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It was found recently that the anisotropies in the homogeneous Bianchi I cosmology considered within
the context of a specific Horndeski theory are damped near the initial singularity instead of being amplified.
In this work we extend the analysis of this phenomenon to cover the whole Horndeski family. We find that
the phenomenon is absent in the K-essence and/or kinetic gravity braiding theories, where the anisotropies
grow as one approaches the singularity. The anisotropies are damped at early times only in more general
Horndeski models whose Lagrangian includes terms quadratic and cubic in second derivatives of the scalar
field. Such theories are often considered as being inconsistent with the observations because they predict a
nonconstant speed of gravitational waves. However, the predicted value of the speed at present can be close
to the speed of light with any required precision; hence the theories actually agree with the present time
observations. We consider two different examples of such theories, both characterized by a late self-
acceleration and an early inflation driven by the nonminimal coupling. Their anisotropies are maximal at
intermediate times and approach zero at early and late times. The early inflationary stage exhibits an
instability with respect to inhomogeneous perturbations, suggesting that the initial state of the Universe

should be inhomogeneous. However, more general Horndeski models may probably be stable.

DOI: 10.1103/PhysRevD.103.104015

I. INTRODUCTION

It is usually assumed that the state of the Universe close to
the initial singularity should be strongly anisotropic [1-3].
This belief is based on the fact that spatial anisotropies
produce in the Einstein equations terms which become
dominant when one goes backward in time. In other words,
anisotropic perturbations grow to the past. When the
Universe expands, the anisotropy terms decrease faster than
the contribution of other forms of energy subject to the
dominant energy condition, and the Universe rapidly
approaches a locally isotropic state during inflation [4,5]
(without the inflationary stage this process may require a
long time or may not happen at all due to the possibility of
recollapse). Therefore, thinking about the early history
of the Universe, one could expect the isotropic phase of
inflation to be generically preceded by an anisotropic phase.

Although this argument seems quite robust, an explicit
example in which the anisotropies in the Bianchi I homo-
geneous model are damped at early times instead of being
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amplified was recently found [6] within the context of a
specific Horndeski theory for a gravitating scalar field [7].
Therefore, the initial stage of the Universe in this theory is
not anisotropic.

It remained unclear whether the finding of [6] is generic or
specific only for one particular Horndeski model. To find the
answer, we extend in what follows the analysis of [6] to
cover the whole Horndeski family. We find that the effect of
the anisotropy damping is not necessarily present in
all Horndeski theories. In particular, it is absent in the
K-essence and/or kinetic gravity braiding theories. The
spatial anisotropies in such theories always grow as one
approaches the singularity. However, the anisotropies are
damped at early (and late) times in more general Horndeski
models whose Lagrangian includes terms quadratic and
cubic in second derivatives of the scalar field. Such theories
are often considered as being inconsistent with the obser-
vations because they predict a nonconstant speed of gravi-
tational waves (GWs) [8—10], whereas the GW 170817 event
shows that the GW speed is equal to the speed of light with
very high precision [11]. However, the theories actually
predict the value of the GW speed at present to be close to
unity within the required precision. In addition, the theories
admit stable in the future self-accelerating cosmologies.
Therefore, they can perfectly agree with the current obser-
vations, and we can extrapolate them to the early times as
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well since no observational data about the GW speed at
redshifts z > 0.3 are currently available.

We consider two different examples of such theories,
both characterized by a late time self-acceleration and also
by an early time inflation driven by the nonminimal
couplings arising in the Horndeski theory. Sometimes this
phase is called “kinetic inflation” [12]. The anisotropies in
these theories show a maximum at intermediate times and
approach zero at early and late times. Therefore, the early
Universe cannot be anisotropic, but it cannot be isotropic
either since it is unstable with respect to the inhomo-
geneous perturbations. This suggests that the initial phase
should be inhomogeneous. At the same time, it remains
unclear if the gradient instabilities at early times are
omnipresent in all Horndeski models. One of the two
models that we consider has fewer instabilities than the
other; therefore, it is conceivable that some other more
general Horndeski theories may be completely stable.

