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Abstract

In this paper, we discuss the normal product form of the density operator of multimode
Gaussian states and obtain the correlation equation between the kernel matrix R of
the Gaussian density operator in the norm al product form and its kernel matrix G
in the standard quadratic form. Further, we explore the time evolution mechanism

of R and obtain the Gaussian dynamical equation under the normal product R =
i(RJH — HJR). Our work is devoted to searching for another mechanism for Gaussian
dynamics. By exploring the description of the normal ordered density matrix under
the coherent state representation, we find that our mechanism is feasible and easy to
operate.
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1 Introduction

Quantum information science with continuous variable systems is developing rapidly,
presenting many exciting prospects in both its experimental realization and theoretical
research. Concepts and protocols, such as entanglement and teleportation, initially
intended only for discrete quantum systems, have been extended to continuous variable
systems, allowing more efficient implementation and measurements. In this context,
Gaussian states, as continuous variable quantum states, play an important role in
both the experimental and theoretical fields. Gaussian states are defined as quantum
states that have Gaussian Wigner functions, while Gaussian dynamics studies the time
evolution mechanism of Gaussian state under Gaussian unitary transformation. Two
points should be paid special attention to here, one is that the Gaussian state itself must
be of Gaussian type, and the other is that the Hamiltonian of the dynamical system in
which the Gaussian state evolves is of standard quadratic form.

b1 Rui He
heruim@wxc.edu.cn

School of Electrical and Optoelectronic Engineering, West Anhui University, Lu’an 237012, Anhui,
China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11128-023-04015-z&domain=pdf
http://orcid.org/0000-0003-4494-9106

253 Page2of 14 R.He

There are many works on the dynamics mechanism of Gaussian state evolution in
quadratic systems [1-7]. However, many studies focused on the evolution mechanism
of the covariance matrix of the Gaussian state, which almost became the paradigm of
Gaussian dynamics, and most of the research was done in this way. Here, let us make a
brief introduction to this mechanism. For a standard quadratic system, its Hamiltonian
can be written as follows:

~ 1 —~ —~
H:EXTHA—i—hTA, (1)

where T represents the transpose of the matrix, hT s a real row matrix and
H is a positive definite, Hermitian and symmetric 2n x 2n matrix, while A =
(@, ....an, @', ...,a,"HT, in which @ and @' represents the creation and annihi-
lation operators for n-mode Gaussian bosonic systems, satisfying the usual bosonic
commutation relations [a;, d;] = @7, d}T] =0 and [a;, d}T] = §;j. Without loss of
generality, and for the convenience of discussing problems, we adopts H= %XT HA
in the following. Then, for a Gaussian state, its time-evolution covariance matrix o (¢)
is according to the following rules [8, 9]

_do (1)

5 = JWo + oI, @

o (1)

0 I,
where J = <_In 0
evolution of the Gaussian state can be mapped as

>, I, is n x n identity matrix. Thus, by solving Eq. (2), the time

o (1) — S(t)o (0)ST (1). 3)
Note that S(¢#) = exp(JHr), which is a symplectic matrix and satisfies with
STJs=8J8” =1J. 4)

However, can we directly give the law of the time evolution of the Gaussian state
pg (t) itself? This is the main topic to be studied in the present paper. In short, we give
the law of the time evolution of the kernel R of the Gaussian density matrix in the
normal product form through effective theoretical derivation, which is an important
development of the Gaussian dynamics mechanism. Compared with the previous work,
our work is dedicated to directly giving the time evolution of the Gaussian density
matrix, breaking the previous theoretical paradigm with the covariance matrix as a
bridge. Moreover, due to the operational simplicity of the normal ordered operator in
the coherent state representation, we can in principle solve analytically many problems
related to the evolution of density matrices, such as the evolution of von Neumann
entropy.

