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Correlation spectroscopy has been proposed as a spectroscopic technique for measuring the coherence between
the ground states in electromagnetically induced transparency (EIT). While in the time domain the steep dispersion
in the EIT condition accounts for the robustness of the correlation linewidth against power broadening, such
physical insight was not directly established in the frequency domain. We propose a perturbative approach to
describe the correlation spectroscopy of two noisy lasers coupled to a A transition in cold atoms, leading to
EIT. Such approach leads to an analytical expression that maps the intensity correlation directly in terms of the
absorption and dispersion of the light fields. Low and high perturbative regimes are investigated and demonstrate
that, for coherent light sources, the first-order term in perturbation expansion represents a sufficient description for
the correlation. Sideband resonances are also observed, showing the richness of the frequency domain approach.
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The coherent interaction between light and matter has been
a subject of fundamental interest in quantum communication
and quantum information [1,2]. Such coherence opens the
possibility of mapping information between light and matter,
which is necessary for developing quantum memories and
quantum repeaters [3—5]. Among those coherent interactions,
electromagnetically induced transparency (EIT) has been
spectroscopically studied [6,7]. The EIT phenomenon in a A
transition relies on the interference between atomic excitations
driven by two light fields pumping the atomic state into a
superposition between ground states, known as a dark state. In
this dark state, the medium becomes transparent to light when
the optical frequencies satisfy the two-photon resonance, with
a linewidth narrower than the natural linewidth. Given this
subnatural character of the EIT linewidth, it finds applications
in atomic clock stabilization and cold-atom thermometry [8,9].
Nevertheless, the linewidth of the EIT signal is sensitive not
only to the decoherence between the ground states, but also to
power broadening.

Usually, the EIT linewidth is measured by transmission
spectroscopy, with the measurement of the mean value of
the transmitted intensity. On the other hand, the sensitivity
increases when we look at the intensity fluctuations of the field
when noisy light sources are employed for the spectroscopy.
Yabuzaki er al. [10] showed that this type of spectroscopy
is characterized by the transformation of excess phase noise
into amplitude noise, due to the interaction with a two-level
atom. Moreover, instead of only measuring the intensity noise
of the light beams, measuring the intensity correlation of
two beams interacting in EIT condition has provided new
insights [11-17]. Recent contributions [17,18] showed that,
by performing intensity correlation spectroscopy with noisy
lasers, it is possible to measure the intrinsic EIT linewidth,
which is narrower than the EIT linewidth measured by standard
transmission spectroscopy. In particular, in Ref. [18] a simple
model was developed that allows to connect the intrinsic EIT
linewidth with the decoherence that limits the lifetime of the
ground states’ superposition, for cold atoms. This technique
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can work as a tool to directly measure the decoherence between
ground states since it is free from power broadening.

Although the intensity correlation was well described
by numerical calculations, the lack of an analytical model
prevents a deeper physical insight that would help to establish
which atomic properties determine the spectroscopic features
of intensity correlation. The physical description of the corre-
lation can be done either in the time domain by the normalized
two-time correlation function g2(z) or in the frequency domain
by a normalized version of its Fourier transform C(w). In the
time domain, Felinto er al. [18] proposed a simple model
for g2(0) that illustrates the role of the steep dispersion in
preventing the power broadening of the intrinsic linewidth.
The numerical evaluation of the correlation in the frequency
domain is successful in showing the same feature, as it was
shown in Refs. [14,19]. However, an analytical description was
still missing.

In this paper, we propose a perturbative approach to
determine the intensity correlation between two light fields
in EIT with cold atoms, when described in the frequency
domain. The perturbative expansion lets us identify the main
atomic contributions to the intensity correlation between
the beams, in both time and frequency domains. From the
perturbative approach we obtained an analytical expression
for the correlation coefficient.

We show that the atomic response to a low-noise laser can
be fully described by the first-order term in the expansion. This
first-order term is determined by the absorption and dispersion
of the fields, as in the heuristic model in Ref. [18]. For noisy
laser sources, higher-order terms in the perturbative expansion
are considered, recovering the correlation profile obtained in
Refs. [17-19]. We also show that the correlation coefficient
presents the contribution from the resonances of the sidebands
of the laser, shifted from the central carrier by the analysis
frequency w. Their contribution results in a broadening
of the correlation profile inside the transparency window.
Nevertheless, the intrinsic linewidth of the correlation peak
is completely invariant to the analysis frequency, showing that
both approaches are equivalent for measuring the coherence
lifetime of the ground states.

The paper is organized as follows. In Sec. I, we briefly
describe the atomic levels for studying the correlation
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spectroscopy. We also introduce the approach of stochastic
variables used in the calculation of the covariance matrix as-
sociated to the atomic density operator and the corresponding
spectral density matrix. In Sec. II, we present the perturbative
expansion to determine the g%(0) function and the correlation
coefficient C(w). In Sec. III, we decompose the perturbative
result to obtain the analytical expression of the correlation in
terms of absorption and dispersion of the fields. In Sec. 1V,
we show the role of sideband resonances in the correlation
spectroscopy and in Sec. V, we summarize the results of the
perturbative approach for correlation spectroscopy.

I. CORRELATION SPECTROSCOPY

The correlation between any two light fields with intensities
I,(t)and I(t + T) can be quantified by the g2(z) function [13].
In particular, we study the intensity correlation between two
noisy lasers (a diode laser for example) induced by cold-atomic
media in EIT condition. The use of noisy lasers limits the
intensity correlation to those obtained by classical states of
light (i.e, those described by regular Glauber-Sudarshan P
functions [20]). Yabuzaki et al. showed in Ref. [10] that the
atomic medium transforms excess of phase noise of the input
light sources into intensity noise at the output. Hence, the
phase noise to amplitude noise (PN-AN) transformation has
to be considered for the theoretical description of the intensity
correlation in our bipartite system in EIT condition. Here,
we will present a semiclassical approach, where the atomic
response is treated by quantum mechanics while the light
fields are considered to be classical, with stochastic phase
fluctuations. Therefore, intensity fluctuations at the input are
not considered.

Let us consider two electromagnetic fields described by

E;(?) = & expli[wit + ¢i(D)]}e;, (D

with a stochastic phase fluctuation ¢; that models the excess
of noise in diode lasers. In the expression for the fields, i =
1,2 denotes the two beams, & and w; are, respectively, the
amplitude and the frequency, and e; stands for the distinct
polarization modes.

