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Oscillatory Singularities in Bianchi Models
with Magnetic Fields

Stefan Liebscher, Alan D. Rendall and Sophonie Blaise Tchapnda

Abstract. An idea which has been around in general relativity for more
than 40 years is that in the approach to a big bang singularity solutions of
the Einstein equations can be approximated by the Kasner map, which
describes a succession of Kasner epochs. This is already a highly non-
trivial statement in the spatially homogeneous case. There the Einstein
equations reduce to ordinary differential equations and it becomes a state-
ment that the solutions of the Einstein equations can be approximated
by heteroclinic chains of the corresponding dynamical system. For a long
time, progress on proving a statement of this kind rigorously was very
slow but recently there has been new progress in this area, particularly
in the case of the vacuum Einstein equations. In this paper we generalize
some of these results to cases where the Einstein equations are coupled
to matter fields, focussing on the example of a dynamical system arising
from the Einstein—-Maxwell equations with symmetry of Bianchi type Vlo.
It turns out that this requires new techniques since certain eigenvalues
are in a less favourable configuration than in the vacuum case. The dif-
ficulties which arise in that case are overcome by using the fact that the
dynamical system of interest is of geometrical origin and thus has useful
invariant manifolds.

1. Introduction

The fundamental equations of general relativity are the Einstein equations,
possibly coupled to other equations describing the dynamics of the matter
which generates the gravitational field. With a suitable choice of physical units
the equations are

1
Rop — §Rg°‘5 =Tus. (1.1)

The unknowns in these equations are the spacetime metric go3 and the matter
fields. R,p is the Ricci tensor of the Lorentzian metric g.g and R its trace.
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T, is the energy-momentum tensor. In this paper we are mainly concerned
with the Einstein vacuum equations, where T3 = 0, and the Einstein-Max-
well equations. In the latter case, the source of the gravitational field is an
electromagnetic field F,3 and the energy-momentum tensor is given by

Lors
Tap = Fo ' Fy — 1 (F"Fys)gap. (1.2)
The electromagnetic field tensor is antisymmetric (Fpg = —Fj,) and satisfies
the source-free Maxwell equations
V%o = 0, VaoFgy +VyFog+VgE,, = 0. (1.3)

It is well known that solutions of the FEinstein equations generally develop
singularities. In particular, there are solutions relevant to cosmology in which
the singularity corresponds to the big bang. Belinskii, Khalatnikov and Lifshitz
(hereafter abbreviated to BKL) developed a heuristic picture of the singular-
ities in cosmological solutions of the Einstein equations. In this context they
introduced a map of the circle to itself which we refer to as the Kasner map.
It will be defined precisely below. They suggested that it provides a model
for oscillations of the geometry in the approach to the singularity. For the
original work see [2] and [3]. A modern discussion of these ideas can be found
in [4]. An important idea in the BKL work is that spatially inhomogeneous
solutions of the Einstein equations can be approximated by spatially homo-
geneous solutions near the singularity. Since from a mathematical point of
view the dynamics of spatially homogeneous solutions is still far from being
understood, it is natural at the present time to concentrate on understanding
classes of spatially homogeneous solutions. This is the strategy we adopt in
what follows.

A long-standing question in mathematical cosmology is to relate the
Kasner map to the dynamics of actual solutions of the Einstein equations,
possibly with matter. An important recent advance in this field is the paper
[7] where a relation of this kind was established in a special case. These results
concern solutions of the vacuum Einstein equations of Bianchi types VIII and
IX. They complement earlier results of Ringstrém [10,11] by providing a more
detailed description of the dynamics of the approach to the singularity in
certain cases. The work of Ringstréom on vacuum spacetimes was preceded
by results of Weaver [15] on solutions of the Einstein-Maxwell equations of
Bianchi type VIj using a dynamical system introduced in [6]. In what follows
we extend the results of [7] to this case of the Einstein-Maxwell equations.
There is other recent work on this question in the vacuum case [1,8], but these
papers use very different techniques from those which we will apply to the
Einstein—Maxwell case and for this reason they will not be discussed further
here.

In the next section the necessary background and the fundamental equa-
tions needed in the paper are introduced. The most important similarities and
differences between the models with magnetic fields considered in what follows
and the vacuum models which had previously been analysed are explained. The
third section contains the main theorem and an exposition of the strategy of
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its proof. The central result is the existence of unstable manifolds of codimen-
sion one for some heteroclinic chains. To prove this it is necessary to obtain
estimates for a solution during its passages close to the Kasner circle and for
its behaviour between passages. This is done in Sects. 4 and 5, respectively.
A central idea of the paper and one which is a major step beyond what was
achieved in the vacuum case is the use of a specially constructed Riemann-
ian metric to measure the distance between the heteroclinic chains and the
approximating smooth solutions. The last section discusses future extensions
of this research and interesting open problems.

2. The Basic Set-Up

Spatially homogeneous spacetimes are those solutions of the Einstein-matter
equations where there is an action of a Lie group G by isometries of g, with
three-dimensional spacelike orbits which leaves the matter fields invariant. The
cases where the isotropy group is discrete can be classified according to the
Lie algebra of G. It is common in general relativity to use the terminology
due to Bianchi, who introduced types I to IX. It is also common to distinguish
between two subsets of these types known as Class A and Class B. In what
follows we will only be concerned with Class A models. More information on
this subject can be found in [13] or [9].

The analyses of vacuum spacetimes mentioned above are based on the
well-known Wainwright—Hsu system [14]. This is a system of ordinary differ-
ential equations for five variables (X4,%_, N1, No, N3) which are subject to
one constraint. It includes all the Bianchi models of Class A (i.e. types I, II,
VI, VI, VIII and IX). The system is defined on a smooth hypersurface in
R®. An analogous system for Bianchi spacetimes of type VIy with a magnetic
field was introduced in [6]. It is also defined on a smooth hypersurface in R®
and it includes solutions of types I and II with a magnetic field. The variables
are called X, X _, Ny, N_, H. The first two variables can be identified with
the variables of the same name in the vacuum case since they have the same
geometrical meaning in both cases. The variables N, and N_ correspond in
a similar way to certain linear combinations of Ny and N3. More specifically,
N; = 3(Na + N3) and N_ = @(Ng — N3). The variable H corresponds to
the magnetic field.

The dynamical system is

3
Y, = -2N2(1+%4) + 5H2(2 -%,),
¥o=-— (QNE - 21{2) Y_ —2N,N_,

3
N, = (2&(1 +34) +252 + 2H2> N, +6X_N_, (2.1)
N’ = (22+(1 +34)+252 + ZH2> N_+2%_N,,

H =—-(2,(2-%,)-%2 + N)H.
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The prime denotes a derivative with respect to a time variable 7 which tends
to —oo as the singularity is approached. These equations are taken from [15].
They arise as a special case of the equations for models with a magnetic field
and a perfect fluid derived in [6] by setting the fluid density to zero. (Here
a magnetic field means an electromagnetic field satisfying the condition that
Fagnﬁ = 0, where n® is the unit normal vector to the group orbits.) Solutions
are considered which satisfy the condition

S 422 4N+ gHQ = 1. (2.2)
This condition follows from the Einstein equations and is preserved by the evo-
lution equations for (X, X_, Ny, N_, H) just defined. The inequalities N_ >
0, N_2~_ < 3N? and H > 0 are assumed. These are also preserved by the evo-
lution and define the region which corresponds to Bianchi type VI solutions
with non-zero magnetic field. Setting H = 0 while maintaining the other two
inequalities gives a representation of the vacuum solutions of Bianchi type VIj.
Setting N = +/3N_ gives two different representations of solutions of type
IT with a magnetic field. Setting other combinations to zero leads to vacuum
solutions of type II, solutions of type I with a magnetic field, and vacuum solu-
tions of type I (the Kasner solutions). Note the invariant subspaces { N2 = 0}
and {N3 = 0} which also appear in the Bianchi system with perfect fluid. In
fact the invariant subspaces { N2 = 0}, {N3 = 0}, {H = 0} will play a crucial
role in our analysis, see (3.4).

