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Abstract—A general nonself-adjoint eigenvalue problem is examined and it is shown that the commonly employed
approximate methods, such as the Galerkin procedure, the method of weighted residuals and the least square
technique lack variational descriptions. When used in their previously known forms they do not yield stationary
eigenvalues and eigenfunctions. With the help of an adjoint system, however, several analogous variational
descriptions may be developed and it is shown in the present study that by properly restating the method of
least squares, stationary eigenvalues may be obtained. Several properties of the adjoint eigenvalue problem,
known only for a restricted group, are shown to exist for the more general class selected for study.

1. INTRODUCTION

THE investigation of the eigenvalues of a nonself-adjoint differential operator may be
facilitated by the variational method if the concept of adjoint system is introduced. The
idea was seemingly first suggested by Morse and Feshbach [1] and further explored success-
fully by Chandrasekhar [2] in his studies of hydrodynamic stability. In spite of this success
in hydrodynamic and hydromagnetic stability problems, the idea does not seem to have
attracted the attention of researchers in nonconservative stability problems of elastic
solids. In a previous study [3] the authors have discussed how an adjoint system to the
problem of an elastic continuum subjected to purely follower-type surface tractions may
be constructed. It was shown that the two sets of eigenvalues of the original and the adjoint
systems are identical and that each member of the set is a stationary value for a variation
of the displacement functions.

In this study we suggest several formulations of the variational description of the
eigenvalues of a complex differential equation in which the eigenvalues appear in the
coeflicients of the operator as analytic functions. In this form the eigenvalue problem is
much more involved than the problems outlined by Morse and Feshbach [1], Chandra-
sekhar [2] and Roberts [4]. Their results are restricted to regular eigenvalue problems and
are not applicable directly to the present case. The treatment of the present study is believed
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30 SHYAM N. Prasap and GEORGE HERRMANN

to yield all the main results, however, in modified forms, of the regular systems discussed
by earlier authors [1,2,4, 5].%

The need for developing such approximate methods of solving more general non-
conservative stability problems which, on one hand, would be based at least partially on
a firm mathematical foundation, and, on the other hand, would provide effective means
for numerical treatment, has been emphasized by Bolotin [6], Herrmann [7] and several
other authors in aeroelasticity [8, 9]. In the past, the trend has been to employ the method
of Galerkin which, unfortunately, does not provide an estimate of the order of magnitude
of the error involved, nor does it, in general, guarantee convergence. The proof of con-
vergence of the Galerkin method for nonself-adjoint boundary value problems has been
given for only a few simple problems [10-13]. Past studies indicate that several attempts
were made to formulate variational principles by other means for nonself-adjoint and
nonlinear systems. These formulations, however, are found to lack the advantages of
genuine variational principles, mainly because the integral is not stationary or because
no variational integral exists. Examples may be cited in recent works of Glansdorff and
Prigogine, known as the method of local potential, and in Biot’s Lagrangian thermodynamics.

Another aspect of the present study is a comparison of several different approximate
methods, namely, the Galerkin procedure and the method of weighted residuals, with the
proposed variational method. It will be shown that these other methods become meaningful
as special cases of the proposed method only under special circumstances and in general
they do not possess the advantages of variational principles. Additionally, it turns out
that with the help of adjoint systems, a reformulation of the method of least squares may
be made, which yields stationary eigenvalues of the system. Particularly, this latter finding
is believed to be of considerable interest and in a future study it is proposed to explore
these various methods numerically.

2. STATEMENT OF PROBLEM
Consider the following form of an ordinary linear differential equation:
Pu = wQu (1)
where
4

N
P = ";0 aN—n(x)W (2)

K dn
= X, W), K < N.
Q ";0 BK n(x (l)) dX" <

In the above, u denotes a function of a real variable x for a < x < b, and «, and $, are
continuous functions of x whose N — nderivatives with respect to x exist and are continuous.
Further, «, does not vanish at any point of the closed interval (g, b).