Our work is arranged as follows: In Sect. 2, we first give a brief review of the
Gaussian state and its covariance matrix. Then, we use the covariance matrix of the
Gaussian state pg (¢) as a bridge to obtain the algebraic relationship between the kernel
G of the Gaussian state density matrix and the kernel R of the normal form of the
density matrix, so that once we get R, we can give G, vice versa. In Sect. 3, we
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introduce the coherent state representation description of the Gaussian state, which is
the basis for our follow-up work. In Sect. 4, we will show the time evolution law of
the kernel matrix R of the normal product of pg(¢)

R = i(RJH — HJR). (5)

2 Gaussian state and its covariance matrix

The density of a Gaussian state can generally be written as [10]

e G

L — 6
Tr(e=0) ©

0G

Note that G = %ZT GA. By Williamson’s theorem [11], for a positive definite, Her-
mitian and symmetric 2n x 2n matrix G, it can be decomposed into the following

form ~
G =STKS, @)

KO0
0K
According to [10], for the Gaussian state given by Eq. (6), its covariance matrix can
be written as

where, S denotes a symplectic matrix, K = > and K = diag(wy, ..., o).

o=8"1vsT, ®)
in which, vV = ((‘; g) v = diag(vy, ..., v,), and v; = tZ—:Zi Then[12]
I+ e 96 q " QG o ©
c=———-Q=co —_— ,
I— e 9G 2
I, 0
where, Q = 0 -1, )

We also know that the characteristic function of any Gaussian state can be written
as [13-15]
Ly
C(Z) =e22'CL, (10)

Note that Z = (z1, ..., Zn, z’f, e, zZ)T. Because its characteristic function in phase
space is Gaussian, we call it Gaussian state. By using

fQA fQA- Lzt
LI0A . jgied-7'7. (11)

where, : ---: represents normal ordering. Then,

@ Springer



253 Page4of 14 R.He

pi = [ *icw)
_ /(dZ): GLTQA-IZZ. ,—3Z7CL

- /(dZ): e~ 2L (CHIDZ LR (12)

By using the technique of integration within ordered product (IWOP) [16] and the
integral formula

1
VdetV

/(dz)e—%z*VZeZTX _ e—%XTEV’IX, (13)

01,

where, E = <In 0

) , let us continue our derivation

o= e o S @AECH @) |
Jaerm L2 2

1 1 1 o
= exp [—EZTQE(C—i-EI)lQA] C.

\/det (C+3T)

Here, we emphasize that in the normal product form, the bosonic operators are
all numbers, so we can perform integral and differential operations without any
obstacles, which is the most unique feature of INOP technique. Now, we can set
R = QE(C+3D)7'Q, then

(14)

1 N
pc = vdetR: exp (—EATRA> . (15)

Since the Wigner function of the Gaussian state pg can be written as

W(Z) = exp(—Z'o71Z). (16)

1
Jdeto

Note that o here is the covariance matrix in Eq. (2). According to the Fourier transform
relationship between C(Z) and W (Z), we can get

o1 1
T =QC™'Q (17)

or
C=-Q0Q. (18)
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Substituting Eq. (9) into Eq. (18), we have

QI+ e %6
C=21 o 19

Then, taking Eq. (19) into Eq. (14), we can get

—1
I QI+4¢ %G

R=QE(-+——"" ) Q
<2+21—e_QG

.. [+ 96\ !

I+ e 96
=-2 (E+I—e—_QGJ>

I —-QG
=2 (E+JJ‘IJ_FE—_QGJ>

I+ e—J_]QGJ -1
=—2|E —|—J—I ey

I+ ¢ EGJ -
:_2(E+JI—E—EGJ> . (20)

In this way, we obtain the relationship of the kernel matrix R of the normal product
of pG(t) and G, which is exactly the same results as in [17]. In Gaussian dynamics,
as long as we know the time evolution of R, we can infer the evolution of G from
Eq. (20). That is to say, we can directly calculate the time evolution of the density
matrix of the Gaussian state by using this method. Moreover, according to the above
calculation, we can also deduce the relationship between R and o

—1

—1

R=—2E@c+1)"". 1)

As far as we know, there is currently no similar work that draws the same conclusion
as Eq. (21).

