,61]. Pure loss
can be modeled with an unbalanced beam splitter where the
transmitted signal interacts with the environment in a
vacuum state. Its amplitude transmissivity 0 < 5 < 1 deter-
mines the amount of incurred loss. The output state can be
computed with Kraus operators [62]

pout = Z MkﬁM]L
n=0

where M), =

Losing half of the signal is sufficient to remove all
negativity from the Wigner functions of any non-
Gaussian state [63].

We also consider approximate cat states that can be
prepared from finite superpositions of photons using
Gaussian squeezing S(r) = exp[(r/2)(a*> — a?)]. The
states
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S’(r)|1> and (7)
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approximate small cats with even and odd parities, respec-
tively. These approximations are also highly susceptible to
loss and appear in experiments with traveling light, where
the cat states are usually generated using generalizations of
photon subtraction and photon number counting techniques
[18-20,60,64,65].

We evaluate the catability for these states and compare it
with the well-established fidelity. To facilitate direct com-
parison, we introduce the normalized infidelity of a
quantum state p with the target cat state (1) as

1 = (a, +|p|a, +
C(@) = (a, £|pla, )

= miny, [1 — (a. £|pgla 2]

©)

To provide the same information as catability, it is
normalized with the least infidelity attainable by
Gaussian states. The normalized infidelity ranges from 0
for ideal cats to 1 for states with the same fidelity reachable
by Gaussian approximations. It can, therefore, also serve as
a witness of non-Gaussian behavior. Similarly to catability,
we can construct a global normalized infidelity as

¢ =min{()(a). (10)

a,t

We numerically evaluated the global catability and nor-
malized infidelity for several cat states and their approx-
imations subjected to loss. In particular, we considered
even- and odd-parity cat states (1) with amplitudes
a€{0.5,1.5,2.5}. We also analyzed their photonic
approximations (7) and (8), with the tunable parameters
set to ¥~ —5 dB and w = 0.618. These values minimize
the expectation value of (2) for « = 1 and can therefore be
considered optimal approximation of small cat states.
The results of the numerical simulations are presented in
Fig. 1. The results for odd-parity states are organized in the
left column, whereas the right column represents even
states. A key observation is that even at loss levels where
the normalized infidelity exceeds ¢ > 1, rendering the
value inconclusive, catability successfully identifies cat
states. Its sensitivity is strongest for small coherent states
with amplitudes 0.5 and 1 and the small amplitude
approximations (7) and (8). We can also see that odd cat
states retain their non-Gaussianity for a greater loss; the
Wigner function of even-parity cats is positive at the origin
and, for small amplitudes quickly, decoheres into a form
that is difficult to distinguish from a Gaussian squeezed
state. Note that there is a fundamental difference in
evaluation between even and odd cat states. Since the
catability is normalized against Gaussian states that always
have positive parity, large y in the optimization (3) can
attribute significant non-Gaussian features even to states

dissimilar from cat states. These states are still highly non-
Gaussian, and the catability correctly picks up on this
property. A possible way to compensate for this behavior is
to choose a different class of states for normalization, such
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FIG. 1. Comparison of cat states subjected to different degrees
of pure loss. The red curves represent the optimal values of the
normalized infidelity (9), while the blue curves correspond to the
optimal values of catability (3), all relative to the transmissivity 7
of the loss channel. The left column shows results for odd-parity
cat states and their approximations, with (a) squeezed single
photon (r~—5dB), and cats with amplitudes o~ €{0.5,
1.5,2.5} in panels (b)—(d), respectively. The results for even-
parity states are presented in the right column, with (e) squeezed
superposition of |0) and |2) (w = 0.618, r ~ —5 dB), and cats
with amplitudes at €{0.5,1.5,2.5} within panels (f)—(h).
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as photon-subtracted squeezed states (see Ref. [58] for
details about optimization of a and y for odd cats). In the
limit of low loss, catability aligns with fidelity for larger cat
states and can be seen as a way to measure fidelity with
lower resources.

