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Abstract

The purpose of this paper is to present a mathematical framework for analyzing the response of quantum linear systems driven
by multi-photon states. Both the factorizable (namely, no correlation among the photons in the channel) and unfactorizable
multi-photon states are treated. Pulse information of a multi-photon input state is represented in terms of tensor, and the
response of quantum linear systems to multi-photon input states is characterized by tensor operations. Analytic forms of output
correlation functions and output states are derived. The proposed framework is applicable no matter whether the underlying
quantum dynamic system is passive or active. Examples from the physics literature are used to illustrate the results presented.
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1 Introduction

Analysis of system response to various types of input
signals is fundamental to control systems engineering.
Step response enables a control engineer to visualize sys-
tem transient behavior such as rise time, overshoot and
settling time; frequency response design methods are
among the most powerful methods in classical control
theory; response analysis of linear systems initialized in
Gaussian states driven by Gaussian input signals is the
basis of Kalman filtering and linear quadratic Gaussian
(LQG) control.

Over the last two decades, there has been rapid ad-
vance in experimental demonstration and theoretical
investigation of quantum (namely, non-classical) con-
trol systems due to their promising applications in
a wide range of areas such as quantum communi-
cation, quantum computation, quantum metrology,
laser-induced chemical reaction, and nano electron-
ics ( Gardiner & Zoller, 2000, Huang, Tarn & Clark,
1983, Doherty & Jacobs, 1999, Albertini & D’Alessandro,
2003, Yanagisawa & Kimura, 2003, Stockton, van Han-
del & Mabuchi, 2004, Altafini, 2007, Mirrahimi & van

* This paper was not presented at any IFAC meeting. Corre-
sponding author Guofeng Zhang. Tel. +852-2766-6936. Fax
+852-2764-4382. Email: Guofeng.Zhang@polyu.edu.hk. This
research is supported in part by a National Natural Science
Foundation of China (NSFC) grant (No. 61374057) and a
Hong Kong RGC grant (No. 531213).

Handel, 2007, Gough & James, 2009, Li & Khaneja,
2009, Nurdin, James & Doherty, 2009, Yamamoto &
Bouten, 2009, Bolognani & Ticozzi, 2010, Dong & Pe-
tersen, 2010, Wang & Schirmer, 2010, Zhang & James,
2011, Zhang, et al., 2012, Qi, 2013). Within this pro-
gram quantum linear systems play a prominent role.
Quantum linear systems are characterized by linear
quantum stochastic differential equations (linear QS-
DEs). In quantum optics, linear systems are widely
used because they are easy to manipulate and, more
importantly, linear dynamics often serve well as good
approximation of more general dynamics ( Gardiner
& Zoller, 2000, Wiseman & Milburn, 2010). Besides
their broad applications in quantum optics, linear
systems have also found applications in many other
quantum-mechanical systems such as opto-mechanical
systems Massel, et al., 2011, circuit quantum electrody-
namics (circuit QED) systems Matyas, et al., 2011, and
atomic ensembles Stockton, van Handel & Mabuchi,
2004. From a signals and systems point of view, quan-
tum linear systems driven by Gaussian input states
have been studied extensively, and results like quantum
filtering and measurement-based feedback control have
been well established (Wiseman & Milburn, 2010).

In addition to Gaussian states there are other types
of non-classical states, for example single-photon states
and multi-photon states. Such states describe electro-
magnetic fields with a definite number of photons. Due to
their highly non-classical nature and recent hardware ad-
vance, there is rapidly growing interest in the generation

int submitted to Aut, tj 11 N 201
© Zlgqu%s ﬁ%lanralécriept veorsiolrll ig%%dg%vailable under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses}by-ﬁ(‘;/-enrg 4.66/ 013



and engineering (e.g., pulse shaping) of photon states,
and it is generally perceived that these photon states
hold promising applications in quantum communication,
quantum computing, quantum metrology and quantum
simulations ( Gheri, Ellinger, Pellizzari & Zoller, 1998,
Sanaka, Resch & Zeilinger, 2006, Cheung, Migdall &
Rastello, 2009, Ou, 2007, Milburn, 2008, Bartley, et al.,
2012, Gough, James & Nurdin, 2013). Thus, a new and
important problem in the field of quantum control engi-
neering is: How to characterize and engineer interaction
between quantum linear systems and photon states? The
interaction of quantum linear systems with continuous-
mode photon states has recently been studied in the lit-
erature, primarily in the physics community. For exam-
ple, interference phenomena of photons passing through
beamsplitters have been studied, see, e.g.,Sanaka, Resch
& Zeilinger, 2006,0u, 2007, Bartley, et al., 2012. Milburn
discussed how to use an optical cavity to manipulate
the pulse shape of a single-photon light field ( Milburn,
2008). Quantum filtering for systems driven by single-
photon fields has been investigated in Gough, James &
Nurdin, 2013. Intensities of output fields of quantum
systems driven by continuous-mode multi-photon light
fields have been studied in Baragiola, Cook, Braiczyk &
Combes, 2012. In Zhang & James, 2013 the response of
quantum linear systems to single-photon states has been
studied.

