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Abstract

A necessary condition for the integrability of Hamiltonian systems with a
two-dimensional homogeneous potential, due to Morales-Ruiz and Ramis, is
extended for more general Hamiltonian systems of the form H = T (p)+V (q),
with homogeneous functions 7' (p) and V (g).

PACS numbers: 02301, 0230

1. Introduction

A Hamiltonian system with n degrees of freedom is integrable if there exist n independent
first integrals in involution (Liouville integrability). For the case of two degrees of freedom in
particular, the existence of a first integral which is independent of the Hamiltonian guarantees
the integrability of the system. It is a fundamental and important problem to determine whether
a given Hamiltonian system is integrable or not. At present, however, there are no ultimate
algorithms (necessary and sufficient conditions for integrability) which provide the answer to
this problem.

The Painlevé property of the solution in singularity analysis [10] is believed to be strongly
related to the integrability of the system, which is known as the Painlevé conjecture. The
singularity analysis has its origin in the discovery of the Kowalevski top [6] (see [1] for a brief
history). Although any rigorous relation between the Painlevé property of the solution and the
integrability of the system has not been established, some new integrable systems, including
the Kowalevski top [6], were discovered [2, 9] using the postulate that the solution possesses
the Painlevé property. These are good examples that the Painlevé property works well as a
sufficient condition for integrability.

On the other hand, Morales-Ruiz and Ramis [7] gave a strong necessary condition for the
integrability of Hamiltonian systems with n degrees of freedom of the form

H=1p"+ V(g )
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2138 K Nakagawa and H Yoshida

where V(q) is a homogeneous function of integer degree. The necessary condition was
obtained by the combination of the following three facts.

Fact 1. The variational equation around a straight-line solution of the system is transformed
into the Gauss hypergeometric equation by a proper change of the independent
variable [12].

Fact 2. If the system is integrable, then the Gauss hypergeometric equation is solvable in
the sense of the differential Galois theory, i.e. the solution is obtained only by a
combination of algebraic functions, quadratures and exponential of quadratures [8].

Fact 3. A necessary and sufficient condition for the solvability of the Gauss hypergeometric
equations was given by Kimura [5] (Kimura’s theorem).

Recently, Yoshida [14] gave a direct and independent proof of the theorem of Morales-
Ruiz and Ramis [7] in the case of two degrees of freedom and justified the so-called weak
Painlevé property [9] as a necessary condition for integrability for the first time. This paper
shows that the proof of Yoshida [14] is easily extended for more general Hamiltonian systems
of the form

H=T(p)+V(g) =T(p1.p2) +V(q1.92) @)

where T (p) and V(g) are homogeneous functions of integer degrees m and k, respectively.
Here we assume that m % 0 and k # 0. Fact 1 remains true for the generalized system (2)
[13], which is summarized in section 2. Fact 2 is shown as theorem 1 in section 3, where
the proof of Yoshida [14] is generalized for the system (2). Then, section 4 gives a necessary
condition for the integrability with the help of Kimura’s theorem, followed by some examples
in section 5. In section 6, the necessary condition is rewritten in terms of the Kowalevski
exponents [1, 11] in the field of singularity analysis [10]. Before closing this section, we note
that all computations in this paper can be done over the field of complex numbers.

2. Derivation of the Gauss hypergeometric equation from the variational equation

Let us assume that the canonical equations of the system (2),

Yovrw Lo_vve 3)
a P dr 1

have a straight-line solution of the form
q=cQ(1) p=cP(1). 4)

Here, ¢ = (c1, ¢2) is a solution of the algebraic equations
c=VT(c)=VV(c) ©)
and Q(r), P(¢) satisfy the differential equations

do . dpP 1
— = p" —_— = . 6
dt dt 0 ©

Let £ and i denote variations from the straight-line solution (4) in the direction of q and p,
respectively. Then, the linear variational equations of the canonical equations (3) around the
straight-line solution (4) are given by

d¢ dn

9 _ pm—292 an k242
i P"707T (e)n e Q" V(o€ )
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where

3T 9?2

3°T(c) := ?V(e) := 4 (8)
ap;d ;0
PioPj /) pee 999 ) 4.

