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We investigate different kinds of polarization-correlated-emission schemes, including a maser and
a laser concept. In these systems, coherently prepared atoms drive the electromagnetic field. We
demonstrate that the atomic coherence can lead to a reduction of noise fluctuations within a linear
theory. In the homogeneously broadened case the amplitude noise is strongly affected by the atomic
coherence, leading to noise quenching in the laser and even squeezing in the maser. On the other
hand, the phase fluctuations are unaffected by the coherence between the lasing levels. We then
study the effect of inhomogeneous broadening of the atomic transition frequency. We find the in-
teresting result that the noise reduction due to the atomic coherence is not destroyed but redistri-
buted between the phase and amplitude of the electromagnetic field.

I. INTRODUCTION

The reduction of the quantum noise in various atomic
systems has been the subject of extensive work over the
last decade. For example, the generation and utilization
of squeezed states, in which the noise fluctuations of one
of the quadratures of the electromagnetic field is below
the vacuum noise level, has attracted a great deal of in-
terest, both experimentally' and theoretically.? Further-
more, a big effort has been devoted to the reduction of
spontaneous emission noise in the correlated emission
laser® (CEL), where the quantum noise can be substantial-
ly reduced below the Schawlow-Townes limit.*

Most of the previous CEL schemes involve correlations
between photon pairs, having different frequencies (quan-
tum beat laser),”® different polarizations (Hanle laser),>®
different wave vectors (holographic laser),> or a cascade
emission (two-photon CEL).’® Recently a new type of
correlated spontaneous emission device has been pro-
posed, the polarization CEL,® which can produce noise
reduced light in a single photon transition. In this type
of laser the atoms are excited into a coherent superposi-
tion between the two atomic levels which drive the elec-
tromagnetic field. It has been shown that such a laser
model exhibits a reduction of noise fluctuations in the
amplitude and phase of the radiated field. In this paper
we want to elaborate on this idea and develop different
kinds of polarization-correlated-emission concepts. We
show that there is an important, qualitative difference be-
tween the maser and laser concept. These analyses are
carried out in a linear theory of the electromagnetic field,
thus we restrict ourselves to low intensities. It has been
shown® that in such an operation regime the noise-
reducing coherence terms are strongly affected by the sta-
tistical properties of the pump mechanism. In fact, an in-
crease of the pump fluctuations reduces the effect of
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atomic coherence on the noise characteristic of the radi-
ated field. Therefore in this paper we restrict ourselves to
the case of a noise-free pump source to analyze the maxi-
mal influence of the atomic coherence on the radiated
electromagnetic field.

We discuss two different concepts of single photon
correlated emission. In the case of the polarization-
correlated-emission maser [Fig. 1(a)] we consider two-
level atoms which are injected into a microwave cavity in
a regular way. This could be feasible in micromaser ex-
periments in which an atomic beam of Rydberg atoms
drives the field of a microwave cavity.” In our model the
atoms enter the cavity in a coherent superposition of
upper and lower atomic level and start to interact with
one mode of the radiation field for a well-defined interac-
tion time 7. We assume that during the whole interaction
time the atoms do not lose their excitation or coherence
through any decay process.

In the case of the polarization-correlated-emission laser
[Fig. 1(b)] we consider three-level atoms in which the
upper two levels constitute the lasing transition. Again,
the atoms are regularly injected into the cavity in a
coherent superposition of the two excited levels and start
to interact with a resonant mode of the radiation field.
Instead of removing the atoms from the cavity after an
interaction time 7 as in the maser case, the interaction is
now limited by a decay of the atomic excitation to a
lower-lying, inert ground state. In both the maser and
laser case we find that the atomic coherence leads to a
significant noise reduction in the amplitude of the radia-
tion field.

In Sec. II, we perform a Langevin analysis of the
polarization-correlated-emission maser and laser. In a
linear analysis in the electromagnetic field (i.e., second or-
der in the coupling constant), we find that the phase of
the field locks with respect to the phase of the injected
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atomic dipoles. Furthermore, we derive an expression for
the steady-state value of the field amplitude under the
condition that a(p,, —p,,) <y. An analysis of the noise
properties of the polarization-correlated-emission maser
then shows that the phase diffusion coefficient is the same
as for an incoherently pumped maser. In contrast, the
amplitude fluctuations are strongly affected by the atomic
coherence, leading to a total suppression of the spontane-
ous emission noise in the case of p,, =1 and even squeez-
ing when p,;, > 1. In the laser case, we again find that the
phase diffusion is not altered with respect to an in-
coherent pumped case. The atomic coherence only
affects the amplitude nose of the electromagnetic field.
However, the noise reduction is smaller than in the maser
case. We find no squeezing in the laser case and the max-
imum we can achieve is total noise quieting.

In Sec. III, we follow an alternative approach to the
polarization-correlated-emission schemes by performing
a density operator analysis. We again restrict ourselves
to a linear theory and derive a master equation for the re-
duced density operator for the radiation field. We then
convert this equation into a corresponding Fokker-
Planck equation. This enables a direct discussion of the
amplitude and phase diffusion coefficients and we fully re-
cover the results from Sec. II.

Both of the above analyses assume that the atoms are
homogeneously broadened, with a center frequency
which is resonant with the cavity frequency. In Sec. IV,

(a)

FIG. 1. Physical models for the polarization-correlated-
emission devices. (a) Maser case: Two-level atoms are prepared
in a coherent superposition between their lasing levels and are
passed through a radiation cavity. Each atom interacts with the
field for a given time interval 7 before it leaves the cavity. (b)
Laser case: The lasing material consists of three-level atoms of
which the upper two levels constitute the lasing transition. The
lower-lying level is an inert ground state to which an atomic ex-
citation can decay with a rate I'. The atoms are again prepared
in a coherent superposition between the upper two atomic levels
and are then injected into the cavity. However, the atoms are
not removed from the cavity but interact with the field until
they decay to the ground state.
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these constraints are relaxed and we study the effects of
inhomogeneous broadening. We find that for a broad-
band distribution over the atomic transition frequencies
the noise reduction is now partially shifted from the am-
plitude to the phase.

Finally, in Sec. V we summarize our results.

