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Cosmological scenarios with k-essence are invoked in order to explain the observed late-time
acceleration of the Universe. These scenarios avoid the need for fine-tuned initial conditions (the
“coincidence problem”) because of the attractorlike dynamics of the k-essence field ¢. It was recently
shown that all k-essence scenarios with Lagrangians p = L(X)¢ 2, where X = %qb, w @+, necessarily
involve an epoch where perturbations of ¢ propagate faster than light (the “‘no-go theorem”). We carry
out a comprehensive study of attractorlike cosmological solutions (““‘trackers’) involving a k-essence
scalar field ¢ and another matter component. The result of this study is a complete classification of
k-essence Lagrangians that admit asymptotically stable tracking solutions, among all Lagrangians of the
form p = K(¢)L(X). Using this classification, we select the class of models that describe the late-time
acceleration and avoid the coincidence problem through the tracking mechanism. An analogous ‘‘no-go
theorem” still holds for this class of models, indicating the existence of a superluminal epoch. In the
context of k-essence cosmology, the superluminal epoch does not lead to causality violations. We discuss
the implications of superluminal signal propagation for possible causality violations in Lorentz-invariant

field theories.
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L. INTRODUCTION AND OVERVIEW OF RESULTS

Cosmological scenarios involving a scalar field known
as k-essence [1-3] are intended to explain the late-time
acceleration of the universe (see Ref. [4] for a recent
review of dynamical models of dark energy). An important
motivation behind the k-essence scenarios is to avoid the
fine-tuning of the initial conditions for the scalar field (the
“coincidence problem”).

The effective Lagrangian p(X, ¢) describing the dynam-
ics of the scalar field ¢ consists of a noncanonical kinetic
term,

PX. ) = KGLK),  X=10,6046, ()
where K(¢) and L(X) are functions determined by the
underlying fundamental theory. One considers the evolu-
tion of the field ¢ coupled to gravity in a standard homo-
geneous cosmology in the presence of matter. With a
suitable choice of the Lagrangian, the evolution of ¢
during radiation domination quickly drives the system
into a region in phase space where the k-essence field ¢
has a nearly constant equation of state with w, = %, mim-
icking radiation. Thus the energy density &, of k-essence
approaches a constant fraction of the energy density ¢, of
the radiation. This behavior of k-essence (w4 — const and
€4/ & — const, where g, = g4 + g,,) is called track-
ing, and the solution with wg = const is called a tracker
solution.

The parameters of the Lagrangian can be adjusted such
that the energy density in k-essence during the radiation era
is small (g,, = &), so that the standard cosmological
evolution is not significantly altered. After the onset of
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dust domination (w,, = 0), the energy density in k-essence
quickly becomes negligible and the evolution leaves the
radiation tracker. A tracking solution with w, = 0 does
not exist (due to a particular choice of the Lagrangian), and
instead the k-essence is driven to a tracking regime with
wg = const < 0. Since wy < w,,, the k-essence will even-
tually dominate the energy density of the dust component.
The precise value of w, in that regime can be parametri-
cally adjusted to fit the currently observed data;, in par-
ticular, values wy =~ —1 can be achieved.!

In our terminology, a ““tracking solution” is a solution
for which w, approaches a fixed value, whether or not this
value is equal to the equation of state parameter w,, of the
dominant matter component. It is essential that the tracker
solutions are stable attractors for nearby solutions. Because
of this property, the field ¢ is driven into the tracker regime
in the phase space with fixed values of w, and the ratio
€4 /&> for a wide range of initial conditions for ¢. To
construct a viable k-essence model, it is important to
choose a Lagrangian p(X, ¢) for which stable tracker
solutions exist within the radiation- and dust-dominated
cosmological eras.

Previous works concerning the dynamics of k-essence
either assumed a specific form of the Lagrangian, for
instance [3]

'We note that the “phantom” values wg < —1 cannot be
reached in this single-field model; see e.g. [5,6]. Phantom
models such as that of Ref. [7] cannot describe the tracking
behavior of k-essence since in these models w, < —1 at all
times.

© 2007 The American Physical Society


http://dx.doi.org/10.1103/PhysRevD.76.083511

JIN U KANG, VITALY VANCHURIN, AND SERGEI WINITZKI

pX, ) =—5- 2

or imposed ad hoc restrictions on the Lagrangian with the
purpose of deriving exact solutions (e.g. [8]). In particular,
it was assumed that wy = const is an exact solution of the
equations of motion. However, the physically necessary
requirement is weaker: namely, one merely needs that w
should approach a constant value asymptotically at late
times. The existence of an exact solution w, = const s not
necessary. With this weaker requirement, a much wider
range of Lagrangians enters the consideration.

In the present paper, we restrict our attention to
Lagrangians of the “factorized”” form (1) but do not im-
pose any further a priori restrictions on the Lagrangians;
neither do we require the existence of analytic exact solu-
tions, or of solutions with wg = const. It is only assumed
that the cosmological scenario is realized with ¢ > 0 and
that ¢ reaches arbitrarily large values. Our results can be
viewed as a comprehensive extension of previous studies
of attractor behavior in k-essence cosmology (e.g. [8—10]).
We determine the class of Lagrangians p(X, ¢) that admit
stable tracking regimes in which wy — const, for a given
value of w,,. The possible asymptotic values of w, and
€4/ & are derived in each case.

The form (1) is sufficiently general to reproduce an
observationally measured cosmological history [11] and
covers many interesting cases, such as k-essence with
purely kinetic term [12] or the ‘“kinetic quintessence”
[1]. Factorized Lagrangians have been the main focus of
attention in the study of k-essence (see e.g. [13—15]). More
generally, Lagrangians of the form

p(X, ) = [Ki($)X" + Kr()X"]", 3)

where n;, n,, ny are constants, can be reduced to the
Lagrangian (1) by a suitable redefinition of the field ¢.
Our analysis will also apply to Lagrangians that have the
asymptotic form p = K(¢)L(X) for ¢ — oo and for which
only the large-¢ regime is cosmologically relevant.
Nonfactorizable Lagrangians, such as those studied in
Refs. [8,16—19], require a separate consideration which
we do not attempt here.

Recently, it was shown that the scenarios of k-essence
cosmology with Lagrangians of the form (2) necessarily
include an epoch when perturbations in the k-essence field
propagate faster than light (the “no-go theorem” [20]). Itis
well-known that superluminal propagation of perturbations
opens the possibility of causality violations, although cau-
sality is actually preserved in many cases. This issue has
been a subject of some debate, see e.g. the discussion in
Refs. [21-28]. One of the motivations for the present work
is to determine whether the “‘no-go theorem,” derived for a
restricted class of k-essence Lagrangians, still holds in
scenarios with more general Lagrangians.
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To answer this question, we performed an exhaustive
analysis of all the possibilities for the existence of stable
tracking solutions in ghost-free k-essence theories with
positive energy density (the complete list of physical re-
strictions is given in Sec. II). We considered the cosmo-
logical evolution of a scalar k-essence field ¢ coupled
through gravity to a matter component having a fixed
equation of state parameter w,,. In this context, we enum-
erated all Lagrangians of the form (1) that admit attractor
solutions with w, — const and &4 /&of — const at late
times (Sec. VA). Since our task is to determine the entire
class of theories admitting a certain asymptotic behavior,
numerical calculations could not be used. The analytic
method used for the asymptotic analysis of the dynamical
evolution is outlined at the beginning of Appendix A,
where all the calculations are presented in detail. This
method is similar to that developed in Ref. [29] for the
analysis of attractors in models of k-inflation.

Armed with the complete enumeration of stable track-
ers, we then selected the Lagrangians capable of providing
a subdominant tracker solution during the radiation era and
an asymptotically dominant tracker solution during the
dust era. We show that the only appropriate class of
Lagrangians consists of functions p(X, ¢) of the form

1 + Ko(¢)
¢2
Since the dynamical evolution drives ¢ towards very large
values, these Lagrangians are practically indistinguishable
from the Lagrangians of the form (2). Then one can prove,
similarly to Ref. [20], that the cosmological evolution
necessarily includes an epoch where perturbations of the
k-essence field ¢ propagate with a superluminal speed.
Thus, we prove the ““no-go theorem”” starting from a much

wider initial class of k-essence Lagrangians.

In Sec. III we discuss the implications of superluminal
signal propagation for causality. The cosmological sce-
nario of k-essence does not exhibit any causality violations
at the classical level, despite the presence of superluminal
signals. Preservation of causality in a general configuration
of k-essence field can be viewed as a potential problem, on
the same footing as the chronology protection problem in
general relativity [30].

pX, ¢) = L(X), ;RKO(@ =0 @

I1I. PHYSICAL RESTRICTIONS ON LAGRANGIANS
AND SOLUTIONS

In this section we consider some physically necessary
restrictions on the possible Lagrangians p(X, ¢) and solu-
tions ¢ (z).

The main physical context for k-essence scenarios is the
evolution of the k-essence field on the background of a
matter component with a fixed equation of state parameter
w,,. The energy density of k-essence is not necessarily
dominant during this evolution. Since k-essence scenarios
are proposed as an explanation of the dark energy, we do
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not consider the case w,, = —1 (during primordial infla-
tion, one must also have w,, > —1 due to the necessity of
the graceful exit). However, we leave open the possibility
that w,, < —1.

An important requirement for a field theory is stability.
A theory for a field ¢ is stable and ghost-free if the energy
density &4 is positive, the speed of sound c; is real (not
imaginary), i.e. ¢ > 0, and the Lagrangian for linear per-
turbations has a hyperbolic signature and a positive sign at
the kinetic term. The speed of sound for perturbations on a
given background is given by [31]

G=2Lr 5)
vp,vv

To obtain the leading terms of the Lagrangian for the
perturbations, one writes a perturbed solution as ¢ =
do(1) + x(t,x) and expands the Lagrangian p(X, ¢) to
second order in y; the Lagrangian p(X, ¢) is assumed to
be an analytic function of X at X = 0. The relevant terms
are those quadratic in the derivatives of y;,

1 1
p(X, ¢) = pxzxuxt + Ep,xxx,,,,)(,yfbb”% +.

1
EEG#VX,;LX,V+---~ (6)
It follows that linear perturbations y propagate in the
effective metric

G = pxg"” + pxx by by - @)

The no-ghost requirement is that the metric G*” should
have the same signature as g*”. Regardless of whether the
4-gradient ¢ is spacelike or timelike, the resulting con-
ditions are [32]

1

Px = Pu >0, Pxt2Xpxx =Pww >0 (8)

In the cosmological context, the field ¢ is a function of
time ¢ only; in standard k-essence scenarios that we are
presently considering, ¢(¢) grows monotonically with ¢.
Hence, ¢" is timelike and the velocity v = ¢ is positive:

d ad 1 d
uz—¢=\/2x>0, — == )
dt
We conclude that a physically reasonable cosmological
solution should satisfy (for v > 0) the conditions

vp, —p>0, Pv=>0, Poww > 0. (10)

It follows that p(v, ¢),— = 0 and that p(v, ¢) is a con-
vex, monotonically growing function of v at fixed ¢ (at
least for values of ¢ and v relevant in a cosmological
scenario). For factorized Lagrangians p(v, ¢) =
K(¢)0O(v), we find that Q(v) must be a convex, monotoni-

1t QB‘O’“ is null, the metric G#” will have the correct signature if
px>0and pxx > 0.
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cally growing function of v with Q(0) =0, and also
Q'(v) > 0 and Q" (v) > 0 for all values of v > 0 that are
relevant in a given cosmological scenario.

Finally, we assume that K(¢) has monotonic behavior at
d) — 00,

III. SUPERLUMINAL SIGNALS AND CAUSALITY

One of the results of this work is a conclusion that every
k-essence scenario based on attractor behavior and a
Lagrangian of the form (1) will include an epoch where
the perturbations of the k-essence field propagate super-
luminally. It is therefore pertinent to discuss the possibility
of causality violations in the presence of superluminal
signals.

We first consider small perturbations ¢y + 6¢ of an
arbitrary background solution ¢¢(x) in a Lorentz-invariant,
nonlinear field theory. To first order, the evolution of ¢ is
described by a linear equation of the form

G* [V, V, 8¢ + B*[$o]V 64 + Clpoldd = 0,
(11

where the coefficients G#”, B#, and C are determined by
the Lagrangian and depend on the background solution ¢,,.
Unless Eq. (11) is hyperbolic (the matrix G*” having
signature + — — — or equivalent), the theory will trivially
violate causality: an initial-value (Cauchy) problem will be
ill-posed in any reference frame, and the evolution of
perturbations will be physically unpredictable. Therefore,
it is necessary to require that G*” have a hyperbolic
signature. Background solutions ¢ that lead to a parabolic
or an elliptic signature of G*” even in a small spacetime
domain must be avoided as pathological. The cosmological
solution ¢(r) used in k-essence scenarios will be well-
behaved if the conditions (10) hold. Below we assume that
G"" has signature + — — — .

