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Version 0:
Reviewer comments:
Reviewer #1

(Remarks to the Author)
What are the noteworthy results?

The authors study a model of coupled photons/phonons/magnons motivated by a setup consisting of a spinning silica
microsphere and a YIG sphere. Counterclockwise/clockwise optical modes are excited in the silica sphere by lasers from the
left/right directions. The sign of the magnon-Kerr coefficient of the YIG sphere is controlled by an applied magnetic field. The
dynamics of the system is calculated by writing down phenomenological Langevin equations. Synchronization effects are
investigated by calculating the continuous-variable measure introduced by Mari et al. [67] for the mechanical modes of the
two spheres. The degree of synchronization can be controlled by the magnetic field and the directions of the lasers and is
robust to imperfections and noise. The coupling may be nonreciprocal because of the interplay of Kerr effect and Sagnac
effect.

Will the work be of significance to the field and related fields? How does it compare to the established literature? If the work
is not original, please provide relevant references.

New setups for quantum synchronization are significant. However, Caption Fig. 1 says that the phonon-phonon interaction
between the two spheres is established via a direct physical contact. How is it possible if the silica sphere is spinning (in the
simulation in Fig. 1 with Omega up to 8 kHz). How is this compatible with direct physical contact?

Does the work support the conclusions and claims, or is additional evidence needed?
Are there any flaws in the data analysis, interpretation and conclusions? Do these prohibit publication or require revision?

omega_1 introduced after (6) appears to be an arbitrary reference unit, i.e., the axis labels in the figures are in arbitrary
units? It is hard to judge whether the parameters used are realistic.

Is the methodology sound? Does the work meet the expected standards in
your field?

The bibliography appears sloppy. E.g., p. 1, "one-way quantum processors [30-33]".
But | cannot find one-way quantum processors in [33].
Many references in the SM appear 2x (e.g., S3 = S41, S9 = S37, S16 = S53, S17 = S54, S18 = S55, etc.)

Is there enough detail provided in the methods for the work to be reproduced?

The main part of the paper is hard to read because many details are missing. The SM provides many details.

Reviewer #2

(Remarks to the Author)
Please see the attached report.



[Editorial Note: This is displayed at the end of the file]

Reviewer #3

(Remarks to the Author)

The manuscript by Lai and colleagues is devoted to a study of nonreciprocal quantum synchronization. They consider a
specific model of a hybrid system that consists of a pair of microspheres which allows one to coherently couple phonons,
magnons and photons as presented in [53]. By combining the Sagnac effect and Kerr nonlinearity, they show the occurrence
of nonreciprocal synchronization between phonons by using the continuous variable quantum synchronization parameter of
[67]. They further show that synchronization is more resilient to noise in the nonreciprocal phase and relate this remarkable
property to squeezing.

| find the obtained results interesting and timely, but would like to a few points to be clarified before | can make a
recommendation.

PROS:

1) the authors consider a novel quantum synchronization system (besides nonlinear oscillators and qubits)

2) the considered system has been realized experimentally in [53].

3) the occurrence of nonreciprocal quantum synchronization is in my opinion important and novel. However, [78] has already
appeared in PRX in January and | feel that this should be acknowledged and not just in mentioned in an added note: the
present manuscript does not seem to have been uploaded on the arXiv (I wonder why) and there is hence no way to verify

that the authors did this study at the same time as those of [78]. But there is almost no overlap between the two papers, so |
don't see this as an issue.

4) the enhanced stability in the nonreciprocal phase is notable and could be important for concrete applications.

CONS:

1) itis difficult to tell how generic the obtained results really are, and hence judge their potential impact to a wider field.

2) the paper is not clearly written: it is too dense, there are too many abbreviations, it is not written for people not familiar with
(all) the topics of the manuscript. | mean, the paper combines many different fields (quantum synchronization, nonreciprocal
interactions, hybrid quantum systems), which makes it really interesting - potentially. Yet, the authors do not try at all to make
it accessible to an interdisciplinary audience. Concretely, the choice (and importance) of the chosen system in not really
emphasized or explained, Sagnac and Kerr are supposed to be well known (and are not explained), quantum
synchronization is neither introduced nor explained.

3) the discussion of the quantum synchronization parameter on page 3 almost follows verbatim that of [67].

4) the captions are suboptimal (especially those of Figs. 2 and 3): there is absolutely no way to learn something about the
results of the paper by simply reading the captions.

5) the paragraph about the robustness against random fabrication is not understandable. What have rho and K to do with
that.

6) Potential applications are not addressed at all. What are these results good for (possibly)?

To conclude, | feel that the manuscript is potentially publishable in Nature Communications in view of the importance and
novelty of the obtained results. However, in my judgement, the authors have done a bad job at presenting them in a clear
and accessible way. | therefore invite them to address the above comments.

Version 1:

Reviewer comments:

Reviewer #1

(Remarks to the Author)
In the revised manuscript, the concerns that | raised in my previous report have been addressed.

Shouldn't the new phrase in the caption of Fig. 1 read "The phonon-phonon coupling chi originates from direct physical
contact between a spinning silica microsphere and a COUNTER-rotating YIG sphere, both maintained at constant angular
velocities Omega and -Omega"?

I am still somewhat skeptical about the experimental realization of a direct contact between two rotating silica and YIG



spheres at angular velocities of 6 kHz but leave this for the community to judge.

A last remark about the new section "Discussions and conclusions": the authors refer repeatedly to RMP 91, 025001 (2019)
[Ref. 80] in the context of quantum synchronization and coupled quantum oscillators. However, Ref. 80 is a review about
quantum resource theories and does not address quantum synchronization. The same remark applies to Section F and Ref.
S31 of the Supplementary Material.

The revised manuscript is substantially improved and ready for publication.

Reviewer #2

(Remarks to the Author)
The authors have fully addressed all my comments. The revised manuscript has also been significantly improved. | can
recommend a publication now.

Reviewer #3

(Remarks to the Author)
The authors have clarified all the issues that | have raised to my satisfaction. | therefore recommend publication in Nature
Communications.
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*** REPORT OF REFEREE A — NCOMMS-25-04564 ***

COMMENT A1l

What are the noteworthy results?

The authors study a model of coupled photons/phonons/magnons motivated by a setup
consisting of a spinning silica microsphere and a YIG sphere. Counterclockwise/clockwise
optical modes are excited in the silica sphere by lasers from the left/right directions. The
sign of the magnon-Kerr coefficient of the YIG sphere is controlled by an applied magnetic
field. The dynamics of the system is calculated by writing down phenomenological Langevin
equations. Synchronization effects are investigated by calculating the continuous-variable
measure introduced by Mari et al. [67] for the mechanical modes of the two spheres. The
degree of synchronization can be controlled by the magnetic field and the directions of the
lasers and is robust to imperfections and noise. The coupling may be nonreciprocal because
of the interplay of Kerr effect and Sagnac effect.

OUR REPLY TO COMMENT A1

We thank Referee A for the concise and excellent summary of our work, and for the
constructive comments and suggestions that can significantly improve our manuscript. We
also appreciate Referee A’s acknowledgment of the noteworthy nature of our findings.
Below, we provide point-by-point responses to all of Referee A’s insightful comments and
suggestions.

We here highlight four noteworthy results of our manuscript.

(i) Nonreciprocal quantum synchronization of phonon modes remains un-
explored. —To our knowledge, we are the first to study nonreciprocal quantum
synchronization via the synergy of the Sagnac and magnon-Kerr effects. While the use of
the Sagnac effect to achieve the nonreciprocity of the optical transmission [R1] and photon
blockade [R2] has been studied, its application to quantum synchronization has not been
explored to date. Inspired by the Sagnac-effect-induced nonreciprocity mechanism [R1],
we introduce a fundamentally different nonreciprocity mechanism based on the magnon-
Kerr effect and demonstrate the first realization of nonreciprocal quantum synchronization,
revealing its counterintuitive immunity against both random fabrication imperfections and
thermal noise of practical devices.

(ii) Our idea is not a simple synergy of the Sagnac and magnon-Kerr effects,
but rather the generation of novel nonreciprocal quantum phenomena and
addressing an outstanding challenge, i.e., quantum synchronization is extremely
sensitive to random fabrication imperfections and thermal noise of practical
devices. —Specifically, quantum synchronization of phonon modes is generally deteriorated
or even completely destroyed by thermal noise and random fabrication imperfections.
Surprisingly, our proposal overcomes this obstacle and generates a unique one-way quantum



Broad applicability and universality

(a) Nonreciprocal mechanical entanglement
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FIG. R1. Broad applicability and universality of our results. (a) Nonreciprocal quantum
entanglement:  Nonreciprocal phonon-phonon entanglement quantified by the logarithmic
negativity Fjs versus the scaled magnon detuning A,, when 2 = 0 and K # 0, and versus the
scaled optical detuning A, when Q # 0 and K = 0. (b) Nonreciprocal topological phonon transfer
(TPT) and its blockade: TPT quality factor F; versus the maximal driving detuning Ay and
power Pyax when the magnetic field is injected from the CD or OD.

synchronization immune to these detrimental factors, without the need of using any high-
cost, low-loss materials or noise filters at the expense of the system complexity.

(iii) In a broader view, our study presents an innovative approach to reversing
the intrinsically detrimental effects of practical devices.—It paves a general route to
pioneering nonreciprocal quantum resources, with immunity against both random fabrication
imperfections and thermal noise of practical devices.

