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Abstract. We perform the Painleédrtest (i.e. the Kowalevskaya—Gambier test or the perturbative
test) for the perfect fluid Bianchi type-IX relativistic cosmological model, in order to predict
some probable chaotic regimes. This technique enables us to detect every single-valued particular
solution associated with a given relativistic dynamical system. Several physically interesting
cases are studied. These include radiation-dominated and matter-dominated universes, the case
of a cosmological constant and the case of the so-called stiff-matter. In all cases but the
cosmological constant case, the models studied do not pass the Baesgvexhibit infinitely

many movable logarithms and are therefore probably chaotic. Moreover, we show that some
physically interesting single-valued particular solutions present in the vacuum case cannot subsist
for a perfect fluid cosmological model. In particular, in the radiation and dust cases, we show
that there cannot exist any exact and closed-form axisymmetric solution.

1. Introduction

Classical general relativity dramatically predicts, under rather general conditions, the
occurrence of spacetime singularities. In the early 1970s, Belinskij, Khalatnikov and Lifchitz
(hereafterskL) discovered a ‘general solution’ to the gravitational field equations, in the
vicinity of the initial singularity [1]. Although this research has been carried out in a quite
general inhomogeneous geometrical framework, the most interesting features of this ‘general
solution’ can indeed be understood within the much more simple framework of the so-called
‘mixmaster’ universe extensively studied, mainly L, Barrow [2] and Misner [3].

This ‘mixmaster’ model is a homogeneous diagonal cosmological model whose
homogeneity group iSO (3). The oscillatory mode of approach to the singular point
has been studied IBkL with the help of some approximation techniques, gathering strong
evidence which favours a deeply chaotic (ergodic and strongly mixing) behaviour for the
underlying nonlinear dynamical ordinary differential system. In the late 1960s, Misner
developed a Hamiltonian formulation of this problem and thus produced qualitative results
perfectly compatible with the discrete dynamics describeaty. Both techniques show
that the dynamics of this model is correlated to a discrete transformation whose metric
properties were considered by Barrow and which is known to be chaotic, exhibiting the
Bernoullian property.
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However, a deep controversy soon developed about the real significance of such results,
and the debate strongly emphasized the need for an exact (as opposed to approximate)
treatment of the differential system governing the fate of the model in the vicinity of the
initial cosmological singularity. Numerous numerical investigations have been carried out,
within various different frameworks and using a vast nhumber of techniques [4]. However,
the reason for the ambiguous results thus obtained is the crucial dependence of the classical
criteria of chaos with respect to the temporal gauge used to write down the metric tensor
and is thus related to the use of classical (i.e. Newtonian) criteria of chaos within a general
covariant theoretical framework (i.e. Einsteinian relativity). Another related problem is
the non-compactness of the system’s phase space, arising from the fact that the metric
functions and their time derivatives are not bounded in principle in the neighbourhood of a
cosmological singularity.

The non-compactness problem has led Bogoyavlenskij and his co-workers to the study
of this dynamics in a framework such that the physical region in the phase space becomes a
compact manifold [5]. One of the most important results of this study is the fact that almost
every trajectory of the dynamical system (during the contraction of space) is such that its
dynamics can be approximately described in terms of separatrix sequences. So studied,
this dynamics possesses a (strange) attractor which is not a smooti*{).enanifold.

This is clearly a very strong indication of the non-integrability of the differential system
under study, in the class of smooth solutions. This indicates a probably chaotic oscillatory
behaviour of the underlying differential system. Using some numerical relativity methods,
Demaret and De Rop [4] have shown the fractal nature of the power spectrum associated with
numerical solutions of this cosmological dynamics and, thus, the probably chaotic behaviour
of the ‘mixmaster’ model in Misner—Chitre coordinates, where the non-compactness problem
vanishes.

Our treatment of this dynamics should be exact and analytical in order to avoid the
problems and ambiguousness stated above. Recently, such an analytical treatment has been
proposed and undertaken by Contopoulos, Grammaticos and Ramani (hetesjtemd
by Latifi, Musette and Conte (hereaftewc), both in the context of a vacuum model [6].

Both these works investigate the integrability (in the Paialeense, to be recalled later)

of the ‘mixmaster’ model by an analysis of the singularities exhibited by the most general
solution of the underlying differential system. The method used is known as the ‘Rainlev
method’ and can lead one to gain strong indications about the presumably chaotic behaviour
of the model under study. We recall that the aim of this Paml@st is not to provide the
solution in an exact and closed form, but to generate necessary conditions (generally not
sufficient) for integrability in the Painlé/sense.

Here we shall stress the fact that this Paiglevethod is merely a tool very widely used
during the quest for integrable systems. This notion of ‘integration’ is clearly a delicate
one, and the behaviour of the general solution of differential systems in the complex plane
(i.e. the singularity structure of this general solution) turns out to be the most fundamental
factor while discussing this issue. The practical level of integrability is the integrability in
the Poincagé sense. To integrate a differential system in the sense of Peiicao find,
for the general solution, a finite expression (possibly multi-valued) in a finite number of
functions (by definition, a function is a single-valued application of the Riemann sphere onto
itself). On the other hand, new functions can be defined by means of nonlinear ordinary
differential equationsdDes). Since the singularities of the solutions of nonlineaes may
be movable in the complex plane, one must consider one and only one fundamental issue:
does the general solution of tle®E under study exhibit movable critical singularities or
not? In the latter case, theDE is said to be integrable in the Paingegense, and this is
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clearly the most elementary level of integrability.

