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Characteristic operator functions for quantum
input-plant-output models and coherent control

John E. Gough
Department of Physics, Aberystwyth University, Aberystwyth,
SY23 3BZ Wales, United Kingdom

(Received 5 September 2014; accepted 7 January 2015; published online 20 January 2015)

We introduce the characteristic operator as the generalization of the usual concept of a
transfer function of linear input-plant-output systems to arbitrary quantum nonlinear
Markovian input-output models. This is intended as a tool in the characterization of
quantum feedback control systems that fits in with the general theory of networks.
The definition exploits the linearity of noise differentials in both the plant Heisenberg
equations of motion and the differential form of the input-output relations. Mathe-
matically, the characteristic operator is a matrix of dimension equal to the number of
outputs times the number of inputs (which must coincide), but with entries that are
operators of the plant system. In this sense, the characteristic operator retains details
of the effective plant dynamical structure and is an essentially quantum object. We
illustrate the relevance to model reduction and simplification definition by showing
that the convergence of the characteristic operator in adiabatic elimination limit
models requires the same conditions and assumptions appearing in the work on
limit quantum stochastic differential theorems of Bouten and Silberfarb [Commun.
Math. Phys. 283, 491-505 (2008)]. This approach also shows in a natural way that
the limit coefficients of the quantum stochastic differential equations in adiabatic
elimination problems arise algebraically as Schur complements and amounts to a
model reduction where the fast degrees of freedom are decoupled from the slow ones
and eliminated. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4906136]

. INTRODUCTION

There has been much interest lately in the behavior and control of quantum linear systems,
particularly as these are amenable to transfer matrix function techniques. In this note, we wish to
exploit the structural features of quantum Markovian models to construct an analogue of the transfer
matrix function for non-linear systems. Coming from the classical direction, there has been fruitful
application of operator techniques to control systems in recent years'™ employing for instance
characteristic functions techniques, multi-analytic operators, and commutant lifting methods. Here,
we introduce a natural characteristic operator function associated with a quantum Markov (or SLH)
model.

As in standard quantum mechanics, the model is formulated by representing physical quantities
(observables) as self-adjoint operators on a Hilbert space. The quantum mechanical system (plant)
will have underlying Hilbert space ) while the input will be a continuous quantum field with Hilbert
space . The coupled model will have joint Hilbert space h ® $§, which is also the space on which
the output observables act.

The input-plant-output model can be summarized as

plant dynamics : j, (X)) =U@®)" (X 1)U (1),
output process : By ; (t) = U(t)" (I ® B; (t)) U (t)

where X is an arbitrary plant observable, B; () is a component of the input field, and U(¢) is the
unitary entangling the plant with the portion of the bath that has interacted with it over the time
period [0,1].

0022-2488/2015/56(1)/013506/22/$30.00 56, 013506-1 ©2015 AIP Publishing LLC
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A. The “SLH” formalism

In the following, we shall specify to a category of model where U (-) is a unitary family of
operators on b ® &, satisfying a differential equation of the form>3

dU (1) = {Z (Si = 0i) ® dAyj (t) + > Li®dB} (1) = ) LiSi; ® dB; (1) + K ® dt} U,
ij i ij
Uu@y=1. ey

Formally, we can introduce input process by, ; (t) for i = 1,...,n satistfying singular commutation
relations of the form [b;(¢), b;(t')*] = 6;;6(t — t'), so that the processes appearing in (1) are

Aij(t)é/o bi(t’)*bj(t’)dt’,B,»(t)*é/o bi(t))dr’, Bj(t)é/o bi(t"dr'.

More exactly, they are rigorously defined as creation and annihilation field operators on the Boson
Fock space § over L2, (R). The increments in (1) are understood to be future pointing in the Ito
sense. We have the following table of non-vanishing products:

dAijdAkl = (Sjdeih dAldeZ = 6jkdB;<,
dB;dAy; = 6;1dB;, dBldB; = 6,‘jdl‘.
Necessary and sufficient conditions for unitarity>° are that we can collect the coefficients of (1)

to form a triple (S, L, H), which we call the Hudson-Parthasarathy (HP) parameters, consisting of a
unitary matrix S, a column vector L, and a self-adjoint operator H,

St St L,
s=|: o ioL=|:], 2)
Snl e Snn Ln
with §;;, L;, H are all operators on b, and where
1 . .
= —EZLl.Li—zH. 3)
It has become fashionable to refer to this, plus the related feedback network models,'320 as the

“SLH” formalism.
We shall refer to U(f) as the unitary determined by the coupling parameters (S,L,H). In
differential form, the input-plant-output model then becomes>®

plant dynamical (Heisenberg) equation

dji (X) = j(LX)dr+ ) ji (MX)dB] (1) + )" o (NiX)dB; (1) + D ji (S X) dAsic (1), (4)
i i jk

here,
1 . 1 . . . .
PX = 5 Z Li[X.L]+ 3 Z [L;,X]L;—i[X,H], (the Lindbladian!), (5)
MiX = S [X, L), (©6)
NiX = [Ly, X]Skis (7)
yikX = S;iXS]'k - 6ikX7 (8)

input-output relations

dBout,i (1) = ji (Sir) dBy (1) + j: (L) dt. 9)
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B. Linear quantum models

If we specify to a system of quantum mechanical oscillators with modes aj,. . .,a,, satisfying
canonical commutation relations,
[@a-a}] = bap. (10)

then we obtain a linear dynamical model with the prescription

=D;;, L; = Z Ciolo, H = Z A Wapdg. (11)
a,pB

Specifically, the plant dynamics and input-output relations are affine linear in the mode variables a;

day (1) = ) Aapag () dt + )" BaidBi (1),
B i
dBou,i (1) = )" Cipag (t)dt + )" DyxdBy (1) .
B k
where setting D = [D;;| € C"™", C = [Cjo] € C™™, and Q = [wap] € C™™, we have

1
A= _EC*C -iQ, B=-C'S. (12)

In turn, a model having this specific structure is said to be physically realizable. The transfer
matrix associated with the linear dynamics is then defined to be”~!!