(iv) Our approach has a broad applicability and universality. —Our framework
is not limited to a specific unidirectional quantum effect such as nonreciprocal quantum
synchronization, but extends to a broader class of one-way quantum phenomena, including
nonreciprocal quantum entanglement and unidirectional topological phonon transfer. For



example: (1) our framework naturally extends to nonreciprocal quantum entanglement
between phonon modes [see Fig. R1(a) and Fig. R2], and (2) it can be generalized to explore
nonreciprocal topological phononics and photonics [see Fig. R1(b) and Fig. R2].

We next illustrate the broad applicability and universality of our approach through two
ongoing projects:

(1) Our proposed physical framework naturally extends to the study of nonreciprocal
quantum entanglement between two phonon modes, as explored in our ongoing work Ref.
[Deng-Gao Lai, Adam Miranowicz, and Franco Nori, Nonreciprocal Mechanical Quantum
Entanglement, in preparation (2025)].

Quantum entanglement of mechanical resonators serves as a key resource for quantum
information processing and memory. Mechanical entanglement generation, however, is
generally suppressed or even fully destroyed by thermal noise and/or random fabrication
imperfections of practical devices. The proposed method can be extended to generate
nonreciprocal mechanical entanglement by harnessing the Sagnac effect in combination with
magnon-Kerr nonlinearity.

We find that two mechanical modes are entangled in one chosen direction of the laser
(magnetic field) but separable in the other, as shown in Fig. R1(a) and and Fig. R2.
Remarkably, the threshold thermal phonon number required to preserve mechanical
entanglement in our approach is much larger than that of the standard method. These
findings are broadly applicable and pave the way for advances in one-way quantum resources
that are resilient to thermal noise and fabrication imperfections.

(2) Our approach can be generalized to investigate nonreciprocal topological phononics and
photonics, as explored in our ongoing work Ref. [Deng-Gao Lai, Adam Miranowicz, and
Franco Nori, Nonreciprocal Topological Phononics, in preparation (2025)].

Overcoming the strict dependence on the encircling direction of an exceptional-point (EP)
and reversing the inherent detrimental effects caused by random fabrication imperfections
(e.g., large masses and losses) in practical devices remain significant challenges in topological
physics. The proposed method can be used to overcome these obstacles, enabling a versatile
yet unique nonreciprocal topological phonon transfer (TPT). This is possible by employing
the magnon-Kerr nonlinearity effect stemming from magnetocrystalline anisotropy, leading
to turning detrimental imperfections into benefits, having no correspondence in previous
studies.

Specifically, TPT occurs when the system is driven from one chosen direction of the magnetic
field but not the other, giving rise to a profoundly different unidirectional TPT independent
of the EP-winding direction, as shown in Fig. R1(b) and Fig. R2. Unlike conventional
schemes, where TPT is generally suppressed or even completely destroyed in large-mass
and /or large-damping regimes, our approach not only directly turns suppression (detriments)
into revival (benefits), but also immunizes TPT in these domains, with a seven-orders-
of-magnitude enhancement in the TPT performance, as shown in Fig. R3. The study
presents an innovative approach to reversing the intrinsically detrimental effects of device
imperfections, and paves a general route to pioneering nonreciprocal topology independent
of the EP-encircling direction.
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FIG. R2. Broad applicability and universality of our model. The proposed framework naturally
extends to a range of nonreciprocal quantum phenomena, including nonreciprocal quantum

synchronization, nonreciprocal quantum squeezing, nonreciprocal quantum entanglement, and
nonreciprocal topological phononics.

To address these points more explicitly, we have included a dedicated section of
“Noteworthiness, Significance, and Advantages” in the revised main text and Supplemental
Materials. Please see the last paragraph of page 6 and the first paragraph of page 7 in the
revised main text, as well as Sec. I of the revised Supplemental Materials.



COMMENT A2

Will the work be of significance to the field and related fields? How does it compare to the
established literature? If the work is not original, please provide relevant references.

OUR REPLY TO COMMENT A2

We thank Referee A for this important and thoughtful three questions. Below, we provide
a detailed response to each point in turn.

(1) Originality and Novelty: Nonreciprocal physics is garnering enormous attention
in both classical and quantum research fields. Surprisingly, previous demonstrations have
not explored nonreciprocal quantum synchronization of phonons, one of the most obvious
examples of nonreciprocal quantum resources. Here we fill this gap to demonstrate
the possibility of nonreciprocal quantum synchronization, revealing its counterintuitive
immunity against random fabrication imperfections and thermal noise of practical devices.
The study lays the foundation for generating fragile-to-robust nonreciprocal quantum
resources.

(2) Significance to the field: (i) We believe our work offers both conceptual and technical
advances that are broadly relevant to the field of cavity opto-magnon-mechanics. The
demonstrated ability to achieve nonreciprocal quantum synchronization via both the Sagnac
effect and magnon-Kerr nonlinearity opens a new pathway for an active control of one-way
nonequilibrium quantum dynamics in hybrid quantum platforms. These results are expected
to be of interest also to researchers in quantum phononics, nonlinear quantum dynamics, and
quantum information, where robust and tunable quantum synchronization and its quantum
nonreciprocity are highly desirable. (ii) Our work presents an innovative approach to
reversing the intrinsically detrimental effects of practical devices, and paves a general route to
pioneering nonreciprocal quantum resources, with immunity against both random fabrication
imperfections and thermal noise of practical devices. (iii) Our study exhibits broad
applicability and universality. Beyond nonreciprocal quantum synchronization, our approach
applies broadly to one-way quantum phenomena, including nonreciprocal entanglement [as
shown in Fig. R1(a) and Fig. R2] and nonreciprocal topological phonon transfer [as shown
in Fig. R1(b) and Fig. R2].

(3) Comparison with Existing Literatures: Prior studies have investigated quantum
synchronization in optomechanical systems [R3] [PRL 111, 103605 (2013)] nonreciprocal
transport of information or photons using the Sagnac effect [R1, R2] [Nature 558, 569 (2018);
PRL 121, 153601 (2018)], and magnon-Kerr nonlinearity in YIG-based systems [R4-R6]
[PRL 120, 057202 (2018); PRL 127, 183202 (2021); PRL 132, 156901 (2024)]. However, our
work brings together these ingredients in a previously unexplored regime:

(1) The sign and strength of the magnon-Kerr nonlinearity are tuned in situ via the external
magnetic field, allowing dynamical control over the coupling landscape.

(ii) Nonreciprocal quantum synchronization is modulated by optical driving directions or
external magnetic field directions, enabled by the Sagnac effect in a spinning microsphere



or the magnon-Kerr effect in the YIG sphere, respectively.

(iii) Quantum synchronization becomes effectively nonreciprocal, without requiring addi-
tional gain or engineered reservoirs.

To our knowledge, no previous study has demonstrated this level of nonreciprocal control
over quantum synchronization and unidirectional phononic coupling via combined photonic,
phononic, and magnonic pathways. We are neither aware of any prior established
demonstration that reports this combination of these mechanisms, nor one that realizes
tunable nonreciprocal quantum synchronization in this manner.

To clarify these points, we have added a dedicated section entitled “Noteworthiness,
Significance, and Advantages” in both the revised main text and the Supplementary
Materials. Please refer to the last paragraph of page 6 and the first three paragraphs of
page 7 in the revised main text, as well as Sec. I of the revised Supplemental Materials.

COMMENT A3

New setups for quantum synchronization are significant. However, Caption Fig. 1 says that
the phonon-phonon interaction between the two spheres is established via a direct physical
contact. How is it possible if the silica sphere is spinning (in the simulation in Fig. 1 with
Omega up to 8 kHz). How is this compatible with direct physical contact?

OUR REPLY TO COMMENT A3

We thank Referee A for recognizing the significance of our proposed physical setup for
quantum synchronization. In addition, we are sorry for causing any confusion due to an
unclear explanation of the physical-contact-induced coupling. In our system, the phonon-
phonon interaction is enabled by a direct contact between the co-rotating silica and YIG
spheres, both maintained at a same spinning angular velocity.

Motivated by Referee A’s insightful comment, we have clarified this point by adding the
following sentence to the revised main text:

“The phonon-phonon coupling x originates from direct physical contact between a spinning
silica microsphere and a co-rotating YIG sphere, both maintained at a constant angular
velocity €).” Please see the third sentence of the caption of Fig. 1 in the revised main text.

COMMENT A4

Does the work support the conclusions and claims, or is additional evidence needed? Are
there any flaws in the data analysis, interpretation and conclusions? Do these prohibit
publication or require revision?



OUR REPLY TO COMMENT A4

We thank Referee A for raising these essential questions concerning the validity and
completeness of our analysis and conclusions. All claims made in the manuscript are
directly supported by our analytical derivations and numerical simulations based on a set
of coupled quantum Langevin equations, which capture the essential physics of the hybrid
photon-phonon-magnon system. Each of the central results arises naturally from the hybrid
quantum opto-magnon-mechanical model and has been systematically tested across a broad
and experimentally realistic (state-of-the-art) parameter spaces, as shown in Tab. I and
Fig. R4. To further illustrate this point, we plot the quantum synchronization measure Sg
as a function of each relevant parameters (decay rates v; and &, ,,, and thermal noise ;) when
magnon-Kerr strengths K = 0, K < 0, and K > 0, as shown in Fig. R4. Our results reveal
that the effectiveness of the scheme extends well beyond the previous parameter choices [R3],
demonstrating robust performance over a wide range of parameter space. Please see our reply
to Comments A5 and C9 for more details.

