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Abstract

Confirming previous heuristic analyses a la Belinskii-Khalatnikov-Lifshitz, it is
rigorously proven that certain “subcritical” Einstein-matter systems exhibit a mono-
tone, generalized Kasner behaviour in the vicinity of a spacelike singularity. The
D—dimensional coupled Einstein-dilaton-p-form system is subcritical if the dilaton
couplings of the p-forms belong to some dimension dependent open neighbourhood
of zero [fl], while pure gravity is subecritical if D > 11 [[3J]. Our proof relies, like
the recent theorem [[§] dealing with the (always subcritical [[4]) Einstein-dilaton
system, on the use of Fuchsian techniques, which enable one to construct local, an-
alytic solutions to the full set of equations of motion. The solutions constructed are
“general” in the sense that they depend on the maximal expected number of free
functions.



1 Introduction

1.1 The problem

In recent papers [[[, B, B], the dynamics of the coupled Einstein-dilaton-p-form system in
D spacetime dimensions, with action (in units where 87G = 1),

k
S[9a5, 6, A, 1 = Slgas] + Sslgas, 0] + D Silgas, 6, AV, 1+ “more”, (1.1)
j=1
1
Selgas] = §/Rx/—gd%, (1.2)
1
Silgasnd] = =3 [ oo ov=gd’, (13)
| 1 , N
Sjlgas, ¢, AY), 1 = —W/Fﬁ??~~unﬁlf’(ﬂ)m it eify/—g dPx, (1.4)

was investigated in the vicinity of a spacelike (“cosmological”) singularity along the lines

initiated by Belinskii, Khalatnikov and Lifshitz (BKL) [[]. In ([.T)), gag is the spacetime

metric, ¢ is a massless scalar field known as the “dilaton”, while the Ag{),,%_ are a col-
J

lection of k exterior form gauge fields (j = 1,---, k), with exponential couplings to the
dilaton, each coupling being characterized by an individual constant A; (“dilaton coupling
constant” ). The F'U)’s are the exterior derivatives F') = dAY), whereas “more” stands for
possible coupling terms among the p-forms which can be either of the Yang-Mills type (1-
forms), Chern-Simons type [ff] or Chapline-Manton type [f] []. The degrees of the p-forms
are restricted to be smaller than or equal to D — 2 since a (D — 1)-form (or D-form) gauge
field carries no local degree of freedom. In particular, scalars (n; = 0) are allowed among
the AU)’s but we then require that the corresponding dilaton coupling Aj be non-zero, so
that there is only one “dilaton”. Similarly, we require A; # 0 for the (D —2)-forms (if any),
since these are “dual”’[] to scalars. This restriction to a single dilaton is mostly done for
notational convenience: if there were other dilatons among the 0-forms, then, these must
be explicitly treated on the same footing as ¢ and separated off from the p-forms because
they play a distinct role. In particular, they would appear explicitly in the generalized
Kasner conditions given below and in the determination of what we call the subcritical
domain. The discussion would proceed otherwise in the same qualitative way.

The main motivation for studying actions of the class ([.1]) is that these arise as bosonic
sectors of supergravity theories related to superstring or M-theory. In fact, in view of
various no-go theorems, p-form gauge fields appear to be the only massless, higher spin
fields that can be consistently coupled to gravity. Furthermore, there can be only one type
of graviton [§]. With this observation in mind, the action ([I]) is actually quite general.
The only restriction concerns the scalar sector: we assume the coupling to the dilaton
to be exponential because this corresponds to the tree-level couplings of the dilaton field
of string theory. Note, however, that string-loop effects are expected to generate more

! We recall that the Hodge duality between a (n; + 1)-form and a (D — n; — 1)-form allows one to
replace (locally) a nj-form potential AY) by a (D — n; — 2)-form potential AU") (with dilaton coupling
No=—=)\)).
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general couplings exp(A¢) — B(¢) which can exhibit interesting “attractor” behaviours
[]. We also restrict ourselves by not including scalar potentials; see, however, the end of
the article for some remarks on the addition of a potential for the dilaton, which can be
treated by our methods.

Two possible general, “competing” behaviours of the fields in the vicinity of the space-
like singularity have been identifiedfj:

1. The simplest is the “generalized Kasner behaviour”, in which the spatial scale factors
and the field exp(¢) behave at each spatial point in a monotone, power-law fashion
in terms of the proper time as one approaches the singularity, while the effect of the
p-form fields AU)’s on the evolution of g and ¢ can be asymptotically neglected.
In that regime the spatial curvature terms can be also neglected with respect to the
leading order part of the extrinsic curvature terms. In other words, as emphasized
by BKL, time derivatives asymptotically dominate over space derivatives so that
one sometimes uses the terminology “velocity-dominated” behaviour [[T], instead of
“generalized Kasner behaviour”. We shall use both terminologies indifferently in
this paper, recalling that in the presence of p-forms, which act as potentials for the
evolution of the spatial metric and the dilaton (as do the spatial curvature terms),
“velocity-dominance” means not only that the spatial curvature terms can be ne-
glected, but also that the p-forms can be neglected in the Einstein-dilaton evolution
equations.[]

2. The second regime, known as “oscillatory” [[l], or “generalized mizmaster” [[2] be-
haviour, is more complicated. It can be described as the succession of an infinite
number of increasingly shorter Kasner regimes as one goes to the singularity, one
following the other according to a well-defined “collision” law. This asymptotic evo-
lution is presumably strongly chaotic. It is expected that, at each spatial point, the
scale factors of a general inhomogeneous solution essentially behave as in certain ho-
mogeneous models. For instance, for D = 4 pure gravity this guiding homogeneous
model is the Bianchi IX model [, [Z], while for D = 11 supergravity it is its naive
one-dimensional reduction involving space-independent metric and three-forms [J].

Whether it is the first or the second behaviour that is relevant depends on: (i) the
spacetime dimension D, (ii) the field content (presence or absence of the dilaton, types of
p-forms), and (iii) the values of the various dilaton couplings A;. Previous work reached
the following conclusions:

e The oscillatory behaviour is general for pure gravity in spacetime dimension 4 [[,
in fact, in all spacetime dimensions 4 < D < 10, but is replaced by a Kasner-like
behaviour in spacetime dimensions D > 11 [[3]. (The sense in which we use “general”
will be made precise below.)

2For a recent extension of these ideas to the brane-worlds scenarios, see [@]

3 The Kasner solution is generalized in two ways: first, the original Kasner exponents include a dilaton
exponent (if there is a dilaton), which appears in the Kasner conditions; second, the exponents are not
assumed to be constant in space. We shall shorten “exhibits generalized Kasner behaviour” to Kasner-like.
We stress that we do not use this term to indicate that the solution becomes asymptotically homogeneous
in space.



e The Kasner-like behaviour is general for the gravity-dilaton system in all spacetime
dimensions D > 3 (see [[4, [3] for D = 4).

e The oscillatory behaviour is general for gravity coupled to p-forms, in absence of a
dilaton or of a dual (D — 2)-form (0 < p < D — 2) [P. In particular, the bosonic
sector of 11-dimensional supergravity is oscillatory [[[J. Particular instances of this

case have been studied in [[6, [7, [§.

e The case of the gravity-dilaton-p-form system is more complicated to discuss because
its behaviour depends on a combination of several factors, namely the dimension
D, the menu of p-forms, and the numerical values of the dilaton couplings. For
a given D and a given menu of p-forms there exists a “subcritical” domain D (an
open neighbourhood of the origin A\; = 0 for all j’s) such that: (i) when the A;
belong to D the general behaviour is Kasner-like, but (ii) when the \; do not belong
to D the behaviour is oscillatory. Note that D is open. Indeed, the behaviour is
oscillatory when the \; are on the boundary of D, as happens for instance for the
low-energy bosonic sectors of type I or heterotic superstrings [[]]. For a single p-form,
the subcritical domain D takes the simple form |\;| < Aj, where Aj depends on the
form-degree and the spacetime dimension. (A§ can be infinite.) For a collection of
p-forms, D is more complicated and not just given by the Cartesian product of the
subcritical intervals associated with each individual p-form.

The above statements were derived by adopting a line of thought analogous to that
followed by BKL. Now, as understood by BKL themselves, these arguments, although
quite convincing, are somewhat heuristic. It is true that the original arguments have
received since then a considerable amount of both numerical and analytical support [Ld,
20, BT, P2, B3]. Yet, they still await a complete proof. One notable exception is the four-
dimensional gravity-dilaton system, which has been rigorously demonstrated in [[[5] to be
indeed Kasner-like, confirming the original analysis [[4]. Using Fuchsian techniques, the
authors of [[J] have proven the existence of a local (analytic) Kasner-like solution to the
Einstein-dilaton equations in four dimensions that contains as many arbitrary, physically
relevant functions of space as there are local degrees of freedom, namely 6 (counting ¢
and ¢ independently). To our knowledge, this was the first construction, in a rigorous
mathematical sense, of a general singular solution for a coupled Einstein-matter system.
Note in this respect several previous works in which formal solutions had been constructed
near (Kasner-like) cosmological singularities by explicit perturbative methods, to all orders
of perturbation theory [24, R5].

The situation concerning the more complicated (and in some sense more interesting)
generalized mixmaster regime is unfortunately — and perhaps not surprisingly — not so well
developed. Rigorous results are scarce (note [PG]) and even in the case of the spatially
homogeneous Bianchi IX model only partial results exist in the literature 7).

The purpose of this paper is to extend the Fuchsian approach of [[J] to the more
complicated class of models described by the action ([LI]) and to prove that those among
the above models that were predicted in [[3 [ P] to be Kasner-like are indeed so. This
provides many new instances where one can rigorously construct a general singular solution



for a coupled Einstein-matter (or pure Einstein, in D > 11) system. In fact, our (Fuchsian-
system-based) results prove that the formal perturbative solutions that can be explicitly
built for these models do converge to exact solutions. This provides a further confirmation
of the general validity of the BKL ideas. We shall also explicitly determine the subcritical
domain D for a few illustrative models. For all the relevant systems, we construct local
(near the singularity) analytic solutions, which are “general” in the sense that they contain
the right number of freely adjustable arbitrary functions of space (in particular, these
solutions have generically no isometries), and which exhibit the generalized (monotone)
Kasner time dependence.

1.2 Strategy and outline of the paper

Our approach is the same as in [[5], and results from that work will be used frequently
here without restating the arguments. Here is an outline of the key steps.

A d + 1 decomposition is used, for d spatial dimensions, d = D — 1. A Gaussian
time coordinate, ¢, is chosen such that the singularity occurs at ¢ = 0. The first step
in the argument consists of identifying the leading terms for all the variables. This is
accomplished by writing down a set of evolution equations which is obtained by truncating
the full evolution equations, and then solving this simpler set of evolution equations. This
simpler evolution system is called the Kasner-like[] evolution system (or, alternatively, the
velocity-dominated system). It is a system of ordinary differential equations with respect
to time (one at each spatial point) which coincides with the system that arises when
investigating metric-dilaton solutions that depend only on time. The precise truncation
rules are given in subsection R.4 below. The second step is to write down constraint
equations for the Kasner-like system (called “velocity-dominated” constraints) and to show
that these constraints propagate, i.e., that if they are satisfied by a solution to the Kasner-
like evolution equations at some time £y, > 0, then they are satisfied for all time ¢ > 0. In the
set of Kasner-like solutions, one expects that there is a subset, denoted by V', of solutions
which have the property of being asymptotic to solutions of the complete Einstein-dilaton-
p-form equations as t — 0, i.e as one goes to the singularity. This subset is characterized
by inequalities on some of the initial data, which, however, are not always consistent. The
existence of a non-empty V requires the dilaton couplings to belong to some range, the
“subcritical range”. When V is non-empty and open, the solutions in V' involve as many
arbitrary functions of space as a “general solution” of the full Einstein equations should.
On the other hand, if V' is empty the construction given in this paper breaks down and
the dynamical system is expected to be not Kasner-like but rather oscillatory.

To show that indeed, the solutions in V' (when it is non-empty) are asymptotic to
true solutions, the third step is to identify decaying quantities such that these decaying
quantities along with the leading terms mentioned above uniquely determine the variables,
and to write down a Fuchsian system for the decaying quantities which is equivalent to
the Einstein-matter evolution system. As the use of Fuchsian systems is central to our
work let us briefly recall what a Fuchsian system is and how such a system is related to

4Note that we use the terms “Kasner-like solutions” to label both exact solutions of the truncated
system and solutions of the full system that are asymptotic to such solutions. Which meaning is relevant
should be clear from the context.



familiar iterative methods. For a more detailed introduction to Fuchsian techniques see
13, Y, B9, and references therein. Note that we shall everywhere restrict ourselves to
the analytic case. We expect that our results extend to the C'™ case, but it is a non-trivial
task to prove that they do.

The general form of a Fuchsian system for a vector-valued unknown function wu is

tou+ Alx)u = f(t,x,u,u,), (1.5)

where the matrix A(z) is required to satisfy some positivity condition (see below), while
the “source term” f on the right hand side is required to be “regular.” (See [[5] for
precise criteria allowing one to check when the positivity assumption on A(x) is satisfied
and when f is regular.) A key point is that f is required to be bounded by terms of
order O(#°) (with ¢ — 0,6 > 0) as soon as u and their space derivatives u, are in a
bounded set (a simple, concrete example of a source term satisfying this condition is
f =t 4+ t%2q + t%u,, with §;’s larger than §). A convenient form of positivity condition
to be satisfied by the matrix A(z) is that the operator norm of 74 be bounded when
0 < 7 < 1 (and when z varies in any open set). Essentially this condition restricts the
eigenvalues of the matrix A(zx) to have positive real parts. The basic property of Fuchsian
systems that we shall use is that there is a unique solution to the Fuchsian equation which
vanishes as t tends to zero [B§]. One can understand this theorem as a mathematically
rigorous version of the recursive method for solving the equation ([L.5). Indeed, when
confronted with equation ([[.§), it is natural to construct a solution by an iterative process,
starting with the zeroth order approximation ug = 0 (which is the unique solution of
([5) with f = 0 that tends to zero as ¢ — 0), and solving a sequence of equations of
the form to,u™ + A(z)u™ = f(t,z,u™ 1 u{*=Y). At each step in this iterative process
the source term is a known function which essentially behaves (modulo logarithms) like a
sum of powers of ¢ (with space-dependent coefficients). The crucial step in the iteration
is then to solve equations of the type td;u + A(z)u = C(z)t°®. The positivity condition
on A(z) guarantees the absence of homogeneous solutions remaining bounded as t — 0,
and ensures the absence of “small denominators” in the (unique bounded) inhomogeneous
solution generated by each partial source term: uigpom = (0 + .A)7LCt. (See, e.g., [B]] for
a concrete iterative construction of a Kasner-like solution and the proof that it extends to
all orders.) This link between Fuchsian systems and “good systems” that can be solved to
all orders in a formal iteration makes it a priori probable that all cases which the heuristic
approach a la BKL has shown to be asymptotic to a Kasner-like solution (by checking
that the leading “post-Kasner” contribution is asymptotically sub-dominant) can be cast
in a Fuchsian form. The main technical burden of the present work will indeed be to
show in detail how this can be carried out for the evolution systems corresponding to all
the sub-critical (i.e., non-oscillatory) Einstein-matter systems. Our Fuchsian formulation
proves that (in the analytic case) the formal all-orders iterative solutions for the models we
consider do actually converge to the unique, exact solution having a given leading Kasner
asymptotic behaviour as t — 0.

Finally, the fourth step of our strategy is to prove that the constructed solution does
satisfy also all the Einstein and Gauss-like constraints so that it is a solution of the full
set of Einstein-matter equations. We shall deal successively with the matter (Gauss-like)
constraints, and the Einstein constraints.



Our paper is organized as follows. In section P, we first consider the paradigmatic
example of gravity coupled to a massless scalar field and to a Maxwell field in 4 spacetime
dimensions. The action ([[.]]) reads in this case

Slgass 6 As) = 5 [{R= 8,600 — S Fu e} /=g ' (1.6

For this simple example, we shall explicitly determine the subcritical domain D, i.e., the
critical value A\, such that the system is Kasner-like when —\. < A < A.. Because this case
is exemplary of the general situation, while still being technically rather simple to handle,
we shall describe in some detail the explicit steps of the Fuchsian approach.

In section B, vacuum solutions governed by the pure Einstein action ([.J) with D > 11
are considered. This system was argued in [[3] to be Kasner-like and we show here how this
rigorously follows from the Fuchsian approach. Note that, contrary to what happens when
a dilaton is present, Fuchsian techniques apply here even though not all Kasner exponents
can be positive.

In sections ] - B, the results of the previous sections are generalized to the wider class
of systems ([[.1)). First, in section [, to solutions of Einstein’s equation with spacetime
dimension D > 3 and a matter source consisting of a massless scalar field, governed by the
action Sglgas]+Se[gas, @]. This is the generalization to any D > 3 of the case D = 4 treated
in [[7]. In section [, we turn to the general situation described by the action ([[]]), without,
however, including the additional terms represented there by “more”. We then give some
general rules for computing the subcritical domain of the dilaton couplings guaranteeing
velocity-dominance (section f]). The inclusion of interaction terms is considered in the last
sections. It is shown that they do not affect the asymptotic analysis. This is done first for
the Chern-Simons and Chapline-Manton interactions in section f], and next, in section f|,
for the Yang-Mills couplings (for some gauge group G), for which the action reads

1 1
Slgags 6, As) = 5 [{R = 0,006 — SF - P} /=g (1.7)

Here the dot product, F' - F, is a time-independent, Ad-invariant, non-degenerate scalar
product on the Lie algebra of G (such a scalar product exists if the algebra is compact, or
semi-simple). Contrary to what is done in sections ], fl and [, we must work now with the
vector potential (and not just with the field strength), since it appears explicitly in the
coupling terms.

