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The Connection between real-w and real-k
Approaches 1n an Absorbing Medium

Mehmet Emre Tasgin

Abstract—We investigate the transmission and reflection of a
pulse that is incident from air on to an absorbing medium of
frequency dependent dielectric. In the literature solution on the
absorbing part is expressed as the fourier integral over all real
frequency (w) range, with corresponding complex wave-vectors
k = kr(w)+ikr(w). We show that, the solution in the absorbing
part must be written as the Fourier sum of all real wave-vectors
(k), with the corresponding complex frequencies w = wr(k) +
iwr (k). Then, we try to show that these two approaches result in
different function, in space and time, for the transmitted pulse.
On the contrary, we show that two approaches give the same
result.

On the other hand, we manage to derive a mathematical con-
nection between the fourier components of the two approaches.
This makes the comparison of the two types of group velocities
accessible; with fixed position and with fixed time. We calculate
a velocity in two different ways: using the i) real-w and ii) real-
k approaches. Then we compare the two results and decide
if the velocity definition is reliable or not. This paper is the
complementary work leading to Ref. [1]

Index Terms—group velocity, dispersive medium, superluminal
propagation, real frequency, complex frequency, pulse reshape.

I. INTRODUCTION

We consider the problem of pulse transmission from air
to an absorbing medium of complex dielectric susceptibility
€(w) = er(w) +ier(w) which gives a complex index n(w) =
nr(w) +ing(w).

The solution of the Maxwell equations in complex indexed
medium is given, [2], [3], by the integral sum of the real
frequency fourier components such as

E(i,t) :/ dwefiwt (Ol(w)ein(w)wm/c
+D1(w)e_m(‘*’)“”'/c). (1)

In section II-A we show that, in the general solution of the
Maxwell equations in complex indexed medium, wave-vector
k must be treated real. Treating k as a real variable brings out
the complexity of the frequency w. Furthermore, according to
the usual model of absorption, as well as the polarization, this
phenomenon is a behavior due to the time response of the
atoms. This brings out the decision that the solutions must
decay in time, locally.
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In contrast to the literature solution (1), we show that the
general solution must be in the form of

B, 1) = / ke (Co(k)e' T 1 Dy(R)e 7).

2)
where n(k) is the index as a function of the real wave-vector
k, treated in section II-B.

After then, we try to show the difference in between the
two approach; real-w approach and real-k approach. We use
the boundary conditions(BC) in order to establish a connection
between the fourier components of the two approaches in
section III. The suspicion of the inequality of two approaches
originates from the following decision. The equality of the
sum of the fourier components at the boundary

oo . o0 ek
/ del(w)e_Wt:/ dkDy(k)e "m0t (3)

—0o0 —00

does not imply the equality of the electric fields

/ dwD; (w)eiwn(w)a:/ce—iwt

— 00

= / dk Do (k)etem e ntirt 4)

in whole space and time. Carrying the integration over com-
plex w space may change the result of the two integrals in (4),
due to the enclosed poles or branch cuts of D;(w), D2(k) or

In section IV we try to show the difference of two ap-
proaches. For the cases, we considered here, there occurs no
difference between results of the two approaches. However,
we limited the behaviors of the functions such as the index
n(w) and the frequency distribution of the incident pulse
A(w). In example we limited A(w) to convergent to zero
at all infinities in the whole complex plane. This excludes
the Gaussian functions, in example. Furthermore, in some
dielectric mediums, created using three level systems, index
n(w) may exhibit strange behaviors, out of the lorentzian type.

So that, there exists the possibility of the presence of
deviation from the equivalence of the two approaches for other
types of incident pulse shapes.

Beyond the discussion of the equivalence/inequality of
the two approaches, we managed to establish a connection
between the fourier components of the two approaches. This
opens the feasibility of some research topics, discussed in
several papers.

Reference [4] examined the group velocity of a pulse,
propagating in an absorbing medium. They derived the average
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of the time (t), that describes where the pulse is in time, for
a given space point z. They also announced, eighth reference
in this paper, that they would publish a second paper, where
they were going to treat the average pulse position (x); for
a given time. They, however, did not publish such a paper.
We performed this study, which is very very similar to the
method discussed in [4]. The result of (), contains the fourier
components in real-w approach D;(w). The result of (z),,
however, contains the fourier components in the real-k space
Dy (k). Since the two approaches have been unable to be
connected, they could not compare the velocity from the two
approaches. This is the probable reason for not to publish.