Following the constructive comments and suggestions from Referee A, we have substantially
revised the manuscript, leading to significant improvements in both clarity and scientific
rigor. Moreover, we have carefully re-examined our data analysis and interpretation under
state-of-the-art experimental conditions, as shown in Tab. I, and found no methodological
flaws that undermine our conclusions. The system parameters, boundary conditions, and
dynamical regimes are clearly stated, and the outcomes are consistent with the underlying
physical mechanisms.

To further aid clarity, we have revised several sections of the manuscript to more explicitly
highlight the logical flow from assumptions to conclusions. We therefore believe that the
existing evidence fully supports the claims of the work and that no additional simulations
or analysis are required. We hope these clarifications address Referee A’s concerns and
reinforce the robustness and originality of the study.

COMMENT A5

wy introduced after (6) appears to be an arbitrary reference unit, i.e., the axis labels in the
figures are in arbitrary units? It is hard to judge whether the parameters used are realistic.

OUR REPLY TO COMMENT A5

We apologize for any confusion caused by the inadvertent omission of certain parameter
values.

“In the revised version, all system parameters used in the numerical simulations have been
explicitly provided, closely consistent with those values reported in previous studies [R1-
R4, R7-R9]. Note that we set w; = 27 x 10 MHz as a reference unit of frequency,
and all physical parameters used in the simulations are listed in Tab. I.



Symbols Physical quantities Simulation Experimental pa-
parameters [R2, R3,lrameters [R1, R4,
R7] RS, R9]
c Vacuum light speed 3 x 108 m/s 3 x 108 m/s
A Laser wavelength 1550 nm 1550 nm
y Gyromagnetic ratio 27 x 2.8 MHz/Oe 27 x 2.8 MHz/Oe
H Bias magnetic field of the YIG|Above its saturation mag-|Above its saturation
sphere netization (H > 1750 Oe) |magnetization (H >
1750 Oe)
w1 /27 Resonance frequency of the first|10 MHz 15.25 MHz
resonator
wo /27 Resonance frequency the second|10.05 MHz 15.367 MHz
resonator
Agfun Optical detuning —1.005 +1.008
Ap/wi Magnonic detuning -1 +1
K/wq Magnon-Kerr coefficient —5x10%to5x107° 0
Ka /w1 Optical decay rate 0.15 0.66
Kom w1 Magnon decay rate 0.2 0.066
Vi w1 Mechanical damping rates 0.005 0.0003 (0.0004)
m;, Mo Effective masses of resonators 100 ng 100 (50) ng
i Bath mean phonon numbers 0 to 10* Not shown
N, Mean photon number N, = (a'a) N, = (a'a)
N, Mean magnon number Ny = (mim) Ny = (mim)
Go/w1=gaV/ Ny /w1 Effective photon-phonon coupling|0 ~ 0.2 0~0.1
strength
Gm/w1=gmV Nm /w1 Effective magnon-phonon coupling|0 ~ 0.2 0~0.1
strength
X/ w1 Phonon-phonon coupling rate 0.02 0.0003
Ea(m)/w1 Driving intensity 35 Not shown
Q Spinning angular velocity 0 to 10 kHz 0
€0(j=1,2) Dielectric constants of air (taper,|1 (3.9) 1(3.9)
silica sphere)
¢ Refractive indexes of silica sphere |1.486 1.486
r Silica microsphere radii 1.1 mm 0.2 mm
0 YIG microsphere radii 0.5 mm 0.2 mm
E Young modulus of silica 75 GPa 75 GPa
T Elastic limit of silica 9 GPa 9 GPa

TABLE I. Parameters of the hybrid quantum devices set in our simulations [R2, R3, R7] and in
reported experiments [R1, R4, R8, R9]. Columns 1 and 2 present the parameter symbols and their
physical meanings, respectively. The parameters in columns 3 and 4 are used in our numerical
simulations [R2, R3, R7] and the state-of-the-art experiments [R1, R4, R8, R9], respectively. The
close agreement between experimentally reported parameters and those used in our simulations
demonstrates the experimental feasibility of the proposed phenomena, highlighting their relevance
to current state-of-the-art platforms.

Although what we have proposed a purely theoretical scheme, our approach is completely
experimentally feasible, using the state-of-the-art experimental conditions (see Tab. I).
Table I demonstrates the consistency between the parameters used in our numerical
simulations [R2, R3, R7| and those reported in realistic experiments [R1, R4, R8, R9],
indicating that the proposed phenomena are experimentally accessible with current state-
of-the-art platforms.”



To further substantiate this point, we consulted with several experimental groups in
cavity optomechanics (including Prof. Sahin K. Ozdemir in the Pennsylvania State
University, USA; Prof. Yasunobu Nakamura in RIKEN & University of Tokyo, Japan), who
unanimously affirmed that our theoretical scheme is fully compatible with state-of-the-art
experimental conditions.

In response to Referee A’s insightful comment, we have added some paragraphs to the revised
main text and included Sec. II entitled “System parameters” to the revised Supplemental
Materials. Please see the last sentence of the caption of Fig. 1 of the revised main text, the
last two paragraphs of page 3 and the first two paragraphs of page 4 of the revised main
text, and see Sec. II entitled “System parameters” in the revised Supplemental Materials.

COMMENT A6

Is the methodology sound? Does the work meet the expected standards in your field?

OUR REPLY TO COMMENT A6

We appreciate Referee A’s inquiry regarding the methodological soundness and overall
standards of the work.

Our theoretical framework employed in the manuscript is based on a set of quantum Langevin
equations that capture the coupled dynamics of optical, mechanical, and magnonic modes
in the presence of both intrinsic dissipation and external driving. This approach is well
established in the studies of cavity optomechanics and cavity optomagnonics, and has been
carefully adapted here to combine the key features of our hybrid platform, including the
magnon-Kerr nonlinearity, the optical Sagnac effect, and the direct phonon-phonon contact
coupling.

We have verified the validity of our methodology by performing extensive numerical
simulations across a wide range of state-of-the-art realistic experimental parameters (see
Tab. I and Fig. R4), ensuring that our main effects are not artifacts of fine-tuning.
Furthermore, the quantum synchronization dynamics are quantified using a continuous-
variable measure consistent with the prior literature [R3] [Phys. Rev. Lett. 111, 103605
(2013)], and the emergence of purely quantum nonreciprocity is traced analytically to the
combination of the Sagnac effect and magnon-Kerr nonlinearity.

We believe that the methodology not only meets but also extends current standards in
the field of quantum synchronization, by providing a unified framework to study hybrid,
nonlinear, and unidirectional quantum phenomena in a tunable opto-magno-mechanical
system. We hope our response adequately addresses Referee A’s concerns and highlights
the soundness and novelty of our approach.

Please see the second paragraph of page 4 of the revised main text, and the last paragraph
on page 8 and the first two paragraphs on page 9 in the revised Supplemental Materials.
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COMMENT A7

The bibliography appears sloppy. E.g., p. 1, "one-way quantum processors [30-33]”. But I
cannot find one-way quantum processors in [33]. Many references in the SM appear 2z (e.g.,
S8 =841, S9 = 837, S16 = §53, S17 = S54, S18 = 855, etc.)

OUR REPLY TO COMMENT A7

We thank Referee A for carefully reviewing the bibliography and for pointing out these
important inconsistencies. We have now carefully reviewed and corrected the reference list
in both the main text and the Supplementary Materials. Specifically:

(i) We have relocated Ref. [33] to a more appropriate position in the revised manuscript, as
it is not directly relevant to one-way quantum processors. The corrected citation now reads
“[30-32]”, which accurately reflects the intended sources.

(ii)) We identified and eliminated all duplicate entries in the Supplementary Materials
bibliography. As noted by Referee A, references such as S3/541, S9/S37, S16/S53, S17/S54,
and S18/S55 were repeated due to an earlier formatting error. These have been consolidated
and relabeled accordingly to ensure each cited work appears only once.

(ii) We also conducted a full consistency check between all in-text citations and the
final bibliography to ensure that each reference is properly cited, correctly numbered, and
contextually relevant.

We sincerely apologize for these oversights and appreciate Referee A’s diligence in bringing
them to our attention. The revised manuscript and Supplementary Materials now reflect a
corrected and professionally formatted bibliography.

COMMENT A8

Is there enough detail provided in the methods for the work to be reproduced?

OUR REPLY TO COMMENT A8

We thank Referee A for highlighting the importance of methodological transparency and
reproducibility. In preparing the main manuscript and Supplementary Materials, we have
made a concerted effort to ensure that all key steps in our modeling and simulation
procedures are presented with sufficient transparency to allow for independent reproduction.
The set of quantum Langevin equations governing the coupled photon-phonon-magnon
dynamics is fully specified, including all relevant damping rates, coupling constants,
nonlinear coefficients, and external driving terms. All used parameters are clearly defined



11

relative to a natural frequency scale, and the dynamical regimes explored are explicitly
outlined.

We confirm that the main manuscript and Supplementary Material provide all the necessary
details to enable independent recalculation and reproduction of our results. Specifically:

(i) The full set of quantum Langevin equations governing the system dynamics is explicitly
provided, along with a clear definition of all parameters and their physical meaning.

(ii) The initial conditions, numerical integration schemes, parameter values, and the criteria
used to quantify synchronization [based on the continuous-variable measure introduced in
PRL 111, 103605 (2013)] are stated in detail in the main text and Supplementary Material.