Although the parameter w may be regarded as the eigenvalue of the system, in stability
analysis it usually denotes frequency of small oscillations. Equation (1) thus defines a

+ When the present manuscript was completed, the authors’ attention was drawn to the studies of Biot [26]
and Flax [27] who also employed the concept of adjoint operator. Their studies, however, were restricted to the
static problem of aeroelastic divergence.
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wide range of one-dimensional, dynamical systems of autonomous elastic bodies whose
motion follows the form u(x) e*". The operator Q is a complex-valued analytic function
of w and its origin is due to velocity-dependent forces in the system. Serious doubts have
been raised in the past regarding the validity of solutions of that group of problems in
which the forces are idealized to be of purely follower type. The role played by velocity-
dependent forces in influencing stability of equilibrium of nonconservative elastic systems
has been recognized to be especially intriguing [6, 7]. Consequently, in many problems
the analysis will have to include terms originating from Coriolis acceleration or from other
gyroscopic effects, viscous damping, etc. The operator @, therefore, encompasses the effect
of such forces and the definition (1) is believed to be fairly general. Note that in the absence
of velocity-dependent forces Q = 1.

Associated with (1) we consider N linear, homogeneous, boundary conditions in
wa), u'(a), ..., u""Ya), ub), u(b),...,u™ (b)as given by

Lu=0, j=12..N 3)
where
N-1 dn
n=0 X

f;» and 0, are quantities characterizing certain properties (such as stiffness or inertia)
at the end points (a, b). 0;, may, further, be assumed to be continuous, single-valued
functions of w. For future use let us define N additional forms Ly, ,u,...L,yu in
u'(a), u'(b) so that L,u, L,u,..., L,yu are linearly independent.

From (1) we obtain, after integrating by parts,

b

[t tPu—ou—uprur - 0@rul dx = (PG (5)
where

dM(agu* d¥ 1o u doy  u*
Pru* = (—1)N——((i°;°,v“ )+(—1)N—1————dx,(v°°_‘f' . ————(“’Lx‘” L (6)

d5(Bou* &= 3(B,u* d(By_ u*
Qrur = (=1f fiﬁo"u )+(_1)K_1 dxf‘ﬁ—llu )+ T (ﬁlfjxlu )+ﬁK“*a K<N (7)
and [P,(u,u*)]® is a bilinear form in w(a), u'(a),...,u™ a), u(b),...,u™ Y(b) and

uXa), u*(a), ..., u* N Na), u*®),. .., u* ¥~ V(b). We may write

2N
[P, u®)]; = ) LuLiy,, .u* (8)
n=1
in which L¥u* are linear in u*(a), u*(a),...,u*¥ Ya), u*®),...,u*V"1Yb). By virtue
of (3), N terms of the right-hand side of (8) will be zero and therefore the remaining N
terms will also be zero if we select N adjoint boundary conditions of the type

Lt =0, j=12....N 9)

where L* may be written in the following general form:

N-1 n

* = * 4 of* )
L_I ";o {’71n+w Jn}dxn

(10)
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Note that the parameters r7%,, 6%, will depend upon the choice of the additional N linearly
independent forms of Ly, ,, Ly,,....,L,y. Since these N additional conditions may be
arbitrarily selected, with the only restriction of being linearly independent, the adjoint
boundary conditions are not unique. Therefore, the adjoint boundary value problem is
not uniquely defined. By way of illustration, this fact was apparently brought into attention
for the first time by Roberts [4]. Of course, n%, and 6%, will be functions of 1,,, 0,,, «, and
S, of the original problem.

Thus, we have obtained the following system as being an adjoint to the eigenvalue
problem defined by (1) and (3):

P*u* = w*Q*u* (11
with the boundary conditions
N-1 d"u*
L¥u* = Y {n% +0*0%} O 0, j=12,...,N. (12)
n=0 :

We note the following property of u, u*:

b b
J u*[Pu—wQu]dx :f u[P*u* — wQ*u*] dx. (13)

3. PROPERTIES OF ADJOINT SYSTEMS

Let {w;} and {u;} denote, respectively, the sets of eigenfrequencies and eigenmodes of
the original and {w}} and {u}} those of adjoint systems. We will suppose that both sets
of eigenmodes {u;} and {u}} span the domain defined by the independent variable x.