II. HORNDESKI THEORY

This is the most general theory for a gravity-coupled
scalar field ¢ whose equations are at most of second order.
The theory was first obtained in [7], but we shall use its
action in the form given in [13]:

S: /(£2+£3 +£4—|—£5)\/—gd4x, (21)
where

Ly = Gy(¢.X),

Ly = —G3(¢, X)0g,

E4 = G4(¢, X)R + G4x(¢’ X)[(D¢)2 - (vuvuqﬁ)ﬂ’
£5 = GS (¢’ X)G/wv”vy¢ - é GSX

< [(O¢)* - 30¢(V,V,0)* +2(V,V.0)].  (22)
Depending on the choice of the four arbitrary functions
Ga(p, X) (with A = 2, 3, 4, 5) of the scalar field ¢ and of
its canonical kinetic term X = — 1 V#¢V ¢, this determines
not just one theory but a large family of theories. One
has Guy = 0G,/0X, (V,V,$)*> =V, V,¢V*VFp, and
(V”Vy¢)3 =V, V,¢V*VP¢V ,pV#¢p. Finally, R and G,
are the Ricci scalar and the Einstein tensor.

For example, setting G3; = G5 =0, G4 = const, and
G, = X — V(¢) yields the standard theory of the inflaton
type; a more general choice of G,(¢,X) yields the
K-essence theory [14], while including also G3(¢,X)#0
yields the kinetic gravity braiding (KGB) theory [15]. The
KGB theory, possible with G4, = G4(¢), is the most general
Horndeski model in which the sound speed of the tensor
perturbations is equal to the speed of light [8—10]. The
Lagrangian of this theory contains the second derivatives of

the scalar field only linearly. If the Lagrangian contains also
quadratic (V,V,¢)* and/or cubic (V,V,¢)? terms, which
is the case if G4 and/or G5 depend on X, then the GW speed
is no longer constant.

ITI. BIANCHI I MODEL

The simplest cosmological model is homogeneous and
isotropic, with the metric
ds?> = =N2di* + a*(dx? + dx3 + dx%),  (3.1)
where the scale factor a, the lapse N, as well as the scalar
field ¢ depend only on ¢. The corresponding field equations
for the theory (2.1) are explicitly shown in [13]. We make
the next step and consider the homogeneous and aniso-
tropic Bianchi I metric,
ds? = =N?di> + ajdx? + a3dx} + a3dx},  (3.2)
with the three scale factors a,, (m = 1, 2, 3), the lapse N,
and the scalar field ¢ depending only on #. Substituting
this into (2.1) yields the reduced one-dimensional action
that can be varied with respect to a,,, N, and ¢. Although
the action contains the second derivatives, all higher
derivatives arising during the variation cancel. As a result,
first varying the action with respect to N and a,, and then
imposing the gauge condition N = 1, yields the following
equations:

GY(G —2G4x¢” = 2Guxxd" + 2G5y + Gsyyd*)

= G, — Goxp® = 3GsxHP® + G3¢¢2
+ 6G4¢H¢'5 + 6G4X¢¢3H — 5GsxH H,H3 ¢

— GsyxH\HyH; | (3.3)
. dg
G —(H; +H,)—
GG, — (1, + 1) &
dGy  _d, . . d, . s
=G, _¢W+2E(G4¢¢) _E(G5x¢ H;Hy)
— Gsx¢ H,;H(H; + Hy). (3.4)

Here the dot denotes the t-derivative, one has H; = a;/a;,
and the average Hubble parameteris H =133 | H; =a/a
with a = (a,a,a3)'/3. The Einstein tensor components are

Gy = —(HH, + H,H; + H3H,),

Gi=—(H;+ H,+ H? + H} + H;H}), (3.5)

where the triples of indices {i, j, k} take values {1,2,3},
{2,3,1}, or {3, 1,2}. In addition, we have defined