(iii) We have further expanded the Supplementary Materials to provide a step-by-step
account of both the analytical and numerical procedures, ensuring full reproducibility using
standard quantum optics frameworks and computational tools.

(iv) To enable experimental benchmarking, all parameters in our numerical simulations are
grounded in physically realistic values drawn from state-of-the-art experiments, as detailed
in Table I.

We hope these clarifications and additions address Referee A’s concern, and demonstrate
our commitment to transparency and reproducibility.

COMMENT A9

The main part of the paper is hard to read because many details are missing. The SM
provides many details.

OUR REPLY TO COMMENT A9

We thank Referee A for this valuable comment. We agree that the clarity and self-
containment of the main text are essential for accessibility, especially for readers who may
not immediately consult the Supplementary Material. Inspired by Referee A’s insightful
comment, we have revised the Main Text to better balance conceptual exposition and
technical completeness and to restore and highlight several key details that were previously
deferred to the Supplementary Material. Specifically:

(i) We have reintegrated into the main text several essential definitions, modeling
assumptions, and representative parameter choices that were previously deferred to the
Supplementary Material.

(ii) We provide a more self-contained overview of the system architecture, key coupling
mechanisms, and physical intuition behind the observed quantum synchronization and
related quantum nonreciprocity effects.

(iii) To avoid overwhelming the main narrative, we continue to retain analytical derivations
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and extended numerical details in the Supplementary Material, but now explicitly guide the
reader to them at appropriate points in the main text.

We believe these adjustments significantly improve the readability and coherence of the
manuscript, while preserving its focus and conciseness. We are grateful to Referee A for
pointing this out and hope the revised version meets the expected standard of clarity.

In summary, we thank Referee A for carefully reading our manuscript and providing a highly
valuable report, which has been extremely helpful in improving our manuscript. Thanks
to these comments and suggestions, the quality of our manuscript has been significantly
improved. We therefore hope that our paper is now suitable for publication in Nature
Communications.
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*** REPORT OF REFEREE B — NCOMMS-25-04564 ***

COMMENT B1

Quantum nonreciprocity is of interest in fundamental physics and many tmportant ap-
plications. It has been widely studied in optical systems. Recently, it is explored in
phononic systems, in particular, the optomechanical resonators. By spinning resonators,
this manuscript theoretically investigates nonreciprocal quantum synchronization of two
mechanical modes and their one-way quantum squeezing. The model is clear and
reasonable. The results may reveal new physics in phonons. The manuscript is
well organized and written in English. Before recommendation of publication,
I have some comments for the authors:

OUR REPLY TO COMMENT B1

We thank Referee B for the thorough and careful reading of our manuscript and for providing
an excellent summary of our work. We also appreciate Referee B for acknowledging the
novelty and originality of our work, and for recommending our manuscript for publication
in Nature Communications.

Combining Referee B’s insightful comments and suggestions, we have made every effort to
improve the manuscript. Each of Referee B’s comments and suggestions is addressed in
detail below.

COMMENT B2

1. As claimed by the authors, the phononic coupling is created via a direct physical contact
between the spinning silica microsphere and the YIG sphere. How can a physical contact be
made between a moving (spinning) part and a static part, if the YIG sphere is not spinning?

OUR REPLY TO COMMENT B2

We apologize for any confusion resulting from the absence of a clear description of direct
physical contact between the silica microsphere and the YIG sphere. In our work, the
phononic coupling is realized using physical contact between a spinning silica microsphere
and a spinning YIG sphere, both maintaining constant angular velocities throughout the
process.

Motivated by Referee B’s insightful and valuable comment, we have clarified this point by
adding the following sentences to the revised main text:

“The phonon-phonon coupling x originates from direct physical contact between a spinning
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silica microsphere and a co-rotating YIG sphere, both maintained at a constant angular
velocity €2.”

Please see the third sentence of the caption of Fig. 1 in the revised main text.

COMMENT B3

2. How to drive the mechanical mode and the magnon mode? Is it easy in experiment?

OUR REPLY TO COMMENT B3

Our hybrid quantum platform comprises a YIG sphere (serving as a magnomechanical
cavity) and a silica microsphere (serving as an optomechanical cavity), both of which are
coherently coupled to each other via direct physical contact. In the silica microsphere, the
phonon mode is driven by the radiation-pressure interaction from circulating optical fields;
whereas in the YIG sphere, it is excited via magnetostrictive forces mediated by microwave-
driven magnons.

Specifically, a uniform magnon mode, supported by the YIG sphere under an external
magnetic field, couples to a phonon mode via magnetostrictive interaction [R9, R10],
enabling microwave excitation of phonons in the YIG sphere. In the silica microsphere
supporting a radiation-pressure-induced mechanical radial breathing mode, the optical mode
and the mechanical radial mode are intrinsically coupled through radiation pressure and the
photoelastic effect [R11, R12], forming a canonical optomechanical interaction. Meanwhile,
the direct physical contact between the silica and YIG microspheres establishes an effective
mechanical coupling of their localized phonon modes.

In the YIG sphere, microwave driving of the magnon mode excites the phonon mode via
the magnomechanical effect [R13]. Bringing the silica microsphere into direct contact with
the YIG sphere establishes a mechanical coupling between their spatially separated phonon
modes. Simultaneously, radiation-pressure-induced optomechanical coupling in the silica
cavity plays a key role in the hybrid quantum dynamics. The process involves a synergistic
interplay of optomechanics, magnomechanics, phonon interference, and quantum mechanical
effects [R14, R15], wherein microwave and optical signals are coherently mapped onto two
nearly degenerate mechanical modes, enabling their interference [R16, R17].

According to Referee B’s insightful comment, we have added a section on “Experimental
realization” to both the revised main text and Supplemental Materials. Please see the
section entitled “Experimental realization” on page 7 and the first paragraph of Sec. I1I-B
of the revised Supplemental Materials.
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COMMENT B4

3. I can’t find the definition of my.

OUR REPLY TO COMMENT B4

We apologize for the confusion caused by the definition of mg in our original manuscript. In
our work, the parameter mg is the mass of the microsphere resonators. Inspired by Referee
B’s insightful comment, we have clarified the definition of mq in the revised manuscript.
Remarkably, we have included Tab. I in the updated Supplementary Material to provide
detailed definitions of all parameters used.

Please see the last sentence of the caption of Fig. 1 of the revised main text, the last two
paragraphs of page 3 and the first two paragraphs of page 4 of the revised main text, and
see Sec. II entitled “System parameters” and Tab. I in the revised Supplemental Materials.

COMMENT B5

4. As shown in Fig. j(a), the two-mode squeezing is very weak. What limits the squeezing
degree? Can the squeezing be improved?

OUR REPLY TO COMMENT B5

We thank Referee B for this insightful question. As shown in Fig. 4, the two-mode mechanical
squeezing is indeed very weak, which is primarily limited by a small Kerr nonlinearity.
“Under experimentally realistic conditions (i.e., state-of-the-art experimental conditions),
the Kerr coefficient must remain much smaller than the optomechanical coupling strength to
ensure both system stability and experimental feasibility, thereby constraining the achievable
squeezing degree.

In principle, quantum squeezing could be enhanced by increasing the Kerr nonlinearity,
but this would require parameter regimes that remain experimentally inaccessible with
current state-of-the-art techniques. Alternative strategies to enhance two-mode mechanical
squeezing include engineering stronger effective nonlinearities via auxiliary modes or tailored
driving schemes, as well as harnessing the power of an optical parametric amplifier (OPA),
which is an intriguing direction for future exploration.”

In light of Referee B’s suggestion, and given that the squeezing effect is negligibly small, we
have removed its discussion from the present manuscript. A detailed study will be pursued
in our future work entitled “Nonreciprocal quantum squeezing”, where we plan to address
why the squeezing effect is so weak, what factors limit its extent, and what strategies might
enable a significant enhancement of the quantum squeezing effect.
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COMMENT B6

5. What is the difference between nonreciprocal quantum synchronization and quantum
steering?

OUR REPLY TO COMMENT B6

Characteristics Nonreciprocal Quantum |Nonreciprocal Quantum
Synchronization Steering

Definition Unidirectional phase,|One-way quantum correlations
amplitude, and  frequency|allowing state inference via local

locking between two quantum | measurements
systems

Nonreciprocity origin |Asymmetric  interaction  or|Asymmetric violation of local
control (via Kerr nonlinearity,|hidden state (LHS) models
Sagnac effect)

Observables Dynamical  quantities (e.g.,|Conditional measurement out-
phase, spectrum) comes and steering inequalities

Directionality One system influences another’s|One party (Alice) can steer the
dynamics without feedback other (Bob), but not vice versa

Applications One-way  quantum  control,|One-sided quantum cryptogra-
nonreciprocal quantum |phy, entanglement certification,

synchronization, chiral networks|quantum information tasks

TABLE TII. Comparison between nonreciprocal quantum synchronization and nonreciprocal
quantum steering [R18, R19].

“Nonreciprocal quantum synchronization [R18] and nonreciprocal quantum steering [R19]
both exhibit unidirectional quantum behavior in quantum systems, but arise from
fundamentally different physical mechanisms.