T(s) = [%\%} ()£ D+C(sI - A)'B, (13)

and there exists a well-established literature developing control theory from analysis of these func-
tions.

The definition here leads to transfer functions that are positive real functions of the complex
variable s, and they model passive systems. The generalization to active linear models, which we do
not need here, is given in Ref. 12.

C. Characteristic operators

In the mathematical formulation of open quantum Markov systems, a natural role is played by
the model matrix, introduced in Ref. 13,
1
——L'L-iH -L'S
v=|2 ! (14)
L S

We now use it as the basis for the definition of an operator-valued generalization of the character-
istic function.

Definition 1 (The characteristic operator). For given (S,L,H), we define the corresponding
characteristic operator by

—lL *L—iH H
J(s) =

(s) =S—L(sI+ %L*L +iH)'LS. (15)

L | s
We shall often write s . i) for emphasis.
Lemma 2. The characteristic operator I (s) is a bounded operator for Re, s > 0. Forall w € R,

such that iw lies in the resolvent set of K = —%L*L — [H (that is, whenever iw — K is invertible), we
have I (iw) well-defined and unitary

TJ(iw)'T(iw) =T ()T (iw)" =1. (16)
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The proof follows mutatis mutandis of the proof of an analogous result in Ref. 11.

D. Examples
1. Lossless system

Suppose that we have no coupling L = 0, then the characteristic operator is 7 (s) = S, constant.
This is true even if H is non-zero. Without coupling, we cannot infer anything about the system
Hamiltonian.

2. Quantum linear passive system

For the model considered in Subsection I B, we have

1
T(s)=S-Ca——a’C’S, 17)
s —a*Aa
where a* = [a],. .. ,a;,]. For the m = n = 1 case, we have explicitly
1
T(s)=8S§-C——C"S, 18
(s) S—AN+1) (18)
where N = a*a is the number operator for the single mode. In fact, we see that
(T ($)vae = T(s), (19)

where T(s) is transfer function (13). The same vacuum expectation is obtained for the cases n,m
greater than one.

3. Qubit example

A simple example is a qubit system with master equation

d .

EQZ@LQ+l[Q,H], (20)
where 90 = LoL* — % {oL*L + L*Lo} and we set L = +/y(n+ 1)o_ + \[yno,, H = wo,. This
models a qubit in a thermal bath with 0 < n < 1 being the equilibrium occupancy of the state | T) in
the presence of the oscillation wo,. We shall take the scattering to be by a polarization-dependent
phase

S= e I I+ e XL @D
. 1 0 —l«((n+1)—iw 0 L
In the o,-basis | T) = [O],I = [1] K=1]2 | , and the characteristic oper-
0 ——yn+iw
3
ator explicitly is
1 .
s —5yn—iw i 0
1 .
T (s) = s+ 5yn+iw 22)

0 s—3y(n+ 1) +iw o
i
s+%y(n+l)—ia)

The characteristic operator is diagonal in the basis {| T),| [)}, but this would no longer be true if
[S,0,] # 0.

4. Opto-mechanical example

We consider a model of a cavity mode a between a fixed leaky mirror and a perfect mirror with
quantum mechanical position X = b + b*, see Fig. 1. The SLH model takes the form

S=1, L=4+fya, H=Aa"a+wb'b+gXaa, (23)
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[ Bout
b a —_—
-—
= Bin

FIG. 1. A mechanical mode (moveable mirror) coupled to an open cavity.

where v is the damping to the input field at the leaky mirror, A is the cavity detuning, wy is the
harmonic frequency of the mirror, and g is the coupling strength associated with mirror-mode inter-
action. Note that the interaction goXa*a couples the position of the mirror to the cavity mode photon
number in accordance with the notion of radiation pressure. This is a standard opto-mechanical
model and we obtain the Langevin equations

dji(a) = — (%y +iA+ igoX) Ji(@)dt —/vdB (1),

dj; (b) = —iwyj(b) dt — goj: (a”a) dt.
A simplifying assumption is that the mechanical processes are much slower than the optical
ones, in which case, we set wg = 0. The characteristic operator in this case is
goptomech (s) = g([y\ﬁa,(AJrgx)a*u)(s)-

This is recognizable as the characteristic operator of a quantum linear passive system as in (17), but
with the operator A taking the form A = — (%y +iA +igX). Thatis, A is no longer scalar valued, but
depends explicitly on the position observable X of the mirror. Note that A is still strictly Hurwitz
since X is self-adjoint. We remark that position dependent transfer functions have been proposed for
single photon input-output models for this type of model with one-particle fields related by'*

s— 3y —i(A+gX)
s+%y—i(A+gX)

‘fout(s) = fin(s),

and here, the transfer function corresponds to the partial trace of Fopomech () over the vacuum state
of the cavity.

E. Properties of the characteristic operator

Lemma 3 (All-pass representation). The characteristic operator admits the following “all-
pass’” representation:

1- %Z(S)

T(s) = m )

(24)

where £ (s) = L(s + iH) 'L
This is proved in Ref. 15, and we recall briefly the proof.

Proof. An application of the Woodbury matrix identity'® (A +UCV)"' = A" - A 'y(c!
+VA~'U)"'V A~ shows that
1 1 1 1 1 1

= Y . 25
sI+iH+%L*L sl +iH 2sI+iH1+%L(51+,'H)—1L*s1+iH (25)

Substituting into (15) then gives the above relation after some straightforward algebra. O
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Note that Z(iw)" = —X (iw) for real w, so that we could alternatively have deduced unitarity by
a Cayley transformation argument.

Corollary 4. Suppose that the model parameters satisfy the condition [L,H] =0, then the
characteristic operator takes the form

s—iLL +iH

I(s) = —F—8.
) s+3LL*+iH

(26)

The condition [L, H] = 0 arises as the QND condition for measurement disturbance in the sense
of Braginsky.!’

