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Abstract

Classical feedback control and system theory are playing an important role in modelling,
controlling and analysing complex devices in many branches of engineering. Recent devel-
opments like quantum computers and miniaturisation of existing applications and devices are
increasing the importance of the ability to control systems with quantum effects. Efforts have
been made recently to extent the simplicity and power of the language of classical control
theory to quantum mechanical systems. Within this framework of “Quantum Feedback Net-

works” we are investigating two problems.

The first problem concerns the enhancement of squeezed states. It has been observed that
the squeezing effect of squeezing devices can be enhancement by measurement based feed-
back techniques or use of optical cavities. We are investigating the possibility of feedback
enhanced squeezing using coherent feedback control. Considered is a static ideal squeezing
devices interacting with a single mode cavity undergoing coherent feedback using a beam
splitter. We show that the overall squeezing of the output depends on the beam-splitter’s
reflectivity and that we are thus able to enhance the squeezing by choosing an appropriate

configuration of the beam-splitter.

In the second part we investigate the question of compatibility of a rigorous approach to
the adiabatic elimination of some degrees of freedom of a quantum mechanical systems and
instantaneous feed-forward and feedback limits for quantum mechanical networks. The com-
mutativity of both limits is not obvious but frequently assumed in quantum optics. We show
that both limit procedures are instances of Schur complements and prove the commutativity

of both limits by generalising a statement about successive Schur complements.
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Introduction

This thesis will investigate two problems, both taking place within the framework of quantum

feedback networks.

The framework or language of quantum feedback networks extends ideas of (classical) con-
trol theory to systems with quantum mechanical components. Classical control theory deals
with the problem of designing a device that controls some dynamical system (usually referred
to as the plant). In order to be able to design such a controller, tools and techniques are re-
quired to model and analyse the system. Linear control theory, which has emerged in the last

century, offers here a rich and useful set of tools and results [11].



1. Introduction

The notion of input/output systems and the language of block diagrams, which is used to
represent networks of such systems, are very useful. They allow for reduction of bigger,
complex systems to smaller, more easy to handle sub-components. In classical control theory
however, these tools only extend scalar system variables who’s dynamics are described by
ordinary or partial differential equations. In quantum mechanics however, system variables
(observables) are described by operators on Hilbert spaces.

One can establish a notion of quantum input/output systems similar to the classical case of
linear systems and networks of such systems [22, 25, 28, 24]. Here we consider a specific
class of open quantum systems. The dynamics of the joint system are described by quantum
stochastic differential equations [49, 44]. Similarly to the classical case, all information about
a single quantum input/output system can be encoded in some system matrices. One can
build networks of systems by providing the parameter of the individual input/output systems
(blocks) and the rules how the blocks are connected with each other. It has been shown that
many problems in classical control theory can also be generalised or extended to the quantum

case [67, 68,47, 34,71, 35, 12].

Due to the highly interdisciplinary background of the topic we will present an overview over
the involved topics and introduce into the main concepts needed to understand the framework
of quantum feedback networks. This will take place in Part I. In Part IT we will deal with two
problems. The first problem is an application of quantum coherent feedback which explores
the possibilities of feedback enhanced squeezing.

A squeezed state is a minimum uncertainty state in which the variance in one quadrature is
reduced on the cost of an increase in the other quadrature. There is a specific class of optical
devices which are capable of creating these states. We explore how the squeezing of such an

device can be enhanced by placing the device into a feedback arrangement.

The second problem concerns the compatibility of a procedure called adiabatic elimination

with results about instantaneous feed-forward and feedback limits in quantum feedback net-



1. Introduction

works. The adiabatic elimination limit eliminates some degrees of freedom of a specific class
of quantum open systems. The feedback or feed-forward limit reduces internal degrees of
freedom when building networks of quantum components. It is not obvious that both limit

procedures commute, however, this assumption has been made frequently in quantum optics'.

'(37]

10



Part I.

Background and Introductory Material
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Principles of Quantum Mechanics

2.1. Introduction

In the first chapter we are going to introduce the basic notions and notations of quantum

mechanics.

The theory of quantum mechanics has emerged from the discovery of the probabilistic be-
haviour of subatomic particles at the beginning of the 20" century. Modelling this behaviour
mathematically required a generalisation of the classical probabilistic set-up. This is due to
the fact, that in the classical probability theory, distinct random variables are allowed to as-

sume values of the sample space at the same time. However, one of the principles of quantum

12



2. Principles of Quantum Mechanics

mechanics is the fact that a measurement of a physical quantity of the system will perturb the
system. When measuring certain pairs of physical quantities of quantum systems, represented
by quantum random variables X and Y, the order of measurement will matter. Measuring the
variable X before Y will lead to a different outcome than measuring Y first. A mathematical

representation of this concepts requires a generalisation of Kolmogorov’s probability theory.

In the following sections we are going to introduce the basic principles of the mathematical
theory used to describe quantum mechanics. The content of this chapter is based on and

following standard literature on the topic as for example [19], [56], [40] and [49].

2.2. The Quantum Probability Space

2.2.1. The finite dimensional case

We set the stage for a quantum probabilistic set-up with random variables, assuming a finite
number of possible outcomes by choosing some Hilbert space H with n = dimH < co. We
consider the set of projections P(?) on H and call the elements £ € P(H) events. Further
we fix a positive operator with unit trace p and call p a state. The triple (H, P(H), p) is then
called a quantum probability space. If p is a one dimensional projection, it is called a pure
state, otherwise a mixed state. The set of all states p is convex, with the pure states being
the extreme points. Each mixed state can therefore be expressed as a convex combination of
pure states. Let O(H) be the set of self-adjoint operators in H. The elements X € O(H) are
called random variables or observables. Note that the self-adjoint operator O(H ) correspond

to Hermitian matrices for dim H < oo.

We now arrive at the following interpretation for the objects introduced so far. The number
tr {pE'} is interpreted as the probability that the event F, represented as an element of P(H),

occurs for the state p. One can show that 0 < tr {pE} <1, VE € P(H).

13



2. Principles of Quantum Mechanics

Applying the spectral theorem one can show that any observable X € O(H) assumes a
spectral decomposition X = }°; x; E;, where the x; are the eigenvalues of X and F£j is the
projection into the eigenspace associated with x;, which is interpreted as the event that X
takes value ;.

We can compute the quantity

tr{pX} = tr{prjEj} = ijtr{pEj}.

This is just the expectation of a random variable taking discrete values x; with probability
p; = tr{pE;}, consistent with classical probability theory. We can state the k-th moment of

X by tr { pX ’“} and compute the characteristic function of X with tr { peitX }

2.2.2. The infinite dimensional case

In the previous section we considered random variables assuming a finite number of possible
outcomes. However, simple examples of physical systems will give rise to the need of consid-
ering the general case, i.e. random variables taking an infinite number of outcomes. Following
the set-up introduced in the previous section, this will lead to an infinite dimensional system

space H and previous concepts will have to be generalised.

We will not go into the details and refer to [49] and [55] for further reading. We note that
we will deal in the infinite case with separable Hilbert spaces. The state of the system will
be described by those trace class operators, which are of unit trace and positive. Furthermore,
the Hermitian matrices constituting the random variables of the set-up become the self-adjoint

operators on H.

14



2. Principles of Quantum Mechanics

2.2.3. The Bra-Ket Notation

We adopt the bra-ket notation introduced by Dirac. We denote a vector in H{ with |¢)) and the

write for the linear map (¢, -) = (¢| such that

(9,9) = (9l¢) .

Given some observable X € O(H) and some pure state p = |u) (u| and we see that we can

write the expected value of X in state p as
tr{pX} = (u, Xu) = (u] X |u) .

This notation is useful when labelling the vectors in a meaningful manner. Choose for
example some operator X € O(7{) with eigenvalues x; and eigenvectors |1;). Using bra-ket
notation we can label the eigenvectors with the associated eigenvalues, i.e. we can write |x;)
for the eigenvector of X associated with eigenvalue x; such that X |z;) = x; |z;). Computing
the expected value of X in the state |z;) then yields tr {p X} = (z;| X |z;) = x;. Given two
state vectors |¢) and |¢), the quantity (1)|¢) is called the transition amplitude and its square

|(4)]|¢)|? is interpreted as the transition probability from state |¢)) to state |¢).

2.3. Dynamics

There are three equivalent ways to describe the dynamic evolution of a quantum mechanical
system. The first, called the Schrodinger picture, describes the evolution by a time dependent
state p; whereas the observables remain time independent. In the Heisenberg picture, the
observables are time dependent X = X, and the state of the system remains constant. In the
interaction picture, we follow the Schrodinger evolution of the state for a given free dynamics,

but have the Observables evolve according to a perturbation of this dynamics: this is useful if

15



2. Principles of Quantum Mechanics

we wish to examine the dynamics with respect to a fixed reference evolution.

Let t — U, be a strongly continuous one-parameter group taking values in (), then
by Stone’s theorem there exists a unique observable H (called the Hamiltonian) such that
limy_ot ' (U; — 1) ¢ = —iH¢ for all ¢ in the domain of H. In the finite dimensional case,
the domain will be all of #, and we have U, = e *#. We will also use this notation in the

infinite dimensional case.

2.3.1. The Schrédinger picture

As mentioned before, in the Schrodinger, the state of the system is taken to be time dependent
and the observables remain constant.

For a unitary dynamics U, = e~/ the state evolves as p, = U, pUtT, such that the expected
value of the observable X in state p, is given by tr { p; X }. The differential equation is the von
Neumann equation

d .
Pt ilpi, H].

If p; is a pure state (a one dimensional projection), it can be expressed at p; = |Uu(0)) (Uyu(0)| =

|u(t)) (u(t)| and we obtain the Schrodinger equation

d )
E|u(t)) = —iH |u(t)) . (2.3.1.1)

2.3.2. The Heisenberg picture

In the Heisenberg picture, the observables are taken to be time dependent and the state of the
system is assumed to be fixed. We obtain the corresponding formulation by rearranging the

equations obtained for the Schrodinger picture for some pure state p; = |u(t)) (u(t)]

tr{pX} = (Uu(0), XU (0)) = (u(0), (VI XU;) u(0)) = (u(0)] X; [u(0)).

16



2. Principles of Quantum Mechanics

One can deduce the differential equation for X; = UtTX U,

d

with Xy = X.

2.4. Variance and Minimum Uncertainty

We defined the expected value of the observable X in state p in the previous section and denote

it and the k-th moment of X with

(X), =tr{pX},

(x4), = o)

We can now define the mean-square deviation of X in state p by

(AX)2 = (X*) —(X)2.

P p
Let X,Y € O(H), then the variances of X and Y in state p obey the following inequality

(AX)2 (AY)? > — | (u]i [X,Y]u) |*. (2.4.0.2)

B |

This inequality is know as Heisenberg’s minimum uncertainty principle. If the observables X
and Y do not commute we see that the the product of the variances can not be smaller than a

certain minimum.

17



2. Principles of Quantum Mechanics

2.5. The Quantum Harmonic Oscillator

We introduce an important example for the quantum mechanical system, the quantum har-
monic oscillator. We take take the system space Ho,. = L?(R). In Schrodinger representation

we introduce the unbounded operators

(PY) (x) = - (), (2.5.0.3)

(@) (2) = ~ifs - (z). (2.5.04)

We call p the momentum and § the position operator. By choosing some test function f(z) €
L? (R), we can compute the cannonical commutation relation of p and ¢, [, | f(z) = ihf(z)

and obtain

4, 9] = (qp — pq) = ih. (2.5.0.5)

The Hamilton operator from Equation (2.3.1.1) and Equation (2.3.2.1) for a particle with

mass m, interacting with some field can be specified by

. 1 1
H = —p* + —mw?@®. (2.5.0.6)
2m 2

This must be compared with the energy of a classical mass m, interacting with a spring with
spring constant k, E = fmv? + 1ka? = ;-p* 4+ V(q). The quantum mechanical equivalent

by taking p — p and ¢ — ¢ yields

One can introduce new operators a and a' by setting

1 1
&I*(Aﬂ'ﬁ),&T:i(A—iﬁ), (2.5.0.7)

[\]

18



2. Principles of Quantum Mechanics

such that

The operators a and a' can be used to reformulate Equation (2.5.0.6) and hence we obtain the

Hamilton operator:

1 N |
H:m<aaT+2>:m<N+2),

when defining the operator N = aal. We can compute the commutators []:I , d} = —hwa and

1, at| = hwat,

2.5.1. Number states

We are now going to investigate the eigenvectors and eigenvalues of the Hamiltonian H. The
operators > = G4 and p?> = pp are positive, whence H is positive. As mentioned before, H
can be interpreted as the energy of the system and that motivates us to call the eigenvectors
|E') with eigenvalues F the energy vectors and energy eigenvalues. These eigenvectors and

eigenvalues of H can be investigated by using above commutation relations and computing

H|E) = E|E),
Hal |E) = a (H + hw) |E) = (E + hw)al |E),

Ha|B) = a(H — hw) |E) = (E — hw)a|E). (2.5.1.1)

This motivates the following set-up. We call the energy eigenstates of N = aa' (recall that
H = hw (N + %)) the number states and label them with |n). If we denote the energy

eigenstate associated with eigenvector |n) by E, = hw (n + %) then we see that H |n) =

19



2. Principles of Quantum Mechanics

E,|n) and Hal|n) = H |n+ 1) by above computation. Similarly we see that Ha |n) =
H |n — 1) . Since no eigenvalue may become negative (His a positive operator), one can
see that the lowest possible n must be n = 0 and that a |0) = 0, i.e. a annihilates the vac-
uum. We therefore see that a'|0) = |1) and the eigenvalues of the number operator are
the whole numbers n = 0,1,2,.... Similarly the energy eigenvalues E of H are given by
E = Shw, hw (1 + %) , hw (2 + %) ,..., and we therefore see that the energy of the system

assumes discrete values.

This motivates us to call the operator a the annihilation operator, since it reduces the energy
of the system by one quanta /w and to call af the creation operator since it increases the
systems energy by fw. The vectors |n) form an orthonormal basis of H. As seen above
they can be deduced iteratively by application of operators a'. To determine an appropriate
normalisation we compute ||@|n)|| ? = (n|a'a |n) = n and H&T |n>H 2= (n|aa'|n) =n+1,

and thus we see that

a'|n) =vn+1|n+1), (2.5.1.2)
nn—1) if n>0

aln) = Vil ) : (2.5.1.3)
0 if n=0

The normalised vectors |n) can be computed from the vacuum |0) by taking

afn

e

n) = 2= |0). (2.5.1.4)

One can show that the number states are orthogonal and complete in . Let |m) and |n) be
number states, then we have that

(m|n) = dpn,

20



2. Principles of Quantum Mechanics

and the resolution of identity

1=3"|n) (n]. (2.5.1.5)

n>0

2.5.2. Coherent States

A~

In the previous section we investigated the eigenstates of the operator N = afa. We are now

investigating the eigenstates of the annihilation operator a

ila) =ala).

Using the resolution of identity for the number states Equation (2.5.1.5) one can expand the

above equation in terms of the number states |n). Normalising the states |a/) then yields

natn
) — e 2\a|2z\/_|n e QIaPZO‘ o).

These normalised states |«) are know as coherent states. These states are not orthogonal, but

complete and we find the resolution of identity in terms of |«v) with

[E% o ol = 1.

™

One important property of coherent states is that they are those state for which equality holds

in Equation (2.4.0.2), i.e.

AquAﬁp = % | Z[Cj,ﬁ] |2 = %h,

where p = |a) (a].

We can compute the characteristic functions of ¢, p and N in state |a) using ¢ = a + af,

21



2. Principles of Quantum Mechanics

p=1 (& — dT), (ala) =1, (n|m) = 4,,, and the Baker-Campbell-Hausdorff theorem

A . Al A N A t2
a eth a) = (a ezt(a—l—aT) a) = (a eztafeztae—T a),
{al
; * t2
= ¢ilotar)i=F (2.5.2.1)
L w2
(a] €™ |a) = ele=at=5 (2.5.2.2)

— laP(e*-1) (2.5.2.3)

Equation (2.5.2.1) and (2.5.2.2) can be compared with the characteristic function of a normal
distribution

. 1
Ot o) = 27

whereas Equation (2.5.2.3) can be compared with the characteristic function of the Poisson
distribution

o(t; N) = M),

We thus see that p and § in a coherent state |«) are Gaussian with mean values 2 Re o and
2 Im « respectively and variance o2 = 1. The number operator N assumes a Poisson distribu-

tion with intensity \ =| « |2.

22



Quantum Open Systems

3.1. Introduction

We introduced the basic concepts of quantum mechanics in the last chapter and considered
single, isolated systems. When modelling physical systems however, that system will never
be isolated but always be interacting with its environment. If we focus on certain aspects of a
system it might sometimes be sufficient to take the system to be isolated. For the more general
case however, we consider quantum mechanical systems interacting with its environment, i.e.
open systems. The approach presented in this chapter takes some general quantum mechanical

system, interacting with an environment, modelled by a collection of harmonic oscillators.

23



3. Quantum Open Systems

In the following chapter we give some initial motivation and presents the approach by K. R.

Parthasarathy [49].

Quantum stochastic calculus was introduced in 1984 by Hudson and Parthasarathy [31] as
a generalization of Ito’s theory of stochastic integration to processes based on Fock space.
The motivation was to give explicit constructions of unitary dilations of quantum dynamical
semigroups (semigroups of completely positive, identity preserving maps). In this way, con-
crete models of markovian open quantum systems could be built. An alternative formulation
of quantum stochastic calculus was given by Gardiner and Collett [18] based on the scattering
models from quantum field theory. Their approach used input and output processes. While the
input processes gave an equivalent way of describing the noisy dynamics driving the system,
the output processes allowed for a deeper interpretation and application of models. In particu-
lar, the outputs could be fed into a second system as input [17], or measured so as to perform
an indirect measurement of the system [4].

Stochastic integrals of adapted processes with respect to the fundamental Fock space mar-
tingale processes of creation, annihilation and conservation, were defined by Hudson and
Parthasarathy, and a quantum Ito formula established. The most relevant constructions for
quantum physics are the unitary adapted processes. This was again originally investigated in
[31] for the case of bounded coefficients, with subsequent extension to the unbounded case
due to Chebotarev, Fagnola and Frigerio [8], and Fagnola [13]. For more information, see the

monograph of Holevo [29].

3.2. Classical Ito Calculus

3.2.1. Stochastic Processes

Before introducing the quantum stochastic calculus, we have a look at the 1to calculus for

classical stochastic processes.

24



3. Quantum Open Systems

Definition 3.1 (Stochastic Process) A family of random variables taking values in (R;)cr

for some index set I, on probability space (2, F,P) is called a real stochastic process.

Given a real-valued stochastic process W (.), we can compute the finite dimensional distri-
butions Prob (W (t;) € A1, W (t2) € Ay, ..., W, € A,). An important example, the Wiener

(Brownian motion) process, is given by ¢y, ..., t, > 0 and Borel subsets of R, Ay, ..., A,,

Prob (W (ty) € A1, W(ta) € Ag, ..., W, € Ay)

= /A -, de,, ... dzip(x,, th|Tn—1,tho1) - . . p(xa, ta|x1, t1) p(21, 1|0, 0)
n 1

where we take 0 < t; <ty < ... < t,, see Fig. 3.1 and we have

1 _ 1 (zg—=1)?
p<$2,t2|$1,t1) = —————¢ 2 (2—t1) |
2 (tz — tl)

This is a Markov process, starting at the origin, with p as a transition mechanism.
The transition mechanism p is Gaussian. We note that the process enjoys the following

properties [48]

e W (0) = 0, almost surely

Wt a4, A, A, A, A,

L 2

th oty ty 4 tn ¢

Figure 3.1.: A sample path of the Wiener process W () over time ¢. What is the probability
that the process at time ¢; takes values in interval A;, where: = 1,...,n?
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Tl — Zl/\

(§
L4

t

Figure 3.2.: Distribution of the increment AW (¢) is a normal distribution with expectation
zero and standard deviation +/to — t;.

e Independent increments:

For t; <ty < t3 <14 the increments W;, — W, and W,, — W, are independent

e Increments are stationary and Gaussian

Wt2 - th ~ N(O, tg - t1>

e IV (.) almost surely continuous in time

Since W (t) ~ N(0,t — t1) we find that the first two moments of AW (t) = W (t + At) —
W (t) are given by
E[AW ()] =0, E[(AW(1))*] = At.