3 Coherent state representation of Gaussian state
Now we introduce n-mode coherent states |Z) = |z1, ..., 2, ) and suppose that p(Z) =

(Z|pg|Z). In normal product form, bosonic creation and annihilation operators could
be replaced by the complex parameter of the coherent state, thus, we have

1 -
p(Z) = ~/detR(Z|: exp <—§ZTRA) :|Z)
— JdetRe 1Z'RZ, (22)
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For a single-mode coherent state |z), we have

3
IZ><ZI5=< g *> |2){zl, (23)
Z

. 9
atlz) iz = (z* + 3—Z> 1z)(z]. (24)

We can generalize the relationship given by the above two equations to the multimode
case and have

a (21 0\
o~ /CYn Zn O
AlZY{Z) = | = | 1Z){Z] = « |t 2 |Z)(Z]
a; 2 921
a L \z agn .
—(z+ 521 2 Vizyz (25)
N 2 9ZT '
Similarly, the following formula can be derived
E+J o
1Z)(Z|AT = (ZT + Ta_z) Z)(Z). (26)

Taking into account Eqgs. (25) and (26), in the coherent state representation, we obtain

8EJ)
7zr 2

7)(Z 8EJ 27
T+ = 27)

(ZIpGAIZ) = (Z|pG|Z)(Z + 8

and

~7 A7 E+J8>
(Z|A pGIZ)—<Z + 537 ) LlrclZ)

= <ZT + ¥i> (Z), (28)

where, we have set p(Z) = (Z|pg|Z), which is actually a Husimi-Q function in the
phase space representation. Eqs. (27) and (28) are the results obtained by referring to
Eq. (6.1) in Ref. [17], but they are different from the form of Eq. (6.1) and we explicitly
describe them in the form of coherent state representation.
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4 Gaussian dynamics equation in normal product form

For an open dynamic system, the time evolution mechanism of the system is determined
by the following Lindblad equation [8, 18]

p(t) = —ilH, p(1)] + Z [apa)a* — %afa-p(z) —~ %pma*a} : (29)

where H is quadratic, & and ¢; T are the linear forms of the creation and annihilation
operators. The first term of Eq. (29) is the Schrodinger term of unitary evolution.
The following summation term represents the effect of the interaction between the
system and the environment on the evolution of the system state, which describes the
possible transitions, dissipation, and decoherence that the system undergoes due to
the interaction between the system and the environment. In practical applications, for
closed systems, the influence of environmental factors can be ignored, and the internal
Hamiltonian dominates the process of system evolution. Quantum ensembles evolve
based on the Schrodinger equation. On the contrary, when the internal Hamiltonian
can be ignored and the environment dominates, the Lindblad operator plays a major
role, and we are concerned about the interaction between the system and the environ-
ment. Therefore, in order to study the stochastic dynamic characteristics in the open
quantum system, that is, the laws of dissipation and decoherence of the system, we
can first ignore the unitary evolution part of the system and only study the Lindblad
operator term of the system. Therefore, the dynamic master equation of the reduced
density matrix of the system with the time evolution is as follows:

OEDY [cﬁ-p(t)a* - %a?apm - %p(t)a*a] : (30)

i

Although the content discussed in this paper can be fully extended to the case where
the quantum system is affected by the coherent environment, that is, considering the
second term on the right side of Eq. (29), for the sake of brevity and beauty of the
text, we only analyze the time evolution mechanism of Gaussian states in quadratic
Hamiltonian systems independent of the environment. That is to say, we only discuss
the quantum Liouville equation

06 (1) = ilpG (1), HI. 31)

Note that here H = %A\THA\ (FOI simplicity, we did not adopt the more general form

given by Eq. (1)) and pg = T:’(jc) = +/detR: exp (—%A\TRX) : . Substituting H

and pg into Eq. (31), we get

AIVAER: exp(—3ATRA): ] _ L VaeR AR, e (L A7RA)
_ e (~2ATRA)

dt
(32)
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By using the commutation formula [AB, C] = A[B, C] + [A, C]B, we obtain

d[+/detR: ex -3 ATRA j —~ 1 ~
[ 5; ): = —%vdetR;{TH |:A, 1 exp (—EATRA) : i|

j 1 ~ —~
—%vdetRKT |:H, . exp <—§XTRA> : i|A
] 1 ~ —~
—%\/detR |:ZT, : exp (——KTRA) : 1|HA.