The development of a variational principle for system (1)—(4) begins with the proof of
the two sets of eigenvalues {w;} and {w}} being identical. We supply the proof in the
following manner. Let us select an arbitrary eigenvalue w; of the original problem whose
corresponding eigenfunction is u;. Since the adjoint system is governed by an Nth order
differential equation and, therefore, possesses N linearly independent solutions, we can
find for this value of w a function u¥ which satisfies any set of N — 1 members of N boundary
conditions (9). One then shows that the function u} must necessarily also satisfy the
remaining Nth boundary condition and hence is an eigenfunction of the adjoint system
whose eigenvalue is wf = w;. The crux of the problem lies in proving that if the Nth
boundary conditions is not satisfied it gives rise to a contradiction. As we will learn later,
this contradiction is a statement that the set of eigenfunctions {u;} is a trivial set, i..
fu,} = 0.

Let us assume that we have constructed a solution u¥ of (11) with w* = w,, which
satisfies only N —1 boundary conditions

Lxu¥ =0, j=12...,N;j#l (14)

We now prove that Luf must also be zero. To do this, multiply (1) and (11) by u¥ and u;,
respectively, and integrate over the interval (a, b). Then we subtract one of the resulting
equations from the other to yield

2N

b
j (1P — 0,0t — u P* — 0,Q*u#) dx = 3 LyugLdys it = 0 (15)
a =1
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by virtue of (13). If we use, now, the boundary conditions of u; and u¥, we have
Ly, uLFu¥ = 0. (16)

Thus, if Ly, u; # 0, then we have Lfu} = 0, so that w, i1s an eigenvalue of the adjoint
system. On the other hand, if Ly, ,u; = 0, the number of linearly independent boundary
conditions to be satisfied by the original system would be arbitrarily larger than N and,
therefore, the set of eigenfunctions {u;} would be trivial. Consequently, {w;} and {w}}
areidentical sets of eigenvalues. For illustration, consider the following eigenvalue problem:

d* du du
Tt P+ 2fFo —0tu =0 0<x <1 (17)
d
u:£:0 atx =20
d?u  d3u (18)
2 g Y atxst

System (17), (18) is nonself-adjoint and governs over-all motions of a cantilevered elastic
pipe conveying an incompressible fluid at a constant velocity [14]. An adjoint system to
(17), (18) may be described by the following set of equations:

d*u* d?u* du*

F2o ! 2iBFa* o o u* = 0 19
dx* + dx? PFe dx o (19)
d*
u* = dl;—O atx =0
d2u*
S HFuF =0 atx=1 (20)
dx?
A du
FFIEC 2ipFeu* =0 atx = 1.
dx? dx

Following the procedure outlined previously, we suppose to have constructed a
solution u¥ of (19) with w* = w,; which satisfies only the following conditions:

du¥
*=_ 1 =0 atx=20

7k e at x
d3u* duf
—d—u3’~+F dL—ZZﬁqu =0 atx=1
X

and
d?ux
0 >+ Fuf #0 atx=1

We now multiply (17) by u¥ and (19) by u; and integrate over (0, 1) to obtain finally

2, % du*
ciiuz +F2—(§—2lﬁqu u;=0 atx =1 2n
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Thus if the expression in parentheses in (21) is not zero, then u; = 0 at x = 1 and this
along with the other four boundary conditions as given by (18) would imply that the
system has only a trivial solution, ie. {1;} = 0. Thus we must have

dup | odut

e o —2ifFou¥* =0 atx =1

and, therefore, the sets {w;} and {w}} are identical.
To investigate orthogonality let us consider

Pu; = 0,Qu; (22a)
and
P*u¥ = w,Q*ut. (22b)

Multiplying (22a) and (22b) by u} and u;, respectively, and integrating over (a, b), the
following is obtained if we take a difference of the resulting equations:

b
j {u}(Pu;— 0, Qu) ~ u(P*u¥ —w,Q*u})} dx = 0

which reduces to

b b

(wj_wi)f uQ*uf dx = 0; (wj—wi)f u¥Qu;dx = 0.

Thus, if ; # w;, we have

b b

f uQ*ut dx = 0; f u¥Qu;dx = 0 (23)

which are the modified bi-orthogonality relationships.

The expression given by (23) is analogous to the orthogonality of the eigenfunctions
of self-adjoint problems. For the investigation of several initial value problems in self-
adjoint systems it is expedient to normalize the eigenfunctions. It turns out that a general
normalization for the present case does not follow. The results of certain special cases,
however, are known. Thus when Q = 1, Ince [15] has shown that

b
f uuf # 0.

