AD-A143 888 RESERRCH IN NONLINEAR MOTIONCUD HERDNRUTICRL RESERRCH 1/1
ASSOCIATES OF PRINCETON INC NJ H SEGUR 38 JUN 84
DARG29-81-C-08089

UNCLASSIFIED F/G 1271

- IENNEEEEEEENI




W
-—lzoglﬁ 22
——mm

Ll gm 20

S i

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A

\)

[P pS———"——

!
3
"
¢
4

B RG Pors

|

e o Tt

DOy

g e e M a b § % h® agd e 4, Lot ) R
Sty LN APt AR m;, #_xv ) 5
. ,Llf' AN . *u‘J L3 \ &*"t‘ q
& LY ath etk )R : 5
] P I e M ' > -
St P S PR 5 kel
o f LA T T .




-b'\
. UNCLASSIFIED I
“; £ ’ SECURITY CLASSIFICATION OF THIS | AGE (When Date Entered)
4
- 2 3 .
o REPORT DOCUMZINTATION PAGE BEF o R ON S RM
{\j . Y. REPORTY NUMBER 2. GOVT ACCESSION NO.| 3. RECIPIENT'S CATALOG NUML =R
S
\‘;:s: ARQ 17806, 5=MA N/A N/A
( . & TITLE (and Subtitle) 5. TYPE OF REPORT & PERIOD COVERED
2 Research in Nonlinear Motioun Final Report
AN [ 1 May 81-30 Apr 84
s"': ° 6. PERFORMING ORG. REPORT NUMBER
)
:::‘: ° AUTHOR(s) 8. CONTRACT OR GRANT NUMBER(s)
y (40 Harvey Segur DAAG29-81-C~-0009
\}.“ 1
-l \ wand PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK
‘i < AREA & WORK UNIT NUMBERS
oH | Aero Rsch Assoc-Princeton
\ 8 n CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
-:l' < U. S. Army Research Office Jun 84
oo Post Office Box 12211 13. NUMBLgR OF PAGES
N Research Il:]':inq]e Park., NC 27709
+;"' MONITORING AGENCY NAME & ADORESS(/! dliferent trom Controlling Office) | 15. SECUKITY CLASS. (of this report)
' Unclassified
\:}‘: 15a. DECLASSIFICATION/ OOWNGRADING
» *,_',}9 SCHEDULE
‘ - et — oy
; :,_: 16. DISTRIBUTION STATEMENT (of this Report)
ASK]
.
. : Approved for public release; distribution unlimited. . J
DTIC
a.\_'..t J
-‘.:,
oA 17. DISTRIBUTION STATEMENT (of the ebstract entered in Block 20, If different from Report)
- 3 1384
NA JuL1i
e
&N,
{' . 10. SUPPLEMENTARY NOTES {
i The view, opinions, and/or findings contained in this report are
: those of the author(s) and should not be construed as an official
,, Department of the Army position, policy, or decision, unless so
Yo R £
‘4-; T KEY WORDS (Contlnse an reveres a1oe I morosany g identify by block number)
-‘.f_‘-, :
2 Solitons
,, Nonlinear problems
i Fﬂ-‘ Integrable problems
¥ A . S—
y § CIJine research done under this contract can be described in terms of two guiding
\!§ tagjquestions:
"’_Q;l -A
el "
g %-€£) Where is the boundary between integrable and nonintegrable problems?
JN 7 i .
:ﬁ (11)" what are the conrequences of a prcblem's being on one side or the
R other of this bourndary? .
S ronn ' ‘
o > +) ree WUI3 comomor? novululflu.:n " NCLASSIFIED
PR 8 4 o 7 l 2 o 4 4 SECUMTY CLASSIFICATION OF THIS PAGE (Whew ota Bnlered)
o ,-» A '*..P.fc'.n - -n - . ’- - . -f.l' -*.'

AT N R A B N R L N O A A A B A S



o
%
5%

iy

Fd

s

*r}g;

. ‘.,.
g
U

i R Xy, A
XN

3o,

S Y T T VN e T v ., .“.\._( L]

: /}ﬁo /780&:

"RESEARCH IN NONLINEAR MOTION"

FINAL REPORT

Harvey Segur

June 30, 1984

U. S. Army Research Office
~ ~ P. 0. Box 1221
Research Triangle Park, NC 27709

Contract No. DAAG29-81-C-0009

Aeronautical Research Associates of Princeton, Inc

..........

50 Washington Road, P. 0. Box 2229
Princeton, NJ 08540

Acoession Fop *47
NTIS GRAal g

DTIC TAB
Unennounceq

Justitioation____El____

Approved for Public Release
Distribution Unlimited

Dist

Availability Codes

By.