G =2G, — 2Gux@* + Gsyd’”. (3.6)
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Varying the action (2.1) with respect to ¢ yields the
equation which, after some rearrangements, can be cast into
the following form:

ld,,
—-— =P, 3.7
S (@) =P (37)
with
J = &[sz —2G3p + 3H¢(G3x —2Guxy)
+ GO(—2Gux — 2¢°Gaxx + 2Gsy + Gsx(/)d’z)
+ H1H2H3(3G5X¢ + Gsxxﬁ?f%)}’ (3.8)
P =Gy — ¢2(G3¢¢ + Gaxyh) + RGuy
+2Guxyb(B3PH — $GY) + GYGsyyh®
+ Gsxy*H  H,H, (3.9)
where R is the scalar curvature, R = —G,.
Let us parametrize the three scale factors as
a,=aef V3, =aelVH- ay=ae #+,  (3.10)
hence
Hl:H+B++\/§ﬁ_» H2:H+,.B+_\/§,B_,
Hy=H-2p,. (3.11)

where H = 4/a. The anisotropies are determined by A,
and if they vanish, then H; = H, = H; = H and the
Universe is isotropic. It will be convenient to introduce

o =+ B (3.12)

Using these definitions, the G8 Einstein equation (3.3)
assumes the form

3(H*—0?)(G - 2G4x¢” = 2Gxxd* + 2G54)€b2 + Gsx¢¢4)
=G, + ¢*Gyx + 3G HPp® — G3¢¢2
~6Gu;Hep — 6G 4y HP?
+¢*(5Gsy + Gsxxd™)(H = 2. )[(H + B, )* = 352].
(3.13)

This equation contains only first derivatives. The remaining
three Einstein equations (3.4) contain second derivatives
and read

(2H + 3H* + 306%)G + 2HG

. cn d
=-G, + G3¢¢2 + Gax - 25 (Gup)
d . s
— G H2 _ 2
+ dt[ sx®” ( o’)]

+2Gsy’ (H? + . = 3. j2). (3.14)

d . . . . .
0B+ Gsx¢ a3 (f2 — p1 —HB.)] =0, (3.15)

d ) ) .. )
102°B_ + Gsxd™@’ 2B p — HP) =0.  (3.16)
We notice that the two latter equations have the total
derivative structure and can be integrated once, which gives
first order conditions

. ca . . C

GB. + Gsxyd® (B2 — 2. —Hp.) = a—; (3.17)
. g . C_

Gp-+ Gsxd(2pfp- —HP-) = . (3.18)

with C,, C_ being integration constants. These first
integrals for the shears /. in the Bianchi [ model generalize
the well-known result in general relativity (GR). Similar
integrals in the f(R) gravity were originally obtained in
[16] and for more general modified gravity theories in [17].

Supplementing the two equations (3.17) and (3.18) by
the first order equation (3.13) and by the scalar field
equation (3.7) yields a closed system of four differential
equations for the four functions a(z), #. (), and ¢(r). The
remaining equation (3.14) can be ignored, since it is
automatically fulfilled by virtue of the Bianchi identities.

An additional simplification is achieved if the scalar
source P defined by (3.9) vanishes, since in this case the
scalar field equation (3.7) also assumes the total derivative
structure and can be integrated once. The source P will
vanish if all four functions G, are independent of ¢, in
which case the theory is invariant under shifts ¢ — ¢ + ¢,.
However, P will vanish also if G, and G, are independent
of ¢, while G5 and G5 depend on ¢ only linearly, such that
G34 = const and Gs,;, = const. Then the scalar field equa-
tion (3.7) becomes

$[Gox + 3HGax¢p + G(~2Gyx — 2¢*Guxx + 2Gs,y)

+ (H=2B)[(H + B,)> = 382](3Gsxp + Gsxxd”)]

C
+_;/):0’
a

(3.19)
with C,, being an integration constant. The problem there-

fore reduces in this case to four equations (3.13) and
(3.17)—(3.19) which determine algebraically the Hubble
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parameter H (a), the anisotropies /3 (a), and the derivative
of the scalar field ¢(a).

To recapitulate, if there is an explicit dependence on ¢,
then the problem reduces to four differential equa-
tions (3.13), (3.17), (3.18), and (3.7) to determine a(r),
pi(t), ¢(t). If the coefficient functions G,, G, are ¢
independent while G5, G5 depend on ¢ at most linearly,
then the problem reduces to four equations (3.13) and
(3.17)=(3.19) which determine the functions H(a), f (a),
and ¢(a) algebraically. The time dependence can then be
restored by integrating the equation a/a = H(a).