Further, it may be asserted that when Q is independent of w, normalization may be
achieved by

b
J u,Q*u¥ = 1. 24
Let us now investigate the extremum property of the eigenvalues w,. We write

b b
wif ufQu,dx = f u¥Pu, dx. (25)
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Taking the variation of (25) in such a way that du, and du*, satisfy the boundary condi-
tions (3) and (12), respectively, we obtain

b b a b
5w,-J' u¥Qu; dx+w,~f {6u;“Qui+5wiu?‘ —gui+u}"Q5ui} dx = f (Su} Pu,+u¥Pou,) dx

which may be rearranged to yield
f" {5u*(Pu —w,Qu;) +u¥(Pu; — w;Qéu;)} dx
@i u}[Qu; +(0Q/0w;)u;) dx '

The second term within braces in the numerator of (26) may be transformed, using (13),
to yield the following:

ow

(26)

§P 6u¥(Pu; — 0,Qu;) dx + J° duP*uf — w,Q*u}) dx
P u[Qu; +(0Q/dewJu;] dx ‘

Hence, if equations (1) and (11) are obeyed, dw; is zero to first order for all small, arbitrary
variations in u; and duf satisfying (3) and (12), respectively. Obviously, the converse is
also true. Thus a definite statement may be made regarding the error involved in stipulating
that the eigenvalues are stationary values.

During this search for obtaining expressions which yield stationary eigenvalues, it was
discovered that another functional of u; and u¥ also exists which has similar properties.
Approximate solutions based upon this functional parallel the method of least squares
in self-adjoint boundary value problems and, therefore, a restatement of the least squares
technique for nonself-adjoint systems is formulated in a later section on other approximate
methods.

ow; =

(27)

4. AN APPROXIMATE METHOD OF STABILITY ANALYSIS

The extremum property of the eigenvalues w;, as expressed by (27), suggests an approx-
imate procedure for their determination, in the spirit of approximate methods for self-
adjoint systems based on variational principles. We may select two sets of trial functions
ufa,,a,,...) and u¥(a¥, a%,...) which satisfy the appropriate boundary conditions and
contain undetermined parameters a; and a}. An approximate expression of the eigenvalues
® is obtained, by using equation (25), as a function of these parameters. A stationary value

of w is then obtained by determining the parameters from equations of the type

dw _o- ow

— =0; 2 0. (28)
da; da¥

Considering the general nature of the problem under investigation, it is difficult to
say what would be the best choice in the selection of trial functions. Certainly any informa-
tion, such as symmetry, or prior experience with related problems should be exploited,
but there seems to be no way available at present to do this systematically. Usually,
however, several sets of approximating functions may be available and a selection may be
made either on the basis of ease of integrations or based upon rapid convergence of the
problem. Note that for good approximations in most situations, the sets of trial functions
should be complete in the domain of the problem. In hydrodynamic and hydromagnetic
stability problems Chandrasekhar [2] employed complete sets of eigenfunctions by solving
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one or another lower-order, simpler but related eigenvalue probiem on the same domain.
Lee and Reynolds [16] have discussed the use of orthogonal polynomials in the stability
of parallel flows. Since, in all these problems the original and the adjoint boundary
conditions were identical, the analysis was simplified. A further discussion of this aspect
will follow.

Let us assume that we have selected two sets of linearly independent trial functions
vi{x) and v¥(x), i = 1,2,... 0, both of which span the domain of the system. These sets
satisfy their respective boundary conditions (3) and (12) and thus they may be identical
only if (3) and (12) represent the same boundary conditions. With the help of unknown
coefficients a; and af, the following approximations are assumed:

ulx) = Y. ap(x) (29a)
i=1
u¥(x) = ) afv*(x). (29b)
i=1
Now, we construct an infinite-dimensional space in a,,4,,...,a¥,a%,..., in such a way

that the eigenvalue w is determined as an extremum value in this space. For this purpose
consider the following integral

b b
wf u*Qudx = f u*Pudx
which, after substitution of (29), yields
b
f [ ) (Pvm—vam)v:,"ama,T:l dx =0. (30)

mn=1

It is well to emphasize at this point that the coeflicients of the operator Q are functions
of w. Treating (30) as an implicit function of w in a, and a¥, we obtain the following

derivatives with respect to q,, and a¥:

b e o a 3
J; |:n21 (Pv,,— wQu,)vkay — m,nzz 1 %%(va—f-%vm) v,’;‘amaﬂ dx =0 (31)
and
b 0 © F
J; [mgl (Pv,,— wQu,)o¥a, —~ m’nz= 1 %(va +£um) U,lama:‘] dx = 0. (32)