The converted phase noise is easily measurable by pho-
todetectors. This can be shown if we consider that after the
propagation of the field through the medium, the output field
in the thin sample limit [21] is given by

E/() = Ei(t) +ixP;(1), 2

where polarization P;(¢) represents the atomic response in-
duced by the incident fields E;(¢) and « is a real constant that
depends on the atomic density.

The usual scheme for correlation spectroscopy in a A-EIT
condition is shown in Fig. 1(a). Two fields, E;(¢) and E,(¢), are
coupled to two different transitions of a three-level atom, with
different one-photon detunings A; and A, respectively. The
intensity correlation between the two fields is measured after
interacting with the atomic ensemble as presented in Fig. 1(b).

The incident fields are coupled through the A transition,
inducing polarizations of the atomic medium that contribute
to each output field as P; = d;30;3, where d;3 and p;3
represent the electric dipole moment and the atomic coherence
associated to the fields i = 1,2. The output intensity of each
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FIG. 1. (a) Levels scheme in A-type configuration for EIT.
(b) Basic setup for measuring the intensity correlation spectrum in
time [g%(7)] or frequency domain [C(w)].

field is then given by
I[(0) = I; — 20:EIm{pize ™}, 3)

where o; = kd; - e; and the intensity is expressed up to first
order in «. The intensity correlation between two light fields
is defined as

(8I](1)8I5(t + 7))
VOO It + 1))

where 81{(t) and 8I)(t + t) represent the light intensity
fluctuations of each beam at different times separated by a time
delay 7. For T ~ 0, the atomic response induces correlation
[g%(0) > 0] or anticorrelation [g2(0) < 0] between the light
fields [13,17-19], depending on the two-photon detuning
8§ =A1 — A,

The heuristic model proposed in Ref. [18] establishes a
direct relation between the atomic response and the g2(0)
function. It was shown that the stochastic phase fluctuations
were not only mapped by the absorptive properties of the
medium, but also by the dispersive atomic response. In the
thin sample limit, the intensity fluctuations are proportional
to the atomic coherences, i.e., 81/(t) ~ & Im{p;e'?}, where
pi = pi; is the stationary solution of the density matrix
element contributing to the intensity fluctuation in Eq. (3).
As a consequence of the time averaging of the phase diffusion,
8I/(t) can be expressed in terms of Rep; and Imp;, and
therefore, the correlation function g2(0) is also written in terms
of the contributions of atomic dispersion (Re p;) and absorption
(Imp;) for each beam as

g (r) =

“4)

RepiRep; + ImpImp,
VRE py +Im?p))(Re? ps 4 Im? py)

It was shown that in the low-power regime, the absorption
dominates and the medium induces correlation between both
light fields. As the power of the fields is increased, the disper-
sive term RepRep, < 0 overcomes the contribution from the
absorptive term Imp;Imp, > 0, leading to anticorrelated light
fields, i.e., g2(0) < 0.

Moving to the frequency domain, the noise correlation is
defined as the normalized Fourier transform of the correlation
function in Eq. (4), that can be described as

g% (0) =

®)

Sir()

JSh@Sh@)

Clw) = (6)
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where Si’j (w) represents the symmetrical intensity correlation
spectrum for i and j fields at a given analysis frequency w
such that

1 © —iwt 7/ /
Si;(w)zgﬁ dre (L), It +1)s, (1)

[ee}

where we define the symmetrical covariance (I](t),I:(t +
0))s = [0, 1} + ) + (L;0). [/t + 7))]/2 with
(3,75) =(; T i) —(Y;)(Y;) as the covariance for
any stochastic Vanable Y;, similar to g2(0), for correlated
fields C(w) > 0, and for anticorrelated fields C(w) < 0.

The theoretical approach used in the evaluation of this
correlation adopted in Refs. [12,14,19] provides a result that
is consistent with experimental data. Nevertheless, they do not
present the detailed role of each term of atomic absorption and
dispersion, as was done in Ref. [18] in evaluation of Eq. (5).
In order to overcome this limitation, we study the stochastic
dynamic for the A-EIT system using Ito’s calculus, which
is the platform for the perturbative expansion performed in
Sec. II.

A. Langevin equation for the atomic dynamics
from Ito’s calculus

Following the theoretical approach in Refs. [14,19], let us
consider a three-level system interacting with two light fields
E| and E; in a A configuration as shown in Fig. 1(a). The
interaction Hamiltonian is given by

Hiy = ﬁ(Q*O‘ 3el[w11+¢1(1)] + 9*023el[wzl+¢z(f)] +Hc), )

where 6,3 = |i)(3| are the atomic operators associated with
each transition, €2; are the Rabi frequencies, w; are the optical
frequencies, and ¢;(¢) are the stochastic phase fluctuations,
associated to the fields &; for i = 1,2. The time evolution of
the phase fluctuations ¢;(¢) is described by a Wiener process,
therefore, their statistical moments satisfy

(dei(1)) =0, (9a)
(doi(t),dei(t)) =2y, (9b)
(dg1(2),dpa(1)) = 2)/12df (9¢)

) =

(dei(t)",dp;(®)") =0 for n>2,m>2, (9d)

where (...) denotes stochastic average, (...,...) stands
for the covariance, and y; represents the linewidth of the
Lorentzian line shape that spectrally characterizes the laser’s
phase fluctuations. Considering the experimental conditions
where the two beams are generated by the same laser source,
we can assume the same linewidth for both beams, with
correlated fluctuations, such that y; = y» = y;2 = 7.

The atomic dynamics is described by the Bloch equa-
tions for the atomic matrix elements pg;;, which are ob-
tained from the interaction Hamiltonian of the system.
Their evolution is better described with the use of Liou-
ville space. In particular for our three-level system, we
use the vector y = (511,022,013, 031,023,032, 012, 021) to de-
scribe all the independent components. The Bloch equa-
tions are determined in Appendix A and they describe
the dynamics for the rapidly varying variables y. To ob-
tain a linear system without explicit time dependence, the

