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ANALYTICAL SOLUTION OF LINEAR ORDINARY
DIFFERENTIAL EQUATIONS BY DIFFERENTIAL TRANSFER
MATRIX METHOD

SINA KHORASANI & ALI ADIBI

ABSTRACT. We report a new analytical method for finding the exact solution
of homogeneous linear ordinary differential equations with arbitrary order and
variable coefficients. The method is based on the definition of jump trans-
fer matrices and their extension into limiting differential form. The approach
reduces the nth-order differential equation to a system of n linear differen-
tial equations with unity order. The full analytical solution is then found by
the perturbation technique. The important feature of the presented method
is that it deals with the evolution of independent solutions, rather than its
derivatives. We prove the validity of method by direct substitution of the so-
lution in the original differential equation. We discuss the general properties of
differential transfer matrices and present several analytical examples, showing
the applicability of the method.

1. INTRODUCTION

Solution of ordinary differential equations (ODEs) is in general possible by dif-
ferent methods [1]. Lie group analysis [2-6] can be effectively used in cases when
a symmetry algebra exists. Factorization methods are reported for reduction of
ODEs into linear autonomous forms [7,8] with constant coefficients, which can be
readily solved. But these methods require some symbolic transformations and are
complicated for general higher order ODEs, and thus not suitable for many com-
putational purposes where the form of ODE is not available in a simple closed
form.

General second-order linear ODEs can be solved in terms of special function [9]
and analytic continuation [10]. Spectral methods [11,12] and orthogonal polynomial
[13] solutions of linear ODEs have been also reported. Solution properties of linear
ODEs with arbitrary orders are discussed in a report [14], and several approximation
methods have been also published [15]. All of these methods express the solution in
terms of infinite series, relying mainly on numerical computations. Analytic solution
of such equations has been also recently presented [16], but only at a singular point.

Linear ODEs of the nth-order can also be transformed to a system of n linear
first-order differential equations by reduction method [17], where the derivative
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of one parameter is regarded as the next parameter. This approach is based on
the evolution of the solution function and its derivatives up to the order n. This
method is therefore not useful when the evolution of independent solutions is of
interest rather than the derivatives, such as waves in inhomogeneous media.

Recently, we have developed a new matrix-based exact analytical method in
order to study the propagation of electromagnetic waves in non-uniform media
with an arbitrary refractive index function [18,19]. The method is based on the
modification of the well-known transfer matrix theory in optics [20] and quantum
mechanics [21], and its extension into differential form. This method is simple,
exact, and efficient, while reflecting the basic properties of the physical system
described by the differential equation. We have also developed proper formalism
for anisotropic non-uniform media, in which the governing equations are no longer
scalar [22]. In this method, the solution is found by integration of an exponent
square matrix and then taking its matrix exponential.

In this paper, we show that the differential transfer matrix method (DTMM)
[18,19] can be also used for exact solution of linear ODEs with arbitrary variable
coefficients. We only consider the homogeneous equation and its linear indepen-
dent solutions, since once the linear independent solutions are known, the particular
solution can be found by the method of variation of parameters due to Lagrange
[2]. We show that the nth order ODE is transformed into a system of n homoge-
neous first order linear equations, which can be integrated either numerically by
Runge-Kutta [23,24] or reflexive [25] methods, or analytically by matrix exponen-
tial techniques. Through direct substitution we rigorously show that the presented
analytical solution satisfies the corresponding differential equation, and justify the
approach through several illustrative examples. We also show that the famous
Abel-Liouville-Ostogradsky theorem for the Wronskian of a linear ODE [26-28] can
be easily proved through the DTMM.

In §2 we describe the outline of the problem and then formulate the jump transfer
matrix method in §3. In §4 differential formulation, the fundamental theorem of
DTMM, and treatment of singularities are described. Finally, the application of
the DTMM to several ODEs of various orders is presented.

2. STATEMENT OF PROBLEM
Consider the homogeneous ordinary linear differential equation of order n
Lf(x)=0, f:S—C (2.1)

where f(x) is an unknown analytic complex function in the set of complex variables
C with the connected domain S C C, and L is a linear operator given by

n

dm
L= m(@)—, an(z)=1. 2.2
3 anl) g anlo (22)
Here we assume that a,, : S+— C,m =0,...,n — 1 are arbitrary analytic complex

functions of x, being referred to as variable coefficients. If coefficients are constant,
then under the condition described just below, a general solution to (2.1) is [1,29]

f(x) = crexp (k1x) + cp exp (kox) + - - - + cpexp (knz), (2.3)

where ¢;,i = 1,...,n are complex constants determined from either boundary or
initial conditions, and k;,7 = 1,...,n, being referred here to as wavenumbers,
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satisfy the characteristic equation
n
> amk* =0, i=1,....n (2.4)
m=0