In what follows we shall not at first assume anything
about the ¢ dependence, but later we shall consider specific
examples admitting the simplified description in terms of
the four algebraic equations. Our aim is to study the
anisotropies described by (3.17) and (3.18). The structure
of these equations suggests considering separately two
different cases, Gsy =0 and Gsy # 0, which will be
described, respectively, in the following two sections.

IV. THE GSX =0 CASE

In this case the anisotropy equations (3.17) and (3.18) are
linear in A, and yield

Cy

B, = = 4.1
ﬁi ga3 ( )
The behavior of the anisotropies is therefore determined by
the function G defined by (3.6). This definition can

equivalently be viewed as the equation for Gy,

G(,X)=2G4(¢,X) —4X%§?X)+2XG5¢(¢), (4.2)
whose solution is
Gulg X) = FaIVX + g igx -V [A0 D ax

Gs = g(9), (4.3)

with arbitrary f(¢) and g(¢). Let us first consider the
subcase where G = u = const.

A. G=pu=const
In this case Eq. (4.1) yields

(4.4)

so that the anisotropies behave in the same way as in
general relativity: They grow as a — 0. Therefore, the
initial singularity is strongly anisotropic, while at late times
the anisotropies decay. Equation (4.2) then yields

Gy(X) =S+ f()VX +d(9)X Gs=yg(¢). (45)
This describes all the conventional theories. Setting f(¢) =
9(¢p) = 0 one can, depending on whether G, and G; are
included or not, distinguish the following particular cases.
(1) G, = G3 =G5 =0, G, = pu/2. This corresponds to
the vacuum general relativity, assuming that y = M3,.
(ll) G2 X — V(¢) and G'; G5 =0, G4 ﬂ/z,
which defines the general relativity with the conven-
tional scalar field.

(lll) G2(¢ X) and G3 G5 =0, G4

the K-essence theory.

(1V) G2(¢ﬂ X)’ G3(¢’X)’
gives the KGB theory.
In all of these theories the anisotropies ,Bi grow as one

approaches the initial singularity.

41/2, which gives

Gs; =0, G4 =pu/2, which

B. G=u(¢)

Formulas (4.1) and (4.5) still apply, with the replacement
u — u(¢). Let us consider the simplest option:

GZZX, G3:G5:O,

1 . C
Gy =5ul¢),  Pr= ,u(q;)ta3 :

2

Since G, depends on ¢, the ¢ equation remains differential
and the system does not reduce to algebraic equations. At
the same time, the theory with the gravitational kinetic term
u(¢)R can be converted to the theory with the standard
kinetic term uR by a conformal transformation of the
metric. This brings us back to the theories considered in the
previous subsection, where the anisotropies are always
unbounded near singularity. Performing the inverse con-
formal transformation to pass to the original frame changes
only the scale factor (and the proper time) without changing
the anisotropies. Hence the latter are unbounded in the
original frame too. Therefore, the choice G = p(¢) does not
ensure the damping of anisotropies, and we shall now
consider a more complex choice.

(4.6)

C. G=G(X) and G4(X)
We shall consider the theory sometimes called kinetic
inflation [12,18-25]. It corresponds to the choice

Gy=X—A  Gy=0,
1 1
Gy = 2 (u+7X), Gs = 2 (a+y)p,  (47)

where A, y, a are constant parameters. The constant y is a
gauge parameter which drops out from the equations due to
the relation XR + (0¢)? — (V,V,¢)* = =G, V'V ¢ +
total derivative [13], which allows one to trade the G5 ~ ¢
term in the Lagrangian (2.2) for the G4 ~ X term. In the
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y =0 gauge one has G4 =const and Gs~ ¢, while
choosing y = —a yields G5 = 0.

The homogeneous and isotropic cosmologies in the
model (4.7) are characterized, apart from the late infla-
tionary phase driven by A, also by an early inflationary
phase with the Hubble rate determined not by A but rather
by a, so that A is “screened at early times” [26]. The GW
speed in the theory is not constant, but its value at present is
predicted to be close to the speed of light with a very high
precision [6].

Injecting (4.7) to (4.2) yields

Cy

—= Xi. - Q0 -
G=ptraX=p. (4 + aX)a®

(4.8)

It turns out that X = (}52 /2 grows fast enough for a — 0 to
suppress the anisotropies [6].