PHYSICAL REVIEW A 94, 012503 (2016)

atomic dynamics is better described by the slowly vary-
ing variables X = (p11,022, 013,031,023, 032, P12,021). Hence,
it is convenient to perform the rapidly-to-slowly varying
variables transformation such that g;ze /@O 5 o2 and
proe l@r—@litd 10— . 4, Such transformation is rep-
resented in a very compact way as

x(t) = e—iNl [w11+¢) (t)]e—iNz [wzt+¢z(t)]y(t)’ (10)

where N; and N, are diagonal matrices with zeros and
ones defined in Appendix A. Each one of the matrices N;
corresponds to each noisy beam i = 1,2. Therefore, the matrix
representation of the Bloch equations is given by

dy(r)
dr

where the y( vector and the .4 matrix are both defined explicitly
for a three-level system in Appendix A. The vector yq is
constant, used for normalization of the closed three-level
system. The evolution matrix .4 depends on parameters of the
light-atom interaction such as the spontaneous decay rate I,
the ground-state coherence lifetime y;, the Rabi frequencies €2;
for each field mode, and the resonant frequencies for the atomic
transitions w3y and w(p3). It is worth noting that the matrix
representation in Eq. (11) stands for any atomic structure
(with M levels) that couples two noisy beams and additional
monochromatic noiseless fields. In that general case, the only
difference would be the higher dimension to be considered for
the vectors and matrices in Eq. (11), such as the five-level
system in Ref. [22]. Even more general, if we consider a
M -level atom interacting with more than two noisy beams, the
only difference, aside from higher dimensions, are the extra
terms for exp{iN[wit + ¢1(H)] + - - - + iN, [w,t + ¢,(£)]} in
Eq. (11) where n would be the total number of fields
with stochastic phase noise. Thus, the theoretical treatment
presented here can be easily extended for M-level atomic
systems interacting with two noisy fields. Nevertheless, we
restrict ourselves here to describe a three-level system.

Once we obtain the Bloch equations, now we determine the
Langevin equations for the slowly varying variable x with the
help of Ito’s calculus [23] for the stochastic fluctuations de ().
By applying Ito’s differentiation rule dx = [9,x + %(aélx +
35,X + 85 4, X+ 05,5, X)dt + 35X dp1 + 95,X dep into the
transformatlon (10), we obtain a general Langevin equation

dx(t) = a[x,t]dt + Bq[x,t]1d¢(t) + Ba[x,t]d ¢ (t)

_eiNl[w]t+¢l (t)]eiNz[wthrth(t)]Ax(t) + Yo, (11)

— 1(N1d? + N3d¢3 + 2N Nodidn)x(t)  (12)
with
a[x,t] = —A; x(¢) + Xo, (13a)
Bi[x,t] = iN; x(¢), (13b)
By[x,t] = iN; x(1), (13¢)

where A, = A — iNjw; — iN,w,, and X corresponds to the
transformation of y, following Eq. (10). The new evolution
matrix A, has the same matrix form as A in Eq. (A13), but in
that case we change w3i) —> Ai with Ai = W — W3i) which
represent the optical frequency detunings with respect to the
atomic resonances for both beams i = 1,2 (see Fig. 1).
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Notice that the atomic evolution given by Eq. (12) is written
as a contribution of two main parts. The dynamics determined
by noiseless fields is described by the vector a, while the
contribution of stochastic phase fluctuations d¢;(¢) into the
atomic dynamics depends on N; matrices up to second order.
These phase fluctuations are amplified by the atomic variables
due to the product d¢ x x(¢) and are fed back into the system
evolution by dx(t).

According to the statistical properties of the phase fluc-
tuations in Eqgs. (9), the mean value of the atomic variables
evolves slowly as

d(x(1)) = [-M(x(1)) + X,]dt (14)

withM = A, + )7[N% + N% + 2NN, ], reaching the stationary
state of the mean value given by

(X(t))ss ZM_IX()- (15)

The components p75 and p33 correspond to the stationary
solution for the coherences associated to each transition. The
real and imaginary parts of these coherences are respectively
related to the dispersion and absorption of the fields by the
atomic media.

B. Covariance matrix dynamics and spectral density

The next step is the evaluation of the atomic covari-
ances since they are directly related with the intensity
fluctuations of the fields. The evolution of the atomic co-
variance matrix g(r,f + 1) = (x(t),x(r + 1)) = (x(t)x'(t +
7)) — (x(1))(x'(¢ + 7)) can be obtained with the help of the
dynamical equation (12) for x(¢).

Let us start by describing the dynamical evolution of
the covariance matrix for v # 0 based on the regression
theorem [23], such that

980 _ _Mgr). >0 (16a)
dt

90 _ )M, r <0 (16b)
dt

where we define g(t) = g(¢,# + 7), simplifying the notation.
The solution is directly obtained from the stationary solution

e ™M7g(0)s,
g(0);;e™ 7,

>0

<0 an

g(T)ss = {

where the subindex ss denotes the stationary solution for g(7).
In such a regime, for any interval of time 7, the covariance
matrix g(t)ss is invariant under temporal displacements,
ie., g(t,t + 7)ss = g(t',t' + 1)y for ¢’ # t. The solution (17)
shows that, in the stationary regime, the covariances between
the atomic density elements present an exponential decrease
for intervals of time separated by .

Now, let us consider the case when T = 0. The dynamics is
obtained by direct derivation of g(¢,7) and application of Ito’s
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calculus, resulting in

dgc(zt{t) = —[Mg(t,1) + gt,t) M']

+27® g(1,1) ® + 27 D (x(1)) (x(1))® (18)
with

® = (N; +Ny). (19)

In the stationary regime, we have

27 (X(1))5s (X(1))5, @ = [M g(0)s; + g(0)s M']

- 2)7 N g(o)ss . (20)
Typical measurements are performed rather in the fre-
quency domain than in the time domain, allowing to selectively
avoid the contribution of noise from other sources in the spec-
troscopy. In the frequency domain, the intensity fluctuations
are described by the spectral density, obtained from a Fourier

transform of the covariance matrix in Eq. (17), resulting in the
spectral density matrix

1
S(@) = —llio+ M)~ g(0)s +g(0)ss (—iw +MH].
1)

Computing [iw + M]S(w)[—iw + M'] and with the help of
Eq. (20), we obtain

S(w) =%[(M+iw)_1 O &M —iw)™'], (22)

where

T =7 [(x(£))ss (X(1) )55 + (0)ss]. (23)

We can relate the Fourier transform of the atomic covariance
matrix described above (21) to the intensity spectrum of the
light fields given in Eq. (7) using the thin sample model for
the transmitted intensity relating fields and atomic coherences
weighted by the effective optical density ;. Therefore, the
spectral correlation C(w) in Eq. (6) is given by spectral
densities

S (@) = pi{[S(@)]33 + [S(@)]ag — [S(@)]3a — [S(@)]a3},
(24a)

S1(@) = tn{[S(@)]ss + [S(@)les — [S(@)]s6 — [S(@)]es}
(24b)

Sh(w) = %{[S(a))]% + [S(w)]las — [S(w)]35 — [S(w)ss

+[S(@)le3 — [S(w)]es + [S(@)]ss — [S(w)]s3},
(24¢)

where u;; = 0;&;€;. However, in most of the experimental
conditions, both the fields have the same intensity, such that
K11 & U2 R i = L.