Remark 5 (Equivalence to passive systems). For a finite-dimensional system, say with Hilbert
space b = C™, we may fix an orthonormal basis of m vectors for V). In this representation, we may
describe H as an m X m matrix which we denote as Q € C"™*™. The coupling operator L is then a
column vector of n operators, each represented as an m X m matrix, so that L may be represented
as an nm X m matrix which we denote as C € C""™*™_ [n this manner, S becomes a complex valued

matrix D € C"™ """ We then have the equivalence
A|B
C|D

where A = —%C *C —iQ and B = —C*D. In this, we realise the characteristic function as the trans-
fer operator of a linear passive system A,B,C, D, structurally similar to those considered in Sec.
I B, with a state space of m dimensions and nm inputs.

Ly im
T(s) = |2
L || S

-L*S

(s) = (5), @7

F. Stratonovich form of the characteristic operator

We show now that the characteristic operator function can be described in terms of the coeffi-
cient operators in the Stratonovich QSDE.

The Stratonovich differential is defined using the midpoint rule convention which leads to the
algebraic rule'$!1°

1
dX; oY, £ dX,Y, + 7dX, dY,.

It can then be shown that the Stratonovich form of QSDE (1) takes the form

dU (t) = ZEU. ® dA;; () + ZEi()@ dB: (1) + ZEOj ® dB; (1) + En®dt { o U (1),
ij i J

Uu)=1,
with E;‘j = Ej;, E}, = Eo; and Ej, = Ego. It is convenient to collect all the coefficients into a (Hermi-
tian) matrix
Ey E
g = | P00 Foe| 28)
Ep  Egr

The components of E are related to the (S,L,H) by the transformation:'®!"? § = [S;;]i </, j <, is the
Cayley transform E¢r = [Eijli<i,j<n,

—-ig
-2 (29)
1+ %Egg

and therefore, S is unitary, while

1 1 1
L=i——Fy,, H=Epy+-ImE)y——E 30
[+ 1L, €0 00+ 5 { 0{1+%E€€ eo} (30)
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with H self-adjoint. Note that the operator K is then given by

. 1
= —lE()O - —E()g

—Ey.
2 1+ %E(;(; ©

Lemma 6 (Stratonovich form of the Characteristic Operator). We may write the characteristic
operator in terms of the coefficients making up Stratonovich matrix E (28) as

i 1 1
I = 3E¢e = 3 Ee0 575y, Eoc

T (s) =

€29

i 1 1 :
I'+ 3Eee + 3Eco55g,, Eor

Proof. We have explicitly that
I-5Eg 1 1 1

- - £0 - ] I 0¢ - .
I+ %E“ 1+ %E[[ s+ iEg + QEO[?EEKO I+ %E[[

T (s) =

The Woodbury matrix identity'® with A = I + £E;,U = LzEgo,V = LZEO{;,C = (s +iEg)”" shows

V2 V2
that
1 1
. ==(T(s)+1).
I+ 5E¢+ %EfomEoc 2
Rearranging for then gives the desired result. O
Note that we have the correct limit limygj—e = 1_?E” =S.
l+§Egg

Suppose that we have Ey = kFyo, E¢o = kFpo, and E¢p = Fye independent of k, then the associ-
ated transfer operator 7, (s) has the well-defined limit

klim T (s) = S,

provided that Fy is invertible. Here, S= :??{ with Egg =Fpr— Fgo(F()())_lF()g. This limit, which
5E¢e

corresponds physically to high-energy and strong damping, leads to a purely scattering model but
with a shifted scattering matrix S. We shall study more general examples of this type of scaling
leading to SLH models with nontrivial couplings L and Hamiltonians H.

Il. MODEL SIMPLIFICATION AND REDUCTION

As we have seen, the characteristic operator for a system with underlying Hilbert space ) with n
inputs is a function taking values in B (h) ® C"*", the set of n X n matrices with entries in B (h), the
bounded operators on .

Let A and B be models with the same input dimension n and having coefficient parameters
(Sa,La,Hy) and (Sp, L, Hp), respectively. We may cascade the systems by feeding the output
of A and input to B and in the instantaneous feedforward limit, we get the model B < A on
h = bp ® ha with parameters given by the series product, see Refs. 13 and 20 (SB Q Sa,Lp® 14 +
Sp® LA, Hg®Ipn+ Ig® Hy +1Im {L}‘BSB ® LA}). In this case, we typically have

Tpan(2) # T(2)p ® Ta(2). (32)

(Here, we employ the shorthand Sp ® S, for the matrix with j, k-entries 3/, [Sp];; ® [Sali etc.)
Thus, characteristic function for cascaded systems is not naturally the product of their char-
acteristic operators. For cascaded classical systems, the state spaces take the forms X4 and Xp so
that the combined state space is the direct sum Xp @ X4. The rule in quantum theory is that the
combined Hilbert state space for the cascaded systems is the tensor product and not the direct sum.
(Note that for quantum linear systems, the Hilbert space is the Fock space ) = T'(X) over X, and for
combined linear systems, we have I'(X4) ® ['(Xp) = T'(X4 & Xp), which is the usual rule for Fock
spaces.® In this way, the usually cascade rule re-emerges for the corresponding transfer functions.'")
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With this observation, we see that model reduction techniques based around the characteristic
operator should involve direct sum decompositions, say

h=b1@®h (33)

into orthogonal subspaces. Each of the coeflicients X = Sj, L, H, etc., can be represented as

X1 X
x = [ 12 ’ (34)
Xo1 Xoo
where X, maps from by to by. The characteristic operator may similarly be decomposed as
T11(s)  Tia(s
T (s) = 11(s)  Ta(s) (35)
T21(s)  T2als)
with
Tab(s) = {5ac - Lad[s _ KLeLée} Scb- (36)

(Here, we have the convention that repeated sans serif indices are summed over the ranges 1 and 2.
We also adopt the notation that Sjy is the B (h)-valued output j, input k entry of S, while Sy, is the
component of S mapping from by, to g, which is an n X n matrix of maps from by, to ba. Similarly,
Laq is the n-column vector of maps from by, to b,.)

