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Abstract In this paper, we extend a recent proposed model
of two scalar and two vector fields to a hyperbolic inflation
scenario, in which the field space of two scalar fields is a
hyperbolic space instead of a flat space. In this model, one
of the scalar fields is assumed to be a radial field, while the
other is set as an angular field. Furthermore, both scalar fields
will be coupled to two different vector fields, respectively. As
a result, we are able to obtain a set of exact Bianchi type I
solutions to this model. Stability analysis is also performed to
show that this set of anisotropic solutions is indeed stable and
attractive during the inflationary phase. This result indicates
that the cosmic no-hair conjecture is extensively violated in
this anisotropic hyperbolic inflation model.

1 Introduction

Cosmic inflation [1-4] has been regarded as a leading
paradigm in modern cosmology. This result is due to the
fact that many of its theoretical predictions have been shown
to be highly consistent with the leading cosmic microwave
background radiation (CMB) probes such as the Wilkin-
son Microwave Anisotropy Probe (WMAP) [5] and the
Planck [6-8]. It is worth noting that the backbone of all
standard inflationary models [9] has been the cosmologi-
cal principle [10-13], whose statement is that our universe
is just simply homogeneous and isotropic on large scales
as described by the Friedmann—Lemaitre—Robertson—Walker
(FLRW) spacetime [14]. However, it is not straightforward
to verify the validity of this principle [10-13].

It is important to note that some CMB anomalies such as
the hemispherical asymmetry and the cold spot have been
detected by the WMAP and then confirmed by the Planck
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[15]. Remarkably, these anomalies are beyond the predic-
tions of all standard inflationary models. It appears that a
number of mechanisms, in accordance with the cosmologi-
cal principle, have been proposed in order to reveal the nature
of these anomalies [15]. For instance, there have been some
interesting ideas that the CMB statistical anisotropy could
be caused by instruments [16—18]. However, a follow-up
study has pointed out that they seem to be invalid [19]. As a
result, the physics behind the mentioned CMB anomalies has
remained unknown up to now [15]. All these results lead us
to think of a possibility that the cosmological principle might
no longer be valid in the early universe. If so, it might lead to
nontrivial deviations from the predictions of standard infla-
tionary models [20,21], which might also provide resolutions
to other problems. For example, it has been shown that the
Hubble tension might be an indication of the breakdown of
the FLRW cosmology [22].

Remarkably, a recent study has revealed an interesting
smoking gun evidence that the current universe might be
anisotropic, i.e., might violate the cosmological principle
[23]. This is indeed contrast to the statement of the so-called
cosmic no-hair conjecture proposed by Hawking and his col-
leagues long ago [24,25]. The no-hair conjecture states that
the late time universe would be homogeneous and isotropic,
i.e., would obey the cosmological principle, regardless of ini-
tial states of the universe, which might or might not violate
the cosmological principle. The no-hair conjecture is, how-
ever, very difficult to prove. It turns out that there have been a
number of partial proofs, e.g., see Refs. [26—32] for this con-
jecture since the first rigorous proof by Wald for the Bianchi
spacetimes with a cosmological constant, which are homoge-
neous but anisotropic [33,34]. Nevertheless, a general proof
for this conjecture has remained as a great challenge to physi-
cists and cosmologists for several decades. It is worth noting
that if the cosmic no-hair conjecture is valid, it would only be
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valid locally, i.e., inside of the future event horizon, according
to the studies by Starobinsky and the other people [35-39].
Besides the proofs mentioned above, counterexamples to
the cosmic no-hair conjecture have been proposed in differ-
ent frameworks such as higher order models of gravity [40-
44], the Lorentz Chern—Simons model [45], and the Galileon
models [46—48]. However, many of them have been shown
to be invalid due to their instability during an inflationary
phase [49-52]. Recently, the first vivid counterexample to
the cosmic no-hair conjecture has been constructed success-
fully by Kanno, Soda, and Watanabe (KSW) [53,54]. As a
result, this counterexample is nothing but a stable and attrac-
tive Bianchi type I inflationary solution of a supergravity-
motivated model, which involves a special coupling between
scalar and vector fields of the form f 2((;5)F w FHY[54].
Consequently, a number of extensions of the KSW model
have been proposed in order to either examine the valid-
ity of the cosmic no-hair conjecture or investigate the cor-
responding CMB imprints of anisotropic inflation [55-97].
For interesting reviews on the KSW anisotropic inflation,
see Refs. [98,99]. It should be noted that the existence of the
time-dependent function f(¢) does break down the confor-
mal invariance of electromagnetic field. Therefore, the KSW
anisotropic inflation might have a close connection with the
origin of large-scale galactic electromagnetic fields in the
present universe as suggested by Refs. [100,101]. In other
words, the appearance of the late time large-scale galactic
electromagnetic fields might be a reasonable evidence for the
existence of the anisotropic inflationary universe. Moreover,
if the KSW anisotropic inflation is stable and viable, then the
unavoidable appearance of the late time large-scale galactic
electromagnetic fields might be an additional smoking gun
evidence for the breaking of the cosmological principle not
only in the early universe but also in the late time universe.
Recently, we have proposed a multi scalar and vector fields
model, which generalizes many previous extensions of the
KSW model [82]. In this paper, two scalar fields are allowed
to non-minimally couple to two vector fields, respectively.
Furthermore, this model has been shown to admit an exact
Bianchi type I power-law solution, which turns out to be
stable and attractive during its inflationary phase. In addi-
tion to our model, a recent interesting paper [83] has pro-
posed a different multi-scalar-field extension of the KSW
model, which is based on an interesting novel type of infla-
tion called a hyperbolic inflation [102]. Basically, the hyper-
bolic inflation model contains two scalar fields, whose two-
dimensional field space is hyperbolic instead of a conven-
tional flat one [103]. One of the scalar fields is referred to as
aradial field, while the other one is called an angular field. In
this type of inflation, the inflaton, described by the radial field,
never slow-rolls and instead orbits the bottom of the poten-
tial, buoyed by a centrifugal force [102]. Consequently, many
follow-up works have been done to investigate extensively
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cosmological aspects of this hyperbolic inflation [104—106].
It is noted that only the radial field is non-minimally coupled
to a vector field in an anisotropic hyperbolic inflation model
proposed in Ref. [83]. Naturally, one can ask if the angular
field is also non-minimally coupled to a vector field. Appar-
ently, this scenario is similar to our recent model proposed in
Ref. [82]. This motivates us to study in this paper a non-trivial
combination of these two extensions of the KSW model. In
particular, we will investigate whether an anisotropic hyper-
bolic inflation [83] will appear in a model of two scalar and
two vector fields [82]. Stability analysis will be performed to
check if the obtained inflationary solution violates the cosmic
no-hair conjecture.