2
(33)
Considering the following normal product properties [19]
LS| S by o
igiﬂma):=[hﬂma)ua], (34
0 Y ~
Wf(a,cfr): =[a : f@ah:1, 35)
and the derivation rule of quadratic matrix
dXTA%) _ 2xT A (36)
ax ’
dxTAx
dXAX) _Hax. 37)
dxT

under the condition A = AT (A is a symmetric matrix), we can simplify Eq. (33) into
the following form

d[+/detR: exp —% RX) ]

L
;x/detRZTH J— exp (—- RA

dr 2
1 -
+;x/detR Aexp(—EXTRA)J:HA
—x/detRA\T |:H,: exp< ) i|;4\
- «/detRZT H: JRAexp( >

1 ~ -
—%vdetR: XTRexp (—EATRA> J: HA

. | R R
—%x/detR;{T |:H, : exp (—EZTRA> : i|A.
(38)
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In the dynamics of phase space, the time evolution formula of Husimi-Q function p (Z)
can be derived as follows:

do(Z .
% = Tr(p|Z)(Z))

= —iTr(pH|Z)(Z| — Hp|Z)(Z))
= —i(Z|pH|Z) + i(Z|Hp|Z), (39)

In fact, we just need to average the coherent states on both sides of the Liouville
equation. By calculating the average value of the coherent states on both sides of Eq.
(38), we have

d[vdetR(Z|: exp (—~1ATRA) : |Z
dt

. 1 A\
= %\/detR(Z|A\THJR: exp (—EATRA> A |Z)

. : R R
—%x/detR(Z|: AT exp (—EZTRA> : RJHA|Z)

, | R _
—%\/detR(Z|XT [H, © exp <—§XTRA) : } AlZ). (40)
We first calculate the third part of the right-hand side of Eq. (40) and have

. | R _
—%«/detR(Z|ZT[H, . exp <—§ZTRA> 1 1A|Z)

i E+J 0
——VdetR (2T + —=—
Ve ( T az)

1 IR 5 E-—
(Z|[H, : exp <—§ATRA> : ]|Z)< + oz E-J

—%JdetR(ZT E;“J 9 )(H( |: exp <—%KTRZ> - 1Z)

1 - 9 E
—(Z]: exp(—-XTRA):| W2+ o TJ)
i E+J 0 3 E—J
__tfgr —-J
= 2<z 5 )(Hp(Z) p(Z)H)(Z—l—aZT 5 ) 41)

Since p(Z) is a number, Hp(Z) — p(Z)H = 0. So we show ——\/ detR(Z| [H, :

exp(——ATRA) ]A|Z) = 0. We continue to calculate the first two terms on the
right-hand side of Eq. (40),
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. LN
%\/detR<Z|XTHJR: exp (—EATRA> A7)

_ %M(ZT :J_i)[HJR( |: exp (—%;\\TRAj A7) (42)

and
. N ~
—%x/detR(le AT exp (—EZTRA) . RJHA|Z)
; 1 5 E—J
! T Tt -
L JdetR(Z|: A __ATRA) : RIH|Z)(Z + ————. (43
S VaerR(2] exp(2 )JI)(+8ZT2)()
Then,

dp(Z) _ d[vVdetR(Z|: exp(—3A ATRA) : |

dt dt
—EMZTRZ;(Z)—i—dm o(Z)
= M(ZT + T—)[HJR( | exp (—%ATRAj A:Z)]
. <
—%Mm: AT exp (—%ATRZ> . RJH|Z)(Z + a%?
= M(ZT + T—)[HJRp(Z)Z]
~ <—
L VaRE p @RI+ )

- l—«/det RZ” (HJR — RIH)Zp(Z) + l—JdetR?%[HJR;)(Z)Z]

x/detR[ZT,o(Z)RJH] KN ?). (44)

Note that here we have set ,;)(Z) = p(Z)/+/det R. Multiplying E + J on the left-hand
side of Eq. (44) and E — J on its right-hand side and noting that (E + J)> = 0 and
(E — J)? = 0, we obtain

: 1 dvdetR
E Z'RZ(E - J) -2 (E S E —
E+D) ( JH-2E+]) JioRdt ( J
=—i(E+)Z"HJR —RJH)Z(E-J). (45)
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Because Z'RZ, d—vstetRand ZT (HJR — RJH)Z are all numbers, Eq. (45) can be
written as

: dIn+/detR
B+ (E-DZRZ-2E+1) E-J)
=—i(E+J)(E-J)Z"(H)JR — RJH)Z. (46)
Obviously, we have

dIndetR

Z7[R — i(RJH — HJR)]Z = o

(47)

For any R, H and Z, Eq. (47) always holds, then we get Eq. (5) given in the introduction
and ‘% = 0. In this way, we derive the Gaussian dynamics equation in the normal
product form. At the same time, there is reason to believe that Indet R is a constant
that does not change with time. According to the formula dete4 = 7”4 we can
obtain Indet R = Tr(InR).