Necessary conditions for abDE to be integrable in the Painlévsense are produced
by the Painle& test, which is based on two fundamental theorems (the existence theorem
of Cauchy and Picard and the perturbation theorem of Pdnead Lyapunov). Both
theorems express a local property (and thus can only be used to prove non-integrability)
and the Cauchy—Picard theorem requires the holomorphy property of the right-hand side of
the differential system written in the canonical form of Cauchy, and implies the existence,
uniqueness and holomorphy property of the solution. Thus, to sum up, the Raials
clearly restricted to holomorphic solutions and probes the singularity structure of the general
solution of ODES, when analytically continued into the complex domain of the independent
variable. The holomorphy requirement is the sole restriction of the method and it enables us
to undertake the Painléocal singularity analysis, which can produce the most elementary
results related with the possible integrability of the system. In the inconclusive case, the
Painlee test does not provide any result at all but, in the conclusive case, it definitely
proves the non-integrability of the system under consideration.

The second paper afGr and the work oftmMc show that the ‘mixmaster’ dynamics is
definitely not integrable in the Painlewsense, since the existence of movable transcendental
essential singularities (logarithmic branchings) can be proved with the help of the
perturbative Painlevtest, formalized quite recently by Conte, Fordy and Pickering (hereafter
crFP [7]. One of the great advantages of such a technique is that it can display
very useful information about all physical single-valued particular solutions that may
happen to be present if the general solution itself exhibits movable critical singularities.
Moreover, the Painléy method can be used to test the structural stability of the chaotic
solutions presumably present in the vacuum case with respect to matter fields or different
dimensionality.

This paper is devoted to the study of the perfect fluid ‘mixmaster’ relativistic
cosmological model with the help of the Pairdetechnique. The plan of the paper is
as follows. In section 2, we obtain the Bianchi type-1X relativistic field equations in the
presence of a perfect fluid with a barotropic state equation and we define our notation.
Each following section is devoted to a particular physical case. In section 3, we perform
the cFp perturbative Painle¥ test in the vicinity of a non-critical movable singularity, in
the case of stiff-matter and radiation-dominated universes, although these two cases are
treated separately. This section also briefly presents the Paimbethod. In section 4,
we study the physical case of a matter-dominated cosmological model. In section 5, we
end our investigations with the study of a vacuum ‘mixmaster’ model in the presence of a
cosmological constant term. Our results are discussed in section 6.

2. The model and notation

A suitable definition of the dynamical system can be obtained very easily if one adopts the
metric functions given by the usual diagonal expression of the infinitesimal length element

ds? = —a()b(t)c(r) d? + a(r) (V)2 4 b(1)(@?)? + c(1)(@®)? (1)
where theS O (3)-invariant differential forms which generate the homogeneous space of
Bianchi type-IX are given by the canonical invariant basis

! = —sin(x®) dx! + sin(x?) cogx®) dx? 2)

w? = + cogx®) dx? + sin(x?) sin(x®) dx? ©)

w® = +cogx?) dx? + dx®. (4)



62 J Demaret and C Scheen

The field equations with a perfect (non-viscous) fluid are obtained by varying the
following action with respect to the metric:

S=S,+5 =f&MAWgWR+Q (5)

with
o, 205 (3(/7%) 6
VT BT T g T x| a(9g% /0x7) ©
and
Top = (p + Pluqug + pgap (7)

where p and p are the isotropic hydrodynamic pressure and the energy density associated
with the perfect fluid. A state equation is given by assuming a relation (which can be
supposed linear) between pressure and energy density. We will adopt the barotropic state
equation

p=(—-Dp. (8)
If the fluid is at rest with respect to the reference frame, the spatial components of the

tensorial field equation for a perfect fluid type-IX homogeneous geometry are (the prime
denotes the-time derivative):

(loga)’ +a? = (b —¢)®> = (2—y)abep =0 9)
(logh)” + b* — (¢ —a)®> — (2 — y)abcp =0 (10)
(loge)” + ¢® — (a — b)?> — (2 — y)abcp =0 (11)

where this differential system possesses the first integral
(loga) (logb)’ + (logh) (logc)’ + (logc) (loga)’
—a? — b? — ¢? 4+ 2(ab + bc + ca) — 4abep = 0. (12)
The energy density is governed by a first-order nonlinear differential equation which
can be obtained from the conservation equations:
2abcp’ + yp(abc) = 0. (13)

Very often, the efficiency of the Painléwvcalculations is increased if one defines the
differential system in the so-called canonical form of Cauchy (first order, solved for the first
derivatives). Setting the dynamical variables

1/ (¢ 1/¢ d 1/a bV
=—— |-+ — =———4+ — =——|—4+ - 14
2<b+c> 2<c+a) 2<a+b> (14)

one readily writes the differential system in the adequate form

A'=—a(a—b—c+ (2—y)bcp) (15)
B'=—b(b—c—a+ 2—y)cap) (16)
C'=—clc—a—b+ 2—y)abp) a7)
a =+a(A—B—-C) (18)
b = +b(B—C — A) (19)
¢ =+4+c(C—A—-B) (20)

ﬂ=+gmA+B+C) 21)
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with the purely algebraic constraint
A%+ B? + C? — 2(AB + BC + CA) + a? + b?> 4 ¢® — 2(ab + bc + ca) = —4abcp. (22)

In what follows, we will not consider the barotropic paramejeias an unspecified
parameter (this would certainly be practically intractable from the singularity analysis point
of view), but we will restrict ourselves to some physically interesting cases. In section 3,
we will focus our attention on the = 2 (stiff-matter) case and on the = 4/3 case (for
a radiation-dominated cosmological model). In section 4, we will studyythe 1 (dust)
case while in section 5, we will treat the model in the presence of a cosmological constant
(i.e. they = 0 case, for which we obtaip constant).