Moreover, for (2.3) to be a general solution of (2.1) with constant coefficients, it
is necessary that Vi,j;k; # kj, i.e. (2.4) has exactly n distinct roots. Now, if
coefficient functions are not constant, then we propose a general solution to (2.1)
of the form

f(@) = fi(x) exp [k1(z)a] + fa(z) exp [ka(2)2] + - - + fo(2) exp [kn(z)2],  (2.5)

or equivalently

() = exp (@ ()" F(x), (26)
fk s

Fa= || ew=| | (27)
ala) kala)

where the superscript ¢ denotes the transposed matrix. Hereinafter, we shall refer
to F(z) and ®(x) respectively as envelope and phase vector functions. In the
above equation f;(x) are functions to be determined and k;(z), being referred to
as wavenumber functions, are complex functions of x satisfying the generalized
algebraic characteristic equation

Zam(x)k:im(x)zo, i=1,...,n. (2.8)

For the sake of convenience, we here define the exponential of a vector v =
{vi}nx1 as exp(v) = {exp(vi)}nx1. In contrast, exp(M) when M is a square
matrix represents the matrix exponential of M, given by

=1
exp(M) =T+ > — M (2.9)
m=1 :

We define a domain S to be non-degenerate if (2.8) has exactly n distinct roots
for all x € S, and m-fold degenerate if it is non-degenerate everywhere, but at finite
number of isolated points, being referred to as singularities, at which (2.8) has a
minimum of n—m distinct roots. If S is at least 1-fold degenerate for all z € S, then
S is referred to as entirely degenerate. Later, we shall observe that non-singular
solutions require S to be non-degenerate, and degenerate domains require special
treatment.

We also define the diagonal wavenumber matrix as

K(z) = [ki(2)ds] ., = diag [k1(x), ... ky ()], (2.10)

with d;; being the Kronecker delta. Obviously, the diagonal elements of K(z),
and thus K(z) itself must satisfy (2.8). Moreover, |K(x)| = ag(z) and tr {K(z)} =
an—1(x), where tr {-} denotes the trace operator. The phase vector and wavenumber
matrix are thus related as ®(x) = xK(x) 1,x1, where 1,,x1 is a vector with unity
elements. Hence, one has exp [®(z)] = exp [zK(x)] 1,,x1.
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3. JuMP TRANSFER MATRICES

3.1. Transfer Matrix of a Single Jump. Without loss of generality, suppose
that S C R with R being the set of real numbers. Furthermore, we let the variable
coefficients a;(x),7 = 1,...,n to be such stepwise constant discontinuous functions
at x = X that K(z < X) = K4 and K (z > X) = Kp become constant matrices.
We furthermore accept that both the sub-spaces Sy = {z: 2 € S,z < X} and Sg =
{z:x €S,z > X} are non-degenerate. In this case, the solution in S would be given
by

fz) =

{eXp [@a(2)]" Fa, z€S4 (3.1)

exp [®p(z)]" Fg, =€Sg,

where the envelope vectors F 4 and F g must be constant, and ® 4(x) = {akix},, 1,
®p(x) = {Bkir}, , with 4k; and pk; satisfying the characteristic equation (2.4)
in S4 and Sp. Analyticity of f(x) across x = X requires that

X7y = fMXT), m=0,...,n—1, (3.2)

where f("™)(z) is the mth derivative of f(z) with respect to z. Expanding (3.2)
results in the set of equations

Dpexp(XKp)Fp =Dexp (XK4)Fyu, (3.3)
in which K4 and Kp are given in (2.10). Also Dy = [Ak;-*l} m and Dp =
(B k:;-*l] 1, are matrices of Vandermonde type [30] given by

1 1 1 1 1 1
Ak Aka o Ak Bk1 ke -+ Bky
Dy= ) . ) , Dp= . )
Ak?fl Ak371 Akg—l Bk?71 Bk371 BkTrLL—l
(3.4)
One can rewrite (3.3) as
Fp=Qa_pFa,
Qa_p =exp(—XKp) D5'Dyexp (XKa), (3.6)

in which Q4 p is defined as the jump transfer matrix from A to B. Similarly, one
can define the downward jump transfer matrix as Qp_. 4 = QZL B
The determinant of the jump transfer matrix Qa_.p is

Dl
Dg|’

Qunl = exp [X (tr {Ka} — tr {K}) (3.7
in which we have used the identity |exp(M)| = exp(tr {M}). The determinants can
be also evaluated by noting the fact that |D,| are determinants of Vandermonde
matrices, given by [30]

1 n=1
D=4 r=A,B. (3.8)
Hz’>j (rki = rkj), n>1
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Here, the product operator runs over all possible ordered pairs (7,7) with ¢ > j.
Now since tr {K,} = Z?Zl rki = ran—1 with r = A, B, (3.7) can be expanded as
(aki — akj)

