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ABSTRACT

We study an initial-boundary-value problem (IBVP) for a system of coupled Maxwell-Bloch equations (CMBE) that model two
colors or polarizations of light resonantly interacting with a degenerate, two-level, active optical medium with an excited state
and a pair of degenerate ground states. We assume that the electromagnetic field approaches nonvanishing plane waves in the far
past and future. This type of interaction has been found to underlie nonlinear optical phenomena including electromagnetically
induced transparency, slow light, stopped light, and quantum memory. Under the assumptions of unidirectional, lossless
propagation of slowly modulated plane waves, the resulting CMBE become completely integrable in the sense of possessing a
Lax pair. In this paper, we formulate an inverse scattering transform (IST) corresponding to these CMBE and their Lax pair,
allowing for the spectral line of the atomic transitions in the active medium to have a finite width. The scattering problem for
this Lax pair is the same as for the Manakov system. The main advancement in this IST for CMBE is calculating the nontrivial
spatial propagation of the spectral data and determining the state of the optical medium in the distant future from that in the
distant past, which is needed for the complete formulation of the IBVP. The Riemann-Hilbert problem is used to extract the
spatio-temporal dependence of the solution from the evolving spectral data. We further derive and analyze several types of
solitons and determine their velocity and stability, as well as find dark states of the medium, which fail to interact with a given
pulse.

1 | Introduction transition between the two ground levels. The two allowed dipole

transitions interact with light of either two different colors or

In this paper, we consider nonlinear resonant interaction between
a coherent light beam and an active optical medium with three
quantum levels, arranged in what is suggestively known as
the A-configuration. This configuration consists of two ground
levels and an excited level, with a forbidden atomic dipole

© 2025 Wiley Periodicals LLC.

opposite circular polarizations. In the latter case, the medium
can be considered as having two working levels, with the ground
level being degenerate, as shown in Figure 1. This type of inter-
action underlies laser operation [1] and a version of self-induced
transparency (SIT) [2]. It is also believed to underlie phenomena
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FIGURE 1 | Quantum transition diagram for the A-configuration
CMBE (1) in the case of a degenerate, two-level, active optical medium
interacting with two opposite circular polarizations of monocromatic

light. Please see the discussion following Equations (1) for an explanation
of the variables.

such as inversionless laser operation [3, 4], electromagnetically
induced transparency (EIT) [5-7], slow light [8-12], and quantum
memory [13].

After assuming lossless, unidirectional light propagation and
slow modulation of the plane carrier light waves, we find
the interaction between light of two different colors or oppo-
site circular polarizations and a A-configuration active optical
medium to be described by the following A-configuration coupled
Maxwell-Bloch equations (CMBE) (2, 14-19]:

= [kT+Qpl Q=1 / 0.plgdk, (t.z.k) € Rx R xR,

2
@
with

_ERT
Q(t,z>==<° E)

i E(t,2) = (Ey(t,2), E,(t,2))T € C?,
E* 0, ! g

(2a)

ot z, k)" = p(t,z,k) € C>3, J :=diag(1,-1,-1), (2b)
where the subscripts t and z denote differentiation with respect
to t and z, respectively; O,,, is the 2 X2 zero matrix; the
superscripts T, *, and T denote the matrix transpose, complex
conjugate, and conjugate transpose, respectively; and [A, B] :=
AB - BA is the matrix commutator. The variable z = z,,, is
the propagation distance and the variable t = t,, — z,,,/c is
the retarded time; ¢ denotes the speed of light. The complex
vector E(t,z) contains the envelopes of the two modulated,
plane-wave, light (electric field) components interacting with the
dipole transitions between each ground state and the excited
state. The density matrix p(t,z, k) is a 3 X 3 Hermitian matrix
representing the state of the medium. The diagonal entries of
p(t,z, k) denote the populations of the atoms in the excited
state and the two ground states, respectively. The off-diagonal
elements p;, and p;; denote the complex-valued envelopes of
the medium polarizability contributions corresponding to the
two dipole transitions, while p,; denotes the average coherence
between the two ground states. The probability density function
g(k) describes the shape of the spectral line. In particular, g(k) dk
gives the proportion of the atoms in the medium whose transition

frequencies are detuned from the resonance with the carrier
frequencies of the two impinging light components by the amount
k. This spectral-line shape corresponds to the inhomogeneous
broadening of the spectral line and is caused by phenomena
such as the Doppler effect (if the medium is a rarefied gas) [20].
Frequently, it is modeled by a Lorentzian function, which we
will do in this paper whenever a specific g(k) is required.
Equations (1) were shown to be completely integrable in the
sense of being derived from a Lax pair [2, 16, 17], as reviewed in
Section 2.1.

As is common in optical problems, CMBE (1) are formulated
in the context of a signaling rather than the usual initial-value
problem. This means that in solving this problem, the roles
of the spatial and temporal variables are reversed. An optical
pulse E(t,0) is injected into the semi-infinite medium located
at 0 <z < oo and propagates along it. The asymptotic values
of the medium p(t - —o0, z, k) are prescribed along its entire
length in the distant past, t > —oc. To complete the analogy
with the usual initial-value problem, one should also specify the
values of p(t — o0, z,k) in the distant future, t — oo, but that
would contradict causality [36]. As one could expect, and as
shown in [31, 39, 40], the value of p(t - o, z, k) can be uniquely
determined from p(t - —o0, z, k). (This point is elaborated on in
Section 3.6.)

Equations (1) are a generalization of the classic, two-level
Maxwell-Bloch equations (MBE), which have been studied
extensively for over three quarters of a century [21-24]. (See [20]
and references therein for many of the optical effects this model
describes.) The integrable nature of this model was gradually
revealed in [25-30]. The Lax pair was discovered in [31], where
the SIT was explained from the viewpoint of the inverse scattering
transform (IST), with additional explanations of physical effects
following in [32]. (See also the description in [33].) Improvements
of the IST used for describing more general physical phenomena
were developed for photon echo [34], nonlinear amplifica-
tion [35-37], and superfluorescence [38, 39]. The development
of the complete IST for MBE with vanishing asymptotic values
of the electric field in the far past and future was accomplished
in [40, 41]. Additionally, a self-similar Bessel-function solution
related to superfluorescence was discovered in [38, 39]. Self-
similar solutions of MBE and CMBE belonging to families of
Painlevé-III functions and related to Bessel functions were also
studied in [42, 43]. In [44, 45], we developed the IST to study
the initial-boundary-value problem (IBVP) for the classic MBE
with symmetric, nonvanishing asymptotic values of the electric-
field envelope in the distant past and future, and described several
families of soliton solutions.

The vectorial nature of the CMBE compared to the scalar MBE
leads to novel phenomena in the former that have no analog in
the latter. Because of the existence of two transition frequencies
and corresponding optical fields E, (¢, z) and E,(t, z), the system
has additional internal degrees of freedom, and it exhibits
correspondingly richer phenomena. The existence of stationary
solitons of the CMBE is one example (the MBE does not have
any). Another one is the fact that even the single soliton of the
CMBE need not be a traveling wave. Instead, it changes shape
while traveling and, when the asymptotic values of the electric
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field in the distant past and future vanish, may exhibit a switch
from one optical field to the other [46, 47].

The IST for the A-configuration CMBE with vanishing asymptotic
values of the electric-field envelopes in the far past and future
was gradually developed in [16, 19, 47, 48]. Meanwhile, special
solutions of CMBE with vanishing and nonvanishing asymptotic
values in the past and future were obtained using symmetry-
based methods such as Darboux transformations or dressing,
primarily in the sharp-line limit of g(k) = 8(k), the Dirac delta.
These include descriptions of SIT [49, 50], slow light [8-12], and
soliton and rational solutions [51, 52].

In this paper, we develop the IST for CMBE with symmetric,
nonvanishing asymptotic values of the electric-field envelopes
in the far past and future. Typically, nonvanishing asymptotic
values in IBVPs for integrable problems are given at spatial
infinity, and so such problems are described as having nonzero
boundary conditions (NZBC). This is not the case for the signaling
problem for the CMBE, and the best way to interpret the physical
phenomena described here is as optical pulses riding on top of
a nonzero (continuous-wave) background (NZBG), which is the
terminology we will use in the rest of this paper. We will also
use the acronym “ZBG” to refer to the case of zero background.
Additionally, in most of our discussion, we will maintain an
arbitrary, unspecified shape of the spectral line, g(k), since our
results do not depend on it.

For the scattering and inverse-scattering steps of the IST we have
devised, a close relation exists between CMBE and the focusing
coupled nonlinear Schridinger (NLS) equation (the focusing
Manakov system). Namely, both systems share an identical
scattering problem, the 3 X 3 non-self-adjoint Zakharov-Shabat
problem described in Section 2.1 below, albeit in the spatial
variable for the Manakov system and the temporal variable in
CMBE. As a consequence, the same initial/input data yield the
same initial/input spectra for both systems. Moreover, since
the scattering problem also governs the inverse-scattering step
of the IST, we see that the calculation procedure used in
this step is the same for both systems. We therefore simply
reuse the scattering/inverse-scattering approach developed for
the IBVP for the focusing Manakov system with NZBC at
infinity [53].

In contrast to the scattering problem, the propagation/evolution
problems in the Lax pairs for CMBE and the focusing Manakov
systems differ dramatically, due to the nontrivial initial values
of the matrix p, representing the initial state of the medium in
the CMBE. As a result, the evolution/propagation of the spectral
data (reflection coefficients and norming constants) in the ISTs
for the two systems differ in a fundamental way. For the Manakov
system, the (temporal) evolution of the spectral data is trivial,
and is thus often skipped altogether by finding simultaneous
eigenfunctions of both equations in the Lax pair at the very
beginning of the IST procedure. On the other hand, the (spatial)
propagation (along the z-variable) of the spectral data for CMBE
is complicated and can only be found using a rather involved set
of calculations. Note that this complication occurs even for MBE
and CMBE with ZBG [31, 40, 48] and for MBE with NZBG [45],
and that the presence of an inhomogeneously broadened spectral
line g(k) with finite width helps in deciding how to take crucial

steps in the derivation of the propagation equations. Therefore, a
large portion of this work focuses on deriving the equations for
the propagation of the spectral data for CMBE, and this includes
some detailed calculations that are relegated to the Appendix.

A byproduct of the IST developed in this paper is a general,
explicit formula for N-soliton solutions valid for any shape of the
spectral line, of which formulas previously derived by Darboux
transformations and dressing are special cases. Moreover, even
single CMBE solitons display a variety of different dynamical
behaviors, and we find a rich family of both soliton solutions and
solutions that can be obtained as their limits. In particular, we
show that there exist three types of solitons, whose properties
depend on the loci of the corresponding discrete eigenvalues in
the scattering problem. The first type is a direct generalization of
the classic two-level MBE solitons, but the other two types exhibit
entirely new features. In addition, we find limiting rational
solutions, periodic solutions, and a new plane-wave solution,
different from the one used in our initial formulation of the
IST. We emphasize that carrying out the calculations using a
general, inhomogeneously broadened spectral-line shape g(k) is
crucial in establishing the forms of these solitons; calculations
performed directly in the sharp-line limit may inadvertently
lead to unphysical solutions (cf. the discussion in [44, 45]).
Finally, we carry out parameter studies of the soliton dynamics
and their limits for the case of the Lorenztian shape of the
spectral line. In particular, we investigate how the (subluminal
or superluminal) pulse velocity and stability depend on the input
values of the spectral data and the initial state of the medium in
the distant past.

The remainder of this paper is organized as follows: In Section 2,
we set up the IBVP, review the Lax pair for the CMBE, and discuss
the background solutions used in the IBVP. In Section 3, we solve
the direct scattering problem, which includes defining the Jost
eigenfunctions and scattering data, investigating the auxiliary
direct problem, and calculating the symmetries and asymptotics
of the eigenfunctions. In Section 4, we discuss the propagation of
the spectral data along the medium, that is, the propagation stage
of the IST. In Section 5, we cast the inverse-scattering problem in
terms of a Riemann-Hilbert problem (RHP) and present implicit
integral formulas for the solutions. In Section 6, we discusses a
number of exact solutions of CMBE with NZBG and an arbitrary
spectral-line shape, including three types of soliton solutions,
rational solutions, periodic solutions, and a nontrivial plane-wave
solution. In Section 7, we focus on the case of the inhomogeneous
broadening for which the spectral-line shape is a Lorentzian, and
investigate numerical examples of the exact solutions we had
obtained in detail. Appendices contain the lengthier calculations
and proofs.

2 | Formulation and Background

In this section, we present the formulation of the IBVP for the
CMBE (1) with NZBG to lay the groundwork for the IST. In
particular, we describe the Lax pair, the Riemann surface and the
uniformization variable, the background solutions with correct
asymptotic behavior in the distant past and future, reductions of
the NZBG problem to the ZBG problem, and dark states that do
not interact with a given light beam.
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We emphasize that, as usual, the IST is formulated under the
assumption of existence, namely the assumption that the CMBE
(1) admit a unique solution. On the other hand, once the IST
has been formulated, one can often use it to prove existence
and uniqueness of solutions as well as the well-posedness of the
problem, for example, see [54, 55].

2.1 | Initial-Boundary Values and the Lax Pair

In this section, we present the Lax pair and the formulation of
the IBVP for CMEB (1) with NZBC. This Lax pair is given by the
equations

¢ =X¢, X(t,z,k) =ikI + Q(t,2), (3a)

8=V, V2 0)= TH 2 0E0],  (b)

where ¢ = ¢(t,z,k) is the (auxiliary) wave function and H,
denotes the Hilbert transform

AVIC) ERE QAN @

The physical problem we consider is that of a beam consisting
of two colors or polarizations of light, described by the complex
vector envelope E(t,z), traveling inside a narrow, semi-infinite
tube filled with the active optical medium located along the
nonnegative z-axis, z > 0. The light beam is injected into the
medium at z = 0, and propagates along it as z increases, starting
in the distant past, t - —oo, and ending in the distant future,
t — oo. Without loss of generality, we take the light cone ast > 0
and z > 0.

In CMBE (1), the physical meaning of t and z is that of a temporal
and spatial variable, respectively. However, reflecting the initial-
value-signaling nature of the problem we are investigating for
CMBE (1), in the formulation of IST governed by the Lax pair (3),
t plays the role usually reserved for the spatial variable and z
that for the temporal variable. Moreover, we adopt a change in
the terminology describing the IST. In particular, the three major
stages of IST are typically referred to as the direct problem, the
evolution, and the inverse problem. Here, we rename the second
stage as the propagation, in order to reflect the fact that, in a
signaling problem, z represents the propagation distance of the
light into the medium.

To finalize the problem formulation as well as to avoid certain
technical difficulties in the further development, we make the
following assumptions:

1. Symmetric NZBG amplitudes: The electric field has
the same intensity in the distant past and in the distant
future, that is, ||E(t,z)|l, = E, >0 as t —» +oco. In partic-
ular, we write E(t,z) » E_(z) as t — +o0, where E_(2) :=
(E..(2). E.o(@)

2. Input conditions (injected light beam): At the injection
point z = 0, the vector-valued electric-field envelope E(¢,0)
decays toward the background as t — +oo sufficiently fast. In

other words, E(t,0) — E_(z) — 0 sufficiently fast as t — +oo0,
respectively.

3. Discrete spectrum of the scattering operator X in
Equation (3a):
a. There are no spectral singularities and no embedded
eigenvalues on the continuous spectrum.
b. All discrete eigenvalues are simple.

We now show that, without loss of generality, the asymptotic
value E_(0) of the injected electric-field envelope can be chosen
as a real vector. To do so, we present the following:

Lemma 1. Let U be a constant 2 X 2 unitary matrix, that is,
UU' = I. Define a 3 x 3 unitary matrix Uy,

1 0 _ 1 0
Uext=<0 Uy> > Uexl[=<0 UT) :

Let E(t,z) and p(t,z, k) form a solution of CMBE (1). Then the
functions

E(t, Z) = UilE(t, Z) , Q(t, Z) = chtQ(t! Z)U;xlt ’

At z, k) 1= Up(t, 2, k) Uey )
also form a solution of CMBE (1).

Remark 1 (On the simplified distant-past value of
the injected light beam). In general, one can write
the distant-past value of the injected optical field as
E_(0) = (Eje™ cosa,Epe ™ sina)  with  a; €[0,277) and
a €[0,7/2]. Applying Lemma 1 with U = diag(e'™,el*2)
and dropping the tilde, the above value E_(0) can be transformed
into

E_(0) = (Eycosa, E,sina)’, witha € [0,7/2]. (6)
Hence, without loss of generality, in the rest of the work, we take
the condition (6) as the asymptotic injected background value in
the distant past.

2.2 | Riemann Surface and Uniformization
Variable

Similarly to other integrable systems with NZBC such as the non-
self-adjoint Zakharov—Shabat spectral problem, the formulation
of IST can be simplified by utilizing a uniformization variable
¢(k) in the spectral plane. We only present a quick review of
this approach here, and also take this opportunity to discuss two
equivalent formulations of IST. In particular, a complex-valued
square-root function, A(k), appears in the IST,
1

Ak) = (B2 + k?)?, keC. @)
To complete the definition of A(k), one needs to specify the branch
cut corresponding to this square root in the complex plane. For
this cut, we can use two topologically distinct choices:

* The interval i[—E,, E,] along the imaginary axis: On the

real line, one can then write A(k) = sign(k)/E> + k2, with
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k € R. This definition of A(k) is discontinuous at k =0,
but has the advantage that A(k) - k as E, — 0. It can be
shown that this choice of the branch cut allows one to take
the limit E, — 0 directly and continuously throughout the
formulation of IST to recover the IST for CMBE (1) with
ZBG [45].

* The interval union i(—c0, —E,] Ui[E), ) (or any other
pair of nonintersecting curves connecting +iE, and ):

On the real line, we write A(k) = 4/E; + k2 with k € R. This

definition of A(k) is continuous on the entire real line, but
in the limit E, — 0, does not recover k from A(k). Without
showing details, to recover the ZBG case of IST, more care
must be taken in the limiting process with this choice of the
branch cut [45].

Remark 2 (Equivalence between choices of branch cut).
Despite the previous discussion and comparison, it is worth
pointing out that the two choices of the branch cut for A(k)
in Equation (7), and the two corresponding versions of IST,
can be shown to be equivalent, just as in the classic two-level
case [45].

Because of this equivalence and its advantages, in this paper, we
use the first definition of the branch cut, that is, along the interval
i[—qy,qo]- This choice allows us to take the limit E, - 0 and
recover the case of ZBG in a trivial way.

Once we have settled on the branch cut, we naturally introduce
two sheets of the complex k-plane, C; and C,;, with the square
root in A(k) taking different signs on each sheet. We introduce
subscripts I and II to denote a quantity evaluated on the first and
second k-sheet, respectively.

In order to simplify calculations on two separate copies of the
complex plane, we further introduce a two-sheeted Riemann
surface by defining a uniformization variable {(k),

¢(k) =k + Ak), kecC. ®)

The Riemann surface ¢ € C is obtained by gluing the two copies
of the complex k-plane together along the branch cut i[—E,, E,].
Correspondingly, the origin of the first sheet is mapped to oo in
the {-plane, that is, 0; —» co, whereas the origin of the second
sheet is mapped to the origin of the {-plane, that is, 0; — 0. The
corresponding inverse transforms are given by

g“_ R

k=25 ap=E

where f = —

2
?", ¢ € C\{0}. ©)
We point out that the above transforms are only valid on the

punctured complex plane, because ooy; is mapped to the origin
in the {-plane.

In the formulation of the IST, we use the uniformization vari-
able ¢ instead of the original spectral variable k for most of
the calculations.

2.3 | Background Solutions

We present the simplest solution of CMBE (1) corresponding to
the IBVP with NZBG (6) at infinity. The calculations are presented
in Appendix A.1. This solution is given by the formulas

iz
- (s)d
Epg1(2) :=Eoe:2[O U cosa,
7w
- w(s)das
By 2(2) :=Epe2™" sina,

Pog(t:2,K) 1= @114, (62, K) + o 2P (1,2, k) + @by 3304 (152, K),

(10)
which contain three free parameters, gy, ; ; > 0,for j = 1,2,3. The
quantity w(z) is given by

8k )dkelR, 1)

0 i= [ @) - s

and the three matrices p(’ >(t, z, k) are given by

1 g iEbg,l iEbg,z
p](;;(t z,k) 1= 2 iE* (A-k)cos’a  (A—k)sinacosa,
1Egg , (A-k)sinacosa 1=k sin’ «
0 0 0
PS;(I,Z, k) :=1]0 sin® a —sinacosa|,
0 -—sinacosa cos’a
A—k =iy, B
(3) 1 % b .
(t z,k) = 77 1Ebg 1 ¢ cos*a §’s1nocjosoc ,
1Ef)‘g , $sinacosa ¢sin®a

12)

Remark 3. The background solution p,, for the state of
the medium is a linear combination of the three compo-
nents p(’)(t z,k) in general. Note that for each component,

tr péj)

pé]g) (t,z,k) are always nonnegative. Therefore, trpy,(t,z,k) =
Obg1,1 T Obg22 T Obg3,3, Which is the total population of atoms in

the optical medium.

(t,z,k) =1 for all t, z, and k. All diagonal entries for

2.4 | Zero-Background Condition Reductions of
the Background Solutions

In order to better understand the physical meaning of the
background solution and the roles played by the coefficients
©bg,j,j» We relate the solution (10) to its counterpart in the case of
ZBG. Thus, we next consider the limiting case as Ey, — 0, that is,
E, — 0.This also enables us to relate the two k-sheets and explore
any potential symmetries.

We know from the definition that A, — k as E, — 0, and 4;; —
—k. We now examine the background solution (10) in the same

limit.

* On sheet I, the background density matrix reduces to
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Pbg -
Obg,1,1 0 0
.2 2 .
0 gpg22Sin” ot +epg33C0s°a  (Ppg33 — Obgo2)Sinacosa |,
. 2 22
0 (Ovg3,3 = Obg22)SINACOSA Py 22 COS™ A + Qpg 33 8in~ ot
Ey — 0.

Recall that p, ; corresponds to the population of the atoms in the
excited state, and p, , and p; ; correspond to the populations of the
two ground states, respectively. Thus, in the limit Ey — 0, gy,
indicates the population of excited atoms, and @y,,, and gy, ;
relate to the populations in the two ground states. This situation
is identical to the case of ZBG.

* On sheet II, the density matrix becomes

Pbg -
Obg,3,3 0 0
.2 N .
0 Obg,2,2SIN” & + 9pg 1,1 €OS A (Qbg11 — Obg22) SN COSA |,
” 5 .2
0 (Obg,1,1 — Obg2,2)SINACOSA  Qpg ) COS” A + Ppg 11 SIN” &
Ey— 0.

