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In this paper, a simple method for obtaining general analytical solutions of the time evolution equations for a fully
quantized parametric oscillation process is developed. Heisenberg’s equations for the signal—idler photon annihilation
operators are converted into a matrix equation equivalent to a two-state Jaynes—Cummings time evolution equation which
has exact analytical solutions. The mean intensity inversion for the coupled signal—idler photon pair is found to undergo
fractional revivals for pump photon in a Fock state, provided both signal and idler photons are in occupied Fock states.
General collapses and revivals occur for interactions with pump photon in a coherent state, but now with both or either of
signal and idler photons in occupied Fock states. An interpretation of the coupled signal—idler photon pair as a circularly
polarized two-state system specified by positive and negative helicity states leads to an appropriate description of photon
polarization state dynamics governed by the underlying Jaynes—Cummings interaction.

Keywords: quantized parametric oscillation; Jaynes—Cummings interaction; collapses; revivals; fractional revivals;

polarization state dynamics

1. Introduction

The fully quantized parametric oscillation/frequency-
conversion process treated in this paper is modeled as a
quantized three-mode interaction governed by a trilinear
Hamiltonian of the form

H=h (wi'a+ea|a +oifio+g (aaja+aala) ),
(1)

where g is a constant coupling parameter. In the present
work, a-mode, aj-mode and a;-mode represent the pump,
signal and idler photons, respectively. The annihilation and
creation operators for the pump, signal and idler photons
are accordingly denoted by (a,a’), (ap, éI), (as, &; ),
respectively.

Earlier efforts to obtain exact analytical solutions of the
equations of dynamics generated by the trilinear Hamil-
tonian in Equation (1) include the independent works of
Carusotto [1] and Jurco [2]. But their approaches yielded
expressions which were too complicated and discourag-
ing to work with. As a result, further studies of the fully
quantized parametric oscillation process, exemplified by
the works of Drobny and Jex [3], Jyotsna and Agarwal [4]
and others not cited here, focused attention on the numeri-
cal integration methods, which have revealed fundamental
quantum mechanical phenomena of collapses, revivals and
fractional revivals in the time evolution of the mean signal
or idler photon numbers.

The present paper takes the challenge of developing a
simple procedure for obtaining exact analytical solutions of
the time evolution equations governing the dynamics of the
fully quantized parametric oscillation process based on the
trilinear Hamiltonian in Equation (1). The main motivation
here is that analytical solutions are much easier to work
with and very effective in revealing detailed features of
the dynamics of a system. The current interest in practical
applications of parametric interactions in quantum mechan-
ics based technologies would be highly enhanced by simple
exact analytical expressions describing the time evolution
of the annihilation and creation operators, as well as the
associated state vectors, of a fully quantized parametric
oscillation process.

A transformation of H in Equation (1) to the interaction
frame through a transformation operator 7, (¢) according
the transformation law

ot . Tﬂ
Hi =T} H Ty —ihT) (2a)

for the interaction generated by the quantized pump field
mode, with

Ty (1)

TJ&Tp = exp(—iwt)a, TPT&T T, = exp(iwr)a’;

exp (—iwaT&r); T (1) =exp (iw&TEzt), (2b)

dT
—ihTTE = —hwa'a, (2¢)
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yields the interaction Hamiltonian Hj in the form
Hy=h (a)lflchAl] + a)z&i&z
tg (exp(—iwz)&aj@ + exp(iwt)&T&;rél)) .
(2d)
The dynamics of the interacting signal-idler photon sys-
tem is described through Heisenberg’s equations for the

annihilation operator pair (aj, ap) generated by Hj from
Equation (2d) in the form

da;

ih? = h(wia1 + ga exp(—iwt)ay) , (3a)
da .
ih% =h ((UI&Z + ga' exp(ia)t)&1> . (3b)

These are the time evolution equations governing the
dynamics of signal and idler photons driven by a quantized
pump photon of angular frequency w in a fully quantized
parametric oscillation process. The task in this paper is to
obtain the appropriate analytical solutions. The procedure
is developed in the next section.

2. The matrix method: Jaynes—Cummings interaction

The form of Equations (3a)—(3b) suggests the introduction
of a two-component annihilation operator column matrix
(which may also be called a two-component operator vec-

tor) B defined by
A _ al .
B = (&2) : (4a)

to write Equations (3a)—(3b) in the matrix form
dB .
ih— = HB, 4b
@ (4b)
where H is a 2 x 2 Hamiltonian matrix obtained as

M= h( y @ ga exp(—uut)) . o)
ga' exp(iwt) w2
Introducing the usual 2 x 2 identity / and Pauli spin
operators S; = %aj, Jj=x,y,2,0,4, —, in the form
1 A 1 A 1

S()ZEI; SZZEGZ; S+=50+; S_Z—O'_,

satisfying algebraic relations

A~

S¢S = So+8: 88, =8-S 8.8 +8.8 =0
$.5_+8.8. =0, (5b)
puts the Hamiltonian matrix in Equation (4c) in the form
H=h [912.§O+w123'Z +g (& exp(—iwt)3‘+ +a' exp(iwt)S‘_) } ,
(6a)

after introducing frequency sum 1, and difference wi»
defined by

Qp=w+w; w2 =0 —ow. (6b)

The Hamiltonian H in Equation (6a) (ignoring the con-
stant hQ2 123‘0 term) takes the form of the Jaynes—Cummings
interaction Hamiltonian obtained by Knight and Radmore
[5] in their study of the quantum origin of dephasing and
revivals in the coherent state Jaynes—Cummings model.
The Jaynes—Cummings interaction Hamiltonian has also
been obtained in the same form in the excellent textbook
of Nielsen and Chuang [6] on quantum computation and
quantum information. The matrix approach thus simplifies
the problem by converting the equations of dynamics in
a fully quantized parametric oscillation process into the
form of the standard Jaynes—Cummings interaction, which
has exact analytical solutions. This is the main step of the
solution procedure developed in the present paper.

