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REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

The present manuscript reports on a programmable photonic processor based on a waveguide
array operating in the continuous coupling regime. More specifically, the platform is based on a
lithium niobate substrate, where the circuit operation can be controlled via the electro-optic effect.
At variance with previous implementations, this approach permits to singularly reconfigure the
propagation constant of the waveguide and the coupling coefficient between adjacent waveguides.
The authors fabricated an 11-mode, 22-reconfigurable elements devices, and show the capability
to successfully program its operation to implement different Hamiltonian dynamics.

As an overall assessment, this paper represents an interesenting implementation. In particular, the
capability of addressing and controlling the operation of the single waveguides in a reconfigurable
way provides a significant step forward in the adoption of waveguide arrays, based on the
continuous coupling approach, as a programmable photonic processor.

Starting from this assessment, I have a few comments on the manuscript before I can fully
support its publication in Nature Communications.

(1) An important aspect for the operation of reconfigurable circuits regards the calibration of the
active elements response. In this case, this corresponds to characterizing the transfer functon(in
other words, the map) between the applied voltages and the actual change in the parameters. In
the present system, this is expressed by Egs. (3-4), which requires to charactize a few parameters
(whose values are reported in the Supplementary Materials). I have a couple of comments on this:
-) On one side, it would be nice to have a more detailed discussion in the Supplementary
Materials, with corresponding data and procedure, from where the parameters ($\Delta \beta$,
$C_0%, ...) to be used in Egs. (3-4) were obtained.

-) As a second aspect, one of the key points, that strongly simplifies the characterization
procedure, is the negligible effect of cross-talks. In the calibration process, was this absence of
cross-talk also tested/verified from the data, or was it assumed given the architecture and the
fabrication process of the device? Adding this discussion would benefit to provide a complete
characterization of the platform.

(2) At a first glance, a better agreement is found between the experimental data and the
simulation for the Aubry-Andre model rather than for the SSH model. In the first case, the
parameters are modulated by changing only the propagation constant $\beta$, while in the second
case the dynamics is obtained by fixing the propagation constant and by modulating the coupling
coefficients C. This corresponds to a different pattern of voltages which needs to be applied on the
device.

Does this corresponds to a reduced control in the coupling coefficients rather than on the
propagation constants? I would suggest the authors to add a discussion on this aspect.

Reviewer #2 (Remarks to the Author):

The Authors report on a novel photonic device, consisting in a linear array of 11 evanescently-
coupled optical waveguides, fabricated in lithium niobate substrate and reconfigurable via the
electro-optic effect. In detail, the electro-optic reconfiguration is operated by means of 22
electrodes running above the array, parallel to the waveguides for their whole length. Each
waveguide is provided of two electrodes, deposited above its right side and above its left side. By
applying a voltage to two electrodes that comprise a given waveguide, its propagation constant



can be finely tuned. By applying a voltage to electrodes placed between two adjacent waveguides,
it is possible to tune their coupling coefficient. The potentials of this device in realizing different
Hamiltonians are tested with several experiments. In particular, the manuscript reports
implementations of the Aubry-André model, of the SSH model and of different static disorder
configurations that realize Anderson localization.

The manuscript is well organized and well written, and the proposed device shows surely some
points of technological novelty. However I am not sure that this work represents, in the fields of
integrated photonics and optical analog simulations, an advance of such importance to worth
publication in Nature Communications. My main question is whether this device enables to
simulate new physical phenomena or give access to relevant experimental results hard to achieve
with other platforms.

Optical simulations based on optical waveguide arrays have flourished in the last couple of
decades. The Authors report indeed in the introduction of their manuscript a number of references
that testify the wide range of physical phenomena that have been experimentally observed, in the
past years, using waveguide array platforms. One can note in particular that, by using the
femtosecond laser direct writing technique, it was possible to produce high quality waveguide
arrays implementing diverse Hamiltonian evolutions (see e.g. A. Szameit & S. Nolte, J. Phys. B:
At. Mol. Opt. Phys. 43, 163001 (2010); and S. Longhi, Laser Photon. Rev. 3, 243-261 (2009) ),
and within quick fabrication times. In addition, that technique enabled the experimental realization
of time-dependent Hamiltonians (i.e. modulation of the waveguide properties along the
propagation coordinate) with basically no added effort. It further has to be noted that, nowadays,
universal photonic processors are demonstrated with up to 20 modes and more (see e.g.
Taballione et al. arXiv preprint, arXiv:2203.01801). Such devices reproduce totally arbitrary linear
transformations of optical modes (i.e. arbitrary Hamiltonians acting for an arbitrary long time),
using thermo-optic phase shifters, and with fidelities robustly above 95%. Finally, less universal
processors have been demonstrated with an even larger number of optical modes: a term of
comparison for the present device could be the programmable nanophotonic processor
demonstrated by Harris et al. (Nat. Photon. 11, 447-452 (2017) ), which was used to demonstrate
eperimentally quantum transport dynamics in up to 26 modes, and with fidelities above 99% with
respect to theory.

I think that the above considerations are important to provide a fair context to the present device.
As a matter of fact, here we have a 11-waveguide device that can realize only a limited set of
Hamiltonian evolutions, i.e. those governed by the tridiagonal matrix given by Eq. (1), and only for
a limited range of values of the coefficients. These Hamiltonians are a small subset of those
accessible in static devices fabricated with very low cost by femtosecond laser writing. Current
universal photonic processors would surely be able to implement these Hamiltonians, and they
would also be fundamentally accessible to the non-universal processor demonstrated by Harris et
al.

In comparison, it seems that the only relevant feature of the present device is the far higher
reconfiguration speed. However, I am not sure that this feature, while technically substantiated,
can give a real, game-changing advantage in a significant range of applications in the field of
optical simulations.

If a limited number of realizations are needed, static devices realized by femtosecond laser writing
may be still a powerful choice. Given typical waveguide inscription speeds of tens of mm/s (see
e.g. Ref. 14) one can estimate that a single 11-waveguide array would take about 1 minute to be
realized; one experiment (including the characterization steps) would be accomplished in a few
hours time. Note that this platform gives ample freedom in the choice of the operating wavelength
and of the array geometry and parameters. If instead we consider the possibilities provided by a
universal photonic processor such as the ones reported in the literature, based on the thermo-
optic effect, we note that reconfigured can be accomplished in less than 1 second time. Thus,
scanning the ~2500 realizations shown in this manuscript might take less than 1 hour, not such a
long time on the scales of scientific experiments. An even shorter time would be required if a
thermo-optic nanophotonic device such as the one demonstrated by Harris et al. was used. Hence,
it seems that one would really need the present device only if there is the requirement of a huge



number of Hamiltonian realizations which, by chance, happens to be among the few ones that are
at reach of its non-universal layout.

The authors also mention the suppression of cross-talks among the potentials of their device. This
is expected to guarantee high fidelities. However, I observe that the measured fidelities in
reaching the theoretical distributions at the output are not exceptionally high, especially if
compared to the mentioned works by Taballione et al. or by Harris et al.

On this aspect one can also note the non-negligible discrepancy in the measured/simulated
partecipation ratios (PR) in Figure 3d. Since the PR is a collective figure of merit that should be
quite robust to imperfections, it may be an indication that control on the waveguide parameters is
only obtained with some approximation.

In the end, I think it cannot be concluded that this electro-optic device provides outstanding
applicative advantages with respect to the other photonic processors reported in the literature. I
would not recommend publication of this manuscript in Nature Communications, but rather I think
this work would deserve to be showcased in a more specialized journal, where the photonic-
technology aspects would likely find a solid appreciation.

In addition, I would strongly suggest the authors to address the following points, which in my
opinion are essential for a fair assesment of the quality of the reported results:

1) the operating wavelength should be clearly stated;

2) characterization of the device insertion loss should be reported and discussed; if possible, an
estimate of the different loss contributions should also be given (e.g. input/output coupling loss
due to mode matching, propagation loss per unit length of the waveguide...)

3) the authors should discuss with some detail how they have calibrated precisely the action of
each electrode, namely how they have estimated the coefficients $\Delta\Beta_n$, $\Delta C_1%$
and $\Delta C_2$ in Eq. (3) and (4).

4) the uniformity of the static and reconfigurable waveguide parameters along the propagation
coordinate should be discussed or analyzed. For instance, the authors might implement a
nominally uniform Hamiltonian, measuring the amount of "noise" in the output distribution and
fitting it back to simulated models. Other more appropriate ways could anyway be devised and
adopted.