are Hessian matrices of the functions 7 (p), V (q), evaluated at the point p = q = ¢. Since
the Hessian matrices (8) are symmetric and are easily shown to be commutative, they are
simultaneously diagonalizable by the change of variables ¢ = U¢',n = Umn’ with an
orthogonal matrix U. We note here that the Hessian matrices 37 (c) and 9%V (c) have a
common eigenvector ¢, and the corresponding eigenvalues are m — 1 and k — 1, respectively.
Then, after the orthogonal transformation, the variational equations (7) become

d¢’ o H 0 / dn’ P 0 )
& _ pn & 9
dt (0 m—1>" a9 0 k_1)°¢ 2

where © and A are the other eigenvalues of the Hessian matrices 32T (¢) and 3%V (c),
respectively. The first components of equations (9), given by

dny
—_— = Pm72 - = —)\. k=2 10
M n ” 0 ¢ (10)

describe the variation normal to the straight-line solution (4) and are called the normal
variational equations (NVE). Here, for the sake of simplicity, we omit the primes and suffixes.
Let us fix the energy of the straight-line motion described by (6) as

r ., 1 . 1
h=—P" +—-Q" = constant = —. (11
m k k

Then, by the change of the independent variable, ¢t — z, defined by

z={0m) (12)
the NVE (10) are transformed into
A u _qpyu[m —1/m dn A (A=m)/m
—= == —(1 - — =V 1 - . 13
Az k° [k( Z)] T Tk [k( Z)] § (13)

By eliminating 5 from these two equations, we obtain the Gauss hypergeometric equation

d’¢ dg
(l—2)—=+[y —(@+B+1Dz] = —af§ =0 (14)
dz? dz
with the parameters
sp=tol ap=- o 1s)
TPEW T T T VT T

This Gauss hypergeometric equation has three parameters, m, k and A = pA.

3. Integrability of the system and solvability of the Gauss hypergeometric equation

The integrability of the system (2) leads to the solvability of the Gauss hypergeometric
equation (14) with (15) in the following way.
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Theorem 1. [fthe system (2) is integrable with an additional first integral which is independent
of the Hamiltonian and analytic at least in the neighbourhood of the straight-line solution (4),
then a particular solution of the Gauss hypergeometric equation (14) with (15) is given by

§ =exp [/ 2(2) dz] (16)

where ¢ (z) is a solution of the algebraic equation

fo@e" + i@+ 4 [ (DG + fa(2) =0 a7

with polynomials f;(z).

Proof. Suppose that the system (2) is integrable and that there exists an additional first integral
®(q, p) = constant. Then, as seen in section 3 of Yoshida [14], we have a non-trivial first
integral of the NVE (10),

= constant (18)
g=cQ,p=cP

d a\"
1=D"CI>:=‘<§ +n-—> ®(q, p)

" g op

with an integer n > 1 (see [4, 12] for the further details). We can rewrite this first integral in
the form

1 =10, P,&,n) = constant 19)
which has the following three properties.

Property 1. [ is a homogeneous polynomial in the variables (€, 1).
Property 2. I is a homogeneous polynomial in the weighted degree.
Property 3. 1 is even or odd in (P™/2, n™/?).

Property 1 is obvious from equation (18). See appendix A for the proof of properties 2 and 3.
From (11)-(13), we have the transformation

o=z p=[%a —9]"

k m 1/m d&

_ K ko [T ] g

= = AVHTa-o]

which transforms (19) into the first integral of the Gauss hypergeometric equation (14) with

(15) of the form 7 (d§ /dz, &, z) = constant. Then, the first-order ordinary differential equation

1(d§/dz, &, z) = 0 gives a particular solution of the Gauss hypergeometric equation (14) with

(15). By property 2 of the first integral /, the differential equation / = O can be written in the
form

(20)

n n—1
fo(2) <§) + f1(2)§ (§> +oo ot fuo ()8! <§> + fn(2)€" = 0. 21
dz dz dz
Furthermore, we can assume that f;(z) is a polynomial of z for all j (see appendix B for
details). Now if we introduce a new variable ¢ by ¢ := (d§/dz)/§ = dlogé&/dz, then the
differential equation (21) is reduced to the algebraic equation (17). From a solution { = ¢(z),
we find logé = [ ¢(z)dz. We therefore obtain a particular solution (16). This means that
a particular solution is obtained by a combination of algebraic functions, quadratures, and
exponential functions of the quadratures. Then we have completed the proof of theorem 1. [J
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4. Necessary condition for integrability

The quantities A=1- y, A=y —a—pB,b =B — «aare called the differences of exponents
at the regular singular points (z = 0, 1, 0o) of the Gauss hypergeometric equation (14) (see
section 5 of Yoshida [14] for details). Then the following theorem due to Kimura holds.