In addition, since Indet R = Tr(InR), then

dindetR  dTr(InR)
at dr

— Tr(RR)
= Tr[i(RJH — HJR)R ]
= iTr(RJHR™! — HJ)
= i[Tr(RJHR™) — Tr(HJ)]
= i[Tr(JH)-TrHJ)]
=0. (48)

So, we show that if R = i (RJH — HJR), then 41885R — 0 naurally satisfies.
Compared with Egs. (2) and (5), it is not difficult to draw

R() = UOROU" (1), (49)

where U(t) = exp(—iJHr). In this way, we get the solution of Eq. (5) smoothly.

In continuous variable systems, in order to provide a more complete description of
the quantum state p, it is necessary to indirectly introduce the characteristic function
[6]. R

x(p) =Tr(pDy), (50)

where 5; is Weyl displacement operator and ¢ € R*". According to the Weyl—Fourier
relationship,

p [ @ cx@b. (51)

~ Q)
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Therefore, each characteristic function corresponds to a unique quantum state. That
is to say, quantum states can be obtained based on their characteristic functions.
At the same time, we can obtain the correlation between the Wigner function and the
characteristic function of the quasi-probability distribution through Fourier transform

W) = /dZ”KeiKTQCX(K). (52)

(2m)"

As mentioned earlier, a Gaussian state is a quantum state whose characteristic function
is a Gaussian function. These Gaussian states play a key role in the processing of
continuous variable quantum information. The Wigner function of the Gaussian state
can be written as [6]

W(Z) = —(Z—Z)*a—l(z—Z)] . (53)

1
———ex
J/deto p[

From the above equation, the general Gaussian state p can be completely determined
by the first moment Z and the covariance matrix o. It should be noted that in our
work, for processing convenience, we write the Wigner function in the form of Eq.
(16). In general, any quantum state p in a Hilbert space must be determined by a
different order correlation, but the Gaussian state can be completely determined by
using only the first-order correlation Z and the second-order correlation o .

The significance of our work is that we do not need introduce phase space func-
tions such as characteristic function and Wigner function to indirectly determine the
Gaussian state and characterize its evolution. If we know the R-matrix in the normal
product form, we can directly write the quantum state p from Eq. (15); Next, it can be
determined from the evolution with time of R in Eq. (5); Furthermore, the R(t) that
evolves with time can be calculated according to Eq. (49) to determine the evolution
with time of p(t). The discovery of Eqgs. (5) and (49) is very important, and in prin-
ciple, they can be applied to any physical systems where Gaussian state evolves in a
Gaussian channel.

5 Conclusion

The time evolution mechanism of Gaussian states is a long-standing and ever-new
topic. This paper mainly provides another mechanism for dealing with the dynamics of
Gaussian states. Different from the previous covariance mechanism, our work gives the
equation for the time evolution of the kernel matrix R of Gaussian states in the normal
product form, which provides a new perspective for Gaussian quantum information
processing.

The advantage of writing the density matrix of the Gaussian state in the normal
product form is that the specific functional form of the density matrix under the coher-
ent state representation can be directly given, which can be done simply by replacing
bosonic operators in the density matrix with the complex parameters of the coher-
ent state. This processing method will bring us convenience to solve some problems.
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Moreover, in the normal product, we regard bosonic operators as numbers, so we can
perform integration and differentiation operations without any obstacles, which can-
not be replaced by conventional methods. This processing method undoubtedly has
great potential and has the value of further research.

Following the theoretical ideas proposed in this paper, in principle, the closed
evolution of the Gaussian state that does not interact with the environment can be
extended to the case in which the system is coherent with the environment; that is, the
Lindblad equation can be solved smoothly, which will be our follow-up work.
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