By a similar discussion as in the previous case, we find that gy, 5 5
indicates the population in the excited state, and gy, ; and gy,»,
correspond to the population in the two ground states.

We conclude that the roles of ¢, and gy, 55 are interchanged
between the two k-sheets. We will use this symmetry later to define
proper asymptotics for the density matrix p(t, z,{) ast — +oo (cf.
Section 3.6). Also recall that a similar symmetry occurs between
the two sheets in the classic two-level case with NZBG [45].

Remark 4. The coefficients ¢, ;; are not the atomic-level
populations in each state observed from Equation (10). Instead,
the atomic-level population in each state p; ; can be written as a
linear combination of the coefficients gy, ; ; using Equation (10)
with additional parameters such as k and E,. This complicated
situation is quite different from the case of zero asymptotic values,
in which p; ; = ¢, ;; holds due to the above calculations. (One
needs to enforce additional conditions o = 0 or 7/2 due to the
additional internal freedom from NZBG.) In other words, the
nontrivial relation between p; ; and gy, ; ; is a direct consequence
of the NZBG, hence a novel feature of this work.

2.5 | NZBG Solution in a Dark State

We note from the background solution (10) that if we choose
ng,l,l = 9bg,3,3 =0 and ng,z,z 56 09 that iS, pbg(ta z, k) = pgg)(t’za k),
then the excited state is never occupied. The electric field
envelopes become Ey, (¢, z) = E, cosa and Ey,,(t,z) = E, sina.
In this particular situation, the electric field and the medium do
not interact at all, and medium is in a “dark state” [13]. Despite a
slight risk of clashing with this established physics terminology,
we refer to entire such configurations as dark-state solutions of the
CMBE (1).

The above special background solution is the first and the
simplest dark-state solution appearing in this work. We shall look
for other kinds of dark-state solutions later, in Section 7.3.

2.6 | Notation

In the rest of the paper, we will use the following notation. The
superscript L is defined for every v = (v;,v,)" € C? as

vti=(0y,-0)", 13)
with the superscript ¥ denoting conjugate transpose.
We introduce the notation A; as the jth column of a matrix A.

For every complex quantity &, we define the following shorthand
notation,

. 2
g2,
§
For an arbitrary 3 x 3 matrix C = (c; ;), we define the following
subscripted matrices:

§ € C\{0}. 14)

c, 0 0 0 ¢y ¢
Ci=|0 cp 3], Co=|cy O ,
0 ¢,y G c;; O 0
¢, O 0 0 O 0
Cdd = 0 02,2 0 . CdO =10 0 02,3 ,
0 0 ¢33 0 ¢, O
G Co3
C = ’ ’ , 15
= (2 2) s

where the subscripts d and o indicate the block-diagonal and
block-off-diagonal parts of the matrix, respectively, as well as
subscript dd indicates the main diagonal of the matrix. Using this
notation, one can show that for two given 3 x 3 matrices A and B
the following identities hold:

[AB]; = A4By + A,B,, [AB], = A4B, + A,By,

[A4Balyy = AgaBad + AdoBuo » [A¢Bglg, = AaaBao + AgoBya -

(16)

3 | IST:Direct Scattering Problem

We now begin formulating the IST for CMBE (1) with NZBGs.
This section focuses on the direct problem, which consists of
analyzing Equation (3a) in the Lax pair and obtaining the
scattering data at the injection point z = 0.

We recall that CMBE and the focusing Manakov system share the
same scattering problem. Hence, the direct problem is formulated
mainly following what has been done in [53]. Nonetheless,
certain differences still appear between the current work and
that concerning the focusing Manakov system. One of the main
differences is that [53] utilized a simultaneous solution of both
equations in the Lax pair, so that the scattering data only depend
on the spectral parameter ¢. However, due to the complicated
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Dy pyq, Hop, My

Dy: p_2, piz, My

Dy

-E,

0 E,

Ds: 2, U3, M3

Da: pi_q, pi2, M2

D,

FIGURE 2 | Left: Eigenfunctions in their analytic regions. Right: The quartet of a discrete eigenvalue ¢ = £ in the complex ¢-plane.

propagation in z of CMBE solutions with NZBG, we only consider
a solution of the scattering problem, and so the scattering data
must depend on both z and ¢. In other words, while the evolution
stage of the IST for the focusing Manakov system in [53] is trivial,
the propagation stage of CMBE with NZBG is highly nontrivial,
and so is discussed in a separate section.

We recall the discussion in Section 2.2 on the uniformization
variable. Starting from this section, the original complex variable
k will be interpreted as a function of this variable, ¢, via
Equation (9). The explicit {-dependence is frequently omitted
for brevity.

As usual, we first consider the asymptotic scattering problem as
t = +o0

¢ =X.9, X.(z,8) :=ikI + Q.(2),
. 0 _Ei(z)T
Q. (z) := <Et(z)* o ) a7

Recall E, (z) =1lim,_, ., E(t, z) are the asymptotic conditions in
the distant past and future.

The eigenvalues of X,(z,{) are {-ik,+il} with A given in
Equation (7). The continuous spectrum X is defined as the set of
¢ € C in which all the eigenvalues are purely imaginary, that is,
all the eigenfunctions are bounded. From Equation (17), we find
2 to be

2:=RUZX,, whereX :={{e€C: |{|=E)}. 18)

The continuous spectrum X with its orientation is shown in
Figure 2 (left), and is similar to its analog in [53].

For future use, we also define the continuous spectrum without
the two points +iE,,

T 1= I\{+iE,}. 19)

These two points are excluded because certain quantities become
singular there, as we will see in the next section. Similar
singularities have has also appeared in other integrable systems
with NZBC/NZBG at infinity, for example, the focusing NLS

equation and the focusing Manakov system [53]. The local
behavior of various quantities near these singular points in the
IST will not be discussed in this work. In the context of the
focusing NLS equation, this phenomenon was studied extensively
and shown to be closely related to rogue-wave solutions [56].

3.1 | Jost Solutions and Scattering Matrix
3.1.1 | Jost Solutions

The asymptotic scattering problem (17) can be solved by diagonal-
izing the matrix X, (z, {), which yields the following eigenvalue
problem:

X. Y, =iY A, ez, (20)
where A({) is the diagonal matrix containing the eigenvalues
multiplied by the factor —i, and Y, (z, {) contains the correspond-
ing eigenvectors:

Y L _ 1 0 —iEy/¢
ALS) = diag, —k. ~1), - ¥ (2,0) = <-n~:ﬁ:/§ (B3) /By Ei‘/Eo> '
(21)
The inverse of the eigenvector matrix can be expressed as
Lt iEL/¢
Y@O= "m0 yQOED /B |,
iE,/¢ EL/E,
where y(¢) is defined as
EZ
Y ==detY,(z,) =1+ —. (22)

§‘2

The eigenvalue problem (20) is only valid on X* because the
eigenvector matrix Y(z, {) is singular at ¢ = +iE,,.

From the asymptotic scattering problem (17), one expects that
the scattering problem (3a) admits solutions ¢, (¢, z,{) with the
asymptotic behavior

$_(t,2,8) ==Y _(z,0)e™ +0(1),

$.(t,2,9) ==Y, (z,))e™ +o(1),

t—> —0,
(23)

I — 0.
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The solutions ¢, (t,z,{) are called Jost solutions. In order to
further study the Jost solutions, we introduce the modified
eigenfunctions by removing oscillations,

pe(t,2,8) = ¢.(t,z,0)e™,  {eX. (24)

These new functions solve the following integral equations on the
continuous spectrum X,

P20 =Y (2.0 + / Y (2.0)ehIY (z,¢)
AQ_(1,2)u_(1,2,8)e M-dr (25)
1 (t.2.0) =Y, (2.0) / Y.(2. MDY, (2,0)"

AQ+(T’ Z)I""+(T’ Z’ g)e_iA(l_T)dT ’ (25)

where we use the shorthand notation

AQi(ta Z) = Q(t’ Z) - Qi(z) . (26)

The existence of u,(t,z,¢) for all z > 0 can be established from
the above integral equations, assuming sufficiently fast decay of
AQ,(t,z) ast — +oo for all z > 0, respectively. Determining the
necessary and sufficient conditions for this latter property to be
preserved by the flow is an important but nontrivial question,
for example, see [43] for the two-level MBE in the sharp line
limit. Conversely, for the MBE with ZBG and inhomogeneous
broadening, the bijectivity of the IST was recently established in
[54] using the results of [55]. We expect that it will be possible
to generalize the methods and results of these studies to the
CMBE with NZBG. Doing so, however, is a separate project,
which is outside the scope of this work, and is therefore left for
future work. Under the assumption that the decay of AQ,(t,z)
as t —» +oo is preserved by the flow, the existence of the Jost
eigenfunctions ¢, (¢, z,{) for all { € X follows from Equation (24)
and the analysis of the integral Equation (25).

Proposition 1. The two Jost eigenfunctions ¢.(t,z,¢) are two
fundamental matrix solutions on * of the scattering problem. In
particular, det ¢, (t,z,¢) = ey() on =.

Proof. Besides the aforementioned existence of ¢, (t,z,¢), it is

sufficient to show det ¢, (¢, z,{) # 0 on *. Since ¢, (¢, z, {) solves
the scattering problem, Abel’s identity yields

%(det ¢.) =trXdetg, = —ikdetg,,
which can be rewritten as
2 (det(g,e ) =0
ot = '

In other words, the determinant of ¢, (¢, z, § )e~'A! is independent
of t. Combining this fact with the asymptotic behavior ¢, =
Y. eM +0(1) as t - +oo, respectively, we obtain

det(g.e™) =y(), (€X.

Therefore, we conclude that

detg,(t.2.0) =e¥y() £0, (e O
Similarly to what happens in the focusing Manakov system with
NZBC [53], the eigenfunctions can be analytically extended off
the continuous spectrum. Recall that u, ; denotes the jth column
of the matrix u, . The columns of the eigenfunctions then exhibit
the following analyticity properties:

Mo Im¢ <O,

K1t § €Dy, M5 : L €Dy, (272)

K_1 S ED,, K-, Im¢ >0, H_3:$€D;, (27b)

where the domains of analyticity are given by
Dy =1 1 Im¢ > 0S| > Egl

Dy ={{ 1 Im¢{ <O0A ] > Ep},
(28a)

Dy;:=={¢ : Im¢ <O0A|S| <Ep}, Dy={¢ :Im¢ >0AI$| < Eph

(28b)

These regions are shown in Figure 2 (left) together with the
oriented continuous spectrum X. The same analyticity properties
also hold for the columns of the matrix ¢,(t,z,{) via the
relation (24).

Remark 5. In each region D;, there are only two analytic
eigenfunctions, so they are not enough to formulate the inverse
problem by building a 3 x 3 RHP. Therefore, unlike in the two-
level MBE case, we need to seek additional eigenfunctions. These
can be formed using the adjoint problem, which is presented in
Section 3.2.

3.1.2 | Scattering Matrix

Proposition 1 implies that there exists an invertible 3 X 3 matrix
S(z,¢) such that

$.(,2,0) =¢_(1,2,0)8(z,), {ez (29)

Proposition 1 also implies the equation

detS(z,¢) =1, ez
Let us write the entries of the scattering matrix as S(z,¢) =
(a;)3x3 and of its inverse as S7'(¢,z) = (b; ;)34;. Following the
same procedure as in [53], the scattering coefficients can be
analytically extended off the continuous spectrum X into the
following regions:
a,,: § €Dy, a,, : Im¢ <0, a3 . § €Dy,

(30)

b, : { €D,,

b,, : Im¢{ >0, b;; : { €D;.

3.2 | Adjoint Problem and Auxiliary
Eigenfunctions

In this subsection, we construct additional eigenfunctions ana-
lytic in each region D; in order to formulate a 3 x 3 RHP later on.
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To do so, let us consider the adjoint scattering problem
$=X¢, X(t,z0¢):=—ikI+Q(t,2)". (31)
Similarly to what was done in [53], it can be shown that if V(t, z, {)

and w(t, z, {) are two solutions of the adjoint problem (31), then
the following combination

u(t,z,¢) = e MV xw|t,z0), (32)

is a solution of the original scattering problem (3a). We use this
relation to construct additional eigenfunctions of the original
scattering problem. One thus needs to solve the adjoint scattering
problem (31) first, and find its eigenfunctions. Following the same
procedure as before, we know that the matrix Xi(z, ¢) of the
asymptotic adjoint scattering problem has eigenvalues ik and +iA.
The eigenvalue matrix can be written as —iA({) where A({) is
given in Equation (21). One can choose the eigenvector matrix as
Y.(z,¢) = Y.(2,¢*)" with Y,(z,¢) given in Equation (21). Note
that det Y,(z,¢) = y(¢) as well.

As in Section 3.1, for all ¢ € %, we define the Jost solutions of the
adjoint scattering problem with the asymptotic behavior

¢.(t,2,0) =Y. (2,0) e 4 o(1), t - +o0. (33)
Then, we introduce the modified adjoint eigenfunctions by
removing the oscillations

B.(t,2,0) = $.(t,2,) e, (ez, (34

so that @, (t,2,¢)=Y.(z,{)+0(1) as t — +oo, respectively.
Again, similarly to what we did in Section 3.1, one can show that
the columns of &, (¢,z,{) can be analytically extended into the
following regions of the complex plane:

_,: ¢eD, A, :Im¢{<o0, 5. ¢eD,,

1:¢€D,, fio: Im¢>0, s:¢€e€D,.

We then define the adjoint scattering matrix S(z, ¢) as
$.(,2,0)=4_(,2,0)8z¢), (e€x. (35)

Following the same notation S = (@ ;)3x; and S1= (Ei, )33 and
arguments similar to those in Section 3.1, the scattering coeffi-
cients can be analytically extended off the continuous spectrum:

,:¢€D,, b,,:Im{<o0, ,: ¢teD,,

.. ¢€eD,, ,: Im¢ >0, ;. ¢€eD;.

Finally, we define four new solutions of the original Lax pair,
x0(6,2,8) = e Mgy x 4.,1(t,2,0),
2(6,2,8) = e Mg, x$_,1(1,2,9),
1(t2.8) = e Mg, x$,31(t.2.0),
2:(6,2,0) = e Mg, x §31(t.2,0).

Remark 6. The new eigenfunctions x;(t, z,{) with j = 1, ..., 4 are
called auxiliary eigenfunctions, and can be shown to be analytic

in D;, using the relation (34) and the analyticity of &, ;(t,z,{)
from above.

Moreover, the scattering matrix S(z, {) and the adjoint scattering
matrix S(z, {) are related by

8z, 0" =TSEH' T,  (er, (36)

where I'(¢) = diag (1, y(), 1).

For all { € X, the Jost eigenfunctions have the following decom-
positions:

$_1(t,2,8) = b ( b0 ———— [0u(t,2,$) + by, (2, )¢ 5(t, 2,0))]
( bz 0) [b31(z, O¢_5(t,2,) + x5(¢, 2,91,

$.1(t.2,8) = ( {) [)(30 z,$) + a,(z, )¢, 5t 2, {)]
= ( RS [as1(z, )¢, 5(8,2,§) + x4(8, 2, O],

33 )

¢7,3(t,z,§’) b ( é,) [}{l(t Z, §)+b23(z ¢ 2(t,z, g)]
( {) [b13(z,$)¢_1(1,2,0) + x(8, 2, )],

$.5(t.2,$) = [)(20 2,$) + ay5(2, )¢, 5 (1, 2, {)]

22( a,,(z,¢)

11( g) [a;(z, §)¢+1(t z,)+x(t,z,9)].

In addition, we remove the exponential oscillations and define the
modified auxiliary eigenfunctions

m;(t,z,$) = x;(t, z,{)e™,

m;(t,z,$) = x;(t, z,{)e ™,

j = ]-y 2’
(38)
j=3.4

Next, we list the asymptotic behavior of the modified auxiliary
eigenfunctions as t —» +oo. For all { in their corresponding
domain of analyticity, the modified auxiliary eigenfunctions have
the following asymptotic behavior as t - +oo:

tEI_T})O m(t,2,$) = by1(2,{)Y_5(2, (), [132 m,(t,2,$) = a,,(2,§)Y5(2,9),

tklj}m m,(t,2,$) = by,(2,H)Y_5(z,¢), [ILY?Q m,(t,z,$) = a;,(2,$)Y,3(2,{),

zl—}r}io m;(t,2,$) = by,(2,Y_1(2,9), [1132 m;(t,z,$) = a35(2,$)Y,4(2,9),

Jim my(t,2,) = by3(2,OY1(2,0),  limmy(t,2,$) = a,,(2,$)¥.4 (2,9) .

(39
Now, for each region D, there are three independent eigenfunc-
tions as shown in Figure 2 (left). The independence can be verified
directly by calculating Wronskians.
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3.3 | Symmetries

Here we discuss the symmetries of all the eigenfunctions and
scattering coefficients derived from the scattering problem.
These symmetries play an important role throughout the entire
IST procedure. There are two symmetries to be discussed in
this section.

3.3.1 | First Symmetry

Let us consider the transform ¢ +— ¢*, implying (k, 1) — (k*,1%).
This transform maps a point from upper half plane into the lower
half plane or vice versa in the {-plane or on the same sheet of the
k-plane.

Lemma 2. If §(t,z,{) is a non-singular square matrix solution
of the Lax pair (3), then so is ¢(t,z, )", where the superscript —
denotes the inversion and conjugate transpose.

Lemma 2 can be proved by direct substitution. Applying Lemma 2
to the Jost eigenfunctions ¢, (¢, z, ), and noticing the uniqueness
of solutions, one concludes that there exits an invertible matrix C
such that

¢i(t’ Z’ {»)_10@) = ¢i(t’ Z’ ;) ’ ; E Z) M (40)

It is not obvious that (i) the connection matrix C({) is the
same for both Jost eigenfunction matrices ¢_ (¢, z, {); (ii) C(¢) is
independent of z, but one can use the asymptotic behavior of
¢.(t,z,$) ast — +oo0 and obtain C({) explicitly as

C(¢) = diag(y($), 1,7($)).- (41)

Furthermore, the identity

$.(t,2,8) T= m(¢+zx¢+3s¢+3 X1, $s1 X Pr2)(t,2,8),
(42)
together with the symmetry (40), imply
¢_11([,Z,§*)* bzz( g)[¢— X)ﬁ](t Z, g)
¢+1([ z, { ) = m[¢+,2 X)(z](t,z,g),
1kt
$_o(t,z,8") = m[)(ﬂ“ﬁ 1, 2,$)
eikt
= m[#ﬁs x x:1(t,2,$) s
(43)

¢z, ) = Do x .11, 2,0)

}/({)al 1(z,8)

eikt

B m[% X x:1(6,2,0),

¢—,3(I’Z’§*)* = [){4 X¢

wexs 12,0,

¢+,3(t,z,§*)* = ———: X ¢t 2, 0.

22( g)

These relations involving y;(t, z, ¢) are also valid for { € D ;, With
j =1,...,4, besides the continuous spectrum X*.

Thereafter, by using the definition of the scattering matrix (29),
we also conclude that the scattering matrix and its inverse satisfy
the symmetry relation:

S(z, ¢ =C8,OC@) T, ez (44)

Componentwise, for all { € =*, the above equation yields

bz,l(z’g*)*

a,1(2,$) = by (z,$)", 3

a,,(z, H=

al,}(zvg) = bm(z,g’*)* s

a2,1(zsg) = }’(g)bl,z(zs SO az,z(zs H= bz,z(zag‘ ), a,5(z,$) = y(§)bs (2, &%),

by3(z,$*)*

aS,l(Z’{) = bl,s(zsg*)* s NG)

as,z(zs H=

a3v3(z,§) = b3'3(z,{”)* .
(45)
The Schwarz reflection principle then allows us to conclude

al,l(z’ = b1,1(z, ¢, ¢eD,
a,,(z, = b,,(z, ¢, Im¢ <0, (46)
a;5(2,$) = by5(2,")", {eD,.

We can also obtain symmetry relations for the auxiliary eigen-
functions. It can be shown that the auxiliary eigenfunctions
satisfy the following symmetry relations [53],

x(t,z,8) = eikt[¢—,1 x ¢,,1(t, 2,4), {€D,,
Xz(t,z’ g*)* = eikt[¢+,1 X ¢_12]([,Z,§) ’ g € Dl s
, 7
X3(t,Z, g*)* = elkt[¢—,2 X ¢+,3](t’z’ {) ’ g € D4 s
)(4(t,Z, g*)* = eikt[¢+,2 X ¢_73](t,Z,§) s g € D3 .

In other words, we have

. (t.2,8) = e x b, 1(t,2,0) /7). (48)

where j, [, and m are cyclic indices.

3.3.2 | Second Symmetry

Next, we consider the transformation ¢ l—»f in the scattering
problem, mapping the exterior of the circle X, into its interior,
and vice versa, and implying (k, 1) — (k, —1).

Lemma 3. If ¢(t, z, ) is a matrix solution of the Lax pair (3), so

is g(t, z, gc).

This lemma can be proved by direct substitution. Applying
Lemma 3 to the Jost eigenfunctions and recalling the uniqueness
of solutions, as proved in [53], it can be shown that there exists an
invertible matrix II(¢) such that the Jost eigenfunctions satisfy

$.(t,2,0) = ¢.(t,2,O)I), (e=. (49)

Similarly to what has been done in discussing the first symmetry,
we consider the asymptotic behavior of ¢, (t,2z,{) as t — *oo,
respectively. By comparison, we obtain an explicit form of the
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matrix

0 0 —iE,/¢
) = 0 1 0 . (50)
—iEy/¢ 0 0

As before, the analyticity properties of the eigenfunctions allow us

to analytically extend all of the above relations off the continuous

spectrum:

iE,
¢

$.2(1,2,0) = $.,(1,2,9),

¢i’1([,Z,§)=— ¢1,3(t?z’§c)’ Im§20/\|§| >E0a

Im¢ 50,

Im¢{ SOA[S| <E,.
(51)

The definition of the scattering matrix (29) yields the correspond-
ing symmetry

%m%o=i?gﬁ%b,

S(z,$) = ()S(z, HI'(), ¢ exr. (52)

Componentwise, on the continuous spectrum X*, we have the
equations

iE,

: a35(2,8),  ai3(z,8) = a5,(2.0),

a1, (2.) = a35(z.9). a12(2,) =
I¢

E az.z(Z,Sc)s a,,(2,$) = ay,(z, SC),
0

4 (@) = 5.9 = a2,
iE, . R
as,(z,4) = —?01,2(Z»§)s a33(2,) = a1,(2,).
(53)
The analyticity of the scattering coefficients (30) allows us to
conclude

a3, (2.9) = a13(z.9),

b11(2,$) = bs5(z,6), ¢ €D,
a14(2,¢) = a33(2,9), {eD,
,2(2,$) = a5,(2,$), Im¢ <0,
by2(2,$) = by,(2,6), Im¢ >0,

where we recall that q; ; and b; ; are the entries of the scattering
matrix and its inverse, respectively. Moreover, repeating the
procedure in the discussion of the first symmetry in Section 3.3.1,
we also conclude that the auxiliary eigenfunctions satisfy the
relations

appearing in the inverse problem:

_ a2,1(z’§) _ bl,z(z,g*)*
n(6)= a1,1(27§) =7¢) bl,l(z’g*)* ’
_ a3’1(z,§‘) _ b1,3(Z, &)
e = 0 T @y G52)
r(z,0) = as,z(zyg) _ L b2,3(z, ¢
T a,,z0) () boa(z, 8y
The symmetries (53) of the scattering matrix yield
& _iE_o 02,3(2, $) _ IE_O b3,2(z,§*)*
N = @ - O ey
2N (1173(Z, g) _ b3,1(z’ g*)*
e = G0 T bty (550)
r, f) _ £ a1,2(z7 $) _ i¢ bz,1(zyg*)*

Ey a,,(z,{) B Eoy($) byy(z,$*)* '

Furthermore, the definition of S(z,¢) yields the following rela-
tions:

a;,(z, = by (z, g)bS,l(zi {)=b,.(z, g)bs,z(z, 0, {ez.
(56)
This equation shows that, in fact, the three reflection coefficients

are not independent, and they are related by the equation

by, (z, )by, (2, 5)
a,,(z,$)y ()

ez, (57)

r(z.0) = n@@We@&ﬁ+%n@&r,

3.4 | Discrete Spectrum, Norming Constants, and
Their Symmetries

With the eigenfunctions and their behavior on the continuous
spectrum established, we next discuss their behavior on the
discrete spectrum. Recall that we have assumed there to be no
spectral singularities or embedded eigenvalues, so the continuous
and discrete spectra of the current problem are well separated.