II. LANGEVIN ANALYSIS

We start the analysis of the polarization-correlated-
emission maser and laser with the Hamiltonian for our
physical models. As described before, we consider
coherently prepared atoms which are regularly injected
into a radiation cavity (see Fig. 1). The regular atomic
injection corresponds to a noise-free pump source® so
that we do not have to consider any fluctuations due to
the pumping mechanism. After entering the cavity the
atoms start to interact with one mode of the radiation
field. In the maser case the atoms are removed from the
cavity after a time interval 7, while in the laser case the
atoms leave the interaction through a decay process to a
lower-lying ground state. The basic Hamiltonian for
both systems can be written as

H=twa'a+ 3 (e,la) (al+e,lb) (b)),
J

+ghiy flt,t)V;, (1
j

with
Vi=a'o/+(o/)a . o)

Here ¢, and ¢, are the energies of the upper and lower
atomic levels of the lasing transition. The parameter g
denotes the coupling strength between the electromagnet-
ic field and the atoms. The function f(t,tj) in Eq. (1)
specifies the particular interaction of each individual
atom and accounts for the difference between our maser
and laser model. We will discuss these two cases sepa-
rately.

A. Maser

In this case, the jth atom enters the cavity at time ¢;
and is removed at a later time ¢;+7. The time 7 is the
time of flight through the cavity, which we assume to be
the same for all atoms. Therefore the interaction func-
tion f in Eq. (1) is given by the notch function

1 <<
1 if tj_t_tj+1'

(t,¢,)=N(t,t;)=
4 / J 0 otherwise . 3)

We can now derive the Heisenberg equations of motion
for the field and the atomic dipole operator

i=—iva—La—ig SN0 +F, | @
J

in which o] is the operator o=(la) (a|—[b) (b]);.
For simplicity we have assumed exact resonance between
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the radiation field and the atomic a — b transition, i.e.,
(e, —¢€,)/fi=w. In Eq. (4) we have also accounted for
the cavity-induced losses. The parameter y is the cavity
damping rate and F,, the corresponding Langevin noise
force.” Note that in the maser case we can neglect any
atomic decay during the passing time through the mi-
crowave cavity.

We next eliminate the quickly time varying terms in
Egs. (4) and (5) by changing into a rotating frame. For
this we define the new operators
1wt

=e'?q, F'/=e

QA

iolgJ (6)

The corresponding equations of motion for @ and & / are
easily found to be

d . i ==

=a —lzl—a——lg?N(t,tj)aH-Fy : %)
4 5 —igN(t,1,)00a | (8)
dt T

For convenience we will drop the tilde in the following
discussion, keeping in mind that all operators are
specified in a rotating frame. We can now formally in-
tegrate Eq. (8) and substitute the result into Eq. (7). We
then find

j

+g2 [ dr 3 N(1,1)N(1',1)0%(t)alt)+F, . (9)
j

The second term on the right-hand side of Eq. (9) con-
tributes to the drift of the electromagnetic field as well as
to its noise. In order to separate these contributions we
add and subtract the average value of the second term in
Eq. (9). For this we note that the initial value of the
atomic dipole operator is given by the prepared atomic
coherence

(a/(1;))=Tr[o’p(t,)]=pg - (10)

Furthermore, let us assume that the radiation field is
slowly varying on the time scale of the atomic evolution
so that we can approximate a(t’) by a(t) inside the in-
tegral. This means that we are considering a high-q cavi-
ty in which the photons have a long lifetime. Finally we

i

(FI()F, (1)) =(FL(t)F,(t')) +g*> 3 N(t,1;)N(t',1, [ o ™

ik

:g22N(t,tj)N( NPaa = pap!?)

——aM Paa — 1pabl (t,1°) .

Here we have assumed that the damping reservoir for the
field is at zero temperatures so that the normally ordered
product of F, is equal to zero. Furthermore, we have
used the fact that the atoms are mdependent of each oth-
er so that ((a/)'(¢,)o"(;))=(( o)) (ok1,)) for
Jj#k. The function T(t,t') is the trlangularly shaped
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restrict ourselves to an analysis up to second order in the
coupling constant g which corresponds to a linear theory
in the electromagnetic field. We can then substitute
oj(t’) in Eq. (9) by its expectation value at ¢, ie,
(0{(t;)) =p,a —ps,- With these assumptions Eq. (9) be-
comes

=—-‘2La—igpab > N(t,1)
J

+g2f_’mdt’2N(t,tj IN(',t,)(Pag —pyy)alt)
J

—igEN(t,tj)[crj(tj)—(crj(tj)>]+Fy . (an
J

We now perform the sum over the atoms by integrating

over the injection times, i.e.,

S—R[" d;,
- -

in which R is the atomic injection rate. This is possible
because we assumed a regular injection of the atoms.
Such an injection can be achieved, for example, by pre-
paring the lasing atoms through a train of narrow and
equally spaced laser pulses. The evaluation of the sums
in Eq. (11) is performed in Appendix A and we obtain the
result

a
a=—iSMpab—%a+-2—M—(paa —pus)FFy (12)
with

F,=F,—ig IN(t,t))[o’(t))=(a/1;))] . (13)
J

The parameters in Eq. (12) are defined by
SM:RgT, aAM=Rg27'2 . (14)

We note that the first term in Eq. (12) is a klystron-type
contribution which drives the electromagnetic field. Its
strength is specified by the initial atomic coherence and
the parameter S,,. The third term in Eq. (12) is the linear
gain of the system due to stimulated emission with a,,
being the familiar gain coefficient for a maser.!® We next
turn to the evaluation of the noise correlation functions
for F,. From the definition (13) we obtain

)> <0'k(tk))]

tk )—(0'

correlation function which we evaluated in Appendix A.
In a similar way we find

(F(1)F, (1) =ayp, T(t,t"), (16)

(FNOFN(t")) =appl, T(t,t') . 17
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If we restrict ourselves to averages of normally ordered
products of a and a’, we can identify Eq. (12) with a cor-
responding c-number stochastic differential equation.
Equations (15)—(17) then specify the correlation functions
of the classical stochastic noise sources. Therefore we
make the identification a — &=re'®, which is a con-
venient choice, since we are interested in the phase and
amplitude of the electromagnetic field. Furthermore, we
define the amplitude and phase of the atomic coherence
by

ab:lpableie‘ (18)

We then find from Eq. (12) the following stochastic
differential equations for r and ¢:

=Sy |paplcos | @ 6—12r—
+5lar(Paa—pon) =7 Ir +F, , (19)
¢=—STM|pab|sin P 9-% +F,, (20)
with
F,=L(Fge '$+F se'%), 21
F¢,=2—1ir—(F6e"'q’—FG,e'¢) . (22)

The function F is the c-number noise force which corre-
sponds to the noise operator F,. The moments of Fy are
given by the corresponding relations for the noise opera-
tor F,.