(oki = pky) k) (3.9)

|QA—>B| = exXp [X(Aa’nfl - Banfl)] H

i>j

3.2. Transfer Matrix of Multiple Jumps. When variable coefficients a;(z),i =

1,...,n are stepwise functions of x with arbitrary number of discontinuities or
jumps over interfaces, K(x) can be expressed as
K(z)=K,, z€S, p=0,...,P, (3.10)

where the subset S, = {z| X, <2 < X,11},p =0,..., P is referred to as the pth
layer. Obviously, Xy = inf {S} = inf {Sp} and Xp41 = sup {S} = sup {Sp}. In this
case, the corresponding envelope vectors are related as

F.=Q,_,F., r,s=0,... P, (3.11)

where Q,_ ¢ is the transfer matrix from layer r to s, obtained by multiplication of
single jump transfer matrices as

Qrﬁs = Q371H5Q572~>571 te Qrﬁr+1~ (312)

3.3. Properties of Jump Transfer Matrix. The transfer matrix Q,._ s satisfies
the basic properties

Q,_, =1 (self-projection) (3.13)
Q,..=Q..,, (inversion) (3.14)
Qr—s = Qu_sQ,_u, (decomposition) (3.15)

° = (’rkl - 7‘k ) .
|Q/—s| = exp Z:Xp Z (pki — p+1ks) H m, (determinant) (3.16)
p=r =1 1>7
with 7, s,u = 0,..., P. The properties (3.13), (3.14), and (3.15) are direct results
of the definition of transfer matrices, and the determinant property (3.16) follows

(3.12) and (3.9).

From (3.9) it can be observed that for systems with vanishing ,.a,—1,7 =0,..., P,
the determinant property simplifies into
(rkj — rki)
r—s| = . 3.17
@l =TT (317)

This expression has the important feature of being dependent only on the local
properties of the initial layer r and target layer s.

The transfer matrix Q,_ ¢ satisfies the scaling property, that is it remains un-
changed under transformations X, — aX, and .k; — a~'.k;. This can be directly
observed either from (2.1) by making the change of variable + — az, which accord-
ingly scales the roots in an inverse manner, or direct substitution in (3.6). It also
preserves the shifting property

Qs = exp (—€K,) Q. exp (¢K,), (shifting) (3.18)

in which £ is the amount of shift over z-axis and QTHS is the transfer matrix corre-
sponding to shifted space. This property follows (3.6) and (3.12). The shift theorem
plays an important role in the theory of wave propagation in one-dimensional pe-
riodic structures in electromagnetic and optics [31].
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In the next section we shall show that how one can solve (2.1) in its most general
form by extension of jump transfer matrices into differential form.

4. DIFFERENTIAL TRANSFER MATRIX METHOD (DTMM)

4.1. Formulation. First assume that the wavenumber matrix K(z) is a smoothly
varying function of z. For the moment, we also assume that S is non-degenerate.
Following the notation in the previous section, let A and B denote respectively
the sub-domains S4 = [z — dx,z[ and Sp = [z,z + dx[. If dz is small enough,
one can approximate the wavenumber matrix as K (t € S4) =~ K(z) = K4, and
K (t € Sp) = K (z + éx) = Kp. Accordingly, one has

F(.’II-F(S(E)%FB:QAHBFA%QAHBF(SU) (41)

The above equation is accurate to the first order. So, one can expand the transfer
matrix Qa_ p through its definition (3.6) as

Qa_p =exp(—2Kp) D5'Daexp (2Ka)

[

(—2zKa) (I—26K) [D;' —D,'(6D)D;'| Dyexp (zK4) (4.2)
=exp (—2K4) (I - 26K) (I-D"6D) exp (zK4)

(—2K4) (I— 20K — D '6D) exp (zKa),

in which we have used the Taylor expansion of matrix exponential and differential
property of inverse matrices [32], and have neglected the 2nd- and higher-order
variations. The matrix K can be approximated as

d

x
(From (3.4) one also has
0 0 . 0
1 1 . 1 d
oD = : : %K(m)éx (4.4)
(n=1), k{7 (n=1),k72 - (n—1), k2

= CiK.
So we can rewrite (4.1) as
0F(z) = (Qa—p —I)F(z) = U(z)F(z)dz. (4.5)
But the matrix U(z) can be found from (4.2) and (4.4) as
K
U(z) ~ —exp (—2K) (2I1+D7'C) % exp (zK) , (4.6)

where the trivial subscript A has been dropped.
Now, if we let dz approach zero, (4.5) and (4.6) become exact and can be rewrit-
ten as

dF(z) = U(z)F(z)dx, (4.7)
U(z) = —2K'(z) — exp [—2K(z)| D(z) "'C(2)K'(z) exp [zK(z)] . (4.8)
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Hereinafter, we refer to U(x) as the differential transfer or the kernel matrix. In
(4.8), we have

Cla)=[(i -1k ()], D) = [k @), (4.9)
K(z) = [Fi(2)0i], ., K () = [Ki(2) 0351, - (4.10)