Complete understanding of the two-level Jaynes—
Cummings mode of interaction in the fully quantized
parametric oscillation process may be gained by considering
that, according to Equation (4b), the Jaynes—Cummings
interaction Hamiltonian A generates the dynamics of the
signal-idler photon system by operating on the
two-component operator vector B defined in Equation (4a),
expressed now in the appropriate form

~ .1 .~ (0 N A

B=a <O>+a2 <1> = ai|l) + a212) (7a)
after introducing the two-dimensional Hilbert space basis
vectors |1) and |2) defined as usual by

= (é) 2) = (?) (Tb)

It is clear that B takes exactly the form of a two-level
atomic state vector as defined within the standard Jaynes—
Cummings model in quantum optics [5,8—11] and in general
quantum mechanics. The only difference is that the atomic
state vector is weighted by c-number probability ampli-
tudes, while B as presented in Equation (7a) is weighted by
signal—idler photon annihilation operators. In standard pho-
ton dynamics, the basis vectors |1) and |2) are interpreted
as the basic circular polarization state vectors. In particular,
using the Pauli matrix o, according to

Uzz((l) _01>; o y=1)=|4); o 2)=—[2) =|-)

(7¢)
leads to the standard interpretation that |1) = |+) is a
positive helicity state vector, while |2) = |—) is a negative

helicity state vector for circularly polarized photons [7].

The two-component vector B is therefore interpreted as
a polarization operator vector for the coupled circularly
polarized signal—idler photon pair. The component annihi-
lation operators a; and a; are interpreted as photon intensity
(or photon number) operator amplitudes for signal and idler
photons in positive and negative helicity states |1) and |2),
respectively. This interpretation is clarified by taking the
Hermitian conjugate

BT = (11a] + (21a] (8a)
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to be used with Equation (7a) and
(Jlk) =8k,

to obtain the total photon intensity (photon number)
operator as

jok=1,2, (8b)

f=a=8B=dlay+alar=1+h 8

where I} and I are interpreted as the intensity operators
for circularly polarized signal and idler photons initially in
the positive and negative helicity states, respectively. These
intensity operators are defined by

h=dlay=h;  bh=aja =i, (8d)
where 1] and n, are the signal and idler photon number
operators, respectively. Additional information on the pho-
ton polarization state interpretation will be given in Sec-
tion 5 below.

The time evolution of B according to Equation (4b) is
then due to the action of the Jaynes—Cummings interac-
tion Hamiltonian A in Equation (6a) on the positive and
negative helicity state vectors |1) and |2). The underlying
dynamics in a fully quantized parametric oscillation process
is therefore a two-state dynamics characterized by the time
evolution of circularly polarized signal—idler photon pair
state vectors generated by a Jaynes—Cummings interaction
Hamiltonian. The general interpretation is that the coupled
signal—idler photon pair constitutes a composite circularly
polarized two-state system specified by the positive and
negative helicity states interacting with a single-mode quan-
tized pump field equivalent to a Jaynes—Cummings model
for a single two-level atom. In this interpretation, the degen-
erate signal—idler photon pair is understood as a single two-
state circularly polarized photon specified by its positive
and negative helicity states.

The Jaynes—Cummings mode of interaction obtained in
the present work explicitly accounts for the occurrence of
fundamental quantum mechanical phenomena in the form of
general collapses, revivals and fractional revivals, revealed
in studies of the dynamics of a fully quantized paramet-
ric oscillation process using numerical methods [3,4]. The
collapse and revival phenomena have been established as
general quantum mechanical features of the Jaynes—
Cummings mode of interaction in quantum optics [5,8—11].

3. General solution

The general solution of the time evolution Equation (4b)
can now be obtained. To realize the full content of the
Jaynes—Cummings mode of interaction, Equation (4b) is
transformed back to the original frame by applying the
inverse operator Tp’l(t) = TpJr (1) = exp(iwta’a) defined
earlier in Equation (2b). Using notation A for the polariza-
tion operator vector in the original frame, the transformation
is applied in the form

= A(0) = B(0),
(%a)

which is used in Equation (4b) to obtain the effective time

evolution equation in the original frame in the form

dA .
ih— = HjcA, 9b
i iC (9b)

AWy =T ) )B@); T)0) =1

where the Hamiltonian Hjc follows from the transformation
in the form

i m dTp
HJC = TpHTp - lthF. (9C)

This essentially reverses the general transformation law in
Equation (2a) as expected. Substituting H from
Equation (6a) into Equation (9c) and applying standard
algebraic relations gives the final form

HJC =h ia)&T& + 9123() + 601232 + 8 <&§+ + &T§_>] .
(9d)

Ignoring the constant 1280 term which yields only a global
phase factor, Hjc in Equation (9d) is identified as the
standard Jaynes—Cummings Hamiltonian, originally derived
by Jaynes and Cummings [10] to describe the interaction
between a two-level atom and a quantized single-mode
radiation field.