The most significant advantage of catability lies in the
direct measurability of the operator (2), which can be
decomposed into terms comprising number operators 71 =
a'a transformed by Gaussian displacement operations

D(B) = exp|p*a — pa’] as

Ory(a,y) = 2i% + |a (47 + 1) + 2|al* — 7
1

2

+y(1 F 10). (11)

[Df (a)a*D(a) + D(a)i*D' (a)]

The measurement statistics of the three constituent oper-
ators, i1, D" (a)a?D(a), and D' (—a)#2D(—a), are functions
of the probabilities p, () = Tr[D()|n)(n|D(B)p] for any
state p and can be used to determine the mean value of the
operator (11) as

(Oy(a.y)) = pa(0)[2n* = (1 + 4]al*)n]
F D _2a0)r(=1)"]
+ an(a)nz + an(_a)’,lZ

+2lal* + |a* F 7. (12)

A benefit of this decomposition is that the measurement of
the number operator is a feasible operation in all the
contemporary platforms where the cat states are prepared
[20,23,25]. Therefore, the three sets of measurements are
sufficient to verify the existence of the cat state.

To validate the feasibility of the direct measurement, we
conducted a numerical simulation designed to closely
resemble an actual experiment [58]. The simulation focuses
on an odd-parity cat state with initial amplitude o = 2
subjected to different amounts of amplitude loss, specifi-
cally to 0%, 10%, 20%, and 30%.

As shown in Fig. 2(a), the results indicate that the
uncertainty consistently decreases as the number of mea-
surements increases. The standard deviation is explicitly
shown in Fig. 2(b). It is the largest for the state with zero
loss, a consequence of the largest effective amplitude of the
initial cat state.

As a final remark, note that while the measurement of
catability for a fixed @ requires only three sets of mea-
surements of displaced number operators, which is not as
difficult as the full tomography typically needed for fidelity
[18-20]. The global catability demands scanning over all
possible values of a. When its value is known or can be
coarsely estimated, for example, from the mean value of the
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FIG. 2. Simulated direct measurement of the operator (12) for
an odd-parity cat state with amplitude @ = 2 subjected to different
levels of amplitude loss. Colors indicate 0% (red), 10% (green),
20% (blue), and 30% (yellow) loss. (a) The dashed line indicates
the mean value of the operator with respect to the number of
performed measurements. The shaded regions represent uncer-
tainty up to one standard deviation. (b) The standard deviation
depends on the number of measurements.

number operator [66,67], our criterion offers a practical
advantage over fidelity.

On a final note, let us discuss possible generalizations.
Every balanced superposition of any two coherent states can
be transformed into the form (1) by adisplacement operation.
Superpositions of displaced squeezed states can be accom-
modated by squeezing the operator (2) and instead employing

Owy(a.r.r) =8 (1O (a.7)8(r)
= ((ua" —va)* — a?) (na —va')’ — o)
+y(1 F10),
where y = cosh(r) and v = sinh(r).

Another possible generalization employs superpositions
of more coherent states, resulting in the multiheaded cat states

N-1
a, N, m) che%kw%), (13)
k=0

where NN indicates the number of its heads. These states are the
ground eigenstates of the adapted operator

A

OM(a,y,m) = (a™ —a™)(a@" - aV)

+y<1 —i |Nk—m)<Nk—m|), (14)

k=1
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where m = 1,2, ..., N characterizes the particular phase
factors between the constituent coherent states.
Applications of these generalizations follow straightfor-
wardly from the discussion of the two-headed cat scenario.
In the Supplemental Material [58], we demonstrate evalu-
ation of catability for the three-headed cat state across all
symmetries and compare the results with the corresponding
normalized infidelity.

In conclusion, we have introduced a new framework for
identifying and characterizing cat states using an indicator
based on the nonlinear squeezing of an operator whose
ground states are ideal cat states. This method provides a
reliable and experimentally accessible alternative to fidel-
ity, which is often limited by its interpretability and
dependence on full-state reconstruction. If needed, the
nonlinear operator of catability can also be used to find
optimal approximations of cat states constructed from
states with limited stellar rank [68-70].