3.4.1 | Discrete Spectrum and Norming Constants

The discrete spectrum of the direct problem is the set of all values
¢ € C\Z for which bounded eigenfunctions exist. In order to

x(t,z,8) = _%X4([, z, f), ¢ eD,, characterize the discrete spectrum, it is convenient to introduce
¢ (54) the following 3 X 3 matrices:
iE, .
t,z,0) = ——x5(t,z,¢), eD,.
2zl =-nltne),  Leb B(1,2,0) = B, 208,200 20),  CED,
(D(Z)(t’ Z’ g) = (¢—,1(t’ Z! {)’ ¢+,2(t’ Z’ g)sz(t, Z! {)) ’ { € D2 )
3.3.3 | Combined Symmetry and Reflection Coefficients ®(t,2,8) = (a6, 2,0 o (1,2, 0), b_5(8,2,0)) ¢enp,,
We define the following quantities 7;({) with j=1,2,3 on  ®9D(¢,2,¢) = (x,(t,2,¢), ¢_,(t,2.$), . 5(t, 2,$)), ¢ eD,.
the continuous spectrum, which are the reflection coefficients (58)
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It follows immediately that

det (I)(l)(t’za {) = b2,2(z’ ;)al,l(z’ g)e_ikt ’ g € Dl s
det (I)(Z)(t’za g) = bl,l(z’ g)a2,2(27 g)e_ikt ’ g € Dz s

(59)
det (I>(3)(I,Z, g) = b3,3(z’ g)az,z(z’ g)e_ikt ’ g € D3 s
det®“(t,z,{) = b,,(z,{)as (2, e, {€D,.

If the above determinants are zero, then some of the eigenfunc-
tions are linearly dependent. Similarly to [53], it can be shown that
in these cases, bounded eigenfunctions exist. Therefore, the zeros
of the determinants, that is, the zeros of the scattering coefficients
from Equation (59), are the discrete eigenvalues.

Therefore, we now discuss the zeros of the scattering coefficients.
For simplicity, we assume that these zeros are simple. Due to the
symmetries of the problem, it is unnecessary to discuss separately
the zeros of all five scattering coefficients. In fact, there are only
two equivalence classes of zeros, in particular:

* Let {, € D, be a zero of a,;(z,{); then by symmetries (45)
and (53), we obtain

b, (z, gé) =0 aq,,(z, $o)=0

= a;3(z.{,) =0 < by5(2,$) = 0. (60)

* Let ¢, € C* be a zero of b,,(z,¢); then by symmetries (45)
and (53), we obtain

a,,(2,§3) =0 &= b, ,(2,¢{,) =0
< b,,(z, fo) =0 <= a,,(z, fé) =0. (61)

Remark 7 (i). 1t is sufficient to study the zeros of a;,(z,¢)
and b,,(z,¢) in only one region, { € D,. (ii) For each discrete
eigenvalue in D, when a,,(z,¢) or b,,(z,{) vanishes, there are
three corresponding zeros in the other three regions D; with
Jj = 2,3,4, respectively. Hence, each discrete eigenvalue in D,
generates a quartet of discrete eigenvalues in the entire complex
plane. (iii) A discrete eigenvalue in D, can be categorized by
probing which quantity, a, ,(z,{) or b,,(z, {), vanishes there.

The above remark implies that all the discrete eigenvalues in
the complex plane can be classified based on which scattering
coefficient a, ; or b, , vanishes in a single region, D;.

Definition 1. There are three kinds of eigenvalue quartets
corresponding to a given eigenvalue in D;:

* Eigenvalue of the firstkind, w, forn =1, ...,N:a; ,(z,w,) =0
and b,,(z,w,) # 0.

* Eigenvalue of the second kind, z, for n=1,..,Ny:
a,,(z,z,) # 0and b,,(z,z,) = 0.

* Eigenvalue of the third kind, {,, forn =1, ...,Ny;: a,,(z,§,) =
bZ,Z(Z’ ;n) =0.

Then we have

Proposition 2. For every eigenvalue ¢, € D,, the following
statements are equivalent:

1 x(t,2,8;)=0.
2 xi(t,z, fg) =0.

3 There exists a constant b, € C such that ¢_,(t,z,§,) =
b, ¢+,1(t’ Z,$)-

4 These exists a constant BOEC such that ¢_,(t,z, fo)z
by ¢, 5(t, 2, o).

Proposition 3. For every eigenvalue ¢, € D,, the following
statements are equivalent:

1 x(t,2,$,)=0.

2 x(t, z, fo) =0.

3 There exists a constant EO € C such that EO $..(t,2,8)) =
¢_.(t,2,$0).

4 These exists a constant b, € C such that b, ¢t 2, fé‘) =

¢—,3(t’ Z, fg)

The above two propositions together with Definition 1 yield the
following result:

Proposition 4. Let {, € D, be a discrete eigenvalue of the
scattering problem, that is, a, ,($y)b,,($,) = 0. Then the following
statements are true.

1 Ifw, isaneigenvalue of the first kind forn = 1, ..., Ny, there exist
complex constants c,, ¢, ¢,, and ¢, such that

0t z,wy) =c, ¢_1(t,z,wy),  $pa(t,z,w,) =cypxa(t, 2z, wy),

2tz 05) =T, ¢ 5(t,2,8Y).
(62)

¢+,3(t’z) wn) = 6}'!X4([9Z9 wn) ’

2 Ifz, is an eigenvalue of the second kind for n = 1, ..., Ny, there
exist complex constants d,,, d,,, d,,, and d,, such that

$o2(t,2,2)) = doxa(t,2,25),  xi(t,2,2,) = dpp_,(1,2,2,),

Xa(t,2,2,) = Ay _5(t,2,2,),  $ya(t,2,25) = dy x3(t,2,23).

(63)

3 If¢, is an eigenvalue of the third kind for n=1,..,Ny, then
there exist complex constants f,, f,, fn, and f, such that

$02(t,2,80) = 77, $_1(6,2,87),  $1(t,2,80) = fnd_n(t.2,80),

$:3(t,2,8) = Fad a(t,2,80),  $iat,2.8) = [rd_s(t,2.8).
(64)

The above 12 constants ¢, ¢,, ¢,, and ¢, (and similar quantities
for d, and f,) are the norming constants.
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We further define the modified norming constants that will be used directly in the inverse problem.

Definition 2. The modified norming constants are given by

c e—zi/l(w,,)r _ C ezil(w;)t =N ¢ e—zi/l(w,,)t - bel ezi/l(w,*l)r
Ci(2)=———, C@)=—F", C@)="—, C2)=—"7""-"7,
a;,(z,w,) bl ,(z,wp) a;,(z, w,) b ,(z, w;)
d. e—itnt _ d. ezt R 4. e—itnt o d eitnt
D,(2) == 7———, D,(2)=——"—, D,(2)=—-"—"—=, D,(2)=—"7""—=, (65)
bzyz(z, z,) azyz(z, zy) bzvz(z, Z,) azxz(z, Z3)
£t _ f eidnt R f e-itnt o f eidnt
F @)= F@= e, F@=1C K@=
al’l(zv gn) az,z(z’ gn) a3’3(z,§n) az’z(z,gn)

where the primes denote partial differentiation with respect to ¢, n = 1, ..., Ny, for the four quantities in the first row, n = 1, ..., Ny, for
the second row, and n = 1, ..., Ny, for the last row.

3.4.2 | Symmetries of the Norming Constants

Let {wn}fil be the set of all the eigenvalues of the first kind. With the definitions of the modified eigenfunctions (24) and (38), the

definitions of the first kind of the norming constants (62) reduce to
mz(t’ Z, w;) = En ﬂ—,l(t’ Z, w;«;)ezixl(w:)t > l"'+,1(t’ Z, wn) =Cy ml(ty z, wn)e_ZM(wn)t ’
(66a)

I“+,3(t’ Z, wn) = é\n m4(t’ Z, wn)e—ziﬂ(wn)t > 2wyt .

m3(t’ z, w;) = b/n #—,30’ Z, w:z)e
Let {zn}gfl be the set of all the eigenvalues of the second kind. Using definitions (24) and (38), the definitions of the second type of the
norming constants (63) reduce to

/"+,2(t’ Z, Z;) = an mz(t, Z, Z;)eiizt ’ ml(t7 Z, Zn) = dn “—,Z(t’ Z, Zn)e_iint ’
(66b)
m4(t! z, 2n) = dn ﬂ—,Z(ta Z, 2n)eiiint ’ I'L+,2(t7 z, 2;) = dn m3(t7 z, ﬁﬁ)eii’ﬁt .

Let {¢ n}Nm be the set of all the eigenvalues of the third kind. Using definitions (24) and (38), the definitions of the third type of the

n=1
norming constants (64) reduce to

“+,2(t’z7§;lk) = fn I"—,l(t’z’ {;)elgzt ’ #+,2([7z’ f;) = fn [.l_,3(t,Z, f;)é{:{t 4

(66¢)

ﬂ_‘_,l(t,Z, {n) = fn I’L—,Z(t’ z, é’n)e—ié'nt ’ I“+,3(ta z, fn) = fn I“—,Z(ts z, écn)e—ié',,t .

We are now ready to discuss the symmetries of the norming constants. By using the symmetries of the eigenfunctions (51) and (54), we
obtain the symmetries among all the norming constants:

—k

z =t =06 = —— 2
R non bZ,Z(Z’ wn) ’
e — d — iE, d,
d,=—=d,, dy=————+—, =———" (67)
"OE " " 7(z)a11(2,2,) "oz, 7(2,)b1 (2, z;)*
? _ 1{:}( ?’” _ b;yz(za gn) fn ?” _ IEO b;,z(za grz) fn
" EO i " a;,l(z’ gn) 7(;;1) ’ " ;n a;yl(z’ gn) y(gn) ’
Using the symmetries (67) and Definition 2, we also obtain the following symmetries:
c. . B C . B
an_—n’ n=__(;—n’ Cn= _f Cn!
b,,(z, w,) w; byy(z,w,) (w;)?
s N iE — - iE3 _
Dn = _y(zn)al,l(z7 Zn)Dn ) Dn = __Oy(zn)al,l(zﬁzn)Dn ) Dn = - *03Dn ) (68)
ZVl (Zn)
- iE} — ~ iE, — -
Fnz_ *03Fn’ Fnz__OY(gn)Fny Fn=—]/(§”)Fn.
(9] n
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3.5 | Asymptotic Behavioras{ — coand{ — 0
The asymptotic behavior of all eigenfunctions and scattering data will be used in both the propagation and the inverse problem stages
of the IST. Therefore, in this section, we study the asymptotic behavior of the eigenfunctions and scattering data as k — oo. In terms of

the uniformization variable { = k + A, this requires studying the behavior both as { — oo and as { — 0.

Consider the following formal expansion for u_(t, z, {):

Bo(t,2,0) = D pat,2,9), (69)

n=0

where Equation (25) implies

#O(t’ z, g) = Y+(Z, g) )
% (70)
Mo (8,2,8) = = / Y, (z,$)elt=980Y (z,¢)TAQ, (s, 2)u,(t, 2, ¢ )e =92y

For all n > 0, Equation (70) provides an asymptotic expansion for the columns of u, (¢, z,{) as { — oo in the appropriate region of the
complex ¢-plane, with

[l“Zn]d = 0({—:4) > [I"'Zn]o = (‘)(g—(n+l)) ’

[Honily = OED), [Honi], = OD),

(7))

where the subscripts d and o are defined in Equation (15). Moreover, for all n > 0, Equation (70) provides an asymptotic expansion for
the columns of u, (¢, z,¢) as ¢ — 0 in the appropriate region of the complex ¢-plane, with

[#Zn]d = 0(§n) ’ [#Zn]o = 0(§‘n—1) ’ [ﬁ‘2n+1]d = 0(;%) ) ["‘2n+1]0 = 0(§n) . (72)

Asaresult of Equation (71),as ¢ — co in the appropriate regions of the ¢-plane, the leading order terms of the eigenfunctions u, ;(t, z, {)
are given by

1\ i/ o© B
pat2.0=(5) = 3 (g ey ) +0€.

3 T L
yivz(t,z,g) = El'o <E ((Z))J‘*> + E;é' (E(t,z) ;Ei(Z) ) +(9(§—2), (73)
: T *
hor(t2,8) = 1%0 <E+(()Z)*) ~ ELg <E(t,z)0Ei(Z) ) +OE?).

Similarly, as the result of Equation (72), as { — 0 in the appropriate regions of the {-plane, the leading order terms of u, ;(, z,{) are

i T *
1 0
kst 20 =3 (g ) +O0), (74)

i (E)\ 1 0
#i,S(t’Z’ g) = _E ( 0 > + E_~0 (E([,Z)*> + (‘)(g)
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Similar arguments yield that as { — oo in the appropriate regions of the {-plane, the leading order terms of the auxiliary eigenfunctions
m,(t,z,{) are

m0.20= 5 (5.0 )5z (70 @) o,
T
my(z.¢) = L (E (Z)*> L( iE(t, z) E_(2)* ) Lo,

£
(Z)TE (2)" 0 -
me.2.0= 5 (* )+ 552 (5,m (ormia. )+

_ 1 (E_(2)"E,(2) i 0 _
m4(t,z, g) - E_g ( 0 > + % <E_(Z)TE+(Z)*E(I:,Z)> +(9(§ 2)'

(75)

Similarly, as { — 0 in the appropriate regions of the {-plane, the leading order terms of the auxiliary eigenfunctions m;(t, z, {) are

1 [—iE_(2)"E,(2)* 1 [(—iE,(2)"E_(2)*
m (2.0 = 7z (T ) row,  mezo =g (TREED ) o,
(76)
m(tzg)——i( 0 )+(9(1) m(tzg)——i( 0 >+0(1)
3\, Z, { E,(Z)* 5 4\l Z, g E+(Z)* .
One can also compute the expansions of the scattering coefficients, as { — oo, in the appropriate regions of the ¢-plane,
a,,(z,$)=1+0¢™), a,,(z,8) = EIE’i/Eé +0¢™), a;5(z,8) = E'E; /E2 +0¢™), o
77
bii(z,)=1+001/¢),  b(z.) =EIE{/E;+ O™,  bys(z,$) = E[E'/E; + O¢™).
Similarly, as { — 0 in the appropriate regions of the {-plane, we find
a,,(z,$) =ETE:/E2 + O(0), a,,(z,$) =E[E* /E; + O(0), a35(2,) =1+ 0(), -
78

b11(z,0) =E[E*/E; +O0K),  byx(z,{) =EE[/E;+0(),  b33(z,$)=1+0().

3.6 | Asymptotics of the Density Matrix (Part I)

Recall that this work addresses the IBVP for CMBE with NZBG. Similarly to the classic two-level MBE with ZBG or NZBG and similarly
to the CMBE with ZBG, it is not possible to solve the problem by specifying only the quantities E(¢, 0) and E_(z) [36, 40, 45]. Additional
quantities are needed, which turn out to be certain asymptotic expressions for the elements of the density matrix as t — —oo.

The issue is also related to the question of causality, namely the physically motivated requirement that the solution of the IBVP for the
CMBE (1) should not depend on the asymptotic value of the optical field and density matrix in the distant future. This issue was first
resolved for the SIT problem in [31]. Technical difficulties with satisfying the causality requirement were then identified for the MBE in
the sharp-line limit [36]. These difficulties were finally resolved in [40], where it was realized that (i) they do not arise in the case of an
inhomogeneously broadened line, and that (ii) the sharp-line limit must be treated as a limiting case of the inhomogeneously broaded
line in order to satisfy the causality requirement. In the current section, we define and analyze appropriate asymptotic expressions for
the setting of this work.

We first derive the asymptotics for the density matrix p(t, z,{) ast — +oco0. From the CMBE (1) and the scattering problem (3a), it is easy
to show that

d
5[¢’1(f,Z,§)P(t,z,§)¢(t,z,s’)] =0, {eR. (79)
Consequently, the quantity inside the square brackets is independent of ¢, so it is natural to define

0.(2,0) = ¢ (t,2,0p(t,2,)8.(,2.0),  {ER, (80)

where ¢_ (¢, z, {) are the Jost eigenfunction. Conversely, one can write

p(1,2,0) = ¢.(t,2,$)e.(2,O)¢: (1, 2,9) . (81)

Note that the density matrix p(t, z, {) itself has no limits as t — +oo, but ¢,(z, {) obviously does.
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Remark 8. The following expression will be useful to compute ¢_(z,¢) in practice:
6.(2,) = lim OV 1(z, O)p(t, 2,V.(2, e . (82)

This expressions is obtained by taking the limit of Equation (80) as ¢ — +oc0 and using the asymptotics (23).

Remark 9. Similarly to the quantities g, ; ; in the background solution, the entries {¢_; ;} play an important role in the formulation
of IST. In fact, as we show later, these parameters appear in many spectral data, and control the behavior of solutions. Similarly to
Equation (10), ¢_ ; are not the initial atomic-level populations p_; ; of the medium in each state, but they determine these initial
populations via a complicated combination, discussed in the rest of this section. Consequently, even if one assumes that all the
coefficients {¢_; ;} are independent of the spectral parameter k, the matrix p_(z, k) still depends on k in a nontrivial way.

In order to form a complete data set of initial-boundary values for CMBE (1), in addition to the asymptotic condition E,(z) for the
optical pulse and the input condition E(t, 0) for the injected pulse, one needs to impose a proper asymptotic condition for the medium,
that is, the density matrix p(t, z, 1). One natural choice is the newly found asymptotics ¢_(z, {). However, due to the first-order nature
of the differential equations for p(t, z, ) in CMBE (1), one has to determine: (i) whether ¢, (z, {) are independent of each other and (ii)
how to pick the proper (and mathematically correct) asymptotic condition.

To address these concerns, we first show that ¢_(z,¢) and ¢, (z, {) are dependent, meaning that only one of them needs to be specified

for the solution of the IBVP. Since ¢.(t,z,¢) = ¢_(t,2,{)S(z,{), by Equation (81), one sees that S(z,{)e,(z,¢) = ¢_(2,{)S(z,{), or
equivalently,

0.(2,0)=8"(z,0e(2,)8(z.,¢), (ER, (83)
which relates the asymptotic behaviors of the density matrix as t — +o0. This relation allows one to obtain the asymptotic behavior
0.(z,¢) from ¢_(z,¢) using the scattering matrix S(z, {), which can be calculated from the optical pulse envelope Q(t, z). Hence, only
one of ¢, (z,¢) can be chosen at will. The causality of CMBE thus ensures that only ¢_(z,{) is needed to solve the IBVP considered in

this work [36].

Definition 3 (Asymptotic conditions for the density matrix p(¢, z,4)). In this work, we choose the quantity ¢_(z,¢) from
Equation (82) to complete the set of initial and boundary data that must be specified for the initial-boundary problem for the CMBE (1).
3.6.1 | Propertiesofg,(z,¢)

We proceed to discuss the properties of the newly found asymptotic initial data g_(z, {). It turns out that the properties of both ¢, (z,¢)
are almost identical, so we instead discuss them together for completeness. However, one should always remember that only ¢_(z,¢)
is required in the IST.

Looking at Equation (82), we note that ¢_(z, {) is not necessarily Hermitian, even though p(t, z, {) is. Since the solution p(t, z, {) only

depends on the real values of k, we can consider the Schwarz reflection of the matrix p(t, z, ¢) and easily verify that p(t, z, {*)" = p(t, z, ¢)
for all ¢ € R. Similarly, it can also be verified that Yl(z, ¢*) = (€)Y (2, ¢) from Equation (21) with

I0,($) = diag(y($), 1,7($)) - (84)
Correspondingly, we obtain a symmetry for the asymptotic value ¢, (z, {) given by
01(2.0) =M e.(z.¢NI'¢Y), ¢ ER. (85)

Besides the above symmetry (85), one more connection between ¢, (z, {) exists, which is the relation between the data sets on the two
k-sheets, that is, between ¢ and ¢. Applying the second symmetry of the eigenfunctions (49), we have

0.(z.{) ="' e.z.ONE),  (€R, (86)
where the matrix II(¢) is defined in Equation (50).
Remark 10. The symmetry (86) implies that one cannot choose the data ¢_(z,¢) arbitrarily as a function of ¢ on the entire real

line. Indeed, one only has the freedom to pick ¢_(z,¢) with k € R on the first sheet, or { € (—o0, —E,] U [E,, ), after which the full
expression of ¢_(z,{) is determined on the entire real zeta line.
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Following the above discussion, Definition 3 and Remark 10, we thus write the proper asymptotic data for the density matrixast — —oo,
in the k-plane, in the element-wise form, as

E’i(z, k) = (Ei,i,j(za k1))sxs »

0:33(z,kp) —iEoe. 32(2, k1)/¢ 0:31(2,kp) 87)
0.(z, ky) =|ie,25(z, k) /E, 0. 2(2,ky) ife.,1(z,k)/Ey | »
.13z, k) —iEy9, 1,(2, k) /¢ 0.11(2,kp)

where the subscript I or IT denotes evaluation on sheet I or I, respectively. Also, Equation (87) needs to satisfy the symmetry (85). One
can thus also write an equivalent form of ¢, (z,{) in terms of ¢ as follows:

0:11(2.¢) = 0.53(2.0). 0:12(2.0) = ,%iei,s,z(z, 00 001329 = 0,31(2.9),
91,2,1(2’ {) = _iEToei,Zﬁ(z’ f) ) 91,2,2(2’ g) = Qi,Z,Z(Z’ 5) 5 91,2,3(2’ ;) = _iEToei,Z,l (Z’ éc) ) (883)
91,3,1(29 g) = 911,3(25 f) ’ 9¢,3,2(z’ g) = ;_?091,1,2(29 f) ’ 91,3,3(29 {) = 9¢,1,1(za f) s

and

@) =@ ) a2 ) = @eim(z, EY . 0u1a(2) = 0any (@)
91,2,1(2’ {) = 7(;)91,1,2(2’ {»)* ’ 91,2,2(23 {) = 91,2,2(2’ é“)X s 9¢,2,3(Z’ g) = 7({)91,3,2(2’ g*)* ’ (88b)

1

0.31(2,8) = 9.15(2, )", 0.32(2,0) = "3

eeon(@ 8 euaa(@ ) =€l,,(2.8").

