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1. Introduction and Statement of the Main Result

Given a system of ordinary differential equations depending on parameters in general is very
difficult to recognize for which values of the parameters the equations have first integrals
because there are no satisfactory methods to answer this question.

In this paper we study the first integrals of the simplified Friedman—Robertson—Walker
Hamiltonian differential system in R*

T = =Pz,

Y = Py, (1)
Pz = — bay?,

py = —y — bz?y,
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where b € R is a parameter and the dot denotes derivative with respect to time ¢t. The
Hamiltonian of this system is
L 2 L 9 2 b o 9

Hozi(py—px)—kg(y - )+§x ye.
System (1) models a universe, filled by a conformally coupled but massive real scalar field,
see [2] for more details where the authors present analytical and numerical evidence of the
existence of chaotic motion. For a more general point of view on the Friedman—Robertson—
Walker system see for instance the works [5, 7] and the references quoted therein.

The vector field associated to system (1) is

—y(1+ bx2)i.

0 0 0
X=—py— Trg, +z(1 —by?) o,

ox 3103:
Let U C C* be an open set. We say that the non-constant function H: U — C is a first
integral of the polynomial vector field X on U if H(x(t),y(t), px(t), py(t)) is constant for all
values of ¢ for which the solution (x(t), y(t), p+(t), py(t)) of X is defined on U. Clearly H is
a first integral of & on U if and only if
OH

H H H
0 0 +x(1—by2)a——y(1+bx2)——0

XH = —p,— — =
Pa ox +hy oy Ops Opy

on U.

In this paper we want to study the so-called Darboux first integrals of the Friedman—
Robertson-Walker polynomial differential systems (1), using the Darboux theory of inte-
grability (originated in the papers [4]). For a present state of this theory see [6, Chapter 8],
the paper [9], and the references quoted in them.

We emphasize that the study of the existence of first integrals is a classical problem in
the theory of differential systems, because the knowledge of first integrals of a differential
system can be very useful in order to understand and simplify the topological structure of
their orbits. Thus, their existence or not can also be viewed as a measure of the complexity
of a differential system.

We recall that a first integral is of Darboux type if it is of the form

A
f\l...fpppll“...pé‘q7 (2)
where f1,..., f, are Darboux polynomials (see Sec. 2 for a definition), Fi, ..., F; are expo-

nential factors (see Sec. 2 for a definition), and A;, py € C for all j and k.

The functions of the form (2) are called Darboux functions, and they are the base of
the Darboux theory of integrability, which looks when these functions are first integrals
or integrating factors. In this last case, the first integrals associated to integrating factors
given by Darboux functions are the Liouvillian first integrals, see for more details [6, 9].

The Darboux theory of integrability is essentially an algebraic theory of integrability
based on the invariant algebraic hypersurfaces that a polynomial differential system has. In
fact to every Darboux polynomial there is associated some invariant algebraic hypersurface
(see again Sec. 2), and the exponential factors appear when an invariant algebraic surface
has multiplicity larger than 1, for more details see [3, 6, 9]. As far as we know is the unique
theory of integrability which is developed for studying the first integrals of polynomial
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differential systems. In general the other theories of integrability do not need that the
differential system be polynomial.
The main result of this paper is the following.

Theorem 1. The unique first integrals of Darbouz type of the Friedman—Robertson—Walker
Hamiltonian system (1) with b # 0 are functions of Darbouz type in the variable Hy.

We prove Theorem 1 in Sec. 3.

Since the Darboux theory of integrability of a polynomial differential system is based
on the existence of Darboux polynomials and their multiplicity, the study of the existence
or not of Darboux first integrals needs to look for the Darboux polynomials. These will be
done in the next Theorems 7 and 8, whose results are the main steps for proving Theorem 1.

We must mention that any comment on the existence or non-existence of first integrals
additional to the Hamiltonian itself appears in [2]. In that paper the authors are mainly
concerned with the chaotic behavior of the Friedman—Robertson—Walker polynomial Hamil-
tonian system. Of course, roughly speaking the chaotic motion is against the existence of
first integrals.

The Hamiltonian system (1) is completely integrable if it has two independent first inte-
grals H; and Hs in involution. That is, H; and Hy are independent if their gradients are
linearly independent over a set of full Lebesgue measure in C*. Moreover, H; and Hy are
in involution if the Poisson bracket {H;, Hy} = 0 for i € {1,2}.