Using the Schur-Feshbach identity, we may write the resolvent ﬁ as

s—Kit Ko | [Ari(s) Ara(s) 37)
-K>  s— Ko Ap1(s) Axa(s)|’
where, introducing
_ 1
Ky1(s) = K11 + Ky2 K> (38)
s — Koo
and Ags (s5) = S—szz’ we have
~ 1
A1 (s) = ———,
s — Ki1(s)

§12 (s) = A1 (5) K12§22 (),
é21 (5) = Az (s) Ka1Aq1 (s), ~
App (8) = Apoa(s) + Apa (5) Ko1Aq1 (5) K12A22 () .

The blocks of the characteristic operator partitioned with respect to the direct sum b = by @ by are
then

Ta(s) = {Sac — LagAde(s) Lo | Sco- (39)

Definition 7. Given the direct sum b = b1 ® by, we say that orthogonal subspaces 1 and Y, are
decoupled if the characteristic operator takes the block diagonal form

T 0
T (s) = [ 0 ?722(S)] ) (40)
that is, To1(s) = 0 and T12(s) = 0.

We note that if V is a unitary on the system space, then the basic unitary rotation behaviour for
characteristic operators is

Tvesv.verv.veav) = Vs L.mV. (41)

However, we note following result, which is easily derived.
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Proposition 8. For any unitary V on the plant Hilbert space, the HP parameters (S,LV,V*HV)
generate the same characteristic operator as (S,L,H). More generally, we have the following
invariance property of the characteristic function:

A||B
C||D

V*AV || V*B
cV || D

(42)

Therefore, while the characteristic operator is a quantum object—for n inputs, it is an n X n
matrix with entries that are operators on the plant space—its dependence on the plant operators is
only up to a unitary equivalence as outlined in the proposition.

Definition 9. Let (S,L,H) be given HP parameters for a fixed plant Hilbert space b. If (S’,L’,
H'’) are HP parameters for a proper subspace Yy’ of the plant space, then we say that (S',L’,H’) is a
reduced model of (S,L,H) if we have

?7(3/ L’ H’) 0
T, = o , 43
(S,L,H) [ 0 ] (43)
with respect to the decomposition b =/ & (h’)*. A reduced model is minimal if it allows no further

model reduction.

A. Examples
1. Detuned two-level atom

As a simple toy model, let us consider a two-level atom with ground and excited states |g)
and |e). We fix the open system as being a single input model with S = I, L = \/yo, + Vko_, and
Hamiltonian

H(k) = k*Ac,o_ + kBo, + kB o_ + wy,

where o_ = |g){e|, etc. Here, A > 0 is interpreted as a detuning parameter and 8 as the amplitude
of a drive. Both the detuning and amplitude are assume to be large, which correspond to the limit
k — co.

The characteristic operator for the two-level system is then given by

S L I s+ly+ 0 +ikPA+ivy —iviy+ikp] Vi VK
ok 0 1| |vk -v¥ — Ly + ik s+iveiog | |0 -y

which can be calculated explicitly as a 2 X 2 matrix whose entries are rational polynomials in s of
degree 2. What is of interest here is that for large k, the characteristic operator takes the limit form

[0
dim T () =1, T

1 PN
s=5y+iw) |’3|2

where J, (s) = where we have the shifted frequency w) = wo — *3-. The limit model

corresponds to the transfer function of a linear system with a single degree of freedom having the
damping y and frequency w,.

What is happening in this limit is that the excited state plays an increasingly negligible role in
the model as its decay rate starts to increase: The limit is a reduced model, however, with a shift of
the frequency.

TPV
S+ YHW]

2. Qubit

As a next example, we consider a qubit driven by three input fields, with
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Vkio
S =15,L=|Vko|,H=Ac*o - ivki (ac" - a’0),

Vkso

where o, 0" are the lowering and raising operators, A is a fixed detuning, and @ the amplitude of
a drive field. The characteristic operator now takes the form J (s) = [J ik (s)], where we have the
components

VKjKES .

Tix () =6xlr — oo
! ! S2+(%K+iA)S+K1|(Z|2

for j,k € {1,2,3} and where x = k; + k2 + 3. In the special case where @ = 0, there is a zero-pole
cancellation.

lll. ASYMPTOTIC MODEL REDUCTION VIA ADIABATIC ELIMINATION

We begin by considering the description of perturbations to open system models in terms of
their characteristic operators. We discuss regular perturbations first for completeness: suppose, we
have a model (S, L, H) which is a perturbation of solvable model (S, L, Hy) with

H = Hy+1V, (44)

so that K = —%L*L —iH = Ko — i\V. The resolvents R(z) = (z — K)™" and Ry(z) = (z — Ko)~" are
then related by R(z) = Ry(z) — iAR(z)V Ry(z). For bounded perturbation V, we have the Neumann
series R (z) = X Ro (z) (—iMV Ry (z))" so that the characteristic operators are related by

T (2) = Tolz) - Z(—l?»)"LRo(Z)(VRo (2)"L’S. (45)

n=1

This formula will be valid for suitably small constants A. In principle, this formula may be useful for
perturbative approaches to system modelling.
Our main focus, however, will be singular perturbations corresponding to adiabatic elimination.

A. Fast and slow subspace decomposition

There exists a large body of results under the name of adiabatic elimination applicable to open
quantum models. A universal mathematical approach has been developed by Bouten, Silberfarb,
and van Handel.”!>> We formulate their presentation in a slightly different language. Essentially,
the common element in adiabatic elimination problems is that the system space can be decomposed
into a fast space, which is viewed as increasingly strongly coupled to the bath, and a slow space.
Specifically, we assume a decomposition of the system space as

b = Dgtow @ Drast- (46)

A recent example of this is the approximate qubit regime for nonlinear optical cavities.>?> The
coupling parameters are then taken as (S, L(k), H(k)), where k is a strength parameter which we
eventually take to be large. For a given operator X on [, we write

Xss Xsf
Xis Xt

X = . A7)

More generally, we use this notation when X is an array of operators on . The projections onto bgjow
and by, are denoted by Pg = [(l) g] and Ps = [g (1)] , respectively.
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B. Assumptions: Characteristic operator limit

1. The coupling operator takes the form

L(k)=kLD +LO, (48)
where LOP, = 0, that is,
o LM
LW = of (49)
(0
0 Ly

2. The Hamiltonian takes the form H (k) = HO + kH" + k2H®, where HVPg = P;H) = 0 and
PsHPPg = 0, that is,
0 0 1
HY HY + kH
i = ) R M 2g@|” (50)
HJS +kH Hg +kHg + k“H

3. Inthe expansion,

1
K (k) = —EL(k)*L(k) —iH(k)= kK’A+kZ +R, (51)
we require that the operator
1 W (1) _ g
Ap=—5 > LyLy —iH; (52)
a=s,f

be invertible on Dy.