Being established the connection, we plan to investigate
average pulse position (z); and compare the results with the
(t), of reference [4]. For a beginning research we observed
that, see figure 9, we showed the group velocity in the two
approaches are different. Tracking the propagation of the pulse
position (v2) always results in higher average velocity than the
tracking of the arrival time (v ). This is going to be considered
in a separate report.

In the band structure calculations for the frequency depen-
dent dielectric materials, the method of k-real (complex-w)
is also used, [5], in order to compare the results with the
w:complex(k:real) method. The parallel behavior is exhibited.
However, the direct relationship between the band structures
were not derived.

A proper definition of the group velocity in complex indexed
medium, whether uniform or not, has not been established yet.
Whatever the formula for a group velocity is, it must generate
the same results in both approaches. The closer values of the
velocities in two approaches, the generated formula of group
velocity is closer to reality.

II. MAXWELL EQUATIONS IN ABSORBING
MEDIUM

A. Realness of k

In this section we show that the solution of the Maxwell
equations in an absorbing medium is the Fourier integral of
real k vectors and complex frequency w.

Maxwell equations are

V-D=0 V-B=0 )
VE=-28 VH =22

For auxiliary magnetic field field we assume vacuum per-
meability H = %. Displacement field depends on the the
electric field as

D(z,1) = coB(z,t) + /

— 00

oo

X(T)E(z,t — 7)dr. (6)

The physical interpretation of equation (6) is as follows.
Electron, about the atomic or molecular core, response to the
applied electric field in a finite time which is less than the
frequency of the light. This creates an electric dipole moment
oscillating in time and a magnetization at later times . The
dipole moment M(x,t) at time ¢, generated by the applied
electric field E(z,t— 7) at time ¢ — 7, superposes with the the
electric field E(z,t) at time ¢. Absorbtion of the incident E
field is modelled as the interference with the dipole moment

of the medium. This shows, even before attempting to solve
Maxwell equations, that the attenuation shall be considered in
time.

Due to causality, x(7) = 0 for 7 < 0. dielectric function
becomes

D(z,t) = eoE(z,t) + /000 X(T)E(z,t —7)dr.  (7)

Now, lets solve the Maxwell equations (5) more carefully.
Using the third and the fourth equations in (5) we obtain the
wave equation

102E 1 [ O’E

2 _ -z = i _
V°E(z,t) = 20 + x(7) 92 (x,t —T1)dT (8)

e Jo
for the electric field. Since there is no source V - E = 0.
We reduce our problem to one dimension, assuming normal
incidence. We separate the equation into two, by separation of
variables E(x,t) = F1(x)FE2(t), in time and in space

2 0o 2
L e )
0

21.2
k“Fs(t) =
C 2() 2

dt?

—kQEl(a:) — @

122 (10)

k? is the2 separation constant, which we have equated to the
- Ell(z) 9 g;z,(x). The solution of space equation (10) is straight
forward Es(x) = Ascos(kx) + Basin(kz) with Es(x) real.

On the time equation (9) we apparently see that k2 must be
real, since both x(t) and E(¢) are real. Note that the condition
for E(x,t) = F1(x)E5(t) to be real is both F4(z) and Es(t)
are to be real. After fixing(choosing) a k value, due to equation
(10), we must solve equation (9) for this k value.

To be able to determine Fs(t;k), we Fourier expand the
time function of electric field and the dielectric susceptibility
as

(1)
(12)

Es(t) = ffooc Ery(w)e “dw
x(1) = ffooo x(w)e T dw

with Fo(—w) = F3(w) and x(—w) = x*(w). Putting (12) in
(9) we determine that Fo(w; k) = 0 for all w, except for the
@ with @2(1+ x(@)) = ¢®k?. This equation has two solutions
1,2 = *|w|, since x(w) is symmetric function. (This is also
valid for complex w case when wrp — —wgr and w; — wry.)

Then solution, for a fixed k value, is Fs(t;k) =
CoellvIt L Dye=ilw®)It Oy and Dy are totally unconnected,
except that E(x,t) must be real.

Note that, the form of this solution Fs(t; k) is independent
of the solution we chose for Fj(x).

If we use Ei(x) = cos(kz) or Fi(x) = sin(kx), the
time solution would be FEs(t;k) = Re{Cy}cos(w(k)t) +
Im{C5}sin(w(k)t). The solution equivalently can be written
in the form

Ey(z)Es(t) = eikm((erilw(k)lt + D2e—i|w(k)|t)

_"_e—ikz(cge—i\w(k)\t +D;ei‘w(k)‘t). (13)
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The most general solution, which may contain any k, can be
written as

Ey(z,t) = /oo dke® (- Cy(k)ei RNt
B T Dy(k)e= ), (14)
not as
Ey(x,t) = /OO dwe ™! Cy(w)e~ k)
- +D;(w)eR@t ). (15)

For real x(w) functions (14) and (15) are equivalent. They
are only scaled versions of each other. When y(w) is complex,
however, for a given incident pulse the transmitted pulse(so
reflected) may differ in two approaches.