5) the time-response of the device should be characterized experimentally.

Reviewer #3 (Remarks to the Author):

In this work, Yang et al., demonstrate a reconfigurable waveguide array fabricated in an annealed
proton exchange lithium-niobate platform. The authors exploit the reconfigurability of their system
to implement different input/output transformations corresponding to different Hamiltonians.
Specifically, they consider the Su-Schriffer-Heeger (SSH) model, the Aubrey-Andre model, and
Anderson localization. The linear characterization of the transmission function of the structure
shows a reliable and effective reconfigurability of their structure. Fidelities between the expected
and measured transmission function are above 90% for all the examined configurations. The main
claim of the manuscript is that this platform can find applications for quantum information
processing in high-dimensional systems.

These experimental results are solid and convincing to demonstrate that their platform is flexible
and reconfigurable in a predictive way. However, the claim that this platform will have an impact
on quantum information processing is not demonstrated. First, all the experimental results
presented in the manuscript are obtained with classical light. Second, it is not clear what are the
limits of the coupled-waveguide approach in terms of the Hamiltonian can be realized. It seems as
if the authors chose SSH and Aubrey-Andre models because they are the easiest to be studied in
coupled waveguide arrays, however, their relevance for quantum information processing is not



clear. Third, the scalability of the approach is not clear. This ultimately depends on the geometrical
configuration (coupled waveguide array), the refractive index contrast, and the maximum length of
the system. How many waveguides one can realistically implement? Other details regarding
possible issues, such as DC drift in LINbO, are not discussed. These are crucial aspects given the
ambitious claims of the authors.

The manuscript is sometimes a bit misleading. Indeed, in the introduction, the authors cite several
papers presenting platforms in which quantum experiments have been carried out. The conclusions
also point in the direction of quantum information processing. However, all the experimental
results are obtained using classical light, to which the authors often refer as “input light”, without
specifying or stressing that it is classical in nature. While such a linear characterization is
important, it is not sufficient to establish what the performances with nonclassical light would be.
The authors discuss advantages such as the possibility of integrating single-photon sources and
detectors on chips. However, these are not demonstrated in the present system.

Given the numerous experimental demonstrations of quantum light manipulation in complex
photonic integrated circuits in various material platforms, I am afraid the results reported here are
not significant enough to grant publication in Nature Communication. I believe that the manuscript
is more suitable for other kinds of journals, e.g., Applied Physics Letter or Optics Express.
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Referee 1

Comment: The present manuscript reports on a programmable photonic processor based on a waveguide
array operating in the continuous coupling regime. More specifically, the platform is based on a lithium niobate
substrate, where the circuit operation can be controlled via the electro-optic effect. At variance with previous
implementations, this approach permits to singularly reconfigure the propagation constant of the waveguide and
the coupling coefficient between adjacent waveguides. The authors fabricated an 11-mode, 22-reconfigurable el-
ements devices, and show the capability to successfully program its operation to implement different Hamiltonian
dynamics.

As an overall assessment, this paper represents an interesenting implementation. In particular, the capability of
addressing and controlling the operation of the single waveguides in a reconfigurable way provides a significant
step forward in the adoption of waveguide arrays, based on the continuous coupling approach, as a programmable
photonic processor.

Starting from this assessment, | have a few comments on the manuscript before | can fully support its publication
in Nature Communications.

Response: We thank the reviewer for their time and effort in reviewing the manuscript and providing
useful comments and feedback.

Comment: (1) An important aspect for the operation of reconfigurable circuits regards the calibration of the
active elements response. In this case, this corresponds to characterizing the transfer functon(in other words,
the map) between the applied voltages and the actual change in the parameters. In the present system, this
is expressed by Eqs. (3-4), which requires to charactize a few parameters (whose values are reported in the
Supplementary Materials). | have a couple of comments on this: -) On one side, it would be nice to have a
more detailed discussion in the Supplementary Materials, with corresponding data and procedure, from where
the parameters (AB, Cy, ...) to be used in Eqs. (3-4) were obtained.

Response: The Hamiltonian coefficients were calculated by fitting the data measured for the SSH
and Aubry-André experiments to the models in Eqs (1-4), as discussed in the Supplementary Methods
‘Design details of the device' section. To further clarify this, we have added the following sentence in
the main text under the section ‘Waveguide array overview and modeling':

The model described by Eqs (1-4) was used to fit the data of the Aubry-André and SSH experi-
ments, as discussed in Supplementary Methods.

The high fidelity of the fit verified the validity of the model.

Comment: -) As a second aspect, one of the key points, that strongly simplifies the characterization
procedure, is the negligible effect of cross-talks. In the calibration process, was this absence of cross-talk also
tested/verified from the data, or was it assumed given the architecture and the fabrication process of the device?
Adding this discussion would benefit to provide a complete characterization of the platform.

Response:

The reviewer is correct that there's an underlying assumption of negligible cross-talk, which is incor-
porated in the definition of the Hamiltonian. This assumption is based on the exceptional confinement
of the electric field within the material due to the shielding effect from neighboring electrodes, thereby
preventing cross-talk with other waveguides in the array. This was demonstrated, for example, in a re-
cent LN-based study [1], where it was shown that the thermo-optic effect propagates in a diffusive way
along the material, while the cross-talk for electro-optic devices is absent. Even with more advanced
fabrication techniques such as isolation trenches and bridge waveguide [2], the thermal cross-talk still
affects neighboring devices in a distance of hundreds of um. The thermal cross-talk is a significant
drawback in commonly used photonic platforms such as silica, silicon, or silicon nitride.

We added references [1, 2] in the following text in the ‘Waveguide array overview and modeling’ section:
To implement the control, the conventional thermo-optic effect employed in most integrated pho-

tonic circuits reported so far, cannot be used since with such a small gap between the electrodes,
thermal cross-talk would be unavoidable [2]. In this device, the high electro-optic coefficient of
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lithium niobate allows ultra-high modulation speed with almost no cross-talk and power dissipa-
tion [1]. This assumption is based on the exceptional confinement of the electric field within the
material due to the shielding effect from neighboring electrodes, thereby preventing cross-talk with
other waveguides in the array.

Comment: (2) At a first glance, a better agreement is found between the experimental data and the
simulation for the Aubry-Andre model rather than for the SSH model. In the first case, the parameters are
modulated by changing only the propagation constant 3, while in the second case the dynamics is obtained by
fixing the propagation constant and by modulating the coupling coefficients C. This corresponds to a different
pattern of voltages which needs to be applied on the device. Does this corresponds to a reduced control in the
coupling coefficients rather than on the propagation constants? | would suggest the authors to add a discussion

on this aspect.

Response: As the reviewer suggested, the electrodes might not all perfectly behave as modeled.
Since the two experiments rely on different electrode configurations, deviations such as misalignment of
electrodes mask and non-uniform electrode resistance might cause different performance and therefore
fidelity.

We added the following sentence to discuss the fidelities in the ‘discussion’ section:

This could explain the difference in fidelities between the Aubry-André and SSH experiments. Since
the two experiments rely on different electrode configurations, deviations such as misalignment
of electrodes mask and non-uniform electrode resistance might cause different performance and
therefore fidelity.
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Referee 2

Comment: The Authors report on a novel photonic device, consisting in a linear array of 11 evanescently-
coupled optical waveguides, fabricated in lithium niobate substrate and reconfigurable via the electro-optic effect.
In detail, the electro-optic reconfiguration is operated by means of 22 electrodes running above the array, parallel
to the waveguides for their whole length. Each waveguide is provided of two electrodes, deposited above its
right side and above its left side. By applying a voltage to two electrodes that comprise a given waveguide,
its propagation constant can be finely tuned. By applying a voltage to electrodes placed between two adjacent
waveguides, it is possible to tune their coupling coefficient. The potentials of this device in realizing different
Hamiltonians are tested with several experiments. In particular, the manuscript reports implementations of
the Aubry-André model, of the SSH model and of different static disorder configurations that realize Anderson
localization.

The manuscript is well organized and well written, and the proposed device shows surely some points of
technological novelty. However | am not sure that this work represents, in the fields of integrated photonics
and optical analog simulations, an advance of such importance to worth publication in Nature Communications.
My main question is whether this device enables to simulate new physical phenomena or give access to relevant
experimental results hard to achieve with other platforms.

Response: We thank the referee for their time and effort in reviewing our manuscript and providing
valuable feedback.