As a result, this paper will be organized as follows: (i) A
brief introduction of this study has been presented in Sect. 1.
(i1) A basic setup of hyperbolic model with two scalar fields
coupled to two vector fields will be introduced in Sect. 2.
(iii) Anisotropic power-law solutions will be figured out in
Sect. 3. (iv) Then, the stability of the obtained solutions will
be analyzed using the dynamical system method in Sect. 4.
(v) Finally, concluding remarks will be written in Sect. 5.

2 The model

In this paper, we would like to study a non-trivial combination
of the KSW model [53,54] and the hyperbolic inflation [102],
which was proposed in Ref. [83] such as

1 1
S= f d*x/—g [ SR = 5Ga(@", LI Lo

—V¢*. ¢") — ifab(qb“, ¢b>F;va”“”} : 2.1)
where the reduced Planck mass M, has been set to be one for
convenience. It is noted that Fy,, = 9, A — 9, Aj, is the field
strength of vector field AZ. In addition, G, is a metric of
scalar field space. It should be noted that f,; has been called
a gauge kinetic function within the supergravity theory [54].
However, ones have regarded f,5, in analogy to Ggp, as a
metric of vector field space [83]. Both of these metrics have
been assumed to be functions of scalar fields in Ref. [83].
In this paper, the scalar field and vector field spaces will be
assumed to be two-dimensional as

ds% = d¢* 4+ wL? sinh? <%> dy?, (2.2)
ds; = f{(@)de” + f3()dy?, (2.3)

respectively. As a result, the corresponding metrics turn out
to be

Gy = diag [1, wL? sinh? (%)} , (2.4)
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fa = diag | £2@). £ )] @.5)
respectively. Here L > 0 is the curvature scale (length) of
the hyperbolic space [102], while @ = =%1. Interestingly, the
existence of w does not affect on the value of the curvature of
scalar field space, which is always equal to —2/L? < 0. In
other words, the scalar field space is always hyperbolic with
negative curvature regardless of the value of w.

It should be noted that we have renamed ¢! = ¢ and ¢* =
yr for convenience. It is noted that ¢ is called a radial field,
while i/ is called an angular field. It is also noted that f(¢)
and f>(¢) are arbitrary functions of ¢ and v, respectively.
In addition, we will assume in this paper that V(¢>1, ¢2) =
Vi(¢) + Vo (), in contrast to Ref. [83] where only Vi (¢)
is introduced. It is noted that the configuration of the scalar
field space has been proposed in Refs. [83,102], while the
configuration of the vector field space follows our recent
paper [82], in which two scalar fields are allowed to non-
minimally coupled to two vector fields, respectively.

As a result, the above action (2.1) now reduces to the
following form,

/d%ﬁ[ R— la,@amp

L (%) B — Vi) — Va(p)

fz (1#) .
£ ]

@)
- ‘4 w (2.6)

which acts as a hyperbolic generalization of a recent multi-
field extension of the KSW model [82]. In this action, F’ /iv =
Fuy = 0,A, — 0,A, is the field strength of the first vector
field A}, = Ay, while F, = Fpuy = 9,4y — 0y.Ay is the
field strength of the second vector field A%,L = A,,. Note that
Y will be a phantom-like scalar field if w is equal to —1
[107-111].