Corollary 2. The Friedman—Robertson—Walker Hamiltonian system (1) is completely inte-
grable with first integrals of Darboux type if and only if b = 0.

Corollary 2 is proved at the end of Sec. 3.

2. Basic Results

Let h = h(z,y,pz,py) € Clz,y,ps,py]\C. As usual C[z,y,py,p,] denotes the ring of all
complex polynomials in the variables z,y, p,, py. We say that h is a Darbouz polynomial of
system (1) if it satisfies

Xh = Kh,

the polynomial K = K(z,y,p.,py) € Clz,y,ps, py] is called the cofactor of h and has degree
at most 2. Every Darboux polynomial h defines an invariant algebraic hypersurface h = 0,
i.e. if a trajectory of system (1) has a point in A = 0, then the whole trajectory is contained
in h = 0, see for more details [6]. When K = 0 the Darboux polynomial A is a polynomial
first integral.

An exponential factor E of system (1) is a function of the form E = exp(g/h) ¢ C with
g,h € Clz,y, ps, py satisfying (g, h) =1 and

XE =LE,

for some polynomial L = L(z,y,ps,py) of degree at most 2, called the cofactor of E.
A geometrical meaning of the notion of exponential factor is given by the next result.

Proposition 3. If E = exp(g/h) is an exponential factor for the polynomial differential
system (1) and h is not a constant polynomial, then h = 0 is an invariant algebraic
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hypersurface, and eventually €9 can be exponential factors, coming from the multiplicity
of the infinite invariant hyperplane.

The proof of Proposition 3 can be found in [3, 8]. We explain a little the last part of
the statement of Proposition 3. If we extend to the projective space PR* the polynomial
differential system (1) defined in the affine space R*, then the hyperplane at infinity always
is invariant by the flow of the extended differential system. Moreover, if this invariant
hyperplane has multiplicity higher than 1, then it creates exponential factors of the form
e9, see for more details [8].

Theorem 4. Suppose that the polynomial vector field X of degree m defined in C* admits p
invariant algebraic hypersurfaces f; = 0 with cofactors K;, fori=1,...,p and q exponential
factors E; = exp(g;/hj) with cofactors Lj, for j = 1,...,q. Then there exists \;,ji; € C
not all zero such that

p q
S ONE +> piLi=0
i=1 j=1

if and only if the function of Darbouz type
SRR e o/ L o/
is a first integral of X .

Theorem 4 is proved in [6].
From Theorem 4 it follows easily the next well-known result.

Corollary 5. The existence of a rational first integral for a polynomial differential system
implies either the existence of a polynomial first integral or the existence of two Darboux
polynomials with the same nonzero cofactor.

The following result is well-known.

Lemma 6. Assume that exp(g1/hi1),...,exp(g./hy) are exponential factors of some poly-
nomial differential system

a' = P(x,y,p2,0y), Y = Qx,9,pz,py);
P = R(z,y,pe,0y), Py = U2, 9, pe, Dy) (3)
with P,Q, R,U € Clz,y,py, py| with cofactors L; for j=1,...,r. Then
GXp(G) = exp(gl/hl +o At gr/hr)

is also an exponential factor of system (3) with cofactor L = Z;Zl L;.

3. Proof of Theorem 1

According with Sec. 2 for proving Theorem 1 we need to characterize the Darboux polyno-
mials of system (1).
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The following result characterizes the polynomial first integrals of system (1) with b # 0,

i.e. it characterizes the Darboux polynomial with zero cofactor.

Theorem 7. The unique polynomial first integrals of system (1) with b # 0 are polynomials

in the variable Hy.