B. Index n(k) and real-k integration

Since w and k are dependent on each other via wn(w) = ck,
we may write equations (14) and (15) as

Eb(x,t):/ dke™ (- Cy(k)eieht/nbt

—0o0

+D2(k)e—ickt/n(k) )7 (16)

Ea(a:,t):/ dweii‘”t( C (w)e wnlw)z/e

+D; (w)en@z/e ) (17)

For real e(w) = n?(w), n(k) and n(w) are the same within
only a transform of the arguments & — wn(w)/c. When
€(w) is complex, however, n(k) and n(w) differs functionally.
Moreover, n(k) can not be determined analytically due to the
nonlinearity in n(w).

When k is constrained to be real, we find index n(w) as
follows. Equation n(w)w = ck is now separated into two
equations

wrnr+wmpr =0 and wrnp+winy =ck . (18)
Since ng(w) and ny(w) are given functions of w, wr and
wr are solved computationally for a given value of real k.
Then, these wg and wy values are substituted in n(wg + iwy)
in order to determine the index value for the real k value,

In figure la we plotted the real and imaginary parts of
index with respect to real k. And in figure 1b we depicted the
corresponding wr (k) and wy (k) values for the real parameter
space k = —2...2. We observe similar properties for n(k),
nr(—k) =ngr(k) and n;(—k) = —n;(k), as it is for n(w). A
zoomed version of n(k) is plotted in figure 2, that is compared
with n(w). We see that n(k) and n(w) are almost the same
except that n(k) is little bit greater at both ng and n; peaks.

wllwo
1
A

-2 -15 -1 -0.5 0 05 1 15 2

Fig. 1. (a) Complex index as a function of real-k. (b) Corresponding complex
frequency w(k) = wgr(k)+iwr (k) values. This is the real-k integration path

c dw, represented in the complex-w plane. Red line is the real-w integration
path.

» NK)

n(w)
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Fig. 2. Complex index for real-w values n(w) and for real-k values. n(k)
also exhibits lorentzian type behavior, although analytically not achievable.

C. Integration path in the complex w plane:

In order to be able to compare functions (16) and (17), we
write (14) as

/ dw (Zf}) ez‘wn(w)m/c( o (wném) it
C
+Dy (%(“)) et ) (19)

Integration is in the complex w plane, on the line of constraint
k is real. The curve is given in figure 1b with black line.
Black arrows indicate the direction of integration, whose limits
approaches the real w axis. The integration with real w in 17 is
drawn with a red line, which is on the real axis. The direction
of real w integration is also indicated with red arrows.

In the next sections we determine the coefficients D;(w),

Dy (k) = Dy (@) and investigate the difference of func-
tions F,(xz,t) (real w) and Ey(x,t) (real k).

III. PULSE TRANSMISSION THROUGH AN ABSORBING
MEDIUM

In this section we investigate the pulse transmission through
an absorbing medium in 1D. We solve the boundary match
problem for the two approaches expressed by electric fields
(15) for real w and (16) for real k.
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n=1] n(w)=ngw)+in(w)
Ep(x,t) = Eg(z,t) =
J75 dwAs(w ) ilka—wt) || [ gDy (w)et k1 (@a—et)
+ % dwBy (w)eitke+en
k=w/c ki = wn(w)/c

n =1 || n=const.
EL(CE t) = ER(SU t)
[, dkAg(k)etFe=wt |l [* dkDy(k)e!he=w1t)
_|_f dsz ) i(kz+wt)
w=ck w1 =ck/n

Fig. 3. The pulse A(w), travelling to right, is incident on the plane interface
from the air n = 1. There exist a reflected wave Bj(w) on the LHS. On the
RHS there is only right travelling wave with frequency components D1 (w).
The solution on the RHS is considered in real-w approach.

In subsection III-A we determine the fourier coefficients for
real w case, which we use them to determine F,(z,t) in the
absorbing medium.

In subsection III-B we determine the fourier coefficients
for real k case, which we use them to express Ejp(z,t).
However, we perform this approach in two steps.First for
constant dielectric € case, in order to show the equivalence
between the two approaches for real n(w) case (part III-B1).
Second for complex index n(w), where two approaches depart
from each other (part I1I-B2).