Asaresult, varying the action (2.6) with respect to the met-
ric g,,» will lead to the corresponding Einstein field equation
of this model given by

1 ) ¢
Ry — ERg,w — 3,09,¢ — wL? sinh? (Z) A d, Y
1 o w 2 . 2 ¢ o
+ guv 58(,(158 o+ —L sinh T FIRVE AR

VI + Vot <f1 F2 4+ f2]-'2>]

— fEFu B — f2Fu, FY 2.7

Additionally, the corresponding equations of motion of two
vector fields, i.e., A, and A, are defined to be

W [v=asiEe ] =0, 23)

0. [ V=g siFe] =o. 29)
respectively. On the other hand, the corresponding equations
of motion of two scalar fields, i.e., ¢ and i, turn out to be

5 1
O¢ — %L sinh (%) 06 Y7y — 0 V1 = 5 f1 (9 /1)

x F* =0, (2.10)

L? sinh? <¢> Oy + wL sinh <2¢) dodd7 Y — 3y V2

1 2

— Efz (81/,f2)]-" =0, (2.11)
respectively. It is noted that 9y = 9/d¢, dy = 9/9v, and
D=L, (v/—g9"). In this paper, we would like to fig-
ure out anisotropic hyperbolic solutions to this model. To do
this task, we will consider the Bianchi type I metric, which
is considered as the simplest homogeneous but anisotropic
spacetime having the following form [53,54]

ds® = —di* + exp [2a(t) — 40 (1)1 dx* + exp [2a (1)

20 (1)] (dy2 + dzz) : 2.12)

where o (¢) is assumed to be a deviation from the spatial
isotropy, which is governed by «/(¢). This assumption corre-
sponds to a sufficient condition that o (¢) should be much
smaller than «(#) during an inflationary phase. In accor-
dance with the Bianchi type I metric having the y — z
rotational symmetry as shown in Eq. (2.12), the configu-
ration of two vector fields, A, and A,, will be consid-
eredas A, = (0, Ay (¢),0,0) and A, = (0, A, (¢),0,0).
Additionally, both scalar fields will be regarded as homoge-
neous ones, i.e., they will only be functions of cosmic time,
¢ =¢@) and y = ¥ ().

As a result, the corresponding solutions of vector field
equations, i.e., Egs. (2.8) and (2.9), turn out to be

Ay = pa f;z expl—a — 401,

A, = qu2 exp[—a — 401,

(2.13)
(2.14)

respectively. Here, p4 and g4 are integration constants.
Thanks to these solutions, the field equations (2.7), (2.10),
and (2.11) can be rewritten explicitly as follows

@t =64 = ¢2+ — L?sinh? 9 U+ Vi + V.
302 72 L e

1
+3 (piffz + qf\fgz) exp[—4a — 401} . (215)

(32=—3d2+V1+V2
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| - B
+ 2 (pjf1 24825 2) expl—4a — 40],  (2.16)

.. oo 1 _ -
0 = —3a0 + = (pif1 24 qf‘f2 2) exp[—4a — 40],

3
(2.17)
b= —3a¢p + %L sinh (%’) U2 — 8,V
+ PA By f1) expl—da — doT], (2.18)

1
12 (¢
wL? sinh (Z)

i 2 (Y
¥ =—3ay — Fco <Z)¢W—

X [31,// Vo — q§f2_3 (3y f2) exp[—4a — 4(7]] . (2.19)

It turns out that we now have five equations for four variables,
o, o, ¢, and . However, it should be noted that Eq. (2.15)
is nothing but the Friedmann equation, which just plays as a
constraint field equation. On the other hand, the time evolu-
tion of the spatial isotropy « will be described by Egs. (2.16),
while that of the spatial anisotropy o will be determined by
Eq. (2.17).

3 Power-law solutions for anisotropic hyperbolic
inflation

It turns out that the above field equations are difficult to be
solved to give a power-law inflation [112,113] due to the
existence of hyperbolic functions such as sinh(¢/L) and
coth(¢/L). However, as suggested in Ref. [83] it is possi-
ble to figure out power-law solutions in the regime ¢ > L.
It is due to the result that the hyperbolic functions can be
approximated as exponential functions in this regime,

sinh (i) ~ cosh (f) ~ le:xp (f) ; sinh (2—¢)
L L 2 L L
o~ 1exp <%> ; coth <£) ~ 1.
2 L L

In this paper, we would like to figure out power-law solutions
by choosing the following ansatz [54,67,82,83]

3.1)

a(t) =¢logt; o(t) =nlogt; ¢(t) = &logt + ¢o;

V() = yot”, (3.2)

together with the compatible potential and coupling func-
tions, whose forms are given by [82,83]

Vi(¢) = Vo1 exp[Ad], (3.3)
Va(¥) = Voo ", (3.4)
f1(@) = fo1explod], (3.5)
L) = fov™, (3.6)

@ Springer

here ¢o, Vo, &, Voi, foi, A, p, n, and m are all non-vanishing
parameters. As a result, the scale factors are now of power-
law functions as

expl2a — 4o ] = 127 exp[2a 4 20 = 1221 (3.7)

As a result, the value of ¢ and n will tell us how fast the
expansion of our universe is. In particular, it appears that
¢ —2n > 0and ¢ + n > 0 are two sufficient constraints for
expanding universe, while  —2n > land { +7n > 1 are
two sufficient constraints for inflationary universe [54,67].