The circle defined by 23_ +32 =1 consists of stationary points. Each one
of them corresponds to a Kasner solution and so this set is called the Kasner
circle. There are three families of heteroclinic orbits between points on the
Kasner circle whose projections to the (X4, Y _)-plane are straight lines. Two
of these families correspond to vacuum solutions of Bianchi type II and occur
in both the vacuum case and the case with magnetic field. In the vacuum case
there is a third family related to these two by symmetries of the system. In
the case where a magnetic field is included, the two sets of Bianchi type II
vacuum solutions are complemented by a family of Bianchi type I solutions
with magnetic field. The projections of the latter to the (X4 ,X_)-plane are
identical to those of the third family of Bianchi type II solutions in the vac-
uum case. There is thus a natural correspondence between heteroclinic chains
consisting of Bianchi type II solutions in the vacuum case and heteroclinic
chains in the case with a magnetic field which include orbits corresponding
to both solutions of the vacuum Einstein equations of Bianchi type II and
solutions of the Einstein-Maxwell equations of Bianchi type I. In the vacuum
case there is a heteroclinic cycle consisting of three orbits and it is the central
example considered in [7]. The projections of the orbits making up this cycle
to the (X4, X _)-plane are related by rotations by multiples of 2{ By what has
already been said, there is a corresponding heteroclinic cycle in the system of
[6]. See also Fig. 1. The Kasner solutions can be written in the explicit form

— dt? + t°Prda® + P2 dy? + P2 d2 (2.3)
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FicURE 1. Kasner circle and period 3 cycle; Bianchi type II
vacuum families to corners 2,3 (in black), Bianchi type I fam-
ily with magnetic field to corner 1 (in blue); Kasner intervals
K; bounded by Taub points T; of tangencies and antipodal
points Q; (colour figure online)

With a suitable choice of ordering the Kasner exponents pi, po, p3 are related
to the variables ¥ and ¥_ by

1
p1=3(1-2%4),
1
pr=3(1+3; + V3L, (2.4)

1
pP3 = g(]. + E+ — \/527)

The eigenvalues of the linearisation of the Wainwright—Hsu system at a
Kasner solution are (6p1,6p2,6p3) ([14], p. 1425). For the system describing
solutions of the Einstein-Maxwell equations of Bianchi type VI introduced
in [6] the eigenvalues are (3p1,6p2,6p3) ([6], (4.1)). The Taub points of the
Kasner circle are defined by the condition that the Kasner exponents are
(1,0,0) or a permutation thereof. All points of the Kasner circle other than
the Taub points have a one-dimensional stable manifold. For p; < 0 the stable
manifold is defined by a solution with non-vanishing magnetic field and the
corresponding eigenvalue is 3p; < 0. For ps < 0 or p3 < 0 the stable manifold
is defined by a vacuum solution.
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In order to have an overview of the relative sizes of the different eigen-
values it is useful to introduce the Kasner parameter u € [1, oo] which is defined
implicitly by the relation (cf. [4])

—u?(1+u)?
=— . 2.5
p1p2p3 1+ uta2)? (2.5)
Then the Kasner exponents arranged in ascending order are given by
o —u
R L
1+u
Dy = ———————, 2.6
p2=7 +u+u? (2:6)
. u(l+ u)
Ps= T e
+ut+u

Note that ps > —p1 with equality only when u = oo. On the other hand
B < —py and B > —p;. The Kasner map is defined by u +— u — 1 for u > 2
and u — (u—1)~" for u < 2. The central example in [7] is a set of heteroclinic
orbits which form a cycle of order three. In fact the value of u corresponding
to that example is invariant under the Kasner map. It solves the equation
u? —u —1 = 0 and is the golden ratio (1 + v/5). The values of the Kasner

2
exponents at the vertex of this cycle where p; < ps < p3 are

(17\/3)7

p1=

P2 =35, (2.7)

N = | =

p3 = i(l +V5).

For each value of the Kasner parameter v in the interval (1, c0) there are
six points on the Kasner circle where u takes that value. Removing the Taub
points T; and their antipodal points @; from the Kasner circle leaves a union
of six intervals K;, 1 < i < 6. They will be numbered as follows: Let K; be
the region where p; < 0 and py > p3. Then number the others consecutively
while moving anticlockwise along the Kasner circle, see Fig. 1.

In order to assess the stability of a heteroclinic cycle it is important
to examine the eigenvalues of the linearisation of the system at the verti-
ces. In both the vacuum case and the case with magnetic field there is one
negative eigenvalue —p; and two positive eigenvalues pg, ps. Without loss
of generality the labelling can be chosen so that ps < ps. Then from what
has been stated above it can be seen that in the vacuum case the inequal-
ities 1 < po < pg hold at any point of the Kasner circle except T; and
Q;. Call this the first linearisation condition. That this is true is one of the
most important hypotheses of the main theorem of [7]. On the other hand this
condition can fail in the case with magnetic field. It fails precisely when the
Kasner exponent p; is intermediate in size between p, and ps, i.e. when the
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point of the Kasner circle lies in the one of the sets K5 and K5. For then the
eigenvalue 3p; is smaller in magnitude than that of the negative eigenvalue,
while the other positive eigenvalue is not. Then we have the situation that
e < p1 < ps. The situation that the eigenvalue 3p; does not correspond
to the eigendirection tangent to the heteroclinic orbit incoming towards the
past is covered by the theorems in this paper. Call this the second linearisa-
tion condition. What is common to the first and second linearisation condi-
tions is that the eigenvalue corresponding to the heteroclinic orbit incoming
towards the past is larger in modulus than that corresponding to the hetero-
clinic orbit outgoing towards the past. In the example of the 3-cycle at least
one of the two linearisation conditions just introduced holds at each of the
vertices. See Fig. 1, the second eigenvalue condition holds in the intervals Ko
and K5, whereas the first eigenvalue condition holds in the remaining inter-
vals.

The linearisation conditions are not in themselves enough to make the
theorems in this paper work. Additional geometrical information is required.
This is the existence of a certain invariant manifold. It is tangent to the space
spanned by the vectors tangent to the stable manifold and the centre mani-
fold and the eigenvector corresponding to the largest eigenvalue. For a general
dynamical system there is no reason why a manifold of this kind should exist.
In the example of a Bianchi model of type VI with magnetic field a manifold
of this kind is defined by the vacuum solutions of type VIj or the solutions of
type II with magnetic field.

Note that multiplying the last equation in (2.1) by H shows that
(2.1) can be rewritten as a smooth dynamical system in the variables
¥, ¥, Ny, N_, H2 Call this the transformed system. From a physical
point of view this corresponds to replacing the one independent component
of the Maxwell field in this situation by the one independent component of
the energy-momentum tensor as a basic variable. In the transformed sys-
tem the problematic eigenvalue 3p; is replaced by the value 6p; familiar
from the vacuum case. Thus in the context of the latter system the sta-
bility of the heteroclinic cycle can be analysed using the techniques of [7].
We have nevertheless chosen to present our discussion in terms of the orig-
inal system (2.1) for the following reasons. The proofs of Sects. 3, 4 and
5 are formulated in a general setting which is intended to be applicable
to a variety of Einstein-matter systems. It is to be expected that for most
homogeneous spacetimes with matter the possibility of simplification by a
clever change of variables will not be available. Usually, the matter fields
and their equations of motion contain more information than can be encoded
in the energy-momentum tensor alone. The example of the system (2.1) is
convenient for illustrating how the new techniques developed in what fol-
lows can be applied to a dynamical system arising in general relativity. The
role of the invariant manifolds highlights the special properties of this type
of system among more general dynamical systems containing heteroclinic
chains.



S. Liebscher et al. Ann. Henri Poincaré

3. Main Result and Sketch of Proof

We shall prove the following result on the dynamics of the Bianchi model of
type VI (2.1, 2.2) with magnetic field:

Theorem 3.1. The period 3 heteroclinic cycle given by (2.7) possesses a local
codimension-one unstable manifold. In other words, system (2.1, 2.2) admits
a codimension-one manifold, locally close to the heteroclinic cycle, of initial
conditions whose backward trajectories converge to the heteroclinic cycle. The
manifold is locally Lipschitz continuous in the open complement of the bound-
aries Ny =0, No =0, H = 0. It is Lipschitz continuous in every closed cone
intersecting these boundaries only in the heteroclinic cycle.

As pointed out at the end of the last section, passing to the transformed
system would allow this result to be proved using the techniques of [7]. This
can even be used to show that the invariant manifold is globally Lipschitz.
Here the theorem will be proved using the original system since this illustrates
the use of new techniques of wider applicability. The proof will only use certain
properties of the particular structure of the Bianchi system (2.1) and can be
sketched as follows:

Step 1: local passage, Sect. 4. In a neighbourhood of the equilibria of the het-
eroclinic cycle, i.e. close to the Kasner circle, the Bianchi system (2.1, 2.2)
with reversed time direction can be smoothly transformed to a vector field

i=f(z), == Ty, Tes,Ts,Tc) ERXRXxRY xR,
that satisfies the following properties:

Conditions 3.2.  (loc-i) There is a straight line of equilibria,
£(0,0,0,z.) = 0. (3.1)

(loc-ii). The heteroclinic orbits of the original system correspond to the xgs-
and x,-axes.
(loc-iii). The linearisation at the origin has the almost diagonal form

Hu
*Nss

DF(0) = R , (3.2

—MUsN
* * * e * 0

with oy Mssy His1y - - 5 HsN > 0.
(loc-iv). The eigenvalue corresponding to the incoming direction is stronger

than the eigenvalue corresponding to the outgoing direction,

[ 1ss < 1. (3.3)
(loc-v). The codimension-one subspaces
{x, =0}, {asxs =0}, {zsq=0},...,{zsx =0} (3.4)

are invariant under the flow.
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Note that, for the model (2.1, 2.2), we have N = 1. However, the gener-
alization N > 1 is needed for applications discussed at the end of this section
and in Sect. 6.

