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Abstract A FRWL cosmological model with perfect fluid
comprising of van der Waals gas and dust has been studied
in the context of dynamical analysis of a three-component
autonomous non-linear dynamical system for the particle
number density n, the Hubble parameter H, and the tem-
perature 7. Perfect fluid isentropic particle creation at rate
proportional to an integer power « of H has been incor-
porated. The existence of a global first integral allows the
determination of the temperature evolution law and hence
the reduction of the dynamical system to a two-component
one. Special attention is paid to the cases of « = 2 and
o = 4 and these are illustrated with numerical examples.
The global dynamics is comprehensively studied for differ-
ent choices of the values of the physical parameters of the
model. Trajectories in the (n, H) phase space are identified
for which temporary inflationary regime exists.

1 Introduction

The acceleration of the cosmic expansion and observational
data (Supernove Type la, Cosmic Microwave Background,
Baryon Acoustic Oscillations) are fit best by the current
concordance model — the ACDM model which incorporates
Dark Energy, modelled by the cosmological constant A, and
cold (pressureless) Dark Matter. There are open issues in
relation to such model — the so called Cosmological Coinci-
dence Problem: it is known observationally that the present
values of the densities of dark energy and dark matter are of
the same order of magnitude while, under the ACDM model,
the dark-energy density is constant and the dark-matter den-
sity is proportional to the inverse third power of the scale
factor with the ratio of the two densities varying in time
from infinity to zero. There are numerous alternative models,
not without open issues on their own, which accommodate
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acceleration of the cosmic expansion: modified gravity the-
ories, inhomogeneous cosmologies, gravitationally induced
particle creation models. In the literature, special attention
has been gathered by the adiabatic, or isentropic, production
[1-5] of perfect fluid particles in which the specific entropy
(entropy per particle) is conserved (with “isentropic” refer-
ring to this). There is overall entropy production due to the
enlargement of the phase space of the system as the particle
number increases. The imposed condition of conserved spe-
cific entropy during the production of perfect fluid particles
leads to a simple relationship between the particle produc-
tion rate and particle “creation” pressure. Zimdahl [6] studies
cosmological particle production with production rate which
depends quadratically on the Hubble rate H and confirms
the existence of solutions which describe a smooth transition
from inflationary to non-inflationary behavior. The present
work falls in this category and offers a full dynamical anal-
ysis of isentropic perfect fluid particle production rate that
depends on H with « being a positive integer. Special atten-
tion is paid to the cases of « = 2 and o = 4, but the analysis
can be easily extended to any other integer positive values of
«, including odd values — due to the second law of thermody-
namics, these work in the regime of expansion only [7]. The
setting of the proposed model is a flat FRWL Universe with
perfect fluid comprising of two fractions: real gas wit van der
Waals equation of state and dust and the tools used are those
of dynamical systems, see for example, [8—12], and as those
used in the study of n—H-T (where n is the particle num-
ber density, and 7 is the temperature) dynamical analysis
of cosmological quintessence real gas model with a general
equation of state [13]. The dynamical variables are again n,
H, and T, but due to the existence of a global first integral
(in addition to second integrals), the temperature evolution
law has been easily determined and the dynamical system
reduced to a two component one over the (rn, H) phase space.
Inflationary regime with exit from the inflationary behaviour
has been identified, both for « = 2 and for « = 4, and full
classification of the possible phase-space trajectories, sub-
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ject to the variation of the several physical parameters of the
model, has been provided.

2 The model

This paper studies a Universe modelled classically as a fluid
comprising of a binary mixture of dust with energy density pg4
and pressure py; = 0 and a van der Waals gas with equation
of state

p=nT[l1+nF(T)], (1)

where p is the pressure, 7 is the temperature, n = N/V —
the number of particles N per unit volume V —is the particle
number density and F (T') is the term describing two-particle
interaction: F(T) = A — B/T, where A and B are positive
constants. !

The Universe is described, using Planck units, by the flat
Friedmann—Robertson—Walker—Lemaitre metric:

ds® = guvdxtdx"
=dt* — a>(O)[dr* + r*(d6* + sin” 6 d¢?)], )

where a(t) is the scale factor of the Universe.

The particle number is not conserved due to a process
of particle creation and annihilation [1-3]. This process
manifests itself, geometro-thermodynamically [4, 5], through
the appearance of “creation pressure” IT in the cumulative
energy-momentum tensor 7y, [6,14,15]:

Ty =+ ps+p+TDuyu, —(p+TD)gu, 3)

where u* = dx" /dt (with t being the proper time) is the
flow vector satisfying g, u"u” = 1.
The Friedmann equations are:

s
L= lpa+p+3(p+ ] @)
a 6

2 1
H” = g(Pd +0), &)

where H(t) = a(t)/a(t), the Hubble parameter, will be
considered as one of three dynamical variables of a three-
component autonomous dynamical system, also involving
the particle number density n(¢) and the temperature 7 ().
Combining (4) and (5), yields:
3

.3 2_1
H= 2H 2(p+H). (6)

The continuity equation for the particles of the perfect fluid
is N“,M = nI', where N* = nu' is the particle flow vector
and I', the particle production rate, is an input quantity in the

! To aid the analysis, a numerical example is presented in this work. It
is for van der Waals gas, the parameters of which are A = 1/100 and
B =10.
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phenomenological description [6]. In this work, the dynamics
of a model with particle production rate [16]:

I = 38H", 7

where 8 is a constant, will be studied. As will be shown
shortly, due to the second law of thermodynamics, one must
have I' > 0 so that the entropy is never decreasing.

