Chapter 12 ®)
The Most General Integrable Cases oo
in Rigid Body Dynamics

In this chapter, we present a small, but most exotic, set of general and conditional
integrable cases, which constitute currently the uppermost level of the hierarchy
of integrable cases in rigid body dynamics. That level is inaccessible for all direct
methods used in mechanics in the past. Methods which investigate the existence of
analytical or polynomial integrals and the existence of single-valued solutions of the
equations of motion are equally hopeless in facing such a wide class of problems.
Here, we speak about several-parameter generalizations of six of the seven integrable
cases in the dynamics of a body in a liquid in two different ways, general and
conditional, by applying Theorems 2 and 3 of the last chapter.

12.1 General Integrable Cases

Listed in Table 12.1 are the most general and most exotic integrable cases known
up-to-date of the problem of motion of a rigid body about a fixed point under the
action of an axi-symmetric combination of conservative potential and gyroscopic
forces. Their generality results from the extra number of parameters (an arbitrary
function in case 7) included in their structure. The first five of the seven general
integrable cases, namely cases occupying positions 1-5 in Table 12.1, are obtained by
applying Theorem 2 of the preceding chapter to construct unconditional integrable
generalizations of all but one of the integrable cases of Chap.10 concerning the
motion of a body in a fluid. Depending on the structure of the potential, a number of
additional parameters, ranging up to 4, is added to the structure of each case. The case
number 6 of Table 12.1 is obtained by applying the same Theorem 2 to a general
integrable case found by Yehia and Bedwehy. The latter generalizes the classical

I3

Kowalevski case by adding a singular term —=— to the heavy body potential.
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344 12 The Most General Integrable Cases in Rigid Body Dynamics

Table 12.1 General integrable extensions of general integrable cases
1 Yehia [398] (1997),
Oreshkina [301],
Clebsch [55]: n; =0,
Brun [47]: n = n; =0,
Tisserand [354]: n =n1 =0
V = (Av} + BY2 4+ CyD){b — 3[n + ni(Ay} + By3 + CvDH12,
v =n+n1(Av} + B73 + CH3),
I =[n+n(Ay} + By3 + CyHINL,
1 =71{(A =B = C)[n+ni(Ay} + B33 + C3)]
+2n1[A(AY] + B3 + C3) — (A*4] + B3 + CPD]),
p2 =72{(B = C — A) [n+n1 (A} + B3 + C43)]
+2n1[B(A7] + B3 + C73) — (A% + B*3 + CHDl,
113 =3{[(C — A= B)[n+ni(Av} + B33 + C3)]
+2n1[B(AY] + By + C3) — (AP + B*y3 + CH))
I3 =Apy1 + Bgy +Cry3
+[n + n1(Ay? + B2 + CYDI(AV? + By + CH3)
Iy = AX{p + nln + n1(Av} + By + CyH1)?
+B2{g + nln +n1(Av] + By + C¥)1P?
+C*r + p3ln + n1(Ay] + B3 + C)?
—2(b — n1B)(BCy} + CAY3 4+ AB~3)
Iz = My -g—M2772+MZ3’Y3,
H=1/28 + 2% 1+ X 4 b (43 + B3 +C)
— (M v1 + Maya + M3 73) [n + ni(Ayf + By3 + C3)]
Iy = (M} + M3 + M3)
—ABC(b —n3)(BCy} + CAY3 + AB~3)

The last of those cases, number 7, is the ultimate generalization of Lagrange’s case
to the most general case in which the proper rotation angle ¢ is a cyclic coordinate
and the fourth integral is the cyclic integral.

We also give relevant supplementary information and some characteristic proper-
ties of the cases provided in the table of the last section. Some clarifications are made
about the present status of the explicit solution of each of the generalized cases as
per the progress made in solving their primitive counterparts at the lower levels of
the hierarchy.

12.1.1 Table of General Integrable Extensions of General
Integrable Cases

This case includes one parameter n; more than Clebsch’s case and two parameters
n, ny more than Brun’s problem. As established in the last chapter, the explicit solu-
tion for this case in terms of time can be obtained by the variable precession transfor-
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mation (11.31) from the basic solution n = n; = 0, given by Kétter in terms of theta
functions of two arguments for the first integrable case of Clebsch (see Chap. 10).

In [301], an integrable case of M. Kharlamov’s equations was constructed. It
admits a fourth integral quadratic in the angular velocities, with coefficients depend-
ing on ~y. To this end, the author used an ansatz for the quadratic integral, and used
consistency conditions with the equations of motion. The resulting expressions are
quite complicated and lack transparency. The author has neither noted the possibil-
ity of transforming this case to Clebsch’s case of motion of a body in a liquid, nor
even any relation to Clebsch’s case as a special case. Consequently, to the end of
her paper, the author states that the existence of the fourth algebraic integral “means
the possibility, in principle, to reduce the problem to quadrature”. Our method gives
an effortless constructive way to build the explicit solution by applying the variable
precession transformation to Kotter’s solution.