The usual procedure for solving the Jaynes—Cummings
problem in quantum optics [12,13] then applies to
Equation (9b). Adding and subtracting ha)S‘z in
Equation (9d) gives

Hye = ho (&*&+§Z) +h {912§0+8§Z+g (& Sy +af S,>}
(10a)
after introducing the frequency detuning § defined by
S=wp—w=w —w) —w. (10b)

It is convenient to write Hjc as a sum of two components
in the form
Hjc = hoN + H (10c)

after introducing an operator N and interaction Hamiltonian
H defined by
N=ata+8,;: H=h {912§0+5§Z+g (& $y+af S_)}
(10d)

_ Using standard algebraic relations for a,af, 3‘0, S‘Z, §+,
S_ easily gives

[hwN , H1=0 = [hoN, Hjcl=0; [H, Hyc]=0.

(10e)

Since both components hiwN and H commute with Hjc,
they are constants of the motion. The Hamiltonian Hjc is
thus time-independent, leading to a solution of the time
evolution Equation (9b) through simple integration giving

A(t) = Uic(H)A; A = A(0), (11a)
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where the general time evolution operator Ujc(#) has been
obtained as

Uic() = TnU (1) = T,(U@); U@ =TOU®)
(11b)
after applying the commutation of hwN and H as in
Equation (10e) and using
Ty (t) = exp) — iwtN) = Tp(1) T (1);
T() = exp(—ia)tS’Z),
(11c)

I,(t) = exp(—iwta'a);

U(t) = exp (— %Et) . (11d)
The initial polarization operator vector A = A(0) follows
from Equations (7a) and (9a) in the form
A=all)+al2); ar=a0), a=a©), 12)
which is substituted into Equation (11a) to obtain
AWy = anl; 1) +al12: ), (13a)

where the general time evolving positive and negative he-
licity state vectors |1; #) and |2; ), respectively, are defined
by

115 7) = Usc(®)|1);
Reorganizing A1) in Equation (13a) in the form

At) = a1(0)|1) + ax(1)12) (13¢)

12; 1) = Usc(®)]2). (13b)

gives the desired explicit forms of the time evolving anni-
hilation operators a; (¢) and d; ().

Since the initial operators a; and a; are time-independent,
Equation (13a) shows that the time evolution is determined
by the general time evolving helicity state vectors |1; ¢)
and |2; ) obtained through the action of the time evolution
operator Ujc(t) according to Equation (13b).

3.1. Evaluating Ujc(t)

To determine the explicit forms of the general time
evolving photon helicity state vectors |1;¢) and |2;¢) in
Equation (13b), the time evolution operator Ujc(t) is ex-
pressed in an appropriate form. Substituting U () from
Equation (11d) into Equation (11b) and using H from Equa-
tion (10d) gives Uyc(t) in the form

Uye(t) = exp (—iszuﬁot) T,OT()DE. g)  (14a)

after considering that the identity / = 280 commutes with
the rest of the operators to effect a factorization as
appropriate. We have introduced a detuning interaction time
evolution operator DG, g) defined by

D@, g) = exp (—it {SS'Z +g (&3’+ + &T(I)S_”) .
(14b)

To facilitate evaluation of |1;7), |2; ¢) in Equation (13b),
ﬁ((S , 8) 1s expressed in explicit form to act on [1) and |2)
through expansion of the exponential in Equation (14b) and
then reorganizing into even and odd power terms in the
form

VN A A \\2J
A o0 (—if)2 (55Z tg (as+ + a*s,))
DG, g =)

Z @)

(it (85 + g (a8, +a78))”
+]Z_(:) 2/ + D!
x (531 Y (&3*+ n &Tﬁ_)) : (15a)

where the odd power term has been expressed in a conve-
nient form for ease of evaluation. Writing

(35:+e (a4078))” = | (38ce (a8 +a75-))]

(15b)

J

and carrying out an expansion using Equation (5b) together
with

~ 1 ~ -
2=_r, §2=0; aa'=a'a+1 (15¢)

4
gives (S’Z = S’ZI)

(33‘Z +g (&§+ + &TS_))

| 12\ 2

_ Afa L d 2

= (g(a a—i—Sz—l-z-i-k) ) I

= (89)°1 (15d)
after introducing a (detuning) parameter k and an operator
q defined by

82

el
Substituting Equation (15d) into Equation (15b) and using
the result in Equation (15a), noting

3’3_:0;

2

R . 1 1/2
k? 4=<a‘a+sz+§+k2> . (15e)

(_it)zj = (_1)jt2j; (—it)2j+1 _ —i(—l)jtszrl,
(16a)
= i x2 o [ 2741
DXV (=D/x2*
o= o = L T
Jj=0 j=0
o0 . .
—1)/x2i 1
ZLX, = —sinx (16b)
) 2j+D! x

gives
. R TN PO SOu
D8, g)=cos (g14)] — — sin (gd) {3sz+g (aS++a S_)} .
24
(17)