In the analysis of the response of quantum linear sys-
tems to single-photon states, matrix presentation is suf-
ficient because two indices are adequate: one for input
channels, and the other for output channels. However,
this is not the case in the multi-photon setting. In addi-
tion to indices for input and output channels, we need
another index to count photon numbers in channels. As
a result, tensor representation and operation are essen-
tial in the multi-photon setting. To be specific, multi-
photon state processing by quantum linear systems can
be mathematically represented in terms of tensor pro-
cessing by transfer functions. The key ingredient for
such an operation is the following (for the passive case).
Let E(t) = (E’*(t)) € C™ ™ be the transfer func-
tion of a quantum linear passive system with m input
channels. For each j = 1,...,m, let ¥;(t1,... ,te,) be
an {;-way m-dimensional tensor function that encodes
the pulse information of the j-th input channel contain-
ing £; photons. Denote the entries of ¥j(t1,...,ts;) by
V/j,kh,,,,k,_;j (t1,...,te,;). Forallgiven 1 <rq,... 1, <m,
define an ¢;-way m-dimensional tensor #; with entries
given by the following multiple convolution

W]v"‘l) ST tlv'
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,ng)dLl ...dg .

It turns out that the tensors #; (j = 1,. ) encode
the pulse information of the output ﬁeld That is, an £;-
way input tensor is mapped to an £;-way output tensor
by the quantum linear passive system.

The contributions of this paper are three-fold. First, the
analytic form of the steady-state output state of a quan-
tum linear system driven by a multi-photon input state is
derived. When the quantum linear system is a beamsplit-
ter (a static passive device), interesting multi-photon
interference phenomena studied in ( Sanaka, Resch &
Zeilinger, 2006), (Ou, 2007), and (Bartley, et al., 2012)
are re-produced by means of our approach, see Exam-
ples 1,2,3. Second, when the underlying quantum linear
system is not passive (e.g., a degenerate parametric am-
plifier), the steady-state output state with respect to a
multi-photon input state is not a multi-photon state. In
terms of tensor representation, a more general class of
states is defined. Such rigorous mathematical descrip-
tion paves the way for multi-photon state engineering.
Third, both the factorizable and unfactorizable multi-
photon states are treated in this paper. Here a factoriz-
able multi-photon state is a state for which the photons
in a given channel are not correlated, while for an un-
factorizable multi-photon state there exists correlation
among the photons. This difference cannot occur in the
single-photon state case. Thus, the mathematical frame-
work presented here is more general.

The rest of the paper is organized as follows. Preliminary
results are presented in Section 2. Specifically, quantum
linear systems are briefly reviewed in Subsection 2.1 with
focus on stable inversion and covariance function trans-
fer, in Subsection 2.2 several types of tensors and their
associated operations are introduced. The multi-photon
state processing when input states are factorizable in
terms of pulse shapes is studied in Section 3. (Here the
word “factorizable” means there is no correlation among
photons in each specific channel.) Specifically, single-
channel and multi-channel multi-photon states are pre-
sented in Subsections 3.1 and 3.2 respectively, covari-
ance functions and intensities of output fields are stud-
ied in Subsection 3.3, while an analytic form of steady-
state output states is derived in Subsection 3.4. The
unfactorizable case is investigated in Section 4. Specif-
ically, unfactorizable multi-channel multi-photon states
are defined in Sebsection 4.1, the analytic form of the
steady-state output state is presented in Subsection 4.2
where the underlying system is passive, the active case
is studied in Subsection 4.3. Some concluding remarks
are given in Section 5.

Notations. m is the number of input channels, and n
is the number of degrees of freedom of a given quan-
tum linear stochastic system. |¢) denotes the initial
state of the system which is always assumed to be
vacuum, |0) denotes the vacuum state of free fields.
Given a column vector of complex numbers or operators



Fig. 1. Quantum linear system G with input b and output
bout

r = [xq -+ x)7 where k is a positive integer, de-

fine % = [27 ... 23 ]", where the asterisk * indicates
complex conjugation or Hilbert space adjoint. Denote

2T = (2#)T. Furthermore, define the doubled-up column
vector to be & = [2T (z#)T|7. Let I, be an identity
matrix and O a zero square matrix, both of dimension
k. Define Jy, = diag(Iy, —Ix) and Oy = [0 I;; —I; 0]
(The subscript “k” is often omitted.) Then for a
matrix X € C¥*2k  define X” := JkXTJj. R de-
notes the Kronecker product. Given a function f(¢) in
the time domain, define its two 51ded Laplace trans—

form to be F[s] = Z4{f(t) = [T et f(1)
Given two constant matrlces U , Voe Crxk de—
fine A(U,V) = [U V;V# U#]. Similarly, given
time-domain matrix functions E~(t) and ET(t) of
compatible dimensions, define A(E~(t), E*(t)) =
[E=(t) E*T(t); E*(t)* E~(t)#]. Given two opera-
tors A and B, their commutator is defined to be
[A, B] := AB — BA. For any integer r > 1, we write [
for integration in the space R”. We also write dt;_,, for
dty - - - dt,. Finally, given a column vector a, we use a;
to denote its entries. Given a matrix A, we use A7 to
denote its entries. Given a 3-way tensor A (also called a
tensor of order 3), we use A;ji, to denote its entries; we
do the similar thing for higher order tensors.

2 Quantum linear systems and tensors

This section records preliminary results necessary for the
development of the paper. Quantum linear systems are
briefly discussed is Subsection 2.1. Tensors and their as-
sociated operations, the appropriate mathematical lan-
guage for the describe the interaction of a quantum lin-
ear system with multi-photon channels, is introduced in
Subsection 2.2.

2.1  Quantum linear systems

In this subsection we set up the model which is a quan-
tum linear system driven by boson fields, Gardiner &
Zoller, 2000, Wiseman & Milburn, 2010, Zhang & James,
2011.