In section P we show that self-interactions of a rather general type for the scalar field
can be included without changing the asymptotics of the solutions. Explicitly, we add a
(nonlinear) potential term,

Silgass 9] = = [ V(6)v=g ", (1)

to the action ([Z1]), where V' (¢) must fulfill some assumptions given in section §| V(¢)
may, for example, be an exponential function of ¢, a constant, or a suitable power of ¢.
Similar forms for V(¢) were considered with D = 4 in [B]].

Finally, in section [[(, we state two theorems that summarize the main results of the
paper and give concluding remarks.



1.3 On the generality of our construction

As we shall see the number of arbitrary functions contained in solutions to the velocity-
dominated constraint equations is equal to the number of arbitrary functions for solutions
to the Einstein-matter constraints. In this function-counting sense, our construction de-
scribes what is customarily called a “general” solution of the system. Intuitively speaking,
our construction concerns some “open set” of the set of all solutions (indeed, the Kasner-
like behaviour of the solution is unchanged under arbitrary, small perturbations of the
initial data, because this simply amounts to changing the integration functions). Note
that, in the physics literature, such a “general” solution is often referred to as being a
“generic” solution. However, in the mathematics literature the word “generic” is restricted
to describing either an open dense subset of the set of all solutions, or (when this can be
defined) a subset of measure unity of the set of all solutions. In this work we shall stick to
the mathematical terminology. We shall have nothing rigorous to say about whether our
general solution is also generic. However, we wish to emphasize the following points.

First, let us mention that the set V' of solutions to the velocity-dominated equations
that are asymptotic to solutions of the complete equations is not identical to the set U
of all solutions to the velocity-dominated constraint equations. The subset V C U is de-
fined by imposing some inequalities on the free data. These inequalities do not change
the number of free functions. Therefore the solutions in V' are still “general”. One can
wonder whether there could be a co-existing general behaviour, corresponding to initial
data that do not fulfill the inequalities. For instance, could such “bad” initial data lead to
a generalized mixmaster regime? This is a difficult question and we shall only summarize
here what is the existing evidence. There are heuristic arguments, supported by numerical
study, [[4, B2, B3, that suggest that if one starts with initial data that do not fulfill the
inequalities, one ends up, after a finite transient period (with a finite number of “collisions”
with potential walls), with a solution that is asymptotically velocity-dominated, for which
the inequalities are fulfilled almost everywhere. In that sense, the inequalities would not
represent a real restriction since there is a dynamical mechanism that drives the solution to
the regime where they are satisfied. For the subcritical values of the dilaton couplings that
make the inequalities defining V' consistent, there is thus no evidence for an alternative
oscillatory regime corresponding to a different (open) region in the space of initial dataf].
It has indeed been shown that the inequalities defining V' are no restriction in a large
spatially homogeneous class [P7]. Such rigorous results are, however, lacking in the inho-
mogeneous case. In fact, an interesting subtlety might take place in the inhomogeneous
case. The heuristic arguments and numerical studies of [B3], 4] suggest the possibility that
the mechanism driving the system to V may be suppressed at exceptional spatial points
in general spacetimes, with the result that the asymptotic data at the exceptional spatial
points are not consistent with the inequalities we assume and lead to so-called “spikes”.
This picture has been given a firm basis in a scalar field model with symmetries [Bg but
the status of the spikes in a general context remains unclear.

Finally, since we only deal with spacelike singularities, the classes of solutions we con-

°The oscillatory regime may however be present for peculiar initial data, presumably forming a set
of zero measure. For instance, gravity + dilaton is generically Kasner-like, but exhibits an oscillatory
behaviour for initial data with ¢ = 0 (in D < 11 spacetime dimensions).
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sider do not contain all solutions governed by the action ([[.1]). Other types of singularities
(e.g. timelike or null ones) are known to exist. Whether these other types of singularities
are general is, however, an open question.

1.4 Billiard picture

At each spatial point, the solution of the coupled Einstein-matter system can be pictured, in
the vicinity of a spacelike singularity, as a billiard motion in a region of hyperbolic space [B6],
B, B, BY]. Hyperbolic billiards are chaotic when they have finite volume and non chaotic
otherwise. In this latter case, the “billiard ball” generically escapes freely to infinity after
a finite number of collisions with the bounding walls. Subcritical Einstein-matter systems
define infinite-volume billiards. The velocity-dominated solutions correspond precisely to
the last (as ¢ — 0) free motion (after all collisions have taken place), in which the billiard
ball moves to infinity in hyperbolic space.

1.5 Conventions

We adopt a “mostly plus” signature (—+++...). The spacetime dimension is D = d+ 1.
Greek indices range from 0 to d, while Latin indices € {1,...,d}. The spatial Ricci tensor
is labeled R and the spacetime Ricci tensor is labeled (P’ R. Our curvature conventions
are such that the Ricci tensor of a sphere is positive definite. Einstein’s equations read
Gop = Twp, where Gog = Rop — Rgap/2 denotes the Einstein tensor and 7,3 denotes the
matter stress-energy tensor, Tps = —(2/1/—9)3Smatter/99%?, and units such that 87G = 1.
The spatial metric compatible covariant derivative is labeled V, and the spacetime metric
compatible covariant derivative is labeled (?)V,. The velocity-dominated metric compati-
ble covariant derivative is labeled °V,. According to the context, g denotes the (positive)
determinant of g, in d+ 1-decomposed expressions, and the (negative) determinant of g,
in spacetime expressions. Whenever t° or t = appears, J denotes a strictly positive number,
arbitrarily small. We use Einstein’s summation convention on repeated tensor indices of
different variances. (When the need arises to suspend the summation conventions for some
non-tensorial indices, we shall explicitly mention it.) In expressions where there is a sum
that the indices do not indicate, all sums in the expression are indicated explicitly by a
summation symbol. Indices on the velocity-dominated metric and the velocity-dominated
extrinsic curvature are raised and lowered with the velocity-dominated metric.

1.6 d+ 1 decomposition

Consider a solution to the Einstein’s equations following from ([L.1]), consisting of a Lorentz
metric and matter fields on a D-dimensional manifold M which is diffeomorphic to (0,7") x
Y for a d-dimensional manifold, ¥, such that the metric induced on each t = constant
hypersurface is Riemannian, for ¢ € (0,7). Here D is an integer strictly greater than
two. Furthermore, consider a d + 1 decomposition of the Einstein tensor, G,g, and the
stress-energy tensor, T4, with a Gaussian time coordinate, ¢ € (0,7), and a local frame
{e.} on X. Note that the frame e, = €’ (2)d; is time-independent. The spacetime metric



reads ds? = —dt? + gu(t, )ee®, where e = e¢(x)dx® (with efel = &%) is the co-frame. Let
p =T, jo = —To, and Sy, = Typ. Define

C == 2G00 - 2T00 (19)
= —k% kP, + (trk)® + R — 2p.

C = 0 is the Hamiltonian constraint. Similarly, C, = 0 is the momentum constraint, where

C, = —Goo+ Tha (1.10)
= Vpkls — Va(trk) — jo.

In Gaussian coordinates, the relation between the metric and the extrinsic curvature is
OrGap = —2kqp. (1.11)

The evolution equation for the extrinsic curvature is obtained by setting £%, = 0, with

1
(D—2)
= 0k% = R%+ (tr k‘) k% — M®*. (1.13)

EYy = DRy, 19 4 T 6% (1.12)

Here

1
Mab = Sab — m((tr S) — p)(gab.

2 Scalar and Maxwell fields in four dimensions

2.1 Equations of motion

As said above, let us start by considering in detail, as archetypal system, the system defined
by the action ([.G), i.e., the spacetime dimension is D = 4 and the matter fields are a
massless scalar field exponentially coupled to a Maxwell field, with the magnitude of the
dilaton coupling constant smaller in magnitude than some positive real number determined
below, 0 < |A| < A.. The stress-energy tensor of the matter fields is

1 1
T = V6 9V6 = 200 VY00 OV + [Fua B = g FapF e,
The matter fields satisfy the following equations.

My, gy — %FaﬁFaﬁew,

WV, (Fer) = 0,
(4)V[QF57} - O



The 341 decomposition of the stress-energy tensor is best expressed in terms of the electric
spatial vector density £¢ = /g F 02¢2¢ and the magnetic antisymmetric spatial tensor Fj,.

1 1 1
P = 5{(8t¢>2 + gabea(¢)eb(¢> + Egabgagbe_)\¢ + igabgChFachheAd)}u

1
ja = _8t¢ ea((b) + ﬁgb Fabu

1 1
M = g"ey(9)ec(p) — g{gbcgagc - §5abgch565h}€_w

+{g"g" FonFyi — ZéabgChglchith}eA¢- (2.1)

The matter constraint equations are

ea(E) + fr &4 = 0 (2.2)
e[a(Fbc})_'_f[Zch]h = 0. (2.3)

Here f¢, are the (time-independent) structure functions of the frame, [e,, e)] = f&e.. The
matter evolution equations are

A A
at2¢ - (trk)8t¢ = abv Vb¢ + gga gagb ZgabgChFachheA¢> (24)
atga — eb(\/ggacgbhFche)\qﬁ) + ( Zzbgac a zc)\/*gbhF 6 (25)
1 1
O Fy, = —2e[a(ﬁgb}cé’ce—w) + ;bﬁgchghe_M). (2.6)

2.2 Velocity-dominated evolution equations and solution

The Kasner-like, or velocity-dominated, evolution equations are obtained from the full
evolution equations by: (i) dropping the spatial derivatives from the right hand sides of
(C13), (B4), (BF) and (B§) (note that f5-terms count as derivatives and that we keep
the time derivatives of the magnetic field in (B.€) even though F,, = 9,4, — 9,A,); and
(i) dropping the p-form terms in both the Einstein and dilaton evolution equations. This
is a general rule and yields in this case

09 = —2%a, (2.7)
0, %k = (tr%) k™, (2.8)
02 — (tr°k) 0,% = 0, (2.9)
0,°* = 0, (2.10)
0,°Fy = 0 (2.11)

(As we shall see below, interaction terms of Yang-Mills or other types — if any — should
also be dropped.)

It is easy to find the general analytic solution of the evolution system (B.7) — (B.I11])
since the equations are the same as for “Bianchi type I” homogeneous models (one such set
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of equations per spatial point). Taking the trace of (P.§) shows that —1/tr %k =t + C'(z).
By a suitable redefinition of the time variable one can set C'(z) to zero. Then (R.§) shows
that —t k%, = K%, is a constant matrix (which must satisfy trK = K%, = 1, and be such
that Yg..(tg) K% is symmetric in a and b),

Ok%(t) = -t K%, (2.12)

Injecting this information into (P-7]) leads to a linear evolution system for %g.: ¢ 9 °gap =
2 9%g,.K¢, which is solved by exponentiation,

0 0 t 2K ¢
gab(t) = gac(tO) (_> . (213)
to b
The other evolution equations are also easy to solve,
6(t) = Alnt+ B, (2.14)
0ge(t) = ‘g° (2.15)
OF,(t) = °Fy. (2.16)

In (213) (t/to)?® denotes the exponentiation of a matrix. Quantities on the left hand
side of (2.19) — (R.10) may be functions of both time and space, while all the time de-
pendence of the right hand side is made explicit. For instance, (P.10]) is saying that the
spacetime dependence of the general magnetic field °F,,(¢,x) (solution of the velocity-
dominated evolution system) is reduced to a simple space dependence °F,(x) (where °F,,
is an antisymmetric spatial tensor). Let p, denote the eigenvalues of K%, ordered such
that p; < ps < p3. Since trK = 1, we have the constraint

In the works of BKL the matrix solution (R.13) is simplified by using a special frame {e,}
with respect to which the matrices “gq(to) and K¢, are diagonal. However, as emphasized
in [IF], this choice can not necessarily be made analytically on neighbourhoods where the
number of distinct eigenvalues of K, is not constant. To obtain an analytic solution, while
still controlling the relation of the solution to the eigenvalues of K%, a special construction
was introduced in [[[J]. This construction is based on some (possibly small) neighbourhood
Uy of an arbitrary spatial point xg € 3 and uses a set of auxiliary exponents g,(x). These
auxiliary exponents remain numerically close to the exact “Kasner exponents” p,(z), are
analytic and enable one to define an analytic frame (see below). To construct the auxiliary
exponents g,(x) one distinguishes three cases:

Case I (near isotropic):  If all three eigenvalues are equal at xg, choose a number
€ > 0 so that for x € Uy, max,y [pa(x) — pp(2)| < €/2. In this case define g, = 1/3 on Uy,
a=1,2,3.

Case II (near double eigenvalue): If the number of distinct eigenvalues at xq is two,
choose € > 0 so that for © € Uy, max,p|p. — po| > €/2, and |ps — py| < €/2 for some
pair, a’, b', a’ # V', shrinking Uj if necessary. Denote by p, the distinguished exponent not
equal to py, py. In this case define ¢; = p, and g = gy = (1 — ¢q1)/2 on U.
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Case III (near diagonalizable): If all eigenvalues are distinct at z¢, choose € > 0 so
that for € Uy, min ., |pa(x) — pp(x)| > €/2, shrinking Uy if necessary. In this case define
aFb

qa = Pa O1 Up.

The frame {e, }, called the adapted frame, is required to be such that the related (time-
dependent) frame {é,(t) =t %¢,} is orthonormal with respect to the velocity-dominated
metric at some time to > 0, i.e., such that %gu(to) = t5%du. (Here and in the rest of the
paper, the Einstein summation convention does not apply to indices on ¢, and p,. These
indices should be ignored when determining sums. Furthermore, quantities with a tilde
will refer to the frame {é,(¢)}.)

In addition, in Case II it is required that e, be an eigenvector of K corresponding to
q. and that ey, ey span the eigenspace of K corresponding to the eigenvalues p,/, py. In
case III it is required that the e, be eigenvectors of K corresponding to the eigenvalues
¢a(= pa). In all cases it is required that {e,} be analytic. The auxiliary exponents, q,,
are analytic, satisfy the Kasner relation 3" g, = 1, are ordered (¢1 < ¢2 < ¢3), and satisfy
@ > p1, @3 < ps and max, [qo — pa| < €/2. If gu # @, then %gay, %™, °Gap and °g*° all
vanish, and the same is true with ¢ replaced by k.

Equations (2.12) — (1), with the form of g (ty) and K%, specialized as given just
above, are the general analytic solution to the velocity-dominated evolution equations in
the sense that any analytic solution to the velocity-dominated evolution equations takes
this form near any z, € ¥ by choice of (global) time coordinate and (local) spatial frame.

2.3 Velocity-dominated constraint equations

When written in terms of the velocity-dominated variables, the velocity-dominated con-
straints take the same form as the full constraint equations, except the Hamiltonian con-
straint, which is obtained by dropping spatial gradients and electromagnetic contributions
to the energy-density. This is a general rule, valid also for the more general models con-
sidered below. Thus, if we define

1
Op = 5(815 0¢)27

% = —0,%ea(%9) + ——

0cb 0
g Faba
V%

we get °C = 0 and °C, = 0 for the velocity-dominated constraints corresponding to the
Hamiltonian and momentum constraints, with

00 = —%% %kt + (tr°k)? — 2%, (2.18)
00, = "V,%", — e, (trk) — %5,. (2.19)

The velocity-dominated matter constraint equations read

W€ + L0 = 0,
6[a(0Fbc}) + f[}(;b OFc]h =
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For the solution (P.12)) — (B-14) the velocity-dominated Hamiltonian constraint equation
is equivalent to

Spl+ A =1 (2.20)

The conditions (FI7) and (P:20) are the famous Kasner conditions when the dilaton is
present. While p; is necessarily non-positive when A = 0, this is no longer the case when
the dilaton is nontrivial (A # 0): all p,’s can then be positive. This is the major feature
associated with the presence of the dilaton, which turns the mixmaster behaviour of (4-
dimensional) vacuum gravity into the velocity-dominated behaviour. We shall call (p,, A)
the Kasner exponents (because they are the exponents of the proper time in the solution
for the scale factors and exp ¢) and refer to (R.17) and (R.2(0) as the Kasner conditions
(note that A is often denoted py to emphasize its relation to the kinetic energy of ¢, and
its similarity with the other exponents).
A straightforward calculation shows that

0,°C —2(tr°k)°C = 0, (2.21)

1
0,°C, — (tr’k)°C, = —§ea(00). (2.22)

Thus if the velocity-dominated Hamiltonian and momentum constraints are satisfied at
some tq > 0, then they are satisfied for all + > 0. Similarly, since °€® and °F),;, are
independent of time, if the matter constraints are satisfied at some time tq > 0, then they
are clearly satisfied for all time.