Nonreciprocal quantum synchronization refers to asymmetric quantum dynamical locking,
such as phase or frequency entrainment, between coupled quantum oscillators [R18]. This
unidirectionality stems from engineered asymmetries in the considered quantum system
via the Kerr nonlinearity or rotation-induced Sagnac effect, leading to one-way quantum
coherence in time-domain observables, as shown in Tab. II. The resulting unidirectional
quantum coherence emerges in the time evolution of system observables and reveals
asymmetric quantum synchronization, as shown in Tab. II.

In stark contrast, nonreciprocal quantum steering is a form of asymmetric quantum
correlation and a measurement-based manifestation of quantum nonlocality, wherein
one party (Alice) can nonlocally affect quantum state of another’s part (Bob) through
measurement [R19], but not vice versa, as shown in Tab. II. This irreversibility reflects
a directional violation of local hidden state models and underpins one-sided device-
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independent quantum protocols. While both phenomena break reciprocity, quantum
synchronization concerns quantum dynamical behavior, whereas quantum steering reflects
the structure of quantum measurement correlations. That means that unlike quantum
synchronization, quantum steering does not arise from quantum dynamical evolution but
from the structure of quantum measurements and conditional states, as shown in Tab. II.”

Inspired by Referee B’s helpful comment, we have added a new section entitled “Discussions
and conclusions” to the revised main text and Sec. V-F entitled “Difference of nonreciprocal
quantum synchronization and quantum steering” to the revised Supplemental Materials.
Please see last paragraph of page 7 of the revised main text, and Tab. III and Sec. V-F of
the revised Supplemental Materials.

We appreciate Referee B for the thorough review of our manuscript and for providing
insightful comments and constructive suggestions. Incorporating this valuable feedback has
greatly enhanced the clarity and rigor of our work. We now believe that our manuscript
meets the high standards necessary for publication in Nature Communications.
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*** REPORT OF REFEREE C — NCOMMS-25-04564 ***
COMMENT C1

The manuscript by Lai and colleagues is devoted to a study of nonreciprocal quantum
synchronization. They consider a specific model of a hybrid system that consists of a
pair of microspheres which allows one to coherently couple phonons, magnons and photons
as presented in [53]. By combining the Sagnac effect and Kerr nonlinearity, they show
the occurrence of monreciprocal synchronization between phonons by using the continuous
variable quantum synchronization parameter of [67]. They further show that synchronization
15 more resilient to noise in the nonreciprocal phase and relate this remarkable property to
squeezing.

OUR REPLY TO COMMENT C1

We thank Referee C for the thoughtful summary and for the insightful comments and
constructive suggestions, which have helped improve the clarity and quality of our
manuscript.

COMMENT C2

I find the obtained results interesting and timely, but would like to a few points
to be clarified before I can make a recommendation.

OUR REPLY TO COMMENT C2

We sincerely thank Referee C for the positive assessment of our work as “interesting
and timely”, and especially for recommending our manuscript for publication in Nature
Communications. Referee C’s insightful comments and suggestions have been very helpful
in improving the manuscript. We have carefully addressed all the points raised and revised
the manuscript accordingly. Detailed point-by-point responses are provided below.

COMMENT C3
PROS:

1) the authors consider a mnovel quantum synchronization system (besides nonlinear
oscillators and qubits)
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OUR REPLY TO COMMENT C3

We thank Referee C for acknowledging the novelty of our scheme on nonreciprocal quantum
synchronization.

COMMENT C4

2) the considered system has been realized experimentally in [53].

OUR REPLY TO COMMENT C4

We sincerely appreciate Referee C’s recognition of the experimental accessibility and
practical relevance of our model, which is designed to align closely with current state-of-
the-art experimental capabilities.

COMMENT C5

3) the occurrence of nonreciprocal quantum synchronization is in my opinion important and
novel. However, [78] has already appeared in PRX in January and I feel that this should
be acknowledged and not just in mentioned in an added note: the present manuscript does
not seem to have been uploaded on the arXiv (I wonder why) and there is hence no way to
verify that the authors did this study at the same time as those of [78]. But there is almost
no overlap between the two papers, so I don’t see this as an issue.

OUR REPLY TO COMMENT C5

We thank Referee C for recognizing the importance and novelty of our results. Following
Referee C’s helpful suggestion, we now acknowledge in the revised manuscript that Ref. [78]
(published in PRX in January 2025) reported a study on nonreciprocal synchronization of
active quantum spins. We note, however, that the scope, methodology, and conclusions of
that work are fundamentally different from ours, and there is minimal overlap between the
two studies.

Inspired by Referee C’s insightful suggestion, we have added the following sentence to the
“Introduction” of the revised main text:

“Very recently, nonreciprocal synchronization of active quantum spins has been demon-

strated through engineered nonreciprocal coupling [R20].” Please see the third sentence of
the last paragraph of page 1 in the revised main text.
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Although we originally considered posting this manuscript on arXiv, we have chosen not to
do so at this stage, in light of our intention to develop a series of follow-up studies grounded
in the same framework, as shown in Figs. R1, R2, and R3. Please see our Reply to Comment
C7 for more details.

COMMENT C6

4) the enhanced stability in the nonreciprocal phase is notable and could be important for
concrete applications.

OUR REPLY TO COMMENT C6

We thank Referee C for highlighting the enhanced stability in the nonreciprocal phase and
its potential relevance for practical applications. We fully agree with this perspective.

In the revised manuscript, we have expanded the discussion to emphasize how the proposed
nonreciprocal control not only enables unidirectional quantum steering but also contributes
to the significant robustness of purely quantum synchronization against thermal noise and
random fabrication of practical devices. It may be advantageous for the implementation of
purely quantum effects in noisy or engineered quantum environments.

“By these two methods on elaborating the dynamical stability, we have demonstrated that
all the used parameter values work in the stable zone. We highlight the enhanced stability in
the nonreciprocal phase and its potential relevance for practical applications. Specifically, it
not only enables one-way quantum manipulation but also contributes to the significant
robustness of purely quantum effects against thermal noise and random fabrication of
practical devices. These findings may be advantageous for the implementation of purely
quantum behaviors in noisy or engineered quantum environments.” Please see the second
paragraph of the right column of page 3 in the revised main text, and the third paragraph
of Sec. IV-D of page 14 of the revised Supplemental Materials.

COMMENT C7

CONS:

1) it is difficult to tell how generic the obtained results really are, and hence judge their
potential impact to a wider field.

OUR REPLY TO COMMENT C7
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We appreciate Referee C’s concern regarding the generality and broader relevance of our
results. To highlight the broad applicability and universality of our study, we have extended
the discussion to show that our central findings and physical model are not confined to
a specific unidirectional quantum effect (i.e., nonreciprocal quantum synchronization), but
describe a more general class of unidirectional quantum phenomena (e.g., nonreciprocal
quantum entanglement and one-way topological phonon transfer), as shown in Figs. R1, R2,
and R3. In particular, we emphasize that while the primary focus of our work is on
fundamental aspects of nonreciprocal quantum synchronization and one-way nonclassical
correlations, our results have potential implications for unidirectional quantum information
processing, particularly in the context of quantum entanglement distribution, quantum
sensing, and the design of robust quantum networks. The nonreciprocal quantum-
synchronization-induced correlations could serve as a key quantum resource for stabilizing
quantum coherence across distributed systems, even in the presence of noise or disorder, as
shown in Tab. IV.

Firstly, we detailedly elaborate how generic the obtained results really are:

(i) Our proposed physical framework can be naturally extended to the study of nonreciprocal
quantum entanglement between two mechanical oscillators [see Figs. R1(a) and R2]. This
project is being done by us in Ref. [Deng-Gao Lai, Adam Miranowicz, and Franco Nori,
Nonreciprocal Mechanical Quantum Entanglement, in preparation (2025)].

Quantum-entangled vibrations serve as a key resource for quantum information processing
and quantum memory [R93]. More broadly, quantum entanglement, manifesting as nonclas-
sical correlations between spatially separated systems, is central to a wide range of quantum
technologies, including quantum precision metrology, quantum secure communication, and
quantum computation [R22]. So far, efficiently high quantum entanglement between photons
and a variety of quantum systems, including atoms [R23-R29], trapped ions [R30, R31],
quantum dots [R32], and superconducting qubits [R33-R35] has been realized in quantum
platforms ranging from microscopic to macroscopic scales [R36, R37], laying the foundation
for connecting remote, long-lived quantum memories in emerging quantum networks [R38—

R41].

Our method can be used to generate nonreciprocal phonon-phonon (mechanical) entangle-
ment by harnessing the synergy of the Sagnac and magnon-Kerr effects, which gives rise
to an anomalous Sagnac-Fizeau shift and an exceptional magnon-Kerr-induced exceptional
transition, respectively. Remarkably, this mechanism exhibits inherent immunity against
fabrication imperfections and thermal noise in realistic devices. Specifically, two phonon
modes are entangled in a chosen direction of the pump laser (magnetic field) but separable
in the other, yielding a unique nonreciprocal quantum phonon-phonon entanglement, as
shown in Fig. R1(a) and Fig. R2. Unlike previous proposals naturally restricted to small-
mass (small-dissipation) and/or low-noise regimes, our approach overcomes these limitations,
owing to the improvement in the resonator resilience. This work lays the groundwork for
generating robust nonreciprocal quantum resources from fragile quantum correlations.