2 Yehia [398] (1997),
Kharlamova L. [214] (1990): Z ”‘ =2 - ﬂ

(&)

Clebsch’s case of spherical symmetry [55] n| =ny =n3 =0.

B = C A,

V=1 [cw] +6272 +cm (n+niyi +nays +n3vd)?,
v=n —l—nwl —l—nzfyz + n3“/3,

I = Avy,

p = —Aviln+n1yi +93 Bny — 2n1) +93 BGnz — 2n1)],
2 = —Av2ln + 77 Bni — 2n2) + n273 + 3nz — 2n2) 131,
p3 = —Ay[n ++7 3ny — 2n3) +3 (3nz — 2n3) + n373]
I = pyi + g7 + 1y +n+ny? + s +n33,
Iy = (c1 = 2n113) (p + vy)? + (c2 — 2n213) (g + v72)?
+(c3 = 2n383) (r +vy3)?
—[@nal3 — c2) @n3l3 — c3) 7 + 2n313 — ¢3) 2nil3 — 1) 73
+@nils —c1) @nals — ¢2) Y]
I3 =Mivi+ My + Mz,
H = 32 (M? + M} + M3) + (17} + 292 + e392)
—(n +n1yi + nay3 +n3v3) (Mivi + My v, + M3 73)
I = (Aci = 2m I{) M} + (Acy — 2n2015) M3 + (Acs — 2n315) M3
—A[(2n21F — Ac2) (2n31F — Ac3) v} + (2n315 — Acs) (2n1 1} — Aci) 3
+ (2n1 1 — Acy) (2n21F — Acz) 73]

In this case, the body has spherical dynamical symmetry. The basic case n; =
ny = n3 = 0 is a case of the motion of a body in a liquid (Case 3 of Table 10.1 of
Sect. 10.15). It is closely related to the other Clebsch’s integrable case with a tri-axial
body in the same problem. The solution of this case can be expressed in terms of
theta functions of two variables [233] (see also [71]) and so, in principle, will be
the present generalization. However, this point needs a closer examination, as the
present case presents some unusual and rarely met characteristic properties.

(1) The presence of the three extra parameters ny, n,, n3, which we assume dif-
ferent, raises the degree of the polynomial potential V (vy) from 2 to 4 and the degree
of the components of p from 1 to 3. The combination of forces acting on the body
has turned into a much complicated one, compared to the original.
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(2) The presence of the same parameters raises the degree of the complemen-
tary polynomial integral I, as a function of the angular velocity components in the
six-dimensional phase space {w, <y} of the three-dimensional problem from 2 to 3.
However, on every level of the integral I3, say, Iz = f, the complementary inte-
gral I, becomes of the second degree. This may be reformulated in the language of
analytical dynamics in the following way: The reduced equations of motion of the
problem under consideration after ignoring the cyclic coordinate ¢ admit a quadratic
complementary integral /4 in the other two Eulerian angles {6, P}

(3) An exceptional case arises, when the two sets of constants are proportional

E:Q:E:)\(say).

(& (&) C3

Then I, takes the form

L= (1=2\) {c1(p +v1)* + ca(g + v1)* + c3(r + v3)°
— (1 = 2X\L) [c20377 + c3¢173 + crea73 1)

For arbitrary value of I3, one can cancel the first factor (1 — 2\ /3) to obtain for I4
the expression

L =ci(p+vy)*+ g +vn)? + e +vy3)?
— (1 = 2X\I) [c2c377 + 3¢173 + c1eam3],s

which is quadratic in the velocities, but has some linear terms. This is the case of a
quadratic integral found in [214] in a more complicated and less transparent way.

3 Yehia [398] (1997),
Rubanovsky [317]: ny =np, =n3 =0
Lyapunov [267]:n) =ny =n3 =a; =ay; =a3 =0
B=C=A,
v=n+niy +nay2 + n3vs,
V = Alaim + axy2 + azy3 — $(bey? + cay? + aby3)
+%u[(b +c) 712 + (c +a)7§ + (a +b) 732] — %Vz},
1= A[—3((b+ ), (c+a)72, (@ +b)y3) + 1]
1 = Alny +y1(a +n —2v)],
2 = Alna + 720 +n —2v)],
u3 = Alnz + y3(c +n —2v)]
L=pn+agn+yr)—3lG+ori+Cc+a)y3+@+b3l+v
Iy = %{ (b+0) (p+vy)?+ (c+a)(g+vn)*+ (@+b) r+vy)?
+(—nilz +a) (pt+vy +am)
+ (—nal3 +a2) (q +vy2 + b72)
+(=n3l3 +a3) (r + vy3 +cv3)
—(bepy1 + caqyy + abryz) — v(bei + cayi + aby3)
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I3 = My + Maya + M3ys,