In order to obtain a stationary value of @ we must set dw/da,, = dw/0at = 0 in (31)-(32)
to obtain

0 b
> a; f (Pv,,—wQu, v¥dx =0 (33)
n=1 a
and

© b
Y a, J (Pv,,—wQu,)v¥ dx = 0. (34
m=1 a
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Equations (33) and (34) are two linear homogeneous matrix equations in a¥ and a,, which
are the transpose of each other. Therefore, their eigenvalue « will be the same. In the
sequel we will consider only (34) which yields the following secular equation:

detA = |A,,—wB,,| =0 (35)

where

b
Apn = f Py, v¥ dx
-, (36)
B,, = f Qv,v¥ dx.

The determinant A is of infinite order, but in practice usually a good approximation may
be achieved by retaining a finite number of terms.

5. OTHER APPROXIMATE METHODS

We now wish to analyze the relationships between the adjoint variational method
proposed in the present study and several other methods, in particular the method of
weighted residuals, the Galerkin procedure and the method of least squares. Several
mathematical aspects of these metiiods, such as convergence and estimation of error,
are known in the case of self-adjoint problems [17, 18], and their application to a general
problem, not necessarily linear and self-adjoint, is justified only heuristically.

Examining the general aspect of nonconservative systems in which the processes
involved, such as dissipation and exchange of energy between restoring and applied
forces, are irreversible, it is appropriate to mention briefly some recent developments in
heat conduction and other transport phenomena [19-21]. Based upon the concept of
local potential, Glansdorff and Prigogine [19, 22, 23] have developed a restricted variational
principle. Certain applications and generalization of this principle beyond heat conduction
and transport phenomena have been made; however, its physical significance is not
sufficiently clear to investigate the problem of elastic stability of nonconservative systems.
Roberts [24] has shown that the technique of Glansdorff and Prigogine is equivalent to a
particular form of Galerkin’s method when applied to certain steady-state situations.
Biot’s treatment of Lagrangian thermodynamics [20, 21] centers on certain variational
formulation. His technique permits approximate solutions of problems involving non-
linearities. This method, however, has not been applied to investigate solutions of systems
under discussion.

In the method of weighted residuals, one stipulates that the trial solution satisfies
the differential equation (1) in some definite sense (see a review article by Finlayson and
Scriven [25]). This notion is made more specific by requiring that the weighted integrals
of the residuals are set equal to zero:

where

@9=fgm
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represents a spatial average or inner product, f; is a prescribed weighting function and g
is a trial solution. The selection of trial functions g; remains somewhat dependent on the
user’s intuition and experience. The criteria discussed earlier, however, are valid even in
this case and there is no unified approach to make the best choice which always gives
accurate and rapidly convergent results. The trial solution g is expressed as

N

g = ¥ aglx)

i=1

a substitution of which in (37) results in

N

N
Y @iy, Ped— oS 08} = ¥ afAu=wBy) = 0. (38)

Thus, by comparing (38) with (33) we find that the form by which ® is determined is
identical.

In the past, not much was known regarding the selection of the weighting functions f;,
which yields an estimation of the error involved. In view of the present development it
may now be emphasized that a proper choice of the weighting functions is the one that
satisfies the adjoint boundary conditions (12) and, therefore, yields stationary values in the
space of trial functions for infinitesimal variations. Because Galerkin’s method is a special
case of the method of weighted residuals (f; = g), it suffers from the same limitations.
However, if the adjoint boundary conditions (12) coincide identically with (3), the proposed
adjoint variational and Galerkin methods are formally similar.

6. REFORMULATION OF THE METHOD OF LEAST SQUARES

The method of least squares is also a possible tool available for approximate calcula-
tions of the eigenvalues. Although this particular method has not been widely employed
in stability problems, it seems desirable to investigate certain aspects of this method by
means of the present analysis. In order to understand clearly the method of least squares
as applied to nonself-adjoint eigenvalue problems, let us consider the regular problem
by assuming Q = 1.