From the Painle& singularity analysis point of view, all these cases are indeed very
different, and each case deserves (and implies) a particular treatment. This can easily be
seen if one injects the first term of a Laurent series into the conservation equation (13):

2(log p)’ + y (log(abc)) = 0
= 20X "+ v(Pa+ Po+ pIx PO
= pp = —g(pa + pp+ pe)
where
a = o,y b~ apx™ cracx” p R a, X=t—tl.

Thus, it is obvious that the so-called ‘singularity ordgp cannot be integer-valued for
all possible values of thg parameter. We recall that the presence of movable algebraic
branchings in the general solution of a differential system implies that it is not integrable in
the Painle@e sense, but an algebraic branching does not suffice, of course, to decide about
chaos.

3. The stiff-matter and radiation cases

The first step is to obtain the principal parts and singularity orders for all the families of
non-critical movable singularities. Defining the so-called leading behaviours near a movable
pole

a = o™ b apx™ c~acx’™ PR’ (23)
X =f—1 PE(Pa, Pbs Des pp) az(aa, Up, O, ap)

one can find all possible values @b, ) for which two or more terms in each differential
equation balance each other (these are called the ‘dominant’ terms), while the rest can be
ignored as arising at strictly higher powers of the expansion varigbte ¢ — 1y (for a

tutorial introduction to the Painlévtests, see Conte and Ramanal [8]). From the field
equations (9)—(11) and (13), we thus obtain

~ -2 22[, 22, 225 +pe ot P+ pet+
O~ —pax “Haix™ —apx™ —alx + 20p0.x 7" — (2 — y)agapoeo, x P PP e

(24)
O~ —ppx 2 + 05;3)(2” — aCZXZPr — O{EXZPH + 2000, X PP — (2 — ) atgapoea, x P PP
(25)
O%_PCX72 + O{CZXZ[% _ a3X2Pa _ a[gXZPb + Zaaabxmeph _ (2 _ y)aaabacapxpu+ph+pc+p,,
(26)

0~2p,x '+ y(pa+ po+ Px " (27)



64 J Demaret and C Scheen

The y = 2 (stiff-matter) case is obvious: one is led to an ordinary differential system
equivalent to the one obtained in the vacuum case, and the energy density of matter is
given by the relatiorubcp = constant= C. As far as the purely geometrical part of the
equations is concerned, one is led to the Bianchi type-IX vacuum model which has already
been investigated. There exist two interesting families given by the behaviours

f1 : a=~ix?
f2 1 a=iyx”

b~ box ¢ ~ cox (28)
! c~iyx L (29)

This is the first step of the Painlevanalysis: finding the principal parts and singularity
orders for all the families of non-critical movable singularities. The second step is to
compute the so-called ‘Kowalevskaya resonances’ (also named ‘Fuchs indices’ by some
authors). For each resonance, one must ensure that it is indeed possible to introduce
arbitrary coefficients in the Laurent expansion which is meant to be a local representation
of the general solution of the system. Some preliminary conditions must also be satisfied.
All these conditions will be recalled below, here we shall concentrate on the resonances
themselves.

The resonances are given by the zeros of the indicial equation associated with the
recurrence relation which must be solved in order to generate a Laurent series for the
general solution (see this recurrence relation in equation (33) which is stated below). A
rank necessary condition must be satisfied by every resonance: the multiplicity of each
resonance must equal the dimensionality of the kernel associated with each particular value
of the matrix needed to define the recurrence relation for the Laurent coefficients. This
condition ensures that the number of arbitrary parameters introduced in the Laurent series
is equal to the multiplicity of the resonance. If this condition is not satisfied, logarithmic
branchings enter the expansion and the system is not integrable in the Basdlese.
Together with the usual conditions for the absence of algebraic branchings, theseeare
gua nonnecessary conditions for a differential system to be integrable in the Paisémse.

Other necessary conditions are generated within the test itself. In the present case, one finds
the resonances

f1 0 r=(11),002), 12, 21)) (30)
f2 o r=(103.20) (31)

where the multiplicities are given between parentheses. These two families have been tested
recently bycGrRandLmc. This is the third and last step of the Pairégest: one must ensure

that it is indeed possible to generate the Laurent series. The Raitdst/thus generates
some necessary conditions for the differential system to possess the so-called &ainlev
property’ (hereafterP). We recall that a differential system possessesrthié and only if

its general solution does not exhibit any movable branching.

In particular,LMC showed that the series for the first family (28) represents a locally
meromorphic behaviour of the general solution (this maximal and principal family can be
tested with the help of the ‘standard’ Kowalevskaya—Gambier Pdniest and does not
lead to any violation of the necessary conditions for a differential system to posses®. the
On the other hand, the series for the second family (29) only represents a four-parameter
locally single-valued particular solution and one must perturb this Laurent series in order
to check for a possible multivaluedness in the general solution (this is due to the presence
of a triple negative resonance: one is compelled to perturb the Laurent series in order to
extract the information associated with the two remaining negative resonances).