The last two properties are the most crucial for the proof. The invari-
ance of the codimension-one subspaces is non-generic for systems admitting
(loc-i)—(loc-iv) and is a very strong constraint on the system.

Under the above assumptions the local passage map, W'oc : ©in — yout,
from an in-section ¥ = {ry = e} to an out-section X°U = {z, = &},
for sufficiently small ¢, is a Lipschitz-continuous map with arbitrarily little
change of the x.-component and arbitrarily strong contraction transverse to
the x.-component. Unfortunately, this only holds true with respect to a non-
Euclidean metric and represents one of the main difficulties of our investiga-
tion. Indeed, for ps; < py even a linear vector field f never gives rise to a
Lipschitz-continuous map W'°¢ with respect to the Euclidean metric. The case
Lu < fhss, fsl, - - - UsN, on the other hand, does yield a Lipschitz-continuous
map ¥!°¢ and has been treated in [7].

Step 2: global excursion, Sect. 5. Close to the heteroclinic chain, by smooth
dependence on initial conditions, the trajectories follow the heteroclinic orbit
from the out-section of a local passage to the in-section of the next local pas-
sage. This map, \Il%bb oout E'};Lrp is a uniformly bounded diffeomorphism.
In particular, any deformation imposed by W8°P in directions transverse to
will turn out to be dominated by the strong contraction of the local passage
map U'°°, In z.-direction, however, we gain an expansion given by the Kasner
map. Thus, the global excursion \II%IOb : XUt — | given by the Bianchi
system (2.1, 2.2) with reversed time direction satisfies

Conditions 3.3.  (glob-i). \I/%mb maps the origin of L9 to the origin of i,
and (local neighbourhoods of 0 of) the invariant subspaces {rss = 0},
{zs1 = 0},...,{zsx = 0} onto {z, = 0}, {zs1 = 0},...,{zsx = 0} (in
arbitrary order).

(glob-ii). W&'°" is a C? Diffeomorphism. The bounds | DWE"|, | D*TE°P||,
| D(WEPY 1| || D2(WE°P) 1| < M are independent of k.

(glob-iii). It wniformly expands in wx.-direction at the boundary. In other
words, \IIEIOb {228 = 0,20% = 0} — {zI = 0,2® = 0} is Lipschitz
continuous, and its inverse (\I/%h)b\{xgsutzoxguc:o})*l has Lipschitz constant
less than L < 1, independent of k.

Step 3: graph transform, Sect. 5. Combining local passage and global excur-
sion yields maps from each in-section to the next, ¥ = \IJfOb o ploe : pin —
E};Lrl, with uniform cone conditions. A standard graph-transform technique
now yields the claimed invariant manifold as a fixed point in the space of
Lipschitz-continuous graphs ¥ = 2¥(z¥, 2%) in X", For completeness of pre-
sentation, we will give the necessary arguments in Sect. 5.



S. Liebscher et al. Ann. Henri Poincaré

In fact, steps 1-3 prove a much more general theorem than 3.1, that is
Theorem 3.4. Let a C* wvector field and a chain of heteroclinic orbits h*(t),

lim A*71(t) = p* = lim K*(t), keN,
t—oo t——o0

be given. Assume that locally near p* assumptions (loc-i)-(loc-v) hold and that
along each h¥ assumptions (glob-i)—(glob-iii) hold, with constants v, L, M inde-
pendent of k.

Then there exists a local codimension-one stable manifold to the hetero-
clinic chain, i.e. a codimension-one manifold of initial conditions following the
heteroclinic chain and converging to it.

The heteroclinic chain itself is contained in the boundary of this mani-
fold. The manifold is locally Lipschitz continuous in the open complement of the
invariant subspaces (loc-v). The manifold is uniformly Lipschitz continuous in
every closed cone intersecting the invariant subspaces only in the heteroclinic
chain itself.

This theorem covers not only the period 3 cycle of the Bianchi VI system
with magnetic field. In fact, it applies to every heteroclinic chain in the Bianchi
VI system with magnetic field that does not accumulate at any Taub point
(required for uniformity of bounds) and such that the chain does not contain
heteroclinic orbits of the magnetic family to points in the domain Ko U Kj5. See
also Fig. 1. It also applies to every heteroclinic chain of the Bianchi A (VIII
and IX) system without magnetic field but with ideal fluid as investigated in
[7], as long as it does not accumulate at any Taub point. The proof given
here completes the arguments sketched in the discussion section of [7] and
relaxes the constraint on the matter model required there. All matter models
that yield positive eigenvalues of the linearisation at the Kasner circle in the
non-vacuum direction are included, due to the relaxed eigenvalue condition. In
particular, as discussed in more detail in Sect. 6, it includes perfect fluids with
equations of state which could not be treated by the methods of [7] and for
which no method of reduction to that case is known. It is possible to remove
the need to exclude the subset KU K5 of the Kasner circle using the modified
system. This follows from results sketched in [7] and proved in detail in Sect. 5.

4. Local Passage Near a Line of Equilibria

In this section we study the passage of trajectories under a general flow near a
line of equilibria with eigenvalue constraint (3.3) and invariant subspaces (3.4)
consistent with the Kasner circle in the Bianchi VIj system with magnetic
field. We will collect estimates on expansion and contraction rates to estab-
lish Lipschitz properties of the local map between sections to a reference orbit
given by the passage near the line of equilibria, see Theorem 4.8 at the end of
this section. Compared with [7] (Section 3), we assume the relaxed eigenvalue
condition (3.3) without any constraint on g1, ..., usn. This requires the use
of a non-Euclidean metric (4.21, 4.22).
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Consider a C* vector field, k > 4,
&= f(x), = = (Tu,ZssTs,2c) € RxRXxRY xR, (4.1)

that satisfies Conditions 3.2 in a neighbourhood of the origin. Due to the
invariant subspaces (3.4), the form of the linearisation (3.2) holds locally all
along the line of equilibria,

Nu(xC)
—fss (Tc)

—Hs1(xc
Df(0,0,0,z.) = e . (42)

_MsN(xC)
* * * cee * 0

The stable and unstable manifolds as well as the strong stable foliation of
the stable manifold are C¥ and can be flattened, see e.g. [12] (Theorem 5.8). By
a C* change of coordinates the stable/strong stable/unstable manifolds to the
equilibria locally coincide with the respective eigenspaces. In particular, and
in addition to (3.4), the following stable and unstable fibres become invariant:

WH(ze) = {wes = 0,2 = 0, 2 fixed},

Ws(xe) = {zy =0,z fixed}. (4.3)

Note that in the Bianchi system, W"(z.) coincides with the outgoing hetero-
clinic orbit attached to the equilibrium (0, 0,0, z.).
Due to (4.3), the linearisation becomes diagonal,

fru(e)
—phss ()

sl (xc

—psN ()
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Our aim is to study a local map from an in-section X" = {zy = ¢} to
an out-section X°% = {z,, = ¢} for x5, 2. ~ 0, see Fig. 2. This corresponds to
the passage near the Kasner circle in the Bianchi system in backwards time
direction. (We reversed the time direction to obtain a well-defined local map.)

We rescale the system to

& = A(ze)r + eg(x), (4.5)
with € arbitrarily fixed and g at least quadratic in (xy, s, zs). Due to the
invariant subspaces (3.4) and (4.3), the vector field takes the form

By = pu(Te)Tu + Egu(@) 2y,
Tos = —Hss(Te)Tos + EGss (T) T,

Tsp = _Nsé(mc)xsé + €9se($)$stz, £=1,...N, (46)

N
Te =& (gcss(m)xss + chsf(x)xsé> L,
/=1

with C*~'-functions g¢u, gss, gs¢e, vanishing along the line of equilibria, and
CF=2_functions gess, gese- In particular,

|911(x)|7 ‘gss($)|7 |gsl(m)‘v EER) |gsN(x)| <Cmax(|xu|v |xSS‘7 ‘xsl‘v LR |st|)7
|QCSS(x)|’ |gcs1 (1')|7 SRR ‘gcsN($)| <C, (4-7)

for some constant C' > 0 independent of € and = € U, where U is some local
neighbourhood of the origin. Similarly, all derivatives of gy, gss, gs¢s gesss Gese
are bounded by C' for x € U. We choose

U= (-2,2)N*3, (4.8)

All further estimates will use this rescaled system (4.5) with flattened invariant
manifolds (4.3) in the local neighbourhood Y. They will be valid for all € < g
and suitably chosen g¢. In the original system (4.1), 9 bounds the size of the
neighbourhood of the origin in which this local analysis is valid.