Avail” and/oih_‘_“
Special

84 07 12 044

Al

L QLS RN NORC AR CLRIREC AT § LSO ER LR U UG TE R R L SO 8 OO A A A AT ot




RS - R R
=] PAF AP 1 bei

P P,

The development over the last twenty years of the theory of solitons and
of completely integrable evolution equations has provided a new perspective
from which to view certain problems in mathematics and in physics. An

integrable problem has a great deal more structure than one ordinarily
expects. This extra structure permits one to solve classes of integrable
nonlineér problems in complete detail, a feat considered virtually impossible
twenty years ago. The methods developed for integrable problems (inverse
scattering, etc.)' apply only to integrable problems, a fact that emphasizes
the distinction Between integrable and nonintegrable problems.
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Aside from any question of method, the nature of the solution of an
integrable problem also differs from that of a nonintegrable one. There is no
loss of information as time advances (or recedes) in an integr-abie problem, so
no uncertainly is introduced into the problem by the dynamics. In this sense,
an integrable problem differs as much as possible from an ergodic one.
Clearly it is important to be able to identify integrable problems, and to
understand the consequences of a problem's being integrable or not. Most of
itne research done under this contract can be described in terms of iwo guiding
questions:
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(1) where is the boundary between integrable and nonintegrable problems?

- (11) what are the consequences of a problem's being on one side or the
% other of this boundary?
‘I

The research under this contract resulted in seven publications, which
_ are listed in the reference. These papers relate to the two guiding questions

in the following way. (The'subsequent. discussion refers to those papers by
their numbers in the list).
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< 1. Integrability of Ordinary Differential Equations
- Previous work (Ablowitz, Ramani and Segur, 1978, 1980) showed a deep
‘- \ ~ -
}_\{: connection between partial differential equations solvable by some inverse
j:'.-: scattering transform and ordinary differential equations (ODE*s) with the

Painleve property (that the only movable singularities in the complex plane
are poles). Although it was not stated explicitly in that work, this
connection strongly suggests a related connection between integrable ODE's and
those with the Painlevé property. In three papers (Refs. 1, 2, 3) it was
demonstrated with nontrivial examples that the Painlevé pro;;erty is effective
in identifying integrable ODE's, i.e., if a system of ODE's has the Painlevé
property, then it 1is integrable. The examples included both dissipative
(Ref. 1) and Hamiltonian (Refs. 2, 3) systems. Integrability was established
either by producing the extré integrals exblicitly. or by demonstrating by
means of numerical integration that the solutions lie on a lower dimensional
manifold.

The objective of these papers was to demonstrate the effectiveness of the
method, by finding new integrable cases in well-known problems. The deeper

}: Question is, Why should the Painlevdé property imply integ'ability? This
-
?_:2 question remains open, and work on it continues.
=5
L 20",
e~ 2. Inverse Scattering in Higher Dimensions
& '
N ) The inverse scattering transform (IST) has been developed since 1967 to
,,% solve certain nonlinear problems that are integrable. For the most part, the
- problems are partial differential equations in one spatial and one temporal

(1+41) dimensions. The basic mathematical theory in (1+41) dimension is now
reasonably complete, although the discovery of new cases continues. In higher
dimensions, such as (2+1) or (3+1) dimensions, very little is known.
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The first clear work on IST in higher dimensions was done by Manakov
\ (1981), who solved one version of the Kadomtsev-Petviashvili equation,

L (ug + 6uuy + uy, )y =3 (KP1)

xxx’x Uyy,

on the plane (- » < x, y < »), Manakov's results were formal, but their

:f:; validity was established rigorously in Ref. 4 for initial data that are small
ol .
:."‘ enough in a certain morn.

oY

An interesting aspect of (KP1) is that it admits "lumps", exact solutions
that are spatially localized (16 (2+1) dimensions, as solitons are not) and
e interact 1like solitons. Lumps are nécessarily excluded from any solution
z obtained by Manakov's méthod. but this restriction (to small initial data) was

= removed in Ref. U4 and by Fokas and Ablowitz (1983). The final result is that
3\ for a wide 'class of initial data on (- - < X, ¥y < ®) that decay as
'5 x2 + y2 » », the solution of (KP?) evolves into N lumps plus algebraically
N decaying radiation. This is identical with the qualitative picture in (1+1)
dimensions, except' that one-~dimensional solitons are replaced by 'two

“ A dimensional lumps for KP1.
X :
N
\ The number of higher dimensional problems that are known to be integrable

15 54 is surprisingly small. Perhaps the main value of solving (KP1) by IST is that
¥ it provides one concrete example of the structure of an integrable problem in
o higher dimensions.

) .

3. Periodic Waves in Shallow Water

i} '
:,s, The other version of the Kadomtsev-Petviashvili equation is
‘h %
:%211
pA (up + 6uuy + uy, ), + 3uyy, = 0. (Kp2)
EE

.,.;j, Both equations have physical significance, and both are integrable. Kp2
B

Q describes the evolution of gravity-induced water waves of moderate amplitude
o T as they propagate primarily in one direction in shallow water. Its solutions
i
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live in (2+1) dimensions, and therefore it might reasonably describe waves

that propagaie on the two-dimensional water surface. In Ref. 6 is described a
preliminary version of an explicit, analytical model of nonlinear, pericdic,
two-dimensional waves in shallow water. Preliminary comparisons of the waves

predicted by this model with observed‘wave patterns in shallow ﬁater are very
encouragingf A final version of this model should be completed shortly after

the termination of this contract.