We note that for 0 < s < ¢, AW () is independent of W (s). Thus, we have similarly for some

function g(W (t)) due to independence of W (t) and AW (t)
Elg(W(@)AW ()] = Elg(W (6)]E[AW(#)] = 0,

and

E[g(W(6) (AW ())*] = E[g(W ()] E (AW ())*] = E[g(W (£))] At.

We recall the notion of a o-algebra F(X) generated by a random variable X, this is the
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smallest o-algebra containing all the sets of the form {w € Q | X(w) € A} for A a Borel
subset of R. More generally the o-algebra generated by a collection of random variables is the
smallest o-algebra containing the o-algebras generated by each of the random variables.

For the Wiener process W (.), let 73 be the o-algebra generated by {WW(s) | 0 < s < t}.

We have the nested property fortg < t; <ty < ---,
Fio] € Fiy) C ... C Fp-

The family (F;]):>o is called a Wiener filtration.
We say that a process X (.) is adapted to the filtration (.7-}]> . if X (t) is F; measurable for

>

eacht > 0.
One can show that given some finite-mean process X (.) adapted to the Wiener filtration, we

have

E[X,AW ()] = E[X,]E[AW(t)] =0

and

E [ X((AW(1))?] = E[X;] At.

3.2.2. The Wiener Ito Integral

We note L?(€), F,P) is a Hilbert space with inner product
(X,Y) = / X*(w)Y (w)P(w) = E[X*Y].
Q
We define an integral of the form

/ " xaw )
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which we take as being approximated by finite sums

Tisry =22 Xow - (W(tnia) = Wi(tn))

where S < t; <ty < ... <t, =T.If [ E[X(t)?]dt < oo and X is adapted then we can

show that this sum converges as n — oo in the L? sense, that is, there exists [ s,7] such that

=0.

Jim E | (I~ Tsm)’

One can show that due to arguments similarly to the ones presented before, we have that

E l/STXtdW(t)] —0, F [(/ZXtdW(t)>1 - /;[E X7 ar.

3.3. Quantum Stochastic Calculus

3.3.1. The Fock Space

Let ‘H be a separable Hilbert space. We denote by

H" =@ H=HOH®...QH

n times

the n-fold tensor product of . Similarly for a sequence of vectors u;, j = 1,...,n we define
®uj = R... U,
j=0

and if Vj, u = u; we denote the n-fold tensor product of the vector u by

W=u®...Qu.
—_———
n times

28
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Let S,, be the group of all permutations of the set {1,...,n}, and define for all o € S,,, U, by
U, (u1 RU X ... R un) = Ug—1(1) Q@ Uy-1(2) @ ... & Us—1(py)-
We then introduce the symmetric and anti-symmetric tensor products of H by

HO = {uEH®”]Ugu:uVa€5’n}

HO = {u € H*"|U,u = sig (o) u Vo € Sn}

with sig (o)) = £1 depending on whether the permutation ¢ is even or odd.

We can then define the following Fock spaces [49]

o0

I‘free(f}'l) = @H@m?

n=0

Loym(H) = @H@)nv
n=0

Tai(H) = EPHO

n=0

Here H®° is identified with the 1-dimensional Hilbert space C. Physically, the symmetric
case corresponds to boson systems and the anti-symmetric case to fermion systems. The n’th
term in the direct sum corresponds to the n-particle space, i.e. the space describing a system
with n-particles where the case n = 0 corresponds to the vacuum space, i.e. absence of any
particles. We denote the vacuum vector with 2 =14 06 06 .. .. The respective n-particle
spaces are taken to be orthogonal.

We shall from now on deal only with the case of the symmetric Fock space for boson

systems.
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3.3.2. Exponential Vectors

We are now going to introduce the Fock space equivalent to coherent vectors as for the quan-
tised harmonic oscillator, that is, exponential vectors. Let u,v € H and u*° = 1, then the

exponential vector £(u) € I'gym(H) with test function u is given by
e(u) = é Lu®".
n=0 m
The vacuum vector Q = 1® 0® 0 ® . .. is then given by £(0). Especially we note the identity
(e () € (v)) = eV,

We note that the subspace generated by exponential vectors with test functions in a dense

subset of  is dense in 'y ().

3.3.3. The Weyl Operator

Let H be some separable Hilbert space. Consider an affine mapping of some element v € H

for w € H and some unitary operator U € U(H) of the form
v Uv+w.

The map is parameterised by pairs (w, U) € H x U(H). The space H x U(H ) is an Euclidean

group with group action

(ve,Us) o (v1,Uy) = (Uavy + ve, UsUy).
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We can define an operator W(v,U) : H x U(H) — Lsym () by the action
1 2
W, U)e (f) = e 2llF=0UN (@ 4 0).

W(v,U) is called they Weyl operator associated with the pair (v,U) € H x U(H). For
uy, uy € H and Uy, Uy € U(H) we have

Wy, U)W (ug, Up) = e Ui (o U)o (ug, Us)). (3.3.3.1)

Note the special cases U = 1 and v = 0, i.e. W(v, 1) and W(0, U) corresponding to pure

translation and rotation respectively. We set
W () = W(u,0), T(U) := W(0,U),

where I'(U) is called the second quantisation of U. Using Eq. 3.3.3.1 we see that for u € H,
U,V € U(H) and s,t € R we have

Lury) = rwv),

W(su)W(tu) = W((t+ s)u).

The first relation shows that for any one parameter unitary semi-group U, = e~ in H there
exists a corresponding one-parameter group {I'(U;) | t € R} in Iy (7). The second relation
shows that for every element u € H we obtain a one-parameter group {W (tu) | t € R} in
Lsym (#). In both cases, together with the fact that the Weyl operator is strongly continuous in

its arguments, Stone’s theorem shows that there exist unique self-adjoint operators p(u) and
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A(H) such that

W(tu) = e W),

F(efitH) _ efit)\(H)'
By setting ¢(u) = —ip(u) we can define the operators
(q(u) —ip(u)) .

au) = 5 (q(u) +ip(w)), a'(u) =

N | —
N | —

The properties of these operators will be presented in the next section.

Further one can write for any bounded operator H € B(H)
MH) =5 (H+H")) +ix (5 (H - HY)), AH") = A(H)".
A(H) is called the differential second quantisation of H.

3.3.4. The Creation and Annihilation Operators

In the previous section we obtained operators a(u), a’(u) and A\(H) for u € H, H € B(H).
We show that a(u) and af(u) admit properties that justify calling them annihilation and cre-
ation operators respectively.

Let 1 be some Hilbert space and I'yyy, () the symmetric Fock space over H. For vectors

u,v € Dy (H) one can show that af (u) maps af(u) : HEO" — HO L by
al(Wo®" = vVn+1> v @ue v .
=0

The action of the creator is therefore taking some element from the n particle space H®" and

mapping into the n + 1 particle space where the sum produces again a completely symmetric
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vector. Similarly we have for the annihilation operator a(h) : H®" — HE"1

The annihilation operator maps a vector of the n particle space into the n — 1 particle space
and produces again a completely symmetric vector.

As a direct consequence of this definition we see that

as in the case for the single quantised harmonic oscillator.
The action of the creation and annihilation operator on an exponential vector ¢ (f) with

u,v € H are given by

a'(we (v) = jts (v+tu)|

a(u)e (v) = (u,v)e(v). i

3.3.5. Filtrations & Adapted Processes

In the following section we are going to investigate the notion of filtrations and adapted pro-
cesses on Fock spaces, as seen in the previous section for the classical Ito calculus .
Let in the following h = L*(0,00) the Hilbert space of square integrable functions f(¢)

taking arguments in ¢ € [0, c0) and let h®" be the n-fold symmetric tensor product of h.
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We consider a decomposition of & of the form L?(0,00) = L?(0,t') & L*(t', oc). One way

to visualise this decomposition is Fig. 3.3, i.e.

f@) = fom(t) 0+ 08 froo)(t)

with f(,)(t) being the restriction of f to the interval (a,b). We then have f(o 4 (t) € L*(0,t')

f(t) f(t) f(t)

o \/ ~ o \/ ¢y & v 00
Figure 3.3.: Decomposition of a square-integrable function on [0, co) into parts concentrated
on [0,¢') and [t', 00).
and f(y o) (t) € L*(¢',00). The L?-norm of f(¢) can then be expressed as
o 2 v 2 o 2
[T 1@ Pt = [ @ P+ [T @ P e

since cross terms vanish, in other words we see directly that this also shows that every element
of L?(0,t') is orthogonal to every element in L?(#', 00).
This decomposition into past and future spaces L*(0,t') and L*(t',00) extends to Fock

spaces by noting that for two Hilbert spaces H; and H, we have that
L'(Hi@He) =T (H) T (Ha) .

Let0 <t <ty <...<t, <ooandsetHy = L*(0,t), Hjsg = L*(s,t) and H = L*(¢, o0).
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Similarly as above we can yield a partition of H = Iy (L?(0, 00)) of the form
H=Hi) D Hi15) D ... D Hp,-
Let hy = H,ys be a complex separable Hilbert space and define
H=ho®F.
We identify for 0 < s <t
Hoy = ho, Hyg = ho @ Fyy, Hip = Fiiy, Flsg) = sym (H[S,t}) :
Due to the factorisation property of the Fock space we have
H=Hi) @ Hitgt5] ® ... @ Hp,, -
Let By be the set of all linear bounded operators that act trivially on the space Hj, i.e.
By ={X @1y | X € B(Hy), 1y is the identity in Hy;} .

hg is called the initial space and plays in the physical interpretation of the mathematical
set-up the role of the Hilbert space representing the system which is driven by quantum noises
living on the Fock space I'sym (H). {By}+>0 is then an increasing family of non-commutative
von Neumann algebras and plays the role of the filtration as encountered before.

Loosely speaking, a family of observables {X;};>o € B () is then an adapted process if,

for each ¢ > 0, X} acts trivially on the future space H ;.
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Denote with ( f]l[oﬂ) (s), f € H the function

f(s) if se€]0,t]
f]]- 0,t S) = )
( | }) ) 0 if s¢]0,t

and introduce the operator

My = [0,00) = B(H)

sy : f= flpgy.

Consider the creation, annihilation and differential quantisation operator a'(u), a(u) and \(H)
foru € H = L?(0,00), H € B(H). We introduce as three important examples of adapted
processes the creation-, annihilation and conservation process B(t), B(t) and A(t) by setting

u(s) = 1y, H = Il 4 and obtain

Bi(t) = al(lpy) — /Oth(s)ds,
B(t)= a(lpy) — /Otb(s)ds,

A = Allpg) = [ H(b(s)ds = A°(0)

Here, b'(s) and b(s) are the formal derivatives of B'(s) and B(s) with singular canonical

commutation relation

[b(t),b1(s)] = d(t - 3).

The action of BT(¢) and B(t) on exponential vectors € (u), u € H are given by

B(t)e (u) — ( /Otu(s)ds>€(u),

0
Bi(t)e (u) = 92° (u + I]l[o,t]) =0,
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and we see that ¢ (v) is an eigenvector of B(t) with eigenvalue [; v(s)ds.
We can compute the expectations with respect to the exponential vectors € (u) and € (v) and

these are given by

ENIBO=) = ([ o:)ds) (1 (o)),
OB W@) = ([ £6)1ds) € 0Ew),

0

DD = ([ FE90:)ds) () I o)

The canonical commutation relations for the integrated processes B(t), BY(t) and A(t)

translate into

[B(s), B(t)] = |B(s), B'(t)] = [A(s),A(1)] = 0, V s,
[B(s), B'(t)] = snt,
[B(s),A(t)] = B(sAt),

[AGs), Bf()] = B'(sA),
where s A t = min(s, t).

3.3.6. Integration of Stochastic Processes

The stage is now set to introduce integrals of adapted quantum stochastic processes.
Let F, F, G, H be adapted locally square-integrable processes on hy @ F. Define finite

future pointing differentials for a partition of time 0 < ¢; <ty < ... <ty =t of the form

AB(t,) = B(tps1) — B(t,),
ABY(t,) = B'(tn1) — Bl(tn),

AA(t) = Altur) — Aty).
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For a partition of H = hg ® F of the form H = H,,) ® Hy, 1,00] @ Ht,,w We obviously

n+1

have due to adaptedness of P(t,) € {E(t,), F(t,), G(t.), H(t,) that M (t,)} acts only non-
trivially on H,,) whereas AD(t,) € {AB(t,), AB'(t,), AA(t,)} acts only non-trivially on

Htntni1]- As a consequence we have
[P(t,), AD(t,)] =0

VY t,, and every of the processes and differentials P(t,) and AD(¢,). By similar arguments we

can see that
[ABH(ty), AB(tn)] = [AB(tn), AB(tn)] = |AB(t,), AB!(t,,)] = 0

Y m # n.

We now consider as an approximation for a stochastic integral the following finite sum

My (t) = i {E(t)AA () + F(tn)AB(t,) + G(tn) AB' (t,) + H(t,)At, },

n=1

where At,, = t,41 — t, and E(t), F(t), G(t) and H (t) are assumed to be simple processes,
that is there exists an increasing sequence t,, to = 0 with £, — oo such that each of the

processes are of the form

F — Z Fn]]‘[tnythrl]'

n=0
One can show that My (t) converges as N — oo (with min,, | t,,,1 —¢, |— 0) to a quantum

It0 integral

M = | {E(s)AA(s) + F(s)AB(s) + G(s)dB!(s) + H(s)ds}
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that is

Jim [[{Mx(t) = M)} ue e ()] =0.
We are now demonstrate the basic properties of the quantum It0 integral. Let
=" F(t,)AB(ty,) ZG JAB'(t,)

such that in the limit N — oo, My(t) — f¢ F(s)dB(s) and My(t) — [ G(s)dB'(s). We

consider the product My (t) My (t)

My Z F(t tn)G(tm) AB(t,,).

By splitting up the sum into the cases m > n, n > m and m = n and evaluating the average

in a state u ® € (f) one can show that

My ()M (t) = 3 { F(ta) My (ta) AB(tn) + My ()G (ta) AB' (£,) + F(£,) G (tn) At}

n

or, in the limit N — oo,
M(#)N(t) = /0 " F(s) M (s)dB(s) + /0 " M(s)G(s)dB () + /O " F(s)G(s)ds.
Equivalently we can write
d [M(#)M(t)] = AM ()M () + M(t)dNM () + dM (t)dM (t),

using dM(t) = F(t)dB(t), dM(t) = G(t)dB'(t) and obtaining the product rule for Ito
differentials dB(¢)dBT(t) = dt. By similar means we can compute the rules for other pairs of

differentials and obtain the Itd product table
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dB dA dB" dt
dB | 0 dB dt O

dA | 0 dA dBT 0
dBT| 0 0 0 0
d | 0 0 0 0

Table 3.1.: Ito Table 1

3.3.7. The Hudson & Parthasarathy Quantum Stochastic

Differential Equation

We obtain a special class of Quantum Stochastic Differential Equation by the following theo-

rem:

Theorem 3.2 (Hudson & Parthasarathy QSDE) Let L, S, H be bounded operators in h
where S is unitary and H is self-adjoint. Then there exists a unique unitary operator valued

adapted regular process U = {U(t) | t > 0} satisfying

AU = U {LdBT (S —1)dA — L*SdB — (;L*L + z’H) dt} LU0 =1 (337.1)

Using the solution U(¢) to Eq. 3.3.7.1 we can describe the evolution of operators X € B(hy)

in the Heisenberg picture by defining
(X)) =Ut)" (XeI)U(t), t >0.

{ji(X) | t > 0} is then an adapted regular process satisfying the Heisenberg-Langevin equa-

tion

dje(X) = j(S*[X,L))dB + j, (S*XS — X)dA + j, ([L*, X] S) dB

+4,(i [H, X])dt — L {L*L + XL*L — 2L* X L} dt.
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3.3.8. Squeezing

Let us introduce the operators

S =a% = (@) (3.3.8.1)
We find that
[, 3% = 2a*, [2,a"] = 2a (3.3.8.2)
and
3,5 = 4N +2,
[N,S] = 2%,
[N = 23 (3.3.8.3)

In particular, the set consisting of linear combinations of I, N, S and 3% is a Lie algebra with

commutator as bracket.

Definition 3.3 For complex €, we define the squeezing operator by

~ 1 -~ 1 -
S (e) = exp {52* — 25*2} ) (3.3.8.4)

Lemma 3.4 Let ¢ have the polar form re'®, then

S ()" aS (¢) = cosh (r) &+ sinh (r) e?a*. (3.3.8.5)
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Proof:

Let a (u) = S (ue)* a5 (ue) for real u, then

d., A
S i) =<a(u)',
and so %d (u) = r?a(u). This is a simple 2nd order ODE with operator-valued initial

conditions @ (0) = @ and -£a (u) |,—o = £ yielding the solution (3.3.8.5).

Definition 3.5 The transformation & — cosh (1) a-+sinh (r) e®a* preserves the canonical

commutation relations and is referred to as a Bogoliubov transformation.

Lemma 3.6 Let ¢ have the polar form re®, then the squeezing operator may be placed in

the following Wick ordered form
S(e) = ¢ (coshr) V2 ()77, (3.3.8.6)

where ( = exp {%ew tanh r}.

3.4. Preliminary Results

3.4.1. A Trotter-Kato Theorem

The following results by Bouten et al. [6] are concerning convergence of QSDEs for a singular

perturbation under certain conditions on the parametrisation of the QSDE. Their proof of the
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result regarding singular perturbation makes use of a modified version of the Trotter-Kato
theorem, proved as well in [6]. We shall quote both. The results presented in this section will

be needed in the Chapter on Adiabatic Elimination.

The system under consideration is modelled by a sequence of QSDEs, parametrised by

some scaling constant &

gl
jl=1 j=1 J=1

av® = g { >0 (N = 0 dnd + S APaB] + 3 1Y) + K (’“)dt} - (341D

We are interested in the limit regime as £ — oo and ask if there exists a limit QSDE of the

form

n

dw:m{gyNi—@mmﬁ+2wmmﬁ+ZLﬂm+Ka}.(wum

jk=1 J=1 J=1
Lemma 3.7 For o, 5 € C" define Tt(a’ﬁ) : Ho — Ho such that
<u, Tt(a’ﬁ)v> = ¢ (I +81%) 3 <u ®e(alpy), Ult)v ® 5(61[0,t1)> , Yu,v € Hop,t > 0.

Then Tt(a’ﬁ Visa strongly continuous contraction semigroup on H, and the generator L)

of this semigroup satisfies Dom (L% D Dy such that for u € D,

2 2
LBy = (Oz;Njkﬁkz + oM+ LB+ K — [aP+ 181 "g 4] ) u.

The same results holds for Tt(lw’ﬁ) - H — H and L5P), defined by replacing U, by Ut(k)

and making the obvious modifications. In particular Dom(L*%)) > D,
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Theorem 3.8 (Trotter-Kato) Let H be a Hilbert space and let Hy C H be a closed sub-
space. For each k € N, let Tt(k) be a strongly continuous contraction semi-group on H with
generator L*). Moreover, let T, be strongly continuous contraction semi-group on Ho with

generator L. Let Dy be a core for L. The following conditions are equivalent:

i) Forall ¥ € D, there exists ¥V*) € Dom L£* such that

AR AR TR

ii) Forall T < oo and ) € Hy

lim sup HT}% - EQ/JH =0

k—o0 0<t<T

The following quantum version of the Trotter-Kato theorem allows for making a link be-
tween convergence of the solution of the QSDE Ut(k) and convergence of the generator of the

unitary evolution £*:*#) which in turn is determined by the parametrisation of the QSDE.

Theorem 3.9 (QSDE Trotter-Kato, [6]) The following conditions are equivalent

a) Forevery a, 3 € C" and u € Dy there exists u*) € Dom(L*%)) such that

w2y, ki) () K20p p(a8),,

b) ForallT < coand ¥V € H,
lim sup [U; P9 —0pw|* =o.

k—o0 0<t<T

Moreover, if D is a core for all LEaB) ke N, then we can always choose {u(k)} cD
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In order to archive convergence for the singular perturbation problem further assumptions
on the parameter of the QSDE parameter must be imposed:

Assumtions:

1) There exists operators Y, Y1, A, AT, B, Bt F, F! G;, GI,W,;, Wj] with common invariant

domain D such that

K® = kY +kA+B, LY =kF,+Gy, NP =Wy, VkeN,1<i,j <n. (34.1.3)

2) There is a closed subspace Hy C H such that:
a) Rh'DCD
b) YFP,=0o0onD
¢) There exist }7, YT with common invariant domain D, such that YY =YY = P
d) F/Pp=00nD, V1< j<n
e) PBhAPy=00onD
where Py and P, are the orthogonal projections onto H, and Hg respectively and with

choice of the dense domain Dy = FyD in Hj.