Proposition 4.1. Let

fu = ,LLU(O), —Hss = 7,“55(0% —Hse ‘= 7,“8[(0)3 t=1,...,N,
be the eigenvalues of (4.4) at the origin. Then for all 0 < o < 1 there exists
an g9 > 0 such that for all e < g in (4.5) and x € U

o < Mu(xc)7 /J/ss(-rc), ,U,Sl(l‘c) . IU’SN(J:C) < a L. (49)

- M Mss Ms1 MsN
Proof. Due to the invariant subspaces (3.4, 4.3), the linearisation of the system
at equilibria close to the origin remains diagonal, and the eigenvalues depend
differentiably on ., For the rescaled system (4.5) with small gy this provides
bounds in : Indeed, there exists a constant C' > 0 independent of ¢¢, €, such
that

d

(zc) d—xcusz(xc) < eC. (4.10)

) )

4
dz. Ho

d
C17‘,I:C/1'ss(xc)
O
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The scalar function 0(z) = gy (pu(2c) + €gu(z)) " is, therefore, CF1
and close to 1. The vector field
o = 0@)f(z) = — Lz
(@)1 (@) Uu(xc)+5gu($)f( )

has the same trajectories as the original vector field and all previous consid-
erations remain valid. Thus we can assume, without loss of generality, that
O(x)=1in U, ie.

ta(ze) = i, gu(z) =0. (4.11)

At this step we have made use of the fact that the origin possesses exactly one
unstable eigenvalue. The vector field to consider then has the form

(tu = HuTu
j:ss - _Mss(l‘c)xss + Egss(x)xssy
Tso = —pse(Te)Tse + €Gse(T) Tsp, {=1,...N, (4.12)

N
i'c =£& <gcss($)mss + chsf(‘r)xM) Ty
/=1

Lemma 4.2. For all 0 < o < 1 there exists an €9 > 0 such that for all € <
g0, (0) € U and t > 0, as long as x(t) remains in U under the flow to the
vector field (4.12), we can estimate

zu(t) = exp(put) zu(0), (4.13)
xss(t) € {exp (—;,usst) , exXp (—oz,usst)} xss(0), (4.14)
xs0(t) € [exp (—;Msgt) , exp (—ausgt)] x50(0), (4.15)
(=1,...N,
[re(t) — me(0)] < 2 <1|xu<o> oy 1|xse<o>|) SR
« ss — My = Hse

Here, C' is the uniform (in x and ) bound from (4.7).

Proof. The unstable component (4.13) is given directly by the vector field.
The estimates of the stable components (4.14, 4.15) follow from the vector
field and the uniform bounds (4.9, 4.7). Indeed for arbitrary 0 < & < 1 and
€ < g9 small enough, we have

1
i'ss S |:_~,U/ss - 507 _dﬂss + EC:| Lss-
«

Thus for arbitrary 0 < a < 1 we find suitable & < & < 1 and ¢ small enough
such that

1
C.Ess € [Nssaaﬂss] Tgs-
«
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Integration yields the claim. Bounds on xg, are obtained analogously. The cen-
tre component (4.16) is then estimated by plugging (4.13, 4.14, 4.15) into the
vector field (4.12) and integrating

|xc(t) - Ic(o)l

t N
| et ($)eu(s) + 3 gerla(s))aun(s)e () ds
/=1

=
t N
< EC/ eXp(Mu - dﬂss)'-rss(o)xu(oﬂ + Zexp(_&ﬂséﬂxsé(o)xu(s)' ds
0 (=1
t N
< 2:C [ explyn — ) (0)] + 3 exp(~cipme) e (0)] ds
0 =

t N
< 2:C / exp(—a(jies — 1))eu(0)] + 3 exp(—ayiee) 2¢(0) | s
/=1

The last inequality needs a slight adjustment of & ~~ « and uses the eigenvalue
condition (3.3). Indeed, for all 0 < a < 1, we find a suitable 0 < & < 1 with

0 < apiss — fhu) < Qliss — - O
The local map
(2l ) o (a0 ) = WSl o e (47)

is given by the first intersection of the solution of (4.12) to the initial value
(x 2t =1, 2™ 2™) with the out-section {z, = 1}. See Fig. 2. The local map
Wloc is well defined on the in-section

o = { ('riln’ ‘rlsl;l’ ‘r;n’ xlcn) ‘ xiz =1, O<xi1;1 <1, ”x;nH <1, |xlcn| <1 }a (4'18)
see Lemma 4.3 below. The singular points in the intersection of the stable
manifold of the equilibrium line with the in-section are mapped to the respec-
tive points in the intersection of the unstable manifold of the equilibrium line
with the out-section:

\IIIOC(J;LH =0 xin xin) _ (xout Lout wout) . (070’xicn). (4.19)

r¥s 1¥c ss 's 0 vYcC

Note that there is no drift in z. at the boundary due to the invariant fibres
(4.3).

Lemma 4.3. There exists an €9 > 0 such that for all ¢ < g9 and z(0) = 2™ in
the in-section X', see (4.18), the trajectory x(t) under the flow to the vector
field (4.12) remains in U as long as |zy| < 1, i.e. all along the passage defining
the local map ¥'°°. The passage time t'°° is given by

1 1
¢ = —In —. (4.20)
fa |z
Proof. We choose &y smaller than ma Min{ flss — flu, fsly - -« UsN })s S€€
Lemma 4.2. Then trajectories starting in £ cannot leave I/ unless z, becomes
larger than 1, see (4.14, 4.15, 4.16). Furthermore, (4.13) ensures that x,, must
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grow beyond 1. Thus every trajectory starting in 3™ intersects the out-section
yout = {x, = 1} before leaving U. Setting x,(#'°°) = 1 in (4.13) determines
the passage time ¢°°. O

Corollary 4.4. The local map W'°°¢ (4.17, 4.19), i.e. the local passage on the
closed in-section ¥ including the singular boundary {z'™ = 0}, is continuous.
For all 0 < a < 1 there exists an 9 > 0 such that for all € < g the following
estimates hold:

|$2ut _xicn| <eC (|min| + |xlsfi| 4+ |x;r11\1 )7

u

208 < [ i),

|20 | < |gin|osse/ma|gin| ¢ =1,... N,

with C independent of € and x™.

Thus the drift along the line of equilibria is arbitrarily small and the dis-
tance from the orbit to the union of the stable and unstable manifolds shrinks
arbitrarily fast, close to the critical orbit.

Proof. The estimates follow directly from Lemma 4.2 applied to the local pas-
sage time given by Lemma 4.3. They also establish continuity of the local map
Wloc at the singular boundary {z'" = 0}. Note 0 < #'* < 1 on the in-section.
Note further that apss/py — 1 > 0 for a chosen close enough to 1. O

Unfortunately, there is no hope to obtain Lipschitz estimates for the local
map U'°° with respect to the standard metric. Even for ¢ = 0, the linear vector
field (4.5) yields a non-Lipschitz local passage, for pge < fiy.

To obtain Lipschitz bounds for the local map ¥'°°, we have to introduce
a non-Euclidean metric on the in- and out-sections. We define the Riemannian
metrics

N
ds? = qu,s %d 2 qu,s % 2 2
sy = —5 —day +Z 5 dawg, + dag (4.21)
u /=1 zs@
on the in-section ™ and
N
ds? — sts,s %d 2 Hxss,s % 2 2
sy = 5 xl + Z 5 dag, + dag (4.22)
s (=1 Tse

on the out-section X°"*. We denoted the Euclidean norms

N
a3 = ll (2, )13 = 2% + szev
{=1
N
||xss,S||g = ||(wss, ) 13 = 22 + ngz
{=1

The distance in %, ¥°U* is then given by the length of the shortest con-
necting paths and denoted by dist.. On fibres {z. fixed} we define the metric
analogously.
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Let us discuss the new metric in the cone xy s = (7, 7s) € [0,00)V+1 in
Y ignoring the x.-direction that remains unchanged. The metric becomes
singular along the invariant boundaries {z, = 0}, {zss = 0}, see (3.4). Inside
the open cone (0,00)N*!, the new metric ds, is locally equivalent to the
Euclidean metric ds,

maX{|J}u|7 ‘x81|7 MR ‘xSN‘}
min{|$u|7 ‘x51|7 ) |xSN|}

and thus induces the same topology. The origin can be included. In fact the
distance of any point to the origin is bounded by

(N +1)*2 |2y gl2- (4.24)

ds? < ds? < (N +1) ds?, (4.23)

||Z'u,s||2 < diSt*(O,xms) <

(The upper bound can easily be obtained by connecting the origin to z, s with
a piecewise linear path along the space diagonals with respect to suitable coor-
dinate directions.) Every curve in the open cone hitting the boundary away
from the origin has infinite length.

In particular, the new metric is uniformly equivalent to the Euclidean
metric in any closed cone that has finite, nonzero angle to the boundaries, i.e.

{ (@us,xc) ||

Thus Lipschitz estimates with respect to the new metric carry over to the
Euclidean metric.

