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Non-classical light state transfer
in su(2) resonator networks

A. F. Muiioz Espinosa?, R.-K. Lee?%*> & B. M. Rodriguez-Lara'**

We use a normal mode approach to show full and partial state transfer in a class of coupled resonator
networks with underlying su(2) symmetry that includes the so-called J, photonic lattice. Our approach
defines an auxiliary Hermitian coupling matrix describing the network that yields the normal modes of
the system and its time evolution in terms of orthogonal polynomials. Our results provide insight on
the full quantum state reconstruction time in a general su(2) network of any size and the full quantum
transfer time in the J, network of size 4n + 1withn =1, 2, 3, . . . For any other network sizes, the Fock
state probability distribution of the initial state is conserved but the amplitudes suffer a phase shift
proportional to 7 /2 that results in partial quantum state transfer.

Integrated photonic quantum technologies"? promise higher speed, lower energy loss or greater bandwidth,
to mention a few, that may impact all optical quantum communications and computing. Resonator networks
are available to fulfill these promises in multiple platforms using evanescent field coupling between modes of
individual high-Q resonators; for example, whispering gallery modes in optical resonators®~, photonic crystal
cavities® 8, or femtosecond-laser-written waveguide arrays’~''. Beyond integrated photonic technologies, perfect
quantum state transfer has been discussed in coupled cavity resonator arrays loaded with three-level atoms'?,
integrated superconducting technologies'!, quantum transducers integrating superconducting'® or optical'®
systems to mechanical resonators, Rydberg atoms in a lattice!’, as well as the coupling of distant resonators via
photonic waveguides'®-2.

Here, we focus on the transfer of non-classical states of light required, for example, by switching and routing.
We draw inspiration from the so-called ], photonic lattice where experimental perfect state transfer for non-
entangled??? and entangled® photonic qubits was demonstrated using an array of eleven coupled waveguides.
Recent advances on reconfigurable nanoelectronical networks allowed perfect coherent transfer on-chip*. On
the theoretical side, there is a recent report of quantum state transfer of two-photon Fock and NOON states but
not of squeezed and coherent states for twenty coupled waveguides®. The latter left the question on the feasibility
of nonclassical state transfer in such resonator networks open and we aim to answer it.

In the following, we deal with the idea of normal modes for a completely connected resonator network
described by an auxiliary Hermitian coupling matrix feasible of unitary diagonalization. Then, we explore the
idea of quantum state transfer in such coupled resonator network to show that it reduces to find the structure
of an auxiliary evolution matrix given in terms of orthogonal polynomials. In order to provide a particular
example, we study the quantum analog of photonic lattice with an underlying su(2) symmetry, that includes the
so-called J; photonic lattice, and give its auxiliary unitary, diagonal and evolution matrices in terms of Gauss
Hypergeometric function that allows us to discuss full and partial quantum state reconstructions and transfer.
Finally, we close with our conclusions.

Results
Normal modes of a resonator network. We follow a Schrédinger picture equivalent?® of a Heisenberg
picture method proposed by one of us?. Let us start from a completely connected resonator network,
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and rewrite it in a simplified form,
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in terms of an auxiliary Hermitian coupling matrix M with diagonal elements provided by the resonator frequen-
cies,[M];; = wj, and off-diagonal elements by the coupling strengths, [M];; = gjx = [MI} k- In the following, we
make use of the fact that all tri- d1agona1 auxiliary Hermitian coupling matrices are feasible of unitary diagonaliza-
tion through orthogonal polynomials?® as well as some penta-diagonal symmetric matrices?. On a case-by-case
basis, this may extend to block tri- and penta-diagonal matrices. In these and other cases, there exists a unitary
matrix transformation D that diagonalizes our auxiliary Hermitian matrix,

M =D'AD, (3)

with a real diagonal matrix A. Here, it is possible to define normal modes,

& = z]: (D1, (4)

that provide a diagonal representation of our Hamiltonian,
a
_ 5 ATA
i > otyep (5)
P

where the normal mode frequencies are the elements of the diagonal matrix, [A], ; = 4p6p,q. The time evolution
in terms of these normal modes,
U = i) /1,,2;2,,:’ (6)

may be complicated but straightforward to calculate as we will show in the following.