A. Real w Approach

We assume a plane interface, see figure 3 , between air
n = 1 and an absorbing medium of complex dielectric n(w) =
npr(w) + iny(w). Since the incident wave approach from the
left(L), there is no left travelling wave on the RHS.

We apply the boundary conditions(BC) FE,.(0,t) =
E,r(0,t) and 8E“L 0,t) = 8E“R (0,t) to obtain the equations

at z =0 as
o . .
/ dwAi(w)e ™'+ [7  dwBi(w)e

— / - dwD1 (w)e™“{20)

/ dwwA; (w)e™ ™t — / dwwBy (w)e™!

= / dwwD1 (w)e™ ! (21)

We use the sufficient condition that the integrands are equal
for each frequency w component. Then, fourier components
are given by

Bi(w) = LFZE:;Al(w),
2
Di(w) = mz‘h(w)- (22)

The behavior of the transmitted wave in space and time, is
then, given by

oo
2 ) o
EaR(l’,t) :/ dwiel(n(w)wx/c—wt) (23)
—00

1+ n(w)
where each frequency component decay in space with expo-
nential e~ (“)“%/¢ However the physical intuition (in addi-
tion to mathematics) tells that each frequency component must

Fig. 4. Real-k approach for the constant dielectric. Two approaches are
equivalent for real n(w).

decay in time. This is easily seen by considering an oscillating
dipole, which has no interaction with the neighboring dipoles.
Since absorption is a local interference effect, the solution
must decay in time for a fixed position. One may also tell that
equation (23) is only a representation and the decay in time
is transferred to the an effective decay in space. We will see
in the next section, however, that real k solution differs from
(23).

B. Real k Approach

1) Constant Dielectric Case: € : In this part we introduce
the real k approach and we show the equivalence (and indicate
the reasons of equivalence) between the two approaches when
index n is real, see figure 4.

When dielectric response is constant and real, the dispersion
ck = nw relation comes out only as a scaling transformation
between w and k.

Applying the same BCs,
9BuL (0,t) = Eyr,(0,t)
the integral equations

/ dkAg(k)e~tket

EbL(Oﬂf) = EbR(O,t) and
= Fyr(0,t) and ag;R (0,t), we obtain

[ O; dkBs(k)e

:/ dkDsy(k)e~"wet, (24)

/ dkkBs(

:/ dkkpg(k)e—i%d(%)
oo T

ikct

/ dkkAg( 7zkct zkct (25)

For only mathematical reasons we may define frequency
transformations w = ck on the LHS and w; = % on the
RHS. Equations transform to

1 [ ; 1 [ ;
*/ deg( % )eﬂ“’t + */ deQ(k)Blwt
! c

CJ_~ —o0

= 2/ dwng(%
C C

—00

1 [~ w. _; 1 [ .
—2/ dw wAg(E)e*“"t — —2/ dwwBs (k)e™*

Ye it (27)

C — 00 c —00
2 o]
n nwi, _;
= — dwlwng(—)e Zwlt.
&

5 (28)

—00
Since w and w; are dummy variables we equate the integrands
to obtain the relations

A (0) # 8 (=) =m0 ()

(29)
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n=1| n(w)=ngk)+in (k).
Ep(z,t) = Egp(z,t) =
ffooo dk Ay (k)eke—wt) fi’ooo dk Dy (k)eilkr—wrt)
+ [, dkBa(k)e' kTt
w=ck w1 = ck/n(k)

Fig. 5. Same configuration of 3, but this time problem is treated with the
real-k approach: RHS is expressed as the sum over real-k plane waves of
fourier coefficients Dz (k).

o (2) - (-2) = (2)

between the fourier components. In 30 w cancels. However,
we kept w in order to remind the reader that w = ck on the
LHS, but it is w = % on the RHS. Consequently the fourier
components are calculated to be

B (5) = e ()
nw 2 w
D: () = Al )2 (3):

Solution of D5 (k) seems different than real w result (22).
However, if it is put in the form nDy (%) = 142% Ay (%), it
is seen that

(30)

€29

(o) . . o0 2 i
/ dkDy(w)ete = et = / dwil " ne“"m/c_“’t. (32)

When n is real the results (31) and (22) are equivalent,
in determining E,(z,t) = Ey(z,t) = E(x,t). However, the
usual physical interpretation “Frequency does not change for
light changing medium between dielectrics.” here transforms
to only a mathematical scaling transformation which cannot
be performed in the complex e(w) case.