Substituting Equation (17) into Equation (14a) gives the
general time evolution operator Ujc(#) in the desired form.
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3.2. Evaluating |15 t), |2; t), A(t)
The time evolving helicity state vectors are evaluated by
using Equation (14a) in Equation (13b) and applying

. i . 1
exp (12801 ) = exp (—5912r> LS =S

. 1
S:12) = —§|2>, (18a)
. A i
exp (—m)Szt) [1) =exp <—Ea)t) [1);
. A i
exp (—1wSzt) 2) =exp 50t ) 12) (18b)
Sp11y=0, 8412)=11); S_|)=12), S_12)=
(18¢)
to obtain

i
I1; ) = exp <—55212t) T,(1)|8; g; wt)1;

i
|2; 1) = exp <—§Q1zt) T,()18; g; wt)2  (19a)

after introducing the signal—idler photon pair helicity co-
herent state vectors |§; g; wt)1 and |§; g; wt), respectively
defined by

18: g: )1 = TMDE. ) |1):
185 g: )2 =T (1)D(3, 8) |2)
and obtained in the form (k = §/2¢)

(19b)

|k; g; wt)] = exp (—%wt) {(cos (gtq) — ié sin (gt(})) |1)
q
cexp(iwt)

sin (gtg) a’ |2>} , (19¢)

|k; g; wt)y =exp (%a)t) {(cos (gtq) + ig sin (gté)) 12)

B exp( iwt)

sin (gtq) a |1)} (19d)

where the operator ordering from Equation (17) has been
maintained as appropriate.

Before taking the final step, the spin operator S'Z is
eliminated from the definition of ¢ in Equation (15€) by ex-
panding the trigonometric functions according to
Equation (16b) and carrying out repeated applications of
¢* j-times on |1) and |2) in the form

§%12) = ¢*U7Vg%12) (20a)

and then using S;|1) = 3|1), §.2) = —1J2) from
Equation (18a) to obtain the final results

o . j . 172\ 2J
q21|1)=<aTa+1+k2> |1)=(<aTa+1+k2> ) 1,
(20b)

. j 172\ 2/
5121|2>=(afa+k2) |2>=<(afa+k2) ) 12).

(20c)

G 11y = g*U=Dg?;

Substituting Equations (20b)—(20c) into the appropriate ex-
panded fogmsA of Equations (19¢)—(19d) and introducing
operators A1, ho defined by

hy = (cﬂ'a

gives

N2 a2 1/2
+1+k ;o ho= +k (21a)

cos(gtg)|1) =cos(gth)|1);  cos(gtq)[2) =cos(gtho)|2),

(21b)
1 . . | A
— sin(grq)[1) = — sin(grhy)|1);
q hy
1 . . | A
— sin(g1q)[2) = — sin(gtho)|2). (21c)
q ho

Substituting  Equations (21b)—(21c¢)
(19¢)—(19d) gives the final form

into Equations

i . .
lk; g: i) = exp (—Ewt> (1 [1) +vo [2));

kg wt)2 = exp (%wt) (o 12) + 01 1) (22

after introducing time evolving operators [i1, V1, flg, Vo
defined by

. k .
iy = cos (gthy) — i;}_ sin (gthy);
1

—1 t N
Py = —iw sin (g7h1) 4, (23a)

1
R A ko A
fo = cos (gtho) + iz sin (gtho);

0
I3

P = —1% sin (grho) a' (23b)

0

with Hermitian conjugates easily obtained as (121[ = hi,
/;(T) = ho)

~ k ~
ﬂ: = cos (gthy) + ifz_ sin (gthy);
1
i
t
pi = M sin (gthl) (23¢)
1

4 N k N
fil = cos (gthg) — iil— sin (gtho);
0

exp( iwt) a

sin (gtho) (23d)

f
0

<>

ho
Substituting Equation (22) into Equation (19a) gives
i A N
I1: 1) = exp (—5(912 + w)t> Tp (D) (ey [1) + 0o [2)),
(24a)
i R N
|2; 1) = exp <—§(Q12 - w)t> Tp(t)(fto 12) + v (1),
(24b)
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which are substituted into Equation (13a) to obtain

At) = Tp(1) {eXp <—%(Q1z +w)t> (1 1) + Do [2)) a1

i . - R
+exp (—5(912 - w)t> (o 12) +v1 [1) az} ;
(25a)
which is reorganized in the form
A i
A1) = Ty(1) {exp (—5(912 + a))t>
% (f1d1 + exp(ion) D) 1)
i
+ exp <—§(S212 — a))t>
x (flodz + exp(—iwt)Dpay) |2) } (25b)
Comparing Equation (25b) with A(t) = a,(1) [1)+ax(1)]2)
in Equation (13c) gives the general time evolving signal

and idler photon annihilation operators aj(t) and ax(z),
respectively in the form

a1(1) = exp (—%(912 4 w)t) Ty (1)

x(ft1a) + exp(iot)d1as), (25¢)
. i
ir(1) = exp (—5(912 - w)t) Ty (1)

x (fLoay + exp(—iwt)Doay). (25d)

These are the desired general time evolution equations for
the annihilation operators of the signal and idler photons in
a fully quantized parametric oscillation process. They are
exact analytical solutions determined within the Heisenberg
picture, where they can be used in the calculation of mean
values of various physical quantities which characterize the
dynamics of a fully quantized parametric oscillation process
governed by the trilinear Hamiltonian H in Equation (1).