2.1.1 Fields and systems

The triple (S, L, H) provides a compact way for the de-
scription of open quantum systems ( Gough & James,

2009). Here the self-adjoint operator H is the initial sys-
tem Hamiltonian, S is a unitary scattering operator,
and L is a coupling operator that describes how the sys-
tem is coupled to its environment. The environment is
an m-channel electromagnetic field in free space, rep-
resented by a column vector of annihilation operators
b(t) = [b1(t), -+ ,bm(t)]*. Let to be the initial time,
namely, the time when the quantum system starts in-
teracting w1th its env1ronment. Define a gauge process

A(t) by A(t ft b ()b (T)dr = (Ajk(t))j7k:17m)m
with operator entries A/ k( ) on the Fock space § for the
free field. In this paper it is assumed that these quantum

stochastic processes are canonical, that is, they have the
following non-zero Ito products

dB;(t)dBji(t) = djrdt, dA*dB; (t) = Srd B} (t),
dB;(t)dAF (t) = 6;,.dBy(t), dAT*(£)dA™ (t) = S dAI™ (1),

where B(t) = [Bi(t), -+ ,Bmn(t)]T is a column vec-

tor of the mtegrated field operators defined via
ft r)dr. In the interaction picture the stochas-

t1c Schrodmger s equation for the open quantum system

driven by the free field b(t) is, in Ito form ( Gardiner &

Zoller, 2000, Chapter 11),

dU (¢, o)

= {Tx[(S — I,)dA(t)"] + dBT(t)L — L'SdB(t)

—(%LTL—l—z’H)dt} Ul(t,to), t>to, (1)

with U (¢,t0) = I being an identity operator for all t < t.

Specific to the linear case, the open quantum lin-
ear system G shown in Fig. 1 represents a collec-
tion of m interacting quantum harmonic oscillators
a(t) = [a1(t),...,a,(t)]T (defined on a Hilbert space
$H¢) coupled to m boson fields b(t) described above.
Here, a; (j = 1,...,n) is the annihilation operator of
the jth oscillator satisfying the canonical commutation
relations [a;,a}] = d;5. Denote a(tg) = a. The vector
operator L € $¢ is defined as L = C_a + C+a# with
C_,Cy € C™*™, The initial Hamiltonian H € $¢ is
H = Ja'A(Q_,Q4)a with Q_,Q; € C"" satisfying
Q- =0 andQ, = Q. By (1), the dynamic model for
the system G is

a(t) = Aa(t) + Bb(t), alto) = a, (2)
bout (t) = Cai(t) + Db(t), (3)

in which system matrices are given in terms of the phys-
ical parameters S, L, H, specifically,

D =A(S,0), C=A(C_,C4),
1
B=—-C"A(S,0), A= _Ecbc — iy AQ_, Q).



The transfer function for the system G is

§5(t)D + CeA'B, t > 0,
= { (4)

9a(t) ==
) 0, t<0.
This, together with (2) and (3), yields

t
bout (t) = Cett=t0)g 4 / ga(t —r)b(r)dr.  (5)

to

The system G is said to be passive if both CT = 0 and
Q1 = 0. The system G is said to be asymptotically stable
if the matrix A is Hurwitz.

Define matrix functions

CT

s)S —[C_ ¢y et s St=0
gg-(t) := L4

0, t <0,

A _C-iT- #

—[o- oy et S7,t >0,
ga+ (1) = lC- G cr

0, t < 0.

(Note that when G is passive, gg+(t) = 0.) With these
functions, the transfer function in (4) can be re-written
as ga(t) = A (gg-(t), gg+(t)). Finally, assume that the
system (2)-(3) is asymptotically stable. Letting tg —
—00, equation (5) becomes

Bows(t) = / " et — Nb(r)dr, (6)

— 00

which characterizes the steady-state relation between
the input and the output.

2.1.2 Stable inversion

For the transfer function g (t) defined in (4), let E¢[s]
be its two-sided Laplace transform. Define gg-1(t) :=

&7 Y{Eg[s] 71} (t). The following results are proved in
Zhang & James, 2013.

Lemma 1 Assume that the system G is asymptotically
stable. Then gg-1(t) = A (gg- (=T, —ga+(—t)T).

Lemma 2 Assume the quantum linear system G is
asymptotically stable. Define an operator

b (t, o) := U(t, to)b(t)U (¢, t0)*, t > to.

Then b~ (t,—o0) = fjooo 9o (t — r)l;(r)dr.

2.1.83 Steady-state covariance transfer

Assume the quantum linear system G is in the vacuum
state |@). Assume further that the input field is in a
zero-mean state pg. (specific types of pr will be studied
in the sequel.) Denote the covariance functions of the
input filed b(¢) and the output field byt (t) by R(¢,r) and
Rout(t, 1) respectively, that is,

R(t,r)

[osb(£)6 (r)], (7)
Rout (t; T) >

[16)(8] @ prbout (£)Bhue (7).

According to (6) and (7) we have

=Tr
=Tr

Lemma 3 Assume that the system (2)-(3) is asymptot-
ically stable. Let the input field have covariance R(t,r)
defined in (7). The steady-state (namely to — —o0) out-
put covariance function Rout(t,r) is

Rout(t,r) = /jo /700 ga(t—m1)R(11, 1) gq(r—m2) T dridrs.
(8)

In the frequency domain, we have

Theorem 4 Assume that the system (2)-(3) is asymp-
totically stable. If the input field is stationary with spec-
tral density matriz R[iw] (namely, the Fourier transform
of R(t,t)), the output spectral density matriz is given by

Rout[iw] = Egliw] R[iw]Eq[iw]. (9)

In what follows we focus on the Gaussian input field
states. Denote the initial joint system-field Gaussian
state by pog = |¢)(¢| @ pr where pr is a Gaussian field
state,Zhang & James, 2013. Define the steady-state joint
state
Poog = lim U(f,to)pogU(t,fo)*, (10)
to——00
t—o00
and the steady-state output field state pgela,e =
Treys[Poog] Where the subscript “sys” indicates that the
trace operation is performed with respect to the sys-
tem. According to Theorem 4, if the input state ps is
stationary with spectral density Rliw|, then pgeid,g is
the steady-state output field density with covariance
function Royt[iw] given in (9).