Let us write down explicitly what becomes of Egs. (3.13)
and (3.17)—(3.19):

(P = = ) (o ) =3
. . . C
Ga(H? = = 3) - 1) =

N C
(u + %qﬁz)ﬁi = (4.9)

We shall need a dimensionless version of these equations.
Let us assume that a > 0. If H, and a, are the present
values of the Hubble parameter and of the scale factor, then
setting

1
= s H:H s A:3 HZQ N — .
a=apa oVYy HHGQ, o 3H%C
TR0 F2a3 3 y 2<%
C¢: lgﬂaQ(’HOah, Ci:ﬂHOabQiﬂ ¢: a v,
Bi =Hps, (4.10)

reduces (4.9) to equations containing only dimensionless
variables a, Y, y, s, and dimensionless parameters (,
Qo, 96:

Qs(3Y = Oy* +Y = Q,

0
(Qey? + 1)s: ==,
a

W—sz%,
(4.11)

where Y =y — 52 — s2. The solution can be expressed in
the parametric form, as functions of Y:

6 Q(¢-3Y) 1

Y =0a*

(Y =0 (Y Q)

si = 0.5, y=Y+st+s2, (4.12)

where

_ I (=02
STlawine agru-gae Y

When the parameter Y ranges from /3 to Q,, the scale
factor a changes, respectively, from zero to infinity. As
one can see, the function S determining the anisotropies
approaches zero in both of these limits; hence the Universe
becomes isotropic not only at late times but also at early
times. In both limits the amplitude Y reduces to y and the
Hubble rate is

Hean\? _C __(HY'
H, 3 H, 0
Ho \2
E<ﬂ) as 0 < a — oo. (4.14)

Therefore, the Universe interpolates between the early and
late isotropic inflationary stages driven by ¢ and €,
respectively. The present stage of the Universe is highly
isotropic; hence Y ~ y = a = 1 should fulfill (4.12), which
requires that

(1-0%(1-9)

=" 3

(4.15)

As a result, the theory actually depends only on two
parameters { and €, determining values of the two
Hubble rates, apart from the anisotropy charges Q- .

Setting Q. =0 yields homogeneous and isotropic
solutions, in which case one can apply the known formulas
for the small fluctuations. These formulas apply also for
anisotropic solutions with Q4 # 0 at late and early times,
when the solutions become isotropic. The quadratic action
for fluctuations around an isotropic background is

Iz‘i/K Fz—czp—ze a’d*x, (4.16)
2 a’

where F denotes the fluctuation amplitude after separating
the variables and p is the spatial momentum. The expres-
sions for the kinetic term K and the sound speed squared c?
within the model (4.7) were derived in [6], and they agree
with the earlier result obtained within the generic
Horndeski theory [13]. It turns out that the kinetic term
is always positive, both in the tensor and scalar sectors;
hence there are no ghosts. As seen in Fig. 1, the sound
speeds in both sectors are not constant, but they approach
unity at late times. The deviation of the speed of tensor
modes from unity at present is negligibly small and
proportional to (I_Ilalte/l_learly)2 [6].

It is also worth mentioning that, when written in the
gauge where Gs =0 and hence G4 = (u— aX)/2, the
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In(a)

FIG. 1. The dimensionless Hubble rate /y = H/H, and the
sound speeds squared in the scalar and tensor sectors against
In(a) for the isotropic solution obtained by setting in (4.12)
0. =0, Qy,=0.73, { = 60, and with Qg given by (4.15).

theory (4.7) can be mapped to class I degenerate higher-
order scalar-tensor (DHOST) theory [27] via a disformal
transformation of the metric g,, — G, = A(X)g, +
B(X)V,¢$V,¢. This transformation changes the light cone;
hence the sound speeds change. If the functions A, B are
chosen such that B(A — 2XB)G4 = Gy then the resulting
DHOST theory will respect the condition which ensures
that the GW speed is equal to the speed of light [in the
language of [28] this condition is a; = a, = 0; see
Eq. (D.5) of that work]. Therefore, the GW speed can
be made constant via the disformal transformation.