Proof. Doing the change of variables

21 =Pz — Py, 22 = Pz + Dy,

system (1) becomes

1
T =— 5(2’1 +2’2),

, 1
y=— 5(21 — 22),

1=z +y+bry(r —y),
Zo=x—y—bx(xr+y),
and H, writes as

1
Hy = 5( 2 2% bx2y2).

Now we restrict to Hy = 0. We get that

bx2y2 4 y2 _ £C2
z9 = .
<1

Then system (5) on Hy = 0 becomes, after the rescaling by dr = z;dt:

1 1
e !
!/ 1 2 1 2 2 2 2
y :_§Zl+§(bxy +y° =),

21 = z1(z 4+ y + bay(z — y)),

(7)

where the prime denotes the derivative with respect to the variable 7. If f = f(x,y, pz, py)
is a polynomial first integral of system (1) then, if we denote by g = g(z,y, 21, 22) the

polynomial first integral f written in the new variables (z,y,z1,22), we have that g is
also a polynomial first integral of the differential system (5). Furthermore, if we denote by
h = h(x,y, z1) the polynomial first integral g restricted to the invariant hypersurface (6),
then h is a rational first integral of the differential system (7) in the sense that it is the
quotient of a polynomial in the variables (z,y, z1) and a power of z;. Furthermore h satisfies

_12_1 2,2 2 2 a_h‘
(-3 - 50e92 422 - ) o

1 1 oh
+ (——z% + §(bx2y2 N :c2)> — +zi(z+y+bry(x —y))

2 Jy

1250036-5
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We write

h = hj(xayazl)a (9)
=0

where each h; is the quotient of a polynomial in the variable (x,y, 2;) with degree j and
the denominator is a power in the variable z;. Here we define the degree of h; as j. Hence,
computing the terms of degree n + 4 we have

lbeyQ <8hn _ Ohy Ohy,

5 By E) + z1bxy(x — y)8—21 =0.

We write it as

_ (29 2
Llh,] =0, where L = 2bx Yy <8y 81‘) + z1bzy(x y)azl. (10)

The characteristic equations associated to the linear partial differential operator L are

de_ Ay w
dy 7 dn 25z —y)

The system has the general solution

2z

$+y:d1, :d27

ey 2}

where d; and dy are constants of integration. According to this, we make the change of

variables
y2x
u=zx+y, v:m, w=1y. (11)
Its inverse transformation is
r=u—w, z=y> ()W =y (12)

Under the change of variables (11) and (12) Eq. (10) becomes the following ordinary differ-
ential equation (for fixed u and v):
b o

W (u—w)

20hn _

=0
ow ’

where h,, is h,, written in the variables u, v and w. Solving it we have
B _ y2m
hn, = hp(u,v) = hy, <fC +y, m)

Since the numerator of h,, is a polynomial of degree n we must have

hy, = Zak(:c + y)k, ag € R. (13)
k=0
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Now using the transformations (11) and (12) and working in a similar manner to solve h,,,
computing the terms of degree n + 3, we get

n—1

hn1=Y Bile+y)*, PreR. (14)

k=0

Now, using the transformations (11) and (12) and working in a similar manner to solve
hn—s, computing the terms of degree n + 2, we get

—w(u — w)Q% = w (e2Wp)/ () Z kaguf~t,
k=0

Integrating this equation we obtain that h,_o = hy,_o(u, v, w) is

. zn: kogutt (e?w0)?/ (W=) (542 — Swu + 4w? + 2(u — w) log(e**v))
b k=0 g —2u + 2w — log(e?wv)

w—u

21 2w
— 4¢*Ei <M - 4) (3u — 2w + log(eQwv))> + kp—o(u,v),

where Ei(z) is the exponential integral function, see for instance [1]. Going back to the
variables x, y and z; we obtain that h,_o(z,y, 21) is

1 zn: kak(l‘ + y)k—l B (y2mzl—1)—2/m(5x2 + Zyx 4 210g(y2mzl_x):c + yg)
b k=0

2z + log(y?* 2 ")

2log(y?® 2" - 2
— 4¢'Ei <—% - 4> (32 + y + log(y* 2 9”))) + Fn— (f’*’ Tty egyzx)'
1

Since the numerator of h,_o(z,y, 21) is a polynomial of degree n — 2 we must have

Z kag(z +y)* 1 =o0.
k=0

So a =0 for k = 1,...,n. Then h, = ap, which implies that h = «a/z]" for some non-
negative integer m. Then, from (8) we get

maoy
m
“1

(x +y+bry(x —y)) = 0.

Therefore mag = 0, and consequently h = constant, in contradiction with the fact that h
is a first integral. O

Now we characterize the existence of Darboux polynomials with nonzero cofactor when

b £ 0.