With such particle production rate, the particle conserva-
tion equation reads off as

in=—3nH+nl'=—-3nH(l — BH*™"). (8)

This equation will be further used as one of the evolution
equations of the dynamical system.

The energy conservation equation for the van der Waals
gas and for the dust are

p+3H(p+p+1) =0, )
b+ 3Hpg =0, (10)
respectively.

The separate conservation laws stipulate that there would
be no exchange between the two components of the Universe.

The ““creation pressure” IT, in the case of conserved spe-
cific entropy s (i.e. entropy per particle, s = S/N, where S
is the total entropy), is given by [3]:

I'(p+ p) a—1

M= =+ p) H. (11)
Note that the total entropy S is not conserved due to the
enlargement of the phase space resulting from the particle
production [3].

On the issue of the equivalence of bulk viscosity and mat-
ter creation, Calvad et al. [4] and Lima et al. [5] argue that the
matter creation process, as described by Prigogine [3], can
generate the same dynamic behavior as a FRWL universe
with bulk viscosity, while the models being quite different
from a thermodynamic point of view. Brevik et al. [17] con-
clude that creation and viscosity concepts do not describe
one and the same physical process — it is shown that viscous
and creation universes can develop dynamically in the same
manner, but the thermodynamic requirement for their identi-
fication is violated. The dynamic pressure IT in case of bulk
viscosity is given by I1 = —3¢ H, where ¢ is the bulk viscos-
ity co-efficient [4,5,17], while in the case of matter creation
processes, similar arguments lead to I[1 = —anl'/(3H),
where « is a phenomenological co-efficient, called creation
co-efficient, and it is closely related to the creation process
— see [4,5,17] and the references therein. The adiabaticity
of the fluid, namely, the conservation of the specific entropy,
s = 0, leads to the dependence on time of the creation co-
efficient o: one gets « = (p + p)/n — see [17] — and with
this, IT = —anI"/(3H) becomes the same as (11).



Eur. Phys. J. C (2019) 79:118

Page3of 17 118

Substituting (11) into (6) gives:

T _3 2 _ l _ a—1
H=-SH - [p@n. Y01 = BH)
—Bo(n, THH"™"]. (12)

This equation describes the dynamical evolution of the Hub-
ble parameter and will be the second equation of the dynam-
ical system.

The dynamical equation (8), multiplied across by >, reads
off as dN /dt = (d/dt)(a’n) = a’nT . Differentiating sepa-
rately N = na® with respect to time, using ¢ = a H and (8)
gives N = 38N H“. Also, from s = §/N = const, one gets
§/S = N/N = 3B8H. Thus, the constant g will be taken
as positive and « will be taken as a positive even integer. In
the analysis, o and B will be considered as parameters of the
model.

The integrability condition for the Gibbs equation

1 1
Tds=d<3)+pd<—>=—<p+2p> dn+ — dp.
n n n n

(13)

is

LY soem () =7 (2 14
(), e (), -7 G),

The latter can be written as the following thermodynamic
identity:

ap ap
=T|— — ] . 15
p+p <8T>n+n<an)T ( )

In thermodynamical variables n and T, the time evolution of
the energy density is:

o (e . ()
o(n, T) = <8n)Tn+<3T>n T. (16)

On the other hand, the energy conservation equation for the
van der Waals gas can be written as:

p(n,T) = (p+ p)(T' —3H) = =3(p+p)H(1-BH*").
A7)

Using the number conservation equation (8) in (16) and
equating to (17) gives:

—3(p+p)H( — pH*™)

— 3uH(1 - pHA) (2—2) +(§—’;) P.as)
T n

Expressing p 4+ p from (15) and substituting in the above
gives the temperature evolution law:

‘ i (5)
T =-3H(1—-BH*HT [ =
ap /,
(3)
= —3H( —BH*HT L (19)

(),

and third dynamical equation of the system.

In the absence of particle creation or annihilation (i.e.
when 8 = 0), the above reduces to the well known form
given in [13,18,19].

Using the equation of state (1) for the van der Waals gas,

p(n,T) =nT(1 + An) — Bn?, (20)

one finds (dp/dT), = n(1 + An). Substituting this and the
equation of state into the thermodynamic identity (15) yields:

2]~

This differential equation can be easily integrated:
p =nl¢(T) — Bn]. (22)

In the case of an ideal monoatomic gas with three transla-
tional degrees of freedom, the mass density is, approximately,
p = n[mo+(3/2)T]. The expression (22) for p should agree
with that for an ideal gas when ideal gas limit is applied for
the van der Waals gas, that is, when A and B are both set to
zero. This gives ¢ (T) = my + (3/2)T. Namely, the energy
density p, the number density n, and the temperature 7 of
the van der Waals gas are related via

p(n,T)=n (mo + %T) — Bn>. (23)

Thus, (0p/dT), = (3/2)n and the dynamical system for the
case of a van der Waals gas becomes:

n=-3nH({ — BH*Y), (24)
i=—Sm = [a-pE T po, 1 o 1)),

(25)
T =-2(1+An)H(1 — BH* T, (26)

where p(n, T) = nT (1+ An) — Bn? and pn, T) =n[mo+
(3/2)T] — Bn?. There is a symmetry: dividing (26) by (24)
gives:

dT  2T(1 + An)
dn - 3n

and this is independent of H.