H = 3 (M} + M3 + M2) + 3[(b + My + (c + @) Moz + (a + b)M373]
+(Aay — n1 1) + (Aay — naI$)y2 + 3 (Aaz — n3l})]
—2[(a® + 2bc)y} + (B* + 2ca)y3 + (c* + 2ab)y3]

Li=0b+0M +5G+nP+ (c+a)M+ 5 (c+anl?
+(a+b)[M3 + 3@+ b
+(Aay —nIPH[2My + AQa + b + c)y1]
+(Aay — mIF)[2M> + A(a + 2b + ¢)»]
+(Aaz — n3I)[2M3 + A(a + b + 2c)7s]

—A{ben1[2My + A(D + )il + cana[2M + A(c + a)72]
+aby3[2M3 4 Aa + b) 3]}

Lyapunov’s case s; = s, = s3 = n| = np = n3 = 0 [267] was solved by Kotter,
as well as the related Steklov case, in terms of theta functions of two arguments
[235]. This solution will cover the case s; = s, = s3 = 0 for arbitrary ny, ny, ns.
It is obvious that to express the solution in the most general case by applying the
variable precession transformation, it suffices to obtain the solution for the basic case
n=n; =ny=n3 =0, s;5553 # 0. This was not done up to the present time.

4 Yehia [398] (1997),

Yehia [383] ny =ny =0,

Yehia [380]: n = n; =ny =0,

Kowalevski [238]: k =n =n; =n, =0

A=B=2C,

V = Claim + axm2 — kv — 32 (07 + 293 +43)1,

v=n+nyy +nm.

= C (=nm —m} +2m93 + i3 = 3mmmn)

2 = C (—yan + 2129 — nays + nays = 3mimima)

pu3 = C(k —3nvy3 — Sniv1y3 — Sn27273)

I=2py +2q72+(+r)y3+V (2712 + 27% + 732)

Iy =[(p+vy)* = (¢ +v72)* — (@1 —nil) 1 + (a2 — nal3) ]
+2(p +v)(q +v72) — (@1 — ni1 ) 72 — (a2 — mal3) 1 1
26 (r +vy3 — K) [(p + v1)* + (g + v12)*]

—4rysl(ar —ni3) (p + vy1) + (a2 — n213) (g + v72)l

I§ = My + Moy + M3y,

Mi+M3
H = 50 (Z52 + M3) — kM3 + Clary + ax)

—(n +nim +nayv2) (M + Mayz + M373)

2

MZ—MZ
Iy = [Phg> — (@ = B Iy + (a2 — RIDT
HHEE — (a1 = I — (@ — B IHm P

+2 (58 —RMF + M3)

—Zyllar — H )M, + (a2 — B IH)M;]

In view of the presence of the coefficients a;, a; in the linear terms of V and ny, n,
in the function v, it is evident that by rotating the xy axes one can eliminate one of
those four coefficients. Suppose we have eliminated a;, then n, will remain there,
although it will not appear if we apply our method to the basic potential without a;.
Thus, we shall keep the four terms and the resulting case will neither repeat nor be
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included in the other generalization of Kowalevski’s case in the line leading to case
number 5.

The Euler—Poisson variables in Kowalevski’s case were expressed by Kowalevski
herself in terms of hyper-elliptic functions of time [238]. The solution was some-
what simplified and systematized by Kotter [232, 234] (see also [256]). Explicit
expressions for the six variables in terms of the separation variables can also be
found in [113, 256]. Many qualitative and global properties of motion are discussed
in [240] The same problem was treated in a large number of recent works using
methods of modern algebraic geometry and the inverse scattering method (e.g. [71,
145] and references cited therein). Of special interest is the work [152], which relates
the Kowalevski case to a special version (f = 0) of Clebsch’s case by means of a
rational transformation and thus explicit solutions for the first can be obtained from
that of the other. The same idea was realized for our generalization of Kowalevski’s
case to the gyrostat by Gavrilov, who related it to the full case of Clebsch (f # 0)
solvable in Theta functions of two arguments [110]. Thus, it becomes evident that the
generalized case under discussion here is, in principle, solvable in terms of the same
class of functions. However, a direct separation of Yehia’s gyrostat is not achieved
yet (see Chap. 5, Sect.5.6).

5 Yehia [411]

Sokolov [336]n =n, =0

Yehia [380]n =np, =c=0

Kowalevski [238]n =np =c =k =0

A=B=2C,

v=n+nm,

V = Clken + a2 — vk +cy1)y3 — %(%2 +293)

—5 QR+ 23+,

Il =CQuy1,2vy, k+vy3 +cm),

1 = Cleys —ny1 — 3n27172),

p2 = Cl—ny2 +n2 (297 — 73 + 7)1,

3z = C(k+cy1 —3ny3 — Snay273)

I =2py1 +2qv2+ ( +K+cy)ns
+n +mm) 29 + 293 +43).