We can see that intensity spectra become a powerful tool
to understand the atomic covariance matrix which is directly
dependent on the coherences and populations involved in
the EIT process. The spectral density in Eq. (22) takes the
same form of an Ornstein-Uhlenbeck (OU) process, where
® [T & represents the diffusion matrix. The matrix IT
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[Eq. (23)] presents a contribution from the mean value of the
atomic population and coherences (X,(¢)) (associated to the
absorption and dispersion of the fields) and their respective
covariances g(0);;.

The resulting calculation, although successful in describing
the observed spectra presented in [14,19], does not distinguish
the contribution of each term in matrix I1. So far, the
calculation to obtain the spectral density matrix S(w), and
consequently the intensity correlation C(w), is reduced to
a numerical task lacking analytical and physical insight of
the atomic response in the induction of a certain level of
noise and intensity correlation. The perturbative approach we
present below brings new information about the role of each
term.

II. PERTURBATIVE APPROACH

The time evolution of the atomic variables in Eq. (12) shows
the relation between the optical pumping (included in the a
matrix and proportional to the spontaneous decay I") and the
laser linewidth (associated to d¢) that determines how the
system is affected by the excess of phase noise in the incident
light fields. We may associate a perturbative parameter to the
laser linewidth as € = /7 and redefine the phase fluctuation
as d¢;(t) = edW;(t), where dW;(¢) is a Wiener processes
with (dW;(t),dW;(t)) = 1. Then, following the perturbative
approach described in [23], we expand the vector x(¢) as

x(t) =x00) + e xV() + P+ . (25)
After substitution of this result in Eq. (15) we obtain the
stationary solution for the mean value of the different orders
x(1):
<X(O)(t))ss = M_l X0,
xXP(0)s =0, n>1

(26a)
(26b)

retaining nonzero solutions of the mean value only for the
contribution of lowest order.

As for the covariance matrix g(,t), it can be expanded in
powers of € as

where we define the covariances o as

o@ = xV),xV(n)h, (28a)
o® = xD(1),x2()1) + x@ 1), xV()h, (28b)
o® = xP(1),x?n)h + x®@),xV 1)) +c.c, (28¢)
o® = xP0),xP 0 + xD),xV (1)) +c.c,

(28d)

Substituting these results in Eq. (20), we derive a recursive
formula to obtain the stationary condition for o matrices

(29a)
(29b)

Mo +62M' =2 @ 02"V d n>1
o V=0, n>2.

All odd-order matrices vanish, while even-order matrices
are recursively obtained from the zero-order matrix, given by
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the product of the vectors
o = (x0)x?"). (30)
which is calculated from the stationary solution given in
Eq. (26a).
From the combined expansion of g(0) and the evaluation of
the mean value (x\?), Eq. (23) can now be written as

oo
m=3 7", (3D
n=0

involving a power series on the laser linewidth y.

Regarding the spectral density matrix S(w), from the
substitution of Eq. (31) into (22), we can also obtain an
expansion involving increasing powers of the linewidth

[S@)l = Y_ 7" IS*(@)]u, (32)

n=0

where
1
S (@) =—[M +io)™" © " dIM —iw)™']. (33)
T

This solution is one of the main results in this work. The matrix
SO (w) represents the leading term and contains the absorptive
and dispersive properties of the medium from Eq. (30). Higher-
order terms are considered for a complete description of the
system.

A. Correlation spectroscopy

The perturbative expansion of the noise spectra and the
cross-correlation term in Eq. (24) are obtained from substi-
tution of the matrix elements from Eq. (32). Therefore, the
intensity correlation C(w) in Eq. (6) has different contributions
depending on the terms we are taking into account in the
expansion of the spectra. The same applies to the evaluation
of g%(0) [Eg. (4)] in the perturbative approach. Figures 2(a)
and 2(b) show the perturbative result for correlation spectra
C(w) and g%(0), respectively, considering the same anticor-
relation regime studied in Refs. [18,19], with laser linewidth
of 7/2m = 1 MHz. The dashed line represents the first-order
expansion in 7 associated to o®. Corrections of higher-order
terms up to 2 and > are shown in dotted and dotted-dashed
lines, respectively. The convergence to Ito’s solution (solid
line, as in Ref. [19]) is evident. It is clear that considering the
expansion up to 7> would be a valid approximation to describe
the intensity correlation in this case.

The limit of relevant terms in the evaluation of the
correlation is obviously dependent on the laser linewidth, as is
shown in Figs. 3(a) and 3(b). The correlation spectra for laser
linewidths of the order of 7 /2r = 10 MHz (high-noise laser)
and 7 /2 = 0.01 MHz (low-noise laser) are compared. For a
high-noise laser, Fig. 3(a) shows that higher-order terms are
necessary to determine completely the intensity correlation.

On the other hand, Fig. 3(b) shows that for low-noise lasers,
the intensity correlation is fully described by the first-order
term, which matches Ito’s solution. This demonstrates that for
a coherent light source, the usual linearization approximation
for the atomic variables x(t) = (x(¢)) 4+ dx(¢) is valid and
sufficient.
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FIG. 2. Intensity correlation as a function of the two-photon
detuning § = A; — A, [see Fig. 1(a)] of two beams interacting with
a three-level A system. (a) Correlation coefficient C(w) and (b)
correlation function g2(0). The transparency window is Awgrr /27w ~
2 MHz. Parameters for the calculation: laser linewidth 7 /27 =
1 MHz, Rabi frequency 2, = 2, = 0.3I", ground-state decoherence
va/2mw = 150 kHz, natural linewidth I'/2mr = 6 MHz, analysis fre-
quency w/2m = 2 MHz, and one-photon detuning A, = 0.

In both cases, the intrinsic linewidth of the correlation spec-
trum remains narrower than the transparency window Awgr
measured by the FWHM of the absorption Im(p;3)ss. It was
shown in Refs. [17-19] that, unlike the transparency window
Awgr which is sensitive to power broadening, the linewidth of
the correlation spectrum is free from power broadening and is
proportional to the ground states’ decoherence rate. What we
can observe in Figs. 3(a) and 3(b) is that the intrinsic linewidth
for lower- and higher-order terms is always narrower than

10} (a)
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FIG. 3. Intensity correlation spectra for a laser linewidth:
(a) /27 =10MHz and (b) y/2m = 0.01 MHz. The parame-
ters for the calculation are the same as those in Fig. 2. The
two vertical dotted lines represent the transparency window
Awgrr.
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Awgrr because it is mainly dependent on the ground states’
decoherence.