Equation (27) can be easily integrated to get the tempera-
ture evolution law in terms of the particle number density:

>0asn>0, 27

2An

T(n):tn%eT, (28)

where the positive constant t (not to be confused with proper
time) represents a temperature scale and is a third parameter

@ Springer
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of the model (in addition to o and B). Note that the temper- 3 2 2dn
.. 3P =n|m,+ >t ne 3 — Bn?
ature is independent of « and S. 0" 2
Equation (27) and its solution are the same as the ones %>%
encountered in the case of absence of matter creation or anni- 2 24n \
Tati H 2 3 3.3 2
hilation [13]. 3H*=n|my+ > tn — Bn
The temperature can be excluded so that the system can
be reduced to a two-component one:
. -1
n=filn,H) =3nH(BH* — 1), (29) gy (1)

2An

. 3 5 1 s oo
HEfQ(}’l,H)Z—EH +§rn3e3

a1 SR
x [(ﬂH —1) (An+ 2) + 2]

1 a—1 1 2
+ 5 Bmo—2Bmyn H*' 4 = B, (30)

3 Analysis

There is a global first integral given by:

2An

I, T)=Tn 3e 5" = =const > 0. 31)

A second integral K(X) = 0 of an autonomous dynam-
ical system of the type X)) = F[x ()] is defined by
(d/dt)K (¥) = u(X)K (¥). Itis as an invariant, but only on a
restricted subset, given by its zero level set [20]. As no trajec-
tory can cross a hyper-surface defined by a second integral,
the second integrals “fragment” the phase space into regions
with separate dynamics (yet governed by the same dynami-
cal system). For the two-component dynamical system, the
ordinate n = 0 is one such invariant manifold because
(d/dt)n = [?)H(,BH"‘_l — 1)]n. Similarly, the curve defined
by3H? —p = 3H? —n[mo+ (3/2)T1+ Bn? = 0 is another
second integral because (d/dt)(3H?*—p) = —3H(B3H?*—p).
It will be called a separatrix — see Fig. 1.

There is a value tg of 79 for which the separatrix 3H 2 _
nlmo+3/2)T1+Bn* = 3H*>—n[mo+(3/2) T n?/3 £247/3]
+ Bn? = 0 is tangent to the n-axis at point, say ng (see
Fig. 1). Both 7y and ng can be determined as follows. When
T = 710, the separatrix has a minimum at n¢ and that min-
imum is 0. Thus, (3/2) tong> €2470/3 = Bny — m and
(d/dn) [nlmg + (3/2) T n?/3 240/3] — an]nzwzr0 =0
with solutions ng = [2mgA + B + (4m§A? + 20moAB +
B2 1/(4AB) and 1o = (2/3)(Bng — mo)ny > e~ 2An0/3,
The energy density p[n, T (n)]=n[mq+ (3/2) T n*/? *4"/3]
— Bn? > 0 may become negative over a certain range of
n, depending on the choice of initial conditions, namely,
depending on 7. Such trajectories would temporarily vio-
late the weak energy condition and, as this is admissible in
phantom cosmology models [21], the validity of the model
will not be restricted by this.

@ Springer

Fig. 1 The separatrix 3H? —n[my + 3/2)t n?/3 2An31 4 Bp? =0
is an open curve when t > 1y = 14.78 for a van der Waals gas with
parameters A = 0.01 and B = 10 and my, the typical mass of a
representative particle, taken as 100. When t < 7o, the separatrix has a
loop at low n and an open part at high n. When t > 10, the trajectories
to the right of the separatrix are those for dust component p; < 0,
while those above or below it are with p; > 0. On the separatrix itself,
pa = 0. When t < 19, the trajectories to the right of the open curve
and those inside the loop are with p; < 0 while all others have p; > 0.
The curve with T = 7 is tangent to the abscissa at ngp = (ZmoA +

B —i—\/4m(2)A2 +20moAB + B?)/(4AB) = 73.59. The energy density

pln, T(n)] = nlmy + (3/2) T n?/3 e24n/3] — Bp? is positive for all
values of n if T > 19

The stability matrix L for the two-component dynamical
system (29)—(30) is given by:

0
Ly = a—f‘ —3H@BH — 1), (32)
n
d
L= aifj =3n(@BH*"" — 1), (33)
0 1 n
L21 = ﬁ:—‘[n.%ez%
on 3
| (Ant2 2(ﬂH"‘*‘ 1)+3/3A et B
n—+-— - — BAn —
2 2 4
1
+ EﬂmoH“" + (1 —2BH")Bn, (34)
af2 1
Ly == =-3H+ — —1
n =5 + > Ba—1)
5 3 n
X |:<An + E) rnd + (mo — 2Bn) n:| H* 2.
(35)

There are three types of critical points for the dynamical
system. Firstly, one has the critical points (n*, H* = 0),
where n* are the solutions of the equation p(n*) = 0, that is
T(An* + 1)11*5/362""*/3 — Bn** = 0. This can be written as:
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T(n*) =1 n*e 3

T >7

T*(n*),
T(n*)

(a) (b)

Fig. 2 The critical points of the type (n*, H* = 0) have n* deter-
mined by the intersection points of the curve T (n*) = " e2An* /3
with the curve T*(n*) = Bn*/(1 + An*). These are: only the origin,
when © > T = 2/3(/3/2 — 1)'/3¢2/3=V23 A=1/3 B; the origin and
% = (/3/2 — 1)/ A when t = 7; and the origin and v} , when 7 < 7
(with v{ , — 7* when 7 — T from below) — a. The eigenvalues A} 2

T(n*) = T*(n*) (36)

with

Ty = 20 37
" A i1

Depending on the parameter t (i.e. on the choice of initial
conditions), the number of intersection points of these two
curves is one (the origin), two [the origin and a point n* at
which T (n*) is tangent to T*(n*)], or three — one of which
is the origin and the other two are v , which tend to n* as
T — T from below — see Fig. 2a.