Within a sufficiently small spacetime domain, we may
regard G*”, B*, and C as constants. Then it is straightfor-
ward to derive the dispersion relation

G*k,k, + iB*k, + C =0 (12)

for plane wave perturbations §¢(x) = exp[ik,,x*]. In order
to send information (“‘signals” or “sounds’’) by means of a
perturbation 8¢ (x), one needs to create a wave front, that
is, a perturbation with an extremely short wavelength and a
high frequency. Thus, wave fronts propagate along wave
vectors k, determined by the leading term in Eq. (12),

G*"k,k, = 0. (13)

Any wave packet consisting of a superposition of plane
waves will propagate behind the wave front. Therefore, a
4-vector u* of signal velocity must lie within the sound
cone,

G*"u,u, > 0. (14)
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Since the ‘““sound metric”” G*” is determined by the local
behavior of the background solution ¢(x), the sound cone
may have an arbitrary relationship with the light cone
g""u,u, = 0 determined by the spacetime metric g~”.
Thus, in some theories the sound signal worldlines may
be timelike, null, or even spacelike depending on the
spatial direction of their propagation.

The speed of sound waves is therefore direction-
dependent. The background tensor G#” determines (a class
of) preferred reference frames where G*” is diagonal.
Propagation of sound is most conveniently described in
terms of sound speeds in different directions in a preferred
frame. In this sense, one may say that a dynamical Lorentz
violation takes place for sound waves, although the full
theory (that includes the tensor G#” as a dynamical quan-
tity) of course remains Lorentz invariant.

In the context of k-essence cosmology, the sound metric
G*¥ is given by Eq. (7). Preferred frames are those where
the ¢ axis coincides with the cosmological time. So in the
preferred frames ¢y = ¢ (¢) is a function of time only, and
the dispersion relation is

w? = c2k|?, 5)

where k is the 3-dimensional wave vector and ¢, is the
(direction-independent) speed of sound defined by Eq. (5).
In this paper we show that the considerations of the “no-go
theorem’ [20] hold for those Lagrangians of the form (1)
that admit scenarios of tracking k-essence. By virtue of this
theorem, there exists an epoch with ¢2 > 1. During this
epoch (which may be quite short [20]), it is possible to send
signals along spacelike worldlines.

If spacelike sound signals propagated in arbitrary space-
time directions, one could easily create closed worldlines
made of signals, called “closed signal curves” (CSCs) in
Ref. [28]. This would open a Pandora’s box of classical
time travel paradoxes, also violating the unitarity of quan-
tum theory (see e.g. [33—36]). However, the allowed sound
signal directions are only those within the sound cone (14).
This limitation precludes the possibility of constructing
CSCs within a small domain where G*” = const. This
can be shown as follows. Diagonalizing the tensor G*”
within that domain, one finds a preferred reference frame
{t, x, y, z} where sound signals (whether spacelike, null, or
timelike) always propagate in the positive direction along
the ¢ axis. Signals sent by conventional means also propa-
gate in the positive ¢ direction. Since the local coordinates
{t, x, y, z} are valid within the entire domain where G*” =
const, no CSCs are possible within that domain.

It is straightforward to see that no causality violations
through CSCs can occur in k-essence cosmology. Since
do >0 at all times, the 4-vector V nPo 1s everywhere
timelike and selects a global preferred reference frame.
(Even if ¢y = 0 momentarily, the preferred frame is still
selected by continuity.) In this reference frame, the sound
waves propagate in the direction of increasing coordinate .
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Hence, there exists a global foliation of the entire space-
time by spacelike hypersurfaces of equal ¢. Any sound
signals (whether spacelike, null, or timelike), as well as
any signals sent by conventional means, will traverse these
hypersurfaces in the direction of increasing ¢. It follows
that CSCs cannot occur, either locally or globally.

Similar conclusions were reached in models of inflation
having ¢2 > 1 [37] as well as in situations involving a
k-essence field on a black hole background [23,26]. By
itself, a superluminal speed of sound does not automati-
cally lead to CSCs or causality violations.

In certain field theories, one can construct backgrounds
@ (x) where CSCs are possible; a notable example is given
in Ref. [22]. However, such backgrounds are artificial in
the sense that they require an ad hoc configuration of the
field ¢p¢(x). It remains to be seen whether such causality-
violating backgrounds can occur as a result of the dynami-
cal evolution of the field ¢(x) in a cosmological context.

The problem of causality violation by CSCs is similar to
the problem of closed timelike curves (CTCs) occurring in
general relativity [30]. It is difficult to find a metric g,,,
that is initially well-behaved but admits CTCs as a result of
dynamical evolution (one such example is given in
Ref. [38]). Hawking’s ‘““‘chronology protection conjecture’’
states that such spacetimes containing CTCs will be always
unstable due to quantum effects; but it remains an open
conjecture [30]. Similar considerations apply to CSCs
occurring in nonlinear field theories. It is possible that
CSCs will always lead to quantum instabilities due to a
similar “‘chronology protection’” mechanism. Further work
is needed to resolve this intriguing question.

IV. EQUATIONS OF MOTION

We begin by writing the well-known evolution equations
for k-essence cosmology in a convenient set of variables.
The equations in this section will be used at various points
in the following analysis.

We consider a spatially flat Friedmann-Robertson-
Walker universe with the metric

gudxtdx’ = df* — a()[dx* + dy* + dz?],  (16)

where a(r) is the scale factor. In the epoch of interest, the
universe contains the dynamical k-essence field ¢(7) and a
matter component with energy density €,, and pressure p,,,.
The matter component can be approximately treated as
nondynamical in the sense that its equation of state is fixed,

w, = Pm _ const. (17)
8m

The energy-momentum tensor of the field ¢ is that of a
perfect fluid with pressure p(X, ¢) and energy density

ey =2Xpx — P (18)

Here and below we denote partial derivatives by a comma,
so px = dp/dX. We introduce the velocity v = ¢ as
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shown by Eq. (9). Note that the Lagrangian p(X, ¢) is an
analytic function of X and thus an analytic function of v2.

The equation of state parameter for k-essence, wg, is
defined by

_rX.¢)_  p
e =" e— (19)

A factorizable Lagrangian (1) is expressed as a function of
v and ¢ as follows:

pX, ¢) = K(¢)0(v),  Q(v) = L(X). (20)
For a Lagrangian of this form, w, is a function of v only,

0
=—, 21
wy(v) w0 =0 (21)
since the energy density factorizes,

gy = K(p)E,(v), Eo(v) =v0'(v) — Ov). (22)

We assume that the functions K and Q in Eq. (20) are
chosen such that K(¢) > 0.

The cosmological evolution is described by the equa-
tions of motion for ¢(¢), &,,(¢), and a(z),

87G
=H=rfeg + o K % (23)

E(p,v(vr d))) = d)p,vv + ¢p,¢v = _3Hp,v + p,d)’ (24)

Q|

&, = —3H(8m + pm) = _3H(1 + Wm)sm' (25)

The equation of motion for the field ¢ can be also rewritten
as a conservation law,

&g = "3H(ey + p(X, ¢)) = =3H(1 + wy)ey. (26)

The total energy density &, = &4 + g, satisfies the equa-
tion

€
€0t = _3H8tot[(1 + wy,) + 8—¢(W¢ - Wm):|' 27
tot
Since the equations of motion (23)—(25) do not depend
explicitly on time, and since ¢(¢) is monotonic in ¢, we
may use the value of ¢ as the time variable instead of .

Then we obtain a closed system of two first-order equa-
tions for v(¢) and &,,(¢),

dv(p) _  VPugp —Pg T 3KPuEw T VP, — P

d¢ Up

(28)

de, _ 3k(l1+w,)s,

do v

VeEm T vp, — D (29)

We will make extensive use of the auxiliary quantity R
defined by
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&
R=—"—, 30
8¢,+8m ( )

Since energy densities €4 and g, are always positive, the
ratio R always remains between 0 and 1. The equation of

motion for R(¢) is straightforwardly derived from
Egs. (25) and (26) and can be written as

dR 3H
i R = R)(w,, —wy(v, ). (31)

We may reformulate the equations of motion (28) and (29)
as a closed system of equations involving only the varia-
bles v(¢) and R(¢). Since

€6 _UDP, P

+ = , 32
fo T EmTTRT 1R (32)
we obtain
dv 1 vp, — P
—_— = — — + =z -
d¢ UPp vy |:Up,v¢ p,d) 3Kp,v I-R i|,
(33)
dR 3k p
— = ——RV1 —R/up, — p(wm - —)
d¢ v ’ Up, — P

(34)

For Lagrangians of the form (20), these equations are
rewritten as

dv (InK) 4v K($)é,(v)
do C%(U)[l Twew) T\ 1-R } (33)
2’(’; — —37KR\/1 = RYK ()84 (0) 00 — wy(). (36)

Here £,(v), c2(v), and wg(v) are understood as fixed
functions of v,

g4(v) =v0 -0, c;(v) = UQQ//’
37
_ oW e
W¢(U) = m,

determined by the given Lagrangian p(v, ¢) = Q(v)K(¢).
These functions satisfy the following equations,

d . L+ wy(v) |
d—US¢(U) = W&b(l’)y (33)
Ay () = L) [1 - “c’;’((v“))} (39)
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V. VIABLE LAGRANGIANS FOR TRACKING
SOLUTIONS

The detailed analysis of asymptotically stable solutions
is given in Appendix A. Each asymptotically stable solu-
tion is characterized by the asymptotic values of v = ¢
and R = &,/ &y, considered as functions of ¢:

W, R G

(40)

As a summary of the results, we list all of the possibilities,
together with the requirements on the Lagrangian p =
K(¢)QO(v) and the allowed values of vy, Ry, w,,, and
wg(vg). (Note that the function K(¢) can be always multi-
plied by a constant, to be absorbed in Q(v).) The require-
ments listed are necessary and sufficient conditions for the
asymptotic stability of tracker solutions. The applicability
of these tracker scenarios to k-essence cosmology is ana-
lyzed in subsections VB, VC, and VD.

A. Tracker solutions

Case 1 The function K(¢) is of the form
1 + Ko(¢)

¢
The value vy is determined from w4 (vy) = w,,, and then
R, is given by

K(¢) = (}i_l}goKo(d)) = 0. (41)

_ 9x2Q'(vy)*

Ry=1 .
0 48 4(v)

(42)

This value of Ry must satisfy 0 < Ry < 1 (the possibility
Ry = 0 is equivalent to case 2. The conditions

Vo # |0, C?(Uo) #* O, |Wm| < 1,
43)
w,, < c2(vy), Ey(vg) #0
must hold.
Case 2 The function K(¢) is of the form
1+ K
K($) = TSW Jim Ko(¢) =0. (44)

The value v is determined from

T~ N _ 2v,
3k s¢(v0) = m (45)

and must satisfy vy # 0. The following conditions must
hold:

wy(vg) < wy, [we(vo)l <1, ci(vg) # 0. (46)

The tracker solution has R, = 0O (k-essence dominates at
late times).
Case 3 The function K(¢) is of the form

PHYSICAL REVIEW D 76, 083511 (2007)

Ko(¢) . InKy(@) _
¢ " d—= Ing

i.e. the function K either tends to a constant, or grows or

decays slower than any power of ¢ at ¢ — oo. This

condition determines the value of «. This value of «
must satisfy

K(¢) =

0, 47

2<a<1+1+wm. (48)
The interval for « is nonempty if
[w,,| <1. (49)
The value of a determines v, by
1+ wy(v
o= 21+7‘$V(m°). (50)
The resulting value of vy must satisfy the conditions
vy # 0, c(vg) > wy(vg) > w,,
2(vy) # 0, &4(vg) # 0. D

The tracker solution has Ry, = 1 (k-essence is negligible).
Case 4 The function K(¢) is of the form

Ko(9)

K(¢) = el (52)
where the function K, must satisfy
. . InKy(¢)
lim K, =0, lim = (), 53
Jm, o(¢) P (53)

i.e. Ko(¢) decays slower than any power of ¢ at ¢ — oo,
The value of v is determined from the conditions

we(vg) = Wy, Iw,,| <1. (54)
The following conditions must then hold:
Vo * 0,

§¢(U0) 7& O,

C%(UO) > Wins

c2(vy) # 0. (53)

The tracker solution has Ry, = 1 (k-essence is negligible).
Case 5 The function K(¢) decays slower than ¢~ ¢ (or
grows), where

2
= -1 < < 0.
a T+w, 1<w, <0 (56)
More precisely,
Ko(¢) ,
ko) =02 ln k(@) = 5)

The value of vy is determined as a root of Q(vy) = 0 and
Q'(vy) = 0, i.e. we must have a Taylor expansion near v =
v, of the form
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n=2

0w) =2 (v~ wy), 0,>0. (s8)
nv
Then the tracker solution has Ry = 1 (k-essence is negli-
gible) and w4 (vy) = 0. The value of v must be above v at
all times (or else ¢ < 0).
Case 6 The function Q(v) has an expansion at v = 0 of

the form
o) =

This determines the value of n. The function K(¢) decays
slower than ¢~ % (or grows), where

2n

0,v" + o(v"), 0,>0, n>2. (59

=0 W) (60)
More precisely,
K
k@) = 5P k@) = w6
¢ P—0
The condition
-3
e, < (62)
n—1 n—1

must hold. Then the tracker solution has Ry = 1 (k- essence
is negligible), vy = 0, w4 (vp) = -1, and ¢2(vp) = -1;.
Case 7 The function K(¢) has the form

Ko(¢)
K(¢) ==, (63)
¢
where the function K;(¢) is such that
1
hm KO(¢) > 20 or dl)im Ko(¢p) = 0.  (64)
The function Q(v) has an expansion at v = 0 of the form
0(v) = Qv* + o(v?), 0, >0. (65)
We must have w,, > 1. The tracker solution has Ry = 0
(k-essence  dominates), vy =0, and wy(vy) =
C?(Uo) = 1.