2.4 Critical value of dilaton coupling ).

Our ultimate goal is to show that the velocity-dominated solutions asymptotically approach
(as t — 0) solutions of the original system of equations. We shall prove that this is the
case provided the Kasner exponents p;, A, subject to the Kasner conditions

Yopat = pa)+A=0, Y pa=1 (2.23)

obey additional restrictions. These restrictions are inequalities on the Kasner exponents
and read explicitly

2p1 —ANA >0, p; >0, 2p1 + AA > 0. (2.24)

As explained in [[l], and rigorously checked below, these restrictions are necessary and suf-
ficient to ensure that the terms that are dropped when replacing the full Einstein-dilaton-
Maxwell equations by the velocity-dominated equations become indeed negligible as ¢t — 0.
More precisely, the first condition (respectively the third) among (P-24]) guarantees that
one can neglect the electric (respectively, magnetic) part of the energy-momentum tensor
of the electromagnetic field in the Einstein equations, whereas the condition p; > 0 is
necessary for the spatial curvature terms to be asymptotically negligible. The conditions
(B29) define the set V' of velocity-dominated solutions referred to in the introduction.

It is clear that if |A| is small enough — in particular, if A = 0 — the inequalities (P.24)
can be fulfilled since the Kasner exponents can be all positive when the dilaton is included.
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But if |A| is greater that some critical value A., it is impossible to fulfill simultaneously
the Kasner conditions (R.23) and the inequalities (P.24]), because one of the terms +A\A
becomes more negative than 2p; is positive. In that case, the set V is empty and our
construction breaks down. For |A| < A., however, the set V' is non-empty and, in fact,
stable under small perturbations of the Kasner exponents since (P-24) defines an open
region on the Kasner sphere. We determine in this subsection the critical value A. such
that (B.23) and (R.24) are compatible whenever || < A..

To that end, we follow the geometric approach of [B, BY]. In the 4-dimensional space of
the Kasner exponents (p,, A), we consider the “wall chamber” W defined to be the conical
domain where

p1<p2<p3 2pa—AA >0, p. >0, 2p, +AA>0. (2.25)
These inequalities are not all independent since the four conditions
pr<pa<ps 2p1—AA >0, 2p1 +AA >0 (2.26)

imply all others. The quadratic Kasner condition (B.23) can be rewritten

Gup'p” =0,  (p") = (pa, 4) (2.27)
where G, defines a metric in “Kasner-exponent space”
dS? = G, dp'dp” = def — (Z dpa)? + (dA)? (2.28)

The metric (B.2§) has Minkowskian signature (—, +, +,+). An example of timelike direc-
tion is given by p; = ps = p3, A = 0. Inside or on the light cone, the function > p, does
not vanish. The upper light cone (in the space of the Kasner exponents) is conventionally
defined by (R.27) and the extra condition Y p, > 0. It is clear from our discussion that the
Kasner conditions (P.23)) and the inequalities (P.24]) are compatible if and only if there are
lightlike directions in the interior of the wall chamber W (by rescaling p* — ap*, a > 0,
one can always make > p, = 1 for any point in the interior of the wall chamber so that this
condition does not bring a restriction). The problem amounts accordingly to determining
the relative position of the light cone (P-27) and the wall chamber (£:28).

This is most easily done by computing the edges of (R.20]), i.e., the one-dimensional
intersections of three faces among the four faces (B.26) of W. There are four of them: (i)
pp=p=A=0,p3s=qa; (ii) p1 = A=0;p2 = p3 = a; (iil) 2p; = 2py = 2p3 = N\A = «;
and (iv) 2p; = 2py = 2p3 = —AA = «, where in each case, a« > 0 is a parameter along the
edge (a = 0 being the origin). The vectors e/4 (A = 1,2, 3,4) along the edges corresponding
to a = 1, namely (0,0,1,0), (0,1,1,0), (1/2,1/2,1/2,1/)) and (1/2,1/2,1/2,—1/)) form
a basis in Kasner-exponent space. Any vector v* can thus be expanded along the ey,
v* = v, A point P in Kasner-exponent space is on or inside the wall chamber W if
and only if its coordinates p# in this basis fulfill p4 > 0 with P inside when p4 > 0 for
all A’s. Thus, if all the edge vectors e’y are timelike or lightlike, the Kasner conditions
are incompatible with the inequalities (P:24]) since any linear combination of causal vectors
with non-negative coefficients is on or inside the forward light cone (the e’’s are future-
directed since p; + py + p3 > 0 for all of them). If, however, one (or more) of the edge
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vectors lies outside the light cone, then, the Kasner conditions and the inequalities (P.24])
are compatible. The nature of some of the edge vectors depends on the value of the dilaton
coupling A: while the first one is always lightlike and the second one always timelike, the
squared norm of the last two is —3/2+1/A% = (2—3)?)/(2A?). This determines the critical
value

2
Ae =] = 2.29
. (229

such that the edge vectors are timelike or null (incompatible inequalities) if |A| > A, but
spacelike (compatible inequalities) if |A\| < A.. Note that the value of A that arises from
dimensionally reducing 5-dimensional vacuum gravity down to 4 dimensions is A = /6 and
exceeds the critical value. This “explains” the conclusion reached in [[4] that the gravity-
dilaton-Maxwell system obtained by Kaluza-Klein reduction of 5-dimensional gravity is
oscillatory.

We shall assume from now on that |A\| < A\, and that the Kasner exponents fulfill the
above inequalities. For later use, we choose a number ¢ > 0 so that, for all x € Uy,
0 < 2p; —AA, 0 < 2p; + A and 0 < p;/2. Reduce € if necessary so that e < o/7. If €
is reduced, it may be necessary to shrink Uy so that the conditions imposed in section
remain satisfied. In section P.5] it is assumed that € and Uy are such that the conditions
imposed in section and the conditions imposed in this paragraph are all satisfied.

2.5 Fuchsian system which is equivalent to the Einstein-matter
evolution equations

2.5.1 Rewriting of equations

Theorem 3 in [[5] (theorem 4.2 in preprint version), on which we rely for our result, states
that a Fuchsian equation (i.e., as we mentioned above, an equation of the form ([L.5]) where
A satisfies a positivity condition and f is regular, which includes a boundedness property)
has a unique solution u that vanishes as ¢ | 0, and furthermore spatial derivatives of u
of any order vanish as ¢ | 0, as shown in [P§]. Our goal is to recast the Einstein-matter
evolution equations as a Fuchsian equation for the deviations from the velocity-dominated
solutions. Thus, we denote the unknown vector u as

u= (’yaln )‘abw K'aba ¢7 Way X» Saa Qpab) (230)

where the variables v¢, etc. are related to the Einstein-matter variables by

o = Oga + tﬁga’
Fab = OFab + tﬁspab-
15

Jab = "Gap + Gact® 7, (2.31)
(%) = 1N, (2.32)
kab = Gac( "k + 170K, (2.33)

¢ = 20+t (2.34)

ea(1)) = t Cw,, (2.35)
to + By = x, (2.36)
(2.37)

(2.38)



In the first of these equations t*“* is not the exponentiation of a matrix with components
a® such as occurs in (2:.1J). The expression ¢ is for each fixed value of ¢ and b the number
which is ¢ raised to the power given by the number a®, (defined below). In equations (P-31])
and (R.33) there is no summation on the index b (but there is a summation on ¢). In
(B38) @b is a totally antisymmetric spatial tensor, which contributes three independent
components to u. This assumption is consistent with the form of the evolution equation
for ¢u, equation (R.46) below. The exponents appearing in (R.31)) — (R.3§) are as follows.
Define oy = 4e, § = €/100 and ¢ = €/200 (where € is the same (small) quantity which
entered the definition of the auxiliary exponents ¢, in section B. and which was further
restricted at the end of section P.4). All of these quantities are independent of ¢ and z.
Finally define
o’y = 2max(gy — ¢a, 0) + 0 = 2¢max{a,p} — 2¢a + 0.

Note that the numbers a%, are all strictly positive. In the second definition of a%, we
have used the fact that the ¢,’s are ordered. The role of a%, is to shift the spectrum of
the Fuchsian-system matrix A, in equation ([.5)), to be positive. It is not clear to what
extent the choice of a%, is fixed by the requirement of getting a Fuchsian system. It seems
that the (triangle-like) inequality (42) of [[J] (inequality (5.9) in preprint version) is a key
property of these coefficients. We shall further comment below on the specific choice of
a®, and its link with the BKL-type approach to the cosmological behaviour near ¢t = 0.

When writing the first-order evolution system for u we momentarily abandon the re-
striction that g, and kg be symmetric, as in [[J]. Thus we need to define g, and we
do so by requiring that gu.;¢" = 6,°. This implies that ¢*°g,. = §%. We lower indices on
tensors by contraction with the second index of g, and also raise indices on tensors by
contraction with the second index of ¢g?°. This choice is so that raising and then lowering
a given index results in the original tensor, and the same for lowering and then raising an
index. The position of the indices on quantities appearing in u and other such quantities
is fixed. Repeated indices on these quantities imply a summation. On the other hand, as
we already mentioned above, one qualifies the summation convention by insisting that in-
dices repeated only because of their occurrence on pg, ¢, a%, and other such non-tensorial
quantities should be ignored when determining sums.

Substituting (2.31)) - (B.39) in the evolution equations yields equations of motion for u
of the form ([L.F)

tat,yab ‘l’ aab,}/ab ‘l’ 2/iab _ 2(t0kac)’ycb + Q,Yac(tok,cb) _ _2 taac—i_a%_aab’yac/{cb (239)
oA = tSe.(tOY"y) + Ctoee(v") (2.40)
tOR% + a%k™, — (k%) (trk) = t(trr)k% + 27"t (SR — M%) (2.41)
L0+ B — X = 0 (2.42)
tOw, = t{ea(x) + (€ — B)ea()} (2.43)
tox + Bx = t P(trr)(A+t7x) + 2779V, V, % + 77V,
A A

+t277 {%Qabé’“c‘?be‘w — 79" FocFine™*} (2.44)

t0,6" + 66" =t Hew(\/99* 9" Fene™)
1 _ac 1 a ic
+(fi9™ + §sz'9 )\/ggbhFche/\d)} (2.45)
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1 1
t Oy pap + Boap = tl_ﬁ{—Qe[a(%gb}cgce_m) + [o—=genle T} (2.46)

V9

All the quantities entering these equations have been defined, except “R%,. This is done
by taking the Ricci tensor of the symmetric part g of gup [I3]. More explicitly, SR, =
%S Ry, with

“Rap = 190t 0 SRy M = 4000 {8, (STT) — &4 (Thy) + 10, ST — ST3, 50 + fi, °Th ),
(2.47)
and the connection coefficients in the frame {é,},

= 1 ~ch [~ /~ ~ /~ ~ o~ ~ P ~ i 1 e
Srab = 5 Sg h {ea(g(bh)) + eb(g(ha)) - eh(g(ab)) - g(m)fbh - g(bi)fah} + 5 ab* (248)

Here, °§% is defined as the inverse of G(av)- Once it is shown that the tensor g, in equation
(B31) is symmetric, then it follows that ©R%, = R%, and that equations (2:39) — (2:46)) are
equivalent to the Einstein-matter equations.

2.5.2 The system (R.39)—(R-46]) is Fuchsian

A good deal of the work needed to show that equation ([.5]) (as written out in equations
(B39) — (.44)) is Fuchsian was done in [[J], in the massless scalar field case considered
there. The form of the velocity-dominated evolution and the form of the function u are
the same in the two cases except for the crucial addition of new source terms and new
evolution equations involving the Maxwell field. The presence of the new components does
not alter already existing parts of the matrix A, nor already existing terms in f. The
difference between A here and A in the massless scalar field case considered in [[§] is that
here there are additional rows and columns, such that the only non-vanishing new entries
are on the diagonal and strictly positive. Therefore the argument in [[§] that their A
satisfies the appropriate positivity condition implies that our A satisfies the appropriate
positivity condition.

On the other hand, it is crucial to control in detail the new source terms in f, connected
to the Maxwell field, which were absent in [[5]. It is for the study of these terms that the
results of [[[], and in particular the inequalities (P:24)) which were shown there to guarantee
that Maxwell source terms become asymptotically subdominant near the singularity, be-
come important. Recall that the crucial criterion for the source f(¢,z,u,u,) is that it be
O(t%), for some strictly positive §. In regard to this estimate, we use the notation “big O,”
“<” and “small 0" as follows. Given two functions F'(¢,x,u,u,) and G(t, z, u,u,) we use
the notation F' < G, to denote that, for every compact set K, there exists a constant C'
and a number ¢y > 0 such that |F(t,z,u,u,)| < C|G(t,x,u,u,)| when (z,u,u,) € K and
0 <t <ty (see Definition 1 in [[J]). If G is a function only of ¢ (e.g. a power of ¢), then
we replace F' < G with F' = O(G). If f(t,z,u,u,) = O(¢°), then by reducing the value of
§ (keeping it positive) we have that f(t,z,u,u,) = o(t°) with a “small 0” which denotes
that f/t° tends to zero uniformly on compact sets K as t — 0.

The new source terms involving the Maxwell field are: the last four terms in M%, (see
equation (B.1])), the last two terms on the right hand side of equation (P.44]) and the terms
of the right hand sides of equations (.45) and (P.46)).
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The calculation of the estimates starts in the frame, {€,}, defined in section P.2} For
more details concerning the basic estimates, we refer the reader to [[J]. In the frame {é,}
the Kasner-like metric is (¢f. (B.13))

0~ 0~ N\ 2E-Q)]°

Gab — gac(tO)[<?) ‘| ’ (249)
0 b

0~ab t —AK-en® 0~cb

g = [(%> ] g°(to), (2.50)

where the matrix @) is the diagonal matrix Q%, = ¢,0% which commutes with K. With our
choice of frame, %G (to) = dap and %G (ty) = §%°. In Lemma 2 in [[[§] (lemma 5.1 in preprint
version), the form of (£:49) and (B-50) is considered and it is shown that °g,, = O(t¢) and
0§ = O(t~°). Tt is useful to write down expressions for the proposed metric and extrinsic
curvature in the frame {é,}. The components in terms of this frame are

Gab = Ogab + Ogactdcbfycbv
kab = gac( Okcb + t_1+dchCb).

Here, &% = a%+q, — Gy = |qa — @] + g is symmetric in a, b, a%, = a°,. To get an estimate
for the inverse metric, we note first that the inverse of g,.’¢ is given by ¢°*°gs. Thus it

is possible to express the latter quantity algebraically in terms of °gy, and v%,. Now define
7 =~ (0 — §"Fe), (2.51)

which, from what we just observed, can be expressed algebraically in terms of known
quantities and «“,. Then one has

gab :0 gab + tdac,s/ac OEICb- (252)

As a consequence of an argument given in [[J] which uses the (triangle-like) inequality (42)
of that paper ((5.9) in preprint version) and the matrix identity preceding it, this exhibits
7%, as a regular function of v,. In particular, if it is known that 7%, is o(1) then the same
is true of ~v4,.

To better grasp the usefulness of the introduction of the exponents a%, and a%,, and
the link of the Fuchsian estimates with the approximate estimates used in the BKL-like
works, let us consider more closely the simple case where all the Kasner exponents are
distinct (Case III). In this case p, = ¢q, and one can diagonalize the Kasner-metric, so
that, in the rescaled frame é,, we have simply (for all ¢ < tg) °Ga(t) = dap. In such a case,
the BKL-type estimates would be obtained (in the time-dependent rescaled frame é,) by
approximating the exact metric by its Kasner limit, i.e. simply g2EL(¢) = d,,. By contrast,
the estimates of the Fuchsian analysis are made with the exact metric, up(t) = dap +1 7%,
in which %, being part of u, is considered to be in a compact set and hence is bounded.
As the diagonal a*, = ag > 0, we see that (in the frame é,) the diagonal components of
the “Fuchsian” metric asymptote those of the “BKL” metric, and that both are close to
one. Concerning the non-diagonal components (in the frame é,) of the “Fuchsian” metric
we see that they are constrained, by construction (i.e. by the choice &% = |q, — @]+ o), to
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tend to zero faster than t/%~%| This closeness between the metrics used in the two types
of estimates explains the parallelism between the rigorous results derived here and the
heuristic estimates used in BKL-type works. If we come back to the general case where
the Kasner metric cannot be diagonalized in an analytic fashion, the optimal estimates
become worse by a negative power of ¢ (coming from the estimate of the matrix difference
2(K —Q) in equations (P.49), (B.50) above). The proposed metric in the frame {é,} satisfies
then
Gap = tlda—apl—e and gab < tlta—al=e,

The proposed inverse metric in the adapted frame is

gab _ Ogab + taac,vac Ogcb'

The proposed metric in the adapted frame satisfies
gab j t2qmax{a,b}_6 and gab j t_zqmin{a,b}_ﬁ' (253)
Estimates of spatial derivatives of the proposed metric are also needed.

ee(Gap) = lda—ap|—d—€ and ec(gab) =< t‘qa—q“_&_e’
ec(gab) j t2Qmax{a,b}_6_€ and 6c(gab) j t_2Qmin{a,b}_6_€ (254)

for some strictly positive d.