The anisotropies are s = QS where, as seen in Fig. 2,

Fig. 2, the anisotropies contribute to the Hubble rate and
increase it. Since

1
di = = dn(a). (4.17)

the proper time interval dr decreases if H increases; hence
the proper time duration of the anisotropic period decreases

when the anisotropy amplitude A= /0% + Q% gets
larger, since H then increases. In other words, the function
S(t) shows a more and more narrow peak when A gets
larger, as seen in Fig. 2.

One should emphasize that, although the anisotropies
approach zero at early times, still the Universe cannot be
isotropic at this stage, since it is unstable in this limit with
respect to inhomogeneous perturbations. This can be seen
in Fig. 1, which shows that the sound speeds squared
become negative at early times. This means that the early
stage of the Universe should be inhomogeneous [6].

To recapitulate, the above example shows that anisotro-
pies in the theory with G = p + aX are damped at early
times. It is possible that choosing other functions G(X)
yields other models with a similar property. However,
we shall now rather return to the original anisotropy
equations (3.17) and (3.18) and consider situations when
the nonlinear terms in these equations become important.

V. THE Gs(X) CASE

Theories with a nontrivial G5(X) are also characterized
by a nonconstant GW speed. We shall consider a theory
which also shows two inflationary stages, similar to the
G4(X) model considered above. It is defined by the choice

the function S is well localized; hence the anisotropies G, =X —A, G; =0,
vanish both at the early and late stages of the Universe and 1
are maximal in between. It is worth noting that, as seen in Gy = Eﬂ’ Gs = const + {V2X. (5.1)
H/ HO 6 6
A :1 A =1 0
4 4
S S
2 2
&\ \1,\
-2 -1 | 1 -0.4 -0.2 0.2 0.4
n(a) (t-t)Ho

FIG. 2.

Left: The anisotropy amplitude S and the Hubble rate H/H,, defined by (4.12) and (4.13) with Q, = 0.73, { = 60, and

A=+/0% + Q> = 1 against In(a). Right: S(¢) for A =1 and A = 10.
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Equations (3.13) and (3.17)—(3.19) then reduce to

Bu(H? — B — B2) + 4697 (2B, — H)[(H + B,)> — 347
1

="+ A
P(=1+2802p. — H)(H + p,) = 3/2)) = Qg
(i~ G+ Hp— ) =
e+ 8B, — )= (52)

all containing terms nonlinear in ,Bi. Their dimensionless
version is obtained by setting

1
a=apa, H:Hoy, A= 3/,{H(2)Q(), 52 _W’
0
Cy =/ —QeuéHoHyay,  Ci=puHyag0x,
. ﬂ .
=, /——, =Hys,, 5.3
7 Hofw B 08+ (5.3)

where we assume that the coupling & is negative, hence
¢ > 0. This yields the equations

3(y2 =53 —s2) + 42 [(y = 25,)[(y + 5,)2 = 352] = ]

= 30,
(40 = (v =25)[(v +54)? = 352w = %
(50 +y7l5% +ys, = 2) =25,
(1 +920-25))s- = 5. (5.4)
Consider first the isotropic case,
sy =0, 0.=0 (5.5)

Then Egs. (5.4) reduce to
3y + 4y (P = 8) =3Qp. (48— = \2/% (5.6)
with the solution

6 96(53—)’3) \/9_6 (5.7)

C T3 -y VT 230 )

This solution again shows the early and late inflationary
stages, since the Hubble parameter

H
C(—y:H——>\/QO as0«a— 0. (5.8)
0

Requiring the solution to pass through the a = y = 1 point
yields

360 - 11— Q)
=" Eon

Choosing ©, = 0.7 and ¢ = 5 then yields the result shown
in Fig. 3. Remarkably, we see that the sound speed squared
in the scalar sector is now always positive. The kinetic
terms are also positive, and there remains only the gradient
instability in the tensor sector at early times. Therefore, the
theory is more stable than the G4(X) model considered
above. This suggests that other choices of functions G4 (X)
may perhaps give completely stable theories, but this issue
requires a separate analysis.