(ii) Our approach is readily extendable to the exploration of nonreciprocal topological
phononics and photonics [see Figs. R1(b), R2, and R3]. This project is being done by
us in Ref. [Deng-Gao Lai, Adam Miranowicz, and Franco Nori, Nonreciprocal Topological
Phononics, in preparation (2025)].
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FIG. R3. Nonreciprocal topological phononics robust against random fabrication imperfections.
TPT quality factor Fy versus (a) the mass ratio p and (b) cavity (magnon) decay rates K¢, in
both the standard method (solid curves) and our approach (dashed curves).

Losses and masses, which are ubiquitous in nature, are related to nontrivial topologies
resulting from the presence of non-Hermitian degeneracies [R42-R59]. With increasing losses
and/or masses in conventional systems, topological responses are generally deteriorated or
even fully destroyed, yielding various imperfection-sensitive topological phenomena, such as
mode exchange [R60], resonance trapping [R61], and singular topology [R62] in parameter
landscapes. Their proper description requires a departure from conventional physical models,
inherently sensitive to losses and masses, to unconventional devices with an immunity
against these nature imperfections. Providing robustness in topological responses against
these detrimental random fabrication imperfections (e.g., large masses and/or losses) in
practical devices is highly desirable, because it can exhibit a dramatic effect on topological
systems, resulting in nontrivial physics with even more counterintuitive topological features.
We note that topological nature has been harnessed to shield quantum resources from
impurities and disorders rather than masses and losses of realistic setups [R63-R72].

Very recently, nonreciprocal topology engendered by imposing topological operations
encircling an exceptional point (EP) has been attracting enormous attention, with
fascinating and counterintuitive effects, such as nonreciprocal TPT [R73-R83], non-adiabatic
jumps [R84, R85], and chiral phase accumulation [R86, R87], which have already been
experimentally observed. These topological behaviors, however, are inherently constrained
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by a strict dependence on the direction of adiabatic EP-enclosing control loops [R73, R74].
This characteristics leads to a giant suppression effect of both topological response and
its nonreciprocity. We are aware of the significance of these major challenges, where
nonreciprocal topology not only strictly depends on the EP-encircling direction but also
is extremely fragile to decoherence and fidelity degradation in the large-mass (large-decay)
regimes [R73-R87]. It is ultimately required to exploit a new unidirectional topology
independent of the EP-winding direction and immunize topological resources against random
fabrication imperfections of practical devices.

Building on our proposed method, we can tailor an extraordinary nonreciprocal TPT in a
well-controlled manner [see Fig. R1(b) and Fig. R2], revealing its counterintuitive indepen-
dence of the EP-encirclement direction and immunity against the inherent imperfections
of quantum devices, as shown in Fig. R3. This is achieved by the synergy of topological
operations and the magnon-Kerr effect, resulting in turning detrimental imperfections into
benefits. We find that applying the magnetic field along one chosen direction leads to TPT,
while injecting it along the other does not, enabling a fundamentally different nonreciprocal
topology, which is completely independent of the EP-enclosing direction. These findings are
otherwise likely unattainable via conventional approaches [R73-R87].

In stark contrast to previous schemes [R73-R87], where as decay rates and/or masses
of quantum devices are increased, topological performances are always decreased or even
completely destroyed, our approach, surprisingly, demonstrates that the performances can
be dramatically revived and increased despite of increasing losses and/or masses, as shown
in Fig. R3. This loss-induced and/or mass-induced recovery of the topological performance is
in contrast to the expectation that the standard topological performance would decrease with
increasing losses and/or masses and is a direct manifestation of our method. Note that the
resulting topological behavior differs from all prior progresses [R73-R87], mainly because
we are not interested in reducing the detriments of random fabrication imperfections of
practical devices, but in converting these detriments into benefits.

Our approach enables immunizing all topological responses against device fabrication
imperfections, without the necessity of employing any high-cost, low-loss materials or
noise filters [R88, R89]. This overthrows the consensus that poor intrinsic factors and
rugged extrinsic environment suppress the preparation of such extremely fragile topological
resources. In a broader view, our work sheds new light on mapping a general path towards
achieving a profoundly different nonreciprocal topology, independent of both EP-winding
direction and random fabrication imperfections of practical devices. In a word, we believe
these extended analyses clarify the robustness and generality of our findings, and their
potential impact beyond the specific context originally presented.

To clarify this point, we have added a dedicated section entitled “Noteworthiness,
Significance, and Advantages” in both the revised main text and the Supplementary
Materials. Please see the last paragraph of page 6 and the first three paragraphs of page 7
in the revised main text, as well as Sec. I of the revised Supplemental Materials.

Next, we detailedly show the potential impact of our work to a wider field:

To highlight the potential applications and advantages of our findings, we have added a
new section entitled “Discussions and conclusions” to the revised main text, including the
following explanations. The demonstrated nonreciprocal control of quantum synchronization
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in this platform may find use in unidirectional quantum information processing, where
synchronized quantum systems can serve as robust building blocks for distributed quantum
networks [R18, R19, RI90-R93].  The tunable magnon-Kerr nonlinearity effect and
its resilience to random fabrication imperfections of practical devices suggest possible
applications in quantum sensing and quantum signal transduction, especially in noisy
or imperfect environments. Our robustness analysis provides insights relevant for the
design of scalable chiral quantum networks, where fabrication-induced imperfections are
inevitable. These findings may also contribute to future developments in nonreciprocal
quantum sensing architectures that exploit collective dynamics for enhanced quantum
precision [R18, R19, R90-R93].

In particular, our nonreciprocal quantum synchronization framework unlocks multiple
exciting opportunities for application across quantum technologies.  Including: (i)
Nonreciprocal quantum information processing.—The resulting nonreciprocal quantum
synchronization enables a controllable unidirectional flow of quantum correlations (quantum
information), which can be harnessed for unidirected quantum signal routing in phononic
or hybrid quantum networks, where thermal robustness and coherence preservation are
essential [R18, R90]. (ii) Nonreciprocal quantum state engineering.—Our scheme offers a
tunable, nonlinearity-engineered route to stabilize phase-locked mechanical states. This can
be employed to prepare non-classical mechanical states, which is good for nonreciprocal
quantum sensing or interface protocols between mechanical and optical (magnonic)
degrees of freedom [R19, R91]. (iii) Quantum transduction architectures.—In hybrid
quantum systems where mechanical resonators serve as intermediaries between disparate
platforms (e.g., microwave-to-optical conversion), nonreciprocal quantum synchronization
could enable efficient and noise-robust temporal alignment across subsystems [R92, R93].
(iv) Fundamental studies of irreversibility.—The intrinsic unidirectionality in the quantum
synchronization dynamics constitutes a controlled setting for investigating microscopic
origins of irreversibility and entropy production in open quantum systems, thus offering
insights relevant to nonreciprocal quantum thermodynamics [R18].

We believe these points illustrate the broader utility of our findings, for both potential
quantum technologies and fundamental physics.

Please see the second paragraph of the left column on page 8 in the revised main text, and
Sec. VIII of the revised Supplemental Materials.

COMMENT C8

2) the paper is not clearly written: it is too dense, there are too many abbreviations, it is
not written for people not familiar with (all) the topics of the manuscript. I mean, the paper
combines many different fields (quantum synchronization, nonreciprocal interactions, hybrid
quantum systems), which makes it really interesting - potentially. Yet, the authors do not
try at all to make it accessible to an interdisciplinary audience. Concretely, the choice (and
importance) of the chosen system in not really emphasized or explained, Sagnac and Kerr
are supposed to be well known (and are not explained), quantum synchronization is neither
introduced nor explained.
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OUR REPLY TO COMMENT C8

We thank Referee C for this thoughtful and constructive critique. We fully agree that clarity
and accessibility are essential, particularly for a journal with an interdisciplinary audience.
In response, we have undertaken a substantial revision of the manuscript with the goal of
improving its readability and broadening its accessibility.

Specifically, we have:

(i) Rewritten the Introduction to provide a more intuitive overview of the key concepts
involved, including clear and concise descriptions of quantum synchronization, nonreciprocal
interactions, and hybrid quantum systems. In particular, we have replaced the previous
abbreviation “QS” with the full term “quantum synchronization” throughout the main text
and Supplementary Materials for clarity and consistency. To improve clarity and avoid
potential ambiguity, we have also replaced the abbreviations “LD” and “RD” with the
more descriptive terms “left direction” and “right direction”, respectively, throughout both
the main text and Supplementary Materials.

(ii) Added a new paragraph motivating the choice of the proposed system and clarifying
its physical significance and experimental relevance. Please see the new section entitled
“Experimental realization” in the revised main text, and the first paragraph of Sec. I11I-B
on page 5 in the revised Supplemental Materials.

(iii) Introduced brief, self-contained physical explanations of the Sagnac effect, the magnon-
Kerr effect, and quantum synchronization, emphasizing their role in the physical model and
avoiding assumptions of prior familiarity. Specifically, to ensure accessibility for a broad
interdisciplinary audience, we provide brief introductions to the Sagnac effect, the Kerr
nonlinearity, and quantum synchronization in the article as follows:

(a) “The Sagnac effect arises in rotating reference frames, where counterpropagating waves
traveling along a closed loop accumulate a relative phase shift proportional to the rotation
rate [R1]. This relativistic interference phenomenon underpins modern gyroscopes and
enables directional sensitivity in photonic and phononic systems.” Please see the first two
sentences of the last paragraph of page 2 in the revised main text, and the first paragraph
of Sec. IV-C on page 12 in the revised Supplemental Materials.