As aresult, a set of algebraic equations is defined, in the
regime ¢ > L, from the above field equations to be

§2=712—i-l §+9M0P2+M1+M2+1(U1+U2)
312 "2 2 ’
(3.8)

1
—§=—3§2+u1+u2+6(v1+v2), (3.9)
1

—77=—3§'7+§(vl+v2), (3.10)
—E =30k + %uopz — Ay + pu, G.11)

2 1
p(p—1)=-3tp— zép — — (nup —mv2), (3.12)
wU(

where additional variables u; and v; have been introduced as

1o 2¢0
Uy = é_lL Y exp <T , (3.13)
u1 = Vo1 expligol, (3.14)
uy = Voo , (3.15)
vi = pi for” expl—2p¢v], (3.16)
v = g3 fo Vo " (3.17)
It is noted that the following constraints,
Eip=o, (3.18)
L
AE = —2, (3.19)
np = -2, (3.20)
T (321)
¢+ SPs =75 .
1 1
Smp = -, 3.22
EHn+omp=3 (3.22)

have been used to define the above set of algebraic equations.
As aresult, the last two constraints shown in Egs. (3.21) and
(3.22) imply that an useful relation

p&E =mp. (3.23)
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Furthermore, this relation can be simplified to

(3.24)

—=— =k,
A n

with the help of the other constraints shown in Egs. (3.19)
and (3.20). Consequently, it appears that

np = mk = K. (3.25)

Here k; and «, are additional constants. On the other hand,
both constraint equations (3.21) and (3.22) imply that
{=Kk1—n >

According to our recent paper [82], we introduce two addi-
tional variables

(3.26)

(3.27)
(3.28)

u=ui+uy,

V=V + 2,

for convenience. As a result, # and v can be figured out from
two equations, (3.9) and (3.10), as

—r@Br—-Dn-2
M—C(C—)—6,
v=3n3¢ -1,

(3.29)
(3.30)

respectively. As a result, we can further simplify Eq. (3.12)
as

1
—p=-3¢p+p*— — (nuy —mvy), (3.31)
wu(

with the help of the constraint (3.18). Furthermore, combin-
ing this equation with Eq. (3.11) will lead to

(3¢ = 1) (m&§ + wuopp) = —kau + mpv, (3.32)

with the help of the relation pL = —m derived from Eqgs.
(3.18) and (3.23). As a result, plugging the u and v defined
in Egs. (3.29) and (3.30) into Eq. (3.32) leads to the corre-
sponding equation of ¢,
(B¢ — D) [6nA (k2 +2mp) ¢ —nt 2k + 1) (k2 + 6mp)
—8 (wugrp + mn)] =0, (3.33)

which can be solved to give a non-trivial solution of ¢,

‘= nk 2k1 + 1) (k2 + 6mp) + 8 (wupAip + mn)
B 6n (k2 + 2mp) '

(3.34)

As a result, this solution does satisfy Eq. (3.8) derived
from the Friedmann constraint equation, regardless of non-
vanishing value of uq. It turns out that this solution is similar
to that found in a non-hyperbolic inflation model [82], in
which V2 () = Vipexp[ia¥r], f2(¥) = fo2 explo2v], and
Y = & logt + . To be more specific, there is a correspon-
dence that n ~ Ay and m ~ pp between the two solutions
of two different models, one is hyperbolic and the other is
non-hyperbolic [82].

Given the solution of ¢, the corresponding 7 is defined to
be

_kond (2ky + 1) — 4 (wuorp + mn)

(3.35)
3ni (ky + 2mp)
For the value of L, it appears from Eq. (3.18) that
n m
L=——=_——, (3.36)
A P

with the help of Egs. (3.23) and (3.24). As aresult, the positiv-
ity of L implies that all n» and m should be negative definite
since p and XA are both assumed to be positive definite. It
appears that if [m| ~ p as well as [n| ~ A then L ~ O(1).
On the other hand, if p > |m|aswellas A > |n|then L < 1.