These results encourage the search for an explicit ex-
pression for the correlation C(w), in the same way that
Eq. (5) was evaluated in Ref. [18]. Our goal is to find an
expression for the intensity correlation written in terms of the
absorption and dispersion of the light fields, in the frequency
domain.

III. MAPPING THE ABSORPTION AND DISPERSION
TO THE CORRELATION SPECTRA

The perturbative expansion of the IT matrix in Eq. (31),
together with the recursive evaluation of covariance matrices
given by Eq. (29a), shows how the first-order term, which
depends directly on the absorptive and dispersive response
of the atoms, establishes the leading term for the spectral
density. From that first response we can determine higher-order
corrections. Hence, by expressing the IT matrix in terms of the
real and imaginary parts of the coherences, we can decompose
the spectral density explicitly in terms of absorption and
dispersion, as in the heuristic model in Eq. (5).

The matrix 0@ defined in Eq. (30) is calculated from
the zero-order term (xg(,))) that has its stationary solution

given in Eq. (26a). It is convenient to shift to a new vec-

tor X = (p{ .y -Repy. Impy . Reps, Impy. pf3 . p3y') explicitly

dependent on the absorption and dispersion of the fields. This
can be done by the transformation

o [P
Py
D1
Py
P2
3

(]
P12

- - (V]
P21 ]

(34)

|
OO O O WEwN=O O
=R eNoNe]
Sl el eNeX=]

O O LI~ =
o= O O O O OO0

—_—o O O O © O

OO O O O oo~
OO O O O oOo~=O
SO O O N NN=O O

S O I~

This transformation is helpful to obtain the noise spectra for
each beam in terms of the absorption and dispersion associated
to each transition. The spectral density matrix given by Eq. (22)
can be evaluated from the expansion of covariances described
in Eq. (32). We begin by the evaluation of the covariances in
the rotating frame, using Eq. (19):

00 0 0 0 0 0 07
00 0 0 0 0 00
00 03(;) —aéz) 03(;’) —03(2) 00
00 —0f o -0 oy 00
® oo = ) ) ) )
00 o5 —o5 055 055 00
00 —06(;[) 06(2) —oégl) 06(2) 00
00 0 0 0 0 00
L0 O 0 0 0 0 0 04
(35)
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resulting in a reduced number of relevant independent ele-
ments.

Now, using the transformation of Eq. (34) into the IT matrix,
its expansion becomes

N=UenoU"’
Z n+l ~ (2}1) (36)

where every IT; ; matrix element is explicitly written as
the perturbative corrections performed around the mean
value al ; » as described in Appendix B, in Eq. (B7). Each
term 6" =U® o™ & U~ takes the same form as the
matrix (35).

The noise spectra in Egs. (24a)—-(24c) are then
given by products of the expansion of the covari-
ances 1:[,7 by weighting factors that depend on the

J

D35(w)ImpiImp; + D46(w)RepiRepr + D36(w)ImpiReps + D4s(w)ImprRepr + Cro(w)
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analysis frequency w:

6
Sl =Y aij() I, (37)
i,j=3
]6
S' (@ =Y By Ty, (38)
i,j=3
S @) =) vij(@);. (39)
i,j=3

A detailed calculation of the weighting coefficients is found in
Appendix B, where we present the detailed expression for the
noise power spectra for each field and their correlation.

If we keep only the expansion to lowest order, an explicit
expression for the normalized spectral correlation is

C(w) =

VIaz3(@)Im? py + agg(@)Re? py + C11(0)][Bss(@)Im? py + Bes(@)Re? py + Con(w)]

This result is similar to the correlation function from the
heuristic model in Eq. (5). But, instead of having Imp,Imp,
and Rep,Rep; with equal contributions to the correlation, a
weighting factor vs3s(w) and vse(w) modulates their contribu-
tion in Eq. (40).

Moreover, beyond the contribution from Imp;Rep, and
Imp;,Rep;, all possible cross terms from matrix (B7) will be
present in evaluation of S},, S{,, and S.,. The contribution
of the terms not explicitly shown in Eq. (40) is given by the
weaker but relevant contributions Cy;, C»», and C;, defined in
Egs. (B18)-(B22).

In Fig. 4, we observe the effect of the perturbative correc-
tions taken into account in the evaluation of the normalized IT; j
matrix elements, considering typical values of 7 /27 = 1 MHz
and A, = 0. Figures 4(a), 4(b), and 4(c) show the effect
of perturbative corrections Im?p;, Re’p; and Imp;Rep;,
respectively, for the two beams i = 1,2. Figures 4(c) and 4(d)
show the perturbative corrections for Imp;Imp, (Rep;Rep,)
and for the products Imp;Rep; (Rep;Imp;). We may observe
that the lowest-order terms closely follow IT; iV

Now, comparing the dispersive and the absorptive
responses, Figs. 4(a) and 4(b), shows that Im? pi ~ Rezp,-
for |§| < Awgrr. Now, for |8] > Awgrr, the atomic response
presents situations where the absorption overcomes the dis-
persion, or vice versa. The product Imp;Re p; also plays a role
in the atomic response for each field, following a dispersive
profile in Fig. 4(c). The coefficients «;;(®), B;j(w), and v;;(w)
will determine the leading term in each specific situation.

On the other hand, the cross product Rep;Rep, competes
with ImpImp, for [§] < Awgrr as shown in Fig. 4(d). Only
the coefficients v;;(w) will determine the main contribution
for the induced correlation or anticorrelation. In the case of
|6|/2mr > 6 MHz, the absorptive (f135) and dispersive (T4e)
terms are positive and contribute to C(w) > 0.

Finally, Fig. 4(e) shows the cross products Imp;Rep; that
present a dispersionlike profile. Such terms are absent in the

(40)

(

evaluation of g2(0). It is interesting to notice that the contribu-
tion of higher-order terms is important in flipping the sign of
I145 for |8|/2w > 6 MHz. This term is responsible for invert-
ing the sign of the spectral correlation in Fig. 2(a) for higher
detuning, when higher-order terms are taken into account.

The coefficients «;;(w), Bij(w), and v;;(w) will determine
the effective contribution of the I1;; matrix elements to the
noise spectra and their intensity correlation. Let us start by the
decomposition of the noise of each light beam. In Fig. 5(a),
we plot the noise spectra Sj;(w) and Sy (w) evaluated with
terms up to order 77 in [1. In Figs. 5(b) and 5(c), we
plot the contribution of the product «;;I1;; associated to Si;
and Figs. 5(d) and 5(e) show the products B;;I1;; associated
to Sy.