We have now fully determined the asymptotic behavior of the density matrix p(t, z, {) in the distant past. We next explore the physical
meaning of ¢_(z, {) with regard to p(t, z, {). In particular, since we know that the diagonal entries of p(t, z, {) (namely p,4) denote the
populations of atoms in the three states, we would like to relate ¢_ 44 to the initial populations of atoms in all three states.

The relation between g4y and pyq are simple in the case of ZBG, where one can easily show that ¢_44(z, k) = lim,__, p44(t, z, k).
However, we will show that this relation is much more complicated for NZBG due to the presence of the NZBG E_(z). Indeed this
also happens in the classic two-level MBE with NZBGs [45]. This can be seen in the discussion below Equation (10) in context of

background solutions.

Next, we show that there are no simple relations between each p; ; and ¢_; ;. We write the diagonal entries of Equation (82) explicitly as

9—,1,1(Z’ g) =§i/1 [l_i)r_lgc[Re(El(t’ Z)E;(t’ Z)pZ,S(t’ z, g)) - g Im(El(t’ Z)pZ,l(t’ z, g) + Ez(t, Z)pS,l([7 z, {))]

¢ [EL (@) .. [EL@)P .
+ 7 [1_1;}10;01,10’1 O+ 2}—/1 Il_lfgo p22(t,2,$) + 22;—/1 IET}Q p33(t,2,$),
2 li " |E_;(2)I” li
9—,2,2(Z’ g) - E [_}1320 Re(EZ(t’ Z)E1 (t’Z)p3,2(t’ z, g)) + T [_ILIZO ‘03]3(t,Z, g)
0 0
|E_ (@)
E—g tl—ll}go pZ,Z(t» z, g) 5

9—,3,3(Z’ g) zlll [EI_Iio[Eaz Re(gEl([7 Z)E;(t’ Z)pZ,S(t’ z, g)) - Im(pl,Z(t5 z, g)Er(L Z) + p1,3(t’ z, {)E;(t’ Z))]

Ej |E_,(2)I’¢ |E_»(2)I%¢

0 . . .
+ — lim t,z,$) + lim t,z,¢)+ lim t,z,¢).
264 Ao, Pt 0) 2E2 Mm, p2.2(1:2.) 2E2A Am P35t 2,6)

17 of 54

85U8017 SUOLULLOD 8A 1810 3(ed!dde ayy Aq peusenob afe sejoile O ‘8sn Jo sajnJ Joj Afelq1T8UlUO A8]IAA UO (SUORIPUOD-PUR-SWUBIALI0O" A8 | Ae.ql1|Bu 1 [UO//:SANY) SUORIPUOD pue SWiB | 8L 88S *[5202/50/GT] Uo AriqiTauliuo Aeim ‘(Auns) oeyng 1w AisileAlun Aq 5002 Wdes/TTTT 0T/I0pA0D" A8 | M Ake.q1pul UO//:SANY WoJy pepeojumod ‘S ‘5202 ‘0656.97T



Inverting the system (82) yields p(t, z,$) = Y, (z,{)eMe (2, {)e ™Y (z,{) + 0(1) as t — +oo. Therefore, the diagonal entries pyq can
be expressed in the limit t - —oo as

p1.1(t,2,8) =D_,(z, §)+ (9 1320 —9_31(z,0) +0(1),

pos(t.2.0) = D_z.) + weu - D )

e e+ HEEE, 6o

%&,M(L $)+o(1), (89)
2= - S @) e D L)

P o i@ - 1sta:0) - e )

- %eiu(z, ¢)+o(1),
with D_(z,¢) given by
DAEd)= S @O T e,
b= Lo+ B e R, Lo, ©0)
b= Lo+ P e+ 2R, Lo

Remark 11 (Importance of D_ j)- We point out that if ¢(z, {) is diagonal, then the quantities D_ ; are precisely the asymptotic initial
values of p(t,z,4) as t — —oo, that is, p; ;(t, 2, o= D_(z, &) +o0(1) as t - —oo. This is a direct consequence of Equation (89). As we
will see, a diagonal ¢(z, ¢) is one of the requirements for pure soliton solutions of CMBE.

For later use, it is also useful to invert the system (90):

¢ SIE_, P SIE_,P
_11z,0)==D_, + D_, -
¢80 = Pt S E B T KA - ELP)

S - R | T o
~22 EP—1E P 2 JE,P-[E P

¢IE P _ UBLP
2K(E_ P —[E_,P) * 2k(E_,I° - [E_,P)

0_33(2,0) = ik

Note thatif |[E_;| = |[E_,|, the system (90) is singular and cannot be inverted.

4 | IST:Propagation

In this section, we compute the propagation of the asymptotic initial data, norming constants, and reflection coefficients. Recall that
in CMBE the propagation variable is the spatial variable z instead of ¢, the usual evolution variable in equations such as KdV, NLS
equation, and the Manakov systems. Here we discuss the z dependence of various quantities appearing in the IST.
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4.1 | Propagaton of the Asymptotic Data in the Distant Past and Future

First, let us discuss the dependence on z of the asymptotic values E_ (z) of the background electric field envelope. We assume that the
limit as t — oo and the partial derivative /9, commute. Then the second equation in CMBE (1) yields

0

2o.@=-3)im [ etz 00k, 92)

2 t—+o0
Also, Equation (82) can be written equivalently as
o(t,2,8) = Y, (2)ed g (z,0)e MY, (2)1 +0(1), t > +00. (93)

We would like to combine Equations (93) and (92) to derive a propagation equation for the quantity Q, (z). We outline the calculations
below without showing all the details. The exact calculations are cumbersome and similar to those in the classic two-level system [45].

1. We decompose the matrix ¢, (z,{) into diagonal and off-diagonal parts: ¢, = @, 44 + €., + €440, With subscripts dd, o, and do,
defined in Equation (15).

2. The integrand [J, p(t, z, k)] in Equation (92), combined with the asymptotics (93) and the decomposition in the previous step,
simplifies to become the equation (with temporary omission of ¢, z and ¢ dependence in all quantities)

3.0l = [3. Y 0, aaYZ'| + [T, Y. eMg, oMY + [T, Y, Mo, 1,67 MYT | +0(1).

The last two terms before the error term in this equation contain oscillatory exponentials, which cancel out as t — +oo inside the
integral in Equation (92) by the Riemann-Lebesgue lemma. Hence, one only needs to consider the very first term inside the integral
in the limit.

3. Using the definition of Y (z,¢) from Equation (21), the effective part of [J, p(t, z, k)] from the previous step (i.e., the part that
survives after integration and limits) becomes, as t — +oo,

i
[J, p(ta z, {)]eff = [J» Yi(Z, ;)ei,dd(z» {)Y;l(z, g)] = _I (et,l,l(za g) - 91,3,3(Z’ g))JQi(z) .
4. The propagation Equation (92) for the asymptotic conditions Q, (z) becomes

000 = 1 [ (e -0 )05 [1.Q.2). (o4)

Remark 12. With known asymptotic data ¢_(z,¢), Q_(z) can be obtained from Equation (94). The quantity Q,(z) turns out to be
unnecessary in the formulation of IST, which is consistent with causality. Of course, with ¢_(z,{) known, ¢, (z,¢) and consequently
Q..(2) can be found using Equations (83) and (94) as well.

Before solving for Q, (z) from Equation (94), we must discuss one potential issue: On which k-sheet should we compute the integral
in Equation (94)? Since A takes different values on each sheet, it seems that the integral (94) is ambiguous and the result depends on
the sheet choice. However, recall the definition (87) that ¢, (z, {) also takes different values on each sheet as seen from Equation (88).
In particular, one needs to interchange the values for ¢, ; ,(z,¢) and ¢, ;3(z,{) between the sheets. Because both quantities, A(k) and
©.11 — 91323, Change signs between the two sheets, the integral (94) is uniquely defined and can be evaluated on either sheet.

It is convenient to define

1 dk
0.0 = ;[ (£21aGik) 052 )20 € R. ©3)
This quantity simplifies the propagation Equation (94) to become

0.Q.(2) = iw.(2)[3,Q.(2)]. (96)

By solving this ODE, we obtain the z-dependence of the background optical pulse
Q. (z) = eV=@IQ, (0)e™ W= W.(z):= / w,(z)dz eR. (97)

0
19 of 54

85U8017 SUOLULLOD 8A 1810 3(ed!dde ayy Aq peusenob afe sejoile O ‘8sn Jo sajnJ Joj Afelq1T8UlUO A8]IAA UO (SUORIPUOD-PUR-SWUBIALI0O" A8 | Ae.ql1|Bu 1 [UO//:SANY) SUORIPUOD pue SWiB | 8L 88S *[5202/50/GT] Uo AriqiTauliuo Aeim ‘(Auns) oeyng 1w AisileAlun Aq 5002 Wdes/TTTT 0T/I0pA0D" A8 | M Ake.q1pul UO//:SANY WoJy pepeojumod ‘S ‘5202 ‘0656.97T



It is evident that W_(z) is independent of k from Equations (95) and (97). Recall that ||E,(2)|| = ||E.(0)|| = E, for z > 0 by our
assumption before Lemma 1. We can therefore write Equation (97) explicitly, element-wise, as

Ei,](z) = eZiWi<Z)Ei,l (0) ’ Ei,z(z) = eZiWi(Z>Ei,2(O) .
Equation (6) further simplifies the E_ ;(z) to become

E_1(2) = E,e®+@ cos a, E_,(z) = E,e®+@sina. (98)

4.2 | Asymptotics for the Density Matrix (Part IT)

Before continuing discussing the propagation of the physical quantities, we make a detour and simplify the asymptotics for the density
matrix using the explicit expressions (98).

Combining Equations (90) and (98), we obtain

$ E;
D_,(z,{):= ﬁ?—,m(z, O+ —=0-352.0),

2A
Ecos*a L, ¢
D_,(z,$) = 2;,—/197,1,1(25 O +o 5,(z,8)sin" a + ﬁ97,3,3(z, {)cos?a, (99)
EZsin’a ¢ .
D_5(z,{) = 2{—/197,1,1(1 O +e_5:(28) cos® a + ﬁ§’7,3,3(z, $)sin"a.

As mentioned in Remark 11, these three quantities play crucial roles in pure soliton solutions, as they determine the initial populations
of atoms in the three states of the medium.

4.3 | Propagation of Reflection Coefficients and Norming Constants
The next step is to calculate the propagation of all scattering data, including the reflection coefficients on the continuous spectrum
and norming constants for discrete eigenvalues. To do so, we need to use the z-dependence of the eigenfunctions ¢, (¢, z,{) whose
t-dependence is discussed in the direct problem.
Recall that the eigenfunctions are not simultaneous solutions for the Lax pair, so they only solve the scattering problem. As such, they
contain nontrivial z-dependence, which implies that all the scattering data contain nontrivial z-dependence as well. Hence, we need to
address the z-dependence of the eigenfunctions before moving on to the scattering data. We do so by employing simultaneous solutions
of the Lax pair.
4.3.1 | Simultaneous Solutions of the Lax Pair and Auxiliary Matrix
Because the asymptotic behavior of the eigenfunctions ¢, (¢, z,{) ast — *oo is fixed, in general, they are not solutions of Equation (3b).
However, because both ¢, (t,z,¢) and ¢_(¢,z,¢) are fundamental matrix solutions of the scattering problem, every other solution
®(t, z, {) of the scattering problem (3a) can be written as

O(1,2,) = ¢,(£,2,0)C. (2, ) =¢_(1,2,)C_(z.{), (€L,

where C_(z,{) are 3 X 3 matrices independent of ¢.

We assume that ®(¢, z, ¢) is a simultaneous solution of both equations in the Lax pair (3), so ®(t, z, {) satisfies Equation (3b), that is,
D,(t,2,$) =V(t,z,{)P(t,z,¢) for { € T as well, where the matrix V(¢, z, {) is given in Equation (3b). Therefore, we find

5.0.2.0) = IR.20C.(20), (e,

where the auxiliary matrices R, (z, {) are given by

RGO =420V 08 020 - 4.020|, (ex. (100)
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It will be shown later that, in order to determine the z dependence of other scattering data, we need to compute R, (z, {) explicitly. Let
us again assume that z-derivatives and the limits as t - +co commute, and we know that R, ({, z) is independent of ¢, so we can write

Ri(Z, {) =-2i [Eggo ¢;1(t’ z, g)V(ty z, §)¢1(t’ z, g) - ¢;1(ta z, g)aa_z¢i([’ z, ;) . (101)
Equation (81) implies that V(¢, z, {) becomes

V(2,0 = T, [$.00,2,¢ e (2,082 (1,2, 8k )] (102)

where we use the shorthand notation ¢’ = {(k’), and H,(-) is the Hilbert transform (4). After a lengthy calculation presented in
Appendix A.2, we thus obtain the explicit expression for the matrix R, (z, {) as follows:

R, (2. ) =mA Hy [0z (K)g(K)/2|diag(1, 0, —1) + {nH, |01 (K) g(k")] + 2w, (2)}diag(1,0, 1),

+{mHi[o.»,(k")g(k")] — 4w..(2)}diag(0,1,0), ~ {€X,

R, .(2.¢)= +img(k)diag(l, -1, —v)¢, .(z,{)diag(1,1,v), (R, (103)
o 05,3, (e,

iin’ (k) + o(za )dla (1: 15 _1) ) € R )
Ri,do(z’ é‘) = BB g & g
03,3, {ez,,

where ¢ and g are defined as,

91 = (9111 +9+33)/2, 0: = (0411 — 9+33)/2,
(104)
011 =91 +es, 0133 =901 —6%,
and where we define
]-7 E(—OO,—E]U[E,OO),
»(¢) 1= ¢ 0 0 (105)
-1, ¢ €(-EyE,).

Note that the matrix R, (z, {) is computed via a Hilbert transform, meaning that in general it is discontinuous when ¢ (or k) crosses the
real axis. Note also that the results (103) seemingly depend on the choice of the k-sheet on which one performs the calculation, as can be
seen from v having different values on each sheet. However, recall what happens to Equation (95) and recall our definition (87) for the
asymptotic data ¢, (z, {). The potential “ambiguity” inside the above results (103) is resolved by interchanging the values for ¢ ; ;(z,{)
between the k-sheets:

* For the diagonal portion R, 44(z,¢): Recall that ¢; is defined in Equation (104). We find that ¢;(z, f ) = —¢5(z,¢) from the
symmetries (88). The switching of signs of ¢ between the two k-sheets cancels the additional negative sign from A in the first integral
of R, 44(z,¢) in Equation (103). Also, ¢} (z, H= 0i(z,{) and ¢, ,,(z, H= 0.2.(2, &) by the symmetries (88). Thus, all integrals in
R, 44(z,¢) can be evaluated on either k-sheet with identical outcomes.

* For the (1,3) and (3,1) components: The symmetries (88) yield that ¢, , 5(z, f ) =-¢.13(z,{)andg, 3,(z, g” ) = —¢.3.1(2,¢). Thus, these
two quantities evaluated on the two k-sheets take opposite signs, which cancels the effect of v.

¢ For the rest of the off-diagonal entries: The symmetries (88) yield ¢, ; «(z, gc ) = 9. ;,(2,{), that is, these entries evaluated on either
k-sheet give identical results.

With the above discussion, we conclude that Equation (103) can be used on either k-sheet and yield identical results. In other words,
the expressions (103) are uniquely defined on both sheets and yield consistent results.

Besides the values on the continuous spectrum X, the matrices R, (z, {) at certain complex points are also needed when calculating the
propagation of the norming constants. Hence, we next discuss the analyticity of the entries of R (z, {).

Note that the explicit expressions for the off-diagonal entries (103) are only valid on the continuous spectrum. However, via the integral
expression (100), it is possible to extend some entries off the continuous spectrum. More precisely, in Appendix A.2, the analytical
extension is found by analyzing the exponential in each integral that produces each entry. It can be shown that one integral can be
analytically continued (and correspondingly becomes zero) if and only if the real part of the corresponding exponent is negative. The
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explicit expressions for all the off-diagonal entries are presented in Appendix A.2. Finally, we obtain
R—,1,2(Z’ g) =0, g ecCr 5 R+,1,2(Z’ g) =0, C eC )

R—,1,3(Z’ §)=0’ g €D;UD,, R+,1,3(Z’ §)=0» ; €D, UD,,

R ,:(2,$)=0, eC, Ru(EH=0, ¢ecCr,
(106)
R_;:(z,§)=0, €D, UD,, R, :1(z,8) =0, {€D;UD,,
R—,z,s(z, {) =0, §' eC, R+,2,3(Z! {)=0, § ect,
R_;,(z,¢)=0, {ecCt, R, ;,(z,{)=0, fecC .
These conditions are all we need to compute the propagation of all the scattering data.
4.3.2 | Propagation Equations for the Reflection Coefficients
By Equation (29) and the relation ¢, (¢, z,{)C.(z,¢) = ¢_(t,z,{)C_(z,¢), we find that
S(z,¢) = C_(z,¢)C;!(z,9), (e, 107)
together with
d i
ES(Z’ g) = E [R_(Z, g)S(Z, g) - S(Z’ {)R+(Z, {)] )
(108)

25760 = 3 [R50 - ST EOR ()]

Note that the scattering coefficients a, ;(z, {) from S(z,¢) and b; ;(z,¢) from S(z,{)™! do not appear in the inverse problem directly, but
in the form of a combination among them, that is, the reflection coefficients r;(z, {) with j = 1,2, 3, appear, as defined in Equation (55).
Therefore, Equation (108) is not enough to complete the formulation of IST, and we need to compute the propagation equation for the
reflection coefficients instead. Note that by our definition (87), the matrix R_(z, {) takes the same values on the two k-sheets, but the
reflection coefficients do not. Thus, we also need to perform the calculations on k-sheets I and II separately.

« First, let us consider the reflection coefficients r,(z, ¢) and r,(z, ¢). We define the matrix B)(z, ¢) such that

0 (@,,(2,8),a,5(2,8) - S (2, §)7!
B(l)(z’ g) = So(z? g)sd(zy ;‘)—1 = Vl(Z, g) 01)(2 s (109)
r2(2,¢) 05,

where the subscripts d, o, and [1,1] are defined in Equation (15). Then, by differentiating Equation (109) with respect to z, one obtains
an ODE for the matrix BY(z, ¢),

aB(l) _ aSO 1p 1 an 1
a_z(z’ g) - a_Z(Z’ {)80(27 {) B( )(Z: g) - B( )(Za {)a_z(zs g)Sd(z’ g) .

By using Equation (107), separating the block-diagonal and block-off-diagonal parts of the matrix, applying the identity S(z, ¢)S™(z,¢) =
[, and performing some tedious calculations, we find the propagation equations for the two reflection coefficients when { € Z\(—E,, E,).
Letr(z,¢) := (r1(z, ), r,(2,¢))T; then the propagation equations for the two reflection coefficients can be written compactly as

@0 =JAGOGO TG, ¢ EXNEE), (1102)
where
_ HM(Z, ) - H1,1(Z, $) H2,3(Z, 9]
Alz0):= ( 0 H, y(2.0) ~ Hy,(2, ;)) ’
—_ 0210z, (110b)
b(z,0) = —v,g(k) ( s O) ,
H(Z’ g) = (Hi,j(z? g))ZXZ = R—(Z’ g) + iVoﬂg(k)E’—(Zs ;) )
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with

1, € (—o0,—E, E,, s

Vo = { € (-0 o] U [Ep, ) an)
0, ¢€Z,.

Note that the two ODEs for r,(z,¢) and r,(z, {) are coupled, which is similar to the case of ZBG. Note also that, unlike the two-level
case with NZBG, the propagation Equation (110) is only valid when k € X, on sheet I or { € £\(-E,, E,), not on the entire continuous
spectrum Z. We will see that this is all we need to reconstruct our solution in the inverse problem.

In fact, one could also compute the propagation equations of r,(z,¢) and r,(z,¢) with ¢ € (—E,, E,). However, in this case, the
equations are not as simple as the propagation Equation (110). This does not happen to both ZBG cases (two-level and coupled) and to
the two-level system with NZBG. As we will show later, these equations are not necessary for the IST. Thus, we skip this derivation and
omit explicit formulas.

* Next, we compute the propagation equation for the last reflection coefficient r5(z, ¢). To do so, we define another matrix B®(z, ¢)
as

0 0 0
B(2>(Z’ {) = Sdo(za g)sdd(zs é’)—l =10 0 aZ,S(Z’ g)/a3,3(z’ g) s { ISP ) (112)
0 ri(z,9) 0

where the subscripts dd and do are defined in Equation (15). By differentiating Equation (112) with respect to z, we obtain
the ODE

dB®@ 0S4,

_ and
T £

3z 2,$)84a(2,$) 7"

(Z7 g)sdo(z, g)ilB(Z)(z’ g) - B(Z)(Z’ g)

By using Equation (16) to separate the diagonal and off-diagonal parts, and using similar techniques as for computing Equation (110),
the above equation reduces to [with ¥(z, ¢) == (r5(z,¢),r5(z,$))7]

;’—f@ )= %7\(2,{ ¥(z,¢)+b(z,¢), ¢ e€3I\(=EyE,), (113a)
where

A — H3,3(ZL§) - ITIZ,Z(Z’ g) _ 0 _

A(z,0) = ( i¢ H1’3(z, O/E, Hl,l(z,g) — H2,2(Z, g)) s

b(z,¢) = Wrg(k)( 0322 ) ) (113b)

ifo_1,(2z,$)/E,

ﬁ(L $) = (Hi,j(z,g))m =R _(z,{) —ivymg(k)e_(z,¢),

with v, defined in Equation (111). Note that if ¢ € (—c0, —E,] U [E,, o), then ¢ € (—E,, E,), so Equation (113) gives the propagation of
r5(z, ) on the entire continuous spectrum X. Moreover, the third reflection coefficient r;(z, {) has different expressions for k on sheet I
or I, and the propagation equations are coupled. Also, if ¢ € Z,, so is g’ . In this case, by the choice of the asymptotic condition (87), the
system (113) can be shown to be self-compatible.