Now, we would like to see whether these solutions repre-
sent inflationary one. As a result, the inflationary constraints,
¢+n> land ¢ — 21 > 1 can be easily fulfilled if p > A
along with [m| > |n|. Consequently, we have the following
approximations as

¢~ > 1, (3.37)
1

~ 3.38

m= 3 (3.38)

u~ 3k, (3.39)

v~ 3ky. (3.40)

In conclusion, an exact power-law solution of anisotropic
hyperbolic inflation having a small spatial anisotropy,
YX/H =06/a =n/¢ ~1/(3k1) < 1,hasbeen figured out in
the regime that ¢ >> L. More interestingly, this solution turns
out to be similar to that found in the recent non-hyperbolic
two scalar and two vector fields model [82]. Now, we would
like to compare the present inflationary solution with the
solutions found in Ref. [83]. It appears that, when V> (1) and
f2(¢) are removed altogether, the corresponding anisotropic
hyperbolic inflation for one scalar-vector coupling has been
given by [83]

12 41

o 3 <a + ) , (3.41)

S (3.42)
6" % 3Lx

where L now acts as a free parameter. Therefore, it is clear
that §p >~ p/A =~ ¢ > 1 as well as ng ~ 1/6 during
an inflationary phase, provided that p/A ~ 2/(3LX). This
result implies that the existence of the potential V> () and
the additional coupling between the angular and second vec-
tor fields, i.e., fzz(w)f 2 does not modify significantly the
value of scale factors of the metric. In the next section, we
will see whether this solution is stable or not. Additionally,
we will numerically examine whether it is attractive or not.
This is an important task in order to check the validity of the
cosmic no-hair conjecture.

@ Springer
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4 Stability analysis

In this section, we would like to investigate the stability of the
obtained anisotropic power-law hyperbolic inflationary solu-
tion. It should be noted that in the present model both V5 (1)
and f> () have been assumed as power-law functions of .
Hence, we should define the corresponding suitable dynam-
ical variables, which might not be introduced in the previous
paper, where both V,(y) and f>(1) are exponential func-
tions of i [82]. Fortunately, this issue can be easily handled
thanks to some earlier works investigating dynamical sys-
tems for cosmological models having power-law potentials
of scalar field [114]. As a result, we will define, hinted by
Refs. [54,82,83,108,114], the corresponding dimensionless
dynamical variables as follows

L
ng; Y; :f, Y, = —exp (f) f, 4.1)
o o 2 L) «a
—1
7= PAI ol-20 — 201, (4.2)
(07
~1
Zo= A2 ol e 20, 4.3)
o
JV JV:
wy =YL, = Y2 4.4)
o [07
U= =i vy = P (4.5)
T R '
where A and p are defined as
) P\ Vo 2 ¢\ Ay f2
i=Z - ~Z) 2 e
Lexp< L) v, PTI Xp( L> 5o 40

Here, Wy, W5, Uj, and U, are auxiliary dynamical vari-
ables, which help us to have a complete dynamical sys-
tem [108,114]. It is noted that the definition of A and p for
non-hyperbolic models should not involve 2L~ exp (—¢ /L)
[114]. Tt is clear that if both V(i) and f, () are exponen-
tial functions of i as proposed in a non-hyperbolic inflation
model [82] then both A and o will be constant. Consequently,
both Uy and U, will also be constant and therefore cannot
be dynamical variables. That is a reason why we did not
introduce them in the previous paper [82].

As aresult, we are able to have the following autonomous
equations for the present model,

dX_& aX @.7)
de o2 a2’ '
dY, ¢ o

o2 Ty, 48
de &2 a2 (“+-8)
dy, L o\ v Y, @&

=2 _= VL 4+ (2L -2 )y, 4.9
da 2ep<L)o'c2+ L a2)"? 49)

@ Springer

az; _
=2 D+ + Z, (4.10)
de Uy o'
S ECSREE Y2+ 5| 2o, (4.11)
da — U
awy ([ q
Wi, 4.12
da (2 a2> : (4.12)
dW2 o
Wa, 4.13
da (1 —U, 2 2) : “-13)
dU 1-U, Y, Y
I e (4.14)
da U L n
dU, I-UYy T\ ,
ke L2 ve 4.15
da ( U, L + m) (4.15)

where o plays as a new time coordinate related to the cos-
mic time ¢ as do = adt. As a result, using the field
equations obtained in the previous section, i.e., Egs. (2.16),
(2.17), (2.18), and (2.19), we will write down the explicit
autonomous equations of dynamical system as follows

dX

1 1
E:X[3(X2—1)+5(Y12+wY22)+§(z,2+z§)]