To determine the value of 7T, for which T(n*) =
T 24 /3 i tangent to T*(n*) = Bn*/(An* + 1),
and to also determine the point n* from the n*-axis
where these two curves are tangent to each other, consider
the following. At point rF‘, the two curves intersect, i.e.
Tl AT /3 — Bn*/(An * +1), and, also, the tangents to
the two curves coincide, i.e. [(d/dn™)T (n*)] =i+, r=7) =
[(d/dn*)T*(n*)](n*=5* r=7). From these two simultaneous
equations, one immediately determines that 7* = (,/3/2 —
1)/A and that T = Ba* e 2473 (1 + A9~ =
V2/3(J3]2 — 1)1/3¢2/3-V23 A=1/3B_ (For the numerical
example considered, one has 7* = 22.47 and T = 19.84.)

Focusing firstly on the case of @ = 2, the components of
the stability matrix at the critical point (n*, H* = 0) are:
Ly, =0, L}, =—-3n",

1 Bn* 2 1
* - - 2 % *
Ly = 3 A 11 (An +2An 2),and (38)
L} —lﬂL —ABn* + mA+£ n*+m
272 A+ 1 0t T o]

(39)

(o)

at critical points to the left of 7* = (/3/2 — 1)/A are both positive
or with positive real parts (depending on ), while at critical points to
the right of 7* the eigenvalues are real with A} being positive, while 13
— negative (see b and ¢). Given that one of the eigenvalues is always
positive or has positive real part, critical points (n*, H* = 0) are never
stable

The eigenvalues at this point are:

1 1 2
T,z = 5152 + 7V 5 — 1215 n*.

Note that the point at which L31 becomes zero, that is, the
point at which the smaller eigenvalue A3 changes sign, is
exactly equal to the determined earlier n* = (\/3/2 — 1)/A
— the point at which T (n*) is tangent to T*(n*) when t = T.
With the decrease of 7 in T'(rn™*), the point at which the graphs
of T'(n*) and T*(n*) are tangent bifurcates into two inter-
section points: VT,Z (see Fig. 2a). Thus, for critical points to
the left of 77*, where L3, is positive, the eigenvalues are both
positive or with positive real parts, while for critical points
to the right of 7*, where L%, is negative, the eigenvalues are
real with A} being positive, while 1 — negative (see Fig. 2b,
c). In view of this, given that the eigenvalue A} is always
positive over the range of n* where it is real or it always has
positive real part over the range of n* where it is complex,
critical points (n*, H* = 0) are never stable.

The eigenvalues A’f’z will be real numbers when the deter-

(40)

. 2 . . .
minant L3, — 12L5,n* is non-negative. This happens when

B > ~/8B/my = 0.09. When 8 < +~/8B/my, the eigen-
values will be complex numbers when n* is in the interval
0 < n* < N§, where Nj (which is smaller than 7*) is the

only positive root of L’z‘; — 1205, n* = 0:
m2p% — 8B + [(mo/32 +244)B + 2m3,32A] n*
+ [%BZ,BZ — (mop* + 48A)AB + m%ﬂzAz} n*
+ [AB2ﬂ2 + Qmop? — 16A)A2B] n* +A2B2 2+ =0.

(41)

@ Springer
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For example, for 8 = 0.02, one has Na‘ = 19.70, while for
B = 0.05, the value of N is 9.18.

Given that to the left of 77* one has L}, > 0, the eigenval-
ues will have positive real parts (Fig. 2b). Such critical points
are unstable and the trajectories near them are unwinding spi-
rals (Figs. 4, 5).

When Nj < n* <n* = (/3/2—1)/A=2247and B <
V8B /mq = 0.09, the eigenvalues are both real and positive
(Fig. 2b). The critical points are unstable nodes (Figs. 4, 5).
When n* > (4/3/2 — 1)/ A, the eigenvalues are both real —
one positive and one negative (Fig. 2b) and one has saddles
(Figs. 4, 5).

When 8 > +/8B/mg = 0.09, the eigenvalues )‘T,2 are
both real and positive for 0 < n* < #* = (/3/2 - 1)/A =
22.47 (Fig. 2c). These critical points are unstable nodes
(Fig. 6). And, finally, for n* > n* = (/3/2 — 1)/A, the
eigenvalues are both real with A] being positive and A3 —
negative (Fig. 2c). Such critical points are saddles (Fig. 6).

The difference between the cases of « = 2 and o > 2 is
in the 22-component (df>/3d H) of the stability matrix L. At
the critical point (n*, H* = 0), it is not zero when o = 2
and zero when o > 2. Consider next the « = 4 dynamical
system and denote the stability matrix by L™ in this case.
One has Lg;) " = 0and the eigenvalues at the critical points
(n*, H* = 0) are given by

Y LN SCRRD R (42)
An 1 2

The eigenvalues are purely imaginary, )LY"%* = Fiw, when

A2n** +2An*—1/2 < 0. Thatis, for n* from zero to (/3/2—
1)/ A — exactly the point n* at which T'(n*) = T*(n*) when
T =T =2/3(/3/2 — )3e23-V235-1/3p,

For values of n* above n* = (,/3/2 — 1)/ A, the eigen-
values are purely real: )»54%* = +q.

For T > T, the curves T (n*) and T*(n*) intersect only
at the origin, thus critical points (n*, H* = 0) do not exists
(see Fig. 2a).

For 7 < T, the curves T (n*) and T*(n*) intersect, except
at the origin, at points v}, (see Fig. 2a again) and the inter-
section points "T,z are on either side of i*. Thus, at n* = vf,

W _
)”1,2 -

the eigenvalues )Lf%* are purely imaginary while, at n* = v7,
they are purely real (with opposite signs) and the correspond-
ing critical points are saddles.