While (4.7) can be integrated by numerical methods [23-25], it permits an exact
solution of the form

nxn

F(r2) = Quya, Fla1), (4.11)

for Va1,22 € S.. Here Qg, .z, is referred to as the transfer matrix from z; to z2,
given by the Dyson’s perturbation theory as [33-37]

i) ty
leﬂajz =1 +/ dtlU tl / dtl/ dt, U t1)U(t2) +.
(4.12)

/ dtl/ dtg/ dts .. /m 1dth(t1)...U(tm)+...,

By defining P as the so-called chronological ordering operator [33-37], it is possible
to rewrite (4.12) as

00 1 To T T2 T2
Quyoaa = D ﬁ/ dtl/ dtQ/ dtg.../ dt,mP[U(t) ... U(ty)]. (4.13)
m=0 ] Xy Ty Ty

Often, (4.13) is symbolically written as [33-37]
Zo
Qu, 2y = Pexp {/ U(a:)dx} =Pexp (Mg, —z,), (4.14)

in which My, _,4, is the integral of the kernel matrix and referred to as the transfer
exponent matrix. The above expression can be greatly simplified if the kernel matrix
U(x) satisfies one of the few existing sufficient conditions for integrability, including
when it commutes with M, _,,., [38-40], or it satisfies the Fedorov’s condition [40],
or it commutes with itself for Vz1,zs € S. In this case, one has

Qu,—z, = €Xp {/:2 U(m)dx}. (4.15)

Although in general (4.15) is not necessarily the exact transfer matrix, it is known
that both (4.11) and (4.15) must have the same determinant [39]. Also their traces
are equal at least to the second order. This can be easily justified by comparing
the expansion of (4.15) to (4.12) and using the cyclic permutation property of tr {-}
[30]. This means for the case of second-order equations with n = 2, (4.15) can be
used instead of (4.14), with an accuracy better than second-order. If needed, the

exact transfer matrix can be directly found by numerical integration of equation
[41]

dQzy—z = U(2)Qy, —zdx, (4.16)

with the initial condition Qgz, 5, = 1.
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4.2. Properties of Transfer Matrix. The transfer matrix Q,, ., from z; to x
clearly preserves the properties (3.13), (3.14) and (3.15), and as discussed above,
its determinant is always equal to the determinant of its counterpart given by
(4.15). Therefore, |Qu,—z,| = exp(tr {M,, ., }). But the transfer exponent ma-
trix M, _,5, can be written as the sum of the jump J,, ., and propagation T4, _.4,
matrices given by

S =~ | " exp [ K (2)] D) - (D(x) exp kK (@)]) dr, (4.17)

z2
Ty —y :/ K(z)dz. (4.18)
1

The validity of the identity My, .z, = Jo, -2, + Toy—2, can be verified by com-
paring the integrands of both sides. The propagation matrix Ty, ., is diagonal
and also has a diagonal matrix exponential given by

exp (Ty) ) = [CXp (/

x1

T2

ki(x)dx) %] . (4.19)

Therefore, its determinant can be easily found by multiplying its diagonal elements.
The determinant |J,,_.,| can be obtained using the relation D'(z) = C(x)K'(x)
according to (4.4), and the identity (see Appendix A)

(exp [/ H(a:)_lH’(x)da:] ] = [H (1) H () |, (4.20)
|exp (Joy ) | = | exp [~z K(22)] D(z2) " "D(z1) exp [z1 K (z1)] |- (4.21)

Finally, the determinant |Qg, 4, | can be thus found using the well-known iden-
tities [29] |exp (A + B)| = |exp (A)| x |exp (B)|, and |exp (M)| = exp (tr {M}) as

|Quy—as| = exp (tr {Tyy 2, }) X exp (tr{Jz, 0 }) - (4.22)
Using the (4.19), (4.21), and (3.8) one can finally obtain

|Qw1ﬂw2‘
i

= exp (i tr {K(21)) — o tr (K (22)} ~ /m (K@) bdr) = [ m

ki(z1) — kj(z1)
an_l(x)d:c} X H m

T2
= €xp [wlan—l(xl) — Zaap_1(T2) — /
T1 i>j
(4.23)
This equation can be compared to (3.16) as the determinant property of transfer
matrix. Notice that if a,_1(x) = 0, then (4.23) reduces to

ki T1) — kj X
Q12| = 11 W (4.24)

This shows that the determinant of the transfer matrix is only a function of starting
and end points x7 and z3. Note that the transformation

F(z) — exp [—% / an,l(x)dx]h(x) (4.25)
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in (2.1) always gives rise to a new nth-order ODE with identically vanishing co-
efficient of h("~1)(z) term. Therefore, the above property of determinants can be
always met through the above mentioned transformation.

The shifting property (3.18) and scaling properties must also preserve, since the
transfer matrix Qg, —4,is indeed obtained by dividing the sub-domain [z, 23] into
infinitely many thin layers and multiplying the infinitesimal jump transfer matrices.

4.3. Justification of DTMM. Here we prove that the DTMM formulation is
exact by showing that the solution satisfies (2.1) through direct substitution.