(b) “The magnon-Kerr effect refers to a mnonlinear frequency shift of magnon modes
induced by magnon-magnon interactions in a magnetically ordered material [R4]. This
self-phase modulation leads to intensity-dependent magnon dynamics, analogous to the
optical-Kerr effect, enabling tunable nonlinearity in hybrid quantum systems. Arising from
magnetocrystalline anisotropy, this nonlinear interaction enables tunable magnon dynamics
and facilitates nonperturbative phenomena such as bistability and nonreciprocal signal
propagation.” Please see the third and fourth sentences of the last paragraph of page 2
and the first paragraph on page 3 in the revised main text, and the first paragraph of
Sec. IV-B on page 11 in the revised Supplemental Materials.

(¢) “Quantum synchronization describes the emergence of phase or frequency locking
between interacting quantum systems, despite intrinsic quantum fluctuations [R3]. Tt
extends classical synchronization into the quantum regime, revealing nontrivial correlations
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in quantum dynamics of coupled oscillators, spins, or fields. Unlike its classical counterpart,
quantum synchronization manifests through correlations in quantum observables and is
constrained by quantum noise and noncommutativity, offering a route to controlling
collective quantum dynamics. Please see the first paragraph of the right column on page
1 of the revised main text, and the first paragraph of Sec. V on page 14 of the revised
Supplemental Materials.

(iv) Minimized the use of abbreviations throughout and defined all terms upon first
appearance.

(v) Streamlined technical passages and reorganized the structure of the main text to improve
flow and accessibility.

We hope these revisions make the manuscript more approachable to readers representing an
interdisciplinary audience from a wide range of backgrounds, while preserving the technical
depth necessary for specialists.

COMMENT C9

3) the discussion of the quantum synchronization parameter on page 3 almost follows
verbatim that of [67].

OUR REPLY TO COMMENT C9

We thank Referee C for pointing out this issue. Our intention was to provide a concise
and self-contained summary of the quantum synchronization parameter as introduced in
Ref. [R3] [PRL 111, 103605 (2013)], which is foundational to our subsequent analysis. We
agree that the overlap in wording was too close and could raise concerns regarding originality.

(i) “In this work, we focus on the coupled continuous-variable quantum systems based on
cavity opto-magno-mechanics. Currently, in cavity optomechanics, the diagnostic Sg [R3]
is generally used to describe the measure of quantum synchronization in continuous-
variable systems. While Referee C has expressed some concerns regarding the quantum
synchronization measurement, it is undeniable that this method remains the most
widely recognized and commonly used in cavity opto-magno-mechanical continuous-
variable systems. This measurement method develops a consistent and quantitative
theory of synchronization for continuous variable systems evolving in the quantum regime.
Specifically, the quantum-synchronization measure Sp of continuous variable systems has
been introduced by extrapolating it from notions of complete synchronization that is
introduced for classical models. Note that our method on the quantum-synchronization
measure Sg in continuous-variable systems is based on this well-known work [R3], which
introduces and characterizes the measure quantifying the level of quantum synchronization of
coupled continuous variable systems. This measure enables the extension of synchronization
concepts into the quantum domain, and the Heisenberg principle sets a universal limitation
to complete synchronization.” Please see the last paragraph on page 8 in the revised
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FIG. R4. (a) Quantum synchronization measure Sg versus the mechanical decay rate ; when
the magnon-Kerr strength K = 0, < 0, > 0. (b) Quantum synchronization measure Sg versus
the magnetic decay rate k,, when the magnon-Kerr strength K = 0, < 0, > 0. (¢) Quantum
synchronization measure Sg versus the optical decay rate x,, when the magnetic-kerr strength
K =0,<0,>0. (d) Suppression of quantum synchronization due to thermal noise in both standard
reciprocal [R3] and our nonreciprocal cases, and counterintuitive quantum synchronization revival
resulted from the magnon-Kerr-nonlinearity induced compensation. Quantum synchronization
measure Sg versus the thermal phonon numbers 75, in both magnon-Kerr-off (K = 0, reciprocal)
and magnon-Kerr-on (K < 0, nonreciprocal) regimes. Surprisingly, quantum synchronization is
enhanced in the magnon-Kerr-on regime, reaching almost (or even transcending) that as in an
ideal device without thermal noise (7; = 0). (e) Quantum synchronization measure Sg versus the
phonon-phonon coupling strength y, in the presence of the magnon-Kerr nonlinearity (i.e., K/w; #
0), assuming that the externally injected magnetic field enters from the CD (K/w; = —2 x 1079)
and OD (K/w; = 2 x 107°). (f) Quantum synchronization measure Sg versus the magnon-Kerr

nonlinearity strength K. Here we assume A,,/w; = —1 and A,/w; = —1. The used parameter
values are shown in Tab. I.

Supplemental Materials.

(ii) “In fact, the values of the quantum synchronization parameters are not constrained to
strictly follow those reported in Ref. [R3], but remain highly effective over a wide range
of parameter settings. To demonstrate this, we plot the quantum synchronization measure
So versus the decay rates k,, and «; and thermal noise 7; when the magnon-Kerr strength
K =0, <0, >0, as shown Fig. R4. Our results reveal that the effectiveness of the scheme
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extends well beyond the parameter choices in Ref. [R3], demonstrating robust performance
across a wide parameter space. Please see Figs. S6, S7, and S8 of Sec. V-A and Sec. V-B of
the revised Supplemental Materials, the last paragraph on page 3 and the first paragraph on

page 4 of the revised main text, and Sec. II of page 3 of the revised Supplemental Materials.

In the revised main text, we have explicitly clarified and emphasized this point by adding
the following sentence.

“While the values of the quantum synchronization parameters largely follow those reported
in Ref. [R3], they remain highly effective across a broad range of parameter regimes.” Please
see the last sentence of the first paragraph on page 4 of the revised main text.

COMMENT C10

4) the captions are suboptimal (especially those of Figs. 2 and 3): there is absolutely no way
to learn something about the results of the paper by simply reading the captions.

OUR REPLY TO COMMENT C10

We thank Referee C for this valuable suggestion. We fully agree that the original captions
for Figs. 2 and 3 did not sufficiently convey the key findings. In response, we have thoroughly
revised the figure captions to provide a clearer and more informative summary of the results,
including a concise description of the physical significance and main trends.

In particular, inspired by Referee C’s suggestion that readers should be able to grasp the
main results from the figure captions alone, we added subheadings that are self-contained
and effectively highlight the key insights of each figure.

The subheading of Fig. 1 reads: “Model and Sagnac-effect-induced nonreciprocal quantum
synchronization”.

The subheading of Fig. 2 reads: “Magnon-Kerr-induced nonreciprocal quantum synchro-
nization”.

The subheading of Fig. 3 reads: “Imperfection-immune quantum synchronization”.

The subheading of Fig. 4 reads: “Symmetric and asymmetric couplings” and “Broad
applicability and universality of our model”.

The updated captions now highlight the physical significance of the results and guide the
reader through the underlying results and conclusions. We believe these improvements
enhance the clarity and accessibility of the manuscript.
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COMMENT C11

5) the paragraph about the robustness against random fabrication is not understandable.
What have p and K to do with that.

OUR REPLY TO COMMENT C11

We thank Referee C for pointing out the lack of understandability in the paragraph about the
robustness of quantum synchronization against random fabrication imperfections of practical
quantum devices. “In quantum physics, large mass and high dissipation are frequently
manifestations of random fabrication imperfections in quantum devices. Deviations in
etching depth, layer uniformity, or material composition can lead to increased inertial mass;
while microscopic defects, impurities, and surface roughness introduce unwanted dissipation,
as shown in Tab. III. Such imperfections can significantly impair quantum coherence and
quantum control, highlighting the imperative for ultrahigh-precision shielding in scalable
quantum technologies.” We have added this paragraph to the revised main text. Please
see the last paragraph of the right column of page 4 of the revised main text, and the first
paragraph and Tab. II of Sec. V-B of page 17 in the revised Supplemental Materials.

TABLE III. Classification of Large Mass and High Dissipation as Random Fabrication
Imperfections in Quantum Physics

Property Random Fabrication Imperfection? |Scientific Justification

Large mass Yes Often determined by design, but unintended
variations in geometry, etching depth, or mate-
rial deposition during fabrication can randomly
increase the effective mass of quantum components.

to decoherence and energy loss.

High dissipation Yes Predominantly caused by uncontrollable factors
such as microscopic defects, interface roughness,
and residual impurities introduced stochastically
during imperfect nanofabrication processes, leading

According to Referee C’s insightful comment, we have revised the main text to more clearly
explain the connection between the parameters p and K and the robustness against random
fabrication imperfections. Specifically, the parameter p = m;/mg characterizes the ratio
of the microsphere-resonator mass (see Tab. I), while the parameter K is the magnon-Kerr
nonlinearity strength. By analyzing how the quantum-synchronization measure Sg varies
with p and K, we assess the resilience of quantum synchronization to fabrication-induced
randomness, as shown in Fig. R5.

In particular, we provide a detailed clarification below:

Quantum synchronization of resonators in the regimes of large masses, large decays, and/or
high temperatures is extremely challenging, because it requires an ultra-high optical power,
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FIG. R5. (a) QS measure Sg versus the mass ratio p = p; = m;/mgy and K, when A, /w; = —1
and A,/w; = —1.005. (b) Sg versus v; and K, when A, /w; = —1 and A,/w; = —1.005.

which introduces extraneous excessive heating and intricate instabilities.