2) Complex (frequency-dependent) Dielectric Case: ¢(w) =
er(w) + ier(w) : In this part we discuss the pulse trans-
mission/propagation into/through an absorbing medium. We
extend the real-k approach to frequency dependent complex
index, n(w) = ng(w) + iny(w). We determine the integral
equations connecting the fourier components As(k), Ba(k)
and and Ds(k). The explicit connection, however, is not
straightforward to obtain as it is in the real-w approach. This
is left to section IV.

The solutions on the LHS and RHS, see figure 5, are given
by

(o)
Eyp(z,t) = / dk Ay (k)e (ke =het)
—00
+/ dkBQ(k)@i(kx+kCt) (33)
= i(kx—ict)
EbR($7t) :/ deQ(k)e (k) (34)

Applying the BC.s E,,(0,t) = Epr(0,t) and ag%(o,t) =

OEwRr
ox

(0,¢), as usual, we obtain the integral equations

/ dkAy(k)e ket 4 / dk By (k)etket

— 00 — 00

- / kD (k)e 7t (35)

/ dkkAy(k)e~ ket 4 / dkk By (k)etrt

— 00 —0o0

= / dkkDsy(k)e™ "= (36)
— 00

This time, however, the fourier components As (k) and By (k)

cannot be connected to Do(k) easily. This is because we

cannot equate the integrands directly, as it is in real-w approach

III-A, or with a scaling transformation, as it is in constant

index case III-B1.

One may try to perform the transformation w = ck an
the LHS and wy; = % on the RHS. This time, however,
the integral on the RHS transform to a line integration over
the complex ws plane as is mentioned in subsection II-B. So,
integrands cannot be equalized.

C. The Connection between Fourier Components Ds(k) and
Dy (w)

The incoming pulses are common in both approaches. So
that we equate

/ dk A (k)e! 7=k = / dw Ay (w)e' @™/ (37)
in order to obtain the relation L A;(k) = A;(w).

Before solving equations (35) and (36) for Dy (k) explicitly,
it is not possible to obtain Bs(k) in terms of Ag (k). Without
any proof, however, we take

_ 1—n(k)
= mz‘b(k)

This is because we aim to show that the resultant electric fields
E,r(z,t) and Epg are different in the absorbing medium.
Equation (38) corresponds to taking fourier coefficients equal
on the LHS.

When the fourier components on the LHS are the same,
functional behavior of E,r,(x,t) and Eyr,(z, ) also match due
to scaling transformation w = ck. Then, the integrals of fourier
coefficients on the RHS are also equal

By(k) (38)

/ dk Do (k)e ' mm et = / dwDs (w)e ™. (39)

— 00 — 00

Due to the complexity of the transformation ws = fc(’fc),

integrands are not able to be equalized. Furthermore, due to
the line integration over the complex wy plane, the presence
of equation

Joe) e (22)

= / dwDy(@)e” @t (40)
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0.05[— ‘ H —

, Im(cdk/dw)
o

Re(cdk/dw)

0
[N}

-15 15 2

Fig. 6. The behavior of % for real-k case. The real part is symmetric, the
imaginary part is anti-symmetric.

originating from equation (39), does not imply the equality

/dw(dk> Dy (wn(w)>ei(k(w)xwt)
c dw c

el . — —
= / dw Dy (@)e F@T=40 41y

in general. This is because of the possibility of including any

n(w)w

pole or branch cut of D, ( ) The bar symbol refers to

the reality of frequency.

IV. DIFFERENCE BETWEEN TWO APPROACHES

In the previous section we obtained a direct connection
between he fourier components of real-w approach D1 (w)
and the ones for the real-k approach D (k), at equation (40).
In this section we aim to show that this connection leads to
different functions for the transmitted pulses F,g(x,t) and
Eypr(z,t), in the absorbing medium.

We assume that Do %

ties, as |w| — oo. WE make this assumption to be able to use
the contour integral formalism; that integration over infinite
circles does not contribute.

If w, on the LHS of equation (40) were real we could use
the Dirac delta function formula [~ _e~“~®)tdt = §(w — @)

in order to connect (4£) D, ( ) to Dy (w). The existence
of imaginary part of w, however, makes the time integral
divergent. Above, bar symbol @ implies the reality of the
variable.

In order to overcome this difficulty we integrate for a finite
time, t = T'...7T, after then we take the limit 7" — oo. The
fourier component of the real-w approach is given in terms o

the real-k approach as
o ()0 ()
c dw c

) converges to zero at all infini-

n(w)w

27D (@) = lim

T—o0
T .
X / dte="w=2)t  (42)
t=—T
which transforms to
27Dy (@) = lim dw (dk >D2 (”M“’)
T—oo Jo dw c
(w—)T _ (w—w)T
S p—— 3)
i(w—o)

when the time integration is carried out.