Case 8 The function K(¢) decays slower than ¢ 2 or
grows,

_ Ko(¢)
=
The value of v, is determined from Q'(vy) = 0, O(vy) <
0. More precisely, we have an expansion near v = vy,

Q) = Qp + Or(v — )", 0o <0,

K(¢) lim Ko(¢) = 0. (66)

n=2.
(67)

We must have vy # 0 and w,, > —1. The tracker solution
has Ry = 0 (k-essence dominates) and wd,(vo) = —1.The
value of v must be above v at all times (or else ¢ < 0).

Case 9 The function K(¢) decays slower than ¢ 2 or
grows,
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_ Ko(¢)
=
The value of v, is determined from Q'(vy) = 0, Q(vy) =
0. More precisely, we have an expansion near v = vy,

O(v) = 04(v — vy)", (69)

We must have w,, > 0 and vy # 0. The tracker solution
has Ry = 0 (k-essence dominates) and w,(vy) = 0. The
value of v must be above vy at all times (or else c2 < 0).

Case 10 The function K(¢) decays slower than ¢ 2 or
grows,

K(¢)

q}iln Ko(p) = oo. (68)

n=2.

_ Ko(¢)
= i
The function Q(v) must have an expansion near v = 0 of
the form

K(¢)

lim K(¢) = 0. (70)

Q) = =0y + 01", Qo >0, n=2 (71
We must have w,, > —1. The tracker solution has Ry, = 0
(k-essence dominates), vy = 0, and w¢(v0) = —1.

Case 11 The function K(¢) decays slower than ¢ 2 or
grows,

Ko(¢)
¢*

The function Q(v) must have an expansion near v = 0 of
the form

K(¢) = lim Ko(¢) = 0. (72)

O(v) = Q,v" + o(v"), 0, >0, n>2(73)
This determines the value of n. The condition
1
w,, > (74)
n—1

must hold. The tracker solution has Ry, = 0 (k-essence

dominates), vq = 0, and W¢(v0) =c2= n_il

Case 12 The function Q(v) must have an expansion
near v = ( of the form

O(v) = Q1v" + Qu"*P,

(75)
0, >0, n>?2, p=>0.

This determines the values of n and p. The function K(¢)
must be of the form

Ko(9)
¢*

K(¢) = (76)

where Ky(@) must satisfy

=do o
¢

(The function Ko(¢) grows slower than (Ing)"~2/7) We
must have w,, = %1 The tracker solution has Ry, =0

(k-essence dominates), vy = 0, and w,(vy) = 7 = L5.

lim Ko() = oo, SmTD gy = 0. (77)
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B. Radiation-dominated era
We now select Lagrangians that admit tracker solutions
during radiation domination, w,, = % In order not to vio-
late the nucleosynthesis bound, the energy density of

k-essence must be subdominant throughout the radiation
era [3],

Ry = 0.99. (78)

Admissible trackers may have a value R, within the range
0.99 = Ry <1, or Ry = 1. A solution with 0 < Ry < 1 is
only possible with Lagrangians given by case 1,

1+ Ko(¢)
o>
We denote by v, the asymptotic value of v during the

radiation era. Possible values of v, are determined from
wy(v,) =1, and v, must satisfy

K(¢) = ;ijgoKo(cﬁ) = 0. (79)

1
2(v,) > 3 Ey(v,) # 0, v, # 0. (80)

The corresponding value of R, must respect the bound
(78),

B 9K2Q12

RO =1 =
48¢ v=v,

= 0.99. (81)

Solutions with Ry =1 and w,, =% are possible in

cases 3, 4, and 6. The first set of solutions is given by

Ko(¢h) im InKy (o) _
¢ " o—x Ing

where 2 < a <3. Admissible functions Ky(¢p) decay or
grow slower than any power of ¢, e.g. Ko(¢) = (Ing)B.
Admissible values of v, are determined from the condi-
tions

K(¢) =

0, (82)

2
wy(v,) = ?“ —1,  &4)#0, v, #0. (83)
The second set of Lagrangians is
K
K(¢) = O(f’), lim Ko(¢p) = 0,
¢ $—oo
InKy() &
im nKo(é =0
p—oo  Ing

The possible values of v, are determined from wy(v,) =
%, and the following conditions must be also satisfied:

1
2 >
ci(v,) 3

The third set of admissible Lagrangians is described by
case 6 with n = 3, namely,

Ey(v,) # 0, v, # 0. (85)
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lim Ko() =0, (86)

O0(v) = 01V’ + o(v?),

In this case, v, = 0. The solution of case 6 with n =4

cannot be used since the condition (62) cannot be satisfied

with w,, = %

0, >0. (87)

C. Dust-dominated era

We now select the tracker solutions that exist for
w,, = 0. In order to describe the late-time domination of
k-essence, we must look for solutions with wg < — % and
Ry = 0. The possible trackers are cases 2, 8, and 10.

In case 2, the Lagrangian must satisfy

1 + Ko(¢)

o>
We denote by v, the asymptotic value of v during the dust
era. The admissible values of v; # 0 are determined from

M~ _ 2vy
3k 8¢(Ud) = W (89)

In addition, the following conditions must be satisfied:

K(¢) = d}i_l}goKo(@ = 0. (88)

—1<wy(vy) <0,  2vy) # 0. (90)

The second set of Lagrangians is for cases 8 and 10,
Ko(¢)
¢2

This condition for K(¢) is satisfied, for example, by
K(¢) « ¢* with @ > —2. The value v, must be such that

Q(vy) <0, 0'(vg) =0, 92)

while we may have either v, # 0 or v, = 0.

K(¢) =

o ImKy@) = O

D. Viable scenarios

Having listed all the Lagrangians that admit desired
solutions in the radiation- and dust-dominated eras, it
remains to determine the overlap between these classes
of Lagrangians. By comparing the requirements on the
functions K(¢) and Q(v), we find only two possibilities
for trackers in the radiation/dust era: case 1/case 2 and
case 6/case 8.

The first set of Lagrangians (case 1/case 2) is

1+ Ko(¢)

o>
In the radiation era, the asymptotic value of v is given by
v, # 0 such that

1
3’

K(¢) = ;EEOKO(QS) = 0. (93)

W¢(vr) = C%(U,) > %r é(ﬁ(vr) i 0’ (94)
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and the dust attractor is given by v; # 0 such that Egs. (89)
and (90) hold. These Lagrangians describe the well-known
scenario [2] where the k-essence tracks radiation during the
radiation era and eventually starts to dominate in the dust
era. The function Q(v) must be chosen to satisfy the
conditions of cases 1 and 2. Additionally, one must exclude
the possibility of a dust tracker (case 1, w,, = 0) by adjust-
ing Q(v) such that the conditions of case 1 are not satisfied
for wy(vo) = w,, = 0 [3].

The second set of Lagrangians is described by case 6/
case 8. The function K(¢) is of the form

Ko(¢)
¢*

The function Q(v) must be such that

K(¢) =

Jim Ko() = oo.

O(w) =0V’ +o(v’), Q>0 (95)
Then the asymptotic values of v are v, = 0 in the radiation
era (where wy =~ %) and v; # 0 in the dust era (where
wy =~ —1). The value v, must be a root of Q'(v) such that
0w) <0, Qv =0 (96)
This scenario, however, has a fatal flaw. The attractor of
case 8 requires that v > v, at all times, while the attractor
of case 6 is realized at very small v = 0. Therefore, a
transition from the first attractor to the second will neces-
sarily involve values of v < wv, for which the theory is
unstable since c2(v) < 0. Hence, this scenario must be
discarded.
Thus we conclude that successful models of k-essence
are produced only by Lagrangians described by Eq. (93)
under the conditions of case 1 and case 2.

E. The existence of a superluminal epoch

We have shown that the only viable k-essence scenario is
described by case 1/case 2 of Sec. VA. Now we demon-
strate that in these scenarios c?(v*) > 1 for some value v,
that is reached during the dust-dominated epoch. The argu-
ment is similar to that in Ref. [20].

Since Q(v,) > 0 and Q(v,) < 0, while Q(v) is a mono-
tonically growing function of v, we must have v; < v,. In
both scenarios of case 1 and case 2, the asymptotic fraction
of the energy density R is equal to a certain function F of
Vo,

9K2 Q12

Ry=F =1—-— .
0 (vo) 4 00 — 0 |y,

o7

In case 2, F(vy) = 0 due to Eq. (45); therefore, we may
describe both cases 1 and 2 by a single function F(vy). We
note that &,(v) = vQ'(v) — Q(v) is a monotonically
growing function of v because
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isi‘qg(v) =v0Q"(v) >0 forv>0. (98)
dv

Since &,(v) > 0 for every relevant value of v, it follows
that F(v) is a continuous function for these v. For a
successful model of k-essence, the radiation tracker must
have F(v,) = 0.99 and the dust tracker must have F(v;) =
0. During the evolution from the first tracker to the second,
the value of v must traverse the interval [v,, v,]. The
condition F(v,) < F(v,) implies (due to the continuity of
F) that there exists a value v; € [v,, v,] such that F'(v,) is
positive:

Fl(v) = — >0.  (99)

v=uv,

9K2Q/QII LQI B Q
200’ - Q)z[ 2 }
Since Q' >0,0">0,and é, = vQ' — Q> Oforallv €
[vy v,], we can simplify this condition to

!/
Y 0l <0, (100)

or equivalently to

Q

we(vy) = ——— >1.

UQ/ - Q v=v, (101)

The equation of state parameter w,(v) is a continuous
function of v that satisfies

0=wy(vy) <1 <wy(vy). (102)
Hence, there exists a value v, € [v, v,] such that
we(v.) > 1 and wﬁﬁ(v*) > 0.

Finally, we show that c2(v,) > 1 follows from the con-
ditions wy(v.) > 1 and w’(b(v*) >0. According to
Eq. (39), we have

(14 wy)(c2 —wy)
why(v) = ¢vc2 ¢ . >0.

(103)

Therefore

cHvy) > wy(v,) > 1 (104)
Since ¢2(v) is a continuous function, this demonstrates the
existence of an interval of values of v within [v,, v,] where
c2(v) > 1. This superluminal epoch occurs during the dust-
dominated era.
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APPENDIX A: ASYMPTOTICALLY STABLE
SOLUTIONS

The standard analysis of the k-essence trackers (e.g. [3])
involves several simplifying but restrictive assumptions
concerning the behavior of the solutions. A wider range
of k-essence models will be obtained if some of these
assumptions are lifted. Let us therefore characterize the
desired features of the cosmological evolution of k-essence
in a general manner.

Scenarios of k-essence are based on the assumption that
the field ¢ has an almost constant equation of state pa-
rameter (w,) during a cosmologically long epoch while
another matter component dominates the energy density of
the universe. Eventually, the k-essence itself becomes
dominant and plays the role of “dark energy,” again with
an approximately constant wg. It is important that the
solution curves serve as attractors for all neighbor solu-
tions. In that case, the value of w at late times is essen-
tially independent of the initial conditions.

When the radiation-dominated epoch gives way to the
epoch of dust domination, the behavior of k-essence will
change in a model-dependent way. However, it is techni-
cally convenient to study the behavior of k-essence under
the assumption that the dominant matter component has a
fixed equation of state for all time. Then the existence of
tracker solutions will be found by studying the asymptotic
behavior of the solutions at r — oo (equivalently, at ¢ —
o0). This is the approach taken in this paper.

The evolution of k-essence together with a single matter
component is described by the equations of motion (EOM)
shown above as Eqgs. (28) and (29) in terms of the variables
{v(¢), &,,(d)}. We call a solution {v(¢), &,,(¢)} asymp-
totically stable if w ,(¢) tends to a constant at ¢p — oo and
if all neighbor solutions (at least within a finite domain of
attraction) also approach the same value of wg. In this
section, we restrict our attention to asymptotically stable
solutions with one matter component. Since reasonable
values of w, are within the interval [—1, 1], it is justifiable
to ignore solutions where w tends to infinity at late times.
In principle, one could also have solutions where w ,(¢)
oscillates without reaching any limit as ¢ — oo, but such
solutions are of little physical interest since the value of w
at the end of a given cosmological epoch will then be
largely unpredictable. Since in the models under consid-
eration w,, is a function of v only, solutions v(¢) that
oscillate without reaching any limit are also excluded.
Applicability of the effective field theory requires that
the derivatives of ¢ remain bounded; thus v = ¢ cannot
diverge to infinity as ¢ — oo and must also tend to a
constant value, v(¢) — vy < o,

There may also exist solutions with initially negligible
but growing ratio € 4/&,,. Such solutions may have a stable
behavior with an almost constant w for a finite (but very
long) time, until the energy density of k-essence starts to

PHYSICAL REVIEW D 76, 083511 (2007)

dominate. We do not consider such “transient attractors’
in the present paper.

Our main task is to deduce the possible k-essence
Lagrangians p(X, ¢) that admit physically meaningful
asymptotically stable solutions. We consider only
Lagrangians that have a factorized form (20).> We assume
that the matter component has a constant equation of state
parameter w,, such that w,, # —1.

It will be convenient to use also the auxiliary variable
R(¢) satisfying the EOM (36). Since the values of R are
limited to the interval [0, 1], any asymptotically stable
solution will necessarily approach a constant value,
R(¢) — R, as ¢ — 0. The possible values of Ry and v,
are yet to be determined; the cases when R, or v, assume
critical values (Ry =0, Ry = 1, vy = 0) will need to be
treated separately.