Equation (5.7) actually defines not one but two different
solutions related to each other via ¢ —» —a and y — —y,

(5.9)

since a® = +va® can be either positive or negative
whereas the metric contains only a” and is insensitive to
the sign of a. As we shall see below, the anisotropic
generalizations of these two solutions will no longer be
related to each other in a simple way.

Let us consider anisotropic solutions of (5.4), starting
from the simplest case where Q. = 0. The simplest
solution is then the isotropic one,

sy =0, (5.10)
with a and y given by (5.7). In addition, since the equations
are nonlinear in the anisotropies, there are also solutions

FIG. 3. The Hubble rate and the sound speeds squared against
In(a) for the isotropic solution (5.7) with Q, = 0.7 and ¢ = 5.
The sound speed squared in the scalar sector is always positive.
Also shown is the weak anisotropy amplitude S in (5.15)
obtained by solving the anisotropy equations on the isotropic
background. The Hubble rate and sound speeds are insensitive to
weak anisotropies, but for stronger anisotropies they should
become direction dependent.
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with s # 0. They can be represented in the parametric
form, choosing y as the parameter:

a3: \/Q6§U5
4053y = 3Qut + 17
2.5, 1 5
== —Quu? - —, 5.11
y =380+ 5 Qw " (5.11)

with the anisotropies being either
1 1
se=gl0tz) = +V3s,,  (5.12)
or
(5.13)

The parameter y in (5.11) takes values in the interval
[0, ] where y,, is the root of 43y® —3Quy* +1 =0.
For example, if { = 0.6 and Q, = 0.7 then y,, = 0.92.
When y increases from zero to y,,, the scale factor a grows
from zero to infinity, while the Hubble parameter y and the
anisotropy behave as follows:

1 —Qoyry,
Wi

00—y —

’

1
—00<—y+—2—>—901//r2n as 0« a—oc0. (5.14)
W

We see that the anisotropies s ~ (y + 1/y?) do not vanish
at late times but approach constant values, unless for Q, = 0.
This again provides a counterexample to the standard
wisdom. Indeed, in general relativity the Bianchi universes
with a positive cosmological constant always evolve toward
an isotropic state at late times [4,5]. The solution (5.11)—
(5.14), although also containing a positive cosmological
constant, shows just the opposite “self-anisotropizing”
behavior. It should be said that such a self-anisotropization
in the Horndeski theory with a nontrivial G5(X) was actually
observed before in Ref. [29], also within the Bianchi I
models. We therefore shall not discuss this phenomenon
anymore and simply refer to [29], since we are interested in
the early time “isotropization” rather than in the late time
“anisotropization.” For all other solutions that we consider in
this text, apart from (5.11)—(5.14), the anisotropies always
approach zero at late times. Therefore, we now return back to
the isotropic solution (5.10) and consider its deformations
induced by adding nonzero anisotropy charges Q..

If O are very small, then one can expect the anisotropies
s4 to be small as well, in which case one can neglect all
nonlinear in s, terms in the equations. The first two
equations in (5.4) contain only such terms, and neglecting
them yields the equations of the isotropic case whose solution

was described above by (5.7). The last two equations in (5.4)
do contain terms linear in s, and keeping only these yields
the solution for weak anisotropies,

0.

IR

sy = (5.15)

with a, w given by (5.7). The function S here is well
localized, as seen in Fig. 3, and it has the following limits:

5
6 st

as 0 « a = oo.
96 a3

(5.16)

Therefore, the anisotropies are suppressed both at early and
late times.

If the charges Q. are not small, then one can no longer
neglect in the equations the terms nonlinear in the anisot-
ropies s.. It is not then obvious that the anisotropies will
still be suppressed at early and late times. Let us therefore
take the nonlinear terms into account. To simplify the
analysis, we set one of the anisotropy amplitudes and the
corresponding charge to zero,

s_=0_=0, (5.17)
while keeping s, # 0 and denoting
0, = /8%S. (5.18)

It turns out that all nonlinear in s, terms in the equations
can be absorbed by introducing the new variable

Y=y+s,. (5.19)

Then Egs. (5.4) reduce, without any approximation, to

Ay (Y3 = 3Y%s, — ) +3Y2 - 6Ys, = 3Q,,

VQ
48 4372, — 7)) =22,
w(48 4 3Y%s, ) s
Sv/Q
(Yy? +1)s, = 76 (5.20)
Their solution is
3 V6 (6SY2y — Yy — 1)
WP =) Wy 1 1)
Sv/Q
0 (5.21)

T A1)

where Y and y are related via
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FIG. 4. The Hubble rate H/Hy =y =Y — s against In(|a|)
for the two solutions of (5.22) with Q; = 0.7, { = 5for S = 0.02.
The Hubble rate is affected by the anisotropies when the non-
linear terms are taken into account.