0 >
) B —
4 —

§O
>
e ]
N —— = |
o G N I D I
-2 -15 -1 -0.5 0 0.5 1 1.5 2
ooR/wO

Fig. 7. Real-k integration path, f dw, in the complex-w plane.The contours
C'1,2 are the branch cuts of lorentzian n(w). There exists no pone nor branch

cut of Do M) in between the curve C' and the real-w axis. The @ is
the single pole of equation (47) .

In equation (43) we obtained D;(w) in terms of

Dy @) So, our strategy becomes to place (43) into the

solution for the real-w approach

E.r(z,t) = / dw D, (w)e!k@e=wt) (44)

to be able to compare E,gr(z,t) with the real-k approach
solution

Eyr(z,1) :/ dw (;lk> Dy (’L(“’)w> cilk@a—wt) (45
C w c

where integration path C' is depicted in figure 1 that is not
closed. Equation (45) originates from equation (34).

A. D, ("(w)w) has no pole , no branch cut

If Dy ”(‘”)w) does not have any pole nor branch cut, see

figure 7, integrand in equation (43) has pole only at w = @ and
branch cut below the real-k£ contour due to (%) The w =@
pole contributes if real-k contour is closed up for ¢?(w—®7T
term and branch cuts contribute if if real-k contour is closed
down for e~#«“~<)T term. We obtain the relation

dk n(w)w
= _— D _
= (@) 2 ()
) (OJ)W e—i(w—w)T
— 1 D
Tgnoozﬁ ( > 2( ¢ 27mi(w — )
When we put (46) into (44), electric field for the real-w
approach becomes

/ood <dk> Dz(n(czﬂ?)ei(k(o)xwt)
- g3 ( 5) 7 (55)

efsz /OO eiEJT
X— d@f.
2 )  (w—)

The last integral of the last term of (47) is evaluated by closing
the contour up. Defined by C' » contours, w is always below
the real-w line. So that, the second term in (47) is zero. Then,
electric field for the real-w approach comes out to be

Eor(z,1) :/ dw (jf)) Dy (”(WC)W> ci(k(@)z—ot)
h ) (48)

Dy (

&l

(40)

E(LR(I, t) =

(47)
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Fig. 8. Real-k integration path, fc dw, in the complex-w plane. We assume

that Do (%) has two symmetric poles at wi = wir — w1 and wy =
—wiR — twi7. Equation (51) has three poles at wy 2 and @.

which is equal to the real-k£ approach one

EbR(xat) :/ dw <Zk) Dy <TL(CU)OJ) ei(k(W)xfwt)
C w C

(49)

s iy

because there is no pole nor branch cut of Dy (
between the integration paths of (48) and (49). In this case
both approaches give the same result.

B. D, (M) has pole in between the integration lines

We assume, in difference to the previous case IV-A, that

(1) Do (=
see figure 8. If it has a pole at w; = wip — iw;s, due to

the symmetry property, there must be another {ole at wy =

) has pole between the two integration lines,

—wi g — iwyr. Then we may express (%) Do %

(&) = ()
T - Gam )] [(5 - Ep—)

as

where F'(w) has the symmetry as wr — —wp. Note that w;
has same symmetry as wr — —Wwg.

Closing the contours up, for ¢*“=<)T 3 poles contribute
to D;(w) in (43). Closing the contour down, for e~ “«=)T

term, only branch cuts due to (%) contribute. We obtain

oo (%) (129

F(wlR — iwu) eiwir=®)T gwirT
2(,01}3 2m’(w1 — (J_J)
F(—wig —iwyg) e-wrr=@)T gwurT

—2W1R 27Ti(OJ2 — (L‘)
) dk n(w)w) e Hw-T
- 1 dw | — | D &
T%IZ;}[CW w<dw> 2( c )2m'(w—b))

When this is put into equation (44) the last term gives zero,
since e'“7 is closed up of the real-w axis. Due to the symmetry

property F(wi) = F(ws). Fourier component of the real-w

+ 2m

+ 2w

case becomes

b= () 27

+ ewleef’i(DT X
20.}1R

eiwlRT efiwlRT
X ( . — — . - )52)
(wig — w1y — @) (—wig —iwir — @)
We put (52) into (44) to determine the electric field for the
real-w approach as

dk ) AT
Eur ((L‘,t) — (dw> D, ( (C) >e7,(k(w)x—wt)

o0
+ lim F(wl)equ dipe—i8T pilk(@)z—at)
T—oo 2W1R o
eiwlRT e—iw1RT
“\(

- 3
(7(,013 — w1r 5))95 )

