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“Only when a system behaves in a sufficiently random way may the difference between past and future,
and therefore irreversibility, enter its description.”

— Ilya Prigogine, Order Out of Chaos: Man’s New Dialogue with Nature



Abstract

This thesis investigates the influence of nonreciprocity on directional transport and thermal noise in few-mode bosonic
systems. A system is called nonreciprocal if transmission features are altered under an exchange of source and
detector. Recent advances revealed that dissipative quantum systems can break reciprocity if coherent and dissipative
interactions are balanced out, which causes destructive interference in only one transport direction. This approach
generalizes the theory of cascaded quantum systems and is based on reservoir engineering, where the dissipative
coupling between two resonators is achieved by the addition of an auxiliary element. This auxiliary element can be
just another dissipative resonator. The underlying system is based on a minimal model of three coherently coupled
dissipative resonators, subject to thermal noise, arranged in an Aharonov-Bohm ring. Similar to the Aharonov-Bohm
effect, gauge-invariant phases appear in the three-mode configuration, enforcing nonreciprocal transport for nontrivial
values. To investigate the role of (non)reciprocity on thermal noise, we developed a theoretical framework centered
on gauge-invariant phases for bilinear systems using input-output theory. The effect of different transport limits on
scattering probabilities and thermal noise at output-ports is compared across multiple linearly coupled models in the
mode and quadrature basis. We show that the noise solely depends on the phases, while scattering additionally varies
depending on the chosen basis. Our approach reveals that (non)reciprocity influences how noise is redistributed at
outputs, and that such systems act as frequency filters for incident noise. Correlations between output-modes become
complex outside the unidirectional limit, thus clearly indicating the transport regime of the system. Building on this
analysis, we propose an expanded four-resonator design that offers enhanced control over directional transport. This
system resembles a directional transistor with full bias-control, achieved only by tuning gauge-invariant phases. This
thesis advances our understanding of nonreciprocity in bosonic systems and their influence on thermal noise. Our
findings introduce new possibilities for manipulating quantum signals and noise in applications ranging from quantum
information processing to quantum-limited communication networks.

Disclaimer: Al was only used to increase legibility of the text. We used DeepL. Translator, ChatGPT, TeXGPT,
and Claude Al, to enhance grammar, orthography and stylistic choices. Nothing in terms of the content itself was
generated by any LLM or Al in general.
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I. Introduction

Nonreciprocity in dissipative bosonic systems has become a pivotal concept in quantum optics, revolutionizing our
way of manipulating light-matter interactions [1-4]. The classical notion, after Lorentz’s reciprocity theorem, states
that the transmission features of a system remain invariant under an exchange of source and detector [5]. Recent
developments demonstrate that dissipative quantum systems can violate reciprocity, establishing such systems as
promising candidates for a wide range of applications in modern photonics [1, 6, 7]. The advent of nonreciprocal de-
vices, such as isolators, circulators, and directional amplifiers, has led to significant advancements in signal processing,
communication networks, and the control of signal flow [8, 9]. Building quantum analogues facilitates the operation of
quantum signals, such as the readout of superconducting qubits [10], with a precision approaching fundamental limits,
ideally by minimizing noise to the greatest possible extent [11, 12]. In general, transport in nonreciprocal systems
can reach various operating limits, i.e. the fully symmetric reciprocal limit, the unidirectional limit with maximized
directionality, or amplification limits. Metelmann and Clerk (2015) [1] introduced a versatile approach for designing
nonreciprocal quantum systems. They proposed a model involving two coherently coupled dissipative resonators that
also interact with a shared reservoir. As they illustrate, interference between coherent and suitable dissipative inter-
actions results in nonreciprocity - a technique known as reservoir engineering. The strength of this approach lies in
its ability to achieve nonreciprocity using only dissipative couplings without the need for a pre-designed nonreciprocal
element. Hence, achieving nonreciprocity in a system still has a cost: the addition of a dissipative element. Due to its
broad applicability, reservoir engineering has garnered significant attention in recent years for creating nonreciprocal
quantum devices [1, 2, 13, 14]. A way the shared reservoir can be realized is via an auxiliary resonator acting as
the dissipative element. The proposed model consists of three coupled dissipative resonators, which are arranged in
an Aharonov-Bohm ring [15, 16]. Much like the Aharonov-Bohm effect, phase-shifts between traversable paths in
a closed loop can accumulate to a single gauge-invariant phase. Tuning this phase to a non-trivial value enforces
nonreciprocity. Since each of the resonators is in contact to a local thermal environment, it opens up the exploration
of the system’s influence on thermal noise and directional transport in general.

The aim of this thesis is to uncover the precise impact of nonreciprocity on thermal noise, an area that has yet to be
fully explored. Here we not only show that nonreciprocity redistributes noise and acts as a frequency-filter, but also
that a greater control of directional transport can be achieved by expanding the system design. In order to understand
nonreciprocal physics in more detail, we explored the theoretical underpinnings and implementations of nonreciproc-
ity in different few-mode bosonic systems. Note that the presence of linear and parametric processes inside a given
system vastly complicates the identification of gauge-invariant phases. To address this, we found a way to analyze
these phases pictorially. This approach can become useful for understanding more extensive systems. We describe
elements of our system, like the scattering matrix or the noise spectral density, in terms of these phases. This has the
additional benefit of giving us a greater appreciation for intermediate values between the extremes of the reciprocal
and unidirectional limits. The effect of nonreciprocity on the scattering matrix and noise was then compared across
different models in the mode and the quadrature basis. This distinction in representations is particularly useful for
describing parametric processes. We found that the variances of the output-noise are unaffected by our choice of
basis and depend solely on the phase. This is different for scattering probabilities, which are significantly influenced
by the chosen representation, especially for the reciprocal limit. Additionally, the focus on phases aids the search
for a broader class of nonreciprocal systems, which was illustrated by expanding the basic three-resonator model
to a four-resonator configuration. This proposed configuration not only effectively reproduces known unidirectional
transport, but also offers novel limits, where any transport between a given pair of resonators can be fully suppressed
- resembling a directional transistor. This four-resonator extension achieves complete bias control simply by tuning
phases and without altering any other system-specific parameters like coupling strengths or dissipation rates.

Our results successfully demonstrate how the emphasis on noise and gauge-invariant phases can be used to construct
more complex and sophisticated control systems [17]. Thus, we expect this thesis to motivate future research in the
field of directional thermal systems and their ability to redistribute and filter noise.

This thesis is organized as follows: Section II briefly provides a theoretical background for many concepts relevant to
this thesis. First, we discuss how nonreciprocity has to be understood (Sec. II A and IIB), continue by presenting
different ways of expressing quantum states of light (Sec. II C), and finish this Section with the input-output formalism
for open systems (Sec. ITE). Section III delves into theoretical underpinnings of the system itself. We do this as a
step-wise addition of features, where we start at the bare isolated system and work our way up to a more faithful
description of the dissipative system. First, we introduce a general time-dependent Hamiltonian of the three-mode
system (Sec. IIT A) and demonstrate a way to (experimentally) introduce phase-shifts between interaction parameters
(Sec. TITA1). This gives us the time-independent Hamiltonian for the isolated system. Then we couple resonators
to reservoirs (Sec. IIIB) using the Heisenberg-Langevin equation, yielding equations of motion for the resonators
(Sec. TIIB1). The equations of motion are then expressed in terms of Aharonov-Bohm phases (Sec. IIIB2), which



are compactly written using an extension of the Bologiubov-de-Gennes formalism for open bosonic systems (Sec.
ITII B 3). After that, we introduce the quadrature representation (Sec. III C), which is frequently used when dealing
with squeezed states or two-mode squeezing interactions, and finish the three-mode model by expressing everything in
frequency space (Sec. IIID). Section IIIE introduces the effective two-mode model already known from Metelmann
and Clerk (2015) [1]. This toy-model can be understood as a limit of the general three-mode model and gives us
a greater appreciation for different transport limits and how to achieve maximized power-transfer. Section IIIF,
builds up on this effective model and shows us which conditions are necessary to achieve nonreciprocal transport by
(partially) decoupling one mode from other (in one direction), either for a model with only beam-splitter interactions
(optical isolator), and another with parametric interactions (parametrically driven directional amplifier). Note, the
provided conditions are not yet sufficient for unidirectional transport without power-loss. The last aspect of the
system, see Sec. III G, takes a deeper look at the energy-spectrum of the dissipative three-mode ring and the optical
isolator (both models are only linearly coupled). Section IV is about the scattering matrix and transmission features.
First, we derive the S-matrix in Sec. IV A, and compare properties of the S-matrix for reciprocal to nonreciprocal
systems, see Sec. IV B. After that, we take a look at scattering features of the optical isolator in Sec. IV C, where we
find the sufficient criterion for unidirectional transport with maximized power. In Section V we derive an expression
for the noise-spectral density for output-fields of the reservoir. This will give us an understanding how the system
filters and redistributes thermal noise. Again, this is exemplified by the optical isolator (Sec. V C). Section VI analyzes
the scattering and noise behaviour for the dissipative three-mode ring, and the four-mode extension, the dissipative
directional transistor. The main results are discussed in Sec. VII, and the thesis is concluded in Sec. VIII, where we
also provide a further outlook.



Table of symbols and results

Symbol Definition (h =1). All symbols with ~ are in the mode-basis.

Re(z), Jm(z) Real and imaginary parts of a complex number z € C, defined as Re(z) = (z* + z)/2 and Im(z) = i(z* — 2)/2

Fourier transform conventions.

flw] Fourier transform of an operator-valued function f(t), defined as f[w} =F{f(t)}w] = \/% o dt f(t)e ™t
fTw] Fourier transform of adjoint operators ff[w] = \/% [ dt fi(t)e ™" = (fl—o))T

8ij, 6(t —t')  Kronecker delta, and Fourier transform relation of the Dirac delta function 6(t —t') = 5= [~ dwe—iwt=t")

Operator representations with i,j =1,---  N.
ai (a) Bosonic annihilation (creation) operator of cavity 4, with [a, a;r-] = 6ij, lai,aj] = [a], a}] =0
Ti, Pi Quadrature operators x; = %(a;r +ai), pj = %(a; — aj), with [z, p;] = 05, [zi, ;] = [ps,p;] =0
(a) Expectation value of an operator (a) = Tr{ap}, where p is the density matrix of the system
Three-mode system with i # j = 1,2,3.
Jij, Aij Beam-splitter J;; = |Ji;|e*, and two-mode squeezing \;; = |\i;|e"?i amplitudes, with phase a;;, and S;
Hyop Beam-splitter Hamiltonian in the interaction picture Hnop = leaJ{ as + nga;m + nga;az + H.c.
Hyq Two-mode squeezing Hamiltonian in the interaction picture Hyq = Aizalad + Azialal + Az2alal + Hec.
Hgys System Hamiltonian in interaction picture Hsys = Hhop + Hsq
D, 91,02 Gauge-invariant phases ® = ai12 + as1 — age (mod 27), %1 = B2 — B31 + a2 (mod 27), Y2 = —f12 — as1 +
[‘332 (mod 27T)
Ki Damping rate of the cavity i to its respective reservoir
OR,L Maximally nonreciprocal values of the gauge-invariant phase ® with ¢r,r, = £% (mod 27)
bo Reciprocal values of the gauge-invariant phase ® with ¢o € {0, =7} (mod 27)

Bogoliubov-de-Gennes extension for open systems with N modes.

A; Extended Pauli matrices A; = 0; ® Iy, with ¢ = z,y, 2
a Vector of bosonic operators a = (a1, ,an, ai, e ,a}L\,)T
al Adjoint, vector a' = (al,--- ,al,,a1,--- ,an), the vector fulfills [a, a}] = (A2)ij, [as,a5] = i(Ay)s
at Column vector with adjoint elements a* = A a
h h 0 Jiz Jh 0 A2 Asi
Hamiltonian matrix in BdG form H = L2 ,withh; = | Jis 0 Jix],andhs = | A2 0 s
h; hi
Js1 Jz2 0 Az1 A2 O

Dynamical matrix of the closed system A = —iA H
Matrix of damping rates K = 15 ® diag(k1,---kn)

Dynamical matrix of the open system D = A — %f{
Vector of quadrature operators v = (z1,p1,---Zn,pn)”, the vector fulfills [v;, v;] = i€Q;;, with Q@ = Iy @ ioy
Unitary transformation matrix between mode and quadrature basis, with v =T a

Z2H< 0 R> o

Dynamical matrix of the open system in the quadrature representation M = TDT'




Symbol Definition (A = 1). All symbols with ~ are in the mode-basis.
Effective two-mode model.
J, A Interaction parameters J := Ji2, A := A2
Uj, Vjy oy V Effective unit-less interaction strengths w; := Js;/J, v; := As;j/J, p = v1v3 — ugui, v = vius — vouj
|/.L1,2|7 |U1,2‘ Abbreviations |u1| = |)\31)\32|7 |/.L2‘ = |J32J31|, and |V1| = |)\31J32‘, ‘Vz‘ = |)\32J31|
Tw] Non-Markovian effective reservoir I'|w] := 2|J|?/(iw + #3/2), here To = T[0] = 4|J|?* /x5 is the Markovian limit
Tj[w] Scaled effective reservoir T'j[w] := T[w](Ju;j|® — |v;]?)
Aot Vector of bosonic modes in the effective model acgq = (a1, a2, aJ{, a;)T
Veff Vector of quadratures in the effective model veg = Ter @, where Teg is the effective transformation matrix
Acsi (Degg[w]) Dynamical matrix of the closed (open) effective model
Meg|w] Dynamical matrix of the open effective model in the quadrature basis, with M ¢[0] = Meg[0] only for w =0
H,5,%1,0 Nonreciprocal limits for the phase ¥ with ¢1,+ = F5(mod 27), and phase-sensitive quasi-reciprocal limits
91,0 € {0, £7} (mod 27), for the parametrically driven amplifier
Energy spectrum.
Hy, Diagonal Hamiltonian in momentum space of the dissipative ring (with N = 3) Hy = Zmzo,il Ombl by, with
energies Wy, = > 2|J| cos((® — 2mm)/3), quasi-momemtum eigenstates b, = \/—% ; 25" a}
H; Diagonal Hamiltonian matrix in momentum space
Ay Diagonal dynamical matrix of the closed system Ay = —iA,H = —idiag(w—1, o, 01, —@0—1, —@o, —@1)
Dy Diagonal dynamical matrix of the open system Dy = Ay — %f{

ain[w], acus[w]

Vin[w],Vout [w]

Scattering matrix.

Reservoir input/output field vector in the mode basis

Reservoir input/output field vector in the quadrature basis

xX[w] Susceptibility matrix in mode basis x[w] = (iwl — D)™, with x*[w] = Az x[~w]Az

X[w] Susceptibility matrix in quadrature basis x[w] = (iwl — M)™!, with x*[w] = x[~w]
Basis transform x[w] = TTx[w]T

S[w] S-matrix in mode basis S[w] = 1 — VKx[w] VK, with au|w] = S[w]ain[w], and S*[w] = A.S[-w]A,
Note, al,,[w] = al, [w]§T[—w], and al,[w] = §[~w]a, ]

S[w] S-matrix in quadrature basis S[w] = 1 — vVEKx[w]VK, with 8*[w] = S[-w]
Basis transform S[w] = TS[w]T

S =sT Symmetric S-matrix for an reciprocal system

C; Cooperativity C; = T';[0]/k;

T;[0] = &y Impedance matching condition T;[0] = x; = 4|Js;|> = kjns3
Noise and Diffusion.

n; Temperature-dependent Bose-Einstein occupations of the input-modes

N, Vector of thermal occupations in the quadrature basis n¢, = (i1, 71, - - - ,ﬁN)T



Symbol Definition (A = 1). All symbols with ~ are in the mode-basis.

Chon-sym Non-symmetrized covariance matrix for quadratures Cron-sym = { vv’ ) = (vvT) — (v) (vT)
Csym Sym. covariance matrix Csym = %(Cnon sym + Chon sym)

Crom™™ [y, '] Non-sym. input-covariance matrix Cro™™™ [w, w'] = ( Vin[w]via[w'] )

Sponsym Non-sym. input-noise with Cj" ™" [w, w'] = §(w + w')SE*¥™, and Spo"™™ = @;Vzl [(n; + 3) 12— 20y ]
Cinlw,w'] Input-covariance Cin[w,w'] = §(w + w')Sin (ntn)

Sin(n41) Input-noise Sin(n¢n) = @j\;l (4 ) 1y

Cout[w, w'] Output-covariance Cout[w, w'] = §(w + w’)Sout [W]

Sout [W] Output-noise Sous[w] = Re(S[w]SinSTw])

So Vacuum-input So = Sin[0] = Lan/2

Svac Vacuum-output Syac = So

Sen[w] Thermal-output (Sen[w])i; = 377 Tik/2) Re{ (S[w]) ik (STw])x;}

Cin|w, '] Input-covariance Cin[w,w’] = 1 ({am[w], al [w']} ) in the mode basis

Input-noise Sin = [@J (g + %)} ® 15 in the mode basis
Output-covariance Cout[w, w']

= 8(w 4 w")Sout[w] in the mode basis
Output-noise Sout[w] = l(S[w]S St [w] + S[ w]SinST[—w]) in the mode basis
o

ut [W]
1y (W] Element of the output-noise S ala ] = (Souws|w])ij = (Sout[w])ji, with S, Wl =8, ilw]
[ 7 )
éwj [w] Scattering rectification éaiaj [w] = (|Sa].ai |2 — \Saiaj |2)/(|Sa].ai 1> + \Saiaj [?) in the mode basis
Cijlw] Noise rectification C;;[w] = (|5’Z}lt | - |S~°}‘; |2)/(|S°}1; I> + |3§$t |?) in the mode basis
i 3 a5 Aq di ]

Dissipative directional transistor

Hrt Hamiltonian of the directional transistor Ht = leaJ{ as+ J31 agal + J39 a;ﬂ)az +J41 alm + J42ala2 + J43aj1a3 +H.c.

ar Vector of bosonic modes at := (a1, , a4, aJ{, B aZ)T

AT Dynamical matrix of the isolated system AT = —3A.Hrt

Kr Damping rate matrix Kr=1.® diag(k1,-- -, k4)

]3T Dynamical matrix of the open system ﬁT = f)T — %KT

Ti, T2, T3 Gauge-invariant phases 71 = ag1 — @41 + aus (mod 27), 72 = —as2 + a2 — aus (mod 27), and 73 = @12 + a1 —
a2 (mod 27)

4] Effective coupling strength |d] := |Ji2|

Xi|w] Effective susceptibility to the auxiliary reservoirs x;[w] := 1/(iw + k;/2), with ¢ = 3,4

X[w] Shared effective susceptibility y[w] := x3[w]xa[w]

d[w] Unit-less scaling factor djw] := 1/(1 + x[w]|J13]?)

Ai[w], A2[w]  Dissipative interaction parameters A1 [w] := x3[w]d[w]|J31 32|, and Az [w] := x4[w]d[w]|Ja1Ja2| (analogous to I'[w]
of the optical isolator)

piw], palw]  Effective renormalized interaction parameters pi[w] := d[w]|Js1JazJus|, and palw] := d[w]|Ja1 J32 Jas]

7i|w] Effective interaction strength of the complex damping rate &;[w] := 2x[w]d[w]|J3: Jas Jas|, with i = 1,2

Filw]/2 Effective damping rate ;[w]/2 := (rk: + 2xs[w]d[w]|Jsi|* + 2xalw]d[w]|Ja:|*)/2, with i = 1,2

X[0] =1

Impedance matching condition ¥[0] =1 = ks3k4 = 4 in units of kK = k;/2, withi=1,--- ,4




II. Theoretical Background

In the following, we will lay down a succinct and brief introduction to many theoretical concepts relevant to this
thesis. This will specify a common ground of the optical properties of open systems in general and help us to further
expand our understanding of nonreciprocity in later Sections.

A. Nonreciprocity

"What is Nonreciprocity?” is the first question we need to consider in this thesis. Luckily for us, this is also the title
of the publication from Caloz et al. [18]. Etymologically, nonreciprocity is the lack of reciprocity, having Latin roots
in the word reciprocus [18]. Here, two prefixes re- (backwards) and pro- (forward) give rise to reque proque, meaning
”going backward as forward” [18]. Thus, as Ref. [18] explains, “A nonreciprocal/reciprocal system is defined as a
system that exhibits different/same received-transmitted field ratios when its source(s) and detector(s) are exchanged” .
The notion of ratios is very useful for us, since we consider open systems in this work, and (non)reciprocity can be
adequately characterized by ratios of scattering probabilities. This sounds awfully similar to time-reversal symmetry
(breaking) [18-22] at first, however, there is some nuance to it. As Caloz et al. [18] and Carminati et al. [20] both
point out, the concepts reciprocity and time-reversal symmetric are indifferent for closed systems. Nonetheless, both
publications mention the sufficiently confusing discussion about the precise definition of reciprocity in open systems.
As both explain, an open system can be reciprocal, while still being able to break time-reversal symmetry. However,
we will defer from that particular detail and just use the definition of reciprocity provided above, where transport
between given ports remains invariant upon an exchange of source and detector, see Fig 1.

RECIPROCAL

L > €3 ) ¢ ‘"“II’—<—@

EXCHANGE OF SOURCE AND DETECTOR

NONRECIPROCAL

FIG. 1. Comparison between a reciprocal and a nonreciprocal system. In the left figure, a source (S) sends out a signal and
meets a detector (D) after interacting with the system. Upon change of source and detector (teal dashed lines), a reciprocal
system will behave the same (upper right), whereas a nonreciprocal system has either partially suppressed (grey dashed lines),
fully suppressed (red crosses) or amplified transport in the opposite direction (lower right).

B. Review of the Aharonov-Bohm effect

To understand nonreciprocal transport, we will first review the Aharonov-Bohm (AB) effect. The Aharonov-Bohm
effect, initially proposed as a thought experiment in the seminal paper Significance of Electromagnetic Poten-
tials in the Quantum Theory by Y. Aharonov and D. Bohm in 1959 [15], represents a pivotal moment in the
understanding of quantum mechanics. This theoretical prediction, which shows the physical significance of elec-
tromagnetic potentials, was experimentally verified by Peshkin in 1989 [16]. The publication by Aharonov and
Bohm sparked considerable debate, initially questioning the effects validity and subsequently exploring its practi-
cal implications [16, 23-25]. There is even substantial philosophical literature on the AB effect, mainly focused
on the nature of non-locality and “reality” of physical quantities, see Liu [26]. Today, the Aharonov-Bohm ef-
fect can be seen as a special case of a broader class of physical theories, namely, the study of geometric phases
and topology in physics. Note, that the following is based upon the book by Lancaster and Blundell [27].



To understand this thought experiment, we consider a |
modified double slit experiment, see Fig. 2. A coherent [P
beam of particles, where |¥) is the state of a particle
with charge ¢, are emitted from a source S. The beam
is then split into two distinct parts |¥;) and |¥3), be-
fore coming together at the detector D, measuring their
interference pattern. A thin, long solenoid, with a con-
stant magnetic flux ® g, is placed after the double slit
and between the two beams. There is no magnetic field
outside the solenoid. Thus, the particles never expe-
rience the magnetic field. Surprisingly, the presence

original

€

\ shifted

¢ o fi . ‘ FIG. 2. Schematic of the Aharonov-Bohm effect. A split beam
of the magnetic field does change the interference pat- of particles with charge ¢ is sent from the source S to the detec-

tern at the detector! So why does this effect occur? tor D. An encapsulated solenoid with constant magnetic flux
There are several ways to understand this, but we can ®p shifts the interference pattern at the detector, even though
just look at the probabilities to understand it in an ef- the beams feel no magnetic field, as B = 0 outside the solenoid.
fective manner: The probability to measure the state The interference pattern is shifted due to the vector potential
in a double-split experiment is given by the modulus A # 0 creating a phase difference § = {®p between the paths.
squared

(U2 = (W[ o+ [Wa? + ((U1[W2) + (Pa| 1)) (2.1)

where the latter two terms are the interference terms of the waves at the detector D. Not the magnetic field
B =V x A itself, but its vector potential A shifts the phases of the propagating waves. This is since plane-waves
|W; ) o €P" and A change the momentum p — p — gA. This implies, that |¥;5) acquires an additional phase
¥y 9) — |\i1172> = el |¥1 2), where oy o = —% f A -dr. Now, one could think that this problem could be just gauged
away by applying A — A + V.. However, since we are interested in the phase difference between the paths, namely
0 = a1 — aw, it implies

&th%:fg/ Adr+g/ Amwzng«w, (2.2)
h S—1—D h S—2—D h

where the last integral is evaluated anticlockwise around the trajectories. Since the path is a closed circle, Stokes’
theorem gives us

_ 2 dr=d as =1 ds =
5_th(w h/VxA(m h/B<w o5, (2.3)

where the result § = {®p is in units of the flux quantum [28]. Applying a gauge transformation does not save us from
this effect, since the shift of the vector potential vanishes f V -dr = 0. This means, that even though the particles
see no explicit magnetic field, there still appears a gauge invariant local phase between the paths, which changes the
interference pattern. Calculating the probabilities of the new waves gives us

(W2 = [ + [Wof? 4210, W] cos 5, (2.4

where the interference pattern is now shifted by the phase 6 = {®p.

All considerations we have made thus far hold only for charged particles, which are influenced by a magnetic vector
potential. Nonetheless, similar effects can even occur without physically observable magnetic fields for chargeless
particles such as photons. As already mentioned, Aharonov-Bohm phases are today understood as a specific instance
of more generalized phases. These so-called geometric (Berry) phases have become a recurring area of interest, as they
can explain the occurrence and the impact of topological defects in systems, most famously for the quantum Hall effect
[29, 30]. To understand how gauge-invariant phases arise in our system, we make a quick remark about geometric



phases, see Refs. [31, 32]. For this, consider a cyclic adiabatic evolution of a Hamiltonian in some parameter-space.
This evolution can lead to a gauge-dependent Berry potential. Since this potential is gauge-depended (and can be
simply gauged away), it is not physically observable. This artificial potential then gives rise to an artificial magnetic
monopole, close in spirit to the physical observable magnetic field of the AB effect. However, integrating the Berry
potential over a closed path yields gauge-independent geometric phases, which are observable and change the topology
of the system for appropriate non-trivial values. Even though geometric phases are more general than AB phases,
there is still a common theme for both, which applies to our system: Since our resonators have multiple interactions
that form closed paths, excitations traversing these interactions pick up relative phase-shifts, which accumulate to
gauge-invariant phases. These then enforce nonreciprocal transport for non-trivial values. The specifics for this will
be touched upon in Section IIIB2 and IITF.

C. States of the quantized electromagnetic field

In this section, we briefly introduce states of the quantized electromagnetic field that are appropriate for expressing
optical fields. For a single-mode (monochromatic) field, dynamics can be described using Fock (number) states [33],
which are eigenstates of the quantum harmonic oscillator [33]. If the system would be in contact with a finite-
temperature reservoir, we could adequately describe the dynamics using single-mode thermal states (after reaching
thermal equilibrium) [34]. Note, that multi-mode fields can be expressed using number states. Nonetheless, since
most optical fields are either superposed or mixed number states, we can find a different way of expressing such
fields. A suitable description are coherent states, which have an indefinite number of photons. However, they have
an important property, making them very suitable for describing quantized light fields: Coherent states equally
minimize the Heisenberg uncertainty in amplitude and phase, which makes them the closest analogues to classical
electromagnetic fields, with the lowest amount of quantum noise in phase space. Coherent states are already sufficient
for many applications and are frequently used in Laser physics [33, 34]. However, this is not the end of the story.
For this, consider the uncertainty relation o op > h/2 for two self adjoint operators A and B. This formula has
only one requirement: That the product of their standard deviations is subject to a lower bound. Therefore, one can
consider a broader class of uncertainty-minimizing states, where the uncertainty in one observable is reduced at the
expense of an increased uncertainty in the other, while the integrity of the uncertainty relation is still maintained.
These more general states are called squeezed states, which can be used for precise quantum measurements, as they
reduce the amount of noise below the standard “shot noise limit” of the vacuum state [35]. All states mentioned above
(except non-vacuum number states), can be classified as Gaussian states, which are frequently used in the context of
quantum optics and offer useful statistical properties, see Refs. [35, 36]. Thus, the last part of this section about field
quantization will be dedicated on the physics of Gaussian states.

To define minimal-uncertainty coherent states, it is useful to first take a look at number states. Note, that the
subsequent sections roughly follow Meystre [34], and Walls and Milburn [33].
1.  Multi-mode number states

Consider a cavity, enclosed by lossless reflecting mirrors, where we want to quantize a multi-mode field. Using
Maxwell’s equations, we can find the Hamiltonian of this system, expressed as a sum of N single-mode harmonic
oscillators

N
X 5 . 1
H=> H,  with H,=ho, <a§as + 2) : (2.5)

where w, is the frequency of a single-mode field, a! (a,) are creation (annihilation) operators, and the last term is the
contribution of the so-called zero-point energy. For clarity, all operators are denoted by * in this section. The bosonic
creation (annihilation) operators fulfill the following commutation relations

[ag,0!,] = 00w, s, as] =al,al] =0, (2.6)



where the commutator of two operators A and B is defined as

(A, B = AB - BA.

Here, we introduced the Kronecker delta

0, otherwise.

1, ifk=1,
5kl{ ' (2.7)

The eigenstates of the Hamiltonian are then the product of single-mode eigenstates

1) @ -+ @ |nw) = I, nw) = [{n}) € HEV, (2.8)

with nx € Nsg, which builds up our orthogonal (ng|n;) = d;, and complete basis of the Fock space H®N. The
creation (annihilation) operators act on the number state |{n}) as

d£|{n}>:Vnk+1|n1,~~~,nk+1,~~~,nN>, dk|{n}>:\/nk|n17"'ank*17"'an1\7>v (29)

which creates (annihilates) an excitation inside |{n}). This implies, that we can identify d;&k = fi inside the
Hamiltonian as the number operator, giving us the particle number ny of oscillator £ when acted upon the number
state g [{n}) = ng|{n}). Thus, the average number of particles of an oscillator k is (iig) = ({n}|ak|{n}) = nk. Note
that there is a lower bound. Annihilating the lowest occupied state of an oscillator k, gives us the vacuum state with
ax|1) = 10). For completeness, we will also quickly mention the energies of the quantum oscillator. To calculate the
energies E,, of oscillator k, we act with fj, on a state |ny), and get from the time-independent Schroedinger equation
the following expression

N 1

This implies that the zero-point energy of a vacuum state |0) is

Now we are equipped to introduce coherent states.

2. Coherent states

There are many ways of constructing coherent states |a), here we stay in the single-mode picture, and introduce them
as right eigenstates of the annihilation operator

ala) = alay), (2.11)

where « is a parameter characteristic to the coherent state. This implies, that acting with @ on |«) does not change
the coherent state. Due to this stability, coherent states are highly practical in experimental settings [33, 34]. If we
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express |a) in terms of number states

o) = e~lal?/2 3" j—im , (2.12)

n!

it shows that acting with @ on the state gives us an additional factor of a, but leaves the sum invariant. Note, that
two coherent states |a), |3) are not orthogonal (8]a) = exp (—1(|a|*> +|8]* — 2a*B)), and thus form an overcomplete
basis, see Meystre [34]. However, if « gradually deviates from /3, they increasingly become orthogonal.

The probability of finding n photons in the coherent state is given by the Poisson distribution

iela 2n
po = (o) 2 = e~ 12T (2.13)
This gives us the average photon number and variance
. —lal? = |af?" 2 2 42 2 2
(hy=e ZnT = |l and o; = (R°) — ()" = |a”, (2.14)
n=0 ’

where the Poisson distribution of the photon number converges to a Gaussian distribution for large values of (i), see

Loudon [37]. Since we can write (af)”|0) = v/n!|n), it follows that |a) can be expressed in terms of the vacuum state.
With the Baker-Campbell-Hausdorff formula

we get

la) = D(a)|0),  with  D(a) =™ o, (2.15)

where we call f)(a) the displacement operator. Note, that this has implications on the vacuum state, as they are
non-displaced states for the limit & = 0. This makes vacuum states unique, as they are zero-occupation Fock states
|0), but also minimal uncertainty eigenstates of the annihilation operator a|0) = 0|0). More formally, we can apply
the displacement operator D(a = 0) to |0), and get D(0)|0) = €°% ~%¢|0) = |0). This again shows that coherent states
are displaced vacuum states.

In optical phase space, vacuum states can be expressed by quasi-probability distributions centered at the origin. If
we plot the in-phase and out-of-phase components of the state (its quadratures, see Sec. IIC 3), the distribution has a
circular shape with equally minimized uncertainty or quantum noise in both components. Thus, the amount of noise
is encoded by the size of its distributions radius. The variance of the vacuum photon number is 1/2, see Ref. [35].
By applying the displacement operator on the vacuum, the state is displaced in phase space without changing the
amount of noise. Recall, that classical states have no uncertainty with a point-like distribution in phase space. Thus,
since the noise of a coherent state has the lowest possible quantum value, they are indeed characterized as the closest
analogue to classical states.

8. Squeezed states and two-mode squeezing

For ease of notation, we set & = 1 in this section. Consider a single-mode field described by the operator a (a). We
can decompose this field into two Hermitian quadrature operators
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. 1. = . 1. =

(0) = J(@(0) +iple).  and  al(0) = S (3(6) ~ ip(0). (2.16)
or written equivalently

(0) = —(@ (@) +a(@), and  pd) = —=(al(6) - a(@)), (217)

al(¢) = e al, a(¢) = e“a, (2.18)

and the quadratures fulfill following canonical commutation relations

[2(¢),p(@)] =i,  and  [E(9),2(¢)] = [P(4),5(¢)] = 0. (2.19)

The quadratures would correspond to the position and momentum of a classical oscillator. For the quantum case
however, they are real and imaginary parts of creation (annihilation) operators, and correspond to in-phase and
out-of-phase components of quantized fields, see Ref. [38].

By finding the phase ¢ which minimizes the variances of quadratures, the uncertainty relation becomes an elliptic
equation

000y = /(L + 2 (ata) — 20(@))(1 +2 (ala) + 20(a2)) > (2.20)

4

N

This gives us

Op0p > (2.21)

Z )

for a coherent state with ()| = 0. Squeezing happens, when [(a®)| # 0. In that case, o, (0,) drops below 1/2,
where the other variance increases by the same amount above 1/2. Thus, the uncertainty relation of the product is
still fulfilled, even though one of the variances is less noisy. As this equation is an elliptic equation, the squeezed state
becomes an ellipse in phase space. In practical terms, squeezing is often used to make either the amplitude or the
phase of a mode less noisy. This is particularly useful for quantum measurements, namely in heterodyne or homodyne
detection schemes, see Meystre [34], Walls and Milburn [33].