The general method of analysis is the following. We
have a system of nonlinear EOM parametrized by a pair of
functions K(¢), Q(v); the general solution of the EOM is
not available in closed form. Our purpose is to determine
the functions K(¢), Q(v) for which a solution of the EOM
exists with the asymptotic stability property. We first as-
sume the existence of an asymptotically stable solution
{v(¢), £,,(#)} and derive the necessary conditions on the
functions K(¢) and Q(v) that admit such solutions (per-
haps in more convenient variables, such as {v(¢), R($)}).
At this step, there will be many cases corresponding to
different asymptotic behavior of v(¢) and R(¢). For in-
stance, v(¢) may tend either to a nonzero constant or to
zero, etc. In each case, we then obtain the general solution
of the EOM (with two integration constants) near the
assumed stable solution (e.g. v(¢) = vy — A(¢), with
A(¢) very small). At this point, it is possible to make
simplifying assumptions because we only consider the
solutions in the asymptotic limit ¢ — oo and infinitesi-
mally close to an assumed trajectory. We then investigate
whether the general solution is attracted to the assumed
stable solution. In this way, we either obtain sufficient
conditions for the existence of a stable solution of an
assumed type, or conclude that no stable solution exists
in a given case. After enumerating all the cases, we will
thus obtain necessary and sufficient conditions on K(¢)
and Q(v) for every possible type of stable tracking
behavior.

Let us begin by drawing some general consequences
about the asymptotic behavior of stable solutions at ¢ —
oo, Rewriting Eq. (29) as

den'2(¢) _ 3x(1+wy)
d¢ 20(¢)JR(P)

*Since the analysis uses only the properties of the Lagrangian
in the asymptotic limit ¢ — oo, our results will apply to more
general Lagrangians that have the form p = K(¢)L(X) asymp-
totically at large ¢ and fixed X.
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and noting that the right-hand side of Eq. (A1) is bounded
away from zero, we conclude that &,,(¢) decays either as

¢~ 2 or faster at ¢ — oo, depending on whether v(¢) X

R(¢) tends to zero at large ¢. In the following subsec-
tions, we consider all the possible cases.

Based on the motivation for introducing k-essence, we
have assumed that w,, # —1. According to Eq. (A1), for
w,, < —1 (phantom matter) the energy density g,, will
satisfy the differential inequality

d -12 _ _3K|1 + Wml
dr" 2JR(@)
where C, is a positive constant. Thus, ¢,,(f) will reach
infinity in finite time regardless of the behavior of R(¢)
and v(¢). However, this time can be quite long and the
phantom behavior might be only a temporary phenomenon.
Therefore, we will use the property w,, # —1 but avoid
assuming that w,, > —1.
In the analysis below, we will also use the following
elementary facts:
(a) If a function F(¢) monotonically goes to a constant
at ¢ — oo, then F'(¢) decays faster than ¢~ !. This
is easily established using the identity

< —=Cy, (A2)

FO) ~ lim F($) = ~ [" P(@)dg <. (a3

which means that F'(¢) is integrable at ¢ — oo,
Hence, F'(¢) decays faster than ¢! at ¢ — oo.

(b) If a function F(¢) is monotonic, then F'(¢) — 0 if
and only if

F
lim ﬂ = 0. (A4)
$p—o P
This statement follows from the 1’Hopital’s rule in
case F(¢)— oo, and is trivial in case F(¢) has a

finite limit at ¢ — oo.

1. Energy density £,, ~ ¢ 2 and R, # 1, main case

According to Eq. (Al), the asymptotic behavior g, «

¢ 2 is possible only if v(¢)/R(¢) stays bounded away
from zero as ¢p — 0, in other words if vy # 0 and Ry # 0.

We also assume R, # 1, meaning that the energy density
of k-essence tracks the matter component; thus &4 (¢) =

¢~ % as well. It follows that H(¢) = /e 4(¢p) < ¢!, and
then Eq. (31) yields

dR(®) W = wy(9)
dé 2

Since R(¢) — const, the derivative dR/d¢ must decay
faster than ¢! as ¢p — co. Hence wy(¢p) = w,, as ¢ —
oo, This is the standard tracker behavior: the equation of
state parameters of k-essence and matter become almost
equal at late times.

(A5)
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By assumption, at large ¢ the Lagrangian is factorized,
p = K(¢)Q(v), and then we have

Q(Uo)
vo0'(vy) — O(vy)’

This algebraic equation determines the possible values of
v, for a given w,. (Tracker solutions of this type are
impossible if this equation has no roots.) The property
g4(¢p) o« ¢~ % becomes

W = W([)(UO) = (A6)

ep(d) = K(p)(vQ' — Q) = ¢ 2 (AT)
Generically one expects
& 4(vg) = vyQ'(vg) — Qvy) # 0, (A3)

and we temporarily make this additional assumption. Then
we obtain

K(¢) = ¢™?

This is somewhat more general than the function K(¢) =
const - ¢ 2 usually considered in k-essence models.

We may consider Lagrangians p = K(¢)Q(v) with the
function K(¢) of the form

1+ Ko(¢)
>
Let us now derive a sharp condition for the existence of an

asymptotically stable solution {v(¢), R(¢)} in this case.
We use the ansatz

v(d) = vy — A(9), R(¢) = Ry — B(¢),

where by assumption the unknown functions A(¢), B(¢)
tend to zero at ¢ — oo. After deriving and solving the
equations for A(¢) and B(¢), we will need to verify this
assumption.

Since the left-hand side of Eq. (35) is —A/, it tends to
zero faster than ¢~ !. On the other hand, assuming that
c2(vg) # 0, we find that the right-hand side of Eq. (35)
contains leading terms of order ¢!, such as (InK) 4 and

as ¢ — oo, (A9)

K(¢) = (;i_rgoKo(@ =0.  (AlO)

(A11)

VK. Hence, these terms must cancel, which entails

Ep(vg) AT

_ 2U0 _ 2§¢,(‘U0)
1- RO 1+ W¢(‘U0) 1+ Wi

0'(vg)
(A12)

Since v is determined from Eq. (A6), this condition fixes
the value of Ry,

_ 9_K2 0"”(vo)
4 UOQ/(UO) - Q(Uo)'

The requirement that the values of Ry be between 0 and 1
further restricts the possible functions Q(v). Using
Eq. (A12), the condition Ry > 0 can be expressed equiv-
alently as

R():]

(A13)
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w m

Q(Uo) Ox 53 om-

(Al4)

No tracker solution is possible if this condition is violated.

The equations for A(¢) and B(¢) are now found by
linearizing the Eqgs. (35) and (36). For brevity, we rewrite
these equations as

dv dlnK 1+ Ky(p)
ding M)~ & As(v ),/*R, (ALS)

dR
dIng

where the auxiliary functions A, , A,, A5 are defined by

= —A3(v, R)y/1 + Ko(¢p)(w,, — wy(v)), (A16)

A &y
A = = , Al7
(@) 1 +wyu(v) vQ"(v) (AI7)
A, (v) = 3kci(v) &4(v), (A18)
A;(v,R) = R\/l — Ry/&,(v) = 2( ) AQ(v)
(A19)
Note that Eq. (A12) is equivalent to

Substituting the ansatz (A11) into Egs. (A15) and (A16),
using the identity (A20), and keeping only the leading
linear terms, we find

dA _ Ai(vy)B

dind = (K| + Ko) A (vy) — apA =Ry (A21)
dB
ding As(vo, Ro)wy (vo)A, (A22)
where we defined the auxiliary constant « by
A (vg) 1—w
=== —2A/ = =, A2
aO m I(UO) 1+ Wm ( 3)

For the moment, we assume additionally that

o= (LY (1o )1
Wd’(vo)_(le_Q)v—vo (1 C?(vo)> w 0
(A24)

Differentiating Eq. (A22) with respect to In¢ and substi-
tuting into Eq. (A21), we find a closed second-order equa-
tion for A(¢),

d&’B . dB
a5 40
d(Ing)? %dlng

where the constant coefficients 3, y, are defined by

dK
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Yo = A1 (vo) Az (vo, Ro)wy (vo)

_ 6w — W

T+ w w2 Ro(1 — Ry), (A26)
2
_ Yo Cy (UO) “Wm_
= =2 Ry. A27
:80 1 — R() 1+ w,, Winlto ( )

The general solution of Eq. (A25) is the sum of an
inhomogeneous solution and the general solution of the
homogeneous equation. Homogeneous solutions are stable
if both roots A, of the characteristic equation

A+ agh+ By =0 (A28)
have negative real parts,
Re (A;) <0, Re(A,) <O. (A29)
This will be the case if
ay >0, Bo >0, (A30)
which is equivalent to the conditions
[w,,| <1, c2(vg) > w,,. (A31)

An inhomogeneous solution of Eq. (A25) can be expressed
as

B(¢) = Bi(¢)p™ + Byr(d)d™, (A32)

Bi(¢) = 2 “UGKG + Kodd,  (A33)

B,(¢) =

f ’ ¢ UK + Ko)dp.  (A34)
A=A

Since the function Ky(¢) tends to zero at ¢ — oo by
assumption, the inhomogeneous solution also tends to
zero at ¢ — oo as long as the condition (A29) holds.
This is straightforward to show by assuming an upper
bound

oK) + Kol <M forall ¢ > ¢y, (A35)

where ¢, can be chosen for any M > 0. Then the inho-
mogeneous solution B(¢) is bounded for ¢ > ¢, by

|B(¢)| < const - M + const - ¢ + const - p*2, (A36)

which means that B(¢) — 0 at ¢p — o0,

Under the same assumptions, the function A(¢) will
have the same behavior at ¢ — co. We conclude that
asymptotically stable solutions {v(¢), R(¢)} approaching
{vo, Ry} exist under the assumption c2(vy) # 0 and the
further conditions (A6), (A8), (A12), (A24), and (A31).*
These conditions are similar to those derived in Ref. [3]
under a more restrictive assumption K(¢) = const - ¢ 2.

“This is case 1 in Sec. VA.
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Let us now investigate whether these assumptions can be
relaxed further.

2. Energy density £,, < ¢ 2 and R, # 1, marginal cases

The last assumption used in the derivation of the stabil-
ity condition (A31) was Eq. (A24). If c2(vy) = w,, while
all the other assumptions hold, we have wi;(vo) = 0 and

the Eq. (A22) for B(¢) is modified. We may then rewrite
Eqgs. (A21) and (A22) as

dA _ A(v)B

dInd = (K + Ko)A 1 (vg) — apA - Ry’ (A37)
B
dng 0(A?). (A38)

Differentiating the first equation with respect to In¢, we
obtain

A " _dA
dng)? D (PKy)" Ay (vg) aom + O(A?).

(A39)

The second-order terms O(A?) can be disregarded for the
stability analysis. Since the characteristic equation

X+ aph=0 (A40)

has a zero root, the general solution {A(¢), B(¢)} will not
tend to zero at ¢p — 0. Hence, no asymptotically stable
solutions exist when the condition (A31) is violated.

Another assumption, c2(vy) # 0, was used to derive
Eq. (A31) that determines the allowed value of R,. Let
us briefly consider the possibility ¢2(v,) = 0. (We note that
v # v, on actual trajectories, so stability will hold as long
as the trajectories v(¢) do not reach the regime c2(v) < 0.)
If

0'(vy)
i(vg) = ——= =0, (A41)
Y 00 (v)
then Q’'(vy) = 0 and the asymptotic equation of state is
W (vg) = Q) ____ (A42)

vo0'(vg) — O(vy)

as long as Q(vy) # 0. However, we assumed a matter
component with w,, # —1, and so we discard the possi-
bility that Q(vy) # 0. If, on the other hand, Q(vy) = 0,
then we must also have &,4(vy) = 0. Thus c2(vg) # 0 is
justified given that £,(vo) # 0.

Relaxing the assumption £,(vy) # O requires some
more work. If &4(vg) =0, then we cannot conclude
that K(¢) = ¢~2 at ¢ — oo; the function K(¢) remains
undetermined even though we know that &,(¢) =
K($)&y(v) ¢ 2. The analysis after Eq. (A6) needs to
be modified as follows. The finiteness of w,

PHYSICAL REVIEW D 76, 083511 (2007)

Wo(vo) = lim i((?) <,

(A43)

requires that Q(vy) = 0 and thus (since v, # 0) also
Q'(vy) = 0. In general, we may suppose that Q(v) has an
expansion
0w) =L (v —vyr[1 + 0w —vy)  (Ad44)
nv
where Q) is a nonzero constant and n = 2. In this case we
have the expansions

& y(v) = Qo(v — vo)" '[1 + O(v — )], (A45)
we(w) = —22[1 + O(v — vy)} (A46)
I’l'UO
Aw) = 2" 1+ 0w — vy)]. (A47)
(n — Dy

It follows that w,(vo) =0, so the only possibility for
tracking is w,, = 0. Also, the only admissible solutions
are those with v(¢) > v, meaning that A(¢) <0 and
Qp > 0. Let us now perform a stability analysis of these
solutions. Substituting the ansatz (A11) into Egs. (35) and
(36) and keeping only the leading terms in the perturbation
variables A(¢) and B(¢), we obtain

dA _ (—A) K’ 3

“as o K(Qb)QO _AYm+1)/2
d¢p n—1 K+(n—1)v0V1—RO( A,

(A48)
dB

3
i ‘T%RW — Ro\[K($)Qo(—A)" V2. (A49)

For the purposes of a stability analysis, it is sufficient to
note that Eq. (A48) does not involve B(¢). One can solve
Eq. (A48) explicitly for A(¢) and find such K(¢) that the
general solution for A(¢) tends to zero at ¢ — oo; for
instance, K(¢) « ¢" with r > —2. However, the general
solution for B(¢) is

B(¢) = By — const - f; K (D) (—=A)m D124 (A50)

where By is an arbitrary integration constant. It follows that
B(¢) will either diverge or tend to an arbitrary constant of
integration at ¢p — oo. Hence, the general perturbation will
not tend to zero at large ¢». We conclude that no asymptoti-
cally stable solutions exist when & ,(vy) = 0.