Mikhlin [17, chapter X] has discussed certain mathematical aspects of the method
of least squares as applied to self-adjoint boundary value problems. For this group of
problems the method reduces to the solution of the following eigenvalue problem:

N N

Z ai{<Rgi’ jo>—w<gi’ jo>} = }: ai(Aij"‘UBij) =0 (39)

i=1 i=1

where R is a self-adjoint operator and g; are a set of trial functions which satisfy the
boundary conditions associated with R. Mikhlin has shown that if {g;} is a complete set,
the solution converges to the exact one. In this form the application of this method to
nonself-adjoint systems seems dubious and the purpose now is to investigate the usefulness
of the following reformulation of the method of least squares. We consider the following
integral :

wu;, P*u¥)y = (Pu;, P*uf) (40)
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where P* is an adjoint operator to P as defined in (5), 4; and u¥ are eigenfunctions of the
original and the adjoint systems corresponding to the same eigenvalue ;.

Taking the variation of (40) in such a way that du; and du? satisfy the respective boundary
conditions, we find

(P*ou¥, (Pu;— wuy)) + {P*uf, (Pou; — w0u))

By using the property similar to (13), the second integral in the numerator of (41) is
transformed to yield finally

_ P*ouf, (Puj— o)) + {(Pduy, (P*uf — wul))

ow:
i (g, PPuFy

. 42)

Thus, if the field equations of u; and u} are obeyed, we find from (42) that dw, is zero to
first order for all small, arbitrary variations in du; and du} satisfying the corresponding
boundary conditions. Again, the converse is also true.

Thus we find that the integral expression (40) has properties similar to (25) and
consequently a definite statement may be made in stipulating that eigenvalues obtained
from (40) are stationary values. Based upon the discussions of the previous sections, we
may select trial functions v/(x) and v¥(x) and obtain, similarly, from (40) the following set
of linear homogeneous matrix equations in unknown parameters a; and af,

N N
._Zl a¥{(Pv;, P*v¥) — v, P*u))} = 21 a¥(A;—wB;) =0 (43)
and
N N
Y ai{{Pv;, P*vu¥)— X, P*ud} = ) afA;—wB;) =0 (44)

i=1 i=1

from which approximate calculations may be made for {w,;}. We notice that equations
(39) and (43) are similar in form and, therefore, may suggest that (40) is a restatement of
the principle of least squares for nonself-adjoint eigenvalue problem. If the system is
self-adjoint, then P = P* and u = u* and (40) reduces to the form as described by Mikhlin.
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AGerpakT—MccnenyeTcs HeCcaMOCONpPSKEHHAR 3a/ada Ha COOCTBEHHbBIE IHAYEHUS M YKA3BIBAETCH, 4TO
0BLIYHO MCTIOUIL3IOBAHHbBIE MPUBIIMIKEHHbIE METOLBI, B poje cnocoda ranepkuia, METola BECOBbIX BLIYETOR
W MeTOAA HAMMEHbLUMX KBAAPATOB, HCTILITHIBAIOT HEAOCTATOK BapuaudoHHoro dopmanusma. Korga onn
[IPUMEHAIOTCA B CBOMX MPEAMAYILMX (POPMax, TOTAA OHH HE JAIOT CTAUMOHAPHBIX COOCTBEHHBIX 3HAUEHUA
w cobcTeennbiX dyHkuuit. OAHAKO, C HOMOWBIO CONPIKCHHONR CHCTEMbI, MOXHO ORPEACANTH HEKOTOPDIN
aHanoruYHLI BapuauxoHHEND Gopmamuim. B Hacrosuell paboTe yKa3biBaeTCs, YTO HPUMEHSs Kax
CHEnyeT, BHOBb, METON HAMMEHbIIHX KBAADATOB, MOXHO NOJY4MTh CTALHOHAPHBIE COOCTBEHHBIC JHAYCHUS,
[MokazaHo, 4To Aas Bonee UIMPOKOrO Kiiacca, BHIOPAHHOrO [UIS MCCNENOBAHUIE, CYILECTBYIOT HEKOTOPhIe
CBONCTBA COMPSKEHHOM MpoGeMbl Ha COOCTBEHHbIE 3HAYEHUS, WIBECTHLIE TOJIBKO IR OrPaHUYEHHOM
IpyMs!.