As before, we can also define a squeeze operator

A~ * A2

S(¢)=ea" "8 with (= e 29, (2.22)

r
2

where ( is the squeezing parameter. Applying this on a displaced state gives us a squeezed coherent state

@, ¢) = 5(Q)la) = S(O)D(a)|0) , (2.23)



12

which is again a minimal-uncertainty state. For o = 0 we get the squeezed vacuum state

1€) = 5(¢)]0) (2.24)

Note, that squeezing and displacement operators almost commute, but commuting changes the argument of the
displacement operator D(a)S(¢) = S(¢)D(y), with v = acoshr + a*e¢’?sinhr. The mean photon number for a
squeezed vacuum state |() is

(), = sinh?r. (2.25)

This implies the following mean photon number for squeezed coherent state |a, ()

<Ifl>sq, coh — <ﬁ>coh + <ﬁ>sq = |O(|2 =+ Sinh2 r. (226)

Squeezing can also be generalized to multi-mode fields. Here, squeezing reduces the noise between quadratures of
different modes, which is essentially nothing more than redistributing noise between given modes. For the simplest
case with N = 2, we can define the two-mode squeeze operator as

So(¢) = eSalar—Cranas (2.27)
When this operator is acted upon the vacuum |0, 0), this gives us the two-mode squeezed vacuum state

1
coshr

ITMSV) = 85(0)]0,0) = Z(—e‘2i¢ tanh7)"|n, n) . (2.28)

Note, that we will not consider any squeezed-light input in this thesis, but only consider thermal vacuum states,
see Sec. I1C4. However, two-mode squeezing is still relevant to us, since it can be understood as arising from an
interaction between two different resonators. To understand this, we consider a four-wave mixing interaction with a
parametric pump laser, see Meystre [34]. Here, two incident photons of the pump, each with frequency wy,, interact
with two resonators. This will result in a signal photon with frequency ws, and an idler photon with w;. This process
can be described by the following effective Hamiltonian (again with & = 1)

Hyoavomix = ws @las +w;ala; +idalal —iN* aqa,, (2.29)

where the coupling strength A is proportional to the pump-laser amplitude Eg(wp). The time-evolution operator
(properly defined in Sec. IIE 2) becomes

U(t) = S2(¢),  with ¢ =—\t (2.30)

which is exactly the two-mode squeeze operator from above! For the degenerate case with w = w, = w;, and
4 = as = a;, the time-evolution reduces to the single-mode squeeze operator U(t) = S(().



13
4. Thermal states

For simplicity, we will only consider a single-mode field with the Hamiltonian H = hw(ata + 1/2), fully thermalized
to an external reservoir with temperature 7'. The average energy of H is the only thing that can be known and is
given by

(H)y, = Tr {Ffﬁth} , (2.31)

where pgp, is the density matrix of the thermalized system state, and the average of an operator A for a system state
p is <A> = Tr{Ap} The thermalized system state can be found by invoking the mazimum entropy principle using
the von Neumann entropy S = —kpTr{p In pen }, where kp is the Boltzmann factor and “In” the natural logarithm,
which can be identified as a Gibbs state:

__exp(—BH)

Pin = = , with Z ="Tr {exp(—ﬁf[)} . (2.32)

Here, 8 = 1/kgT is the unit-less inverse temperature, and Z the thermodynamic partition function. Using this state,
we can find an explicit form of the average energy

1

) ) 1 . .
<H>th = hw <<n>th + 2) N with n= <n>th = m, (233)

where the mean number of photons 7 for a temperature T is given by the Bose-Einstein occupation. Consider now
limiting cases of the average energy. The oscillator reaches its ground state at absolute zero for T = 0, since only the
zero-point energy (H),, = hw/2 remains. These zero-temperature fluctuations are unique for the quantum mechanical
oscillator and cannot be found in classical systems. However, for sufficiently high temperatures kgT' > hw, the average
energy of the quantum oscillator will approach the result of a classical oscillator (H),, — (H)_ = ksT.

Note, that we have only demonstrated the single-mode field case here. The generalization is more technical for multi-
modal fields and can be found in Olivares [39]. The precise construction of thermal coherent states is achieved by
displacing a thermal vacuum state with the displacement operator, giving us

pin(@) = D(a)pin D (a). (2.34)

Which has implications on the mean photon number () ., of a thermal coherent state

th, co

() eh, con = Tr{ft pn()} = |al? + (), , (2.35)

as the mean photon number now depends on the displacement parameter and the thermal occupations. The variance
also increases

~ A2 ~ . ~ A\ 2
Utzh, coh = <n2>th, coh — <n>th, coh — oo, +la? (142 (M) n) » with o = <n2>th = (M)n 5 (2.36)

meaning that the thermal state has a now a bigger amount of noise, depending on the temperature 7. In turn,
coherent states are just displaced thermal states for "= 0 K.

We can now make a few general remarks about (thermal) vacuum states. Since we will only consider thermal vacuum
states for the rest of this thesis, we view them as thermal coherent states with a = 0, and an average photon occupation
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equal to the thermal occupation () ,. = (n),,. But, different to non-thermal vacuum states, the variance of thermal
vacuum states is broadened in phase space, as the uncertainty is now higher and the state has more noise.

5. Gaussian states

In general, the term Gaussian state refers to any state in phase space, where its Wigner function (quasiprobability
distribution, see Refs. [33-36]) can be adequately described by a Gaussian function. We can write this Gaussian
function as

—(z=b)2

f(@) =ae" 22, (2.37)

which is symmetrically peaked at position b, has height a, width ¢, and rapidly falls of towards +oo. Vacuum,
coherent, squeezed, and even thermal states can all be classified as Gaussian. As mentioned above, this is not the
case for number states (except the vacuum). The reason for that is simple: Every Gaussian state can be sufficiently
described by a thermal state if the only actions on it are Gaussian unitaries (displacement, squeezing, rotation),
see Weedbrook et al. [35]. Thus, a single thermal state can be viewed as the most fundamental Gaussian state [35].
Bilinear systems (like the one we will consider) only act via Gaussian unitaries and thus preserve “Gaussianity”, since
any incoming Gaussian wave packet leaves the system still as a Gaussian [35]. More formally, we assume a general
bilinear Hamiltonian

Hyoin = h | Y wadlas +ivialal + > Jijala; +idgalal | +He., (2.38)
s 4,J
fors =1,---,N, i # j =1,--- N, where w, is the frequency of a single resonator, v the squeezing interaction

strength, J;; the beam-splitter coupling between different modes and A;; the coupling between different modes via
two-mode squeezing. By writing it in the BdG-form (see Sec. IIIB 3 for more)

Hyjin = Y alH;a; (2.39)
4,
with a = (a1,--- ,an, d];, e ,&J]rv)T, we find that the thermal state of this bilinear Hamiltonian becomes

e~ B exp (—ﬁ 2y éIHijéj) 9 40
p="— = ~ : (2.40)

Any state, which can be written in the form above, is always guaranteed to be Gaussian, see [35, 36, 39, 40]. This
is reasonable as a Gaussian function can be written as f(z) o exp(—z?) in general. Gaussian states have useful
properties, since they can be fully determined by their first and second statistical moments [35]. Thus, knowing the
expectation values and variances of operators is sufficient enough to fully understand the physics of Gaussian states,
where higher statistical moments can always be decomposed into first and second moments.

D. Frequency space representation of operators

In this thesis we will heavily use the frequency space representation of operators as this gives us a clear understanding
of several things; mainly how incoming states are scattered depending on frequency, and additionally, how the system
filters frequencies of the noise of incoming Gaussian states. For this, we use the Fourier transform, which can transform
a given function between two dual representations. In our case, applying the Fourier transform to a complex valued
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function (i.e. an operator a(t)), will decompose the function into its constituent frequencies and amplitudes. For this,
we introduce the following convention for the backward and forward Fourier transform

s
=
~
Il
|
—-
—
)

W) = \/%? /_ Z do flwle™ . and  flu] = F{ ()}l = \/%TT /_ Z dt f(t)et,  (2.41)

where F {-} is the Fourier transform operator acting on an arbitrary operator-valued function f . For clarity of
notation, all functions in time space are denoted by round brackets (-), whereas in frequency-space we will use square

brackets [-]. The adjoint of an operator is transformed using the convention
N R 1 > N . A o T
] — t _ t(4) it ol = ((Fl—
Pl = F{f 0}l = o= [ atfie ™t = fil) = (fi-d) (2.42)

see Clerk et al. [41] for additional details. This is only a convention, however, this notion seems intuitive and acts the
same way as applying the complex-conjugation to a general complex-valued function. By using the Fourier transform,
we are enabled to use the subsequent well-known relation

]—'{ f(t)}[w] - \/% /_ O; at f(t)e "t = \/% Tim. [ f(t)e—iwf]ia —(—iw)\/% /_ Z dt f(t)e~t (2.43)

=0, since lim; 100 f(t) =0

implying

FLI0 }w] = iwflo] = F{F10) o] = iwf L], (2.44)

which essentially gets rid of bothersome time derivatives in frequency space, and instead of solving non-trivial differ-
ential equations, we are left with a set of algebraic equations. Note that the inverse of the above equation is also true.
Trivially, the same relation also holds for expectation values of operators

FLFe) ) =iw (Fle) - (2.45)

E. Coupling isolated systems to reservoirs - Open quantum systems
1. Input-output theory

The following is based on the online appendices of Clerk et al. [41].

Usually, fields external to the cavity are modeled as a passive heat bath, exchanging heat and particles with the
system until the system state eventually equilibrates. Often, this is done with finding an appropriate Lindblad master
equation and solving it for the system state, see Appendix A. However, in the input-output formalism (I/0), we will
approach this differently. The reservoir is treated as an external field (i.e. a Gaussian state) that interacts with the
intracavity field and leaves the system as a new external field. The environment then either drives or probes the
system. Thus, we need a joint formalism accounting for system-reservoir interactions, and can not simply trace out
the reservoir.

To see how this is done, consider a system composed of a simple harmonic oscillator ﬁsys, which is coupled to a

discretized continuum of external reservoir modes ﬁms, and interacts with the external modes H’int. This gives us the
total Hamiltonian
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I:Itot = I;[sys + I:Ircs + -Hint . (246)

The system itself is described by a single intracavity field mode with (A = 1)

Hyyo = wsala, (2.47)

where w; is the frequency of that mode, a (a') is a bosonic annihilation (creation) operator, and we dismissed the
zero-point energy by rescaling. The Hamiltonian for the reservoir is

Hyos = qu bibg . (2.48)
q

where we assume the reservoir to have a really wide frequency band, similar to the theory of spontaneous emission

from Weisskopf and Wigner [33, 42]. Here, Z)q is a bosonic field operator and ¢ its quantum number. The bosonic
fields fulfill

[bg, bl = 644 - (2.49)

9> %q’

The reservoir modes must terminate at the system, which implies that there is no translational invariance and ¢ is
not a real wave-vector. The modes are then stationary waves, reasonably assumed to be non-propagating close to
the system and only varying in time. The interaction Hamiltonian, by employing the rotating-wave approximation
(RWA), becomes

Hi =iy <ganz§q - ggéqa) , (2.50)
q

where g, is the coupling strength between the system and the reservoir modes. The avid reader might see how any
parametric coupling terms drop out. This comes from the RWA, where we neglect high oscillating terms inside the
approximation. The dynamics of the cavity and reservoir operators are given by the Heisenberg equation (see Refs.
[43-45])

—a = i[Hyys, 0] = Y _ by, (2.51a)
q

d . L. .
gp0a = ilHor by) = —iwgby +g5a. (2.51b)

The equation of motion (EOM) for the reservoir operators can be solved, since this is a linear system. For ¢y < ¢ in
the past before a wave packet has reached the cavity at time ¢, the solution for the reservoir EOM (2.51b) becomes

t
bq(t) = eiw‘?(titO)b(tO) + g; / dr eilw(Z(tiT)&(T) = btree (to, t) + bradiated (fo, 1) 5 (2.52)
to

The first term l;free (to,t) of the RHS is the free evolution of the mode, where the second term I;radiated(t07 t) describes
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the coupling between the intracavity field to the reservoir with frequency w,. We can also write an analogous expression
for later times ¢; >t

t1 ) R .
by(t) = e s (t=)b(t) — g7 / dr e "D G(7) = bgee(t1, ) — bradiated (, 1) - (2.53)
t

By substituting the first solution of the reservoir fields (2.52) into the cavity EOM (2.51a), we get for the second term

t
qubq = Z gge W t0h, (1) + Z |gq|2/ dr e~ wa—ws)(t=7) (e“S(T*t)d(T)) , (2.54)
q q q to

where we inserted an additional factor of 1 = e~ @s=(T=t)¢eww:(7=%)  The last term inside the brackets is assumed to

vary slowly in 7. By only considering a single decay channel of the cavity oscillator from an excited state to the
ground state n = 1 — n = 0, we can relate the decay probability to the system-reservoir coupling using Fermi’s golden
rule [46]. For this, recall that Fermi’s golden rule is a first-order perturbation, where the transition probability for
an initial state |i) (of an unperturbed Hamiltonian), to another state |j) (of a weakly perturbed Hamiltonian), is
essentially constant. This decay probability is thus related to the inverse of the mean lifetime within the (decay) rate
equation. This gives us

Klws) = 2772 194170 (ws — wy) (2.55)
q
where
§(x) = {go 2;8 with /_oo drd(r) =1, (2.56)

is the Dirac delta function. This can be re-written as

o
1 dv k(ws + V)e—iu(t—r) _ Z |gq‘26_i(wq_w3)(t_7—) ' (2.57)
q

2 J o

Via the Markov approzimation, which says that the coupling is constant x(v) = k over the relevant frequency range
of the cavity, we get

N lggl2e e 0T = st — 1), (2.58)
q
where we used
1 © . ’
St—t)=— dwe @t 2.59
( ) o /_0o we ( )

By integrating from the past at t = —oo to t = tg, we get
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to 1
/ ot —t0) = 3 (2.60)
where it follows for the cavity EOM
d. i A B —iwg (t—t0)7
&a(t) = i[Hgys, 0] — 50~ que a(t=to)p (ty). (2.61)
q

Looking closer at our result, the field radiated out from the resonator to the reservoir can be simply seen as a linear
damping of the intracavity field. We can introduce the coupling constant g = 4/|g,|? and define the density of states

p= Z 0(ws — wg) (2.62)
q
which implies for Fermi’s golden rule

Kk =2mg?p. (2.63)

This finally gives us an useful expression for the reservoir input-field

1 ) N
ain(t) = D emialtztolh (1), (2.64)
V2mp p,
and the cavity EOM reads
d, .~ . K. .
T i[Hsys, a] — 50— VK Gin(t) (2.65)

which is also called the Heisenberg-Langevin equation. This EOM is the famous result of I/O theory and relates the
dynamics of the intracavity field to input modes coming from the reservoir. This equation tells us, how a wave-packet
coming from the reservoir evolves freely, till it reaches the cavity, interacts, and drives the system. Hence, the wave-
packet a;, can indeed be appropriately identified as the input-field to our cavity, reminiscent of classical I/O theory
for a driven oscillator and a transmission line, see Ref. [41]. Note however, that modes a;,(t) and a;, (¢') for different
times are completely different modes in general! Our system will interact at time ¢ with @;,(¢), then after some time
t' > t, when the next mode is incident, interact with a;,(¢'). Note, that we will only consider incident white noise [41]
later, which is a constant field in frequency space.

If we now focus on the second solution for the reservoir-fields (2.53), we get the output-field

1 , .
Gout (1) = —— —iwg(t=t1)p (¢ 2.66
aout (t) mije q(t1) (2.66)

for t; > t > ty. Which is essentially the free evolving reservoir mode from the future (after interacting) back to the
present. We can write down the cavity EOM in terms of output-fields as
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d . S .
&a(t) = i[Hqys, ] + 50~ VK Gout (1) - (2.67)

By subtracting Eq. (2.67) from Eq. (2.65), we find the so-called input-output relation

Gout(t) = ain(t) + Vra(t). (2.68)

This simple equation is a highly useful result, because it directly relates intracavity fields to input- and output-fields
of the reservoir.

2. The Langevin equation

The resulting stochastic differential equation of the cavity can be seen as a linear process with constant diffusion.
Thus, we can identify equation (2.65) as the quantum analogue of the classical Langevin equation, see Lemons and
Gythiel [47], Einstein [48], Gardiner and Collett [49], Zwanzig [50]. To understand this, we first look at the classical
Langevin equation describing Brownian motion of a viscous thermal fluid.

a. Brownian motion of a classical fluid

Consider a velocity vector v = (vq,--- ,un)T for N particles with mass m, a diagonal matrix encoding the damping co-
efficients (A);; = —\; (or sometimes called the inverse of the particles mobility), and a vector £(t) = (&1(¢), - -, En(t)T
encoding collisions with other particles (sometimes called Langevin forces). The equation for the total force is then

Ftot =mv=Av + S(t) s (269)

where the first term of the RHS describes the drag of a viscous fluid (from Stokes’ law, see Zwanzig [50]), and the
second term is a rapidly fluctuating noise term due to particle collisions. The stochastic noise term &(t) essentially
drives the system and influences the trajectory of the particle. The resulting trajectory is often called a random
walk. Mathematically, this type of noise is called a Wiener process, which has a Gaussian correlation function
(& (1)&;(t")) = 2B;6,;;6(t — t'), with proportionality constant B;. By the fluctuation-dissipation theorem, we get

B; = \iksT (2.70)

which relates the strength of fluctuations B;, to the magnitude of the dissipation A;, see Ref. [50]. As this noise has
an infinite variance at any time ¢, it is non-differentiable in general (see the Thesis of Kurt Jacobs [51] for more).
However, by Fourier transforming the correlation function into frequency space, we find that the spectrum becomes
flat [51]. This is what we call white noise, which is exactly the relevant type of noise for this thesis. Since &(t) is
rapidly fluctuating over the time-scale of collisions, it has zero mean (£(¢)) = 0.

b. Quantum Langevin equation

Here we restate the Heisenberg-Langevin equation (2.65)

Sa(t) = il ey, a(t)] = Salt) = VR an(), (2.71)

for a single intracavity field a(t), where the first term is the coherent evolution of the isolated system, the second
term encodes dissipation due to the reservoir-coupling, and the last term is a fluctuating input-field. This essentially
has the same effect as the classical Langevin force from before [34], but instead of being a real number, the Langevin
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force is now operator-valued and stochastically “drives” the system. The Langevin force appears in the input-output
formalism as the reservoir input-field

ain(t) = (ain(t)) +£(1), (2.72)

which we can decompose as the mean (ai, (¢)) and the so-called quantum noise operator &(t). The noise operator is the

fluctuating part of the input-field and vanishes by taking the expectation value (£(¢)) = 0. Note, that vacuum-fields
have an average of (aiy(¢)) = 0, and thus also vanish when taking the expectation value

(a(t)) . (2.73)

However, even though the mean noise for vacuum inputs is zero, the variances are not, just like for the classical case.
More on that in Sec. V.

Now is a good time to make a few remarks about the I/O approach compared to the standard Lindblad master
equation formalism. Note, that I/O theory already describes dynamics at the level of operators and not only their
expectation values. We could also employ the Lindblad master equation to calculate the EOMs, see Appendix A, but
we would need to include a coherent drive term inside the Hamiltonian to additionally describe an input. Without
an input, the time-evolution for the mean can be calculated using the adjoint Liouvillian £ inside the Heisenberg
equation

(a(t)) = (L'a(t)) = i ([Hys, a(t)]) — 5 (a(t)) - (2.74)

[N
=

Therefore, a coherent drive term inside the Hamiltonian is not needed in the I/O formalism. There are shortcomings of
the I/O formalism however. Recall from Eq. (2.52), that Bj(t) depends on a(t), and even though the intracavity field
and the reservoir fields as a whole commute for equal times [a(t), b;(t)] = 0, the free part does not [a(t), bee(to, t)] # 0,
see Ref. [34]. Thus, interchanging reservoir and cavity operators is not possible without significant problems. This
issue can be resolved by choosing an ordering convention from the start and adhering to it, with normal-ordering
being the most commonly used standard, see Walls and Milburn [33], Meystre [34].

This concludes the theoretical background needed for this thesis and we can now look at the proposed system itself.
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III. System and model
A. Hamiltonian of the general three-cavity ring

In this section, we will introduce the gen- P o
eral setup of the system, which is based on 2 =21/ coslle ~ @)1= ap)

Refs. [1, 14], and will be more thoroughly /\

analyzed in the coming chapters of this the- Q/"é;o'
sis. At first, we will focus only on the co- + > 1{‘4"’:‘!’/\\\
herent dynamics of the system and derive an ) = 2|4 | cos((@y + @)1= fro) V)

expression of the Hamiltonian in the interac-
tion picture. By going this route and start-
ing from the time-dependent Hamiltonian in
the laboratory frame and then moving to the
time-independent representation, it becomes
clear how local phases start to appear and
accumulate to gauge-invariant phases. Tun-
ing these phases enables varying dynamical
behaviour of the model to different limiting
regimes. Namely, either reciprocal or nonre-
ciprocal transport of bosonic excitations be-

ho, &I&l ho, d;(iz

comes possible. By using the former estab- /)’(ﬁ';?&\

lished Heisenberg-Langevin equation we can \‘”‘V

then model dissipative currents in the fol- K2

lowing section. This is a key ingredient for 1/‘,‘/\/\4

achieving nonreciprocity, as coherent and dis- haw;, d;’c%

sipative couplings are balanced out and lead

to a destructive interference in only one direc- FIG. 3. Three cavities with Hamiltonian fuw; d;r&i, are coupled either with
tion of transport. In the subsequent Sections,  linear beam-splitter (BS) interactions J;;(t), or (parametric) two-mode
we will always use the convention “only peo- squeezing (TMS) interactions A (¢), for ¢ # 5 € {1,2,3}. Each resonator
ple wear hats, not operators”, except when it is also dissipatively coupled to a reservoir with strength x;/2. Here, the
is explicitly useful to do so. We will also al-  adjoint interactions Ji;(t) = J;i(t), and Aj;(t) = Aji(t) are not shown.

ways use natural units with A = ¢ = 1. This

system of coupled bosonic resonators is described by assigning each resonator j a creation operator d; = a;. This
creates a photon (or a phonon in an optomechanical setup) in the respective cavity of interest and fulfills the usual
bosonic commuation relations [aj,au = d,; and [a;,a,] = [a;,az] = 0. We assume that each pair of resonators
can interact via the following processes: 1. A linear beam-splitter (BS) interaction and 2. A parametric two-mode
squeezing (TMS) interaction. The most general case, where each pair is coupled via a beam-splitter and two-mode

squeezing interaction can be written as the time-dependent Hamiltonian (for j,k,1 = {1,2,3})

H(t) = Ho + Hyop(t) + Hegt) = > wjala; + 3 (Ju®)afar+he) + 3 (M@ alaf +he) . (3.1)
7=1,2,3 k>1 k>1

where w; is the cavity frequency with the simplifying assumption that the three modes are non-resonant, namely,
wj # wy for k < I. Here, the parameters Ji;(t) € R (A (t) € R) are time-modulated matrix elements of beam-splitter
(two-mode squeezing) interactions, and “h.c.” is the hermitian conjugate, see Fig 3.

For the interactions we assume time-varying harmonic functions of the kind (see Ref. [14])

Jkl(t) = 2|Jkl‘ COS(Aklt — Oékl) y )\kl(t) = 2|/\kl‘ COS(A;Clt — ﬁkl) 5 (32)

where |Jgi| (JAgi]) is the coupling strength, Ay, (Aj,;) is the modulation frequency and ag = —our (B = —Bik) is
just a general phase shift, but contributes to the gauge-invariant phase later on. In the next subsection, we will derive
an expression of the Hamiltonian in the interaction picture.
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1. Derivation of the interaction picture Hamiltonian

Since we want to work in the interaction picture, we can use a unitary rotation

Ut = eitHO s (33)

which is just composed of the free harmonic term Hy and apply the following transformation to the full Hamiltonian

Hine(t) = UH)U] +iUU] (3.4)

resulting in

Hini(t) = U, HoU, + Uy Hyop (1)U + U Hyo())U] + iU U . (3.5)

Now, we will look at each term of equation above individually. For this, we note that the unitary U; and the free
Hamiltonian Hy commute with [U;, Hg] = 0, which implies for the first term

U,HyUl = Hy . (3.6)
Next, the last term of Eq. (3.5) can also be easily evaluated to be
iUU; = i?H, e“HOel—“Ho = —H,, (3.7)

which implies that only the remaining terms of eq (3.5) need to be considered. Let us focus on the hopping term

UiHnop(t) Z Ji (t ”Hoa age o Ji(t) itHOa;akefitHo , (3.8)
k>l

where we can insert an identity between the operators to get

Z Jri(t) e“HOaillale_”Ho + J5 (%) eitHOa;r]lake_“Ho (3.9)

k>1

— Z Jkl(t) (eitHoalefitHo)(eitHo alefitHo) + ‘];ckl (t) (eitH()a;fe*itHo)(eitHo akefitHg) (310)
k>1

= " Ju(t) et alay + Ty (t) e alay (3.11)
k>l

For readability we introduce the short-hand wy; = wi — w;, where the BS Hamiltonian in the interaction picture is
now written as follows

Uy Huop (U] = Jia(t) e afar + T (t) e afay . (3.12)
k>l
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By now considering the case where the modulation frequency is equal to Ay; = wy;, we can expand (with ag = —agg)
Jr(t) = 2| | cos(writ — arr) = |Jrl <€i(wklt7a’“’) + efi(w“t*a“)) ; (3.13)
Ji(t) = Ju(t) = 2| Jit| cos(wirt — aur) = [Jw] (efi(w“t*a“) + €i(w“t7a’”)) : (3.14)
and get
U,gffhop(t)U;r = Z B (emkla;fcal + e*iaklajak> + | Tl (e%t“’klefmkla;ial + 672itwkl€iakla;ak) ) (3.15)
k>l

If the coupling strength is set to a small value |Jy| < |wr — wy|, see Ref. [14, 52], we can assume that the last term
will become highly non-resonant and fast oscillating. Therefore, it is safe to assume that the last term will effectively
average out and vanish in the rotating wave approximation. This implies,

UtHhop(t)UtT R~ Z [ it (em’”azal + e_m’”agak) . (3.16)
k>l
Using the same procedure, we can also approximate the TMS Hamiltonian. For this, we tune the modulation

frequencies of the squeezing interactions to A}, = wi + w; = w},;, and expand

/\kl(t) = 2|Akl| Cos(w;dt — Bkl) = ‘)‘kl| (ei(w;clt_ﬁkl) + e‘““’l@ﬁ‘ﬁkl)) , (317)

Aot (8) = Aik(t) = 2| At cos(wipt — Bu) = [t (e—“w/’ezt—ﬂm + e“w’mt—ﬁkl)) : (3.18)

After applying the RWA with |Ay| < |wg + wi|, this results in

U Hy (1)U = > Ault) eitlwrtwn o o 4 X5 (1) e wrtwd g q, (3.19)
k>1

~ Z [ At (em“alazf + e_w“akal) . (3.20)
k>l

Finally, this gives us an expression of the total time-independent Hamiltonian in the interaction picture:

Hgys = Hing = Z | Tkt (em“azal + h.c.) + Z [ Ak (eiﬁ’”aza; + h.c.) . (3.21)
k>l k>l

The Hamiltonian (3.21) is now composed of only two parts

Hsys = Hhop + qu . (322)

explicitly written out as, the beam-splitter Hamiltonian

Hiuon = |J12 ei‘“’-’aTag + |J31 eia?’laTal + |J39 eia32aTa2 +H.c., 3.23
p 1 3 3
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(a) (b)

FIG. 4. Couplings for the three-cavity system and the appearance of gauge-invariant phases. Here we only show one direction
for the interactions, where the complex conjugate constitutes for the opposite direction of the respective interaction. (a) In
this Figure, each pair of bosonic modes (green) a; and ay, is coupled via a beam-splitter interaction Jy;, allowing an excitation
to tunnel from cavity a; — a. Since each coupling parameter Ji; has a local phase factor, an anti-clockwise closed loop
results in a non-vanishing circulator flux ® = a12 + as1 — asz (mod 27) (teal). A clockwise loop would result in —®, since
we define anti-clockwise to be positive. Tuning this flux ® results in the system being either nonreciprocal or reciprocal. (b)
Tllustrated here is a single closed loop via a two-mode squeezing interaction of mode a;-r (light blue) with either \j; to mode a;
(green) or A}, to mode aj (green). When there is also tunneling between a; and ax, the loop closes, which results in a flux
9y = —Bik + Bji — ax; (mod 27) (teal). However, squeezing introduces a vast number of seemingly closed loops, and considering
all possible fluxes needs a more careful treatment, which is done in Sec. IIIB 2.

and the two-mode squeezing Hamiltonian

Hyy = |)\12|eiﬂ12a’;a§ + |)\31|ei331a;§a{ + |)\32|ew32a£a£ +Hec.. (3.24)

As shown, the Hamiltonian becomes static in the rotating frame, and describes the system only by the interactions
between different resonators. These interactions in the rotating frame are now complex numbers, with a coupling
strength |Jx;| (or |Agi]), and a complex phase ay; (or Bx;). Note, that usually complex interactions are just assumed ab
initio, in models like ours, see Ref. [1]. However, here they arise as a direct consequence of a time-modulation, which
is procedurally closer to experimental realizations. Note, that there are alternate means of constructing complex
interaction parameters, one way is by modulating the resonance frequencies of each resonator, see Ref. [14]. As
already mentioned in Sec. II B, each individual phase by itself is gauge-dependent and thus not relevant. However,
the accumulation of all individual phases into a single gauge-invariant phase is in-turn relevant, and changes the
dynamics depending on its value. Nonreciprocal transport occurs for non-trivial values of the AB phase, see Fig. 4.
Section IITB 2 will talk about this more in-depth.

By introducing the short-hand notation (and suppressing the phases)

Tyt = | Jp]e™ and Al = |)\;€l|e’ﬂ“ , (3.25)

with J = Jix € C (A, = Mk € C), we can write down the system akin to a more standard beam-splitter

Hhop = Jlga];ag + nga};al + J32a§a2 + H.c. , (326)

and two-mode squeezing Hamiltonian

Hyq = Moalad + Asialal + Aspalal + Hee. . (3.27)
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In the next chapter, we will add dissipative dynamics to the coherent (and still closed) system above, and derive
equations of motion for the resonators coupled to bosonic reservoirs.

B. Dissipative three-cavity ring
1. Equations of motion for the expectation values of modes

The general goal of this section is to engineer nonreciprocal dynamics using the environment to our advantage. A
valid starting point for deriving equations of motions is given by the quantum Langevin equation (see Sec. ITE2),
where the stochastic differential equation for operators can be seen as a linear process with constant diffusion. For
this, we consider the Hamiltonian (3.22) and simply add dissipation to the Heisenberg equation. The expectation
value of the intracavity field (a;(t)) can then be written as

d Ky

3 (@) = i ([Hsys, ai()]) — 5 {ai(t)) (3.28)

where the first term is the coherent evolution and the second term is the dissipation due to the coupling to a local
bosonic reservoir. Here, the expectation value of a system operator a; is given by the trace

(ai) = Tr{aip} , (3.29)
with system state p. Equation (3.28) describes the full coherent and dissipative dynamics, see Fig. 5. This approach

K1 K2 Kj

K3 Kk

(a) (b)
FIG. 5. Couplings for the three-cavity system, where each mode a; (aj) is dissipatively coupled to a local reservoir with strength
ki. (a) A closed loop with only BS interactions, resulting in a gauge-invariant phase ®. (b) Shown is a single possible closed

loop due to TMS between modes a; and a; (resp. a; and ai), and a single BS interaction between resonators a; and ay,
resulting in a phase ¥;.

gives us the following differential equations for the expectation values

(a1) = f% (a1) —iJha (ag) — iJ5 (as) —idiz (ab) —iXs (al) (3.30a)
(a2) = —% (az) — iJiy (a1) — T3 {as) — i1z (a]) — idsz (al) (3.30b)
<d3> = _@ <a3> —1J31 <a1> —1J32 <a2> - i/\31 <CLJ{> — i)\gg <a£> s (3.30C)

2
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where we suppressed the explicit time-dependence of the operators for readability. This approach recovers the same
result one would get using the Lindblad master equation. In general, we also have the adjoint counterparts for the
equations of motion above. It is useful to understand what these equations of motion describe: A mode (ay) is driven

by mode (a;) in two distinct ways: Either by a BS interaction with amplitude Jy;, or a TMS interaction via the adjoint

mode (aj} and amplitude Ag;. This implies, that setting A\g; = 0, decouples the dynamics of modes from the dynamics

of adjoint modes. Therefore, it becomes completely sufficient to only consider one set of differential equations (either
of modes (a1), (az), (as) or their respective adjoints), for a full treatment. This three-mode model without squeezing
will be denoted as the dissipative ring. The adjoint equations encode the same amount of information and describe
the same (but opposite) dynamics. In the next chapter we will understand how Aharonov-Bohm like gauge-invariant
phases arise, and how these equations of motion can be re-expressed in terms of these phases.

2. Ezxpressing the system in terms of synthetic flures

Suppose, an excitation wants to propagate from a certain cavity to another. The excitation can then take several
different paths to reach that other cavity. However, if the excitation traverses the system and ends up again in its
original cavity, the path closes to a loop. All individual phases in that loop accumulate to a single unified Aharonov-
Bohm-like phase. We will sometimes denote this phase as the circulator fluz/phase hereafter. When this phase
acquires a specific value, it will enforce a preferred direction of transport, due to destructive interference in the opposite
direction, see Sec. IITF. Consequently, the probability of a mode travelling the reverse direction becomes zero, resulting
in a circulating vortex-like current of modes. The system reaches a limiting regime, where directional transport is
protected by this circulator phase. Note that transport is then either unidirectional or amplified. Therefore, we
must develop a method to identify all non-trivial loops within this system. Naturally, the following question arises:
“When do we consider a closed loop to be non-trivial?” This question is not always easy to answer, as isolating
phases becomes increasingly difficult for systems with many pathways. Nonetheless, the geometry of the system
introduces constraints, which helps us to simplify the problem. These constraints yield a general assertion, that is,
an enclosed loop is considered non-trivial if either (or both) of the following statements hold: 1. Individual phases

on the enclosed path do not trivially cancel each other out (i.e. arg(JiaAjoJiaA12) = 0, which resembles the closed

path ag = a; — ag — ai — ag). 2. A circulator phase cannot be written as the sum of remaining circulator phases.