Quantum state transfer. For the sake of providing a practical example, let us focus on transferring an
arbitrary initial state at the m-th resonator,

oo o0
W) = alkhm Y lul> =1, @)
k=0 k=0
into the n-th resonator at some given transfer time r > 0. In order to discern the time evolution of the initial
state, we may rewrite each Fock state in terms of creation operators k) = (K)~1/24 TklO) and expand the crea-
tion operator in terms of the normal modes, a;, ZP lpmp- {. Then, the time evolution of the initial state,
k
o0
W) =)« T U)|> DIy | 10), (8)
k=0 : p
k
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where we use the fact that the vacuum state is an eigenstate of the system and does not evolve, U(®)]0) = |0), and
move back into the localized modes, ¢ c =Y q [D]3 4@, In order to simplify our notation,

o k
1
() = Zakﬁ > [Ulugal| o), (1
k=0 : q
we define an auxiliary evolution matrix,
U =D "A'D, (12)

provided by the unitary decomposition of the auxiliary Hermitian coupling matrix.

At this point, our problem of transferring the localized initial state from the m-th to the n-th resonator
reduces to find a unitary decomposition of the auxiliary Hermitian matrix, whenever it is possible, calculate
the auxiliary evolution matrix elements, and find a transfer time t where the auxiliary evolution matrix has the
desired transfer matrix shape. Thanks to the work on orthogonal polynomials for tri-diagonal Hermitian and
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penta-diagonal symmetric matrices, this process may simplify for networks whose effective Hermitian coupling
matrix has these characteristics. In the other hand, we may look at the inverse problem, starting from a desired
transfer matrix shape, find an auxiliary Hermitian matrix that allows us to define a resonator network. The latter
is beyond the scope of this contribution. In the following, we look at the former using a well known quantum
resonator network, and study its ability to produce quantum state transfer using our normal mode approach.

SU(2) resonator network. In photonics, there exists a well-known photonic lattice with an underlying
su(2) symmetry that provides coherent transfer of classical light and single-photon states?>*. In the quantum
regime, it has been used to discuss the idea of synthetic dimensions®!. We will work with a general form?? that
translates into a coupled resonator network with the following Hamiltonian?®,

y
=3 Onithyam + gn (ajnzzm+1 + a;+1am), (13)

m=0

S

where the annihilation (creation) operators for the localized modes in the m-th resonator are a, (&L) and we have
2j + 1resonators in total. The frequency of each resonator is @, = Qo + @ (m — j) and the nearest neighbours
couplings is g, = g+/m(2j + 1 — m). The Hamiltonian conserves the total photon number operator,

N = Z al am, (14)

H

1 JEIR

= > (Ml hyn, (15)
m,n=0

is related to the auxiliary Hamiltonian coupling matrix,
Ml = (= )+ & [V/1Q] + 1= 1) b + /M@ + 1= m) S| (16)

with an underlying su(2) symmetry with Bargmann parameter j = n/2 withn = 1,2, 3, ... that connects with
the 2j 4 1 total number of resonators. This auxiliary Hamiltonian matrix yields the normal modes,

£ 2j 2j

H, AF A N .

T = E Am,nCInCna Cm = E (Dl nan, (17)
m,n=0 n=0

in terms of the auxiliary unitary, diagonal, and evolution auxiliary matrices,

(Dl = fm,n,Ax, Az) (18)
(Al = \/w? +4g% (m — j)Smn: (19)
(U®)]nn = flm, n,B£(t), B, ()], (20)
in that order, related to the Wei-Norman decomposition parameters for the su(2) algebra”,
Ayp = +tanf, /A, =sech, tan20 = %, (21)
and
Bi(t) = —i 2g sin %Qt \/17(1‘) _ Q (22)

Qcos%Qt—f—iwsin%Qt’ Qcos%Qt—f—iwsin%Qt’

where we express parameters A, and B, (¢) in terms of their square root to highlight the importance of branch
cuts when working with this class of resonator networks. We define an effective resonator network frequency;,

Q= /w?+4g2, (23)

that will be at the core of our analysis. In these expressions, we define the matrix elements,

Xf;’f"inij
(m—n)!
Xy
(n—m)!