If we neglect the small noise-induced drift terms,'' we
find from Egs. (19) and (20) the steady-state values for
phase and amplitude to be

T
:9— -, 23
Po 2 (23)
and
28y 1pas |
ro= M1Pab . (24)
Y _aM(paa “Pob )

We note that in contrast to the ordinary maser case, we
here find a steady-state value for the amplitude in a linear
theory, provided ay(p,, —pp,) <v. If the last inequality
is not fulfilled the steady-state value for the amplitude has
to be determined from a nonlinear analysis. We next
evaluate the correlation functions for r and ¢. From Eq.
(21) we obtain

(F,()F, (1)) =L[2(F .« ()F(2"))
+{F (t)F (t'))e 2¢
+<F6*<t)F «(t'))ee], (25)

and making use of the relations (15)-(17), we find
a
<F,(t)F,(:')>:—;—[pm,—2|pab|2sin2(<p—9)]r(z,z') .

(26)
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In an analogous way, the noise correlation function for
the phase is calculated as

(F(OF (1) =2 [p,, —2lpg 'cos’p—0)1T(1,1")
27

27

Here we have substituted 72 by the mean number of pho-
tons 7 inside the cavity. Since we assumed that the field
is slowly varying on the atomic time scale, we can ap-
proximate the triangularly shaped correlation function by
the & function

T(t,t')~68(t—1t") . (28)

Such an approximation neglects atomic memory effects'?
which are not relevant in this context. If we define the
diffusion coefficient for the phase by (F(p(t )Fw(t’))
=2D,,6(t —1t') and use the steady-state values ¢, and r,

we obtain, from Eq. (27),

D, (¢g)= [paa 2lpgy |*cos*(@y—6)]

a
= 4_”‘1_4% , (29)

This is the same result as for an ordinary, incoherently
pumped maser. We therefore see that the phase diffusion
of the polarization-correlated-emission maser is un-
affected by the atomic coherence.

The diffusion coefficient of the amplitude at the
steady-state operation is found to be

Drr(¢0 )= [paa 2|pab|2Sin2(¢0_6)]

at’8
4
Ay
T paa 2|pab| (30)
Equation (30) clearly demonstrates the noise-reducing
feature of the atomic coherence. Remarking that the
atomic coherence can be written as |p,,| =V p..pps the

expression for the phase diffusion can be cast into the
form

ay

Drr(¢0)=Tpaa(l_2pbb) . (31)
We can now see that for an equal, coherent population of
the two lasing levels, i.e., p,, =py, =7, the diffusion
coefficient for the amplitude vanishes. This corresponds
to a complete quieting of spontaneous emission noise. In
the case of p,, > 1, the diffusion coefficient even becomes
negative, indicating squeezing of the amplitude fluctua-
tions below the shot-noise limit. For this we recall that
the diffusion coefficients are related to the phase and am-
plitude fluctuations of the field by'>

D

rr

(Ar)=1+

L
Py
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(Acp)2=4—l_+¢ . (33)
n

dp

To %o

Here d, and d,, are the drift coefficients which can be
taken from Egs. (19) and (20), respectively. The terms
1/4 and 1/4n are the contributions from the vacuum
fluctuations. They arise from the commutation relation
between the operators a and a" and account for the fact
that our equations for » and ¢ correspond to normally or-
dered products of the operators.!* We finally conclude
that the phase fluctuations in the polarization-
correlated-emission maser are the same as for an ordinary
phase-locked maser. Thus there is no phase noise reduc-
tion due to the injected atomic coherence. On the other
hand, the amplitude noise caused by spontaneous emis-
sion can be totally suppressed. For p,, >3, the ampli-
tude fluctuations for the polarization-correlated-emission
maser can be made even smaller than the vacuum limit.

B. Laser

We again start with the Hamiltonian in Eq. (1), but
now include the atomic decay by coupling the atoms to a
heat reservoir. The interaction function f(¢,? i) then
specifies only the start of the interaction for the jth atom
and is given by

1491
a=—32’—a—ig 3 O(t—1)o/+F, , (35)
J
6/=—To/+ig0(t—t;)ala+F/, (36)
Gi=—Ta +0(g)+N, (37)

where N represents noise. Our restriction to an analysis
up to second order in the coupling constant allows us to
keep only the lowest-order term in Eq. (37). The parame-
ter [ is the atomic decay rate and F’ the corresponding
Langevin noise force. The noise correlation function for
FJ, which is relevant in this context, is given by'*

C(FH(Fi1))y=T(o,, )8t —1") . (38)
As a first step to the solution of the above equations we
formally integrate Eqs. (36) and (37) and obtain
ol(t)=a/(t;)e """
+fl dtle(tl_tj)e—r(t“l')

X[igoi(ta(t")+Fit")], (39)

—I(t—1)

ol(t)=e Vol(t)+0(g)+ N, (40)

We next substitute these results into Eq. (35) for the elec-
tromagnetic field operator and find

—T(t—1t)
(y=6l—t)= 10 7Y 34) a=—La—igp, ZOU—tpe
ALY J 0 otherwise . ( J Rt
+g2 [ dr 3 et —t)eu —1)e )
We can now write down the Heisenberg equations of e J
motion for the field and the atomic operators. We again Xol(t)a(t')+F, , 41)
chose a rotating coordinate system in which all operators = ¢
are slowly time varying with
J
F,=F,—ig 30(t—1)e ' "[olt)=(oly;)1~ig [* dr' T O —1)0t—t)e T FI) . 42)
J J
l
In Egs. (41) and (42) we have also added and subtracted _ Rg __2Rg?
the average value of the driving term which involves the SL.= T " " r - (44)

atomic dipole operators o/( t;). This enables us to
separate the drift from the noise contributions. We now
follow a similar procedure as in the maser case. We as-
sume that the radiation field is slowly varying during the
lifetime of an atom and approximate a(¢’') and a(z).
Furthermore, we again substitute Ui(tj) bY Paa — P
which neglects the correction terms of higher order in the
coupling constant. The remaining sums over all atoms
are then carried out in Appendix B. The final result is

a
a=—ista,,—12’-a+—2L—(p,m —puy)a+F, 43)

in which we made the definition

The parameter S; again specifies the strength of the driv-
ing term, while «; is the linear gain coefficient for the
laser. When comparing Eq. (43) with the corresponding
result for the maser case [Eq. (12)] we see that the drift
terms for the electromagnetic field are the same. There-
fore the maser analysis of the steady-state values for
phase and amplitude, as given by Egs. (19),(20) and
(23),(24), is also valid for the laser case. The only
difference is the definition of the driving and linear gain
parameters S and a which we denoted with the subscripts
M and L for the maser and laser, respectively. We now
turn to the evaluation of the noise correlation function
for F,,
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(Fl(t)F,(t
ik
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N =(FLF, (1)) +g> 3 0(1—1,)0(1'—1;)e

I‘(t—tj) —I('—
e

K (ahtaky = (o)) (ok))

+g2f_'wds f:rmds’ zk O(1—1,)8(s —1,)8(t' =1, )8(s' — 1, )e T ="(FI'(s)FXs"))
’a

r(r+r‘—2r)

=g23 O(t—1,)0(t'—t))e (Poa —

J

+g2fi dsf{’ ds' 3 O(s—t;
* T j

In the last step we have again made use of the fact that
different atoms are independent of each other. We re-
mark that the operator o,, has an equation of motion
similar to that of the operator o, in Eq. (40). Therefore
we can make the substitution (Uaa(s)>=paaehns_")
+0O(g). The remaining sums over the atoms and the
time integrations in Eq. (45) are then carried out in Ap-
pendix B. The result is

(FIOF, (1) =ay(pg—Llpa | DE(,1) . (46)

The function E(t,t') is an exponential time correlation
function which we defined in Appendix B.