Since T tooco, due to the e~*7T term real @ integration is
closed down. The contour includes two poles at W = w1 —
iwir and @ = —wi g — iwiy and two branch cut loops C} 2.
Branch cuts occur due to the ¢**(®) term. Each branch cut is
marked with two points wy; = Wpr1 —iWp1, Wha = WpR2 —LWh]
for the contour C and wy3 = WpR3 — IWpT, Wha = WpR4a — IWphT
for the contour Cs. All have same imaginary part. Electric

field becomes
/Oo i 2k Dy n(@w)w Lik(@)z—at)
oo dw ) c

WiR — w1y 7(2))

EaR(l’,t) =

+ lim F(wl) (eik(wl)xfwlt . eik(wg)x7w2t>
T—oco 2W1R
_|_ lim F(wl)ewlee—wb]T
T—oo 2W1R
WyR2 WyR2
X ( / dwpr f(wyr) + / dwpr f (%R)),
WHhR1 WHR1

where the integrals on the last term are carried over the
two sides of the each branch cut line. The last term does
not contribute, because limg_ o, e¥"Te—«r1T = ( since
|w;,1| > ‘UJU‘.

Then the electric field for the real-w approach (54) is the
same with the real-k approach

Eyr(z,t) :/ dw (2"“) D, (’Z(w)‘”) glklw)z=wt) = (55)
C w C

This is because, the open contour C, joined with the reverse
real axis integration, also contains the poles wy .

In this case, too, no difference between the two approaches
exists.

V. AVERAGE ENERGY FLOW OF OPTICAL PULSES IN
DISPERSIVE MEDIUM

Peatross et. al. [4] analytically derived an expression for
the average velocity of a pulse in an absorbing medium. They
used the Poynting vector to calculate the average time

7 dtt S(x,t)

(e = I dtS(x,t)

(56)
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at which the pulse is on the space point, let it be a detector,
. WE simplified the problem to 1D.

The same problem can be treated in a different point of
view: Average spatial position

7, dv x S(x,t)

{whe = ffcoo dxS(x,t)

(57)

where the pulse is at time ¢.

One may calculate the pulse velocity referring both to
(56) and (57). If Poynting vector average is a good identity
to determine the group velocity of a signal, then these two
approaches must give similar velocities.

When the index of the medium is complex, (56) is easily
treated in the real-w approach [4] since S(z, t). is easily fourier
transformed. Average position (57), however, is easily treated
in the real-k approach.

Since the mathematical procedure relating the fourier coeffi-
cients E(x,w) and E(k,x) has not been studied in a complex
indexed medium, however, two group velocity could not be
compared.

Being derived the aforementioned connection in the previ-
ous subsection III-C, we managed to compare the time arrival
velocity (from (56)) and pulse center propagation velocity
from (from (57)).

In subsections V-A and V-B we shortly mention the velocity
derivation using the real-w and real-k approaches, respectively.
In subsection V-C we compare the two velocities, nothing that
they belong to the same pulse.

A. (t); Real-w Approach

Since the time average is considered we expend the electric
field and magnetic field as

1 e )
E(x,t) = E/ dwE(x,w)e” ™",
— 00
1 o )
H(x,t) = E/ dwH (x,w)e” ™"

where H(z,w) = £E(z,w). Then we can write the average
Poynting vector(flux) as the frequency component summation

(58)

/ dtS(z,t) = / dwE(z,w)H*(x,w), (59)
and the average time
oo o0 E
/ dt t Sz, 1) = —i/ dw%ﬁ’w)H*(az,w), (60)

where we have used the integration by parts, F(z,w =
1 347'iwt
+00) =0, and t = = S
Time of arrival of a signal from a source at position x( to
the detector at position xg is given by At = (t), — (t)a,-
When we express the temporal dependence explicitly as

E(z,w) = "2 Bz, w),
H(z,w) = "> H(xq,w)

(61)
(62)

the arrival time becomes

At = —i X
e2kide [ duwF(w; Az, 20) H* (20, w)
_2k1Amf dwE (zq,w)H* (xq,w)
J25 dw PG F (2, ) ] (64)
[ dwE(zo,w)H* (z0,0)’
where
8k OFE(xg,w
(65)
This results in a simple arrival time velocity(inverse)
1 At ffooo dw%S(x07w)
1_at_Jo , (66)
V1 A.’E ffoo de(Jf(),CU))

where complex harmonic Poynting vector is defined as
S(zo,w) = E(xg,w)H*(xo,w). Note that wave-vector k is
complex.