1
+3 (23 + 23), (4.16)

v, 1 1
=N [3(}(2 —+5 (Y] + 0¥37) + 3 (z%+z§)}

w
+ ZY22+,0Z12 —AWZ, 4.17)

dYs 1 1
=0 [3(}(2—1)+§(Yﬁ+wY§)+§(z,2+z§)]
1 1 o, 1 U _,
— Y1+ — - — W5, 4.18
RS I R e e (4.18)
dZ, [ (2 L o2 )
— =71 [3(x*= 1)+ = (Y} + oY
da ]_3( )+2( 1 to 2)
1
+3 (z%+z§)-2x-,oy1+1] (4.19)
dZ, i
- =2 _3( T-1)+ 2(Y1 + 0Y3)
1
@B -x-na] @0
dW, 5 1, 5 A
e =M [3X + = (v? +wY2)+§(zl+zz)+5Y1 :
4.21)
dWw, 1
=W [3X2 (v} +wY2)+§(Z%+Z§)
Ur 1
oo 2], (4.22)
dU,; 1-U1 Yy Y, 2
bl S —+ =)\ u? 4.23
da ( Uy L + n) ! ( )
dU; 1-U Y, Y, 2
2 Ly 2 vk 4.24
do ( Uy L + m) 2 ( )
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It is noted that the useful relation,

1
(x*-1)- 5 (v +or3)
|
—5 (Z%+ Z%),

which is obtained from the Friedmann equation (2.15), has
been used to derive the above dynamical system. Now, we
would like to seek anisotropic fixed points with X # 0 to
this dynamical system and study their attractive property.
Mathematically, fixed points of the dynamical system, which
can be isotropic or anisotropic, are solutions of the following
set of equations,

dX _ dy, _ dY, dZ, _ dZ,
de  da  do de  da
_ dW, _ dU; . dU,

—=—=—"=0.
do do do

W4+ Wi =—

(4.25)

dwy
da

(4.26)

As aresult, two equations, dU /do = dU, /da = 0, give us
a relation
m Uy (Ui —1)

PR @20

provided a requirement that U; # 0 and U, # 0. Further-
more, this relation can be reduced to a relation between Uj
and U, as

mU1

U= —"""—.
m—n)Uy+n

(4.28)

As aresult, a relation between Y} and Y, can be figured out
from two equations, d W1 /do = dW,/da = 0, as

_rd-uy,

Y , 4.29
2 U, 1 (4.29)
along with an equation
2, Lo 2 ) A
3x ~|—§(Y1 +wY2)+§Z =-In. (4.30)

Here, Z2 = Z % + Z% as an additional variable introduced for
convenience. Additionally, another relation between Y| and
Y5 can be figured out from two other equations, dZ| /da =
dZ>/da =0, as

_rpd-Uy),

Y-
2 U,

1, 4.31)
along with a relation between X and Y7 defined as

A
2X + (5 + p) Yi +2=0, (4.32)
with the help of Eq. (4.30). Here, it is noted that all Wy, W»,
Z1, and Z; have been regarded as non-vanishing variables,
similar to Uy and U, as well as Y7 and Y>. Interestingly, three
relations shown in Egs. (4.27), (4.29), and (4.31) imply that

(4.33)
(4.34)

which are nothing but that shown in Egs. (3.24) and (3.25) in
the previous section for the power-law solutions. Addition-
ally, itappears from the equations,d Wi /do = dW> /do = 0,
that

(4.35)

with the help of Eqs. (4.29) and (4.31). This relation is iden-
tical to that shown in Eq. (3.36) in the previous section for
the power-law solutions. It is straightforward to have from
the relation (4.27) that

Uy U,
=K1 .
1-U, 1-U;

(4.36)

As a result, two equations, dY1/do = dY>/da = 0, imply
an equation,

A ) K2 )
<5Y1 + 3) H:ﬁnkp +mi| Y +K2} - (E + mp) VA
=0, 4.37)

with the help of Egs. (4.25), (4.29), (4.30), (4.33), (4.34), and
(4.36). It is noted that we have used the result that

g (4.38)
S 1-U '
Now, the equation d X /da = 0, leads to an equation,
A 1
Y +3)x—--7*=0. (4.39)
2 3
For convenience, we will rewrite Eq. (4.32) as
1
2X+)»<K1 +§) Yi+2=0. (4.40)

Up to now, we have derived three equations of three variables
X, Yy, and Z, Egs. (4.37), (4.39), and (4.40). As a result,
solving these equations gives us a non-trivial solution,

B 2 [KQ)JLZ k1 +1)—4 (a)n)»p + miz)]
T AR2 2k + 1) (k2 + 6mp) + 8 (C()i’l)\.,O + miz) ’
4.41)

B —1222 (k2 + 2mp)
X2 2k + 1) (k2 + 6mp) + 8 (wnk,o + m)_@) ’
(4.42)

Y,

@ Springer
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18 [k2AA% (21 + 1) — 4 (wnhp + m22)] {222 [2mp (6k1 + 1) + k2 21 — 1] + 8 (wnrp +mi?)}

72 =

[M22 261 + 1) (k2 + 6mp) + 8 (wnrp +mi2)]’

, (4.43)

where we have ignored the isotropic fixed points correspond-
ing to X = 0. It is noted that two types of isotropic fixed
points, which have been found in Ref. [83], can be easily
derived from the above dynamical system. Indeed, by setting
Y1Z20,W) #£0,andY, =W =U1=U=21=272,=0
we can obtain the corresponding isotropic slow-roll inflation;
whileY] Z0, W) #0,andWo =U; = Uy =21 =2, =0
but Y> # 0 will lead to the corresponding isotropic hyper-
bolic inflation. Interestingly, one more isotropic fixed point
can also be figured out in the present model, which corre-
sponds to Uy = Z1 = Z> = 0 along with Y| # 0, Y> # 0,
Wi # 0, Wa # 0, and Uy # 0. In fact, it is a generalised
isotropic hyperbolic inflation with

Ar2 A
Y==Y.