The determinant of the proposed metric also appears in some of the new source terms.
From (2.13), the form of %gu(tg) and tr K = 1, one gets % = ¢*. From (2:49) and
%Gas(to) = dap one gets °G = 1. The expression for the determinant is a sum of terms of
the form gupgeages, such that in each term, each index, 1, 2, 3, occurs exactly twice. From
the Kasner relation for the ¢,’s and the relation between the two frames, it follows that
g = t*g. Considering the form of the various expressions, one then obtains 1/g = O(t2),
Vg = O(t), 1/y/g = O(t™), and 1/,/g — 1/y/0g = O(t~1T*73¢) = O(t~'*°). Spatial
derivatives of the determinant also appear in f. Considering the form of § — °j and that
ea(g) = 0, it follows that e,(g) = O(t*~273¢) and

ca(g) = O(E*F0707%). (2.55)

Finally,

—1/2y _ _ea(g) _ —14-ap—5—3¢

Let us now consider the new source terms in f, beginning with the last four terms of
2% M, To estimate the contributions of £* and F; it is sufficient to note from (B37)
and (P.39) that £* = O(1) and F,, = O(1). Then we get, using the definition of a%, and

(B:53),

ea(g

a 1 1
t2—oz b_{gbcgagc o §5abgchgc€h}e—)\¢
g

_2qmax{a,b} +2qa+2qmax{b,c} —A—ap—e +2qmax{c,h} —A—ap—e¢
=DM +2t
c c,h
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j t2q1—)\A—a0—e — O(t—ao—e—l—cr) — O(té),
2—a* h h A
g g FopFyi — 15%90 g7 FiFy;ye™®
< Z t2_2qmax{a,b}+2qa_2qmin{a,c}_2qmin{h,i}+>\A_a0_2€
c,h#c,i#b
+ Z t2_2Qmin{c,h}_2Qmin{i,j}+)‘A_OCO_25

c,hi#c,j#h
~ t2q1+)\A—o¢o—25 — O(t—a0—25+a) _ O(t(S)

for some strictly positive 0. The crucial inputs in getting these estimates are the inequalities
(R.24). We recall also that the quantity o (linked to (R.24]) being satisfied) was introduced
at the end of subsection P.4 The estimate of the last two terms on the right hand side of
(2.49) is

1

7P gpE0E%™™ = Ot~ = O(t°),
g

tz_ﬁgabgChFachheM) — O(t—ﬁ—2e+o) — O(té)

The right hand side of (R45)) is O(t®0=#=9=5<+o) = O(¢°). The right hand side of (2.46)
is O(teo—A=0-4e4a) — (O(¢%). The other terms which occur in f were estimated in [[[5],
resulting in f = O(%).

To show that we indeed have a Fuchsian equation, we need to check not only that
f = O(t%), but also that d,f = O(#°) and 9,,f = O(t%), along with other regularity
conditions [[7, B§]. In [[7] it is shown that f is regular with equation (31) in that paper and
the remarks following equation (31). In our case there is a factor involving the determinant
of the metric in various of the terms in f which are not present in the case considered in [[5].
The discussion surrounding equation (31) in [[5] applies to our case as well, even for terms
in f containing ¢*'/2. The Kasner-like contribution is the leading term, and this function
of t and x can be factored out. What is left is of the form w(t, z, u, u,)(1 + h(t, x, u)) /2,
which is analytic in h at h = 0. The conditions listed following equation (31) hold. Thus
we conclude that ([.J) as written out in (B.39) — (P-46]) is a Fuchsian equation.

2.5.3 Symmetry of metric

It remains to show that g, is symmetric, so that equation ([L.F]) as written out in (B.39)
— (B49) is equivalent to the Einstein-matter evolution equations. The structure of the
argument is the same in any dimension and so it will be written down for general df]. The
number of distinct eigenvalues of K%, is maximal almost everywhere. Thus it is enough to
show that g, and kg vanish in the case that the Kasner-like metric is diagonal, since

6The argument for the symmetry of the metric in [@] is not valid as written since some terms were
omitted in the evolution equation for the antisymmetric part of the extrinsic curvature. The correct
equation is
8t (kab - kba) = (trk)(kab - kba) - 2(kackcb - kbckca)-

In the following a proof of the symmetry of the tensors gq, and kg is supplied with the help of a different
method.
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then by analytic continuation they vanish on the entire domain. We therefore consider the
case that the Kasner-like metric is diagonal.

The redefinitions (P.31]), (B-33) from the variables gqp, kqp to the variables v, k%, were
viewed in the previous subsections as a change between variables with no particular sym-
metry properties in their indices (18 on each side). One can, however enforce g, = 0 by
assuming that %, is symmetric and vice-versa. Indeed, under our diagonality assumption
for the Kasner-like metric, Gq,(t) = ap + 1% 074, where &% = |qa — | + o is symmetric in
(a,b). Accordingly, imposing the symmetry v%, = ~°, algebraically ensures the symmetry
of gap. Similarly, one can enforce ki, to vanish by imposing consistent constraints on x%,:
inserting (B-37)) into (P-33)) (with the velocity-dominated solution diagonal) and writing
out the constraint k., — ky, = 0 gives the following condition on k%,

K — K o — 7D + Y aPa + 190 (7 K — A k) = 0, (2.56)

with q(ap)e = 2Pmax{a,ct T ZPmax{b,c} — 2Pmaxfa,p} — 2Pc + p. These conditions show that
there are only six independent components among the x%,, which can be taken to be those
with @ < b. This is because, the relation (P.50)) can be solved uniquely for the components
k%, with a > b, given the other ones, at least for ¢ small. That this is true can be seen
as follows. Rearrange the equations (P.56) so that the terms containing k%, with a > b
are on the left hand side and all other terms are on the right hand side. The result is
an inhomogeneous linear system of the form A(¢,x)v(t,x) = w(t,x) where A(t,x) and
w(t, z) are known quantities and v denotes the components k%, with a > b which we want
to determine. Furthermore A(t,x) = I + o(1), where I denotes the identity matrix. It
follows that A(t) is invertible for ¢ small, which is what we wanted to show. The solution
k% (a > b) remains moreover bounded when ~°, and x¢%, are in a compact set. We shall
assume from now on that 7%, is symmetric and k%, constrained by (B.50]), so that symmetry
of the metric is automatic. The redefinitions (R.31)), (R.33) from g, ke to v%, K% can
now be viewed as an invertible change of variables, from 12 independent variables to 12
independent variables. We can also clearly assume A%, in (B.39) to be symmetric in a, b.

With these conventions, there are less components in u than in the previous subsections.
The independent components can be taken to be %, k%, and A%, with a < b, together
with the matter variables. An independent system of evolution equations is given by (P-39)
— (B.41)) with a < b for the gravitational variables, and the same evolution equations as
before for the matter variables. These evolution equations are equivalent to all the original
evolution equations, since the equations (P.39) — (R.41]) with a > b are then automatically
fulfilled, as can be shown using the fact that the Einstein tensor and the stress-energy tensor
are symmetric for symmetric metrics. To see this it must be shown that given a symmetric
tensor Sy, the vanishing of S%, = ¢*S,, for a < b implies that S, = 0. Consider the
linear map which takes a symmetric tensor S, raises an index, and keeps the components
of the result with a < b. This is a mapping between vector spaces of dimension d(d+1)/2
and can be shown to be an isomorphism by elementary linear algebra. This proves the
desired result.

Now, this reduced evolution system is also Fuchsian. This follows from the same reason-
ing as above, which still holds because all components of u, including the non-independent
ones, can still be assumed to be bounded. Therefore, there is a unique w that goes to
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zero, which must be equal to the one considered in the previous subsections. The metric
considered previously is thus indeed symmetric.

2.5.4 Unique solution on a neighbourhood of the singularity

Given an analytic solution to the velocity-dominated evolution equations on (0,00) X
Y., such that inequalities (P.24) are satisfied, we now have a solution u to a Fuchsian
equation (and a corresponding solution to the Einstein-matter evolution equations) in
the intersection of a neighbourhood of the singularity with (0,00) x Uy where Uy is a
neighbourhood of an arbitrary point on . These local solutions can be patched together
to get a solution to the Einstein-matter evolution equations everywhere in space near the
singularity. It may seem like there could be a problem patching together the solutions
obtained on distinct neighborhoods with non-empty intersection because the Fuchsian
equation is not the same for different allowed choices of € and adapted local frame. The
construction is possible because different allowed choices of € and local frame result in a
well-defined relationship between the different solutions u which are obtained, such that the
corresponding Einstein-matter variables agree on the intersection (up to change of basis).
It therefore follows that given an analytic solution to the velocity-dominated evolution
equations on (0, 00)x Y, such that inequalities (P.24)) are satisfied, our construction uniquely
determines a solution to the Einstein-matter evolution equations everywhere in space, near
the singularity.

2.6 Einstein-matter constraints
2.6.1 Matter constraints

The time derivative of the matter constraint quantities (the left hand side of equations (P-2))
and (R.3)) vanishes. If the velocity-dominated matter constraints are satisfied, the matter
constraint quantities are o(1). A quantity which is constant in time and o(1) must vanish.
Therefore the matter constraints are satisfied.

2.6.2 Diagonal Kasner metrics

It remains to show that the Hamiltonian and momentum constraints are satisfied, that C'
and C,, defined in ([.9) and ([.I0), vanish. Since we now have a metric, g,,, it follows that
V,G" = 0. Since the matter evolution and constraint equations are satisfied, it follows
that V,7* = 0. From the vanishing of the right hand side of ([.12)) and the vanishing of
the covariant divergence of both the Einstein tensor and the stress-energy tensor, it follows
that

0,C = 2(trk)C —2VC, (2.57)

1
0Cs = (txk) Cy = SVoC. (2.58)

Now define C' = > (C and C, = t'™C,, with 0 < n, < n < B.

to,C+mC = 2(1+ttrk)C — 22" yeC, (2.59)
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_ _ | _
tCa+mCa = (L+ttrk)C, — 51"V, C (2.60)

On the right hand side of (2:59) and (R-60) C' and C, are to be considered as components
of u = (C,C,). If it is shown that (2:59) and (B.60) is a Fuchsian system, then there is a
unique solution u such that v = o(1). It is clear that u = 0 is a solution to (B.59) and (P.60)).
If it is shown that C' = o(1) and C, = o(1), (i.e. that C = o(t~2*™) and C, = o(t~1*™)),
then they must be this unique solution. Furthermore, it is sufficient to consider the case
that the Kasner-like metric is diagonal, since the number of distinct eigenvalues of K%, is
maximal on an open set of 3. If the constraints vanish on an open set of their domain,
then by analytic continuation they vanish everywhere on their domain.

Therefore we consider the case that the Kasner-like metric is diagonal and show first
that

L+ttrk = Ot (2.61)
VeC, = O(t=2+orm—nz) (2.62)

(when C,, is bounded) so that the system (B-59), (B.60) is Fuchsian (the complete regularity
of f(t,z,u,u,) defined by (B-59) and (B.60) can be easily verified); and second, that

C = o(t™?tm) (2.63)
C, = ot +m). (2.64)

Some facts which will be used to show this follow. Consider indices a € {1,2,3}. The
following inequalities hold for some positive integer n and for real numbers, ¢,, ordered
such that if @ < b, then ¢, < g,. (In later sections we define ordered auxiliary exponents,
a, for a € {1,...,d}, for arbitrary fixed d > 2. Then (P.65) — (R.67]) hold more generally
for indices in {1, ...,d}.)

Qaq + Z ‘qai—l — qa;| — Ya, Z 0 (265)
=1
an + Z ‘qai—l - qtli _'_ Qan Z 2Qmax{ak,aj} (266)
=1
~ Gap T Z 90 1+ — ol — Ga, > —2Gmin{ay,a;} (2.67)
=1

The latter two inequalities hold for any k, 7 in {0,...,n}.
In the case that the Kasner-like metric is diagonal, ¢, = p,. The metric in the frame

{éa} is Ogab = 5ab7

Gap = Oup + td“bfyab =< lpa—py
gab — 5(11) ‘l’ t&abﬁ/ab j t‘Pa_Pb|
The extrinsic curvature satisfies t “k%, = —0%, py,
Ltk = —8%pp+ 1KY,

t(]%ab _ Olzjab) _ tdabl*{,ab,
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and ttr °%k = —1,

ttrk = —1+1t"trk, (2.68)
{(trk)* — (tr°k)*} = O(t™). (2.69)
The following estimates will also be useful.
_ kab kba 4 Okabokba — _2t_2+a0/€aapa _ t—2+a“b+aba,£ab l%ba
O(t=2to0), (2.70)
and
ea(trk —trk) = e, (1T 0tr k) = O(t~170). (2.71)

The structure functions of the frame {é,} are

:fb = PP S — Intey(pp) 7P + Intey(py) t7P20¢,
< tpc_pa_pb_(s'

It is convenient to have an estimate of I'¢,, the connection coefficients (P-48) in the frame
{€,}, term by term.

Term A: gchéa(gbh) < Zt|pc_Ph|_Pa+‘Pb_Ph|_6’ (2‘72)
h

Term B: gchéb(gha) < Zt|pc_Ph|_Pb+‘Ph_Pa|_6’ (2‘73)
h

Term C: G"en(Gap) = Z flpe=pal=pr+lpa=py| =3 (2.74)
h

Term D: gcighafg% < Z t‘Pc—pi|+‘Ph_pa|+Ph_Pb_Pi_6’ (2.75)
h,itb

Term E: gcigbh Zli < Z t‘Pc—Pi‘+|pb_Ph|+Ph_pa_pi—6’ (2.76)
h,i#a

Term F: fe, = trempammd, (2.77)

The difference between the connection coefficients for the metric g, and those for the

Kasner-like metric is AI'¢, = I'¢, — °I',. It is useful to have the estimates

- 1 -
FZC - §§abé0(§ab) + fc = t_pc_67

and

1
AL, = 5g"ec(Gup) <7747, (2.78)

2.6.3 Momentum and Hamiltonian constraints

First, we show (R.61) and (2.67). From equation (R.6§), 1 +ttrk = O(t*). Similarly, we
can estimate V°C,,
VG, = §°V.Cy
f]ab{t_pa 6a(éb ) — ~Zb Ce te}
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The first term is
G2t e, (Cyt™Pr) < lPePol=Pempe=0 < 4= 2Pmingany =0, (2.79)
From (.79) — (B.7G) the second term is
Gere, Cot7Pe < 7239, (2.80)

From (.79) and (2:80), the desired estimate, V¢C, = O(t~2*™m~) is obtained. Thus, the
system (2.59), (B.6) is Fuchsian.

Next we turn to (2.63) and (B.64). A term that appears in the momentum constraint
is V,k%. The estimate is needed in the adapted frame, and the covariant derivative is
calculated in the frame {é,}. This adds a factor of 7,

vakab = {éa(]%al) + ch]%Cb - be]%ac} tpb

Furthermore, the quantity whose estimate will be required is the difference between this
term and the corresponding term in the velocity-dominated constraint,

Vak® — °V, "k = {éa(%ab - o]%ab> + Afgc Oifcb + fgc(%cb - O%Cb)}tpb (2.81)
—Te, ko v + OF¢, O ¢ (2.82)

The right hand side of (R:81]) is O(¢t~1**~?%). The terms in line (2.83) originating from
Term E of the connection coefficients (see (2.76))) are cancelled in the sum, due to the
antisymmetry of f and the symmetry of k% and °k®. For estimating the rest of the

terms in line (P:87), it is convenient to rewrite this line as,

e g OF, O g = AT, O Dok, Yoy, (283)
with

AT = el ) + 8t - (1) (28

X + 8T )~ (289

S DR S WAL DL TLSN ACEY

—t% b fi — zh:tdchVCh fon — ;tdcwchtdbwbiﬁh}- (2.87)

The terms in line (P.87) need not be considered since they originate from Term E of the
connection coefficients and as stated above the contribution from this term is cancelled by
terms in A = I'¢, %k t"*. So considering only lines (284) — (B-86), the first term on the
right hand side of (B:83) is

AT, p, t~ 1P = O(t7172079%) 1 terms which are cancelled by A. (2.88)

Since the terms in the sum come with different weights, p,, (B.7§) cannot be used in (P.8§)).

Q

But the estimate is straightforward. For example, the term in (R.8§) originating from
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the 3rd term in line (B8B) =< Y, 5t~ FPemprltPizpaltpizprt200=0 — (4=1+a0=9) " Finally
consider the rest of the right hand side of (P.83),

Liehps /= . - Y zel 6% a -
b (G {€a(Gon) + E0(na) — En(Fav) — Giaip — G fin} + Fi] ¥ er et (2.89)

For all terms except the 5th term in (B:89), the estimate, O(t~'7®°~%) can be obtained
from (B72) — (B-77). The fifth term originates from Term E of the connection coefficients,
and was already considered above. Therefore

Vaky — Ova Okab = O(t_1+a0_5)- (290)

Next the matter terms are estimated. For the Hamiltonian constraint, an estimate of
p— pis needed.