Knowing all relevant phases is immensely useful for understanding the limiting cases and also the system-behaviour
of in-between values. Thus, the ultimate goal of this Section is to re-express the equations of motion in terms of
gauge-invariant phases.

Since our system with three modes has only six possible pathways, isolating all phases becomes straightforward by
expressing the couplings as a (complex) directed graph, consider Fig. 6 (a). Notice, that only one direction for
each coupling is shown, since conjugated amplitudes would just give us the same circulator phases with an opposite
sign. For readability, we have also suppressed losses in this picture, which are implicitly assumed. By counting all
non-trivial loops, we find three distinct phases

P def arg(J12J31J§2) = 42 + 31 — 39 (mod 271’) s (3318,)

191 déf arg(Alg)\gngg) = —f—ﬁlg — 531 —+ 3o (mod 27’(’) s (3311:))
ef * *

) do arg(AjoJajAs2) = — P12 — ag1 + P32 (mod 27), (3.31¢)

where anti-clockwise phases are always defined to be positive. As mentioned earlier, the loop a]; — ag — ap — a; — aJ{

vanishes and constitutes no new phase. Thus, one of the phases bordering that path is simply composed of the
remaining phases and inherits no additional information. Note, that which phase we choose to express by other
phases is just a matter of convention. Here we keep ®, ¥/; and 5. Plaquette a{ — az — ag — aJ{ and its complex
conjugate then has the phase —(®+19; +193). However, this logic holds true for all cases, as each phase of a plaquette is
just the negative sum of enclosing phases, i.e. plaquette ag — a3 —a; — ag gives us: U9 = —(®+91 — (P+91 +92)).
By a closer examination of Fig. 6 (a) it can also be understood as holographic projection of a (twisted) platonic
octahedron, see Fig. 6 (b). To ensure a consistent sign convention of phases, we define that anti-clockwise phases on
the surface of the octahedron are positive. For legibility, we suppressed losses and only show the directionality for BS
couplings. Notice, that without squeezing, only two decoupled triangles of either modes or adjoints remain, where
both are the same up to time-reversal. The only prevailing phase is then ®, and as mentioned above, it becomes
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—(P\+ 91 + J2)

—(® + 91 + 92)

(b)

FIG. 6. Geometric representations of the three mode model and its couplings. Losses are not shown and implicitly assumed.
(a) Coupling scheme sketching all gauge-invariant phases, where only a single direction is shown for each edge. The isolated
phases are ®, ¥; and ¥2. Anti-clockwise phases are positive. One plaquette-pair can be expressed by other phases enclosing it,
as —(®+v1 +92). Each phase of a plaquette is the negative sum of enclosing phases. (b) Abstract representation of couplings as
an octahedron. Anti-clockwise phases on the outside are positive. The only directions shown are for BS interactions. Without
squeezing, the system reduces to two disconnected triangles, where each is just the time-reversed version of the other. Edges
on opposites show the same coupling.

completely sufficient to describe the system using only one triangle. Removing other couplings also yields decoupled
triangles, but here modes and adjoints can still interact. This abstract representation substantially simplifies the
identification of relevant phases, and can be (painfully) generalized for more extensive systems. For reduced models
with fewer couplings, this representation is especially handy, since it becomes immediately clear which phases remain.
This suggests an intriguing direction for future research, offering the possibility to uncover a clear correspondence
between the physical properties of a given system and its geometric structure within this discrete “coupling space”,
since the geometric representation can be understood as a complex directed graph (this is called a digraph, see Ref.
[53]).

Now, we are fully equipped to express the equations of motion using these fluxes. First, consider a general gauge
transformation with phases 7; - yet to be determined, as

{a;) — (aj) e . (3.32)

The equations of motion (3.30) then become

(a1) = _% (a1) —i (|J12|e’i((¥12+72*71) (az) + |1~ @a =259 (g5} 4 |Apa|eiBrz=12=m) (gl) 1 Ay |ei(Bur—ra—m) (a;[,)) :
(az) = _% (az) —i (|J12|€7i(a”+72771) (ax) + |Jagle H@3277592) (qg) 4 |AyplefPr22277) () 4 | Ngp|e!(Po2 770 702) <GT3>) , (3.33)

. R . iz —: 1 i(cz2— 2 i(B31—v3—71 i(B32—v3—"72
(a3) = ,§<a3>,l(|ng|e( 31=94) (g1} 4 | 5@ 793H92) (g5) 1 | Mgy [e1Ba =17 (1) 4 |Agy|eiBr2 w)(a;>> .
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Note, that six arguments inside the exponentials are just conjugates of others. Thus, an appropriate transformation
can be found by only considering six arguments. However, we also have an additional constrain: There are only three
gauge-invariant phases. And since they are the only physically relevant ones, three additional arguments can be set
to zero. This gives us a set of closed and solvable algebraic equations. Note, that this choice is not unique. However,
since an additional gauge-transformation is always applicable, the physics of the system remain invariant upon our
choice (see Appendix B1 for more). Hence, we choose to transform Eq. (3.33) using

_ P2t as B2 —as _ B2t as

_ .34
ga! 5 Qasy, Y2 B ) V3 5 ) (3.34)
which eventually leads to
. R . i . . —i . —i
(a1) = _31 (a1) = il J1ae™® (as) — i|Ja1| (as) — i Aaale ™ (ad) — i[Aga e ™17 (af) |
. R . —i . . —i .
(az) = —32 (ag) — il Jiale ™" (ar) — i[Jsa| as) — il Ma2le ™2 (al) — i|Aaa| (ad) | (3.35)
. R . . . —i .
(as) = _33 (as) — il Ja1| (ax) — il Ja2| (az) — il Asa|e ™" "1 77) (al) — i Aaa| (ad) |
as the new equations of motion written in terms of circulator fluxes, with
Jio = |Jioe’®, Tz = |Js], J32 = |J32], (3.36)

Az = [Aizle”™ @2 Agp = gy |e TPt 0 Ngn = g

For A;; = 0, it is immediately clear how the asymmetric coupling between the resonators (ai) and (as) is expressed
by the sign of the flux ®. Thus, a non-symmetric coupling between mode 1 and 2 can only occur iff

Ji2 # Jis, (3.37)

is fulfilled, which is analogous to

Jm(Jio) = | 12| Im(e®) #0 = @ ¢ {0, £7} (mod 27). (3.38)

Thus, any non-symmetric transport between 1 and 2 needs a non-zero imaginary part for the BS interaction Jy5. Even
though this is a good first step, it is not at all sufficient for understanding nonreciprocity in our system. For this, we
will consider a reduced two-port effective model, where both modes are coupled to the same effective reservoir, based
on Ref. [1]. The reduced model can be seen as a limiting case of the three-mode system and clearly demonstrates how
a resonator can be (partially or fully) decoupled from the dynamics of another, yielding the desired nonreciprocity.

As a small remark, it should be possible to find the exact number of gauge-invariant phases for a general bilinear
system with N - modes. However, this seems like a challenging task. At least, the number of couplings can be fully
determined, see Appendix B 2. This could give a hint at the exact number of non-trivial phases for any system.

Before jumping into the reduced model, we will make a small detour and introduce the Bogoliubov-de-Gennes (BdG)
formalism for bosonic systems. This will not only make subsequent calculations more general but also more concise.
However, this treatment needs a more careful and nuanced approach. Thus, the following can be seen as a technical
toolkit for whats coming.
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8. Properties of quadratic Bogoliubov-de-Gennes Hamiltonians

The Bogoliubov-de-Gennes formalism is a powerful tool for describing systems in which the dynamics of creation
and annihilation operators are not completely decoupled but can influence each other. Historically, this formalism
emerged to solve the many-body equation of motion in superconducting systems, see Refs. [54, 55], to appropriately
diagonalize the Hamiltonian. However, this formalism has since been generalized to a wide range of systems - most
famously with the introduction of quadrature operators in quantum optics. In this section, we will focus on some
general, yet useful aspects of bosonic BAG Hamiltonians (which are often simply called “quadratic Hamiltonians”
[55]).

To express the equations of motion for the whole system at once, we introduce a vector with annihilation/creation
operators (for a general number of cavity modes N)

a=(ay,...,an,al,...,a0)7", (3.39)

where we use the convention that the adjoint vector

aTE<d11-7"'?d;\]a&la“-7d]\f)7 (340)

is a row vector, whose entries are the adjoints of original entries.

a. The bosonic BdG Hamiltonian.

Before we can introduce the BAG Hamiltonian, we need to devise an expression for the commutator of non-Hermitian
vectors [a;, a;]. However, since the adjoint vector is defined as a row vector, this convention introduces an important

nuance: How do we calculate expressions of the form afa, where the desired result should be a matrix and not a
scalar? For technical details regarding this question, consider Appendix B3, where consistent algebraic rules are
introduced. However, we reveal the main result here, as this will be used heavily in subsequent chapters. For this, we
define a column vector of adjoint elements

at =A,a=(al,....al,a1,...,an)7, (3.41)

where A, = 0, ® I is an extended Pauli-matrix, permuting elements inside the vector a. Note, that we also
introduced the new symbol I for readability, which acts only at the level of elements and does not transpose the
original vector. Using this, we find

T
a'a= (afa”)” | (3.42)
with the commutation relations

1 0
[aj,al] = (A.)i;,  A.= ( o _HN> =0. 91y, (3.43)

and

. . 0 1 .
[a;,a;] = i(Ay)ij, Ay = <—11N 6\[) =0, ® 1y, (3.44)
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where A is also an extended Pauli matrix. The matrix iA, € Sp(2N,R) is a symplectic form @ = ¢A, and also an
element of the the symplectic group [40], which is defined as the set Sp(2NV,R) = {A € Aonxan(R) : ATQA = Q}
Consequently, we can express the (second quantized) system Hamiltonian in the BdG-form

Hsys = Z aj Hij aj s (345)
4,7
with the Hamiltonian matriz
hi(®) hy(t,92)\ _ h; hy
H(D,9,,9;) = N . =H-= N 3.46
(2,51, 32) (h2<z917z92> hi (@) hj hj (3.46)

where hl = h, is hermitian and hl = hy is symmetric. The submatrices for our system with N = 3 modes are given
by

0 Jiz J3y

Hyop = al (1%1 1?) a, with hy=(J, 0 Jh|, (3.47)
! J31 J32 0
0 h 0 A2 Asi

Hyy = a (h* 02> a, with hy=[A2 0 As |, (3.48)
2 A1 Az2 O

which encode the coherent beam-splitter and squeezing interactions, respectively. To understand the properties of
this representation of the system, let us first consider a closed system. In this case, we need to find an expression for
the commutator in the Heisenberg equation of motion, which is given by

. . (—hy hg) .
iH,a] =1 * « Ja=—iA,Ha. 3.49
el =i (3.49)
Here we call
= —iAH, (3.50)

the dynamical matriz of the closed system, which is pseudo-Hermitian for bosonic systems [40, 56]

1. A=A,AA, — AT = A ATA,, (3.51a)
2. A=-AATA., (3.51b)

where both relations can be seen as the pseudo-Hermiticity of our dynamical matrix A. The first relation basically
states that A and its complex conjugate are the same up to a permutation of blocks inside A. This is the most
important relationship for us and will give us intuition for the observed scattering behaviour of the system. The
second condition directly relates the dynamical matrix to its adjoint via A, yet flips the sign, this can be roughly
understood as a condition which stems from the commutator relation in Eq. (3.43). Nonetheless, we can relate A to
its adjoint AT via the anti-commutator of H and A in a slightly different way

A=A"T—i{H A} =AT—i2A,(h, ®h}). (3.52)
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It follows, for the commutator

A=—-AT+i[H,A,] = -A" +2A,(hi ® hy), (3.53)

where the prior equation implies that the dynamical matrix for the closed system becomes Hermitian when no beam-
splitter interaction is present, and the latter is a bit more abstract but will become important for the three-mode
system without TMS. Here, we used the direct sum defined as h; @ h} = diag(h;,h}), and A, = —iA,A,. For
completeness, both statements can also be summed up as

A= ([H> Az] - {H7 Az}) ’ (354)

N =

For now, this concludes our considerations of the closed system. Formally speaking, this system can be solved in
several ways, however, we will only do this for the case without squeezing, see Sec III G 1. We now move on to open
system dynamics.

b. FEztension of the BdG formalism to open systems.

The quantum Langevin equation of expectation values can be written as

d

. 1
3 (2t) = ([H,a()]) - ;K (a()), (3.55)
where K = 1, ® diag(k1, ..., kn) is a matrix of dissipative couplings x;. In a more concise manner we can write
d
3 (at) =D(a(®) , (3.56)
where
1. . 1.~
D=A- iK = —iAH — §K, (3.57)

is the new dynamical matriz of the open system. Note that the dynamical matrix can become time-dependent, which
will be important for the effective model when we introduce an explicitly time-dependent effective damping rate. This
matrix still fulfills some of the features introduced above, yet behaves differently in others. For brevity, we state only
the most useful properties. Consider the adjoint

1 -~
Df = Af — ;K. (3.58)
where we try to express the same pseudo-Hermiticity relations as before

1. D=A,D*A, — DT = A,D'A,, (3.59a)
2. D=-AD'A,-K, (3.59b)
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yet we find that the dynamical matrix with dissipation is not even pseudo-Hermitian in general, which coincides nicely
with Ref. [55]. However, we can also find an expression similar to Eq. (3.52) with DT — D = AT — A. From that, it
follows

D=D'—i{H,A.} =D" —i2A.(h; @ h}), (3.60)

where we observe the same consequences as for the closed system: Without a beam-splitter interaction, the dynamical
matrix becomes Hermitian, regardless of any dissipation. This is different for the commutator

D+Df =i[HA.]-K (3.61)
compared to Eq. (3.53), where we used Eq. (3.58). This implies that the damping adds up after reversal, and we get
the useful result

D=-Df - K +i[HA,]= -D' - K+2A,(h; & hy), (3.62)

see Appendix C3 for how this expression can be used. All this can again be summed up as
D = Z([H,A.] — {H,A.} +iK), (3.63)

C. Quadrature representation

In this part, we will introduce the quadrature basis of the optical phase space, since a cavity 7 driven by two-mode
squeezing couples (a;) with (a}) as evident by the dynamical matrix of Eq. (3.50). In presence of squeezing, the system
can be described either in terms of mode or quadrature operators. Depending on the case at hand, one representation
can become more useful than the other. Without squeezing, the matrix becomes block-diagonal and it is enough
to just consider one block for the full dynamics of the system. However, the quadrature also accounts for non-zero
off-diagonal blocks.

Here, we introduce position and momentum quadratures

i(t) = G (aj(t) + di(t)) : pilt) = —= (aj(t) — di(t)) : (3.64)

and note that we can also re-express the creation/annihilation operators by their quadratures as

sy L Y iD: al :L 24 (1) — D
ai(t) = \/5( i(t) +ipi(t)) , 2<t) \/ﬁ( i(t) —ipi(t)) - (3.65)

These new operators fulfill the following equal-time commutation relations

vt [2:(t), 55 (D)) = @4 , [2:(2), 2;(£)] = [pi(t), p;(£)] = 0, (3.66)

which are the canonical commutation relation of momentum and position quantum operators. As a next step, we
transform the vector from Eq. (3.39) into the quadrature basis using the convention
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v(t) = (z1(t), p1(t), ..., zn (), pn ()T, (3.67)
fulfilling the commutation relation
N[0 1
vi,vi] =iQ;;, with Q=P (_1 0) =1y ®ioy,, (3.68)
k=1

where Q € Sp(2N,R) is a symplectic form (in a different basis compared to the form introduced earlier), see Ref. [40].
To change from mode to quadrature operators, we can find an unitary transformation matriz T between the bases
(for N = 3 in our case)

21 (t) 1 0 0 100\ [aaft)
p1(t) —i 0 0 i 00 “283
v(t) = Zigg —\% P af(t) = Ta(t), (3.69)
z3(t) 00 1001 |d
p3(t) 0 0 =i 00 i) \af(s)

which is composed of a rotation and a permutation. Note, the permutation aspect for N modes is not straightforward,
consider Appendix B4 for more. By using T, we can transform the dynamical matrix D of Eq. (3.57) to the
quadrature-representation and get

M=TDT'. (3.70)

The dynamical matrix M describes the open system in the quadrature basis. Here we make an important remark about
the convention used for distinguishing the bases: Every variable with a ~ - symbol will be in the mode-representation
(except for distinct names like D and M etc.), i.e. the matrix encoding dissipation simply becomes K = TKT?' in
the quadrature representation.

The Langevin equation in the quadrature basis is then

< (v()) = M (v(1)) - (3.71)

Here, the dynamical matrix is always real and time-independent for the full model (all possibly complex couplings
are now real). This is important to mention, as the dynamical matrix is not always real or time-independent for an
effective model. The explicit representation of M of our three-mode system can be found in Appendix B 5.

D. Heisenberg-Langevin equation in frequency space

To understand the reason why we permute and not just simply dagger the elements of the mode vectors above, take
the Fourier-transform of time-dependent operators: Remember, that equal-time commutation relations of (system)
creation/annihilation operators are unit-less quantities

[ai(t), af(0)] = 65 = [ai(t), af(t)] = (A)i,
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By simply Fourier-transforming, it follows

a;(t) N ailw], al (t) — a)[w], (3.72)

where the latter is the Fourier-transform of the daggered mode. However, since we defined the Fourier-transform s.t.
(flw]) = ft[—w] holds, we cannot simply transform and then dagger the elements, as this would flip the sign of w.
In short this implies

(afw))? = ((aw)h" = (@'[-w])" = a'[-w]. (3.73)

Thus, I transforms just like { in frequency space with

allw] = (a[-w])',  aflw] = (a[-w])*. (3.74)

By using Eq. (2.45) we get the EOMs in frequency space via

]-'{ai(t)}[w]:iwai[w] and ]-‘{d;r(t)}[w]:iwaT[w] — jwalw] = Dalw], (3.75a)

Fla ol =iwaile] and {0 ] = iwpile] = iwviw] = Mvu]. (3.75b)

This concludes our considerations regarding the BdG-formalism, which gives us a toolkit for understanding when the
system will become nonreciprocal, and how to find expressions for the S-matrix or the output-noise spectral density.

E. Reservoir engineering and the nonreciprocal two-mode model

K1 K2 K1
1,in 2, out )
Hcoh 1, m
1,out ®o 2,in
eff. bath

FIG. 7. Schematic illustrating (non)reciprocity in the effective model. Each resonator has a single input and output wave guide.
Both are coherently coupled by Heon. However resonators 1 and 2 are also dissipatively coupled through the effective reservoir
“eff bath”. Nonreciprocity appears by balancing out coherent with dissipative interactions. (a) Reciprocal limit. Here, the
flux is trivially set to ® = ¢o = 0 (see Eq. (3.103)). (b) Nonreciprocal case. For any other value of ® # ¢, there is unequal
and nonreciprocal transport. For ® = ¢r = 7/2 (exactly a quarter flux quantum, see Eq. (3.102)), the system reaches the
unidirectional limit. In that limit, input from 1 is fully transmitted to output 2, but input from port 2 is completely dissipated
by the effective reservoir and never reaches 1.

The whole idea behind the paper of Metelmann and Clerk [1] was to construct a nonreciprocal two-mode model, with-
out relying on a pre-engineered nonreciprocal reservoir. In their own words, the approach uses reservoir engineering,
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“where a structured dissipative environment generates useful quantum behaviour” (taken from Ref. [1]). For this, a
strongly damped auxiliary resonator is coupled to two other resonators and causes an effective dissipative interaction
between them. The two resonators are coherently coupled (via a BS or TMS interaction), but also dissipitavely to the
effective reservoir. The recipe is then simple: By balancing out the coherent and dissipative interactions, destructive
interference in one direction breaks reciprocity, see Fig. 7. This allows for nonreciprocal transport, since one cavity
decouples from the other in a single direction, i.e. cavity 1 can drive 2, but not vice versa. In principle, this model
can be assumed ab initio by choosing a corresponding jump operator of the shared reservoir using the Lindblad
master equation. We approach this by eliminating the third resonator from the three-mode system, which acts as the
auxiliary mode. To accomplish this, the auxiliary’s dynamical timescales must be significantly different from those
of the rest of the system. A strongly damped auxiliary k3 > k1,2 will have a decreased relaxation time 73 = 1/k3.
And in this timescale, excitations entering the auxiliary will dissipate faster than they can re-enter other resonators -
and the auxiliary reaches steady state. If any transport from port 1 to 2 behaves differently from reversed reciprocal
process, namely from 2 to 1, the system becomes nonreciprocal. This in-turn violates the unitarity of the scattering
matrix in this minimal (effective) model.

1. Markovian effective model via adiabatic elimination - the brute force way

The auxiliary mode can be eliminated in multiple ways. We compare two different approaches, 1. Adiabatically
eliminating the auxiliary, and 2. Fourier transforming the equations of motion and eliminating the auziliary thereafter.
The first approach is simpler, but any additional knowledge of the auxiliary is lost, since it reaches steady-state. Thus,
we call this the “brute force way”. Even though the second approach is harder to compute, it retains the frequency-
information of the auxiliary. Implying, that not only does this approach give us a glimpse at the dynamical properties
of the auxiliary, it is also treated equal to other modes. We will call this the “gentle way” of eliminating. As it will
turn out at the end of both derivations, the first procedure leads to a Markovian effective reservoir, where the second
procedure leads to a non-Markovian reservoir. Subsequently, we start with the adiabatic elimination.

As mentioned earlier, the decay rate of the auxiliary is assumed to be the dominant parameter k3 > k12, Jij, Aij.
Thus, the correlation time 7 = 1/k1 & 1/ka2, is significantly longer compared to the correlation time of the auxiliary
73 < 7. Thus, the auxiliary becomes quasi-static from the rest of the system and reaches steady state (az) = 0 at
long times. Using this, we can insert the steady state solution of the third cavity

(az) = %(*Uu (a1) — iJ3a {ag) — idz1 (al) —idog (ab)), (3.76)

into the equations of motion for the remaining two resonators, giving us

(41) = {72(|st1|2 —Aal?) %} (@) — i {le Y <2(>\31/\§2 - J32J§1)>} (as) — i |:>\12 4i (2(/\31J§2 - /\32J§1))} (@l |

K3 K3 K3

(3.77)
o2 ]2 * O\ Tk T. . * ), *
(a) = {_M _ @} (ag) — i {J{} w (2()\31/\52 J32J51)>} (a1) — i {Am _; (2()\31J32 )\52J31))} (al)
R3 2 K3 K3
By introducing some useful abbreviations
4
JCZ J12, )\I: )\127 FQ = ;|J|2, Fj = FQ(‘UJ'|2—|’UJ‘|2),
3
(3.78)
_ 3 BRCY e £ *
u; 1= N vj 1= N L= V1Us — UgU], V1= Vjls — VU],

Eq. (3.77) precisely resembles the same result given by Metelmann and Clerk [1]
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(a1) = —¥ (a1) — i [J + mlﬂ (as) — i [)\ + wlﬂ (al) | (3.792)
() = —y (as) — i [J* + mrﬂ (ar) — i {)\ _ wl;o] (al) . (3.79D)

These equations tell us already a lot about the dynamics of the system. The first term in both equations is a modified
damping rate: FEach resonator 7 is coupled to its own local reservoir k;, and additionally to the shared reservoir with
'y, scaled by the probability difference |u;|? — |v;|>. This encodes how probable a decay to the effective reservoir
is. The second and third terms describe how each mode is driven by the other mode. This can happen in multiple
ways, either coherently (J or A), or dissipatively with the non-local reservoir (ul'g/2 or vI'y/2). Balancing these
distinct interaction pathways alters the symmetry in the way modes drive each other. To understand this, we dismiss
the third term, and focus only on the second term: By setting J = —iul'g/2, the second term of the first equation
vanishes, where the same term of the second equation attains a higher value. In this case, (d1) is not influenced by (a»)
anymore, but (as) is driven by (a1). This is a fully unidirectional limit and immediately shows how nonreciprocity is
attainable. So what is the reason we observe this behaviour? If we compare the second and third term of (a;) to the
respective terms of (as), we see something surprising: The terms are almost complex conjugates of each other - the
only difference being the sign of the imaginary unit 7 in-front of dissipative interactions. Thus, coherent interactions
becoming imaginary yield an asymmetry. This coincides perfectly with our considerations about the gauge-invariant
phases before, as non-trivial values of the phases imply imaginary interactions. A trivial value will always lead to
fully real interactions parameters and can thus not enforce nonreciprocity in this model. A more in-depth discussion
about different limits can be found in Section IIIF.

2. Non-Markovian effective model via elimination by Fourier transforming - the gentle way

Contrary to the first elimination procedure, the auxiliary will be treated the same way as other modes. This will
give us non-Markovian corrections to the adiabatically eliminated two-mode model. Consider the way we defined the
Fourier transform in Sec. IID. By using Eq. (2.45) (and (2.42) for adjoint modes), we can transform the equations
of motion (3.30) to frequency space. Solving the third mode gives us

1

(azlw]) = m

(fing (a1[w]) — iJss (az]w]) — g1 (al[w]) — iXsz (a) [w]>) . (3.80)

Analogously to the adiabatic elimination, this solution is inserted into the remaining equations. This gives us a set
of algebraic equations in frequency space. The equation for the first mode is then

. _ |J31|2— |>\31|2 K1
iw(a1[w]) = { iw + K3 /2 * 2 (arlel)
(3.81)
) o A31A39 — J32J3; ) o As1J35 — Az2J3 ¥
| (P28 ) gl - [+ (2222 |
And analogously for the second mode
. [ = ael® | ke
iw (az[w]) = {iw )2 + 5 (az[w])
(3.82)

. % . A5 )\32—J*J3 . . >\3 Js _)\32J>k
—1 [Ju +1 (W)] (ar[w]) —i [Au —1 (W)] <GHW]> .
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By introducing similar abbreviations to the adiabatic procedure

2
Ji=Jiz, A=A, Tw]:= WMZ, Tjw] := Tw](luy|* = |v;]*)
(3.83)
u; = S5 v; = ) 1= 105 — ugu] V= vius — vouj
J J ) J J ’ 2 1» 2 1>

we see how the effective damping rate I'[w] is now an w - dependent, generalized exchange rate between each resonator
and the effective reservoir. On resonance, the exchange rate simply reduces to the Markovian damping rate

lim Dw] =Ty . (3.84)

w—0

The introduced abbreviations are especially useful, since they yield a set of equations with a similar structure as for
the elimination before:

iw (a1 [w]) = — [Fl[w];_m] (ar[w]) — 1 [J + mr[;]] (aslw]) — 1 {)\ —|—iur[2w]} (aé[w]) , (3.85a)
iw (agw]) = — [FQ[W]QW] (agw]) — 1 [J* +ap* F[zwq (aq1w]) — 1 {/\ - wr[;]] <aJ{ [w]) . (3.85b)
Note, these equations can also be expressed in the BdG-form
iw (et [w]) = Degr[w] (ace[w]) , (3.86)
with the basis
e = (a1, az,al,al)” . (3.87)

Here, the dynamical matrix Deg[w] is explicitly frequency dependent and thus possibly complex (see Appendix B 6
for the expression), which is strikingly different to the behaviour of the full model. This can also be decomposed into
a dynamical matrix of the isolated system and a damping matrix with Deg[w] = Acgw] — Kegw]/2. The damping
matrix now encodes local and global reservoirs Keglw] = diag(T'; [w] + 1, Dafw] + #a, [%[w] + k1, T3[w] + K2). In the
quadrature representation, the dynamical matrix has now possible complex entries due to the w dependency, which is
also different compared to the full model. To transform Deg[w] to the quadrature basis, we apply Veg|w] = Teft Aefr[w]
with the truncated transformation matrix

(3.88)

This gives us

Mgt [w] = Test Deglw] Tl (3.89)
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as the sought out Langevin matrix (the explicit form can be found in Appendix B 7) with the EOM for the quadrature
basis

iw (Ve |w]) = Megr[w] (Veg[w]) - (3.90)

Although the equations of motion are similar to the adiabatic limit, there is a stark difference: The effective damping
rate is now frequency dependent. To illustrate this, we can understand I'[w] as a susceptibility in analogy to a complex
refractive index nr. For this, we make this expression unit-less by normalizing it with \/k3r/4|J|*> (Note that it is
closely related to the the impedance matching condition, see Sec. IV C). It follows,

W(if[w]): i/ Ks3/K _ (2w/K)\/K3/k ; (k3/K)\/K3/K (3.91)
2w/k+k3/k (2w/k)?+ (k3/k)?  (2w/K)? + (k3/kK)?’ '

Renr Jmnr

where the dispersion of waves upon entering the reservoir is proportional to the real part of the refractive index, while
the absorption is proportional to the imaginary part. In this analogy, the probability of an excitation to couple to
the eff. reservoir is a Lorentzian shaped distribution

K3/K
(2w/K)* + (Ka/K)?’

|nrfw]® = (3.92)

with a HWHM = k3/k, see Fig. 8. For the Markovian case, the distribution would just be a flat band in frequency

FIG. 8. Lorentzian shaped coupling probabil-
ity |nr[w]|? (normalized for x3/x = 1) for the non-
Markovian reservoir depending on w. The distribution
is shown for varying rates k3. It has a HWHM = k3/k,
and becomes maximal at resonance (w = 0). The
Markovian limit with lime,_o T[w] = To = 4|J)?/k3
leads to flat bands and an frequency-independent re-
sponse of the reservoir to incident light, with the max-
imal value of the distribution. Moreover, it converges
to the Markovian result for high k3 and becomes con-
stant. The opposite happens for low k3, where the
auxiliary almost always correlates with the rest of the
system. Thus, for low k3, the auxiliary becomes an in-
tegral part of the coherent dynamics, which cannot be
simply treated as a reservoir.

1.00

0.00

space, since it is independent of frequency. This changes however in the non-Markovian case, because the effective
reservoir has now a narrow frequency band where it can respond to incoming excitations. Here, w is the response
frequency of the reservoir and k3 can be seen as the linewidth of this non-Markovian reservoir. As shown in Fig. 9,
non-Markovian corrections with finite w, imply a reduced response of the auxiliary to incident light. The support of
the distribution vanishes for high frequencies, effectively acting as a band-pass filter. Furthermore, there is a clear
phase dependence in the dispersion of nr[w], which is negative for w < 0 and positive for w > 0. The absorption
broadens for growing values of k3, implying that it converges to the Markovian case for high k3, resembling the
adiabatic limit. However, for low k3 this situation changes: The auxiliary correlates with the rest of the system only
in a narrow band and becomes dynamically active. It is then part of the coherent dynamics and cannot be viewed as
a simple reservoir anymore.

Next, we can check if the Markovian limit can be recovered for the equations of motion. For this we take the inverse
Fourier transform, which is a bit more tricky. First, consider
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Dispersion Re np|w] Absorption Jm np|w]|
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FIG. 9. Dispersion and absorption of nr|w] for different damping rates k3. Here the real part of nriw] describes the dispersion
(left) and the imaginary part the absorption (right) behaviour of the auxiliary. Finite w changes the response of the auxiliary
to incoming waves, where the absorption drops for finite frequencies. The dispersion behaves like a typical dispersion of light-
matter interactions, where there is a sign change for small w, with a minimum for w < 0 and similar a maximum for w > 0
both close to the origin. If we move to the Markovian regime, namely, limy,_o I'[w] = T'o = 4|J|?/k3, the dispersion vanishes
and the absorption becomes maximal.

—1) Tlw] -1 |2 2 k3 I'(t)
F {T}<t) =F {m}(f) = 2!13\/% @(t) exp (—775) T s (393)

Then we use the convolution theorem: Consider two functions in frequency space, flw] and g[w], then the reverse
Fourier transform to the time domain can be computed using the convolution

FH alel fll} ) = <=lox DO = = [ amste-)ar. (394)

where * is the convolution operator (the convolution theorem can be proven using Fubini’s theorem, see Appendix
B9). Note, that * is an associative and commutative operation. To recover the Markovian limit, consider following
terms

f-l{@ {as|w]) }(t) - L (g x <ai>> (t) = 2x3 /OOO exp (—%7) {ai(t —7)) dr

N (3.95)
P </0 exp (= 57) d7> (i (t)) = 4 {ai(£)) = % (a:(t))

appearing in Eq. (3.85). Here, k3 is assumed to be sufficiently large, which led us to approximate the second line in
the equation with

(ai(t = 7)) ~ {ai(t)) , (3.96)
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because we assumed that the bath becomes Markovian and any memory effects due to past values of {(a;(t)) dissipate
accordingly. We can also express this differently: Since the exponential function decays faster than (a;(t)) oscillates
(for high k3), it will render (a;(t)) to be local in time. By using this preliminary step, we are fully equipped to
reverse Fourier transform all of Eq. (3.85), where we recover the above set of equations from Sec. IIIE 1, which can
be found in Appendix B9. This is the reason why the adiabatic elimination was called the Markovian limit and the
Fourier-transform elimination the non-Markovian limit.

Thus, we have shown that both elimination procedures are mostly equivalent but the latter approach leads to an
additional correction for the effective damping rate I'[w]. This does not only change the response of the effective
reservoir to incoming modes, but also means that the third mode does not loose its frequency dependence. Thus it
is not inherently treated differently in comparison to the remaining modes. For example, if one considers a perfect
circulator regime, where the system should be invariant to any labeling convention, namely, where every resonator
is indistinguishable from the other, we could not simply just treat the auxiliary to be dynamically different to the
rest of the system. For example, when interactions have the same value |J;;| = |J| (J\i;| = |A]) as well as the local
damping rates (k; = k), adiabatically eliminating the third resonator would not result in a perfect circulator. Only
by additionally including the frequency response of the auxiliary resonator by Fourier transforming the equation of
motion would result in a circulator.

At this point of the thesis we have only hinted at the occurrence of nonreciprocity, but there was still no formal
discussion of this. So the logical question to ask is: “When does the system host nonreciprocal transport?”, or rather
“What is the condition for reciprocity in general?”. These kind of questions will be touched upon in the subsequent
section and will conclude the theoretical considerations needed to fully grasp the remaining parts of this thesis.