Theorem 2 (Kimura [5]). A necessary and sufficient condition for the Gauss hypergeometric
equation (14) to be solvable in the sense of the differential Galois theory is either:

e at least one of ) £ [L & D is an odd integer, or
e A, &1, £V take values in table 1, called the table of Schwarz—Hukuhara—Ohasi, in an
arbitrary order with integers [, m, n.

Table 1. Table of Schwarz—Hukuhara—Ohasi.

Case A n D

1 1 :
3+l 5+m  arbitrary

—

1 1 1
2 s+l 3+m 3+n
3 %+l %+m %+n [ +m+n =even
4 40 taem Lan
5 24 Lim Ly l+m+n =even
3 i I
6 Tet tam Lan
2 3 5
7 %+l %+m %+n [ +m+n =even
8 240 tam Lan I +m+n =even
9 %+l %+m %+n l+m+n =even
10 24l taem  Lan I+m+n = even
2 2 2 _
11 s+l s+m s+n l+m+n =even
12 240 Lam Lan l+m+n =even
13 %+l %+m %+n l+m+n =even
14 I+l Z4+m  Lan [ +m+n =even
15 24l Z4m tan l+m+n =even

Theorem 1, together with theorem 2, brings a necessary condition for the integrability of
the system (2). The differences of exponents of the Gauss hypergeometric equation (14) with
(15) are

A 1 1 — k)2 +4mkA
== a=1-— 5 Ylm kP +amkA 22)
k m mk
From the first condition of theorem 2, we obtain
A={(Gm—-1DGk—-D}U{(jm+1)(jk—1)+1} (23)

for general values of (m, k). Here, j represents an arbitrary integer. Let us proceed to the
second condition of theorem 2. We first consider case 1 of table 1. When both m and k are
+2, arbitrary A is compatible with integrability. When either m or k is £2, the values of A
such that £ = % + integer, are compatible with integrability. From this, we have

(mk + 2k —2m)(mk — 2k +2m) j(j+1)
— + mk ¢.
16mk 4

(24)
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Moreover, taking account of the cases 2—10 and 12—14 of table 1, we obtain additional values
of A. Then we have the following theorem.

Theorem 3. Ifthe system (2) is integrable, then A must be one of the following discrete values.
The values (23) are compatible with integrability for general (m, k). When either m or k is +2,
the values (24), in addition to the values (23), are compatible with integrability. When both m
and k are 2, arbitrary A is compatible with integrability. When m = £2, k = £3, £4, +5
orm = £3, X4, +5, k = £2, the following values of A, in addition to the values (23) and
(24), are compatible with integrability.

o(m, k) = (£2, £3), (£3, £2):

A= (e fer6p ul-f+ G+ U g+ 5 (G +e))
U{—214+214(‘2+6 ) } (25)

o(m, k) = (F2, £3), (£3, F2):

. .\ 2 N2
A={F - fere ulE - f Gre) vl -4 (¢ o)

U{Z - % (2+6))) (26)
o(m. k) = (2, £4), (£4, £2):
A=l 5 (5+8))) 27)
o(m. k) = (F2, £4), (£4, F2):
A={%-5(5+8))) (28)
o(m. k) = (£2, £5), (£5, £2):
A= { L (124 10) } (-2 +L@+10j)) (29)
o(m. k) = (F2. £5), (£5, F2):
A= b (24100 UlP - H@+1077). (30)

Moreover, when m, k = £3, 24, £5, the following values of A, in addition to the values (23),
are compatible with integrability.

o(m, k) = (£3, £3):