We see that the main difference between this result and
the corresponding maser result [Eq. (15)] is a reduction of
the atomic coherence term by a factor of 1. This effect is
caused by the additional noise contribution introduced by
the atomic decay.

In a similar way, we find

(F,(2)F,( )_—pabE(t t'), @7)

a
<F:(t)FJ(t’)>=TLpiaE(t,t’) . (48)
We now want to discuss the phase and amplitude
diffusion in the polarization-correlated-emission laser.
This is done in an analogous way as in the maser case.
We identify the operator a with the classical variables
re'® and obtain the relations (21) and (22) for the noise
forces F, and F,. Then we approximate the time-
correlation function by a & function

E(t,t')~8(t—t"), (49)
and find the diffusion coefficients to be
_ %L _ 1+cos2(
D(P(P 47 Paa lpab 2
a
= [Pag — pas | *c0sp—0)] , (50)
4
_ 9 _ 2 1 —cos2(p—6)
Drr 4 Paa lpab ' 2
a
== 1paa—lpas ’sin’(@—0)] . (51)

We can now substitute the steady-state value for the
phase and obtain our final expressions for the diffusion
coefficients:

)e(sz__tj )e—-rtt+t'—s—s’)r<o.aa

\pab |

(s))8(s—s') . (45)

ar

Dy =" s (52
C‘L
D, == paa~ lpas|*) (53)

We observe that the phase diffusion constant is the
same as the one for an ordinary laser. Therefore we
again find no noise reduction in the phase due to the
atomic coherence. In contrast, the amplitude diffusion is
affected by the atomic coherence, however the reduction
is less than in the maser case. Comparing the above re-
sults to the corresponding maser equations (29) and (30)
we see that the term proportional to |p,, |? is reduced by
a factor of 2. This constitutes an important difference be-
tween the polarization-correlated-emission maser and
laser. The maximum noise reduction one can achieve in
the polarization-correlated-emission laser is a total elim-
ination of the spontaneous emission noise in the ampli-
tude. A squeezing of the fluctuations beyond the shot-
noise limit, which was found in the maser case, is not
present in the case of a laser.

III. DENSITY-MATRIX ANALYSIS

In this section we present an alternative approach to
the polarization-correlated-emission maser and laser
which offers a different point of view for these radiation
devices. Again, we discuss the maser and laser case sepa-
rately.

A. Maser

We start with the Hamiltonian given in Eq. (1). The
equation of motion for the density operator in the in-
teraction picture then obeys the equation

p=—ig 3 N(t,;;)[V;,p]. (54)
j

As we are mainly interested in the electromagnetic field
of the system, we trace over the atoms and find the equa-
tion for the reduced density operator for the field:

J

Here p is the density operator traced over all atoms but
the jth'one. For p/ + we find from Eq. (54)

,Pj]—lg > Nt TrAk[Vk’ka]
k#j

pi=—igN(t,1;)[V,

(56)
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in which p{k is the density ma-trix which has been traced pjf-(t )zp{( ()—ig fz NV, (]
over all atoms except for the jth and kth one. Note that -

in the above equation we explicitly accounted for possible o, , ,
correlations between different atoms. This enables us to g f, dr’' 3 N,y )Tr ] Viephi ] - (57)
demonstrate that the noise-reducing coherence terms, ! kft ;

proportional to |p,, |%, are single-atom effects and do not

originate from a correlation among atoms. Integrating

Eq. (56) yields If we substitute this result into Eq. (55), we get

p’ —ngNtt 7Tr, [V,.pft)]—g* [ dtZNtt)N(t ;)T [V, 1V,.pl0]]

-g 2 N(1,1 fljdt 3 N tTr | Vj,TrAk[ Viph D11 (58)
J
k#j
We next use the fact that at the initial injection time ¢; the atomic and field density operator for the jth atom factorizes
pile)=p,(t;)@p’(1;) . (59)
As a further step we express p/(¢ ;) in terms of p /(¢). For this we integrate Eq. (55), solve for p/(¢ ), and obtain

p (tj)zp t +tgf’ dt’ > N(t ,tk)TrAk[Vk,pk )] . (60)
J k

Substituting Eq. (59) together with Eq. (60) into the expression (58) leads to
plt)= —zgzN t,6)Tr [ V,,p;(2)0p ()] — ng dt EN )Nt )T [V, [V,ple)]]

_gZZN(t,tj)fltdt’ S Nt )Tr [V Tr W[ Viopl ()11
j sk
k+#j

+g2 EN 11, )f dt’ th AOTr [V, (1)@ Tr W[ Vipl (1)]] - (61)

If we again restrict ourselves to terms in second order in the coupling constant g, this expression can be greatly
simplified. We note that for j7k

P t®TE W Viph (=Tt ([ Viup(t)@pl(t)]=Tr ([V,,pl(1)]+0(g) . 62)

Substituting this relation into Eq. (61) we find that the double sums, which involve pairs of atoms j, k with j#k, cancel
in second order in the coupling constant. Thus the correlations between atoms do not contribute in a linear analysis for
the electromagnetic field.