L={(p+vn)*—(q+v7)* + (a2 —maB)m + 3 + en(r + vy — )}
H2(p + vy (g +v1) — (a2 —ma Iy — i + e +vy — K)P
+26(r + vy3 — K+ eyDI(p + v7)? + (g + v12)? 4+ 2¢(p + vy)3]
—4ry3(a2 — nal3)(g +vy2)

—2&c2[273 I; — /i’732 — ("yf + 7% + 27%)(r + vy3 4+ )l

I3 = Miy1 + M2z + M3,

Mi+M3
H = 5= (71572 + M3) — (5 + cy) M3 + Clazyz + 2cky1 — ¢273)

—v(Miy1 + Myys + M33)

I =12 4 (@ — B 1) + (M — 20m — (37 — D)
HHEE — (a2 = BRI + (BB = 20072 — 22y
+r(% - 2%)[M‘;Z§WZZ + 203 28] = 26m3(ar — B IF + 22 BB

.2
— 2 2913 My — (v} + 43 M3]

2
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Variable separation for the basic Sokolov’s case, n = n, = 0, was obtained in
[227] and explicit expressions for dynamical variables are constructed in [70], in
terms of two intermediate variables, which are expressed in genus-2 Theta functions.
At the present level of the hierarchy, after the introduction of the parameters n, n,,
the solution is obtained by applying the relevant precession transformation.

6 Yehia [398] (1997),
Yehia—Bedwehy [419]: n =n; =ny =N =0,
Kowalevski [238]:e =n=n;=n; =N =0
A=B=2C,

v=n+ny +nxy2+

2
1-2

— 12 2 2 2
V= Clam +am + e = 517 (2974295 +93))

I = Cv(2v1,272,73)s

p1 = Cl—nvy1 +n (27% —%2 +732) = 3mmy2 — 0 Nﬂg)% ,
-2
Ny

p2 = Cl=ny2 +n2 (297 =73 +73) = 3mmn - etk
o

= —C[Bn +5n171 + 5n272)73 + \/72]
73

I =2py1 +2q7 + vz + V(277 + 295 +73)
Li=[(p+vy)? = (q+v1)? = (@ —nmbB)y + (@2 — nalz) 121
+2(p + vy)(q + v ) — (@1 —nB) 2 — (@2 — n2 ) 1

AR+’ + g+ v+ N
-

I¥ = My + Mayyz + Mz,

M24+M2
H = %( 5 +M32)_V(M1’Yl + Mzvyz + M37y3)
+Claiy + a2y + =1
‘/l—wg
— M2 _ _npogx _ h2 g% 2
Iy =[Z2 — (@ — % IHm + (@2 — B IH7]
"'[Mz]cﬁg2 (a1 = ﬂ13 )v2 — (a2 — *13*)%]2
M+M2 =X - %P

2C? [F]+ 1-73

Separation variables and expressions of the dynamical variables in terms of them
are constructed in [218] for the conditional case 11 of Table 13.1 of Chap. 13, which
covers the Yehia—Bedwehy only on the level f = 0. To cover the present full general
case, explicit solution of the full Yehia—Bedwehy case for f # 0 is needed. This was
not achieved until now. Note that in cases 1-6, the constant /3 (or I5) figuring in the
expression for I can be substituted by its expression in each case as a function in
the components of w( or M) and ~.

Remark: It would be highly interesting to study how this phenomenon of coupling
constants changes many results and conclusions obtained for all integrable cases of
motion of a body in a liquid and, in particular, the portrait of the integrals of motion,
bifurcation diagrams and the topological classifications of integral manifolds. Those
questions are presently open for all the above six cases in Table 12.1.
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7 Generalization of Lagrange’s case. Two cyclic coordinates 7/ and (.
B=A,
vV =V(3),

I=(ty1, ty2. 1),

= by, =y, 3 — 2930 + (7 + 430,
Vo(73), £(73), [3(73) arbitrary functions, and

15, £’ denote derivative w.r. to 3

L= A(pn+971) +Crys+ 2+ D+ by
I4=Cr+13

I3 = MI’YI + Mm + M37s,

M}+M3 M?
H =" 4+ 3) — (S (M + Mam) + B M3

12
+V0(’73) + 5 (3 + 9 + 5=
Iy = M3

This is the most general case of Lagrange’s type. The body admits not only
dynamical but also physical symmetry about its z-axis. The equations of motion can
be easily reduced to quadratures. In fact, the integrals /3 and 14 can be written as

= A(py1 +q97) +LOE +73) + (Cr + )y = f,

where f, j are the integral constants. The first can be reduced to the relation

. 1 —
%= [f % _ g, (12.2)
1-— 73
while 1, gives )
CWrn+o)+h=. (12.3)