2.2 Tensors

In this subsection several types of tensors and their asso-
ciated operations are introduced. Because different chan-
nels may have different numbers of photons, fibers of the
tensors may thus have different lengths, see e.g., (11).
Nonetheless, with slight abuse of notation, we still call
these objects tensors.



Given positive integers m and £1, . . ., £y, let C™* (1:tm)
be a space of matrix-like objects, whose element £ is of
the form

511 5161

gml . gménl

In this paper £ is used to represent m-channel multi-
photon input states with £; denoting the photon number
in the j-th channel, j = 1,..., m. Because channels may
have different numbers of photons, ¢4, ..., ¢, may not
equal each other. Nonetheless in the paper we still call £
a matrix. Next we define a tensor space C"*7% (£1,-6m)

whose elements .# are defined in the following way: For

each 4,7 =1,...,m, the model-3 fiber is
i
Fy=1 ¢ | eCh. (11)
i,

That is, when the first two indices i, j are fixed, we have
a vector of dimension ¢;. .% looks like a 3-way tensor
(Kolda & Bader, 2009), but its mode-3 fibers may have
different dimensions for different j. Nevertheless, in this
paper we still call .7 a 3-way tensor and C™> % (1,:--lm)
a space of 3-way tensors over the field of complex num-
bers. Given a matrix & € C"*(1-+tm) e may represent
it as a 3-way tensor £T € C™*m*(G.wm) by defining
horizontal slices to be

0---0
0---0 B
gj: gil .. gl e QX ltm) i =1 m
0---0
00
) (12)

This update turns out to be very useful because the
output state of a quantum passive linear system driven
by an m-channel multi-photon state encoded by a matrix

e Cm*(lwtm) can be characterized by a tensor in
Crmxmx(lrytm) gee Sec. 3.4.

We adopt notations in Kolda & Bader, 2009. For each

j=1,....mand k=1,...,¢;,
ik

Sijk = : ecm
cSﬂmjk

is mode-1 (column) fiber. .%;.. and .#,. are respectively
horizontal and lateral slices (matrices) of the form

I
cSﬂi::: 5 <yjz[cgﬂgl L§ﬂ:j€j:|'
S
Finally, let € € C™*(1,bm)x(1:6m) he a 3-way ten-

sor. We say that ¢ is partially Hermitian in modes 2 and
3 if all the horizontal slices are Hermitian matrices. That
is, for all i = 1,...,m, the horizontal slices €., € Cl*%
satisfy ij = ;... This is a natural extension of the con-
cept partially symmetric discussed in (Kolda & Bader,
2009) to the complex domain.

In what follows we define operations associated to
these tensors. Given 3-way tensors .(t), 7 (r) €
Crxmx(fiotm) and partially Hermitian tensor € €
Crmx(besbm)x(rsbm) - we define a matrix Z(t) ®
T (r) € C™*™ whose (i,k)-th entry is

m 2
e :ZNi 3" GusTsalt) Tigs ),
>N, 2

(13)
where Ny, (j = 1,...,m) are positive scalars. (The phys-
ical interpretation of Ny, will be given in Sec. 3.) It can
be verified that

(W)@ T = Tr)* e 2 )*. (14)

In this paper, we call € a “core tensor” for the operation
®. According to (13) and ¢T in (12), we have

diag;—,.. Z Gt (r)* (1) =€1 () * @ €1 (1),
7 i,k=1

Given a matrix function E(t) € C™*™ and a 3-

way tensor .#(t) € Cm¥mx(nbm)  define J €

CmxmX(£1,-€m) whose (i, 7, k)-th element is

t):= Z/jo E"(t — 7). (T)dr.

In compact form we write .7 = . x; E, where X1 is
the so-called I-mode matriz product ( Kolda & Bader,
2009, Sec. 2.5).

mem

Given two matrices E(t), F'(t) € and two tensors

S(t), T (t) € Cmxmxasnbm) - define

AT, T) x1 A(E, F) (15)
=AS x1 E4+ % x1 F,7 x; E+ %% x, F).



That is, the operation X is performed block-wise. This
operation is useful in studying the output state of a
quantum linear system driven by a multi-channel multi-
photon input state.

Finally, we define another type of operations between
matrices and tensors. Let E(t) = (E’*(t)) € C™*™ be
the transfer function of the underlying quantum linear
system with m input channels. Foreach j = 1,...,m,let
Yj(t1, ..., te;) be an £;-way m-dimensional tensor func-
tion that encodes the pulse information of the jth in-
put field containing £; photons. Denote the entries of
7/j(t1,.. ) by ’Vkl _____ ‘(tl,...,t[j). Define an Kj—
way m—dlmensmnal tensor V/J with entries given by the
following multiple convolution

Wirserre, (B Te;) = Z / E™F () — 1) x
k1, kg =1
Cx ETeike (tlj — Llj)/yj,kl _____ ke, (b1, -y Le; )dig ... dg].

forall 1 <rq,... ,7e; < m. In compact form we write

W;=V;x1Exq---x¢g, E, ¥Vj=1,...,m, (16)

cf. Kolda & Bader, 2009, Sec. 2.5.

3 The factorizable case

In this section we study how a quantum linear system re-
sponds to a factorizable multi-photon input state. Here
the word “factorizable” means that photons in each in-
put channel are not statistically correlated.