Our results show that catability remains robust despite
loss, efficiently distinguishing between ideal, approximate,
and loss-affected cat states. It also offers the advantage of
direct measurability through particle number distributions
and displaced quadrature moments, enabling practical
implementation in experimental setups.

Moreover, we have generalized the operator to support
N-headed cat states, underlining the flexibility of the
approach. As a criterion based on nonlinear squeezing,
catability contributes a powerful tool for analysis of non-
Gaussian quantum resources and opens new possibilities
for state certification in realistic experiments [17-29,71].

Acknowledgments—We acknowledge the support of the
Czech Science Foundation (Project No. 25-174728S), and
European Union’s HORIZON Research and Innovation
Actions under Grant Agreement No. 101080173
(CLUSTEC). J. P. further acknowledges Europe Horizon
2020 under Grant Agreements No. 101017733 and
No. 731473 (CLUSSTAR). P.M. acknowledges the
Programme Johannes Amos Comenius under the
Ministry of Education, Youth and Sports of the Czech
Republic Reg. No. CZ.02.01.01/00/22_008/0004649. V. K.
acknowledges IGA_PrF_2025_010. We also thank Michal
Matulik and Jaromir FiurdSek for the valuable discussions.
We acknowledge use of the computational cluster at the
Department of Optics at Palacky University and use of
several open-source software libraries [72-74] in the
computation, evaluation, and presentation of the results.

Data availability—The datasets supporting the presented
results, along with the source code used for their creation,
are publicly available [59].

[1] E. Schrodinger, Die Naturwiss. 23, 807 (1935).
[2] H. Jeong and M. S. Kim, Phys. Rev. A 65, 042305 (2002).

[3] T. C. Ralph, A. Gilchrist, G. J. Milburn, W. J. Munro, and S.
Glancy, Phys. Rev. A 68, 042319 (2003).

[4] A.P. Lund, T. C. Ralph, and H. L. Haselgrove, Phys. Rev.
Lett. 100, 030503 (2008).

[5] S.-W. Lee and H. Jeong, Phys. Rev. A 87, 022326 (2013).

[6] S. Omkar, Y.S. Teo, and H. Jeong, Phys. Rev. Lett. 125,
060501 (2020).

[7] S. Omkar, Y. S. Teo, S.-W. Lee, and H. Jeong, Phys. Rev. A
103, 032602 (2021).

[8] J. Hastrup and U. L. Andersen, Phys. Rev. Res. 4, 043065
(2022).

[9] J. Lee, N. Kang, S.-H. Lee, H. Jeong, L. Jiang, and S.-W.
Lee, PRX Quantum 5, 030322 (2024).

[10] D. Su, I. Dhand, and T. C. Ralph, Phys. Rev. A 106, 042614
(2022).

[11] Z. Leghtas, G. Kirchmair, B. Vlastakis, R.J. Schoelkopf,
M. H. Devoret, and M. Mirrahimi, Phys. Rev. Lett. 111,
120501 (2013).

[12] K. Duivenvoorden, B. M. Terhal, and D. Weigand, Phys.
Rev. A 95, 012305 (2017).

[13] X. Pan, T. Krisnanda, A. Duina, K. Park, P. Song, C.Y.
Fontaine, A. Copetudo, R. Filip, and Y.Y. Gao, PRX
Quantum 6, 010304 (2025).

[14] A.P. Lund, H. Jeong, T.C. Ralph, and M. S. Kim, Phys.
Rev. A 70, 020101(R) (2004).

[15] D.V. Sychev, A.E. Ulanov, A.A. Pushkina, M. W.
Richards, I. A. Fedorov, and A.I. Lvovsky, Nat. Photonics
11, 379 (2017).

[16] D.J. Weigand and B. M. Terhal, Phys. Rev. A 97, 022341
(2018).