F. When is the system nonreciprocal?

As mentioned in Sections IIIB2 and IITE 1, only coherent interactions with an imaginary part can enforce nonre-
ciprocity in this model. This can be illustrated by expressing the equations of motion (3.85) for this effective model
in terms of gauge-invariant phases from Eq. (3.31). Using the same gauge transformations as before, it follows

- [P ey = |16 (e — l) 2l

iw(ar[w]) =

2
FM] (abful) | (3.97a)

i aalel) = = | P22 faafel) = 1167 4 (e — feal) S|

2
r , , r
— i ||Ne "2 — 4 (|V1‘6_l(191+192) - |V2\) [;)}] (al[w]) , (3.97b)
where we introduced
1 —i —i
NP (Pardale™ 72 — g | ) = [pmafe™" 472 — [pg]. (3.982)
1 : )
TP (Paraale ™72 — [Aag Jaa]) = o™ P72) — ], (3.98b)

for readability. As mentioned before, a mode (a;) is driven either by (a;) or the adjoint (a}). The system is reciprocal
when ¢ — j and j — ¢ are equal, and nonreciprocal if there is an asymmetry. Thus, we need to (at least partially)
decouple one mode from the other in one direction. How? If we only tune the coherent interactions J and A at the
same time and set them to
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! . r i ! . —3 r
J=Fip—y = |J]e" = Fi (Imle (Br492) _ \,uzl) =2,

! F2 ! 2F (3.99)
A= :FiZ/EO — |Ae 2 =i (|V1\efi(ﬁl+ﬁ2) — |V2\) ?O,

we can fully decouple one cavity from the other, where the upper sign decouples cavity 2 from the dynamics of cavity
1, and the lower sign does the opposite. For this choice, the system becomes maximally nonreciprocal which we call
the unidirectional regime. Since our interaction amplitudes are time-independent, we cannot decouple the system
for all frequencies in the non-Markovian regime, as this would imply time-dependent interactions. Thus, we need to
make a choice. We have chosen the Markovian limit T'g, as seen in Eq. (3.99). For w = 0, the system will then enter
unidirectional transport from 1 — 2 if we set both J = —iulg/2 and A = —ivTy/2. However, the nonreciprocal
transport will vanish for finite frequencies.

1. Optical isolator - effective model without squeezing

Here we focus on a specific instance of the two-mode model - the optical isolator. An isolator is defined as a two-port
device with a non-symmetric scattering matrix S # S”. Usually this is used for microwave or radio transmission
to shield a given port from signals from the other port, see Ref. [57]. To achieve nonreciprocity, an isolator must
incorporate a nonreciprocal element, which is typically a ferrite based material in microwave based isolators, see Ref.
[58]. In the strongest (unidirectional) limit, it transmits all power from port 4 to j, while absorbing all power coming
from port j. This means, that there will be no reflections at port ¢ and j. Ideally, a scattering matrix of an isolator
could look like this:

S <(1) 8) _ (3.100)

The optical isolator effectively describes the same working principle. For this, we focus only on linear interactions
and set TMS to zero A\;; =0 = p = —|ua|. Here, we want to understand for which phase ® nonreciprocity starts
to occur. For clarity, we set the modulus of J to |J| = |u2|To/2. Inserting it into Eq. (3.99) gives

| J]e'® £ +i m2|7° = ® L 4. (3.101)

By then taking the argument, it follows

bR = :I:g(mod o), (3.102)

for the unidirectional circulator flux, where R (L) represents transport from 1 — 2 (1 « 2). Additionally, ¢ =
o1, + 7Z (mod 27). Some authors call these exceptional points of the open dynamical matrix D, which are spectral
singularities of non-Hermitian systems, see Refs. [59-63]. This result resembles the discussion about J having at least
a nonzero imaginary part from Eq. (3.37). The only points of reciprocity are the ones with a vanishing imaginary
part

o € {0, £7} (mod 2r) . (3.103)

Thus, we can list all possible regimes of this model: 1. Reciprocal limits for ® = ¢g, 2. Nonreciprocal regime for
Jm(®) # 0, and 3. Unidirectional limit for ® = ¢g 1, which are already discussed in Refs. [1], [14]. Here, we used
the imaginary part of ®. Real and imaginary parts of a complex number z € C are defined as
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Re(z) = ) and Jm(z) = ———. (3.104)

Even though the limits of ® are clear by now, one thing is still not ensured for the optical isolator to resemble
a microwave isolator: The lack of reflections. The phase only enforces the directionality, however, reflections are
still possible. To ensure for maximal transmittance without power-loss, further constrains on system-parameters are
needed. This will be done in Section IV C.

Note, that the optical isolator is frequently used in this thesis as a minimal example to better understand nonreciprocal
physics.

2. Parametrically driven directional amplifier

In general, TMS complicates the analysis from above, since there are multiple phases and couplings to keep track
off. Here, we want demonstrate a simple model with only a single gauge-invariant phase using TMS. Recall, that
setting A = Fivly/2 fully decouples <a;[-> from (a;), see Eq. (3.99). Additionally, we remove several interactions
Ji2 = J31 = A3z2 = 0, which means we need to re-express our abbreviations in terms of A:

Uj = 5 Vi =, and F[OJ} = m (3105)

This gives us

=0 and v= |1/1|e_i(191+192) .

But, this seems a bit misleading as 5 has now become a redundant phase, compare Fig. 6 (a). Therefore, the phase
¥ is not protected against the violent act of just gauging it away, and can be safely removed by performing the
following gauge transformation

(a1) = (a1) €™

This collapses the differential equations to

iw lel) = = [P ooy - W bl B ol (3.1061)
iw (as[w]) = — [W] (agw]) — 1 [|)\ - i|u1|e_wlr[2w]] (a]; [w]) . (3.106b)

Each mode (a;) is now only driven by the adjoint (aT

1) and depends on a single phase ;. These sets of equations
nicely resemble the optical isolator, just with parametric interactions. Next, we need to find out the limits of ¥;. For

clarity, we again set the modulus of A to || = |v1|T/2, where it follows

. r ,
IA[e?? & ;iw?‘) — e L g (3.107)



43

Taking the argument results in

914 = :Fg(mod o), (3.108)

for the nonreciprocal case - which leads to an amplification of the signal. There is a seemingly weak analogue to the
reciprocal case of the optical isolator by setting

Y10 € {0, £7} (mod 27). (3.109)

However, 7 = ;o gives us opposite signs for the imaginary part inside the brackets of Eq. 3.106. Thus, this limit
will redistribute the phases of modes and is just a quasi-reciprocal limit, flipping quadratures after an exchange of
source and detector.

At this point we have established a well rounded understanding of the reduced model regarding its reciprocity condi-
tions. Before we understand how this system scatters incoming fields, we will take a look at the energy-spectrum of
the three-mode and two-mode model.

G. Energy spectrum of the system

In this Section we set TMS to zero (A;; =0 = hy =0), and only focus on the dissipative three-mode ring and the
two-mode optical isolator.

1. Energy spectrum of the dissipative ring

If each interaction amplitude of the dissipative ring has the same magnitude |J| and phase ®/3, it will become
translationally invariant. Thus, we can use the Bloch theorem and diagonalize the Hamiltonian using plane-wave
solutions, see Appendix B8. The diagonal Hamiltonian in momentum space can then be written as

]. J2Tm
Hy, = Z Omb! b with plane-waves bl = \/—N Z P a;» , (3.110)
m=0,+1 J
and energies
Om =Y 2Re(Je D) =N "2|]| cos((® — 27m) /3) . (3.111)

The quantum number m can be interpreted as units of quasi-momentum of the plane-waves, see Ref. [14]. The energy
spectrum in Fig. 10 (a) tells us a lot about the gauge-invariant phase ®: If the system is in the reciprocal setting,
two eigenstates become degenerate, i.e. for ® = 0 we observe w_; = w; = —1J. The remaining eigenstate has a
bigger distance from 0 with wy = 2.J. Eigenvalues are not equidistant from 0, and non-symmetrically distributed over
the energy scale for reciprocal limits. Moving away from this limit into the regions of nonreciprocity opens up the
degeneracy. The distance becomes maximal for unidirectional limits, where one eigenstate always has zero energy,
and the remaining become equidistant from 0 with a value of £4/2|J|. Also, after the phase completes one cycle of
27, each eigenvalue m loses one unit of angular quasi-momentum m — m — 1, implying that the states are remapped
b — by = bpy—1, where the state with the lowest angular momentum gets mapped to the state with the highest
value of m. Therefore, after 3 cycles, namely & = 67, the states are mapped to their original value of m.

In the matrix notation, we introduce the vector b = (b_1, bg, b1, bil, bg, bJ{)T and write
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Hy = ZbL(Hk)nmbmv (3112)

n,m

with Hy = diag(w_1,wq, w1,w_1,%0,w1), and @,, € R. Energies come in pairs, but due to the hermeticity of Hy, have
the same value. This changes for the (isolated) dynamical matrix

A, =—iAH, = —1 diag(c&_}_l,@o,@l, —Ww_1, —Wp, 7@1), with @, € R7 (3113)

see Fig. 10 (b). The imaginary part of the eigenvalues adheres to the same behaviour with respect to m, but
eigenvalues are now fully imaginary with opposite signs for modes b,, and their adjoints. Therefore, we have two
pairs of degenerate eigenstates for each reciprocal point, where the remaining states remain non-degenerate. Spectra
of modes and adjoints remain decoupled for most values of ®, but overlap for unidirectional values ® = +x/2.
For example, for ® = 7/2 we observe +&y = Fw_1, and @; = —w;. This is different for & = —x/2, where
+Om = FOm41(moas)- Lo find the spectrum of the open dynamical matrix D, we make a small simplification by

Energy spectrum of H Energy spectrum of the (closed) dynamical matrix A
2|J| 2|J|
Jmw_,
—~ _ —Tmw
> = —fimw(l]
o 1 o 1
5 = ——Tmw_;
= =y ——Jmw,
S oYl & o | |—Ime
b= <
:
2w o 2w
O — Wy &}
—_—uw
—2|J| —2|J|
0 Z g Eas 2m 0 z 77 3 2m
2 2 2 2
[ P
(a) (b)

FIG. 10. Energy spectrum of the dissipative ring for a translationally invariant setting J = |J|e'*/% = Jip = J31 = J3. (a)
Spectrum of the Hamiltonian Hy. For reciprocal values, two eigenstates are degenerate with F|J|, and the remaining mode
has magnitude +2|J|. Therefore, energies are non-symmetrically centered around zero, always being 3 units of |J| apart. The
degeneracy is lifted for any other value of ®, and reach maximal distance for the unidirectional limit. In this limit, one eigenstate
has zero-energy, where the others have magnitude +/2|.J|. After one complete cycle of 27, each eigenvalue loses one unit of
angular quasi-momentum. After three cycles, states regain their initial values of m. (b) Spectrum of the dynamical matrix A
of the closed system. Here, eigenvalues become fully imaginary, with opposite signs between modes by, and adjoints b},. Even
though eigenvalues for modes and adjoints are mostly decoupled, modes b,, cross adjoints b, with the same quasi-momentum
at unidirectional limits and become degenerate.

assuming k£ = k; (keeping the translational invariance intact), implying K = s1. In this case, we need to only
diagonalize A, since the damping matrix is proportional to an identity. The damping matrix simply shifts imaginary
eigenvalues on the real axis. The open dynamical matrix in momentum space is then

- 1
D,=A;,—--K= —idiag(n + 4201, Kk + 1200, k + 1201, k — 120_1, kK — 1200, kK — 12007 . (3.114)

N |

This implies, that real parts of the energies encode the dissipation and the imaginary parts encode oscillations. To
see this more clearly, we solve the EOM via

(a(t)) = & (a(0)) = (b(1)) = P+ (b(0)) , (3.115)
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which implies — as expected — for the first mode

(b_1(t)) = e "/2e= 201t (p_1(0)) . (3.116)

2. Energy spectrum of the optical isolator

The dynamical matrix of the optical isolator can be diagonalized in a straightforward way, and the spectrum of D g [w]
reads

oy = +/€2+F41[w] + Tw] iZ,\/(HZ,MF[;]) (J* +w*r[2“]) (kL +Fi[w] Tl o

For simplicity, we set w = 0, |J;;| =k = Ty =T1 =T, and k¥ = k1/2 = K2/2 = K3/2 (where the latter choice is
not by accident and will become clear in Sec. IV C). This implies that u = —|pu2| = —1. The Markovian (complex)
energy spectrum in units of |.J| is given by

e =—2|J i\/|J|2 (e® —i) (e7™® —i) = [J|(-2F V2icos®), and w34 =w],, (3.118)

where (w3 4 are complex-energies for adjoint modes, see Fig. 11. Different to before, imaginary parts vanish and

Energy spectrum of Jm D Energy spectrum of Re D
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FIG. 11. Energy spectrum of the dynamical matrix Deg of the (Markovian) optical isolator for |J;;| = &, T'o = I'1 = I's,
Kk = k;/2 and Ty = 2k, for 4,5 = 1,2,3. (a) Imaginary part of Deg representing the energies of the Hamiltonian. Energies
vanish and eigenstates become degenerate for the unidirectional limit. In the reciprocal limit, they reach maximal distance
with the same magnitude but opposite signs. (b) Real part of Deg representing dissipation. Dissipation always remains finite,
regardless of ®. However, damping rates become symmetric for unidirectional points with the same magnitude. This changes
for other values of ®, where damping rates get redistributed and reach full asymmetry for reciprocal points.

become degenerate for the unidirectional limit, but never cross. Damping on the other hand (the real part) does not
vanish. This also holds true in the reciprocal limit

D12 = [J|(-2 F V2i), (3.119)

implying that damping always remains for every value of ®. Damping rates meet at the unidirectional limits and have
the same magnitude for both modes. However, the magnitude of damping is redistributed between modes for values
of ® different from unidirectional limits. This distance reaches its maximum at the reciprocal points.
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IV. Scattering Matrix

To understand the transmission/reflection behaviour of the system, we will derive the S-matriz using I/0 theory. An
incident field entering the system will interact and get scattered before leaving the system as an output-field. The
S-matrix exactly encodes how the scattering will occur and what the transmission/reflection probabilities are.

A. Derivation of the S-Matrix using I/O theory

This part of the thesis will be performed in the quadrature representation as the derivations are more illustrative that
way. It should be noted that the derivation could be done from the mode representation directly. However, as we will
demonstrate, we can simply transform the scattering matrix between bases using T.

We start at the Heisenberg-Langevin equation in frequency space and equip it with reservoir fields, which are incident
to the resonators

iwv[w] = Mv[w] — VEKviy[w], (4.1)

and are compactly written in the vector vi,[w]. Here, the dynamical matrix M is not explicitly dependent on w, but
remember that this is not the case for the effective model. We also introduced the square root of the dissipation
matrix K as

VK = diag(y/r1, k2, \/F3) @ 1y . (4.2)

Combined with input-fields, the expression v Kv;,[w] can be interpreted as our operator-valued Langevin force. Since
I/0 theory holds at the level of operators, we do not need to take the expectation value for this derivation. By solving
the Heisenberg equation in terms of input-fields, we find

v[w] = — (iwl — M)_1 \/Kvin[w] = —x[w]\/ﬁvin[w] , (4.3)

where x[w] is the response function of our system and will be denoted as our susceptibility matriz, see Wanjura et al.
[64]. As mentioned earlier, this relates system modes v[w] to input-fields vi,[w]. Output-fields are then related to
input-fields using the I/O relation (see Eq. (2.68)), implying

Vout[w] = vin[w] + VK viw] = |1 — VK x[w]VK| vin[w] = S[w]vin[w] (4.4)

where

S[w] =1 — VK x[w]VK = 1 — VK (iwl — M) " VK, (4.5)

is the S-matrix in the quadrature representation. Note that this expression is unitary for the full three-mode system,
but unitarity can be broken for an effective model. Naturally, the S-matrix in the mode-representation S[w] can be
recovered by applying the transformation matrix

Slw] = TfS[w] T, (4.6)
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where the rigorous proof can be found in Appendix C 1. Since there are notable differences in the S-matrix properties
between the bases, we intend to take a closer look at them.

1. Differences of the S-matrix between the bases

Given that the dynamical matrix in the quadrature representation is real M = M?*, the complex conjugate of the
susceptibility matrix

X' [w] = (—iwl = M)~ = x[-u], (4.7)

only changes the sign of w, which implies for the S-matrix

S*[w] = S[-w] . (4.8)

This relation greatly simplifies many calculations and will become relevant in the analysis of the S-matrix and the noise
later. However, this relationship does not hold in the mode basis, since the dynamical matrix is complex in general
D € Maton(C). But as we learned in Section IIIB 3, the complex conjugate D* can be expressed as D* = A, DA,
simply by permuting blocks. This implies for the susceptibility matrix

X [w] = (—iwl —D*) ™! = (i(~w)1 — A, DA,) ™! = A, X[~w] A, (4.9)

where we used the fact that A, = A1, (B71)* = (B*)~!, and (BCE)~! = E"1C~!B~! for generic matrices B, C, E.
This property also holds for the S-matrix

S*[w] = ALS[—w]A, (4.10)

since the damping matrix remains invariant under an exchange of blocks \/E = Ax\/ﬁ A, in the mode-basis. Thus,
the relations are similar for both bases up to an exchange of blocks. However, this property in the mode basis has
stark consequences, as the S-matrix flips the sign of w for adjoint modes. To see this, consider ayy[w] = S[w]a, [w],
where it follows from a* = A,a and Eq. (4.10)

- T - T . T
alulw] = (@blw)” = (A [Selanle]]) = ([A:SWIAL] (s alw]]) = (S'-wal,w]) (4.11)
Thus, relating adjoint input- to output-fields changes the sign of the frequency inside the S-matrix
abuelw] = S*[—w]al,[w], (4.12a)
al . [w] =al [w] St[-w] (4.12D)
out in . .

SHw] = A S[w]A, = S*[-w]. (4.13)
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At a first glance this is a surprising result, since Eq. (4.12a) can also be understood as the time-reversed process,
where output-fields are incident, get scattered with an opposite w-dependence, and leave the system as input-fields.
Consider a unitary system STS = 1 <= STS* = 1, then Eq. (4.12a) can be formally written as

w] = ST[~w]al ,[w]. (4.14)

The last equation has far-reaching consequences, which will become important shortly.

By rewriting the susceptibility matrix, we see why that sign flip happens for aiin [w]. For this, the dynamical matrix
D = —iA. H — K/2 lets us re-write the susceptibility as

X[] = (iwl — D)~! = (z’(w]l +ALH) 4+ ;K> Tl (z’AZ(wAZ +H) + ;K> o (4.15)

which is then inserted into

atlw] = (Ayx[w]As) VK al [w]. (4.16)

The resulting system fields are then

1n

atlw] = (—mz (—w)A, + H*) + ;K>  VKal W] = x*[-w] al, [w], (4.17)

with A,HA, = H*. Acting with A, on w— dependent matrices thus necessarily leads to a sign-change of w, compare
Eq. (4.13). However, the overall sign of the damping matrix remains untouched, thus it always acts as a dissipation,
where energy always flows out of the system.

Ultimately, the properties of the S-matrix in the quadrature basis are different for the non-Markovian effective model.
Similarly to the three-mode model in the mode basis, the dynamical matrix Meg|w] € Matan (C) lives in the complex
domain. This will lead to an observable effect of the scattering probabilities of the effective model in the quadrature
basis.

B. Properties of the S-matrix and non-unitarity

To fully appreciate how non-unitary S-matrices can occur in effective models (i.e. the optical isolator), we will take
a look at the general properties of the S-matrix. This Section roughly follows Moskalets [65].

As we know, the S-matrix for complete descriptions of a model, is always unitary and fulfills S'S = 1. Thus, we
consider the case where no degrees of freedom are left out for this description. The unitarity is a direct consequence
of micro-reversibility, and the conservation of probability currents, see Chapter 1 of Ref. [65]. For a simple system
with two ports, we get the following S-matrix

S11 Si2
S = 4.18
<S21 S22> ’ (4.18)

with complex transition amplitudes S;; = (S);; € C, for 7,j = 1,2. By convention, we have chosen the left (right)
port to be labeled 1 (2). The modulus squared of transition amplitudes |S;;|?, gives the scattering probability from
port j — i. Diagonal elements Ry; = |S11]? and Ray = |Saa|? are the reflection coefficients. All remaining ones are
the transmission coefficients, with Ty; = |Sq1|? representing the probability of scattering from left to right (1 «+ 2),
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and Tjo = |S12|? for the opposite direction (1 <+ 2). Since probability currents have to be conserved (anything not
reflected has to be transmitted, see Ref. [65]), we get the following properties for this two port system

|Sll‘2+‘821|2:1, |Sgg‘2+|slg|2:1. (419)

The S-matrix used in Eq. (4.18) can be easily extended to systems with N channels. Simply summing up scattering
probabilities for each column generalizes the property above

N
S ISjlP=1, VieN, (4.20)
J

see Ref. [65] for a more in-depth derivation of formula above using current-conservation. However, there is an even
stricter condition for time-reversal symmetric systems (without magnetic fields): If ¢ is a solution to the Schroedinger
equation, there also exists a solution ¥*. As in the Section before, we can relate incoming waves ;, to outgoing
waves Yoyt via the S-matrix

Vout = S Yin - (4.21)

*

However, since the system is time-reversal symmetric, we can get a similar statement for time-reversed fields i, — ¥ ,
and Yous — ¥h,.. After reversal, input-fields are expressed by ¥, and output-fields by v} . As it turns out, the
scattering process for reversed fields still need to be described by the same S-matrix (see Refs. [22, 65]), which implies

Vin = S5y - (4.22)
The first equation can be written as
"/}out =S win <~ ¢§ut =8S" ’ll)i*na (423)
implying for the S-matrix
S'=8" — SS*=1. (4.24)

With the unitarity S™! = ST, we get a very strict condition for the S-matrix of time-reversal symmetric systems

S* =87 «—= 8 =587, (4.25)

Thus, the S-matrix becomes symmetric for a reciprocal system, and has equal reflection |S;;|? = |S;;|* and transmission
ISi;|> = |S;i|* probabilities Vi, ;. This result can be inserted into Eq. (4.14), where a reciprocal system with the

(unitary and symmetric) S-matrix S7[w] = S[w] implies

al [w] = S[-w]al, [w]. (4.26)

in out
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By comparing this to the original expression a,u|w] = S|w] ai[w], it becomes clear that adjoint modes (analogous to
time-reversed modes) are scattered by the same S-matrix, but have a flipped sign of w.

Nevertheless, this is different for a nonreciprocal system: The S-matrix for an idealized optical isolator (i.e. only
allowing transport from 1 — 2) has only one non-zero element, e.g., |S21|?> = 1. Consequently, the S-matrix is not
symmetric, nor even unitary. The only way to achieve such a behaviour is to construct a reduced model, where
missing elements of the full description protect the unitarity of the S-matrix. The non-unitary S-matrix is therefore a
consequence of an effective description. However, this also implies, that such a S-matrix can be constructed in general.

C. Scattering behaviour of the optical isolator and maximizing power transfer

In this Section, we examine the scattering behaviour of the optical isolator and find a condition for maximizing
power-transfer of the optical isolator and the dissipative ring. As discussed in Section IIIF 1, even in the extreme
unidirectional limit, excitations do not necessarily traverse the system with maximized transmittance. Thus, reflection
coefficients need to be minimized. If these vanish, the S-matrix in the unidirectional limit will resemble an idealized
isolator. This is called impedance-matching and ensures maximum power-transfer and minimal reflections. To un-
derstand impedance-matching, we make an analogy with electrical impedance. For an electronic device (load) with
an incident electromagnetic signal (source), the impedance Z = R 4 iX represents the loads opposition to energy
flow of (AC) signals, where R is the resistance and X the reactance. In DC currents, reactance vanishes, making
impedance purely resistive. Power-loss occurs when the impedance of a load mismatches the phase of the source,
causing reflections. Consequently, signals cannot properly enter the load. According to the mazimum power transfer
theorem [66], maximum power transfer occurs when the load impedance equals the conjugate of the source impedance,

Zload = Zgource- Lhis implies, that resistances must be equal and the phase-difference between reactances must vanish.

After understanding the necessity of impedance-matching for unidirectional transport, we can refocus on the S-matrix.
Although Eq. (4.5) provides an expression for the S-matrix, it does not offer sufficient insights into its underlying
components. Therefore, we aim to derive an analytical expression for the S-matrix of the optical isolator. This will
be beneficial for understanding nonreciprocity and determining an impedance-matching condition. Note, that the
following derivation is done in the mode-representation.

We start by inserting the equations of motion, see Eq. (3.85), into the Heisenberg-Langevin equation (4.1). This gives
us the subsequent solutions

(@) = =i |+ i 2] el anlel ~ VRl arinle]) (1.272)
(azlw]) = —i [J* vir T | Syl el) - VR Tale] (asled) (4.27b)
with p = —usu}, and where we introduced the effective susceptibility

20+ R + D] A 1 (ks + D)) 40?1 (ki + Da[w])2

encoding the response of a mode (a;) to any incoming excitation - either due to an input-field, or another mode (a;).
Note, that we additionally introduce a combined susceptibility for conciseness

xXlwl =X [wlxa[w] - (4.29)

However, since the aim is to find a useful expression of the S-matrix, additional abbreviations for (coherent and
dissipative) couplings are introduced
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r T
liw] = (J + z,u[;]) , lhw] = <J* + W*[QW]> ) (4.30)
which can be reformulated as
: . Tw
I ofw] = <|J|eﬂ‘1> +z|u2|[2]> . (4.31)

Conclusively, the I/O relation from Eq. (4.4) and Eq. (4.27) written in terms of input-fields

1 _ . —
(@l = e VR Tl iV T bl (am) (4.322)
(aafes]) o (VR ] {aainlu) + i/ el o] (anle) (4.320)

T 14 xfw] h[w] W]

give us the desired analytical expression of the S-matrix

o X 14 X[w] 1 [w] la|w] — k17X [w] WriR2 X[w] lhfw] (4.33)
e T Rl W] fa ] in/R1Rz X[w] l2[w] L+ X[w] b [w]la[w] = R2Xo[w] |

If the system is in the unidirectional regime, at least one of the [;—terms must vanish at resonance. For convenience,
the modulus (with |us| = |J32J31]/|J|?, and Ty = 4|J|?/k3) is set to

T
optical isolator: | = |u2|70 ) (4.34a)
e ! 4
dissipative ring: |J12] = |J51 52| — (4.34b)
K3

(where the result for the dissipative ring is analogously derived), which implies for the coupling

I 2w] = @ (e¥"*Ty —il'[w]) . (4.35)

By choosing an unidirectional limit of the phase, e.g. ® = ¢r (1 — 2), the term [1][0] = 0 becomes zero, implying
that the transmission coefficient |(Seg)12])®> = 0, vanishes as well. This clearly resembles the behavior of Eq. (4.32a),

where the second mode cannot drive the first mode. However, reflections inside the S-matrix also change (Seg|w]):i =
1 — ki X;|w]. And since these coefficients should vanish, impedance-matching can be formulated as follows:

kivil0] = 1 = rk; = T4[0], (4.36)

for our choice of |J| from Eq. (4.34b). Deviating from this condition will result in power-loss, so we call
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the cooperativity of the damping parameters, which is maximized for the impedance-matching condition k; = I'; <=
C = 1. The impedance-matching condition for the three-mode dissipative ring can be easily derived by inserting the
explicit definition of I'

I'i=kr;, = 4|J3i|2 = R;K3, (438)

where the same condition can also be found by setting reflection coefficients of the dissipative ring to zero. Naturally,
since both reflection coefficients of the optical isolator have to vanish, both cooperativities have to be maximized
C =(C; = Cy = 1. Rearranging Eq. (4.38)

|| = YA (4.39)

2 )

gives us for the impedance-matching condition of the optical isolator

1] = Y ”21”2 . (4.40)

In the subsequent, system-parameters are expressed as unit-less quantities. Of course, this choice is not unique.
However, we focus on two impedance-matched regimes: 1. Symmetrically damped (or circulator) setting, with x =
K1/2 = K2/2 = k3/2 (for the optical isolator Kk = k1/2 = ko/2 = 2|J|*/T), and 1. Asymmetrically damped (or
ring) setting, with k = k1 = Ky = r3/4 (for the optical isolator k = k1 = ky = |J|?/Ty). Thus, every other
parameter in both models will be expressed in units of k, e.g. for C = 1, a valid choice becomes |J|/k = 1 and
|J5i]/k = 1. Recall, that impedance-matching is met for any parameter-choice respective to conditions mentioned
earlier. And even though all reflection coefficients vanish in both settings, transmission will change depending on
our specific choice of damping rates. Why is that? Consider the symmetric setting x = k;/2. Here, the auxiliary
behaves noticeably different between the Markovian and the non-Markovian regime, as k3 is not much bigger than
other system-parameters. However, the auxiliary is damped much stronger k3 > k12 in the asymmetric setting, which
implies that the non-Markovian correction closer resembles the Markovian regime, as shown in Fig. 8.

To see how impedance-matching effects the S-matrix, we assume the unidirectional limit ® = ¢r = 7/2, set |J| =
|2|To/2, and choose symmetric damping rates k12/2 = k. Without impedance-matching I'g # 2k, the Markovian
S-matrix (for w = 0) reduces to

F0/27N 0
Saoj= | (4.41)
eff = . .
4HFO/2 F(]/Q*I{
(To/24+kK)* To/24k

By impedance matching, the reflections vanish |(Sef)is|?> = 0, and the only remaining transmission is |(Sef)21]? = 1
(1 — 2), which perfectly resembles the S-matrix of an idealized isolator, compare Section IITF 1. For ® = ¢, the only
remaining element is the other transmission coefficient |(Sef)12|? = 1.

Figure 12 compares frequency dependent scattering probabilities |Saiaj |2 = |(§eg)ij |2 of the optical isolator for varying
transport limits, where solid (dashed) lines represent a Markovian (non-Markovian) effective reservoir. We assume a
maximized coorperativity C = 1 and |J|/k = 1 , where the first two pictures in each row show the symmetric x; = 2k
and the last picture in each the asymmetric regime 12 = k3/4 = k. The first Fig. 12 (a) shows nonreciprocal

2 = ( vanish, and transmission from

transport for ® = ¢r and symmetric damping rates, where all reflections |Saiai
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a1 — ap becomes unidirectional on resonance with [Sg,q,|> = 1 and [S,,4,/2 = 0. For a non-Markovian reservoir,
clear dips/peaks around |w|k = V2 are visible due to the additional oscillations of the auxiliary. Far off-resonance,
reflections are maximized and transmission from 1 — 2 also vanishes. The second Fig. 12 (b) shows the same as
before, only with ® = ¢, leading to |Sa,a,|* = 1, [Saya,|?> = 0 and no reflections [S,,q,|> = 0 for w = 0. The
third Figure 12 (c) in the first row shows (b) for asymmetric damping rates K = k1,2 = k3/4. We see, how the non-
Markovian curve converges to the Markovian limit, since the auxiliary is damped stronger. The dips/peaks compared
to (b) are significantly weaker, and the frequency dependency of the non-Markovian auxiliary on the dynamics are
barely noticeable. Figure 12 (d) shows the first reciprocal case with ® = 0 in the symmetric regime. Here, reflections
and transmissions are the same for both modes. We see a symmetric line-shape for non-Markovian curves, which are
not centered at w = 0. The oscillations of the auxiliary have a more noticeable effect on the probabilities, especially
for negative w as the difference between the Markovian and non-Markovian case is the strongest here. Thus, there
is a clear sign dependence, since the non-Markovian case only slightly deviates from the Markovian limit for positive
frequencies. The next Fig. 12 (e) for ® = 7 shows the same behaviour, only flipped around the y-axis. However, the
difference between (d) and this case vanishes at resonance. Thus, any asymmetry in scattering probabilities is only
relevant for finite w. Section VI A, attempts to further illuminate this behaviour. Note, that this result was already
observed for similar systems, see Chen et al. [63]. The last Fig. 12 (f) shows ® = 0 in the asymmetrically damped
setting, where the non-Markovian case again converges to the Markovian limit. The quadrature case can be found in
Appendix C5, see Fig. 30.
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FIG. 12. Markovian (solid) and non-Markovian (dashed) scattering probabilities of the optical isolator, plotted against frequency
for different limits of ®. We assume the parameters C = 1 and |J|/k = 1. The first two pictures in each row show symmetric
damping rates K = k,/2, and the last picture asymmetric rates k1,2 = k3/4 = k. (a) Nonreciprocal case for ® = ¢r in the
symmetric regime. On resonance, reflections [S,,q,;|?> = 0 vanish, and transmissions become [Saya; |> = 1, [Sayas|? = 0. Clear
dips/peaks around w/x = ++/2 are visible due the frequency dependence of the auxiliary, and correspond to the eigenvalues,
see Sec. TIIG. (b) Nonreciprocal case with opposite phase ® = ¢r,, leading to [Sayas]|®> = 1, and [Sapa,|> = 0. (c) The
same as (a) with ® = ¢r but in the asymmetric regime. The non-Markovian case converges to the Markovian limit since the
auxiliary is damped stronger. The dips/peaks are significantly weaker, and the effect of the auxiliary on the dynamics is barely
noticeable. (d) Reciprocal case for ® = 0 in the symmetric regime. Reflections and transmissions are the same for both modes.
Non-Markovian curves are symmetric, yet not centered at w = 0. The auxiliary has a noticeable effect on probabilities. The
Markovian and non-Markovian curves differ considerably for negative frequencies. (e) Reciprocal case for ® = 7, with the same
behaviour as (d) only flipped around the y-axis. On resonance, the difference between (d) and this case vanishes. Thus, the
behaviour of asymmetrically tilted curves is only relevant for finite w. (f) Reciprocal case for ® = 0 for asymmetric damping
rates. Again, the non-Markovian curve converges to the Markovian limit.
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V. Noise and diffusion
A. Derivation of the output-noise

Up to know, we were only concerned with limiting cases and transport properties within the system. However, we
still lack an understanding of how inputs are modified by traversing the system. Thus, the goal of this Section is to
find an expression for the output-noise. This opens up a deeper analysis into the modulating effect of the system to
incoming reservoir modes beyond the signal itself, i.e. by also including thermal fluctuations/noise into the picture.
Here, we are only concerned with the noise at output-ports. Our system affects incident noise in two ways: 1. The
system acts as a filter, modulating and filtering the frequencies of incident noise (see Sec. VB), and 2. Noise entering
a given port will be redistributed over (possibly multiple) output-ports of the system. Where the S-matrix only tells
us how resonantly the system responds to certain frequencies of incoming modes, frequency does mean something
different for the output-noise spectrum: Incoming modes are scattered by the system (however the system may
respond) and leave the system again as transformed modes, where some frequencies are cut-off and others modulated.
So, frequency for the output-noise refers to frequencies of (in- or outgoing) waves themselves. Before jumping right
into the derivation, we first explain our approach: The output-noise spectrum can be found by calculating the the
covariances of output-modes, using their second statistical moments. Since quadrature operators are hermitian, they
closely resemble classical (yet non-commuting) random variables, which can be used to simplify the derivation of the
covariance matrix. Naturally, this is not the case for non-Hermitian operators like the standard mode operators,
where one has to be more careful. Thus, we will first focus on an expression in the quadrature representation before
moving on to the mode basis.