3.1 Single-channel multi-photon states

In this subsection single-channel ¢-photon states are de-
fined and their statistical properties are discussed.

For any given positive integer ¢ and real numbers
t1,...,te, let P(ty,...,ts) be a permutation of the num-
bers t1,...,t;. Denote the set of all such permutations
by S¢. For arbitrary functions &;(t), . .., &(¢) defined on
the real line, define

N, (17)
=3 / Clt) &1 (b)) L (P(1)) - €(P(t))dt1ss,

PeS,

provided the above multiple integral converges (this is
always assumed in the paper). The subscript “¢” in Ny
indicates the number of photons. It can be shown that
Ny > 0. A single-channel continuous-mode ¢-photon

state |t¢)g) is defined via

o) r H BY( (18)

where B*(&) = [T b*(t)&(t)dt, (k = 1,...,m.) Be-
cause [1)y) is a product of single integrals, there is no cor-
relation among the photons. This type of multi-photon

states is therefore called factorizable photon states. It
can be shown that (1¢|1e) = 1.

Define a matrix C € Ct*¢ whose entries are

L L

c*=© I B TI

a=1,a7i B=1,8#k

B (&) |0), £ 2.

(19)
Clearly, C = CT.

In what follows we study statistical properties of the ¢-
photon state |1)g). It is easy to show that for all ¢ > tg,
(1e|b(t)|1he) = 0. That is, the field has zero average field
amplitude. The following result summarizes the second-
order statistical information of the ¢-photon state |i)¢).

Lemma 5 Let 7i(t) denote the field intensity with re-
spect to the state |g), namely, i(t) = (1e|b* (¢)b(t)|Ve).
(In quantum optics, the second-order moment 7i(t) is the
count rate (Gardiner & Zoller, 2000).) Moreover, let the
field covariance function be (1g|b(t)bT (r)|1be) as given by
(7). Then we have

10
R(t,r) 5@—@[00 (20)
1 4 4
Y Y A 00 0).
1 ;_1;_1
2 2 CrE(n) 60, 21
=1 k=1

Due to page limitation, the proof of Lemma 5 is omitted.

Remark 1. According to Lemma 5, the £-photon state
|1be) is not Gaussian; it may not be stationary either. So,
its first and second order moments cannot provide all
statistical information of the input field.

3.2 Multi-channel multi-photon states

Let there be m input field channels. Similar to (18),
define the j-th channel ¢;-photon state by

£

;‘ (€")l0), (22)



where the subscript “5” indicates the j-th channel, and
¢; indicates that there are {; photons in this channel
For each 7 =1,...,m, the normalization coefficient Ny,
is defined in the similar way as Ny in (17). We define an
m-~channel multi-photon state as

[0) = [¥1) @ |[¥2) @+ & [¥rs). (23)
In particular, for each j = 1,...,m, if ) = - =
€% (t), then (23) defines a multi-channel continuous-

mode Fock state, see eg., Baragiola, Cook, Branczyk &
Combes, 2012, (D1).

3.8 Output covariance functions and intensities

3.8.1 Steady-state output covariance function

In this part we derive an explicit expression of Ryt (t, )
when the input is in the multi-channel multi-photon
state |¥) defined in (23).

We first introduce some notation. Define a 3-way tensor
¢ € Cmx (L lm)x(lr,olm) whose elements are

G =0 [ B I Bj&@?)0). (24)
a=1,a#i B=1,B#k

Clearly, € is partially Hermitian, that is, €;.. = ij €
Chlxti (j=1,...,
thus of the form

m). The input covariance function is

R(t,r)=6(t —7) ll’” . ] (25)

) @gl(t)

(&M (r)# @@(ﬂ)*} '

For state |¥) defined in (23), let ¢ be the 3-way ten-
sor defined via (12). Then we can define 3-way tensors
77—,77+ e CmxmXx (L, lm) by

A (777,77+) = A

where the operation x; has been defined in (15).

(€7,0) x1 ga, (26)

Theorem 6 Assume that the quantum linear system G
is asymptotically stable. Let the input field have covari-
ance R(t,r) be that given in (25). Then the steady-state
output covariance function is

Rout(t,r) = /OO ga(t—7) lIm 1 ga(r — T)TdT

— o O,
+A () (1), (r () e (1))
+A Mt ent(rFatn e ()), (27)

where n~(t) and 57 (t) are given by (26), and the core
tensor for the operation ® is the tensor € given in (24).

Proof. (27) can be derived by substituting (25) into (8)
and with the aid of (14)-(15) and (26).

3.8.2  Steady-state output intensity

For the multi-channel multi-photon input state |¥) de-
fined in (23), the steady-state (to — —oo) intensity of
the output field is

Rou(t) = (SUL(OBL.(Bl6) . (28)

AS Tious (t) is the 2-by-2 block of Rout(t, t), the following
result is an immediate consequence of Theorem 6.

Corollary 7 Assume the quantum linear system G is
asymptotically stable. The steady-state (tg — —o0) in-
tensity fout (t) of the output field defined in (28), of the
system G driven by the m-channel multi-photon input
field | @) defined in (23), is given by

ot (1) = / " g (0 gae (0T dt (29)

— 00

+ (@ @nt ") + 0O @0 (1),

where n~(t) and 57 (t) are given by (26), and the core
tensor for the operation ® is given in (24).

3.4  Steady-state output state

The preceding subsections studied the first and second
order moments of output fields of quantum linear sys-
tems driven by multi-photon states. Since the output
states are not Gaussian, these moments cannot provide
the complete information of output fields. In this sub-
section we derive the analytic form of output states.