3. Energy density £,, = ¢ % and R, = 1, main case

We use the ansatz R(¢p) = 1 — B(¢), where the function
B(¢) is positive and tends to zero monotonically as ¢ —
0. Since dR/d¢ > 0, it follows from Eq. (31) that w,, <
wg(v(¢)) for all sufficiently large ¢. Thus, any asymptoti-
cally stable solutions will necessarily satisfy the condition
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Wiy = wd)(UO)' (ASI)

Since R— 1 as ¢ — o, we have g, () = g,,(¢) =
¢ 2, so we may write

8tot(¢) = E0¢72’

where E, is a nonzero constant. The value of E; can be
related to other parameters by using Eq. (25), rewritten as

(b—)OO’

(A52)

dlng,, 3k [
=—-— 1+ A
dng ~ p Ve W) (ASY)
which yields, in the limit ¢ — oo,
3k
2 =" JE,(1+ w,). (A54)
Vo
Expressing &, through &4, we have
_ € E4(V)K(p)
Egp 2 =g = tp =t (ASS)
hence
~ 2K
B(¢) = M, ¢ — 0. (A56)
0

We now assume that &,(v,) # 0; the case £,4(vp) =0
will be considered later. If & (v,) # 0, it follows that

) = kg, s (ST
0
Rewriting Eq. (31) as
dIn(l — R 3kR
i = B o~ wa) (A58)

and substituting Eqs. (A52) and (A57), we find for large ¢
(B’ K(®) _ 3y

dInd v T wo (V)
oW — wy(v)
= 271 . (A59)

It is now clear that the possible asymptotic behavior of
K(¢) at ¢ — oo depends on whether w4 (v) tends to w,, at
large ¢, i.e. on whether or not w,(vy) = w,,. (We note that
the value of v is yet to be determined by the analysis that
follows.)

Considering the interesting case w (vo) # w,,, we find
that the right-hand side of Eq. (A59) tends to a negative
constant as ¢ — oo. Denoting that constant by — u, where

W¢(Uo) —Wn

=2
® 1 +w,

>0, (A60)
and integrating Eq. (A59), we infer the following asymp-
totic behavior of K(¢),

K(¢) = ¢7> " Ko(9), (A61)

¢ — oo,
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where K,(¢) is an auxiliary function that satisfies

dInKy(¢)
—_— = A62
p—oo  dIng ( )
This condition is equivalent to
. InKo(¢p) _
(}EEO e 0. (A63)

Thus, the function Ky(¢) may go to a constant at large ¢,
or may grow or decay slower than any power of ¢; ex-
amples of admissible functions Ky(¢) are

Ko(¢)=(ng)”;  Ko(¢p) =exp(Ci(Ing)*),  [s|<1.

(A64)

With any such K(¢), solutions of the currently considered
type are possible only for Lagrangians p = K(¢)Q(v)
with

K(¢) = ¢7**Ko(¢), (A65)
where

2+/.L_1+W¢(U0)>
2 1+ w,

1. (A66)

a

For a given Lagrangian of this type, the possible values of
v, are fixed by Eq. (A66). If Eq. (A66) is not satisfied for
any such v, solutions of this type do not exist. The value
w(vp) is determined by Eq. (A66) as
wg(vg) = (1 +wy,)a — 1. (A67)

Since w,, # —1, we must have wy(v,) # —1 also.

It remains to investigate the asymptotic stability of the
general solution. Since B(¢) must satisfy Eq. (A56), we
may write an ansatz

& »(vg)

0 $K()(1+ C())
0

B(¢) = (A68)

where C(¢) is a new perturbation variable. Hence, we
substitute Eq. (A65) together with the ansatz

v(d) = vy — A(d), (A69)
R = 1= ek + o). (10)
v, 6) = Eyp 2 200 (a7

E4(vg) 1 + C(p)’

into Egs. (35) and (A58). Using Egs. (A54), (A60), and
(A65), we obtain at an intermediate step the equations
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dA [_ 2a (ano)l:|Al(v)

b | ¢
$! 2v Ay (v)
+ . (A7)
v+ C I+ Win 3K1/§¢(U0)
1 dc ) ,
1+¢ +CE:'M¢ ' — (InK,)
. pod~t Ay(v) _

where the functions A;(v) and A,(v) were defined by
Egs. (A17) and (A18), while the new auxiliary function
A4(v) is defined by

- w (U) Wi
A4(v) = 3k, /sd,(v)%. (A74)
In the present case, the identity
2 A
2a A (vy) = — 2(vo) (A75)

1+ Win 3Kﬂ§¢(‘l}0)
holds due to Eq. (A66).

We now linearize Eqs. (A72) and (A73) with respect to
the perturbation variables A and C. To simplify the line-
arized equations, we use Egs. (39) and (A54), and the
definition (A66) of a. (We note that A,(v,y) # 0; other-
wise, we would have c2(v,) = 0, which contradicts the
earlier assumptions &,(vy) # 0 and w,(vy) # —1.) After
some algebra, we find (to the leading order)
dA (Al(v)>/

—— = 205 (vy) )

A
dlng

L00]

InK,
+ Al(vo)[& - aC:|,

dIng (A76)

dc

__dhnk, 1
dIng

+-uC+
ding 2MC
&4(vo)

Ey

AQ(UO)

A
H A 4(vo)

+ u b (A77)
This is an inhomogeneous linear system for A(¢) and
C(¢). The analysis of the asymptotic stability is similar
to that after Eq. (A29). Since all the inhomogeneous terms
are decaying at ¢p — oo, it suffices to require that both the
eigenvalues of the homogeneous system have negative real

parts. For a homogeneous system of the form

a__ A+ B,C (A78)
dlnq§ - Bl ,82 ’

dc
—— =y A+ A
dind Yi v2C, (A79)

the characteristic equation is
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X = (B + y2)A+ (Biy2 — Bay1) =0, (A80)
and the stability conditions are
Bi1+ v2<0, Biva — Bay1 >0. (A81)

Presently, the constants B, B,, ¥, ¥, can be read off from
Eqgs. (A76) and (A77); simplifying, we obtain

1 —wy(vy) vy
»\Vo s\Uo)Vg
= ) = - »
A 1+ wy(vp) A 1+ wg ()
(A82)
v, = 2 [(C%(Uo) —wg(ve))(1 + w,,)
b voc(vp) wg(vg) = wy,
1 - qu(Uo) M
+—— =—, A83
Sl m=h (A83)
The stability conditions (A81) can be simplified to
1— 2 _
W¢(U0) > M ci(vo) W¢(Uo) >0. (A84)

1+ w(vp) 2a’ wg(vg) — wy,

Since w4 (vg) > w,, for solutions of the present type, while
2a¢ = p + 2, the stability conditions (together with the
condition w,(vy) > w,,) are

Wi < wy(vg) < ci(vg) > wy(vp).  (A85)

1+ u

Using Eq. (A67), we can transform the first of these con-
ditions into a condition for a:

1<a<l+ ! ,
2 1+w,

c(vg) > wy(vp).  (A86)
The first inequality above will define a nonempty interval
of a only if |w,,| < 1. These are the final conditions for the
asymptotic stability of the solutions obtained under the
assumptions &,(vg) # 0, wy(vg) # w,,, and (A66).°

4. Energy density £,, * ¢~ ? and R, = 1, marginal cases

The analysis in the previous section used the assump-
tions &4(vg) # 0 and w,(vy) # w,,. In this section we lift
these assumption, in the reverse order used.

If wy(vg) = w,, while £4(vy) # 0, then we may con-
tinue the arguments starting with Eq. (A59). Note that
Egs. (A54) and (A57) still hold. Since the right-hand side
of Eq. (A59) tends to zero at ¢ — oo, it follows that

. dIn(¢*K(¢))
lim ————=0. A87
oo ding 0 (A87)
This condition is equivalent to
. InK(¢)
1 = -2 A88
¢1_r.r<}o ]n¢ ( )

SThis is case 3 in Sec. VA.
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Also, according to Eq. (A57) we can have B(¢) — 0 only
if

lim ¢2K () = 0. (A89)
So the function K(¢) cannot have a power-law asymptotic

other than ¢ ~?; more precisely, for any & > 0 and for large
enough ¢ we must have

K(¢) < ¢—2+s’

$— .

(A90)

K(¢)> o277,

However, a non-power-law asymptotic behavior at ¢p — o
is still admissible, for instance K(¢) = ¢ *(In¢) ¥, where
s >0 to allow B(¢) — 0 according to Eq. (A57). Rather
than assume a particular form of K(¢), we will perform the
analysis for arbitrary K(¢) satisfying Eq. (A88).

We again use the ansatz (A68) to linearize Egs. (35) and
(AS58). After some algebra, we find (to the leading order)

dA T din(¢*K) Ay(v)
dlng _[ 2+ dlng }AI(UH\/HC &4(vo)
(A91)
dC  din(¢?K)  A,)
ding — ding T+ C\é4vy) (A%2)

where the auxiliary functions A,(v), A,(v), and A4(v)
were defined above by Egs. (A17), (Al18), and (A74).
Since wy(vg) = w,, and c3(vy) # 0, we have the relation-
ship

2A1(U0) Az(vo) # 0,

( 0)

and then, assuming for the moment that A}(v,) # 0, we
can linearize Eqs. (A91) and (A92) as

(A93)

dA _ Al (U) ! _
piton 2A2<uO>( i <v>>vf‘ CA,(vy)
dIn($2K
+ %d)) A, (o), (A94)
dc 2110 Aa(vo) dln(¢2K)
- A— A95
ding 1+ w, 3K\/% dIng (A95)

The stability analysis proceeds as before, since all the
inhomogeneous terms are decaying at ¢p — oo. The result-
ing conditions are simplified to

2

1—w cs—w
m > , S m > ) A
1+w, 0 1+w, 0 (A96)
and further to
w,,| <1, 2> w,,. (A97)
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These conditions are the same as the standard stability
conditions for a tracker solution. Under these conditions,
a tracker solution with wy(vg) = w,, exists as long as
K(¢) satisfies Eqs. (A88) and (A89).°

Finally, we analyze the case &g4(vy) =0. Since
Egs. (A52), (A54), and (A56) still hold for an asymptoti-
cally stable solution, we are motivated to use the ansatz

() = vo — Alb), (A98)
R($) = 1 — B(v, ). (A99)
B(v, ) = 8“‘(”) HK(P)(1+ C(¢).  (A100)

We first derive the exact equations of motion for the
variables A(¢), C(¢) from Egs. (35) and (A58):

A _ vel(v) dInkK 2uy  c2(v) (A101)
ding 1+ wyu(w)dlng 1+w, T+ C
dln(l+C):%A+% 1 1
dIn¢g v v \\J1+C
_ % B(U’ ¢) Wi — W(b(”) (AIOZ)
v J1+C(¢) 1+wn

Then the stability analysis consists of checking that the
general solution involves functions A(¢), B(v, ¢), C(¢p)
that decay as ¢ — oo. Since vy # 0, the expansions
(A45)—(A47) hold with n = 2; we note that A <0 to
guarantee ¢ > 0, and that w(v,) = 0. The leading-order
terms in Eq. (A101) are

d|A| _ |A a’an((;S)+ 2
dIng ( dIng 1+w

), (A103)

n—1
and the general solution is
A = Ag[g2/ MK ()] /D, (A104)

Since n = 2, solutions A(¢) decay at ¢ — oo as long as

K(¢)p?/ 1+ — 00, ¢ — o0, (A105)
The function B(v, ¢) is then expressed as
An*l
Bu, ¢) = L2 g1+ C(g),  (AI06)
0

and its decay at ¢p — oo requires that —1 <w,, <0. The
leading terms of Eq. (A102) are

ac 2

d ln¢ Vo

2

—C—<l——C>B(v ¢)1+

Since the homogeneous solution C(¢) * ¢! decays as a
power of ¢, while the inhomogeneous terms all decay at

SThis is case 4 in Sec. VA.

083511-16



ATTRACTOR SCENARIOS AND SUPERLUMINAL SIGNALS ...