We denote the in- and out-sections without the singular boundaries but
with the origin by

2= 2" N ((0,00)¥ T U{0}) x R)
= {(zys, xc) € yin |2ys =0 o0r yzs1 - 2en # 0},
yout .= yout 1 ((0,00)M T U {0}) x R) (4.25)
= { (Tss.s Tc) € X | T s = 0 OF TsTe1 -+ T # 0}

Corollary 4.4 yields Lipschitz continuity of the local passage ¥!°¢ at the
origin with respect to the Euclidean metric, and by (4.24) also with respect
to the new metrics (4.21, 4.22). To obtain Lipschitz estimates away from the
invariant boundaries with respect to the new metric, we consider the linear-
isation of the vector field (4.12) along a trajectory x(t) from the in- to the
out-section to obtain bounds on DW'c,

We start with a tangent vector § = (61,5l = 0, 5", §1") of unit length

u7bb ?¥s 1 vC

with respect to the metric (4.21) at a point 2™ (a:m rit) € ¥in,

u,s?

o > cmax{|zyl, |zs1], .-, |Zsn|} T c> 1.

in | ||2 1n in
1= |o™)2 = |lfn32 |0y |2+Z m|2 S l? + 102, (4.26)

First, we project 6™ along the vector field f into the hyperplane {6, = 0},
as this remains invariant under the linearised flow and corresponds to the
out-section. The projected vector
. gin .
6(0) = 0™ — ——f(a2™) (4.27)

m
HuTy
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thus represents our initial condition to the linearised flow

555 = (_Mss(xc) + Egss(m) + E(azssgss(x))xss) 6ss
+e Z(a:cszgss (2))@ss0se + (=g (Te) + (0, gss (7)) Tssde,

Ssé = (_MSZ(‘%‘C) + 59%(.’1)) + E(awsgg%(x))xsé) 65(
+ 5(8zssgsZ(x))xsZ(sss +e Z(azsigsé(x))xsf(ssf
I+
+ (—pge(@e) + (02, 9se(2))) Tsede,

N
Sc =& (amcgcss(x)xssxu + Z axcgcsf(x)xsfxu> 60

{=1

N
+e (gcss(m)xu + axssgcss (x)xssxu + Z awﬁsgcsf(m)xséxu> 635
(=1

+e Z xbngbs xasxu + gcsé xu + Z 8£bggcsz ) Tyilu Osp.
/=1
(4.28)

Here we already dropped the u-component.

Lemma 4.5. Let a unit tangent vector §™ to z™ = (x““ o) € ¥ with respect

u,s? C

to the metric (4.21) be given. The projection 5(0) of 6™ along the vector field
(4.12) into the plane {6, = 0} is estimated by

1655 (0)] < Claill2
16:0(0)] < Cllaiislly
16(0) — 6" < eC,

III

with a constant C independent of ', 5

small enough.

, and € < gg, provided g is chosen

Proof. Apply (4.27) to (4.26) and use the bounds (4.7) on the nonlinear terms
of the vector field (4.12).
Indeed, we find

. §in )
5(0) = 8" — L f ()
gin puy
§in =0 gin | (Fass(d) +eges(@™)) 1
e T | (—pse(i) + egu(a™))

oir e (gess (@) 1+ 0, ()l ) it
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Immediately, we have §*(0) = 0. For the other components we again use
the uniform bounds (4.7) on the nonlinearity g, the bounds (4.9) on the eigen-
values and the bounds (4.26) on the components of 6. We obtain for arbitrary
0 <a<l,ife<eggis chosen small enough:

in
6] 1 Hss 1
ss = H )
ap ||zl
for the component transverse to the in-section,

‘5in| 1 .
m ‘l‘;in‘ ausdl‘lsrl} S 1+
ufu

|05 (0)] <

palai|

[65(0)] < [0 +

Hse > ‘.73;%
ap ) [lzille”

for each of the remaining N stable components, and

Sin : N+1_ |z N+1
%€C(N+ Dz < e C |1;’| <e C,
:uu|xu ‘ Hu ||xu,s||2 Hu
for the centre component. An obvious choice of a new constant C' yields all
claimed estimates. O

16:(0) — 8] <

Lemma 4.6. For all 0 < o < 1 there exists an €9 > 0 such that for all € < &g,
the linearised flow (4.28) can be estimated:

N
|6ss‘/ S _auss‘(sss| + €C|xss| <|6c| + Z |65€|> )
(=1

16s]’ < —aupiseldse| + eClase] [ 10c] + sl + D 10,4l |
040
. N N
0| < eC (lxss + Z |xs€|> |zul[0c| + £Clzl <5SS| + Z |6s€|> .
=1 =1
Here C is a constant independent of zi™, 6™ and € < .
Proof. Use the bounds (4.7) on the nonlinear terms of the vector field (4.12)

and the bounds (4.10) on the derivatives of the eigenvalues. Note that z €
U = [-2,2]N*+3. This immediately yields the claimed estimates. O

Lemma 4.7. For all 0 < a < 1 there exists an €9 > 0 such that for all € < &g
the following statement holds: Let a trajectory xz(t) of local passage, x(0) =
i e xin, x}fs £ 0 be given. Let a unit tangent vector §™ to z™ € X with
respect to the metric (4.21) and its projection §(0) be given. Then the evolution
of 6 under the linearised flow is estimated by

|0ss ()| < eXp(_OCQUsst)OHthJb_l,

[65(1)] < exp(—a?pset) Ol |1z ),

[0c(t) — 6] < €C,

all along the local passage, t € [0,t1°°]. The constant C is independent of
2™, 8t and € < .
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Proof. Assume
0ss(T)] < 20l 10se(m)] <20, |oe(r)] <2, (4.29)

on 7 € [0,¢]. This assumption holds for small ¢ due the estimates of the initial
values in Lemma 4.5. The constant C' is taken from the lemma.
Then the estimates of lemmata 4.6 and 4.2 yield

10ss (T)|" < —aptss|0ss (T)] + €C exp(—agsT) (2 + 2N C)
< — s |0ss (1) | + €0 exp(—aipiesT),

1050 ()| < —avpse|6se ()| + €C exp(—aupse) 2] (2 + QC”;U 3t 2V - 1)0)
< —apige|0se(1)| 4 eC exp(—aypger) ||z

The last inequality uses [z} |l2 < V/N. The new constant is bounded by
C < (2+2NC)VNC.

Then we can integrate! the above estimates to obtain

1055 ()] < exp(—apsst)(|6s5(0)] + gC‘t)
[Gse(8)] < exp(—apset) (185¢(0)] + eCtllif 15 |2231)

For small enough €y, this yields

655 (t)] < exp(—a?psst) (|55(0)] + 1)
< exp(—a’psst) (Cllagsllz ' +1)
< exp(—apiss )(C+1)HJC 2

|65 (t)] < exp(—a?pset)(|05¢(0 )\+Hx Mz =D
< exp(—apset) (C + 1)l I3 |25

In particular, assumptions (4.29) and the first two claims hold as long as
[0c(7)| < 2, if the original constant was chosen larger than 1.

We use the new estimates of dgg, ds¢, the assumption on d. and the bound
on the trajectory given by Lemma 4.2 to estimate the centre component:

N N
|5C<T)‘ <eC <|$ss| + Z |xs€|> |$u||56| + EC|33u| <|5SS| + Z 5sf>

=1 {=1

N
< 2eC <|xss| + Z |!17se|> |2

{=1

N
+eC(C +1)|2m ||21|xu| (exp( O LT +Zexp - ,U/SZT)|./,CS£|>
=1

I This can also be seen as a Gronwall estimate for exp(causst)dss(t) and exp(auset)dse(t).
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N
<2C (exp(—(auss — pa) )@+ eXp(—Oéusﬂ)lwi%)
(=1

+eC(C+ Dayllz (exp(—(azuss = pa) 7)o |

N
+Zexp(—a2usﬂ)lwl’él>

{=1

N
< eC (eXp((az,uss - Nu)T) + ZeXP(O‘zNSZT)) ’

{=1

with new constant C' < C(C'+3). Thus |d.(7)| decays exponentially for a close
enough to 1. Integration yields

t
/ 6.(r)]| < <€,
0

with C' < C (01 — pn) " + Yoo, (aper) 1) If £g is chosen small enough,
this shows that the assumption (4.29) indeed holds all along the passage and
the claimed estimates are valid. g

Theorem 4.8 (local Lipschitz map). The local passage W'°¢ : ¥in — yout g
Lipschitz continuous with respect to the metrics (4.21, 4.22).

There ezist B> 0, g9 > 0 and C > 0 such that for all e < g9 the following
estimates hold for all z'™, #™ with 0 < filn < x{ln :

dist, (2208, 2% < [P O dist, (77, 2™),

58,87 Uss,s
[(F90F — 2t — (71" — 2| < eC dist, (7™, 2™).

The domain X', as defined in (4.25), is given by the local section without
the invariant singular boundaries but including the line (0, z.) representing the
cap of heteroclinic orbits.

The drift in the centre direction can be made arbitrarily small by choos-
ing a sufficiently small local neighbourhood. The contraction in the transverse
directions is arbitrarily strong by restricting the in-section to the part close to
the primary object, i.e. the stable manifold of the origin.