1. Output-noise in the quadrature basis
The (non-symmetrized) covariance matriz is given by subtracting the expectation values of quadratures (v) (v1) from

their second moments (vv') (see Jacobs [67]):

Cronsym = (v = (vwT) — (v)(vT). (5.1)

Thus, the covariance matrix is a measure of how correlated quadratures are - the first term simply vanishes for
uncorrelated quadratures. However, stochastic operators can be decomposed as

v={(v)+ &, (5.2)

where &, is the operator-valued noise vector with zero-mean (£&,) = 0. This way, thermal noise acts as the devi-
ation from the expected value, analogous to (classical) force fluctuations in Brownian motion [33, 34]. Using this
decomposition, it follows for the second moments

(o102 ) = (((v1) + &01) ((V2) + &v,)) — (V1) (v2) = (€010z) + (V1) (v2) = (V1) {V2) = (E01&0s) s (5-3)

implying that the covariance between quadratures vy, vo actually gives us the covariance of their fluctuations (regard-
less of (v;)). Since we deal with non-commuting operators, we can symmetrize the former expression

1 1

Covm = 5 (Coonsym & Clineym) = 5 (LT )+ (™)) = 5 (") + ()T = 0T, (5.4)

which is now independent on the order of operators, see Ref. [67]. This symmetrization procedure can be further
extended if v explicitly depends on additional arguments. For example, if quadratures in frequency space v]w| depend
on a dynamical parameter w, the fully symmetrized covariance matrix can be written as
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Clw,w'] =

Therefore, we recover an expression for Clw,w’] which is symmetric in w and w’. Naturally, the w — dependency
is exactly the reason why non-Hermitian operators need a more careful treatment. Since our aim is to find the
output-noise, we can analogously write the covariance matrix for output-fields

(4 Vour VAL D) + { VouelVEa[w1) T + § Vour [ IWEL ] ) + ( Vouelw WE ) T) , (5.6)

R

Cout [w, Wl] =
and by using the S-matrix from Eq. (4.4)

Vout[w] = S[w]vin[w], (5.7)

we find that output-field correlators can be expressed in terms of input-field correlators

(Vour[wlvou W] ) = Slw] { Vinlw]viz[w]) ST[w]. (5-8)

This implies for Coyt[w, w’]

Coulwor] =7 (8] [(VinlwlVE 1) + (vinlw/ I ] )] 71/

(5.9)
+8[] [§ vinlw IV W] ) + § vinlwlvi 1) ] ST]) -

To progress further, we need to identify the input-correlators. Using the commutation relations of input-fields (see
Ref. [34]), it follows

1
(aimwlal ,[wW]) = 6i; (A +1)6(w + '), (@i nw]zjin[w] ) = 0 (”j + 2) §(w+w'), (5.10a)

_ _ 1
(adulelassnle]) = b () (s +) (ianlelpsalif ) =85 (s 5 ) +), (5.100)

i

(@l wlwlal W] = (asmlwlagme]) =0, (@iim[wlpjimle]) = diy50(w + ), (5.10c)
where 7; = ni" = np(T}) are temperature dependent Bose-Einstein occupations of incident modes with index j =
1,...,N. As mentioned in Section I E 1, since this expression is a constant over the whole frequency-bandwidth of

the reservoir, it describes white noise. Note, this is just an assumption we make and one could perfectly assume a
different distribution for the input-noise. Recall, that reservoir modes for different frequencies are different modes
altogether. Thus, we assume that each incoming mode looks exactly the same from the point of view of the system.
Additionally, as the avid reader might see, modes i, j are assumed to be uncorrelated. Quadrature correlators result
in the following non-symmetrized input covariance
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i of) = (W) = 30 +) 57 = 0+ ) D[ (1) 12 Lo
= (5.11)

1 1
=§(w+w) <1N ® {(n] + 2) 1y — 2ay] ) :
j
gnon-sym

Here, S, is the frequency-independent input-noise spectral density. For an explicit form of the input correlation
matrix, consider Appendix D 5. Inserting the non-symmetrized input covariance matrix into Eq. (5.9), leads to

1 non-sym non-sym T non-sym non-sym T
Cout|w, w'] = §(w + ') 3 (S[w] [S““ +2(S‘“ ) ] ST[w'] + S[w'] |fslﬂ +2(Sm ) 1 ST[w]> . (5.12)

This can be further simplified by introducing a vector of thermal occupations ng, = (i1, 71, . .., ix)T, and calculating
the symmetrized input-noise

S}qon—sym + Spon—sym T 1 B 1 1 B 1
Sin(ngn) = = 2( = L _ Iv®sg [2 (”j + 2) 12— 5(oy ‘*“75)] =lyve K”a + 2) 12} S (613)
J J

where

Cin [w, w’] = (S(OJ + OJI) Sin (nth) s (514)

is the symmetrized input-covariance. Here, we used the fact that the transpose of a Kronecker product distributes

(A@B)" = AT @ BT, and 0] = 0} = —0, for the third equality in Eq. (5.13). The resulting expression

Sin(nn) =1y ® Kﬁ] + ;) 12} , (5.15)

J

is the fully symmetrized, frequency-independent and diagonal input-noise spectral density. For completeness, it is also
useful to note that the input-noise is trivially symmetric S, = S Finally, by inserting Eq. (5.15) into Eq. (5.12),
we obtain the output covariance matrix (for w’ = —w)

S[w]SinST[~w] + S[~w]SinST[w]

Cout[w, w'] = §(w + ') 5 ,

(5.16)

where

S[w]SinST[~w] + S[-w]SinST W]

Sout [LO] = 9 5

(5.17)

is the spectral matriz of the output-noise operators and describes the spectrum of output-currents. The output-noise
spectral density then relates symmetrized correlations of the noise sources to their spectra (compare Eq. (5.14))
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Cout|w,w'] = §(w + w')Sout[w] - (5.18)

Since the S-matrix in the quadrature basis fulfills S[—w] = S*[w], the expression for the noise spectral density from
Eq. (5.17) reduces to

Sl — S[w]SinST[w] + ;s[w}sinsf[w])* _ e (Sw}SuSTw]) - (5.19)

This ensures that all elements of the output-noise spectrum are always real in the quadrature representation. Next,
we find an expression of the output noise in the mode representation and highlight differences between both repre-
sentations in the subsequent.

2. QOutput-noise in the mode basis

Before, the unitary T from Eq. (3.69) was used to transform between bases. However, as it is not clear at this point if
T gives us the correct expression for the covariance in the mode basis, we need to approach this differently: Assume
an operator-order and frequency-symmetrized expression for the output-covariance in the mode representation, which
will be introduced here but justified later, expressed by the output-correlators

Gl = 5 (5 ({oonil aluo}) + 5 ({aamiolalulol})) (5.20

Here, {/L B} = AB + BA is the anti-commutator for some generic operators A, B, which implies using Eq. (3.42)
that {a,a’} = aa’ 4 (ata”)T. This expression is reminiscent of the expression given by Eq. (54) in Ref. [40]. Since
(time-dependent) I/O operators have units of 1/4/s, the expression ( ajyin(t) a;in(t))) can be viewed as the noise of

the input particle flur. As an illustrative example, we take the expectation value of the commutator for input-fields

(Jamllaly (1] ) = (amlel aly 1) — (abwlabl]) = o +)oy(o. @ 1), (5.21)

and get an element of the symplectic group Sp(2N,R), where we used Eq. (5.10) for the last equality. In turn, the
expectation value of the anti-commutator results in a familiar expression

N

<<{ain[w], a;[n[w’]}>> =§(w+w) @ (nj + ;) @1y =§(w+uw) (TTSinT) =0(w+w) Sin, (5.22)

1
2 ,
j=1
which is just the transformed input-covariance matrix

Cin|w,w'] = T Ciy[w, '] T, (5.23)

with

Cip|w,w'] = % <<{ain[w}7afn[w’]}>> , (5.24)
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and the input-noise
- N 1
in = n; + — 15. 2
S J@(nﬁ%) @ 1y (5.25)

To answer the question posed at the beginning of this derivation: Indeed, one can transform expression (5.20) back
to the quadrature representation using T. However, we need to understand how to adequately transform between the
bases. We restate the transformation formula from Eq. (3.69)

ajw] = TTv[w], (5.26)

and multiply both sides by A,. This gives us A, alw] = a*[w] for the LHS, and by using

T = T*A,, (5.27)
we get
ai[w] = AwTTv[oJ} = (T*Az)Tv[w] = TTv[w]. (5.28)
Thus, v]w] can also be expressed as
v[w] = T*at[w], (5.29)
implying
vT[w] = afw] TT. (5.30)

This expression is completely reasonable even from a physical perspective, as quadratures are hermitian and daggered
elements should remain invariant compared to non-daggered ones with v'[w] = vT[w]. With all these rather technical
considerations, we are equipped to tackle the problem of transforming the covariance matrix between the bases.
Naturally, we can perform the transformation starting from either basis, however, for didactic reasons we transform
from the quadrature to the mode basis. As before, we start at Eq. (5.6), insert Eq. (5.7), arrive at Eq. (5.8)
and then transform TTC,y[w,w’] T. Due to brevity, we do that term-wise. By using Eq. (5.26), Eq. (4.12b), and
S[w] = S*[—w] we get

Tf { vout|w] vl

out

) <<TTSM violu] Vi ] ST[w’lT>> ) <<‘<Tfsm T) ] o) w>> — (aomlial ) . 3D

St[—w’] S[w] St[—w’]

w])T

Transposed terms are a bit more tricky to transform, so we need to make a few remarks: First, we notice that complex
conjugating the basis transform of the S-matrix results in
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(T'S[-w]T)" = §*[~w] = TT §*[~w] T* = §*[~u]. (5.32)
S{w]

Next, Eq. (3.41) implies, that we can write afA, = (A,a")T = aT. With Eq. (5.27), transposed terms can be
calculated as

T (Vour[w] vau [w])" T

<<TTS[w] Vin|w] VL [w'] ST[w'] T*>> = <<TTS[w] I a [w]a] '] \T’L ST[—w'] T*>>
T A, A,TT

St[—w’]
T
- <<TTS[w] T° Ay ailw] af ] T7ST[—w/] T*>> = (8wl el [ ablWIST) = (abulolala 1)
S*[—w] al [w] ST[w’]

(5.33)

where remaining terms transform the same way for flipped w,w’. Indeed, the form of Eq. (5.20) for the output-
covariance is justified, and we can change representations by simply applying the transformation

Cout|w,w'] = TTCoui|w,w']T. (5.34)

The output-covariance from Eq. (5.20) can also be expressed in terms of input-covariances (which is derived in
Appendix D 2) as

(5.36)

Recall, that S[—w] # S*[w], which implies that the last expression cannot be reduced any further. Thus, the output-
noise is not protected to be real for all cases. However, since diagonal elements of the output-noise encode the noise
of the output-particle flur, they are always positive real numbers with the same magnitude in both bases. This is a
consequence of the vanishing commutator for off-diagonal elements

([i.0ut[w], Pjoutlw']] ) = idi;0(w + ') , (5.37)

which implies that diagonal correlators

<< i out [w] azout [w/] >> _ << Li,out [W] Tj,out [w/] >> —2|_ << Piout [W] Pi,out [W/] >> ) (538)
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indeed have the same magnitude in both bases. Since it will become handy shortly, we can correspond each element of

the noise-matrix by their respective operators with the notation S, i = (Sout)ij for the mode basis. In the quadrature
i

basis, we introduce Sy, w,, = (Sout)ij, wWith indices (¢',5") = ([i/2],[7/2]), and v,w € {z,p}, where [-] is the ceiling

function. Note, that v = = (w = z), if the index ¢ (j) is odd, and v = p (w = p), for an even index i (j), i.e.

(Sout)36 - Szgpg-

B. Analytical properties of the output-noise spectrum

In this Section, we stay in the quadrature picture. The output-noise spectrum can be intuitively understood by the
concept of a filter, see Ref. [67]. A filter is an object, which takes the noise spectrum of an input Sj,[w], and gives
us the output-noise spectrum S,uiw]. Thus, the output-noise is just the input-noise modified by some frequency-
dependent function. Naturally, the filter is our system - where the latter is called the transfer function. In our case,
this can be written in a more formal way

Sout [w] = G[w]Sin , (5.39)

where Glw] is the transfer function defined by the action (compare with Eq. (5.17))

Glw] Sin = S[]SinS" [~w] ;— S[-w|SinS" [w] . (5.40)

Since this transfer is just composed of the S-matrix, we can look at the individual constituents of the noise spectral
density to better understand its behaviour and get a correspondence between the noise spectrum and the S-matrix.
For zero-temperature, only vacua are entering and the occupation-vector vanishes ng, = 0. Thus, the input-noise of
Eq. (5.13) becomes

Sn(0) =P (0 + ;) Iy = %ngN, (5.41)

=1

where the vacuum-input is denoted as Sy = Sin(0). This input leads to a frequency-independent, and diagonal
output-noise matrix:

1
Svac =35 me(]l2N S[W]ST[W]) = SO ) (542)
2 Nt il
Ton

which we will call the vacuum-output Syac. Thus, for a passive device without parametric interactions (which could
squeeze the vacuum), the system does not filter incident modes and becomes unresponsive, where output-noise is
equal to input-noise for all frequencies. However, this situation changes for some finite temperature of the reservoir,
where small thermal fluctuations are entering (at least) one of the three ports. Since Sj, is diagonal, it follows

(Sin)kk = ({n[k/ﬂ + ﬂ llzzv)kk , (5.43)

where [-] is the ceiling function - ensuring we end up with correct indices for thermal occupations. By using Eq.
(5.19), the output-noise (in terms of its entries 1 < 4,7, k,I < 2N) simply becomes
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2N
(Souleel)iy = D Fe (S (Sl (S ) = > (mm + ;) (Lo Fe { (Sl (ST]), - (549)

k=1 k

This gives us a full analytical expression for the output-noise

2N

(Sl = 2 (mpnzar + 5 ) R { 8L (8T, } - (5.45)

k

This expression shows how the output-noise is nothing more than the frequency-response of the system, which is
scaled by the input-contribution entering the ports. Thus, the system redistributes and modulates input-noise via
scattering probabilities, thus, the frequency bandwidth for the output-noise is directly dependent on how responsive
the system acts to frequencies of inputs. Note, that Eq. (5.45) in the mode basis becomes

Sy =5 3 (Memoay + 5 ) (81 (810D, + (Bl-a]) 1 BT-1),) (5.46)

For convenience, we can decompose Eq. (5.45) into two parts

Sout [UJ] = Svac + Sth [w] 5 (547)
where
1
(SvaC)ij = 5 5ij ) (5.48)

is only the contribution of vacua - acting as a noise floor, and

2N
(SnlwDyy = D gy Re { (Sl ('), } (5.49)
k

is the contribution of thermal noise. Since the S-matrix is unitary for the full model and thus preserves probability
currents, see Eq. (4.20), the trace of the noise-input

Te{Sin} =21+ ---+2n)+ N, (5.50)

has to be equal to the trace of the output-noise. Thus, Eq. (5.45) implies

2N 2N 1 2N 1 2N
Tr{Sout} = D _(Sout)is = Y (”Wﬂ + 2) Sinl* = (”Uc/ﬂ + 2) Skrl* + > 1Skl* | = Tr{Sin}.  (5.51)
i ik k £k

=(llon)rk, see Eq. (4.20)
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Naturally, this is not true for the effective model, since the S-matrix does not conserve probability currents.

Similarly to Eq. (5.42), if all reservoir-temperatures are the same, i.e. 7; = n, where 7 > 0 for all j. Then, the
thermal contribution of the noise, and incidentally also the output-noise itself becomes frequency-independent and
proportional to Sy

Sin = nRe(loy S[w] STw]) =208y = Sour = (27 +1) S . (5.52)
1
2N

Thus, the system also becomes passive and unresponsive, where fluctuations entering is equal to fluctuations at
the output. The state of the system is now independent of the fluctuations at I/O ports and no modulation or
redistribution will occur. Thus, the system is highly dependent on the temperature bias of surrounding reservoirs.

Now, we are equipped to make the comparison between elements of the output-noise and scattering probabilities.
Similar to previous Sections, the optical isolator will serve as a toy model, where we analyze its behaviour to incident
noise. However, the effective model inherits artifacts from the elimination procedure, which will become apparent in
the output-noise spectrum.

C. Noise spectral density of the optical isolator in the mode basis

As before, we assume \;; =0 = v = 0,1 = —|us|. By eliminating the auxiliary mode, we made an additional
implicit assumption: Not only did we eliminate the auxiliary from the set of differential equations, we also assumed that
any fluctuations of the third mode in the Langevin equation vanish, with as,jw] =0 = (asn [w]ag mlw ) =0. A
full treatment, which ensures that the reduced model properly sees the fluctuations of the third mode, is only achieved
when considering the three-mode dissipative ring, see Section VI A. Thus, we need to keep in mind that contributions
of the noise from the auxiliary will be missing.

Consider Fig. 13 (a), showing the Markovian (solid) and non-Markovian (dashed) output-noise elements for & = ¢y
(® = ¢p,) in the symmetric regime k = x;/2. We assume thermal excitations entering only at port 1 (from the left
side) with n; = 10. First, we focus on the Markovian limit for the unidirectional phase ® = ¢r. As clearly visible by
scattering coefficients, see Fig. 12 (a), only the transmission [Sg,q,[0]|> = 1 does not vanish at resonance. This should
be resembled in the output-noise: We observe, that all thermal fluctuations end up at output 2 with Sa;az [0] =10.5

(green line), and no fluctuations are seen at output 1 (no reflections) with Saial [0] = 0 (red). So, the system indeed

shows maximized transmittance for the unidirectional limit, where not even vacuum fluctuations can be found at port
1. Whenever this happens, we can say that the noise is fully transferred to a different port. The only reason SaTal [0]
1

ends up below the noise floor (grey dashed line) with Syac = 0.5, is because the disregard of az i, = 0. For the full
model, this element is exactly Sa{al [0] = Syac. The output-noise for the non-Markovian (dashed) regime is similar,

yet has a narrower frequency-bandwidth, implying that fluctuations are filtered more strongly. Additionally, there
is a build-up of anti-correlations Re S, fag = Re S, fay < 0 (purple) for finite w/k. These anti-correlations become

maximal at exactly the point where curves of the dlagonal elements S, fa and S, ta meet, at w/k = 4+/2 for the

non-Markovian regime, corresponding to eigenvalues, compare Sec. IIIG ThlS was verlﬁed numerically. After this
inflection point, anti-correlations start to disappear and fluctuations of different modes become uncorrelated again.
The accumulation of (anti-) correlations might be attributed to the growing superposition of states at both outputs
for finite frequencies, making it unclear at which output the information is to be expected. Anti-correlations are thus
interpreted as a lack of knowledge. The magnitude of these correlations is exactly the difference of the input, minus
the outputs we see at each port

S, S 1

a1a2| azai |

= 71 +1/2 = (Sy10, + Sata)| - (5.53)

asaz

The imaginary part of anti-correlations will be discussed for the three-mode model in Sec. VI A 3, but is shown for
the optical isolator in Fig. 31 (b) inside App. D4. In comparison, this situation significantly changes for ® = ¢r,:
Since we still consider the same input, we would expect no information leaving the second port. If we focus on port
1, the noise reaches its minimum at zero-frequency and coincides with the noise-floor. This happens, since output 1
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FIG. 13. Markovian (solid) and non-Markovian (dashed) elements of the output-noise matrix for the optical isolator with
varying values of ® and thermal-inputs, plotted against w/x. Parameters are C = 1 with k = k;/2, and |J| = |pu2|T0/2. (a)
Comparison between ¢r (Left) and ¢r, (Right) for the input-occupations 1 = 10,72 = 0. (Left) Here, fluctuations entering
port 1 are fully transferred to output 2 with Sagaz [0] = 10.5, and Salal[O] = 0. Output 1 drops below the noise floor (grey
dashed line), since inputs of the auxiliary mode are missing for the effective model. Anti-correlations (purple) build up and are
maximal, where fluctuations of outputs 1 and 2 reach the same value. Non-Markovianity narrows the bandwidth of thermal-
fluctuations. (Right) Here, Sa{al[O] = 0.5, and Sa;@ [0] = 0, since output 1 sees vacuum from port 2, but output 2 gets no
input from the auxiliary. Fluctuations entering port 1 just disappear, as the phase is unidirectional in the opposite direction.
Positive correlations appear where some fluctuations reach output 2 for finite frequencies. (b) Reciprocal case for ® = 0 and
n1 = 10,712 = 0. Here, since there is only input at port 1, the outputs 1 and 2 do not have the exact same value, but balance
out for low frequencies. However, more noise is found at output 2 for w = 0. Both outputs are always above the noise floor.
Real parts of anti-correlations (purple) become maximal for w = 0. (c) Similar to (a, Left), but with inputs at both ports
n1 = ng2 = 10. The only difference is, that noise at output 2 does not vanish for finite frequencies, as there always is input at
port 2 present. Imaginary parts of anti-correlations can be found in App. D 4.

sees the vacuum entering port 2. However, port 2 coincides with the noise-floor for finite frequencies, yet vanishes
for w = 0, indicating that the reasoning above is sound: There is no (vacuum) contribution from the third mode
which could end up in output 2. Cross-correlations only show a small peak for zero frequency for the Markovian
limit. Non-Markovianity narrows the bandwidth for output 1, but also introduces correlations between output mode
1 and 2. This introduces two symmetric peaks for the output port 2 for finite frequencies, where the output at 2 and
the correlations again vanish for zero frequency. However, these correlations are positive this time, also indicating
a superposition, but not of the type its either at port 1, or port 2 (as for ¢r), but of the type its either at port 1
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and 2, or neither. This makes sense, since for finite frequencies, some fluctuations will reach output 2, while most
fluctuations are still at output 1.

For the reciprocal case, see Fig. 13 (b), as expected from the S-matrix, the system equally responds to both directions
of transport. Nevertheless, the noise output is not equal, since we do not have equal input. To understand this, we
start at finite frequencies and work our way to zero-frequency: From the left, fluctuations from port 1 (red line) enter
the system. As the noise at output 1 decreases, output 2 has increasing thermal fluctuations. However, closer to
w = 0, fluctuations still want to enter the system but start to saturate at some point. Here, output 1 starts to reach
a stable value, which no longer changes much. This is similar for output 2, as some fluctuations reach the output,
but at some point the number of fluctuations does not increase anymore. This can be understood as some kind of
“filling” effect: Since the system is in the reciprocal limit, both directions of transport have the same hierarchy and
neither is specially protected. Thus, fluctuations at output 2 can not grow indefinitely, as they can enter the system
again and just leave via output 1. So in a way, the system reaches something similar to a detailed balance of noise for
w = 0. This also makes sense when looking at both peaks of the output-currents centered around w = 0: The system
responds a little bit to the change in frequency, but is still stabilized. Only a big change in frequency can change
the response again. At exactly w = 0, anti-correlations become maximal and are shared between both ports, where
output 2 also shows vacuum contributions. Anti-correlations thus have magnitude

—

1S tas| = Sata | = 5 |1 +1=(S,1,, +Suta)| - (5.54)

a;az aya1 2 a;ay a50a2

In the last panel, see Fig. 13 (c), shows unidirectional transport for ® = ¢r, where both ports have inputs with
1 = e = 10. Surprisingly, the curve for output 2 has exactly the same shape as the curve showing cross-correlations.
Here, similar to the first Figure, fluctuations at output 1 (red) vanish (with no vacuum contributions) for w = 0, and
fluctuations become maximal at output 2 (green). Different to above, the green line does not vanish for finite w, as
there always will be an input present at port 2. This is reasonably not true for port 1, as fluctuations can enter the
system at port 1, while there is no way for fluctuations entering port 2 to reach port 1. Thus, since no transmissions
from input 2 to 1 can occur, the red curve has exactly the same shape as before (a). The same reasoning also applies
to cross-correlations (purple). Similar to the S-matrix, choosing the asymmetric damping regime leads to sharper
peaks and a closer correspondence between Markovian and non-Markovian behaviour, which can be found in App.
D 6. Also notice, that these curves are always symmetric around w = 0, which is completely different to the behaviour
we have seen for scattering probabilities. The output-noise in the quadrature basis looks exactly the same and can
thus only be found in Appendix D 5.
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VI. Analysis of thermal noise and transport for selected models
A. Dissipative three-mode ring

For the dissipative three-mode ring, see Fig. 5 (a), we consider the dynamical matrix D in the mode representation
without any squeezing (A\;; =0 = hy = 0). Since it becomes block-diagonal, see Eq. (3.46), we only consider a
single block, denoted by D3. As mentioned in Sec. III G1, when all damping rates and interactions are the same
(® = ¢/3 is equally shared over all interactions), the system becomes translationally invariant. In the unidirectional
and non-Markovian regime, we could refer to this system as an optical circulator, see Ref. [68]. However, a true
circulator has indistinguishable labels, where fluctuations are just permuted over ports. Thus, calling our model
a circulator is a bit misleading, as modes can mutually differ in some limits. Thus, we refer to this model as the
dissipative ring. Like before, we consider two impedance-matching conditions: 1. Symmetric damping rates with
Kk = ki/2, and 2. Asymmetric damping rates with k = k12 = K3/4. Recall, that the non-Markovian reservoir closer
resembles the Markovian limit for the second condition. Similar to the optical isolator, ® is the only relevant phase
in this system. The system will become nonreciprocal by employing the same conditions on interactions as before.

1. S-matriz of the dissipative ring in the mode basis

Here, the goal is to obtain an analytical expression of the S-matrix in the mode basis. Also, we assume equal damping
rates k = k;/2. All parameters are expressed in units of x and read |Js;|/k = 1, implying p = —|uz| = —1 and
|J12|/k = |p2] = 1. The dynamical matrix (in units of ) is given by

1 e i
D3=— (i 1 i, (6.1)
i i 1
and the phase-dependent S-matrix at resonance reads
~ 1 cos © i—e'® icos® — (1+sin®)
S5[0] = 5 T o d i—e i cos @ icos® — (1 —sind) | . (6.2)
¢+ cos icos® — (14+sin®) icos® — (1 — sin D) cos

This expression already tells us a lot about scattering: For non-trivial phases, reflection coefficients always vanish, and
transmission probabilities become maximal in only one direction for each pair of modes. Thus, the system becomes
unidirectional with circular transport, i.e. for ® = ¢r = /2, the only non-zero transmissions are

|Sa2a1|2 = |Sa3a2|2 = |Sa1a3|2 =1, (63)

meaning that we recover reflection-less circular transmission from a; — as — ag — a;. As expected, for & — ¢, =
—m/2, we observe opposite transport

|ga3a1|2 = |Sa2a3|2 = |Sa1a2|2 = 1a (6.4)

from a; < as < ag < a1. This changes for the reciprocal limit, i.e. & = 0, where we get

. ~ 1 ~ 2
Vi, j \Sam|2 =% and \S,“aj|2 =z (6.5)
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From this we can draw a few conclusions about the S-matrix: As noted before, a complete system conserves probability
currents, see Eq. (4.20). For the dissipative ring, this law holds for all limiting cases: In the unidirectional limit, each
column has exactly one element with a probability of 1, where all other elements vanish, thus summing up each column
gives us exactly 1 each time, so the probability is conserved. In the reciprocal limit, this is also true for all columns.
Also, the S-matrix of the reciprocal limit is symmetric S[w] = ST [w], a clear indication for dynamics preserving time-
reversal symmetry, which is not the case in the nonreciprocal limit, see Sec. IV B. As already explained, probability
conservation needs to hold for a complete picture, but can be broken for an effective model. We observed this for the
optical isolator, where the S-matrix can resemble the one of an ideal isolator.

The S-matrix probabilities for different limits are shown in Fig. 14 for k = k;/2 and w = 0. Note, that we show
modes and their adjoints. Even though this seems redundant, there is a reason to stress the full picture: Similar to
the reciprocal limit of the optical isolator (see Fig. 12 (d)), S-matrix probabilities for the dissipative circulator also
have an asymmetric line-shape, where modes and their adjoints are treated differently for finite frequencies. Consider
the left panel, see Fig. 14 (a), which corresponds to clockwise transport with ® = ¢r. We see how transmissions
resemble a permutation matrix, transferring fluctuations in a circular manner between resonators. Note, that the 2 x 2
sub-block for modes 1 and 2 fully recaptures the behaviour of the optical isolator with its non-unitary S-matrix. In
Fig. 14 (b), we show the reciprocal phase ® = 0. Here, reflection coefficients are finite and have the same magnitude
|Saiai 2 = 1/5. Transmission coefficients are also finite and share the same magnitude |§aiaj | = 2/5. The right Fig.
14 (c), with ® = ¢r,, shows the opposite behaviour compared to the first, behaving like an anti-clockwise permutation
matrix. Other cases can be found in Appendix E 1 a.
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FIG. 14. S-matrix probabilities depending on the phase ®, for the parameters w = 0 and C = 1 with rates k = k;/2. (a)
Unidirectional limit for & = ¢r (b) Reciprocal limit for & = ¢o (c) Unidirectional for ¢ = ¢r. For limits (a) and (c), reflection
coefficients vanish and transport becomes unidirectional. In reciprocal limits, i.e. (b), reflection coefficients do not vanish and
there is no preferred in transmission direction.

a. Unidirectional limit. To understand how scattering probabilities depend on frequency, consider Fig. 15. Here,
Markovian (solid) and non-Markovian (dashed) scattering coefficients are shown in dependency of w/xk, for ® = ¢r and
symmetric damping rates k = k;/2. The first row, see Fig. 15 (a), shows the reflections. As expected, all reflections
vanish on resonance in the unidirectional limit. In the non-Markovian regime, reflections all have the same curve with
three distinct dips at w/k = 0,42, as before, consider Sec. IIIG. For the Markovian regime, where the auxiliary
becomes stationary, all curves are smoother, as the dips seem to meet at the origin. However, the reflection coefficient
of the auxiliary starts to behave strikingly different compared to the others, where the curve becomes flatter, but
vanishes over a wider bandwidth of w. By moving away from resonance, reflections start to grow and become maximal
|Sa;a;|> = 1 far off-resonance, for all modes. Transmission coefficients are shown in the second and third row, see Fig.
15 (b). Here the lower row shows the opposite transport direction compared to the middle row. The transmission
coefficients can be gathered into groups of three, where one group becomes maximal (purple, teal and green curve) and
the other minimal (yellow, red, brown), on resonance. Thus, we observe unidirectional transport from 1 — 2 — 3 — 1,
with vanishing transmissions for the opposite direction. In the non-Markovian regime and off-resonance, we again see
distinct peaks at the same positions as before w/k = ++/2. Similar to reflections, curves of one group have the same
line-shape in the non-Markovian limit. However, far off-resonance, all coefficients vanish. The transmission behaviour
changes in the Markovian limit, as the third mode becomes stationary and all transmission coefficients from- or to
the auxiliary become wider and dips start to overlap more. Thus, the first column (elements between mode 1 and
2, which fully describe the transmissions of the optical isolator) acts differently from the other coefficients in their
respective group. The element |S,,,,|?> = 0 vanishes for all frequencies in the Markovian limit, where the remaining



elements of the same group are non-zero for finite frequencies. Far off-resonance, all transmissions vanish.
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FIG. 15. Markovian (solid) and non-Markovian (dashed) scattering probabilities for ® = ¢r and symmetric damping rates

ki/2 = K, plotted against w/k. (a) Reflection coefficients. On resonance, all reflections vanish. Off-resonance, reflections
for all modes increases and become maximal |S,,q,|> = 1 far off-resonance. (b) Transmission coefficients, where the lower
row shows the opposite transport direction compared to the first row. Transmissions can be gathered into groups of three,
where one becomes maximal (purple, teal, green) and the other minimal (yellow, red, brown) on resonance. Thus, we observe
unidirectional and clockwise transport from 1 — 2 — 3 — 1, where transmission in the opposite direction vanishes. On
resonance, the Markovian and non-Markovian limits always have the same value. Far off-resonance, all transmissions vanish.
In the non-Markovian case, transmissions of the same type show the same behaviour. However, in the Markovian case, the
auxiliary becomes stationary and allows for some reciprocal transport at finite frequencies between itself and other modes, as
these transmission coefficients start to increase for a wide range of w/k.

b. Reciprocal limit. We have yet merely glossed over the dips inside scattering coefficients, but before understanding
how they arise, we take a look at scattering in the reciprocal limit. Figure 16 shows heatmaps of the non-Markovian
scattering probabilities with ® = 0 and x = k;/2, for varying values of w/x = 0,42. The heatmaps clearly show
that scattering for modes and adjoints behaves exactly the same at resonance. For finite frequencies, modes and
adjoints are treated the opposite way. In Fig. 16 (a) with w/x = —2, modes are transmitted with a higher probability,
where adjoints are more strongly reflected. The opposite behaviour happens in Fig. 16 (c) with w/x = 2. Thus,
scattering probabilities behave similar to the ones of the optical isolator: If ® moves away from the unidirectional
limit, scattering probabilities become asymmetric and start to either tilt or move (or both) in a preferred direction
when sweeping across frequency. This effect is most profound if the phase reaches a trivial limit with & = 0, +.
As an example, consider Fig. 17, with damping rates x = k;/2 and a phase ® = 0. The first row shows reflections,
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FIG. 16. Scattering probabilities for x = x;/2 in the reciprocal limit ® = ¢¢ for different values of w (a) Off-resonant case for
w/k = —2 (b) Resonant case for w/x = 0 (c) Off-resonant case for w/x = 2. We see how modes and adjoints are treated the
opposite way when moving away from the resonant case.
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FIG. 17. Markovian (solid) and non-Markovian (dashed) scattering probabilities for ® = 0 and k = k;/2. Note, the same
probabilities for adjoint modes are just flipped around the z-axis. (a) Reflections with a characteristic offset/tilt due to
degenerate quasi-momenta eigenstates, see Sec. IIIG. (b) Transmissions with a characteristic offset/tilt coinciding with the
peaks/dips of reflections.

where the remaining rows show transmissions. In Fig. 17 (a), we first focus on the non-Markovian regime (dashed).
Reflection coefficients are the same in all cases, but have pronounced dips with a non-zero peak between them.
However, this peak is not centered at w = 0, but slightly to the left for w < 0. Thus, the curves are not symmetric
around the origin, which is a surprising feature at this point. The situation becomes more apparent for the Markovian
regime (solid), where the curves for modes 1 and 2 become tilted, have a lower (however non-zero) minima at w > 0,
and have a missing dip for negative frequencies. The auxiliary behaves (almost) opposite to that, with a flipped
(but shallower) curve around the z-axis, with a minima for w < 0, and a missing dip for positive frequencies. All
reflection coefficients maximize far off-resonance, as expected, but never vanish for any values of w. At resonance,
there is no difference between the non-Markovian and Markovian regime, just as suggested by the global damping rate
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I'[0] = Ty of the optical isolator in the effective picture. Transmissions, see Fig. 17 (b), behave as expected: Transport
is reversible for each pair of resonators, since all transmission probabilities between a given pair of resonators are
completely alike. Also, each dip (peak) for reflections coincide perfectly with a peak (dip) for transmission, which
is exactly what one would expect. In the non-Markovian limit (dashed), every transmission coefficients has exactly
the same shape and all are centered to the left. This again changes for the Markovian regime (solid), where the
curves for modes 1 and 2 are tilted and centered to the right, again coinciding with the reflection coefficients. Just as
observed several times, the third mode behaves opposite to that, where all transmissions to or from the auxiliary have
the same shape, are all centered to the left, and are in general more shallow compared to the aforementioned ones
of modes 1 and 2. Note, that all these descriptions of the reciprocal case for ® = 0 are flipped at the y-axis for & = +.

c. Understanding the dips/peaks inside scattering probabilities. Since we have now talked about the general be-
haviour, we can understand the dips of the scattering probabilities. Understanding how and why they appear will
give us a lot of insight into the scattering behaviour. For this, we restate the analytical expression of the S-matrix
from Eq. (4.5), and the susceptibility matrix from Eq. (4.3), with

Sw] =1 - VRx[w]VK,  xlw] = (iwl — D).