Similarly to the classic two-level MBE with NZBG [45], the reflection coefficients take different forms depending on whether ¢ is real
or complex. Note also that all the equations are determined solely by the asymptotic condition ¢_(z, {) via R_(z, {), which is consistent
with causality.

We now briefly discuss the issue of possible spectral singularities (i.e., singularities along the real line) arising as a result of the
propagation equations for the reflection coefficients. We consider r(z, {) and Equation (110) for concreteness. Similar considerations
apply to the third reflection coefficient in Equation (112). The right-hand side of Equation (110) involves multiplication by the matrix A,
whose key part is entries of the matrix H. In turn, the key part of H is entries of R_ from Equation (103). It then can be easily seen that
spectral singularities of R_ can only arise from H[p_g(k)]. Recall that H denotes the Hilbert transform on R, and the functions p_(z, {)
and g(k) in the integrand can be arbitrary. Hence, the potential appearance of spectral singularities is related to the specific form of the
spectral line shape g(k). In the case of the sharp-line limit, g(k) = (k) and the Hilbert transform yields a 1/k singularity. This situation
is related to [36, 43]. However, if g(k) is a Cauchy or Lorentzian distribution describing inhomogeneous broadening, the application of
the Hilbert transform results in a smooth function, and there are no spectral singularities.
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4.3.3 | Propagation Equations for the Norming Constants

Here, we present the propagation equations for all three types of the norming constants. The calculations can be found in Appendix A.3.
These equations are

ac i ~

(D)= 3[R =R 5s@]Cu(2). n=12....N;,

oD i

2@ = 3[R 0a@) - R5s@ID@.  n=12Ny, (114)
dF i -

5zn (2) = %[R,,M(Q'Z) - Ri,z,z(Q)]Fn(Z), n=1,2,..,Ny,

where R_; (z,{), with j = 1, 2,3, are defined in Equation (103). Recall that w;, z,, and ¢{;; are the three types of discrete eigenvalues

=]
corresponding to the three modified norming constants C,, D,, and F,, as discussed in Section 3.4. Note that these equations only

contain the asymptotic conditions as t — —oo0, consistent with causality.

Remark 13. The three propagation Equations (114) (one for each type of the norming constants) are sufficient for the formulation
of the entire IST, even though there are a total of 12 norming constants (cf. Section 3.4). After one uses Equation (114) to
compute the z-dependence of three norming constants, one is able to use the symmetries (68) to compute the other nine norming
constants.

Remark 14. The propagation Equation (114) for the norming constants can also be calculated via the trace formulas in Equation (123)
(derived in Section 5.2 below), similarly to what has been done for IST with asymmetric background in Ref. [57]. For the symmetric
background case with the two-level MBEs studied in Ref. [45], it can be shown that the two approaches are equivalent and
produce identical propagation equations. We believe the same to be true here, but we have not carried out the tedious calculation
explicitly.

5 | IST:Inverse Problem
5.1 | RHP and Reconstruction Formula

We formulate the inverse problem by constructing a RHP, after which the solution of CMBE (1) can be reconstructed from the solution
of the RHP. To achieve this, we first rearrange the eigenfunctions and divide them into four groups, so that each group is meromorphic
in a particular region of the complex ¢-plane. Then, we compute the jump matrix that characterizes the difference between two groups
of eigenfunctions on the shared boundary.

Definition 4. Using the analycity of the eigenfunctions (cf. Equation (27) and Remark 6) and the analyticity of the scattering data in
Equation (30), we define a sectionally meromorphic matrix M(t, z, ¢),

q)(l) e_iA[[diag(al,]s ]-9 bz,z)]_l = (”+,1 ’ﬂ—,Z’ ;)nl > ’ { € D] )
1,1 2,2
@ e~ [diag(1, a,,, by )] = (# Boz 1) . ¢eD,
M(t,2,¢) = | m g2 b 1s)
@3 e M [diag(by ;, a,,, D] = (b Ry _,3> , { €Ds,
33 Q22
) . m My
W eiN [dlag(bz,z, 1, a3,3)]_1 = (b 4 s M—2s a+ > > s ¢ebD,,
L 2 3,

where the matrices ®Y(t, z, ¢) are defined in Equation (58).

Definition 5. As shown in Figure 3, we define two regions D* as D* := D, U D; and D~ := D, U D,, and decompose the continuous
spectrumasX = ujzlzj,with 2, i= (=00, —Ey|U[Ey, +),%, := {1 = Eei*|a € [, 27}, Z; := {1 = —z|z € [-E,, Ey|},and Z, :={1 =
E,e "9 |a € [0, 7]}. With the designated orientation, D* is always to the contour X’s left and D~ is always to its right. Moreover, we
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b D*, Dy

2 D", D,

FIGURE 3 | Left: The regions D¥ = D; UD; and D~ = D, U Dy, and the decomposition of the oriented continuous spectrum % = U?ZIZ -

define the matrix L(z, {) as follows:

—iEgr 73 /§ + (=r, +11r3)R, =Ry /Y —R, +RiR;

el - 0 YR, e, tex,
—ry+rr; 3 —yr3R;
r,f, 0 7,
el o 0 ofe, (e,
Lz=] 700
—7R, ryfy + 1By /¢ 7,

R, —r, 0
R,R, 0 —-R,
0

eiAl

R, 0 0

fj = rj(z’g)y Rj = V‘T(Z,g*), R} = V;(Z,g*), §:= _Eé/g’
where r; = r;(z,{) are reflection coefficients.

Riemann-Hilbert problem 1. One seeks a 3 x 3 matrix M(t, z, ¢) satisfying the conditions:

Asymptotics:
M([,Z,g)ZMm([,Z,g)-l-@(]./{), §_> oo,

M(t,z,g“):—éMo(t,z,§)+(9(1), ¢ -0,

where

10 0 1
M, (t,2,6) = (o (EL)'/E, Ei/E0>’ My(t,2, ) = (Ei

(116)

e | YRR, —iEyR; /¢ —yrsRy —y(y — DRy —yRs [e7™, {€Xy,

0 0 |e, tex,,

0 E,
0 o)

Note that M, + (i/{)M, = Y_, which is the asymptotic eigenfunction matrix (21) of the scattering problem.

Jump Condition:
M*(t,z,{) = M~ (t,z,{)[l — L(z,¢)], tex.

Analyticity: M(t, z, {) is meromorphicon { € C \ Z.
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Residue Condition: M(t, z, {) satisfies the following conditions at the nonanalytic points:

0 0 0 0 0 C,
ResM(t,z,{)=lim M| 0 0 O}, Res M(t,z,¢{) = lim M|o 0 0|,
=Wy {—wn —* {=wp {—wy
-C, 0 0 00 0
2
0 00 0 0 -2,
w
ResM(t,z,{)=lim M| 0 0 Of, Res M(t,z,{) = lim M 0 0 6 X
{=wy {—wy > {=wn {1y,
00 0 0 0 0
ResM(t,z,¢) = limM|0 0 D,]|, ResM(t,z,¢)=limM|0 0 O],
=z {—ozy 0 0 0 ¢=z}, ¢z, 0 _D_n
7©)
ResM(t, z,¢) = lim M 6 o ol ResM(t,z,¢) = lim M ﬁn 0 of,
{=t, {—2y, {=2n (=2, 0 0 0
0 0 0
0 0 0 0 F, 0
ResM(t,z,{) = limM|F, 0 0], Re§M(t,z,§’) =limM|0 0 O],
{=¢n {=¢n 0 0 0 {=¢n S 0 0 0
0O 0 O 0 0 O
ResM(t,z,¢) = limM|o 0 o], ResM(t,z,¢) = limM|0o o0 F,[,
$=Ch {=¢ 0 F/n 0 {=Cn ¢=Cn 0 0 0

where all the modified norming constants are defined in Equation (65), and the loci of a in appropriately chosen
quartet of discrete eigenvalues are shown in Figure 2 (right).

Remark 15. This RHP can be derived via direct calculations using the relation (29) and the definition of the reflection coefficients (55).
For the jump condition, note the differences among all three reflection coefficients in the jump condition in RHP 1: (i) r,(z, {) only
appears on ¢ € X;; (i) r,(z, ¢) appears on all portions of the continuous spectrum X, but the portion of ¢ € £, only requires r,(z, £)
and r3(z, ¢*). Therefore, the explicit expression for r,(z, ¢) is only needed on ¢ € E\Zs; (iii) r5(z, ¢) appears on X, U Z;. Combining all
the parts, we conclude that the propagation Equations (110) and (113) are sufficient to close the inverse problem. The asymptotics is
exactly the leading order term in the asymptotic expansion of M(¢,z,{) as { — oo and as { — 0, obtained from Section 3.5. The residue
condition can be proved by using the definition (65) of the modified norming constants.

An important issue is whether the solution of RHP 1 exists and is unique. For the RHP associated with the MBE with ZBG, this issue was
considered in [54, 55]. For the NLS equation with NZBG (which has the same associated spectral problem as the MBE), similar issues
were considered in [56]. For the RHP 1 associated with the CMBE with NZBG, however, the question of existence and uniqueness of
solutions is an interesting open problem, which is left for future study.

Assuming RHP 1 has a unique solution, one can then formally solve to obtain the following result.

Theorem 1. Assuming existence and uniqueness of the solution M(t, z,¢) of RHP 1, its solution can be equivalently obtained from the
solution of the following integral equation:

g_vn g_v;i g_U; g_ﬁn

_ 1 [M(tznLzn)
27 Jy n-¢

M2 =Y 00+ Y <Res§=un M(¢) . Res;_,s M({)  Res;_y: M(¢) .\ Res;_;, M(g))

g, {eC, 7

where v,, denotes all the discrete eigenvalues in the region D, and the last term contains the Cauchy projector

PO =0 [ LB, ¢ec. 1)
P
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The evaluation of the Cauchy projector on the jump contour X should be distinguished as from the left or right of the contour, that is, using
the limit { + ie as e — 0%, respectively.

Theorem 1 is proved in two steps. First, we subtract the asymptotic behavior M, := M(t, z, o0), M, := M(t, z,0) and the residues at
the discrete spectrum from the jump condition, in order to normalize it:

. i Res;_, M({) Res,_,: M({) Res;_;: M({) Res,_; M({)
M ‘M‘”*ZM“‘;( s )

=M‘—Mm+§MO—Z

n

(Resgﬂn M()  Res._,, M() Res,_;; M({) Res;_,, M(;))
+ , + +
g_vn g_v; g_lj; g_ljn

-M'L, (119

where ¢ € X and v, denotes all the discrete eigenvalues. Second, we apply the Cauchy projector (118) to Equation (119).
Once the solution to RHP 1 is obtained, we are able to reconstruct the solutions to CMBE (1), as summarized in the following theorem:

Theorem 2. The solution to CMBE (1) can be reconstructed from RHP 1 and Theorem 1 as,

N; Nit
Ej(tyz) =E_;+ Z [IC M., s(w,)" = C M(]+1)1(wn) ] _1ZD M(j+1)2(zn)
Ny (120)
—i ZF M) + 5 /[M*L];?H‘ldn, j=1,2,
z
pt,z,)=p (t,2,0)eNe (§,2)e ™M ul'(t,2,0), (€R,
where the eigenfunction matrix p_(t, z, {) is given by
1 [M'L], [MTL] [ML]
l"—(t’z’g) Y(Z §)+(ﬂl’#2’#’3) 2”1/<n_§+i07n_g_io’n_g_i_i())dn’ gER’
N (W GM@w)  CMw,) | N DM,G) | FMy)
”‘Z<E o tow TR e tXie
Ny 1 (r(z}) - 1) N 7 §' ¥ (121)
70y y Z:; n l ; n 3
= — M, (<),
) (72 + TE222) 2 3<zn>+2<§ -+ g—f;) @)
- [CMwy) iEC, M(wn) u D M(zn) = FM, ()

where [M~L]; is the jth column of the matrix M L. Note that Y_(z, {) is continuous across the real line.

Proof. First, we use the integral Equation (117) to compute the solution M(t, z, {) at the discrete eigenvalues. This can be achieved
by (i) evaluating the first column of Equation (117) at the discrete eigenvalues ¢ = w;, and ¢ = ¢};; (ii) evaluating the second column of
Equation (117) at the discrete eigenvalues { = z, and { = ¢,,; (iii) evaluating the third column of Equation (117) at the discrete eigenvalues
¢{=w,and ¢ = z;,.
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The resulting equations at the discrete spectrum are given by,

& CM( ), iws MW | N D M,L(z)
M) = YA+ | = =g =l 1) —

d’]’ §=wn*’ Z’

& FEM(¢) 1 [ML],
t2 I-¢, ‘ﬁ/ -

Nu 1 y(z) -1\ D; .
M,($) =Y _»(¢) - , —M,(z
=Y, j§=1<§—Zj+ = e (z})

Nm 1 }’({ )_ 1 [M_L]z B
+§<§—§; j >FM1(§) 27'[1/Z n—¢ dn, $=2z,, $n,

(122)

N[ €M (W) M3(w )| & DiM,y(z)
M;)=Y_; —
O =Y a0+ 3| o - P

+I\§F\jM2(§j) _L/[M L]3 d.

Jj=1 g_fj 27 n=¢

The six Equations (122) form an algebraic-integral system for a given set of scattering data for the unknown vectors
M, (w;), M (&), M, (z,), M, (), M5 (w,), M(z;)}. This system cannot be solved in closed form in general because of the presence
of the integrals. However, in the special case of pure soliton solutions, all integrals vanish, and (122) becomes a closed algebraic system
that can be solved exactly. This case is discussed in detail later.

Now we are ready to formulate the solution of CMBE (1). First, we reconstruct the electric field envelope. By comparing the asymptotic
behavior of the first column of Equation (117) as { — o to the asymptotic behavior of u_,(¢,z,¢) in Equation (73), we obtain the
reconstruction formula for the envelopes E;(t, z), with j = 1,2, as in Equation (120).

Next, we reconstruct the density matrix. In terms of the original spectral variable k, we note that p(t, z, k) should be constructed on
the real line, which translates to p(t, z, {) with { € R as well. Furthermore, due to the double k-sheet, one can reconstruct p(t, z,{) on
¢ € (—o0,—E,| U [Ey, o), corresponding to k on the first sheet, or { € [—E,, E,], corresponding to k on the second sheet, or mix the two
cases together. All the results are equivalent. After all, the solution only concerns k € R, not 4 or ¢.

By definition (115), we know that

p_(t,2,$) = (IM(t,2,{ —i0)];, [M(¢, z,§ +10)],, [M(t,2,{ —i0)];),  {E€R.
Hence, by the solution formula (117) of the RHP, we obtain the reconstruction formula for p in Equation (120). O
5.2 | Trace Formulas

Similarly to the two-level MBEs [45] and the focusing NLS equation [53, 58], it is also possible to obtain the so-called “trace” formula for
CMBE (1), which express the scattering data in terms of the reflection coefficients and discrete eigenvalues. We present these “trace”
formulas below and relegate the calculations to Appendix A.4. The formulas are

N; N
= ’i/z,yi Wy, 1 4_2; mg_ n
biy(z,d)=e H ~o; n=1§—2ng§—§n’
N; N, By s
EREVIE- YA T8 o S At u A S S 01
a,,(z,8) = e Hg z,,{—ﬁnng i (123)

Nt s N s

i _if Jfad’? g_zn —Zy g_gng_gn
by(2,$) = %% 2 F 0t o P
22 gg_zng_zngg_gng—gz
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where the integrands are defined by

Jo = 1og [1+ 7)) = Drs@rs€) +rOr@r;¢)|

Ji, ¢z,
I J,, ¢€L,,
J;, €,
Jy, C€Z,,
Iy = =108 (14 —an i) + ) ) (124)
7()
1 Jo w sy
I = g [ - tog (1))

J; :=—log (rz(gc)r‘z*(gc*) + rnri¢) + 1> ,

1
yO @) -1)

1 J,
J, = — g

=51 |52z —Toe (1-nCn©).

Also, in Appendix A.4, we show how to derive the “theta” formula, which relates the asymptotic phase difference of the solution as
t d iOO,

Nit Niip

Ny
AB:=6,-06_= %{/%dn—42argwn+22argzn—ZZargg,
z n=1 n=1 n=1

where 0, are defined in the asymptotic conditions E, (z) = Eye with ||E|| = E,.

5.3 | Reflectionless Potentials
In this section, we discuss reflectionless potentials corresponding to pure soliton solutions.

Remark 16. Similarly to other cases of MBEs, reflectionless potentials require not only b;(0,¢) = 0, that is, reflectionless input data
E(t,0), but also special asymptotic data, that is, ¢_(z,{) must be diagonal [cf. the ODEs (110) and (113)].

Following this discussion, we take the asymptotic conditions from Equation (87) as
¢_(z,$) = diag(e_11,0-22,9-33) {ex, (125)
with ¢_; ;(z,¢{) > 0 for j = 1,2, 3. Importantly, the above matrix satisfies the mandatory symmetry (88).

We assume that there are total N; > 0 discrete eigenvalues of the first kind w,, Ni; > 0 discrete eigenvalues of the second kind z,, and
Ny > 0 discrete eigenvalues of the third kind ¢,.

Because all three reflection coefficients vanish, the matrix L(z, {) in Equation (116) becomes identically zero.

Therefore, the RHP 1 can be solved explicitly, via the closed algebraic system (122) with all the integrals vanishing. We define the
following vector notation for j = 1, 2, 3, in order to further simplify the system (122):

Mj,l(w:) = (Mj,l(wf), ij,l(w:]I)) s Mjl(;;) = (Mjl(gf)’ "-7Mj,1(§]>:lnl)) ’
Mj,Z(Zn) = (Mj,z(zl)a ij,Z(ZNH)) s Mj,z@n) = (Mj,2(§1)9 ij,z(gNm)) ,
(126)
Mj,s(ZZ) = (Mj,s(zf)’---’Mj,s(zizn)) > Mj,}(wn) = (Mj,3(w1)7 ~~~’Mj,3(wNI)) >
X, = (M @0 M G0 M) My 6). M (200, M @)
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Then, the system (122) can be rewritten in the following compact form,
(H - A))_{} = E} 4

where [ is the 3 x 3 identity matrix, and the block matrices A and Ej are defined as

A= (Ai’j)6><6 ’
. (127)
B, = (Yo 0@, Yo G Yoo Yool Yoz, Yoo,
with Y_, ; being the (i, j)-component of the matrix Y_ in Equation (21) and the underline denoting
Y—,j,l(w:) = (Y_,j,1(wf), s Y_,j,1(w;;1)> > Y—,j,l(gn*) = (Y_,j,l(gf), s Y_,j,l(gfi;m)) ,
Y—,j,Z(Zn) = (Y—,j,z(z1), ey Y_,j,z(ZNH)) s Y—,j,z(gn) = (Y—,j,z(gl)’ s Y—,j,z(gNm)) s (128)
Y5z = (Yoo Yoz Yo sw,) = (Y ()), o, Y s (wyy)) -

The blocks A, ; are defined as (m is the row index and n is the column index)

. o~ ~

A= w, C, A= D,
e E, w}, — w; ’ L3 wi, — 2, ’
NixNp NyxNyp

iw, —5" > A, = ( D, > (129a)
E P ) 2,3 *— P 5 a
0 gm “n NiipxNy gm “n NurxNi

BB ()
Zy — {n 0z, — é‘; NN Y(Zn) Zm ~ Zn Zm —Zn NyxNip

as well as

Ay,

BB ) e (5 ( )
gm n 0 é‘m - {:: Nyrx<Ni Y(zn {m —2Zn ;m —Zp N XNy

C

A, = <*—n> s A=
) Z wr )
" 8 NipxNy
< m

>

¢
Asy .
¢

A6,1

iE, C,
, Asg = 22—~ , (129b)
_ Wy Zpy — Wy
/- NyxNi NipxNy
c
m) : Aos = <ﬁ)> :
m n NIXNI m n NlXNII

o~ . —k
F, iE, C,
Ay =| —— s A= ———F s
w,, —¢ w, w, — W,
m "/ NixNyp NixNy

with the remaining blocks being identically zero matrices of appropriate sizes. Then the unknowns X; ; can be expressed as

_ det((1-A);)
BT det(l - A)

’
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where (I - A);; is the matrix | — A with the ith column replaced by Ej. Thus, the electric field envelope E; is obtained from
Equation (120) as

E.=E . —i det@—A);.) * 130
=5 Tqaa—ay ) (1302)

where

= (130b)
D, = (DiwuBy,) D= (FiwiFy,)s  Dy=(-Cirui=Cuy),
with D, and D, being zero vectors of appropriate sizes.
We can also reconstruct the eigenfunction matrix from the solution (121) as
(20 =y + |2 (131a)
(t,z,0)=Y_+ | ———— s a
K det(1-A) |,
with
0 -G
_ j
(2 79
G i w;(\,’/n o D, F, En
1°— PR N s Uy ’
Eog_wn g‘_ n g gn — W,
_ g (131b)
F i, F 1 zy)—1 D;
G, o, ndﬁ "o, ,_< *+(7(n)w )> "o,
g‘_{n EO;—;Z g_zn g_zﬁ y(zn)
G| 0 Do Fu o B G|
g_wn g—Z,,, —Cn wng_wn

where all 0 in the above expression are zero vectors of appropriate sizes, and the underline notation x,, denotes vectors (x, ..., xy) of
appropriate sizes N for each type of discrete eigenvalues.

Finally, the reconstruction formula (120) yields the density matrix p(t, z, {)

p(t,z,)=p(t,2,0) e (z2.Hpu"'(t,2,0), (ER. (132)

6 | Solitons and Their Behavior, Part I: General Description

We are ready to calculate explicit soliton solutions of the MBEs (1) with NZBG, and we present the discussion in two sections. In this
section, we calculate all three kinds of one-soliton solutions of CMBE (1), after which we compute various limiting cases. In order to
achieve maximal generality, we present descriptions of soliton solutions without imposing explicit assumptions on the spectral line
shape g(k). As a result, the z-dependence of soliton solutions cannot be calculated fully. In Section 7, we analyze all aforementioned
soliton solutions with two particular spectral-line shapes: Lorentzian and sharp-line. With an explicit expression for the shape of the
spectral line, we are able to discuss the z-dependence of solutions, and also perform stability analysis on soliton solutions. Recall the
discussion in Section 5.3; we take the diagonal asymptotic condition (125) throughout this section.

