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As a genuine many-body entanglement, spin squeezing (SS) can be used to realize the highly precise
measurement beyond the limit constrained by classical physics. Its generation has attracted much attention
recently. It was reported that N two-level systems (TLSs) located near a one-dimensional waveguide can
generate SS by using the mediation effect of the waveguide. However, a coherent driving on each TLS is
used to stabilize the SS, which raises a high requirement for experiments. We here propose a scheme to
generate stable SS resorting to neither the spin-spin coupling nor the coherent driving on the TLSs.
Incorporating the mediation role of the common waveguide and the technique of squeezed-reservoir
engineering, our scheme exhibits the advantages over previous ones in the scaling relation of the SS
parameter with the number of the TLSs. The long-range correlation feature of the generated SS along the
waveguide in our scheme may endow it with certain superiority in quantum sensing, e.g., improving the
sensing efficiency of spatially unidentified weak magnetic fields.
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Introduction.—A quantum-science revolution is in the
making. It is expected to bring a lot of profound impacts to
technological innovations. A distinguished example is
quantummetrology or sensing [1,2]. It pursues the develop-
ment of measurement protocols with higher precision of
physical quantities than the limit constrained by classical
physics, i.e., the shot-noise limit, by using quantum
resources. As a kind of many-body entanglement [3–6],
spin squeezing (SS) is one such resource. It has exhibited a
wonderful power in beating the shot-noise limit [7–13],
with promising applications in quantum gyroscope [14,15],
atomic clocks [16–20], magnetometers [21,22], and gra-
vimetry [23]. Its efficient generation is a prerequisite for
further applications. The widely used method exploits the
coherent spin-spin coupling in the one- and two-axis
twisting models [4,7–10,24]. However, it is dynamically
transient and experiences a degradation under the realistic
decoherence [25–27]. Other methods via atom-photon
couplings [28–31] and quantum nondemolition measure-
ments [32–34] have also been proposed.
Waveguide quantum electrodynamics (QED) refers to a

scenario where arrays of quantum emitters are coupled to a
waveguide [35–42]. It allows for long-range interactions
among the quantum emitters mediated by photons in the
waveguide that is particularly interesting for quantum
network applications [43]. Several schemes on dissipative
preparation of the SS [44–51] have been proposed based on
the idea of reservoir engineering [52–56] to the waveguide
modes. The SS generated in such a method exists in steady
states and does not depend on initial states, which endows it
with the features of a long lifetime and robustness.
However, a coherent driving laser on each quantum emitter

is needed to stabilize the SS in these schemes. It dramati-
cally increases the experimental difficulties when a huge
number of quantum emitters are involved.
In this Letter, we propose a scheme to deterministically

generate a stable SS of N distant quantum emitters formed
by two-level systems (TLSs) in a waveguide QED system
without resorting to a coherent driving on each TLS. The
main idea is based on the combined action of the technique
of squeezed-reservoir engineering, which is widely used in
quantum state preparation [57–62], and the mediation role
of the waveguide. The waveguide enables us to manipulate
the phase difference between the reservoir-induced long-
range coherent and incoherent couplings of TLSs such that
an effective collective spin mode of TLSs is induced by
precisely controlling the positions of TLSs. Then, acting as
a mold, the squeezed-reservoir imprints its squeezing
feature to the steady state of the collective spin. It is found
that the Wineland SS parameter ξ2R, as a characterization of
the improvement of sensitivity in Ramsey spectroscopy [3],
for our generated SS scales with the TLS number N as
1.64N−0.54, which beats the ones in the one- and two-axis
twisting [25–27] and Heisenberg [63] models with the
realistic dissipation considered. It implies the superiority of
the SS of our scheme in quantum sensing. The spatial
separation of the TLSs along the waveguide in our scheme
also is helpful in improving the sensing efficiency of a weak
field via effectively increasing the contact area.
System and dynamics.—We consider an array of N TLSs

coupled to a common electromagnetic field in a waveguide
[see Fig. 1(a)]. The TLSs can be superconductor qubits
[64], nitrogen vacancy centers [50], or natural atoms [65].
The waveguide may be a coupled cavity array [66], a
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metal-dielectric surface plasmon [67,68], or a photonic
crystal [69]. Its Hamiltonian is Ĥ ¼ ĤS þ ĤR þ ĤI with
(ℏ ¼ 1)