(0:9)* — (0.°0)° = {20,°¢+ 7" (By + to) } 7 (B + tO)
{24 +°(B¢ + t0,0)} 0 (BY + t0))
o(t™*tm),

glea(P)en(d) = T = o(tHM),

1
“EIENTN = O = ol
g

gabgChFachheAj¢ = O(t_2_26+0) = O(t_2+m)'

Therefore,
p—"p=o(t2tm), (2.91)

The difference between the matter terms in the momentum constraint and in °C, is

—dipea(d) + 0, 0ea("0) = —0, peu(t’V) — 0,(t7)ea(9) = O,
1 L Vogbo L oo 0cb0 ~1+
— - —)"¢& Fab—l-—gFab— & Fab = ot 7). 2.92
( 7 75 \/g( ) (7). (2.92)
Estimates related to the determinant which are relevant to (P.92) can be found immediately
preceding equation (R.55). From the estimates just obtained,

Ja — Yja = o(t71™). (2.93)

From R = O(t72%*0) (shown in [[§]) and from °C' = 0, (2:70), (E:69), (B:91) and the
relative magnitude of the various exponents, it follows that C' = o(¢t~2™™). From °C, = 0,
(B-90), (B.71), (B.93) and the relative magnitude of the various exponents, it follows that
C, = o(t~11m),

Since (.63) — (B.64) are satisfied, the Hamiltonian and momentum constraints are
satisfied.
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2.7 Counting the number of arbitrary functions

The number of degrees of freedom of the Einstein-Maxwell-dilaton system in 4 spacetime
dimensions is 5: 2 for the gravitational field, 2 for the electromagnetic field and 1 for the
dilaton. Hence, a general solution to the equations of motion should contain 10 freely
adjustable, physically relevant, functions of space (each degree of freedom needs two initial
data, ¢ and ¢). This is exactly the number that appears in the above Kasner-like solutions.

e The metric carries four, physically relevant, distinct functions of space. This is the
standard calculation [fl].

e The scalar field carries two functions of space, A and B.

e The electromagnetic field carries six functions of space, °€* and °F,;,. These are
physically relevant because they are gauge invariant, but they are subject to two
constraints, leaving four independent functions.

A different way to arrive at the same conclusions is to observe that the respective number
of fields, dynamical equations and (first class) constraints are the same for the velocity-
dominated system and the full system. Hence, a general solution of the velocity-dominated
system (in the sense of function counting) will contain the same number of physically
distinct, arbitrary functions as a general solution of the full system. This general argument
applies to all systems considered below and hence will not be repeated.

In [[3 a different way of assessing the generality of the solutions constructed was used.
This involved exhibiting a correspondence between solutions of the velocity-dominated
constraints and solutions of the full constraints using the conformal method. That method
starts with certain free data and shows the existence of a unique solution of the constraints
corresponding to each set of free data. It is a standard method for exploring the solution
space of the full Einstein constraints 2] and in [[F] it was shown how to modify it to
apply to the velocity-dominated constraints. While it is likely that the conformal method
can be applied in some way to all the matter models considered in this paper, the details
will only be worked out in two cases which suffice to illustrate the main aspects of the
procedure. These are the Einstein-Maxwell-dilaton system with D = 4 (this section) and
the Einstein vacuum equations with arbitrary D > 4 (next section). Even in those cases no
attempt will be made to give an exhaustive treatment of all issues arising. It will, however,
be shown that the strategies presented for solving the velocity-dominated constraints are
successful in some important situations.

The procedure presented in the following is slightly different from that used in [[L5].
Even for the case of the Einstein-scalar field system with D = 4 it gives results which
are in principle stronger than those in [[[] since they are not confined to solutions which
are close to isotropic ones. In the presence of exponential dilaton couplings a change of
method seems unavoidable. One part of the conformal method concerns the construction
of symmetric second rank tensors which are traceless and have prescribed divergence from
the truly free data. In this step there is no difference between the full constraints and the
velocity-dominated ones. An account of the methods applied to the full constraints in the
case D = 4 can be found in [I]. (These arguments generalize in a straightforward way
to other D. It is merely necessary to find the correct conformal rescalings. For D > 4
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and vacuum these are written down in the next section.) In view of this we say, with a
slight abuse of terminology, that the free data consists of a collection g, ka, H, &, ¢y, £,
Fup where ggp is a Riemannian metric, ky is a symmetric tensor with vanishing trace and
prescribed divergence with respect to g.,, H is a non-zero constant, ¢ and ¢; are scalar
functions and £% and F}; are objects of the same kind as elsewhere in this section. All
these objects are defined on a three-dimensional manifold. Next we introduce a positive
real-valued function w which is used to construct solutions of the constraints from the free
data. Define goy = w'Gap, kap = W 2kap + Hgap, ¢ = w %¢,. The objects g, kap, 6, ¢t
&% and Fy, satisfy the constraints provided the divergence of ky is prescribed as w®j, and
w satisfies a nonlinear equation which in the case of the full Einstein equations is known
as the Lichnerowicz equation. In the case of the velocity-dominated constraints it is an
algebraic equation. The Lichnerowicz equation is of the form

1 3 3
Ajw — gng + ) aw™ — 1H2w5 =0 (2.94)
i=1
Here ay = 1, aps = —3 and a3 = —7. The functions a; depend on the free data and their

exact form is unimportant. All that is of interest are that each a; is non-negative and that
at any point of space a; = 0 iff Vo = 0 , ay = 0 iff the electromagnetic data vanish and
az = 0 iff ¢; and l;;ab vanish. Next consider the velocity-dominated constraints for d = 3.
The analogue of the elliptic equation (B.94) is the algebraic equation

bw™ " — ZHQWS =0 (2.95)
Here b is a non-negative function which vanishes at a point of space iff ¢, and ky, vanish.
This can be solved trivially for w > 0 provided b does not vanish at any point since the
mean curvature H is non-zero. For each choice of free data satisfying this non-vanishing
condition there is a unique solution w of (P.95)).

In order to compare the sets of solutions of the full and velocity-dominated constraints
in these two cases it remains to investigate the solvability of the elliptic equation (P.94) for
w. A discussion of this type of problem in any dimension can be found in [f3]]. We would
like to show that for suitable metrics on a compact manifold the equation for w always
has a unique solution, i.e., the situation is exactly as in the case of the velocity-dominated
equations. The problem can be simplified by the use of the Yamabe theorem, which says
that any metric can be conformally transformed to a metric of constant scalar curvature
—1, 0 or 1. In the following only the cases of negative and vanishing scalar curvature of
the metric supplied by the Yamabe theorem will be considered. A key role in the existence
and uniqueness theorems for equation (P.94]) is played by the positive zeros of the algebraic
expressions ¥ +8 Y%, a;z% —6H%2® and 8 7| a;2% — 6H?x°. Provided 323_, a; does not
vanish anywhere it is possible to show that each of the algebraic expressions has a unique
positive zero for each value of the parameters.

The significance of the information which has been obtained concerning the zeros of
certain algebraic expressions is that it guarantees the existence of a positive solution of the
corresponding elliptic equations for any set of free data satisfying the inequalities already
stated using the method of sub- and supersolutions (c¢f. [A3]). In the case of equation
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(R-94) uniqueness also holds. For in that case the equation has a form considered in [[[4] for
which uniqueness is demonstrated in that paper. The advantage of the three dimensional
case is that there the problem reduces to the analysis of the roots of a cubic equation,
a relatively simple task compared to the analysis of the zeros of the more complicated
algebraic expressions occurring in higher dimensions.

For the purpose of analysing Kasner-like (monotone) singularities it is not enough to
know about producing just any solutions of the constraints. What we have shown is that (i)
if the Kasner constraints are satisfied at time ty, then they are propagated at all times by
the velocity-dominated evolution equations; and (ii) if the Kasner constraints are satisfied,
the exact constraints are also satisfied. It is also necessary to verify, however, that one can
satisfy simultaneously the Kasner constraints and the inequalities necessary for applying
the Fuchsian arguments, i.e., we must make sure that we can produce a sufficiently large
class of solutions which satisfy the inequalities necessary to make them consistent with
Kasner behaviour. Because of the indirect nature of the way of solving the momentum
constraint (which has not been explained here) it is not easy to control the generalized
Kasner exponents of the resulting spacetime. There is however, one practical possibility.
Choose a spatially homogeneous solution with Abelian isometry group (for d = 3 this
means Bianchi type I) which satisfies the necessary inequalities. Take the free data from
that solution and deform it slightly. Then the generalized Kasner exponents of the final
solution of the velocity-dominated equations will also only be changed slightly. If the
homogeneous solution is defined on the torus 7 then it is known that any other metric
of constant scalar curvature has non-positive scalar curvature. Therefore we are in the
case for which existence and uniqueness is discussed above. We could also start with a
negatively curved Friedmann model.

3 Vacuum solutions with D > 11

The second class of solutions we consider is governed by the action ([.2), with D > 11. The
d+ 1 decomposition is as in section [.6], with the matter terms vanishing. The Kasner-like
evolution equations are (R.7) and (R.§). The general analytic solution of these equations is
given by (BI12) and (PI3). To obtain this form, we again adapt a global time coordinate
such that the singularity is at £ = 0. We label the eigenvalues of K, pq,...,pg, such that
Pa < py if @ < b. The eigenvalues again satisfy 3¢ | p; = 1, coming from tr K = 1. As in
the D = 4 case, in order to preserve analyticity even near the points where some of the
eigenvalues coincide, while retaining control of the solution in terms of the eigenvalues, we
introduce a special construction involving auxiliary exponents and an adapted frame.

In higher dimensions, there are more possibilities to take care of, but the idea is the
same as in the D = 4 case. Consider an arbitrary point xy € X. Let n be the number of
distinct eigenvalues of K at xy. Let m; be the multiplicity of pa,, ¢ € {1,...,n}, with pa,
such that py is strictly less than pa, if b < A;. Thus pa,,...,pa,+m;—1 are equal at xq. For
each integer a € {A;,..., A; + m; — 1}, define

1 Ai+m;—1
Ga=—— 2 P
M j=a
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on a neighbourhood of zj, Uy. Note that if m; = 1, then g4, = pa,. Shrinking Uj if
necessary, choose € > 0 such that for x € Uy, for a € {A;,..., A; + m; — 1} and for
be{A;, ..., A;+m; — 1}, if i = j, then |p, — py| < €/2, while if i # j, |p, — ps| > €/2.

The adapted frame {e,} is again required to be analytic and such that the related
frame {é,} is orthonormal with respect to the Kasner-like metric at some time t, > 0,
with €, = t7%e,. In addition, it is required that eyu,,...,€4,+m,—1 span the eigenspace
of K corresponding to the eigenvalues pa,,...,pa,+m,—1. Note that if m; = 1 then ey, is
an eigenvector of K corresponding to the eigenvalue g4,. The auxiliary exponents, q,, are
analytic, satisfy the Kasner relation (3 g, = 1), are ordered (g, < g, for a < b), and satisfy
¢ > p1, q¢ < pa and maxg |¢a — pa| < €/2. If go # qb, then gg, Og®, Ge and 2g* all
vanish, and the same is true with g replaced by k.

The velocity-dominated constraints corresponding to the Hamiltonian and momentum
constraints are °C' = 0 and °C, = 0, with °C" and °C, as in equations (B-1§) and (R.19),
with the matter terms vanishing. For the solution (BI2)) — (B-I3) the velocity-dominated
Hamiltonian constraint equation is equivalent to 3 p? = 1. Equations (2:21) — (B:29) are
satisfied, so if the velocity-dominated constraints are satisfied at some tq, then they are
satisfied for all ¢ > 0.

For this class of solutions, the inequality [L3], 2p; +p2+ - - -+ pa_2 > 0, or equivalently,

1+ p1 —pqg —pa-1 >0, (3.1)

defines the set V' which was referred to in the introduction. As shown in [[3], this inequality
can be realized when the spacetime dimension D is equal to or greater than 11. As in our
Maxwell archetypal example above, we expect that this inequality will be crucial to control
the effect of the source terms (here linked to the spatial curvature) near the singularity. It is
again convenient to introduce a number ¢ > 0 so that, for all z € Uy, 40 < 14+p1—pg—pa—_1-
Reduce € if necessary so that € < a/(2d+1). If € is reduced, it may be necessary to shrink
Uy so that the conditions imposed above remain satisfied. It is assumed that € and Uy are
such that the conditions imposed above and the condition imposed in this paragraph are
all satisfied.

We again recast the evolution equations in the form ([L5) and show, for D > 11, that
([5) is Fuchsian and equivalent to the vacuum Einstein equation, with quantities u, A
and f as follows. Let u = (v%, Xy, k") be related to the Einstein variables by (R-31))
— (B333). For general d define ap = (d + 1)e and define a%, in terms of o as in section
B. Let A and f, be given by equations (.39) — (B.41)), with M%, = 0. The argument
that A in equation ([.J) satisfies the appropriate positivity condition is analogous to the
part of the argument concerning the submatrix of A corresponding to (v, k) in [[§. A
transformation to a frame in which %g,;, is diagonal induces a similarity transformation of
A. The eigenvalues of the submatrix are calculated in this representation in [T, and the
generalization of the calculation to integer d > 2 is straightforward.

To obtain f = O(t°) requires the estimate t>~*"* S R%, = O(#°). The strategy used here
is different from that used to estimate the curvature in [[[5]. The general problem is one of
organization. There are many terms to be estimated, each of which on its own is not too
difficult to handle. The difficulty is to maintain an overview of the different terms. The
procedure in [[H] made essential use of the fact that the indices only take three distinct
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values and in the case of higher dimensions, where this simplification is not available, an
alternative approach had to be developed.

First R, is estimated by considering each of the five terms in the expression (B.47)
These five terms are expanded by considering each of the six terms in (R.48) if the indices
on °T¢, are distinct, but carrying out the summation before estimating “I'%,. There are
thus 55 terms to estimate. While many of these terms are actually identical up to numerical
factors, the ease with which each term can be estimated, using the inequalities (B.65) —
(B-67), led to estimation of all 55 terms, rather than first combining terms. We do however,
take into account that f;k = (0 if j = k for obtaining the estimates.

Once an equation such as ([.5]) is shown to be Fuchsian, then it follows that spatial
derivatives of u of any order are o(1). At the stage of the argument we are at here, we
cannot assume u,, = O(1). This means that =A%, must be used for e,(7*.) in places
where a spatial derivative of e,(v®*,) occurs. This makes a slight difference, compared to
section P.@, in what estimate of the terms in the connection coefficients is used for the
first and second terms of (B:47) (¢t is replaced by ¢~¢). There are additional differences
from (B79) — (B77), because there it is assumed that the Kasner-like metric is diagonal.
The estimates %G, = O(t7) and %% = O(t~), obtained in Lemma 2 of [[F], hold in the
case we are considering, so that G = t1%~%/=¢ and (see [[H]) 9§® =< tl=~el=<. This adds
factors of {7 to the estimate of terms in the connection coefficients.

With these considerations, from (P.43),

2 1 ~ab~ ([~ ra —qc—2e—
SFZC = 5 Sg bec(g(ab)) + Jac =t Ge2 C- (32)
Here we do not write out the estimates of all 55 terms, but instead give some examples,
with a number designating which term of (R.47) is being considered (1 — 5), and a letter
designating which term of (P-48) is being considered (A — F'). Thus, for example, term 1C
1s

—Gataqy acs (Sxhiz (= - —qe|— —qil—qi+|ge—ap|—6—3e—
t~9at® gace, (g Cgew)) = Zt qa+qp+|9a—Ge|—an+1gn—ail—gi+lge—qy| e—¢

c,h,i
< t_2qa+2qmax{a,b}_2qd_5_36_<' (33)
Term 3E is
t_Qa+Qb§aC Sgikg(b ')fjk: sz < Z —9atab+|da—3e|+9i—ar|+lap—a; | +q; —ge—ar—qi—6—5¢
7)Y ¢ i —
c,i,j,k;éc
j Z t_zqmin{a,c}+2qb_2qmin{d,k}_5_56. (34)
c,k#c

In term 4, t~%Fa@gec SPA ST, the terms resulting from expanding STh are designated by
small letters a — f, and those from °I', are designated by capital letters A — F. Term 4dA
1s

—Gatap mac S=hl=  Fj S~iks (=
9t G S g0 GG fu 09" ee(Ginr))

< Z t—9atabtl9a—del+lan—al+1a;—ail+9; = —a+19 —ar | —gc+|an—aqr| =0 —5¢
C’h7i’j7k7l

< 7 24a=05e, (3.5)
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Term 4eD is

¢t m gac Sghng o 7 55" Gey 1

< Z ¢~ 9atab+lda—del+1an—anl+lab—a;1+a;—gi—an+|gi—al+lar—gel+ak—an—a1—0—5¢
c,h i, g,k l#h ni
< t2Qb_2Qd_2Qd—1_5_5€ (3.6)
Term 5D is
—Ga~+qp zac fi S ~jk~ rh —qa+qo+|9a—qcl+9i—qc—q5+195 —qr|+1an—qi|+qn—qp—qr—0—3e€
t 9L " Gy for, = Yoot e '
c,h,i,j;ﬁc,k;ﬁb
< Z ¢~ 24min{a,c} +241=24min{j,k} —0—3€ (3‘7)
c,j#c,k#b

The estimates of the remaining terms are obtained as these. The examples include one of
the terms which limits the estimate for each possible choice of indices a and b. The result
is,

SRCLb j t2qb—2qd—2qd,1—5—5e + Z t—zqmin{a,c}+2q1_2qmin{jak}_5_5e_ (38)
c,j#c,k#b
And
$2—a% SRab < {tzqmin{a,b}_zqd_zqdfl 4 Z +24max{a,b} +261—2qmin{j K} }t2—ao—5—56
c>a,j#c,k#b
< 22002001120 = (d4T)e < y8o—(d+Te O(t‘s). (3.9)

The estimate of the rest of the terms in f is obtained straightforwardly by checking
that the exponent of ¢ in each case is strictly positive. The other regularity conditions
that f should satisfy are shown to hold by equation (31) in [[J] and the remarks following
equation (31). The symmetry of g, is shown for all d’s in subsection B.5.3. That the
Hamiltonian and momentum constraints are satisfied is shown by the direct analogue of
argument made in section 2.q and the estimate R = o(t~>™) obtained from equation (B.§).
The only change is that equation (P-80) is replaced by

Gore, Cot7Pe < t72Pa=d, (3.10)

To conclude this section we discuss the solution of the velocity-dominated constraints
for the vacuum equations and D > 4. The case D = 3 could be discussed in a similar way
but the analogue of the Lichnerowicz equation has a different form and so for brevity that
case will be omitted. The discussion proceeds in a way which is parallel to that of the last
section. As already indicated there, the essential task is the analysis of the Lichnerowicz
equation. In the present case we start with free data g., ka and H where kg has zero
divergence. The actual data are defined by gu = w4 2§y and ke = w 2key, + Hgap.
The constraints will be satisfied is w satisfies the following analogue of the Lichnerowicz
equation:

d—

2 ~ o~ _
m(—ng + kabkabw%) —

Ajw + —— Z H*wa? = (3.11)
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The corresponding equation in the velocity-dominated case is

d—2 -~ 82 dd—2 d+2
mkabkabws‘f; - %qu)g+g =0 (312)

As in the case of (B99) it is trivial to solve (BIZ) provided k,, does not vanish at any
point. To determine the solvability of equation (B.I1)) it is necessary to study the positive

. . 3d—2 a¥2 3d—2 d+2
zeros of the algebraic expressions x + bx @2 — ax?2 and bxr @2 — ax?2 where a > 0 and

b > 0. The second expression is very close to what we had in the velocity-dominated case
and clearly has a unique positive zero for any values of a and b satisfying the inequalities
assumed. Looking for positive zeros of the first algebraic expression is equivalent to looking
for positive solutions of o +ax~2 — b = 0. Note that the function on the left hand
side of this equation is evidently decreasing for all positive x, tends to infinity as x — 0
and tends to —b as * — 0o0. Hence as long as the constant b is non-zero this function
has exactly one positive zero, as desired. This is what is needed to obtain an existence
theorem. It would be desirable to also obtain a uniqueness theorem for the solution of
(B-I1). To obtain solutions of the velocity-dominated constraints of the right kind to be
consistent with Kasner-like behaviour we can use the same approach as in the last section,
starting with Kasner solutions with an appropriate set of Kasner exponents.