The S-matrix mainly depends on the susceptibility, which itself only depends on the (inverse) sum of two things: The
frequency iw, and the dynamical matrix D. Thus, we can safely say that the dynamical matrix just modulates the
frequency iw (in analogy to simple response functions seen in physics). By diagonalizing the dynamical matrix, we
can clearly see the modulating effect of the system: The imaginary part of the eigenvalues, which are multiplied by
i, just offset iw (in analogy to a detuning). Thus, they encode the frequency response of the system and in turn the
positions of the peaks. The real parts however, are not multiplied by ¢ and thus not oscillatory in nature. Therefore,
since the susceptibility matrix is proportional to the inverse of D, increasing the real part of the dynamical matrix
will lead to a broadening of the susceptibility. This can be achieved by increasing damping rates x;. In Sec. III G 1,
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FIG. 18. Frequency (w/k) and phase (®, = ®/7) dependence of transmission probabilities between a given pair of modes and
their respective adjoints, for damping rates k = /2.

especially in Fig. 10, it was shown how the system can be diagonalized with quasi-momenta states. The energies of
the diagonal dynamical matrix Dy are symmetric around 0 only for the nonreciprocal limit with w,, = 0, ++/2|J]| (for
J = |J|e®/? = Jio = J31 = J3), which is exactly the position of the peaks/dips in Fig. 15. By moving away from
that, two out of three quasi-momenta states start to move closer till they become degenerate at the reciprocal limit,
explaining the position of the peaks/dips in Fig. 17. The energies at that limit are not equidistant from 0, and there is
now a bigger weight either for negative or positive w/k. This explains the asymmetric look of scattering probabilities
in the reciprocal limit, see the heatmap in Fig. 16, where we see that depending on the sign of w, modes and adjoints
have the opposite scattering behaviour. All this can be seen as a consequence of the formula S*[w] = A,S[—w]A,,
where modes and adjoints have an opposite frequency dependence of the S-matrix in the mode representation. In Fig.
18 we see that more strikingly, where a single (non-Markovian) transmission probability between modes a; and as
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is compared to the same probability between adjoints aI and a%, depending on the value of the phase ®. The green
curves show that the unidirectional limit symmetrizes the scattering. If we change the phase, curves start to tilt and
become maximally asymmetric in the reciprocal limit. Note, that for all ® we can relate the following in absence of
squeezing

2. S-matriz of the dissipative ring in the quadrature basis

As established several times already, the dynamical matrix in the quadrature basis is real M = M*, and the S-matrix
fulfills S*[w] = S[—w]. Since quadrature operators are superpositions of modes and their adjoints, this has implications
for scattering probabilities. Without squeezing, we can express probabilities in the quadrature basis by transforming
Sa,,a, > with T. By using Eq. (6.6), it follows

1/ ~ - - -
Sy @I = 18pup, w112 = 7 (18,0, 112 + 18, [=w]1? + 2Re(Sa,a, [0]8sa,[-w]) ) (6.7a)
1/ - - - N
Saup ]I = Spiasw? = 7 (1801011 + 8 [~]* = 29e(B a0, [0S0, [-w])) (6.70)
|S$¢pj [w]|2 = ‘Spiﬂfj [w]|2 =0. (67C)
0 — 1Sy @4 0 — 180,04 09 IS @)
[ S0, (W) /4 =[S0, (—w) /4 — Sy (—w)[/4
0.6 oo 0.6 oy 0.6 IS0, (=)
MG ‘ —18ul
0.3 0.3 0.3
0.0 — 0.0 @ 0.0
—0.3 —0.3 —0.3
—4 —2 0 2 4 —4 —2 0 2 4 —4 —2 0 2 4
W/K wW/K w/K

FIG. 19. Selection of non-Markovian scattering probabilities in the quadrature basis as a sum of S-matrix elements in the
mode basis for ® = 0 and k = k;/2. Probabilities between other quadratures are either zero or the same and are thus
not shown here. (Left) Reflection between the same type of quadratures Sz, . [w]|?* = |Spyps [w]|?. Here, the third label is
20Re(Suya; [W]Saya; [~w]). (Middle) Transmission coefficients between the same type of quadratures |Sq; ., [w]|? = [Spps [w][?.
Here, the third label is 29R¢(Sa;ay[w]Sasas[—w]). (Right) Transmission coefficient between different quadratures of the same
port 1 with |Sz;p, [w]|? = |Sp,z, [w]|>. Note, that Sz, [w] = —Su;p;[w] Vi. As these elements are non-vanishing, this indicates

that there is a phase-shift in the quadrature space for a reciprocal system. Here, the third label is —29Re(Sa;a; [W]Sa;a; [—w])-

This implies that scattering probabilities in the quadrature picture are always symmetric in frequency, regardless of the
phase ®. For this, see Fig. 19, with parameters x = x;/2, in the reciprocal limit ® = 0. Here, we have shown examples
of how summing up specific probabilities in the mode picture (solid lines) yield the always symmetric probabilities in
the quadrature picture (dashed lines). We can write the matrix of scattering probabilities (P[w]);; = |(S[w])i;|? as a
block-matrix containing sub-matrices P;;[w] of scattering coefficients. The resonant case is simply

0 0 P13[0] 2 2
_ : T |Swi,ﬂcj [w]| |Swi,pj [w]]
PO\ Bl o) v P (rzile Brmile)- (0%

For the unidirectional limit ® = ¢g, the blocks have the same position as elements in the mode basis. This ensures
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unidirectional scattering with perfect transmission between blocks, but which quadratures inside the blocks retain
this information can change depending on the value for the local phases «;;. Consider, ® = a1z = /2, and az; =
age = +m/2, where blocks at resonance become diagonal P13 = Py = P3a = 15. This changes for & = ay5 = 7/2,
and ag; = aze = 0, £, since quadratures get flipped with Po; = 15, and P13 = P3y = 0. However, what happens
if az; is between 7 and 7/27 For as; = ass = £m/4, probabilities inside each respective block are evenly distributed,
resulting in Py = 19, and P13 = P3y = (12 + 0,)/2. Thus, which «;; we set to a;; = ®, decides which the block
becomes diagonal, where P;; = 15, and remaining blocks P, ;; depend on the specific value of oy ;. Formally, this
becomes

P;; = cos®(ayj)o, + sin®(a;j) 1. (6.9)

Consider equally distributed phases ®/3 = a1z = as; = —asa, with Jia = J31 = J35. Then, all sub-matrices for any
unidirectional limit ® € {¢r, ¢} has the same form P;; = (30, + 12)/4.

Tiin Pran ZTom Poiw Tain Py 10 Ty Prin Poimm Pow T3 Pyg Tiim Prin Poim Poiw Tam Py 1.0
: 0.35 :
1, out 0.9 Z1, out 1, out 0.9
0.8 0-30 0.8
Py ont Py ont Py out
0.7 0.25 0.7
Ty out 0.6 Ly, out 0.20 Ty, out 0.6
0.5 0.5
Py ont 0.4 Py ont 0.15 Py ou 0.4
0.3 0.3
T3 out 0.2 T3 out 0.10 L3 out 0.2
' 0.05 '
Py ont 0.1 Py ont Py out 0.1
0 0 0

(a) (b) (c)

FIG. 20. Scattering probabilities for quadratures |(S[0])s;|?, with & = k;/2, as1 = asze = 7/2 and varying phases ®. (a)
Unidirectional limit & = ¢r, showing nonreciprocal transport between quadrature blocks, where quadratures always drive
the same quadrature of another mode. (b) Reciprocal limit ® = 0. Here, reflections always flip quadratures, with reciprocal
transmission between different quadratures for 1 «» 2, and same quadratures for 1 <+ 3, and 2 <+ 3. This flip for 1 +» 2 is
a consequence of setting a12 = ® = 0 # ag;. (c¢) Unidirectional limit ® = ¢r,, having the same behaviour as (a) only in the
opposite direction.

Now, we look at limiting cases of the transport. As shown in Fig. 20, heatplots for quadrature scattering coefficients
are compared for unidirectional and reciprocal limits. The parameters are w = 0, kK = k;/2, and ag; = azs = 7/2.
The left Fig. 20 (a) shows the unidirectional limit ® = a;5 = ¢r, with distinct nonreciprocal blocks, which enforce
transport from 1 — 2 — 3 — 1 for the same quadrature. The middle plot, see Fig. 20 (b), shows the reciprocal
limit with non-vanishing reflection coefficients. Here, the scattering probabilities are always symmetric in frequency.
The last plot, see Fig. 20 (c), shows the opposite transport direction compared to (a). If we now focus on the
frequency dependence of scattering probabilities, we find that the unidirectional limit behaves exactly the same in
both bases, if considering the corresponding quadratures, see Appendix E 1c. For the reciprocal limit, the situation
changes and all elements are always symmetric in frequency, consider Fig. 21. In the non-Markovian regime (dashed
curves), reflections are all the same, which also holds for transmissions. All probabilities are symmetric in frequency.
As before, in the Markovian limit (solid curves), the auxiliary becomes static and probabilities broaden and become
flatter. This coincides with a stronger transmission probability from 1 to 2, and vice versa.

To conclude this Section, we compare the scattering probabilities between the bases in the reciprocal limit with ® = 0
and K = K1,2/2. As Fig. 22 shows, increasing the auxiliary damping rate x3/k, also increases the overlap of peaks
inside transmission coefficients |Sq, a, [w]|? and S, 4, [w]|?. The biggest effect happens for values below the impedance-
matching condition x5 < 2. For the impedance-matched case k3 = 2k (green line), the coefficient |Sg, 4, [w]|? is not
centered at w = 0. This is different for quadratures, as peaks already start at symmetric positions and begin to
overlap, yet remain equidistant from w = 0. Our result closely resembles Fig. 3 of Chen et al. [63], where the same
tilting of scattering probabilities outside exceptional points was observed for a similar optomechanical setup.
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FIG. 21. Markovian (solid) and non-Markovian (dashed) scattering probabilities |Sq,« j|2 for quadratures with ® = 0 and
Kk = ki/2. Note, that all coefficients are the same for z and p quadratures. Not shown coefficients are zero. (a) Reflection
coefficients for z-quadratures, which are the same in the non-Markovian regime, but quadratures of the auxiliary behave
differently for the Markovian limit, as already observed. (b) Transmissions for z-quadratures, which again are the same in the
non-Markovian regime, and scattering with the auxiliary behaves differently for the Markovian limit.
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FIG. 22. Change of the non-Markovian transmission probability from 2 — 1 by increasing ks, in the mode (left) and -
quadratures (right) for kK = k1,2/2, plotted against w/k. By increasing ks, curves overlap more and the relative distance of
peaks from the origin starts to move to the origin in both bases. In the mode basis, they are not equidistant from w = 0
and are asymmetric for the impedance-matched case (green line) with k3 = 2k, whereas transmissions remain symmetric for
quadratures for all values of k3. If the auxiliary becomes increasingly lossy, distinct peaks merge and move to a single maximum
centered around w = 0, for both bases.
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8. Output-noise spectrum of the dissipative ring

Before we bluntly jump into the output-noise spectrum of the dissipative ring, we make a small remark: Since the
covariance matrix is composed of the input-noise and the S-matrix, we can take a deeper look into the composition
of the output-noise matrix. Knowing how these elements come about will be useful for our understanding. For this,
we stay in the quadrature representation as it offers a simple way of applying an approximation to the output-noise.
Note, that the following can be analogously done in the mode basis. For this, consider an extreme case for the input,
where incident thermal noise at port 1 is assumed to be much larger than vacuum fluctuations entering the system,
with no thermal noise entering remaining ports. Also, we impedance-match by setting damping rates to k = k;/2
with a coorperativity of C = 1. This regime can be formally written as

1
ﬁ1>>§>>ﬁ2:n3z0. (6.10)

Hence, we can outright dismiss the vacuum contribution to the input-noise

Sn~nilo® 0-14, (6.11)

where the input vector ng, = (71, 71,0, ...,0)7, has non-zero entries only for x; and p;. By dismissing the vacua and
using Eq. (5.45), it follows for the output-noise matrix

(Sowleo))s; ~ 1 (e {(S)y (STLw]),, } + Fe {(Sl])iz (S7L)),, }) (6.12)

where the diagonal elements (thermal noise at a given output-port) are just

(Soutlw]);; = 71 (I(S[warl* +[(Slwh)i2l) (6.13)

By using this approximation, we can compare the output-noise of the first port Sy, z, (Sp,p,) With scattering prob-
abilities Sz, 2, |* (ISpy.z:1%) and [Su; i 1% (ISpy.pr|?), and do the the same for the remaining ports Siyz, (Spyp,) and
Suyzs (Spaps)- Since equation above implies, that quadratures of the same mode are equal Sy, = Sp,p,, it is sufficient
to only consider the x - quadratures for the moment. More precisely, we get

(Sout[w])n = 8961961 [w] = ’ﬁ‘l (|SZ1I1 [w]|2 + |Sﬂllp1 [W]|2) ’
)33 = Sﬂﬁzwz [w] = (|SZ2I1 [w]|2 + |8932P1 [W]|2) ’ (614)
(SOU‘B [w])55 = 8963963 [w] = ’ﬁ‘l (|SZ3I1 [w]|2 + |SDJSP1 [O‘}Hz) ’

which means that the output-noise for port 7 is just the sum of transmission probabilities of both quadratures coming
from port 1, re-scaled by the thermal noise entering port 1. However, remember that we do not consider any single-
mode squeezing, thus, terms like |S;,,, = 1Sp, 2 2 =0 Vi always vanish, even though they contribute to the noise
in general, see Eq. (5.45). In Fig. 23, this is shown for S,,,, in the unidirectional limit ® = ¢r, where other diagonal
elements can be found in Appendix E1d. As already explained for the optical isolator, the output-noise can never
drop below the noise floor for a full description.

a. Understanding limits in the mode-basis. Since we have seen the composition of diagonal noise-elements for the
unidirectional limit, we can try to understand these limiting cases better. For this, consider the output-noise matrix
of Fig. 24 in the mode basis, with w = 0, k = k;/2, and a thermal-input n; = 10, 7y = i3 = 0. The first heatmap, see
Fig. 24 (a), shows the unidirectional limit ® = ¢r. Here, all elements except the diagonal ones vanish. Input noise
fully ends up at output 2 with Saza; = Sa;(m = 10.5, where remaining diagonal elements only show the contribution

of vacuum noise coming from other ports. However, the noise matrix becomes complex for any value of ® outside
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FIG. 23. Markovian (solid) and non-Markovian (dashed) output-noise Sz,z,, for the unidirectional limit ® = ¢r, damping
rates k = Kk;/2, with little noise entering port 1: ny = 1,n2 = ng = 0, plotted against frequency. In general, the output-noise
does not only consist of (scaled) scattering probabilities but also on incident vacuum, where the latter is kept to show the effect
of the noise floor on the output-noise. Also, even though the approximation above only applies to high thermal-inputs, the
effect is most visible for low noise. Thus, n; is kept small compared to other parameters. (1st Fig.) Output-noise Sg,z, of port
2 with the vacuum contribution. (2nd Fig.) Transmission coefficient |S,,4, |, for 1 — x2. (3rd Fig.) Transmission coefficient
|Saapy | = 0 between different quadratures p1 — x2. Note, that this element is zero, since we consider no single-mode squeezed
input. (4th Fig.) Incident vacuum noise contribution Svac acting as a noise floor. Thus, output-noise should never drop below
this lower bound.
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FIG. 24. Output-noise matrix in the mode basis for zero-frequency w = 0, damping rates xk = k;/2, thermal-input 7; = 10,
and g = fig = 0, for different limiting cases of ®. (a) Nonreciprocal limit ® = ¢r. Where all elements except the diagonal
ones vanish. The input signal fully ends up at Saza; = 10.5, where the remaining diagonal elements only show the contribution
of the noise floor. (b) Real part of the noise matrix in the reciprocal limit ® = 0. Cross-correlations between the port
receiving an input and possible output ports are anti-correlated. Remaining cross-correlations are positively correlated. The
noise of output 1 shows back-reflections, and other outputs show equal noise. (c¢) Imaginary part of the noise matrix in the
reciprocal limit ® = 0. Since elements of the noise-spectrum become complex for any values of ® outside the nonreciprocal
limit, we see that the imaginary part for cross-correlations of the noise between modes and adjoints has opposite sign, with
Jm Saia; =Jm SaT -ImS, of = —JmS ala;r S€€ Fig. 26 for more details. (d) Nonreciprocal limit ® = ¢r,, with the opposite

behaviour compared to (a), showmg only output at S, i
a3az

the unidirectional limit, thus, for ® = 0, we consider the real and imaginary part of the noise matrix. We start at
the real part, see Fig. 24 (b). Here, cross-correlations between the port receiving an input (here port 1) and possible
output-ports are anti-correlated. The reason why these elements become anti-correlated was already discussed in
Sec. VC, compare Fig. 13. Remaining cross-correlations are positively correlated. The output-noise of port 1 shows
back-reflections, and other output-ports show equal noise. The imaginary part in the reciprocal limit, is shown in
Fig. 24 (c). Since elements of the output-noise Spectrum become complex, we see phase shifts for cross-correlations
of the noise, with JmS ol = =TImS, to, = -JmS, al = —-JmS, fa , where cross-correlations between a pair of modes

i

behave the opposite way compared to Cross- correlatlons of the1r respective adjoints. The last heatmap shows the
nonreciprocal limit in the opposite direction with ® = ¢r,, showing only an output at Sasat = SaTag, = 10.5.
3 3

As before, the unidirectional limit is compared to the reciprocal limit for frequency-dependent elements of the noise
matrix. Noise-correlations for quadratures can be directly related to noise-correlations for modes, see Appendix E 1e.
Thus, we consider the output-noise in both bases at the same time. First, recall that diagonal elements of the noise
matrix can be seen as the noise of the output particle flux, implying that diagonal elements are always real and lower
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FIG. 25. Comparison of Markovian (solid) and non-Markovian (dashed) output-noise elements (first and second row) and

scattering probabilities (last row) for ® = ¢r, k = ki/2, and 7ix = 10, iz = fi3 = 0. (a) Here, fluctuations at outputs are

shown, where noise incident to 1 is fully transferred to output 2, with S sal [0] = 10.5. The remaining outputs only show vacuum
a 112

fluctuations S, +[0] =S . +[0] = 0.5 from other ports. Non-Markovian elements show characteristic peaks/dips. Fluctuations

at port 2 vanish for finite frequencies, where they remain at output 1. (b) Cross-correlations showing the same behaviour as
the optical isolator (Sec. V C), where noise is anti-correlated, since noise is superposed and appears either at output 1 or 2.
Correlations vanish for w = 0. (c), (d), and (e) Show scattering probabilities, compare with Fig. 15.

bounded by the noise floor. Additionally, since the noise matrix is symmetric in operator-ordering, the element (i, 7)
is always the same as the element (j,4). However, changing labels i <+ j, produces different effects depending on the
basis, where elements are complex conjugated for modes, but undergo a sign change for quadratures. These general
properties can be summed up as (for all 4, j)

Saia; = Sytat =0, Suip, =0, Vi, j, (6.15)
Sa,-a;f. = Sa;fai ) S'inj = Swj'Ui , Vi,j, where wv,wé€ {x,p}, (6.15b)
Spat =S5 b Svw; = —Svjw; 5 i1#j, where v#we{x,p}. (6.15¢)
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FIG. 26. Comparison between Markovian (solid) and non-Markovian (dashed) output-noise matrix elements (first and second
row) and scattering probabilities (last row) for ® = 0, kK = k;/2, and 711, = 10, 1o = i3 = 0. (a) Here, fluctuations at outputs
are shown, with the same behaviour as in Fig. 13, with the difference that the third mode has a broader curve than the
other modes. (b) Cross-correlations where the real part behaves similar to Fig. 13. However, this time, there are additional
imaginary parts, which are maximized for the reciprocal limit and vanish for the unidirectional limit. In a sense, they track the
phase-difference between mode ¢ and adjoint mode j, which seems to disappear when modes and adjoints have symmetrically
treated scattering probabilities. (c) Reflection at output 1. (d) Transmission from 1 — 2. (e) Transmission from 2 — 1. (f)
Transmission from 2 — 1 for adjoint modes.

Note, that the noise for different quadrature types is the same Sy,2; = Sp,p; Vi,j. Thus, we need to only show a
limited amount of output-noise elements. Consider Fig. 25 in the mode basis, in the unidirectional limit ® = ¢g,
with damping rates k = k;/2. Again, Markovian (solid) and non-Markovian (dashed) elements of the noise-matrix are
shown. The first row, see Fig. 25 (a), illustrates thermal fluctuations Saial [w] at outputs. As expected for an incident

input at 1, only output 2 shows thermal noise with SazaT [0] = 10.5, where other outputs show vacuum fluctuations
2
S +[0] =S8 +[0] = 0.5. Thus, thermal fluctuations are fully transferred to output 2, without any leakage to other
3

a1 aq aza
outputs. This fully coincides with the expected scattering behaviour, see Figs. 25 (c), (d), and (e), where the only
allowed transmission is 1 — 2. As before, non-Markovian effects introduce more distinct dips/peaks due to eigenvalues
of the dynamical matrix. Cross-correlations behave the same way as for the optical isolator, see the discussion for

Fig. 13 in Section V C.
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However, off-diagonal elements can become complex for any value of ® outside the unidirectional limit. Consider
Fig. 26, showing Markovian (solid) and non-Markovian (dashed) elements of the output-noise matrix for & = 0 and
Kk = ki/2. Each element is decomposed into real and imaginary parts, which can be related to quadrature elements
(see Appendix E1le), by using Egs. (6.15) and Eq. (3.65), resulting in (for v, w € {z,p})

Re Saiaf (W] = Sy,o, W], and Jm SaiaT (W] = =Szp, W] - (6.16)

Here, diagonal elements behave the same way in both bases, as seen in the noise of the optical isolator, compare Fig.
13 with Fig. 32. Only noise at output 3 differs from the rest by having a broader curve. As mentioned, off-diagonal
elements are complex for the reciprocal limit, see Fig. 26 (b). Why are they real in the unidirectional limit? We
propose the following explanation: Since the imaginary part of cross-correlations between the noise of mode i and
noise of the adjoint j, is composed of cross-correlations between different quadrature types x;, p;, this can be related
to the difference of S-matrix amplitudes between modes or adjoints. Suppose we have a S-matrix amplitude for a
process between two modes a; — aj, then, this will be compared to the amplitude for a;-r — a;. This was shown in
Appendix E 1e. Formally speaking, we can say Sam; = Sy,e; — 1Su;p;, see Eq. (E3), where

Sxipj = _% Jm {Sai(li [w] Szjai [w] =+ Saiai [_w] S:jai [_w]} ) (617)
is the imaginary part for an input 7i; > 7; = 0, see Eq. (E3). These elements only exist if the scattering between
modes and between adjoints differ. This can also be seen for transmission coefficients in Fig. 26 (e) and Fig. 26 (f),
where the scattering probabilities are flipped along the x - axis. As we know, this tilt disappears for the unidirectional
limit, as well as any imaginary parts in the correlations. Since the reciprocal limit is maximally asymmetric for
scattering probabilities, it also has the highest imaginary parts. Both features disappear at the same time for the
nonreciprocal limit.

As a concluding remark, note that a deeper analysis into the disappearance of imaginary parts for correlations could
hint at the exact relationship between output-operators and exceptional points in general.
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B. Dissipative directional transistor

In this Section we will introduce a novel, four-mode model which enables us to not only observe directional transport
but also the cancellation of any transport in some direction of a chosen pair of ports. For this, consider Fig 27,
where four modes are coherently coupled by beam-splitter interactions and where each mode is again damped by a
coupling to their own local reservoir. This model can be understood as an extension of the three-mode model, where
the additional 4th mode acts as some kind of phase-splitter of the original gauge-phase ®, which can now be written
as the sum of the individual phases ® = 7 4+ 7o + 73. This lets us control the phases individually and as it turns out,
leads to highly interesting regimes. We start with the interaction picture Hamiltonian which can be written as

Hr = Jlga];ag + nga};al + Jggagag + J41a}1a1 + J42a]1a2 + J43ajla3 + H.c., (618)

where the subscript of Ht stands for transistor, and whenever we will use the strong set of tools defined above and
introduce some new quantity, we will use this subscript for this model. Similar to above we get the following equations

FIG. 27. Directional transistor model with four
modes, where each mode a; is coherently coupled to
another mode a; via a beam-splitter interaction J;;
and is locally damped with strength x;. In an in-
tuitive manner, due to the addition of mode a4, the
phase ® is “split up”, giving us more control over
the transport behaviour of the system, as more lim-
iting cases are possible. Thus, the model has three
distinct gauge-invariant phases 7;, which can be in-
dividually tuned to achieve aforementioned different
regimes. Alongside the known reciprocal and (usual)
unidirectional regimes (like the three mode model),
there are also novel off-regimes, where any transport
between a pair of given modes fully vanishes. These
regimes are always highly dependent on the pair of
modes considered, as an off-regime for a given pair
of modes implies a nonreciprocal regime for a differ-
ent pair. Suppose, that transport between a; and a2
vanishes, then there also will be no transport between
as and ays. However, there is unidirectional transport
1-4—22—-3—=1.

of motion via the Langevin equation

(1) = =5 (1) — i1z {az) — i3y ag) = i3y () (6.192)
(a2) = =5 (a2) = i3y {ar) — i3y (ag) = i () (6.190)
(a3) = =5 (ag) = a1 {ar) — in (a) = i3 (aa) (6.19¢)
() = =5 (1) — i1 {ar) — iz (a2) — i (a) (6.19d)
which we will also write in a concise manner by introducing a new vector ar := (a1, , a4, aL e 7aDT (where we

keep the daggered modes just for generality, even though it is a redundancy for this explicit model). Then with
Kt = 1, ® diag(k1, k2, k3, k4), We can again write it in the compact form

(ar(t)) = (—z’AzHT — ;KT> (ap(t)) = (AT - ;KT> (ap(t)) = Dy (arp(t)) . (6.20)
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Similar to above, by transforming the modes via (a;) — (a;)e", see Appendix E2a, we can isolate the Aharonov-
Bohm phases and get the following interaction parameters

Jig = |J12]e™, Js1 = | Jay [T Ja2 = [Js2], (6.21)

Ju = [Jal, Juo = |Jaz|, Juz = |Jasle™""2, (6.22)

with the phases

T = arg(ngJLleg) = Q31 — Q41 + Q43 (mod 27T) , (623)
To = arg(JiyJuoJis) = —aga + auz — ayg (mod 27) (6.24)
T3 = arg(J12J41ij2) = (12 + Qg1 — Q42 (InOd 271') . (625)

As mentioned already, summing up these phases gives us the Aharonov-Bohm phase from the three-mode model.
Again, by finding an adequate effective model, we get an understanding of the possible transport regimes of this
system. Choosing which modes one needs to eliminate to obtain the highest number of distinct limits, is not unique.
Therefore, these choices can have better or worse implications on the difficulty of actually tuning the system to all
limits. As a general rule of thumb, the more phases we need to control at the same time to switch regimes, the
less achievable this becomes in an experimental setting. However, after we have constructed any effective model, the
key insights help us to then look at the full model and consider the behaviour for all modes at once. Thus, we just
eliminate mode 3 and 4 by Fourier-transforming the system, see Appendix E 2, and introduce

1 _ - 1
|0] == |J12], Xilw] = mv Xlw] == xs[w]xalw] , dlw] == W’
M [w] = xslwldw]|Js1 Jsa|,  Aelw] = xalwld[w]|JarJaz|,  palw] := dw]|Js1Jaaas|,  pelw] = dw]|Ju1 a2 Jas| ,
(6.26)
where d[w] is a unit-less quantity acting as a scaling factor, and
- Yilw ki + 2xs[w]d[w]|Ja: % + 2xalw]d[w]| T |?
Gilw] := 2x[wld(w]| J3i JaiJas], I XalldwllJail” + Dralwldlw]l Jasl” (6.27)

2 2

are damping rates of the shared reservoir. With these definitions, the EOMs for the effective model can be written in
a concise manner and read

iw () = (242 + i osm ) (@)
(

Mfw]e " T 4 Ag[w] =i (pufw]x(wle ™™ + polw]xlwle ™™ — |5\6”3)) (agw]) (6.28)

iw alel) = (-2 4 imafulcos 2 ) )

w]e! M) 4\ w] — (1 [w]x([w]e™ + polw]x[w]e'™ — |<5|e_”3)) (a1]w]) - (6.29)

|
~/—~
>
it

Before analyzing these terms, we make a few notes about the Markovian regime. For the Markovian regime, we get
Xilw = 0] € Rsg. Thus, parameters Ay = A\1[0], A2 = A2[0], i = 1;[0],d = d[0],5; = 5;[0],% = 7:[0] € Rso, are all
positive real numbers. This gives us
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iw (aafw]) = (= +ioreos ) arfw]) = (IAule™ ™) 4 o] =i (| lxe ™™ + [palxe™™ = [3]e™) ) {azfu]) ,
(6.30)

iw (a2fw]) = (=% +i02cos ) {anfw]) = (Il 4 Dol =i (Jia[Re™ + [alXe™ = 18e77) ) (@alw]) . (6.31)

which are highly simplified EOMs for the effective model. We will hereby call this effective model the effective
transistor. Immediately, one sees that the model can host unidirectional transport (similar to the three-mode model)
by choosing one of either conditions for the interaction parameters

case 1 le™ M) 4 o] 2 4 (| lxe ™™ + falxe ™™ = 3™ (6.32)
case 2: [Mle" ) 4 o] = i (il Xe'™ + [palxe™™ — [3eT) (6.33)

which balances out different dynamics, just as before. However, as already discussed in the literature, see Ref.
[1, 14], nonreciprocal dynamics seem to always appear when coherent and dissipative interactions are balanced out.
Naturally, one question arises: “Can we observe the same behaviour when balancing out two dissipative (or coherent)
interactions?” Our effective transistor model strains this rule a bit: Compared to the optical isolator from Metelmann
and Clerk [1], the balancing-out procedure here is a bit more nuanced: Instead of having a clear distinction between
coherent and dissipative dynamics, the interactions p; and \; of our effective transistor depend on the susceptibilities
X|w]. First we note that |§| = |Ji2| has the same effect as for the aforementioned J of the optical isolator, so it
definitely constitutes as the coherent part of this system. Secondly, we note that A;[w] has a similar structure to I'[w]
of the optical isolator. Thus, A;[w] can surely be interpreted as the dissipative interaction for our effective model. But,
making the case for p;[w] is not so straightforward. Even though this quantity depends on the shared reservoir and
the damping rates k3 4 due to d|w], it only indirectly does so, as the coherent interactions inside y;[w] are re-scaled by
a unit-less factor d[w]. In a way, it still acts like a coherent interaction, but energies are renormalized by the shared
reservoir. However, there undoubtedly is still a clear effect of auxiliary modes on p;, so it could also be seen as an
effective dissipative interaction. The concluding remark is then: This rule of always having to balance out coherent
with dissipative interactions may not be so strict, and could be a matter of definition. One consistent way would be
to simply call p; renormalized but still consider it as coherent, meaning the rule above still seems to hold.

Coming back to the transport behaviour, we set kK = k;/2, |J;;|/k = 1 (this choice will become clearer shortly), and
it follows, |A;|/k = |w;i|/k = 1/2, which gives us two possibilities for (partially) decoupling mode 1 from 2, and vice
versa,

case 1: e HMF™) 41 (e7 ™ + e — 2¢'T) 20, (6.34)

case 2:  €MFT) 41 (™ +e'™ —2e7") =0. (6.35)

At first this system seems inhibit the same dynamics as before, where we choose one of either case and in-turn enforce
nonreciprocity. However, since we now have a bigger parameter-space in this model, we can find an additional limit,
where both cases above are true at the same time. Note, that this limit can be achieved for finite (and thus non-trivial)
interaction parameters. Here, the system acts like a dark state, see Ref. [69], where both modes fully decouple from

each other in both directions and any transport fully vanishes. For example, consider 71 = 79 = —73 = 7/2, which
implies
case 1: e~/ 41 <e—i”/2 Femin/2 2e"<—”/2>) = 14 1—i(—i—i+2i)=0, (6.36)
case 2: /2T 41y (e”/Q +eim/2 26—“—”/2)) = 1+1—i(i+i—2)=0. (6.37)

Therefore, both cases hold and we see full cancellation in both directions at the same time! This limit will be generally
denoted as the off -regime between given mode-pairs (since there are several possible limiting regions for different pairs,
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Class Transport 7 T T3 TABLE II. Interesting limit cases of the directional transistor with x =
ki/2, |Jij|/k = 1, for different values of the Aharonov-Bohm phases 7;.
R L2 0 0 0 Here, “R” denotes reciprocal and “NR” unidirectional transport. The class

NR 1—2 /2 0 0 ”off” represents the regime where no transport between mode a; and as
NR 12 -7/2 0 0 is possible. Note, that this situation is different for each possible pairs of
R 12 /2 w/2 w/2 modes a; and aj. Also note, that ”Class” is loosely defined here, as it
NR 1—=2 /2 —7r/2 7r/2 only holds on the level of (partially) decoupling a pair of modes in each
NR 1+ 2 /2 —mw/2 —7/2 possible effective model (we could elminate different modes) and does not

mean regimes in the same class are the same. In fact, the classes of the 2nd
off 1«2 /2 w2 —7/2 and 3th row are distinctively different from the 5th and 6th row. We will
off 12 —71'/2 —7T/2 7T/2 touch on that briefly in the coming Section.

more on that later). Lets focus on the effective damping rates for a second: Apart from the term —7;[w]/2, which
acts the same way as the global reservoir of the optical isolator, we also have an additional term 4;[w] cos 7;, which
acts as a detuning and encodes additional oscillations of the respective mode of interest. Thus, even if we only look at
damping rates for each mode and consider the steady state, there would still be some dynamical activity happening,
so instead of just observing an exponential decay, we would observe additional oscillations till the mode in the steady
state relaxes to the lowest possible energy. By looking closer at our definition of &;, oscillations happen because
excitations can now traverse along a closed loop and end up at the mode they started at, i.e. for &1 o |J31.J41Ja3], an
excitation can travel as such: 1 — 4 — 3 — 1. However, this is highly dependent on the phase 7, where the cosine
vanishes for non-trivial values, namely 71 = 4+ /2. Thus, these oscillations become maximal for trivial values of the
phases, 71 iy = 0, 7 = ¢0s(71 triv) = 1.