3) (Limit coefficients) Define operators on H,

K = Py(B- AYA)P,
Li = Py(G;— AYF)R,,
My, = =Y RWu(Gl—F[YA)PR,

=1

Ny = Y. BWy(FIYF, + ;)P

j=1
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We are now ready to present the main result of [6]:

Theorem 3.10 Under the assumptions as above, the singular perturbed equations (3.4.1.1)
converge to the limit equations (Equation 3.4.1.2) on H,

lim sup ||U"¢ — U7 =0, v € Ho@ F.

k—o0 0<t<T

3.4.2. QSDEs with Unbounded Operators

The quantum stochastic calculus presented so far allowed for integration of operator processes
with the condition that the operators have to be bounded. However, in practice and physical
examples important operators such as the creation and annihilation operators are in fact un-
bounded.

For these cases the results of Fagnola [13, 14, 15, 16] are of help. We quote [6] for a version
of the results :

Consider the initial space H and a fixed dense domain Dy, C ‘H. Suppose thatV u € Dy, [ €

N there exists a constant ¢(u, [) such that

1. Yu € Dy and for some ¢ > 0 independent of «

> e(u,l)e < oo

=1

2. VI € N and all choices of X (1),..., X(), where X(.) is one of K, K1, L;, L, M;, M,

N, N jk (as encountered in the previous subsection), we have Yu € Dy

1X(1)... XD)| < c(w, /(L +m),
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where m is the number of occurrences of K or K in the squence X (1)... X(I).

Then there exists a unique operator valued cocycle {U; | t > 0} which satisfies the QSDE Egq.

(3.3.7.1).
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4.1. Introduction

The topic of interest for this work, Quantum Feedback Control, combines elements of Quan-
tum Mechanics with elements of Control Theory, a branch of engineering.
To prepare the ground for this interdisciplinary subject we provide a quick introduction into

classical control theory in the following chapter.

Control theory is concerned with the control of some dynamical system, in literature usually

called the plant or the system.

48
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If we think of a dynamical system, for example a room equipped with a radiator and a
thermometer (see Figure 4.1), we see that we can influence the system’s state (room tempera-
ture) by adjusting the valve of the radiator and we get some output by reading off the current

temperature of the thermometer.

Output variable

Control variable | 8

Figure 4.1.: Example for a dynamical system. A room heated by a radiator, with some con-
trol input adjusting the valve of the radiator and some output, i.e. the current
temperature.

Clearly changing the input, i.e. adjusting the valve, changes the output, i.e. the temperature.
But this will not happen instantaneously, there will be some dynamical behaviour.

If we want the output to exhibit a specific behaviour, for example we could want to room
temperature to be always at exactly 20° Celsius, we will have to adjust the actuator, the valve,
in a very specific manner.

One strategy to chose the specific valve setting might be to assemble a table, pairing a valve
setting with a resulting room temperature.This table might be assembled using a mathematical
model of the system. But the accuracy of this approach will be quite limited. On the one hand
the mathematical model used to compute the pairs of the table will not be exact but only be an
approximatio and errors have to be expected. On the other hand the system will be influenced

by it’s environment. In the given example, a specific valve setting will result in very different
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4. Classical Control Theory

room temperatures depending on how warm it is outside, i.e. the form of pertubation of the
system by it’s evrionment will heavily influence the accuracy of this kind of control.

Above described strategy is called feedforward control. In general we have some dynamical
system with some inputs u(t), some disturbance signal w(t), some outputs y(¢) and a system
state x(t) with some law for the dynamical evolution of the state (t) = f(u(t), z(t)), see Fig.

4.2. The output will then be given by some law y(t) = g(z(t), u(t)).

disturbance signal w(t)

set value r(t) input signal u(t) output value y(t)

Controller > P;?St >

\

Figure 4.2.: Block diagram for a plant, controlled by a feedforward controller. We chose some
set value or reference value r(t), i.e. the value we want the output to assume.
The controller computes a corresponding input signal or actuating value for the
system. In reality the plant will be disturbed by it’s environment such that there
will be some final fixed error between set value and output value.

One could try to reduce the fixed error between reference value and output value for the
set-up described above by providing the controller with knowledge about the current error! In
this case we take the output value, compare it to the reference value and use result as an input
for the controller. By this approach the controller will be able to react to a fixed error due to
some disturbance or perturbation of the system by it’s environment or due to some errors in
the underlying mathematical model.

Under the assumption that the systems are linear, we can evaluate the difference between
both control strategies quantitatively by computing the transfer functions (see Section 4.3 ) for

both cases.
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4. Classical Control Theory

disturbance signal w(t)

|

set value r(t) error e(t) input signal u(t) output value y(t)
+

_ Controller P)g?tl)lt >

Y

Figure 4.3.: Block diagram for a plant, controlled by a feedback controller. The output value
is compared to the set value e(t) = r(t) — y(t). The current error e(t) is used as
an input for the controller which computes an appropriate input signal «(¢) for the
system.

4.1.1. Feedforward Control

We assume that the plant is described by a transfer function (obtained by taking the Laplace
transform of ODE describing the model) G(s) such that the ratio of the (Laplace transformed)

output to input ratio is given by
Ya(s)
Ua(s)

= G(s).

We consider an overall output Y (s) of the form signal + perturbation W (s), Y (s) = Yg(s) +
W (s). The input signal is computed by some controller with control law U(s) = K(s)R(s)

where R(s) is the reference signal. We thus obtain

Y(s) = G(s)U(s) + W(s) = G(s)K(s)R(s) + W(s),

where the error between reference and output signal is given by

E(s)=(1—=G(s)K(s)) R(s) + W(s).
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4. Classical Control Theory

The steady state error when taking lim;_, ., is given by

e(o0) =lims - [(1 — G(s)K(s)) R(s) + W (s)].

s—0

We can readily see that we are able to minimize by an appropriate choice of K (s) the error

due to the reference signal R(s) but not the error due to the disturbance W (s).

4.1.2. Feedback Control

We repeat the same calculation as above, this time for an feedback arrangement as in Fig.
4.3. The plant is again described by the transfer function G(s), the output is given by Y'(s) =

G(s)U(s) + W (s) but this time the control law is given by
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The output error will be given by

G(s) 1

Mﬁ:(“&+G@K@JR®+1+G@K@W%%

and we see that the choice of controller K (s) influences the error contribution by both the
reference value and disturbance signal, i.e. we are able to minimize the contribution of both

the reference signal and the disturbance signal to the output error by an appropriate controller.
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4. Classical Control Theory

4.1.3. Linear and Non-Linear Control Theory

The basis for many techniques of design of the controller is the mathematical model of the sys-
tem being subject to the control. The derived model can be given, depending on the underly-
ing physics, in different mathematical forms as for example as ordinary differential equations
(ODE?), partial differential equations (PDESs) or stochastic differential equations (SDEs).

Furthermore these differential equations can be linear or non-linear.

Control problems involving non-linear differential equations are in general difficult to solve

and a ’general theory’ for such systems doesn’t exist.

The most rich and general theory has been developed for linear, time invariant systems
described by linear ODEs with constant coefficients and it is this class of systems we are

going to discuss in this chapter.

4.2. The State Space Representation

There are two standard ways to represent and work with linear time-invariant (LTI) systems.
The state space and the transfer function. In the following we are going to discuss the state

space representation of a dynamical system.

If we consider a mathematical description of the system given by n linear, in general not

homogeneous ODEs with constant coefficients

jjl(t) = a11T1 (t) + algl‘g(t) 4+ ...+ alnxn(t) + b11U1 (t) + b12U2(t> + ...+ blnun(t),

Tp(t) = an11(t) + anowo(t) + ... + ann@pn(t) + bpaur (t) + bpous(t) + . .. + bppun(t),

we can collect the coefficients into matrices A and B and collect the variables z,(t), their
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4. Classical Control Theory

derivatives ;(t) and the inputs wuy () into vectors X(t), x(¢), u(t) and arrive at the following
form

x(t) = Ax(t) + Bu(t).

Note that it is sufficient to consider first order derivatives since higher order derivatives can be

reduced by introducing new variables 2™ = y,,, z(»1) =y, _;, ... such that
M) = bz V() + by () + bgz ™I () + .+ by 2Wba(t)

turns into

Y(t) = b1yn—1(t) + bayn—a(t) + ... bpyo(l).

If, in addition, we allow for some output y(¢) given by a linear combination of the variables

x;(t) and inputs u(t), we result in a model description

x(t) = Ax(t) + Bu(t),
y(t) = Cx(t) + Du(t). (4.2.0.1)
The state of of system is now given as a vector in R™ (or more general in C").

As we can see in Equation (4.2.0.1) the system is completely described by providing the
matrices A, B, C' and D. Since the entire information about the intrinsic dynamics of the is

encoded in the matrix A this matrix is often called the system matrix.

The solution to the ODE Equation (4.2.0.1) is given by

x(1) = ) + / A(-")Bu(r)dr, 4.2.0.2)
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4. Classical Control Theory

where e# is the matrix exponential

|
A _ k
et = kE:O —k!A . (4.2.0.3)

4.2.1. Stability of the System

We can see that the solution splits up into an autonomous part, describing the evolution of
the initial state x(0) and a contribution due to the input signal u(t). We consider now the

autonomous case where u(t) = 0 such that we are left with
x(t) = e®x(0).

If A € C™"*" is diagonalizable, the Jordan normal form of the matrix A will be a diagonal

matrix with each element on the diagonal being an eigenvalue of A,

A0 0 0
A 0 A

0

0 0 An

eMt 0 0
0 eMet
At _
0
0 0 ent

If we consider the limit lim;_,, X(¢) = lim;_,, eA'x(0) for the autonomous system we see

that this will converge against 0 if all of the eigenvalues Ay, ..., A\, have a real part smaller
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4. Classical Control Theory

than O, i.e.
eMt 0 0
0 et :
Re); <0Vj=1,....,n= lim x(0) =0, Vx(0) € C".
o0 : ... 0
0 0 ernt

If on the other side any of the eigenvalues has a positive real part, the corresponding entry
of the matrix exponential will diverge and so will the systems state. This arguments extent to

general matrices A and this kind of concept of stability is called Hurwitz stability.

Definition 4.1 (Hurwitz Matrix) We call a matrix A a Hurwitz matrix if for all eigenval-
ues \; of A we have that

Re )‘j < 0.

If a system’s system matrix is a Hurwitz matrix the system will be internally stable.

4.2.2. Controllability

Another important concept is the concept of controllability. The idea behind this concept is
the question if for any given initial state x(0) and time 0 < ¢, there exists some integrable

input signal u(t) such that
/ t/ ’
eA'x(0) + / et _T)BU(T)dT = X(t') = Xrget-
Jo
We define the set of reachable states by the set

R:={¢ €R" : Ju(t) such that x(¢) = £} .
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4. Classical Control Theory

The answer to above question can be given in terms of the controllability matrix

R(A,B) = [A, AB, ..., A"'B|.

Theorem 4.2 ([11]) For each time 0 < t the set equality
R: =1Im R(A, B)

holds.

We can see that the set of reachable states will be equal to R™ if and only if Im R(A, B) has
dimension n which will be true if and only if R(A, B) has full rank n. Furthermore we note
that R(A, B) is independent of time. We can therefore see that, if the conditions are meet,

there will exist an input signal u(¢) for any time 0 < ¢ such that Xy, = x(2).

Corrollary 4.3 The system x(t) = Ax(t) + Bu(t), x(t) € R" is controllable if and only if
the matrix

R(A,B) = [A, A’B, ..., A"'B]|

has full rank n.

Definition 4.4 We call the pair (A, B) a controllable pair if the dynamical system x(t) =
Ax(t) + Bu(t) is controllable.

In order to get some intuition for this relation, we assume the case were x(0) and have a
look at

t/ ,
x(t) = / A= Bu(r)dr, 4.2.2.1)
0
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4. Classical Control Theory

were we require that x(¢) € Ry, i.e. x(t) is in the set of reachable elements.

Using the Cayley-Hamilton theorem (stating that every square matrix A satisfies it’s own
characteristic polynomial char, (A) = 0) it can be shown that every square matrix of dimen-
sion n can be written as

A¥ = q, A 4+ 4 a0l (4.2.2.2)

for k£ > n. Using this with the definition of the matrix exponential Equation (4.2.0.3) one can

show that there exist scalar functions ¢y (), ..., ¢,_1(t) for all ¢ > 0 such that
A= ol + P (A + ...+ dp (DA™

by expending every term k > n of the series Equation (4.2.0.3) using Equation (4.2.2.2).

Applying this to Equation (4.2.2.1) we can write

x(t) = /Ot [Go(t =) + ... + b (t — 1) A" Bu(r)dr (4.2.2.3)

Jo do(t —T)dr

ot —1)d
= [B, AB,..., A" B] foqﬁl(‘ mdr , (4.2.2.4)

i fot Gn—1(t — T)dT

where we can readily see that x(¢) will be in the image of the controllability matrix and for
x(t) € R™ we require that R* C Im R(A, B) which in turn requires that the controllability

matrix has full rank n.!

"[11]
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4. Classical Control Theory

4.2.3. Observability

In the previous section we have seen how the relation between the input signal and the set of
reachable states is encoded in the matrices A and B and how one can determine if every state

in the system space R" is reachable by some appropriate input signal u(¢).

Consider the autonomous system with u(t) = 0,

%(t) = Ax(t),

y(t) = Cx(1), (4.2.3.1)

with solution

y(t) = CePxy.

One could ask about the relation between the initial state x, and the output y(), i.e. if we
observe the output y(t) over some finite time interval 0 < ¢t < T, will we be able to deduce
the system’s initial state x(?

Similarly to the previous section one can show how the information about this relation is

encoded in the matrices A, C.

If one is able to deduce the initial state of the system by observing the output over some time
interval, the system is called observable and this property is called observability. As before,
the answer to this question is given in terms of a matrix, in this case the observability matrix

given by

CA

CAn—l
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4. Classical Control Theory

Theorem 4.5 ([11]) The dynamical system with matrices A, B, C and D is observable if

the matrix

P(A,C)

has full column rank.

4.3. Transfer Functions

4.3.1. The Transfer Function

The second standard representation of linear time-invariant linear systems is the transfer func-

tion. Consider again a system as before, with?

x(t) = Ax(t) + Bu(t),

y(t) = Cx(t) + Dul(t). 4.3.1.1)

st

We chose an input of the form u(t) = e**, s € C. Substituting this in the general solution to

the ODE will yield

t
x(t) = ePxg + / AT Bedr, (4.3.1.2)
0

t
— Alx, + At / TR (4.3.1.3)
0

If we assume s ¢ spec (A) we have that (sI — A) is invertible and we can solve the integral
with
x(t) = exq + {(SI —A)! e(SI’A)TB} .

t
o (4.3.1.4)

(10, (11]
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4. Classical Control Theory

Substituting this into Equation (4.3.1.1), we obtain
y(t) = Ce* (xo — (sT— A) 7' B) + (C(sT— A) "' B+ D) e,

If the system is stable we will have that ¢! — 0 as ¢t — oo and so will the first term of above

equation. The second term is proportional to the input u(¢) = e* and the term
G(s)=C(sI-—A)'B+D (4.3.1.5)

can be interpreted as an input-output map, mapping the input u(¢) to the output y(¢). G(s) is

called the transfer function of the system.

A second way to arrive at Equation (4.3.1.5) is given in terms of the Laplace transform

Fls)= [~ eyt = L[f(0)

for some integrable function f(¢). One can show that taking the Laplace transform of the

derivative of an function corresponds to multiplication by s, i.e.

d
£ |G| = F6) 50,

Applying this relation to Equation (4.3.1.1), one can solve algebraically for Y'(s) and arrives

under the condition that z(0) = u(0) = 0 at
Y(s) = (C(sI— A)'B) U(s), (4.3.1.6)

this time for general input functions u(t).

The transfer function is a very useful tool and many important properties of the system are

encoded in it.
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4. Classical Control Theory

If we consider some rational transfer function of the form

6ls) = 51

then we call all the roots of the polynomial b(s) the poles of G(s) and the roots of the polyno-
mial a(s) the zeroes of G(s). One can show that the poles of G(s) are equal to the eigenvalues

of the corresponding system matrix A.

As we can see, G(s) will be unbounded if s is a pole of G(s). If s is a zero of the system
then, for example for an input as above with u(t) = e, we will obtain a zero output y(¢) = 0

since G(s) = 0.

4.3.2. Networks of linear Systems

It is particularly convenient to compute networks of linear dynamical systems using the trans-
fer function representation of the system. Here we consider a collection of linear systems,

parametrized by matrices (A;, B;, C;, D;) with transfer functions G;(s) forj =1,...n.

The Series Product

The first basic network operation to consider is the series product, corresponding to taking

systems G (s) and Go(s) in series, see Fig. (4.4).

_— System 1 System 2 —

Figure 4.4.: Two systems in series, obtained by feeding the output of system 1 into the input
of system 2.

The corresponding input-output function for the overall network is easily computed by writ-
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4. Classical Control Theory

ing

Yi(s) = Gi(s)Ui(s),

Ya(s) = Ga(s)Us(s),

and setting U (s) = Y;(s). We obtain the overall transfer function

Ul(s) = G2<S>G1<3)7
and more generally
%) s
Ul(S) - ]1;11 G]( )

for the series product of n-systems.

Parallel Systems

The second basic network operation is obtained by taking two systems parallel, see Fig. (4.5).

The corresponding transfer function is obtained from the transfer functions of system 1 and 2

G1(s) and G5(s) by

Yis) _ s s
U(S) _Gl( )+G2( )
or in general by
V()
U(S) _]Z:lGJ( )

Systems in Loop

The third network operation is given by the system in loop, see Fig. (4.6). This is also the

set-up considered in Section 4.1.2. The transfer function is given by

Y(s) _ Gils)
U(s) ~ 1+ Gu(s)Gals)

G(;](S) =
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0O System 1
System 1 0O
+
System 2
System 2
Figure 4.6.: Two systems in a feedback
Figure 4.5.: Two parallel systems. arrangement.

This can be stated explicitly in terms of the matrices A, B, C' and D if the consider a closed-
loop set-up as above with system 1 given by (A, B, C, D) and system 2 given by (0,0,0, I).
We can take the Laplace transform of Equation (4.3.1.1) and solve for y(t). In this case one

obtains
Y(s)
U(s)

Gals) = = C(sI—A)"'B+D.

The transfer function associated with the system matrices A, B, C'and D is sometimes denoted

with

The transfer function is well defined if (s — A)~" exists.
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Quantum Networks

5.1. Introduction

In classical control theory, the notion of an input-output system plays a key role. Bigger
systems can often be thought of as a network of simpler input-output components. If one
knows the rules to deduce the dynamics of the overall system from the dynamics of the in-
dividual blocks the network consists of, system design, simulation and control can become
considerably easier. For classical systems this theory is well developed. We are interested in

establishing a similar theory for quantum mechanical systems.

In the following we shall introduce a quantum counterpart of the notion of input-output
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5. Quantum Networks

systems as developed in [19, Gardiner and Zoller], [22, Gough, Gohm and Yanagisawa], [25,
Gough and James], [24, Gough and James] and present the rules deducible for networks of

such general input-output systems.

5.2. Quantum Single-Input, Single-Output Systems

In section 3.3.7 we introduced the quantum stochastic calculus for the evolution of some quan-
tum system under the influence of quantum noise. Theorem 3.3.7.1 guarantees existence of a

solution for a quantum stochastic differential equation (QSDE) of the form
1
U = {LdBT(t) + (S — 1) dA(t) — L*SAB(t) + <2L*L + z’H> dt} U(t) = dG()U (1), U(0) = 1,

or equivalently if we define the complex dampening K by
K = —;LTL —iH,
we can write
dU(t) = {LdB'(t) + (S — 1)dA(t) = L"SAB(t) + Kdt} U = dG(®)U(t), U(0) = 1.