A multi-channel continuous-mode multi-photon state
|T) defined in (23) is parameterized by the functions
€75 (t), each of which has two indices j and k. The index
j (from 1 to m) indicates the j-th input channel, while
the index k (from 1 to ¢; for each given j) is used to
count the number of photons in each channel. On the
other hand, according to (26), the steady-state output
covariance function (in (27)) and intensity fiout(t) (in
(29)) of the linear quantum system G driven by |¥) are
parameterized by tensor functions ik (t) and n;;k (1),
each of which has three indices 1, j, k. Formally, the
index ¢ indicates that each output channel is a linear
combination of the input channels. Interestingly, let
¢ =¢1 (ef. (12)), that is,

[0 i#d
0= {e‘k(w, i=j



Define further £+ € @m*m*(¢1,-6m) to be a zero tensor.
Then the m-channel multi-photon state |¥) can be re-
written as

W) =

Hi By (€,,) — Bil&5,))|09™).

(30)

ﬁ::]s

Accordingly, (26) can be re-written as

A(W_ﬂfr) = A(g_a€+) X1 9G- (31)

In light of the above discussion, we derive the steady-
state output state of the quantum linear system G driven
by an input state of the form

P¢,R
m é] m
_ 1 )
_31;[1 Ny, k:ug; Uk (gijk))pR
i 1 e]‘ m *
Bi (&, Bi&i)) |
jl;Il Ng] k=1 121 Jk Jk
where
§(t) = A& (1),67(1)), (32)

with €=,6T € Cmxmx(wtm) and pg is a station-
ary zero-mean Gaussian state with covariance function

RJiw].

In order for pg, g to be avalid state, £, £ and pr have to
satisfy certain conditions. We first introduce some nota-
tion. Given a tensor o € C2*™mx(f1,-fm) " define tensor
products consisting of £; vectors, each of dimension 2m:

My, (tise;) = @1 (t1) e - - -
MJ] (tl_)gj) =Py (tl) Re -

Xe P:je; (téj)7
®c pg1(ty), 3=1,...,m,

where ®, is the Kronecker product as introduced in the
Notations part. Then define tensor products of the form

M@(tlﬁfl+-~~+€m)

1
izﬁMsa;l(tHel) ®c -
1
®c —==Mo,,,, (bt 4t 1415014+ )
VN
MF(ti e, tt,)
1
=M (o) @
1 +
®c —=Mg  (toot ottt 1201+ 4b)-

Ny,

Similarly, for the operators b(t), define

v

My(tiog) = b(t1) ®c - @ b(ty), Yk > 1.
Finally for a matrix 4, let A% == A®, - --

k-way Kronecker tensor product.

®. A be an

The following equation will be used in Definition 8.

J e A —

=1

L1t Hlm
®c Me(to, 4ottt 12001 4t tm))) T TE*
®el+---+€m
®. O%e Trlpr Myt o200, 4 1,))]
dt1 o0y +4+0,0)
=1, (33)

where £ is given in (32) and © = [0 I; —I 0].

Definition 8 A state pe r is said to be a photon-
Gaussian state if it belongs to the set

1 2 .o
Fo = PER:H N Z(Bz (gzjk)_Bi( ;gk))PR

- ¢ —
Jj=1 J k=11i=1

m 1 é] m *

X H N, Z(B:(gz;k) Bi(&5:)
j=1 i k=1 i=1
¢ and pg satisfy (33)} (34)

Remark 2. Clearly, the m-channel multi-photon state |¥)
defined in (30) belongs to Fo.

Proposition 9 The photon-Gaussian states p¢ r € Fo
are normalized, that is Tr[pe g] = 1.

Due to page limitation, the proof of Proposition 9 is
omitted.

The following result is the main result of this subsection.

Theorem 10 Suppose that the linear quantum system
G is asymptotically stable. Then the steady-state output
state of G driven by a state pg r € Fy is

m J m
1 +
P, Rows = 7 i(Nij5)) Phield,
Rl
m £i m *
H 771Jk (n;gk)) ) (35)
j=1 éﬂ k=1 z:l



where the 3-way tensorsm™ andn™ are given by (31), and
Phicld,g 1S a stationary zero-mean Gaussian field whose
covariance function is Rowliw] = G[iw]R[iw]G[iw]t
given by the Gaussian transfer (9) in Theorem 4. Clearly,
P, Rout € ]:0-

Proof. Let p(t,t9) be the density operator of the com-
posite system. Then

p(t,to) = Ul(t, t0)|9) (9| ® pe rRU(t,t0)".

We study the steady-state behavior of the state, that is,
we assume that the interaction starts in the distant past
(to — —o0), and also let ¢ — oo.

oo (36)
= tOE)IEoo p(t, to)
t—o0

=, hm Ut t0)|9)(¢] © pe,rU (1, t0)"

t—o00

(£ee @ (BI(50) = Bi&5)) Ult:t0)" pocs
£

where po ¢ is given in (10). By means of Lemmas 1 and
2, we have

where 3-way tensors = and 1T are given by (31). Sub-
stituting (37) into (36) we have

m ;i m
1 ., —
poo = 1] === 11 D_(BI (n550) = Bi(n5,))pocs

! 0.

Jj=1 J k=11i=1

m 1 li m *

<\ T —== [T D_(Bi (ni50) = Bilone))
j=1 4 g=1i=1

Tracing out the system part, (35) is obtained. The proof
is completed.

Specific to the passive case, the steady-state output state
is a multi-photon state, as given by the following result.