From here we find, using (12.2),

3 f Js . (12.4)
A 1—73

1
S (i
Y=z (—h)—
Thus, we have expressed 1/) and ¢ in terms of ~y3. To obtain the relation with time,
we use the energy (in fact, Jacobi’s) integral

1
E[A(p2 +¢H+CrA1+V =h.

That is
A2 . 202 (J - 13)2 _
A(6” + sin 9¢)+T—2(h—V),
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which can be given the final form

i —13)? 1
%1 Sl — =t =P (125)

. 1

=50 =DR0=V) -
Denoting the right-hand side of this relation by F(y3), one can make a separation of
variables and find the quadrature

f= dv;
VF(3)'

which may be used to express y3 = cos 6 as a function in time, and hence (12.2) and
(12.4) can be integrated to obtain the angles ¥ and ¢, respectively.

The above formulas are direct generalization of their lower counterparts in the
hierarchy, beginning from Lagrange’s top to Kirchhoff’s case of the motion of a body
in a liquid (Case 1 of Table 10.1 of Sect. 10.15). For Lagrange’s top, as we have seen
in Sect.4.2, F(3) is a cubic function and 73 can be expressed in elliptic functions
of time. In the case of a multi-connected symmetric body in a liquid, we have

(12.6)

1
V= ayy + 5lbi(1 - V2 + b33l
=K, I3 =K+ K, (12.7)

so that
1
Fp) = 21 - Y)[2h + by — 2a3ys + (by — b3)73
1 1 .
—cU—r- K373)*] — lf —im— K- I

is a polynomial of the fourth degree and hence 3 is also an elliptic function of time.

Kirchhoff reduced the case of simply connected body (a3 = x = 0) to an elliptic
quadrature and expressed some particular motions in terms of elliptic functions [219].
Detailed analysis of the general solution of the last special case in elliptic functions
was performed by Greenhill [135]. This solution was not extended to the case of
multi-connected body, but it can be noted that the presence of the constant gyrostatic
term x and the parameter a3 changes the distribution of the roots of F and hence
affects the picture of motion. As far as we know, this case was not studied in detail.

Thus, of all known results remains without the present type of generalization only
one case, namely the case of a body in a liquid found by Rubanovsky [317] that
includes as special versions an earlier case due to Steklov [345] and the case of a
torque-free gyrostat considered by Joukovsky [163] and Volterra [366]. Due to the
situation that in this case the basic potential is zero, no more terms can be added by
the present method. However, as we have seen in Chap. 11, a generalization involving
an arbitrary function and a parameter has been applied to this case in the next section,
but to produce a conditional integrable case from it.
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12.1.2 About the Hamiltonian Formulation

‘We have shown in Chap. 10 that, when v () = n = const, the transformed problems
are generalizations of the original ones, without bringing any mathematical compli-
cation to the solution process. The original and transformed problems are described
by one and the same set of Hamiltonian equations. This is a consequence of the fact
that the Hamiltonian after transformation is H' = H + nM-~, i.e. a combination of
the original Hamiltonian and the areas integral.

We shall show now that when v(y) is chosen according to one of the two proce-
dures described in Theorems 11.1-2, the Hamiltonian flow of the generalized problem
is really different from that of the original problem and hence the first problem is a
genuine generalization of the second.

In the tables of extended integrable cases, we have adopted the choice to identify
every case by the expressions of functions V and p, which are unique and completely
characterize the physical setting for that case. An expression for the vector potential
[ is also given in the tables, so that the Lagrangian for each case can be readily
constructed. The Hamiltonian of a problem can be obtained as described in previous
chapters. To this end one can write

H=w-— —1L, (12.8)
W

and eliminate w using the momentum variables

OL
=—. 12.9
o (12.9)
The equations of motion take the form
M= M OH n H
=Mx — X —,
oM " oy
Y= OH (12.10)
and their integrals are
I, = H,
12 = "}’2 = 1,
L=M-~=f (12.11)

In order to illustrate our point of view described above, we now give examples of
the extended cases in the Hamiltonian formalism.

(1) The first example is case 1 of Table 12.1, which involves one parameter n;
of the new type in addition to the uniform precession parameter n. The Hamiltonian
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for that case is

M?  M?  M?
H:1/2(71+ ?2+ ?3)+b(A712+B7§+C732)
— (M1 + My s + M3 ;) [n +ni(Ay + By; + Cy3)]

= H, — (M;y + Myya + Ms3) [n +n1(Ay 4+ B2 + Cy3)], (12.12)

where H, is the original Hamiltonian of the Clebsch case. The equations of motion
are

OH,
oM

OH. 2 B2 4 M
+7X{a—y [n +n1(Ay; + By; + Cy3)IM — 2n (M)~}

OH,
oM

M =M x {—— — [n+ni(Ay} + B3 + Cy)1v}

=M x

OH,

+ X [— —2n1(M-y)~I], (12.13)
o

and

: aHC 2 2 2
¥=7X {8_M —[n+n1(Ay] + By, + Cv3) v}
OH.,

T (12.14)