Unlike the heuristic model of gz(O) where Im? pi and Re? Di
contribute equally to the noise of the beams, Fi gs. 5(b)and 5(e)
show that the dlsperswe response (F144 and Tlgg) overcomes
the absorptlve one (133 and ITss) since s [1as > 330133 and
BesIles > Pss H55,respect1vely, for |§| < Awgrr. In particular,
for |8] ~ Awgrr the components 4414y and Bes [1¢6 become
the main contributions to Sjj(w) and Sy (w) in Fig. 5(a)
among all the terms. Nevertheless, we can notice that other
terms will play an important role for |§| > Awgrr, like the
contributions related to oye(B46), associated to RepiRep;
[Fig. 4(c)]. Moreover, for such detuning range, the absorptive
term Bss[1ss and dispersive term Bgg Tge present almost the
same contribution to the noise spectrum S»,(w), different from
S11(w) where the dispersion given by o4 [144 still overcomes
the absorption o33 [155. Other important terms modulated by
o34 and Bse, associated to Imp;Rep; for i = 1,2, also present
a noticeable effect. Figures 5(c) and 5(d) show the remaining
coefficients «; jl:Ii j and B; J-I:Ii ; that define additional terms in
Egs. (37) and (38). Although, individually they are apparently
relevant terms, their sum represents effectively a weaker
contribution with respect to the coefficients in Figs. 5(b)
and 5(e).
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- 0.2 (d)
= o1 : :
= -\ A
= 00 N -
“0l--Impilmpz — g5 i ~--RepRepz — Il |
-02" : S : :
-10 -5 : 0 5 10
0.3 ‘ E— ‘ -
s 02 (e) 5’”Imszep1 —1Iy5
= o1 SN
- - . A
zl:"? 0.0 N7 7
-0.1 t---ImpiRep: — I3 3
—o2k ‘ N ‘ E
-10 -5 0 5 10
§ /27 (MHz)

FIG. 4. Comparing the l=[,-j matrix elements at first order

(@?) with higher-order terms in the perturbative expansion I1;; =

ij

)7[05/9) + -4 )76017)]. (a) Absorptive and (b) dispersive response
for each beam. (c) Absorption x dispersion product for each beam.
(d) and (e) cross term products Imp;Imp, (Rep;Rep,) and Imp;Rep,
(RepiImp,). The parameters for the calculation are the same as in

Fig. 2. The two vertical dotted lines represent Awgr.

In order to get a better understanding of the profile of the
spectral correlation C(w), we analyze the intensity correlation
given by Si» [Eq. (39)] associated to the v;; coefficients.
These coefficients weight the I1;; matrix elements used in
evaluation of the intensity correlation shown in Fig. 6(a).
The effective contributions given by the products v;;I1;; are
presented in Figs. 6(b) and 6(c). Unlike the heuristic model
where the absorptive and the dispersive responses have the
same weight to the final correlation, Fig. 6(b) shows that, in
the frequency domain, the contribution from the dispersive
part Dy6(w)[RepiRep, + - - - ] is significantly greater than the
absorptive response U3s(w)[ImpImp, + - - - ]. It also shows
that the contribution to the intensity correlation C(w) in
Eq. (40) depends strongly on 45(w) associated to the product
Imp,Rep;, plotted in Fig. 4(d).

Aside from these differences between the g2(0) and
C(w), the spectral correlation also presents contribution from

PHYSICAL REVIEW A 94, 012503 (2016)
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FIG. 5. Decomposing the noise spectra S’ (w);; and S’ (w),, from
Egs. (37) and (38) in terms of the «;; and B;; coefficients, respectively.
The noise spectra in (a) are calculated up to order 7’ for analysis
frequency w/27 =2 MHz. (b), (e) Show the main coefficients c;;
and B;;, respectively. (c) Shows the weaker coefficients ass, o6, 056,
o35, 36, and ays. (d) Shows the weaker coefficients B33, Bas, B34, B3ss
Bss, and Bys. The parameters for the calculation are the same as those
in Fig. 2. The two vertical dotted lines represent Awgyr.

v44(a))[Re2p1 +---] and U66(@)[R62p2 +---], as shown
in Fig. 6(c). The coefficients vs3(w), vss(w), via(w), and
vs6(w) present a weaker contribution with respect to other
coefficients, and are associated to correction Cy, in Eq. (40).
The combined result leads to anticorrelation between the
two beams for |§|/27 < 3 MHz. However, for § =0 the
only nonzero terms that effectively contribute to correlation
between the beams are [Ty, [144, and [Tgg [insets in Figs. 6(b)
and 6(c)]. Now, for |8|/2mr ~ 3.5 MHz, the dispersive
term vsgllsg takes its maximum value becoming the main
contribution for a positive correlation C.

On the other hand, for detuning || > I" = (27)6 MHz, the
competition among the nonzero terms leads to anticorrelation
between the light fields. However, it is worth noting that the
sign inversion of vys(w)[Imp,Rep; + - - -] near |§| ~ 5 MHz
in Fig. 6(b) determines the transition from correlation to
anticorrelation for C in Fig. 6(a). This particular term can
be understood as light being absorbed in the beam E,
(Impy), which is on resonance (A, = 0), and reemitted in
the frequency mode of the field E;, depending strongly on its
dispersion associated to Re p;. Therefore, we have nonresonant
Stokes transitions, contributing to anticorrelation.

IV. SIDEBAND RESONANCES BROADENING
THE CORRELATION SPECTROSCOPY

In this section, we investigate the intensity correlation for
different analysis frequencies. In Fig. 7, we compare the
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FIG. 6. (a) Correlation coefficient. (b), (c), (d) Plot the con-
tributing terms v;; ()T, ; to obtain the spectral density of the cross
correlation Sy,(w) for A, = 0 and w/2wr = 2 MHz. The two vertical
dotted lines represent Awgr.

coefficient C(w) and g2(0) function for w/27 = 2, 3, 4, and
5 MHz, considering a standard noisy laser of y /2 = 1 MHz.
In Fig. 7(a), we plot the correlation coefficient with II

0 /27 (MHz)

FIG. 7. Intensity correlation spectra for a laser linewidth of
/2w = 1 MHz at (a) first order 7 and (b) considering the perturba-
tive expansion up to 7’ in Eq. (40). It is considered 0’ = w/27 =2,
3,4, and 5 MHz. The parameters for the calculation are the same as
those in Fig. 2. The two vertical dotted lines represent the transparency
window Awgrr.
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FIG. 8. Coefficients v;;(w) that weigh the I1;; matrix elements to
obtain the spectral density of the cross correlation Sj2(w) for A, =
0 and w/2m =5 MHz. The two vertical dotted lines represent the
transparency window Awgr.

evaluated to first order in 7, while in Fig. 7(b) they are
evaluated to the seventh order. Aside from the unphysical
resultof C > 1 onresonance § = 0, the general profiles present
reasonable similarities. One of them is the negative value for
the correlation in the range of the EIT, except for the narrow
structure, with the width of the inverse of the atomic coherence
between the ground levels. The main difference is that the
correlation is saturated in the linearized case, while a more
careful treatment shows its limiting values.