Lemma 4.1. Let the Vandermonde matriz D be invertible. Then the elements of
its inverse D™t = [v;;] satisfy Sor_, Yirkl" "' = 6y where 1 <m < m.

Proof. The Vandermonde coefficients ;; are found from the expansion of Lagrange
interpolation polynomials as [42,43]

n

t—k; ,
T,(t) = k{_kj}:zmjtﬂfl, i=1,...,n. (4.26)
g#i

j=1

Obviously T'; (kj) = Y1) virk " = 6ij. Therefore k7'~ = Y77 k" 'T; (kj), or

i=1"

k;n71 = ilklnl ilp)/zrk;l = i <i ’er;n71>k;71 = ilamrkgl' (427)

r=1 1i=1

Given a fixed m, the above equation can be transformed into a linear system of
equations as A'D = B!, with D being the Vandermonde matrix, A = [a,,] being
the column vector of unkowns, and B = [k;"il] being the input column vector.
Since D is invertible by assumption, then A and thus a,.,, must be unique. However,
(4.27) is satisfied through setting a,m;m = dpm for 1 < m < n, and hence the proof is
complete. O

Lemma 4.2. Suppose that F(x) is an nx1 vector function, defined on the connected
non-degenerate domain S, satisfying the differential equation (4.7) with the kernel

matriz given by (4.8). Then, we have
dm t tgrm
e {exp [®(x)] F(a:)} = exp[®(2)] ' K™(@)F(z),m=0,...,n,  (4.28)

where K(z) is the wavenumber matriz given by (2.10) and ®(x) is the corresponding
phase vector defined in (2.7).

Proof. For m = 0 the proof is trivial. Also for m > 0 we have

% {exp(@)tK"‘F}

= exp (®)" (K™™' + 2K™K' + mK™ 'K’ + K™"U) F,
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where the dependence of matrices on x is not shown for the sake of convenience.
From the definition of the kernel matrix (4.8), (4.29) can be simplified as

d R
T {exp (®)"K F}
= exp (®) ' K™IF

+exp (®)° [(mK™ 'K’ — K™ exp (—2K) D 'CK'exp (zK)| F (4.30)
=exp(®) ' K"MF+1! , (mK™ ' —~K"D™'C) K exp (2K) F

nx1
=exp (®) ' K" 'F 4+ 11,, VK  exp (zK) F,
where 1,51 is defined under (2.10) and V = mK™ ! — K™D~!C . Now we show

that the row vector 114,V is identically zero, but only if m < n. By defining the
elements of the inverse of the Vandermonde matrix as D! = [v;;], we have

11,V = mlanKm_l - ]-1><nKmD_1C

_ [z”: mkszléij} _ [ifh (r— 1)k;ﬁ*2kﬂ
=1

i=1r=1 (4.31)

n—1 n
ol (A DD DL
1 =1

r=

Since the inverse of D must exist by assumption, we thus have according to Lemma
(4.1)
n—1

1,4, V= {mk;”*l — Z rk;%émr] =01xpn, m<n. (4.32)
r=1
Therefore, the proof of theorem follows immediately by induction. O

Theorem 4.3 (Fundamental theorem of differential transfer matrix method). Sup-
pose that F(x) satisfies the derivative Lemma, with the kernel matriz K(z) satisfy-
ing the characteristic equation (2.8). Then, the function f(x) defined by (2.6) is a
solution of the differential equation (2.1).

Proof. By the expansion of the operator L given in (2.2) on f(x) given in (2.6),
and using the derivative Lemma we have

dm

Lf(z) = ) am(@)7— f(x)

dz™

n

3 ane) o {exp (B(0)) Pl )

dxm
(4.33)

=Y am(2) exp[®(2)] K™ (2)F(2)

= exp[@(2)]' [ Y am(@)K"(2)|F(a).
m=0
However, the summation within the brackets is the null matrix because of (2.8).
Thus the right-hand-side of the above equation must be identically zero. This
completes the proof. O
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4.4. Linear Independent Solutions. Consider the set of vectors F; € S",i =
1,...,n, forming a basis in S™. If Q is a non-singular matrix, then the vectors
G; =QF, € C",i=1,...,n would clearly constitute another basis on S". Let S be
a non-degenerate domain with the differential equation (2.1) and solution given by
(4.11). Since S is non-degenerate, then Q,, ., must be non-singular for all 1, 25 €
S. Therefore the set of n vector functions defined by G;(z) = Qq—.F; (a) € S"
form a basis on S™. Let ¥ denote the set of all functions operating on S, as ¥ =
{: S — C}. We define the scalar functions g; € ¥ as g;(z) = exp [®(z)]" G,(z)
and show that they form a basis, by inspection of their Wronskian determinant.

Theorem 4.4. With the above definitions, the set of functions g;(x),i =1,...,n
form n linear independent solutions on W.