Employing a repeated index summation convention over the index range {s,f} from now on,
we find that the operator R has components Ry, = —%L(C?*ng - iH;(:)) with respect to the slow-fast
block decomposition. Likewise,

0 0
A= s
0 Ag
O 7 () _ (D)
. 0 —3Les 'Ly —iH

17 (D7 (0)  .py(D) 170D 17,0 _ -7g(D]”
3Ly Les —iHig —3Ly Loy — 3Ly Loy — iHy

In particular, we note the identities

Res+ Ry = —LO LY, (53)
Zg+ 24 = ~-LY'LY, (54)
Ag+ Ay =-LU"LY. (55)

C. The characteristic operator limit

In an adiabatic elimination problem, the coupling parameters (S, L (k) , H (k)) lead to the asso-
ciated characteristic operator

Te(s) =S — L(k)[s — K (k)]"'L(k)"S. (56)

Lemma 10. Let M (k) be a matrix parametrized by scalar k of the form

My kM12+0(k)

M(k) - k My, +0(k) k2M22+0(k)
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with M», invertible. Then, we have the limit
1 1 1
_— -————Mip—
. 0 1 1 0 s+ My s+ My, My,
lim [s + M (k)] =
k—c0 k 0 k 1 1 1 1 1 1
—— M —— — + — My ———Mip—
My s+ M, My My “s+M,;, M
O

Proof. See Appendix A.
Proposition 11. In the situation where the L (k) and H (k) are bounded operators for each k

(57)

fixed, the characteristic operator has the strong limit
7 (s) = lim T (s)

1 R T,
[Lé‘? —Zsz—ﬁLﬁ? ]}Scb,

for Re s > 0, where we have
—~ 1 ) 1

Tab (s) = {6ap + LY —LW" | L0 1V 7 _

ab (5) { ab af Ag cf as af A fs 5~ Res

where
= 1
Kss = Rss — Zsz_Zfs~ (58)
ff
Proof. This is a corollary to Lemma 10. In this case, we have the limit
1 1 1
10 10 Koo T R A
lim [s — K (k)] = |77 T 7 Res
k> |0k 0 % 1 1 1 N 1 7 1 7 1
% s Tt e ls———=Lst
At SS_Kss Ar  Ax SS_Kss SAﬁ
O
Proposition 12. The limit characteristic operator is given by
1~ ~ —
~ |-sL'L-iH | -L*S| ~ -~ e =\
g=|_2 =S-L s+§L*L+1H LS,
L |s
where the parameters (§ JL.H ) are defined by
~ [Ss Sq] = [Ls 0] ~ [Hss ©
| S T o= Yl E=|T T, (59)
Sts St Ly O 0 O
with
~ 1 .
Sp & (5ac + L;lf)A—L(C? ) Sebr (60)
ff
7 270 _;m]l
La* Lag = Lyl 17 (61)
~ 1
Hss % HE +Tm {Zsz— Zfs} . (62)
ff
Proof. See Appendix B. O
D. Further assumptions
(63)

We may impose additional constraints
Li=Sst= 815 =0
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to ensure that limit dynamics excludes the possibility of transitions that terminate in any of the fast
states. In this case, Sgg iS unitary.

Proposition 13. If additionally (63) holds, then the slow and fast subspaces are decoupled

— EA 0
= | =0 0 (64)
0 St
where
1~ ~ ~ -
— —~L'Ls—iHss || ~L:S
Too(5) = |28~ 18 || “7svss) (65)
LS || SSS
Proof. This follows directly from
[~~~ S
~5LiLs—iHss Of || |LeSss 0]
_ 0 0
T (s) = 0 0 (66)
LS O SSS O
0 0 0 Sq
O

E. Adiabatic elimination for quantum stochastic models
The convergence of the characteristic operator is not sufficient to guarantee the convergence of

the corresponding unitary processes. In paper?! extra condition (63) is required.

Theorem 14 (Bouten and Silberfarb®'). Suppose, we are given a sequence of bounded oper-
ator parameters (S, L (k) , H (k)) satisfying the assumptions in Eqn. (63). Then, Uy (t) Ps converges
strongly to U (t) Ps, that is,

Jim [|Ux ()¢ = U @0yl =0 (67)
forally € h @ Fwith Pr® Iy = 0.

The restriction to bounded coefficients was lifted in a subsequent publication.??

F. Related limits
It is possible to consider more specific limits which may exist in favourable circumstances. For

instance, the all-pass form will lead to the scaled Z-function

Zy (s) = L (k) L(k)"

s +iH (k)

which will converge provided Hé? is invertible on the slow space. In this case, it happens the limit is
well-defined and given by

1 1 0 1

- —_— - = H *

0 LW |s+ifss s+iHss S HO® o LY
lim X (s) = sf ff f
k— 00 k 0 L(l) 1 (1 1 o1 1 (1) 1 (1 1 0 L(l)

0 Ly'] |-—H — —i—= + ——H| —H— #

HY ® s +iHss HY HY ®s+iHs © HY
Ly 1 1 1 1
| Es || s ) ) e (s
L\ "D T g e i S O 13" L)
L ff ff ff
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with Hgs = Héé) H ) I(Z)H ) We shall refer to this the existence of a limit in all pass. As we have

seen, however, the general limit may exists even when the Hamiltonian is zero.