Theorem 8. System (1) with b # 0 has no Darbouz polynomial with nonzero cofactor.
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Proof. Let f be a Darboux polynomial with a nonzero cofactor K. Since K is a polynomial
of degree at most 2, we write it as
K = ap+ a1z + agy + agps + aspy + asx® + agry + arwpy + agrpy + agy®

+ a10Ype + a11ypy + a12p7 + a13papy + a14p§-

Note that system (1) is invariant under the involution o: Clz,y, ps,py] — Clz,y,pe, py]
defined by

o(x) =—z, o(y)=-y, 0o(pz)=—pz, 0(py) =Dy

If f is a Darboux polynomial of system (1) then g = f - o(f) is a Darboux polynomial of
system (1) invariant by o and with cofactor

Ki=K+o0(K)=2(ag+ a5z’ + agry + arrpy + agrpy + agy? + a10yps
+ a11Ypy + a12P5 + a13Papy + a14p§).

Let f be a Darboux polynomial of system (1) with nonzero cofactor K. If f is invariant by
o then K = K; and we take g = f. If f is not invariant by o then we consider g = f - o(f)
a new Darboux polynomial of system (1) invariant by o and with cofactor K;. We have

_, 9 9 o099 2,99 _
px8x+py8y+ﬂf(1 by~) y(1+b2°) = = Kig. (15)

Opy

dg
Opz

We write g as a polynomial in the variable p, as

k

g = Zgi(xayapy)pia

i=0
where each g; is a polynomial in the variables x, y and p,. Without loss of generality we

k42 in (15) we get

xT

can assume that g(x,y,py) # 0. Then computing the coefficient of p

2a12g; = 0  which yields a5 = 0.

Now computing the coefficient of pf*! in (15) we obtain

Ogk
i 2(arx + aioy + a13py) G-

Solving it we get

_ arx?+2a10yz+2a13py
G = Ki(y, py)et™™ TER0sTTIashuT,

Since g must be a polynomial we get a7 = a19 = a13 = 0.
Now we write g as a polynomial in the variable p, as

m

g = Zgz(xayapx)pgp

1=0
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where each g; is a polynomial in the variables x, y and p,. Without loss of generality we

m+2 in (15) we get

can assume that g, (x,y,p;) # 0. Then computing the coefficient of Dy

2a14Gm = 0 which yields a4 = 0.

m+1

Now computing the coefficient of py

in (15) we obtain

oa
% = 2(agx + a11Y)Gm.-
Solving it we get

2
gm = Km(x’pm)e2a8$y+ally °

Since g,, must be a polynomial we get ag = a1 = 0. Hence K| = 2(a0+a5x2+a6xy+a9y2).
Then

dg dg 9
D A 1—
pax—l-pyay—l-x( by~)

0 0
g _ y(1+ b:L‘Q)—g = 2(ap + asz? + agry + ang)g.
Opy 8py

Now we write g = Z?:a 9j(x,y, Dz, py) Where each g; is a homogeneous polynomial of
degree j. Then computing the terms of degree £ 4 2 we get

7] 0
—bxy <y8ﬂ + xa—gé) = 2(asz® + agzy + agy?)ge.
Pz Py

Solving it we get

2 2
Ty + ypy) e_zpz<a5z +agzy+agy?)

gé = K (x7 y7 blyQ
Yy
Since it must be a polynomial we get as = ag = ag = 0. Then K; = 2ay.
Now proceeding as in the proof of Theorem 7 introducing the change of variables (4)
and the restriction Hy = 0 (see (7)) we get that g(x,y, pz, py) = h(z,y, 21) with

1 1 oh 1 1 oh
(_ng — 50y fv2>> et <——z% (0P g~ w) ay

oh
+21(:c+y+b:cy(a:—y))a—21 = 2apz1h. (16)

We write h as in (9) and we get h,, and h,_1 as in (13) and (14). Now, using the transfor-

mations (11) and (12) and working in a similar manner to solve h,_9, computing the terms
of degree n+ 2 in (16), we get

b o 26571_2_ 47 2w, \2/(w—u) - k—1
5 (u—w) S0 = w"(e*v) kzzokaku

n
+ 2aqw? (e2Wv) L/ (=) Z aut.
k=0
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Integrating this equation and going back to the variables z, y and z; we get that
hn—2(xayazl) is

L —4dap(
b(—2y +2(z +y) +log(y>* 2, ")) ’

DY g+ )t

k=0
— <(4y2 —8(z +y)y + 5(x +y)* + 2z log(y* 27 %)) (y* 2y ") ~H®

2log(y**27")
X

+4e'Ei <— - 4> (—2y + 2(x + y) + log(y**277))

2x
Y
X (=2y + 3(z + y) + log(y** 27" )Zkakx—i-y >+kn_2<x+y,m>.