[17] M. Jezek, A. Tipsmark, R. Dong, J. Fiurasek, L. Mista, R.
Filip, and U. L. Andersen, Phys. Rev. A 86, 043813 (2012).

[18] M. Yukawa, K. Miyata, T. Mizuta, H. Yonezawa, P. Marek,
R. Filip, and A. Furusawa, Opt. Express 21, 5529 (2013).

[19] M. Eaton, C. Gonzilez-Arciniegas, R. N. Alexander, N. C.
Menicucci, and O. Pfister, Quantum 6, 769 (2022).

[20] M. Endo, T. Nomura, T. Sonoyama, K. Takahashi, S.
Takasu, D. Fukuda, T. Kashiwazaki, A. Inoue, T. Umeki,
R. Nehra et al., arXiv:2502.08952.

[21] B. Vlastakis, G. Kirchmair, Z. Leghtas, S.E. Nigg, L.
Frunzio, S. M. Girvin, M. Mirrahimi, M. H. Devoret, and
R. J. Schoelkopf, Science 342, 607 (2013).

[22] N. Ofek, A. Petrenko, R. Heeres, P. Reinhold, Z. Leghtas, B.
Vlastakis, Y. Liu, L. Frunzio, S. M. Girvin, L. Jiang et al.,
Nature (London) 536, 441 (2016).

[23] X.L. He, Y. Lu, D. Q. Bao, H. Xue, W. B. Jiang, Z. Wang,
A.F. Roudsari, P. Delsing, J. S. Tsai, and Z.R. Lin, Nat.
Commun. 14, 6358 (2023).

[24] C. Monroe, D. M. Meekhof, B. E. King, and D. J. Wineland,
Science 272, 1131 (1996).

[25] D. Kienzler, C. Flihmann, V. Negnevitsky, H.-Y. Lo, M.
Marinelli, D. Nadlinger, and J. P. Home, Phys. Rev. Lett.
116, 140402 (2016).

[26] A. Omran, H. Levine, A. Keesling, G. Semeghini, T.T.
Wang, S. Ebadi, H. Bernien, A.S. Zibrov, H. Pichler, S.
Choi et al., Science 365, 570 (2019).

[27] B. Hacker, S. Welte, S. Daiss, A. Shaukat, S. Ritter, L. Li,
and G. Rempe, Nat. Photonics 13, 110 (2019).

[28] 1. Shomroni, L. Qiu, and T.J. Kippenberg, Phys. Rev. A
101, 033812 (2020).

090205-5


https://doi.org/10.1007/BF01491891
https://doi.org/10.1103/PhysRevA.65.042305
https://doi.org/10.1103/PhysRevA.68.042319
https://doi.org/10.1103/PhysRevLett.100.030503
https://doi.org/10.1103/PhysRevLett.100.030503
https://doi.org/10.1103/PhysRevA.87.022326
https://doi.org/10.1103/PhysRevLett.125.060501
https://doi.org/10.1103/PhysRevLett.125.060501
https://doi.org/10.1103/PhysRevA.103.032602
https://doi.org/10.1103/PhysRevA.103.032602
https://doi.org/10.1103/PhysRevResearch.4.043065
https://doi.org/10.1103/PhysRevResearch.4.043065
https://doi.org/10.1103/PRXQuantum.5.030322
https://doi.org/10.1103/PhysRevA.106.042614
https://doi.org/10.1103/PhysRevA.106.042614
https://doi.org/10.1103/PhysRevLett.111.120501
https://doi.org/10.1103/PhysRevLett.111.120501
https://doi.org/10.1103/PhysRevA.95.012305
https://doi.org/10.1103/PhysRevA.95.012305
https://doi.org/10.1103/PRXQuantum.6.010304
https://doi.org/10.1103/PRXQuantum.6.010304
https://doi.org/10.1103/PhysRevA.70.020101
https://doi.org/10.1103/PhysRevA.70.020101
https://doi.org/10.1038/nphoton.2017.57
https://doi.org/10.1038/nphoton.2017.57
https://doi.org/10.1103/PhysRevA.97.022341
https://doi.org/10.1103/PhysRevA.97.022341
https://doi.org/10.1103/PhysRevA.86.043813
https://doi.org/10.1364/OE.21.005529
https://doi.org/10.22331/q-2022-07-20-769
https://arXiv.org/abs/2502.08952
https://doi.org/10.1126/science.1243289
https://doi.org/10.1038/nature18949
https://doi.org/10.1038/s41467-023-42057-0
https://doi.org/10.1038/s41467-023-42057-0
https://doi.org/10.1126/science.272.5265.1131
https://doi.org/10.1103/PhysRevLett.116.140402
https://doi.org/10.1103/PhysRevLett.116.140402
https://doi.org/10.1126/science.aax9743
https://doi.org/10.1038/s41566-018-0339-5
https://doi.org/10.1103/PhysRevA.101.033812
https://doi.org/10.1103/PhysRevA.101.033812