4. Mean signal-idler photon intensity

The present study shows that the dynamics of the fully quan-
tized parametric oscillation process is characterized by the
time evolution of the signal—idler photon pair polarization
operator vector A(1) related to the total intensity operator
i () according to the definition

I(t) = AT A, (26a)

which on using the form A(t) = a1(0)|1) + aa(1)]2) from
Equation (13a) gives

HOESNORWAE (26b)
with intensity difference operator AL(t) following as
AL = L) = b, (26¢)

where 1 1(t) and fz (t) are the time evolving intensity opera-
tors for circularly polarized signal—idler photons in positive
and negative helicity states, respectively, defined by

L) =ala); L) =al@a).  (26d)

The intensities are the appropriate operators for describing
the dynamics of the fully quantized parametric oscillation
process. Using a; (¢) and a (¢) from Equations (25¢)—(25d)
in Equation (26 d) gives

i) = (;ﬂlal n exp(—iwt)afa;') (141 + exp(iot)didn),
(26e)

b = (ﬁgag + exp(iwz)agaf) (f0dn + exp(—iwt)Podr).
(26f)

To determine the mean signal—idler photon intensity /(¢),
its positive/negative helicity components /1 (¢)/1>(t) and the
mean intensity difference AI(¢) in the present work, the
initial states of the signal and idler photons are generally
taken as the Fock (number) states |n1) and |n2), respectively,
while the pump photon is generated in the Fock state |n) or
the coherent state |o).

4.1. Pump photon in Fock state

Taking the pump photon to be in the Fock state |n), the total
initial state vector of the pump, signal and idler photons
becomes

n,ny;,ny=0,1,2,3, ...,
(27a)
which satisfies the usual number state algebra. Using
hy, ho from Equation (21a) gives
R2n)y = @'a+1+4k>n) = (n + 1 +k>)[n), 27b)
hln) = @'a + k*)|n) = (n + k)|n). (27¢)

|[nniny) = |n)|ny)|na),

Taking the expectation values of Equations (26b), (26d),
(26e) and (26f) with respect to |nniny) from
Equation (27a) gives the mean intensities in the form

() = L(1) + L(1);  Al() = 1L(1) — L(1),

(28a)

Li(t) = < nnyno| Iy (1) |nnyno)
= (Il fuln) ny + (n]D] 1 1n) o, (28b)

L(t) = < nnyno| L(0)|nniny)
= (nldfuoln) na + (nldgdoln) 1. (28¢)

Using fi1, D1, fzo, Vo, together with their Hermitian conju-
gates from Equations (23a)—(23d), expanding the trigono-
metric functions as appropriate and applying the algebraic
results from Equations (27b)—(27¢) gives

(D] D11y = vi]%, (29a)

(nldgdoln) = [vol®, (29b)

At 2
(nliay iy |n) = [ual;
(nliyioln) = ol

where the c-numbers w1, vi, o and vy are easily obtained
as
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filn) = piln);
L1 = COS (gt(n + 1+ k2)1/2>
. k
RCERET
Din) = viln — 1);

sin (gt(n 14 k2)1/2), (29¢)

_eX (—ia)t)nl/2 .
v = _IW sin (gt(n + k2)1/2>, (29d)
foln) = poln);

JLo = COS (gt(n + kz)l/z)
. k .
+1m sin (gt(n + kz)l/z), (29¢)
Doln) = voln + 1);
exp(iwt)(n + 1)1/2
(n+14k2)1/72

sin <gt(n T+ k2)1/2).
(29f)

Substituting Equations  (29a)—(29b)

(28b)—(28c) gives

into Equations

L(t) = |uol* na+ vl n1,
(30a)

L) = |1 ny+ i) no;

which is used in Equation (28a) to obtain
1(t) = (1> + vol®) ny + (uol® + vi %) na,
(30b)
AI(t) = (I1? = 1vol® n1 — (ol = [vi1?) na.
(30c)

Using explicit expressions from Equations (29¢)—(29f) gives

P+ ol =1 (ol + P =1,  Gla)
P = 1wl = cos? (gr(n + 1+ k%)'72)
n+l-k 5 201/2
—mSln (gt(n+1+k) ),
(31b)
ol = w1l = cos® (g1 (n +k3)'1?)
12
_n—|——k2 Sin2 (gt(n +k2)1/2), (31C)
which are substituted into Equations (30b)—(30c) to obtain
I1(t) =n;+ny=1, (32a)

AlI(r) =n (cos2 (gt(n +1+ k2)1/2)

I
_n——::lﬁ Sin2 (gt(n + 1 —+ k2)1/2)>
n

—ny <0052 (gt (n+ k2)1/2>

2

—k
! e sin? (gt(n n k2)1/2)> . (32b)
n

As expected, Equation (32a) shows that the mean signal—
idler photon pair intensity in the fully quantized parametric

oscillation process is conserved. On the other hand, Equa-
tion (32b) shows that the mean intensity inversion (or mean
intensity difference) for circularly polarized signal-idler
photon pair varies with time over different time scales gf (n+
1 + k%12 and gr (n + k2)'/2, associated with positive and
negative helicity channels. Using Equations (29¢)—(29f) in
Equation (30a) explicitly shows that the individual mean
photon intensities 77 (¢) and I>(¢) also vary with time over
the different time scales according to the positive and nega-
tive helicity channels. The beating of oscillations at different
Rabi frequencies g(n + 1 + k%)1/2 and g(n + k*)'/2 over
the two different time scales leads to intrinsically quantum
mechanical phenomenon of fractional revivals, which is
displayed in Figure 1 for detuning parameter and photon
number values k =3, n =2,n; =3 and np, = 2.