Corollary 11 Assume that the quantum linear system
G is asymptotically stable and passive. The steady-state
output state of G driven by the multi-photon state |U) is
a pure state

li m

= 11X Bt

I k=11i=1

|\I/out> -

=

J

Il
-

Example 1: Beamsplitter. Consider a beamsplitter with
parameters L = 0, H = 0, and

S[ Vi VI

- , (0 1).
mwl (O<n<1)

Let each input channel have two photons. According to
Corollary 11,

|\I]0ut> (38)
ud) By (6B (6")B7 (621)B7 (§7)]0%4)

T/ No. N,
VI 1) g1 B (612) By (€22) B3 (€21)/09%)

—_

3
3

R,
V1) e e 602) By (€) By (€220

3

VA= U =1 e o) e 2 B (622) B3 6 0%
)

v/ Na, Na,

1 1-—
e BB B By 0™
2
s B € BB (€ B3 (€)0)
+ MB* (521)3* (522)3*(511)3*(512)|0®4>
N21N22 1 1 2 2
n(l —n)

- ——— (Bi(§")B5(£") + Bi (€)B5(s'))

v/ N2, N,

x (BI(€2")B3 (%) + B (€)B3(6*) [0%4)

- %@ (Bi(¢")B3(€") + Bi(¢"*)B3 (€M)

x B3 (%) B3 (£%%)|0%%)
n(1—n)(1—n)
v/ Na, Na,

x By (£')B3(£2)]0%%)
M) g6 B3 (612) B3 (€2 B3 (€2) 09,

v/ N2, Na,

+

(BI(6")B5(6%) + By (€) B3 (§™))



Assume = 3, €11(1) = €2(1) = €21(1) = €2(1) and
7 €M (#)[?dt = 1. Let ﬁh, k) be the state with 4
photons in the first channel and k£ photons in the second
channel respectively, (i = 0,...,4). (38) reduces to

3 1 3
Wout) = 1/ 214,0) — =]2,0[0, 2 210, 4).
) = [210.0)— S22+ 2100

(39) is the same as (15) in (Ou, 2007). In a similar way,
(17) in (Ou, 2007) can also be re-produced.

(39)

4 The unfactorizable case

The factorizable multi-photon states studied in Section
3 form a subclass of more general multi-photon states,
e.g., Gheri, Ellinger, Pellizzari & Zoller, 1998, (58) and
Baragiola, Cook, Branczyk & Combes, 2012, Section 2.
In this section, we study the response of quantum lin-
ear systems to general multi-channel multi-photon states
where there may exist correlation among photons in
channels.

4.1 More general multi-photon states

Assume the j-th channel has ¢; photons, and the state
for this channel is

N\
1

VN,

Then the state for the m-channel input field can be de-

fined as .
w) =] 1w;).
j=1

(40)

/ U,(ta, ..., tgj)b;(tl) .- -b;-‘(tgj)dtlﬁgjm).
2

(41)

¢ ; .
Remark 3. When WU (t1,...,t;,) = [, W), (j =
1,...,m), (40) reduces to (22), and correspondingly (41)
reduces to (23), the factorizable case.

4.2 The passive case

In this subsection we study the response of the quantum
linear passive system G to an m-channel input field in
the state |¥) defined in (41).

We first rewrite the m-channel multi-photon state |¥)
into an alternative form; this will enable us to present
the input and output states in a unified form. For j =
1,...,m,i=1,...,4;,and k; = 1,...,m, define
S Tey) (42)

Y Ty), k== ey =
| 0, otherwise.

10

We define a class of pure states

Fi (43)
m 1 m
=4 1¥) = H 7 Z / Wjiky,oke (T1se ooy T2y)
j=1 Y ks ke, =174
£
X b, (T:)dTi e, |0%™) (W) W) =
i=1

Clearly, |¥) in (41) belongs to Fi.

Theorem 12 Suppose that the quantum linear system
G is asymptotically stable and passive. The steady-state
output state of G driven by a state |¥;,) € F; is another
state [Wout) € F1 with wave packet transfer

\I/out.,j:\l/in,j XlgG— ><2"'><g]. ga—, Vj:l,...,m,

where the operation between the matriz and tensor is
defined in (16).

Due to page limitation, the proof of Theorem 12 is omit-
ted.

In particular, for the single-channel case, we have
Corollary 13 The steady-state output state of a quan-

tum linear passive system G driven by the £-photon state
|th¢) is an £-photon state

|1/}out>
1 _ ” * *
- A Gt (111, 0B (BB (E2) - b (£t 104]0),

where the multi-variable function 1, s

1/};ut(t17'-'atl)
=/ / 9o (t1 —71) - gg-(te — 7¢)
X Ye(T1, ..., Te)dTy - - - dTp.

4.8 The active case

In this subsection we study the response of the quantum
linear system G to the m-channel input field in the state
|¥) defined in (41). Here G is not necessarily passive,

ie., gg+ #0.

We first introduce some more notations. Define

17 dlzlu

Vi=1,...,max{{,...
0, di = —1,

sgn(d;) := { i}



Foreach j=1,...,mand k; = 1,...,m, define
dy,....dy.
k1,..kp. (Tl7 i 777]') (44)
)W, k= = ke =g, dv = =dy, = — 1,
. 0, otherwise.
Accordingly, for each j = m,and i = 1 4
define operators
bx(t), di = —1,
(= 4 0
bi(t), d; = 1.
For each j,k =1,...,m, define
i
g (1) = { g0, d=-1,
Ga\t) - — kj /v
9o (), d=1.
Moreover, for each j = 1,...,m, i = 4 and k; =
1,...,m, define operators
di,..ydy, diyeenydy d de.
b (W) = W bt O () 0 (1),
(45)
diydy, .
where the 2(;-way tensor W, — ,~ (T1,...,7¢,) is that
..... ;

defined in (44). Then the multi-channel state |¥) in (41)
can be re-written as

(46)

The above motivates us to define a class of states.