The behaviour of the trajectories near the critical points
(n*, H* = 0) for which the eigenvalues are purely imagi-
nary, namely, for n* < (/3/2 — 1)/A, are studied with the
help of centre-manifold theory [22] in the Appendix. One
finds that all critical points with purely imaginary eigenval-
ues are unstable — the trajectories near them are unwinding
spirals [22] — see Fig. 7a, c.

@ Springer

The origin is also a critical point. The analysis of its
behaviour is done by expanding the dynamical equations
near the origin and retaining only the leading terms. For any
o > 2, one has:

i = —3nH +3BnHY, (43)
f=—2m - Lot g Lgmonmet ¢ Lp o
=——H"—-tn —Bmon —Bn“ 4 ---.
2 2 PO 2

(44)

Consider again the separatrix 3H2 — p = 0, i.e. the second
integral givenby 3H>—n [mo + (3/2)rnz/362A"/3]~|—Bn2 =
0. Along the separatrix and near the origin, one has 3H? =
mon + smaller terms. Then, the equations of the dynamical
system in terms of powers of A not higher than 3, reduce to
n=—3nH and H = —(3/2)H?. The solutions are:

n(t) = 0 5 (45)
[1+ So/Bmono(t — t0)]
Hy
H(t) = (46)

1+ 3Ho(t —10)

where o = sgn (Hp).

In view of the continuity, the behaviour of the trajectories
near the separatrix will be the same as the behaviour along
the separatrix. For the trajectories in the upper half-plane,
one will therefore have n(t) >~ 1/ 2, while for those in the
lower half-plane, n(¢) will increase with time. Similarly, H
will decay to zero (H =~ 1/t) for trajectories in the upper
half-plane or H will decrease with time for trajectories in
the lower half-plane.

The origin will attract trajectories from the upper half-
plane and repel those from the lower half-plane. There
are other critical points for the « > 2 dynamical system
n=—3nH({ —BH* Y, H=—3/2)H% - (1/2)(1 —
BH* D pln. T(m1+ (1/2BH* pln, T (m)].

Clearly, if 1 — BH*~! = 0, then 72 = 0 immediately and
for the points (n**, H**) of the separatrix 3 H o o(n™),
for which H** = ﬂﬁ, one will also have H = 0, pro-

vided that n** are the solutions of mon**+ (3 /2)n**T (n**) —
2
B — 38T« = (0 which can be written as:

with

28T

n**

T (n™) = %(Bn** —mo) + (48)

1
Thus, such (n**, H** = BT-) are critical points for the
o > 2 dynamical system, in addition to the critical points
(n*, H* = 0) and the origin. For these critical points one
has:

,0** = ,O[I’l**, T**(n**)] — 35% (49)

and this is greater than zero for all n**.
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@ For B < fo = (12B/m)°z",
the graph of T**(n**) is entirely
above the n**-axis. When 8 = pfo,
then T**(n**) is tangent to the n**-

1
axis at point n§* = B1-o,/3/B =
mo/(2B).  When S > [o, the
function T**(n**) has zeros given

by vih = (mo/(zB)) (1 + (1 —

123m0_2,8%)%) and these are
equidistant from ng*. For any 7 and
0, there always exists an intersection
point 05* < 17 between the curves
T(n**) and T**(n**). Depending on
7 and (3, this could be the only in-
tersection point between the curves
T(n**) and T**(n**) or there can
be one additional intersection point
or two additional intersection points
between these two curves. Depicted
here is the intersection point 75* be-
tween T'(n**) and T**(n**) that al-
ways exists. On Figure 3a, curve
T'(n**) with fixed 7 is chosen and it
intersects curves T**(n**) with vary-
ing B. See Figure 3b for the remain-
ing intersection points — when they
exist, they are at higher n**.

2
1—a

|
T (f. )=Z(Bn" —m,) + zﬁn“ !
o A nE o
(b) The number of intersection

points of T'(n**) with T**(n**) and
their loci depend on 7 and 3. Taken
here is curve T**(n**) with 8 > fo,
any other choices of 8 are treated in
an entirely analogical manner. The
curves T(n**) are taken with vary-
ing 7. For 7 = 7, the curves T'(n**)
and T**(n**) are tangent to each
other at point n**, where n** and
7 are solutions to (53) and (54) re-
spectively. When 7 > 7, the curves
T(n**) and T**(n**) do not inter-
sect elsewhere, except at the point
shown on Figure 3a. When 7 < 7,
then T'(n**) and T™*(n**) intersect
at points £7% (which are greater
than ui“fQ when ufy*Q exist, that is,
when 8 > (3p) — additional to the
intersection point 75* shown on Fig-
ure 3a. Point 27* is to the left of
7**, while point 25* is to the right
of n**. For the numerical example
considered, one has n** = 134.33
and 7 = 12.93 when a = 2 and
n** = 134.81 and 7 = 12.88 when
a=4.

critical

(¢) For a > 2, points

(n**, H** ﬂﬁ) are stable
if L3} is negative, that is, when
mo)/(An** 4+ 5/2). When 8 > fo,
curve (i), T**(n**), intersects the
n**-axis at points v]% and it also in-
tersects the curve Q’(n**) at points
o1%. Critical points with v3* <
n** < o3* are stable (note that
there can be no critical points of this
type where T**(n**) is negative).
When 8 = fp, curve (ii) is tangent
to the n**-axis at point x7* = nj*
— the point at which Q(n**) crosses
the abscissa. Further, (ii) intersects
the curve Q(n**) at point x5* and
critical points with x7* < n** <
X4* are stable. Curve (iii) is charac-
terised by Bg < 8 < Bo. This curve
never intersects the n**-axis and it
intersects the curve Q(n**) at £7%.
Critical points with &* < n** <
&5* are stable. Finally, curve (iv)
is characterised by 8 < Bg. This
curve never intersects the n**-axis
or the curve Q(n**). There are no
stable critical points in this case.