Now we come back to the limit cases of the system regarding transport. Note, that there are several of these
reciprocal (R)/unidirectional (NR)/off limits, which are highly dependent on the pair of modes considered, see Table
VIB. How does that happen? To understand this, we look at the scattering probabilities after finding an appropriate
impedance-matching condition.

1. Scattering and noise of the directional transistor

Here, we will focus again on the full, four-mode model. To impedance match the system, we need to ensure that the
diagonal probabilities of the S-matrix all vanish. Similar to above (see Eq. (4.36)), the model is impedance-matched
if for some &, with k3 4 o K, we get £2x[0] = 1. This implies

K2X[0] = 1 <= karg = 4K2, (6.38)

Again, there are several options for the rates k;, which could be used for this condition to hold. Here, we will focus
on the most symmetric choice, which was already used above, namely x = k;/2, where all four damping rates have
the same value. As before, interaction parameters can then be expressed in units of , with |J;;|/x = 1. To show the
effect of the phases on the transport, we will focus only on a specific number of limiting regimes in the Markovian
approximation.

Consider Fig. 28, where we have shown different regimes for the Markovian S-matrix with w = 0. The first case, see
Fig. 28 (a) with 7 = —7» = 73 = 7/2, shows one possible NR limit, where there are no reflection coefficients (due to
impedance matching) and the only transport allowed is from 1 — 2 —+ 4 — 3 — 1. In this regime, we see how mode 2
and 3 fully decouple, so the NR transport in 1 and 2 happens at the same time as the off-limit for modes 2 and 3. This
is an important feature of this model, as vanishing transport between a pair of modes coincides with NR, transport
between others. From the perspective of the effective transistor (the upper left 2 x 2 block of the S-matrix), where
mode a3 and a4 are eliminated, it behaves like the optical isolator with & = ¢r. The opposite transport is seen in the
third Fig. 28 (c¢) with 7y = —7 = —73 = /2, which tells us that the 4-mode model effectively reproduces the optical
isolator for these limiting cases. However, this changes in Fig. 28 (b) with 7y = 72 = —73 = 7/2, which one of several
possible off-regimes of the effective transistor for modes 1 and 2. Here, neither reflection nor transmission happens
in the upper left 2 x 2 sub-block. Effectively speaking, any information entering port 1 or 2 completely vanishes, as



82

their is destructive interference in both directions of propagation. In the effective picture, this limit behaves singular
and information seems to get destroyed. Of course, in the full model this is not what is happening, and as mentioned
in (a), if one interaction between a pair vanishes in this limit, another does also vanish - here mode 3 and 4 also
fully decouple. There is unidirectional transport in a circle as 1 -+ 4 — 2 — 3 — 1. In the last Fig. 28 (d) with
71 = —T9 = 73/2 = /2, one of several reciprocal regimes are shown, where the upper left sub-block behaves like the
reciprocal optical isolator with ® = ¢¢. However, there is perfect transmission from mode 4 to mode 3, but not from
any other mode. Nonetheless, mode 1 couples to mode 2 in a reciprocal manner and there is some transport from 1
(2) to 4 and also from 3 to 1 (2). This limit is an intermediate limit where changing 73 would lead to one of the NR
regimes (a) and (c).

Ay in Qo A3 Qyin Ay in Qoin A3 Qyin Ay in Qoin A3 Qyin

1.0 1.0 1.0 1.0
a1, out 0.9 a1, out 0.9 a1, out 0.9 a1, out 0.9
0.8 0.8 0.8 0.8
0.7 0.7 0.7 0.7
@3, out . 0.6 @2, out 0.6 @2, out 0.6 @3, out . 0.6
0.5 0.5 0.5 0.5
Ay out . 04 ay 04 ay 0.4 Ay o 0.4
0.3 0.3 0.3 0.3
0.2 0.2 0.2 0.2
. 0 o . o -— o
0 0 0 0

(a) (b) (©) (@
FIG. 28. Scattering probabilities of the directional transistor for the impedance-matched case k;/2 = 2k, |Ji;|/k = 1, and
different values of the Aharonov-Bohm phases 7;. (a) NR limit for 71 = —72 = 73 = 7/2, with transport from1 —2 — 4 — 3 —
1 in the full model. In the effective model we have unidirectional transport from 1 — 2. (b) off-limit for 7 = 72 = —73 = 7/2,
with no transport between 1 <+ 2 and vanishing reflection in the effective picture. In the full model there is unidirectional
transport from 1 -4 — 2 — 3 — 1 (¢) NR limit for m = —12 = —73 = 7/2, with unidirectional transport from 2 — 1 in the
effective picture, with unidirectional transport from 1 — 4 — 3 — 2 — 1 for the full model. (d) R limit for 7 = —72 = 73/2 =

7 /2, with reciprocal transport between 1 — 2 in the effective picture.

After understanding Fig. 28, we are equipped to look at specific scattering and output-noise elements. For this,
we will fix one of the three phases, in our case 71 = 7/2, and tune other phases to see when transport occurs. We
investigate the resonant case for w = 0 in the Markovian regime for simplicity (which is justified, as the Markovian
coincides with the non-Markovian regime for w = 0). For this, consider Fig. 29, where we compare different ports for
w =0, k = k;/2, afixed phase 71 = 7/2, and plot it against 72 3. In Fig. 29 (a), the transmission from 2 — 1 (left) and
1 — 2 (right) are shown. As we can see, there are distinct regions for limiting transport regimes, consider Table VIB.
To understand the limit cases, we need to always look at the left and right plot at the same time: NR transport with
full cancellation from 2 — 1 happens at 71 = —79 = —73 = 7/2, where the probability becomes maximal (minimal)
in the left (right) picture. The reciprocal region is at 79 = 73 = 7/2, where transmissions in both directions are the
same. However, we see clear dark regions in both pictures (the diagonal region in the left plot from (72, 73) = (0, 27)
to (72,73) = (27,0), and the horizontal region for 73 = —m/2 on the right). If both dark regions meet on both sides,
the transport in both directions vanishes fully. This off-limit happens with full cancellation at 72 = —73 = /2,
resembling the theoretical result from earlier. We can tune the system to different limits by simply tuning the phases
and leaving other parameters invariant. However, by only changing a single phase we cannot turn the transistor off
between nonreciprocal regions, since the off-region on the left is on a diagonal region. To do that, we would need to
change both phases at the same time. This can be experimentally challenging, thus we consider ports 2 and 4 in Fig.
29 (b), showing transmission from 4 — 2 (left) and 2 — 4 (right). We see how the limiting regions are now displaced
compared to before. Interestingly, the NR regions are now on different corners to before, and both off-regions are not
diagonally placed. Here, the NR regions are 7o = —13 = 7/2 (the off-region of (a), and 73 = —79 = 7/2 (the same
NR region as in (a)). The reciprocal region sits between the NR regions at 7 = 73 = /2. If we sit at one of the
NR regions, we can change to the reciprocal region by simply tuning one of the phases. Since the off-regions are now
on non-diagonal lines and intersect at 7o = 73 = 7/2, the transistor can be turned off between the NR regions then
change the direction of the “source” and “drain” of this transistor. This flips the bias. The “gate” always has to be
controlled by two phases, to achieve all limits. In Fig. 29 (c) diagonal elements of the noise for output 1 and 2 and a
noise-input vector ng, = (10, 10,0,0) are shown. We see — as expected from the scattering (a), that the transport is
unidirectional at NR regions and reaches its off-limit at 7 = —73 = 7/2. In Fig. 29 (d), we have shown the diagonal
output-noise elements for output 2 and 4 and an input of ng, = (0,10, 0,10). We see, that there is no thermal-noise at
the output of either port in the off-limit, and there are no back-reflections and the system behaves like a dark state.
Thus, this is a highly versatile system which can be looked at from varying angles and ports can be chosen to meet
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FIG. 29. Comparison between scattering probabilities and fluctuations at outputs for w = 0, K = k;/2, a fixed phase 7 = 7/2,
plotted against 72,3, with varying input-noise. (a) The transmissions from 2 — 1 (left) and 1 — 2 (right). There are distinct
regions for limiting transport regimes. To understand the limits, we need to consider the left and right plot at the same time.
If dark regions meet on both sides, the transport in both directions vanishes fully. The system reaches different limits if we
simply tune the phases and leave all other parameters invariant. (b) The same as before, only for ports 2 and 4. We see
how these regions are now displaced. Since the off-regions are now non-diagonal lines and intersect at 72 = 73 = 7/2, we can
turn the transistor off between NR regions and change the “source/drain” direction of the transistor. The “gate” is always
controlled by two phases, but now it is sufficient to only tune a single phase at a time to change regions. (c) and (e) Diagonal
elements of the output-noise and a noise-input vector n = (10, 10,0,0). For (c), transport is unidirectional at NR regions and
reaches its off-limit at 72 = —73 = /2 on both sides for outputs 1 and 2. (d) and (f) Diagonal output-noise with an input of
ny = (0, 10,0, 10).

certain demands of the system. We see in Fig. 29 (e) (and Fig. 29 (f)) that the noise missing at the off-regions for
output 1 (2) and 2 (4) can be found at output 3 (1) and 4 (3). Comparing the left (¢) and (e) and the right column
(d) and (f), we notice that the left can be transformed to the right by mirroring all heatmaps at the y = z axis with
an angle of w. Thus, this model is predictable and can be further analyzed. To conclude this Section, we make a
comment about w # 0: As expected, the system analogously behaves to the three-mode system, as the transport is
highly dependent on the resonance. Additional details can be found in the App. E2c¢, and App. E2d.
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VII. Discussion

In this thesis, we reviewed various appearances and aspects of nonreciprocity in several few-mode bosonic systems.
In particular, we focused on transport limits and their relation to gauge-invariant phases, as well as the influence of
(non)reciprocity on thermal noise. Additionally, we examined how these effects might differ between mode operators
and quadratures. The underlying system we considered consists of a three-resonator design with dissipative and
coherent couplings, arranged in an Aharonov-Bohm ring configuration. Each resonator is locally coupled to a thermal
reservoir, and pairs of resonators interact through either linear (beam-splitter) or parametric (two-mode squeezing)
interactions. Since this is an open bilinear system, it was modeled using the input-output formalism and the quantum
Langevin equation (see Sec. IIE and Sec. IIIB). By extending the bosonic Bogoliubov-de-Gennes (BdG) formalism
to open systems (see Sec. IIIB 3), we were able to concisely describe system-environment interactions, including the
scattering behaviour and the system’s influence on thermal noise. The BAG formalism resulted in equations of motion
for the resonators with the dynamical matrix D (A), encoding the complete dynamics of the open (closed) system.
Since the arrangement of the three-mode system leads to the emergence of gauge-invariant phases (® for linear, and
¥4 o for parametric interactions), we devised a method to isolate all relevant phases and express our dynamical matrices
in terms of these phases (see Sec. III B 2). By assuming that one resonator is highly damped, it becomes quasi-static
compared to the rest of the system and effectively acts as a shared dissipative reservoir, reproducing the effective
two-mode model of Metelmann and Clerk [1]. We showed that the auxiliary can be eliminated from the equations
of motion in two ways: either by assuming that the auxiliary reaches a steady state and adiabatically eliminating
it, or by transforming the equations of motion to the frequency domain and solving for the auxiliary. The former
elimination yields the Markovian limit, while the latter results in the non-Markovian regime of the shared reservoir, as
the frequency response of the auxiliary remains intact. To understand the difference between the Markovian and non-
Markovian regimes, we drew an analogy comparing the dissipative coupling to a complex refractive index, where the
non-Markovian case converges to the Markovian limit if the dissipation rate of the auxiliary is increased. By balancing
coherent and dissipative interactions in the effective model, we identified conditions under which the gauge-invariant
phases enforce nonreciprocal transport by (partially) decoupling one mode from another. To analyze the influence
of nonreciprocity on transport and thermal noise, we compared several few-mode bosonic systems. The majority of
the thesis focused on linearly coupled models, neglecting any parametric interactions. Specifically, we considered the
effective two-mode optical isolator as proposed by Ref. [1], the general dissipative three-mode ring, and our four-mode
extension, the dissipative directional transistor. Since the optical isolator is just an effective model of the dissipative
ring, we first focus only on those two. We considered two extreme transport limits for both models, the reciprocal
limits for ® = {0, 7} and the unidirectional limits for ® = +m/2 (see Sec. IIIF).

Consider the optical isolator, where we examined the complex spectrum of the dynamical matrix Deg (see Sec. 111G 2).
Imaginary parts of the spectrum represent the energies of the Hamiltonian, where we observed degenerate zero-energy
eigenstates for unidirectional limits. By moving away from that limit, eigenstates begin to split up with finite energies
with opposite signs, and reach their maximum at reciprocal limits. The real parts of the complex spectrum encode
dissipation and remain finite for all values of ®, but equalize for unidirectional limits. In this limit, eigenstates coalesce,
implying that the non-Hermitian system reaches an exceptional point, see Refs. [59-62]. In Sec. IV A we derived a
general expression for the S-matrix using I/O theory, and showed that modes and adjoints are treated differently by
the S-matrix with respect to w, where adjoints get scattered by a S-matrix with negative frequencies. This changes for
quadratures, as the frequency dependence of the S-matrix does not depend on the quadratures. We could show that
this is a feature of non-Hermitian operators and is thus only relevant for mode operators. Additionally, we suspect
that this could also be explained with properties of complex Fourier transforms versus real Fourier transforms. We
could reproduce the non-unitary S-matrix for the optical isolator in the unidirectional limit known from Metelmann
and Clerk [1] (see. Sec. IV C), which resembles an idealized isolator for maximized power transfer due to impedance-
matching. Additionally, we also considered the reciprocal limit, which was not shown in Ref. [1], where scattering
probabilities for modes become asymmetric and tilt to a preferred direction in frequency (with opposite tilts for
adjoints). However, this result is already known from Ref. [63] for a similar optomechanical setup, where scattering
probabilities re-symmetrize by reaching exceptional points. Why this tilt appears for reciprocal points will become
clear when we discuss the three-mode model. In the non-Markovian regime, scattering probabilities are symmetric in
general but not centered at the origin, where the Markovian limit shows a more noticeable tilt with an asymmetric
curve. Thus, the auxiliary has a big influence on the transport. To see this, we noticed that transport in the
non-Markovian regime strongly differs from the Markovian limit if the system was impedance-matched with equal
dissipation rates k = k1,2 .3/2, but if the auxiliary damping increases compared to other rates, i.e. kK = k1 2 = 4k, the
non-Markovian regime converges to the Markovian limit. This behavior is analogous to our earlier discussion of the
complex refractive index, reinforcing the consistency of our findings across different aspects of the system. Noticeably,
scattering probabilities between quadratures always yield symmetric curves in all transport limits, as shown in App.
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Cb5. In Sec. V, we derived the noise-spectral density Sout [w] for output-ports. This derivation involved expressing
covariances of output fields in terms of input fields. Our derivation revealed that a combination of S-matrix elements
act as a transfer function, effectively filtering and redistributing incident noise to respective output ports. In our
analysis we assumed white noise entering the input-ports. This incident noise, after traversing the optical isolator,
leaves the system with a finite support over a narrow frequency bandwidth, as detailed in Sec. VB and Sec. V C.
The behavior is analogous to a band-pass filter, which eliminates high and low frequency components of an input
signal. We compared the output-noise of the optical isolator for different transport limits and could show that noise
incident at port ¢ is fully transferred to port j in the unidirectional limit Sa;aj [0] = @1;, as expected by the S-matrix

(for the only non-zero element |S;;|> = 1). If both ports have the same thermal input (7i; = iz > 0), the system in the
unidirectional limit does not become unresponsive and still fully transfers the noise in one direction (i.e. 1 — 2), where
noise incident to port 2 cannot be found at any output (since it will enter the auxiliary and leave output 3, which
this model does not account for). In the reciprocal limit, noise entering port 4 can be found at both outputs, which
starts to saturate for w = 0, and where more fluctuations exist at output j. Noticeably, the output-noise of the optical
isolator can drop below the noise-floor, since eliminating the auxiliary also eliminates any inputs of the auxiliary to
remaining modes. Correlations S ata between outputs can appear for finite frequencies, since noise at the output

is superposed. These reach their max1mal value for w/k = £v/2 in the non-Markovian regime. Anti-correlations
S, fa, < 0 starts to appear if it is unclear at which output the information is to be expected, i.e. the reciprocal limit

i ], with n; > n; = 0. Outputs are positively correlated S, ta, > 0 if noise exists either at both outputs at the

same time or none at all, i.e. the unidirectional limit 2 — 1 with n1 > fig = 0. Also, outside the unidirectional limits,
cross-correlations can become complex.

Next, we discuss how the behaviour of three-mode ring differs compared to the effective optical isolator. The Hamilto-
nian of the dissipative ring was diagonalized with quasi-momenta eigenstates, where two of them are always degenerate
in reciprocal limits, and maximally nondegenerate in unidirectional limits, see Sec. IIIG1. We could show in Sec.
VIA1 that the three-mode model acts like a circulator with an unitary S-matrix for unidirectional limits, e.g. for
® = 71/2 and w = 0, reflections vanish and only the transmissions |Sa,a,|* = [Sasas|> = [Sajas]|® = 1 remain. In the
reciprocal limit, transmissions have equal probability and reflections do not vanish. As before, scattering probabilities
are tilted for the reciprocal limit in the mode basis. Additionally, we could relate the imaginary part of the eigenvalues
of D to the peaks and dips of scattering probabilities (which also holds true for the optical isolator). The real part
of the eigenvalues correspond to dissipation and leads to an overlap of quasi-momenta eigenstates, explaining why
scattering is not centered at w = 0 for the reciprocal limit, as two eigenstates always become degenerate. The output-
noise of the three-mode ring, which behaves similarly to the optical isolator. However, the noise at outputs never
drops below the noise floor, since all inputs/outputs are considered in this model. Different to the optical isolator, the
system becomes unresponsive for equal inputs 77 = e = g > 0, since all outputs show white noise for all values of
® for all frequencies. Next, we showed that relating correlations in the mode basis to correlations in the quadrature
basis S, i = Syg;z; — iSz,p; can become quite useful when the latter is expressed using S-matrix amplitudes in the

mode basis. Using that, we found that the imaginary part of correlations only appear for the reciprocal limit since
modes and adjoints are scattered differently with respect to w. If scattering between modes behaves the same as
between adjoints in w, imaginary parts of correlations vanish, which is exactly the case in unidirectional limits. Thus,
the imaginary component of cross-correlations and the asymmetry in scattering amplitudes serve as key indicators for
determining the transport regime of the system.

Section VIB finishes this thesis with the last model we analyzed. For this, the three-mode ring was extended by an
additional fourth dissipative resonator, coupling linearly to all other resonators. We could show that this arrangement
results in three distinct gauge-invariant phases, which can be independently tuned to achieve multiple transport limits.
This system not only reproduces known transport limits of the three-mode ring, but also offers novel transport regimes,
which, if the phases are tuned accordingly, lead to a full cancellation of transport between a given pair of modes.
This cancellation is most importantly non-trivial, as no interactions between the mode-pair are neglected from the
beginning. On the contrary, they destructively interfere in both directions at the same time, where transport simply
gets redirected to the other two modes. We have shown that this new off-limit can be understood as the off-state of
a transistor (by considering a effective two-mode transistor). However, different to conventional transistors, the gate
(our phases) does not only work as an on/off switch, but also controls the bias of the transistor in the on-state, as
transport can still be tuned to be unidirectional or reciprocal. So this is not only an extension of the isolator design,
but also an extension of a conventional transistor. Since signals just get redirected to other modes in the off-limit,
considering the full four-mode model offers a very versatile configuration for controlling light flow.
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VIII. Conclusion and further outlook

This thesis shows how expressing everything in terms of gauge-invariant phases can become quite useful for comparing
full descriptions to effective models. Also, we showed how different regimes of the auxiliary reservoir influences
transport and filtering properties of the system. Moreover, looking at modes and quadratures at the same time
became a flexible tool for a greater insight into the constituents of the S-matrix and the output-noise, and helped us
to find a clear distinction between reciprocal and unidirectional limits. Additionally, we showed how the dynamics of
the auxiliary strongly influences transmissions, where a resonator with a bad quality factor (and strong dissipation)
narrows down transmissions, moving the response closer to the resonant value. Furthermore, we hope this thesis
emphasis on phases, transmissions and the output-noise provides a toolkit for constructing new, more versatile, yet
minimal control systems. Especially the directional transistor we introduced, shows how a simple linearly coupled
system yields novel regimes for the flow of light. The advantage of minimal systems is clear: Since the experimental
realization of models is generally a challenging task, small few-boson systems are less prone to unwanted noise, and can
be realized in a wide range of different platforms, such as photonic and optomechanical systems, or superconducting
circuits. Thus, control systems which are easy to manufacture can become widely used components for complex
control networks. For example, consider an application for controllable (unidirectional) transmission in quantum
communication, more sophisticated fiber-optical distribution networks (remember that two circulators can be used to
multiplex bidirectional transmission from two ports to a single optical-fiber [70]), or such systems could be used for
high-fidelity state transfer in quantum computers.

This thesis offers many possible avenues to explore for future research. From a theorists perspective, an interesting
next step is considering the signal to noise (S/N) ratio at output-ports. As the noise for a impedance-matched system
in the unidirectional limit is quantum-limited, knowing the exact influence of signals on fluctuations could illuminate
new ways of protecting signal-amplitudes while still maintaining a low amount of noise. Even though we considered
parametric interactions in the beginning, most of this thesis focused only on linear interactions. As nonreciprocal
systems with parametric interactions directionally amplify signals, see Ref. [1, 64, 71], understanding the exact impact
of an amplification on the noise offers multiple promising applications, which is also true for other nonlinear effects.
For example, by finding the S/N ratio, one could devise a way to find quantum-limited photonic analogs to low-noise
amplifiers like silicon FET amplifiers. These components are frequently used in integrated solid state circuits and
amplify low-power signals without considerably worsening its S/N ratio, see Ref. [72]. Since the optical isolator
and the dissipative ring both work as narrow band-pass filters, another compelling direction is to directly engineer
systems with a specific attenuation profile to filter out unwanted frequencies. Since the output-noise is dependent on
a combination of S-matrix elements, finding a way to directly design S-matrix amplitudes themselves could offer a way
to build filters with different profiles. Recall that the number of dips/peaks of scattering amplitudes depends on the
number of eigenstates, so simply increasing the amount of modes (i.e. a nonreciprocal circulator with more than three
modes) widens the frequency bandwidth of the filter, especially if dissipation rates are high. However, damping rates
cannot be too high, as impedance-matching maximizes power-transfer, so there is an interplay between the signal-
amplitude (maximized if impedance-matched) and the size of the passband of the filter (which can be increased by the
number of modes). Additionally, when several two-port systems are connected in a lattice configuration, the S/N ratio
could serve as an order parameter for topological phase transitions, by connecting the noise properties to topological
invariants. In thermodynamics, a promising direction could be the investigation of thermodynamic uncertainty relation
(TUR) violations. Especially defining quadrature currents and finding appropriate TURs remains an area that has
not, been explored yet.
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APPENDIX

A. THEORETICAL BACKGROUND

To calculate the equations of motion of a dissipative system we need the toolbox of open quantum systems, usually
via the Lindblad master equation

%ﬁ =Lp= —i[Heysp] + D k51— 7;(w;)) Dlag)p+ #;7;(w;)Dlatlp, (A1)

von Neumann eq. J local dissipation

for quantum systems coupled to Markovian reservoirs with strength x;, where £ is the Liouvillian superoperator,
acting on an abstract operator-space and transforming our system operator p via an universal dynamical map to a
new system state p’ at a different time. The first term of the equation above is the (Hermitian) von Neumann equation
and describes the coherent, energy-conserving dynamics, whereas the second and third term are the non-Hermitian
part of the dynamics and encode the dissipation of particles/energy from the system to its environment and vice
versa. Here, 71;(w;) is the Bose-Einstein occupation of a reservoir with temperature 7, chemical potential p;, and w;,
is the respective energy of a particle leaving/entering. The dissipation is described by the dissipation superoperator

1
Dol = o' — 5{513,0), (A2)
where & is a system jump operator and
{A, B} = AB + BA, (A3)

is the anticommutator for any general operators A, B. At this point we will set the occupation-factor 7;(w;) = 0,
only allowing for dissipation leaving our system. More precisely, the remaining dissipator in Eq. (A1) now describes
how each cavity j is being coupled to a local Markovian reservoir with coupling strength ~; and jump operator a;. In
general, one could also include the third term of Eq. (A1), where the system gains energy/particles from the reservoir,
but this is dismissed since we will mitigate for this later using the formalism of input-output theory. To calculate the
dynamics of the cavity mode expectation value of a respective cavity as, one could transform the Lindblad master
equation into the Heisenberg picture. A way to do this is by using the adjoint Liouvillian, defined as

Llag = +i[Hys, 5] + Y rDMajlas,  with  Di[6la, = 6Ta.6 —
J

{675,a:}, (A4)

where Df[6]a, is the adjoint dissipator. Then, one can express the time dynamics of the operator expectation value
with the Heisenberg equation of motion and simply calculate

% (as) = Tr {asst,a} =Tr{as (Lp)} = Tr{(LVas) p} = (LTas) . (A5)

This will give us the equations of motion for the cavity expectation values.



B. SYSTEM AND MODEL
1. Isolating the gauge-invariant phases

Since some phases are just the complex conjugates of others, it is sufficient to only consider six terms

1. aig+v2 —m, 4. Bia—v2— 1,
2. g1+ — 73, 5. 31— 71— 73, (B1)
3. aza + 72 — 3, 6. B32 — 72 — 3,

for the gauge transformation. To find a useful transformation which rewrites egs. (3.30) in terms of the before
mentioned Aharonov-Bohm phases, we can safely set three of the terms above to zero, since the only relevant phases
are @, ¥7 and 9. This choice is not unique but we hereby choose to set the terms 2., 3. and 6. to zero, which gives
us a closed set of equations with

|
2.az31+11—13=0 = M =73 —as, (B2)

!
3. aza+72—73=0 = 7 =93 — a3, (B3)

!
6. B2 —12—13=0 = 3= —72+ B32, (B4)

with the following solutions

9y = Ba2 -f2- g2 o1 3.y = B2 ; Q32 ’ 6. s — B2 -2F asy (B5)

Using these solutions, the remaining terms simply become

L apg+v -7 =ai2+a3 —azy =0,

4. B2 —v2 — 71 = B2 + az1 — B3 = =V,

(B6)
5. B31— 71— 3= P31 +as1 — P32 — azz2 + (B12 — P12)
= Pi2 + az1 — B2 — Pi2 + Ba1 — asz
= —(V1 +72).
Note, that if we wand to reorder these phases, we can just perform a gauge-transformation of the type
(aj) = (df) = €77 (a;) , (B7)

where ; is any of the non-trivial Aharonov-Bohm phases considered. This has a neat implication: Suppose, we have
a more complicated model and want to remove a certain interaction. Also suppose that the interaction is needed to
have a non-trivial loop. If the interaction is now lacking, it would imply that some ¥; vanishes, but maybe this is
not seen easily in the equations of motion. By performing the transformation above, the phase y; can be placed in a
way where it will only appear at that interaction site - and by removing the interaction, one will faithfully lose the
gauge-invariant phase.

2. Counting the number of interactions for a general bilinear system

Here, the number of interactions for a general bilinear system with N — modes is determined. This should give us
a preliminary hint at the exact number of non-trivial phases for a general system. Each mode can couple to N — 1
other modes via BS interactions (excluding that a mode couples to itself). Nonetheless, since exactly N — 1 couplings
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would be counted twice, this number needs to be divided by two. For N resonators, the number of BS interactions is
exactly

# BS int. for N modes = N(N —1)/2.

If we also include adjoint modes, this number becomes twice as large and coincides with the number of two-mode
squeezing interactions. It simply reads

# BS int. for N modes (and adjoints) = # TMS int. for N modes = N(N — 1),

which gives us the total number of all interactions of a bilinear system with N (and N adjoint) modes

# Total int. = 2N(N —1).

However, exactly finding the number of non-trivial phases is still not straightforward and can be seen as a challenging
task for the future.

3. Understanding the outer-product of non-Hermitian vectors

Before we can write Eq. (3.28) as a system of differential equations which encode the coherent and dissipative
dynamics of the complete system, we need to find the commutator [a, a] first. However, the definition of a introduces
an important nuance when calculating the product of two vectors: If we consider the product aaf, the result is a
matrix due to the way the outer-product acts, but if we consider a‘a from a naive standpoint, this would give us a
scalar. The commutator would then be ill-defined and we need to find an adequate way to perform the outer-product.
Thus, we need to make a few remarks: Take for an example two vectors vy, vo, with hermitian-operators defined as
v; = (#;,9;)7, then the commutator can be calculated as

[vy,va] = v1v2T — (VQVIT)T. (BY)

This gives us a matrix with the correct elements, which can be checked easily and is a known result for hermitian
operators (see Ref. [67]). Luckily, the same logic can be applied to devise a way for dealing with non-Hermitian
operators.

Consider a simple vector with only two elements a = (a,a’)” for now, where the difference to the case above is clear:
Acting with a dagger on the outside of a vector transposes the vector and daggers the elements

=[] = (@) o o

but we need to find an action which gives us a column vector of conjugate transposed elements (or more precisely
just permutes the elements with their adjoint counterparts), but does not transpose the vector itself, such that we
can find a way to define the outer-product of afa. For this, we introduce a slight nuance for algebraic precision: The
action of considering the daggered elements inside a vector will be denoted by a new symbol I, which permutes the
elements inside the vector. Some authors use the * symbol at the level of elements instead of the usual {, nonetheless,
we will use basically do the opposite and keep the { for the adjoint elements inside the vector, but use { for the
non-transposed adjoint vector itself. Consider

)T

at = (‘i) , (B10)

which is nothing more than the action of permuting the elements inside the vector by multiplying the extended Pauli
matrix A, = 0, ® 1y to it (where the number of modes is N = 1 for this simple case), namely



Q>

at=A,a= ( T) : (B11)

Note, that A, is orthogonal with AT = A1 = A,. All this translates to

Q>

al = (ah)? = (Aa)T =aTA,, (B12)

or alternatively

at — (a7, (B13)

where the outer-product aa' is still defined as the expected action

aal = a(a)T = (“T) [Az (;‘THT - (;ﬁ) (@',a), (B14)

of a vector multiplied to a transposed vector from the left side - resulting in a matrix. However, if the daggered vector
is on the left side of the multiplication, we can use the newly defined symbol and define the outer-product in a similar
way to the hermitian example above

Q>

a'a = (ata”)7, (B15)

which again gives us the desired, properly defined product of vectors resulting in a matrix, as I only acts at the level
of elements and permutes them. This implies

ala= (aiaT)T = ([Aza]a")T = ([A,] [aa®])T = (aa®)T A, (B16)

where we used (AB)?T = BTAT (for any matrices A,B), and AL = A, for the last equality. We need to make an
additional remark here: The way we applied the usual matrix-transpose only acts on the level of matrices, whereas the
transpose inside the outer-product (acting on the level of vectors) does not. To ensure consistent algebra, applying
the transpose of the last equality to the inside of the outer-product would give us a wrong equality, thus we need to
be careful with it. To mitigate for that, we will only act with the transpose on matrices (or products of matrices and
vectors, but never on vector-vector outer-products), where it acts in the usual manner. All this implies that

(aa”)TA, #aa’ A, , (B17)

does not hold. This concludes our remarks.

4. Generalizing the transformation matrix

For N =1, we have v = (z,p)T and a = (a,a)T, implying

. 1 11
v="Ta, with T, = 7 <—i z> . (B18)
)T

For N =2, we have v = (z1,p1,x2,p2)" and a = (al,ag,al,a;)T, implying



1 010
. 1 [—i 0 40
v=Tsa, with Trnog = ﬁ 0 100 (B19)
0 —2 0 2
We would like to find a way to write this for a general case. However, simply multiplying
1 010
1 0 1 01
0 —2 0 ¢
does not give us us the right expression (similarly for 1l y—o ® T), there is still a permutation needed
1000
0010
Pe=10100 (B21)
0001
Applying this will give us the correct expression
Ty =Pc(T1 ® 1,). (B22)

However, this is only the formula for N = 2, can we find an expression for Pg for greater N in a formal way? Yes,
for a | X k matrix, the permutation leaves corner elements invariant (1,1) = (I, k) = 1, and permutes just the insides.
This can be achieved with a so-called commutation matriz, defined as

l k
PcM =33 (e;@e))(e; @er), (B23)

i=1 j=1

where e; (e;) is a vector of dimension ! (k) with zero entries except the i-th (j-th) entry. Since we only have two
types of fields (modes and adjoints), it follows that k = 2, and | = N represents the number of modes we have. This
way, a general transformation matrix for N modes can be written as

Ty =Pc V(T 1y). (B24)

5. Dynamical matrix of the dissipative ring in the quadrature representation

The dynamical matrix M can be explicitly written as

—K1/2 0 Jm(Ji2 4+ A2)  Re(Jiz — A12) —Im(Jz1 — As1)  Re(Js1 — As1)
0 —K1/2 —Re(Ji2 + Ai2) Im(Ji2 — A12) —Re(Jz1 + Az1) —Im(J31 + A31)
_ T | —9m(Ji2 = A2)  Re(Ji2 — Ai2) —K2/2 0 —Im(J32 — Az2)  Re(J32 — As2)
M T D T —9%2(.]12 + /\12) —jm(.]rz + )\12) 0 —H2/2 —57’12(,]32 + )\32) —Cim(ng + )\32) ! (B25)
Jm(JSI + )\31) me(ng — )\31) Jm(Jsz + )\32) %e(ng — )\32) 753/2 0
—QRe(Ja1 4+ Az1)  Im(Jzr — Az1) —Re(Js2 + Az2) Tm(Jz2 — Azz) 0 —K3/2

which is time-independent for the full model (since the hopping J;;, squeezing \;;, and damping k; parameters are
explicitly time-independent). In contrast to the mode representation, this matrix is completely real, which is an
important feature in this representation for the full model.