Proof. The Wronskian matrix in ¥ can be written as W = [gij_l)(x)] Using

Theorem 1 one has W = [exp () K/ 7'Q,_,F;], with the dependences on z omit-
ted. Now we define the n x n matrix F = [F;]. Then W = Dexp (zK) Qu—. F.
Because S is non-degenerate |D| # 0. Also, Q,—, must be non-singular and thus
|Qau—=| # 0. Now since according to the assumption, F; form a basis on S”, |F| # 0
and therefore for the Wronskian determinant we have [W| # 0. Thus, the proof is
complete. O

4.5. Treatment of Singularities. Now let S is degenerate at a finite number of
isolated singularities & € S,7 = 1,...,%, at which |D (&) = 0. Therefore, the
U (&) is singular and M, .., does not exist. Without loss of generality, we can
assume X = 1. If S represents the integration domain [x7, 3], the total transfer
matrix Qg, -z, by the decomposition property (3.15) can be written as

Ql’lﬂl’g = Q§+5az~>m2 Q&*ﬁxﬂng&szngme' (434)

The transfer matrices Qg —¢—sz and Q¢45z—a, do exist and can be evaluated di-
rectly by integration and exponentiation of U(z), as long as dx is positive and
finite. The transfer matrix Q¢_sz—¢+s. enclosing the singularity, also can be ap-
proximated by its equivalent jump transfer matrix as

Q£75z—>§+5m
~exp[— (€4 62) K (€4 62)] D™ (€4 62) D (€ — 6x) exp [(€ — dz) K (¢ — )] .
(4.35)
This approach permits evaluation of the total transfer matrix Qg, ., by making
finite jumps over singularities.

If S is entirely degenerate, then the transformation f(z) — w(z)h(z) with w(x)
being a non-constant function, results in a completely different characteristic equa-
tion (2.8). A proper choice of w(z) leads to a new S, which can be no longer entirely
degenerate. Then DTMM can be used to solve for h(x).

5. EXAMPLES

5.1. First-order ODEs. It is easy to show the consistency of the method for first
order differential equations with variable coefficients, that is

f'(z) + ao(2) f(2) =0, (5.1)
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having the exact solution

f(x2) = exp </ﬂ?1 ao(a:)dx> f(z1). (5.2)

Z2

In this case, the only root of (2.8) is k(x) = —ag(x), all matrices become scalar
with D =1 and C' = 0, and the transfer exponent reduces to

xTo d T2

My oy = / S [ap(z)] dz = zaa0(x2) — z1a0(21) — / ag(x)dx. (5.3)
1 ZT1

Clearly (4.15) holds and therefore, accordingly one has

F(xq) = exp {xzao(xz) —r1ap(21) — /

Z1

Z2

ao(x)dx] F(zy). (5.4)

From (2.6), we have
F(2) = exp [oh(z)] F(z). (5.5)
Therefore, using (5.4) and (5.5) one can obtain (5.2).

5.2. Second-order ODEs. In this section, we first consider the simplest second-
order differential equation with variable coefficients, given by

f"(@) + ao(z) f(z) = 0. (5.6)

This equation has been studied since 1836 by Sturm [44] and has been considered
in many reports [45-50]. Actually, any second-order ODE can be rewritten in the
form of (5.6) by the transformation given in (4.25). Also, the first order non-linear
Riccati equation [2] takes the above form after suitable transformations.

In physics this equation models the propagation of transverse-electric (TE) po-
larized light in one-dimensional (1D) non-homogeneous media (with a position-
dependent refractive index), or motion of a single electron in a 1D potential trap.
In optical problems f(x) is the amplitude of transverse electric field and ag(z) =
kie.(z) — (%, in which kg is the wavenumber of the radiation in vacuum, €,(z)
is the relative permittivity function of the medium, and § is the propagation
eigenvalue. In quantum mechanics f(z) is the probability wave function and
ao(z) = 2m[E — V(x)]/h?, where m is the electron mass, V(z) is the electric
potential, & is the reduced Planck constant, and E is the energy. Radial functions
of axial gravity waves of a black hole are governed by a generalized Klein-Gordon
or Regge-Wheeler equation [51,52], which takes a similar form to (5.6).

Here, we consider the solution of this equation by DTMM. For n = 2, the kernel
matrix U(z) can be simplified from (4.8) to

— 1 ! ks _ _
Ulx) =1 (”3 * 'fl—kz) Mo el ml(kl ) (5.7)
o exp [+ (k1 — k2)] — (= + 55wk
From (2.8), one has k?(z) + ao(z) = 0,i = 1,2, that is ky(z) = —jk(z) and
ko(z) = +jk(x), with k(x) = v/ao(x). Therefore (5.7) simplifies as
(z) = E'(x) [ =14 j2k(x)z  exp[j2zk(z)] (5.8)
- 2k(z) |exp[—2jzk(x)] —1— j2k(z)x]|’ '

which is in agreement with our previous results [18,19,22]. The transfer matrix
Q.,—z, is then found by (4.14) (exact evaluation of matrix exponential in this
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case is possible by the theorem described in the Appendix B). The determinant of

Qzy—a, 18

k2($1) ki(w1) _ k(x1)
ko(z2) — ki(z2) — k(w2)’

The complete solution of (5.6) is then given by (2.5) as
f(x) = fi(@) exp [=jak(x)] + foz) exp [+jzk(z)] . (5.10)

The singularities of (5.6) correspond to the turning points at which both wavenum-
bers become zero. In fact, a singularity separates the regions in which the waves
are evanescent and propagating, or in other words, ag(z) is respectively positive or
negative. The treatment method for singularities as described in sub-section 4.5
can be applied to find the transfer matrix over the singularity, being approximated
by its corresponding jump transfer matrix.