ĤS ¼
XN

i¼1

ω0σ̂
†
i σ̂i; ĤR ¼

X

k

ωkâ
†
kâk; ð1Þ

ĤI ¼
X

k;i

ðgkiâk þ g�kiâ
†
kÞðσ̂†i þ σ̂iÞ; ð2Þ

where σ̂i is the transition operator from the excited state jei
to the ground state jgi of the ith TLS at ri, with transition
frequency ω0, and âk is the annihilation operator of the kth
field mode with frequency ωk. The coupling strength is
gki ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ωk=ð2ϵ0Þ

p
di · ukðriÞ, where ϵ0 is the vacuum per-

mittivity, di is the dipole moment of the ith TLS, and ukðriÞ
is the spatial function of the kth mode.
We use the technique of squeezed-reservoir engineering

[58–62] to generate the SS of TLSs. It is realized by feeding
the waveguide a broadband squeezed field, which can be
implemented via an optical parametric down conversion
[70,71] or Josephson parametric amplification [72,73].
The waveguide under the driving of the squeezed
field acts as a squeezed vacuum reservoir. The initial
state is ρTð0Þ ¼ ρð0Þ ⊗ Q

k Ŝkj0kih0kjŜ†k, where Ŝk ¼
exp½rkðe−iαk â2k − eiαk â†2k Þ=2� with rk and αk being the
squeezing strength and angle, and j0ki is the kth-mode
vacuum state [57]. Both rk and αk relate to the amplitude of
the pump field, the second-order nonlinearity, and the
length of nonlinear material in parametric amplification.
The master equation of the TLSs under the Born-
Markovian and secular approximations is [74–76]

_̃ρðtÞ ¼ −i
�
ΔN

X

i

σ̂†i σ̂i þ ĤDD; ρ̃ðtÞ
�

þ
X

i;j

fγ−ij=2½NĎσ̂†i ;σ̂j
þ ðN þ 1ÞĎσ̂i;σ̂

†
j
�

− γþij=2½MĎσ̂†i ;σ̂
†
j
þM�Ďσ̂i;σ̂j �gρ̃ðtÞ; ð3Þ

where ρ̃ðtÞ ¼ eiĤStρðtÞe−iĤSt is the density matrix of TLSs
in the interaction picture, N ≡ sinh2r with r≡ rðω0Þ,
M≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

N 2 þN
p

eiα with α≡ αðω0Þ, and ĎÂ;B̂ρ̃≡
2Â ρ̃ B̂−ρ̃ B̂ Â−B̂ Â ρ̃. The first term of Eq. (3) is the
reservoir-induced coherent dynamics, where HDD ¼
−
P

i≠jΔijðσ̂†i σ̂j þ σ̂iσ̂
†
jÞ=2 is the dipole-dipole interaction

of the TLSs. The interaction strengths are Δij ¼ Δ−
ij þ Δþ

ij

with Δ�
ij ¼ P

R
∞
0 dωG−

ijðωÞ=ðω� ω0Þ, where P denotes
the Cauchy principal value and G−

ijðωÞ≡
P

k gkig
�
kjδðω −

ωkÞ are the correlated spectral densities. The frequency
shift equals to ΔN ≡ ð2N þ 1ÞΔ with Δ ¼ ðΔþ

ii − Δ−
iiÞ,

which is independent of the positions of TLSs. The second
and third lines of Eq. (3) are the incoherent dissipation and
squeezing with rates γ�ij ¼ 2πG�

ijðω0Þ, where Gþ
ijðωÞ≡P

k gkigkjδðω − ωkÞ. It is interesting to see that the
squeezed vacuum reservoir, as a common medium of the
TLSs, can not only induce individual dissipation, squeez-
ing, and frequency shift to each TLSs, but also induce
correlated dissipation, squeezing, and coherent dipole-
dipole interactions to the TLSs by exchanging the photons
in the waveguide. It gives us sufficient room to generate a
long-range correlation of TLSs via engineering the reser-
voir in the waveguide.
The surface plasmonic as a waveguide experiences

severe loss due to the metal absorption [67]. The photonic
crystal as a waveguide reflects light only in a certain narrow
frequency range [69]. We consider that the waveguide is
formed by a rectangular hollow metal due to its high Q
factor [77] and wide permissable bandwidth. Its allowable
electromagnetic modes are the transverse modes TEmn and
TMmn above the cutoff frequency ωmn ¼ c½ðmπ=aÞ2þ
ðnπ=bÞ2�1=2, where a, b are the transverse lengths of the
waveguide, and m, n are nonnegative integers. Their
dispersion relations are ωmn

k ¼ ½ðckÞ2 þ ω2
mn�1=2 with k

being the longitudinal wave number and c being the speed
of light [78]. Assuming that the TLSs are polarized in the z
direction (di ¼ dez), we have [45]