V@ =mt1), o Dy aFr -2 1 —mn—m =2 mz

f(m; n, X4, X;) =

\/(Zj— n-+ l)nim(m-ﬁ— 1),—m2F1 {—m,Zj—i— l—-mym—n+1; —X}f’}, m<n,
(24)
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in terms of the Pochhammer symbol (x),, and the Gaussian Hypergeometric function ;F; (x1, x2; y; z)**. Again, we
must be cautious with the ramifications of the Wei-Norman decomposition parameter X. For integer Bargmann
parameters, j = 1,2,3. . ., we may use its absolute value, otherwise, j = 1/2,3/2,5/2, . . ., we need to work with
the definitions above. While this analytic result may seem complicated, it provides great insight about quantum
transport in the resonator network.

Quantum state reconstruction. 'The Wei-Norman decomposition parameters, B4 (t) and B (t), of the auxiliary
evolution matrix suggest an oscillatory behaviour with period,

4
T, = Hr, r=12,3,... (25)
that leads to decomposition parameters,
fm Bx(1) =0, (26)

lim /B0 =1, (27)

pointing to a relevant Hypergeometric function,

. . .. BLOB-)| _
th»ngr 2Fi|—m,2j+1—m; 1; _W =1, (28)
that yields an auxiliary evolution matrix equal to the identity,
fm U@ =1 (29)
This result suggest that the initial quantum state,
o0
V(@) =Y axlk)m, (30)
k=0

will be ideally reconstructed at this time.

Partial state reconstruction. Something interesting happens at half the reconstruction time,

2

T2 = Er, r=1,3,5,... (31)

that leads to decomposition parameters,
Jm B (t) =0, (32)
tgrrryl/z VB:(t) =—1, (33)

pointing to a relevant Hypergeometric function,

By (£)Bm (1)
. o Bp(t)Bm _
tgrrrrl/z Fil-m2i+1—m; 1, B.(1) =1, (34)
that yields an auxiliary evolution matrix,
lim U(t) = (=1, (35)

t—=>7Tr2

equal to minus the identity for half odd integer, j = 1/2,3/2,5/2, .. .and the identity for integer, j = 1,2,3,...
Bargmann parameters. Thus, the initial quantum state will ideally reconstruct,

[e¢]
W) =Y alklm  j=123... (36)
k=0
only for odd sized networks. For networks of even size,
oo
V() = > (—Dfexlkdm,  j=1/2,3/2,5/2,... (37)
k=0

we recover the even components of the initial state and the odd ones will show a m-phase shift. In
other words, the state will show the same probability distribution in terms of Fock states that the ini-
tial state, P(n) = |(n|1ﬁ(r,/2))|2 = [(n|¥(0))|*> = |an|?, but the fidelity will be less than the unit,
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F =Y O (tr)2)) 12 =] Ziio(—l)klozk|2|2 < 1 unless the initial state only has even or odd components.
For example, squeezed vacuum or even (odd) cat coherent states will fully reconstruct at this particular time
but coherent states will not.

Perfect and partial quantum state transfer. In the classical and single-excitation quantum regime, the so-called
J oscillator network produces coherent quantum transfer. This array requires all resonators in the network to be
identical. In consequence, we deal with an effective nil frequency, @ — 0, that produces Wei-Norman decom-
position parameters,