Comment: Optical simulations based on optical waveguide arrays have flourished in the last couple of decades.
The Authors report indeed in the introduction of their manuscript a number of references that testify the wide
range of physical phenomena that have been experimentally observed, in the past years, using waveguide
array platforms. One can note in particular that, by using the femtosecond laser direct writing technique,
it was possible to produce high quality waveguide arrays implementing diverse Hamiltonian evolutions (see
e.g. A. Szameit & S. Nolte, J. Phys. B: At. Mol. Opt. Phys. 43, 163001 (2010); and S. Longhi, Laser
Photon. Rev. 3, 243-261 (2009) ), and within quick fabrication times. In addition, that technique enabled
the experimental realization of time-dependent Hamiltonians (i.e. modulation of the waveguide properties
along the propagation coordinate) with basically no added effort. It further has to be noted that, nowadays,
universal photonic processors are demonstrated with up to 20 modes and more (see e.g. Taballione et al.
arXiv preprint, arXiv:2203.01801). Such devices reproduce totally arbitrary linear transformations of optical
modes (i.e. arbitrary Hamiltonians acting for an arbitrary long time), using thermo-optic phase shifters, and
with fidelities robustly above 95%. Finally, less universal processors have been demonstrated with an even larger
number of optical modes: a term of comparison for the present device could be the programmable nanophotonic
processor demonstrated by Harris et al. (Nat. Photon. 11, 447-452 (2017) ), which was used to demonstrate
eperimentally quantum transport dynamics in up to 26 modes, and with fidelities above 99% with respect to
theory.

| think that the above considerations are important to provide a fair context to the present device. As a matter
of fact, here we have a 1l-waveguide device that can realize only a limited set of Hamiltonian evolutions,
i.e. those governed by the tridiagonal matrix given by Eq. (1), and only for a limited range of values of the
coefficients. These Hamiltonians are a small subset of those accessible in static devices fabricated with very low
cost by femtosecond laser writing. Current universal photonic processors would surely be able to implement these
Hamiltonians, and they would also be fundamentally accessible to the non-universal processor demonstrated by
Harris et al.

In comparison, it seems that the only relevant feature of the present device is the far higher reconfiguration
speed. However, | am not sure that this feature, while technically substantiated, can give a real, game-changing
advantage in a significant range of applications in the field of optical simulations.

If a limited number of realizations are needed, static devices realized by femtosecond laser writing may be still
a powerful choice. Given typical waveguide inscription speeds of tens of mm/s (see e.g. Ref. 14) one can
estimate that a single 11-waveguide array would take about 1 minute to be realized; one experiment (including
the characterization steps) would be accomplished in a few hours time. Note that this platform gives ample
freedom in the choice of the operating wavelength and of the array geometry and parameters. If instead we
consider the possibilities provided by a universal photonic processor such as the ones reported in the literature,
based on the thermo-optic effect, we note that reconfigured can be accomplished in less than 1 second time.
Thus, scanning the 2500 realizations shown in this manuscript might take less than 1 hour, not such a long time
on the scales of scientific experiments. An even shorter time would be required if a thermo-optic nanophotonic
device such as the one demonstrated by Harris et al. was used. Hence, it seems that one would really need the
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present device only if there is the requirement of a huge number of Hamiltonian realizations which, by chance,
happens to be among the few ones that are at reach of its non-universal layout.

Response: The femtosecond laser writing technology has supported the studies of many optical simu-
lations of physical phenomena. However, a reconfigurable approach is fundamentally different and more
flexible than fabricating fixed devices. Firstly, each fabricated device needs to be characterized, which
is time-consuming as each device will behave differently. Once we have a model for the reconfigurable
device, we can dial any Hamiltonian that this device can implement. Instead of having a Hamiltonian
for each device, the reconfigurable has a unique one. Having many static devices also incurs extra
alignment work. To date, large-scale reconfigurable devices have only been demonstrated for discrete
circuits not continuously coupled waveguide arrays.

In addition, the thermo-optic effect propagates in a diffusive way along the material and can lead to
low-fidelity circuits if the micro-heaters are not well-separated [1, 2], which is a significant drawback in
commonly used photonic platforms such as silica (commonly used in femtosecond laser direct writing
), silicon, or silicon nitride (commonly used in discrete photonic networks).

In this work, we have fabricated and demonstrated the most complex electro-optic device reported to
date, which can potentially be operated at high speed, up to 10's GHz [3]. High-speed capability can
be achieved by designing electrodes for high-speed operation (radio frequency electrodes) and 100's
GHz operating frequency is expected to be achieved with thin film lithium niobate technology [4].

The universal processors the referee discusses are 'digital’ or 'discrete’ networks that realize a unitary
transformation, but not Hamiltonian continuous-time evolution, and all are based on the thermo-optic
effect. The discrete approach is fundamentally different than the continuously coupled one, the latter
presenting alternative opportunities for simulating physics or manipulating states of light [5].

Waveguide arrays can also be cascaded to obtain universality. This was shown in [6]. Our device is the
basic building block of a universal circuit based on continuously coupled circuits, in contrast to the beam
splitter based approaches (a.k.a. Reck/Clements’ schemes). We highlighted in our paper a number of
advantages related to the former: 1) significantly reduces the number of bends, which reduces loss and
footprint [7, 8], 2) Direct simulation and control of Hamiltonian evolution, 3) Significantly reduced error
rate as presented in [6]. Additionally, our device is ideal for studying complex time evolution dynamics
of arbitrary Hamiltonians, including continuous simulation of time, which cannot be performed via
fabricating separated static devices. On the other hand, current-available platforms lack compatibility
with high-speed reconfiguration, bend loss-free operation, and low error rates.

Regarding fidelity, this is the first prototype of a device presenting this new capability. This work
was focused on showcasing this technology and its potential for performing high-fidelity controllable
simulations and information processing. We expect future devices to achieve higher fidelity.

We have changed the following text at the end of the ‘Discussion’ section:

The wave equation in the paraxial and scalar approximations is similar to the Schrodinger equa-
tion where the refractive index profile plays the role of a potential. This is why waveguide array
structures have been used to simulate solid-state quantum phenomena with laser light [9]. Further-
more, a classical (laser light) characterization of the Hamiltonian completely predicts the device
performance with quantum states. Therefore, with the ability to independently and accurately
control the propagation and coupling parameters of a waveguide array, this new structure can be
used for a variety of applications, ranging from simulating complex physics systems [10-13] to
processing quantum information [6-8, 14-16] as well as continuous simulation of time for complex
time evolution dynamics of arbitrary Hamiltonians.

We have changed the following text and references in the ‘Introduction’ section:

optical transformation [15] and could implement 1 and 2-qubit gates [14, 17] with the potential
of implementing universal unitaries [6]

We have added reference [18] in the following text in the ‘Introduction’ section:
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Waveguide arrays [19] are a powerful platform for the optical simulation of condensed matter
physics effects ranging from Bloch oscillations [20], to enhanced coherent transport via controllable
decoherence [21], adiabatic passage [22, 23], Anderson localization [24], and many more [18].

We have added references [25, 26] in the following text in the ‘Introduction’ section:

These devices actualize either single-particle unitaries through cascaded, programmable Mach-
Zehnder interferometers (MZI) [25-27], or a single-particle Hamiltonian that is determined by the
detailed configuration of the waveguides.

We have added the following text and references [28] in the ‘Discussion’ section:

Achieving scalability is the prime focus in advanced integrated photonic systems. Despite the
capability of femtosecond-laser-written waveguides [28] to implement arbitrary or time-dependent
Hamiltonians, they are limited as non-universal static devices. Furthermore, although larger
circuits incorporating MZIs as fundamental reconfigurable units have been extensively demon-
strated [25, 26], the scalability of MZls is impeded by their sensitivity to fabrication errors and
their susceptibility to significant bending loss [29, 30].

Comment: The authors also mention the suppression of cross-talks among the potentials of their device.
This is expected to guarantee high fidelities. However, | observe that the measured fidelities in reaching the
theoretical distributions at the output are not exceptionally high, especially if compared to the mentioned works
by Taballione et al. or by Harris et al. On this aspect one can also note the non-negligible discrepancy in the
measured/simulated partecipation ratios (PR) in Figure 3d. Since the PR is a collective figure of merit that
should be quite robust to imperfections, it may be an indication that control on the waveguide parameters is
only obtained with some approximation.

Response:

As we mentioned in the previous response, this work showcases the first prototype of a device presenting
this new capability. It is anticipated that forthcoming iterations of this device will attain greater fidelity.