Definition 14 A state pw g is said to be a photon-

11

Gaussian state if it belongs to the set

Fo (47)
m 1 m
T I D SRS
j=1 % Kioooke,=1dy,....dy, ==%1
45
> sen(ds)
- diyeryde am
x (—1)i=1 /bkl,...,k (Uj)dty ... dte;[0°™)
4
45
sgn(d;)

Zi ,,,,, ZZ (U,) is defined in (45), and

.....

where the operator b

PR 15 a zero-mean Gaussian field state with covariance
function R. It is assumed that Tr[pw r] = 1.

Remark 4. Clearly, the m-channel multi-photon state
|¥) defined in (41) belongs to Fa. Moreover, when G is
passive, F1 = Fo.

Next we study how the input state in F3 is transformed
by the quantum linear system G.

Theorem 15 Suppose that the quantum linear system G
is asymptotically stable. The density function pw, ., Rou
of the steady-state output field of G driven by the density
operator py r € F2 is

Pt Rous (48)

fi,ee0 )
/ briv'n;"‘lj (WOUt7j)dT1_)€j |0®m>> PRout
L

(I

m

Z

\ J T1see



b (1), fi = —1,
pete(p) = 4 0 O S
bzk(t)u fl:17

dlﬂfj )flﬂfj

klﬂf 12 ( Tyewe 7tej) (49)
di,...de
/ Hng i ')\I/kl,...,k;_ (Tla---vTej)dTlazj,
4 =1 ’
froeeesfe
bri ..... rjj (\I/out j) (50)
m

dlaej 7.]"14»@]'
klaej 10

L5
tfj) H bg,f’fl (t )
=1

and pr,, % a Gaussian state whose covariance func-
tion is given by the Gaussian transfer Rousiw] =
Gliw]R[iw)Gliw]T.

Due to page limitation, the proof of Theorem 15 is omit-
ted.

Remark 5. It can be verified that the factorizable m-
channel multi-photon state |¥) defined in (23) (equiva-
lently (30)) can be re-written as

()| (51)
m m

= H j\/' Z H(B; (gz]k) - B, (guk))|0®m><0®m|
j=1 4 =1 k=1

*

HE3

B;(&51))

ZJk

There is clear similarity between (23) and (46), or equiv-
alently, between (51) and (47). The implication of such
similarity is that all the results for the unfactorizable
case can be reduced to those for the factorizable case.

Remark 6. When the quantum linear system G is pas-
sive and pr = |¢){(¢|, pw g in (47) becomes a pure state.
Moreover, for the case case, sgn( ;) = 0 for all 4. There-
fore, in the passive case py, g is a pure state in the class
Fi defined in (43). As a result, in the passive case The-
orem 15 reduces to Theorem 12.

Ezample 2: The (1 + £)-photon case. Consider a beam-
splitter with parameter

VR
Vi~ R

v1—-R

VB (0<R<1).

12

Let the input state be [¥;,,) = Bi‘({)@\/— H B3 (£,)]00).

As with Example 1, the output state can be derlved by
means of Corollary 11. Alternatively, it can be derived
via Theorem 12. By Theorem 12, the output state is

(vl— RB; () + VRB;(¢))

1
X~ Z B} (S%2¢,) - By, (S%2¢,,)]00).
Ne Eiyooko=1 ‘

(52)

| out>

In particular, assume &1(¢) = -+ = &(t) = £(t) and
S5 |€(t)|dt = 1. Then (52) becomes

L (VI=RB;(€) + VEB(©))

Val
x (VRB;(€) — V1~ RB;(£))*[00).

The coefficient for the component ﬁBf (€)*B3(£)]00) =
ﬁw, 1) is VR1(R — £(1 — R)), whose squared value
is exactly (in) in Sanaka, Resch & Zeilinger, 2006.

|\I]out> =

Ezxample 3: The photon-catalyzed optical coherent
(PCOC) case. Consider a beamsplitter with parameter

T -R
R T

S = , (R,T>0, RP°+T?=1).

Let the input be |¢)¢)®| ), where |a) = e —laf?/2 DN \/_
is a coherent state. The input state can be re-written as

2 4
| zn —e —|a? /22 HH |0®2

where /1 = ¢ and {5 = n. When the first output channel
is measured by means of the state |£), the state at the
second output channel becomes

oo
" _olaP2N 28
| out,conditioned> =€ —'
n—0 v n:

min{{,n} n / ‘ _ ‘
(,",) () rme2im,
n—=73/\J

>
3=0
which is the key formula (1) inBartley, et al., 2012.

5 Conclusion

In this paper we have studied the response of quan-
tum linear systems to multi-channel multi-photon states.
New types of tensors are defined to encode pulse infor-
mation of multi-photon states, for both the factorizable



case and the unfactorizable case. The steady-state ac-
tion of quantum linear systems on multi-photon states
are characterized in terms of tensor processing by trans-
fer functions. Explicit forms of output states, output co-
variance functions and output intensities have been de-
rived. In contrast to the discrete-variable (single-mode)
treatments in most discussions on quantum information,
we have presented a continuous-variable (multi-mode)
treatment of multi-photon processing. As can be seen
from Examples 1-3, the continuous-variable treatment
is also applicable to many discrete-variable treatments.
(Due to page limitation, some details have to be omit-
ted. An extended version is arxiv.org/abs/1311.0357.)
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