In recent decades, significant developments have been accomplished in the quantum
synchronization of resonators in the small-mass, low-damping, and low-noise regimes,
which have been widely reported both theoretically and experimentally, using cavity
optomechanical platforms [R11]. However, these proposals and experiments still inherently
suffer from the large-mass, large-decay, and/or high-noise limitations, which are a major
challenge for the preparation of such extremely fragile quantum synchronization (see
Fig. R5). The physical origin behind these obstacles is as follows:

(1) Quantum synchronization of resonators crucially depends on the strength of driving fields.
Typically, a single-excitation coupling strength scales as g = nxzpy, where 1 quantifies the
coupling strength to the resonator’s position z(t), and zzpy is the zero-point motion of
the resonator in the trap, xzpm ~ +/h/(2mw,,), where w,, is the center-of-mass oscillation
frequency. For a large-mass resonator, the decrease in xzpy; with increasing mass leads to a
greatly reduced coupling strength, making quantum synchronization of resonators hard to
achieve.

(71) A large-decay and/or high-temperature resonator in the large-mass regime accelerates
its intrinsic thermal motion, resulting in blocking efficient quantum synchronization of
resonators.

(111) For resonators in the regimes of a large mass and/or a high temperature, their quantum
synchronization requires an ultra-high driving strength, which introduces extraneous
excessive heating and intricate dynamical instabilities.

In this work, we propose how to overcome these obstacles and achieve quantum
synchronization of resonators by simply employing the magnon-Kerr effect; and we reveal
its exceptional synchronization properties otherwise unachievable in conventional devices.
Unlike previous schemes, where quantum resources are generally deteriorated or even
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fully destroyed with increasing mass, decay, and/or noise of practical devices, our approach,
surprisingly, shows that it is possible to directly immunize inherently fragile quantum
synchronization against these detrimental factors [see Figs. 3(a) and 3(b)], without the
need of utilizing any high-cost low-loss materials and noise filters at the expense of system’s
complexity [R88, R89] or any topological structures [R44, R46, R55, R58, R67, R68, R78].

In particular, we added the following explanation into the revised main text:

“Synchronizing resonators in the quantum regime crucially depends on the driving strengths.
The coupling strength between a single excitation and the jth resonator scales as g; =
njTzpm,;, where n; quantifies the coupling strength to the resonator’s position z;(t), and
Tzpm; ~ A/ B/ (2mjw;) is the zero-point motion of the resonator in a trap, with m; and
w; being the resonator mass and the resonance frequency, respectively. For a large-mass
resonator, a greatly reduced coupling strength g; results from the decrease in the zero-point
motion xyzpy ; with increasing resonator mass mj, and it makes quantum synchronization
hard to achieve.” Please see the first paragraph of the right column on page 2 of the revised
main text, and Sec. V-D of the revised Supplemental Material.

In the revised version, we have added the following sentence to the main text:

“The reduction in quantum synchronization results from decreasing coupling strengths with
increasing microsphere-resonator mass; while these diminished couplings can be considerably
compensated via the magnon-Kerr nonlinearity, which improves both the magnon and
photon numbers.” Please see the second paragraph of the left column of page 5 in the
revised main text.

In our analytical considerations, the masses of the two mechanical oscillators are in general
different, as described by m; and msy. However, for convenience, in our simulations, we
consider the case where the masses of the two microsphere resonators are equal. Moreover,
the masses, corresponding to the results of the other plots, are m; = my = 100 ng, as given
in Tab. L.

In the updated manuscript, we have emphasized these points and added the following
sentences to the main text:

“Although the masses (decay rates) of the two microspheres generally differ, for simplicity,
we assume equal masses (decay rates) in our simulations.” Please see the caption of Fig. 3
on page 5 in the revised main text.

In particular, we have added Sec. V-D (“Effect of mass on quantum synchronization”) to
demonstrate this point in the revised Supplemental Material. Please see Sec. V-D of the
revised Supplemental Material.

COMMENT C12

6) Potential applications are not addressed at all. What are these results good for (possibly)?
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OUR REPLY TO COMMENT C12

Application Area Implications of Our Findings

Nonreciprocal Enables unidirectional routing of quantum correlations in
quantum phononic or hybrid quantum networks, and enhances thermal
information robustness and quantum coherence preservation.

processing

Nonreciprocal quan-|Provides a tunable Kerr-nonlinear mechanism to stabilize
tum state engineer-|phase-locked mechanical states for preparing non-classical
ing mechanical resources used in quantum sensing and quantum
interface protocols.

Quantum transduc-|Facilitates noise-resilient quantum synchronization and tempo-
tion architectures ral alignment across subsystems in hybrid quantum systems
(e.g., microwave-to-optical converters), and improves quantum
transduction efficiency.

Nonreciprocal quan-|Robustness to fabrication imperfections enables practical
tum sensing quantum sensing platforms that operate reliably in noisy or
imperfect environments.

Chiral quantum net-|Supports the design of scalable quantum networks resilient
works to disorder, with synchronized units functioning as robust
quantum nodes.

Fundamental studies|Provides a testbed to explore entropy production and
of irreversibility time-asymmetric quantum dynamics in open quantum sys-
tems, with applications in informing nonreciprocal quantum

thermodynamics.

TABLE IV. Potential applications and broader advantages of nonreciprocal quantum
synchronization.

We thank Referee C for this important comment. While the primary focus of our work is
on fundamental aspects of nonreciprocal quantum synchronization and one-way nonclassical
correlations, our results have potential implications for unidirectional quantum information
processing, particularly in the context of quantum entanglement distribution, quantum
sensing, and the design of robust quantum networks [R18, R19, R90-R93]. The nonreciprocal
quantum-synchronization-induced correlations could serve as a key quantum resource for
stabilizing quantum coherence across distributed systems, even in the presence of noise or
disorder [R18, R19, R90-R93], as shown in Tab. IV.

To highlight the potential applications and advantages of our findings, we have added a
new section entitled “Discussions and conclusions” to the revised main text, including the
following explanations.

“The demonstrated nonreciprocal control of quantum synchronization in this platform may
find use in unidirectional quantum information processing, where synchronized quantum
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systems can serve as robust building blocks for distributed quantum networks [R18, R19,
R90-R93]. The tunable magnon-Kerr nonlinearity effect and its resilience to random
fabrication imperfections of practical devices suggest possible applications in quantum
sensing and quantum signal transduction, especially in noisy or imperfect environments.
Our robustness analysis provides insights relevant for the design of scalable chiral quantum
networks, where fabrication-induced imperfections are inevitable. These findings may also
contribute to future developments in nonreciprocal quantum sensing architectures that
exploit collective dynamics for enhanced quantum precision [R18, R19, R90-R93].

In particular, our nonreciprocal quantum synchronization framework unlocks multiple
exciting opportunities for application across quantum technologies. Including;:

(i) Nonreciprocal quantum information processing.—The resulting nonreciprocal quantum
synchronization enables a controllable unidirectional flow of quantum correlations (quantum
information), which can be harnessed for unidirected quantum signal routing in phononic
or hybrid quantum networks, where thermal robustness and coherence preservation are
essential [R18, R90].

(ii) Nonreciprocal quantum state engineering.—Our scheme offers a tunable, nonlinearity-
engineered route to stabilize phase-locked mechanical states. This can be employed to
prepare non-classical mechanical states, which is good for nonreciprocal quantum sensing
or interface protocols between mechanical and optical (magnonic) degrees of freedom [R19,

RO1).

(i) Quantum transduction architectures.—In hybrid quantum systems where mechanical
resonators serve as intermediaries between disparate platforms (e.g., microwave-to-optical
conversion), nonreciprocal quantum synchronization could enable efficient and noise-robust
temporal alignment across subsystems [R92, R93].

(iv) Fundamental studies of irreversibility.—The intrinsic unidirectionality in the quantum
synchronization dynamics constitutes a controlled setting for investigating microscopic
origins of irreversibility and entropy production in open quantum systems, thus offering
insights relevant to nonreciprocal quantum thermodynamics [R18].”

We believe these points illustrate the broader utility of our findings, for both potential
quantum technologies and fundamental physics.

Please see the second paragraph of the left column on page 8 in the revised main text, and
Sec. VIII of the revised Supplemental Materials.

COMMENT C13

To conclude, I feel that the manuscript is potentially publishable in Nature
Communications in view of the importance and novelty of the obtained results.
However, in my judgement, the authors have done a bad job at presenting them in a clear
and accessible way. I therefore invite them to address the above comments.
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OUR REPLY TO COMMENT C13

We thank Referee C for the encouraging assessment regarding the importance and novelty of
our results, and especially for acknowledging that our manuscript is potentially publishable
in Nature Communications. We also appreciate the candid feedback concerning the
presentation.

In response, we have carefully revised the manuscript to improve clarity, structure, and
accessibility. This includes rewriting key paragraphs for greater conceptual transparency,
enhancing figure captions to better convey the main findings, and reorganizing parts of the
text to improve logical flow. We trust that these changes address Referee C’s concerns and
help communicate the significance of our results more effectively.

We sincerely appreciate Referee C’s thorough review of our manuscript and their valuable
comments and suggestions. Incorporating these valuable feedback has significantly improved
the clarity and impact of our work. We now believe our manuscript meets the standards for
publication in Nature Communications.
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particular, the optomechanical resonators. By spinning resonators, this manuscript theoretically
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quantum squeezing. The model is clear and reasonable. The results may reveal new physics in
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