:’7)(

The fourth integral is

1
Iy = E(Mf + M2 + M3)

—ABC[b —ny (My 1 + My 7> + My y3)1(BC} + CA~S + ABA2)
= Lse + niABC (Mi 1 + Myyy + M3 %) (BCHi 4+ CAy; + AB73). (12.15)

From (12.13), we see that when f # 0 and n; # 0, then H, and I, are no more
integrals of motion. The Hamiltonian flow is deformed and the overall picture of the
trajectories in the phase space of the new problem is different from that of Clebsch’s
case.

On the other hand, when n; =0 (v = n)

H=H. —nl,

so that the Hamiltonian is a linear combination of the two integrals H, and I3 with
constant coefficients. In that case, from (12.13), (12.14), we see that the flow defined
by the Hamiltonian (12.12) is identical with the flow corresponding to Clebsch’s
Hamiltonian H, and the integral takes the form of Clebsch. The same holds also if
consideration is restricted to the level Iz = f = 0.
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(2) The second example is the extension of Clebsch’s spherically symmetric
case. That is case 2 in Table 12.1. Let H, and I, be the original Clebsch spherical
Hamiltonian and the corresponding fourth integral. We have

H; = H;(M,~, c1, 2, ¢3)
=£TMH4@+M5+%@%+q%+@%L
L, = clMl2 + 62M22 + C3M32 — (62C3’}/12 + C3c1’y§ + 61C2"}/§). (12.16)
For the extended integrable system with three different parameters ny, n,, ns,

H = H, — (n +my{ +navy; +n373) (Myy1 + Maya + M3 s),
= HiM,v,c1 —2n113, ¢co — 2na13, ¢3 — 2n313). (12.17)

The equations of motion have the form

M = Mx OH, +9 X [% = 2(M-vy)(n171,1272, n37Y3) ]
oM oy 272, 1378,

4 = o OB (12.18)
oM’ ’

and the complementary integral is

L = (c1 — 2n13) M{ + (c2 — 2n213) M3 + (c3 — 2n313) M3
—Al@nals — ¢2) @n3ls — c3) v + nsls — ¢3) @ny Iz — ¢1) 3
+ @I —cp) @nals — ) 73] (12.19)
= L;M,v,c1 —2n113,¢c; —2ny 13, c3 — 2n3l3).

The deformation caused by the presence of the three parameters n,n;,, n3 and I3 in
the Hamiltonian flow on any level I3 = f # 0 is obvious. The solution of the new
problem of motion is obtained from that of the original case by replacing the origi-
nal physical parameters cy, c3, c3 by their new values involving three new physical
parameters and the dynamical parameter f.

Itis remarkable that the fourth integral (12.19) is cubic in the momenta in the whole
phase space, due to the presence of I3 in the coefficients but becomes quadratic in
momenta on any fixed level of /3. It also reduces to Clebsch’s quadratic integral when
ni=n, =n3 = 0.

12.2 Conditional Integrable Deformations of General
Integrable Cases

By Theorem 1 in Chap. 11, Sect.11.6, all the general and conditional integrable
cases of integrability of the previous hierarchy of problems admit a generalization
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using the transformation (11.31) to conditional cases involving the arbitrary function
v(7v1, Y2, 73). The explicit solution of the equations of motion in each case can be
obtained from the solution of the original case, if the last is known, by Theorem 3. We
apply this procedure here to all the general integrable cases, which were the subject of
generalization in the preceding chapter, but this time including the case of Steklov—
Rubanovsky, which was not amenable to the generalization as an unconditional case.
As the structure of potential in the basic cases is not significant for the present type of
generalization, we consider only one branch of the Kowalevski—Sokolov hierarchy,
so that the total number of cases is still 7.

12.2.1 Table of Cases

In Table 12.2, we list the deformations of the known general integrable cases as
conditional cases on a fixed level of the areas integral. For each case we provide

— conditions, if any, on the inertia matrix of the body,

— the pair of scalar potential V and vector p, figuring in the equations of motion,

— the vector I which enters in the Lagrangian or Hamiltonian of the problem and
in the structure of the cyclic integral,

— the cyclic integral /3 itself,

— and, finally, the complementary integral.

— Each of the systems in the following table is integrable on the level I3 = (. For
each case, we also add the forms of the Hamiltonian function and the complementary
integral in terms of momenta. In the Hamiltonian formulation, the cyclic integral has
the same form for all integrable cases

Li=M v+ My + My = 0.