-9 3
“ap-y 27

1283 Yy? + Y3 + 883 —3Q,Y
(Yy* + 1)(Y’ =)

e

(5.22)

If S=0then s, =0, Y =y, and these formulas reduce to
(5.7) describing the isotropic solution with y=Y €[\/Q,{].
If S#0 then (5.22) yields the fourth order algebraic
equation for y = y/(Y). Fortunately, all of its four solutions
can be found analytically. Each of them is real valued
only within a finite interval of Y, but combining these
piecewise solutions together yields two global solutions
which are smooth and real valued everywhere in the

/\4'

FIG. 5. The anisotropy s, defined by (5.21) against In(|a|)
for the two solutions shown in Fig. 4, assuming the
normalization (5.9).

interval Y € [\/€Q, {]. These two solutions have opposite
signs of y and of a.

In the isotropic limit these two solutions are related by
simply w — —w and a — —a, as described above, while
their Hubble rates y(|a|) are the same. If S # 0 then the two
solutions are no longer related to each other in a simple way
and their Hubble rates are different, as seen in Fig. 4. As
seen in Fig. 5, the anisotropies again vanish at late and early
times. These nonlinear solutions were obtained for the
value of the anisotropy parameter which is still small
enough, S = 0.02, but increasing S does not qualitatively
change the situation. Already for S = 1 the anisotropy s
attains very large values in the intermediate region, but it
always approaches zero as a — 0,co0. Therefore, the
anisotropies are damped at early times at the nonlinear
level too.

VI. CONCLUSIONS

Summarizing the above discussion, we have studied
homogeneous and anisotropic Bianchi I cosmologies
within the most general Horndeski class. Our aim has
been to see whether the phenomenon of anisotropy damp-
ing previously observed within the specific Horndeski
model [6] is present in other Horndeski theories as well.
We have found the phenomenon to be absent for a large
class of Horndeski models in which the GW speed is
constant. However, the phenomenon seems to be generi-
cally present in the more general models with nontrivial
G,(X) and/or G5(X). The GW speed in such theories is not
constant, but no contradiction with the observation arises
since the predicted value of the GW speed at present is
extremely close to unity, whereas no observation data of the
GW speed in the past are available.

Such theories show gradient instabilities at early times;
therefore their initial phase, although not anisotropic,
cannot be isotropic either. It should therefore be inho-
mogeneous. As a result, we have considered gravity
theories where, contrary to what happens in GR, it is
the inhomogeneity and not the local anisotropy which
becomes critical near the generic initial spacetime singu-
larity. It should also be noticed that, as seen in our figures,
the Hubble parameter H does not grow backward in time
for a — 0; that means that the particle horizon is absent
(or very large). This may further amplify inhomogeneity
effects near singularity, while in GR the local behavior
near singularity is (almost) quasihomogeneous due to the
existence of the particle horizon restricting the domain of
causal connection.

At the same time, it is possible that a systematic analysis
of theories with more general G4(X, ¢) and/or G5(X, ¢)
may reveal models free of instabilities. In the case of
nonsingular bounce-type [30] or Genesis-type [31] cos-
mologies, no stable solution can exist within the Horndeski
class [32,33], although they exist within the more general
DHOST models (see [34] for a review). However, we are
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unaware of similar no-go results for cosmologies
with an initial singularity. In fact, an explicit example of
a completely stable Horndeski theory is known, although
not containing an early inflationary phase [35]. Therefore,
it is not excluded that stable cosmologies with the early and
late inflationary phases may exist within the Horndeski
theory; hence their anisotropies should be damped near
singularity.

It should also be mentioned that, as was first observed in
[6], the effect of anisotropy damping may be sensitive to the
inclusion of spatial curvature.
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