1
Fig. 3 Determination of the critical points of the type (n**, H** = fT-2) for the & > 2 dynamical system. The loci n** of the critical points are

the solutions of 7**(n**) = T (n**) —a and b. ¢ Shows where stable critical points of the type (n**, H** = ﬂﬁ) can be found

Since the critical points (n**, H**) are on the separatrix,
one should solve the equation for the trajectory reaching or
moving away from such critical point firstly while on the
separatrix itself. Substituting p = 3H? into the dynamical
equation for H yields:

. 1
H = =301 - pH") (30 + pln, T()]] (50)
and then, expanding about H**, gives:
. 1 o
H = pl— DH™ "BH + p™I(H — H™)
=«(H — H™), 51D

where k= (1/2)Ba — DH™ [BH™ + p**] =
1/2)B(a — I)H**u_z[(S + 2An**)/62ﬁ + 2n**/3)(1 +
An*)(Bn** — mg) — Bn**] = const.

The solution along the separatrix near the critical point
(n™*, H**) is therefore:

H_H**

In|——
Hy — H**

= k(t — 1p). (52)

The sign of « is important. When « > 0, in order to get H —
H™*, it is necessary to have t — —o0, i.e. the separatrix in
this case is an unstable curve of a saddle or the critical point
is an unstable node. When ¥ < 0, one has H — H™* as

@ Springer
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N [g=l0.02

T=14

404

-204

0 25 50 75 100 125

(@) There are four critical points
when o = 2, 8 = 0.02 and 7 = 14:
the origin, the other two intersec-
tions of T™* (n*) with T'(n*), namely
the unstable critical point (n* =
3.22, H* = 0) — non-discernible
due to the scale of this diagram
— around which trajectories spi-
ral out and the saddle at (n* =
80.36, H* = 0), and also the sin-
gle intersection point of T**(n**)
with T'(n*), namely the saddle at
(n** = 125.40, H** = 50).The sad-
dle at (n* = 80.36, H* = 0) is with
p* <O0.

60

40

0 20 40 60

(b) Again, there are four critical
points when a = 2, 8 = 0.02 and
7 = 18 (as in the case on Figure
4a): the origin, the other two in-
tersections of T*(n*) with T(n*),
namely the unstable critical point
(n* =9.07, H* = 0), around which
trajectories spiral out, and a sad-
dle at (n* = 46.53, H* = 0), and
also the single intersection point of
T** (n**) with T(n**), namely the
saddle at (n** = 62.50, H** = 50).
The situation is similar to the one on
Figure 7a, but this time the saddle
at (n* = 46.53, H* = 0) has p* > 0.

0 20 40
(1)

(¢) There are two critical points
when a = 2, § = 0.02 and 7 = 24:
the origin, which is the only intersec-
tion of T*(n*) with T'(n*), and the
single intersection point of T**(n**)
with T'(n**) — the saddle at (n** =
32.55, H** = 50).

Fig. 4 Thecaseof o = 2with B = 0.02. As 8 < +/8B/mg = 0.0894,
the eigenvalues A}, are both complex with positive real parts for
0 < n* < Nj = 19.70. The trajectories near them are unwind-
ing spirals (see a and b). For values of n* between Nj = 19.70 and
(v/3/2—1)/A = 22.47, the eigenvalues are both real and positive. The

t — 00, i.e. the separatrix in this case is a stable curve of
a saddle or the critical point is a stable node. In view of
the continuity, trajectories close to the separatrix will exhibit
similar behaviour. !

The function 7**(n**) has a minimum at 8T ./3/B.
When g equals By = (12B/m(2))L51, this minimum will
occur at ng* from the n**-axis: nf* = ﬂﬁ\/3/_B =
mg/(2B). For values of 8 < By, the graph of T**(n**) is
entirely above the n**-axis, while for 8 > fy, the function
T**(n*™*) has zeros given by vi‘*z = [mo/2B)][1 £ (1 —

12Bma2ﬂ%)%] — see Fig. 3a. When o = 2, for the numer-
ical example considered one has g = 0.1095, while for
a = 4, the corresponding value is Sy = 0.0013.

Depending on the parameters § and t, the number of
intersection points of the curves 7 (n**) and T**(n**) is
one, two, or three — see Fig. 3a, b. At some value 7 of 7,
for any given B, the curves T (n**) and T**(n**) are tan-
gent to each other at point, say 72**. At this point, the tan-
gents to the two curves coincide, thus one has the follow-

@ Springer

critical points are unstable nodes. Finally, when n* > (/3/2—1)/A =
22.47, the eigenvalues are both real — one positive and one negative
and one has saddles. As 8 = 0.02 < B = 0.0343, both eigenvalues
A7, are real and with opposite signs for all n**, thus the corresponding
critical points are always saddles

ing two simultaneous equations: T (n**) = T**(n**) and
(d/dn**)[T(n**)](n**:ﬁ**’rzf)=(d/dn**)[T**(n**)](,,** —
= n*™*, t = 7). The solution of this system is 7**, which sat-
isfies