The cFp perturbative method checks the absence of movable logarithmic branchings at
each perturbation order and for each resonance (positive, zero or negative). In the optimistic

! b~ix~
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case where no violation occurred, this method then produces a doubly infinite Laurent series
which is meant to be a local representation of a single-valued function. In this case, the
PP (which is a global, not local, property) is definitely not proved, since the necessary
conditions obtained do not suffice to prove single-valuedness. Moreover, the necessary
conditions written by the Painlévtest are not a ‘complete’ set of conditions. On the other
hand, if a violation does indeed occur, then the Paml®st is definitely conclusive and
shows that the dynamics under study is not integrable in the Paiskewse (failing the test
does suffice to prove multivaluedness). In this latter case, the local necessary conditions
for the absence of logarithmic multivaluedness can be used to extract all possible physical
single-valued particular solutions and to test their single-valuedness. If the conditions are
definitely sufficient, these single-valued particular solutions should be written in a closed
form.

Let us recall that the violation of therin itself does not suffice to decide about chaos.
Nevertheless, the presence of an infinity of movable logarithms is generally admitted to be
sufficient to ensure the existence of chaotic regimes, and this shows the pertinence of the
Painle& test.

To perform this perturbative test up to a maximal given orderone defines the
following double series (one perturbative Taylor series and one Laurent ‘Kowalevskaya—
Gambier’ series):

N (n—N)j_~+j+ )

w=) ¢ 3wy (32)
n=0 j=nj_ .

u=(a,b,c,p)

n)y _ () p(n) (n) _(n)

u; =, b e )

P = (Pas Pbs Des Pp)

where j_ and j, denote respectively the lowest and highest resonances. The strategy of the
test is to try and compute all the coefficients in the Laurent series. One thus tries to solve
a recurrence relation for these coefficients:

Vn=0  VYiznji (. j)#0.0) : P(Hu”+Q" =0 (33)

wherer.”) is a polynomial function of all the previously computed coefficients. Obviously,

if the index j is indeed a resonance then an orthogonality condition must be satisfied for

all the values of the previously computed coefficients. Such ‘Fuchsian’ necessary conditions
are generated at each perturbation order and for each resonance. The orthogonality necessary
condition is given by the relation

Vn=0  Vr(nr)# (0,00 @ Q" LkenP(j=r) (34)
while the rank condition mentioned above reads
Vr : mult(j =r) =dimkernP(j =r)). (35)

If conditions (35) and (34) are satisfied, then the recurrence relation (33) can indeed be
solved and the correct number of arbitrary parameters can be inserted in the Laurent series:
it is indeed possible to generate the Laurent series without introducing branchings of any
kind (the only movable singularities are poles).

With the help of this perturbative testmMCc have shown that the Bianchi type-1X
dynamics does not possess #rin the vacuum case, exhibiting movable transcendental
essential singularities in the local representation of the general solution generated by the
family (29).
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Moreover, these authors showed that there exists no single-valued solution to the Bianchi
type-IX vacuum model other than the three known ones (i.e. the solution of Halphen
for the system of Darboux [9], the axisymmetric particular solution of Taub [10] and a
solution which should be a four-parameter exact and closed-form generalization of the three-
parameter single-valued solution of Belinskij, Gibbons, Page and Pope (hessitdi1]),
which is the general solution of the system of Euler).

It shall be stressed here that the system of Euler and the system of Darboux (both
mentioned above) are particular cases of a more general sixth-order differential system
which can be obtained by studying scalar-flat metrics with anti-self-dual Weyl tensor and
which has been studied and integrated recently by Tod (1994) [11]. This latter system can
be integrated with the help of the solution of Halphen and in terms of the sixth Painlev
transcendent. ThecpPp solution and the Halphen solution then describe two particular
Ricci-flat Kahler metrics.

The first result ofLmc remains perfectly valid for a perfect fluid Bianchi type-IX
cosmological model, since this latter model is essentially a seventh-order dynamical system
which contains, as a particular case, the sixth-order system of the vacuum case, which is
known not to possess thre. On the other hand, it is quite natural to conjecture that at least
some of these single-valued particular solutions may not subsist in the perfect fluid case.
As we will see, some of these particular solutions are not structurally stable in the presence
of such a matter field.

Indeed, they = 2 (stiff-matter) case is no different from the vacuum case, since the
componenty1, 1), (2,2) and (3, 3) of the tensorial field equation remain the same as in
the vacuum case. Thg = 4/3 (radiation) case is much more interesting, and we shall
concentrate on this case.

We shall consider the dynamical system written in the canonical form of Cauchy
(equations (15) to (21)) and restrict ourselves to the family

fl @ a~bmce~iyx?t AxB~C~ 1! p~a,xt? (36)
p=(1-1-1-1-1-1+42)
o= (Is is i» 17 11 17 ap)
since it does lead to conclusive results (for completeness, one should make use of every
single family, since the omission of one family can easily lead to erroneous conclusions,

but this is not necessary here since the family under consideration does lead to a violation).
The resonances are the seven zeros of the indicial equation

j 0 0 —i i [ 0
0o ,j O [ —i i 0
0 0 i i —i 0
detP(j))=det] 0 —-i —-i j-—-1 0 0 0]=0
—i 0 i 0 j—1 0 0
—i —i 0 0 0 j—-1 0
0o 0 0 20, —20, —20, 3j
and we find the resonances (or ‘Fuchs indices’):
10 r=(1Q),00), 2(3). (37)

A perturbative Painle¥ routine, written by us in the algebraic programming language
REDUCE [12], has computed the following coefficients (the coefficients #prc, B and
C can readily be written with the help of the cyclicity of the family; symbelsalways
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denote arbitrary constants):

a(()o> i A(()O) -1 p(()O) —q,

a(,li =C 2iA(711 =cy+c3 3ip£li = —20,(c1 + c2+ c3)
4ia%) = 4t — (c3 — ca)?