A= [5G0 fulkas 182 [0+ 187

Ul (@ +18)"  u s (2 +18))7) 31)
o(m. k) = (£3, F3):
A={1= 5 G+9) Ul - £as+18)2 Ul - LG +18)7)
U{1—3‘—6(%3+18j)2}u{1—%(§+18j)2} (32)

o(m. k) = (3, £4), (4, £3):
A= {=d+ O 127 U=+ O+ 247) @
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o(m, k) = (F3, £4), (4, F3):

A={®_L@e+12/)?} UL - L3+24))) (34)

o(m, k) = (43, £5), (£5, +3):

A=l + G (E15) U=+ &G +30)7 U= + 24+30))?)
U{—6“—0+6‘—0(25+30j)2}u{—64—0+$(5+30j)2} (35)

o(m, k) = (F3, £5), (£5, F3):

A={8 - 5 (5 +15)" Uls - 56 +3002) U {8 - 5@4+30))?)

{8 — L25+30/)7} u{% — L(5+30))°) (36)
o(m, k) = (4, +4):
A= {é (83—0+32j)2} 37)
o(m, k) = (4, F4):
A={1- & (Re32))) (38)

o(m, k) = (&5, £5):
A= {155 (3 450))"} U {75545+ 50/)2} U {855 + 50/} (39)
o(m, k) = (&5, F5):
A= {1 = g (2 50))" ) U {1 = @5 +50)2} U {1 = 855 +50))%). (40)
When m = 2, the statement of theorem 3 corresponds to that of the theorem due to Morales-

Ruiz and Ramis [7].

5. Examples

Let us take the Hamiltonian system

m _ m k _ k
H— (p1+ p2)" +(p1 — p2) N (g1 +q2)" +(q1 — q2) @1
2m 2k

as an example to confirm the statement of theorem 1. The system (41) is integrable with an
additional first integral

+ m __ _ m + k _ _ k
®— (p1+ p2) (p1— p2) N (G +q2)" — (g1 — q2) — constant.  (42)
2m 2k

The parameter A equals (m — 1) (k — 1) for the straight-line solution (4) with (cy, ¢) = (1, 0).
The first integral (19) of the NVE is I = £Q*~! + nP*~! = constant, which yields the first
integral of the Gauss hypergeometric equation, I = z*~D/*[(m — 1)€ + m(1 — z) d& /dz]
constant. From I = 0, we obtain £ = exp f(m —Ddz/m(z—1)] = (z — 1)n=D/m Thls
indeed satisfies the Gauss hypergeometric equation (14) with A = (m — 1)(k — 1). We can
see that the parameter A = (m — 1)(k — 1) is an example of (23) with j = 1.

Next, we take the Hamiltonian system of the form

H= —(pl + )™+ Vilq1, g2) (43)
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where m is a positive even integer and V;. (g1, ¢») is a homogeneous polynomial of degree k.
When m = 2, this system is reduced to the system (1). We first consider the case where

1
Vilqr, q2) = ﬂq% +g3) 2 (44)

The system (43) with (44) is integrable with an additional first integral ® = q; p» — g2 p1. The
parameter A equals 1 for the straight-line solution (4) with (¢, ¢;) = (0, 1). The first integral
(19) of the NVE is I = D® = £P — nQ = constant, which yields the first integral of the
Gauss hypergeometric equation, [ = (m/k)""™(1 = 2)Y/™ (& — kzd&/dz) = constant. From
[ = 0, weobtain& = exp[ [(1/kz)dz] = z'/*. Thisindeed satisfies the Gauss hypergeometric
equation (14) with A = 1. We can see that the parameter A = 1 is an example of (23) with
Jj = 0. Next we take the case where

1 k+1 — k+1
vk(ql,qz)=ﬁ[(”2q2) +<—1)k(’ 2“”) } r=yai+a3 (45)

as an example to see how theorem 3 works. The parameter A equals (k — 1)/2k for the
straight-line solution (4) with (¢, ¢2) = (0, 1). By comparing (k — 1)/2k with the discrete
values A listed in theorem 3, we find that the cases where (m, k) = (2, arbitrary), (arbitrary, 1)
are only compatible with integrability. When m = 2, the parameter A corresponds to (24)
with j = O for arbitrary &, and the system (43) is integrable with an additional first integral
D = pi(gip2 — @2p1) + (k — l)qlek,l/Zk [9]. When k£ = 1, the parameter A becomes 0,
which is an example of (23) with j = 0. Then we have V|(q1, ¢2) = ¢» and find it integrable
with an additional first integral & = p;. Finally, we take the case where