Note that we use here the right hand side Hudson & Parthasarathy equation, that is the
solution U(t) appearing on the right hand side, rather on the left hand side as before. In
general we have the left hand QSDE of the form dV = V(dH) and the right hand QSDE
dU = (dG)U. If we let V = UT, then both QSDEs are equivalent if dH = (dG)". When
dealing with physical systems the right hand side QSDE is usually preferred. The left hand

QSDE has it’s advantages when dealing with unbounded operator.

The unitary evolution of the system under the influence of the quantum noises d B(t), d BT (¢)
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5. Quantum Networks

and dA(t) is given by the solution of the QSDE, U(t), whereas this solution describes the
evolution of both the field and the system. This allows us to perform measurements on the
output field after interaction with the system, and leads to a quantum equivalent of the notion

of an input-output system from classical control and system theory.

dBow(t) dBin(t)

< System <

Figure 5.1.: Quantum input-output system under the influence of the input noise dB(t) =
d By (t) with output field d Boy ().

Given some observable X on the initial space hy, its evolution in interaction picture is given
by
X(t)=U@®)'[X @ NU(t)

where the systems outputs d B,y (t) are given by

Bou(t) = UM ® But)]U(1),

Ao(t) = U@ @ Au(®)]U (),
and obey the QSDEs

dBou(t) = S(t)dBi(t) + L(t)dt,

dAou(t) = ST®)dAR()S() + dB! (£)ST(H)L(t) + LT (£)S(¢)dBin(t) + LT (t) L(t)dt.
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5.2.1. Multi-Channel Systems

So far we have considered a set-up allowing for system with one degree of freedom under
the influence of some quantum noise due to some bosonic environment. We wish to extend
this to allow for systems with multiple degrees of freedom under the influence of multiple,
independent noise processes. We first of all deal with the generalisation of the model to multi-
channel inputs. We extend the set-up by what is known as the multiplicity or colour space, &

which is taken to be a separable Hilbert space and is usually taken to be & = C". We denote
L3(0,00) = & ® L(0, ),

and obtain overall system Hilbert space hg ® T'(L4(0,00)). Let {e;} be a orthonormal basis

for K. We define the for each j, k the independent processes

Bj(t) = a (63 X ]]‘[O,t]> s
A(t) = A(ley) (ex] © i)
We interpret n = dim K as the number of input and output channels of the system.

The coupling of the the n input processes to the system are now parameterised by n coupling
operator L;, j = 1,...,n. The scattering between the field channel is described by n? operator
Sjk € B(ho ® k) where the matrix S = (5};) is to be taken unitary. We can collect these

operators in column vector L and matrix S

L1 SH Sln
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In this case the general form of the QSDE leading to a unitary adapted solution is
AU (t) = {K ® dt — LIS ® dBy(t) + L; @ dBI(t) + (Sjx — d6) © dAsu(t) } U (1)

with use of the Einstein sum convention, i.e. summation over repeated indices, and

1
K= —§LILZ- —iH.

The outputs are now given by

Bowi = Ut @ Bi(t)|U(t),

dBout,j = S]k(t)dBk(t) + Lj (t)dt

5.3. Networks of Quantum Components

As we have seen, the class of physical models considered so far are parameterized by the triple
(S, L, H) or by making use of the complex dampening K = —1LTL —iH the triple (5, L, K).
We refer to this triple as the Hudson and Parthasarathy system parameter. We remark that one

can collect this parameter in a single operator called the It0 matrix or Ito generator matrix on

K —L'S L —iH —LiS
L S—1 L S—1
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Equivalently the model can be described by the model matrix V

0 0 K —-L'S
01 L S

5.3.1. The Concatenation Product

Classical system and control theory allows for thinking of bigger and complex systems as
being composed of multiple, simpler systems. These smaller systems are usually quit easily
modelled. System theory then provides the tools to compute the model for the overall system

given the simpler blocks and the way they are connected with each other.

Figure 5.2.: An example of a general network involving multiple system components with
feedback

The first operation we wish to introduce is the concatenation product. This product takes
two system matrices V/; and V5, describing two blocks of our network with n and m inputs and
outputs respectively and gives a new system matrix describing both systems at once with n+m
inputs and outputs. This concatenation of two blocks does not introduce any interconnection

between the blocks and therefore does not change the input-output dynamics of the channels.

We follow [25] and define the concatenation of two model matrices in the following way:
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5. Quantum Networks

Definition 5.1 Let V; be model matrices with Hilbert space h and colour space k; for

7 = 1,2. The concatenation of these model matrices is denoted by V|, B V, describing a

model with Hilbert space h and colour space ki @ ks and is defined by

ViBV;

—iln, —iH, —Lis, - 8L, —iH, —I11S,

L1 Sl LQ S2

ALy 1L L, — i (Hy + Hy) —L1S) — L}S,

Ll Sl O
Lo 0 5

As the authors remark, there is no further assumption on the decomposition of the system.

5.3.2. Network Models

A general network as for example Fig. 5.2 will be described by concatenations of its compo-

nents together with a list of internal edges determining which ports are connected with each

other.

Given a network with n components V;, 7 = 1,.. ., n the networks model matrix V' is given

by V' = H}_,V; and takes for V; associated with triple (S}, L;, H;) the form

S1

52

0 1 Ty T,
n (SLIL; +iH;) —LiS, —LiS, ... —LiS,
L S 0 ... 0
L 0 Ss
0
L, 0 0 S,
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5. Quantum Networks

with respect to the labels s1,...s,, 71, ... S,, labelling the rows and columns with respect to
the input and output ports. Since each of the L; is in general a vector with k; entries, where &;
is the number of input and output ports of block Vj, each of the s;, 7; is a k;-tupel. We follow
[25] and denote with Py, the set of labels of the input ports and with P, the set of labels of
the output ports.

We label blocks of the model matrix with respect to this labels by picking some o € Py, U
{0} and /5 € Py U {0} and denoting V, 4

The network is then completely described by providing the network’s model matrix and a

list of all internal connections, that is edges e = (s, 1., ), where output s,, is fed into 7,,.

5.3.3. Elimination of Internal Edges in the Zero Time Delay Limit

In general a network as shown in Fig. 5.2 will consist of a collection of blocks with a certain
number of ports and a collection of edges of which some describe the inputs and outputs of
the overall network and some which connect an output of a block with an input of another
block and which are therefore internally. If we consider a limit, in which the time signals
take to travel from the output of one block to the input of another block goes against zero, we
can eliminate the additional degrees of freedom provided by the internal edges and result in a

model that only knows external edges, see for example Fig. 5.3.

System 3 [€ System 3 [

“<|System 1 System 2[<T— «<— System 1&2 [

Figure 5.3.: Example for elimination of internal edges in a zero time delay limit. The reduced
model consists only of external inputs and outputs.

Formulas for the model reduction such as the series product and the feedback reduction

72



5. Quantum Networks

formula have been derived in [22, 25, 24]. We are going to introduce as the most general case
a theorem on the elimination of internal edges in a zero time delay limit as proven in [24],
from which the series product and the feedback reduction formula can be deduced as special

cases.

Theorem 5.2 (Gough, James [24]) Let eq = (ro, So) be an internal channel with time de-
lay 79 > 0 in a quantum network N for which 1 — Vioro 18 invertible. In the limit o — 07T,
the network reduces 10 N4 in which the input and output ports are P;,\{ro} and Pp.:\{s0}
and the edge e, eliminated. (In the case where rq and s, are initially in different compo-

nents then the components merge.) The reduced model matrix V' then has the components

V2 = Vg + Vawo (1= Vigro) ™ Ve, (533.1)

for B € {0} UP,\{ro} and a € {0} U P, \{s0}

The reduced model matrix can also be computed by reduction formulas for the parameter

triple (S, L, H) — (S™4, L*d H™d),

Lemma 5.3 (Gough, James [24]) Let V' be the model matrix determined by the operators
(S,L,H). Then the reduced model matrix V" obtained by eliminating the edge ¢y =

(80, 70) is determined by the operators (S™, L™ H™*?) where

S;id - SST + Ss,ro (1 - Sso,’r‘o>_1 Sso,ra
L;ed - Ls + Ss,m (1 - Sso,ro)_l Lsm

H* = H+ Y ImLIS,, (1 - Ssrm) " L,

S Gpout

where € Pi,\{ro} and s € Py, \{s0}
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One can further show that the order in which internal channels are eliminated in the zero
time delay limit doesn’t matter, that is the reduction of two edges e, and e; commutes and the
elimination of multiple edges can therefore be performed simultaneously [24, Lemma 17].

This can be archived by expressing S and L with respect to the decomposition of the colour

space k = kin D Kext

Sei See Le

Define the unitary adjacency matrix 7 by

1 if (s,r) is an internal channel
Nsr =
0, otherwise

The feedback reduced model can then be written as [24]
V= Vo + Vai (= Vi)™ Vig

with o, 3 € {0, e}. Following Lemma 5.3, the reduced model matrix V™! can be determined

from the operator triple (S™¢, L™ H™d) given by

S = See+ Sei (11— Sii) " Se,
L = L.+ 8, (n— Sn')_l L;,
Hred = H + Z Im L;Sﬂ (77 — Sii>_1 [JZ

J=1,e

5.4. The Series Product

As a first special case of the network reduction formulas presented in the previous section we
deduce the rule for the series product. The series product describes the network reduction for

two components where the output of the first component is feed into the input of the second
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component, see for example Fig. 5.4. Obviously the series product only makes sense if we
require that dim &, = dim K, where &;,7 = 1,2 is the multiplicity space associated with
model V;,j = 1,2, that is, the number of input channels accepted by block 2 matches the

number of output channels of block 1.

Series Product
System 1 [ — €< System1 &2 [

A

< System?2

52 T2 S1 1 52 1

Figure 5.4.: The series product of two components. In the zero time delay limit both compo-
nents merge into a single component after elimination of the internal edge.

The networks model matrix is given by

0 1 T9

0 ( =Xz (3L +iH;) —LLSi —LiS,
V=g Ly S1 0
S9 Lo 0 S

Elimination of the edge e = (1, r2) gives the reduced model matrix Viegies

‘/;eries (1 - 0>71 [Lla Sl]

Ly 0 S,
—EFM@@Q+MM—L$ﬂ1—H&+Q&&
L2 + Sng 5281

We can readily read off the reduced model parameter

Sseries = 52517
Lseries = L2+52L17

Hseries = H1+H2+IH1 {L;SQLl}
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5.5. The Feedback Reduction

Another special case of the elimination of internal edges in the zero time delay limit we want
to introduce is the feedback reduction formula, see Fig. 5.5. We have some 4-port system
and some 2-port system where the 2-port system is located in some internal loop. This kind
of set-up is a basic example for feedback and serves as a general case for common physical

set-ups such as optical components in a feedback loop using beam splitter etc.

sl rl
— e—————

s2 System 1 2

Feedback Reduction sl rl
< System1&2 [

r3 s3
System 2

Figure 5.5.: Elimination of the internal edges: Feedback reduction.

We parametrise system 1, the 4-port component with triple (S7, L1, H1) and colour space
decomposition R; = R, & K; where
s, — S Sz L= Ly
So1 S22 Ly,
System 2 is given by the triple (Ss, Lo, Hs). We can compute the overall system model matrix

V' by taking the concatenation V = V; H V5

0 1 T2 T3

0 [ =Sjore (BLIL;+iH;) L] S —L{;Su —LiS
Y S1 Ly St Sio 0
S9 Ly, Sa1 Sao 0
53 L2 O O SQ
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Define the internal and extern sub-matrices by

SQQ 0 T21
Sii = , Sie = , Sei = (512,0), See = S11, Li = { Ly, Ly ] ; Le = L.

0 Sy 0

The reduced model matrix is then determined by system parameter triple (Sied, Lred, Kred)

given by

Sred = See + Sei (7] - Sz'i>_1 Sie>
Lred = Le + Sei (77 - Sii>_1 Li7

Kea = H+ Y Im (LIS (n— Si) ™" Li). (5.5.0.2)

j=t.e
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6.1. Introduction

Linear systems play a central role in classical control theory. It’s only for this class of systems
that a general theory of control of dynamical systems becomes available. In the following
chapter we want to introduce a quantum mechanical equivalent for a linear system, that is the
special case of a linear quantum open system as introduced in Chapter 3 and introduce tech-
niques and methods becoming available for quantum linear systems and networks of quantum
linear systems. This class of systems and the algebraic rules for networks of such systems in

the previously introduced framework have been investigated in [22] and for the more general
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case allowing for squeezing components in [26]. The following chapter will be based on this

papers.

6.2. Linear Systems

As we have seen in Chapter 3, the dynamical evolution of a quantum open system is given by

the solution V() of the QSDE

jtV(t) = {(Sij = 6;5) AA(t) + Lid Bl (t) — LIS;dB;(t) — (3LIL; — iH ) dt} V (2).

We obtain an unitary evolution of the system leading to linear dynamics by imposing the

following structure of parameters
e S, are scalars

e The coupling operators are linear, i.e. of the form L; =  ;, = c;,a; for some scalars

Cjk

e The Hamiltonian H is quadratic, i.e. of the form H = -, wjka}ak for some scalars

Wik

In this case the Heisenberg-Langevin equations for the annihilators a(t) = VT(t)aV/ (t) are

given by
d f
aa(t) = Aa(t) — CSby(t), (6.2.0.1)
bou(t) = Sbu(t) + Ca(t). (6.2.0.2)
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Set B=—-CfSand D =S, ie.

a(t) = Aa(t) + Bby(t),

bou(t) = Ca(t) + Dby(t),

and we obtain a description for the system which looks very similar to the structure obtained in
the classical case for the state space representation of linear time invariant systems, although
the mathematical objects involved in both cases are very different in their nature (see Chapter

4).

6.2.1. Transfer Functions

Linear quantum systems allow for the introduction of Laplace transform techniques leading to
input-output map descriptions of the system, that is a relation between incoming and outgoing
fields of the form boy[s| = G[s|bi[s] for some transfer function G[s]. We denote with b[s] the
Laplace transform of the field annihilator b(¢) defined by

bls] = /0 T e th(t)dt 6.2.1.1)

for Res > 0.
Applying the Laplace transform to the Heisenberg-Langevin equations Eq. (6.2.0.1,6.2.0.2)

we obtain the input-output description
bout[s] = Z[s]bin[s] + &[s]a

with the transfer function

[1]

[s] =S —C(sl — A)~'CTS
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and the contribution of the initial operator a = a(0)
£ls] =C(sI — A~

We remark that, as a property of the Laplace transform, we have that

bs)* = ( / ~ es*tb(t)dt>* = [T et dya

0

One can adopt standard engineering notation from classical control theory and denote the

transfer function by the matrix

A
(s)=D+C(sI — A)~'B.
C

Similarly to the Laplace transform, define the transform of the past fields by

0
bls] & / e~*tb(¢)dt
such that the Fourier transform of the fields is given by

hw) = \/127 [ eyt = ——blo* — iw] + ——bl0" ~ ],

A

The cannonical commutation relations translate into [bi, x(w), Bin,l(w’ )] = 0ki0—ur-

6.2.2. Feedback Reduction

We are now ready to introduce quantum feedback networks. The first set-up under considera-

tion is a form as seen in Fig. 6.1. We consider first the case without an inloop device, that is,
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G=(5,LH)

A

—> K

Figure 6.1.: Feedback arrangement of a 4-port system G and some in-loop component &

K = (1,0,0). We obtain a partition of the transfer function matrix with respect to the choice
of internal and external channel, that is

bin,i bout,i Cz S’L j Sei
bin: about: 702 782

bin,e bout,e Ce Sz See
with transfer function matrix

A|-%;018; - 5,018,
E(s)=| ¢ Sy S |(s) 6.2.2.1)
Ce Sie See

Define the adjacency matrix 7 by

1, if (s, ) is an internal channel
Nsr =
0, otherwise

Theorem 6.1 Let (n—S;;) be invertible. The feedback system Eq. (6.2.2.1) has input-output

relation by ¢[S| = Zrea($)bine|S] + Erea(s)a and the reduced transfer matrix function

_ngdsred 1
y Sred — Credm

Sred
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6. Quantum Linear Systems

where

Sred = See + Sei(n - Sii)_lsie7
Crea = Sei(n—Su)'Ci + Ce,

Avea = A=Y ClSu(n— Su)7'C;

j=ie

See [22] for the proof.

6.2.3. The Series Product

Consider an arrangement as in Fig. 6.2, again in a zero time delay regime. We have the
two systems G; = (S;, L;, H;), i = 1,2. Associated with this systems we have the transfer

functions

We can reformulate this situation before making the connection, by describing the network

components as one block with two inputs and two outputs by the concatenation

A+ Ay | =ClSy, €IS,

E(s) = c, S, 0

Cy 0 Sy
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B ———— System 2 ——————— System 1 ———————

Figure 6.2.: The Series Product of two systems with the output of system 1 being feed into the
input of system 2.

We again partition the parameter with respect to the internal and external channel

bin _ bin,i _ bin,2 7 bout _ bout,i _ bout,l ’
bin,e bin71 bout,e bout,Q
Ci Cl Sm Sei 0 Sl
Ce C12 Sie See 52 0

The adjacency matrix for this case with one internal edge is trivial with = 1 and we can
compute the series product of the model (G5 < G; using the formula for the reduced parameter

given in Theorem 6.1 with

A+ Ay — CF5,01 | —(C3S, + O S,

= . —
Sseries\S) =

02 + 5201 SQSI

6.2.4. The Redheffer Star Product

One other important network arrangement is the one shown in Fig. 6.3, that is two systems
with 2 inputs and outputs each in an feedback arrangement. This kind of set-up is used for
example to model some system G driven by a noisy controller K.
The two system models can be parameterized by G = (S¢, Ce, Q) and K = (Sk, Ck, Qk)
with
o | SESE| o |k sy

G G K K
521 522 543 S44

We establish the closed loop model by setting boy2 = bin 3 and bou,3 = bin 2 We assume that
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boutl bin,l
bout,? G bin,?
bin,3 > bout,3
bin,4 K bout,4

Figure 6.3.: The Set-up for the Redheffer Star Product. Two blocks with two inputs and out-
puts in an feedback arrangement.

the system observables of the two blocks live on distinct Hilbert spaces H and H g, that is,
that the observables of block GG and K commute.
One can again archive a partition of the system matrices with respect to the internal and

external channels by

S@@ SEZ
S =
Sie Szz
with block components
S& 0 SE 0
See = H ) Sei = .
0 SE 0 SE
S& 0 S& 0
Sie = . ) See = -
0 SE 0 SE

The system model parameter after eliminating the internal channels can now be computed

with,

St St

S =See + St ([ = 8)  She=| 1
St Sl
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with block entries

« —1
Sto= SH+ 5588 (1-58sk) S5,
« —1

Sty = SH(1-S58%) Sk,

« —1

Sho= Si5(1-S58%) S5,

« —1
Sho= Sfi+85(1-8585) Sk

The partitioned coupling vectors and the adjacency matrix are

LK LK 10

We compute the coupling vectors after the elimination of the internal channels with
Le=Le+Si(1—S8u) L=

with entries

-1 —1
o= (cf + 5558 (1 - 55,5%) CS‘) ag + S5 (1 — S558)  Ciax

1 —1
Ly = S (1-559%) aG+(of+sg$§Q_¢gsg) og)m<

if we denote with a¢, and ay denote the system mode annihilators of the systems GG and K.

The Hamiltonian of the system H, is given by

H* = CLTG (QG + Ag) ag + CL}{ (QK + AK) ag + CL}{AKGag,
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with
CS (1~ s5,5%) " cf
AG = Im 1 s
CY'SG (1 - sksG)  SKcy
O (1 - 5K5%) T oK
AK = Im 1 s
CISE (1 - SGSK)  sGex
Cy! (I - SESG;) SECS
-1
CLIsis (1-sG88) ¢f
AGK = Im o 1
C5 (1 - SGSK) Sk
—C{15G (1 - 54555,) " CX

6.3. Squeezing Components

So far we considered a class of linear system with coupling of the form L; = Cja;. The
framework of linear systems can be extended to the case of a coupling not only to the an-
nihilators, but also to the creators, that is a coupling of the form L; = C}a; + C’;r a}, 1.e.
the parameter for the stochastic Schrodinger equation are of the following structure for some

scalars C~,C*,w™ and w™

H = ), (a;w;/gag + jahaiwls + %aaagw:§> (6.3.0.1)
a,B=1

L = > (Crata+Cihal) (6.3.0.2)
a=1

and S is taken to be unitary where the S;;’s are scalars. At this point it iS convenient to
introduced the doubled up notation. Let x = [z], ...,z ]T be a vector with operator entries

rrn

of length n. Denote for some matrix X, X* = (X x)» where x is the complex conjugate or
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Hilbert space adjoint. We define the doubled up vector of size 2n, T by setting

=T, T AT T
and the doubled up matrix
- X- Xt
X = AX ", XN = , (6.3.0.3)
X+ x—t

such that a relation of the form b = C~a+ C~a' can be described by b = A(C~, C*)d = Cl.