We changed the sentence below in the ‘Discussion’ section to address the comment on fidelity:

Additionally, using more advanced fabrication methods, particularly for the electrodes, will also
help improve performance and scalability. In particular, the thin film lithium niobate platform
may allow reducing the footprint—enabling the fabrication of cascaded RWAs—while keeping the
advantage of electro-optic performance including high-speed operations [4, 31-33].

Comment: In the end, | think it cannot be concluded that this electro-optic device provides outstanding
applicative advantages with respect to the other photonic processors reported in the literature. | would not
recommend publication of this manuscript in Nature Communications, but rather | think this work would deserve
to be showcased in a more specialized journal, where the photonic-technology aspects would likely find a solid
appreciation.

Response: We appreciate the reviewer’s thoughtful assessment and remarks of our work, although
we disagree with their assessment regarding suitability for Nature Communications.

We believe we fully and satisfactorily addressed the referee’s comments above, and that the improved
manuscript meets the scope of and matches the body of work published in Nature Communications.

Our study presents the first prototype of a programmable waveguide array in which the Hamiltonian
terms can be continuously electro-optically tuned to implement various Hamiltonian continuous-time
evolutions on a single device. We believe this makes it a significant advancement to the existing knowl-
edge in this area. Specifically, this platform provides substantial progress and enables new opportunities
including:
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- implementation of universal unitaries with improved fabrication error tolerance and significantly re-
duced bending loss [6-8, 15, 16]

- high-speed multimode routing and mode division multiplexing [17, 34-36],

- Hamiltonian continuous-time evolutions implementation with precisely controlled Hamiltonian param-
eters, as an alternative approach to the discrete implementation [25],

- simulations of higher-dimensional systems such as in recent proposal [12, 13]

- possibilities of demonstrating more complex experiments [10-13], as well as continuous simulation of
time for arbitrary Hamiltonians time evolution dynamics.

Comment: In addition, | would strongly suggest the authors to address the following points, which in my
opinion are essential for a fair assesment of the quality of the reported results:

1) the operating wavelength should be clearly stated;
Response:

In the paper, we stated that "An 808 nm polarized laser’ was used in the caption of Supplementary Fig
1 and in the section 'Measurement and control setup’ in the Supplementary Methods.

We added the following sentence in the ‘Details of the device’ section in the Supplementary Methods:

and we used an 808 nm polarized laser

Comment: 2) characterization of the device insertion loss should be reported and discussed; if possible, an
estimate of the different loss contributions should also be given (e.g. input/output coupling loss due to mode
matching, propagation loss per unit length of the waveguide...)

Response: We thank the referee for the suggestions. We improved the following sentence in the
‘Measurement and control setup’ section in the Supplementary Methods:

Polarization-maintaining fiber (PMF) arrays with 127 um pitch were used for butt-coupling to the
chip at the input and output sides with a coupling loss of 4.9 dB6 per facet (68%) due to fiber
and waveguide mode mismatching.

Comment: 3) the authors should discuss with some detail how they have calibrated precisely the action of
each electrode, namely how they have estimated the coefficients Af3,,, AC, and AC; in Eq. (3) and (4).

Response: To reconstruct the Hamiltonian dependence on the control voltages, we used the data
from the Aubry-André and SSH experiment to fit the models described in Equations 1-6. We assumed
Bo, AB,,, Co, ACiand ACs to be consistent across the array, as discussed in the ‘Waveguide array
overview and modeling’ section in the main text.

The fitting fidelity was limited likely by small differences between the electrodes, which can be attributed
to either fabrication or control imperfections. We reported the fitted values in the ‘Details of the Device'
section in the Supplementary Methods.

As we stated in the ‘Discussion’ section in the main text

Firstly, fabrication errors in the waveguides, such as the waveguide width and separation, can
cause By and Cj to be not identical across the array. Secondly, the dimensions, position, and
quality of the fabricated electrodes can vary, making A3, and AC), 1 site-dependent.

Comment: 4) the uniformity of the static and reconfigurable waveguide parameters along the propagation
coordinate should be discussed or analyzed. For instance, the authors might implement a nominally uniform
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Hamiltonian, measuring the amount of "noise” in the output distribution and fitting it back to simulated models.
Other more appropriate ways could anyway be devised and adopted.

Response: We have addressed this issue in the previous comment regarding fabrication technology
and in the below sentence in the ‘Discussion’ section in the main text:

Many experimental factors also affect the model fidelity. Firstly, fabrication errors in the waveg-
uides, such as the waveguide width and separation, can cause 5y and C to be not identical across
the array. Secondly, the dimensions, position, and quality of the fabricated electrodes can vary,
making AB,, and AC,, 41 site-dependent.

We improved the sentence in the ‘Simulation of the voltage-controlled output distribution for the
Aubry-André and SSH Hamiltonians' section in the Supplementary Methods:

The fidelity for the Aubry-André and SSH models is 0.949+0.009 and 0.9044-0.001 respectively.

and have added the following sentence in the same section:

The static Hamiltonians fitting fidelity is 0.878+£0.001 with parameters fitted from Aubry-André
and SSH model measurements.

We improved the following sentence in the main text accordingly to the ‘Aubry-André model’ section:

The fidelity with the theoretical model is 0.949+0.009 (see the simulation in Supplementary
Methods).

and to ‘Su-Schrieffer—Heeger model’ section:

The fidelity with the theoretical model is 0.904+0.001 (see the simulation in Supplementary
Methods).

Comment: 5) the time-response of the device should be characterized experimentally.

Response: We thank the reviewer for the suggestion. The time-response of the device was indeed
characterized, and it is related to the design of the waveguides and electrodes.

In this work, our goal was to mitigate the drift in the optical response caused by electric charge diffusion
in the Lithium Niobate (DC drift [37]). In the ‘Measurement and control setup’ section in Supplementary
Methods, we discussed that we achieved this using modulated square pulses with a 0.6 Hz frequency.
Higher operating frequencies are expected to be achieved as discussed in the previous response.

To address the referee's suggestion, we added Supplementary Fig 2 showing the time response of our
device for a single pulses electrode, and we improved the following paragraph:

Lithium niobate suffers from electric charges accumulating in the SiO5 buffer layer under the
control electrodes, which results in a drift of the optical output when a voltage is applied. To
mitigate the output optical drift, 1.66 s non-biased square pulses were applied in order to achieve
unbiased control, i.e. each target voltage is followed by a pulse of the same magnitude and
opposite sign (see Supplementary Fig 2 (a)).

and we added a sentence in the same section:

In Supplementary Fig 2 (b), we report the chip response of the pulsing scheme used to reset the
chip to the initial state (where the Hamiltonian is not affected by the voltage). The data for each
measurement is taken from the average of the output power in the first half of the non-biased
square pulse after the rising time (~0.22 s), which is limited by the built-in low-pass filter of the
multi-channel power meter. We characterized the rise time as less than 0.2 ms based on optical
response with fast photodiodes, and optical outputs keep drifting due to electric charging after
the rise time.
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Referee 3

Comment: In this work, Yang et al., demonstrate a reconfigurable waveguide array fabricated in an an-
nealed proton exchange lithium-niobate platform. The authors exploit the reconfigurability of their system to
implement different input/output transformations corresponding to different Hamiltonians. Specifically, they
consider the Su-Schriffer-Heeger (SSH) model, the Aubrey-Andre model, and Anderson localization. The linear
characterization of the transmission function of the structure shows a reliable and effective reconfigurability
of their structure. Fidelities between the expected and measured transmission function are above 90% for all
the examined configurations. The main claim of the manuscript is that this platform can find applications for
quantum information processing in high-dimensional systems.

These experimental results are solid and convincing to demonstrate that their platform is flexible and reconfig-
urable in a predictive way.

Response: We thank the reviewer for their time and effort in reviewing our manuscript and providing
feedback.

Comment: However, the claim that this platform will have an impact on quantum information processing
is not demonstrated. First, all the experimental results presented in the manuscript are obtained with classical
light.

Response: We thank the referee for pointing this out.

The wave equation in the paraxial and scalar approximations is similar to the Schrodinger equation
where the refractive index profile plays the role of a potential. This is why waveguide array structures
have been used to simulate solid-state quantum phenomena with laser light [Longhi et al, PHYSICAL
REVIEW B 74, 155116 (2006)]. Furthermore, a classical (laser light) characterization of the Hamiltonian
completely predicts the device performance with quantum states.

However, our device can find applications and has a potential impact far beyond the field of quantum
science and technology. We have therefore reduced the focus on quantum applications to make it more
general.