WA + )2 A (444)

Y =—

In addition to the above anisotropic fixed point, it should be
noted that another anisotropic fixed point with X # 0, which
is nothing but the anisotropic slow-roll inflation [54,83], can
be derived in this paper by setting Yo = W = U} = Us =
Z> = 0. However, it will not be our current interest because
of the fact that it is not equivalent to the anisotropic power-
law solution found in the previous section. One can now ask

the anisotropic fixed point can be approximated during the
inflationary phase with p > A, |m| > |n|, and k1 > 1 as

X:L<< 1, V] ~—=; YQZ—%\/M—, (4.49)
3K m
72~ 9X < 1; Wi+ Wi ~3, (4.50)
n m
U1 :m; ngm, (451)

here we have assumed that ug ~ O(1). It appears that Z% <
1 implies that Z; < 1 along with Z, <« 1. Additionally, the
result W12+W22 ~ 3indicatesthat0 < Wy, W, < /3. Next,
we will investigate the stability of the obtained anisotropic
fixed point, similar to our previous paper [82]. In particular,
we will perturb the dynamical system around the fixed point
as follows

dsX

o
dsyYy

do

~ — 38X, (4.52)

2
~ 357 + Twyzayz F 2071871 — 2AW 8Wy,
(4.53)

if the anisotropic fixed point shown in Egs. (4.41), (4.42), dsy, Y, Y
and (4.43) is equivalent to the anisotropic power-law found da == Z‘SYI - ( + 3) 81>
in the previous section. In order to answer this question, we 5
will rewrite X, Y1, and Z? as + 11220 8Z) + & sUs
w|l1=-U; 1-U,
2 [konk 2k1 + 1) — 4 (wuprp + mn)]
= , (4.45) 1| 2WhU; W, 2
ni (2«1 + 1) (k2 + 6mp) + 8 (wugrp + mn) - — SW) + sUL |, (4.54)
1= , (4
ni k1 + 1) (k2 + 6mp) + 8 (wugrp + mn) déZ, ~ 7, (25X + psYY) 4.55)
da ’ '
18 [konA k1 + 1) — 4 (wuorp + mn)] {ni 2mp (6k1 + 1) + k2 21 — 1)] + 8 (wugrpo + mn)} @47)

72 =

[nA (2k1 + 1) (k2 + 6mp) + 8 (wugrp + mn)]>

with the help of useful relations,

- _

T P T
here ug has been defined in Eq. (3.13). Now, it is clear that
this anisotropic fixed point is absolutely equivalent to the
anisotropic power-law solution found above. Indeed, one
can easily check that X = 7n/¢ with ¢ and n have been
shown in Egs. (3.34) and (3.35), respectively. As a result,

(4.48)

@ Springer

déZ, Uy Y
~—7,|28X + 8Y, + ———8U, |,
do 2[ -0 —w)? 2]
(4.56)
dsW; A
~ Zwsyy, 4.57
T > Wit (4.57)
dsw. U, Y,
2w, [— Y, —zsul} (4.58)
da 2(1=Uyp) 2(1—Uy)



Eur. Phys. J. C (2022) 82:123

Page 9of 13 123

dsu 1-U 8y, &Y, Y 8U
a2 Lot 272 JLO0%) 0 (4.59)
da Uy L n UL
dsuU 1-08Y, &Y, Y 8U

2~ y2 2271, 072 TLOP2) 0 (4.60)
da U L m UL

Taking exponential perturbations [82],

60X = Ajexplral; 8Y1 = Azexplral; 6Y2 = Azexplral,

(4.61)
§Z1 = Asgexpltal; 6Z, = Asexplral; §W1 = Agexplral,

(4.62)
Wy = Ajexplral]; U; = Agexplral; Uz = Agexplral],

(4.63)

we are able to write the above perturbed equations as a homo-
geneous linear system of A; with i = 1 — 9. Furthermore,
this system can be written as a homogeneous matrix equation
as follows