We define the involution b for a 2n x 2m sized doubled up matrices by

X" 2 xtg
where
I, O
J, &
0 -1,

with the n X n identity matrix 7,,.

We can see that we have an effective change in parameterisation from the triple G =

(S, L, H) to the triple G = (S, C, Q) with doubled up matrices

- c- Ct

C = AC,CH) = , (6.3.0.4)
ctt ot

. Q- Of

Q = AQ,0) = , (6.3.0.5)
ottt -t

where (2 = (w;;). We can now establish the equations of motion for the system oscillators
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4a = V*(t)a;U(t) and the input-output relation by, (t) = U*(¢)b(t)U (t) in doubled up form

—a = Aa(t) - C"Sb(t) (6.3.0.6)

bow = Ca(t)+ Sb(t) (6.3.0.7)
with A = A(A_,A}),C = A(C_,C,), S = A(S) and

Ay = (Cic; - Ojci) — Q.

_1
2
We can establish the relations

CTC, LA -ANYy=q_, LA+ A]) = Q.

6.3.1. Transfer Functions

The transfer function in case of coupling to both the annihilators and creators takes the form
Dout,i [s] = Ez_g (5)bin[s] + Ej]_ (S)bi*n,j [s].

6.3.2. The Series Product

We consider an arrangement of a type as shown in Fig. (6.2), that is two systems with the
output of one system feed into the input of a second system. We consider a zero time delay
regime, that is, we take the time 7 the signal needs to travel from output 1 to input 2 to be
7T =0.

The systems 1 and 2 are parameterised by G; = (51,C1, A1) and Gy = (S, s, As).

We denote the series product of the two systems by G5 < G;. The model after making the
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connection is given by Geries = (Sseriess Lseriess Hseries) and parameter

Sseries = SZSb
zseries = C~Y24_5'26(17

Heies = Q + Imb éggzél

As one can show, the series product leads to an factorisation of the form C~¥2 N G’l = @2 . Gl,
which is the kind of structure expected from classical control theory, only for the case, where
both systems have no system modes in common. Otherwise the series product for doubled up

systems is non-trivial and given as above.

6.3.3. Feedback Reduction

Consider a set-up of the form Fig. (6.1). We have a 4-port system with an internal loop and
some component K within this loop. We are again interested in a zero time delay regime
and want to deduce a model for the system after the internal channels have been eliminated,
i.e. deduce the input output map for the single input single output system after the internal
connections have been made.

We partition the two port system with respect to the internal and external input and output
channels, that is,

bin,g bout,i Sy Sic C

bin: ) bout: ) S:I:: 7Cﬂ::
bin,e bout,e Si Seie Cd:

The input output maps for the field channels are given by

v A v

bout,j[s] = Z ij[s]bk[5]>

k=e,i
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where the transfer function of the system is given by

A _[627éf]§

Gs)=1 ] C. 5

The closed loop model after making the connections in the instantaneous feedback limit, that

is as the time the signal needs to travel along the edge 7 — 0, under the assumption that

(I —S;;) is invertible is given by:

Sred ee + gei(l - u)_lgze»
Crea = Co+ Su(l—S;)7'C,
A = A=Y O%S;(I - Sy)7*C;
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7.1. Introduction

An early application of feedback to enhance the squeezing of an (infrared) cavity mode was
given by Wiseman et al. [64]. Here the mode is coupled to a second harmonic (green) mode
which is subjected to a quantum nondemolition measurement. In contrast, we wish to exam-
ine the squeezing of the input noise field by a cavity mode acting as an idealized squeezing
device. Here the feedback is coherent, rather than measurement-based, and we consider a set
up involving a simple beam splitter to introduce the feedback loop. We shall work in the limit

of instantaneous feedback throughout. We shall be interested in the class of linear dynamical
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systems [67], [22],[45], and indeed will study static components wherein the internal degrees
of freedom have been eliminated. The degenerate parametric amplifier (DPA) is a well known
non-linear device capable of squeezing input fields [41], [65], [9]. We follow the treatment
of Gardiner [19]. For a single quantum input field coupled to a single cavity mode a with

coupling strength /x and Hamiltonian
1€
HDPA = 5 (CLT2 — CL2> .

there is an approximate squeezing parameter given by, [19, Section 7.2.9],

rops = In € (7.1.0.1)

R — €

Here the amplification is due to the specific choice of the Hamiltonian Hppsy. Without feed-
back, the method of obtaining maximal squeezing for a degenerate parametric amplifier is to
try and realize the Hamiltonian for the internal mode with parameter coefficient € as close to
the threshold value (¢ = k) as possible, see [19, Section 10.2]. As originally noted by Yanag-
isawa and Kimura [67], the value of the reflective damping for an in-loop mode will depend

on the reflectivity value a:
-«
= K
1+

r(e)

Our strategy is to use coherent feedback for a fixed degenerate parametric amplifier (below
threshold, and therefore internally stable [45]) and tune the reflectivity of the beam splitter
so as to select the degree of squeezing. The degenerate parametric amplifier is an idealized
device in which one assumes that « and ¢ are large but with fixed ratio. We shall investigate
the situation where both these parameters are finite. Also, we introduce additional quantum

damping into the model to see the effect of loss.
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7.2. The Degenerate Parametric Amplifier

7.2.1. The System

A Degenerate Parametric Amplifier (DPA) is a device with a system Hamiltonian [19] of the
form

Hops = & (a” — a?).

Let us consider a DPA model with two inputs and outputs, one serving as the signals in- and
output, one playing the role of a loss mechanism. The resulting system is given by the triple

G = (S, L, HDPA) with

v
S = Iyyy, C_ = VI ,C+:O,w_:0,w+:§

NG

with resulting doubled-up matrices (see Equation 6.3.0.3)
S = I, C = A(C_,0),Q = A(0,w,).

We can compute the transfer function Zppa (s) of the system using

such that
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with components

K242 —¢? 2 Kty
1 — i tys+s —\/Kky(s+=F
= s = * (s +557) : (7.2.1.1)

—\/ﬁ(s—l—%ﬂ) W+73+32

J = — , (7.2.12)

where the denominator P(s) is given by

o= () o (57

The output of the system is now given by

Bout[s] = EDPA[S]Ein[S]-

We note that the resulting system will be Hurwitz stable, i.e. all eigenvalues of A have real

part value strictly smaller then 1, if and only if Kk + v < e.

7.2.2. The Spectrum of the Output

The DPA is a device that is capable of squeezing. It is able to transform a minimum uncer-
tainty state with equal variances in both quadratures into a minimum uncertainty state with an
increased variance in one and a decreased variance in the other quadrature. In order to analyse

this behaviour in detail we are interested in the spectrum of the output quadratures.

Recall the definition of the transfer function defined in terms of the Laplace transform Eq.
(6.2.1.1)

bls] = /0 T eth(t)dt. (7.2.2.1)
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The Fourier transform of the fields on the other hand is given by

@‘)
E

zwt
\/% / b(t (7.2.2.2)

Comparing this with the Laplace transform, we can see that the Laplace transform corresponds
to the transform of the future fields, whereas the Fourier transform realises the transform of
the past and future fields. The transfer function (Laplace transform) is for linear networks
explicitly given in terms system matrices or system parameter, see Chapter 6.2.1. We are
therefore interested in formulating the Fourier transform in terms of the transfer function of
the system of interest.

We complete the Laplace transform by added the transformed past fields, i.e.

1
¢“h(t)d = ——b[0*i
\/%/ Nor [0Fiw] +

@‘)
E

\/12_7rc[0_ — W, (7.2.2.3)

where the transform of the past fields is defined by

cls] & / " ettt (7.2.2.4)

—0o0

The canonical commutation relations in terms of the transformed fields read as
[B5(w), (o] = 300(w — o). (72.2.5)

One can evaluate the expectation of b*[0" — iw]b*[0" — iw] and ¢*[0T — iw]c*[0T — iw] in
the vaccum state using Eq. (7.2.2.1), Eq. (7.2.2.4) and the canonical commutation relation of

the input fields to obtain

<bin,j [0+ - iw]bi*n,k[o+ - iwl]> = 5jk<+(w + W/)7

(Cing[07 —iw]cf [0 —i]) = 0 (w +w'). (7.2.2.6)
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Here (. are the Heitler functions defined by

Clw) = [Tt ) = [ ea,

or

(+(w) =m0 £ PVl.
w

Since in practical applications we deal witht he combination of past plus future fields, we only

accounter combinations of the form (_ + (, = 2md. As a direct result we see that
(bin (W) b, 1 (W) = 010 (w — W),

since from Eq. (7.2.2.3) and Eq. (7.2.2.6) we see that we have the sum

1 L ‘ 1 L
5 bingl07 = it [0F = ) + o {eing[0 — il 1[0 — ).

Following the notation for the transfer function of the (future) fields, we can denote an

input-output-map for the past fields
Courj[5] = Zjp.(8)cink[s] + Ej(s)ci i[s]-
We can clean up the sign change by introducing the following matrices
Si(w) = Z5(—iw), Sji(w) = Z5.(—iw),
such that we result with an input-output description of the form

Douj (@) = Si7.(w)bin (W) + S (W) bin s (—w)*

J
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We may now determine the correlation functions of the output from the transfer functions as

defined above (in the vacuum state),
Nijr(w)é(w — '),
(7.2.2.7)

<52§m,j (W)Bout,j (@)
<bout,j(w)gout7j(wl)> = Mjk(w)5(w+w').

Sii(—w).

where
Nip(w) = §ji(w)Sh(w), Mjx(w) = Sji(w)

We also remark the following identities

Nir(Ww)" = Njk(w), Mir(w)* = Mig(-w).

Following the introduction of the doubled-up notation for squeezing components in quantum

feedback networks we denote
A(S-(w), 8¢ (w))-

This defined a Bogoliubov matrix for each real w where it is well defined. It particularly

ensures that the transformation from the inputs to the outputs preserves the canonical commu-

tation relation.

7.2.3. Power spectrum density

We consider a generalised quadrature of the form
Zut, i (t>

Gout,j (t,0) = €bouj () + ¢ b
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7. Systems in Loop: Squeezing

for a fixed phase 6 € [0, 27). If we choose # = 0 and 6 = 7 we get the usual quadratures

qgut,j (ta O) = bout,j (t) + blut,j (t)a

_ _1 (bout,j () — blut,j (t)) :

(e

qgut,j (ta 5)

The integrated processes are given by
t / /
AQou(t0) = [ Gous(t',0)a.
and the It0 increments read as
dQout,; (£, 8)dQou x (1, 8) = d;,dt. (7.2.3.1)

Following Barchielli and Gregoratti [2], we set

1

T T .
Pik(w,0,T) = T </0 " Gour ; (11, Q)dtl/o e qou (2, ‘9)dt2> ;

1 T T .
P]e']lg(wa 8’ T) - T </0 6wt1Qout,j(tla 9)dt1> <‘/0 e_lthQOut,k(t% 0>dt2> 9

and

Piel(w,0,T) = Pir(w, 0,T) = Pih(w, 0, 7).

J

This corresponds to the spectrum of the output over a finite time horizon. Whenever the limit

exists, we define the power spectral density matrix by
tlgfg) ij(w, 9, T) = Pkl(w, 9)

Similarly we define Pf; (w, #) and Pji!(w, 0).
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7. Systems in Loop: Squeezing

Now, Eq. (7.2.3.1) implies
Pji-r,fl(w,ﬁ) = 0jk.

The Fourier transform of the generalised output quadratures are given by
Gouj = € bowj (W) + € bou j (—w)",
and it is readily verified that
(Gout,j (@, 0) Gour (', 0)) = Pjr(w, 0)5(w + ).

We can state the explicit expression by using Eq. (7.2.2.7) and obtain

Pn(w, 9) =1 +N11(—w) +N11(w) + e2i0/\/l11(w) + 672i9M11(—w)*

where, after summing over repeated indices and using the system’s transfer functions from the

previous section we have that

2 2
- e . +
Ninw) = Efl-il'Siil-is] = T,
2 2
e m (@ (5) ()
Mjk(w) = ‘:jl(_u‘)):kl(zw): 2|P(—zw)|2 :

In the lossless case, i.e. 7 = 0 we reduce the DPA to a single input single output component
2 2
"= L (-w)| = Tand [My (W) = (N (w) + 1) ()

and we have identities ‘Eﬁ (—w)

and compute spectrum of the output with

Do (w.6) — <w2 + (%))2 + “2462 + ek (wg + (%)) cos 29. (7232)

| P(—iw)l?

We see that the spectral power of the output as a function of the phase 6 takes a maximum for
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parametric amplifier, lossless
case, open loop with ¢ =
7.35e6 and k = 7.2e7. The
solid and dashed line corre-
spond to the squeezing and
anti-squeezing respectively.
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Figure 7.3.: Degenerate Parametric Amplifier in a closed loop arrangement. The additional
input and output for the DPA serves as a loss mechanism.

s

¢ = 0 and a minimum for ¢ = 7. In this two cases we are measureing the noise power of the
anti-squeezed and squeezed quadrature respectively.
Fig. (7.1) and Fig. (7.2) shows the power spectrum for the open loop, lossless DPA. The

higher coupling of the field to the DPA via coupling constant  results in an effective squeezing

over a wider frequency bandwidth.
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7. Systems in Loop: Squeezing

7.3. The Degenerate Parametric Amplifier in Loop

Next we consider a set-up as in Fig. (7.3) where the DPA is in a feedback arrangement. The
beamsplitter can be modelled as a four port input output system with parameter Ggs = (H =
0,L = 0, Sgs) where

a f

8 —«

Sps =

with the beamsplitters reflectivity « and reflectivity 5. Since Sgg has to be unitary, i.e.
det Sgs = =1 we have constrained |a|” + |3|° = 1. The input-output relation for the beam-

splitter is given by
bout,1 (1) a B bin,1 (t)
bout,2 (t) 6 — bin,2 (t)

We can use the feedback reduction formula provided in Chapter 6.2.2, i.e.

Sred = Se,e + Se,i (77 - Si,i)_1 Si,e
Lred == Le,e + Se,i (77 - Si,i)_1 Li,e

Heo = H+ Y S[LIS;i(n— )Ly

j=ie

to deduce the closed loop model. With respect to the lables (in1,in2,in3,in4) and (outl,out2,out3,out4)

we have the scattering matrix of the concatenated system

a [ 00

—a 0 0
5:6

0 10

0 0 01
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7. Systems in Loop: Squeezing

and the adjacency and submatrices

01 —a 0 5 0
n = 7Sii 7Siezsle: y
1 0 0 1
a 0 0
See = , Li = a, Lo = 4l a.
0 1 NG 0

The closed loop system in the instantaneous feedback limit is given by

1—01/i

Lred = e a, Hred = H7 Sred =1
val

with the new closed loop transfer functions as above but with the coupling constant being

replaced by Kk — }jr—g/@. We can compute the frequency dependend squeezing parame-

ter Eq. (7.1.0.1) for the closed loop case by defining |S_(w)| = cosh rppa(w, ) such that

ppa(w, @) = 3 In [S_(w)| — [S4(w)], Le.

7.3.1. Spectrum of the Output

We can now analyse the closed loop set-up and compare the spectral squeezing of the outputs
for the open loop and closed loop case.
The power spectrum of the output is similar as for the open loop case as above but with

being substituted by x(«), i.e.

2 #(a)24+2\\2 | K(a)2e ) r()Pie 2
P N st () e

with k() = }jr—g/f. As we can see in Fig. 7.4 we find that, by adjusting the beamsplitters
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Normalised Noisepower [dB]

; [ " ! ! ! : ; : )
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Beamsplitter transmitivity

[— o=1MHz — w=2MHz ®=3 MHz ® =250 MHz —— © =400 MHz|

Figure 7.4.: Normalised Noisepower of the output for the closed loop feedback arrangement
Fig. 7.3 over the reflectivity « of the beamsplitter for various frequencies.
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Figure 7.5.: Squeezing and anti-squeezing normalised noisepower for the closed loop set-up
Eq. (7.3.1.1) as in [33] for different values for the beamsplitters reflectivity.
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7. Systems in Loop: Squeezing

reflectivity, the squeezing can be significantly enhanced for lower frequencies compared to the
open loop case o = 0 by choosing an appropriate reflectivity. For high frequencies (lines for
250Mhz and 400MHz) the output noisepower ceases to have a minimum within the intervall
0 < a < 1. Hence we will not be able to enhance the squeezing of the output by adjusting the
beamsplitters reflectivity.

The squeezing parameter for the closed loop case (see above) is given by

k(o)+e 2
Tppa (W, @) = lln - ( 2_ >2-
w2 + (n(aQ) e)

In order to determine the value for o for which we archive maximum squeezing we solve

dT[)pA (w,a)

1.2 = 0 for o and find that the maximum of rppa (w, @) is achieved at

K2 + 4w? + €2 — 26/ 4w? + €2

K2 — 4w? — €2

Olmax (w) =

As we have seen above 7ppa(w, @) will not always have an maximum for 0 < a < 1 at
high frequencies. We are therefore interested in the maximum frequency for which such a
maximum for 0 < o < 1 exists, i.e. for up to which frequency the closed loop setup will be
able to enhance the squeezing of the output by selection of a suitable reflectivity ae. We notice
that o < 0 for large frequencies and want to find the maximal frequency wyax for which

Omax (W), W < Wnayx 18 restricted to 0 < amax < 1. This will be satisfied for

1
Wiax = 5\/%;2 — €2,

7.4. A static model

Next we consider the DPA in a limit regime where we rescale the system parameter x, €, 7y

by some parameter k, i.e. we result in a sequence of models parameterised by the triple
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(K,k, €k, ")/k) and let £ — oo.

Recall, the entrys of the doubled up transfer function were given by

R s SR N CR )

—1/m7(5+”—?) %—l—’ys—l—f

=t € Ko EY

?

and as we can see we have that Ei) [s] = Z*[2] such that the strong coupling limit is equivalent

to a low frequency limit.

After the limit limj_,., we have the following limit model

. 1 VK- =2/ry(k+7)
S. = [lim =gl = CEE
7 —2\/FY (k+7) K== €
-9 K /KY
Se = Jm =l = e
VET

This limit is again a squeezing device since

) = (Eie)Sh iy - EE TP |5
(M) (w) = (55 (—iw) = (iw)) CEEErE P

For the single input single output case (v = 0) we can again compute the squeezing function

r for the static limit model

1
TDPA — 5 In

H+€]
K—e€l

This coincides with the squeezing parameter given in [19] and is equivalent to the squeezing

parameter as before for the case w = 0.
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7.5. Squeezing Enhancement in the Static Limit

In the previous section we found that in the closed loop situation the spectral squeezing of the
output is a function of the beam splitter’s reflectivity «.. For the lossless DPA in loop we find

that the modified squeezing parameter is given by

where r(a) = {72k as before. We observe that the squeezing parameter diverges if x(a) = €

which is the case for a4 = :T: The dynamic model takes for this choice of « the value

1 [w?+ €
T(w, acrit) = 5

w2
which again posseses a singularity at w = 0 for @ = o Note that the open loop system is

stable for k > ¢, which is in the closed loop set up modified to x(a) > €. For ay; we have

k(i) = € and therefore see that for the critial squeezing the system becomes unstable.

So far we investigated the lossless case v = (0 which allowed for the definition of the
squeezing function. In the lossy case the stability condition modifies to x(a) + v > €. Under
the assumation of Hurwitz stability of the system and that the dissipation is smaller then the
pumping (7 < €) we find that for « € (a.;) the system is again stable and that o is given

by
K—€+7y
K+e—7

Qerit =

The critical value of k(o) changes to k(o) = € — 7 and the 1,1 entries of the matrices
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N (w, @) and M(w, o) are given by

NH(W,Oé) _ 63[6_7]

4lw? + €2|w?

My (w, ) = ele — y][w? — (5)2]

2[w? + €2|w?

Both expressions diverge in the limit & — oo for a similar limiting procedure as before when

replacing the triple (k, v, €) by (kk, kv, ke).