4  Massless scalar field, D > 3

Consider Einstein’s equations, D > 3, with a massless scalar field as source, the action
given by Sg[gas] + Sslgas, @], and d+ 1 decomposition as in section [.6 The stress-energy
tensor is

1
T = V0 PV = 590 P Vag PV, (4.1)

Thus p = 5{(8:9)* + g”ea(P)es(d)}, Jo = —Oidea(d), and M = gey(p)ec(¢). A
crucial step in the generalization to arbitrary D > 3 is that the cancellation of terms
involving 0;¢ in the expression for M?;, is not particular to D = 4. The scalar field satisfies
DV, PIV*p = 0, which has d + 1 decomposition

02¢ — (trk)0sp = g*°V .V . (4.2)

Let the Kasner-like evolution equations be equations (P.7) — (B.9), with solution (P.12)
— (B.14) for time coordinate as in section f. Given a point 2 € X, let the neighbourhood
Uy, the (local) adapted frame and the constant € be as in section Bl Define °p = £(9;°¢)?
and %j, = —0;°p e,(°¢). The velocity-dominated constraints corresponding to the Hamil-
tonian and momentum constraints are °C' = 0 and °C, = 0, with °C and °C, given by
equations (.1§) and (.19). For the solution (R.12) — (R.14)) the velocity-dominated Hamil-
tonian constraint is equivalent to 3 p,? 4+ A? = 1. Equations (E221)) and (B-29) are satisfied
so if the velocity-dominated constraints are satisfied at some ty, then they are satisfied
for all ¢ > 0. The restriction defining the set V' is the inequality (B-I)). (If D < 11, then
satisfying simultaneously (B]), Y p, = 1 and 3 p,2 + A? = 1 requires A # 0. Note that
conversely, for D = 3, the restrictions defining V' are simply equivalent to A # 0, since
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(BJ)) is in this case a consequence of p; + p2 = 1 and p? + p3 < 1.) The constant ¢ > 0 is
chosen so that, for all x € Uy, 40 < 1 4 p1 — pg — pg—1 from which it follows that

o< 2—2py. (4.3)

Now reduce € if necessary so that € < o/(2d + 1). As before, this may in turn require
shrinking Uj.

The unknown u = (y%, A%¢, K%, ¥, wq, X) is related to the Einstein-matter variables
by (B331) — (B:36). The quantities A and f appearing in equation ([.J) are given by the
evolution equations (.39) — (R.43) and

tOx + Bx =t P (trr)(A+7x) + 777 5g? 5V, 5V, 0 + #27¢ SV, (4.4)

The argument that the matrix A satisfies the appropriate positivity condition is analogous
to the argument in [[J]. Regarding the estimate f = O(t°), the estimate t*=2"* SR, =
O(t°) was obtained in equation (Bg). The estimate t>=*"*M%, = O(°) follows from the
inequality ([.3) and from ¢; < pg. The only other terms in f whose estimates are not
immediate from the estimates made in [[J] are the last two terms on the right hand side of
equation ([.4). The covariant derivative compatible with the symmetrized metric is used
in equation (fE4) for convenience. From the estimate ©g® < tl4e=%|=¢ [[F], equations (E-53)

and (B.59),

Sgab j t_ztlmin{a,b}_E and ec(g(ab)) j t2qmax{a,b}_6_e.

Therefore,

a Cc a C. 1 C a
Sg bsrab — Sg 8 h(ea(g(bh)) — §eh(g(ab))) _ Sgeh a

_< t—2qd—5—36

and

t2—6 Sgab Sva va 0¢ t2—ﬁ Sg“b{ea(eb( 0¢)) o Sl—\zbec( 0¢)}
t2_2qd_6_5_36 — O(t5>’
27 S g eq(wy) — “Towe}

t2—2qd—(—5—35 — O(té)

A

27 V%,

PN

The other regularity conditions that f should satisfy are again shown to hold by equa-
tion (31) in [[J] and the remarks following equation (31). That g, is symmetric (so that
equation (f.4) and equation (E.2)) are equivalent) is shown as in subsection P.5.3] That
the Hamiltonian and momentum constraints are satisfied is shown by the analogue of the
argument made in section . and the estimate R = o(t~*™) obtained from equation (B.§).

Note that the case D = 3 of this result has an interesting connection to the Einstein
vacuum equations in D = 4. As it follows from standard Kaluza-Klein lines, the solutions of
the latter with polarized U(1) symmetry are equivalent to the Einstein-scalar field system
in D = 3 (see e.g. [0] and [[)], section 5). Hence the result of this section implies that
we have constructed the most general known class of singular solutions of the Einstein
vacuum equations in four spacetime dimensions. These spacetimes have one spacelike
Killing vector.
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5 Matter fields derived from n-form potentials

5.1 Equations of motion

We now turn to the general system ([[.1]), but without the interaction terms “more”. These
are considered in section [ below. The action is the sum of ([.2), ([.3) and k& additional
terms, each of the form ([[4]). The argument is based on that of section . It is enough
here to note the differences. Furthermore, since there is no coupling between additional
matter fields, the differences from the argument made in section f] can be noted for each
additional matter field independently of the others. Therefore consider the jth additional
matter field,
Fygopiny, = (05 + DV g Ay ]
with A an nj-form. This matter field contributes the following additional terms to the
stress-energy tensor, equation ([L.]),
T — v + LF F almanj — #g F Faomanj e)‘j(b'
m I 2(n; + 117K oty
Define £ = /g F Oaran; oAs¢ If p; = 0, € is a spatial scalar density. Throughout
this section and the next we use the following conventions. If n; = 0, then Pal...anj is a
scalar, ga,p, * * * 9a, b, = 1, etc. The d+ 1 decomposition of the contribution of this matter
field to the stress-energy tensor is

p = -+ #ﬂj!gmbl " Gan, b, guan; gbi-bnj o =A;é
+m georo - - gnitn Fagevan, Foo--n, ehi?, (5.1)
Ja = oo \/;nj! ghibn, abyb (5.2)
_(d—nii)nj' 0% Geyhy * e, b, geren; ghl...hnj)e_)\j(b
+(ni]' gacgh1i1 .. .ghnjinj cha-wh sz‘l--~z‘nj

_ "
(d—1)(n; +1)!
The jth matter field satisfies

a _coh cnhn bV
0% g0 gt FCO"'anFhO“'hnj)e i

(D)Vu(Fum-..unjeAM) = 0, (5.3
O WP = 0, (5.4
with d + 1 decomposition into constraint equations,
1
€Y + [ € £ 5 Y fuE T = 0, (55)
i=2
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(n; +1)

€lalFro-tn;1) = 5 Fiao Fletpr-tn) = 0, (5.6)
and evolution equations,
&ggalmanj — _eb(\/ggbcogalcl . _ganjcnj FCO"'an e)\jgb) . {f}izbgbcogalcl . _gananj
1 nj a; C aic Cg Qn : C ;
+§ Z fbi:gb Og REEER gh Cee g A }\/chowmj 6)\J¢a (57)
i=1
1 byobn, )
OiFagan, = —(nj+ 1)€[ao(ﬁ9al|b1| “ e Gan b, €T €TY9)
(nj +1)n; . Y
! ! f[aoalg|ch1|ga2|b2\ T ganj}bnjgbl brj € )\J(z)- (58)

2V

The jth matter field contributes the following terms to the evolution equation (f.9) for ¢.

Aj A S
Rp — (trk)op = "'+Tjw9a1b1~--ganjbnj51 nj g1 bng =0
;!
>‘j apb an; br . X
5 e B, Py, @0 (59)

5.2 Velocity-dominated system

The Kasner-like evolution equations corresponding to this matter field are 9,°£* " = 0
and 8t0FaO..~anj = 0. The quantities °€*"*% and OFaO...anj are constant in time with
analytic spatial dependence and both are totally antisymmetric.

The velocity-dominated matter constraint equations are equations (p.5)) and (b.6) with
0€ and °F substituted for £ and F. Since all quantities in the velocity-dominated matter
constraints are independent of time, if the matter constraints are satisfied at some time
to > 0, then they are satisfied for all + > 0. This matter field does not contribute to °p.
Its contribution to “j, is the term shown on the right hand side of equation (f-2) with %g,
0€ and °F substituted for g, £ and F. The velocity-dominated constraints corresponding
to the Hamiltonian and momentum constraints are °C' = 0 and °C, = 0, with °C' and
°C, given by equations (P-18) and (R.19). Equations (R2:21]) and (2.29) are satisfied, so as
before, if the velocity-dominated constraints are satisfied at some ty > 0, then they are
satisfied for all ¢ > 0.

The presence of the matter field AY) puts the following restrictions on the set V' [.

2p1 + 4 2pnj — )\]A >0 and 2]91 + -+ 2pd—nj—1 + )\jA > 0. (510)

The restrictions generalize the inequalities (£.24]) found for a Maxwell field in 4 dimensions
and, like them, guarantee that one can asymptotically neglect the p-form AV in the
Einstein-dilaton dynamical equations. (For n; = 0, the inequality on the left of (p:I0) is
—A;A > 0, while for n; = 11it is 2p; — A\;A > 0. For n; = d — 1, the inequality on the right
is \;A > 0, while for n; =d —2 it is 2p; + \;A > 0.)

The constant o is reduced from its value in section [l], if necessary, so that, for all x € Uy,
o<2p1+-+2py;, — AjAand 0 < 2py + -+ 2pgn;—1 + AjA. I 0 is reduced, it may be
necessary to reduce €, and in turn shrink Uy, so that the conditions imposed in section [
are still all satisfied.

36



5.3 Fuchsian property - Estimates

The jth matter field contributes the following components to the unknown w in the Fuch-
sian equation ([L.3).

gal...anj — 05@1..~anj _'_ tﬁé‘dl'nanj , (511)
FaO“'anj = OFaO“'anj + tﬁgoaO“'anj : (512)

Here, § = €/100 as above, """ is a totally antisymmetric spatial tensor density, so
contributes (f) independent components to u, and Pag--an, is a totally antisymmetric
J

spatial tensor, so contributes (nj‘il) components to u. This is consistent with the form of

the evolution equations. Note that £ = O(1) and Fagan, = O(1).

This matter field contributes additional rows and columns to the matrix A such that
the only non-vanishing new entries are on the diagonal and strictly positive. Therefore,
the presence of this matter field does not alter that A satisfies the appropriate positivity
condition.

The terms in the source f which must be estimated on account of the jth matter field
are the following. It contributes terms to the components of f corresponding to x through
its contribution to M%,.

f2-a% 1

acg-cn; chihn. —X\;
Egbhlgcghg"'gcnjhnjg y Ehhng e =A@

j Z t_2Qmax{a,b} +2qa+2‘Zmax{b,h1}+"'+2Qmax{cnj ,hnj }_)‘jA_OCO_njE

< 2t 2~ A—ao—nge Ot~ micto) = O(t9) (5.13)
2—a® hii hn i tn Aj
g gt e g oy, Py i € 0

< Zt2_2qmax{a,b}+2qa—2Qmin{a,c}_2‘11nin{h1,i1}_"'_2qmin{hnj,inj}+)\jA_aO_(nj+1)E

< t2q1+...+2qd7nj71+>\jA—Ct0—(TLj+1)E _ O(t—ao—(nj+1)5+0) = O(t‘s) (514)

Here it is used that both £ and Fao...anj are totally antisymmetric, so that the sums
indicated by a summation symbol are not over all indices. Note that the inequalities (f-10])
have been crucially used in getting the estimates (p.13]) and (p.14)). The desired estimates
for the other two terms are obtained similarly.

The terms contributed to the component of f corresponding to x by the jth matter
field are obtained by multiplying the right hand side of equation (p3)) by ¢2=7.

1
tz_ﬁggalbl . 'ganj bnj gm---anj gby..bnj 6—)\j¢ — O(t—ﬁ—nje—l—a) — O(t(;) (515)

t2—ﬁgaob0 . ‘g[lnjbnj Fao~~anj Fb()“'bnj 6)\J¢ _ O(t—ﬁ—(nj+1)e+o) — O(t(s). (516)

ai- .anj

The terms in f corresponding to & for the jth matter field are obtained by multiplying
the right hand side of equation (57) by t!~”. These terms are O(t =A==ty — O(19).
The terms in f corresponding to Pag--an, for the jth matter field are obtained by multiplying
the right hand side of equation (F.8) by t!7%. These terms are O(t=#=0—"ito) = O(¢).
Thus the terms which occur in f due to the jth matter field are O(¢°).
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The time derivative of the matter constraint quantities for the jth field (the left hand
side of equations (p.5) and (p.0])) vanishes. If the velocity-dominated matter constraints are
satisfied, the matter constraint quantities are o(1). A quantity which is both constant in
time and o(1) must vanish. Therefore the matter constraints for the jth field are satisfied.

Next the matter terms due to the jth field in the Einstein constraints are estimated, in
order to verify that they are consistent with equations (£.63) and (B.64). The contribution
to the Hamiltonian constraint is, from equation (p.1]),

1
~Garby " 'ganj bnj gnin gbl.“bnj 6_>\j¢ = O(t_z_nje—HT) = O(t_2+m)> (517)
g

gaobo . .ga"jb"j Faomanj Fbo---bnj equﬁ — O(t—2—(nj+1)e+o) — O(t_2+m)- (518)

The contribution to the momentum constraint is
1 1

ja_,]a — ..._|_(__—

VI V%

1 B
+—9(€b1 " aby-wbn; ™ ogh OFab1~..bnj) = o(t™11™).

)Ogblmbnﬂ' OFabl-nbnj (519)

Estimates related to the determinant which are relevant to (p.19) are analogues of the
estimates for d = 3 immediately preceding equation (R.55)). The form of these estimates
for general d will now be presented. These are 1/,/g — 1/y/0g = O(t~1o07%) ¢, (g) =
O(ta0_6_de)a

ea(g) = O(*re0m07d), (5.20)
and

-1/2\ __ _6a(g) _ —14+ag—0—de
) - 293/2 - O(t ° )

6 Determination of subcritical domain

The explicit determination of the subcritical range of the dilaton couplings for which the
inequalities on the Kasner exponents are consistent so that V' exists may be a complicated
matter. We consider in this section a few cases and give some general rules. As in subsection
R4, we introduce the metric

dS? = Gudp'dp” =" dp,> — (O dp.)* + (dA)? (6.1)

in the D-dimensional space of the Kasner exponents (p,, A) = (p*). This metric has again
Minkowskian signature (—, +,+, -, +). The forward light cone is defined by

G..p'p” =0, Do > 0. 6.2
"

The Kasner conditions met in the previous section are equivalent to the conditions that
the Kasner exponents be on the forward light cone (since Y p, = 1 can always be achieved
by positive rescalings).
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The wall chamber W is now defined by

PLSp2<-<pd (6.3)
2p1+pat -+ pa2=>0 (6.4)
and, for each p-form,
A\
p1+p2+~~+pnj—5%420 (6.5)
s
pLtp2t et Paen + 5 A 20, (6.6)

These inequalities may not be all independent. The question is to determine the “allowed”
values of the dilaton couplings for which the wall chamber contains in its interior future-
directed lightlike vectors. It is clear that this set is non-empty since the inequalities can
be all fulfilled when the couplings are zero (the p,’s can be chosen to be positive in the
presence of a dilaton).