We can classify the singularities depending on the nature of the waves across
the singularity. Here, a singularity at = £ is characterized as k1(§) = k2(£), or
ap(§) = 0. Correspondingly, the singularity at @ = & is referred to as type A if
ap(z>¢&)>0and ag(z < &) <0, type Bifag(z > &) <0and ag(z < &) >0, and
otherwise type C. Due to (3.6) the jump transfer matrix from region 1 to 2 across
the interface z = £ for (5.6) takes the form [18,19,22,53]

|Qm1—>fcz| =

(5.9)

k2+k16+J5(k2 ki)  ka— k16+J€(k2+k1)
20 (5.11)

Q12 = [kQ—ile_]g(szrkl) kﬁ%le jE(ka—k)

Here, k? = —ag(¢ —6x) and k3 = —ag(& + 0x). Therefore, the jump transfer matrix
over singularities given by Q¢_sz—¢4s. simplifies as

1+ 1—j
Q¢ bo—ttse = [13] 13]} , type A (5.12)
2 2
1—j 144
Qe-smerin= |1y 120 tyweD (513)
2 2
1 0
Qc-someroe = | 1|» typeC. (5.14)

The results here are obtained by setting k(£ £ dz) ~ +/£dza (€ £ dx) through
the corresponding Taylor’s expansion of ag(z) around z = £ and taking the limit
dx — 0T,

The DTMM has been used to solve (5.6) numerically [18,19], and the results have
been compared to other approaches. In cases that analytical solutions are known,
the results have been in agreement. While the exact transfer matrix is given by
(4.14), we have noticed that the reduced form as in (4.15) can be also used and leads
to accurate solutions. Also, energy dispersion of an electron in the 1D potential
of infinite monatomic chain has been computed [22] by this approach. In general,
computation times for DTMM are at least one order of magnitude lower than the
other existing approaches. We also have discussed how it is possible to extend
this approach to transverse-magnetic (TM) polarized modes and inhomogeneous
anisotropic media, where four field components are solved for at once [22].

We also have recently exploited the DTMM to periodic electromagnetic struc-
tures [39], in which ag(x), and thus the wavenumber functions k;(z),7 = 1,2 are all
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periodic. This has led us to a novel yet simple mathematical description of waves
in inhomogeneous periodic media.

5.3. Fourth-order ODEs. As another application example, we obtain the differ-
ential transfer matrix of a simple fourth-order differential equation that has been
discussed in several reports [49,50]

f®(@) + ao(w) f(w) = 0. (5.15)
This time from (2.8) we have k}(z) + ao(z) = 0,i = 1,...,4, and thus k()
—k(z), ka(x) = —jk(x), ks(z) = +k(x), and ky(x) = 4+jk(x), in which k(z)
v/—ao(x). The kernel matrix U(z) is found by Mathematica as

k' (z)
U(z) = () X
2zk(z) — 3 (1 +j)e(1fj)wk(m) e2ak(z) (1- j)e(lﬂ)zk(w)
(1 — j)eU—Dzk() 2jak(x) — 3 (1 + j)e(t+i)zk(z) e2iwk(w)
e~ 2zk(x) (1-— j)e—(lﬂ')xk(w) —2xk(x) —3 (1 + j)eli—Dzk(@)
(1 4 j)e~(t+a)zk(z) e—2Jwk(w) (1 — j)el—Dzk(=) —2jxk(z) — 3
(5.16)
Here, it is possible to check the determinant of Q, .5, given by
T2 1./ 6
Q| = esp 15 (Mo} = exp (<6 [ as) = S

in justification of (4.24).

To show the applicability of the approach, we take ag(z) = —a*x~* for which
(5.15) becomes an Euler-Cauchy equation and therefore has an exact solution given
by

4

f(@) =c1a™ + cox™? + c3a™® + cqx™, (5.18)

where m; = %:ﬁ: %\/5i4\/1—|—a4,i =1,...,4, and ¢;,i = 1,...,4 are arbitrary

constants. Since k(z) = ax~!, the kernel matrix (5.16) simplifies into

U(x)