We corrected the abstract:

We present a programmable waveguide array in which the Hamiltonian terms can be electro-
optically tuned to implement various Hamiltonian continuous-time evolutions on a single device.

We changed the following text in the ‘Introduction’ section:

Achieving such control is a key step toward versatile photonic processors, routers, and simula-
tors [6-8, 10-17, 34, 36].

and

We demonstrate precise control over independent Hamiltonian terms to realize continuous-time
evolutions for several thousands of Hamiltonian.

and we corrected the following sentence in the ‘Waveguide array overview and modeling’ section:

To implement the control, the conventional thermo-optic effect employed in most integrated pho-
tonic circuits reported so far, cannot be used since with such a small gap between the electrodes,
thermal cross-talk would be unavoidable [2]. In this device, the high electro-optic coefficient of
lithium niobate allows ultra-high modulation speed with almost no cross-talk and power dissipa-
tion [1]. This assumption is based on the exceptional confinement of the electric field within the
material due to the shielding effect from neighboring electrodes, thereby preventing cross-talk with
other waveguides in the array.

We changed the opening sentence in the ‘Discussion’ section:
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Reconfigurable waveguide arrays are a powerful tool for optical signal routing, implementing time-
evolution Hamiltonians to simulate quantum materials and phenomena, and can be cascaded to
realize arbitrary unitaries.

and the last paragraph in the ‘Discussion’ section:

The wave equation in the paraxial and scalar approximations is similar to the Schrodinger equa-
tion where the refractive index profile plays the role of a potential. This is why waveguide array
structures have been used to simulate solid-state quantum phenomena with laser light [9]. Further-
more, a classical (laser light) characterization of the Hamiltonian completely predicts the device
performance with quantum states. Therefore, with the ability to independently and accurately
control the propagation and coupling parameters of a waveguide array, this new structure can be
used for a variety of applications, ranging from simulating complex physics systems [10-13] to
processing quantum information [6-8, 14-16] as well as continuous simulation of time for complex
time evolution dynamics of arbitrary Hamiltonians.

Comment: Second, it is not clear what are the limits of the coupled-waveguide approach in terms of the
Hamiltonian can be realized. It seems as if the authors chose SSH and Aubrey-Andre models because they
are the easiest to be studied in coupled waveguide arrays, however, their relevance for quantum information
processing is not clear.

Response: This work is focused on demonstrating precise control over independent Hamiltonian terms
of an RWA device, and the Hamiltonians used here were selected because of their wide application in
the literature by the use of static devices.

Our platform, when cascaded in series, could implement arbitrary unitaries [6], and integrated photonic
circuits process both quantum and classical information. Recent theoretical proposals [6-8, 14, 15],
have suggested several quantum applications of this technology.

Comment: Third, the scalability of the approach is not clear. This ultimately depends on the geometrical
configuration (coupled waveguide array), the refractive index contrast, and the maximum length of the system.
How many waveguides one can realistically implement? Other details regarding possible issues, such as DC drift
in LINbO, are not discussed. These are crucial aspects given the ambitious claims of the authors.

Response:  Several theoretical works have discussed the scalability of using WAs or RWAs as a
platform [6, 15, 16] and there is no fundamental problem with building RWA with hundreds of spatial
modes and cascading them to implement larger scale circuits.

In the ‘discussion’ section, we suggested that the lithium niobate in insulator platform may allow reducing
the footprint—enabling the fabrication of cascaded RWAs—while keeping the advantage of electro-optic
performance including high-speed operations [4, 31-33].

We have addressed DC drift in the ‘Measurement and control setup’ section in Supplementary Methods.
To improve this discussion, we have added a new plot and the following text:

To avoid this problem, 1.66 s non-biased square pulses were applied in order to achieve unbiased
control, i.e. each target voltage is followed by a pulse of the same magnitude and opposite sign
(see Supplementary Fig 2 (a))

and

In Supplementary Fig 2 (b), we report the chip response of the pulsing scheme used to reset the
chip to the initial state (where the Hamiltonian is not affected by the voltage). The data for
each measurement is taken from the average of the output power in the first half of the non-
biased square pulse after the rising time (~0.22 s) caused by the built-in low-pass filter of the
multi-channel power meter. We characterized the rise time as less than 0.2 ms based on optical
response with fast photodiodes, and optical outputs keep drifting due to electric charging after
the rise time.



Response to Referee comments NCOMMS-23-09131-T /Yang

Comment: The manuscript is sometimes a bit misleading. Indeed, in the introduction, the authors cite
several papers presenting platforms in which quantum experiments have been carried out. The conclusions also
point in the direction of quantum information processing. However, all the experimental results are obtained
using classical light, to which the authors often refer as “input light”, without specifying or stressing that it is
classical in nature. While such a linear characterization is important, it is not sufficient to establish what the
performances with nonclassical light would be.

Response: We note that complete knowledge of linear optical circuit transformation can be obtained
with classical light [Rahimi Keshari et al, 2013/6/3 Optics express 21, 13450-13458]. This suffices to
predict the device performance with quantum states.

We believe the changes we applied in the introduction make the scope of the paper broader than the
original focus on quantum mechanical systems.

Comment: The authors discuss advantages such as the possibility of integrating single-photon sources and
detectors on chips. However, these are not demonstrated in the present system.

Response:

This sentence in the ‘Discussion’ section serves as an outlook into opportunities for expanding the
capability of this technology, which is common in reports on experimental demonstrations.

We have expanded the outlook with more references [38, 39] and addressed the issue in the following
text in the ‘Discussion’ section:

Moreover, it offers enhanced nonlinearlity [40], the possibility of integrating single-photon
sources [38, 41] and detectors [42] on chips, cryogenic compatible operations, increasing the
scalability and reducing the coupling losses.

Comment: Given the numerous experimental demonstrations of quantum light manipulation in complex
photonic integrated circuits in various material platforms, | am afraid the results reported here are not significant
enough to grant publication in Nature Communication. | believe that the manuscript is more suitable for other
kinds of journals, e.g., Applied Physics Letter or Optics Express.

Response: We appreciate the reviewer's thoughtful assessment of our work and their suggestions.

We believe we fully and satisfactorily addressed the referee’s comments above, and that the improved
manuscript meets the scope of and matches the body of work published in Nature Communications.

Our study presents a programmable waveguide array in which the Hamiltonian terms can be electro-
optically continuously tuned to implement various Hamiltonian continuous-time evolutions on a single
device. We believe this makes it a significant advancement to the existing knowledge in this area.
Specifically, this platform provides substantial progress and enables new opportunities including:

- implementation of universal unitaries with improved fabrication error tolerance and significantly re-
duced bending loss [6-8, 15, 16],

- high-speed multimode routing and mode division multiplexing [17, 34-36],

- Hamiltonian continuous-time evolutions implementation with precisely controlled Hamiltonian param-
eters, as an alternative approach to the discrete implementation [25],

- simulations of higher-dimensional systems such as in recent proposal [12, 13],

- possibilities of demonstrating more complex experiments [10-13], as well as continuous simulation of
time for arbitrary Hamiltonians time evolution dynamics.
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REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

I thank the authors for the response to my previous comments and observations. I find that the
authors have satisfactorily responded to my previous remarks.

Given my previous assessment of the manuscript, thus considering the relevance of implementing
interferometers with electro-optic technology for single-waveguide reconfiguration capabilities, I
can thus support its publication in Nature Communications.

Reviewer #2 (Remarks to the Author):

I have read with interest the Authors' reply, and I have seen the modifications brought to the
manuscript in response to my comments, as well as to the comments of the other reviewers.

I am still not fully convinced that the device concept reported here enables, at present, game-
changing features with respect to other reconfigurable photonic architectures based e.g. on the
well-known Clements' decomposition.

However, the Authors' reply together with the revised manuscript make me appreciate more
clearly the substantial technological advancements that the Authors have achieved. As a matter of
fact, the reconfiguration of a waveguide array had never been demonstrated with this degree of
detail and within the coupling region. While the present realization may not bring yet big
advantages in quantum information applications (the reported experiments are indeed performed
with classical light), these results are indeed significant and impactful in the wider field of
photonics.

I can now support the publication of this manuscript in Nature Communications, provided that the
following two points are fixed.

1) The type of light source used for the experiments, with its wavelength, should be mentioned
clearly and explicitly in the Main Text.

2) The Authors should declare also the other loss contributions of the waveguide device, or at least
the full insertion loss, not just the coupling losses at the input/output facets.