(})iino By(t) = —itangt, (38)
lim0 \/IT(t) =secgt, (39)
w—
BL(WB_()
wlglo W = —sin” gt, (40)

that helps us explore a quarter of the reconstruction time,
T o7

= lim — = —,
K a)li?o 2g (41)

where the individual parameters above indeterminate but the matrix elements,

tli)l’l;t iiinof[m, 1, B (), Bz ()] = Sm2j—n» (42)

provide us with an auxiliary evolution matrix,

lim lim U®t) = (—i)¥]. (43)

t—=>1 w—0

proportional to the backward identity matrix J. This result suggest that the initial quantum state will ideally
transfer from the m-th resonator into the (2j — m)-th resonator,

o0
W) =D alklyom  j=2,468,... (44)
k=0
for networks with size equal to 4d + 1 resonators with d = 1,2, 3,. ... Otherwise, we will obtain partial state
transfer,
e .
V(@) =D (P alk)yom  j=1/2.13/2.5/2,... (45)
k=0

with phase shifts that depend on the size of the lattice and the Fock state component. Again,
the state will show the same probability distribution in terms of Fock states that the initial state,
P(n) = |{n|Y(7))]? = [(n|¥(0))|* = |an|?, for any given resonator network size but we will have
full quantum state transfer only for resonator networks with even Bargmann parameter as the Fidel-
ity, F = (¥ (O) |y (z))n]* = Izlfio(—i)zjkkxuzlz <1, only becomes the unit in such case, j = 2p with
p=1,2,3,..., for any given initial state. Figure 1(a) shows the evolution of the Fidelity for a coherent state,

ado =% 3" L, (46)
vl

with a mean photon number equal to one, @ = 1, starting in the first waveguide of the array, m = 0, and Fig. 1(b)
that for a squeezed vacuum state,

) /29!
—e'? tanh r)q 24

24p!

129)0, (47)

1
0= Jeomr 2|

with squeezed parameter value £ = re’® = +/0.2. In both cases, the fidelity starts with a unit value in the first reso-
nator and signals perfect quantum state transfer to the last resonator at the expected normalized time gt = /2.
Then, we observe perfect quantum state reconstruction at the initial resonator at the normalized time gt = m,
again, as expected from our analysis. The high fidelity baseline for the squeezed vacuum state is due to its high
vacuum component for the small value of the squeeze parameter r = \/q(ﬁ We compared our analytic predic-
tions with a full brute force numerical propagator to good agreement. Our numerical propagator considers an
approximate Hilbert space from zero to up to five excitation for each of the five resonators. This allows us to cover
most of the information from the single photon coherent and r = /0.2 squeezed vacuum states; their norms in
these subspaces are (a|a) = 0.99996 and (re'? |re’?) = 0.99084 that allow us to assume a good approximation.
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Figure 1. Fidelity in a so-called J, resonator network with five elements, j = 2, for an initial (a) single photon
coherent state, « = 1, and (b) squeezed vacuum state with squeezing amplitude r = +/0.2. As expected for a
network of this size, perfect quantum state transfer from the first to the last resonator occurs at gt = 7 /2 and
perfect quantum state reconstruction at the initial resonator occurs at gt = 7 as witnessed by a unit value of the
fidelity.

Conclusion

We showed that a normal modes approach provides a tractable framework for propagation of non-classical light
in networks of coupled resonators. Our approach yields propagation in terms of orthogonal polynomials that
provide further insight into the dynamics in the network whenever it is possible to use a unitary diagonalization
of the auxiliary Hermitian coupling matrix of the system; for example, resonator networks described by auxiliary
tri-diagonal Hermitian coupling matrices and some penta-diagonal real symmetric coupling matrices.

In particular, we studied a network with underlying su(2) symmetry and were able to identify that it provides
full quantum state reconstruction; that is, state transfer to the same initial site. In addition, we showed that it
offers both partial and full reconstruction at half the full reconstruction time. In the case of partial reconstruction,
the Fock state probability distribution is recovered but the amplitudes for odd Fock state components show a 7
-phase-shift with respect to the original. Naturally, quantum states with only even (odd) components are fully
reconstructed (up to an overall 7-phase shift).

We also explored quantum state transfer in the equivalent of the so-called ], photonic lattice. We showed
that full quantum state transfer occurs at a quarter of the reconstruction time for coupled resonator networks
with even Bargmann parameter; that is, networks composed by N = 4n + 1resonators withn = 1,2, 3, .. .. The
transfer occurs between the m-th and the (N — m)-th waveguides withm = 0, 1,2, 3, ..., 4n. Otherwise, the Fock
state probability distribution at the transfer site is identical to the original one but the amplitudes for Fock state
components shows a phase shift proportional to an integer multiple of 77 /2.