Proof. This is a corollary of Lemma 4.7 by applying the passage time (4.20)
and the metric (4.22). Extension to the line (0, x.) is given by Corollary 4.4.
Indeed, in the out-section, the estimates of Lemma 4.7, read

. 2 . _
|89 = 85 (£°)] < || /M Cllarl 5,
058 = [8se(£1°°)] < [aip [ b=/ Clfair 15 o2,

62" — 817 = [8.(£°°) - 517 < £C.
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With respect to the modified metric (4.22) we find using the estimates of
Lemma 4.2:

2555 ll2 | ot
sts |

(1 +Z |x1n|2(aubg/pu Hss/ i) |$1n|2> |5out|2

(=1
|z |26 4 ZN, |$in|2(£+ause/uruss/a#u)

a2+ S0 [t

2

i

| i1 [2(0% sa/ 1u—E)

<C

< [ap)Pe.

In the second inequality, we introduced a parameter £. The last inequality then
needs

0< a2NSS//~Lu &=,
1<,
0§€+a,us€/,uufﬂss/a,uu» ¢=1,...,N.
For « close to 1, a suitable £ exists. In fact we can obtain arbitrary

0<ﬁ<min{'uss—l usz(é—l N)}
[ [hu

Similarly we find for 1 </ < N,

2
l75ssllz | cout
‘xout |

< |Iifl|2(auss/ur#se/auu)+Z‘xm‘2(ausemu w/auu‘ 12‘2

| 0ut‘2

Eavil

=1
<|an|2(5+auss/uu—use/auu)
<C

N in|2(&+apz/ pu—pise/pin) | pin 2)
+ 2 | * xs@‘ |$in|2(a2usz/ﬂu—§)
u

w2 + L |l
< |e*Pe.
This time we need for the last inequality
0 < oPpse/pa — & = 5,
L < &4 apiss/ i — prse/ afin,
0 <&+ apgg/pn — st/ tpin, {=1,...,N.
Again, for « close to 1, a suitable £ exists. In fact, we can again obtain arbitrary

0<f< min{ s/ fa — 1, prse/fru }-

Now, take a geodesic curve in ¥ which connects &, '™ and defines
dist, (7™, 2'"). The image of this curve under the passage \IlloC provides an

upper bound on dist, (Z°", °U"). In both sections the z.-component can be
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separated. Therefore, the above estimates on the evolution of the tangent vec-
tors immediately yield the claims of the theorem. O

Remark 4.9. In Theorem 4.8, the constant C' only depends on the C! bounds
on the nonlinear part of the vector field and the derivatives of the eigenvalues
of the linearisation along the line of equilibria. The exponent § only depends
on the spectral gaps. In fact, it can be taken arbitrarily in the interval

0 < B < min{ prss/pu — 1, prse/ptu }

by choosing ¢y small enough.

The last remark provides uniform Lipschitz estimates for the local pas-
sages near the Kasner circle in Bianchi models, provided they keep a uniform
distance from the Taub points at which the spectral gap shrinks to zero.

5. Return Map and Graph Transform

In this section, we define a global excursion map for trajectories near a primary
heteroclinic orbit to the Kasner circle, that is from the out-section of a local
passage to the in-section of another local passage, both local passages as dis-
cussed in the previous section. Combining local passage and global excursion
we obtain a return map from one in-section to the next,

Uy = UFP o Wt Bt — N (5.1)

see Fig. 3. The given heteroclinic orbit corresponds to a fixed origin of this
map.

‘We prove uniform Lipschitz- and cone properties of the return map, inde-
pendently of the given heteroclinic orbit, as long as the orbit keeps a uniform
distance from the Taub points. In fact, we prove uniform Lipschitz- and cone
properties of the return map under the conditions 3.3 on the global excursion.

This yields a sequence of return maps, with uniform estimates, to every
sequence of heteroclinic orbits to the Kasner circle that does not accumulate
to any Taub point and satisfies the local conditions 3.2 at every equilibrium.

FIGURE 3. The return map Uy :
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Due to their cone properties, the return maps induce a contracting map
on a suitable space of sequences of Lipschitz curves. The fixed point provided
by the contraction mapping theorem then yields the stable manifold of the
heteroclinic sequence as claimed in Theorems 3.1, 3.4.

Take a sequence p¥, k € N of equilibria on the Kasner circle, not
accumulating at any Taub point and connected by heteroclinic orbits
RE(t), limg o0 KF=1(t) = p* = lim;_,_, h¥(t), as in Theorem 3.4. Assume that
the local conditions 3.2 hold uniformly at all p*, in particular this includes uni-
form bounds supcp pu(P*)/pss(P*) < 1 and infyen pse(p®) > 0. In the Bianchi
VI system (2.1) with magnetic field, these conditions are satisfied exactly for
a chain of heteroclinic orbits not accumulating at Taub points and not con-
taining heteroclinic orbits of the magnetic family to equilibria in the intervals
Ko, K5, see Fig. 1. In particular, the conditions hold for the period 3 cycle.

The previous section then applies to all p* and the coefficients e, 3, C
of the local estimates of Theorem 4.8 can be taken independent of k, see
Remark 4.9.

Note the order of fixing the rescaling parameters: First g resp. ¢ is fixed
small enough to yield our estimates of the local passages \I/}COC with small Lips-
chitz constants, in particular eC' < 1 in Theorem 4.8. This amounts to a choice
of the sections ¥ (py,) and 3°U(py) in the original (unscaled) coordinates and
also fixes the global excursion maps \IJ%IOb.

Due to the non-Euclidean metric used in Theorem 4.8, we have to restrict
our local passage map to \Il}fc : E}c” — XU by

w=X" ()
= { (xu,svmc) S Ein(?k) | Tus = 0 or TuTsl * TN 7& 0}7
SRt =22 (pr) (5:2)

= {(Tss,5,Tc) € YO (pr) | Zgss = 0 Or Tegg1 - -Tsn # 0},

in

3 3 loc
W is chosen, ie. Uy

see (4.25). Then a sufficiently small upper bound for z
are restricted to smaller sections

S ={z e 0< 2, <5,0< 2 <6, 7| <5}
— (0,81 U {0}) x [~,3]. (53)

This makes the contraction of the local passage as strong as we like without

changing \II}COC, \Il%bb. It also ensures that trajectories of interest stay close to

the Kasner caps of heteroclinic orbits, and therefore the global excursions \I/%I‘)b
on the domain of interest are as close to the Kasner map as we like. It also
ensures that all non-singular trajectories in these domains indeed return to the
following in-sections X}, ;.

The global conditions 3.3 hold accordingly: the invariant subspaces,
(glob-i), are those of the Bianchi system; the uniform bound, (glob-ii), is fixed
by choice of a uniform size g of all local neighbourhoods; expansion, (glob-iii),
is given by the Kasner map. Uniform expansion again needs a uniform distance
from the Taub points.
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The following lemma, relates the global excursions to the new metric used
for the local estimates.

Lemma 5.1. Let the global conditions 3.3 be satisfied for the sequence \I/ibb :

Bout — Zik“Jrl of global excursions. Then condition (glob — ii) also holds with
respect to the new metrics (4.21, 4.22).

Proof. Due to the invariant subspaces, (glob-iii), the linearisation D\I/%k)b are
diagonal at the origin and close to diagonal in the neighbourhoods of interest.
Moreover, the transverse components of \II%IOb have the form

(WP (2)], = [P (2)]oas,  # = ss,51,...,8N,

with smooth W&°". Now note the definitions (4.21, 4.22) of the new metric.
The bounds (glob-ii), on first and second derivatives of \Ilil()b, yield uniform
bounds on \i/ik)b and their first derivatives. Thus, the ratio of the coefficients
of the metric at an arbitrary x € 39" to the coefficients at \Il%bb(x) expy,
is between [|(TE°") =1 =1 TP~ and [|(FE") 71| UE ", that is between
M~2 and M?, for a uniform constant M. This immediately yields new uniform
bounds on the derivatives of W&°P with respect to the new metric. O

Now we can proceed along the lines of [7] (Sect. 4) to establish the exis-
tence of stable manifolds by a graph-transform approach.

Lemma 5.2. Assume Conditions 3.2 on the local passages and Conditions 3.3
on the global excursions.

Then the return maps (5.1) are Lipschitz continuous with respect to the
metric (4.21). Furthermore, there existe > 0,0 >0,0<0 <1, K, s > 1, and
K. > (1—0%)71 > 1, such that the following cone conditions hold for

Uy = W8P oplec  min L win,
Here X" are the in-sections (5.2) corresponding to the choice of €, and

St are suitable subsets of the form (5.3).
The cones are defined for x € X (omitting the index k) as

CC = {& € X | distu(Fus, Tus) < 0]Fc — x|},

> (5.4)
Oy = {& € ™ [|e — wc| < odistu(Fus — 7us)}-

The cone conditions are

(i) Invariance: W(CS) N ™ C (intCS,) U {Ux} and ¥-HCF3) N " C
(int C%) U {x};

(ii) Contraction & Expansion: For all T € CS, in the centre cone, we have
expansion in the centre direction: |(VZ). — (V)| > K.|Z. — x|, and
for all W € Cy7, in the transverse cone, we have contraction in the
transverse directions: dist.(Zy,s, Ty,s) > Ky sdist (V). s, (V) ys)-

They hold for all, z,%, Uz, Ui € ™. See also Fig. 4.