The occurrence of fractional revivals in the dynamics
generated by a pump photon in a Fock state is a remarkable
feature of the exact analytical results obtained through the
simple solution procedure developed in this paper. Earlier
work based on numerical integration of the fully quantized
degenerate parametric process [3,4] never yielded fractional
revivals when the pump photon is taken in a simple Fock
state, leading to the conclusion that this fundamental quan-
tum mechanical phenomenon only occurs when the pump
photonisin either a coherent state or a suitable superposition
of Fock states.

An interesting physical feature of the dynamics of the
fully quantized parametric oscillation process under a Fock
state pump photon is that the fractional revivals persist
even for very large values of pump photon number »n and
detuning k as demonstrated in Figure 2 for n = 10,000,
k = 101 (k> = 10,201). This persistence of fractional
revivals even at very large values of n and k essentially
defies naive mathematical expectation that the time scales
gt(n + 1+ k*Y? and gt (n + k*)'/? would coincide for
large valuesn > l,n+1 = n,k2 >n+1,withgt(n+1+
k)12 ~ gt (n + k?)'/2, which would yield only one mode
of oscillation. The occurrence of the fractional revivals for

Intensity

1.5

1O |
|
Il

0.5
|
L

i N

Figure 1. Signal-idler intensity inversion over scaled time
T =gt=0—200,n =2,k =3,n =3,n = 1. (The
color version of this figure is included in the online version of the
journal.)

-0.5
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Intensity
3

-2

Figure 2. Signal-idler intensity inversion over scaled time
T =gt =0 — 6010, n = 10000, k = 101 (k2 = 10201),
n1 = 3, np = 1. (The color version of this figure is included in
the online version of the journal.)

values as large as n = 10,000, k? = 10,201 means that the
mathematical approximation stated above does not apply
here.

The fact that the mean intensity inversion A/(#) in
Equation (32b) is composed of two components, one
associated with the initial signal photon intensity /1 = n
over the time scale gr(n + 1 + kz)l/ 2 and the other
associated with initial idler photon intensity I = n, over
the time scale gz (n + k2)!/? means that, taking the signal
or idler photon to be in an initial vacuum state |[n; = 0)
(I = ny = 0)or |np = 0), ([ = npy = 0) removes
one component, leaving A7 (¢) in Equation (32b) with only
one mode of oscillation over a single time scale and the
fractional revivals disappear in such a case. The occurrence
of fractional revivals in the dynamics of a fully quantized
parametric oscillator generated through interaction with a
pump photon in a simple Fock state is directly governed by
the initial intensities (numbers n1, n7) of the signal and idler
photons; taking either of them equal to zero automatically
removes the mechanism responsible for fractional revivals
for a Fock state pump photon.

4.1.1. Resonance

The resonance condition is obtained as
S=wj—wm—w=0 = k=0, (33a)

which is applied in Equation (32b) to obtain the mean inten-
sity inversion for circularly polarized signal-idler photon
pair under resonance to be
AI(t) = nj cos (2gt (n + '2) — ny cos (2gtn'/?).
(33b)

4.1.2. Pump field vacuum: natural

parametric oscillations

spontaneous

An important extreme case to consider under the fully quan-
tized model is the quantized pump field vacuum where

n = 0. In this case, setting n = 0 in Equations (29¢)—(29f),
(30c¢) and (32b) gives the time varying mean signal—idler
photon intensities /10(t), I»p and Al(¢) generated under
the pump field vacuum condition in the form

n=0;, Lo =n (0032 (gt(l + k2)1/2)

2
i (st +:H2) ). B4a)
1+ k2
-0 _ 1, 21
n=00 Do) = nptny g sin” (g1 (14K ,
(34b)
n=0; Aly(t) =n (cos2 (gt(l +k2)1/2>
L e 24172
_msm <g1(1+k )/ ) .
(34¢)

The process under n = 0 occurs due to the annihilation of a
vacuum fluctuation generated photon of angular frequency
w and an idler photon of angular frequency w> to emit a
signal photon of angular frequency w;. This is a natural
spontaneous parametric oscillation process resulting from
fluctuations of the pump field vacuum.

4.2. Pump photon in coherent state

Considering a pump photon generated in a coherent state
|) defined as usual as a superposition of Fock states in the
form

oo 1 n
o =3 ew (—5|a|2> Gyl 6%

the total initial pump, signal and idler photon state vector
|enny) then takes the form

o
I, a
laniny >= Zexp <—§|a| > (n!)—l/zmnlnz), (35b)
n=0
where the three photon Fock state vector [nnny) is already
defined in Equation (27a). The mean signal—idler photon
pair intensity inversion A/, (t) is obtained as