If we further use the relation

plt)=p,(t))@p/(t)+0(g)=p,(t;)8p (1) +0(g) , (63)
we find for Eq. (61) the simpler expression
plli)=—ig 3 N(t,1,)Tr [V;.p,(1)@p (1)) —g? [* ar’ zNzt (' )Te [V, [V,p;(2)@p (1)]]
j
+g2 1 dr' 3 NN ()T [V,,p;(t, ®TrA,[ ;(1)®p (1)]11+0(g%) . (64)
* J

The traces over the atomic variables appearing in Eq. (64) have been evaluated in Appendix C and the remaining sums
are found in Appendix A. We then obtain the following master equation for the field:

p/=—iSylpa(a'p’—p’a’)+pslap’—p/a)]
al
—TM[(paa——\pabl2 aa'p/+plaa’—2a"p/a)+(py, — lpuy | Na ap’+p/a’a —2ap’a’)
—p2, (a'a pf+pfa a’—2a pfa )—p a(aapf+pfaa'~2apfa)] . (65)

So far we have only considered the change in the radiation field due to the atomic gain. In order to take the cavity
losses into account we have to add the loss contribution!®
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P loss= —-E(a*apf+pfa*a —2ap’at) .
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(66)

We now want to convert the master equation for the reduced density operator into a corresponding Fokker-Planck
equation. This enables us to make easy comparison with the results of Sec. II. We again choose the normal ordering of
the operators a and a' and use the Glauber P representation'® defined by

p/()= [d*6 P(6,6*,1)|6) (6] .

(67)

Substituting Eq. (67) into the master equation for the field density operator we arrive after a straightforward calculation

at the following Fokker-Planck equation:

AP(&,6*,1) . Y oo, %M 0’ )
S P — L6+ —pu— +ect——o -
ot aé: lSMpab 2 6 2 (paa Pob )6 c.c 86,86* aM(paa 'pabl )
82 Ay 2 82 297} 2
+£§Tpab+ PYTT pra P(6,6%t) . (68)
Changing to polar coordinates by defining & =re’# we obtain the equivalent Fokker-Planck equation
OPrgt) | 10,y 8, 1 & op 18 p v b |pirg 69
31 , ar(ra!,) 3% ara(p( rD,,) p ar2(r ) o e (r,p,t) . (69)

The drift and diffusion coefficients which appear in Eq.
(69) are given by

B. Laser

We start from the Hamiltonian (1), in which f(t,tj) is
the step function G(t—tj ), and derive an equation of

. v motion for the total density operator. Here we also have
d,=Sylpaylcos |p— 9—7 5 r to take into account the atomic decay from the levels a
and b to some ground-state level ¢. This is done in the
o standard way by coupling the atoms to a heat reservoir.
+—M(Paa —Pub )r+lDW , (70) If we make the simplifying assumption that the decay
2 r rates for the two upper levels are equal, the equation of
motion for the density operator in the interaction picture
Sy ) T 2 is given by!’
d‘pz——;——lpablsm o 9—? —;—D,(p N VAY
p=—ig 3 |00—1,)[V,p]
Dy = (0 —2lpay I Psin¥p—6)] (72) " r
=— - sin“(@— ,
rr 4 'Paa Pap ¢ —?(1a)<a|p+p|a)(a|+[b)
Ay X{blp+plb) (b|—2lc) {alpla)
Dy = 5 lpus =2l 'cos’ o= 0)] (73) PP P
X {c[=2le) (blplb) (ch); |, (795
Iym .
D,, = —?|pab|zsm2(<p-6) . (74)  in which ¢ denotes the inert ground state of the atoms.

Tracing Eq. (75) over all atoms results in an equation for
the reduced density operator for the field

5= — S
If we again neglect in Egs. (70) and (71) the small, noise- P ig 3,611, ULV RN-AE (76)
induced drift terms we find perfect agreement with the /
results of our previous Langevin analysis. For pjf- we find
|
pli=—ig0t—1;)[V;,pll—ig 3 Ot —1,)Tr W[ Vi.ply]
ey
r
—7(|a) (alptpla) (al+1b) (blp+plb) (bl—2|c) (alpla) {(c|=2lc) (blplb) (c]); . (77)

The matrix elements of pjf that we need for Eq. (76) only involve the atomic levels a and b. Therefore we can restrict

ourselves to those two levels and simplify the contributions of the radiative decay in Eq. (77) by writing the effective
equation
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pl=—ig0lt—1,)[V,,pf1—ig 3 Ol1—1,
k

k+j

JTr ([ Vipli1—Tp) . (78)

It is useful in the following analysis to define the new operators

—TI(t— 1 ) —I(t—t)__

pl=e Bl pli=e VB (79)
The equations of motion (76) and (78) then become
-r
pl=—ig 3 O(t—1))e R r AV,.p71, (80)
J

= P]=—ig0t—1))[V;,p1—ig 3 Ot —1,)Tr Vol - (81)

k

k#j

These equations are very similar to the Eqs. (55) and (56) in the maser case. Therefore we can follow analogous steps

and arguments as for the maser and find the expression

—I(t—1t )

pfz_igze(t——tj TTr [V ()8 ()]
J
—g*[" darTeu—ieu—e I [V,
>
+g2f" dt’Ee(t—t/)e(t’—tj)e‘mﬂ
>

“Te, 1V

Vi lVspjt)ep’(1)]]

()T [V,,p(1)8p(1)]1+0(g°) . (82)

If we compare Eq. (82) for the laser with the corresponding maser result (64), we notice that the commutator expres-

sions are identical.

However, the integral kernels are different. Using the results from Appendixes B and C, we find

from eq. (82) the master equation for the reduced density matrix to be

o f—

p’=—iS,[pua'p’—p'a" ) +py,ap’ —p/a)]

ap
—T[(paa __Hpab!2

)(aafpf+pfaa+*—2a*pfa )+ (ppp —

%ipabiz)(a+apf+pfa+a —2ap’a’)

—1p2(a'a’p/+plata’—2a"p/a")— Lp},(aap’ +plaa —2ap’a)] . (83)

The coefficients S; and a; are the ones defined by Eq. (44). If we again add the cavity losses to the master Eq. {83) and

convert it into a Fokker-Planck equation we readily get

(6’ E*,t)= R —iS;p —16’+a—L(p —pw)6 | te.c.+ [ag(pag—+1pay )]
al EYS LFab 2 2 aa 36 &* L\Paa — ab
2
;aézg’l a_LPab +c.c. |P(6,6%,t) . (84)

Comparing these drift and diffusion coefficients with the
corresponding Eqs. (43) and (46)-(48) of the Langevin
theory in Sec. III, we find a perfect agreement. Further-
more, we note again that the terms proportional to the
square of the atomic coherence differ by a factor of 2 in
the maser and laser case.