6.1 Einstein-dilaton-Maxwell system in D dimensions

We consider first the case of a single 1-form in D > 4 dimensions. This case is simple
because the inequalities (f.4) are then consequences of (§.5) and (B.6), which read

A A
P1—§AZO, p1+p2+"'+pd—2+§z‘120- (6.7)

Furthermore, the number of faces of the wall chamber (defined by these inequalities and
(B-3)) is exactly D and the edge vectors form a basis. Thus, the analysis of subsection P-4
can be repeated.

A basis of edge vectors can be taken to be

(0,0,---,0,1,0) (6.8)
d—k—2 d—k—2 2d—k—2), .
=T TR G ) P bR d 2069
2
(1717"'71>X) (610)
(171’._',1,_2((1_2)) (6.11)
)
d—k—2

In (B.9), the first k£ components are equal to — and the next d — k components are
equal to 1.

The first vector is lightlike. The k-th vector in the group (p.9) has squared norm
(d—1)[k2 —k(d—3)+d] 4(d—k—2)?

k+1

— k=1,2,---,d—2 A2
k172 LS CT I PR S (6.12)
while (6.10) and (p.11])) have norm squared equal to
4
—d(d=1)+ 5 (6.13)
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and
4(d — 2)2

A2
respectively. The subcritical values of A must (by definition) be such that at least one
of the expressions (f12)), (F-13) or (p.I4) is positive. To determine the boundaries +\.
of the subcritical interval, we first note that (B.I3)) is positive whenever |A\| < A;, with
Ay = 2/y/d(d—1). Similarly, (B.I4) is positive whenever |A\| < Ay with Ay = 2(d —
2)/4/d(d —1). To analyse the sign of (B.1J), we must consider two cases, according to
whether k% — k(d — 3) + d is positive or negative.

If d < 9, the factor k* — k(d — 3) + d is always positive (for any choice of k, k =
1,2,---,d —2) and the expression (B.17) is positive provided |\| < II, with

2(d—k — 2)
Jd=1)k2 — k(d—3) +d]

—d(d—1)+ (6.14)

Iy =

(6.15)

The critical value \. is equal to the largest number among Aq, Ay and II;. This largest
number is Ay for d = 3,4,5,6, II; for d = 7 and Il for d = 8. We thus have the following
list of critical couplings:

2
N=1]=, d=3
3
9
A= d=4
/3
3
AN=-——, d=5
V5
w2
V15
)\C:&’ d=17
V3
44/2
A= 22 d=38 6.16
N (6.16)

Note that the value of the dilaton coupling that comes from dimensional reduction of
vacuum gravity in one dimension higher

[ d

is always strictly greater than the critical value, except for d = 8, where A\xx = A.. (The

corresponding values of the Kasner exponents are those of the point on the Kasner sphere

exhibited in [[[3] for D = 10, where all gravitational inequalities are marginally fulfilled.)
If d > 9, the factor k* — k(d — 3) + d is non-positive for

d—3—/(d—9)(d—1) d—3+/(d—9)(d—1)
2 sks 2
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(this always occurs for k = 3). Thus, the expression (p.19) is positive for such k’s no
matter what A is. This implies that the critical value of X is infinite,

Ae=o00, d>09. (6.19)

The fact that D = 10 appears as a critical dimension for the Einstein-dilaton-Maxwell
system, above which the system is velocity-dominated no matter what the value of the
dilaton coupling is in the line of the findings of [[J], since the edges (p.9) differ from those
of the pure gravity wall chambers only by an additional component along the spacelike
dilaton direction.

6.2 Einstein-dilaton system with one p-form (p #0, p# D — 2)

The same geometrical procedure for determining the critical values of the dilaton couplings
can be followed when there is only one p-form in the system (p # 0, p # D —2), because in
that case the wall chamber has exactly D faces and the edge vectors form a basis. Indeed,
the gravitational inequalities (f.4) are always consequences of the symmetry inequalities

(B.3) and the form inequalities (£.5) and (B.6) (for n; # 0 and n; # D — 2),

2p1+p2+ -+ pae=(Pr4 A D, — %A) + (p1 + Prjr1 + o+ D2+ %A). (6.20)
So, if there is only one p-form (with p # 0 and p # D —2), the D —2 symmetry inequalities
(b-3) together with the two form inequalities (B.5) and (f.6) completely define the wall
chamber, which has D faces. We shall not provide an explicit example of a calculation of
Ae for such a system, since it proceeds as for a 1-form.

When there is more than one exterior form, one can still drop the gravitational inequal-
ities (if there is at least one p-form with p # 0 and p # D — 2), but the situation is more
involved because the inequalities corresponding to different forms are usually independent,
so that the wall chamber has more than D faces (its intersection with the hyperplane
> p. = 1 is not a simplex). The calculation is then more laborious. The same feature
arises for a 0-form, which we now examine.

6.3 O-form in 4 dimensions

We consider the case of a 0-form in 4 spacetime dimensions. As explained above, we impose
the condition A # 0 to the corresponding dilaton coupling”. Without loss of generality (in
view of the ¢ — —¢ symmetry), we can assume A > 0. The inequalities defining the
subcritical domain relevant to the O-form case can be brought to the form

p1>0 (6.21)
A>0 (6.22)

"The case A = 0 is clearly in the subcritical region but must be treated separately because there are
then two dilatons. The Kasner conditions read pj +p2+ -+ pq = 1 and p? +---p5 + A} + A3 = 1, where
the scalar fields behave as ¢1 ~ AjInt, ¢po ~ A Int. This allows positive p;’s, which enables one to drop
spatial derivatives as t — 0. The system is velocity-dominated.

41



A
prtp—5A>0 (6.23)

p2—p1 >0 (6.24)
p3 —p2 >0 (625)

We denote by «, (3, 7, § and € the corresponding border hyperplanes (i.e., « : p; = 0,
B : A = 0 etc). The inequalities (p.21)—(p.25]) guarantee that all potential walls are
negligible asymptotically. They are independent. The five faces «, (3, v, 6 and € intersect
along the 7 one-dimensional edges generated by the vectors:

0,0,1,0) eanfny=angndé=anyNd=gNyNJ
0,1,1,0) eanpfne

2
0,1,1,— )Eamyme

= ( (6.26)
= ( (6.27)
= ( (6.28)
64—(0001)€aﬂ5ﬂ6 (6.29)
(= (6.30)
= ( (6.31)
= ( (6.32)

1,1,1,0) e pNnvyNe
1,1,1,0) e BNdnNe

4
1,1,1,—)67ﬂ5ﬂe

Among these vectors, neither e4 nor e5 bound the subcritical domain since ey4 is such that
p1+ p2 — (A/2)A < 0 (changing its sign would make A < 0), while e5 is such that p; < 0
(changing its sign would make ps — p; < 0).

The edge-vectors {ey, s, €3, €5, €7} form a complete (but not linearly independent) set.
Any vector can be expanded as

U = v1€1 + Vgea + v3e3 + vg€g + Urer (633)
The coefficients vy, vs, v3, vg, v7 are not independent but can be changed as
Vg — Uy + 2k, v3 — vg — 2k, vg — vg — k, v; — vy + k (6.34)

For (6.33) to be interior to the wall chamber, the coefficients vy, v, vs, vg and v; must
fulfill
U1 >O, Vg + U3 >O, Vg + 2v > 0, v3 4+ 207 >O, v + v7 > 0. (635)

Using the above redefinitions, which leave the inequalities invariant, we can make v4 > 0,
A =1,2,3,6,7, with at most two v4’s equal to zero. Indeed, let s = min(vy, v, 2vg, 207).
Assume for definiteness that s = vy (the other cases are treated in exactly the same way).
One has then vy < 2v7. Take 2k = —s in the redefinitions (p.34)). This makes v, equal
to zero and makes v7 equal to v; — (v2/2) > 0. Because of (b.37), the new v3 and vg are
strictly positive, as claimed. Thus, one sees that any vector in the wall chamber can be
expanded as in (6.33) with non-negative coefficients. But the vectors ey, ey, e3, eg and ey

are all future-pointing and timelike or null when A > /8/3. It follows that for such \’s,
there is no lightlike direction in the interior of the wall chamber. Conversely, if A < {/8/3,
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the vector e; is spacelike and one can find an interior vector ae; + Ses +e7 (o, f > 0) that
is lightlike. We can thus conclude:

Ae = \/g for a O-form in 4 dimensions, (6.36)

i.e., the system is velocity-dominated for |A| < /8/3.
The action for the matter fields in the case of a O-form A coupled to a dilaton ¢ is

S¢[ga/3’ P, A] = _% /(augZs oo + eM)aMA 5“A)\/—_gd4:)s (6.37)

Note that this is the action for a wave map (also known as a nonlinear o-model or hyper-
bolic harmonic map) with values in a two-dimensional Riemannian manifold of constant
negative curvature. Its curvature is proportional to A2. Thus we obtain an interesting
statement on velocity-dominated behaviour for the Einstein equations coupled to certain
wave maps. Note for comparison that wave maps in flat space occurring naturally in
the context of solutions of the vacuum Einstein equations with symmetry, for instance in
Gowdy spacetimes (cf. [B4]), are defined by a Lagrangian of the above type (using the flat
metric) with A = 2.

6.4 Collection of 1-forms

We now turn to a system of several 1-forms. It is clear that if these have all the same
dilaton coupling, as in the Yang-Mills action ([.7), then, the critical value of A is just that
computed in (f.16) and (p.19) since each form brings in the same walls. The situation is
more complicated if the dilaton couplings are different. One could naively think that the
subcritical domain is then just the Cartesian product of the individual subcritical intervals
[—AU) AD)]) but this is not true because the intersection of the wall chambers associated
with each 1-form may have no interior lightlike direction, even if each wall chamber has
some.

This is best seen on the example of two 1-forms in D spacetime dimensions with opposite
dilaton couplings. The relevant inequalities, from which all others follow, are in this case

A A
p1— §A >0, p+ §A >0 (6.38)
pL<ps<---<pg (6.39)

and can be easily analysed because they determine, in this particular instance, a simplex in
the hyperplane Y p, = 1. Tt follows from (F.3§) that p; > 0. The edge-vectors can be taken
to be (0,---,0,1,---,1,0) (k zeros, d — k ones, k = 1,---,d—1) and (1,1,---,1,4£2/)\).
The first d — 1 edge-vectors are timelike or null, while the last two are spacelike provided
—d(d —1)A\* +4 > 0. This yields

2
Ae = ———=for two 1-forms with opposite dilaton couplings (6.40)

d(d— 1)

Accordingly, A, is finite for any spacetime dimension (and in fact, tends to zero as d — 00),
even though A\. = oo for a single 1-form whenever d > 8.
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7 Coupling between the matter fields

The actions for the bosonic sectors of the low-energy limits of superstring theories or M-
theory contain coupling terms between the p-forms, indicated by “more” in ([Z1]). These
coupling terms are of the Chern-Simons or the Chapline-Manton type. In this section, we
show that these terms are consistent with the results obtained in section [, in that they
are also asymptotically negligible in the dynamical equations of motion when the Kasner
exponents are subject to the above inequalities ([.3)—(B.6).

More precisely, the form of the velocity-dominated evolution equations and solutions
are in each case exactly as in section pl The velocity-dominated matter constraints have
additional terms, but as before, the velocity-dominated matter variables (besides the dila-
ton) are constant in time, so if the constraints are satisfied at some ¢ > 0 they are satisfied
for all t > 0. The quantities °p and %j, are defined exactly as in section [} Since the
velocity-dominated evolution equations are also the same, there is nothing additional to
check concerning the velocity-dominated Hamiltonian and momentum constraints.

Turning now to the exact equations, the restrictions defining the set V' are unchanged
from section . The form of the evolution equation for the dilaton is unchanged. The form
of the stress-energy tensor is also unchanged, and so the form of the Einstein evolution
equations and the Einstein constraints is unchanged. The additional matter field variables
considered in section [ are still all O(1), so estimates of terms involving the matter fields
do not need to be reconsidered, as long as their form has not changed, for instance, in
the argument that the Einstein constraints are satisfied. That the matter constraints are
satisfied follows as in the other cases, once it is verified that their time derivative vanishes
and that they are o(1). Since so much of the argument is identical to that of section [, we
only point out the few places where there are differences.

7.1 Chern-Simons terms

First we consider the coupling of ¢ of the additional matter fields via a Chern-Simons term
in the action. These additional matter fields should be such that

i—14+> n;=D. (7.1)
j=1
The Chern-Simons term which is added to the action is
Ses[ AW, oo ALY ] = [ AD A dA® Ao p dAD. (7.2)

The variation of this term with respect to both the metric and the dilaton field, ¢, vanishes.
The matter equation (F-4) is unchanged, since it is still the case that F) = dAU) for all
j. But the equation (B.3) for each of the ¢ coupled matter fields acquires a non-vanishing
right hand side.

(D)Vu(p(j)uw--wnjeAM) /=g =C, ¢y p() L pG=) pGE) L ) (7.3)

Here €*+? =1 and C; is a numerical factor. Next, considering the d + 1 decomposition of
equation (.3), the constraint equation (p.5)), for the jth coupled matter field, acquires the
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following term on its right hand side,
— e D pUTU UYL R (7.4)

Here all indices which are not explicit are spatial. So, only magnetic fields appear in ([(-4).
The following term is added to the right hand side of the evolution equation (p.7]) for the
jth coupled matter field.

j—1
o 3 (4 1m0
m=1

1 e o Z.
X (ﬁgcﬂn o 'QCnmhnmg( i hnme )\mqb) T F(] 1)F(]+1) Tt F()}
m=j+1

X (Lgmm .. .gcnmhnmg(m)hl...hnme_)\md)) y F(l)}

V9

Again, all indices which are not explicit are spatial. There is in each term only one electric
field.

The velocity-dominated matter constraint equations for the jth coupled matter field can
be obtained from the “full” matter constraint equations for the same field by substituting
the velocity-dominated quantities for all variables.

The only additional terms occurring in f are due to equation ([75). The form of the
mth term on the right hand side of equation ([.) is just like the form of the terms on
the right hand side of equation (F-§) for the mth coupled field. The factors which differ,
comparing the mth term of ([.5) to equation (f.§) for the mth field, are 0(1). Since in both
cases a factor of t!7# is added in order to obtain the terms appearing in f, the estimate
that the additional terms in f due to the Chern-Simons coupling are O(t?) is obtained just
as the corresponding previously obtained estimates.

7.2 Chapline-Manton couplings

Next we consider Chapline-Manton couplings. For definiteness, we treat two explicit ex-
amples, leaving to the reader the task of checking that the general case works in exactly
the same way. The first coupling is between an n-form A and an (n + 1)-form B and is
equivalent to making B massive. Let F' = dA+ B and H = dB. The gauge transformations
are B — B+ dn, for arbitrary n-form n, and A — A —n -+ d~, for arbitrary (n —1)-form ~.
(If n = 0, then dry is replaced by a constant scalar and we require that the corresponding
constant, A4, in the coupling to the dilaton be nonzero.) The form of the action is the
same as in section [, but since F' now depends on B and not just on A, the variation of
the action with respect to B acquires an additional term. Also, it is now the case that
dF = H.

The matter equation (p.3)) is unchanged for F' and equation ([.4) is unchanged for H.
Equation (p-3) for H and equation (p-4) for I are now as follows.

(D)VM(HMVO"-VneAB¢) — FVO“'Vne)\Ad)’ (7.6)
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1

P)y, F, —H .
[/J' VO"'Vn] (n+2) JVQ - Vn

(7.7)

Define £ = | /g F0%neAad and Duoin = | /g 0% 4ne*5¢ The matter constraint
equations which are affected are

1 n
ea(rDabl---bn>+ ccarDabl---bn_'_§Z gérDabl---c---bn — _(c;:blmbn7 (78)
i=1
(n+1) .. 1
ela(Fho- b)) = 5 Slano Fleltr-b) = =5 Habo--b (7.9)

The additional term which appears on the right hand side of equation (B.1) for D% is

\/ggaobo .- -ga"b7lFbO...bn6>\A¢. (710)
The additional term which appears on the right hand side of equation (p-§) for Fi,.., is

-1

%gaobo :

The velocity-dominated matter constraint equations which are affected can be obtained
from equation ([7.§) and ([.9)) by substituting the corresponding velocity-dominated quan-
tities for all variables. The only additional terms occurring in f are due to equations ([-10)
for D and ([.I0]) for F. The form of the additional terms in these equations is just like
the form of the terms which appear in equations (p.7]) for £ and in (p-§) for H. Therefore
the estimate that the additional terms are O(#°) is obtained just as the corresponding
previously obtained estimates.