G�
ijðωÞ ¼

X

mn

Γmn

2π

cos½kðzi � zjÞ�
½ðω=ωmnÞ2 − 1�1=2 Θðω − ωmnÞ ð4Þ

with ΘðxÞ as the Heaviside step function, Γmn ¼
½ð4ωmnũmn;iũmn;jÞ=ðϵ0cabÞ�, and ũmn;i ¼ d sin½ðmπ=aÞxi�×
sin½ðnπ=bÞyi�. Considering the dominated mode with
m ¼ n ¼ 1 and ω0 > ω11, we can derive [76]

FIG. 1. (a) Schematics of N TLSs along z axis in a one-
dimensional waveguide, which is driven by a broadband
squeezed field. Evolution of the inverse of the SS parameter
of the TLSs in different r when the initial state is jj;−ji with
j ¼ N=2 (b) and in different initial states when r ¼ 0.5 (c). The
red dashed line in (b) denotes ξ2R ¼ 1. Other parameters are
N ¼ 10, ω0 ¼ Δ ¼ 1.0A, and α ¼ 0.5.
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Δij ¼ −½Γ11ζω11=ð2cÞ� sinðjzi − zjj=ζÞ; ð5Þ

γ�ij ¼ðΓ11ζω11=cÞ cosðjzi � zjj=ζÞ; ð6Þ

where ζ ¼ cðω2
0 − ω2

11Þ−1=2. Equations (5) and (6) originate
from the interference of the N individual interaction
channels of the TLSs with the common reservoir [66].
Remarkably, the waveguide as the reservoir medium
enables us to modulate the phase difference of Eqs. (5)
and (6) via tailoring the position zi. It allows the switch-on-
off for either of the two couplings and offers an opportunity
for engineering the multipartite quantum correlation of the
TLSs. By positioning the TLSs such that jzi � zjj ¼ 2n�πζ
(n� ∈ Z), we have Δij ¼ 0, γ�ij ¼ Γ11ζω11=c≡ A, and
Eq. (3) reduced to [76]

_̃ρðtÞ ¼ −iΔN ½Ŝz; ρ̃ðtÞ� þ A
2
½NĎŜþ;Ŝ− þ ðN þ 1ÞĎŜ−;Ŝþ

−MĎŜþ;Ŝþ −M�ĎŜ−;Ŝ− �ρ̃ðtÞ; ð7Þ
where Ŝz ≡P

iðσ̂†i σ̂i − 1=2Þ and Ŝ− ¼ ðŜþÞ† ¼ P
i σ̂i.

Thus, a collective spin mode of the TLSs is induced to
interplay with the common squeezed reservoir by the
constructive interference among the interaction channels.
Stable spin squeezing.—An SS is featured with a

reduced quantum fluctuation in a certain spin component.
Defining a mean direction n ¼ TrðŜρÞ=jTrðŜρÞj≡
ðsin θ0 cosφ0; sin θ0 sinφ0; cos θ0Þ, a spin state ρ is
squeezed if its minimal variance in the n⊥ plane spanned
by n1 ¼ ðcos θ0 cosφ0; cos θ0 sinφ0;− sin θ0Þ and n2 ¼
ð− sinφ0; cosφ0; 0Þ is smaller than that of the spin coherent
state, i.e., N=4 [4]. It is quantified by the SS parameter [3]
ξ2R ¼ N½VarðŜ⊥Þ�min=jTrðŜρÞj2, where Ŝ⊥ is the spin in the
n⊥ plane, VarðÔÞ ¼ hÔ2i − hÔi2, and the superscript min
means the minimum in all directions. Exhibiting multipar-
tite entanglement, the state is squeezed if ξ2R < 1 [79].
Another way to visually depict the SS is the Husimi’s Q
function Qðθ;φÞ ¼ ð2jþ 1Þ=ð4πÞhθ;φjρjθ;φi [80], where
jθ;φi ¼ ð1þ jηj2Þ−je−η�Ŝ− jj; jiwith jj; mi (m ¼ −j;…; j)
being the eigenstates of fŜ2; Ŝzg and η ¼ − tanðθ=2Þe−iφ.