Our normal modes approach makes it straightforward to calculate correlations and other quantum quantities
of interest in terms of orthogonal polynomials whenever a unitary diagonalization for the auxiliary Hermitian
matrix exists.

Received: 18 March 2022; Accepted: 3 June 2022
Published online: 22 June 2022

References
1. Grife, M. & Szameit, A. Integrated photonic quantum walks. J. Phys. B Atom. Mol. Opt. Phys. 53,073001. https://doi.org/10.1088/
1361-6455/ab6cfc (2020).
2. Wang, J,, Sciarrino, E, Laing, A. & Thompson, M. G. Integrated photonic quantum technologies. Nat. Photon. 14, 273-284. https://
doi.org/10.1038/541566-019-0532-1 (2020).
3. Gorodetsky, M. L. & Ilchenko, V. S. Optical microsphere resonators: Optimal coupling to high-Q whispering gallery modes. J.
Opt. Soc. Am. B 16, 147-154 (1999).
4. Yariv, A., Xu, Y,, Lee, R. K. & Scherer, A. Coupled-resonator optical waveguide: A proposal and analysis. Opt. Lett. 24, 711-711.
https://doi.org/10.1364/0L.24.000711 (1999).
5. Cai, L., Pan, J. & Hu, S. Overview of the coupling methods used in whispering gallery mode resonator systems for sensing. Opt.
Laser Eng. 127, 105968 (2020).
6. Notomi, M., Kuramochi, E. & Tanabe, T. Large-scale arrays of ultrahigh-Q coupled nanocavities. Nat. Photon. 2, 741-747. https://
doi.org/10.1038/nphoton.2008.226 (2008).
7. Matsuda, N., Kuramochi, E., Takesue, H. & Notomi, M. Dispersion and light transport characteristics of large-scale photonic-cristal
coupled nanocavity arrays. Opt. Lett. 39, 2290-2293. https://doi.org/10.1364/0L.39.002290 (2014).
8. Cai, T, Bose, R., Solomon, G. S. & Waks, E. Controlled coupling of photonic crystal cavities using photochromic tuning. Appl.
Phys. Lett. 102, 141118, https://doi.org/10.1063/1.4802238 (2013).
9. Itoh, K., Watanabe, W., Nolte, S. & Schaffer, C. B. Ultrafast processes for bulk modification of transparent materials. MRS Bull. 31,
620-625. https://doi.org/10.1557/mrs2006.159 (2006).
10. Dreisow, E et al. Second-order coupling in femtosecond-laser-written waveguide arrays. Opt. Lett. 33, 2689-2691. https://doi.org/
10.1364/0L.33.002689 (2008).
11. Szameit, A. & Nolte, S. Discrete optics in femtosecond-laser-written photonic structures. J. Phys. B Atom. Mol. Opt. Phys. 23,
163001. https://doi.org/10.1088/0953-4075/43/16/163001 (2010).

Scientific Reports |

(2022) 12:10505 | https://doi.org/10.1038/s41598-022-14277-9 nature portfolio


https://doi.org/10.1088/1361-6455/ab6cfc
https://doi.org/10.1088/1361-6455/ab6cfc
https://doi.org/10.1038/s41566-019-0532-1
https://doi.org/10.1038/s41566-019-0532-1
https://doi.org/10.1364/OL.24.000711
https://doi.org/10.1038/nphoton.2008.226
https://doi.org/10.1038/nphoton.2008.226
https://doi.org/10.1364/OL.39.002290
https://doi.org/10.1063/1.4802238
https://doi.org/10.1557/mrs2006.159
https://doi.org/10.1364/OL.33.002689
https://doi.org/10.1364/OL.33.002689
https://doi.org/10.1088/0953-4075/43/16/163001

www.nature.com/scientificreports/

12. Li, P-B., Gu, Y., Gong, Q.-H. & Guo, G.-C. Quantum-information transfer in a coupled resonator waveguide. Phys. Rev. A 79,
042339. https://doi.org/10.1103/PhysRevA.79.042339 (2009).