Recall the discussion of the asymptotic conditions in Section 1. Without loss of generality, we take the asymptotic input condition (6).
Therefore, the asymptotic conditions for the electric-filed envelopes are

E_i(z) = E,e®-@cosa, E_,(z) = E,e®-@sina, (133)

where W_(z) is defined in Equation (97) and «a € [0, 7r/2]. Since there are three kinds of discrete eigenvalues (cf. Section 3.4), there
will be three kinds of one-soliton solutions. Because we discuss them separately, for simplicity and for all three types of one-soliton
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solutions, we take the discrete eigenvalue in the identical form:
w, =z =¢ =Ene’ €D, (134)

where n > 1 and 8 € (0, 7r). We also define the following quantities for later usage:

AL i=n+1/n, ¢, ;= Vn*+2n2cos2B+1, c, =n*+1/n. (135)

Furthermore, it will be convenient to use the subscripts I, II, and III to denote quantities corresponding to soliton solutions of the
first kind, the second kind, and the third kind, respectively. Correspondingly, subscripts I and II in Sections 6.1 and 6.4 do not denote
evaluations on the first and second complex k-planes from the direct problem, respectively. It is also worth noting that, due to the
complexity of the explicit expressions for the 3 x 3 density matrix p(¢, z, k), we mainly focus on analyzing the electric field envelope
E(t,z) in Sections 6 and 7. On the other hand, it should be pointed out that p(t, z, k) can always be constructed explicitly from
Equations (131) and (132).

6.1 | One-Soliton Solution: Type I
We take the discrete eigenvalue w; in Equation (134), and take the corresponding norming constant as

C,(t,2) = expikit + &(2) +i9y(2)), (136)
where 4, :== A({ = w,) := E,cosh(Inn +iB) and &(z) € R, ¥,(z) € R. The z-propagation of El (t,z) is governed by Equation (114).
It currently cannot be determined further due to the missing information eﬁ)out the shgpe of the spectral line, g(k). Using the
symmetries (68), one can compute the other three norming constants, C,(t, z), C,(t, z), and C, (¢, z), as well.
Following Section 5.3, we obtain the one-soliton solution formula,

Ei(t,2) = q;(t,2), j=12, (137a)

where it can be shown that g; ;(t, z) is a one-soliton solution of the two-level MBEs with NZBG q;; — E_; as t — —oo, namely,

cosh(y; — 2iB) — A[c, (n?sin(s; + 28) + sins;) — ic_(n? cos(s; + 2B) + coss; )|

(t,z)=e2FE_; , 137b
@,(t:2) J cosh y; + 2A[7? sin(s; + 23) + sin ;] (137)
where we omit both ¢ and z dependence, j = 1,2, and
A, csc sin
xi(t,z) =2t Im(A,) + &(z) + In +—ﬁ s 5i(t,z) = 2t Re(4)) + ¢1(2), A= B . (137¢)
2Ec, ALc,
Importantly, Equations (137) imply that the polarization state of the light is preserved under propagation onto the medium.
6.1.1 | Purely Imaginary Discrete Eigenvalue
In particular, for a purely imaginary discrete eigenvalue, that is, 8 = 7 /2, the soliton solution simplifies to
cosh ¥ — (¢, siny; —ic_ cos A
E(t,z)=E_, Xi—( +5 2 : Po/A, , =12, (1382)
’ cosh ¥y — 2/A, siny;
with
~ A,
Xi(t,2) = E)A_t + §,(2) +In 2EA. P =9i(2). (138b)

6.1.2 | Soliton Velocity and Amplitude

The soliton (137) is localized along the line y,(t,z) = constant, which is 2t Im(1,) + ;(z) = constant. Taking the asymptotic
condition (125), we know that &(z) = I(])z + £,(0) where 51(1) is independent of z. Then the soliton velocity is defined as

V= —2Im(4,)/E" . (139)
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The soliton amplitude compared to the background is defined as

A(2) = max Ey(t,2)] - E_ ()] (140)

6.2 | Periodic Solution

First, we focus on the case where the discrete eigenvalue is in the first quadrant, that is, § € (0, 77/2). Then, one can take the limit of
Equation (137) as 7 — 1 and obtain the following:

' _ g .cosh()(l — 2if) — [sin(s; + 2B) + sin s ] /(2 tan )
E(t,2)=eE cosh y; + [sin(s; + 28) + sins;]/2tanp)  ~ (141)

x(2) = §(2) - In(E,sin2B),  si(t,2) = 2Egt cos § + Py(2) .

This case is the analog of the Akhmediev breather of the focusing NLS equation, and is the vectorization of the periodic solution of the
two-level MBE.

A detailed discussion of the periodic solution and why it bears this name is presented in Section 7.2.2.

6.3 | Rational Solutions

We use the soliton solution (138a) with a purely imaginary discrete eigenvalue ¢ = iE,7 to produce a rational solution, which is similar to
the one obtained from two-level MBE with NZBG or from the focusing NLS equation with NZBC, that is, the famous Peregrine soliton.
The idea for producing such a solution is to compute the nontrivial limit of Equation (138a) as 7 — 1.

To do so, we first compute the limit of R_; ,(z,{) and R_;5(z,¢{) as 7 — 1 to analyze the propagation of the soliton solution (138a). Note
that R_,,(z, ) is not needed in type I soliton solution. It can be shown that

R.1,(z,iEm) = RO(2) ~ () - DRV(2) + Ot - 1>, - 17,
R_;5(2,iEom) = RO(2) + (n - DRV(2) + O — 1)°, n—1", 42
where
0@ = [ e LN = 12w (2),
oo k' +iE,
o (143)
K@) = [ e s
and ¢z is defined in Equation (104). Therefore, we can write
R_,1(2,iEyn) — R_35(2,iEyn) = —=2(n — )RW(2) + O(n — 1)?, n—1*. (144)

Using Equations (114), (136), and the above expansions, we obtain the following expansion for the ODEs governing &,(z) and ¢,(z) as
n -1

0.6(2) = -DRY@) + 0 -1?,  6,%(2) = —i(n - DRL(2) + O() — 1%, (145)

where R;le) (z) and Rg(z) are the real and imaginary parts of R%)(z), respectively. Thereafter, we solve for &;(z) and ¥;(z) easily in the
limitn — 1*:

E(2) =, + ( / RV (z)dz + ’51)@ 1) +0m-12,
(146)

b(@) = o + <—i [ Rz ib])(n _1)+ 00— 17,

where ?0, El, 1y, and ¢, are all independent of z. In particular, these four constants depend on the “initial data” £,(0) and ;(0), that is,
C,(0,0), so that they can be chosen arbitrarily.
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Next, we compute the nontrivial limit of Equation (138a) as 7 — 1*. Choosing EO = —1In(A, /2EynA_) and 1:50 = 7r/2 yields the limit as
7 — 1" as follows:

Xt z) =E,A_t + (/ R&f(z)dz + §1>(n -1)+0n-1)73,

(147)
b(z)=m/2+ (—i/ R{(z)dz + %)(n -1 +0(n-1).
0
Correspondingly, the nontrivial limit of the soliton solution (138a) as 7 — 1% is revealed as
E(t,z)=E (Z)w (148)
A X2+s2+1
with
X(t,z) = 2E,t + / RY(2dz+ &,  s(t,2):=—i / RY(2)dz + 7, . (149)
0 0

Note that the two real constants ?1 and 1, are arbitrary. They determine the displacement of this solution in the (¢, z) plane. Again,
this rational solution is the analog to the one for the classic two-level MBE with NZBG and the one for the focusing NLS equation with
NZBCs. Note however that, while the corresponding solutions for the focusing NLS equation are rational both in ¢ and z, in this case,
the solution (148) is rational in ¢, but it need not necessarily be rational in z.

A detailed discussion under the assumption that the spectral line is Lorentzian is presented in Section 7.2.3.

6.4 | One-Soliton Solution: Type II
Let us discuss the one-soliton solution with a discrete eigenvalue z, given in Equation (134). We take the modified norming constant

Dy (t, z) = exp(—iZ;t + &n(2) + iYp(2)), (150)

where we recall that D,(t,z) can be obtained from the ODE (114) once the spectral line shape g(k) is known. The corresponding
components of the soliton solution are

E(t,z) = € [E_; cosh(yy +if) + (—l)je‘iSHEf}_j\/AJn sin 6] sechyy , ji=12, 151)
where E_; = E_ ;(z) from Equation (133), and

Xu(t, 2) = (Bot sin B)/n + &u(2) — In(2E, /A7 sin B),

su(t, ) = (Eot cos B) /1 + Py(z) .

(152)

Obviously, the electric field envelopes (151) are concentrated along the line y(t,z) = constant. With the chosen asymptotic
condition (125), the ODE (114) implies the form &,(z) = §1<11 )z + £,,(0). As a result, the soliton velocity is defined as

E,sinf

@)
I

Vi = (153)

Itis evident that the velocity V7, is affected by the location of the discrete eigenvalue and the asymptotic condition (125) via the quantities

1(11) and 3. As such, one expects more interesting and complex phenomena, as we demonstrate using explicit examples in the next section.

6.4.1 | Purely Imaginary Discrete Eigenvalue

In particular, for a purely imaginary discrete eigenvalue, that is, § = 7r/2, the above one-soliton solution becomes

E;(t,z) = —-E_;(2) tanh yy(t, 2) + (-1)/ A+/nEj’f%e‘w”(Z)sech)(n(t, z), (154)

with
xu(t,z) = Egt /1 + En(2) — In(2E,\/A, 7). (155)
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6.5 | A Nontrivial Plane-Wave Solution
Unlike for the soliton solution of type I, we discover a special limiting case as 7 — oo of the second type of soliton solution (151).

To uncover this nontrivial limiting solution, we first examine the matrix R_ 4(z, E,ne”?) defined in Equation (103) by computing its limit
as 7 — oo with 8 € (0, ). It can be shown that

limR_,,(z,Egme®) =0, limR_,,(z,Eme¥) = — lim R_;;(z, Ejne) = —4w_(z). (156)
n—o0 n—co n—00

Therefore, the propagation Equation (114) yields that lim, ., D,(t,z) = e="-® lim, . D,(t,0) with W_(z) € R, so

%Lm §uz) = %Lm £u(0), gim Pu(z) = —-4W_(2) + %ljn Pu(0). 157)

This calculation shows that, in the limit 7 — oo, the quantity & becomes independent of z. Consequently, if we choose the input
condition &;;(0) = In(2E,+/A, 7 sin f3) + &, from Equation (152), we obtain the following expressions for all ¢ and z:

r}ljg xu(t,z) = gn , ’}Ln; sy(t, z) = ’}Lrg Yu(z) = —4W_(2) + zF/;H > (158)

where 3y, := lim,_, ., %1;(0), and both §~'H and ¢y, are real constants.

The limit of Equation (151) can be computed directly and obtained as
1%@):&5Eﬁﬂ@cmh@h+m)+GJY€@HL}ﬂ@smﬁkama“ j=1,2. (159)

Clearly, this soliton solution is independent of t. Moreover, the modulus of this soliton is constant, meaning that it is a
plane-wave solution.

Recall that two solutions of the CMBE (1) may be equivalent by Lemma 1. It is thus necessary to discuss if the two sets {E,(z), E,(z)}

and {Ey,;(2), Evg,(2)} from Equation (10) are equivalent, the latter of which is the background solution used in the formulation of IST,
that is, chosen as the asymptotic condition (133). It is easy to check that the two sets of solutions are related by

Ei(2)\ _ Epg1(2) e = cosh(al+iﬁ) —e %1 sin 8
<E2(z)) =V (Ebi,z(z)> , V :=e¥seché ( ePising  cosh(&, + iﬁ)) . (160)

One can verify that the matrix V is not a unitary matrix in general, meaning that the solutions {E, (2), E;(2)} and {Eyg(2), Eyg»(2)}

are not equivalent by Lemma 1. Hence, we consider the new solution {E,(z), E,(z)} a nontrivial plane-wave solution (compared to the
background solution {Ey,;(2), Ey,»(2)}).

6.6 | One-Soliton Solution: Type III

Recall that type III discrete eigenvalue ¢, is given in Equation (134). The form of the norming constant is chosen as

Fl@! z) = eXP(is'ft + &m(2) + iYm(2)), (161)

where &;;(z) and ¥;;(z) are real quantities as in the previous cases. The electric field envelopes are given by

Ej(t,z)=¢* [E,!j(z) cosh(yy; — iB) +i(—=1)/*'B Efj_j(z)(n2 + em)eism] sechy j=12, (162)

where the parameters are given as

xm(t, z) = Egnt sin § + &1(2) — In(2Egn°B),

s (£, 2) = Egnt cos B + Py (2) + B,

VA,
C

(4

(163)

B :=

sinf3.
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6.6.1 |

Purely Imaginary Discrete Eigenvalue

In particular, for a purely imaginary discrete eigenvalue, that is, 8 = /2, the soliton solution in Equation (162) becomes

with

7 |

E;(t,z) = —E_;(z) tanh Jy(t, 2) + i(—l)j“E:S_j(z)e“pIH(z) nA, sechyy(t,z),

Xm(t, 2) = Egnt + §1(2) — In(2Egn y/ 77A+/A—)~

Solitons and Their Behavior, Part II: Particular Spectral Line Shape

We discuss a widely used case, in which the spectral-line shape, g(k), is chosen as a Lorentzian

€ 1

g(k;e) = Tiere’

€>0.

(164)

(165)

(166)

We take the asymptotic condition (125) with the assumption that the diagonal entries of ¢_ are independent of both z and k. Therefore,
by examining Equation (95) and noticing that A(k) and g(k;€) are, respectively, odd and even functions of k, one concludes w_(z) = 0.

Besides the quantity w_, the propagation of solutions is determined by the norming constant, which is governed by Equation (114). In
Appendix A.5, we show how to compute the auxiliary matrix R_4(z, {), which is actually independent of z. The results are as follows:

R—,l,l(g) =1

R_;3() =1

L

ol
k +ie

kp*
k2 +¢2

ot
“r—ie ¢ g(k)| log <

t E, -1
— +o-g(k) 10g< 0 )+ A

B E,— 1 p)
—o-g(k) 1og<E0+/1)+ -
EO

Ey+4/E} —¢?

log

— €2 Ey—4/E} —¢?
{
/‘L—EO A E0+\/E§—€2
—omgliflog ( —= | + log
0 E2—¢2 EO—‘/Eg—ell
EO_,1> 1 log Ey+4/E} —¢?
Eo+/1 Eg_ez EO_ E§—€2
—9_22/(k +i¢), kecCt,
R—,Z,Z(g) = _ke_,zvz/(kz + 62) ) k eR N
—0_,,/(k —ie), kecC,

Ey+4/E;—¢2

log

k +ie Ey+ A1 B e E, - /Eé—ez
{
2 2
ket A-E A Eot+ /By —¢
_Id;;-ez + ¢ g(k) 10g</1+E°> + log
0 El—¢2 E,—\/E2-¢?
J

et B E,— A A
—k_i€+9_g(k) log< )+

Ey+4/E} — ¢

Ey+4

where we recall that ¢* are defined in Equation (104).

Ey—\/E}—¢2

, kecCt,
, keR, (167a)

, keC,
(167b)

, kecCt,
, keR, (167¢)

keC,

Remark 17. Similarly to the two-level MBE with NZBG, we can show that the two limits E, — 0 and € — 0 do not commute.
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TABLE 1 | Sixsettings of parameters for all solutions.

Setting €11 922 €33 o Discrete eigenvalue
(@) 0 0.4 0.6 /8 2i

(A) 0 0.4 0.6 /8 1+i

(b) 0.2 0.1 0.7 /4 2i

(B) 0.2 0.1 0.7 /4 1+i

© 0.7 0.2 0.1 37/8 2i

© 0.7 0.2 0.1 37/8 1+i

Proof. « ZBG limit first. We first take the limit E, — 0. It is obvious that E_ ;(z) — 0 for j = 1,2. The matrix R_;(¢) in Equation (167)
then becomes

(—ke_,, +ico_33)/(kK*+€*), kecCH,
R—,l,l({) =9 _kQ—,l,l /(k2 +¢e?), keRr,
—o_1.1/(k —1ie), keC,

—0_,,/(k +1ie), kecCt,
R—,Z,Z(é‘) =9 _ke,’z’z/(kz + 62) 5 k e R N (168)
—o_1,/(k —ie), keC,

(<ko_3;+icg_,,)/(k*+¢*), keCH,
R_;5($) =1 —kE’—,s,s/(k2 +¢e?), keR,
—o_s3/(k —1ie), keC.

Consequently, we take the limit € — 0 and obtain

R (O)=-¢ 4/k. (e€C. (169)

« Sharp-line limit first. One the other hand, after taking the limit ¢ — 0 first, the quantities in Equation (167) become

R_11()=—pt/k, R, =-0_55/k, R_;3(0) = —pt/k, (170)
where { € C\R. Evidently, R_ is independent of E, so the limit E, — 0 does not affect the matrix R_,.

As a result, by comparing the two matrices R_4 from the two cases (169) and (170), we conclude that the two limits ¢ - 0 and E, — 0
do not commute. O

7.1 | Solution Parameters

We point out that all solutions discussed in Section 6 contain large numbers of free parameters, including the discrete eigenvalue, the
norming constant, the initial state of the density matrix, the background optical field, and more. Hence, it is impossible to present
solutions covering all possible combinations of parameters due to the space limitation of the paper. Thus, in this section, we only
consider solutions with a fixed subset of parameters, including a fixed background amplitude, a fixed width of the spectral line, and a
fixed initial state of the norming constant:

E,=1, €=2, £0)=190)=0. 171)
We then vary other, more illustrative parameters, as shown in Table 1.
The six parameter settings cover different situations based on (i) the distribution of the background amplitude E, in the two electric-
field envelope components (E, cos a vs.E, sin a); (ii) the initial state of the medium D_; from ¢_; ; via Equation (99) [uninverted (a/A)

vs. partially inverted (b/B) vs. fully inverted (c/C)]; (iii) the location of the discrete eigenvalue [purely imaginary (a/b/c) vs. generic
complex number (A/B/C)].
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Setting (a/A)

Setting (b/B)

Setting (c/C)

1 1 1
—D., —D_, —D_ —D.y —D_, —D_ —D., —D., —D_4
08 0.8 0.8
0.6 0.6 OAGY
0.4 0.4‘Y 0.4
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0- 0- oo |
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k

FIGURE 4 | The initial medium states in the six settings. Recall that D_ is the initial population of the excited state while D_, and D_ 5 are those

for the two ground states. Settings (a/A) denote an uninverted medium as D_ ; is always less than D_ ; and D_ 5. Settings (b/B) denote a partially inverted

medium because D_; is less/greater than D_ , and D_ 3 depending on the value of k. Settings (c/C) denote a fully inverted medium since D_ is always

greater than D_, and D_ ;.

In particular, the initial medium states are complicated due to the
k dependence. The graphs of D_; are shown in Figure 4. Recall
that D_; denotes the initial population in the excited state, and
D_, and D_; denote the initial populations in the ground states.

7.2 | Solitary, Periodic, and Rational Solutions
Since we now know the spectral-line shape g(k) explicitly, we are

able to present all the formulas for the solutions and to investigate
their properties.

7.21 | One-Soliton Solutions: Type I

Equation (114) indicates that we need to substitute w; intoR_ 4(¢).
We therefore define the following quantity for { € D,:

R(Q) = S(R_11(0) = R_5(0)

Ey+4/E} —¢2
log

_e2 Ey— VE:-¢2

(172)

=ip~ g(k)| log <

Ey+4 3 A
E,—2 =

2
0

Then, by Equation (114), we know that

§(2) =ReRi(w))z+§(0),  Pi(2) = ImR(w}))z +9,(0).
Substituting the above quantities into the soliton formula (137),
we obtain type I soliton completely.

Six type I soliton solutions are shown in Figure 5. In particular, the
top row includes solutions with settings (a) and (A); the middle
row contains solutions with settings (b) and (B); and the bottom
row contains solutions with settings (c) and (C). The left two
columns in Figure 5 contain settings (a/b/c), whereas the right
two columns contain (A/B/C). Furthermore, the first and third
columns show plots of |E, (¢, z)| and the other two columns show
plots of |E,(t,z)|.

It is easy to observe that the solitons presented in Figure 5 are
subluminal in the uninverted medium, that is, settings (a/A), and
in the partially inverted medium, that is, settings (b/B), but are
superluminal in the fully inverted medium, that is, settings (c/C).
It thus appears that the partially inverted case is similar to the

uninverted case. However, as we will see below, this rule does not
hold for all cases of solitons.

For a purely imaginary discrete eigenvalue, that is, settings
(a/b/c), the solions are traveling waves, but for a general complex
value, that is, settings (A/B/C), the solitons exhibit internal
oscillations. For all cases, the group velocities are determined
by Equation (139), while the phase velocities in settings (A/B/C)
seemingly coincide with the velocities of the traveling waves in
settings (a/b/c).

Remark 18. 1t is worth pointing out that type I solitons are
similar to their counterparts in the two-level case [45], because
these types of solitons share similar structure and properties
between the two Maxwell-Bloch systems with a NZBG and with
inhomogeneous broadening of the spectral line.

7.2.2 | Periodic Solutions

Recall that one is able to derive periodic solutions from type I
solitons, as shown in Section 6.2. With the known spectral-line
shape (166), two such solutions are shown in Figure 6, where
settings (A) and (C) are used, except that the discrete eigenvalues
are chosen as e/ on Z,. We call them settings (A’) and (C’).
The periodic solution with the setting (B’), which has the same
parameters as setting (B) but a discrete eigenvalue e”/*, is omitted
for brevity, as it mimics the one with the setting (A”).

We can see that setting (A’), corresponding to an uninverted
medium, comprises waves traveling slower than the speed of
light, but setting (C’), corresponding to a fully inverted medium,
comprises waves traveling faster than the speed of light, indicat-
ing essential differences based on the initial state of the medium.
The solutions also show both temporal and spatial periodicity.
Hence, these types of solutions exist inside the medium forever,
and thus can be regarded as a type of background, just as the
elliptic solutions of the focusing NLS equation.

7.2.3 | Rational Solutions

We can also derive rational solutions from type I soliton solutions
as shown in Section 6.3. Two such solutions are shown in Figure 7.

Similarly to the classic two-level case [45], the rational solutions
of CMBE exhibit traveling-wave instead of isolated rogue-wave
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Setting (a) |Eq|

Setting (a) |E2|

Setting (A) |E4| Setting (A) |Ex|

FIGURE 5 | Type I one-soliton solutions with settings (a/A). First column: |E,(t, z)| with setting (a/b/c). Second column: |E,(t, z)| with setting
(a/b/c). Third column: |E;(¢, z)| with setting (A/B/C). Last column: |E,(t, z)| with setting (A/B/C). First row: solitons with settings (a/A). Second row:
solitons with settings (b/B). Bottom row: solitons with settings (¢c/C). The density matrix p(t, z, {) is omitted due to space constraint.