Important features that we observe for higher analysis
frequencies are the resolved resonances at 6 = Lo forw/2m =
4 and 5 MHz, while for smaller analysis frequencies, there is a
broadening in the anticorrelation peak, when compared to the
response of g2(0) on the two-photon detuning. On the other
hand, for |§| <3 x Awgrr ~ (2wr) 6 MHz, the correlation
profile of C () coincides with the g2(0) function (solid line) for
w/2m = 5 MHz. That is, we analyze the intensity correlation
at a particular frequency, such that sideband resonances do
not influence the PN-AN process inside 3 x Awgrr. It is
worth noting that for any analysis frequency considered, the
intrinsic linewidth of C(w) is not affected. This guarantees
that the intrinsic linewidth measured in the frequency or the
time domain is the same, no matter what analysis frequency
is chosen [18,19]. Finally, evaluation of higher-order terms
results in broadened (especially for w/2m = 4 MHz), and less
anticorrelated resonances for the sidebands.

In order to gain insight into the sideband resonances, we
decompose the correlation in terms of the atomic response as
in Sec. III. The v;;(w) coefficients are plotted in Fig. 8 for
w/2m = 5 MHz, where the sideband resonances are resolved.
As in the case of Fig. 6, the main contributions for the
correlation are given by the dispersive terms 14 and Tl4s
for 6 # w. However, at the sideband resonances § = +w, the
contribution from both terms decreases, while the negative
contribution from the 14 and [lg remains, leading to
anticorrelation.

The decomposition in terms of the [1;; matrix elements
and the coefficients v;;(w) in Figs. 4 and 8, respectively, show
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the independent contribution of the PN-AN process when the
carrier’s two-photon detuning is |§| < Awgrr and w/2m =4
and 5 MHz. For w/2m < 3 MHz the sideband resonances
are not resolved, broadening the correlation profile in the
frequency domain for |§| < Awgr.

V. CONCLUSIONS

The mapping between the intensity correlation and the
absorptive and dispersive properties of the atomic medium
under EIT condition was studied in the frequency domain.
A perturbative model was proposed providing analytical ele-
ments to describe such a mapping. We obtained an expression
for the correlation coefficient in terms of the absorption and
dispersion of the light fields analogous to the heuristic model
in Ref. [18]. We have also shown the explicit dependence
of the correlation coefficient on the laser linewidth as it
was observed in Ref. [24]. Since the perturbative parameter
corresponds to the laser linewidth, such a dependence
rises when higher-order terms are taken into account for
determining the correlation. It was shown that for low-phase
noise beams the first-order term describes completely their
spectral densities and the intensity correlation.

Moreover, we show that the intrinsic linewidth can be
measured by the correlation spectroscopy, independently of
the approach, i.e., in the time or frequency domain approach.
We demonstrated that for analysis frequency of the order of
the natural linewidth the correlation coefficient presents some
particular resonances due to sidebands of the input light fields.
In such condition, the correlation coefficient in Eq. (40) can
take the same form as the g2(0) function for detuning of the
order of the transparency window. The physical insight given
by the perturbative model can be experimentally studied by
gradually applying phase noise into coherent sources, showing
the transition from low-noise to high-noise regime.

The perturbative treatment presented here could be easily
extended to atoms with more than three levels interacting with
two noisy beams. The analytical solution could be applied, for
instance, to the five-level system in [22]. In such a kind of sys-
tem, magnetic fields are applied to the Zeeman structure, where
the frequency domain approach adopted here would show
a richer correlation spectrum compared to the time-domain
approach. Under certain conditions of magnetic field, the three
pairs of sideband resonances could be coupled among them.
Such kinds of system would have applications in a light-matter
interface for processing information in continuous variables.
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APPENDIX A: BLOCH EQUATIONS FOR A THREE-
LEVEL SYSTEM

From the Hamiltonian (8) we obtain the following Bloch
equations for the rapidly varying variables described by the
vector y = (pi1, 022,013, 031, P23, P32, P12, P21), such that

Bri = =i Brze OOl L Gy pllent o1 0)

+ (1 = g — p22)/2, (A1)
P = —i S Baze 00N Q) iy pilent +20)
+ I'(1 = pi — p)/2, (A2)

. r . . . ~ ~ i
o1z = <_§ + lw(sl))ms +iQi(1 =251 — py)e @ Tn®l
— iQppe' @), (A3)
B r . ~ . ~ < it 4]
P =\—3 +iwaoy | P23 + i1 — 202 — prp)e
_ inﬁZIei[w]""‘ﬁl([)], (A4)
pr2 = —[va — i(war) — wE2)1P12 + i Q2 ppe’l 1 10l
_ iQ§ﬁ13€_i[w2t+¢2(Z)], (A3)

where ws; correspond to the energy differences between the
atomic states, €2; represent the Rabi frequencies, I' is the
natural linewidth, and y; is the decoherence rate between the
ground states. We have also considered a closed system, which
satisfies the normalization g1y + g2 + f33 = 1.