13. Christandl, M., Vinet, L. & Zhedanov, A. Analytic next-to-nearest-neighbor XX models with perfect state transfer and fractional
revival. Phys. Rev. A 96, 032335. https://doi.org/10.1103/PhysRevA.96.032335 (2017).

14. Li, X. et al. Perfect quantum state transfer in a superconducting qubit chain with parametrically tunable couplings. Phys. Rev. Appl.
10, 054009. https://doi.org/10.1103/PhysRevApplied.10.054009 (2018).

15. Sun, C. P, Wei, L. E, Liu, Y.-X. & Nori, E. Quantum transducers: Integrating transmission lines and nanomechanical resonators
via charge qubits. Phys. Rev. A 73, 022318. https://doi.org/10.1103/PhysRevA.73.022318 (2006).

16. McGee, S. A., Meiser, D., Regal, C. A., Lehnert, K. W. & Holland, M. J. Mechanical resonators for storage and transfer of electrical
and optical quantum states. Phys. Rev. A 87, 053818. https://doi.org/10.1103/PhysRevA.87.053818 (2013).

17. Buchmann, L. E, Melmer, K. & Petrosyan, D. Creation and transfer of nonclassical states of motion using Rydberg dressing of
atoms in a lattice. Phys. Rev. A 95, 013403. https://doi.org/10.1103/PhysRevA.95.013403 (2017).

18. Vermersch, B., Guimond, P.-O., Pichler, H. & Zoller, P. Quantum state transfer via noisy photonic and phononic waveguides. Phys.
Rev. Lett. 118, 133601. https://doi.org/10.1103/PhysRevLett.118.133601 (2017).

19. Song, J., Li, C., Xia, Y., Zhang, Z.-]. & Jiang, Y.-Y. Noise-induced quantum state transfer in distant cavities. J. Phys. B Atom. Mol.
Opt. Phys. 50, 175502. https://doi.org/10.1088/1361-6455/aa8107 (2017).

20. Dehghani, A., Mojaveri, B., JafarzadehBahrbeig, R., Nosrati, F. & Lo Franco, R. Entanglement transfer in a noisy cavity network
with parity-deformed fields. J. Opt. Soc. Am. B 36, 1858-1866. https://doi.org/10.1364/JOSAB.36.001858 (2019).

21. Bellec, M., Nikolopoulos, G. M. & Tzortzakis, S. Faithful communication Hamiltonian in photonic lattices. Opt. Lett. 37, 4504-4506
(2012).

22. Perez-Leija, A. et al. Coherent quantum transport in photonic lattices. Phys. Rev. A 87, 012309. https://doi.org/10.1103/PhysRevA.
87.012309 (2013).

23. Chapman, R.]. et al. Experimental perfect state transfer of an entangled photonic qubit. Nat. Commun. 7, 11339. https://doi.org/
10.1038/ncomms11339 (2016).

24. Tian, T. et al. Perfect coherent transfer in an on-chip reconfigurable nanoelectromechanical network. Phys. Rev. B 101, 174303.
https://doi.org/10.1103/PhysRevB.101.174303 (2020).

25. Swain, M. & Rai, A. Non-classical light in a ], photonic lattice. J. Opt. 23, 035202. https://doi.org/10.1088/2040-8986/abbaba (2020).

26. Rodriguez-Lara, B. M. Propagation of nonclassical states of light through one-dimensional photonic lattices. J. Opt. Soc. Am. B
31, 878-881. https://doi.org/10.1364/JOSAB.31.000878 (2014).

27. Rodriguez-Lara, B. M. Exact dynamics of finite Glauber-Fock photonic lattices. Phys. Rev. A 84, 053845. https://doi.org/10.1103/
PhysRevA.84.053845 (2008).

28. Bruschi, M., Calogero, F. & Droghei, R. Tridiagonal matrices, orthogonal polynomials and Diophantine relations: I. J. Phys. A
Math. Theor. 40, 9793-9817. https://doi.org/10.1088/1751-8113/40/32/006 (2007).