Reviewer #3 (Remarks to the Author):

I am writing to submit my second-round review of the manuscript titled "Programmable High-
Dimensional Hamiltonian in a Photonic Waveguide Array.” While I appreciate the authors' efforts in
revising the manuscript in response to my concerns and those of the other two reviewers, I do not
believe that they have adequately addressed my comments in this revised version. For this reason,
I cannot support the publication of the manuscript in Nature Communication, 1 still believe that
this work would be more suitable for Applied Physics Letter or Optics Express.

My main concern, also shared by Reviewer #2, is whether this work makes a sufficient case to
demonstrate that this platform is capable to access new and relevant experimental results in the
field of photonic computing, whether classical or quantum. As I pointed out in my previous report,
the authors are dealing with a technological platform (proton-exchange LiNbO waveguides) that is
relatively established, and they demonstrate a system comprising 11 tunable waveguides, which is
not sufficient to access new regimes or stimulate interesting new phenomena. The key problem is
understanding how far we can go in this direction. In this respect, this second version of the



manuscript does not provide any new element. In my previous report, I asked to provide more
details, for example, a reasonable number of waveguides that one could implement, but this
question remained unanswered.

I find it somewhat curious that in the Discussion section, the authors suggest that the scalability of
their approach may be achieved in the thin-film LiINbO platform, where a more compact design
could be implemented. This is strange, not only because this is not the approach investigated here,
but because on page 2 the same authors write: “To avoid voltage breakdown through air and
glass, the electrodes must be patterned at sufficient separation. This is possible because the large
cross-section of the mode in a proton-exchange waveguide leads to substantial coupling between
waveguides more than 10 pm apart,” which seems to indicate an advantage of well-separated
waveguides. Furthermore, implementing this idea in a different platform would certainly require
addressing new experimental issues, (e.g. electrode configuration), which are not mentioned at all.

Another concern raised in my previous report was related to universality. In their reply, the
authors state that “our platform, when cascaded in series, could implement arbitrary unitaries [6]”
While this statement holds true in theory, the practical implications remain unclear. How many
distinct sections are necessary? What length must each section have? Is the approach feasible in
terms of minimizing losses? Unfortunately, the authors' response does not offer sufficient
information to establish the scalability and universality of their approach. Thus, the impact of their
experimental result, which is one of the main issues, remains unclear.

Previously, I highlighted that the experimental results presented in this work are purely classical in
nature. I appreciate that the authors made this clear in this second version of the manuscript by
removing/modifying some of their statements. However, their assertion, “Furthermore, a classical
(laser light) characterization of the Hamiltonian completely predicts the device performance with
quantum states,” can be misleading. While it is indeed possible to determine the device's transfer
function using classical light, it is important to recognize that the device performance is influenced
also by the quantum state and the specific experimental conditions. For instance, the spectral
properties of the photons will play a crucial role in determining the visibility of quantum
interference, depending upon the waveguide dispersion.

It should be noted that the experiment described in the paper is conducted at a single wavelength
(808 nm), a detail which regrettably goes unmentioned in the main text. Furthermore, the
fidelities measured in this work may not be meaningful in a quantum experiment. Indeed, the
device is burdened with significant insertion losses, which could render quantum experiments
impractical. The prospect of low detection rates, for example, could necessitate excessively
lengthy experiments, potentially impacting the device's stability in ways not thoroughly
investigated in this study. Therefore, if the intention is to assert the device's viability for quantum
experiments, it becomes imperative to conduct such experiments. This is because a host of
complexities exist beyond a mere linear characterization using continuous-wave laser light.
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Referee 1

Comment: | thank the authors for the response to my previous comments and observations. | find
that the authors have satisfactorily responded to my previous remarks. Given my previous assessment of the
manuscript, thus considering the relevance of implementing interferometers with electro-optic technology for
single-waveguide reconfiguration capabilities, | can thus support its publication in Nature Communications.

Response: We thank the reviewer for their time and effort in reviewing our response letter and revised
manuscript, and for supporting publication in Nature Communications.
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Referee 2

Comment: | have read with interest the Authors’ reply, and | have seen the modifications brought to the
manuscript in response to my comments, as well as to the comments of the other reviewers. | am still not fully
convinced that the device concept reported here enables, at present, game-changing features with respect to
other reconfigurable photonic architectures based e.g. on the well-known Clements’ decomposition. However,
the Authors’ reply together with the revised manuscript make me appreciate more clearly the substantial tech-
nological advancements that the Authors have achieved. As a matter of fact, the reconfiguration of a waveguide
array had never been demonstrated with this degree of detail and within the coupling region. While the present
realization may not bring yet big advantages in quantum information applications (the reported experiments
are indeed performed with classical light), these results are indeed significant and impactful in the wider field
of photonics.

| can now support the publication of this manuscript in Nature Communications, provided that the following
two points are fixed.

Response:  We thank the referee for their time and effort in reviewing our response letter and
revised manuscript, and for supporting publication in Nature Communications. We have addressed
their comments below.

Comment: 1) The type of light source used for the experiments, with its wavelength, should be mentioned
clearly and explicitly in the Main Text.

Response: We have added the following text at the end of the ‘Waveguide array overview and
modeling’ section:

The light source used in this work is a fiber-coupled polarized 808 nm laser diode.

Comment: 2) The Authors should declare also the other loss contributions of the waveguide device, or at
least the full insertion loss, not just the coupling losses at the input/output facets.

Response: We thank the referee for the suggestions. We have improved the following text and added

the detail of full insertion loss in the ‘Measurement and control setup’ section in the Supplementary
Methods:

A polarized 808 nm laser and multi-channel fiber-coupled high-speed optical power meter were used
for the output measurements. Polarization-maintaining fiber (PMF) arrays with 127 um pitch were
used for butt-coupling to the chip at the input and output sides with a coupling loss of 4.9 dB per
facet (68%), caused by fiber-waveguide mode mismatch. A total power loss, including the fiber-
to-chip coupling and propagation loss, of 9.8 dB (90%) was measured. This is sufficient for two-
photon quantum experiments, as demonstrated in the first two-photon quantum walk in a static
waveguide array [1]. To enhance the total transmission of the device, for example for experiments
using more than two photons, the insertion loss can be reduced by various technologies, ranging
from on-chip components to engineered fibers, such as high-index fibers that reduce the mode
field diameter of the fiber [2-6].
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Referee 3

Comment: | am writing to submit my second-round review of the manuscript titled " Programmable High-
Dimensional Hamiltonian in a Photonic Waveguide Array.” While | appreciate the authors’ efforts in revising
the manuscript in response to my concerns and those of the other two reviewers, | do not believe that they have
adequately addressed my comments in this revised version. For this reason, | cannot support the publication
of the manuscript in Nature Communication, | still believe that this work would be more suitable for Applied
Physics Letter or Optics Express.

My main concern, also shared by Reviewer #2, is whether this work makes a sufficient case to demonstrate
that this platform is capable to access new and relevant experimental results in the field of photonic computing,
whether classical or quantum.

Response: We appreciate the reviewer's thoughtful assessment of our work and their suggestions.

We politely disagree with the reviewer's opinion of our work. After our manuscript revision, Reviewers
#1 and #2 now fully support publication in Nature Communications.

Reviewer #1 stated:

Given my previous assessment of the manuscript, thus considering the relevance of implementing
interferometers with electro-optic technology for single-waveguide reconfiguration capabilities, |
can thus support its publication in Nature Communications.

Reviewer #2 stated:

...the reconfiguration of a waveguide array had never been demonstrated with this degree of detail
and within the coupling region. While the present realization may not bring yet big advantages in
quantum information applications (the reported experiments are indeed performed with classical
light), these results are indeed significant and impactful in the wider field of photonics.

I can now support the publication of this manuscript in Nature Communications, ...

To reiterate, our study presents the first programmable waveguide array in which the Hamiltonian
terms can be precisely controlled electro-optically to implement various Hamiltonian continuous-time
evolutions on a single device. We believe this makes it a significant advancement to the existing
literature in this area.

Comment: As | pointed out in my previous report, the authors are dealing with a technological platform
(proton-exchange LiNbO waveguides) that is relatively established, and they demonstrate a system comprising
11 tunable waveguides, which is not sufficient to access new regimes or stimulate interesting new phenomena.