In order to obtain a linear equation system without explicit
time dependence, we define the slowly varying variables

Pii = Piis (A6)
pis = pine” A0, (A7)
P12 = ﬁue*i[(w]*wz)t+¢|(t)*¢z(t)l‘ (A8)

The matrix representation of such transformation is given by
x(t) = e—iNl[w|t+¢|(t)]e—iNz[wzl+¢z(t)]y(t) (A9)

and the matrices N; and N, are defined as

) (A10)

=N eleleloNeNoNel
S OO OoOOo OO O
O~ O OO oo O
— OO OO OO 0O
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N, =
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[eNeoloNoNoNoNe el
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SO~ OO OO

SO~ OO OOO

O— OO OO OO
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(Al1)

where [N|,N,] = 0. Therefore, with the vectors defined in Eq. (A9) and the matrices in Eq. (A11), the Bloch equations (A1)-(A4)
with their conjugates can be written as

YD) _ N+ 91 01 iNadont 0201 4, v +vo

o (A12)

where the interaction matrix Asy is defined as

r2 2 i —ig 0 0 0 0
re  rne 0 01 Te); —i 0 0
2[91 lQ] (F/Z—iw(31)) 0 0 0 le 0
i —iQ 0 (T'/2 + iwan) 0 0 0 —i
A3N= ng 2in 0 0 (F/2 - iw(32)) 0 0 IQT
—iQ; —21.5-2; 0 0 0 r/2+ ia)(32)) —i2 0
0 0 in 0 0 —iQT ()/d - iw(zl)) 0
0 0 0 —i i 0 0 (va + iwan)
(A13)
with w1 = W31 — W32) and
Yo = (T/2,1/2,—i Qe H00 Qe @it _jQ, el @2+ jQre=ilitd) () 0), (Al4)

APPENDIX B: MAPPING THE SPECTRAL DENSITY WITH ATOMIC VARIABLES

With the help of the transformed atomic correlations I given by Eq. (36), the spectral density matrix can be written as

1 _
S(w) :E[AL((D) IT Ar(—w)], (BD)
where we defined
Ap(@)=M+io) U, (B2)
Ar(—0) = UM —iw)™". (B3)
Therefore, the matrix elements of the spectral density are
6
[S@) = Y Vit T, (B4)
i,j=3
where Vi = [Ap(w)]ki[Ar(—w)]j;. The sum excludes explicitly the elements with index i = 1, 2, 7, and 8 since
[; =0;; =0, My="0M,=0, (B5)
My =M7=0, Mg=I;5=0 (B6)

as a consequence of the matrix elements in Eq. (35).

Evaluation of IT stems from the recursive relation of the covariances given by Eq. (29a). The matrix elements of o represent
the the first-order atomic response induced by the light-atom interaction and, according to Eq. (30) and the transformation (36),
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it is written as

We finally have a set of terms with leading contributions
from the coherence between levels 1 and 3:

oo
My =7 (2 Im’p; + ) 7"53(5”))
n=1

% (2 Re’p; + Z 37”648”)>, (B8)

n=1

a4

oo
ﬁ34 = )7 (—Zlmleepl + Z Pna:i(in)) )

n=1

another set with leading terms related to levels 2 and 3:
oo
[ss =y (2 Im*p, + Z 17"55(?!)),
n=1

o0
7 (2 Re’py+ Y ;7"56%”)) , (B9)

n=1

1ﬁ(wﬁ

oo
Msg =7 (—ZImszep2 +y 17"55%")),

n=1

and a final set involving crossed terms of both coherences

o0
s = 7 (2tmmim + 37758,

n=1

o0
1:146 = )7 <2 Rep]Repz + Z )7"6'5(%”)),
n=1
s = 7 (—ZImleepg +y ;7”&3(2")), (B10)
n=1

[o.¢]
flys =7 (—ZImszepl +y y“&j?”).

n=1

Matrix (B7) contains all the necessary elements for calcu-
lating the g‘®(0) function of the heuristic model in Eq. (5). In
the frequency domain, the noise spectra in Eqgs. (24a)—(24c)
are given by products of the expansion of the covariances I1 ij
by weighting factors that depend on the analysis frequency w:

6
Sl =y i) I, (B11)

i,j=3

0 0 0 0
0 0 0 0
0 O Im? p; —ImpRep,

50 _,|0 0 —ImpRep Re’p;

0 0 ImpImp, —Im pyRep
0 O —Imleepz Releepz
0 0 0 0

L0 O 0 0
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0 0 0 07
0 0 0 0
Imp;Imp, —ImpRep, 0 O
—Imp,Rep; RepRep, 0 0 (B7)
Im’ p, —Imp,Rep, 0 0]
—Imszepz R62 D2 0 0
0 0 0 0
0 0 0 04
[
6
'@ =7 ) Bijw) M, (B12)
i,j=3
6
Sl =Y vij(@)ily;, (B13)

i,j=3

where

a;j(w) = [V3ij3(@) + Vaija(w) — V3i54(w) — Viijz()],
(B14)

Bij(@) = [Vsijs(w) + Veijo(w) — Vsije(w) — Veijs(w)],
(B15)

vij(w) = 1/2[V3ij6(w) 4 Viijs(w) — V3ijs5(@) — Vaije(w)
+ Vsijz(@) — Vsija(w) + Vsija(w) — Vsijz(w)].
(B16)

Noise power spectra are now evaluated for these expanded
terms as

11 (@) = oz (@) 33 + au(@) gy + Cri(w)],  (B17)

where the complementary coefficient Cy; is defined
Cii(w) = @313 + ass(@)ss + age(@) 66
+ d@s6(w)I1s6 + @35(w) I35 + Gag(@)ag
+ 36 (@) TT36 + @a5(w)Tys, (B13)

with &;;(w) = o;j(w) + oji(w). These terms are related to

contributions from the polarization of the other transition and

cross terms. Their role is discussed in the main text.
Similarly, we have for the noise spectra for the second field

Sy (@) = il Bss(@)ss + Bos(@)es + Coa(@)],  (B19)

and complementary coefficients

Co(w) = Psolse + B3 ()33 + Bas(w)lTag
+ Baa(@)[T34 + B3s ()35 + Bag(w)lae
+ Bas(@)T36 + Bas(w)ys, (B20)

with Bij(a)) = ,Bij(a)) + ,8]1((1))
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And, finally, for the correlation
Sty (@) = AlP3s(@) a5 + Dae(w)Tlag
+ D36(@) 36 + s (@)f1ss + Cra(@)],
with 7 j(w) = v;j(w) + v;;(w) and complementary coefficients
Cio(w) = v33(0) 33 + vag(@)as + VB3 (@)1
+ vss5(@) 55 + ves(@) I + varss(@)se.  (B22)

(B21)

PHYSICAL REVIEW A 94, 012503 (2016)

It is worth noting that elements 133, [144, and T34 describe
the atomic response with respect to the light beam E; since
they are proportional to the absorption Imp; and dispersion
Rep,. The elements ITss, ITgs, and [1s¢ represent the atomic
response with respect to field E, according to its dependence
on Imp, and Rep,. Finally, the cross terms 135, 46, [156,
and [1ys5 describe the main elements that contribute to the
correlation C(w).
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