4A(_2% = 2c1(c1 — ¢z — €3) — (5 + ¢3)

9/0(722) = —a,(2(c5 + c5 + c3) + c1c2 + cac3 + c3c1)

9iad" = a,(2c1 — ¢ — ¢3) Ag' =0 Py’ =0
a§0> — 4 9A(20) = 9i(cs + ¢cp) — 0‘,2)

3py” = a0, (2i(ca + c5 + cp) — o?)

27af” = 2Ti(c1e4 — (c2 — ¢3)(cs — cg)) + 2 (4ey + T(c2 + ¢3))

54AY = +27(2c1c4 — c1(cs + c6) — calca+ cs) — calca+ c)) + i (16c1 + 7(c2 + c3))

9" = +dia(c1 + 2 + c3) — 4oty (c1ca + cacs + cace) — 100, (c1(cs + c6) + ca(ce + ca)
+c3(ca + cs))

54ay = a,(3i(1lcs — cs — cg) — a?)

5443 = a,(9(ca — 25 — 2c6) — i0r?)

0
9,0§ )

= a5 (3(ca + 5+ co) + ).

As it should, one arbitrary coefficient is introduced at zeroth perturbation order for the
resonance 0 (this coefficient is the principal part for the energy density). Three other arbitrary
coefficients enter the double expansion at first perturbation order for the resordnce
Finally, the last three arbitrary coefficients are introduced at zeroth order for the resonance 2.

To sum up, the seven arbitrary parameters are thus

0 1 1 1
py) =0, ai=c  b=c H=cs
aéo) =c4 b;o) =cs5 cgo) = C6.

One violation of the necessary conditions (34) occurs at second perturbation order for
the resonance-1, i.e. when the stefin, j) = (2, —1) is reached. A second violation
occurs whenn, j) = (1, 2). This means that the radiation-dominated perfect fluid Bianchi
type-IX relativistic dynamics is definitely not integrable in the Paiélsense. Of course,
such a result is by no means a surprise. Indeed, the seventh-order differential system
studied here can be considered as a general case which contains a sixth-order particular
differential system, namely the vacuum Bianchi type-IX relativistic model. This latter
model has recently been extensively studiedd®r and LMc, showing that, even in the
vacuum case, this model does not possessthé@hus, it is obvious that our perfect fluid
model cannot possess the Nevertheless, the structure of the violations encountered here
is quite interesting and does lead to some general results, showing the efficiency of the
Painle& strategy. The two necessary conditions (34):

Q% Lker(P(j = -1)) QY L ker(P(j = +2))

are not satisfied under generic circumstances. In order to satisfy the first condition, one
should manage to obtain

0=54C% | = a,(—7c% + T(+c1c2 — cac3 + c3c1) + 8(c2 — €3)?) (38)
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0=54C" , = o, (—7c3 + T(+c1c2 + cacs — csc1) + 8(cs — c1)?) (39)
0=54C% 5 = a,(—7c3 + T(—c1ca + cocs + cac1) + 8(cr — 2)?). (40)
Simultaneously, in order to satisfy the second condition, we must set

0= 27in%q1 = +32ixe,c1c4 + 14ict, (c2c6 + c3c5) + 2iayc1(cs + cg) — 16ia, (c2(ca + c5)

+cs(ca + c6)) — 205(2c1 — ¢ — c3) (41)
0= 27iC§32 = 432, coc5 + 14ia, (c3ca + c1c6) + 2iayca(cs + ca) — 16ia, (c3(cs + cp)

+ei(es + ca)) — 205202 — c3 — 1) (42)
0= 27iC5rl£.3 = 432, c3c6 + 14iat, (105 + coca) + 2iayca(ca + cs5) — 16ia, (c1(cs + ca)

+ea(cs + ¢5)) — 205(2c3 — 1 — ¢2). (43)

Imposing ‘by hand’ some relations between the seven arbitrary coefficients, one can
indeed satisfy these two vectorial conditions, which are violated in the general case. This
technique produces all the physically interesting single-valued particular solutions associated
with a given ‘unstable’ (in the Painlévsense) differential system. It can lead to some exact,
closed-form, solutions. In our case, the nonlinear algebraic system

c?=o0,c%H =0

is only identically satisfied under the following circumstances (obtained with the help of
the GROEBNERpackage [13] irREDUCE):

(ap =0) (c1=c2=rc3).

The perturbative method seems to introduce ‘another’ arbitrary coefficient at first
perturbation order for the resonaneel. Since the formal solution does not, of course,
depend on eight independent parameters, one can freely impose one scalar relation between
the four quantities related to the triple Fuchs index, i.e. the arbitrary parameters
(to, c1, c2, c3). Thus, without loss of generality, we rewrite the two conditions

(a, =0) (44)
(C]_ =Cp=C3 = O) (45)

In the first case, we are brought back to the vacuum model. In the second case, the
perturbative test reduces to the Kowalevskaya—Gambier test. These two possibilities will
be discussed in section 6.