Aly(t) = (nanya|AL(1)|anins), (36a)

where the intensity inversion operator AL(t) is given by
Equation (26c), with I 1(0), fz(t) given in Equations
(26e)—(26f). Substituting  Equation ~ (35b) into
Equation (36a) and then evaluating the expectation values
with respect to |nniny) as before gives the final results
for the mean intensity inversion for the coupled circularly
polarized signal—idler photon pair under interaction with a
pump photon in a coherent state in the form

oo 2 2n
exp (—lal) ||
Aly(t) =Y PaAIG@); Py = %
=0 n.
(36b)
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where P, is the probability distribution for coherent state
pump photons, while A7 (z) is the mean intensity inversion
obtained earlier with Fock state pump photon in Equa-
tion (32b). Substituting A/(¢) from Equation (32b) into
Equation (36b) gives

% exp (—lo|?) Joe|*"
Aly(t) = Z (n')

n=0
n+1—k2
n+1+k2

—(cos2 (gt(n +k2)1/2) — Z—T—illi

{(cos2 (gt(n + 1+ kz)l/z)

sin? (gt(n r1 k2)1/2>) n

sin? (gt(n + k2)1/2>)n2 } (36¢)
Under resonance, set k = 0 in Equation (37¢) to obtain

n=0 ’
X {n1 cos (2gt(n + 1)1/2> — Ny cos <2gtnl/2>} .
(364)

Notice that besides the original different time scales in
Al (t) as specified earlier, many more time scales now
emerge in Al,(¢) in Equation (36¢) due to the summation
over the pump photon number n. The beating of these os-
cillations, now enhanced through the summation, causes
the mean intensity inversion A/, (¢) to undergo general
collapses and revivals.

The expected collapses and revivals are demonstrated in
Figures 3 and 4, where the mean intensity inversion under
resonance in Equation (36d) is plotted against scaled time
7 = gt for two different values ||?> = 5 and |a|? = 25 to
show how the collapse and revival pattern varies with the
pump photon coherent state eigenvalue «.

General collapses and revivals for the off-resonance cases
based on Equation (36¢) are demonstrated in Figure 5 for
k = 3, |«|> = 5. An important feature revealed here is the

h L Vf\\iﬂuf‘\}n ntDVVAAVAVAM ﬂw/\nw\ﬂ(ot
h | il VWWUVV VW

Figure 3. Signal-idler intensity inversion over scaled time
T =gt =0 — 50, k = 0 (resonance), |(x|2 = 5,n; =3,
ny = 1: general collapse and revivals.

Intensity

0.4

Figure 4. Signal-idler intensity inversion over scaled time
T =gt =0 — 120, k = O (resonance), |«|?> = 25, n; = 3,
ny = 1: general collapse and revivals.

Intensity

- . - — T
' 50 100 150 200
Figure 5. Signal-idler intensity inversion over scaled time
T =gt =0 200,k =23 |a? =5n =3 n =1
long time dynamics; fractional revivals emerge.

emergence of fractional revivals in the long time domain. In
general, the collapse and revival pattern depends on k and
a.

The above diagrams clearly display the general collapses
and revivals deduced from the analytical results in
Equations (36¢) and (36d). These results agree with the
numerical integration result of Jyotsna and Agarwal [4] for
a resonant fully quantized degenerate parametric oscillator
under interaction with a coherent state pump photon. The
emergence of fractional revivals in the long time domain
agrees with Averbuck’s [9] analysis of fractional revivals
in the long time behavior of population inversion in the
Jaynes—Cummings model of a two-level atom interacting
with a quantized single-mode radiation field.

These results, together with the results of the previous
section, lead us to the conclusion that the dynamics of
a fully quantized parametric oscillation process generated
by pump photons in either Fock state or coherent state,
is characterized by fractional revivals or general collapses
and revivals. The existence of the general collapses and
revivals, as well as the fractional revivals of exactly the
same form, in fully quantized parametric interactions, has
also been demonstrated in earlier studies based on numerical
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integration of the time evolution equations [3,4]. The present
work has explicitly revealed that the collapse and revival
phenomena arise from the Jaynes—Cummings mode of in-
teraction which drives the time evolution of the positive
and negative helicity states of the coupled circularly polar-
ized signal—idler photon pair. The matrix based analytical
results thus fully account for the phenomena observed in
the numerical studies.

5. Polarization state dynamics

It is now clear that the dynamics of the fully quantized
parametric oscillation process is determined by the time
evolution of the positive and negative helicity state vectors
|1; ¢) and |2; ¢) which constitute the general time evolving
circular polarization state vector of the coupled two-state
signal—idler photon pair. In this interpretation, the polariza-
tion state dynamics is generated by the Jaynes—Cummings
Hamiltonian Hjc describing an effective interaction
between the two-state circularly polarized signal-idler
photon pair and a single-mode quantized pump field.

The general time evolving polarization state vector |1 (¢))
is obtained by applying the general time evolving polariza-
tion operator vector A(t) on the total initial pump, signal
and idler photon state vector |1 (0)) in the form

¥ (1) = AWIY0)), (37a)
where A(t) takes the form in Equation (13a) or (13c), with
ay(¢) and a,(t) obtained in Equations (25¢)—(25d). Taking
the pump, signal and idler photons to be in initial Fock states
|n), |n1) and ny), respectively, gives | (0)) in the form

[¥(0)) = |nninz), (37b)
while taking the pump photon initially in a coherent state
|), with signal-idler photon in initial Fock state |nin3)
gives

[¥(0)) = |anina), (37¢)
where |nn1ny) and |aenin,) are defined in Equations (27a)
and (35b), respectively.