DABA* — 2moA + B)A™ + (6ABTE — 2mo)i™*

+15pTE =0, (53)
and 7 given by
2
2 2B T« - i

When t < 7, that is, when points D} exist, one has D{™* to
the left of 7** and D™ to the right of 2**.
The components of the stability matrix L at the critical
1
points (n*™*, H** = BT-«) are: L7} = 0, L}5 = 3(a —
1)’,1**’
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H(1)

A

204

H(1) 104

0 2.5 5 7.5 10 10 20

(a) There are six critical points (b)

when a = 2, 8 = 0.05 and 7 = the critical

30 40 70 80 90 100 110

n(t) n(t)

Continuation of Figure 5a: (€¢) Continuation of Figures 5a and
point

ok

at (n** = bBb: the critical point at (n** =

14: the origin, the other two in- 12.13, H** = 20) is a saddle, while 112.38, H** = 20) is a saddle. The
tersections of T*(n*) with T(n*), the one at (n** = 34.69, H** = 20) critical point at (n* = 80.38, H* =

namely the unstable critical point is a stable node.
(n* = 3.22, H* = 0) (shown here),
around which trajectories spiral out,
and a saddle at (n* = 80.38, H* =
0), shown on Figure 5¢, and also
the three intersections of T**(n**)
with T'(n**), namely the two sad-
dles (n** = 12.13, H** = 20) and
(n** = 134.69, H** = 20), and a
stable node (n** = 34.69, H** =
20) — see Figure 5b and 5c¢ for these.

0) is also a saddle. At the latter,

p* <O0.

20

H(1) 10 H(1)

201

H(t) 10

2

0 5 10 15 42 44
n(1)

46 48 50
n(1)

(d) There are four critical points (e) Continuation of Figure 5d: the (f) There are two critical points
when o = 2, 8 = 0.05 and 7 = 18: critical point at (n* = 46.53, H* = when o = 2, 8 = 0.05 and 7 = 22:

the origin, the other two intersec- 0) is a saddle.
tions of T*(n*) with T'(n*), namely

the unstable critical point (n* =

9.07, H* = 0) (shown here), around

which trajectories spiral out, and a

saddle at (n* = 46.53,H* = 0),

shown on Figure 5e, and also the

single intersection point of T** (n**)

with T'(n**), namely the saddle at

(n** =8.95, H** = 20).

Fig. 5 Parts a, b, and ¢ — the case of « = 2 with 8 = 0.05. As
B < ~/8B/mg = 0.0894, the eigenvalues A1, are both complex with
positive real parts for 0 < n* < Nj = 9.19. The trajectories near
them are unwinding spirals (see a and d). For values of n* between
N§ = 9.19 and (/3/2 — 1)/A = 22.47, the eigenvalues are both
real and positive. The critical points are unstable nodes. Finally, when
n* > (/3/2 — 1)/A = 22.47, the eigenvalues are both real — one
positive and one negative and one has saddles (see ¢). In relation to the

the origin, which is the only intersec-
tion of T*(n*) with T'(n*), and the
single intersection point of T**(n**)
with T'(n**) — the saddle at (n** =
7.59, H** = 20).

eigenvalues 7%, one has n}* = 18.27 and n3* = 66.45. Critical points
with 0 < n** < n}* = 18.27 are with real eigenvalues with opposite
signs (saddles, see b, d, f), those with n* between n}* = 18.27 and
n3* = 66.45 are with real and negative eigenvalues (stable nodes, see
b), and critical points with n* above n3* = 66.45 are with real eigen-
values with opposite signs (saddles, see c). Parts d, e, and f — the case
of @ = 2 with 8 = 0.05
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(@) There are six critical points
when « = 2, 8 = 0.1 and 7 =
14: the origin, the other two in-
tersections of T*(n*) with T'(n*),
namely the unstable critical point
(n* = 3.2,H* = 0) (shown here)
and a saddle at (n* = 80.4, H* = 0),
shown on Figure 6b, and also the
three intersections of T**(n**) with
T(n**), namely the saddle (n** =
2.6, H** = 10) (shown here), the
stable node (n** = 45.9, H** = 10),
shown on Figure 6b, and the saddle
(n** = 109.6, H** = 10), shown on
Figure 6c.

node.

n(t) n(t)

(b) Continuation of Figure 6a: at (¢) Continuation of Figures 6a and
the saddle (n* = 80.4,H* = 0), 6b:
one has p* < 0. The critical point 109.6, H** = 10) is a saddle.
(n** = 45.9, H** = 10) is a stable

ok

the critical point (n

w

104

°
54
H(1)

H(n) 04

\\\

T 18 104
s5d

° i

-104

0 5 10 45

n(t)

(d) There are four critical points
when « = 2, 8 = 0.1 and 7 =
18: the origin, the other two in-
tersections of T*(n*) with T'(n*),
namely the unstable critical point
(n* = 9.1, H* = 0) (shown here),
and a saddle at (n* = 46.5, H* = 0),
shown on Figure 6e, and also the
single intersection point of T**(n**)
with T'(n**), namely the saddle at
(n** = 2.4, H** = 10).

is a saddle.