7.6. A Model with Time Delays

We are now going to present an approach for a model for an in-loop DPA with time delays,

that is an arrangement of the form Fig. 7.6. The beam splitter has the input-output relation

CMCZ + Bzin

Sc
Il

BCZ— Oé?;in.

o
|

out

We denote with the transfer functions G/(s) and H(s) the input output maps G : it — d and
H : &, — d. The effective time delay in frequency domain is modelled by multiplication with

e®7. The input dis given in terms of the time delays and the transfer functions G, H by

S¥e

GSTaé<S)€STb1i —f— SSTaﬁ(S)éin
es(Ta-l-Tb)é(S) (aj+ 65in) + eSTu[:[(S)éin

= (1—ae’tm@)! {Bes(T‘l””)@(s)Bm + e””ﬁ(s)éin}
such that

%

~ -1 ~ ) -1 ~
bout = [—a + 32 (1 — aes(“””)G(SD es(T“JrTb)G(s)] bin+ 03 (1 — 0465(7“”")) e’ H(s)én.
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With the transfer functions G/(s) and H(s) as before

[ 2 ’)/2—:‘i2—€2 R

Gs) = —— |7 T 2

- P(s €K 2 2_k2—¢2 ’

[ Kty €

ﬁ(s) — \//y_,{/ S+ 2 2

PO s s

K+v—¢€ K+v+e

PO = () (0 55),

The new transfer functions mapping G’ (s) : bin — Do and H’ (8) : Gn — bou are then given

by
-, 1 | Als) B(s)
G (3) - PI(S) )
B(s) Als)
VicaZ Vica? | kV1—a2(l+ay) ev/1-a?
f{’(5> = 5™ Vk 11—04X 5T % 11_01X T 2 (I—ax)? > 2 11_O‘X
P'(s) eVi—a? Ia? g | 1VIa? | kVI—a®(l+ax)
2 1—ay 1—ax 2 l—ay 2 (1—ax)?
1 | Cs) D(s)
P'(s) | D(s) C(s)
with
PR N EE S ES A I o EE By S
1 — ax(s) I—ax' (1—-ax)? 4(1-ax) 4 (1-ax)?
_ i X —a) 1@(1-){2)7%
4 (1—ayx) 2(1—ax)?’
B(s) € (L—a?)x
s) = —=
2(1—ax)?
11+ 11+
Pls) = (404N (st op X 5
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bin

bout d Ta

Tbh

Cin Cout

Figure 7.6.: Network with a DPA in loop and time delays
7.7. Further Research and Citations

The paper! on the results presented in this chapter, has been cited in various other works since
its publication. These are [72, G. Zhang, H. Joseph Lee, B. Huang and H. Zhang], [33, lida,

Yukawa, Yonezawa, Yamamoto and Furusawa] and [66, N. Yamamoto].

7.7.1. Experimental Demonstration of Coherent Feedback

Control on Optical Field Squeezing

In [33] the authors present an experimental demonstration of the approach to feedback en-
hanced squeezing as presented in this chapter and [28]. In order to allow for the specific
details of their experimental set up they generalised the models used in [28, 68] by allowing
for an additional loss mechanism and finite time delays within the inner loop of the arrange-

ment. The system’s equation of motion is given by

17, Gough and S. Wildfeuer [28]
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bout2 bin2
e el L
boutl DPA binl
. :
)
Time Delayed Signal b)

Time Delayed Signal a)

bout5
bouté
>
biné
Loss Mechanism Control Beamn Splitter

Beam Splitter

Figure 7.7.: Generalised Model for the coherent feedback arrangement with an additional loss
mechanism (modelled by the beam splitter) and finite time delays within the loop.

%a(t) = —iwpa(t) + ee 20tal(t)
K=y

with input-output relations

bout,1 (1) = \/Ea(t) — bina (1)

A time delay of the form b.(t) = b(t — 7) is modelled in frequency domain by multiplication

by e~*" such that the inputs b;,, ; and b;,, 3 with respect to time delays 7, and 7, are given by

bin,l(t) - bOut,S(t - Ta)eiwom

bin,?: (t) - bout,l(t - Tb)eiwon-

The acquired open loop transfer functions in [33] coincide with Equations (7.2.1.1, 7.2.1.2).

The authors come to the conclusion that the experimental results agree well with the theo-

retical results.
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Adiabatic Elimination

8.1. Introduction

In 2008 Luc Bouten, Ramon van Handel and Andrew Silberfarb [6] presented a rigorous ap-
proach to the adiabatic elimination problem by using a version of the Trotter-Kato theorem.
The result extents to the language of quantum feedback networks as discussed in this the-
sis. The methods and procedures providing the rules for building quantum networks however
utilizes other limits to obtain named networks. The instantaneous feed-forward limit for ex-
amples rises from taking the limit 7 — 0 where 7 is the time needed by the signals to travel

from the output of some system A to the input of another system B. After taking this limit we
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8. Adiabatic Elimination

obtain a single component describing the joint behaviour of both systems in series. Here the
question of commutativity of both limiting procedures arises. The assumption that both limits
commute is frequently used in quantum optics when modelling quantum optical set-ups'. We

therefore study the problem of commutativity of both limits in the following chapter.

We can provide an intuitive naive equivalent to the adiabatic elimination of components of
a system with the following example. Consider Fig. 8.1.a, i.e. a system driven by some input
uip. The system itself is coupled to the input by some (damped) mechanical spring Y and the

spring is coupled to some system X . The set-up can be described by the equations of motion

X = f(Xa Y, uin)7

Y = g(X7 Y7 uin>7

Uout = h(Xa Y7 uin)~

We assume that the spring has a spring-constant k£ and we rescale the spring-constant by some
scaling factor v, i.e. & — ~y - k. We consider the limit v — oo and will observe that the spring
relaxes infinitely fast to the input state. We will be left with a set-up where the spring follows
the input infinitely fast and we can think of the system X as being driven by the input directly.
Mathematically this can be described by setting Y = 0 and solving ¢(X, Y, uj,) = 0. We will
obtain Y = j(X, wuy,) which can be substituted into the equations for X and uq,. We thus
obtain a set of equations of motion which are independent of the spring component Y, hence

where the spring has been eliminated.

'[37]
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T
|

X

Figure 8.1.: a) A system with a slow and an oscillatory component. b) The same system after
elimination of the oscillatory component.

8.2. Adiabatic Elimination in Quantum Feedback

Networks

In order to set the stage for the Adiabatic Elimination, we assume that the system consists of
two distinct parts. One collection of oscillators living on Hilbert space b, and the remaining
degrees of freedom of the system living on the auxiliary space h,,x. The overall system Hilbert

space is then given by the tensor product h,,x ® Hesc.

e) Slow Oscillators

d) Coupling:
Fast Space - Slow Space

. .. | c) Fast Oscillators

b) Coupling:
Noise - Slow Space a) Input Noise

Figure 8.2.: Adiabatic Elimination of the cavity. The set-up consists of a cavity (fast oscillator)
being driven by the input field and some slow degrees of freedom (for example:
slow oscillator). In the Adiabatic Elimination limit the fast oscillator become
increasingly strong coupled to the input field until they become ’enslaved’ to the
input and we are left with the slow components being driven by the input directly.

The Adiabatic Elimination describes the limit where the oscillators get increasingly strong
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coupled to the input field such that, in the limit & — oo, we are left with the degrees of
freedom of the system living on the auxiliary space h,,x. The pre- and post-limit models are

described by the QSDEs
AU(k) = {(Sj(k) — dj0) dAji(t) + L (k)dB;(8)' + LT SjxdBi(t) + K (k)dt } Uy (k),
and
AU, = {(Sjx — 0jx) dAji(t) + L;dB; (1) + LIS;xdBy(t) + Kdt} Uy,

respectively.

In order to ensure convergence of the solution of the QSDE in the strong coupling limit
we can invoke the results by Bouten et al. [6] as quoted in Section 3.4.1. The convergence
is ensured when the coefficients of the pre-limit QSDE assume a specific structure (Equation
(3.4.1.3)) and satisfy some conditions (see assumptions of Theorem 3.10).

In order to satisfy this assumption on the structure of the pre-limit coefficients we assume
that the QSDE parameter triple (S(k), L(k), K(k)) for the quantum open model takes the

following form:
Sk)=95®1,
Lk)=kY C;®a;+G®1,
J
K(k)=k> Ap@da+k) Z;®d+kY X;®a+Re 1. (8.2.1.1)
Jt J J
Here a; and a are the annihilators and creators for the j’s mode of the oscillators. & > 0
is the scaling parameter, scaling the coupling strength of the oscillators the input field. The

operators S, G, R, C;, X, Z;, Aj; are living on the auxiliary space h,,x where A;; is assumed

to have a bounded inverse.
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This parametrisation describes a model with the cavity having m oscillator modes. We may
collect the operators C;, X into the row vectors C' = [Cy,...,Cy], X = [X1,...,X,,], the
operators Z; into the column vector Z = [Z1, ..., Z,]" and the operators A; into the matrix
A= (4y).

In the limit £ — oo, the oscillators will become increasingly strong coupled to the input
field. In this strong coupling limit we consider the oscillator modes to be permanently relaxed
to the input noise fields state, i.e. the ground state. We denote the ground state of the oscillators
with ]0}050. In this case, as the degrees of freedom of the oscillators will become eliminated,
we are left with the degrees of freedom of the auxiliary system b,y.

We obtain as a special case of Theorem 3.10 the following statement:

Theorem 8.1 Ler U(t, k) be the unitary adapted evolution associated with the triple
(S(k), L(k), K(k)) and define the slow space as by = ban @ {C|0),,.}. If the operator

Y =32 Aji ® aja; has kernel space equal to the slow space, then we have the limit

lim sup |U(t, k)@ — U(t)| =0,

k—o0 0<t<T

forallT > 0and ® € h, ® §, where U (t) is the unitary adapted evolution associated with

the triple (S ® |0) (0], L ® [0) (0| ,., K ©10) (0],,.) and
S = (I+CA'CHS,
L = G-CA'Z,
K = R-—XA'Z

In favour of an easier notation we will drop the factor of ® |0) (0| . for the remainder of the

chapter.
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To prove the theorem we have show that Assumptions 1) to 3) of Theorem 3.10 are satisfied.
The structural requirements of Assumption 1) are fulfilled by construction of the pre-limit
coefficients Equation (8.2.1.1).

The operators appearing in Equation (8.2.1.3) and their adjoints are assumed to have a

common invariant domain D C hyyx @ bose. On by this domain is given by [13]

span {|n) : 3 n; = N|N € N}. (8.2.1.2)

Assumptions 2) were given by:
1) RhDCD
i) ap Py =00onD
iii) There exist ao, dg with common invariant domain D, such that Gaas = asdy = P
iv) B ;Pp=00nD, V1 <j<n
v) Pyay Py =0o0onD

The operators appearing in these assumptions are the operators of the parameter triple

Vi (k) = €x,
B(k) = k1 + Boy,
a(k) = K ay + kay + ag, (8.2.1.3)

as given in the result of Bouten et al. in [6].

This must be compared with the assumed structure of the coefficients according to Theorem
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8.1, 1.e.

Sk)=S®1I,

L(k):kZCJ®G]+G®I,

j
Kk)=k> Ap@da+k) Z;®d+kY X;®a+Re 1. (8.2.1.4)
gt J J

We have to be careful with the left and right hand formulation of the QSDE, i.e. dV (t) =

V(t) (d@) as used in [6] versus the right hand formulation dU (t) = (dG(t)) U(t) as used in
this chapter.

Since Equation (8.2.1.3) and Assumptions 2) are formulated with respect to the left-hand

QSDE and Equation (8.2.1.4) is formulated with respect to the right-hand QSDE we see that

the operators appearing in Assumptions 2) translate therefore to

*
Qg = ZAkl ® a;ak) )
jk

*

Bi=12C® aj) ,
7

a1 = ZZJ®CL;+XJ®CL]) .

J

The slow space was defined as s = hax @ {C|0)_,.} and we can readily see that ii) and iv)

osc

of Assumptions 2) will be satisfied since in each case we encounter a; |0) ... Assumption v)

osc*®

will be satisfied for the same reason and the fact that Ppa* |0) . = 0. i) will be satisfied by the

specific form of the invariant domain in b, Equation (8.2.1.2).
We can now continue with the proof of Theorem 8.1:

Proof:
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By Assumption 2), we are left with the verification of the existence of d, and d,' such that
ng!Q = 0[2072 = Pf
Let us set

My = []aux®span{|n> : an :N},

J
for N =0,1,2,.... Inparticular, we have the direct sum of orthogonal subspaces h,ux @ Hose =

©Dn>o M. Let iy = P be the orthogonal projection onto the "slow space”

hs = haux X |O>osc = MO

and P, = Py = I — P; the projection onto the "fast space"

hy = @ M,
n=1
The overall space hux @ hose decomposes then into huux @ Hose = hs D hy

Recall the hypothesis that Ker(Y) = h;. We first have the following:

Lemma 8.2 Under the hypothesis Ker(Y') = b, the subspaces My are stable under Yy =

Y , and we have
My

(PYPy)™' = Q Yyl
N>0

Moreover, let |§;) be the state where the jth mode is in the first excited state and all others

are in the ground state, then (Y1) 3, ¢; @ [0;) = > ;(A™") ud @ 10;).

Proof:
Consider the decomposition of the system space haux ® hose = hs @ hy as presented above.

Y is an operator on b,ux ® hos. and assumes with respect to the decomposition into "fast" and
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"slow" space the following form

szs Y:sf 0 0
Y Pt s
Yis Yyy 0 Yy
The right-hand-side follows since Y = 7, A% ® aja; acting on some element of ¢ €

oo M,, doesn’t change the number of photons and each subspace M/, is therefore stable
under Y whence every off-diagonal element of Y in this representation will be zero, i.e.

Y, = Y, = 0 and by direct sum decomposition we see that

Y = (PYnPr) ™ = P Yy

N>1
We also have that Ker Y = h, implies Y,; = 0 and invertibility of Y;; = PfY P.

The remaining identity is easily checked from Y 3=, ¢; ®(d;) = >, Ajud ®10;) and setting
this equal to 3°; ¢; ® |d;) we deduce that ¢, = (A1) ;19;.

g

Lemma 8.2 shows the specific form of ag = Y and we can easily see that if we choose for

example the Moore-Penrose pseudo inverse d,' = Y~ with

0 0
Y™ =
—1
0 Y
we have indeed that Y ™Y = Y'Y~ = P;. We obtain an equivalent statement for ap, = Y* by

showing that Ker Y = KerY* = M, such that above arguments hold mutatis mutandis for

Y.
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Corrollary 8.3 Ker(Y™*) = M,.

Proof:

By the preceding lemma we have that h; = Prhaux @ hosc 1 stable under Y. Therefore, for
any ¢ € My and ¢ € bhux ® hoge We have that (YY) = (oY Psyp) = 0. It follows that
(Y*ol) = (9|Y) = 0V € haux @ Boge, thus Y*¢p = 0 for any ¢ € M, and we conclude
that My C Ker(Y*). We show the converse, i.e. Ker(Y*) C M, by contradiction. To do
this, suppose that 3 ¢ € Prhyux ® hose With ¢ # 0 such that (Y*pl1)) = 0V 1 € hayx @ Bose
It follows that (p|Y¢)) = 0 and therefore (p|Y Pyi)) = 0V ¢ € baux ® hos. But since by
is stable under Y and Y’hf is invertiblem, it follows that ¢ € h,. But this contradicts the
hypothesis that ¢ is a nonzero element of by and therefore we conclude that Ker(Y™*) C M,.

This concludes the proof.
O

We now state a sufficient condition for Ker(Y) = M, = Ker(Y*). Let us first recall the

following definition:

Definition 8.4 (See Chapter 6) A bounded Hilbert space operator A is strictly Hurwitz
stable if

Re (1| Av) < 0, V) # 0.

Lemma 8.5 Let Aj; € B(huw) such that A = (A;) € B(hauw ® C™) is strictly Hurwitz
stable. The the operator
Y = Z Ajl ® a;al
jl

on Yaur @ Bose has kernel consisting of vectors of the form ¢ @ |0), , where ¢ € gy,

osc’
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Proof:

We see that for 1) € haux @ bose
WIYY) = (T @a;)" (I @a)y) =Y (| A @ Iy
jl j

where 1); = (I ® b;) ). We may decompose ¢; = >, ¥;(n) @ |n), where |n) is the orthonor-

mal basis of number states for the oscillators and ¢);(n) € haux. Then

(YY) = ZZ (i (n)| Ajpi(n))

and, for each fixed n, we have >, (¢;(n)|A;¥i(n)) < 0 with equality if and only if the
1;(n) = 0 since (A;;) is assumed to be strictly Hurwitz. In particular, if we assume that ¢ is
in the kernel of Y then we deduce that ¢);(n) = 0 foreachn and j = 1,..., m. It follows that
Y; = (I ® a;)y = 0 foreach j = 1,...,m, and this implies that ¢ = ¢ ® |0) .. for some

® € haux as required.
O

Note, however, that as we shall see below, for Theorem 8.1 to hold it is enough that Ker(Y') =
M.
Next we have to ensure that the post-limit parameter given in Assumption 3) satisfy the

Hudson-Parthasarathy relations, i.e. that S is unitary and that K+ K*=—L*L.

Lemma 8.6 The operator S is unitary and K+K*+L*L=0.

Proof:
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We first show that I + C'A~*C* is invertible. Suppose that u € Ker(I + CA~1C*)

u = —-CA'C*'u= C*'u=-C*CA'C*'u= (I+C*CAC*u=0

= (A+C*O)A ' Cru=0= —A*"AC*u=0= C*u=0

so substitute C*u = 0 into u = —C'A~*C*u we see that u = 0, therefore Ker(S) = 0. As S

is unitary, we have that

88 = (I+CA7'C)I +CA'CY)

= [+CA YA+ A+ O) A =1
using A + A* = —C*C. Similarly 5*S. Likewise we use Eq. (8.2.1.10) to show that

K+K+L'L = R-XA"'Z+R - Z°A7'X" 4 (G" = 27A7'C") (G - CA™'Z)
= —(X-GC) A Z- 724 (X = C"G - C"CA'Z)
= Z'ATZ+ AT (Z+C°CAT'Z)
= Z'ATVA+ A+ CFO) AT Z

= 0.

O

We now verified all assumptions for Theorem 3.10 and are ready to complete the prove of
Theorem 8.1. We first recall both forms of the QSDEs as found in this Chapter and [6].

Let V(t, k) = U(t, k)*, then V satisfies the left QSED (using summation convention)
dv? = v {a®at + g dBi(t) + 4P dB(t) + (e — 0p) dAu(t)}  (8.2.1.5)

where a®) = k2ay + kay + ag = K (k)*, B = ko + oy = Li(t)*, 1\ = —S3 L, and
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€1 = S;l. As discussed before, the results in [6] are stated for the left QSDE whereas the our

results are stated for the right QSDE

dv™ = {(87 = 6;) dA' + L'SPAB] + LPdB]T + KWat U, (8.2.1.6)

J

where the operator appearing in Eq. (8.2.1.6) are given by Equation (8.2.1.4).

The limit coefficients in Assumption 3 are then given by

& = Pi(ag—mbsar) Po= (R = Z*A7IX*) @0) (0] = K @10) (0],
B = Pi(fo—0adafy) Po= (G = Z*A71C%) @ 0) (0], = L* @ [0) (0],
¢ = Pe(I+B;asp]) Po= 5" (I+C"A1C") @0) (0] = 5" @0) (0]
§ = =& =-5"L®|0)(0],

A

with (S, L. K ) as given in the statement of Theorem 8.1. The action of the Moore-Penrose

inverse &y on some element oy P ® ¥ = X*¢ ® |0;), .., Where |d;)  is the state where all

osc’

oscillators are in the ground state and the ;’th oscillator is in the first excited state, is given by
Lemma 8.2. These coefficients evidently satisfy the requirements of Assumption 3, namely,
to generate a unitary adapted Hudson-Parthasarathy equation on a common invariant domain

in My, as we established in Lemma 8.6 .