¢ — oo, the general solution C(¢) will also decay at ¢ —
0. Thus, we find a family of asymptotically stable solu-
tions corresponding to a value v, such that Eq. (A44)
holds, in case w,, <0 and for Lagrangians with K(¢)
that either does not decay at large ¢, or decays slower
than ¢ ~2/(1+wn) 7

5. Domination by k-essence, v, # 0, main case

We now consider the case Ry = 0. In this case, the
matter component becomes subdominant at late times, so
gt = €4 at ¢ — 0. According to Eq. (26), we have at late
times

()= =%

3k 3/2
—8(/5

id Bl +wyeg

1+ wy(v)), (A107)

thus the asymptotic behavior of &, (¢) depends on whether

or not wy(vg) = —1. With vy, # 0, one can have
we(vg) = —1 only if Q'(vy) = 0, which entails
LT A CO N 1
c? lim ——~% = — lim ———— = 0.
o) = D) vy Q)Y

(A108)

Let us postpone the consideration of the case ¢,(vy) =
0; thus, presently we have w,(vy) # —1. In that case, the
asymptotic behavior of € 4(¢) and &,,,(¢) can be expressed
as

e(P) = e4(d) = Egp 2, (A109)
where the constant E is given by
211()
3kJEy = ——, Al110
WEOT T wg(vo) ( )

due to Eq. (A107). We use Egs. (35) and (36) to describe
asymptotically stable solutions. Since on such solutions
R(¢) approaches zero while remaining positive, we must
have w,(v) <w,, at late times. Computing the limit of
Eq. (35) as ¢p — o0 and using Eq. (A110), we find

_ d—v_ 2 (th)qg‘U
0= lim g — smo6 (v)[ ()+3K\/§E}

Vo dan(d))
~ T imew)| g+ 2

The rlght-hand side of Eq. (A111) can vanish at ¢ — oo if,
for instance, ¢2(v,) = 0. We postpone the consideration of
the case c? (vo) = 0 and presently assume that ¢2(v,) # 0,
which (together with v, # 0) also implies &,(v,) # 0.
Then &4(p) * ¢~ 2 entails K(¢) = ¢~2 at ¢p — 00; ac-
cordingly, the right-hand side of Eq. (A111) vanishes at

(A111)

"This is case 5 in Sec. VA.
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¢ — o due to

lim dInK
¢—oo dIngh

= -2 (A112)

By absorbing a constant into Q(v) if necessary, we may
express K(¢) as

1+ Ky(o)
¢*
This is the familiar form of the function K(¢), shown by

Eq. (A10) in Sec. A 1.
For these K(¢), the condition (A110) becomes

3KkyJEg = 3Ky[E p(vg) = 2V

1+ W¢(U0)’
which is an equation for determining the admissible values
of v,. For these v, we linearize Egs. (35) and (36) using
the ansatz

K(¢) = q{iggoKo(@ =0.  (All3)

(A114)

— A(¢), R = B(¢), (A115)

where A(¢), B(¢) tend to zero as ¢ — co. The manipula-
tions with Eq. (35) are the same as those in Sec. A 1; the
result of the linearization is quite similar to Eq. (A21) with
Ry = 0 and without the relationship w4 (vg) = w,,,

v =

dA Wd,(Uo)
K| + Ky)A 7A
ding = (¢ o)A (vo) — 1+ w¢(v0)
The linearized form of Eq. (36) is
dB _ 3xE, B
ding (Wi — we(v9))B
= _2w3. (A117)

1+ w¢(v0)

Since the equation for B(¢) does not involve A(¢), and
since w,, > wy(vy), all solutions B(¢) decay, and thus all
solutions A(¢) also decay as long as

>0, (A118)

which is equivalent to |w¢,(v0)| < 1. Therefore, solutions
are asymptotically stable under the conditions (A114),
[we(vo)l <1, w,, > wy(vg), and ¢ (vy) # 0.8

6. Domination by k-essence, v, # 0, marginal cases

In this section we continue considering the case R, = 0,
vy # 0, and examine the possibility that c2(vy) = 0. In
that case, we have Q'(vy) = 0 as well, which fixes admis-
sible values of v,. There are two further possibilities: either

Q(vy) # 0 or Q(vy) = 0.

8This is case 2 in Sec. VA.
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If O(vy) = Oy # 0, then Q(v) can be expanded about

v =, as
Q) = Qp + Q1(v — vy)"[1 + O(v — vy)],

where n = 2. One readily obtains the expansions

(A119)

& y(v) = =0 + nveQ(v — vo)" '[1 + O(v — vy)],
(A120)
wolw) = 1+ "8 — v U1 + 0w~ wy))
— %0
(A121)
A(v) = ”10 [1+ 0w — vy)]. (A122)

It is clear that one must have K(¢)Q, <0 due to the
positivity of the energy density. For convenience, let us
assume that K(¢) > 0 and Q, < 0. Substituting the expan-
sions above into Egs. (35) and (36) together with the ansatz
(A115) and neglecting the subleading terms, we obtain

dA _ 1 - |Qol(InK) ,, L3k
d¢  wvon-— 1[”Q1( —A)!

|Q0|K(¢>}
(A123)

d
ﬁ _ 3:3 QoI K()(w,, + 1.

Since these equations are uncoupled in the leading order,
the stability analysis is performed for each equation sepa-
rately. Integrating Eq. (A124), we find the general solution

B(@) = ex € 2 0w, + 1) [* k(@10 |
(A125)

where Cj is an integration constant. The general solution

B(¢) will tend to zero if and only if [/K(¢)d¢ diverges
as ¢ — oo and w,, > —1. Let us temporarily denote

X(¢) = f * JK($)ds,

(A124)

X— © as ¢ — oo

(A126)
Then we rewrite the first equation as
d - 10l K'(¢)
—(—=A)" 1 — n— 1
) o @~ Aol
(A127)

(Note that we must have A < 0 on solutions, due to the
requirement of positivity of ¢2.) The general solution A(y)
can now be written explicitly, but it suffices to observe that
A(y) will approach zero as y — oo if and only if

. K'(¢) d )
lim — = ~2lim oo K 2 =0.

(A128)
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This condition is equivalent to

lim ¢ K(¢) = oo. (A129)

Note that the condition (A126) follows from that of
Eq. (A129). To verify this more formally, consider a func-
tion K(¢) such that [®./K(¢)d¢p < oco. Then K'2(¢)
necessarily decays faster than ¢! at ¢ — oo, and so
K~1/2 grows faster than ¢ at ¢ — oo. Such K(¢) cannot
satisfy Eq. (A129). Therefore it is sufficient to impose only
the condition (A129). This condition is satisfied, for in-
stance, by functions K(¢) « ¢* with s > —2. Thus, we
conclude that the solution with Ry = 0 is asymptotically
stable under the condition (A129) and assumptions
O(vy) # 0, Q'(vy) = 0.

It remains to consider the case Ry =0, Q(vy) =
Q'(vp) = 0. In that case, similarly to that discussed in
Sec. A 2, we may use the expansions (A44)—(A47). It
follows that wy(vg) =0. With the ansatz v(¢) =

— A(¢p), we find that A(¢) < 0 on physically reason-
able solutions. Then the leading terms of Eq. (35) are

d(=A) _ (A K 3K\/_ D))
dp  n-1K 2
(A130)

Since this equation is independent of B, it suffices to ensure
that A(¢p) — 0 as ¢ — oo and subsequently consider the
general solution for R(¢). The general solution for A(¢)
can be easily found by rewriting Eq. (A130) as

3k/Qo
n—1/2 1/2
d¢[( A)” K~ } 2, (A131)
We find
2 1 1
(—A)n—D/2 = Y0 (A132)

300 & — b0 JK(P)

where ¢, is a constant of integration. It follows that
A(¢) — 0 as ¢ — oo if K(¢p) is such that ¢>K(¢p) — oo.
Under this assumption, we find that

gy = K(¢p)&y4(v) = ¢p2,

as it should according to Eq. (A109). Now we analyze the
general solution for R(¢) Then the leading terms of

¢ — oo,

(A133)

Eq. (36) are
dR 3K\/E_0 AN opl + A
dIn¢ v nvo " nvy)

(A134)

where we used Eq. (A110). If w,, = 0, the right-hand side
above is always positive and (since R is always positive)

This is case 8 in Sec. VA.
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the general solution for R(¢) cannot approach zero. If
w,, # 0, the general solution for R(¢) is

R(¢) o =2

It follows that the general solution R(¢) — 0 at ¢p — oo as
long as w,, > 0. We conclude that an asymptotically stable
solution exists in case Q(vy) = Q'(vy) = 0if w,, > 0 and
¢*K(¢p) — o as ¢ — 0. The admissible functions K(¢)
are, for instance, K(¢p) = ¢* with s > —2."°

as ¢ — oo, (A135)

7. Slow motion (v, = 0), main case (Q(0) # 0)

Previously we have been assuming that vy # 0. Now we
turn to the case v, = 0, which means that the velocity ¢ =
v(¢) of the field ¢ approaches zero, albeit sufficiently
slowly so that ¢ still reaches arbitrarily large values at
late times. We will now obtain the conditions for the
existence of asymptotically stable solutions with v(¢) —
0 at ¢ — oo.

The finiteness of the speed of sound at v — 0,

) _ 1 Q'(v)
limes(v) = lim = i) <
requires that Q'(0) = 0. Since the important quantity
£4(v) = vQ' — Q approaches —Q(0) at late times, it is
useful to distinguish two possibilities: Q(0) # 0 and (less
generically) Q(0) = 0. In this section we consider the
generic case, Q(0) = —Q, # 0. Positivity of the energy
density requires that K(¢)Q, >0, and we will choose
K(¢)>0and Q, > 0.

Under these assumptions, we may expand the function
Q(v) near v = 0 as

Q(v) = —Qy + 0v"[1 + O(v)],

where n = 2 is the lowest order of the nonvanishing de-
rivative of Q(v) at v = 0, and Q, > 0 because Q(v) is a
convex and monotonically growing function of v. Other
relevant quantities are then expanded as

(A136)

(A137)

g 4(v)=Qp+ (n—1)Qv"[1+ 0] (A138)
IR 1 O
we(v) = —1+ Q—v [1+ 0®W)] (A139)
0
2(v) = ﬁu + o)) (A140)

It follows that the only possible equation of state is
wg(0) = —1, indicating a possible de Sitter tracker
solution.

The equations of motion (35) and (36) become (neglect-
ing terms of order v)

19This is case 9 in Sec. VA.
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K($)Q

+3
N1-r

v 1T 0 K
d¢ n— l[anv”_1 K

} (A141)

R _ —%"R\/l “RJK() 0w, + 1), (Al42)

d¢

The first step is to investigate the possibility that R(¢) — 1
at large ¢ (we will find that this possibility cannot be
realized). We note that for w,, > —1, the right-hand side
of Eq. (A142) always remains negative. Thus, for w,, >
—1 the general solution R(¢) cannot tend to 1 at ¢ — oo,
regardless of the behavior of K(¢) and v(¢). In case w,, <
—1, we need to do more work to establish that there are no
asymptotically stable solutions with Ry = 1.

Substituting the ansatz R(¢) =1— B(¢) into
Eq. (A142) and assuming that B — 0, we obtain (omitting
terms of order v and B)

d~/B 3k
—— =—-——4/K 1+ . Al143
ié 70 (#)Qol1 + wy| ( )
Changing the variable from ¢ to y defined by
@
v = [ k(@s, (A144)
we find
@ = —3—K,/Q0|1 + wl. (A145)
dX 2v

There are now two possibilities: either the integral in
Eq. (Al144) diverges at ¢ — oo, or it converges.
Accordingly, either y — o0 or y — yo << at ¢ — .
In case y — o0 at ¢p — oo, we would have

B
lim ﬂ =0.

Al46
x— dy ( )

Since the right-hand side in Eq. (A145) tends to infinity at
¢ — oo, the case y — oo is impossible. Thus, the integral
in Eq. (A144) must converge at ¢ — oo. It follows that
K(¢) — 0 faster than ¢ 2 at ¢ — oo, and then we may
express K(¢) through an auxiliary function Ky(¢) as

K(¢) = ¢ Ko(9), (})i_l}goKo(sb) =0.  (Al47)
Further, we rewrite Eq. (A141) as
dv 1 Qo 5 dInkK,
dlngp n— 1|:an11"’1< dlnq5>
- 3K1’M:|. (A148)
B
By construction,
. danO
— >
(;grgo<2 dlnqS) 2 (A149)
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(the limit might even be positive infinite if K tends to zero
sufficiently quickly). Hence, under the assumptions
v(¢) — 0 and B(¢) — 0 we must have

lim Al 2 — dInKy = +o0.
p—onQv" dIn¢g

It then follows by taking the limit ¢ — oo of Eq. (A148)
that the two terms in the brackets must cancel while both
approach infinity. Therefore, at large ¢ we must have the
approximate relationship

(A150)

v () _ V0o 1 _dInKp\ _
6wl mmC dg) =M

(A151)

Because of Eq. (A149), the auxiliary function M(¢) de-
fined by Eq. (A151) has the properties

Jim M Kol) > 5 “_ ,

(;im M(¢p) = +oo.
(A152)

(The first limit may be positive infinite.) Using the function
M(¢), we may rewrite Eq. (A148) as

dv . 3K1/K0(¢)Q0 M . 1

dIn¢ n—1 [u'ﬂ \/E}
Expressing +/B through v using Eq. (A151) and substitut-
ing the resulting expression for +/B into Eq. (A143), we

find
3
— 3o Ko(@)Qol1 + |

dlid) [v:wl} B

(A153)

V"2 dv am
=n-1 — v —
(== ding °* dlnd
(A154)
Rewriting the last equation as
3k n—1 dv" dInM
“EMJKQol1 + w,,| = — " :
2 oQol 1+ 1w n ding = dind
(A155)

we note that the left-hand side tends to a positive limit (or
to a positive infinity) due to Eq. (A152), while the term
dv"/dIng tends to zero at ¢ — oo and can be neglected.
Therefore, for large ¢ we obtain

(A156)

3k d
v = S K B0l + |M2[ M}

dIng
This relationship is sufficient for our purposes; we will now

show that v(¢) cannot tend to zero at ¢ — oo. If we
assume that v(¢) — 0, we must have

lim YKol _

d_ -1
¢= g M

(A157)

PHYSICAL REVIEW D 76, 083511 (2007)
Using Eq. (A151), we transform this condition into

li %(anO),ln(ﬁ d _ dano -1 — 0
2 — (anO),lnqS dll’l(]’) dlnd)
(A158)

4)—»00

It is now straightforward to show that the condition (A158)
cannot be satisfied by a function Ky(¢) that tends to zero
at ¢ — oo, Since (InKy)' =0 for all ¢, the function
(InKp) 1ne tends to a nonpositive constant or to a negative
infinity at ¢» — oo. Hence, we obtain the bounds

< 20K [, dInKo) Tt 1
2 — (anO),lnqb ’ dlnd) 2
(A159)

The derivative of a bounded function cannot have an
infinite limit. Therefore the limit (A158) cannot be infinite.
Since the condition (A158) cannot be satisfied, solutions
with v(¢) — 0 and B(¢p) — 0 do not exist under the
present assumptions.