Table 12.2 Conditional integrable extensions of general integrable cases, valid on the level I3 = (.
v = v(71, Y2, 73) is an arbitrary function

1 Case of Clebsch’s type
V = (b— v (AY} + B73 + C3) + B,
I=v4I,

=207 -2 Dy

L =wl v+ v(AY} + By +C3) =13

Iy = S[A%(p + vy)? + B2(q +v72)? + C2(r + vy3)?
—b(BC~? + CAY2 + AB+?)

Iz = My + My + M3 s,

H= 1/2(’”712 + MT% + Mé)+b(mf+37§+c7§)
+[B — (M1 1 + M2 + M3 y3)lv

Iy = M? + M3 + M?
—b(BCy} + CAY3 + ABY3)
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In all the cases under consideration, one can show that

dl
= (- AP, ),

dt
where @ is a different function for each case. Thus, /4 becomes an integral under the
condition I3 = 3. As examples we give explicit results for two cases from the table.
Remark: For the conditional integrable cases presented in Table 12.2, the Hamil-
tonian of the extended system is

H = H+v(—M-v),

where H is the original Hamiltonian (before the transformation). The equations of
motion are

: OH OH v
M = Mx —— = - M =
XaM+7Xa~y+(ﬁ '7)7X37’
S OH (12.20)
= X —. .
7= oM

Although the equations of motion in all cases of Table 12.2 depend on the parame-
ter (3 and the (non-constant) function v(y), on the single level f = [3 the Hamiltonian
flow of the new conditional integrable problem becomes identical with the flow in
the original unconditional integrable problem. In the last problem, the parameter f
is arbitrary, while in the former the additional parameter (3 is present but regarding
the dynamical condition f = 3 both problems have the same number of parameters.

2 Case of Clebsch’s type of spherical symmetry
A=B=C,
V = Bv+ 3017} +bavd +b3nd) — 3C07,
1=Cvy,

p=CI% — v+ §)]
L=Clpyi+tqrn+ryn+v)=0
Iy = C[b1(p + v1)? + ba(g + v72)? + b3(r + vy3)%]
—(bab3y? + bib33 + bi1b2y3)
H = 50 (M} + M2 + M3) + 3017} + 0273 + b373)
+[B — (M1 y1 + My + M3z y3)lv
Iy = biM} + byM; + b3 M3 — C(bab37i + bi1b3y; + bibay3)

3 Rubanovsky—Lyapunov type [317]
A=B=C
V = Claiy + axya + azyz — %(bc%z + ca7§ + abv%)
+{B + A[(b+ )V + (c +a)y3 + (a+ b3} — 512}
I =Clry— 3((b+ 1. (c + @72, (@ + b)73)],
p=Cll@y, by, ) + F = v+ §)7]
L=pn+gn+trp+v)—3lb+or7+cc+a)3+@+by3l=4
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Li=3[b+0) (p+v1)*+(Cc+a)(g+v1)* + (@+b) (r+vy3)?]
+ailp + v +a)nl +axlg + (v + b)v2] + azlr + (v + )73l
—[be(p + vy + calg + vy2)v2 + ab(r + vy3)13l
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H = 5= (M? + M3 + M3) + Y[(b+ oMy + (c + @) My, + (a + b)M373]
+C(a1y1 + axy2 + azvs)
—£1(@® 4 2bc)y} + (b* + 2ac)73 + (¢* + 2ab)¥3],
+B = (Myy1+ Myy, + M3 y3)lv

Ii=(b+)M] + (c+a)M3 + (a + b)M3
+C{[(B? + A + 2a11M1 + [(@ + D)7z + 2a21Ms + [(@ + bH)vs

+C2[(a + b + o) (@171 + a2y2 + azy3) + 2(a1an + azby, + azeys)l

+2a3]M3}+%2[(b +0)(b — 0?7} + (¢ +a)(c — a)*2 + (a + b)(a — b)*43]

Case of Steklov—Rubanovsky’s type

V=vlB—k-v+altrA DyP—I" 4] — 17417,
I =k—ay] +vyL ) =[trd~1)6-17"]
p=rt 201" + 1) — [ D]y

L = [wl+k—ayJ +vyl]l -y =73

Ity = 5 | wi+vyI+k > +2a(w - +v)

H=iM-k—-~vDI""- M-k — 7))
+[B — (M1 1 + M2y + M3 y3)]v

L=3|M—ay] ? —ayI"'- M-k — avJ)

For this case, one can show that

dI P )
= (I = Bl@HYIHR) - (5= x 7) +ayI (5= x P
! v oy

(1) For any function v, I, is an integral on the level /3 = § and the dynamics is
conditionally integrable. On the other hand, when v(v) = n (a constant) the
terms in the square bracket vanish and this case becomes integrable for arbitrary
initial conditions and coincides with the Rubanovsky—Steklov case of motion of
a body in liquid.