PHYSICAL REVIEW LETTERS 136, 090205 (2026)

[29] B.D. Hauer, J. Combes, and J. D. Teufel, Phys. Rev. Lett.
130, 213604 (2023).

[30] R. Filip and L. Mista, Phys. Rev. Lett. 106, 200401 (2011).

[31] M. Walschaers, PRX Quantum 2, 030204 (2021).

[32] L. Lachman and R. Filip, Prog. Quantum Electron. 83,
100395 (2022).

[33] C.-W. Lee and H. Jeong, Phys. Rev. Lett. 106, 220401
(2011).

[34] J. Fiurasek and M. Jezek, Phys. Rev. A 87, 062115 (2013).

[35] J. Park, J. Zhang, J. Lee, S.-W. Ji, M. Um, D. Ly, K. Kim,
and H. Nha, Phys. Rev. Lett. 114, 190402 (2015).

[36] H. Kwon, C.-Y. Park, K. C. Tan, and H. Jeong, New J. Phys.
19, 043024 (2017).

[37] M. Bild, M. Fadel, Y. Yang, U. von Liipke, P. Martin, A.
Bruno, and Y. Chu, Science 380, 274 (2023).

[38] M. G. Genoni, M. L. Palma, T. Tufarelli, S. Olivares, M. S.
Kim, and Matteo G. A. Paris, Phys. Rev. A 87, 062104
(2013).

[39] D. Stoler, Phys. Rev. D 1, 3217 (1970).

[40] E.Y.C. Lu, Lett. Al Nuovo Cimento Series 2 2, 1241
(1971).

[41] H.P. Yuen, Phys. Rev. A 13, 2226 (1976).

[42] S.L. Braunstein, Phys. Rev. A 71, 055801 (2005).

[43] B. Yadin, F. C. Binder, J. Thompson, V. Narasimhachar, M.
Gu, and M. S. Kim, Phys. Rev. X 8, 041038 (2018).

[44] C.S. Hamilton, R. Kruse, L. Sansoni, S. Barkhofen, C.
Silberhorn, and I. Jex, Phys. Rev. Lett. 119, 170501 (2017).

[45] W. Jia, V. Xu, K. Kuns, M. Nakano, L. Barsotti, M. Evans,
and N. Mavalvala (Members of the LIGO Scientific Col-
laboration), R. Abbott, I. Abouelfettouh er al., Science 385,
1318 (2024).

[46] D. Gottesman and J. Preskill, Phys. Rev. A 63, 022309
(2001).

[47] A.n. Oruganti, I. Derkach, R. Filip, and V.C. Usenko,
Quantum Sci. Technol. 10, 025023 (2025).

[48] K. Park, R. Filip, P. Marek, and C. Oh, Phys. Rev. Appl. 18,
014060 (2022).

[49] S. L. Braunstein and H. J. Kimble, Phys. Rev. Lett. 80, 869
(1998).