More robust, however, is the limit formulated in terms of the Stratonovich form, where we have
suitably-scaled coefficients E (k) and we use Stratonovich form (31) along with Lemma 10. We note
the inverse relations

S—1

Epp=2i2——
=4

Ep=-21
S

1
Eyp=H+ ZL*E“L.

As S is required to be k-independent, the same must be true for E,. For convenience, we will
fix the decompositions as h = bhs @ b; and assume that E,, is block diagonal

(s)
E{[ = E“ O(f) .
0 E,
Taking form (49) for L (k), it follows that
(sf)
Eeo (k) = Wl
0 E,

with E(af) =i (1 + ZEE,‘;,)) L(alf) (no summation!), for a = s or f. It follows that in this case,
2

E(]()(k) = H(k) + kz

0

(B KER
(sf)T 1=(s) (sf) ()i () (| =
0 E, E Eq +Ey EpEy

(fs) 2 r=(ff)
kE00 k Ey,

which is again of the same form of the general matrix appearing in Lemma 10. Provided that the
self-adjoint term E(()g) is invertible on by, the limit for the Stratonovich expression exists and will
agree with the previous limits. We omit the more general situation where Ey, is not block diagonal
as it is more complicated and not very enlightening.

IV. HAMILTONIAN FORMULATION OF THE QUANTUM MODEL

In this section, we describe how the unitary process U(f) can alternatively be viewed as Dirac
picture unitaries relating a (singularly) perturbed Hamiltonian dynamics to a free Hamiltonian
dynamics.

A. Dynamical perturbations

Let Vy(¢) and V(¢) be strongly continuous one-parameter groups, that is, Vo(t + s) = Vp(£)Vo(s)
and V(t +s) = V(t)V(s), then we may view V as a perturbed dynamics with respect to the free
dynamics of Vj by transforming to the interaction picture via the wave operator

U(t) = Vo()*V(2). (68)

Physically, U(¢) transforms to the Dirac picture.?® It inherits unitarity and strong continuity, but does
not form a group. Instead, we have the so-called cocycle property

Ut +5) = ©,U)U ), (69)

where 0,(x) = Vo(1)*X Vo(t). By Stone’s theorem, both Vy and V' possess self-adjoint (Hamiltonian)
infinitesimal generators Hy and H, respectively: iVo(t) = HOVO(I) and iV(t) = H V(t). We say that H
is a regular perturbation of Hy if ' = H — H, defines an operator with dense domain. In this case,
U(t) will be strongly differentiable and

iu@) = YOU®), (70)
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where the time-dependent Hamiltonian is T(¢) = ®,(T) . In situations where Y is not densely
defined, we will have a singular perturbation and U(¢) will not generally be strongly differentiable.

B. Quantum stochastic evolutions

The quantum input processes b;(t) may view these processes as singular operators acting
formally on the Hilbert space with the Fock space & over C" ® L%(R). For ¥ € ¥, we have a
well-defined amplitude {7y,i1;- -+ ; Ty, ipm|¥) which is completely symmetric under interchange of
the m pairs of labels (7,i1),- - -, (Tm,im), and this represent the amplitude to have m quanta with a
particle of type i) at 7j, particle of type i, at 7», etc. We have the following resolution of identity on

I

Z(/dTl"'dTm)(Z"' Z)X IT1 015 5 T U XTI T I = 1 (71)
m=0 []:1

im=1

The annihilator input process b;(¢) is then defined almost everywhere as

(Ti1s 5 T i bi(OF) = Vm + 1,65 71,015+« 5 T L), (72)

The annihilation operators, together with their formal adjoints the creator operators b;(t)*
satisfy the singular canonical commutation relations [bi(t),b;‘.(s)] =0;;0(t — 5).

1. The time shift

Let us introduce the following operator on the Fock space:

—~ oo 0
m:Z/tmmmEmm (73)
j=17me

9
ot

operator and the unitary group Vy(t) = e 10 it generates is just the time shift:

which is the second quantization of the one-particle operator i5-. This is clearly a self-adjoint

(TLiG 5 T i VO(OY) = (T + 1,015+ 5 T + 1, 6|'P). (74)

The free evolution ®,(-) = Vy(1)*(-)Vo(r) will translate the input processes in time: O.(b;(t)) =
bi(t + 1), O(bi(t)) = bi(t + 7).

C. Unitary QSDEs as singular perturbations

The stochastic process U(t) is strongly continuous, but due to the presence of the noise fields
dB!,dB;, and dA;; is not typically strongly differentiable. Here, we see that the local interaction 1
is a singular perturbation of the generator of time-shift (73). We remark that nevertheless U(t) is a
®-cocycle and that if we now define V(¢) by

{%@U@,IZQ

YO = veowm. <o

(75)

then V(z) is a strongly continuous unitary group and therefore admits an infinitesimal generator
H. Surprising as it may seem, the quantum stochastic process U(r) may be considered as the
wave-operator for a quantum dynamics with Hamiltonian A with respect to the free dynamics of the
time shift generated by Hj. The relation

H=Hy+ (76)

however has only a formal meaning as the T is singular with respect to H.
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D. Global hamiltonian as singular perturbation of the time shift generator

It has been a long standing problem to characterize the associated Hamiltonian H for SLH
models.?” The major breakthrough came in 1997 when Chebotarev solved this problem for the
class of quantum stochastic evolutions satisfying Hudson-Parthasarathy differential equations with
bounded commuting system coefficients.>* His insight was based on scattering theory of a one-
dimensional system with a Dirac potential, say, with formal Hamiltonian

k=i0+ES a7

describing a one-dimensional particle propagating along the negative x-axis with a delta potential of
strength E at the origin. (In Chebotarev’s analysis, the §-function is approximated by a sequence of
regular functions and a strong resolvent limit is performed.) The mathematical techniques used in
this approach were subsequently generalized by Gregoratti}! to relax the commutativity condition.
More recently, the analysis has been further extended to treat unbounded coefficients.??