Response: As we mentioned in our reply to the comment above, our work is a key step towards
versatile and scalable photonic integrated circuits based on continuously coupled waveguides. We
believe this makes it a significant advancement to the existing knowledge in this area. Specifically, this
platform provides substantial progress toward new applications including:

e implementation of universal unitaries with improved fabrication error tolerance and significantly
reduced bending loss [7-11]
e high-speed multimode routing and mode division multiplexing [12-15],

e Hamiltonian continuous-time evolutions implementation with precisely controlled Hamiltonian
parameters, as an alternative approach to the discrete implementation [16],

e simulations of higher-dimensional systems such as in recent proposal [17, 18]

e possibility of demonstrating more complex experiments [17-20], as well as continuous simulation
of time for arbitrary Hamiltonians time evolution dynamics.
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Comment: The key problem is understanding how far we can go in this direction. In this respect, this second
version of the manuscript does not provide any new element. In my previous report, | asked to provide more
details, for example, a reasonable number of waveguides that one could implement, but this question remained
unanswered.

Response: We apologize for not addressing this point in our previous response.

In theory, 1000's waveguides at a coupling distance of 10 um can be patterned on a 6" LN wafer. Even
with the electrical wiring and fan-in fan-out of the waveguide to match fiber arrays, it is feasible to
produce a device with 100's of waveguides, which is on par with the number of modes implemented in
large-scale photonic circuits reported to date, e.g. in [21].

We have added the following sentence in the ‘Discussion’ section:
In theory, thousands of waveguides at a coupling distance of 10 um can be patterned on a 6-inch

lithium niobate wafer. Even with the electrical wiring and fan-in fan-out of the waveguide to
match fiber arrays, it is feasible to produce a device with hundreds of waveguides.

Comment: | find it somewhat curious that in the Discussion section, the authors suggest that the scalability
of their approach may be achieved in the thin-film LiNbO platform, where a more compact design could be
implemented. This is strange, not only because this is not the approach investigated here, but because on page
2 the same authors write: “To avoid voltage breakdown through air and glass, the electrodes must be patterned
at sufficient separation. This is possible because the large cross-section of the mode in a proton-exchange
waveguide leads to substantial coupling between waveguides more than 10 pum apart,” which seems to indicate
an advantage of well-separated waveguides. Furthermore, implementing this idea in a different platform would
certainly require addressing new experimental issues, (e.g. electrode configuration), which are not mentioned
at all.

Response: We thank the referee for pointing this out.

The proton-exchanged lithium niobate (PE:LN) is an established electro-optic technology that is used
here to demonstrate the concept. However, we believe that thin film lithium niobate (LNOI) can also be
used to implement this device. In particular, z-cut LNOI, where the electric field is directed vertically,
requires a smaller footprint and significantly lower driving voltage [22]. This could enable our device
to be implemented in LNOI, but this requires further investigation.

We have improved the following sentence in the in the ‘Discussion’ section to clarify this point:

In particular, the z-cut thin film lithium niobate platform may allow reducing the footprint—enabling
the fabrication of cascaded RWAs—while keeping the advantage of electro-optic performance in-
cluding spacing the electrodes, high-speed operations and low driving voltage [22, 23].

Comment: Another concern raised in my previous report was related to universality. In their reply, the authors
state that “our platform, when cascaded in series, could implement arbitrary unitaries [6]" While this statement
holds true in theory, the practical implications remain unclear. How many distinct sections are necessary?
What length must each section have? Is the approach feasible in terms of minimizing losses? Unfortunately,
the authors’ response does not offer sufficient information to establish the scalability and universality of their
approach. Thus, the impact of their experimental result, which is one of the main issues, remains unclear.

Response: The main goal of our work is to demonstrate the first prototype of a large-scale recon-
figurable waveguide array (RWA), a technology that so far an only been based on static devices. The
discussion on scalability and universality has been done in [8], which:

e shows that the number of sections required increases linearly with the number of modes,
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e motivates the waveguide array architecture by discussing that one of the main sources of loss of
photonics circuits comes from bends, also one of the motivations of Clements et al. work [24, 25],
which improved on work by Reck et al. [26]. The number of in-and-out bending sections one
photon can experience in Clements’ scheme is 4N (where N is the number of waveguides), while
the number is 2V in waveguide array-based scheme [8].

e proves that such an architecture is universal.

At this stage, there's no design guideline about the length required for the coupled region for imple-
menting universal operations, as it's a topic of ongoing research in the field of controllability.

While universality is not the main claim of our manuscript, we agree with the referee that the feasibility
of implementing arbitrary unitaries with our device requires further work, which is out of the scope of
this project.

We have added the following sentence in the in the ‘Discussion’ section:

Compared with the scheme by Clements et al. [24], the waveguide array-based scheme [8] incurs
lower bending losses due to the half number of bending sections the photons will experience.

Comment: Previously, | highlighted that the experimental results presented in this work are purely clas-
sical in nature. | appreciate that the authors made this clear in this second version of the manuscript by
removing/modifying some of their statements. However, their assertion, “Furthermore, a classical (laser light)
characterization of the Hamiltonian completely predicts the device performance with quantum states,” can be
misleading. While it is indeed possible to determine the device's transfer function using classical light, it is
important to recognize that the device performance is influenced also by the quantum state and the specific ex-
perimental conditions. For instance, the spectral properties of the photons will play a crucial role in determining
the visibility of quantum interference, depending upon the waveguide dispersion.

Response: Characterizing linear photonic devices with laser light at a wavelength close to that of
the single photons used in a quantum experiment is the standard practice [1, 27, 28] and gives full
information about the quantum process of the devices as shown in [29, 30]. A small spectral difference
between laser light and single photon sources will give a negligible change in the device Hamiltonian.

We have improved the following sentence in the ‘Discussion’ section:

Furthermore, laser light characterization of the Hamiltonian completely predicts the quantum
process of linear photonic devices [29, 30], and the small spectral difference between laser light
and single photon sources will give a negligible change in the device Hamiltonian.

Comment: |t should be noted that the experiment described in the paper is conducted at a single wavelength
(808 nm), a detail which regrettably goes unmentioned in the main text.

Response: We thank the referee for pointing this out. We have added the following text at the end
of the ‘Waveguide array overview and modeling' section:

The light source used in this work is a fiber-coupled polarized 808 nm laser diode.

Comment: Furthermore, the fidelities measured in this work may not be meaningful in a quantum experi-
ment. Indeed, the device is burdened with significant insertion losses, which could render quantum experiments
impractical. The prospect of low detection rates, for example, could necessitate excessively lengthy experi-
ments, potentially impacting the device's stability in ways not thoroughly investigated in this study. Therefore,
if the intention is to assert the device'’s viability for quantum experiments, it becomes imperative to conduct
such experiments. This is because a host of complexities exist beyond a mere linear characterization using
continuous-wave laser light.
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Response: We disagree with the reviewer. As discussed in reply to the comment above, laser light
characterization gives us full knowledge of the quantum process of linear photonic devices. This fact
makes this comment by the reviewer not correct.

The total loss for this device, including insertion and transmission loss was 90%. It is possible to
perform quantum experiments with such loss, as it was demonstrated in the first two-photon quantum
walk in a static waveguide array [1], and many others. To enhance the total transmission of the device,
for example for experiments using more than two photons, the insertion loss can be reduced by various
technologies, ranging from on-chip components to engineered fibers [2-6].

a periodically segmented waveguide coupler in PE:LN [2]

e polishing optical facets [3]

soft-proton-exchange taper that supports lossless mode-shape transformation [4]

lensed fiber [5]

mode-selective coupler in LiNbO3:Ti optical waveguides with coupling efficiencies larger than
90% [6]

We have improved the following text and added the detail of full insertion loss in the ‘Measurement
and control setup’ section in the Supplementary Methods:

A polarized 808 nm laser and multi-channel fiber-coupled high-speed optical power meter were used
for the output measurements. Polarization-maintaining fiber (PMF) arrays with 127 um pitch were
used for butt-coupling to the chip at the input and output sides with a coupling loss of 4.9 dB per
facet (68%), caused by fiber-waveguide mode mismatch. A total power loss, including the fiber-
to-chip coupling and propagation loss, of 9.8 dB (90%) was measured. This is sufficient for two-
photon quantum experiments, as demonstrated in the first two-photon quantum walk in a static
waveguide array [1]. To enhance the total transmission of the device, for example for experiments
using more than two photons, the insertion loss can be reduced by various technologies, ranging
from on-chip components to engineered fibers, such as high-index fibers that reduce the mode
field diameter of the fiber [2-6].
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REVIEWER COMMENTS

Reviewer #3 (Remarks to the Author):

I am writing to submit my third-round review of the manuscript titled "Programmable High-
Dimensional Hamiltonian in a Photonic Waveguide Array.”