Having shown that Ry = 1 is impossible, we assume
Ry < 1 in the rest of this section. Let us now consider the
admissible behavior of v(¢) at large ¢. It is convenient to
change the independent variable from ¢ to y defined by
Eq. (A144) and to rewrite Eq. (A141) as

dv _ 11 0 2\ . [o
B =TT ()~ T R) 4190

For an asymptotically stable solution, we need v(¢) — 0
while v(¢) > 0. Therefore, dv/d¢ (and therefore also
dv/dy) must remain negative at large ¢. Let us examine
the condition under which the right-hand side of
Eq. (A160) might be negative at large ¢.

We notice that the first term in the right-hand side of
Eq. (A160) contains a negative power of v multiplied by a
nonnegative function d(K~'/2)/d¢ and a positive con-
stant. This term will diverge to positive infinity as v — 0
unless d(K~'/2)/d¢ tends to zero at large ¢. On the other
hand, the second term,

— 3k

[—R (Al61)
tends to a negative constant at large ¢. Thus, dv/dy may
become negative at large ¢ only when d(K~'/2)/d¢ tends
to zero at large ¢. If K(¢) is such that K’K3/2 — 0, then
x(¢) = [?/K(¢p)d¢ diverges at ¢p — oo; this was al-
ready shown in the previous section after Eq. (A129). Let
us therefore continue the analysis under the assumptions
(A129) and R( < 1, taking into account that y — oo to-
gether with ¢ — 0.
Rewriting Eq. (A142) as

Zi — X RVT = RYQo(w,, + D1 + 0(w)] (A162)
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and noting that w,, + 1 # 0, we immediately see that
dR/dy — 0 can be realized only if w,, + 1 > 0 and either
Ry = 0or Ry = 1, where Ry = limy_.,R(¢). Since we are
assuming Ry <1, the only admissible value is R, = 0.
Therefore, we now look for solutions of Eqs. (A160)—
(A162) such that v(y) — 0 and R(y) — 0 as y — o (at
the same time as ¢ — 00).

Computing the limit of Eq. (A160) as ¢ — oo and noting
that dv/dy — 0 on asymptotically stable solutions, we
obtain the condition

& (),

lim ——

Al63
Am 0 o] ( )

The right-hand side above is a nonzero constant. Therefore
it suffices to look for solutions v(¢) of the form

V0o ( f) [1+A($)]

3knQ,
where A(¢) is a new unknown function replacing v(¢).
Solutions v(¢) — 0 will be asymptotically stable if the
general solution for A(¢) tends to zero as ¢ — oo. For
brevity, we rewrite the ansatz (A164), with the independent
variable ¢ expressed through y, as

v () = (A164)

v(x) = [(1 + A())W(x)]/ ", (A165)
where W(y) is a fixed function defined through
VQo (2
w _ =—— (=] . A166
(/Y)lX x() SKVLQI (\/E),QS ( )
By assumption, we have W(y)—0 as y— oo.

Substituting the ansatz (A165) into Egs. (A160)—(A162),
we obtain, to the leading order in A and R,

dA _ 3k/Oo(R +A) + (n = HWY)
dy Wwl/=1) ’
(A167)
dR
v —3Kky/Qo(W,, + DRW /=D, (A168)

Since the equation for R does not contain A, the stability
analysis can be performed first for R(y) and then for A(y)
assuming that R(y) — 0. It is convenient to replace the
independent variable ) temporarily by
w00 = [Ty (A169)

Since W(y) — 0 as y — oo, the new variable ¢ grows to
infinity together with y. The new equations for A(y) and

R(i)) are

a_ —3K\/_< R +A) — (n = HWVoD)

dy
(A170)
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dr _ —31y/Qo(w,, + DR.

dy
It is clear that the general solution for R(¢) tends to zero if
w,, > —1. The general solution for A(¢) is a sum of the
general homogeneous solution (which tends to zero) and an
inhomogeneous solution. The inhomogeneous terms are
proportional to R and (W'/*~V)  both of which tend to
zero at y — o0 (¢ — o0). Therefore the general solution
for v(¢) and R(¢) is asymptotically stable under the
current assumptions.''

(A171)

8. Slow motion (v, = 0), marginal cases (Q(0) = 0)

Let us now turn to the case Q(0) = 0. In this case, we
may expand the relevant quantities near v = 0 as follows:

Q(v) = Qv"[1 + O(v)], (A172)
g y(v)=m— 10 v"[1+ O()], (A173)
wy(v) = ﬁu + 0] (A174)
) = ——[1+ 0w)] (A175)
n—1

where n =2 and Q; > 0. Using these expansions, we
rewrite the equations of motion (35) and (36), in the lead-
ing- order in v, as

dv _ v K 3k/O, [K($) /2

o T LLIWER D

I SRV TR 00K ) M ol)
(A177)

The possible asymptotic values of equation of state pa-
rameter w,(0) are 1/(n — 1) for n = 2; in particular, we
can have w ,(0) = % mimicking radiation, if n = 4. When
w,, = 1/(n — 1), we may need to expand the term w,, —
wg(v) to a higher nonvanishing order in v. For instance,
assuming an expansion

O(v) = 01v" + Q,v"™’[1 + O(v)],
where n = 2 and p = 1, we find
o) _1+0( [1 _ pOyvP }
(

vQ'(v) — n—1 n—10, [
(A179)

(A178)

W¢(U) =

Let us begin by considering the possible asymptotic
value Ry = 1 of R(¢) at ¢ — oo; values Ry < 1 will be
considered subsequently. In case Ry =1, we write the

"'"This is case 10 in Sec. VA.
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ansatz R(¢) = 1 — B(¢) and transform Eq. (A177) into
dJyB _3

L )
(A180)

The right-hand side of the equation above must be negative
to allow /B(¢) — 0 at ¢ — oo. This cannot happen if
W, — wg(0) > 0. Thus, the only possibility for the exis-
tence of stable solutions is wy(v) > w,, for v > 0 (which
does not exclude w,(0) = w,,). Under the assumption
w¢(0) >w,,, Eqs. (A176) and (A180) can be rewritten
(again keeping only the leading-order terms) as

a Unyy — _ 3KV/Q1 /K(¢ (n/2)-1
o In(KY"v) = \/_ B(¢) R (A181)

dinB _ 3kJOi, K(®) -1
d¢ N 1(1 (= 1w) B(¢)

(A182)

In case w(0) = w,,, we assume the expansion (A178) and
use Eq. (A179); then Eq. (A182) is replaced by

dinB  3kpQ, K(¢) Ln/2-1+p
dd (- 120, | B($)

As in the case w,(0) # w,,, stable solutions are possible
only if the right-hand side of Eq. (A183) is negative, i.e. if
0, <0.

We now need to analyze the solutions of the systems
(A181) and (A182) and (A181) and (A183) by looking for
such K(¢) that the general solutions v(¢) and B(¢) always
tend to zero in the two cases.

The general solution of Egs. (A181) and (A182) can be
found by first noticing that

(A183)

=0. (Al184)

% [ln(l('/”v) __ B }

1—(n— Dw,
Hence we may express
B(¢) =

where Cy > 0 is an integration constant. Then we substi-
tute this B(¢) into Eq. (A181) and obtain the following
equation for the auxiliary function u = K'/"v,

CO[Kl/nU]lf(nfl)Wm’ (A185)

du
b = —F(o)u’,

where we defined the auxiliary constant s and function

F(¢) as

(A186)

1
(1 + Wm))

(A187)

o)
Il
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0,
(n — )C

Since by assumption w,,, <.—; 1 , the possible values of s are
s <%. We are now looking for functions K(¢) such that
both v = u/F and B « u"~2* always tend to zero as ¢ —
00; in other words, we require

L)
¢—o0 F()

for the general solution u(¢). The general solution for
u(¢) can be written as

——=__K'"(¢) > 0.

F(¢) = 3k (A188)

=0, qP_r}n u(¢) =0 (A189)

(p) = [Ci+(s—1) f¢ F(d’)dd’]l/(lis), s # 1,
! {CXP(Cl — [¢ F(¢p)dd), s =1,
(A190)

where C| is a constant of integration. If s < 1, the power
1/(1 — ) is positive and so the general solution u(¢) does
not tend to zero. If s = 1, the general solution u(¢) tends
to zero in case [? F(¢)d¢ diverges as ¢ — oo, and does
not tend to zero if [¢ F(¢)d¢ converges. Therefore, the
only possibility for a stable solution is s =1 and
[? F(¢)ddp — o0 as ¢ — oo, or equivalently

n—3

wm>——n_1,

¢
¢17im f K'/"(¢p)dp = . (A191)
It remains to examine the condition u(¢)/F(¢) — 0 under
these assumptions.

Since we already have u — 0, the condition u/F — 0
holds if F(¢) approaches a nonzero constant or infinity as
¢ — . However, if

dl)im F(¢) = dym K'"(¢p) =0, (A192)
the condition u/F — 0 is a nontrivial additional constraint
on the function K(¢). This constraint can be expressed as a
condition on K(¢) as follows. We find from Eq. (A190)
that

u _[[F' [P F($)dp] /07D, s>1,
F {exp( InF — f¢F(¢)d¢) s=1.

The condition u/F — 0 is then equivalent to

(A193)

lim F*~! fd' F(¢)dp =00,  s>1,  (A194)

¢p—0

lim <1nF + f¢ F(¢)d¢> —w,  s=1
We note that the left-hand sides in Eqs. (A194) and (A195)
depend monotonically on the growth of F(¢); more pre-
cisely, the terms under the limits become larger when we
choose a faster-growing or slower-decaying function F(¢).
Thus, it is clear that the conditions (A194) and (A195) will
hold if F(¢) decays sufficiently slowly as ¢ — oo (or

(A195)
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grows, but this case was already considered). With some
choices of F(¢) = Fy(¢), the limits in Egs. (A194) and
(A195) will be finite nonzero constants. We can easily
determine such Fy(¢),

Fo(gp) = =175, (A196)

Hence, the limits (A194) and (A195) will be infinite when
F(¢) decays slower than ¢~!/5. The corresponding con-
dition for K(¢) can be written as

(;i_fgﬁ”/“'lf((ﬁ) = oo,

s =1, ¢ — oo.

(A197)

We can make this argument more rigorous by assuming the
ansatz

K(¢) = ¢7"*K\(¢),

where K(¢) > 0 is an auxiliary function. Note that the
function F(¢) is related to K(¢) by Eq. (A188), which
contains an arbitrary integration constant Cy > 0. Thus we
may write

(A198)

F(¢) = Ci¢~ K" (),
where C| > 0 is an arbitrary constant. If

dl)im Ki(¢) = oo,

(A199)

(A200)

it means that K,(¢) is larger than any constant at suffi-
ciently large ¢. Then we obtain lower bounds (for arbitrary
constant C, > 0)
¢ _
[ Fire > cap

s>1, (A201)

¢
f F(¢)ded > Cy1ng, s=1, (A202)
and the conditions (A194) and (A195) hold. On the other

hand, if

(%im Ki(¢) = K9 < oo, (A203)

we find
j‘/’ F(p)dp = Cyp' =15, s> 1, (A204)
f ¢ F(¢)dp = C,1ng, s=1, (A205)

where C, >0 is an arbitrary constant. In that case, the
conditions (A194) and (A195) cannot hold for arbitrary C,.
Therefore, the condition (A197) is necessary and sufficient
for Egs. (A194) and (A195) to hold.

We conclude that an asymptotically stable solution ex-
ists for vy, = 0, Q(0) = 0 with the expansion (A178), when
Ry=1,w,< n—ll, and the conditions (A191) and (A197)
hold. We note that for n = 2 the condition w,, < ﬁ con-

PHYSICAL REVIEW D 76, 083511 (2007)

tradicts the first condition in Eq. (A191), so admissible
solutions exist only for n > 2.'?