The Q function maps ρ to a quasiclassical probability
distribution in the phase space defined by θ and φ.
Via numerically solving Eq. (7), we show in Fig. 1(b) the

evolution of 1=ξ2R for the initial state jj;−ji with j ¼ N=2
in different squeezing strengths r. It is found that a stable
SS can be formed in the regime of a moderate r. Thanks to
the constructive role played by the squeezed reservoir in the
waveguide, the system spontaneously evolves to a spin
squeezed state uniquely dependent on r. This is in sharp
contrast to the previous results [47–51], where a coherent
driving field is applied on each TLS to stabilize the SS. The
evolution of 1=ξ2R with chosen r in different initial states
jj; mi verifies the uniqueness of the steady state [see
Fig. 1(c)]. We plot in Fig. 2 the evolution of the projections
of theQ function in the n⊥ plane for the initial state jj;−ji.
Being isotropically distributed, it shows no SS initially.
With increasing time, it shrinks in one direction at the
expense of expanding in its orthogonal direction. Such an
SS is kept to its steady state [see Fig. 2(d)]. It confirms that
the TLSs as a collective spin are squeezed by the squeezed
reservoir.
To figure out the relation between the SS and r, we

calculate the steady state [76,81]

ρ̃ð∞Þ ¼
Xj

m;n¼−j
pmp�

nhϕmjϕnijψmihψnj: ð8Þ

Satisfying R̂zjψmi ¼ mjψmi and R̂†
z jϕmi ¼ mjϕmi with

R̂z¼ ið4jMjÞ−1=2ðŜþeiðα=2Þ sinhr− Ŝ−e−iðα=2ÞcoshrÞ, jψmi
and jϕmi forms a complete set of biorthogonal basis.
The recurrence relation of coefficient pm is pmþ1 ¼
f½Am − iΔN �=½Aðmþ 1Þ þ iΔN �pmg, which can be fixed
by Tr½ρ̃ð∞Þ� ¼ 1.
We plot in Fig. 3(a) the comparison of the steady-state

squeezing obtained by the analytical solution (8) with the
numerical one. It verifies the correctness of Eq. (8) in
describing the steady state of Eq. (7). One observation from
Fig. 3(a) is that, with increasing N, the range of r
supporting the stable SS becomes wider and wider.
Thus, the stable SS can be generated in a fairly wider
parameter range if more TLSs are involved [see Fig. 3(b)].
Another feature of Fig. 3(a) is that, even for sufficiently

FIG. 2. Evolution of the Husimi’s Q function in the n⊥ plane for the initial state jj;−ji when t ¼ 0 (a), 0.01A−1 (b), 0.1A−1 (c), and
t ¼ 4.0A−1 (d). We use N ¼ 30 and r ¼ 0.8, and others are the same as Fig. 1.
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large N, the SS still tends to vanish in a gradual manner
with increasing r. It endows our scheme with a difference
from the previous ones based on the driven-dissipative
Dicke model [47,50], where a nonequilibrium phase
transition manifested by an abrupt disappearance of the
SS is presented. It is understandable based on the fact that
our SS is generated via purely incoherent interactions of
TLSs mediated by the reservoir, while theirs is via the
combined actions of the incoherent interactions and coher-
ent driving.
The SS parameter ξ2R describes the improvement of the

sensitivity to measure the atomic frequency in Ramsey
spectroscopy [3]. Therefore, it itself is an important
quantity to characterize quantum superiority in quantum
metrology [82–85]. The analytical solution (8) permits us
to investigate the SS in the large-N limit, where the
numerical calculation is hard. The relation between the
optimal SS and the number N of the TLSs is calculated via
Eq. (8) [see red dots in Fig. 3(b)]. Via numerical fitting, we
obtain its scaling relation as