B. (x); Real-k Approach

When the spatial average is considered we expend the
electric field and magnetic field as

E(z,t) = Ner / h dkE(k,t)e*?, (67)
H(z,t) = \/% /_ h dkH (z,w)e™*? (68)

where H(k,t) = L£FE(k,t), again. Then we can write the
average Poynting vector(flux) as the frequency component
summation

/ S, 1) = / kB, OH k1),  (69)

and the average spatial pulse position
6‘E k t)
/ dx x S(x,t) / dk————"— H*(k,t), (70)

where we have used the integration by parts, E(k = f+o00,t) =
0,and z = 1 fe =

The change of the pulse center position from at time £, to
at time ¢ is given by Az = (z); — (), When we express

the temporal dependence explicitly as

E(k,t) = e 2 B(k, 1), (71)
H(k,t) = e 2 H(k,to), (72)
we obtain the pulse center propagation velocity
V2= R T O dkS(k : (73)
JZo dRS(k, 10))
complex Poynting vector is defined as
S(k,to) = E(k,to)H"(k, to). (74)

Now, frequency w is complex.
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Fig. 9. (solid-line) Group velocity calculated by Poynting vector average
(t)a, for fixed position zq. Treated in real-w approach. (dotted-line) Group
velocity calculated by Poynting vector average (z)¢, for fixed time xg.
Treated in real-k approach.

C. Comparison of the Velocities

We assume fourier distributions D;(w) and Dy (k) which
does not have any poles nor branch cuts in between the
integration paths depicted in figure 1. Then we are able to

use the identity (46), Dy (@) = (%) _ D, (%“’)) Note that
the second term in (46) approaches zero as T" — oo, since all
w on C o are complex.

The fourier components are FE(zp,w) = Di(w) and
E(k,to) = D2(k). Magnetic field components are H (zg,w) =
MIDy(w) = n(w)Di(w) and E(k,to) = 5 Da(k) =
n(k)D2 (k). Then the first velocity becomes

7o dwn* (@)| Dy (@)
= don* (@) E@)|Dy@)
where @ indicates the reality of the frequency.

Since there is no pole between the integration paths, Fig. 7,
second velocity can be written as

Jo dw e Gen* (W) Da(k(w))
2

(75)

v =

T A (@) Dy (k)] 7o
I o @)D (k@)
= Mu( (@ )|D2( <w>>\2

If we use (46) as Dy (k (d—f)
into the form
by e @ @) |zzl<w>|2 o
J2o do G (@)n (@) | 4 (@)] 1 D1 @)

Since vs, in equation (77), is written in terms of the fourier
coefficients of the real-w approach, we are able to compare
the results of the two velocities (75) and (77).

For the frequency spectrum we chose a lorentzian dis-
tribution D1 (w) ) I TRy
whose poles are below the lorentzian index n(w) =
[w—=(Bo—ip)]'/2[w—(=Po—ip)]*/*
[w—(vo—ip)]'/2[w—(—vo—ip)]'/2>
and 13 = w? + p?, which are defined in [2].

The numerical results are depicted in figure 9. We observe
that real-%k approach (77) results in higher velocity everywhere
than real-w approach (75).

Then, the velocity of the center of pulse propagation in spa-
tially is always greater than the average arrival time velocity.

We plan to check the similar velocities for defined as the
energy average.

, we transform vy

since ¢ > p. We used p = /2

D. Why to treat (t), and () in different approaches?

In section V-A, while calculating the time average (t),, we
used the real-w approach. In section V-B, while calculating
position average (x);, we preferred to use the real-k approach.
This parallelism, at first, may seem like that; we performed
the calculation of the same quantity in the two approaches and
found different results. This is a misunderstanding.

The true story is as follows. After we showed the equiva-
lence of the two approaches, in section IV, we calculated the
two different quantities (), and (z);. The first is analytically
trackable in the real-w approach, second is in the real-k
approach.

As an example we try to treat spatial average (x); in
the real-w approach, and show the dead-end. Starting from
equation (57) we fourier expand the electric fields with real-

w’s
/ dx x S(z,t) / dx/ dwl/ dwy X
LOCKET i bonye, —iont F(22)
- —iwit o ik(w2)w ,—iwat 2 E 78
X ok € Ble)etetem =T B w), (78)

which can be put in to the form, using similar arguments as
in equation (64),

- L] o [ e (i) e

(WQ) E(OJQ) zk(wl)m —iw1t lk(wz)w —iwat (79)
w2
This is, however, cannot be simplified further. Because integral

/ dawe® )T )T oL 9ns(ky — ko), (80)
since kj and ko are now complex. Furthermore, this integral
diverges. In order to make a progress in (79), one already has
to study the mathematics of the previous sections.
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