2a —3 (14 j)et=2a e® (1 —j)elttia
_ L[ (1= j)elibe 2ja—3 (14 j)elt+i)e e
T2 e 20 (1—je (e 26 -3  (1+j)el—Va],
(1 4+ j)e= (e e~ 2a (1—4)et=Da  —92q5 -3
= iI + 1N
2 T
(5.19)

where N is a traceless constant matrix with eigenvalues \; = :t%\/ 5+ 4v1 + a?,
i = 1,...,4. For this case, the kernel matrix U(z) commutes with the transfer

exponent M;_,, so that (4.15) becomes exact. By integration of (5.19) we find

1
M, ., = ;”” I+1InzN. (5.20)

Obviously I and N commute, so that

Q1. = exp (M;_,) = 2% % exp (N) = 2%/?R [exp (\i In z) §;;] R, (5.21)
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where the constant matrix R is the diagonalizer of N. Therefore, |Q;_..| = 25, as
required by (5.17). Furthermore, the elements of Q;_,, involve linear combinations

of x™i,7=1,...,4, for which r; = m; hold.
Finally from (2.6), (2.7), and (4.14) we have
f(z) =exp[®(2)] 'Q:_.F (1), (5.22)

where ®(z) has become a constant vector, and F (1) is a vector of arbitrary con-
stants, to be determined by boundary conditions. However, comparing to (5.18)
shows that (5.22) must be indeed the general solution of (5.15).

5.4. Abel-Liouville-Ostogradski Formula. Found in 1827 by Abel for second-
order differential equations and by Liouville and Ostogradsky in 1838 for the general
case, the Wronskian should satisfy [26-28]

W'(z) + an—1(x)W(z) =0, (5.23)

which implies that the Wronskian must be essentially a constant if a,_1(z) = 0.
Now we show that this equation can be readily reconstructed by DTMM.

Following the discussions in sub-section 4.4 the Wronskian determinant takes the
simple form W = |D| |exp (zK)| |Q¢—z| |F|, where ¢ € S is a constant and F is
the matrix of independent vectors as defined in section 4.4. Therefore using (3.8)
and (4.23) we find

W = H [ki(x) — kj(x)] exp [z tr {K}]

X exp [Ca”—l () —wan—1(2) - /CI an-1(2)d] H ’M d
;>J (5.24)
= exp [can_1 ()] H [ki (c) — kj (c)] |F|exp {—/ an—l(x)dx}

i>j
= Aexp [— /z an_l(x)da:},

in which A is a constant. Clearly the Wronskian given by (5.24) satisfies the
differential equation (5.23).

6. CONCLUSIONS

We have presented a new analytical formalism for solution of linear homogeneous
ordinary differential equations with variable coefficients. The formalism is based on
the definition of jump transfer matrices and their extension into differential form.
We presented the derivative lemma and the fundamental theorem of differential
transfer matrix method, which support the exactness of the formalism. We also
discussed the linear independency of solutions. The method is completely general,
but fails in the presence of identical roots of characteristic equation. We have dis-
cussed a method to deal with corresponding singularities. The main advantage of
the presented method is that it deals directly with the evolution of linear indepen-
dent solutions, rather than their derivatives. The DTMM, as described in §5, when
applied to wave propagation problems, leads to a novel approach for understanding
the behavior of physical systems.
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7. APPENDIX

We prove the validity of (4.20), by showing first that both sides have the same
derivative. From [41] the left-hand side of (4.20) should obey the differential equa-

tion
e [ BB ()t
dZ‘Q P [11 ] ’ (71)

e [ | ) m ][ 11 e B )

Similarly, application of the derivative theorem for determinants [32, p.178] to the
right-hand-side of (4.20) results in

L dH(xz2)| _ [H(zs)]

d 1 -1 /
dTCQ|H (x1)H(172)| tr {H " (z2)H'(22) } .

TH@E) d T [H(n)
(7.2)
Therefore, both sides satisfy the same differential equation, and thus
T2
‘ exp L/ H(x)_lH'(x)da:} ’ = w(xy) |H_1 (x1)H (:L‘g)‘ , (7.3)
T

where w(-) is a function of only x;. But upon setting ;1 = x5 in (7.3), one gets
w(+) =1 and hence the claim.

Matrix Exponential of 2x2 Matrices. The difficulties in evaluation of matrix
exponential have been well known for a long time [54,55]. While computation of
matrix exponential is possible by general [56-58] and approximate [59] methods,
simple analytical expression exists only for few cases including the Euler-Rodrigues
formula [59] for 3 x 3 skew-symmetric matrices. Here, we report an exact expansion
of matrix exponential for arbitrary 2 x 2 square matrices.

Assume that M is a square matrix with arbitrary complex elements. We de-
fine the traceless matrix A = M — J tr {M} L. Since A and % tr {M}I obviously
commute, one can deduce that

exp (M) = exp (3 tr {M}) exp (A). (7.4)
Now, A satisfies the property A% = |A| I, so that [60]
exp (A) = cos (6) I+ sinc (d) A, (7.5)
in which § = y/—[A] and sinc(z) = sin(z)/2. Finally,
exp (M) = exp (% tr {M}) [cos(6) I + sinc(d) A]. (7.6)
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