Setting (A") |E|

Setting (A') ||

Setting (C') |E;| Setting (C') |E|

FIGURE 6 | Two periodic solutions with settings (A) and (C), except that the discrete eigenvalues are chosen as el7/4 on .. Therefore, the two

cases are called settings (A”) and (C’). The solution with setting (B), in which the discrete eigenvalue is similarly changed to e

behavior to the one with setting (A’), and is omitted here for brevity.

Setting (a") |E1| Setting (a") |E2|

i7/4 exhibits rather similar

Setting (c”) |E4| Setting (c”) |E|

FIGURE 7 | Two rational solutions with settings (a) and (c), except that the discrete eigenvalues are chosen as i. Therefore, the two cases are called
settings (a”) and (c”). Similarly to what happens to the periodic solutions in Figure 6, the setting analogous to the (b) case is omitted, because it is quite

similar to (a”).

structure. For an initially uninverted medium, such as the setting
(a”) in Figure 7, the solution travels more slowly than the speed of
light, whereas for an initially fully inverted medium, such as the
setting (¢””) in Figure 7, the solution travels faster than the speed of
light. The rational solution in a partially inverted medium (setting
(b)) also travels more slowly than the speed of light, and so
is omitted.

It is also worth noting that rational solutions of CMBE look
quite similar to the ones in the classic two-level case, so the
solutions here can be regarded as a “vectorization” of the rational
solutions discussed in [45]. However, note that another famous

rational solution, but of the focusing NLS equation, that is,
the Peregrine soliton, is an isolated rogue wave. This shows a
fundamental difference between the focusing NLS equation and
the Maxwell-Bloch system. It also implies that rational solutions
are not necessarily equivalent to rogue waves in a general
integrable system.

7.2.4 | One-Soliton Solutions: Type II

In this case, Equation (114) indicates that we need to substitute z,
into R_4(¢) and, therefore, we define the following expression for
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Setting (a) |E4|

Setting (a) ||

Setting (A) |E4| Setting (A) |E,|
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FIGURE 8 | Similar situation as in Figure 5, but with type II solitons of settings (a/A/b/B/c/C). The density matrix p(t, z, {) is omitted due to space

constraint.
¢eDy:

Ru(©) = 5(R_52(0) ~ R_330)

_ie-1a—20 021033

4 k + ie
+/E? 2
: Er+ 1 E0+ ES—¢
_ %gjg(k) log<EO_/l> + A log 0
0 E} —¢? Eog—1/E2-¢2
@173)

Equation (114) yields
£u(2) = Re(Ry(21))z + £,(0), Pu(2) = Im(Ry(21)z + Py (0).
174)
The above equations govern the propagation of type II soli-
ton (151). Examples are shown in Figures 8, which contains all
six settings from Table 1. Similarly to the solitons of type I, type II
solitons with a purely imaginary discrete eigenvalue are traveling
waves, illustrated in settings (a/b/c) in the first two columns. For
a general complex value, that is, settings (A/B/C), the solitons
exhibit internal oscillations, and can be called breathers.

Moreover, if the medium is initially in an uninverted/fully
inverted medium, the soliton travels more slowly/faster than the
speed of light, respectively, just as type I solitons discussed in
previous sections. However, when the medium initially is in a
partially inverted medium, that is, settings (b/B), it is evident that
type II solitons are traveling superluminally, contrary to the ones
in Figure 5. Thus, we conclude that type I and II solitons differ in
an essential way:.

7.2.5 | One-Soliton Solutions: Type III

In this case, Equation (114) indicates that we need to substitute ¢}
into R_4(¢) and therefore, we define the following quantity for

¢ eD,:

Rin€) = S (R_11(0) ~ R_35€)

_ Q911 -2022+0-33

4 k —ie
2 2
i Eo+4 1 Eo+\/Eg—¢
—zﬁgWH%<;_ﬂ> log
0 E2 —¢2 Ey—1/E2 —¢2

(175)

Six examples are shown in Figure 9. It is evident that type III
solitons are somewhat similar to those of type II. They exhibit
oscillatory internal structure in general and are sensitive to the
initial state of the medium, because they only travel subluminally
in an initially uninverted medium.

7.3 | Dark-State Solutions

In this section, we describe several solutions in which the
medium is in a dark state for the impinging light beam. Inspired
by the dark-state background solution in Section 2.5, we impose
the following condition:

0-11=0-33=0, 9 22%#0, 176)
and re-investigate all three types of soliton solutions. (Note that
the above condition implies that ¢* = 0 in Equation (104).)

For type I soliton and its derivatives, Equation (172) yields a trivial
solution, that is, R;({) = 0. Hence, the corresponding solutions all
propagate trivially. One can then verify that p, , (¢, z, {) = 0, which
indeed shows that the medium is in a dark state for the optical
pulse involved. One example is shown in Figure 10.
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FIGURE 9 | Similarsituation as in Figure 5, but for type III solitons with settings (a/A/b/B/c/C). The density matrix p(t, z, ¢) is omitted due to space

constraint.

Dark-state setting (A) |E4| Dark-state setting (A) |E|

FIGURE 10 | Envelopes of electric fields that do not interact with
the medium in type I soliton with setting (A). The asymptotic value ¢_
is chosen from Equation (176) instead of Table 1.

On the other hand, condition (176), together with Equations (173)
and (175), implies that

€22

k —

i 22
2k+ie’

i
Rn(g) == Rm(;) = 2 a77)
So, type II and type III solitons retain nontrivial propagation. In
other words, there are interactions between the electric field and
the medium. The medium is thus not in a dark state, and the

corresponding solutions are not dark-state solutions.

7.4 | Growth/Decay of Radiation and Stability of
Solitons

In this section, we discuss the stability of soliton solutions of
the CMBE (1). The basic question is whether, if one starts with
an input pulse that is composed of a soliton plus radiation (i.e.,
a component associated with a nonzero reflection coefficient),
the solution will remain close to a soliton for arbitrarily long
distances. The reason why this question is relevant is that the

MBE and the CMBE are very different from most other evolution
equations solvable by IST, such as, say the NLS or Korteweg-
de Vries equations with ZBG. For those other equations, the time
evolution of the reflection coefficient preserves its modulus for
all values of the spectral parameter. Therefore, the L?> norm of
the radiative components of the solution is constant (whereas
the L' norm decays in time). This, however, is not necessarily
the case in the MBE. For example, it is well known that, even
in the MBE with ZBG, if the medium is in a stable state, the
reflection coefficient decays exponentially with the propagation
distance, whereas if the medium is in an unstable state, the
reflection coefficient grows exponentially. Therefore, the issue of
stability of the soliton solutions (in the sense we formulated it
above) is nontrivial. There are several papers where this issue is
discussed. See, for example, Refs. [38-40]. In [44, 45], we studied
this problem for the MBE with NZBG. Here, we perform the
corresponding study to the CMBE (1) with NZBG.

We restrict our discussion to the case of the spectral-line shape
described by g(k; €) given in Equation (166). For greater generality,
we use the general asymptotic condition (87). The stability
of solitons is determined by decaying/growing radiation as z
increases, which in turn is determined by the jump matrix in
RHP (119) or its solution (117). It is evident that the z-dependence
of the jump matrix is given by all three reflection coefficients.
Thus, we turn to characterizing the reflection coefficients by
analyzing the two systems (110) and (113).

First, we rewrite the two systems as one,

HED) A +bE)), € INEnE),
1(2,$) = (1 (2,0, 12(2.O). 132, 0. 132, )7,
(178a)
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Y ,,—-Y_ Y o3 0 0
o 0 Y 535-Y_ 1, 0 0
A(z, {) = 0 0 Y7,3,3 - Yall 0 ,
0 0 KY_13/B0 Yoi1=Y 2,
—0-21 (178b)
3 7
b= vorg(k)| &
32
i§'§’7,1,2/ E,

Y (2,0) = (Y_; )3s(2,$) =R (2,{) + ivomg(k)e_,

Y_(z,9) = (V_; )5a(2,$) = R.(2,{) — ivyrg(k)e_,
where the quantity v, is defined in Equation (111).
The situation is complicated due to the fact that, in general, both A(z,¢) and b(z,{) depend on z. For simplicity, we assume that ¢_
in Equation (82) is independent of z, which implies that the two quantities A and b are independent of z as well. This assumption is

reasonable, because it is equivalent to assuming that the optical medium is homogeneous throughout z € [0, +) in the distant past.
In this simpler case, we can write

r(z,$) = 2iA7'b + €#4/2[r(0,¢) — 2iA7'b] . @179)

Since the z dependence of r(z, ¢) comes from the exponential e?A/2, we next turn to analyzing the matrix A. Because A is block-diagonal
and each block is triangular, the diagonal entries are the eigenvalues, which are denoted as

M=Y 5,-Y 44, A=Y 53-Yq,, A=Y 55-Y ,,, A=Y 11-Y 55,
where ¢ € 2\(=E,, E,), and the matrices Y and Y are defined in Equation (178). Explicitly, we write the eigenvalues as

A = A [o=g /] — TH[erg] + mH [o_,,8] — ivemg(k)e_ ., + ivemg(k)e_ o, — 6e_,

Ay = 2mAM [e=g /'] — ivomg(k)e_ ., +ivomg(k)e_ 35, (180)
180
Ay = —mAH [o=g /A + mH i [e*g]l — mH,[o_ 8] + vomg(k)e_ o, — vomg(k)e_ 55 + 6w_,

Ay = mAH [o=g /A + mH[o*g] — mH[o_,,8] — ivomg(k)e_ 1, +ivomg(k)e_,, + 6cw_ .
Evidently, all four eigenvalues are distinct in general. Therefore, there exists a constant invertible matrix B such that
B!AB = diag(4,,4,,45,44),
and that
ei7A/2 = B-ldiag(el?h/?, ei#2/?, ¢i#hs/2, ¢i%h4/2)B .
So, r(z,¢) isbounded as z — oo if and only if Im A; 2 0forall j =1,...,4,and r(z, ¢)isunbounded as z — oo if and only if there exists at
least one eigenvalue such that its imaginary part is negative. We next investigate all eigenvalues of the matrix A, and then characterize

the boundedness of the reflection coefficients.

One should recall that in the jump condition in RHP 1: (i) r,(z, {) only appears when { € Z;; (ii) r,(z, {) appears when { € £\ Z,, because
r,(z,¢) in Z; is equivalent to r,(z, {) in Z;; (iii) r5(z, {) appears when { € R.

By the block nature of A in Equation (178b), we only need to consider four situations:
i. ,on¢ex;
ii. ,on¢ eXx\Z;;

iii. ;0n¢ €x;

iv. ,on¢ €%,.
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7.4.1 | Calculation of Eigenvalues

Recall that the auxiliary matrix R, in Equation (167) contains 4/E; — € in the case of nontrivial inhomogeneous broadening. It is
easy to show that the quantity 1/4/E7 — €2log [(E0 +1/E2—€2)/(Ey— \/E} - ez)] is always real no matter if E, < € or E, > €. Thus,

we compute the eigenvalues in the two cases E, § € together. Note that if E, < ¢ the quantity 4/E; — €2 is purely imaginary, which
introduces an additional branch cut in the complex plane. However, as we discussed before, we are only interested in the imaginary
parts of the eigenvalues 4;, which will be shown to be independent of the choice of the new branch cut.

Without showing all the tedious calculations (which are straightforward using Equations (110), (113), and (167)), we present the explicit
expressions for all eigenvalues as follows:

ImA, =7nglk)e_,—9-11), ¢ €I,

ImA, = {;fg(k)(e_,g,s —o-11)> g 2 21 , -

ImA; = wg(k)e_,2 —9_33)> ez,

ImA, =ng(k)o_22—9-11)> (e,
where £, = (—o0, —E,]| U [E,, ) as in Section 5.1.
7.4.2 | Results

As we mentioned earlier, all the reflection coefficients are bounded as z — oo if and only if all four eigenvalues have nonnegative
imaginary parts. The expression (181) yields that all the reflection coefficients are bounded if and only if the eigenvalues (87) satisfy

022203320 11- (182)

Again, we stress that the eigenvalues ¢_ ; ; do not have a direct physical meaning. Instead, one should look at D_ ; in Equation (99), as
they indicate the initial state of the medium. Thus, the system (91) yields the following system of inequalities:

Q’COSZaD N ¢sin’a

2 ¢
D_,sin"a —D_;cos*a > — S D-ncos2a—>——D_, Sk D-s
¢ Ecos?a Esin’a . T
= — < il
> ZkD"l cos 2a K D_,+ T D_;, if0<a< 1’ o)
D_,cos’a—D_,sin” a> ¢ D_, cos2a + ¢ cos” “p gvsmzo‘D
o - in” a>—=— a -
- - 2k 2k 7 2k 7
¢cos?a Esina LT v
2 — - < =
> 2kD_’1 cos 2a + T D_, T D_;, if 7 <a < 5

where we take |[E_;| = Eycosa and |E_,| = E, sina with 0 < < 77/2 in Equation (98) and the fact that w_(z) = 0 due to g(k) being a
Lorentzian. Therefore, we conclude that solitons of CMBE with NZBG are stable (radiation decays) as z — oo if and only if, initially, the
population of atoms in each state satisfies the inequality (183).

Remarkl9 (i). As one expects, the initial population of atoms in the two ground states (D_, and D_,) are symmetric in the
inequality (183). This shows that the formulation of IST does not have any preference between the two ground states, meaning that the
IST is consistent with physics. (ii) However, unlike the case of ZBG or unlike the two-level MBE with ZBG/NZBG, the inequality (183)
is coupled and cannot be solved easily.
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Appendix A: Proofs and Calculations

Al | Background Solutions
A background solution of CMBE (1) is defined as one for which the

electric field envelopes are independent of ¢. Therefore, we write E(t, z) =
Eg j(z) for j = 1,2 and Q(¢, z) = Qug(2). Next, we derive such a solution.

Let us define a ¢-independent matrix Xpg(z, k) = ikJ + Qpg(2). Then,

where C(z, k) is an as yet undetermined 3 x 3 matrix. The matrix Xpg
has eigenvalues +id and —ik, where 4 is defined in Equation (7). In this
appendix, only the case k € Risneeded,so1 € R aswell. The eigenvector
matrix of Xy, and its inverse are computed to be

1 0 —iEy/¢
Yie(2:10 = <_iE;g/§ (E;,)*/Eo E;g;E()) ’
1 iEng/g
Vi = | 0 EYC/E|,

iEy /¢ Egg/ Eo

where y(¢) is given in Equation (22), the superscript L is defined in
Equation (13), and one defines

Ejg(2) 1= (Ebg1> Epg,2) - (A2)
The above eigenvalues and eigenvectors yield the following identity:
Xpg Yog = iYpg A, with A := diag(4, -k, -1). (A3)
Consequently, the density matrix (Al) can be rewritten as

Pog(t, 2, k) = Yig(z, k) e gyg(z, k) 7N Y 12, k), (A4)

where gp,(z, k) = Yggl(z, k) C(z, k) Yig(z, k) is another as yet undeter-
mined matrix independent of ¢.

Remark Al. The matrix ¢u,(z, k) must satisfy three conditions: (i)
tropg(z, k) = trppg(t, 2, k) = 15 (ii) epg(z, k) ensures that p]:g = ppg; (iii)
©bg(2, k) ensures that the integral f [J, pvg(t, 2z, k)] g(k) dk is independent
of t. The first two conditions follow naturally from the properties of the
density matrix ppg, and the last ensures the consistency of the background
solution, that is, that Qpg is independent of ¢ by CMBE (1).

We next look for such a matrix gbg(z, k). It is worth noting that, in general,
©bg(2, k) itselfis not a Hermitian matrix. In order to simplify the situation,
we decompose the unknown matrix gy, as

4
eg(z. k) = ) 60z h).
=1

where
Obg,1,1 0 0 0 Obg12 O
1 2
eﬁg) =1 0 Qhar O |, ei,g) =021 0 0O,
0 0 Opg3s 0 0 0
0 0 9bg,1,3 0 0 0
3 4
gr=l 0 0o 0 |, gr=[0 0 eneas
Obg31 O 0 0 Qbg32 0
(A5)

Correspondingly, Equation (A4) yields the decomposition of the density
matrix,

4
prg(t, 2,00 = Y gL (2,2, k),
j=1

pfjg)(t, 2,k) 1= Yig(z, k) €M 9£{;(z, e MYz, k). (A6)

Following CMBE (1), one decomposes the electric field envelope Qg as

CMBE (1) implies that Q4 0
Prg(t, 2, k) i= eXoe@h) §(z, k) e~ Kog@h) | (A1) 3z 2 / [J,pbg] glk)ydk . (A7)
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()

After tedious but straightforward calculations, we obtain explicit expressions for each Prg . The formulas are omitted here for brevity. As we discussed

before, the background solution requires a ¢-independent Qy. Hence, from Equation (A7) one needs to investigate the quantity [J, p(] )] which should

ensure that / [J, p(J )] g(k)dk is t-independent. Here, we present the explicit expressions for [J, p(J )]

i
[J,Pég] = Z(ng,l,l — bg33) Qug I

. U
3.6 = 0 264D eng12(Eyy) /Eo
+Pog —eT it gy 2 1CEL /(Bod) 0 |
N , A8
0601 = 0 (Egongsne ™ + et oy 0BT .
{/1 ZWEZng,l,S + e_ZiMngS,lgz)E}ig 0 5
2i (k= ¥
3.60] = 0 — 7 g 5a(Eyy)
i itk=a L ,
Ee i( )[ng,2,3Ebg 0

where, of course, some gy ; ; are not arbitrary, because they have to ensure that Remark Al holds. Nonetheless, we know that all gy ; ; are independent
of t, meaning that all the ¢ dependence of the quantities in Equation (A8) are expressed in the exponential functions. The latter three matrices in
Y with j = 2,3, 4,
depends on ¢ and is not a background solution. It is obvious that the first commutator in Equation (A8) is independent of t. Hence, following Remark Al,
we conclude that gp, must be a real diagonal matrix. Thereafter, we obtain the differential equation

Equation (A8) are not independent of ¢ in general even upon integration and summation. Therefore, the electric field envelope Q,

0Q g(k
aZbg ng / (Pvg1,1 — Obg3 3)/1§k; (A9)

A2 | Computation of the Auxiliary Matrix R, (z,¢)
The following lemma will be useful in the later calculations.

Lemma Al. Ifk € R, thatis, { € R, and ifk and k' are on the same Riemann sheet, then the following identities hold:

tim f 0D —sivrf@ ), im0 R~ ainf€,0),

t—+

t—>+

tim €0, 0 = xinf,0),

lim meii(f"”f({ - lim meﬂ@'—fﬂf({r o o
’ k/ k ’ . ’ k/ _ k )

t—>+00 - t—+oo
—00 _

where we recall thatg’ is defined in Equation (9). We also use the shorthand notation 1 = A(k), 2’ = A(k"), { = ¢(k), and ¢’ = ¢{(k'), and we define v = +1
when k is on sheet I or II, respectively.

Ifk € i[Ey,0) Ui(0, Ey], that is, —Ey < A < Ey and { € Z,, then all the above limits are zero.
Remark A2. Lemma Al depends crucially on whether k and k’ are on the same Riemann sheet or not, because their corresponding 1 and ', respectively,
admit different values. We only consider the case when k and k’ are on the same sheet, because the results in Lemma Al reduce to that in the case of

ZBG naturally as E, — 0.

Remark A3. In the first limit in Lemma Al, if the term (1’ — 1)t is replaced with (1’ + )¢, or by 1't, one can show that the corresponding limit vanishes
by the Riemann-Lebesgue lemma.

Proof. We calculate the five limits separately below.

1. Consider the first integral in Lemma Al. Let the left-hand side (LHS) be

© /
I, = lim eﬂ(’l’—”ff(é,g’)—kfﬂi -

- t—+oo
—00

Note that A’ and A have opposite signs on sheets I and 11, so that I, have different values on each sheet. By a change of variables k' — 1, the
domain changes as R — L := (—o0, —E()) U (E, o), and the integral becomes

) —AdK dA’
+i (A=)t
Ly =v lim € f(“) “kdv v -1’
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where v = +1 given in Lemma Al. Let y’ = 1 — 1. The integration domain becomes L — L' := (—co0, —Ey — 1) U (Ey — 4, ), and the integral
becomes

A =2 dk dy
nevim f eV Tt Em S

From here, we need to discuss two cases depending on whether 0 € L' or 0 & L.
* Ifk € R, thatis, { € R, then 1 € (—c0, —E] U [Ey, o) and consequently 0 € L’. We obtain

L) = 2vinf 6.0 m £=2 9

P W o 1,(Q) = +ivaf(C,0).

K-k dk’’
» Ifk €i[-Ey,0) Ui(0, Ey], thatis, ¢ € £, and —Ey < A < Ey, then 0 ¢ L'. By using the Riemann-Lebesgue lemma, we find I, — 0 ast — +co.

It is obvious that lim/_,o —

(2) Letus consider the second integral in Lemma Al and call the LHS I, with some abuse of notation. We first compute this integral on sheet I. Since
k' = l({ "+ ¢"), we conclude dk’ = 2(1 + Eé /€d¢é! . Correspondingly, the integration domain becomes L := (Ey,07) U (0%, Ey), again, with some
abuse of notation. Therefore,

!

, 1+ E2/& .
I, = lim eﬂ@ Dep (¢ o —% -
B §— ¢~ B}/ + B}/

Define y' := ¢ — {. We know that 0 € L' := (E(;f, ) u(=¢H, -EJ - &). Thus,

. ; L $ B ay
Lo = lim, eytf({ {){12§+E2§r v

By a similar argument to the first case, we conclude thatif { € R, I, — +inf({,{), andif { € Z,, I, — 0ast — *oo. Similarly, one can compute
the same integral on sheet II, and obtain the same result.

(3) The third integral in Lemma Al can be computed similarly to the second, and has the same value on both sheets.

(4) Consider the fourth integral in Lemma Al and let the LHS be I, again, with some abuse of notation. Similarly to the previous cases, I, takes different

values depending on which sheet is evaluated. Because k’ = %(g’ - Eg/g”), we know that dk’ = %(1 + Eg/{’z)dg“’, and ¢’ € L := (-0, —Ey) U
(Ey, +0). Thus, the integral becomes

(B2 1+E /¢
IL=vli FE/H (g, > d¢’. A10
x=vlim f e ¢ g>§’—§—E§/§’+E§/§§ (A10)

Lety’ := Eg/{’ +¢,s0dy’ = —Eg/@”zd{’ and L — L' == ({ — Ey,{) U (¢, ¢ + Ey), provided ¢ € R. Also, note that there is an additional minus sign
due to the change of integration limits,

Ej+(y' =02 dy
vhm][ e*VLf (¢, §) { I E2y/§ gy/ y—Jj

Note also that 0 ¢ L. Consequently, the above quantity vanishes by the Riemann-Lebesgue lemma. Finally note that if { € 2, the integral (A10)
is zero by the Riemann-Lebesgue lemma.