Remark 8.2.1.1 We drop for the remainder of the chapter the ® |0) (0| _, as it is clear that

osc’

in the limit the oscillators will be relaxed to the ground state |0)

osc’

After dropping the ® |0) (0| .. and collecting the oscillator creators and annihilators in a

0sC
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similar manner as in the previous sections, i.e.

a1

am

we can simply write

S(k) =S, L(k) = kCa + G, K(k) = k*a*Aa + ka*Z + kXa + R. (8.2.1.7)
Consider a self-adjoint Hamiltonian of the from by
H(k) = k*a*Qa + ka*T + kI'*a + O,
and remember the definition of the complex dampening K (k) = —1L*(k)L(k) — iH (k).

Using the parameter as given in Equation (8.2.1.7) and comparing both sides of the equation

we see that

A = -lc*C -9,
Z = —iC*"G—1il,
X = —3G°C -7,
R = -lg¢*G-ie.

We can deduce the following identities when computing K (k) + K*(k):

AL A" = —C°C,
X428 = —G'C,
R+ R = —GG.
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8. Adiabatic Elimination

8.3. Adiabatic Elimination and Systems in Series

We now wish to verify commutativity of the adiabatic elimination with the instantaneous feed-

forward limit as encountered in Chapter 5.5.4 and Chapter 6.6.2.3.

z -2 | _
=2 3 > < E&'" A _!ﬂ
<) |System 1 & 2| d)

3 —>  <e=gystemta-2—

Figure 8.3.: [llustration of the commutativity of the adiabatic elimination with the series prod-
uct. The question arising is if the order we take the limits changes the resulting
model (lower right corner). a) -> b) Adiabatic Elimination of the oscillator of
both system 1 and 2; a) -> ¢) Taking the series product of system 1 and 2; b)
-> d) Taking the series product after the adiabatic elimination; c) -> d) Adiabatic
elimination after the series product.

We remind the reader that the series product or instantaneous feedforward limit of models
Gj,7 = 1,2 was denoted by G < G and that the adiabatic elimination of model G is denoted
by A(G).

We therefore want to verify that
A (Gg < Gl) = (.A (GQ)) < (.A (Gg)) .

The model under consideration consists of two oscillator modes a;,j = 1,2, one for each
system 1 and 2, see Fig. 8.3. We collect these oscillators in vector a = [a%, a3]' and obtain for

system j = 1, 2 the parameter triples (S;(k), L;(k), K;(k))
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Sl(k) - Sl,

L1<k) = k[Cl, O]G + Gl,

Ki(k) = Ka* + ka* + k[X1,0]a + Ry, (8.3.0.11)

and

So(k) = S,
Ly(k) = k[0,Cs)a+ Go,

0 0 0
Ky(k) = Kka* + ka* + k[0, Xo]a + Ry. (8.3.0.12)

0 AQ Z2

Lemma 8.7 Let G, j = 1,2 be models with parameter triple (S;, L;, K;). If the Adiabatic

Elimination limits A (G;) exist, then

A(GeaGh) = (A(Ga)) < (A(G2))

Proof:

We compute the resulting models by followings the paths a) ->b) -> d) or a) ->¢) ->d) in

Fig. 8.3 and compare the results. Recall the formula for the series product

SSer - 52817 LSer - LQ + SQLla KSer - Kl + KQ - LESQLl

Adiabatic elimination followed by the series product: (A (G2)) < (A (G1))

128



8. Adiabatic Elimination

We can now compute the path a) -> c) -> d), that is adiabatic elimination followed by the

instantaneous feedforward limit. The adiabatic elimination of reduces model j = 1,2 to

>

= (1+c545'¢p) 85,

<.

Mh >
I

Gy — CA' 7,

K; = R;—X;A;'Z;.
If we compute now the series product, we obtain

SSer = g2§1a
Lo = 1324-32[317

Kse = Ki+ K,—LiSL,. (8.3.0.13)

The series product followed by adiabatic elimination: A (G2 < G1)
We can compute the model parameter by the converse direction by following path path a)

->b) ->d) in Fig. 8.3. The series product of models Eq. 8.3.0.11 and 8.3.0.12 gives

Sser(k) = 5251
Leu(k) = Lo(k) + Sa(k)Li(k) = k[SsCh, Cola + G + SaGh
Ksa(k) = Ki(k) + Ka(k) — Ly(k)Sz(k) Ly ()

Ay 0 A

= KQ(I* a+k‘a* —f—l{?[Xl —stgCl,XQ}a
—C5S,Ch A Zy — C38,Gh

+ R+ Ry — G356y
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Performing now the adiabatic elimination results in

-1

N Ay 0 CrS;
Sser = | I + [S2C1, (Y] S551,
-8 —-20, A-2 Cs
-1
R A 0 A
Lser = (G1 + S2Gh) — [S2Ch, Cy)
-8 —-20, A-2 Zy—C38 —
Ksoe = (R1 4+ Ry — G555G1)
-1
. Ay 0 A
— [ X5 — G350, X5
—C55—-20, A-2 Zy — C58 —2G,

2G4

. (8.3.0.14)

We are now left with verifying that Eq. 8.3.0.13 and Eq. 8.3.0.14 coincide. In order to

archive this we have to compute the matrix inverse appearing in Eq. 8.3.0.14. A useful tool

to accomplish this is the Banachiewicz inversion formula [70], see Equation A.1.0.2. We

therefore obtain

-1

Ay 0 At 0
—C38 —20, A, AFICES,CL AT A

We are now able to write out the expressions in Eq. 8.3.0.14 explicitly and obtain for S‘Ser

Ssee = (14 S$:C1ATICLSs + CoA; ' C3ShC1 AT OS5 + Co A5 Cy ) S5y,

= (1+CA—27'C) 5 (1 + 1A' Cy) S,

- 5251.
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Similarly for the coupling operator Lg.,

Lsee = (G1+8:G1) — SsC1 AT Zy — CoAy ' CrSa A Zy — CoAy' Zo + Co Ay CLSoGY,
= (Go— A" Z) + (I + AT C) S5 (Gr — C1AT' Z) |
Ly

+ Sy

If we expand the complex dampening Kger we obtain

Kse = Ryi+ Ry— X1A7'Z) + G3S,CLAT 7y — X0 AT Zo + X0 A7 CE Sy (G — C1 Zy)
We want to show that K. ser as above equals

Ky + Ky — L3801 = R+ Ry— X|A7'Z) — X2 A7 7,

(G5 = Z3A,C3) (1 + CoA;'C5) 9 (Gh = CiAT 4
We recall that A, = —%C’; Cy — 1§25 such that
Ay + CiCo = 4= 0*02 —iQy = — Al (8.3.0.15)
and
A7 Cy (T4 CoAy ' Cy) = Ay (1+ C3CoA;Y) G,

= A2V (A4 CECY) A —271C,

(8.3.0.15)

AF" (A3 ATCs,

= —A;'Cs. (8.3.0.16)
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Using this we get
Kser — (Ky + Ky = L3010 ) = (Xa + G3Ca + 25) Ay ' C58, (G — C1 2y).

But now recall relations Eq. (8.2.1.10), i.e. Xy + Z; = —G5C, from which we can see that
the right hand side of this equation vanishes.
We therefore can see that model parameter obtained by either performing the adiabatic

elimination or series product first don’t differ and both limits therefore commute

8.4. Adiabatic Elimination and Systems in Loop:
Introduction

We now want to verify that the same result as in the previous section also holds for the feed-

back reduction limit, see Fig. 8.4. One could now try to attempt a similar way to verify

System 1

System 2

Figure 8.4.: Adiabatic elimination for systems in loop. System 2 has a fast oscillator compo-
nent and some remaining degrees of freedom.

commutativity with the adiabatic elimination as in the previous chapter, that is, computing the
models obtained by performing both, the adiabatic elimination limit or the feedback reduc-
tion first and compare the results. However, if one tries this procedure with the most general

system models, the algebra becomes quite challenging.
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As a motivating example we compute the resulting models for both orders of taking the

limits for a simpler model.

Here we take the four port model ’System 1’ in Fig. 8.4 to be a beam splitter, that is a model
with parametrisation

Sii Sei (6% \/1—042
Sy = = ., L=0, K=0,

Sie  See V1—a? —«

with transmissivity a € [0, 1]. We take the in-loop device to have a single oscillator mode

coupled to the field and no remaining degrees of freedom

So(k) = S,
Lg(k) = kﬁQQ,
1
Ky(k) = —§k2a§’ya2.

In terms of the operators appearing in Theorem 8.1 we get

Sy =18, Ay =—37, Cy= /7, Zo=Xo =Ry =G, =0.

The reduced model after taking the feedback reduction in the zero time delay limit is given in

Section 5.5.5:

Swed = See+ SeiSy (I — S;iS5)~" Sie,
Lea = Sei(I—SiSy) " Lo,

Hea = Ky— L3Sy (I —SiSy) " Lo (8.4.0.17)
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We recall the parameter after the adiabatic elimination as given in Theorem 8.1:

S = (I+CA7'C5)S, = —Ss,
L = Gy—CyA;'Z, =0,
K = Ry— X,A;'Z,=0. (8.4.0.18)

The parameter taking the adiabatic elimination first and taking the feedback reduction limit

are given by

~ 1 o — SQ
= vV 1 —_ 2 —_ =
L = o,
K = 0. (8.4.0.19)

Taking the feedback reduction first results in

~ 1
— 2
S(k) = oz+(1—a)521+a52,
- 1
— 2
L(k) kv1—a 1+a32ﬁa0,
~ o % SQTQQ 12 *< 1 OzSQ )
K(k) = KQ(k) Lg(/{?) ]_—82T22L2(k) =k Qo 27+71—|—0452 as.

We have to compare this with the structure of pre-limit parameter as given with Theorem 8.1

Lk) = kY CjRaj+GRI,
J

Kk) = Y. Ay@daq+kY. Zjod+kY. X;®a; + R® 1. (8.4.0.20)
J

Jl J
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and obtain the following parameter for the adiabatic elimination:

11—0452 C_\/I—Oz?ﬁ

_214-0(5’27 N 1+Oé52 ’
1_ 2
S = o U= )% v, _Rp_y
1+OZSQ

After the adiabatic elimination we therefore obtain L = 0, K =0and

(@}

(1_ (1—@2)721—#@52) <a+ (1—a2)52>
| 14+ @Sy |71 —ad, 1+ Sy

(S; —1)(1+aSy) [ a+ S

(14 aS5) (1 — aSs) <1—|—a52>

OC_SQ

= . 8.4.0.21
1— OZSQ ( )

And we have indeed that Eq. 8.4.0.19 equals Eq. 8.4.0.21 which shows that for this example

both limits commute.

8.5. The Generalised Schur Complement

The key to understand the relation between Eq. (8.4.0.21) and Eq. (8.4.0.19) is to encode
both, the adiabatic elimination and the feedback reduction as instances of Schur complements
in the model Ito matrix. The properties of the Schur complement as presented in Appendix A
are stated for matrices with complex scalar entries. In order to apply these results in the set-up

of this chapter these statements have to be generalised to operator valued matrices.

Let h be a Hilbert space and consider a decomposition of A of the form h = @ ;h; for

some finite index set J. Let M be a bounded invertible operator on / and pick some non-trivial
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subsets A, B C J and write fora, € A,k=1,...,n, b€ B,l=1,...,m

M, My, .. M,

1,01 1,bm

Mooy Mo,y - Mo, b,

Let A and B be two sets. We denote the relative complement of B in A by A/B.
If we drop the requirement of M being invertible we obtain in the spirit of Definition A.2

the following:

Definition 8.8 (Generalised Schur Complement) Let A and B be non-trivial subsets of
the finite index set J and choose non-trivial subsets C C A and D C B. Furthermore take
| A|=| B|and| C |=| D |. Suppose the sub-block M¢ p possesses a generalised inverse

(Mc.p)~, then the Schur complement of M g relative to M p is defined to be

Mag/Mcp = Majcs/p —Majo.o (Mep)” Mep/p.

The generalised Schur complement is well-defined and independent of the choice of gen-

eralised inverse if and only if Tm M¢ p/p C Im Mc p and Ker Mo, p C Ker My ¢ p.

The next result is a generalisation of the quotient rule Eq. (A.1.0.4), [70, Theorem 1.4],[62,
Eq. (4.116)] to operator valued matrices with extension to a statement about commutativity of
the order of taking the Schur complement with respect to indices B and C'.

This result is the main technical result needed to prove commutativity of the adiabatic elim-

ination and the feedback reduction.
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Lemma 8.9 Suppose that A, B, C' is a partition of the finite index set .J then, whenever the

generalised Schur complements are well-defined, we have the rule

M/Mpuc puc

Proof (Lemma 8.9):

(M/Mcc)/ (M/Mcc)pp

(M/Mpp) [ (M/Mpp)cc-

(8.5.0.22)

The proof follows by comparison of M /Mpyc puc, (M/Mcc) / (M/MC,C)BﬁB and

(M/MB,B) / (M/MB,B>C,C'

We compute the first part of Lemma 8.9 M /Mp ¢ puc with

MA,A MA,B
M/Mpucpuc = | Mpa Mpg
Mca Mcep

My
Mg c
Mecc

=Maa— [Map, Mac]

Mpp Mpc
Mcp Mcc

Mpp Mpc
Mcp Mcc

Mp 4
Mc a

(8.5.0.23)

The inverse in the last equation can be computed explicitly using Banachiewicz inversion
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formula in Lemma A .4:

Mpp Mpc
Mep Mcc
Fq.(A.1.0.10) Mg p+ Mg gMpcX McpMpp —MpgpMpcX™ 7 (8.5.0.24)
—X"McpMpg g X"
Eq.(A1.011) Y- —Y MpeMee 7 (8.5.0.25)

_MC_7CMC,BY_ MC_7C “I— M57CMC,BY_MB,CM6,C

where X = Mpucpuc/Mpp, Y = Mpuc,suc/Mec. Using this and multiplying out Eq.
(8.5.0.23) yields

M/Mpuc puc,

Eq.(8.5.0.24)
Maa— MapXMpa+ MapXMpcMgoMoa+ MacMaoMepXMpa

— MacMgoMoa— MacMaecMepXMp oMo oMc,a,

0.(8.5.0.24)
MAuC auc/ Moo — Maue,sue /Moo (Mpue.sue/Mcc)” Mpuc,ave/Mec,

(8.5.0.26)

£4q.(8.5.0.25)
Maup.avs/Mp s — Maus,suc/Mp s (Mpuc,suc/Mp )~ Mpuc,avs/Ms 5.

(8.5.0.27)

Next we compute the right hand side of the first equation in Lemma 8.9, that is
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Maa Map Mayc
N:M/MC,C’ = MB,A MB,B MB,C /MC,C’a
Mca Mcp Mcc

Maa Myp Mac _
— — (Mc,c)™ [Mc,a, Mc gl
Mpa Mpp Mg c

Maa—MacMeecMea Map— MacMgcoMes
Mpa—MpcMgcMcea Mpp— MpcoMccMop

Masc.ave/Mec  Maue.soe/Meco

Mpuc,ave/Meec Mpue,sue/Mec

Performing the second Schur complement N/Np p = (M/Mcc)/(M/Mcc)p s results

n:

N/Ngp = Maucauvc/Moc — Mauesuc/Mec (Mpue.sue/Mcec)™ Mpuc,ave/Me e,

which is identical to Equation (8.5.0.26) as required. The second equality of Lemma 8.9
follows mutatis mutandis from the last calculation when interchanging B and C and comparing

with Eq. (8.5.0.27).
O

Next we establish the conditions we have to impose in order for all Schur complements
appearing in Lemma 8.9 to be well-defined and independent of the choices of generalised

inverses.
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Mp ¢
C Ker[Map, Mac]
Mec ¢
Mp a Mpp Mpc
C Im
MQA MC,B MC,C
Ker Mce C KerMpc
Im MC,B g Im MC,C
Ker MB,B C Ker MC,B

ImMB,C Q ImMBB

(8.5.0.28)

(8.5.0.29)

(8.5.0.30)
(8.5.0.31)
(8.5.0.32)

(8.5.0.33)

then the Schur complements (M /Mc ) /(M /Mcc)p.g and (M /Mg g) /(M /Mg g)c.c are

well-defined and independent of the choice of generalised inverses.

Proof:

Collecting all Schur complements appearing directly in Lemma 8.9, we see that we require

i) M/Mpuc suc,

ii) M/Mc¢c, M/Mpg g,

111) (M/ch)/(M/ch)B’B and (M/MB,B)/(M/MB,B)C,C,

to be well-defined. Additionally, when computing M /Mp ¢ puc (see proof of Lemma 8.9,

Eq. (8.5.0.26)-(8.5.0.27)) we obtain

M /Mpuc,suc,

=Mauc,ave/Me,c — Maue,suc/Me,c (Mpue,puc/Mce,c)” Mpuc,ave/Mc,c,

=Maup,avs/Mp,p — Maus.uc/Mp.s (Mpuc,suc/Mp.s)” Mpuc,aus/Mp,s,
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such that we have to add the following Schur complements to the list of complements we

require to be well-defined:

iv) Mauc.ave/Me,c, Maoe,suc/Me.c, Mpuc,ave/Mcc, Mpue,suc/Me o
V) Maup,aus/Mp.p, Mauspuc/Mp,s, Mpuc,suc/Mp,s, Mpuc,aus/Ms s
Vi) Mauc,avc/Me,c — Maue,puc/Me.c (Mpue,suc/Mec)” Mpuc,avc/Me,c

Recall that the requirements on the kernel and image space inclusion for the Schur comple-

ment to be well-defined, Eq. (A.1.0.9). We can think of M assuming the partition

Muya Map Mac
M=| Mga Mpp Mpc
Mca Mcep Mcc

Now,

Mpp Mpc Mp 4
M/Mpucpoc = Maa— [Map, Mac)

Mcp Mcc Mec a

is well-defined due to Relation (8.5.0.28) and Relation (8.5.0.29). Similarly

M
Mpue.sue/Mpp = /Mcc = Mpp — MpcMgcoMc,s

is well-defined by of Relation (8.5.0.30) and Relation (8.5.0.31).

To ensure that ]\4/]\43’37 M/MC,C, MAUC,AUC/MC,C7 MAUC,BUC/MC,C and
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Mpue,aue/Mc,c are well-defined we have to require that

Ma g
KerMpp C Ker , (8.5.0.34)
Me s
Im[MBA,MB@] C Im MB,B7 (85035)
Myc
Ker MC’,C - Ker s (85036)
Mp.c
Im[MC,A, MC,B] Q Im MC,C' (85037)

One can show that relations Eq. (8.5.0.28) - (8.5.0.33) imply Eq. (8.5.0.34) - (8.5.0.37) by the

following:

By Relation (8.5.0.32) we see that Mp pr = 0 = M¢c px = 0 such that together with

M
Relation (8.5.0.28) Mg pr =0 = BB r=0 = M, gz = 0 and therefore

Mec

My g
Ker MB,B Q Ker s

Mec g

i.e. Relation (8.5.0.34) holds. Now, by Relation (8.5.0.29) we see that Vxdy, z such that

Mp 4 Mgy + Mpcz
T = . (8.5.0.38)

Mec a Mecpx + Mcocz

Similarly by Relations (8.5.0.31) and (8.5.0.33), Jv, w such that

Mcpy = Mccv, (8.5.0.39)

MB7CZ = MB7Bw, (85040)

and therefore by combining Relations (8.5.0.38) - (8.5.0.40) we see that Im Mz 4 C Mpp
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and Im M¢ 4 € Mc . This together with Relation (8.5.0.33) gives

Im[MB,A, MB7C] Q Im MB,B7

that is Relation (8.5.0.35). By similar arguments we can see that

e Relations (8.5.0.28) and (8.5.0.30) — (8.5.0.36)

Relations (8.5.0.29) and (8.5.0.31) = (8.5.0.37)

Relations (8.5.0.28), (8.5.0.29), (8.5.0.32) & (8.5.0.33) = Im Mp 4 C Im Mp g, Ker Mpp C

Ker MA,B — MAUB,AUB/MB,B is well-defined

Relations (8.5.0.28), (8.5.0.32) & (8.5.0.33) = ImMpc C Mpp, KerMpp C

Ker MA,B — MAUB,BUC/MB,B is well-defined

Relations (8.5.0.29), (8.5.0.32) & (8.5.0.33) = ImMp s C Mpp, Ker Mpp C

Ker MQB — MBUQALJB/MB’B is well-defined

Next we have to show that Relations (8.5.0.28) - (8.5.0.37) ensure that (M /M¢ ) /(M /Mcc) BB
is well-defined. See Eq. (8.5)

(M/Mcc)/(M/Mcc)p,s

=My a— Masc(Mcc) Mca— (Map— Mac(Moc)™

X Mcg)(Mpp — Mpoc(Mec) Mop)” (Mpa— Mpc(Mec) Mc.a),

and we therefore have to require that

N

Ker (Mp s — Mpc(Mcc) Mes) C Ker (Map— Mac(Mee) Mes(8,5.0.41)

Im (Mp s = Mpc(Mcc) Mea) € Tm(Mpp— Mpo(Mce)” Mep)R.5.0.42)
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Now, take v € Im (Mg 4 — Mp c(Mc,c)”Mc, ) such that

v o= (MB,A - MB,C(MC,C)iMC,A> w,

_ MB’AU)
= [1’ _MB,C’MC,C]
MQAw
Relation (8.5.0.29) implies that Vw 3 z, y such that
Mp aw B Mp px + Mp cy
Mec aw Mc pr + Mccy
and therefore
B MB,Aw
v o= [l —MB,CMC,C] )
MQAU)
B Mp pr + Mp cy
= [17 _MB,CMC,C] )
Mc pr + Mccy

= Mppr+ Mpcy — MpcMgcoMocr — Mp oMo oMccy,

= (MB,B — MB,CMC_,CMGB) Z,

where the last line follows since Mp c Mg Moo = Mg c by Relation (8.5.0.30) and Lemma

A.1 and hence we verified Relation (8.5.0.41).