29. Andeli¢, M. & da Fonseca, C. M. Some determinantal considerations for pentadiagonal matrices. Linear Multilinear Ahttps://doi.
0rg/10.1080/03081087.2019.1708845 (2020).

30. Perez-Leija, A., Keil, R., Moya-Cessa, H., Szameit, A. & Christodoulides, D. N. Perfect transfer of path-entangled photons in Jx
photonic lattices. Phys. Rev. A 87, 022303. https://doi.org/10.1103/PhysRevA.87.022303 (2013).

31. Lustig, E. et al. Photonic topological insulator in synthetic dimensions. Nature 567, 356-360. https://doi.org/10.1038/s41586-019-
0943-7 (2019).

32. Villanueva Vergara, L. & Rodriguez-Lara, B. M. Gilmore-Perelomov symmetry based approach to photonic lattices. Opt. Express
23, 22836-22846. https://doi.org/10.1364/0E.23.022836 (2015).

33. Ban, M. Decomposition formulas for su(1, 1) and su(2) Lie algebras and their applications in quantum optics. J. Opt. Soc. Am. B
10, 1347-1359. https://doi.org/10.1364/JOSAB.10.001347 (1993).

34. NIST Digital Library of Mathematical Functions. Olver, E. W. J. Olde Daalhuis, A. B. Lozier, D. W,, Schneider, B. I. Boisvert, R. E
Clark, C. W. Miller, B. R. Saunders, B. V,, Cohl, H. S. & McClain, M. A. eds. http://dlmf.nist.gov/, Release 1.1.2 of 2021-06-15.

Acknowledgements
B.M.R.-L. acknowledges financial support and the hospitality of R.-K.L. at National Tsing-Hua University and
is thankful to Benjamin Jaramillo Avila for his help formatting the figure.

Author contributions
R.-K.L. and B.M.R.-L. conceived the idea. A.EM.E. and B.M.R.-L. performed the numeric and analytic calcula-
tions with input from R.-K.L. All authors analyzed the results and contributed to the writing of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to B.M.R.-L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:10505 | https://doi.org/10.1038/s41598-022-14277-9 nature portfolio


https://doi.org/10.1103/PhysRevA.79.042339
https://doi.org/10.1103/PhysRevA.96.032335
https://doi.org/10.1103/PhysRevApplied.10.054009
https://doi.org/10.1103/PhysRevA.73.022318
https://doi.org/10.1103/PhysRevA.87.053818
https://doi.org/10.1103/PhysRevA.95.013403
https://doi.org/10.1103/PhysRevLett.118.133601
https://doi.org/10.1088/1361-6455/aa8107
https://doi.org/10.1364/JOSAB.36.001858
https://doi.org/10.1103/PhysRevA.87.012309
https://doi.org/10.1103/PhysRevA.87.012309
https://doi.org/10.1038/ncomms11339
https://doi.org/10.1038/ncomms11339
https://doi.org/10.1103/PhysRevB.101.174303
https://doi.org/10.1088/2040-8986/abbaba
https://doi.org/10.1364/JOSAB.31.000878
https://doi.org/10.1103/PhysRevA.84.053845
https://doi.org/10.1103/PhysRevA.84.053845
https://doi.org/10.1088/1751-8113/40/32/006
https://doi.org/10.1080/03081087.2019.1708845
https://doi.org/10.1080/03081087.2019.1708845
https://doi.org/10.1103/PhysRevA.87.022303
https://doi.org/10.1038/s41586-019-0943-7
https://doi.org/10.1038/s41586-019-0943-7
https://doi.org/10.1364/OE.23.022836
https://doi.org/10.1364/JOSAB.10.001347
http://dlmf.nist.gov/
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Non-classical light state transfer in su(2) resonator networks
	Results
	Normal modes of a resonator network. 
	Quantum state transfer. 
	SU(2) resonator network. 
	Quantum state reconstruction. 
	Partial state reconstruction. 
	Perfect and partial quantum state transfer. 


	Conclusion
	References
	Acknowledgements