(5) The last integral in Lemma Al is zero by an argument similar to the fourth case.

O

We are ready to compute the matrix R, in Equation (101). We compute the two terms in the square brackets separately, and we consider the second first.

‘We know that, as t — +co,
el 2iw,e?W: 0 e 2V 0 )

(A11)
W= 0 —2iw, e W 0 iAr
+ < 0 |]2> Y. (0,9) ( 0 2w, AW, e™+0(1).
After some calculations, the above equation yields
w _Eg/g 0 _iEoe—ZMt
B (8.): = (821@)z) gy Fo( = —=| 0 24 0 |+o(). (A12)
iEgedt 0 ¢
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Now let us compute the first term ‘;5;1V<‘15i in Equation (101) as ¢ — +oo. One can write

$21V. = T H, (O, KB+ 0(1),
where Equation (23) yields the leading term as
Clk, k') = eT MY (2, )Y, (2,¢ e o, (2,¢)e MY (z,¢)Y, (2, O (A13)
After tedious calculations, one can obtain each entry of C(k, k) from this matrix product. They are omitted here for brevity. Correspondingly, each entry
of ¢;1V¢t can be calculated by taking the Hilbert transform and using Lemma Al. We list some intermediate steps of the calculations below as t — +o0,

and we use the shorthand notation f” := f(k’) for a function f(-) containing the integration variable k’ of the Hilbert transform. The entries of <‘1S;1V<;Si
are listed below:

_ i g (k)dk’
(#:'Vee),, =3 ][R Cimg— oD

2 2
i 1 E; ) 1 1\°|g(K)dk’
=5][RW 9;,1,1<1+@> +E, 9+33(§——g> o To. (Al4a)

i k")dk'
#2V8),,= 5 £ B2 +o

1 ey Lty (1 1Y | g(kDdk!
][RZ;/[ 9+12<1+§§ >+Eoe =32\ T ¢ k’—k_+o(1)

wy
=700, 108(R) +0(1). (Al4b)
(¢;1V¢i)1,3

i g(KHdk'
= E][RCLSW +O(1)

i e~ (-2 E} 2 iE E2 g dK’
— / 0 g-2ide ¢ o 0
) ][IR vy Qi,1,3<§{/ 1> - }’7/’ t(ei,l 1 9+33) <§ §,> <1 + @) % —k + (D

E E; ’
_ 20 2y, - Y 0
_Te ltwi+ﬁpi1’3(§—2+1> g(k)+o(1). (Al4c)

Recall that the matrix R, in Equation (101) contains two terms, and we are calculating one of them right now. The other term is in Equation (A12). The
first term in Equation (Al4c) cancels the corresponding term appearing in Equation (A12). Thus, we finally obtain

Ry 13 =ximve, 138(k).

Let us continue calculating the entries of ¢;1V¢1:

(¢:1V9.),, = %f Corg () o)

E2 ’
_ 1oL ig=¢e L(e_ét 1 g(k"dk
_][RZ_;/’ [le 1+§§ 9+21+Eoe'(g §)t9/i’2’3 E g/ W+O(1)

=+20.518(k)+o(D), (Al4d)
($2'Ve.),, (Alde)
_1 Ak’
=5 Cagt)gg oD
i o2 (A= E2 ? iE 1 EZ gldkl
_1 0 0 2ilt _ _0
31 9+31<”§§f> e (¢ ;/)(“;;/)“’m P =g TV
v Eo ) it
= +50:318 (k) — —w e +o (1), (Alde)
48 of 54 Studies in Applied Mathematics, 2025

85U8017 SUOLULLOD 8A 1810 3(ed!dde ayy Aq peusenob afe sejoile O ‘8sn Jo sajnJ Joj Afelq1T8UlUO A8]IAA UO (SUORIPUOD-PUR-SWUBIALI0O" A8 | Ae.ql1|Bu 1 [UO//:SANY) SUORIPUOD pue SWiB | 8L 88S *[5202/50/GT] Uo AriqiTauliuo Aeim ‘(Auns) oeyng 1w AisileAlun Aq 5002 Wdes/TTTT 0T/I0pA0D" A8 | M Ake.q1pul UO//:SANY WoJy pepeojumod ‘S ‘5202 ‘0656.97T



where the last term will cancel the term appearing in Equation (A12), similarly to the (3,1) component. The rest of the entries of gz$;1V<;5i are given by

_ i g (K")dk’ . g(k)Hdik!
(¢¢1V¢1)2,2= %][ szk,— o(l) == ][R *LZW +0(1),

i k")dk'
(#:V8.),, = 3 ][R 02’3% *o(h)

i e B o me (11 g (K)dk’
“3f.7 [ 1@ Ot( g5 ) oo <0 (2 5 ) | ST o

= %9+23g(k)+o(1) (A14f)

i k")dk'
#V8), =5 |t o)

i : E; e (11 g (K)dk!
='fRy[l“ (10 g8 ) (g3 | B o)

= g 328 (k) +0(1), (Al4g)
_ i g (k"dk!
(¢11V¢¢)3,3 = 5][ Cas =g to(D
i 1 2 E? *| g (rryar’
ZEJ[ }/_)/, E(Z) :_11<§ §,> +Q;,3’3 §§,+1 —k’—k +O(1). (A14h)
R

Finally, combining all the above components, we obtain the matrix R,

g(k)dk

J Cia —2w +§//1 +ime, 1,8 (k) +imve, 138 (k)
K')dk! .
Ri = +17r91,2,1g ( k) fR 9+ 2,2 g(k, 2 4w1 :17[9+ 2,38 ( k) > (AlS)
. K ydk’
Fimve, 318 (k) +ime, 3,8 (k) Ja Cs3 g( ) +2w. ¢/

where C; ; and C; 5 are given by

2

1 B 11\
CL=y 9;'1’1<1+@> +E§9L33<?_3> ’

1 11\’ B2\
0
s = | ik - 7) Q(E ' 1)

Next, we show how to simplify R, ; ; and R, 3 3. First, we recall the shorthand notation defined in Equation (104). With the help of these quantities, one

can rewrite w,. in Equation (95) as
1 _ dk _k' -k , dk
Wy = E/R?ig(k)T = ][R (917>g(k )ﬂ

Using Equation (104), we can simplify the function C; ; in R, ; ; to become

(Al6)

. Kk+E; _
Cii=p:+ 1 S

Consequently, we have

p) dk’ o
Rina =][ <pi+ —9:)g(k’) +/ =g (khdk'.
+,1 R + At k! — k R A

Note that the second integral is 2w, , so we have obtained the desired result in Equation (103). One applies similar simplifications to R, 3 3 and obtains

o
R¢,3,3=][R< ;’—A,Qar)g(k) /A—fg(k’)dk’,

yielding the final result in Equation (103).
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A3 | Derivation of Propagation Equations for Norming Constants

Using symmetries (68), it suffices to compute the propagation equations for the three norming constants En, D,, and F,. We do this in the next
three paragraphs.

A.3.1 | Evolution Equation for E,,. Recall the definition for E,, in Equation (65). Simple calculations yield

acC de. e2idwpe ab

n_ e _C, lim 1 _ 1,1@). (A17)
oz 9z b (wy) ¢—wi byp(wy) 0z
Thus, we have to compute the two z-derivatives.

Using Equation (108), we write 0,b; ; explicitly as

dby1
o0z

i
=3 (R+,1,1b1,1 +Ri2by1 +Ry13bsn —R_11b1y —R_p1b1p — R73,1b1,3) .

We first analytically continue every term to D, according to Equation (106), because it is necessary to substitute the discrete eigenvalue w;; € D,. This
yields

dby1
0z

= %(R+,1,1 - R—,l,l)bl,l ) {eD,.

Substituting { = w;; € D,, we obtain the second derivative term in Equation (A17).

Now, let us focus on the first derivative term. Recall the definition (100) of the matrix R, which can be rewritten as

op. i
Fr V¢, - §¢1R1~

Using the analyticity properties (106) of the entries of R,., again, we obtain

9¢_1
o0z

i
=V¢_, - ER—,1,1¢_,1 s {eD. (A18)

Moreover, we need the propagation equation for the auxiliary eigenfunction y;. Using the decomposition (37) of the eigenfunctions, we know that
X> =b11¢_3 — by 3¢_, for { € . The chain rule yields

3, 9bis 0¢_3 b3 0¢_1
B9z 8z 77 +hu 9z 9z 1 B Tgg (A19)
Using the definition (100) of the matrix R, and (108), again, we obtain the following for ¢ € =:
0¢_3 i
5z V-3 (Rop3p-1+R_p3¢_2+R_33¢_3),
(A20)
by i
9z 2 (R+,1,1b1,3 +Ry12by3+R_13b33 —R_13b13 —R_53b,— R—,3,3b1,3) .

Therefore, combining the above ingredients in Equations (A18), (A19), and (A20), and using Equation (106) to extend all the terms to D,, we find

6;(2 i
3z 32 (R+,1,1 —R_ 11— R—,s,s)Xz +Vxs, {€D,.

At ¢ = w,, one knows that y, = ¢,¢_; from the definition (62) of the norming constant, which implies that d,x, = ¢_,9,C, + ¢,0,¢_ . By inserting
the two derivatives, we obtain the derivative of ¢,,,

ac, i _
a—zn =3 (Ry11—R_33)Cns {=w,.
This is the end result of the first derivative term in Equation (A17).

Substituting the above two derivative terms into Equation (A17), we finally obtain the propagation equation

aC,
z

= 2 (Ro1a(w}) ~ Ro33@})C, .

50 of 54 Studies in Applied Mathematics, 2025

85U8017 SUOLULLOD 8A 1810 3(ed!dde ayy Aq peusenob afe sejoile O ‘8sn Jo sajnJ Joj Afelq1T8UlUO A8]IAA UO (SUORIPUOD-PUR-SWUBIALI0O" A8 | Ae.ql1|Bu 1 [UO//:SANY) SUORIPUOD pue SWiB | 8L 88S *[5202/50/GT] Uo AriqiTauliuo Aeim ‘(Auns) oeyng 1w AisileAlun Aq 5002 Wdes/TTTT 0T/I0pA0D" A8 | M Ake.q1pul UO//:SANY WoJy pepeojumod ‘S ‘5202 ‘0656.97T



A3.2 | Evolution Equation for D,. Differentiating the expression for D,, in Equation (68), we obtain

oD, ad, _., ob
n_ Oyt _L gy L2022 (A21)
6z dz bl ,(zn) ¢-zn byp(§) 0z
Similarly to the previous case, we need to calculate the two derivatives separately.
It is easy to compute 9, b, , on the continuous spectrum from Equation (108), and to extend every part to C* by Equation (106), resulting in
Obyy i
3z 2 (R+,2,2 - Rf,z,z)bz,z , {ecCt.
This gives the second term in Equation (A21).
Next, we compute J, y; on the continuous spectrum from Equations (37) and (100):
op _ i i
e (Ripz—R_p2—Roz3)xi+ Vi + ER—,1,3X4 +f, ez,
(A22)

f:= %R+,2,1(b1,2¢—,3 - b1,3¢’—,2) + %R+,2,3(b3,2¢—,3 - b3,3¢—,2) + %R—,l,z(b2,3¢—,1 - b2,1¢—,3) .

‘We would like to extend every term to D,. However, this cannot be done like in the ZBG case or in the classic two-level case, because R_; 3 = 0 only
holds in Dy, and x4 is analytic only in D,. In order to continue, we apply the Cauchy projector P(f) defined in Equation (118) along the integration
contour %, = (=00, —Ey] U{E,e'®|0 < 8 < 7} U[E,, 0) C . Note that 3 is a subset of the continuous spectrum, so applying this projector is valid for
every value of the parameter { € X,. Now, assuming that the z-derivative and the projector commute, one obtains

1 / G dyp 1
z

dn
b Tz n—¢ s /z (Ryp2—R_pp—R 3300+ V(’?)Xl(’?)r
0 0

¢
(A23)
1

1 dn dn
t i /Zo R—,1,3)(4(77)ﬁ toa /20 f(’))m-

Now, we insert the discrete eigenvalue ¢ = z,, € D;. Since some of the terms are analytic in D;, we can use the Residue Theorem to calculate the
corresponding integrals, which yields

on(zn) _ i 1 [ Reiwn
9z 5 Re22 = Ro22 = Roas)=z,01(20) + V(Z)21(20) + /ZO P dn.
Since R_; 3 = 0 in D, from Equation (106), it is possible to deform the last integral and thus to obtain
a){l(zn) _ i 1 R*,1,3X4
oz §(R+‘2’2 =R 22 = R_33)¢=z,21(20) + V(z: )x1(z,) + in e dn. (A24)

Moreover, due to the fact that y;(z,) = d,¢_ »(z,) from Equation (63), we find the following relation:

) _ny )+ dy

0¢_1(zy)
oz 0z ’

0z

Note that the explicit expression for d¢_ ,(z,)/dz can be calculated using Equation (100). So, Equation (A24) and the explicit formula for d¢_ ,(z,)/0z
together yield

ad i d
aZn -3 (Rip = R—,3,3);~=zndn])(1(zn) = ﬁ /R

R_
13X4(1) dn.

A25
P— (A25)

In the above equation, only the eigenfunctions y; and y, depend on the variable ¢, so we can evaluate it via the limit t — oo. The asymptotic behavior of
the eigenfunctions is shown in Equation (39).

Note that the eigenfunctions y; and y, are vectors. Let us look closely at the first component of the integral on the right-hand side of Equation (A25) in

the limit

t—o0 n—zy t—oo n—2zy ’

R B\
lim ( / Mdn) = lim <—me,1,3g(k(n>>a3,3<n>e‘ a >e"ﬂ/2d—”
R 1 R

The term —izve_ ; 38(k(1))as 3(n) exp[iEét /@2n)]/(n — z;;) remains finite as t — co. Assuming that this term is in L, (R), then the Riemann-Lebesgue
lemma implies that this integral vanishes. In other words,

i~ n-2z,

B\ g
lim <—im’S-"—,l,ag(k(77))a3,3(77)61 R )e"’t/z—n =0.
R
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Hence, one obtains the following ODE from Equation (A25)

ad,
0z

i
=3 (Ryna - R"3*3)§=zn dy.
Finally, the propagation equation for the norming constant D,, is obtained as

oD, i
5z = 3(R-227 Ross)ey D

A3.3 | Propagation Equation for E,,. The calculation in this case is similar to the one for En. Therefore, the propagation equation for 17,, in
Equation (114) can be obtained by following the first case step by step.
A.4 | Calculation of Trace Formula and Asymptotic Phase Difference
We start from the simple fact S - $~! = | with ¢ € X. Its components yield
byr1a15 +bypa5, +by3a3,=1, {ex,
which reduces to
log s, ~log1/by, = ~1og [y)(©) - D@ €D +rOr@ren] . ¢ex,

where we recall r; defined in Equation (55). In order to remove the zeros of a, , and b, , and to fix the limits as { — oo, we define two more functions

_ i g_zn _Zn g_gng‘_fn -

B=() = azzeAe” . nnl |1§_§Z§—fz’ ¢ecC,
(A26)

+ = iAG -2, {=¢n$ - fn +

BT () =1/byse nl |1 nnl |1§ Cie e ¢ecC .

Clearly, the two functions * are analytic in C*, respectively, and have no zeros and no poles in the corresponding region. The additional as yet
undetermined factor +A9 ensures that the two functions tend to 1 as { — co. Thus, we obtain the following jump condition:

log $7($) —log f*($) = Jo , {eR,

where the quantity J, is defined in Equation (124). By applying Plemelj’s formulas, one can solve for §* and consequently a, , and b, ,. The final results
are given by

azz({)—e‘meezﬂl/“n:dnng Zn § — gnng Ge=&

= Z"; gn g_gng_gn
(A27)
A~ N3 A
bzz(g)_eme 2,"/[»1{,7 gdﬂng Zp §—Cn Hg_gz g_éln ]
$-zm¢-Grnci$—Sn¢-6
The following four identities can also be obtained from the simple factS - $™! = [ with ¢ € X
Gabiz @by 1 G3bsr G23bsa 1
ajy by ay; biy aj by ’ a3z b3z asz bis azsbs s ’
%2 Db by _,_G38n
by b33 by bss’ 11033 azzap;
Using these identities, we write down four more jump conditions,
1
logby; —log — =17,
ai
1
logas; —log — =173,
bs;
(A28)
1 e AT T
logb,; — log — = logay, ~log (1 - r3¢Irs€").
3,3
1
logas; ~log — = logb,, ~log (1-r>()r>(©))
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where recall J; and J; are defined in Equation (124). We define the
following identities in order to remove the zeros of the scattering data:

._L lg_w”{_w; $ =2, ¢=¢n
ﬁl(o-—amnﬂ{_w“_wnndg_z:gg_{z, ¢eD,,
{—wy ¢~y f -2, T (=4,
ﬁz(c)-bnﬂg o o H; Hg oz {eD,,
©) = 0 w, § =Wy, s -z, ak g‘f; D
Bi($) = H z o e = <en
N w, - Wi v -z oy { -
ﬁ4(§)_a33e SH Zg_wngg_zngg_fn’ §€D4’
(A29)

where the regions D; are defined in Definition 5. The four functions g;(¢),
with j = 1,2,3,4, are analytic in Dj, respectively, and have no zeros and
no poles in their corresponding analyticity regions. Moreover, they tend
tolas¢ — 0and ¢ — oo in these analytic regions. With new functions

B0, CeD,
8o, ¢en,.
PO =160, ¢ens,

Bs(), { €Dy,

we can consolidate all the relations in Equation (A28) as the jump
conditions
logB~ —logB* =17;, ez,

where all the jumps are defined in Equation (124) for j =1, ...,
formula yields

4. Plemelj’s

o= TR,

where J is also defined in Equation (124). In particular, the scattering data
by 1(¢) have the following explicit expression,

1 J _ Mr N3
blgl(g):e’ﬁfzﬁ Hg wn{ wnH{ Hg gl’l

n=1§_wn "nl _Z"nlg gn.

Next, we let { — 0, compare the leading order of the asymptotic behavior
of by 1, and obtain

/ Lf) N, 2* N3 g*
i n n o __ T &
e Zn H *Hz—Hg—_EJrEi/ES.

Wy n=1 n=1°>"n
Simplifying the above expression yields the phase difference of the
solution at the boundaries,

1 ] N N, N3
AN0=0,-6_= E/25dn—4r§argwn+2r§argzn—2’;arg§n.

A.5 | Calculation of R_ 44(z,¢) With Inhomogeneous
Broadening

According to Equation (114), we must compute the diagonal part of the
auxiliary matrix R_ 44(z,¢) from Equation (103) in order to compute
the propagation of the norming constants. Thus, this appendix focuses
on the explicit computation of R_ 44(z,¢) with a known shape of the
inhomogeneously broadened spectral line, given in Equation (166).

Recall that it is necessary to pick ¢_ with opposite signs on k-sheets I and
II. The resulting auxiliary matrix R_ is uniquely defined on each sheet

(cf. discussion in Section 4.3). Consequently, without loss of generality,
we perform all the calculations on k-sheet I in this appendix.

Upon inspecting Equation (103), we see that we must compute the
Hilbert transforms of ¢*g(k). Recall that we take ¢_ to be diagonal and
independent of k on either sheet from Section 5.3, so that the quantity
¢ in Equation (104) is also independent of k, and thus can be taken
outside the integrals. Therefore, it is sufficient to calculate the following

two integrals to compute R_ 44 with g(k) in Equation (166):
dk k") dk’
Il(k):=][ gk, Iz(k):=][ gU) _dk’ 50
R

A K-k
Note that the above integrals differ when the parameter k takes two pos-
sible values: R or C\R. Therefore, we need to compute them separately.
We first compute the easier case in which k € C\R. Then, we use the
following relation to compute the case in which k € R:

][ F

where the contour is L =(—oo,k—r)U{k’ =re®|6 [0, 7]} U (k +
r, ), provided that r is sufficiently small and there are no singularities
on L.

/f(k ) + ﬂlResi(—llz s (A31)

A.5.1 | Calculation of the Integral I; in Equation (A30) With k €
C\R. Explicitly, this integral is

€
L=] ——=_dk', keC\R.
! /R (k! — k) (K2 + €2) \

It is easily evaluated using the Residue theorem. The result is

I -1/(k +ie), keCt, (A32)
'T ) -1/k—ie), kecC.

A.52 | Calculation of the Integral I, in Equation (A30) With
k € R. The identity (A31) yields the integral I;, with k € R, from
Equation (A32):

1 € k
I =——— i R =- s keR.
L= e RS T — ki) | kRt
(A33)

A.53 | Calculation of the Integral I, in Equation (A30) With k €
C\R. Explicitly, with k € C\R, this integral is

Lo [€ 1 dk’
2T e m A+ K2 K~k

Similarly to what has been done in [45], it is convenient to compute
this integral in the uniformization variable ¢. Recalling Equation (9),
we canwrite K’ = (¢' — E2 /¢ /2,3 = (' +E2/¢)/2,k = (¢ —=E2/O)/2,
and A = (¢ + E7 /¢)/2. Thus, we find dk’ = (1 + E}/¢'%)/2d¢’ with a new
integration contour: L := (—oco, —E;) U (E, 00). We substitute all these
parts into I,, and find

L) = - /L £,

8¢’
¢~ Y+ B[S+ Bf — 2B —26%)]
(A34)

f(.8N =

The denominator of f(¢,¢’) has six simple roots r; with j=1,...,6,
whose explicit expressions are omitted for brevity, so the rational function
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f(¢,¢") can be decomposed as
6 R,
fGH=3 g,—’ R; = Res f(¢.¢).
=1s T ¢r=r

Correspondingly, the integral can be rewritten using the Residue theorem
as

6
I, = —ZRj log(¢! —rj)‘L.
=1

After some tedious but straightforward calculations, we finally obtain

Izz—w log(

A

Ey—1

Ey+4/E¢ — €2

Ey+ 4

) 1
+
EZ

—e2
0o~ €

log

Ey —+/Eg — €2

k € C\R.

(A35)

A.5.4 | Calculations of the Integral I, in Equation (A30) With
k € R. We apply the relation (A31) again, and compute

/2
Iz=—@ log(EO_A)+ a log Borvh & + 7i Res f(¢,¢)
4 Eotd) @ —e |- \B-e o=
__& log(;t_EO)+ 4 log i , keR.
A A+Eo B - |E—\[Ei-e
i i (A36)

A.5.5 | Calculation of R_g44. Using the values of the above two
special integrals, we are able to compute the matrix R_ 44. By examining
Equation (103), we obtain the following relations:

R_11(z,$)=p*, + 20”1, R_,,(z,8)=p_osly, R_353(z,)=prl, — o1,

where ¢Z are defined in Equation (104).
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