6. Dynamical matrix of the optical isolator in the mode representation

The dynamical matrix of iw (acg|w]) = Degw] (aeg[w]) in the basis acg = (a1, as,al,al)T is

X (—251 [w] — ?[ ) —i (%J[—&—]iul“[w]) o 0 Flo) —i(2\ —Bqu[w])
—1 * 4T w —I'y[w]| — Ko —1 —wl'w
Deglw] = 3 0 PN — i THw])  —Tiw] — k1 @ (20 — i T w]) | (B26)
(2N 4+ i T w]) 0 i(2J — ipl™*[w)) —I3w] — K2

7. Dynamical matrix of the optical isolator in the quadrature representation

Using the same transformation as above, we can recover the following dynamical matrix for the effective model in the
quadrature representation

(e T, R By
_ —=JIm(I'y [w —k1 — Re(T|w —2Re(J + A) + Im((pp +v)Nw m(J — A) +Re((p —v)'w
Mg [W] 5 (2 Jm(J — ) + 9’\13((;;* —v)Tw]) 2%Re(J — )\1) - ﬁm((;lt* +v)I'w]) —Kg — 9’\2(1“2[%]) jm(l“z[w]l) ) ’ (B27)
—2Re(J + A) + Im((p* — v)w]) —2Tm(J + ) + Re((p* + v)T[w]) —Im(Taw]) —kg — Re(Ta[w])

which is frequency-dependent and complex for the non-Markovian correction.

8. Derivation of the energies by transforming the system to momentum space

Note, that this derivation closely resembles the calculations done in Clerk [14].

For ease of notation, we will use a different labeling convention for the beam-splitter interaction between mode
1 and 2, namely, Jo; = J{,. More generally, we can write J;;: = J7 .. Also, note that even though we use the label
ag for the auxilliary, mode 1 and mode 3 still only exhibit a distance of 1 from each other, thus we could also write
as — ag . However, this would become a bit messy to read, and thus we stay at the usual notation but keep in mind
that the distance is just 1 in the real-space lattice. With this, our Hamiltonian (for N = 3) is written as

Hsys = ngagal + J31a£a1 + J32a£a2 + H.c. = Z Jjj/a;ajr + J;j,a},aj . (B28)
>3’
If all interactions are the same J = Jo; = J31 = J32, which implies that the gauge-invariant phase is equally distributed
over all interactions ®/3, the system becomes translationally invariant. Thus, can employ Blochs theorem [46] and
write the basis states as a sum of plane-wave solutions. For this, we introduce the single-particle position eigenstate
l7) = a}|0> (where |0) is our vacuum state) and write the plane-waves as a linear combination of position states

o) = %ﬁ Z emiljy (B29)

with the single particle wave-vector

fon = —m, (B30)

where m = 0, £1 are different values for the quasi-momentum. Similarly, using the reverse transformation gives us

R
\J)—m; Kum) - (B31)

In the 1st quantized picture, the momentum space Hamiltonian is simply



Hy = Z (ke [H k) k) (B (B32)
" Hkn)

where H(k,,) = E(kp), if |kn) diagonalizes our system. However, by identifying |k,,) = bl |0), we can directly work
in the second-quantized picture. We can employ the orthogonality condition for complex exponentials, namely

Zei(m/,m)j = Ném.m (B33)
J

which implies

1 ST 1 PR
Hy, ;J N e~ kmiehm N bl by 4 T N Z e gikmi | Bl b
3>

m,m’

1 ik (5'+1) ik, § T * e~ hmr i’ gikm (3'+1) t
Z,J NZQ eFm' 3" | bt b 4T NZ ek bl b
ST J

i

1 i ’— i’ —i * 1 i —k,.1)j’ i
pOF] B Pl PCTRR Y B Sty P s
,m J J

4 0

> 2%Re (Je ) bl by =Y 2]J| cos((® — 2mm) /3) bl by
This can be more compactly written as
Hy= > @mbl,bm, (B34)
m=0,£1
where
Om = Z 2%Re (Je m) = Z 2|J| cos((® — 27m)/3), (B35)

are eigenenergies of the Hamiltonian in the momentum-representation. To write Hy in the matrix notation, we
introduce the momentum-space mode vector b = (b_1, by, b1, bil, b(]; bJ{)T, and get

Hy = Zb* (Hp)pmbm,  with  Hj, = diag(w_1, @, 01,01, @0, 01) - (B36)

Note, that the energies come in pairs, but since Hy is Hermitian, they have the same value for the modes and their
adjoint. However, this is different for the dynamical matrix A,

A, =—iAH =—1i diag(@_l,@o,wl, —Ww_1, —Wo, —(111) . (B37)

meaning that real eigenvalues of the isolated system are now fully imaginary and come in pairs with opposite signs.



9. Fourier-transform and convolution theorem
a. Proof of convolution theorem

Here we proof the convolution theorem using Fubini’s theorem (in short lets us exchange the measure of the integrals).
It is a quite standard procedure, but shows how memory effects (the past becoming relevant in the time-integral) can
appear as a consequence from it:

N
/ (1) f(7) <1 /C: ei‘”(7+7,t)dw) drdr’
= 6(r+ 1 — 1)

= L/oo /OO g(M)F(r)(r + 7' — t)dr dr’

O (B38)

b. Fourier-transforming the equations of motion of the optical isolator from frequency to time

We use this the convolution theorem above, to apply the reverse Fourier-transform on iw (a; 2[w]). This gives us

]-‘l{iw (ar[w]) }(t) = 0 (ax (1))

=5 | = (s )04 o) = [ oato + B (Pt )] = [ Mabon + § = (T () 0)

__{I‘l—i-m

@y =i |7+ in] ooy —i |r+ivg | oy,

f{ (arlel }a) ~ 0, (aalt)

=5 | 7= (P2 wa)) 0+ ko) = [ 7 o) + = (0w ) 0] = |3l - = (Pt 0]

= - [B faatoy = e [+ o orto) - 1 r - 3]l

(B39)

where we used the approximation that the shared reservoir is highly damped and thus static from the point of view
of (a;(t — 7)), implying 7 < ¢ and thus

(a;(t — 1) = {(a;(t))) . (B40)



C. S-MATRIX

1. Proof of transformation formula

Here, we prove S[w] = TT S[w] T:

Since M = TDTT, and x[w] = (iwl — M)~!, it follows

x Yw] = (iwl — TDTT) = TT' (iwl — TDTHTT' = T(iw TMT - TI'TD T'T)T' = T(iwl — D)TT,

—— (Cl)
1 1 1
taking the inverse of both expressions gives us with (T1) = T~! the following
x[w] = (iwl — M)~" = (T(iwl — D)TT) " <= (iwl — M)~! = T(iwl — D)""T", (C2)
and by introducing the susceptibility in the mode-representation
X[w] = (iwl —D)™*, (C3)
we can relate both via
x[w] = Tx[w] TT. (C4)

Finally, this implies

S[w] = T'S[W|T = T (11 . \/Ex[w]\/ﬁ) T =1 — (THWKT) (Tt x[w]T) (TTVKT) = [n - \/fgz[w}\/lﬂ o)
N X[ VR

where VK is the matrix with damping elements in the mode-basis. This concludes the proof - ged.

2. Alternative way of enforcing non-Markovianity to the susceptibility matrix and the S-matrix

Note that the only frequency dependence of the S-Matrix resides within the susceptibility x|[w]. For the three-mode
model with a frequency-independent Langevin matrix M, the susceptibility becomes x[w] = (iwl — M)~!. As the
identity matrix multiplied by the frequency is a relic of the time-derivative of the cavity mode differential equations
(due to Fourier transforming), we can also find a way to treat the auxiliary mode as Markovian - without doing a formal
(adiabatic) elimination of the differential equations. This is useful since we are still in the full three-mode picture from
our point of view and can look at the complete system dynamics without referring to the reduced effective model.
To be more precise, by transforming eqgs. (3.30) into frequency space, the differential operator becomes 9; — iw,
and since the dynamics of a stationary system vanishes 0 (a;(t)) = 0, the same is true in frequency space with
iw {a;[w]) = 0. This is similar to saying that we can tune the correlation times for each cavity of interest (meaning,
coupling them stronger to the reservoir, for example by dropping the quality factor of the respective resonators
resulting in a higher permeability between the system and the environment, effectively assuming that cavity ¢ has a
high k;). But similarly, one can also assume that the frequency response of the cavity i approaches zero, where cavity
i then becomes stationary. This can be done more formally by introducing a new matrix E,, by hand

iwlg = iw By, = iw(lly @mlly) = iwdiag(l,1,1,1,m,m), (C6)

written in the quadrature basis. In our case, we want to have control over the frequency response of the auxiliary,
thus we the system-specific parameter m € [0, 1] is related to the correlation times by



1, form~r
m = U (C7)
0, form <1
where m = 1 is the non-Markovian regime with vanishing correlation time and memory effects, and m = 0 is the
Markovian regime with memoryless dissipation and is local in time. Next, it is easily shown that the limiting cases
are

1. non-Markovian: lim1 W By, =iwZ; = 1wl , (C8a)
m—r

2. Markovian: lim0 iwEy, = iwEy = iwdiag(1,1,1,1,0,0). (C8b)
m—s

Inserting this back into Eq. (4.5) results in the S-matrix

Smlw] = [1 = VK xulw]VK| = [1 - VK (B0 - M) VK], with  xle] = (Bnle] - M), (C9)

which can be either in the non-Markovian or the Markovian limit for the three-mode model.

3. Expressing the S-matrix in terms of damping rates

Using Eq. (3.62), we can find a different way to express the S-matrix, which will end up in a novel, yet quite general
statement. To understand what this representation entails, can be seen as a challenging, but probably insightful
endeavour for future research. First we note, that the susceptibility matrix fulfills

gle) = (w1 - D))" = (i(-w)1 - D) (C10)

where we used the fact that (L_l)T = (LT) ! for any invertible matrix L. Next, we consider the dissipative ring with
Aij =0 = hy =0, where it follows for Eq. (3.62)

D=-D—K. (C11)
Now, we re-express x[—w]| as

X[~w] = (i(~w)l —D)"' = (z’(—w)]l +Df + K)fl S (iw]l K- DT)*1 . (C12)

Since K is a diagonal matrix, we can express it as K = > %;l7)(j] and write it into the argument of the x function,
giving us

-1

N
-1
) (w+ik;) = — (idiag(w + ik1, - ,w+iry) — DF
Ej: DGl - (i diag( 1 ~) —DT) (13)
= —x'[-w+iky, -, —w+iky].
Note, that the last equality can be made less ambiguous after impedance matching with x;/2 = &, resulting in
xXl—w] = —x'[~w + 2k, , —w+1i26] = —xT[—w + i2x] . (C14)

If we know calculate the adjoint



X' [~w] = (iwl = DN = x[—w+ ik, -, —w+iry] = (i diag(w + iK1, -+ ,w +ikn)* — DJf)71
" (C15)
= (idiag(wfim,u ,wfinN)fDT) ,
it can be related to x[—w] as
x[-w] = —x'[~w + iK1, -, —w +ikN], or conversely Xlw] = —X'|w + iK1, ,w+ikn]. (C16)

This equality of the susceptibilities has implications for the S-matrix. Recall that the S-matrix is given by

S[w] = 1 — VEx[W] VK, (C17)

then it follows from the susceptibility matrix,

S[-w] = 1+ VEX'[-w + ik, -, —w+iry] VK, (C18)

which gives us

S[-w] = 21 — ST[—w + ik, -+, —w +ikn]. (C19)

We can also rearrange this expression

S[—w] + St[—w + iK1, , —w + iknN]
5 :

1=

(C20)

The last expression tells us, how the S-matrix and its adjoint relate directly, which is different to the formula used in
the main text,

S[—w] = A;S"[w]A, (C21)

which tells us that the action of flipping the sign in front of the frequencies is the same as taking the conjugate and
flipping blocks. For the case derived here, the S-matrix for negative frequencies can be expressed as its adjoint with an
additional phase shift in energy due to the damping rates K. This shift extends the frequencies to the complex plane.
Now, its visible how damping rates explicitly affect the scattering behaviour of the system. Since the only condition
we assumed in the beginning was that all squeezing interactions vanish, this equation holds true for all systems which
can be written as a bilinear BAG Hamiltonian of a similar form.

4. Non-Markovian S-matrix for the optical isolator

The non-Markovian S-matrix for symmetric damping rates kK = k;/2 is

QK(ei(q"H"/m To +F[w])

1 2Kk

_ T R2wtr+T[W] (Z‘2w+/€+1—‘[w])27(61(¢+i7r/2)1"0+1"[w])(e—i(é—iw/Z)F0+1"[w])
Serw] = , (C22)
QE(e—i(é—iw/E)FoJrF[w]) 1 2%
(i2w+K+F[W])27(ei(‘i’+iw/2)1"0+r‘[w])(e—i(é—zﬂ'/2)r‘0+1’\[w]) T Rwtr+T (W]

which becomes for the unidirectional limit (recovering the adiabatic result by assuming k3 > k£ = T'[w] — T')



1 _ 2Kk QK(F[UJ]ZFF[)) 1 _ 2K 2/{(110:!:F0)
B 2w+K+T[w] (i2w+n+F[u])2+(Fgfl—‘2[w]) o Sr i2w+rk+Tg (12w+k+T0)2
Seft[w] = Lty . (C23)
2k (T [w]+To) 1— 2Kk 2k(Co%To) 1— 2Kk
(i2w+n+F[w])2+(F37F2[w]) 2w+ k4T w] (i2w+k+T0)? 2w+k+Tg

where the upper (lower) sign stands for ® = ¢r (P = ¢1,). For a reciprocal setting ® = ¢g = 0, the diagonal elements
are the same as for the above regime, where transmissions elements become equal

- Sl — 2k (il + T'w])
(Seft[w])12 = (Set[w])21 (12 + n + Tw])? — (iTo 4 T2 (C24)

and the scattering probabilities for the resonant, impedance-matched case read

|(Sea[0)111* = [(Ser[0])22/* =0, and  [(Serr[0])12]” = |(Serr[0])21[* = - . (C25)

5. Scattering behaviour of the optical isolator for quadratures

— . T 4 .
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FIG. 30. Markovian (solid) and non-Markovian (dashed) scattering probabilities of the optical isolator for x — quadratures, plotted
against frequency for different limits of ®. We assume the parameters C = 1 and |J|/x = 1. The first two pictures in each row
show Kk = k;/2, and the last picture in each k1,2 = k3/4 = k. (a) Unidirectional case for ® = ¢r for symmetric dissipation. The
behaviour is the same as in Fig. 12b, with |Sy,z,|? = |Suy2s|® = 0, and [Szez, |* = 1. (b) Nonreciprocal case for ® = ¢r,, leading
to [Szyzs]® = 1, and [Saga, [ = 0. (c) The same as (a) with ® = ¢r but in the asymmetric regime. The non-Markovian case
converges to the Markovian limit since the auxiliary is damped stronger. (d) Reciprocal case for ® = 0 in the symmetric regime.
Different to the three-mode model, the dynamical matrix Meg[w] is frequency dependent, and thus not real. Similar to modes
in the full and effective model, quadrature curves also become asymmetric for finite w. (e) Reciprocal case for ® = 7, with the
same behaviour as (d) only flipped around the z-axis. (f) Reciprocal case for ® = 0 for asymmetric damping rates. Again, the
non-Markovian curve converges to the Markovian limit.



D. NOISE SPECTRAL DENSITY
1. Explicit form of the input-correlation matrix in the quadrature basis

We can explicitly write the input correlator-matrix as

(T1in[w]rrim[w]) (Trmwlprin[w]) - (@1in(w]enm @) (21m[w]pnn (W)

(Prinwlzrin[w]) Prinwlprn]) . @rnwlEnmW]) (@1m(w]pe W)
(Vinw]vi, [W']) =

<In,in[w]x1,in[wl]> <xn,in[w]p1,in[w/]> <xn,in[w}xn,in[w/}> <In,in[w]pn,in[wl]>

<pn,in[w]x1,in[w/]> <pn,in[w]p1,in[wl]> <pn,in[w]xn,in[wl]> <pn,in[w}pn,in[w/}>

nh41/2  i)2
—i/2  nih+1/2

=§(w+uw)

nth 4 1/2  i/2
—i/2 4 1/2

2. Explicit form of the output-correlation matrix in the mode basis

We have shown how the transformation is still viable for the output-covariance and the form of Eq. (5.20) is justified,
which can now be used to find a adequate expression for the output-noise,

Conclor] = 1 (ol bl + (abuTaTulol) + (ol b} + (bl alfe’)) )

:i(

e

o (bl 1) 8741+ (8 (o 1 ael) 870

giving us

3. Proof of transformation formula between the mode and the quadrature basis of the output-noise

Here we intent to proof that Coys[w,w’] = T Cout [w,w] TT. First, we transform the right hand side to the quadrature
basis with T, from that it follows



T Cout[w, w'] TT

= E T [TT <V0ut [w] Vj;ut [W/]> T+ <TTVout [w'] vgut [w] T*>T + Tt <V0ut [w'] Vlut [W]> T+ <TTV0ut [w] vgut [w'] T*>T} T

—

=7 [<VOUt [w] V(?ut [wl]> + <V0ut [w] Vgut [WIDT + <V0ut [w/] Vgut [w]> + <Vout [w/] Vgut [W]>T] = Cout [va/] y

=

(D)

which is exactly the result for the output-covariance matrix in the quadrature basis, see Eq. (5.6).

As a last remark we note that the transformation in the opposite direction is only valid up to the point where we
assume that S[—w] = S*[w], as this does not hold for mode-operators, namely, we need to transform Eq. (5.17) and
not Eq. (5.19).

4. Output-noise in the reciprocal limit of the optical isolator

Markovian output noise for ® = 0,7; = 10,1, =0 Markovian output noise for & = 0,7, = 10,7, =0
3F
9t —Tm8,,
2y ——Imf,,
6 Lr
O L
3l
71 L
0r _9ot
_3t

FIG. 31. Output-noise in the reciprocal limit for the optical isolator with C = 1, and K = k;/2. In reciprocal limits, cross-
correlations become complex. This behaviour was explained for the three-mode model, see discussion in Sec. VI A.

5. Output-noise spectrum of the optical isolator for quadratures

Markovian output noise for ® = ;l ny =10,n, =0 Markovian output noise for ® = gm ny =10,n, =0 Markovian output noise for ® = 0,n; = 10,1, = 0

(a)

FIG. 32. Markovian (solid) and non-Markovian (dashed) quadrature elements of the output-noise matrix for the optical isolator
with varying values of ® and thermal-inputs, plotted against w/x. Parameters are C = 1 and |J| = |pu2|To/2. (a) Comparison
between ¢r (Left) and ¢r, (Right) for the input-occupations 71 = 10,72 = 0. The behaviour is the same as for Fig. 13a. (b) Also
similar to Fig. 13b, with the only difference that cross-correlations are always real.



6. Output-noise spectrum of the optical isolator for asymmetric dissipation rates

Markovian output noise for ¢ = 72_r7 ny=10,n, =0 Markovian output noise for ® — %m ny =10,ny = 0
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4
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ot
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w/k

Markovian output noise for ® = 0,7, = 10,1, = 0

FIG. 33. Markovian (solid) and non-Markovian (dashed) elements of the output-noise matrix for the optical isolator with varying

values of ® and thermal-inputs, plotted against w/k. Parameters are C = 1 with kK = k1,2 = k3/4, and |J| = |p2|T0/2. (a)

Comparison between ¢r (Left) and ¢r, (Right) for the input-occupations 71y = 10,712 = 0. (Left) Here, fluctuations entering port

1 are fully transferred to output 2 with S 1 [0] = 10.5, and S ;_ [0] = 0. (Right) Here, S 1+ [0] = 0.5, and S  [0] = 0, since
2a2 ajay aja azaz

output 1 sees vacuum from port 2, but output 2 gets no input from the auxiliary. (b) Reciprocal case for ® = 0 and 7; = 10,72 = 0.

(c) Similar to (a, Left), but with inputs at both ports 71 = n2 = 10.



E. DIFFUSION BEHAVIOUR OF SELECTED MODELS
1. Dissipative three-mode ring

a. Heatmaps of scattering probabilities for different cases
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FIG. 34. Comparison of scattering probabilities plotted against ®, for different values of w. In the upper row, heatmaps in the
mode basis are shown, and heatmaps for quadratures are in the lower row, respectively. The left column is the case w/xk = —2,
the middle w/k = 0, and the right w/k = 2. If we focus on the upper row, we immediately see how scattering between modes and
adjoints are treated the opposite way, having the same behaviour for positive and negative frequencies only for unidirectional limits.
For any other value of the phase, transport is asymmetric in w. This is different for quadratures, which are always symmetric in
w, for all values of ®.
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Markovian (solid) and non-Markovian (dashed) scattering probabilities for ® = ¢r and asymmetric damping rates
15, only with narrower curves, since the
auxiliary is closer to the Markovian limit. (a) Reflection coefficients. (b) Transmission coefficients.

K1,2 = k3/4, plotted against w/k. Here, the same behaviour is seen as in Fig.



C.

S-matrix coefficients in the quadrature basis

Scattering probabilities for the unidirectional limit ® = a1 = a3; = asze = ¢r = 7/2 with k = k;/2, which behave

similarly to the scattering probabilities in the
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FIG. 36. Markovian (solid) and non-Markovian (dashed) scattering probabilities in the quadrature basis for ® = a2 = a1 =
ag2 = ¢r = 7/2, and kK = K;/2. Shown are the coefficients between z-quadratures, since p-quadratures vanish (this comes from
our choice of a;j;), as do elements between different quadratures. (a) Reflections for z-quadratures. (b) Transmissions between
z-quadratures. Compare with Fig. 15.



d. Composition of the output-noise in the quadrature representation by scattering probabilities
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FIG. 37. Diagonal elements of the output-noise spectrum in the quadrature representation composed of S-matrix amplitudes and
the incident vacua (acting as a noise floor) for ® = ¢r and k1 = k2 = k3 = 2k for small thermal fluctuations entering the first
port: n1 = 1,n2 = n3 = 0. On the left side of each row, there is the diagonal element of the noise spectrum showing the output
fluctuations leaving the system. The second and third column is the respective non-zero S-matrix amplitude, where we chose to
show the vacuum contribution to the noise for this figure. The S-matrix probability amplitudes get scaled by a factor and by
adding them with the incident vacuum, we get the respective output noise spectrum element. Note, that any S-matrix amplitude
of different quadratures with the same index are zero, namely |Sz,p;|? = |Sp;z;|> = 0, since we only consider linear driving and no
single-mode squeezed input.

€.

Ezpressing output-noise in the mode basis by elements of the quadrature representation

Since the noise-matrix is symmetric in operator-ordering, an element (7, j) is always the same as the element (j,7).
However, switching labels ¢ «+— j (for ¢ # j), produces different effects depending on the basis, where elements are
complex conjugated for modes, but undergo a sign change for quadratures. Additionally, without squeezing, elements
of the type Su,a; = Saja; = Sg,p; = 0 all vanish (where we suppressed the argument w), for all 4, j. Thus, we can sum

this up as



modes: quadratures:

Sa,-aj SaTaT- =0, Slzivz =0, Vi, j, (Ela)

Sa al = Sa*a ’ S'inj = S'LUj'Ui ) Vi,j, where v, w € {ﬂf,p}, (Elb)
iaj ) ;

Sa-aT =S5 IR Sv.;w- = —Svjw; ) i 7é Js where v # w e {l‘,p} . (ElC)
i@y aja; J J %

Note, that the noise for different quadrature types is the same

Seie; = Spip,  Virj (E2)

Using all rules from above, we can transform the output-noise from the quadrature to the mode basis via T (see Eq.
(3.69)), and express it in this simple form

837135'1 82112 - isﬂtlpz 8581583 - isxlpa
5962901 - iS@Pl Sﬂczrz 81213 - i‘szzps
Sout [w] = Sesar — iSaspy Sasws — 1Suspy Seoas s s ) ' ., (E3)
T121 w122 T 1S21ps Spyag + 1Saps
8332331 + iSﬁC’zl)l 8352352 szws =+ Z.83?21173
Sﬂﬂsfl + iSﬂﬁs.Pl Sﬂﬁsmz + iSﬂEsm Sﬂﬂsms

which implies that diagonal elements are always real (quadrature noise is never complex), but correlations in the
mode basis can become complex, due to terms of the form S, . To understand whats going on, we will look at a
single element S;,,, and try to find an expression in terms of S-matrix elements. For this, we consider

This gives us

i - . - . - - - -
lepz :Z [ﬁl(smal [w] S:2a1 [w] - S“Iai [OJ] S:;a’lf [w] + Sa1a1 [_w] Szzal[ w] - Sallfallf [_w] SZ;aI [_w]) (E4)
+ 712(Sa102 0] 85,0, 0] = 8410 W] Sy 0]+ Siran [—0] 850, [—w] = 8,11 [-w] Sy 1 [—w]) (E5)
13 S0 ] S, ] — 8,1, 0187 1 6] S [0l Sy ]~ 8,y (0187, [w])] . (E6)
Since S}, [w] = SaTaT [w], we can rewrite this as (for 71 > 0, e = g = 0)
ny Q Q* Q Q*
Sorp = =5 Im {Say0, 0] 810, 0] + Sasar [] S, [0l (E7)

which is a real and w - symmetrized expression, encoding the phase-difference between mode and adjoint scattering
amplitudes of the ports of interest. This has big implications: This tells us, that (in absence of squeezing), the
imaginary part in thermal-correlations tell us how different thermal noise of modes and adjoints will scatter through
the system. If they are asymmetric (which is maximized for the reciprocal limit), an imaginary part starts to appear
for correlations. If modes and adjoints are scattered the same way, the correlation between different quadratures
Sa,p; = Spiz; = 0 will vanish, which means that the noise-matrix will only have real elements.



f. Rectification

As stated in the beginning of the thesis, see Sec. IT A, only the ratio of scattering probabilities needs to be conserved
for reciprocity. In a more quantitative manner, we can thus define two functions, the scattering rectification (in the
mode-basis)

|Sajai 2 |Saiaj‘2

|Sajai 2 + |Saiaj‘2 ’

gaiaj [w]

(E8)

and the noise rectification (in the mode-basis)

Soye 12— |52y P2

Coilw] = ——t i R E9
el = (g i (E9)
74’a.i ajaj

which both track when the system is reciprocal. The scattering rectification just tests the unevenness between both
transmission directions. Consider Fig. 38, where in (a) the scattering rectification is shown in the mode basis &4, 4, [W]
and in (b) in the quadrature basis &;,,[w], for varying values of ® plotted against w/k. Comparing both, it becomes
clear that modes are tilted in that space, whereas quadratures are not. This re-enforces our observations regarding
the asymmetry in w for modes. The last figure (c¢) shows the noise rectification (;2 in the mode basis for inputs
iy = i = 0, and fig # 0. Sending in thermal fluctuations in port 3, will either end up at output 1 (for & = ¢r,), or
output 2 (for & = ¢g), or both (in reciprocal limits), thus we can observe the difference between the transport limits
with input 3. For ® = ¢r we get Clg[ | = +1, and for ® = ¢, we get (12[ | = —1. This figure looks the same for
modes and quadratures, and shows that the output-noise is an always symmetric quantity.
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FIG. 38. Rectifications for k = k;/2 plotted against ® and w/k. (a) Asymmetric look of the scattering rectification &2 in the
mode basis. (b) Symmetric look of the scattering rectification £12 in the quadrature basis. (¢) Symmetric noise rectification (12 in
the mode basis for 71,2 = 0, 73 # 0.



2. Dissipative directional transistor
a. Isolating the gauge-invariant phases for the directional transistor

From the interaction scheme we see that there are only three relevant phases

T] = (31 — Q4] + Q43 , (ElOa)
Ty = —032 + 2 — Q43 (E10b)
T3 = (X12 + Qg1 — Q42 (ElOC)

where the Aharonov-Bohm phase of the three-mode model can be trivially reconstructed by summing up these new
phases

O =7 +1+73=0a12+ a3 — a3z, (E11)

which is not relevant phase, but is consistent to the idea of ”splitting up the phase ®” in this model. We then perform
the gauge-transformation (a;) — (a}) = €', giving us the following terms

1ars+72 —7, 4. azy +v2 — 73,
2. a31+M — 73, d. o2+ Y2 — V4,
3. o1+ — e, 6. as3 +7v3 — V4,

where three of these can be set to zero, since we only have three relevant phases. We choose to set 1., 4., and 5. to
zero. This implies

!

1.=0 = 71 =7 +a,
!

4. =0 = 7 =93 — a3,
!

5 =0 = Y2 = Y4 — (42,

where we make the choice 72 = ay1 — o, giving us

Y1 = Q12+ Qg1 — Qg2 = T3,
Y2 = Qg1 — Q42,
Y4 = G411,

Y3 = Q32 + Qiq1 — Qg2 .

The remaining equations can then be expressed as

2. :T1+T2+T3,
3. =173,

6. = —T9.

Now we would be finished, but since we aim to have a specific form of the EOMs (for aesthetic and didactic purposes),
we can apply a last additional gauge (a;) — €'™ (a1), which we will simply denote with (a;), since this action leaves
the physics invariant. With this, the interaction parameters become

Jio = |J12le’™ Ja1 = |Ja €172 | J32 = |J32] (E12)

Ju = |Jul, Jaz = |Jazl, Juz = |Jasle™" ™2, (E13)



b. Deriwation of the effective model of the transistor and explicit formulas

Here, we Fourier transform the EOMs of the full model, see Eq. (6.19d), and eliminate the third and the fourth mode,
similar to three-mode model to get an effective model for the modes a; and ay. Consider the following solutions

(azlw]) = m (=131 (a1[w]) — iJ32 (az[w]) — iJ55 (aa[w])) , (E14)
1 . . .
(aslw]) = T (—ida1 (a1[w]) — iJaz (a2(w]) — iJas (as[w])) , (E15)

where we introduce the susceptibility x;[w] = 1/(iw + ki/2), X[w] = x3[w]x4]w], and the unit-less scaling factor

- 1 1
dlw] = 1+ [Ju3]?x[w]
to get
(a[w]) = (—ixs[wldw]Js1 — x[wld[w] T3 1) (ar[w]) + (—ixs[w]d[w] Js2 — X[wld[w] Jf3Ja2) (aalw]) (E16)
(aalw]) = (=ixa[w]d[w] a1 — x[W]d[w]JazTa1) (a1[w]) + (—ixalw]d[w]Ja2 — X[w]d[w]Ja3T32) (az[w]) , (E17)
leading to
iw (a1 [w]) = (*% — xslwld[w]|Js1|* = xa[w]d[w]| Ja1 [ + ix[wld[w] (J5; a1 Js5 + J31J11J43)> (a1[w])
(—idia + xslwld[w] (=I5, Js2 + ixalw]J51 Jaa Ji3) + xalwldw] (=51 Jag + ixs[w] ) Js2Ja3)) (az ME ; |
E18
(—3 — xa[wld[w][Js2|* = xalw]d[w]|Jaz]? + ix[w]d[w] (S5 T2 + J32J5sJaz)
(—id7s + xs[wld[w] (=J31J3 + ixalw]Ja1 J50J45) + xalw]d[w] (=T T3y + ixslw]J; 1J42J43))< 2w ]z ; |
E19
for the EOMs in the effective picture. By also introducing
6 = |J A — Y[w] == dlw] : ! E20
6] :== [J12] Xilw] == SRR X[w] = xslw]xaw] [w] == T xlTml (E20)
Mw] = xs[wldw]|Js1Jsa|,  Aelw] := xalwld[w][JanJas|, pmlw] = dw]|Js1Jaadas|,  pelw] = d[w]|Ja1Js2 3|,
(E21)
and
5ilw] = 2x [ dw] | Tas Tas Tus | ’%gd] _ kit 2X3[W]J[W]\J3i\22 + 2xa[w]d[w]| T | ’ (E22)
as new damping rates of the shared effective reservoir, we get
iw (a1 [w]) = (_%2@] + 951 [w] cos T1> (a1]w])
,z (T1+72) 4 )\2[ ] Z'(,ul[w])_dw]e*in + HQ[W]X[W]efiTQ o |5‘eim)) <a2[w]> , (E23)

- (s
( Yolw +zc72 ]cosw) (az[w])

()\1 ot (T1+72) F Aofw] — i(/ll[w] wle i + pio[w]x[w ]eirz_wle—irs)) (a1 [w]) , (E24)



E. 9

for the non-Markovian effective model. The Markovian regime is reached for x;[w = 0] € Rso. This implies, that
A1 = A[0], A2 = A2[0], s = w3]0],d = d[0],5; = 7:[0],7 = ¥%[0] € Rso are all positive real numbers. Thus, the
effective EOMs in the Markovian regime are

iw (@ [w]) = (=5 + o1 costr) afw]) = (Pale™ ) 4 gl i (| lxe™™ + [nalxe ™™ = [8]e™) ) {azfe)

iw (az[w])

Yoo
—— —+ 1092 COS T2

which concludes our short derivation.

c. Different scattering probabilities for the directional transistor
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FIG. 39. Comparison between scattering probabilities of the directional transistor for w = 0, kK = k;/2, a fixed phase 7 = 7/2,
plotted against 72 3. This Figure supplements Fig. 29.



d. Comparison scattering between two-ports with the noise of all ports for the directional transistor
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FIG. 40. Comparison between scattering probabilities and fluctuations at outputs for w = 0, k = k;/2, a fixed phase 71 = 7/2,

plotted against 72,3, with varying input-noise. This Figure shows the input ng, = (10,0,10,0) in the left column, and n¢,
(0,0,10,10) for the right column. This Figure supplements Fig. 29.
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