The remaining case requires the analysis of Egs. (A181)
and (A183). The general solution of these equations cannot
be obtained in closed form; however, we only need to
analyze the asymptotic behavior at ¢ — . So we will
estimate the relative magnitude of different terms in these
equations. Let us rewrite Eqs. (A181) and (A183) as

dlnv 1K'~ K'/?
=————0,—=v"/*! A206
d¢ n K Ql \/E v ’ ( )
d\/E _ _Q~2K1/2vn/2—l+p, (A207)
d¢
where the auxiliary positive constants

~ 3k+/0 ~ 3kp0,
= , =-———7—7—— (A208
01 == &= Thmg A

were introduced for brevity. (Positivity of these constants is
clearly necessary for the existence of asymptotically stable
solutions.) Suppose that v(¢) and B(¢) are decaying so-
lutions of Egs. (A206) and (A207), and let us compare the
magnitude of the terms in the right-hand side of Eq. (A206)
in the limit ¢ — oo. There are only three possibilities: the
first term dominates; the two terms have the same order; or
the second term dominates. In other words, the limit of the
ratio of the second term to the first,

.= i Q~1K3/2vn/2—1

, A209
P N/ ( )

must be either zero, or finite but nonzero, or infinite. The
value of g must be the same for every decaying solution
{v(¢), B(¢)} except perhaps for a discrete subset of solu-
tions, which we may ignore for the purposes of stability
analysis. In each of the three cases, Eqs. (A206) and
(A207) are simplified and become amenable to asymptotic
analysis in the limit ¢ — co. We will now consider these
three possible values of ¢ in turn.
If ¢ = 0, we have at large ¢

1 K B K1/2
> 0 ——v"/*!, A210
n K Ql \/E ( )
and thus only the first term is left in Eq. (A206),
dl 1K
W 22 Ly xgln (A211)

do n K

Decaying solutions have v(¢) — 0; so a necessary condi-
tion is K~Y/"(¢) — 0 at ¢ — co. With this v(¢), the
condition (A210) becomes

"This is case 6 in Sec. VA.
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—1/n\/ &
(K1) > NGz (A212)
However, this condition cannot be satisfied, since the left-
hand side tends to zero at large ¢ while the right-hand side
tends to infinity because B — 0. Thus, decaying solutions
v(¢), B(¢) are impossible with g = 0.

If ¢ # 0 and |g| < co, we consider ¢ as an unknown
constant that possibly depends on the solutions v(¢) and
B(¢). At large ¢, we have

K’ ~ 1
~ n/2—1K1/2 A213
v >

dlnv K /1
~——[(=+gqg) A214
dé K <n q) (A214)

Therefore,

v(p) = K~971/"($) — 0 (A215)

since we need a decaying solution v(¢). With this v(¢),
Eq. (A213) yields

A Kl*(n/Z*l)qul/n

VE~& - (A216)

q K

For a decaying solution B(¢) — 0, we thus must have

1 d
o K(n/Z—l)q—l/n — 00 as qﬁ — 00, A217

and in particular

n 1
(—— 1)q—— # 0. (A218)
2 n

Substituting the expressions for v(¢) and /B(¢) into
Eq. (A207), we find

dvB _ — 0, K1/2=(/2=1+p)g+(1/m)

d¢
d O, K'~((/2=Dg+(1/n)
i
_ QK—«n/z)—l)qu/n){l _ <E _ 1>q w1 K_K"}
q 2 n K?
(A219)

This is now a closed equation for K(¢), which we may
rewrite as

K\ KK"
@) =%

(" 1)g — l — q~_QZK—p(q+(1/n)). (A220)
2 n 0,

Because of the conditions (A215) and (A218), and since

p > 0, the right-hand side above tends to a nonzero limit as

¢ — oo, namely,
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K\ n 1 1
— | =[|=—1)g—=—=—#0.
() =G~ ) s
It follows that the only admissible form of the function

K(¢) is

(A221)

K(¢) = ¢,

However, this expression does not satisfy Eq. (A217).
Therefore, asymptotically stable solutions are impossible.

In the last case, g = 00, we may disregard the first term
in Eq. (A206) and obtain

¢ — .

(A222)

dlnv ~ K2
— =~ =0, —=v"/*"\. A223
d¢ 1 \/E v ( )
Then we can rewrite Eq. (A207) as
dinvB _ _~ K" ., _ 0  dinw
= ~— U
de VB 0, do
D, d
_ % 4, (A224)
pQ, do

This relationship between B and v can be integrated and
yields

VB = exp[Cl + QQZ vp:|, (A225)

12431
where C; is a constant of integration. It follows that it is
impossible to find simultaneously decaying solutions
v(¢) — 0 and B(¢p) — 0 at ¢ — oo,

This concludes the consideration of the case Ry = 1 and
W, = ﬁ, in which case there are no asymptotically
stable solutions.

We now turn to the analysis of the case Ry < 1. We first
note that the leading terms of Eq. (A176) do not contain R
when R — Ry < 1. Therefore the stability analysis can be
performed for R(¢) and v(¢) separately. Using the ansatz
R(¢) = Ry + B(¢) and assuming a fixed solution v(¢),
we find that the right-hand side of Eq. (A177) is indepen-
dent of B(¢) if 0 < Ry < 1. Therefore, general solutions
B(¢) will not approach zero in case Ry # 0. It remains to
look for asymptotically stable solutions v(¢) and R(¢) in
case Ry = 0.

In case Ry = 0, we begin by analyzing the asymptotic
behavior of v(¢). Rewriting Eq. (A176) as

du 3O g
vn—1

u=K""v, (A226)

dp
we find the approximate general solutions (valid only for
large ¢)
@
u(ep) = exp[—3K\/Q1 f Kl/zdg/)} n=>2
do

(A227)
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_ 3K\/—Q_1 ¢ 1/n -2/(n—2)
) =[5 [ Kmag | az2
(A228)

where ¢ is an integration constant. The general solution
v = K~y should tend to zero as ¢ — co. We note that
Eq. (A226) is similar to Eq. (A186) after the replacements

3k/0;
\/_

Therefore, we may use the conclusion obtained after
Eq. (A190), with the caveat that F(¢) is presently related
to K(¢) uniquely, without an arbitrary proportionality
factor. This was used to exclude the boundary case
(A203), which is presently still allowed. Thus the condition
(A197) obtained above,

(;l_rgod)n/sK((ﬁ) —

F(¢) = K'n(¢), (A229)

n
Il

[NSREN]

lim $K(#) = o, (A230)

is now merely a sufficient condition for the stability of the
general solution v(¢). In the boundary case,

lim H*K(p) =K,  0<Ky<oo, (A231)

we find
v(¢p) < exp[(1 — 3k/O,K) Ind], n=2(A232)
v(¢) = const, n>2. (A233)

Thus, the case (A231) yields a stable solution for v(¢)
when n=2 and 3k./0,K,>1. (The possibility
3k4/01Ky = 1 is unphysical because it requires an infi-
nitely precise fine-tuning of the parameters in the field
Lagrangian.) Thus a sharp condition for the asymptotic
stability of v(¢) is

K(p)=—F—¢ 2 atp—00, n=2  (A234)
k=0
;TZOQSZK((]S) = 00, n>2. (A235)
A weaker necessary condition is
[ YKV (p)d = oo, (A236)

Let us now consider the stability of the general solution
for R(¢). It follows from Eq. (A177) that

= _3"\/(” - 1)Q1K(¢)U(H/2)_1(Wm - W¢(U))-

(A237)

dInB
d¢

This equation integrates to
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¢
B(¢) = By exp[—const . f (W — wy(v))

X Kl/zv("/z)‘ldd)} (A238)
where By is an integration constant. The general solution
for B(¢) will tend to zero as long as the integral in
Eq. (A238) diverges to a positive infinity at ¢p — oo,

] w(wm — wy()K20D71dp = oo, (A239)
A necessary condition for that is w,, = %] Precise con-
straints on K(¢) for Eq. (A239) can be obtained by con-

sidering the cases n = 2, n # 2, w,, = 15, and w,, > L=
separately.
If w,, > =, the condition (A239) holds when

] T KV 14 = oo, (A240)

If n = 2, the above integral diverges due to the necessary
condition (A236). If n > 2, we use the solution (A228),
where u = K'/"v, to obtain

f‘” KY200/)=1 44
0 [ -1
= [Tas| [ K00d0, | K@ a24n)
¢0
Temporarily introducing the auxiliary function

1($) = ]  K\(p)deb,

we note that lim,_.,/(¢p) = o0 by Eq. (A236). Therefore
we express Eq. (A241) through I(¢) and obtain

[KI/ZU(H/Z) ldg = [II/((;f))

= (;lm InI(¢p) + const = oo,

(A242)

(A243)

Therefore the general solution B(¢) tends to zero with
w,, > = for any n = 2 under the condition (A236).

When W, = _1, it follows from Eq. (A178) that the
integrand in Eq. (A238) acquires an additional factor pro-
portional to v”, where p = 1. Therefore the general solu-
tion for B(¢) will tend to zero only if

j‘oo K1/2v11/271+pd¢ = o0, (A244)

where we need to substitute v(¢) = K~/"u(¢) and u(¢)
as given by Eqs. (A227) and (A228).

Consider first the case n = 2; we will now show that the
condition (A244) is incompatible with the earlier condition
(A244). Using the solution (A227), we can rewrite the
condition (A244) as
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% ¢
fd¢K<1P>/2exp[—3pK./Q1f K‘/2d¢1}=oo.
o

(A245)
By the condition (A234), we have
KU=P/2 < const - ¢pP~ 1, (A246)
¢
f K'2(¢,)d¢, > \JKoIng + const. (A247)
o

Therefore the integral in Eq. (A245) is bounded from
above by

const /oo deppP~173rKd 2K

— const f “ddd1 < oo, (A248)
where we temporarily denoted
a=Bk/O,Ky— 1)p>0, (A249)

and so the condition (A245) cannot hold.
It remains to consider the case w,, = — and n > 2.
Using Eq. (A228), we rewrite the condition (A244) as

o0 —2p/(n-2)—1
[ x| [T kim@ndg, | dg =
bo
(A250)
According to Eq. (A235), we must have
K($)> Codp ™2 (A251)

for any C, > 0 at large enough ¢; thus K(¢) should decay
slower than ¢ 2. However, it is straightforward to verify
that a power-law behavior

K(¢p) = ¢+,

yields a convergent integral in Eq. (A250). Therefore, the
only possibility of having an asymptotically stable solution
is to choose K(¢) such that it decays slower than ¢ 2 but
faster than ¢ 279 for any & > 0. An example of an admis-
sible choice of K(¢) is

K(¢) = ¢ 2(Inp)*,

With this K(¢), we obtain the following asymptotic esti-
mate at large ¢,

6 >0, (A252)

¢ — oo,

a>0. (A253)

jd’ Kl/”(¢1)d¢1 o const - ¢1_2/"(ln¢)a/n’ (A254)

)

and so the integral (A250) becomes, after some algebra,

const [oo ¢~ (Ing) /" Ddp = o0 if aLz =1
p—
(A255)

Since the convergence of the integral in Eq. (A250) mono-
tonically depends on the growth properties of the function
K(¢), it is clear that the condition (A250) will also hold for

PHYSICAL REVIEW D 76, 083511 (2007)

functions K(¢) satisfying Eq. (A235) but growing slower
than those given in Eq. (A253). However, the condition
(A250) may not hold for K(¢) growing faster than those in
Eq. (A253).

To investigate the admissible class of functions K(¢)
more precisely, let us use the ansatz

K(¢) = ¢ 2Ko(o),

where K(¢) is a function growing slower than any power
of ¢. Then we have an asymptotic estimate (for n > 2)

(A256)

|7 (@), = const- @ik, A25T)
o
and we can rewrite Eq. (A244) as

I K<l-ﬂ>/"<¢>[ f: K'7(g,)deb, }_2”/ " g

= const foo O [Ko(H)] P/ Ddgp = 00.  (A258)

Substituting Ky = ¢2K into Eq. (A258), we find that the
conditions (A235) and (A250) are equivalent to

lim ¢2K(d) = oo,
¢13010¢ (¢p) =0 (A259)

[T kg g =

The condition (A235) guarantees the stability of v(¢),
while Eq. (A250) guarantees the stability of B(¢).
Therefore, Eq. (A259) is a sharp (necessary and sufficient)
condition for the stability of the solution {v, B}.

A sufficient (but not a necessary) condition for the
divergence of the integral in Eq. (A258) is

(;im (Ingp)~=2/PK () < 0. (A260)

The corresponding sufficient condition for K(¢) is
Jim $*K(p) = oo, q}im $*(Ingp) " ""2/PK () < 0.
(A261)

The sharp condition (A259) cannot be restated in terms of
the asymptotic behavior of K(¢) at ¢p — oo, but of course
one can check whether Eq. (A259) holds for a given K(¢).
The condition (A259) specifies a rather narrow class of
functions; however, we strive for generality and avoid
prejudice regarding the possible Lagrangians.

In this section we have shown that asymptotically stable
solutions exist with vy =0 and Q(0) = 0 only in the
following cases: (a) Asymptotic value Ry = 1. Expansion
(A172) holds with Q; > 0, determining the value of n,
which should be n >2; —2=3 <w, <-L according to
Eq. (A191); and K(¢) satisfies Eq. (A197), where s is
defined by Eq. (A187)."* There are no stable solutions

3This is case 6 in Sec. VA.
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when w, = ﬁ and expansion . (A178) holds. ms case 7 in Sec. VA
(b) Asymptotic value Ry = 0. Expansion (A172) holds 5 i | 11 in Sec. VA
with O, > 0, determining the value of n = 2; either n = 6 15 15 case 111 >ec. :
2, w,>1, and K(¢) satisfies Eq. (A234)" or This is case 12 in Sec. VA.
Eq. (A235),"" or n>2, w, =, and K(¢) satisfies

g
Eq. (A259).'¢
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