4, Integrability in Physical Models

Some integrable problems model physical phenomena, but the models usually
are approximate, and sometimes they are only qualitatively suggestive. The
physical systems are almost certainly not integrable. How can the knoﬁledge
obtained from a study of integrable systems best be ﬁsed to interpret physical
phenomena? Three papers (Refs. 5, 6, 7) dealt with aspects of this problem.

(a) wWobbling Kinks in Polyacetylene Molecules

Polyacetylene, (CH)X. is a polymer (i.e., a plastic) made up of very long
molecules, and whose electrical conductivity under light doping is comparable
to that of a metal. There is widespread and intense interest in the material,
and nearly every issue of Physical Review Letters in the last year has had at
least one article related to polyacetylene.

The best current theory to explain the anomalous conductivity of
polyacetylene is that charge-carrying solitary waves are easily excited on
these 1long molecules, and that the abnormally large currents observed
macroscopically are made up of many solitary waves, running along many
molecules. (These solitary waves are called "solitons" in the Jjargon of
solid-staie physics, despite the objections of linguistic prints.) One model
represents the waves running along a molecule by solutions of tﬁe so-called
¢*-equation,
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"-_'" The work in Ret. 5 establishes rigorously a conjecture of Rice (1979) on the
_ internal structure of these "solitons". Some of the interest from the
0

::.:: perspective described in this report is that the ¢“- model is not 1ntegrab1e.
:::'_: The work in Ref. 5 shows how certain concepts from the 1nt.eg°able theory can
. be carried over to a nonintegrable problem.

e (b) Kinetic Theory of Triads

L8]

‘.{ In many physical systems, the simplest (weakly) nonlinear coupling of

(nearly) linear Fourier modes is through "resonant triads." These problems
A become linear at lowest order in a small-amplitude expansion, with solutions
.o of the form

— o-z:anexp(iizn-§-1unt).

where w, is related to i:n through the dispersion relation of the linearized
problem,

w=ow (K).

Resonant interactions occur among triads of those linear modes that satisfy

L

rezonance conditions of the form

(3+1) dimensions, so there is no artificial restriction on the dimensionality

" Ki + K2 + ks =0, W *wy twy=0

ﬁ . Resonant triads are particularly intriguing from the standpoint of
i::: integrable vs. nonintegrable problems, because triads have been the basis both
5‘,‘? . of completely integrable models (Kaup, 1980) and of irreversible, dissipative
;5 models (Hasselmann, 1966). One possible resolution of this paradox was
'J, developed in Ref. 7, ih which an irreversible kinetic theory for wave packets
,% is built uwp froin a large collection of uncorrelated triad interactions, each
‘; of which is completely reversible. In this problem the individual wave
packets, their triad interactions 'and the dilute gas of packets all live in
-—
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of the problem.

This completes the summary of the research accomplished. under this
contract. It should also be noted that this list of accomplishments does not
coincide 'with the 1ist of problems posed three years ago. The discrepancies
are because: {(a) someone else solved the problem before 1 got to it;
(b) someone else is working on the problem with a method that I consider
better than mine; (c) some other problem arose during duration of the
contract that appeared more interesting or more important than the one
originally posed.

Here is a list of the problems posed three years ago, and their current

status.

(i) Prove rigorously the connection formulae for the bounded real solutions
of Painlevé's second equation (Pyj), as given by Segur & Ablowitz (1981).

Martin Kruskal has developed a method within the last two years that
seems to be capable of both finding and proving connection formulae for all of
the Painlevé transcendents. Exploitation of this method will be the PhD
thesis of Nalini Joshi, a sf.udent of Kruskal's at Princeton.

(ii) Find the location of the right most singularity in a solution of P11
that is bounded as Z + + », in terms of its asymptotic behavior as Z + + =,

The Kruskal-Joshi method seems to be the best approach to this problem as
well.

(111) Study the relation between the methods proposed by Ablowitz, Ramani &
Segur (1978, 1980) and by Zakharov & Shulman (1980) to identify partial
differential equations that are completely integrable.

The method of Ablowitz, Ramani & Segur was generalized and improved by
Weiss, Tabor & Carnevale (1982). Both methods depend on the Painlevé property
as a test for integrability, but it is still not clear why the Painlevé
property should be effective. The method of Zakharov and Shulman (1980)
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itself is a mystery to me, let alone its relation to any other method. It can
honestly be said that no successful research on this particular topic was done
under this contract.

(iv) Find the asymptotic (t + + @) behavior of the solution of the Toda
lattice in terms of its initial data.

This problem was solved by McCoy, Perk & Shrock (1983).

(v) Study the relation between nonlinear ordinary differential equations
that exhibit chaotic behavior and those of P-type.

Refs. 1, 2 and 3 addressed this topic, as discussed above.
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