Aj
A
Az
Ay
M| As | =0, (4.64)
Ae
Aq
Ag
Ag
where the matrix M is given by
(-3 -1 0 0 0 0
0 -3-—-71 oy, 20Z; 0
Y Y 225U,
0 - —(F+3)-r 0 %
—221 —,OZl 0 -7 0
M=| 22 0 e 0 -t
0 W 0 0 0
WoU
0 0 Rt 0 0
0 Uwi-1 -Ut 0o 0
L r[t]z
Up(Ua—1) -
| o DD — 0 0

where the coefficients, a; (i = 0 — 4), are given by

as = a)uomS, (4.68)
a3 = 6wuom?, (4.69)
ar =~ 2m® (m2z§ + wuopzz%) , (4.70)
a; ~ 6m’ (mng + a)uopzZ%> , 4.71)
ap ~2m’p*7275 < 0, 4.72)

thanks to the approximations of the anisotropic fixed points.
Here, we have only kept the leading terms of the coefficients
a; (i = 0—2)dueto aset of the corresponding constraints for
the anisotropic inflationary solution, p >> A and |[m| > |n|
aswellas A > 0, p > 0andn < 0, m < 0, for simplicity.
It turns out that besides five non-positive roots, 7123 = 0,
74 = —3 < 0,and 75 = 2/m < 0, four other non-trivial
roots of Eq. (4.67) are derived from the equation

F(r) = a4r4 + a3t3 + Cl2‘L'2 +ait +ag=0. 4.73)

It turns out that if w +1 > 0 then all coefficients
a;i (i = 0 — 4) become negative provided that ug > 0.
Mathematically, Eq. (4.73) with all negative coefficients a;

(i = 0—4) no longer admits any positive roots T > 0, mean-
ing that the corresponding anisotropic power-law hyperbolic
inflationary solution is indeed stable against field perturba-
tions. However, if o« = —1 < 0, i.e., ¥ is the phantom-
like scalar field, then a4 > 0 while ag < 0. Consequently,
Eq. (4.73) will admit at least one positive root T > 0. This
0 0 0 0 T
=2AW; 0 0 0
0 2mu -1 ( W, )2 1 ( Z )2
o0 -1 o \T=U; ) o \1-0,
0 0 0 0
-1Z
0 0 0 TR (4.65)
-7 0 0 0
_ Yo Ws
0 2(1-U1)? 0
0 hz 0
0 0 n_¢ |

Mathematically, this homogeneous linear system will admit
non-trivial solutions, i.e., there is at least one non-vanishing

solution A; # 0, if and only if
det M = 0. (4.66)

As a result, this equation can be written as an equation of t
as

3 (143) (mr=2) (a4r4+a313+a2t2+a11 + ao) =0,
4.67)

fact can be easily verified by an observation that the curve
F(r) with F(0) = a4 < Oand F(r > 1) ~ ast* > 0
will cross the positive horizontal t-axis at least one time at
T = 1, > 0. The existence of positive 7, implies that the
corresponding anisotropic power-law hyperbolic inflation-
ary solution is indeed unstable. This result is consistent with
our previous models [67,68,82], in which the phantom field
has been shown to favor the cosmic no-hair conjecture by
causing unstable mode(s) to the corresponding anisotropic
power-law inflationary solutions.

@ Springer
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Fig. 1 Attractor behavior of the anisotropic fixed point with = +1, ug = 2, A = 0.1, p = 50, n = —0.2, and m = —100. These two plots
clearly show that three different trajectories corresponding to different initial conditions all tend to converge to the anisotropic fixed point

It should be noted that, we are able to numerically show the
attractor property of the anisotropic fixed point with w = +1
(see Fig. 1 for details). This result acts as a strong confirma-
tion of the stability of the anisotropic power-law hyperbolic
inflationary solution. It should be noted that if the angular
field ¢ is the phantom-like scalar field, i.e., ® = —1, the
corresponding anisotropic fixed point will be unattractive as
expected since all trajectories tend to converge to the isotropic
fixed point corresponding to X = Z = 0. These results are
also consistent with our previous study [82].

5 Conclusions

Motivated by a recent paper [83], we have proposed a hyper-
bolic generalization of our recent model, which acts as anovel
multifield extension of the KSW model [82]. In this gener-
alization, the field space of two scalar fields are assumed to
be a hyperbolic space instead of a conventional flat space
[102]. One of the scalar fields, ¢, is the radial field and the
other, v, is the angular field. Both of them are massive and
coupled to vector fields. As a result, we have obtained a set
of Bianchi type I power-law solutions to this model in the
regime ¢ > L, similar to Ref. [83]. Furthermore, we have
shown that this solution can be used to present an anisotropic
inflationary solution if p > X along with |m| > |n|, pro-
vided that both A and p are positive, while both n and m are
negative. Stability analysis based on the dynamical system
method has been performed to verify that this anisotropic
inflationary solution is indeed stable and attractive, similar

@ Springer

to the solutions obtained in the non-hyperbolic (flat) model
[82]. However, if the angular field, ¥, is the phantom-like
one with @ = —1, the corresponding anisotropic inflation-
ary solution will be unstable as expected. It should be noted
that this present paper is solely devoted to seek anisotropic
inflationary solutions and investigate their stability in order
to deal with the cosmic no-hair conjecture. Detailed investi-
gations on the CMB imprints [87-95] of this model will be
presented elsewhere. We hope that our present paper would
be useful to studies of the early time universe.
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