[50] A. Furusawa, J. L. Sgrensen, S. L. Braunstein, C. A. Fuchs,
H.J. Kimble, and E. S. Polzik, Science 282, 706 (1998).

[51] S. Briuer, T. Opatrny, and P. Marek, Phys. Rev. Res. 7,
033176 (2025).

[52] V. Kala, J. Fadrny, M. Neset, J. Bilek, P. Marek, and M.
Jezek, arXiv:2503.07574.

[53] K. Miyata, H. Ogawa, P. Marek, R. Filip, H. Yonezawa, J. L.
Yoshikawa, and A. Furusawa, Phys. Rev. A 93, 022301
(2016).

[54] S. Konno, A. Sakaguchi, W. Asavanant, H. Ogawa, M.
Kobayashi, P. Marek, R. Filip, J.I. Yoshikawa, and A.
Furusawa, Phys. Rev. Appl. 15, 024024 (2021).

[55] S. Briuer and P. Marek, Opt. Express 29, 22648
(2021).

[56] V. Kala, R. Filip, and P. Marek, Opt. Express 30, 31456
(2022).

[57] P. Marek, Phys. Rev. Lett. 132, 210601 (2024).

[58] See  Supplemental Material at  http:/link.aps.org/
supplemental/10.1103/qfnt-6drh for additional figures, der-
ivations, and footnotes.

[59] S. Briiuer, J. Provaznik, V. Kala, and P. Marek, Catability as
a metric for evaluating superposed coherent states, GitHub
repository https://github.com/jan-provaznik/catability.

[60] H. Le Jeannic, A. Cavailles, K. Huang, R. Filip, and J.
Laurat, Phys. Rev. Lett. 120, 073603 (2018).

[61] J. Provaznik, P. Marek, J. Laurat, and R. Filip, Opt. Express
33, 16520 (2025).

[62] J.S. Ivan, K. K. Sabapathy, and R. Simon, Phys. Rev. A 84,
042311 (2011).

[63] A. Mari and J. Eisert, Phys. Rev. Lett. 109, 230503
(2012).

[64] H. Takahashi, K. Wakui, S. Suzuki, M. Takeoka, K.
Hayasaka, A. Furusawa, and M. Sasaki, Phys. Rev. Lett.
101, 233605 (2008).

[65] K. Takase, J. I. Yoshikawa, W. Asavanant, M. Endo, and A.
Furusawa, Phys. Rev. A 103, 013710 (2021).

[66] A. Ourjoumtsev, H. Jeong, R. Tualle-Brouri, and P.
Grangier, Nature (London) 448, 784 (2007).

[67] A. Laghaout, J. S. Neergaard-Nielsen, and U. L. Andersen,
Opt. Commun. 337, 96 (2015).

[68] U. Chabaud, D. Markham, and F. Grosshans, Phys. Rev.
Lett. 124, 063605 (2020).

[69] U. Chabaud, G. Roeland, M. Walschaers, F. Grosshans, V.
Parigi, D. Markham, and N. Treps, PRX Quantum 2,
020333 (2021).

[70] J. Fiurasek, Opt. Express 30, 30630 (2022).

[71] J. Cohen, W. C. Smith, M. H. Devoret, and M. Mirrahimi,
Phys. Rev. Lett. 119, 060503 (2017).

[72] C.R. Harris, K. J. Millman, S. J. van der Walt, R. Gommers,
P. Virtanen, D. Cournapeau, E. Wieser, J. Taylor, S. Berg,
N.J. Smith et al., Nature (London) 585, 357 (2020).

[73] P. Virtanen, R. Gommers, T. E. Oliphant, M. Haberland, T.
Reddy, D. Cournapeau, E. Burovski, P. Peterson, W.
Weckesser, J. Bright et al., Nat. Methods 17, 261
(2020).

[74] J. D. Hunter, Comput. Sci. Eng. 9, 90 (2007).