5.1. Fock state case

To demonstrate polarization state dynamics, it suffices to
consider only the Fock state case specified by
Equation (37b), noting that the coherent state case specified
by Equation (37c) can be obtained as a simple generaliza-
tion. Substituting |y (0)) from Equation (37b) and A(t) from
Equation (13c) into Equation (37a) gives

[ (1)) = (a1()1) + ax(1)12) Innyny). (38a)
Using aj(t), ax(¢t) from Equations (25¢)—(25d) and
applying the results presented in Equations (29¢)—(29f),
together with
Tp(t) = exp(—iwt&#&); Ty (t)|m) = exp(—imwt)|m);
m=nn—1,n+1 (38b)

gives the general time evolving circular polarization state
vector for the coupled signal—idler photon pair dynamics
under pump photon in the initial Fock state in the form

[V (1)) = [¥1(0)) + [¥2(1)), (38c)

where the component |1 (¢)) is the general time evolving
polarization state vector for (signal) photons initially in
the positive helicity state |1), while |y (7)) is the general
time evolving polarization state vector for (idler) photons
initially in the negative helicity state |2) obtained as

[¥1(1)) = exp <—%(912 +Q2n+ 1)w)t> n}/2

x(p1 In(ny — Dn2)[1) +vo |(n 4+ 1) (n1 — Dn2)(2)),
(38d)

¥2(1)) = exp (—%(le +(2n - 1)w)r> n,?
X(po [nni(ny — 1))[2) +vi |(n — Dny(ny — 1D)[1)).
(38e)

Reorganizing Equations (38¢)—(38e) in the form
[¥ (1) = d1(DI1) + 2 (1)]2) (38f)

yields the time evolving circularly polarized signal—idler
photon intensity amplitudes ¢ (¢) and ¢»(¢) in the positive
and negative helicity states, respectively, obtained as

i
¢1(1) = exp (—5(912 + (2n + l)w)t)
x (n}/zm In(ny — Dng) + exp(iwnnt/?v; |

x(n— i (n2 = 1)), (382)

1
(1) = exp <_§(S212 + 2n — l)a))l‘)
x (né/zp“o Inni(ny — 1)) + exp(—2iwnn, vy |

x(n +1)(ny — 1)n2)>. (38h)
Using Equations (38f)—(38h) gives
WO @) = [[YO)* = |¢1(D]> + |g2()]%. (39a)
¢1 (D1 (1) = |91 (O = |11 + [vin2,  (39b)
G ($2(1) = [$2(D1* = ol’n2 + Ivo*n1, (39¢)

which on comparing with Equations (28a) and (30a) give the
expected mean photon intensities for circularly polarized
signal—-idler photon pair in the form

WO =10 1810 =L@ 10 = L.
(39d)
Within the framework of the photon polarization state
dynamics, the mean photon intensity inversion for the cir-
cularly polarized signal—idler photon pair is obtained as the

expectation value of the discrete operator o in the form

0 (1) =< Y (D)oY (1)) (3%)
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which on using Equation (38f), together with
WOl =] O] +e3(0Q1: 0. = 1] - [2)(1

(39f)
becomes
() = g1 — () = L1 (1) — (1) = AL(D).
(392)

This establishes that the mean photon intensity inversion
o ,(t) equals the mean photon intensity difference A7(f)
obtained earlier in Equation (30c), giving

T:(1) = AL = (1> = wo*) n1 — (pol* — w1 ) na.
(39h)
The final expression for o,(¢) takes the form of A/Z(r)
obtained in Equation (32b), which need not be written here.
The usefulness of the photon polarization state vectors of
the coupled circularly polarized signal—idler photon pair in
the fully quantized parametric oscillation process in deter-
mining the density matrix and the probability distribution
for studying various physical features, as well as possible
applications in quantum communication technology, can
follow easily from Glauber’s excellent presentation based
on the semi-classical model [7]. The mean photon inten-
sity inversion obtained within the photon polarization state
dynamics as described in the present work may be useful in
the currently developing studies of optical chirality [14].

6. Conclusion

The method developed in this paper is effective in providing
general solutions of appropriate time evolution equations
for annihilation and creation operators of signal and idler
photons in a fully quantized parametric oscillation process
governed by a trilinear Hamiltonian. The exact analytical
results, which have easily revealed the important quantum
mechanical phenomena of collapses and revivals, as well
as fractional revivals, of the time evolving mean intensities
or intensity inversion for the coupled signal—idler photon
pair, will also prove very useful in studying other funda-
mental quantum mechanical features such as squeezing,
photon anti-bunching, super-Poissonian or sub-Poissonian
statistics and others generally associated with parametric

interactions. The underlying signal—idler photon pair polar-
ization state dynamics governed by a Jaynes—Cummings
mode of interaction with pump photon taken in various
quantum states, simplifies the determination of photon
statistics and can provide deeper insights into fundamental
phenomena such as entanglement, decoherence and optical
chirality, which currently attract growing research
interest in relation to their applications in designs of emerg-
ing high precision quantum technologies. The complete
understanding of the dynamics under the fully quantized
trilinear Hamiltonian achieved through the exact analyti-
cal solutions greatly expands the range of possibilities of
observable fundamental features, as well as potential appli-
cations to quantum information processing, quantum com-
putation and other related quantum mechanics based
technologies.
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