In this third version of the manuscript, the authors have not addressed all of my comments. The
most critical concern revolves around the significance of their work. Manuscripts published in
Nature Communications should showcase substantial advancements in one or more fields, capable
of inspiring further valuable research. This journal holds a significant influence in shaping the
future research directions across various domains. Therefore, it is imperative that the authors
present compelling arguments and robust theoretical/experimental evidence to support their
claims. Regrettably, after the third resubmission, the authors have not effectively demonstrated
the relevance of their findings in the realm of reconfigurable photonic architectures for photonic
computing, whether in classical or quantum contexts. This skepticism is also shared by Reviewer
#2, and I find it hard to argue otherwise.

Firstly, the authors have not tackled the issue of scalability. They simply assert the potential
implementation of a greater number of waveguides using another platform, TFLN, without
presenting any experimental results.

Secondly, the authors have provided a classical characterization of their system to infer its
quantum performance but have failed to offer any quantum results to substantiate their claims.
Their response indicates that the experiment is feasible with their chip, so why have they not
conducted it? Furthermore, in the latest version of the manuscript, the authors state, "A total
power loss, including the fiber-to-chip coupling and propagation loss, of 9.8 dB (90%) was
measured. This is sufficient for two-photon quantum experiments, as demonstrated in the first
two-photon quantum walk in a static waveguide array [1]." This statement is somewhat
underwhelming. It is reasonable to expect that after more than twelve years, there should be
more than just the promise of a two-photon experiment.

In their manuscript, the authors suggest a potential future direction for reconfigurable photonics,
but they have not substantiated it with evidence. Consequently, I cannot endorse the publication
of this work in Nature Communications.
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Referee 3

Comment 1 - Reviewer #3 says: “The most critical concern revolves around the significance of their work” and
“This skepticism is also shared by Reviewer #2, and | find it hard to argue otherwise”.

Response 1 - We understand the concern of Reviewer #3 but his concern is not shared by Reviewer #2 who wrote
the following remarks after the first resubmission: “the Authors' reply together with the revised manuscript make
me appreciate more clearly the substantial technological advancements that the Authors have achieved”, “As a
matter of fact, the reconfiguration of a waveguide array had never been demonstrated with this degree of detail
and within the coupling region”, “these results are indeed significant and impactful in the wider field of
photonics”, and “I can now support the publication of this manuscript in Nature Communications”.

These are the same reasons why we believe our paper is relevant.

Comment 2 - Reviewer #3 says: “the authors have not tackled the issue of scalability. They simply assert the
potential implementation of a greater number of waveguides using another platform, TFLN, without presenting
any experimental results.”

Response 2 — We addressed the scalability of our platform based on proton exchanged waveguides in the
discussion section with an estimation of the maximum number of waveguides that can be patterned on a wafer.
Regarding the thin-film-lithium-niobate waveguides, references from [59 to 64] offer a range of experimental
results with this platform showing its potential and scalability. It is not the aim of this paper to present results
with TFLN devices. Here we show the reconfigurability potential of electro-optical devices instead of thermo-
optical ones (see comments from Reviewer #2 in Response 1).

Comment 3 - Reviewer #3 says: “the authors have provided a classical characterization of their system to infer its
quantum performance but have failed to offer any quantum results to substantiate their claims. Their response
indicates that the experiment is feasible with their chip, so why have they not conducted it?”

Response 3 — As stated in the discussion section of our revised paper and references therein, device
characterization with laser light offers full knowledge of the quantum process performed by the devices. At
present, we are in the process of moving our labs and we are not equipped for performing measurements with
single photons. However, as discussed above and our significant experience, we don’t expect any issues with
performing a quantum experiment.

Comment 4 - Furthermore, in the latest version of the manuscript, the authors state, "A total power loss, including
the fiber-to-chip coupling and propagation loss, of 9.8 dB (90%) was measured. This is sufficient for two-photon
guantum experiments, as demonstrated in the first two-photon quantum walk in a static waveguide array [1]."
This statement is somewhat underwhelming. It is reasonable to expect that after more than twelve years, there
should be more than just the promise of a two-photon experiment.

Response 4 — Losses in the device can be mitigated with optimization of the fabrication process or working at
telecom wavelength. We addressed this comment adding the following sentence to the “Measurement and
control setup” section of the Supplementary Materials:
“Losses can be mitigated by improving the fabrication process and/or working at telecom wavelength
where propagation and coupling losses are lower. [2]”

Comment 5 — “In their manuscript, the authors suggest a potential future direction for reconfigurable photonics,
but they have not substantiated it with evidence.”

Response 5 — We have already addressed this comment in the discussion section with references 41-43 and 20,
22, 23,44, 45.



REVIEWERS' COMMENTS

Reviewer #3 (Remarks to the Author):

I am writing to submit my fourth-round review of the manuscript titled "Programmable High-
Dimensional Hamiltonian in a Photonic Waveguide Array.”

Since my very first report, I pointed out that these experimental results are solid and convincing to
demonstrate that their platform is flexible and reconfigurable in a predictive way. However, I
expressed serious doubts that the manuscript contains enough results to support the authors’
claims about the real potential of this platform in quantum photonics. These doubts persist, as the
authors have presented only experimental data related to classical device characterization, with no
quantum results, and the device's complexity remains comparatively modest in comparison to
other platforms showcasing quantum experiments.

Throughout my previous reviews, I raised various questions regarding scalability, complexity, and
losses. The authors' responses consistently pointed to potential solutions that lacked empirical
validation, relying on promises rather than demonstrated outcomes. For instance:

-Scalability: “There is no fundamental problem with building RWA with hundreds of spatial modes
and cascading them to implement larger scale circuits” Yet, this has not been demonstrated.

-Complexity: “Our platform, when cascaded in series, could implement arbitrary unitaries.”
However, this has not been demonstrated in practice.

-Losses impact: “Losses can be mitigated by improving the fabrication process and/or working at
telecom wavelength where propagation and coupling losses are lower.” This has not been
demonstrated in this kind of implementation.

I understand that addressing these concerns may involve substantial research efforts beyond the
manuscript's scope. Nevertheless, rather than dismissing these issues, it would be more beneficial
to alert readers to potential challenges in further developing this platform.

More importantly, as I mentioned in my previous report, I strongly believe that a quantum
experiment is essential to substantiate the authors' claims and the significance of their findings. In
their response, the authors mention, "We are in the process of moving our labs and we are not
equipped for performing measurements with single photons. However, as discussed above and our
significant experience, we don’t expect any issues with performing a quantum experiment.”
Regrettably, this response cannot be deemed acceptable. It would be surprising to encounter a
paper in journals like Nature Communications, or any reputable journal, where authors refrain
from conducting a pivotal experiment due to laboratory issues, yet have their manuscript accepted
and published based on their reputation alone.

Should the authors provide a quantum characterization of their device, I would be more than
willing to re-evaluate the manuscript.
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Referee 3

Comment 1: on “Scalability: “There is no fundamental problem with building RWA with hundreds of spatial modes
and cascading them to implement larger scale circuits” Yet, this has not been demonstrated.”

Comment 2: on “Complexity: “Our platform, when cascaded in series, could implement arbitrary unitaries.”
However, this has not been demonstrated in practice.”

Response: To address comments 1 and 2, we added the following reference to the first sentence of the discussion
section, where cascaded devices have been demonstrated on a waveguide geometry very close to the proton
exchange one.

Reconfigurable waveguide arrays are a powerful tool for optical signal routing, implementing time-evolution
Hamiltonians to simulate quantum materials and phenomena, and can be cascaded [57] to realize arbitrary
unitaries.

[57] Simone Atzeni, Adil S. Rab, Giacomo Corrielli, Emanuele Polino, Mauro Valeri, Paolo Mataloni, Nicolo
Spagnolo, Andrea Crespi, Fabio Sciarrino, and Roberto Osellame, "Integrated sources of entangled photons
at the telecom wavelength in femtosecond-laser-written circuits," Optica 5, 311-314 (2018)

Comment 3: Review #3 says: “Losses impact: “Losses can be mitigated by improving the fabrication process and/or
working at telecom wavelength where propagation and coupling losses are lower.” This has not been
demonstrated in this kind of implementation.”

Response: We previously addressed this comment showing that improving losses is possible and have been
experimentally demonstrated. We added one more reference to the following sentence:

Additionally, losses can be mitigated by improving the fabrication process and/or working at telecom
wavelength where propagation and coupling losses are lower [2, 46]
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