ðξ2RÞmin ¼ 1.64 × N−0.54: ð9Þ

According to the definition of ξ2R [3], the metrology error
using this state in Ramsey spectroscopy outperforms the
shot-noise limit achieved using the spin coherent state by a
factor of

ffiffiffiffiffiffiffiffiffi
1.64

p
N−0.27. It is better than the previous

schemes. Explicitly, the SS generated via the one-axis
twisting scales as ξ2R ∝ N−2=3 and via two-axis twisting as
N−1 in the ideal situation [4]. However, they tend to N−1=2

at optimized time and to be divergent in the long-time limit
when the dissipation is considered [25–27]. Our SS is also
better than the ones in the ground state of Lipkin-Meshkov-
Glick model scaling as ξ2R ∝ N−1=3 [86] and in the steady
state of dissipative Heisenberg model scaling as ξ2R ¼ 1=2
[63]. Figure 3(c) shows the squeezing strength to achieve
the best SS in different N. The numerical fitting reveals
ropt ¼ 0.27 lnN − 0.11 [76], which insensitively depends
on N. Thus, we do not bother to sharply increase r to
generate the SS for a large number of TLSs. This gives a
useful guideline for experiments to optimize the working
condition.
Effect of position imperfection.—Consider that the posi-

tion zi of ith TLS has a disorder wχi, where χi is a random
number uniformly distributed in ½−1; 1� and w is disorder
strength. The disorder makes the collective spin mode in
Eq. (7) not exist anymore. Solving the original master
equation (3), we plot in Figs. 4(a)–4(c) the evolution of
1=ξ2R in different w. It can be found that the disorder
introduces a decay factor roughly in a timescale ζ=ðAwÞ to
1=ξ2R [76]. When w is small, almost no observable influence
can be found in a sufficiently wide time window. With
increasing w, the decay becomes obvious. By setting the
left-hand side of Eq. (3) to zero, we plot in Fig. 4(d) the
steady-state 1=ξ2R in different w. It shows that the stable SS
is preserved until the disorder strength is as high as 0.4πζ.
This reveals the robustness of our scheme to the position
imperfection of the TLSs.
Discussion and conclusion.—The current experimental

advances in nanophotonics and circuit QED provide sup-
port to our scheme [36–40]. The transmission-line

FIG. 3. (a) Comparison of 1=ξ2R from the analytical solution (8)
(purple dot dashed, red dashed, and blue dotted lines) with the
one by numerically solving Eq. (7) at t ¼ 200A−1 (gray lines) in
different N. Range of r supporting stable SS (b), maxima of 1=ξ2R
(c), and optimal r (d) as a function of N. The numerical fitting
gives ðξ2RÞMax ¼ 1.64N−0.54 and ropt ¼ 0.27 lnN − 0.1. Parame-
ters are the same as Fig. 1.

FIG. 4. Evolution of 1=ξ2R in the ideal (red line) and disordered
(blue dashed line) cases with the standard deviations marked in
orange when w ¼ 0.03πζ (a), 0.06πζ (b), and 0.3πζ (c) by
averaging over 100 random configurations. (d) Steady-state 1=ξ2R
in different w by averaging over 200 random configurations.
N ¼ 5 and others are the same as Fig. 1.
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waveguide mediated couplings of two 18.6 mm separated
TLSs have been observed [36]. A 15 dB squeezed light
corresponding to r ¼ 1.7 has been realized [70]. A 20 dB
squeezing for microwave with bandwidth up to a few GHz
has been realized by the Josephson parametric amplifier
[73], which fulfills our requirement. The precise position-
ing of TLSs with 20 nm accuracy was reported [87,88]. Our
scheme is also realizable in SiV centers as TLSs in a
diamond waveguide [43,55,89]. Comparing with the SS in
an atom ensemble [7–13], our SS shows a long-range
correlation. It hopefully is useful in developing quantum
sensing in extremal conditions, e.g., improving the sensing
efficiency of a spatially unidentified weak magnetic field
via effectively increasing the contact area.
In summary, we have proposed a scheme to generate

stable SS of N distant TLSs in a waveguide QED system by
squeezed-reservoir engineering. A collective effect of the
far separated TLSs is efficiently created by the mediation
role of the common squeezed reservoir in the waveguide
via well-positioned TLSs. It makes the TLSs spontaneously
evolve from any initial state to a spin squeezed state in the
long-time limit. Our analysis reveals that the generated SS
scales with the number of TLSs as N−0.54, which outper-
forms the two-axis twisting and Heisenberg models with
the realistic dissipation considered. Without resorting to the
coherent driving on each TLS, our scheme reduces the
difficulty of experiment realization in previous schemes.
The recent advancement of the waveguide QED experi-
ments indicates that our scheme is within the present
experimental state of the art.
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Tóth, and C. Klempt, Detecting Multiparticle Entanglement
of Dicke States, Phys. Rev. Lett. 112, 155304 (2014).