090205-6


https://doi.org/10.1103/PhysRevLett.130.213604
https://doi.org/10.1103/PhysRevLett.130.213604
https://doi.org/10.1103/PhysRevLett.106.200401
https://doi.org/10.1103/PRXQuantum.2.030204
https://doi.org/10.1016/j.pquantelec.2022.100395
https://doi.org/10.1016/j.pquantelec.2022.100395
https://doi.org/10.1103/PhysRevLett.106.220401
https://doi.org/10.1103/PhysRevLett.106.220401
https://doi.org/10.1103/PhysRevA.87.062115
https://doi.org/10.1103/PhysRevLett.114.190402
https://doi.org/10.1088/1367-2630/aa68f5
https://doi.org/10.1088/1367-2630/aa68f5
https://doi.org/10.1126/science.adf7553
https://doi.org/10.1103/PhysRevA.87.062104
https://doi.org/10.1103/PhysRevA.87.062104
https://doi.org/10.1103/PhysRevD.1.3217
https://doi.org/10.1007/BF02770161
https://doi.org/10.1007/BF02770161
https://doi.org/10.1103/PhysRevA.13.2226
https://doi.org/10.1103/PhysRevA.71.055801
https://doi.org/10.1103/PhysRevX.8.041038
https://doi.org/10.1103/PhysRevLett.119.170501
https://doi.org/10.1126/science.ado8069
https://doi.org/10.1126/science.ado8069
https://doi.org/10.1103/PhysRevA.63.022309
https://doi.org/10.1103/PhysRevA.63.022309
https://doi.org/10.1088/2058-9565/ada9c4
https://doi.org/10.1103/PhysRevApplied.18.014060
https://doi.org/10.1103/PhysRevApplied.18.014060
https://doi.org/10.1103/PhysRevLett.80.869
https://doi.org/10.1103/PhysRevLett.80.869
https://doi.org/10.1126/science.282.5389.706
https://doi.org/10.1103/9cxn-t1vf
https://doi.org/10.1103/9cxn-t1vf
https://arXiv.org/abs/2503.07574
https://doi.org/10.1103/PhysRevA.93.022301
https://doi.org/10.1103/PhysRevA.93.022301
https://doi.org/10.1103/PhysRevApplied.15.024024
https://doi.org/10.1364/OE.427637
https://doi.org/10.1364/OE.427637
https://doi.org/10.1364/OE.464759
https://doi.org/10.1364/OE.464759
https://doi.org/10.1103/PhysRevLett.132.210601
http://link.aps.org/supplemental/10.1103/qfnt-6drh
http://link.aps.org/supplemental/10.1103/qfnt-6drh
http://link.aps.org/supplemental/10.1103/qfnt-6drh
http://link.aps.org/supplemental/10.1103/qfnt-6drh
http://link.aps.org/supplemental/10.1103/qfnt-6drh
https://doi.org/10.1103/PhysRevLett.120.073603
https://doi.org/10.1364/OE.555180
https://doi.org/10.1364/OE.555180
https://doi.org/10.1103/PhysRevA.84.042311
https://doi.org/10.1103/PhysRevA.84.042311
https://doi.org/10.1103/PhysRevLett.109.230503
https://doi.org/10.1103/PhysRevLett.109.230503
https://doi.org/10.1103/PhysRevLett.101.233605
https://doi.org/10.1103/PhysRevLett.101.233605
https://doi.org/10.1103/PhysRevA.103.013710
https://doi.org/10.1038/nature06054
https://doi.org/10.1016/j.optcom.2014.07.046
https://doi.org/10.1103/PhysRevLett.124.063605
https://doi.org/10.1103/PhysRevLett.124.063605
https://doi.org/10.1103/PRXQuantum.2.020333
https://doi.org/10.1103/PRXQuantum.2.020333
https://doi.org/10.1364/OE.466175
https://doi.org/10.1103/PhysRevLett.119.060503
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1109/MCSE.2007.55

	Catability as a Metric for Evaluating Superposed Coherent States
	Acknowledgments
	Data availability
	References