Independently, several authors have been engaged in the program of describing the Hamiltonian
nature of quantum stochastic evolutions by interpreting the time-dependent function Y () as being
an expression involving quantum white noises satisfying a singular CCR.33>-3¢ This would naturally
suggest that Y’ should be interpreted as a sesquilinear expression in these noises at time ¢ = 0.

The generator of the free dynamics ko = id is not semi-bounded and the ¢-perturbation is viewed
as a singular rank-one perturbation. Here, methods introduced by Albeverio and Kurasov?’° may
be employed to construct self-adjoint extensions of such models, which we show in Sec. IV E for a
wave on a 1-D wire.

E. The global Hamiltonian

The form of the Hamiltonian H is known to be’!
~ ~ 1
—iHY = -iHyY - (ELrLl + lH)lP - L?S,]bI(OJr)lP, (78)
on the domain of suitable functions satisfying the boundary condition
b,(O_)\P =L;Y¥Y+ S,‘j b](o"’)‘{f 79)

here, the suitable functions in question are those on the joint system and Fock space that are in the
domain of the free translation along the edges (excluding the vertex at the origin) and in the domain
of the one-sided annihilators b;(0*). This agrees with the expression found in Refs. 30 and 31. The
global Hamiltonian form is essential for building up arbitrary quantum feedback networks.'3

F. Formal linear system behind the SLH model

We now specify to the case where the plant has finite dimensional Hilbert space, say dim}
= m < oo. In this case, the operators (S, L, H) are naturally represented as complex-valued matrices
with dimensions

S c Cnmxnm’ L c Cnmxm’ H c mem. (80)

That is, we have the matrix representations S;;,L;,H € C"™*™ for a fixed orthonormal basis of
h = C™. In terms of the (A, B,C, D), we then have

1 C * . mxm
A:K:—EZLJ»LJ'—ZHGCX,
=1

B=-L'S=—[) LiSp.-. ) LSl ec™,
J=1 J=1
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L,
C=L=|:]|ecm

Ly

Su -+ S
D=S=|: .. |[ecmmmm

Sui - Sun

This is essentially the equivalent linear passive model considered in Remark 5. Explicitly, the
input-state-output equations behind this will be

X = Ax + Bu,
y = Cx + Du,
where x is a C™-values state variable and u and y should be C"™-valued functions. Let ¥ be a
solution to global Hamiltonian problem (78) and satisfying correct boundary conditions (79). This
system may be rewritten as
¥ +iH)Y =KY-L*Su, (81)
y=L¥+Su. (82)
where now the input and output functions are
uj = bj(0+)l1”, Yyj = bj(O_)‘I’ (83)

Absorbing the relatively unimportant free dynamics due to Hy, we see that (81) and (82) are linear
systems with “input signal” # and “output signal” y.

The functions u# and y are boundary terms related by (83) and not to be interpreted literally as
control functions which we can assign.

V. EXAMPLES

We now discuss some well-known examples from the perspective of control theory.

A. No scattering and trivial damping

Let us set S = 1, LV = 0, and Llfg) = 0. In this case, the only damping of significance is that
of the slow component. Then, we have Ay = —iHéz) and we require that Hf(fz) is invertible on bs.
It is easy to see that the decoupling conditions now apply and we obtain the open dynamics with
$S=ILL= Lfsos), H), where the reduced Hamiltonian is

~ 1
A=H® - gL HO

st @) s
Hi
— © O ~
Now, H is the shorted version (Schur complement) of H(1) = [H?T) Hffz)]. Equivalently, H is the
fs ff

limit k T oo of shorted version of H(k).
The detuned two level atom model considered in Subsection II A 1 is a special case.

B. Qubit limit

Let us consider a cavity consisting of a single photon mode with annihilator a, so that [a,a*] =
I. The number states |n), (n =0,1,...), span an infinite dimensional Hilbert space. Mabuchi?}
shows how a large Kerr non-linearity leads to a reduced dynamics where we are restricted to the
ground and first excited state of the mode, and so have an effective qubit dynamics. We consider the
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n = 2 input model with
[S(K)] e = 0kl
[L(K)]; = VKie“a, (j=12),
H (k) = k*yoa™?a® + Aa*a — iNk (a (1) a* — a" (t)a).

In the model, we are in a rotating frame with frequency w and the cavity is detuned from this
frequency by a fixed amount A. There is a Kerr non-linearity of strength % (k) = y0k> which will
be the large parameter. We have two input fields with damping rate «; (j = 1,2), and the first input
introduces a coherent driving field a ().

We now have A = yga*?a® = xoN (N — 1), where N = a*a is the number operator. The kernel
space of A is therefore

bs = span {|0),[1)} .

For this situation, we have Ps = [0){0] + |1){1|, and we find Lg) = 0 since PiaPs = 0. The Bouten-
Silberfarb conditions are then satisfied and we have

Hé(s)) = PsAa*aPs = Ao’ o,
where o0 £ PsaPs = |0){1]. We then have that
[Sss]jk = 5jk I,
2] = v
H=Ac"c —ivK (a(t)o* —a* (1) o).

The system is then completely controllable through the control policy @ and observable through
quadrature measurement (homodyning with By, 1(t) — Bout,1(?)* and —iBoye, 1(?) + i Bou, 1(¢)*) and by
photon counting. The characteristic operator is as computed in Subsection II A 2. The limit charac-
teristic operator is then (k = k] + k3),

1 0
Tquoie (8) = 52— %KS +iAs + K1|(Z|2 .

s2+ ks +iAs + kile)?