To show Relation (8.5.0.42) we pick some = € Ker (MB,B — MBCME’CMC,B)

T
Mpp — MpcMgcMeopr = [Mpg, Mpc| =0

—ME}CMQB.T
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and therefore

X
c Ker[MByB, MB,C}-

—M&CMC,BLL’

By Relation (8.5.0.37) and Lemma A.1 we have M¢ cM¢g Mc g = Mc, p and thus
(MC,B - MC,CM5,CMC,B) z=0
and therefore

—M¢ oM px Mecp Mcc

Combine this with Relation (8.5.0.28) and we see that

T
< KQI[MA’B, MA,C}

—Mg oMepx

which implies that (M ap—M A,C’Ma(jMC, B) z = 0 and therefore verifies Relation (8.5.0.42).

g

8.6. Adiabatic Elimination and Systems in Loop: The

Main Result

8.6.1. Adiabatic Elimination as a Schur complement

We are now ready to formulate the Adiabatic Elimination limit and the Feedback Reduction
limit as instances of Schur complements. In this section we will formulate the adiabatic elim-

ination limit as a Schur complement. Recall the post-limit system parameter for the Adiabatic
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8. Adiabatic Elimination
Elimination limit given in Theorem 8.1,
S=(I+CA™'C"S,

L=G-CA'Z,

K=R—-XA'Z,

and observe that these parameter have the structure of Schur complements A/ /A

CA~1B. Consider the pre-limit Itd matrix (as introduced in Chapter 5.3),

S 0 I
S(k) =1, ka”] ,
0 0 ka
G C I
L(k) =[I,ka" ,
ka
I
K(k)=[I,ka"]
7 A ka

- D—

(8.6.1.1)

(8.6.1.2)

(8.6.1.3)

The system Ito matrix is given as an operator on h ® (C @& K) with initial space . Now,

remember that the set-up of the Adiabatic Elimination limit assumed a decomposition of the

Hilbert space § of the form h = §,ux P brase Such that the system It6 matrix can be decomposed

with respect to

HhR (CBR) = [hax ® (C B R)] B [hose ® (C D R)]
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with

gSS gS ‘[
G(k) = kza*gffa +ka*grs + kgspa+ gss = |1, ka*| d . (8.6.1.4)

9rs 9rf ka

One can see that the entries of the It0 system matrix are given by

R —-G*S X 0

Jss = ) gsf = )
G S—-1 C 0
Z —-C*S A0

9fs = ; gff = . (8.6.1.5)
0 0 0 0

‘We can now observe that
B R —-G*S X 0 A 0 Z —-C*S
g/gff:gss_gsfgffgfs: - 5

G S—-1 c 0 0 0 0 0

R—XA"'Z -G*S+ XA~'C*S
= (8.6.1.6)

- I

G-—CA'Z (S+CA\C*S)—1

where the choice of generalised inverse is the Moore-Penrose inverse

This must be compared to the Ito system matrix G obtained after taking the adiabatic elimina-

tion limit

. K —1*8 R—XA'Z —G*S+ XA 'C*S
G = = (8.6.1.7)

L S-1 G—-CA'Z (I+CA'C*S T
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where the right hand side follows from the post-limit parameter given in Theorem 8.1 and the

top-right corner follows from the identity

—L'8=—(G-cA7'z) (1+CcA7'C) S,
= —G"(I+CATIC") S+ 27 (A7Y) ¢ (A7) S,
WG (I+ CATICY) S+ 27 ATICS,
=—G"S — (G"C+ Z*) A'C*S,

HEEETS + XATICS.

We see that Eq. (8.6.1.6) and Eq. (8.6.1.7) coincide and that the adiabatic elimination limit is

. . ) 9ss 9
given as an Schur complement in the matrix g = o by

9fs 9gff

G =9/91r = Gss — 95957 91s-

8.6.2. Feedback reduction as a Schur complement

Recall the representation of networks of quantum components in Chapter 5.3 and the feedback
reduction formula given in Section 5.5. As the most general case of the set-up introduced in
Section 8.4 we assume a set-up of the following form:

We consider a collection j = 1,2, ...n components with parameter triple (.S;, L;, K;) and

we may as shown in Section 5.5 collect this parameter into a single model (S, L, K') with

Sl 0 0 Ll
0 S 0 L n
5= ? L=| 7|, k=YK,
0 : j=1
0 ... 0 &8, L,
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To complete the description of of the network we have to provide a list of internal edges (see
Section 5.3). With this list we can obtain a decomposition of the networks colour space K with
respect to the networks internal and external channels, that is a decomposition 8 = R, & K;.
The Itd system matrix will then be given as an operator on h ® (C ® £) with h = ®'’_, b;
where b; is the Hilbert space corresponding to component (S}, L;, K;).

We can now partition the models Itd matrix in a similar way to the previous section with

respect to the internal and external channels
hoCeR)=he(CaR)ebh i,

and obtain

Gee Gei
G pu—
Gie Gn

Now the feedback reduction formula as given in Section 5.5 reads as

S = S+ S (7 — Si) " Sie,
L =L, +S.;(n—Su) " Li,

Hmd =H + Z Im L;sz (77 - Sii)_l Lz

j=i.e

This reduction formula is formulated with respect to the model matrix V' (see Section 5.3) and
the reduced model matrix after eliminating the internal edges in the zero time delay limit is

given by Theorem 5.2 with

Vr%d = VOC/B + VOéTO (1 - V:S()To)il Vsoﬂa (8621)

«

given that (1 — V,,,,,) " exists and with o € {0} U Py /{50}, B € {0} U Pin/{r0}.

Denote with F the operation of eliminating the internal edges (in the feedback reduction
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limit) of model G.

Equation (8.6.2.1) has here the structure of a linear fractional transformation which as al-
ready been encountered when computing the transfer functions of linear quantum components,
see Chapter 6. The linear fractional transformation and the Schur complement are closely re-
lated and by formulating the feedback reduction formula in terms of the Itd system matrix G,
that is by substituting .S with S — I, the feedback reduction formula assumes the structure of

a Schur complement as desired and we see that,
-1
IG = Gee — Yei (gzz) Gie-

8.6.3. Commutativity of the Limits

Since we encoded both objects of interest, the adiabatic elimination limit and the feedback
reduction in the zero time delay limit as instances of Schur complements in the networks 1to
matrix we are now ready to establish the main statement, i.e. that both limits commute. In
order to archive this we have to partition the networks Itdo matrix with respect to the internal
and external channels and the fast and slow part as seen before. That given, we can establish
the commutativity by invoking Lemma 8.9 to ensure that the order of the Schur complements
commutes and thus the order of limits doesn’t change the result.

We quote the structure imposed on the system parameter given in Equation (8.2.1.1)

Lk)y=k> C;®a;+GRI,
J

Kk) =k Aj@da+kd.Z;®a+k> X;®a;+ R® L. (8.6.3.1)
gl J J

We are setting the stage by assuming that the system parameter triple (S(k), L(k), K (k))
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assume the following partition with respect to the internal and external channels

See Sei Ce Ge
S pu—

(8.6.3.2)
We are now ready to construct the Itd matrix, partitioned with respect to slow, fast, internal
and external components.
Combining the partitioned Itdo matrix Equation (8.6.1.4)-(8.6.1.5) with the partitioned oper-

ator entries Equation (8.6.3.2) yields

R -G*S, -G*S;| X 0 0
Ge See—1 S, Ce 0 0| 1} slow, external
Jss  Jsf G, S Si—1|C; 0 0| } slow, internal
g(k) = . (8.6.3.3)
9rs 9rf Z —-C*S., —-C*S; | A 0 0
0 0 0 0O 0 0 } fast, external
0 0 0 0O 0 0 } fast, internal
Jss s I
G(k) = [1.a"] !
9fs 9ff a

which corresponds to G (k) partitioned with respect to the decomposition

(Baux D Bose)D(C @ Re @ KRi) = [Baux @ (C D Re)| @ [Daux ® Ki] D [hose @ (C D Re)] D [hose @ K] -

slow,ext.

slow, int. fast, ext. fast, int.

The fast components are then assembled in the 1td0 matrix

A 00
grF=10 0 0
0 0 0

151



8. Adiabatic Elimination

and the internal components are given by

The adiabatic elimination limit corresponds now to

AG(k) = g(k)/gys,

and the feedback reduction limit corresponds to

FG(k) = [1,a’] (g(k)/g:)

We see that the adiabatic elimination limit and feedback reduction limit are both given as
Schur complements in one specific Ito matrix, Equation (8.6.3.3). The commutativity can now

be established by invoking Lemma 8.9:

Theorem 8.11 Ler G(k) and FG(k) correspond to strictly Hurwitz stable open quantum
systems (i.e., the A matrix of each system is strictly Hurwitz stable), and suppose that
S;i +C;A7rC*S; — I and S;; — I are invertible. Then in the notation established above we

have

AFG(k) = FAG (k).

Proof:

The proof follows from Lemma 8.9. In order to ensure that all Schur complements appearing
in Lemma 8.9 are well-defined and independent of the choice of generalised inverse we can
invoke Lemma 8.10. We are now left with checking that for the Itdo matrix Equation (8.6.3.3)

the conditions Equation (8.5.0.28) - (8.5.0.33) of Lemma 8.10 are satisfied.
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We can collect the entries of the 1td matrix Equation (8.6.3.3) in the following way

R, X M; O
Jss Ysf Gl Szz -1 Cl 0
9rs 9rf Zy =C*5 1 A0
0 0 0 O

g1

g21

g31

ga

g12

922

932

ga2

913

g23

g33

943

914

924

934

gaa

where we have the following correspondence of labels: 1 = slow external, 2 = slow internal, 3

= fast external and 4 = fast internal. We further have the matrices

R -G*S,

R1 = s Xl -
Ge Seo—1

Gl = Gi, Sz ) Zl =

—G*S;
Sei

Z, =C*S, |-

We identify the index sets A, B, C' appearing in Lemma 8.10 with A = {1}, B = {2} and

C' = {3,4}. The first relation in Lemma 8.10 reads therefore as

Ker | —C*S; A 0 QKGY{Ml, Xl,o]

0

Let (x,y, 2)T be an element of

Ker

0 0
-C*S; A 0
0 0 0
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We now obviously have

—C*Six+ Ay =0 y=A"1C*S;z,

I

but (Sy; + C;A~1C*S; — I) is invertible by hypothesis whence x has to be zero which implies
that y = 0 and the kernel space of above matrix consists of vectors of the form (0,0, 2)T, 2

arbitrary, which are clearly contained in

Ker[Mh X, ()}.

‘We thus verified Relation (8.6.3.4).

In order to verify the second relation (8.5.0.28) we have to show that V x 3 y, z such that

Glx S” -1 Cz Yy
= . (8.6.3.5)
This will be true if the matrix
Si—1 C;
(8.6.3.6)
-C*5; A

is invertible. Recall the Banachiewicz inversion formula for block matrices, i.e.

v | PP oy AN ATIB(MJA) T OATY —ATIB(M/A)T
¢l —(M/A)cAT! (M/A)™

which shows that M is invertible if (M /A) and A are invertible. The matrix Equation (8.6.3.6)

is therefore invertible if S;; — I + C; A~*C*S; and A are invertible which is true by hypothesis
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whence Relation (8.6.3.5) holds and we have

Im| Ziz | CIm| —C*S;, A 0
0 0 0 0

Now, since A is invertible we see directly that

A0
Ker QKer{Ci’()},
0 0
—C*S; A0
Im - )
0 0 0

which verifies Relations (8.5.0.30) and (8.5.0.31). The remaining Relations (8.5.0.32) and

(8.5.0.33) follow in a similar manner from the invertibility of .S;; — I

—C*S;
Ker (S; —I) C Ker
0

We thus verified the conditions of Lemma 8.10 and hence Lemma 8.9 holds which proves the

theorem.
O

We thus showed that the adiabatic elimination limit and feedback reduction limit commute
given that Sj;; — I + C;A~1C*S; and S;; — I are invertible. This conditions are the conditions
for the existence of the feedback reduction limit, where S;; — I + C;A~'C*S, is the internal
component of S, the scattering matrix after taking the adiabatic elimination limit.

We note that the Hurwitz-Stability is only a sufficient but not a necessary condition. In
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general we must only ensure that the kernel space condition for the operator Y (see Theorem

8.1) 1s satisfied.

8.7. Conclusion

In the previous sections of this chapter we studied the question of whether the operations of
taking the adiabatic elimination of oscillatory degrees of freedom of a system and taking the

instantaneous feed-forward limit of two such systems commute.

The question of commutativity is interesting from a practical and methodical point of view.
Part of the elegance of the system theory, among other things, is the possibility to reduce the
problem of studying some bigger system to studying its smaller parts. Instead of handling one
big system one can start by modelling easy to handle components of the system and obtain
the overall system at a later stage by using the network rules to connect these components. It
is therefore preferred to model single components and adiabatically eliminate the oscillatory
components on the component level. This enables one to study the behaviour of the reduced,
isolated components. The opposite approach, i.e. building the network first and then eliminat-

ing the oscillatory components would mask the behaviour of the reduced system.

What we found in the course of this chapter is, that under some not too limiting condi-
tions, both limits do commute. The result has been established by showing that both, the
adiabatic elimination limit and the instantaneous feed-forward limit are instances of Schur
complements. By generalising statements about successive Schur complements we were able

to establish the result on an algebraic level.
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The Schur Complement

A.1. Introduction

In this Chapter we introduce the Schur complement and present some of its properties. We
follow [70] and [62]. There is a wide variety of results in in linear algebra making use of
the Schur complement. We are going to introduce a couple of results needed for later use in

Chapter 8.
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Let M be a block matrix of the form

<
[

(A.1.0.1)
C

The Schur complement of A in M, denoted by M /A is defined by

MJ/A=D—-CA'B.

The first one result is a very useful inversion formula for block matrices of the form Eq.

A.1.0.1, credited to Banachiewicz.

Let M be a block matrix partitioned as in Eq. A.1.0.1 and let A be invertible. The inverse

of M is then given by

) AV AT'B(MJ/A) T CATY —ATIB(M/A) T
M~ = : (A.1.0.2)
—(M/A) AT (M/A)™

If we assume instead that D is non-singular then we have parallel to Eq. (A.1.0.2) [70, Page

13] that

) (M/D)! —(M/D)~'BD
M = . (A.1.0.3)
—D-'C(M/D)™' D~'+ D-'C(M/D)"'BD!

If both A and D are invertible both Eq. (A.1.0.2) and Eq. (A.1.0.3) hold.

Another useful property of the Schur complement is given by the quotient rule . If we
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consider a partition of M of the form

M = Agy Asgo | By

and assume that both, A and A;; are invertible, then

MJA = (M/Ayn) [ (AJAw) . (A.1.0.4)

A useful generalisation of the Schur complement is obtained by dropping the requirement
that the matrix A is invertible. This in especially in the application of the Schur complement

in Chapter 8 not given. The solution to this problem is given by generalised inverses.

The generalised inverse of a matrix M € M,,,, is the non-unique matrix M~ € M«
such that

MM~M = M. (A.1.0.5)

Lemma A.1 Let N be some matrix, M M~ acts like the identity matrix in

MM™N =N, ifandonlyif ImN CIm M (A.1.0.6)

NM~M = N, ifandonlyif Ker M C Ker N (A.1.0.7)

Similary, for some matrices P and (), the matrix

PM~—@Q (A.1.0.8)

is independent of the choice of generalised inverse M~ if and only if Im () C Im M and
Ker M C Ker P.
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Proof:

See [70, Chapter 1].
]

In the case the conditions in Lemma A.l are satisfied, we might choose the well known

Moore-Penrose generalised inverse X with properties

NXN =N, XNX =X, (NX)"=NX, (XN)" = XN. (A.1.0.9)

Definition A.2 Define for a block matrix M of the form

the generalised Schur complement of A in M by by M/A =D — CA™B.

Lemma A.3 The generalised Schur complement M /A is well defined and independent of

the choice of generalised inverse A~ if

ImB C Im A and Ker A C Ker C.

The next result we wish to generalise is the Banachiewicz inversion formula, see Eq. (A.1.0.2)

or [70, Eq. (0.7.2)],[62, Theorem 4.6]
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Lemma A.4 (Generalised Banachiewicz Formula) Let M be partitioned according to

Assume that Im B C Im A and Ker A C Ker C whence the Schur complement M /A is well
defined and independent of the choice of generalised inverse A~ of A. Then the generalised

inverse of M is given by

A=+ A"B(MJA)" CA~ —A-B(M/A)~
- = . (A.1.0.10)
—(M/A)” CA™ (M/A)~

Similarly, if we assume that InC' C Im D and Ker C C Ker B such that M /D is well

defined and independent of the generalized inverse D~ of D, then

(M/D)~ —(M/D)"BD~
M = . (A.1.0.11)
—D~C(M/D)~ D~ + D C(M/D)"BD~

Proof:
To prove the first part of the statement we compute the matrix M M~ M and verify that this

equals M. Set X = M /A and obtain for the block (M M~M),;:

(MM—M)11 = AA A+ AA"BX CA"A— BX CA A— AA"BX C+ BX C,
= AA A+ AA"BX C (AA— - 1) —~BX C (AA— - 1) :
= AAA+ (AA” —1)BX C(AA” 1),

pum— A’
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where AA~ A = A by the definition of the generalised inverse Eq. (A.1.0.5)and (AA~ — 1) B =
0 by the assumption Im B C Im A. We next evaluate the block (MM ~M),,

(MM~M) = B+(A"A=1)B+(A"A=1)BX CA B(A"A—1) BX™D,

12

- B,
where AA~B = B and therefore (AA~ — 1) B = 0 since Im B C Im A see Eq. (A.1.0.6).

(MM~M) = C+C(A"A-1)+(CAB-D)X C(AA-1),

21

= C.

This follows from Ker A C Ker C' which implies CA~A = C and thus C (A~A—1) = 0.

Similarly

(MM—M)22 = D-— (D — (JA—B) - (D - CA—B) X (D - CA—B) :
= D-X+ XXX,

= D.

because X = M /A =D — C A~ B and thus we can see that M M~ M = M holds.

For the second part of the statement we compute again M M~ M with M~ asin Eq. (A.1.0.11).

‘We obtain:

(MM~M),, = A(M/D)~(A— BD~C) — BD~C(M/D)~(A— BD~C) + BDC,
—A-BDC+BDC,
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since (M/D) =A— BD~C and BD-C(M/D)~(M/D)= BD~C.

(MM~M)y, = A(M/D)"B(1 — D~D) + BD~C(M/D)”B(1 — D"D) + BD™D,

= B,

because of BD~D = B and thus B(1 — D~ D) = 0.

(MM~M)y = C(M/D) (A— BD~C)+ D~DC(M/D) (A— BDC) + D~ DC,

=C,

by D-DC = C and C(M/D)~(M/D) = C. The last element computes as

(MM~M)y, = C(M/D)"B(1 — D"D) — D~DC(M/D)"B(1 — D"D) + D™ DD,

=D

since D~"DD = D and B(1 — D~ D) = 0 as before. We see that MM ~M = M holds for

M~ as in Eq. (A.1.0.11) which proves the statement.
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