The coefficients 0,0 only depend on ey and the uniform expansion
(glob-iii), that is the distance to the Taub point in the Bianchi system.
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Te \I/(I’)C CC
Cu,s
‘I’(l’ A
ce )
—
—1l/ s ° Expansion
I(Cy,) of z. Con- v(C7)
traction of
qﬂu,s xu,s \I/(I)uys

FIGURE 4. Cone properties of the return map ¥

Proof. Lipschitz continuity of the return map Wy follows directly from Lips-
chitz continuity of the local passage Wi°¢, see Theorem 4.8, as the global excur-
sion \Il%bb is smooth. To simplify notation, we drop the index k from now on.
All estimates will be uniform in k.
The cone conditions require the expansion in z.-direction given by (glob-
iii), corresponding to the expansion along the Kasner circle induced by the
Kasner map of the Bianchi system. In fact, (glob-iii) states that we have
Plob (2008 — (), 20 = 0, 20%) = (21" = 0,2" = 0,®(22™)),  (5.5)

SS S c

with Lipschitz continuous ®, ®~!. The Lipschitz constant of ®~! is less than
L < 1 independent of k. Note again the invariant boundaries, (loc-v), (glob-i).
Therefore we can write, as in the proof of Lemma 5.1,

‘I’gIOb (xssy Ts, xc) = (07 0, (I)(-Tc)) + @glob(xsw Ts, -Tc)xss,s;

with a smooth matrix \i/gl"b(mss, Ts, ) and vector Zgs s = (Tsg, Ts)-

Consider now two points Z,z € %°U. Choose geodesic paths ; from 0
t0 Zgs s and o from xg s t0 Tgs 5, both with respect to the new metric (4.22).
Then

dist. (P (&), U5 (2)) < [ (i) — D ()|

dist. (0,7e,5) .
L /0 o dist (TP (31 (s), Eo), WE (1 (s), ) s

dists (Zas,s Tass) g lob ~ lob
+/ Edlst*(\lfg (v2(s), Zc), & () ds

(=)

S (I)(féc) - @(l’cﬂ
dist (0,2s,s) d Zc d . lob lob
+ — —dist, (¥ (y1(s),t), W& (71(s), ) dt ds
o ds /., dt
dist*(jss,svzss,s) d
n / st (T (92(s), &), U (2)) ds,
0
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and we obtain the following Lipschitz estimate:

dist, (UE°P(2) — (0,0, ®(Z.)), T&°P(z) — (0,0, ®(x.)))
< (slob (dist« (0, Zgs,s)|Te — x| + dists (Tss s, Tss,s))
(

< (C8lob |2ss,sl[|Tc — @e| + dists(Zoss; Tss,s))

with C&°P only depending on the uniform bounds on |[[DWeP|| || D2WwsleP||
with respect to the new metric provided by Lemma 5.1. The last inequality
used the trivial upper bound (4.24) on the distance from the origin in the new
metric.

Using U'°¢(%) and W'°°(z) instead of # and = we get a similar estimate
for the return map W (z) = WeloP(wloc(z)):

dist. (¥(2) = (0,0, 2(W°°(&)c)), ¥ () — (0,0, (¥ ()c)))
< OB (|10 (@) 5,5 [ 919 () — W1°(2)c|
+ dist, (U1 (F) s 6, U1 (%) 555 )
< CE (|2 | |12]| (1 + £C)dlist. (&, ) + |wa|* Cdist. (&, 2))
< oot g Pdist, (7, @). (5.6)

The second last inequality uses the estimates of the local passage of Corol-
lary 4.4 and Theorem 4.8 for the choice (w.l.o.g.) 0 < &, < z,. Note that the
estimates of Theorem 4.8 are used in the form

(W1¢ (), — Ul°%(2) | < eCdist (%, x) + |Fe — o]
< (eC + 1)dist. (2, x),
dist, (U2 g 5, U (2)ss.0) < |a|? Cdists (2, ).

The constant C™*"'™ is uniform in z, % in the in-section and the omitted num-
ber k of the section along the heteroclinic chain. Because 0 < § < min{juss/ iy —
1, se/11a }, we have an arbitrarily strong contraction for z, < 4, if we choose
¢ small enough.

The map ® given by (5.5), i.e. the Kasner map in the original Bianchi
system, is expanding, see condition (glob-iii):

|[®(a) — ®(b)| = L™ a—bl,

for some uniform constant L < 1.

Now choose K, with 1 < K. < L™, and ¢ with 0 < ¢ < 1 such that
K.(1 —0?) > 1. (The last relation is needed to obtain a contraction in Theo-
rem 5.3.)

Consider the cone in centre direction with opening ¥ > 0, i.e. assume
dists (Zu,s, Tu,s) < V|Te — xc|. Then (5.6) using the local Lipschitz estimate of
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Theorem 4.8 yields
(W(F) - W()).
> (W (3).) — D (z)e)| — CT o, P, (7, 2)
> L7058, — 0% (z) | — C™M |, | Pdist (2, 2)
> LY7o — ae| — L eCdist, (&, x) — C™"™ |z, |Pdist. (2, 2)
> (L7 = (L0 + C™™ ™z, |P) (1 + 9)) |Te — 2. (5.7)

For € and ¢ chosen small enough, using |x,| < 4, we can achieve
K. < L7' = (L7'eC + C™™™z,|%) (1 + 1/0),

yielding the expansion not only in the cone CF, with ¥ = ¢ < 1, but also
outside the cone C¥*, with J = 1/0.

Furthermore, using again (5.6), we see the invariance of the cones. Indeed,
assume again dist. (Zy g, Tus) < V& — zc|; then we have

dists (U(Z)u,s, U(2)u,s) < Oretum|$u|ﬁd15t*(§37$)
S Creturn|xu|,6(1 +19)‘fic o $C|
< O |1+ 0) KW (E) e — W(a),l.

The last inequality uses the expansion in x.; thus it is valid for ¥ < 1/0. We
choose § small enough such that C*t'n |z, |PK-1 < ¢/(1 + o). Due to the
monotone increase of ¥/(1 4 1) we also have "™ |z, [P K1 < /(1 +9) for
all 9 > o. Thus we obtain the cone invariance

dist, (T () us; U(@)us) < I U(E)e — U(@)e] (5.8)

forall o <9 <1/o.

The choice ¥ = o yields (forward) invariance of the cone C%, and the
choice ¥ = 1/0 yields (backward) invariance of the cone Cy. Note that the
cone invariances are in fact strict as claimed in the lemma. The above estimates
are strict inequalities for x # Z.

Now consider the cone in transverse direction, that is ¥(z) € Cy, which
amounts to |U(Z). — ¥ (z)c| < odist. (V(Z)us, ¥(2)u,s). We have already estab-
lished invariance. Thus |Z. — zc| < 0||Zys — Tu,s|| and estimate (5.6) yields

dist, (U (F)y6, U(2)y,e) < C™N| 2, |Pdist, (F, )
< C’”’tum|zu|ﬁ(1 + o)disty (Tu,s, Tu,s)-

This is the claimed contraction, K} = C™"™§5(1 + o) < 1, for § small
enough. O

Theorem 5.3. Assume Conditions 3.2 on the local passages and Conditions 3.3
on the global excursions.

The (local) stable set of the origin under the sequence of return maps Wy,
s given by

1 k .k k k k(.. k ..k
Wkoc = {(xlvxsl?mc) |xc = T¢ (‘ruvxsf)}‘



S. Liebscher et al. Ann. Henri Poincaré

The functions x* are Lipschitz continuous with respect to the metric (4.21).

Furthermore, xF(0) =0 and ¥(W}°°) C W,

Proof. The idea of the proof is to define a graph transformation on the space
of sequences of Lipschitz-continuous graphs {z, s — 2. = (x(zus)) | k € N} by
the inverse return maps W,:l. The uniform cone invariance provided by the pre-
vious lemma will ensure that the Lipschitz property of the graphs is preserved.
Due to the expansion/contraction conditions of the previous lemma, the graph
transformation turns out to be a contraction on the space of sequences of Lips-
chitz-continuous graphs. The fixed point of this contraction then yields the
claim.

To make this idea precise, consider the Banach space of Lipschitz-contin-
uous functions

X = {C : (07 6]1+N ) {0} - [_67 6]a Tu,s = (xlth) = Te = C(xu,s)
such that Lip(¢) < o and ¢(0) =0}

with sup-norm. The parameters §,0 < 1 correspond to those of Lemma 5.2.
Lipschitz continuity is considered with respect to the metric dist, given by
(4.21). Consider also the space of sequences

XN = {(Ce)ren |G € X }

with sup-norm.
Define maps G : X — X as graph(Gi(r41) = \Iflzlgraph(gk_i_l), ie. as
the transformations of the graphs of the functions in X. More precisely,

Gr¢ ((\Illzl(xu,st(xuvs)))u,s) = (\Il;l(mu!s,g“(a:u,s)))c, for z,s # 0,
G¢(0) := 0.