1
Vi(qi, ¢2) = ;(q{‘ +q5). (46)

When m = 2, the system (43) with (46) is obviously integrable with an additional first integral
P = %p% + (l/k)qll‘. Let us consider the case where m # 2. When k > 2, the parameter
A equals O for the straight-line solution (4) with (c;, ¢;) = (0, 1), which is compatible with
integrability. For k = 1, there exist no straight-line solutions and theorem 3 is not applicable.
However, the case where k = 1 is integrable with an additional first integral ® = p; — p;.
For k = 6k’ + 2 with a non-negative integer k', there exists another straight-line solution (4)
with (cy, ¢;) satisfying (c% + c%)m/ =1 = c’f_z = c’é‘z = 1. This straight-line solution yields
the parameter A = k — 1 = 6k’ + 1, which is compatible with integrability when and only
when k' = 0, i.e. k = 2. This means that the cases where k = 6k’ + 2 with a positive integer
k' are non-integrable. When k = 2, the system (43) with (46) is integrable with the additional
first integral ® = q; p» — g2 p1- It remains to be seen whether the other cases are integrable or
non-integrable.

All of the above examples are separable cases. As for non-separable cases, the authors
do not know of any examples except the case for m = 2, where some non-separable examples
are known [14].

6. Necessary condition in terms of Kowalevski exponents

Let a system of differential equations
dx,‘
dr

be invariant by the scale transformation (a scale-invariant system)

t—a 't xi — aix;. (i=12,...,N). (48)

= Fi(x1,x2, ..., xp) (i=12...,N) (47)
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Eigenvalues of an N x N matrix K whose elements are given by

K;i = oF; +6 (49)
ij = axj » ij8i
are called the Kowalevski exponents (KE) [11]. Here, d = (d;, ds, ..., dy) is a solution of
the algebraic equation

Fid\, dy, ... ,dy) = —gid; i=12,...,N). (50

A concise review of the KE is given in [1]. Since the system (2) is invariant by the scale
transformation

, m +1
t— o't q— asq p—>afp g= =8

g:

(D

mk—m —k m—1

we can consider the KE for the system (2). The characteristic equation, which determines the
KE, is

det(ply — K) = det [(p — &) (p — g 14+ 8°T(d)3*V (d)] = 0 (52)
where d and d’ satisfy
VT(d) = —gd vV(d) = g'd. (53)

Let v; and t; denote the eigenvalues of Hessian matrices 32T (d") and 8%V (d), respectively.
Then, we see that the KE are solutions of

(0 —8)(p—g)+vit =0. (54)
From (5) and (53), we have the relations among ¢, d and d/, given by
d={-g@g)" )" d={g' (=9} e (55)

This means
O°T(d) = {g'(=9) 1" "9 T (o)

, (56)
aZV(d) — {_g(g/)hl*l}(k*?,)g /kaz V(C)
Therefore, we have
v = {g/(—g) T}y, 7 = {—g(g)" YDk (57)

Here, u; and A; are eigenvalues of the Hessian matrices 3°T (c) and 3%V (c), respectively
(1 =, A =X, up =m — 1, Ay = k — 1). Then, equation (54) becomes

(p—8)(p—g)—ggmiri=0 (=12 (58)
which yields two pairs of KE. For i = 2, we have a pair of KE
mk
, =——,-1). 59
(3, pa) (mk—m—k > (59
For i = 1, equation (58) becomes
p*—(g+g)p+ggd1-N) =0 (60)

from which we obtain the other pair of KE for the values of A listed in theorem 3. For
A = (m+1)(jk — 1) + 1, the pair of KE is

k+ jmk m — jmk
mk—m—k mk—m—k)

(o1, p2) = < (61)
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For A = (jm — 1)(jk — 1), the pair of KE is

( ) = jmk m+k— jmk 62)
PoP) =k —m—k mk—m—k )
For the values of A given by (24), the pair of KE is
2m+k)+ Q2j+ 1D)mk 2m+k) — (2j + 1)mk
(o1, p2) = , . (63)
4(mk —m — k) 4(mk —m — k)
For A = —(m — k)?/4mk + X?* /4mk listed in (25)—(40), the pair of KE is
m+k+X m+k—X
’ = ’ . 64
(p1 £2) (2(mk—m—k) 2(mk—m—k)> ©4)

We can see that all the KE listed above are rational numbers. Then we obtain the following
corollary of theorem 3.