IV. INHOMOGENEOUS BROADENING

So far, we only considered the case in which the radia-
tion frequency is resonant with the center of the homo-
geneously broadened atomic line. We now want to relax
these constraints and investigate the case of inhomogene-
ous broadening. Because of the similarities between the
laser and the maser results we will only discuss the laser

[

in detail and quote the corresponding maser results.
We start with the general Heisenberg equations of
motion for the laser

d=—iﬂa-%a—igEe(t—tj)aj-i-F], , (85)
j

6/=—iw,0/~To/+igO(t—1t;)ola+F; . (86)

Next, we eliminate the quickly time varying contribu-
tions by moving into a rotating frame. We define

a(t)y=e '““a(1), olt)=e "“Fi1), (87)

in which wg is the frequency of the laser field. Substitut-
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ing these expressions into the Egs. (85) and (86) we obtain
the following equations:

d___. Yo i E
Ea——l(ﬂ—wo)a—-‘g—a—lg?9(!—11-)0'!—4—17}, ,
(88)

|

a=—i(Q—wya —%a—ig ze(t-tj Je
J
t
+g2 ' dr' T e(t—t)e(r'—1)e
o

+F,—ig [*_dr' 3 0(t—1)6(r'~1)e
J
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—[T+ilw,—wy)]t—t)
;70 o
—[I‘+ilwl-—w0)](t—t’)

—[r+i(w] —w, )]t —1")

%a!ﬁ —[T+i(o,—wy)]o/+igO(t —t;)0la+F; .

(89)

For convenience we will drop the tilde on the operators
in the following discussion. We next integrate Eq. (89)
and substitute the result into Eq. (88). We then obtain

i(t;)

ol(tal(t’)

Fi(t") . (90)

We can now make analogous simplifications as in the homogeneouslyrt()roac)iened case. Neglecting terms of higher order
. ; =T(t— . . .
than g2 we can substitute a(t') by a(¢) and oZ(t') by (p,, —pss e g [see the discussion following Eq. (42)]. We

then find
a=—(Q—wyla —%a —ig ? o(t—t; )e—[rﬂ(wf—w")]“—'f)pab
gt [ a3 et ipeur—ge TN kR ©1)
J
with
F(1)=F,~ig [ drS e —e—te " TN E @)
J
—ig T O(c—re TN T gde) — (o)) ©92)

J

In Egs. (91) and (92) we have again added and subtracted
the average value of the driving term.

We proceed to evaluate he sum over all the atoms. We
note that every atom has two characteristic features: the
injection time #; and the frequency ;. Therefore we first
group the atoms according to different frequencies w,
which corresponds, for example, to grouping the atoms
into various velocity groups in the case of Doppler
broadening. Then we integrate over the different injec-
tion times in each subgroup. Thus the sum over the
atoms is substituted by

S 3 nf a. (93)
J k -

atoms frequencies

Here r, is the injection rate of the kth frequency group.
If p, is the probability of an atom to have the frequency
wy, it is easy to see that r, =Rp; with R being the total

atomic injection rate.
J

(FJ(1)F, (') =gXpg—lpap|?) 3 Ot —1;)0(t'~1;)e
J

+g%p,, [' ds [1 ds'3 O(s—1,)0(s'—1))e

Xe

—[F—ito, —wy)lt~1, )e[l‘+i(w

—[F+i(wj—w0)](r’—x’)re

We have placed the detailed evaluation of the sums in
Eq. (91) over all atoms in Appendix D. The final result is

d=—i(Q—a)o)a-—-§a —iS; pap( W —iW,).

a
+TL(W|—-iW2)(paa—pbb )a+F, (94)
in which W, and W, denote different weight factors. If
we define x;, =(w, —wy)/I’, these weight factors are
given by

1 1
W,= = , (95)
! Zk"pk 1+x} <1+x2>
Xk X
W,= = . 96
2 %pk 1+x? <1+x2> o

We next calculate the noise correlation functions. Fol-
lowing the same procedure as for the homogeneously
broadened laser, we find

) —wo)](t'—tj)

—[I‘—i(wj—wo)](t—s)

—I‘(s—lj)

S(s—s') . 97
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The remaining sums and integrals are again evaluated in
Appendix D. The result is

(F}(t)F,( YW, 8(t—1' (98)

> C‘L(paa |pabt

In a similar way, we find the other correlation functions
to be

(F,(t)F,(t )>=—pab(W —iw)s(t—1t"),  (99)
and

<FJ(:>F§<:')>=aTLp%,,,(W3+iW4)6(z—r'> . (100)
The weight functions W5 and W, are defined by

W3=<(—il—f;—22)—2> ; (101)

W4=<(—1%)~2—> . (102)

The detailed calculation of the last two correlation func-
tions is also presented in Appendix D. Comparing the re-
sults given by Egs. (98)-(100) with the corresponding
equations for the homogeneously broadened laser
(46)—(48), we notice that the only difference are the
weight factors W,, W3, and W, which are due to the fre-
quency distribution over the atoms.

We can now use the above results to find expressions
for the phase and amplitude diffusion in an inhomogene-
ously broadened polarization CEL. Proceeding in the
same way as for the homogeneous case we find

a
D :4—i[paa W= tlpas [ W, + Wicos2(6—¢)
7

¢
+ W,sin2(6—¢)]} , (103)
ay
Dy == 1puWi— Lpas LW, — W;cos2(0—g)
— W,sin2(6—g)]} . (104)

In order to obtain specific results for the diffusion
coefficients let us assume that the frequency distribution
of the atoms is a Gaussian, centered around an atomic
frequency w,. For simplicity we assume this frequency to
be equal to the cavity frequency Q. It is easy to see that
in such a case the laser frequency w, also coincides with
Q. If we again use the notation x =(w—wg) /T, the fre-
quency distribution P(x ) acquires the form

1 —x2/202

e ,
(2ma?)'/?

P(x)= (105)

in which o? is the characteristic variance of the distribu-
tion. Note that o? is essentially the ratio of the inhomo-
geneous to the homogeneous linewidth. We immediately
see that because of the symmetry of P(x ) around the fre-
quency w, the weight factors W, and W, are equal to
zero. The drift term for the electromagnetic field in Eq.
(94) then simplifies to

d,= (106)

. oL
—iSppas Wi — %‘1 + ey Wi(paa —Psp)a

This is the same as in the homogeneously broadened case,
except for the weight factor W,. Therefore the locking
phase of the laser is still given by ¢, =6 —m /2. Substitut-
ing this angle into the diffusion coefficients for phase and
amplitude, we get

W3],

(107)

D :E‘_L[paa Wl—_‘l"pab!z(W
¥ am :

a
D, =~ [pu Wi~ lpws (Wi + W) . (108)

We see that the inhomogeneous broadening of the
atoms does not destroy the noise-reducing effects of the
atomic coherence. In fact, it leads to a redistribution of
the |p,,|> terms between the phase and the amplitude.
To illustrate this effect let us discuss the following two
cases.

(a) Narrow distribution (0> <<1). In this limit, we can
approximate P(x) by &8(x), which corresponds to the
homogeneously broadened case. As expected, we find
W,=W;=1 and we recover the results of the homogene-
ously broadened laser given by Egs. (52) and (53).