Since the numerator of h,,_s must be a polynomial of degree n — 2 we have

Z kog(z+y)* 1 =0, and a Z ar(z+1y)*F =0
k=0

This implies that a =0 for k =1,...,n and agag = 0.

If ag = 0 then h = 0, in contradiction that h is a Darboux polynomial. Therefore ag = 0
and K1 = 0. Thus g = f - o(f) is a polynomial first integral. By Theorem 7 the unique
polynomial first integrals are polynomials in the variable Hjy, we must have that f is a
polynomial in the variable Hy which is not possible because f is a Darboux polynomial of
system (1) with nonzero cofactor. This concludes the proof of the theorem. O

Theorem 9. The unique rational first integrals of system (1) with b # 0 are rational
functions in the variable Hy.

Proof. It follows directly from Corollary 5 and Theorems 7 and 8. U
Now we proceed as in the proof of Theorem 8.

Proof of Theorem 1. It follows from Theorems 4, 7 and 8 and Proposition 3 that in
order to have a first integral of Darboux type we must have ¢ exponential factors E; =
exp(g;/hj(Hp)) with cofactors L; such that Z?‘:l pilj = 0. Let G = Z?‘:l wig;/hi(Ho),
then E = exp(G) is an exponential factor of system (1) with cofactor L = Z?‘:l piLj (see
Lemma 6) and G satisfies that XYG = 0, that is, G must be a rational first integral of system
(1). By Theorem 9 it must be a rational function in the variable Hy. O

Proof of Corollary 2. When b = 0 it easy to check that 2% + p? and y? + pf, are two
independent first integrals in involution for the Hamiltonian system (1). Note that both
first integrals are given by functions of Darboux type.

When b # 0 Theorem 1 shows that there exists a unique independent first integral of
Darboux type. So, the corollary is proved. ]

1250036-10 616



Integrability of Friedman—Robertson—Walker System

Acknowledgments

The first author was partially supported by the MICINN/FEDER, grant MTM2008-03437,
AGAUR grant 2009SGR-410 and ICREA Academia. The second author has been partially
supported by FCT through the project PTDC/MAT/117106/2010 and through CAMGD,
Lisbon.

References

1]

[9]

M. Abramowitz and I. A. Stegun, Handbook of Mathematical Functions with Formulas, Graphs
and Mathematical Tables, National Bureau of Standards Applied Mathematics Series, 55
(Government Printing Office, Washington, DC, 1964).

E. Calzeta and C. E. Hasi, Chaotic Friedman—Robertson—Walker cosmology, Class. Quantum
Gravity 10 (1993) 1825-1841.

C. Christopher, J. Llibre and J. V. Pereira, Multiplicity of invariant algebraic curves in polyno-
mial vector fields, Pacific J. Math. 229 (2007) 63-117.

G. Darboux, Memoire sur les équations différentielles algébraiques du premier ordre et du premier
degré (Métanges), Bull. Sci. Math. 2éme série 2 (1878) 60-96; 123-144; 151-200.

C. Dariescu and M. A. Dariescu, Vacuum electromagnetic modes in Friedman—-Robertson—Walker
universe, Int. J. Mod. Phys. A 18 (2003) 5725-5732.

F. Dumortier, J. Llibre and J. C. Artés, Qualitative Theory of Planar Differential Systems,
Universitext (Springer-Verlag, New York, 2006).

K. Kleidis, A. Kuiroukidis, D. B. Papadopoulos and L. Vlahos, Gravitomagnetic instabilities in
anisotropically expanding fluids, Int. J. Mod. Phys. A 23 (2008) 4467-4484.

J. Llibre and X. Zhang, Darboux theory of integrability for polynomial vector fields in R™ taking
into account the multiplicity at infinity, Bull. Sci. Math. 133 (2009) 765-778.

J. Llibre and X. Zhang, On the Darboux integrability of the polynomial differential systems,
Qualitative Theory and Dynamical Systems 11 (2012) 129-144.

1250036-11 617