The second Chapline-Manton type coupling is between an n-form A and a (2n)-form
B. Let FF=dA and H = dB + A A F. The gauge transformations are A — A + d~, for
arbitrary (n — 1)-form v, and B — B+dn—~y A F, for arbitrary (2n — 1)-form . (If n =0
the gauge transformations are A — A+C and B — B+ D —C A for constant scalars C' and
D and we require both A4 # 0 and also Ag # 0.) The form of the action is again the same
as in section fl. Define £ = /g 0% nea® apnd Do = | fg H0uamersd The
matter equations (p.3) for /' and (p-4)) for H are affected, only if n is odd. The equation
for F' which is affected (if n is odd) and its d + 1 decomposition are

G, DAY, (7.11)

2
(D) UULUn JAADY UV1+Un010n ABo
V() = s H Fupy oy 7%, (7.12)
e (gab2~~~bn) + fe gab2~~~bn + 1 i bigab2~~~c~~~bn _ 2 Dab2"‘bnh1“'hn " (7 13)
a ca 2 = ac (n+ 1)| any--Nns .
ai-an 2 ai--anby--bp c1Cp
9,€ = = D Gover *** Gonen & (7.14)

\/gn!

(n+1)!

bhgo arh anhn cihn cnhon A
Vg gt gt getnt o geen g Frey e, € B0
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The equation for H which is affected (if n is odd) and its d + 1 decomposition are

(2n +1)!
(D)v[uoHﬂl“'MZnﬂ] = (n n 1)'(n n 1)' [NO“'MnFMn+1"‘l/«2n+1]’ (715)
2n+1) ., (2n + 1)!
€la(Hogtan)) = 5 Fabo Hiclbr--2) = (ot Di(n + 1)!F[abombnlebnmbzn}a (7.16)
2n + 2)! by
8t‘P‘[aO'”UQn = + ( ) 'g[a()'bl' v .ganfl‘bn‘gbl bne AA¢Fan"'027L]’ (717)

VI (n+1)(n+1)
The velocity-dominated matter constraint equations which are affected can be obtained
from equation ([.13) and ([.I6) by substituting the corresponding velocity-dominated
quantities for all variables. The only additional terms occurring in f are due to equa-
tions ([.14) for £ and ([.17) for H. Here again, the estimate that the additional terms

in f are O(t°), is just as the estimate of terms appearing already in section f] either in
equation (B.1) for D or in equation (p.§) for F.

8 Yang-Mills

We complete our analysis by proving that Yang-Mills couplings also enjoy the property
of not modifying the conclusions. The action is ([.7), with a Yang-Mills field as source
in addition to the scalar field considered in section f] and with |A| < A.. The argument
is again based on that of sections f] - [] and it is enough here to note differences. The
main one is that one must work with the vector potential instead of the fields themselves,
because bare A’s appear in the equations. We could, in fact, have developed the entire
previous analysis in terms of the vector potentials, thereby reducing the number of matter
constraint equations. We followed a manifestly gauge-invariant approach for easing the
physical understanding, but this was not mandatory. The stress-energy tensor is

1 o_ 1 o
T;w = (D)vu¢ (D)Vu¢ o §g/w (D)Va¢ (D)Va¢ + [Flwé ) FV - _g/WFOC/B - F /6]6)\(25' (81)

4
We work in the temporal gauge, Ay = 0. The matter fields satisfy the following equations.

A

Dy, PIveg — T Fos FPer = (8.2)
DIV (Frer?) + (A, F*]e* =0, (8.3)
Fu = 0,4, — 0,A, + [A,, A). (8.4)

The Lie Bracket has no intrinsic time dependence. The d+1 decomposition of the stress-
energy tensor is expressed in terms of the spatial tensor density £¢ = /g F 0229 and the
antisymmetric spatial tensor Fj.

1 1 1
p = 5{(8t¢)2 + gabea(¢)eb(¢> + Egabga : gbe_)\¢ + igabgChFac : theAd)}a (85>
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ja = _8t¢ ea(¢) + %gb : Faba (86)

Moy = gen(0)en(s) = ¢ (e £ = 3 ugE" - £
+{g"g" Fun - Fyi — iéabgChgichi : th}em- (8.7)
The matter constraint equation is
€a(€) + fru & + [40, €7 = 0. (8.8)

The matter evolution equations are
2 ab A a b_—Xo A ab ch Ao
at ¢ - (trk)8t¢ = g Vavb¢ + %gabg &% - Z.g g Fac : the ’ (89)

E" = e(Vgg g Fene™) + (fhy™ + §fz?¢9w)\/§9bhFch6A¢ (8.10)

1
A, = “ 7 garEle ™. (8.11)

Note that we use as basic matter variables A, and £ (the quantity F,;, being then defined
in terms of A, as Fy, = 0,4y — OpAa + [Aa, Ab)).

The Kasner-like evolution equations are equations (B-7) — (E-I0) and 9,°4, = 0. We
consider analytic solutions of the Kasner-like evolution equations of the form (2:12) — (-I7)
along with the quantity °A, which is constant in time. Given a point xy € X, we use an
adapted spatial frame on a neighbourhood of zg, Uy, as in section B. Thus, °g.(to) and
K%, are specialized as in that section. There is one velocity-dominated matter constraint
equation, obtained from equation (B.§) by replacing £* and A, with °6€% and YA,. If the
velocity-dominated matter constraint is satisfied at some time ¢, > 0, then it is satisfied
for all ¢ > 0. Define

Op = %(at 00)?, (8.12)

. 1 b
05, = —at0¢€a(0¢)+\/—0—gog COF,. (8.13)

The velocity-dominated Einstein constraints are defined as in the other cases. Equa-
tions (R.21]) and (R.29) are again satisfied, so if the velocity-dominated constraints are
satisfied at some ty, then they are satisfied for all ¢ > 0. The restrictions defining the set
V' are as in section [], with n; = 1. The relation of the unknown, u, in equation ([[.j) to
the Einstein-matter variables is given by equations (R.31]) — (R.37)) and

Aa = OAa + tﬁg0a. (814)
The quantities A and f in equation ([[.F) are given by equations (B.39) — (B.43) and
tAx + Bx = 0 P(trr)(A+tPy) + 2B SY, SV, 0 + 12C SV,
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A A
g€ £ = Jg" g " Fue - Fine™}, (8.15)
g

9L+ 0" = 7 en(v/g9"g" Fne™)

H(fa9"™ + 5159099 Fere™}, (8.16)
1
tat@a + 690a = _tl_ﬁ%gabgbe_A¢- (817)

The estimate that f = O(#°) is obtained as before, using £ = O(1) and Fy = O(1).
The matter constraint quantity, the left hand side of equation (B.g)), is o(1) and its time
derivative vanishes, so the matter constraint is satisfied. The estimate of the matter terms
in the Einstein constraints is obtained as in section ] for n; = 1.

To conclude: the whole analysis goes through even in the presence of the Yang-Mills
coupling terms and the system is asymptotically Kasner-like provided |A| < A, where \.

is the same as in the abelian case and explicitly given by (§.16) and (p.19).

9 Self-interacting scalar field

Consider Einstein’s equations, D > 3, with sources as in sections fl, f| ] or ] except
that the massless scalar field, ¢, is replaced by a self-interacting scalar field. That is,
the expression ([.§) is added to the action. Solutions with a monotone singularity can
be constructed as in sections f] — B with assumptions regarding the function V' (¢) which
appears in ([.§) given below. There is no change in the velocity-dominated evolution
equations and solutions, nor in the velocity-dominated constraints. The only change to
equation ([.J) is that two new terms appear in f. There is a new term, t>=*§%, 2V (¢)/(D—
2), on the right hand side of the evolution equation for %, (through M®,). There is also
a new term, —t>7?V'(¢), on the right hand side of the evolution equation for y. For
equation ([L5) to be Fuchsian, it must be the case that f = O(t°) and, in addition, that f
satisfy other regularity conditions [[, Pg.

Some examples were considered in [BI]. A trivial example is obtained by taking V'
to be a constant. Then the equation for the scalar field is not changed by the potential
while its effect on the Einstein equations is equivalent to the addition of a cosmological
constant. Thus we see that the analysis of [[5] generalizes directly to the case of the
Einstein-scalar field system with non-zero cosmological constant. Of course the analogous
statement applies to the other dimensions and matter fields considered in previous sections.
To get another simple example take V(¢) = A¢P for a constant A and an integer p > 2.
Showing that the equation is Fuchsian involves examining the expression

V(Alnt+ B+ t%)) = AM(Alnt + B + t°¢)? (9.1)

and corresponding expressions for the first and second derivatives of V. Of course in this
particular case these are given by multiples of smaller powers of . The aim is to estimate
these quantities by suitable powers of ¢. In this case a Fuchsian system is always obtained.
A linear massive scalar field is obtained by choosing p = 2. Another interesting possibility
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is to choose V(¢) = €’ for a constant A, in which case the derivatives of V are also
exponentials. Then
V(Alnt + B + t%)) = *PtM exp(MtPy)) (9.2)

Note that such an exponential potential can be (formally) generated by adding, as matter
field, a d—form A, ..., with dilaton coupling Ay = —A. Indeed, eliminating the field-
strength I = dA (which satisfies e’?F = Cn, where C' is a constant and 1 the volume
form), leads to a term in the action proportional to e=*¢*(C?2. A Fuchsian system is obtained
provided the general “electric” p—form condition (B.10) (with n; = d), 2p1 + -+ - + 2pys —
AgA > 0 is satisfied, i.e. (after using p1 +---+pg = 1 and A\y = —\) provided A\A > —2.
This therefore yields a restriction on the data.

More generally, it is enough to have a function V' on the real line which has an analytic
continuation to the whole complex plane and which satisfies estimates of the form

2=V (Alnt + B+t%) = 0(1),
22V (Alnt + B+t%)) = O(1), (9.3)
eV (Alnt + B+ %) = 0O(1),

for some positive numbers c¢;, ¢; and c3. Here A and B are the analytic continuations of
A(x) and B(x), to some (small, simply connected) complex neighbourhood of the range of
a coordinate chart. And ) lies in some region of the complex plane containing the origin.
For f to be regular, it must be the case that ¢; > ag and ¢y > 3, which can be achieved by
reducing e, if necessary, and also possibly Uy, so that previous assumptions are satisfied.
By taking suitable account of the domains of the functions involved it is also possible to
obtain an analogue of this result when the functions V and V are only defined on some
open subsets of R and C.

The only other change to the construction given in sections f|— §is that p — p+V (¢).
It is still the case that (P)V,T# = 0, so equations (E-59) and (B-60) are satisfied. Equation
(R.63) is satisfied due to the assumptions concerning V' (¢), so the Einstein constraints are
satisfied.

10 Conclusions

Our paper establishes the Kasner-like behaviour for vacuum gravity in spacetime dimen-
sions greater than or equal to 11, as well as the Kasner-like behaviour for the Einstein-
dilaton-matter systems with subcritical dilaton couplings. Our results can be summarized
as follows

Theorem 10.1 Let ¥ be a d-dimensional analytic manifold, d > 10 and let (°gap, °kap)
be a C¥ solution of the Kasner-like vacuum FEinstein equations on (0,00) X ¥ such that
ttr°k = —1 and such that the ordered eigenvalues of —t °kyy, satisfy 1+ p1 — pqg — pa—1 > 0.

Then there exists an open neighbourhood U of {0} x ¥ in [0,00) X ¥ and a C¥ solution
(Gavs kap) of the FEinstein vacuum field equations on U N ((0,00) x ) such that for each
compact subset K C X there are positive real numbers a®, for which the following estimates
hold uniformly on K :
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1. 999G = 8% + o(t*")

2. k% = k% 4 o(t™1H%)

Theorem 10.2 Let X be a d-dimensional analytic manifold, d > 2 and let
X = (%, Okap, 00, 0EWar0n; OFY) .. ), with j taking on values 1 through k for some
nonnegative integer k (possibly 0, in whijch case j takes on no values), 0 <n; < d—1. Let
Aj be constants in the subcritical range. Let X be a C* solution of the Kasner-like Finstein-
matter equations on (0,00) X X such that t tr°k = —1 and such that the ordered eigenvalues
of =ty satisfy 1 +p1 — pa — pa—1 > 0 and, for each j, 2p1 + -+ - + 2pn; — )xjt@% >0
and 2py + -+ + 2pg—pn,—1 + A 10 "¢ > 0.

Then there exists an open neighbourhood U of {0} x ¥ in [0,00) X ¥ and a C¥ solution
(Gabs Kap, @, ED 5 FG) Y of the Einstein-matter field equations on U N ((0,00) x %)

ag:an,;
such that for each compacg subset K C X there are positive real numbers 3, a%, with
B < a%, for which the following estimates hold uniformly on K:

~

) OQacgcb — 5ab + O(taab)
ko = Ok + o(t %)

2
3. ¢= "¢+ o(t")

4. EWaran; — 0g(aran + o(t?)
5

. FU) = 0FU) 4 o(tF)

a0 +-an, ao +-an,
Remarks

1. Corresponding estimates hold for certain first order derivatives of the basic unknowns
in Theorems [0.1] and (cf. Theorem 2.1 in [[[]). These are the derivatives which
arise in the definition of new unknowns when second order equations are reduced to
first order so as to produce a first order Fuchsian system.

2. Our analysis shows that a solution of the full subcritical Einstein-matter equations
satisfying the estimates given in the theorems and the corresponding estimates for
first order derivatives just mentioned is uniquely determined by the solution of the
velocity-dominated equations (the integration functions are included in the zeroth
order, Kasner-like solutions; the deviation from them is uniquely determined).

3. The Einstein-matter field equations may include interaction terms of Chern-Simons,
Chapline-Manton and Yang-Mills type, and the scalar field may be self-interacting,
with assumptions on V(¢) as stated in section . If the jth field is a Yang-Mills
field, then FY is obtained from AY) and °FY is obtained from °A%) through equa-
tion (B4). Note that the condition on tr°k which is assumed in both theorems can
always be arranged by means of a time translation.
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4. The spacetimes of the class whose existence is established by these theorems have
the desirable property that it is possible to determine the detailed nature of their
singularities by algebraic calculations. This allows them to be checked for consistency
with the cosmic censorship hypothesis. What should be done from this point of view
is to check that some invariantly defined physical quantity is unbounded as the
singularity at ¢ = 0 is approached. This shows that ¢ = 0 is a genuine spacetime
singularity beyond which no regular extension of the spacetime is possible. For this
purpose it is common to examine curvature invariants but in fact it is just as good
if an invariant of the matter fields can be found which is unbounded in the approach
to t = 0. This is particularly convenient in the cases where a dilaton is present.
Then V¢V ,¢ is equal in leading order to the corresponding velocity-dominated
quantity and the latter is easily seen to diverge like t=* for ¢ — 0. The vacuum case
is more difficult. It will be shown below that the approximation of the full solution
by the velocity-dominated solution is sufficiently good that it is enough to do the
calculation for the velocity-dominated metric. This means that it is enough to do
the calculation for the Kasner metric in D dimensions. Note that the Kasner metric
is invariant under reflection in each of the spatial coordinates. Hence curvature
components of the form Ry, vanish, as do components of the form Ry,q, with a # b.
Hence the Kretschmann scalar R*?70 R, 345 is a sum of non-negative terms of the form
R®AR peq and (R%q0)%. In order to show that the Kretschmann scalar is unbounded
it is enough to show that one of these terms is unbounded. A simple calculation
shows that (R%q0)? = p2(1 — pa)*t~* in a Kasner spacetime. Thus the curvature
invariant under consideration can only be bounded as ¢t — 0 if all Kasner exponents
are zero or one, which does not occur for the solutions we construct. To see that
the approximation of the full solution by the velocity-dominated solution is valid for
determining the asymptotics of the Kretschmann scalar it is enough to note that all
terms appearing in the Kretschmann scalar which were not just considered are o(t~4).
Only two estimates additional to those already obtained are needed — for these, the
estimates R, " = O(t2%9) and V,k? = O(t729) are sufficient. Both of these
estimates are straightforward to obtain. The main input is ¢, = O(t~1+40-29)
(i.e., the connection coefficients do not need to be expanded). The expression for the
Kretschmann scalar is

A((tr k) k% — ko) ((tr k)K y — KPuk™y) + (K%kC, — kh k%) (Kb k" — K" KP,)
+A{(R% — M%) (R, — M) 4+ 2(R% — M%)((tr k)k* — k1 k",)
—2(Vak" ) (Vikey)g™ — 2(Vak® ) (Vek?, )5} = 55" Roei? Ry

2R (KR — KR )G

Apart from the Kasner terms (which can each be written as two factors, with each
factor O(¢t72)), the remaining terms can each be written as two factors, with each
factor O(t72) and at least one of the two factors o(t~?2).

5. We have constructed large classes of solutions of the Einstein-matter equations with
velocity-dominated singularities for matter models defined by those field theories
where the BKL picture predicts that solutions of this kind should exist. No sym-
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metry assumptions were made. When symmetry assumptions are made there are
more possibilities of finding specialized classes of spacetimes with velocity-dominated
singularities. See for instance [[[5], where there are results for the Einstein-Maxwell-
dilaton and other systems under symmetry assumptions. There are also results for
the case where the Einstein equations are coupled to phenomenological matter mod-
els such as a perfect fluid and certain symmetry assumptions are made. For one of
the most general results of this kind so far see [[g].

6. When solutions are constructed by Fuchsian methods as is done is this paper there
is the possibility of algorithmically constructing an expansion of the solution about
the singularity to all orders which is convergent when the input data are analytic,
as in this paper. (If the input data are only C'* the expansion is asymptotic in a
rigorous sense when Fuchsian techniques can be applied.) At the same time, there
is the possibility of providing a rigorous confirmation of the reliability of existing
expansions such as those of [B4] and [R5]. This is worked out for the case of [B4] in
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