(b) Broad distribution (0>>>1). In this case, the distri-
bution function P(x) does not vary much over the range
over which the functions 1/(1+x2) and (1—x2)/(1+x?)
are appreciably different from zero. We can therefore
make the approximation

1
W,= =
! <1+x2>

P(0) d
> f 1—+—x2)2

(107) and (108) yields

0 f " dx—ts=rP0),  (109)

1+x?

W3—< (110
(1+x

Substituting these results into Egs.

ap
D,,=——W(py—tlpas!?), (111
[ 47 P Pab
a
Drr 4L paa - \pab| (112)

We find the unexpected result that we have equal noise
reduction in phase and amplitude due to the atomic
coherence. This can be most easily understood by recal-
ling the results for the homogeneously broadened laser in
Egs. (50) and (51). The broadband distribution over the
atomic frequencies has essentially the effect of ellmmatmg
the phase-dependent contribution of the [p,,|® terms,
which enter the expressions for phase and amplitude
diffusion coefficients with opposite signs. The remaining,
phase insensitive part of the atomic coherence then leads
to equal noise reduction in both quadratures.

We finally quote the results for the inhomogeneously
broadened polarization-correlated-emission maser. Fol-
lowing analogous steps as in the laser case, we find the
equation of motion for the field operator a to be

a=—i(Q—w,a —%—a —iSppay (WY —iWH)

a

+%‘( M i My,

[

—pus) T F, (113)
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with

W§"=<5mx>, W§4=<1—cosx>, (114)

x x

and

Wflwzz<—1_czos">, ng=2<——"_52‘“’> (115)

x x

The noise correlation functions are found to be
<Fj(z)F,,<z')>=aM<p,m—lpab|2)W{"z5(t—t') , (116)
(F ()F,(t") =apyp (WY —iwis(t—1t'), (117)
and
(FIOF (1)) =apypl, (WM +iwM)s(t—1') , (118)

in which the weight functions W% and W are defined
by

; (119)

2
COSX —COS™X
W§”=2<—-> ,
X

2 sinx —sin2x > (120)

wil= <
4 x 2
From the correlation functions (116)—(118), we can calcu-
late the phase and amplitude diffusion coefficients for the
inhomogeneously broadened maser case. The result is

ay ~
Dq)q) 47 {paaWI lpabiz[W?/!_’_WgMCOSz(g_@)
+Wwisin2(6—¢)]} , (121
a . —
D, == 1pua W 1= lpus LW ¥ — W cos2(6—)
—Wisin2(0—¢)]} . (122)

Comparing these expressions with the corresponding
ones in the laser case [Egs. (103) and (104)], we find that
both results are completely analogous, apart from a fac-
tor of 2 in front of the |p,|® terms. This factor is a
significant difference between the coherently pumped
laser and maser and was also observed in the homogene-
ously broadened case.

The discussion of the diffusion coefficients (121) and
(122) is completely analogous to the laser case. In partic-
ular, for a broadband distribution we find

(ZM —_
D¢"P:—4TW§W(paa—ipab12) (123)
n
a,,
Drr_TWI Paa — ‘pabl (124)

which corresponds to equal noise reduction in both the
amplitude and the phase of the electromagnetic field.

V. SUMMARY AND DISCUSSION

We have analyzed in detail the effect of atomic coher-
ence for the polarization-correlated-emission maser and
laser in the low-intensity regime. We find through a
Langevin and master equation analysis that the phase
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TABLE 1. Diffusion coefficients for phase and amplitude of
the electromagnetic field. The specified cases are as follows: the
ordinary, incoherently pumped maser and laser, the resonant
polarization-correlated-emission maser and laser and the inho-
mogeneously broadened polarization-correlated-emission maser
and laser. The results for the second and third case are valid for
the low-intensity regime and for a regular injection of the
atoms.

Diffusion
coefficients Maser Laser
. a a
Ordinar D ——Paa —Paa
y “ an’ Pre
a a
D = =
rr 4 paa 4 paa
a a
Resonant D —Paa ~—Paa
3 e p an p
polarization D, %(paa —2|pg!?) 4 (Paa— lPap!?)
Broadened D,, %(paa —lpas!?) ;(paa —2lpas!?)
7
polarization D, 4 (Paa = pas|?) %(p‘m —2lpasH

diffusion coefficient of the homogeneously broadened
laser or maser is unaffected by the injected atomic coher-
ence. In fact, its value corresponds to that of an ordi-
nary, incoherently pumped laser or maser. On the other
hand, the injected atomic coherence can lead to a reduc-
tion of the amplitude diffusion coefficient. We can
achieve a complete elimination of the spontaneous emis-
sion noise in the field amplitude for the laser. In the
maser case this noise reduction is twice as large as in the
laser case. In fact, we can get negative values for the
diffusion coefficient D,, which corresponds to a squeezing
of the amplitude fluctuations.

Furthermore, we have considered the effects of inho-
mogeneous broadening. We find that for a broad atomic
linewidth the noise reduction in the diffusion coefficients,
which in the homogeneously broadened medium was only
effective for the amplitude coefficient, is now distributed
between the phase and the amplitude. All of these results
are summarized in Table I.

APPENDIX A

In this appendix we evaluate the sums over the notch
function N(z,¢;) which appear in Eq. (11) of the maser

case:
S N(t,t)=R f:odth(t,tj)=R fll_fdthRT. (A1)
J
Furthermore,
3 NN, 1)=R [ © dy;N(1,1)N (')
j
=R7*T(1,t") (A2)

Here T(t,t') is a triangularly shaped time correlation
function which we defined as
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N(t,t))

.

t-t t-T t' 1
TIME

(a)

T(t,t"

FIG. 2. Integration over the overlap between N(z,¢,) and
N(t',t,), as shown in (a), yields the triangularly shaped correla-
tion function (b) T(t,t').

0, [t—t'|>7
t'—(t—71), t—7=t'<t
t+r—t', t=t'<t+7.

1
T(t,t")=—
2

Note that T'(¢,t') is normalized such that its integral is
equal to 1. A sketch of this function is given in Fig. 2.

APPENDIX B

In this appendix we evaluate the sums which appear in
Egs. (41), (42), and (45):

sou—r)e " V=R [ et "
J
:% : (B1)
Furthermore,
Sei—)ei —te Y
J
—R f_idt,.eu —tpet—ipe Y
Z%"'N_” : (B2)
Finally
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E(t,t)

L
2

FIG. 3. Exponential noise correlation function E(¢,t’).

—I(t+t —er)

_ R —Tlt—r']
J orf

(B3)

%E(r,t’).