Corollary 1. Ifthe system (2) is integrable, then all the KE are specific rational numbers listed
above.
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Appendix A

We give the proof of properties 2 and 3 of the first integral / mentioned in section 3.

Proof. A function ®(xy, x5, ..., xy) is said to be homogeneous in the weighted degree with
a weight M if the scale transformation (48) multiplies ® by o™, i.e.
D (e x1, a%xa, ..., a%xy) =MD (x1, X2, ..., XN). (A1)

As seen in appendix A of Yoshida [14], we can assume that a first integral of scale-invariant
systems is a homogeneous polynomial in the weighted degree. The NVE (10) are invariant by
the scale transformation

t—a 't 0 — a®Q P—>afP £ ot n— a8y (A2)

with constants g and g’ given in section 5. Therefore, we can assume that the first integral 1
is a homogeneous polynomial in the weighted degree.

Property 3 can be recognized from a general theory of the time reflection symmetry
discussed in section 2.3 of [3]. If we introduce new variables, P .= p"/?, n = n’"/z, then the
NVE (10) become

dE o 2 1 dil .
= — P (m=2)/m =2/m Z52/m=1210 A k=2 A3
il ] - ” Q¢ (A3)
which are invariant by the change of variables (‘time reflection’)
t — (=1)2m=D/my 0— 0 P— —P £ & - —. (A4)

Suppose that 1(Q, P, &, n) is a first integral of the system (A3). Then 7(Q, —P, &, —n)is
also a first integral because of the ‘time reflection’ symmetry of the system (A3). Thus, I*
and /~ given by

c_ 1@ PEDFIQ P& ) L 1Q P& 0~ 1(Q P& —i))
2 2

1

(AS5)
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are also first integrals. Every first integral / can be decomposed as / = I* + ~, where I* is
even in the variables (P, 7) and I~ is odd. Therefore, the first integral I can be assumed to be
even or odd in (P™/?, y™/?) from the beginning. |

Appendix B

We prove that all f;(z) in (21) can be assumed to be polynomials.

Proof. Let M = CQ?P’sn? and M’ = C'Q% P"&“n? be any two monomials in the
polynomial (19), where C, C’ are constants and a, b, c,d,a’,b’,c’,d" are integers. By
substituting (20) in M, M’, we have

KN o (brd)/m rdeN?
M=cC (_) (_) LK =Dd/k (1 _ oy rd/mge (_§> (B1)
7 k dz
R N N OV R waarymec (€N
w=c (=) (%) IS K1 = g Erdrimee (22 (B2)
" k dz

In order to complete the proof, it is enough to show that the differences of the powers of
Z, (1 —z)in M, M’, given by

1 k—1 1 k—1 1 1 1 1
Al =-a+ d—\|-ad+—d Ay=—b+—d—|—b+—d (B3)
k k k k m m m m

are both integers. By property 1 of the first integral /, we can put
c—c =-n d—d =n (B4)

with an integer n. By property 2 of the first integral 7, the relation

ga+gb+c)+ g —gd=ga' +g (' +)+ Qg —g)d (B5)

holds with constants g and g’. From (B5) together with (B4), we have
k k—
a—d=—"@p-p)- "2y (B6)
m
Then A, A, are reduced to
1 1
Ay =—{b —b+(m— Dn} Ay = —(b =0 +n). (B7)
m m

By property 3 of the first integral I, we can always put either

2b  2d 20 2d’

—+— =25 =2

m m m m
or (BS)

2b  2d 2 2d’

—+— =2s+1 — +—=2+1

m m m m
with integers s, s’. In both cases, we have b—b' = —n+m(s —s’) and then A, A, are reduced
to

Al=s —s+n Ay =s5—5s (B9)

which are both integers. Then we have completed the proof. ]
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