C. No scattering, but non-trivial damping

We consider the case where S = 1, Lg) =0 and L%l) =0, but L(S? # 0. The decoupling condi-
tions are automatically satisfied, so all that is further required is that Ag, which is now given
by

_ 1o
Ag= 5L

is invertible. If so, the reduced SLH takes the simplified form

1) _ g2
Ly —iHy

T m 1
Sss=Is+ L} A—ﬁLSf ,

=~ _,0_,;ml
Ly=LY - L] A—ﬁMfs,

= _ (0 1
H = Hss + Im { Mgs— Mg ¢
At

where now,

Lo, .0
Mg=—-LYLY —iH

_ a0 50
2 sf 2 Mis = _ELsf Les - les :
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D. A-systems

Consider a three level atom with ground states |g1),|g2) and an excited state |e) with Hilbert
space Djevel = (C3. The atom is contained in a cavity with quantum mode a with Hilbert space Hmode,
where [a,a*] = 1 and a annihilates a photon of the cavity mode. The combined system and cavity
has Hilbert space b = Bievel ® Dmode, and consider the following,22’24'25

L(k)=kyyI®a,
H(k) = ik’g {le)(gi| ® a —h.c.} + ik {|e){gs] ® @ —h.c.}.
Here, the cavity is lossy and leaks photons with decay rate y, we also have a transition from |e) to
|¢1) with the emission of a photon into the cavity and a scalar field @ driving the transition from |e)
to |g2). We see that
= —svi@aa+glleNal®a-lg)el o d}
and that A has a 2-dimensional kernel space spanned by the pair of states
[¥1) =g ®10), [¥2) =1g2) ®[0).
The reduced subspace is then the span of |¥) and |¥,), and the resulting SLH operators are
S'= [¥)(H| - [¥2)(¥s| = 1 - 2070,

~ vy ya
L=y = -0,
g T g

H =0,

where o = [¥1)(2|. Here, the dynamics has a vanishing Hamiltonian, but is partially observable
through filtering as L # 0. The limit characteristic operator is then

1 0
- Llaf
SYA(s)zo S Taglelh ).
2
RapY
S+292|a|

Further examples of adiabatic elimination, particularly, where the fast degrees of freedom are
oscillators, can be found in Refs. 26, 27, and 40.

VI. CONCLUSIONS

The characteristic operator is introduced here as a mathematical object containing informa-
tion about quantum input-output relations when processed by a quantum mechanical system. The
concept allows us to characterise quantum systems, and many of the features associated with clas-
sical transfer functions carry over. We have shown that it picks out the particular scaling introduced
by Bouten and Silberfarb for adiabatic elimination for quantum open systems as being the one
which leads to the convergence of characteristic operators using Schur-Feshbach type resolvent
expansions. It is useful to note that strong coupling that restricts the degrees of freedom adiabat-
ically may also be interpreted as a projection onto a Zeno subspace, though generally of an open
systems character.*

We expect that the concept will play an important role in studying features of quantum control
systems such as model reduction, controllability, and observability.
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APPENDIX A: PROOF OF LEMMA 10

Again, by the Schur-Feshbach identity, we may write the resolvent ;7o as

s+ My(k) M) ]
My, (k) s+ My (k)

Ay (s, k) Apa(s, k)
Aoy (s.k)  Axa(s,k)|’

where setting

~ 1
M k) = Mi(k) — Mjp(k) —————M> 1 (k Al
11 (s, k) 11(k) 12( )s+M22(k) 21(k), (A1)
we have
1
All(S,k) =,
S+M11(S,k)
— 1
A =M M _
12(s,k) 11 (s, k) My (k) S+ Mnk)’
1 —
Ao (& =—M M (s
21(Y,k) s+M22(k) 21(k) 11(Y,k),
Ay (s,k) = ! + ! My (k) ! My, (k) !
25 s+ My(k) s+ My(k) s+ Myi(s, k) P My

Using the fact that My, (k) = kM, + o(k), My, (k) = kM + o (k), and My (k) = k*Moy + o (k),
we note
1

My, (s,k) = My) — K*Myy—————— M,
11 (s, k) 11 12s+k2M22+o(k) 21

and the following scaled limit

- 1
My = lim My (s,k) = My — Mip—— Moy, (A2)
koo M
so that M, is a Schur complement of [%; %Z] . Similarly, it follows that
1 1 1
— ———Mpp—
. 1 0 - 1 0 s+ My s+ My, My,
lim [s + M (k)] =
k= [0k 0 % 1 1 1 1 1 1
—— My —— — + — My ———M;p—

APPENDIX B: PROOF OF PROPOSITION 12

Let us first note that we may define K by K= —%Z*Z — iH in which case

1~ ~ —~
_EL;La_iHss 0

K= :
0 0

(BI)
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‘We note that —%Z;Za - iﬁss can be written as
1 «
- (Lf.j;) -z

lL(l)* LO - L(”lz b= Rtz z 1 Lz 1Z
2 fs A* as A fs ss Ss sf—— p fs

where we use (55). R
Therefore, with Kq is as defined in (58), we have

Kss O

0o ol (B2)

Moreover, we see that Sis unitary. To see this, set T =255 then,

~ = 1 1 1
* _ O (1) H (Dxy _ 1) (1)* 1) (1)«
ToaTep = [6ca+ L} A—;L 6o + L' 2-L4"] = bao + Loy 2= % {A + A+ L)LY }A Ly,
however, the expression in braces vanishes identically leaving TT = I. The proof of the co-
isometric property of 77" = [ is similar.
We note that

S= lim J(s). (B3)

|s|—>00

It remains to show that the limit characteristic function J has the stated form. Substituting in
form (57), we have

— —~ - —~ -]~ ~ —~ * ) *
Tab ()~ |Sao L5 ~ Ros) " LoSep| = La——=— {—(LSQ Zo - L)+ Liloua + L) 1 L) )} Sab
§— Rss

and the term in braces equals

1 1 . 1 w1 ; 1 «
Ze— — Zf— + L L O Lo (B4)
As sA cf Ag fs Ag cf cf Ag df
and using (55) again, we see that the term in square brackets is
1 . 1 w1
zsz—ﬁ - ZfSA—ff - (Zs+ Z) yva fSA (Ag + Aﬁ) — (B5)

which vanishes identically.
We note that we have the alternative form
1 1

. 1
Hes = HY - Z:—H\Y — HY— 75 + Zi;—

@1
fs A sf A H ZfS (B6)

fsA A
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