[6] J. Ma, X. Wang, C. P. Sun, and Franco Nori, Quantum spin
squeezing, Phys. Rep. 509, 89 (2011).

[7] J. G. Bohnet, K. C. Cox, M. A. Norcia, J. M. Weiner, Z.
Chen, and J. K. Thompson, Reduced spin measurement
back-action for a phase sensitivity ten times beyond the
standard quantum limit, Nat. Photonics 8, 731 (2014).

[8] J. G. Bohnet, B. C. Sawyer, J. W. Britton, M. L. Wall, A. M.
Rey, M. Foss-Feig, and J. J. Bollinger, Quantum spin
dynamics and entanglement generation with hundreds of
trapped ions, Science 352, 1297 (2016).

[9] O. Hosten, R. Krishnakumar, N. J. Engelsen, and M. A.
Kasevich, Quantum phase magnification, Science 352, 1552
(2016).

[10] O. Hosten, N. J. Engelsen, R. Krishnakumar, and M. A.
Kasevich, Measurement noise 100 times lower than the
quantum-projection limit using entangled atoms, Nature
(London) 529, 505 (2016).

[11] X.-Y. Luo, Y.-Q. Zou, L.-N. Wu, Q. Liu, M.-F. Han, M. K.
Tey, and L. You, Deterministic entanglement generation
from driving through quantum phase transitions, Science
355, 620 (2017).

[12] Y.-Q. Zou, L.-N. Wu, Q. Liu, X.-Y. Luo, S.-F. Guo, J.-H.
Cao, M. K. Tey, and L. You, Beating the classical precision
limit with spin-1 Dicke states of more than 10,000 atoms,
Proc. Natl. Acad. Sci. U.S.A. 115, 6381 (2018).

[13] H. Bao, J. Duan, S. Jin, X. Lu, P. Li, Weizhi Qu, M. Wang, I.
Novikova, E. E. Mikhailov, K.-F. Zhao, K. Mlmer, H. Shen,
and Y. Xiao, Spin squeezing of 1011 atoms by prediction and
retrodictionmeasurements, Nature (London) 581, 159 (2020).

[14] G.-B. Jo, Y. Shin, S. Will, T. A. Pasquini, M. Saba, W.
Ketterle, D. E. Pritchard, M. Vengalattore, and M. Prentiss,
Long Phase Coherence Time and Number Squeezing of
Two Bose-Einstein Condensates on an Atom Chip, Phys.
Rev. Lett. 98, 030407 (2007).

[15] P. Berg, S. Abend, G. Tackmann, C. Schubert, E. Giese, W.
P. Schleich, F. A. Narducci, W. Ertmer, and E. M. Rasel,
Composite-Light-Pulse Technique for High-Precision Atom
Interferometry, Phys. Rev. Lett. 114, 063002 (2015).

[16] I. D. Leroux, M. H. Schleier-Smith, and V. Vuletić,
Orientation-Dependent Entanglement Lifetime in a Squeezed
Atomic Clock, Phys. Rev. Lett. 104, 250801 (2010).

[17] E. M. Kessler, P. Kómár, M. Bishof, L. Jiang, A. S.
Sørensen, J. Ye, and M. D. Lukin, Heisenberg-Limited
Atom Clocks Based on Entangled Qubits, Phys. Rev. Lett.
112, 190403 (2014).

[18] P. Kmr, E. M. Kessler, M. Bishof, L. Jiang, A. S. Srensen, J.
Ye, and M. D. Lukin, A quantum network of clocks, Nat.
Phys. 10, 582 (2014).

[19] I. Kruse, K. Lange, J. Peise, B. Lücke, L. Pezzè, J. Arlt, W.
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