Case of Kowalevski—Yehia—Sokolov type

A=B=2C,
V = Bv + Clkey + axya — vEy3
2
—S O +293) —venn
2
—7 (277 +27% +93)]

I = CQcys + 2071, 202, K — eyt +v73),
p=Cl(em, 0,k +c73) + £ 2] +293 +73)v]

—I5v 2 g% + P + g,
L=CR2pn+2n+r+r)p+enn+@i+28+13vi=8

L=[(p+v )2 =@+ +am+ER +ene+vy—n]
+[2(p + v71)(q + v72) — @y — i+ enlr + vy — )]
+26(r +vy3 — K+ ) [(p+ v + (g + v72)* + 2c(p + v11)73]
—dazk(q +vy2)73
=2k 29312(p + vyD™ + 173 4+ 2(g + vy 72 + (r + vy3)7]

+r73 — (0 +93 + 2930 + vy + en))
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I3 = My ;i- Mzz’yz + M3y3 = 3,
H= MY M2y — (k4 ey1) M3 + Clarys + 2chm1 — 292
+v[3 - (M171 + M2’Yz + M373)]

MZ
I =[ ;CZ 2 baym + (M —20m — 203 D1
+14 2c2 — a1 + (% = 2m)m2 — 2172
2 2
(M — 20 [0 4 2093 2] — 2y3(an + 2677) M2

2
— 2 29193 M1 — (72 +2)M3]

6 Yehia [398],
Yehia-Bedwehy [419]: v = 0,
Kowalevski [238]: v =a =0
A=B=2C
V =By +Clam + a2+ 4= — 50 (297 + 293 + )]
2
I = CV(ZE;n, 2792, 73)s )
p=C{g5 vy} + 27 + 31— [5v + 5 - @71, 272, 13) 1)
I =CR2pyi +2qm2 +ry3 + v} + 293 + )1 =
L=[p+v1)? —(q+v1)? —am +apl
+2(p + v)(g +v72) —ary2 — am]2
\/—[(P +vy1)? + (¢
7 Case of Lagrange’s type

B=A,
V = Vo) + Br — v[(v} + v + 13731 — 32[A + (C — A)H3],
l = ((13 + Av)y1, (L4 Av)ya, I3 + Cry3),
9
= 5 a-v- (3‘7 D,
VO('y3) £(v3), 3(73), (71, 72, 73) arbitrary functions

= A(p +972) + (Cr + 1)1 + (Of + B+ VIA+(C— A3l =0

Iy =C(r+vyz)+13

I3 = Mm + Mﬂz + M3,
M M2 M?
H=1"02+ ) -1 (M171+M2W2)+1‘Mz]
+V0(73) + 5P+ D+ 2c + B — M1y + Mz v + M3 v3)]

Iy = M3

Note that the precession angle ¢ is cyclic and the corresponding generalized
momentum is the integral of motion /5. The proper rotation angle ¢ is no longer
cyclic in general, but becomes cyclic on the level I3 = (3. In fact, one may calculate

oL (I — B) v
do } 0o’

The cyclic integral 14 is conditional on the level I3 = 3. One can easily find

4 ov ov
T (I — ﬂ)(’yza—71 — 716—72). (12.21)
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This expression vanishes when either I3 = Sorv = V(’yl2 + 7%), which is equivalent

to v = v(73). Case 7 is integrable for arbitrary function v (v, 72, v3) on the level
I = 3, but becomes unconditional when v = v/(73).

12.2.2 Example of Physical Application

Consider the simple original case of Kowalevski, obtained from case 5 of Table 12.2
by setting £ = ¢ = 0. We shall transform this case using

v =M\, =Cla.

The generalized case will be characterized by

A=B=2C
V = Claim + Aavs — 572 (297 + 293 +43)]
I = CM;32v1, 272, 13),
p=CA(=271713. —212713.2 = 373)
L=CR2pyn+2912+ri+13Q2y+29 +43)]1=Ca
L =[(p+ 117)? — (@ + 273)? —ain 12
+2(p + A1) (g + Ann) —arml?
H = 30 (M} + M} +2M7) + C(aiy1 + Aav3)
+AplCa — (Myy1 + M2 v2 + M3 3)],
Iy = [M? — M3 — 4C%a 1 )?
+4[M 1 M, — 2C% a1y 1

The potential is modified by the addition of two terms. The first C Aay; means
a displacement of the centre of mass of the body in the z-direction (normal to the
equatorial plane) to the point (xo = Ca; /Mg, 0, z9 = %) and the second term is
quartic in «y. The last may be written as

A2 A2
S ) = - SR 2 - ).
The new problem involves also the gyroscopic moments described by the vector [
and p and it is integrable on the level I3 = Ca. On setting A = 0, one recovers the
general integrable case of Kowalevski.

Note that the parameter A does not appear in the Hamiltonian form of 5. Note
also that from the Hamiltonian function of the new problem one cannot recognize
the acting potential and gyroscopic forces, which are clearly defined by the potential
V and the vector .
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