The first equation implicitly assumes that (zys,((2u,s)) has a pre-image under
¥ and that it lies in the domain. The second equation just gives the pre-image
of the origin under W. Note the restriction to non-negative xy, Zsi,...,TsN
consistent with the invariant boundaries (loc-v), (glob-i).
We will prove the following claims, uniformly in the index k, (which is
dropped from now on to simplify notation):
(i) domain of definition: for all ¢ € X and z,s € (0,8]V"! there exists
Tus € (0,8)NF1, such that (\I/_l(ims,g(iu,s)))u’s

(ii) well-definedness: for all ¢ € X and z,s,Zus € (0,0]V*! the follow-
ing holds: If (U™ (zus, ((2us))) s = (U7 (Tus: ((Fus))) ,, € (0,8]VF,
then already zys = Zu,s-

Conditions (i) and (ii) yield a well-defined function G¢ with (G(¢)(0) = 0 for

every ( € X.

(iii) Lipschitz property: for all ¢ € X the function G(¢ is again Lipschitz con-
tinuous with Lipschitz constant Lip(G¢) < o. Note that the Lipschitz
property is again considered with respect to the metric dist,.

(iv) contraction: The exists a constant 0 < k < 1 such that for all ¢ leX
the estimate ||G¢ — GCllsup < K[|C — (| sup holds.

= Tu,s-
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Conditions (i)—(iii) prove that the graph transformation G indeed maps Lips-
chitz continuous functions in X to Lipschitz continuous functions in X, with
respect to the metric dist.. Condition (iv) provides a contraction. Uniformity
of bounds yield a contraction on the space X" of sequences. If all four condi-
tions hold, then by contraction-mapping theorem there is a unique fixed point,
i.e. a sequence of Lipschitz continuous function ¢;; € X with Gx(; ;= (}-

Its graphs form a forward invariant set under ¥ composed of local man-
ifold. It is also the stable set of the origin due to the cone conditions of
Lemma 5.2. This yields the claim of the theorem. Therefore it remains to
prove (i)—(iv):

(i) Let ¢ € X and z,,5 € (0,6]V+! be given. The straight line {x, s} x [, J]
is contained in the cone Cf, . We use Lemma 5.2: U(244,0) € B
by invariance and contraction of the cone Cy**. Thus, by invariance and
Expansion of Cf, . the image of the straight line {zys} x [0, ] under
W contains a curve in Cf,, o) connecting the extremal planes {z. =
+4}. By the intermediate value theorem this curve must intersect the
graph of (.

(i) Let ¢ € X and g, Zus € (0,5]VF! be given with

(U (@ C(0s))) gy = (T (T, C(F0s) o € (0,64,

Then U (Zys, ((Tus)) € Cflﬁl(m.,s C(2as))? and by cone invariance we
obtain (Zys,((Zu,s)) € CF y)- The Lipschitz bound on ¢ € X on

(xu,s-,c(zu,s
the other hand implies (Zus, ((Zus)) € CL (4,5 thus (Tus, ((Fus)) =

(xu7sa C(xu7s))-
(iii) Again, the Lipschitz bound on ¢ € X translates to (Zys,((Zus)) €

C’Elm’s C(wa.)) for all 2, &. Cone invariance and Lemma 5.2, immediately

yield the Lipschitz bound on G(.

(iv) The origin is fixed by construction; thus we only have to estimate the
distance of the nonsingular part. Let ¢, € X and @y, s € (0,071
be given with (U= (Zys, ((Tus)))us = (¥ (Fus, ((Fus)))us € (0,8)VFL.

Again, this implies @’1(iu,s,f(£u75)) € C\%_l( ) and by cone

Tu,s,C(Tu

invariance we have (&, ((Z.s)) € Clrn s (2n.))- Thus we can estimate
[C(Fus) = Cus)l < N1C = Cllsup + odista (Fu,s 7us)
<N¢ = Cllsup + 0°[C(Fuys) = ¢ (o)

The first inequality uses the Lipschitz bound on ( € X, whereas the second
one uses the aforementioned cone C(Cxu (@) We obtain

u,s

~ 1

‘C(ju,s) - C(xu7s)| < 1 — g2 Hé - CHsup~
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On the other hand, the expansion of C&,_l(% (@) under ¥ yields

Tu,s

‘(GE ~G¢) ((\y—l(mu,s, C(xu,s)))u,s)‘
_ ‘(\I!_l(xu,s,C(fEu,s)))c - (\I/_l(fi'u,saé(i.u,s))>cl

1 s
< K. C(wus) — C(Tus)
1 _
< m”( ~ Cllsup-

Lemma 5.2 provides constants K., o with K.(1 —o2) > 1. Therefore, the last
estimates yield the claimed contraction, x = 1/(K.(1 — 0?)), and this finishes
the proof. O

With Theorem 5.3 we have finally proved the main Theorems 3.1, 3.4 as
formulated in Sect. 3.

6. Discussion and Outlook

Unfortunately, the metric used to obtain the contraction in the proof of the
main theorem of this paper is singular on the invariant subspaces. The proof
gives no information on the way in which the manifolds constructed approach
these boundaries. The only exception is the heteroclinic cycle itself. The cap of
heteroclinic orbits corresponds to the line {0, z.} and the new metric is regular
there. In fact, the manifold is nicely attached to the given heteroclinic chain.
Moreover, in the proof of Theorem 5.3 we could restrict to very small neigh-
bourhoods of the primary heteroclinic chain, i.e. § — 0. Then we can choose
arbitrarily small Lipschitz bounds on the functions considered, i.e. ¢ — 0.
Thus the manifolds constructed are tangent to the fibre {x. = constant} at
the heteroclinic chain.

For completeness the following subtlety should be mentioned. The set of
points in the domain of definition of the dynamical system corresponding to
Bianchi type IX vacuum solutions or Bianchi type VIj solutions with mag-
netic field is an open subset bounded by invariant manifolds and it lies on only
one side of these manifolds. The fact that the global excursion map has its
image on the correct side of these manifolds is not mentioned in the analytical
treatment above. Nevertheless, it follows immediately from the nature of the
underlying geometrical problem.

Up to this point vacuum models of type IX were replaced by Einstein—
Maxwell models of type VI and one non-vanishing magnetic field component.
Now some generalizations will be mentioned. In [7] some results were obtained
for type IX solutions with perfect fluids having a linear equation of state
p = (v — 1)p. Restrictions had to be imposed on the value of v. The tech-
niques developed in this paper allow these results to be generalized to cases
where these restrictions are relaxed. The four-dimensional dynamical system
is replaced by a five-dimensional one and at each Kasner point there is an
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additional eigenvalue 3(2 — ). This situation can be treated for all v < 2. In
particular, the method applies for all values of v in the physical range [1,2]
except for the case v = 2 where the dynamics is known to be very different.
Bianchi type VI solutions with a perfect fluid and a magnetic field can be
treated in a very similar way. The additional eigenvalue arising from the fluid
is the same as in the case without magnetic field [6].

It is possible to formulate the Bianchi type II models with a magnetic
field as a five-dimensional dynamical system [5]. In this approach the mag-
netic field has only one non-zero component in the frame used but the metric
has a non-zero off-diagonal component in that frame. The eigenvalues of the
linearisation about a Kasner solution are given by

3p1, 6p2, 3(p3—p1). (6.1)

An important qualitative difference to the model of type VI is that for some
regions of the Kasner circle the stable manifold of the Kasner solution is two-
dimensional. Thus in general the results of this paper do not apply to hetero-
clinic chains for the Bianchi type II model with magnetic field. In a similar
way, it is possible to formulate the type I models with a magnetic field as a
five-dimensional dynamical system with only one component of the magnetic
field being non-zero [5]. In this case all the off-diagonal metric components are
non-zero in general. Again it happens that the stable manifold can be two-
dimensional. Note that it has been shown in [6] that it is not possible to have
solutions of the Einstein-Maxwell equations of Bianchi type VIII or IX with
a non-vanishing pure magnetic field.

Up to now there is no generalization of the results of [7] to oscillatory
models of Bianchi class B. In fact it would be very interesting to have such
results for Bianchi type VI_ 1 where oscillatory solutions are expected to exist.
One obstacle is the existence of stable manifolds of dimension greater than one
as in the examples with magnetic field above. Another is that invariant man-
ifolds of the type which played such an important role in the proofs of this
paper do not appear to exist for models of Bianchi class B.

In the case of Bianchi type IX vacuum models it has been proved that
the a-limit set of each solution belongs to the union of points of type I and
type II [11]. Interestingly, it is not known if the corresponding statement holds
for the superficially similar type VIII. This contrasts with the fact that the
results for type IX in [7] extend almost without change to type VIIL It is
easy to formulate an analogue of the result of [11] for solutions of type VIg
with magnetic field and it would be interesting to investigate whether it holds,
especially since this might throw some new light on the unsolved Bianchi VIII
problem.

To sum up, it is clear that the above complex of problems represents a
promising opportunity to learn about the related questions of the BKL con-
jecture, the dynamics of Bianchi models near the initial singularity and the
stability of heteroclinic cycles in more general dynamical systems.
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