4. The dust case

In the y = 1 (dust) case, the conservation equation produces

1
p=C—— : (= constant (46)
abc

The best way to consider the differential system for this particular (dust) case is to write
down the Einstein equations

Goo = Top = abcp G;=T;=0 : Vi=123 47
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for a type-IX spatially homogeneous geometry, producing the system
(loga)” — 3((loga) (logb)’ + (logb)'(logc)’ + (logc)' (loga)) + 3 (5a* — 3b* — 3c?)

—%(ab +ac—3bc) =0 (48)
(logb)” — 1((loga) (logh) + (logh)'(logc)’ + (logc) (loga)’) + (5% — 3¢ — 3a%)

—3(bc +ba — 3ca) =0 (49)
(loge)” — X((loga)'(logh) + (logb) (loge) + (loge) (loga)’) + 1 (5¢% — 3a® — 3b?)

—3(ca+cb—3ab) = 0. (50)

We obtain the two following singularity families:

fl . p=(-1,+1+1) o = (i, bg, co) (51)

f2 : p=(-1-1-1 o = (4i, +i, +i) (52)
for which the resonances (‘Fuchs indices’) are

10 r=(-11.02. 12, 3(1) (53)

f2 0 r=(-103). 31, 22). (54)

Each of these families describes one six-parameter, bivalued, local solution (this
bivaluation is due to the presence of half-integer resonances). Again, the Bainétkiod
can be used to check the absence of logarithmic multivaluation. The first family (51) can
be used to generate a local representation whose coefficients can be computed (without any
violation of the necessary conditions) with the help of the standard Kowalevskaya test. On
the other hand, the second family (52) can be used to generate another local representation
whose series must be perturbed in order to extract some information correlated with the
negative resonances. We have performeddieperturbative test and we have obtained
a violation of the conditions for a system to possessriherThis violation occurs at third
perturbation order for the resonaned. We have computed the coefficients
(0) —j béo) —ij C(O) _
a(l{ =c b(_li =y c(_li =c3
dia (2) 462 (cp — 6‘3)2
4.b<fg = 4¢3 — (c3 — c1)?
4ic(_2% = 46‘5 - (Cl - 6‘2)2
4a(3§ = —463 + c1(cp — C3)2 + cg + cg — cpc3(cp + ¢3)
4b(3) 4C2 + co(c3 — C1)2 + C3 + Cl — c3c1(c3 + c1)
4c(3) —403 + c3(cy — cz) + cl + c2 —c1c9(c1 + ¢2)

a?=0 p7=0 ?=0
(1) -0 bél) -0 (1) -0
(2> =0 b4=0 <2) =0
a@:o »% =0 c(f;:o
aéo) =c4 b(20) =¢5 cgo) = —(ca+cs)
lail) = 2c5(c2 — ¢3) — calc1 — c2+¢3)

lbil) = 2c4(c1 — c3) +c5(c1 — c2 — ¢3)
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lci) = c4(c1 — c2 + ¢3) — cs(c1 — c2 —¢3)

24 = +c1(ca + 2c5)(c2 — ¢3) + 9cacaca — c2(5¢q + cs) — c(4cq — cs)

Zb( ) = +co(cs + 2¢4)(c1 — ¢3) + 9c1c3¢5 — Cl(C4 + 5¢s) — C3(4C5 —Ca)

2¢8 = +¢2(4cq + 5cs) + c3(5cq + 4es) — 9erca(ca + ¢s) + caler — ¢2)(ca — cs)
a=0 =0 =0

a? =0 =0 =0
ad®=0 pP=0 P=0

5ia? = 3c2 — 2c4c5 — 2c2
5in0> = 3¢ — 2c405 — 2¢5
5icf10) = 3cZ + 8cqcs + 3¢2
5a" = +14c1((ca + ¢5)? — cacs) — 5ca(2(ca + ¢5)? + cacs) + Sea(c3 + cacs — 2c2)
5bS" = +14c((ca + c5)? — cacs) — 5e1(2(ca + ¢5)? + cacs) + Bea(cE + cacs — 2¢2)
Be§” = +5c1(ch + cacs — 2¢8) + 5ea(cd + cacs — 263) + LAcs((ca + c5)” — cacs).
The five arbitrary parameters are thus
a(f{ = bili = c( i =c3 aéo) =4 b;o) = ¢s.

The (n, j) = (3, —1) Fuchsian necessary condition (34) is violated in the general case.
This orthogonality condition implies

0= 371C(_3{’1 = +c§(cz — c3)(ca + 2¢5) + 12c1coc304 — Cl(C§(7C4 + 2c5) + C§(5C4 — 2c5))
+cg’(404 + 2¢5) — C%Cg(5C4 + 4cs) + 03(204 — 2c5) — 0502(64 — 4cs) (55)

0= 3_1C(73i2 = —cg(ce, —c1)(c5 + 2¢4) 4+ 12c1c2¢3¢5 — Cz(c‘%(26‘4 + 7cs) + C§(5C5 — 2¢4))
+C:13(2C4 + 4cg) — C%Cg(4C4 + 5¢5) + Cg(2C5 — 2¢4) — c§c1(05 — 4cy) (56)