The function E(t,t') is an exponential time correlation
function, defined by

E(z,t'):ge‘“*"‘. (B4)

We have again normalized the time correlation function
such that its integral is equal to 1. A sketch of E(z,t') is
shown in Fig. 3.

APPENDIX C

Here we calculate the commutators of Egs. (64) and
(82). For this we use a matrix representation for the
atomic operators. If we choose the two atomic levels a
and b as a basis, the atomic dipole operator o/ can be
written as

00

J=
g 10

(Cn

J

The interaction part V, of the Hamiltonian then acquires
the form

% ¢ (C2)
V= a’ 0 j
The initial condition for the jth atom is given by
( Paa  Pab (©3)
t)= .
Prth Pba Pob |,

Using Eqgs. (C2) and (C3) the commutators and traces can
be easily evaluated
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Tr [V).p, (1) p]

Pea@p’ —pasp’a’  puyap’—p..pla
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dence of the field operator p/.
In a similar way, we find

=Tr t t Tr LV, [V,p(1)@p 1]
Paad P’ —pwp’a’ paya’p’ —puup’a AR ,
tf St f_f =pa.(aa'p’+plaa’—24"p/a)
=pula p!—p’a’)+tpylap’ —p’a) , (C4)
Pap'\@ p°—p Pra'ap’—p +pbb(a+apf+pfa+a_zapfa+) (C5)
in which we have suppressed the explicit time depen-  and
J
Tr , [Vp,(t)@Tr  [V,.p,(t,)0p" 11=|py, [*aa p/+p’aa’—2a"p/a +a'ap/+p/a’a—2ap’a")
+pab(a a pf+pfa a’—2a p/a )+pi,aap’ +p’aa —2ap’a) . (C6)
APPENDIX D 1 1
W, = . - =< > , (DS)
! % Py \+x2
In this appendix we evaluate the various sums and in-
tegral appearing in the calculations for the inhomogene- 2 Pi < X > , (D6)
ously broadened polarization CEL. For this we again 1+’C1\ 1+x?

note that we can group the atoms according to their fre-
quency and their injection time. Assuming a regular in-
jection of the atoms, we can then make the substitution

%
rkf7 dtj

2 - 2 (D1)
k

J
atoms frequencies

Here the integration over the injection times ¢; is per-
formed in each frequency subgroup. We can now evalu-
ate the sums and integrals in Eqgs. (91) and (97):

*[r+l(wj*(uo)](t—tjl

_ SN T
[T +ilw), —og)lt ‘)

=R %pk f:cdtje(t—tj e

The weight functions W, and W, are defined by

FZ
Pr T Y (0, — )

-2

2

F(wk _0)0)

(D4)
[+ (o,

W,= 3 b«
k

'—“’0)2

If we adopt the shorthand notation x;, =w,
Egs. (D3) and (D4) can be written as

—wy/T, then

in which ( ) denotes an average over the variable x. For
the expression of the linear gain term in Eq. (91) we ob-
tain

[' a3 eu—1el
sy

7[r+1|w,

—I(t'—1z)
1'—1,)e J

wy)J(1—1")
Xe 0

:Rzpkf[ dt'e
& —x

—[C+ilw, —w,))(t—1")
k 0

Xfldtjze(t~tj)e(t'—tj-)
J
Xe*r(t'~rj;

:_RL zpk ft dt,e—[l”r:(m,\ —awg) )t —1")

r<fJ

R .
:F(WI—IWZ) . (D7)

h(t,1)
A e'I'|""|

= //\{/ﬂ\] L/[\\]\Zf:ﬁ >

TIME

FIG. 4. Correlation function A(z —t') as defined by Eq. (D9).
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For the noise correlation functions we have to evaluate the following sums:

> 60t —1;)0(t'—1;)e

J

~[F-i(wj —wo)}(t—tj )e —[F+i(wl —wo)](t'—tj)

=R Epk (o) —wg)t— r)f_oowdtje(t__tj)e(t,_tj)e—l‘(t+t'—21j)

=erp e_r“_rl|ei(wk—wo)(1—l')

=Ezpktcos[mk—w(,)(z—t')]e—”'—"‘+isin[(wk—wo)(t—z')]e—”'—"ig . (D8)
k

Let us discuss the time dependence of the first terms in the last expression of Eq. (D8). The first term is given by the
function

h(t—t)=e "' "Icos[(wy —wo)(t—1")] , (D9)

which is sketched in Fig. 4.

If the atomic lifetime I" ! is very short as compared with the time scale of interest, we can make the Markov approx-
imation:
2r

8(t—t')y=—""—8(t—1t') . (D10)

h(t—1)~ [ " drh
I arh T2+ (0 —op)?

Under the same approximation we find
sin[(w; —wy)(t—1')]=0 . (D11)
Substituting Egs. (D10) and (D11) into (D8) yields

—rje—r|

—[r— z(a) —ag)J(t—= t) —[I‘+z(w —awy)J(t' = zpk FZ 8t —1")

O(t—1,)0(t' —t;)e
? J J) F2+(a)k—(00)2

=%W18(t—t’) . (D12)

Finally we have to evaluate the integrals and sums which appear in the coherence terms of the noise correlation func-
tions ( F/F,), (F,F,),and (F,F}) [c.f. Eq 97)]:
[ ds[" ds'S es—1)0(s'—t)e

—[FT—ilw —wo)](t s) *[]"*H(w —wy))t’—s") —T(s—t;)
e

e 7°8(s—s")

_ (o, —w)t—1") pmin(t,t") . | _pogp—25) —l"(s—tji
=R 3 p,e f-w ds'e f_wdtje(s tj)Te

k
=£_ “’k wo)(t t') _[-|, |
ar 2 Pxe
R
=FW15(t—t’) . (D13)
Furthermore,

b G(I-tj )e(t,_t‘)e—[l"+i(w/—w0)](t—tj)eA[F+i(wj—w0)](t"l/)

- J
J

—[[+ilw, —wo)}(t+t'—2t1)

=R3pJ d0l—1)00 1 )e

_ R r [P +ilw, —wy)llt—1']
T 2P T i(wy —g) ¢

r . g
=T Eka:I—z(—w——)— [cos[(a)k*a)o)(t—t')]e'”'_’ |—i sin[(w; —wo)(t—1")]e ~Flt=

R

A — ZF 2(wk_wo)
=ar 2"" M +ilw

—i o8(t—1¢’)
I+ (0 —wy)? I+ (0, —wy)?

a)o)
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=%(W3—iW4)8(t—t').

(D14)

In the last step we have defined the weight function W; and W, as

1—x?
w,=(——%
3 <(l+x2)2>

2x
W,=(—————) .
¢ <(1+x2)2>

(D15)

(D16)
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