0=371C%, = —2c3(cq + 2¢5) — 2¢3(2c4 + ¢5) — 12c1¢2¢3(ca + ¢5) + c2ca(ca + 5es)
+c165(5¢4 + ¢5) + c2c3(5cq + Tes) + cich(ca — cs) + ciea(Teq + 5es)
+czc§(c‘5 — C4). (57)

This vectorial condition generates a nonlinear algebraic system whose five solutions can
be written in the form

(c2=rc1,c4—c5=0)
(c3=rc1,2c4+ c5 =0)
(cz=rc2,2c5 +¢c4=0)
(c4=0,c5 =0)
(c1=c2=c3)

or, equivalently, in the more transparent form

@D = bY, a® — p0) (58)
(a(l{ = c(li, aéo) =c, Oy (59)
b =% b =) (60)
(@) =by =0 = (¢ =0) (61)

@h =bpY = ). (62)
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Another violation occurs at second perturbation order for the resonance 2. We shall
not give this violation explicitly here, since thig, j) = (2, 2) condition does not refine
the (n, j) = (3, —1) condition. Indeed, thén, j) = (2,2) necessary condition, which
is violated under generic circumstances, can be satisfied if one imposes one of the five
constraints

(c2=rc1,c4—c5=0)

(c3=rc1,2c4+ c5 = 0)

(cz=rc2,2c5 +¢c4=0)

(calc1 — ¢2) = cs(c2 — ¢3), calcr — ¢3) = cs(cs — c1), (ca + ¢5)° = cacs)
(c2=c1,c3=rc1).

Thus, it is obvious that thé:, j) = (2, 2) condition does not refine the, j) = (3, —1)
condition. Nevertheless, the, j) = (5, —1) condition must also be satisfied, and this latter
orthogonality condition is indeed crucial as far as the ‘axisymmetric’ solutions are concerned.
If one imposes the constraint (61) or the constraint (62), theririthg) = (5, —1) condition
is identically satisfied. This is no longer true in the axisymmetric case: the constraints (58)—
(60) do not suffice to ensure single-valuedness under generic circumstances. For example,
if one imposes the constraint (58), then the j) = (5, —1) condition is identically satisfied
if and only if one manages to set the three following quantities to zero:

(201153 + 4302k c3 + 74 32G3c3 + 165Q:5¢3 — 26 29%1c5 — 140633)c;
(43233 — 961%7cs + 21 68G:3c3 + 165Q:5¢3 + 23c1cs — 353%3)c3
(5973 — 6577cjc3 + 32 8583¢3 — 585Q-2c3 — 1491k c5 — 1098Lk3)ca.

This can only be achieved if, = 0 or if ¢c; = ¢c3 = 0. Thus, the constraint (58) reduces

to one of the two constraints

(ca=c5=0,c0=1c1) and (c1=c2=c3=0,¢c5 =ca).

The case of constraints (59) and (60) is handled in the same way. This shows that the
axisymmetric solutions become subsets of cases (61) and (62). To sum up, in the dust case,
the Fuchsian necessary conditions (34) may thus only be satisfied if one imposes one of the
constraints (61) and (62). These results will be discussed in section 6.

5. The cosmological constant case

In the y = 0 case, the conservation equation produpes +A, where A is precisely
the cosmological constant. The field equatidtig — Ages = O for a type-IX spatially
homogeneous geometry read:

(loga)” +a? — (b — ¢)®> — 2Aabc =0 (63)
(logh)” + b? — (¢ — a)®> — 2Aabc =0 (64)
(logc)” + ¢® — (a — b)?> — 2Aabc = 0. (65)

The vacuum relativistic Bianchi type-IX familp = (-1, —1, —1) does not survive
here. Moreover, all the familiep = (p,, p», pc) With p, = p, = p. immediately lead
to algebraic branchingsp = (—2, —3, —2). On the other hand, the vacuum relativistic

Bianchi type-IX family
fl1 . p=(1,+1+1 a = (i, bo, cg) (66)
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does indeed survive here. All the familips= (-1, —1, p. > 1) do not exist, but at the
‘extreme’ limit p. = 0, we obtain the family

i 02
2 =(-1,-1,0 =({t=,F=,— ). 67
125 p=(1-10  a=(t;351) ©7)
The maximal and principal family (66) can be tested with the help of the classical

Kowalevskaya test (i.e. the perturbative test reduced to its zeroth perturbation order). The
resonances (and their multiplicities) are

f1 0 r=(11),002), 12, 21)) (68)

and, without any violation of the necessary conditions, we have computed the following
Laurent series coefficients:

0 _: 0 0
aé)zl bé):bo cé)zco
aio) =0 b;o) =c cio) =0

0
aé) =C3

2bobyY = 2 — 2ib3(co — c3)

2coc§0) = cg - 2icé(b0 —c3)

Zaéo) = —Abgco

Gibgbéo) = —i—icfl3 - Abgco + Zbg’cz + 6b§c1(co —C3)

6ic§céo) = tic3 — Abocg 4 2cicq 4 6ciea(bo — c3)

where the(n, j) = (0, 3) coefficients are given (even though 3 is not a resonance) because
the cosmological constamt enters the expansion when this step is reached. The six arbitrary
parameters are thus

(to, bo, co, c1, €2, €3)

and we obtain the truncated Laurent series

a~ix™t+esx (69)
2
b~ box + Cl)(z + (iboC3 + % — iboCo) )(3 (70)
0
2
¢~ cox +cax?+ <iCOC3 + i — iboco> x3. (71)
0

As for the non-maximal family (67), we only obtain four resonances, showing that
the series generated by this family cannot locally represent the general solution of the
system, which is the six-parameter solution. In the optimistic case where no necessary
condition is violated (which is not the case here), this family (67) can only represent a four-
parameter locally single-valued particular solution and tells nothing about some possible
multivaluedness in the general solution. Let us recall once again that multivaluedness has
been proved for theA = 0 case, which is known not to possess #re[6]. In fact,
the family (67) is indeed interesting, since there do exist some real irrational resonances,
implying movable branchings:

r= (-1(1), 1-5 1), 1+2‘/§

f2 5 (

These results will be discussed in section 6.

ux+an) (72)
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6. Discussion

The y = 2 (stiff-matter) case is obvious: the resultsLefc [6] for the vacuum case remain
perfectly valid here, and the energy density is given by the relggien a=6~1c"1. We
recall that, in the vacuum case, tae j) = (3, —1) violated condition has the five solutions

@8y = b9, a3 = by") (73)
@Y =c%,a =) (74)
Y =ch b =) (75)
@ =bp4 = (76)
(ay) = by = ). (77)

The first three possibilities represent the four-parameter single-valued axisymmetric
particular solution discovered by Taub. The fourth condition corresponds to another
four-parameter single-valued particular solution whose exact and closed-form expression
is yet unknown and which should be a four-parameter generalization of the three-parameter
solution discovered bgcPr. The last possibility does not suffice to ensure single-valuedness
for the particular solution, since it is restricted by the j) = (5, —1) violated condition.

This latter condition has the four solutions

@ =b%. 0 =bY =) (78)
(a(_li = c(_li, aéo) = C;O) = b;o)) (79)
G =ch, b = = ay”) (80)
(ay) =by =cy) =0). (81)

The first three possibilities obviously correspond to a three-parameter subset of the
more general four-parameter axisymmetric solution which is already underlined. The last
possibility corresponds to the three-parameter single-valued solution of Halphen for the
system of Darboux.

We recall that, in they = 2 case, an exact and closed-form single-valued particular
solution has been obtained by Barrow [14]. This solution generalizes the vacuum
axisymmetric Taub universe.

The y = 4/3 (radiation) case is more interesting. If we impose our first constraint
(44) a, = p = 0, then we are once again brought back to the vacuum particular case
(all the Laurent series coefficienp?‘") for the energy density vanish if the principal part
a, = p3® vanishes itself). This possibility thus reduces to the already studied case of a

vacuum cosmological model, and the condition = p(()o) = 0 does not suffice to ensure
single-valuedness, according to thheC and CGR results.

On the other hand, if we impose our second constraint (45> ¢, = ¢3 = 0, then
we obtain precisely one of the cases (76) discoveredMyy for the vacuum case (with an
adequate gauge choice):

@h =" =Y =0). (82)

This is the only possibility of disentangling oneself from the violations encountered if
one imposes the presence of matter. Our first result is thus the fact that there exists at
most only one four-parameter single-valued particular solution for the radiation-dominated
perfect fluid Bianchi type-IX relativistic cosmological model. This means that all the
other solutions, including the four-parameter axisymmetric solution discovered by Taub
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in the vacuum case, cannot subsist in the presence of this radiation-dominated perfect fluid.
Our second result is the fact that the only possibility to satisfy(thej) = (2, —1) and

(n, j) = (1, +2) conditions does indeed suffice to satisfy also the conditions which are
generated in the vacuum case. This means that the four-parameter single-valued particular
solution corresponding to the constraint] = ") = ¢} = 0 does indeed survive in the
presence of the radiation-dominated perfect fluid (compare our constraint (45) witliche
‘vacuum’ constraint (76)).

For they = 1 (dust) case, we have found the maximal families (51) and (52), each one
of them exhibiting one real rational resonance. This means that each one of these families
can be used to generate one six-parameter, bivalued, local solution. However, in the case
of our second family (52), some necessary conditions could not be satisfied under generic
circumstances (even in the case of the presence of non-integer resonances, it is always
recommended to generate the orthogonality necessary conditions, since this can provide
valuable information about some possible particular solutions). We have shown that the
constraint (with an adequate gauge choice)

@ =p" =Y =0) (83)

does indeed locally represent a single-valued particular solution whose three arbitrary
parameters arg, c4 andcs. Moreover, we have shown that the particular solution described
by the constraint

(ay) =by) =0) = (c) =0) (84)

does seem to survive in the presence of dust. In the vacuum case, this latter constraint only
appears at fifth perturbation order, but in the dust case, it appears sooner, at third order.
However, in the dust case, our main result is the fact that there cannot exist any exact and
closed-form axisymmetric solution. This can only be proved at fifth perturbation order and
this is due to the presence of logarithmic movable branchings.

Finally, for they = 0 (cosmological constant) case, we have shown that the vacuum
relativistic Bianchi type-IX family (66) survives and does not lead to any violation of the
necessary conditions for a differential system to possessrh@n the other hand, we have
found one non-maximal family (67) exhibiting some real irrational resonances, implying
movable branchings. We recall that the= 0 case is not integrable in the Painkesense.
Nevertheless, imposing # 0, we have not been able to detect any movable logarithmic
branching in the local representation of the general solution. We recall that if no violation
occurs, the Painlévtest does not suffice to prove the integrability of a differential system.
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