Fig. 6 Parts a, b, and ¢ — the case of « = 2 with 8 = 0.1. As
B > /8B/my = 0.0894, the eigenvalues A}, are real for all n* —
they are both positive for 0 < n* < (/3/2 — 1)/A = 22.47 (with
the corresponding critical points being unstable nodes, see a and d)
and positive and negative for n* > (,/3/2 — 1)/A = 22.47 (with the
corresponding critical points being saddles, see b, e). In relation to the
eigenvalues 1%, one has n* = 5.83 and n3* = 72.02. Critical points
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Sb 0 i 4‘1
n(r) n(t)

(e) Continuation of Figure 6d: the (f) There are two critical points
critical point at (n* = 46.5, H* =0) when a = 2, 8 = 0.1 and 7 = 22:

the origin, which is the only intersec-
tion of T*(n*) with T'(n*), and the
single intersection point of T**(n**)
with T'(n**) — the saddle at (n** =
2.22, H** = 10).

with 0 < n** < n}* = 5.83 are with real eigenvalues with opposite
signs (saddles, see a and d), those with n* between n}* = 5.83 and
n3* = 72.02 are with real and negative eigenvalues (stable nodes, see
b), and critical points with n* above n3* = 72.02 are with real eigen-
values with opposite signs (saddles, see c. Parts d, e, and f — the case of
a =2with 8 =0.1)



Eur. Phys. J. C (2019) 79:118

Page 11 0of 17 118

1

H(t)

(a) Here 8= 0.1 > By = (12B/m3)3/? = 0.0013. The
positive roots of equation (53) for n** are 0.34 and
73.52. The respective solutions of equation (54) for
7(B) are —75.98 and 14.78. The first one is negative
and leading to negative temperature and thus should
be disregarded, that is, one should take 7(3) = 14.78.
This corresponds to n** = 73.52. On this diagram,
T = 12 is taken and this is smaller than 7(3) = 14.78.
Therefore, there are three intersection points of the
curves T**(n**) and T(n**) and thus three critical
points of the type (n**, H** = pY/(1-%)) where
H** = 215 and n** is given by: §* = 0.13 (the
saddle shown here), 07* = 33.09, and 3* = 153.37.
The function T**(n**) is negative between vi* = 0.14
and v3* = 9.86. The intersection points of the curves
T**(n**) and Q(n**) are o7* = 0.34 and o5* = 73.52
(see also Figure 3) and between these two points,
Q(n**) is greater than T** (n**) and the critical points
there are stable. But, as there can be no critical points
of type (n**, H** = p1/(1=9)) when T**(n**) < 0,
then all points between v5* = 9.86 and o3* = 73.52
are stable (like the one at n** = 0F* = 33.09 — not
shown). All others (like the one at n** = #3* = 0.13,
shown, and the one at n** = D* = 153.37, not
shown) are saddles. The critical points of the type
(n*,H* = 0) are at n] = 1.90 (shown here) and
n3 = 99.15 (not shown). The first one, nj = 1.90,
is to the left of n* = (/3/2 — 1) /A = 22.48 where the
eigenvalues are purely imaginary and, as seen by the
centre manifold theory, the trajectories are unstable
spirals. The second one, n5 = 99.15, is to the right
of n* = 22.48 where the eigenvalues are both real and
with opposite signs, thus this critical point is a saddle.

\_—V/ B=o0.01
5 T=19.8
[ J
4_
A 4
3_
H(1)
2_
1_
o] ®
0 0.25 0.50 0.75 1

n(t)

(b) Here 8 = 0.01 > By = (12B/mg)3/? = 0.0013.
The positive roots of equation (53) for n** are 1.49
and 73.26. The respective solutions of equation (54)
for 7(8) are —21.11 and 14.80. The first one is again
negative and leading to negative temperature and
thus should be disregarded, that is, one should take
7(8) = 14.80. This corresponds to n** = 73.26. On
this diagram, 7 = 19.8 is taken and this is greater
than 7(8) = 14.80. Therefore, there is only one in-
tersection point of the curves T**(n**) and T(n**)
and thus, there is just one critical point of the type
(n**, H** = g1/(1=2)) where H** = 4.64 and n** =
Ug* = 0.56. The function T**(n**) is negative be-
tween vi* = 0.69 and v3* = 9.31. The intersec-
tion points of the curves T**(n**) and Q(n**) are
07" = 149 and o5* = 73.26 (see also Figure 3)
and between these two points, Q(n**) is greater than
T**(n**). At point n** = §* = 0.56, one has
T**(n**) > 0, but Q(n**) < T**(n**). Thus, the
only critical point of type (n**, H** = g1/(1=a)) ig
not stable — it is a saddle. The critical points of the
type (n*, H* = 0) are at n] = 20.11 and n} = 25.04.
They are shown on Figure 7c.

Fig. 7 Parts a and b: the case of @ = 4 — some representative cases. Parts ¢ and d: the case of « = 4 — some representative cases
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®
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15
n(t)

(¢) Continuation of Figure 7b. In addition to the
saddle at (n**, H** = BY/(1=0)) where H** = 4.64

and n** = pg* = 0.56, there are two critical points
of the type (n*,H* = 0): at nj = 20.11 and at
n3 = 25.04. The first of these, n] = 20.11, is to

the left of n* = (/3/2 — 1)/A = 22.48 where the
eigenvalues are purely imaginary and, as seen by the
centre manifold theory, the trajectories are unstable
spirals. The second one, nj = 25.04, is to the right
of n* = 22.48 where the eigenvalues are both real and
with opposite signs, thus this critical point is a sad-
dle. Such “dipole” of unstable spirals and a saddle is
always a present feature when 7 < 7 = 19.84.

Fig. 7 continued
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(d) Here 8 = 0.05 > 8o = (12B/mg)3/? = 0.0013.
The positive roots of equation (53) for n** are 0.54
and 73.48. The respective solutions of equation (54)
for 7(3) are —53.76 and 14.79. The first one is negative
and leading to negative temperature and thus should
be disregarded, that is, one should take 7(3) = 14.79.
This corresponds to n** = 73.48. On this diagram,
7 =12 is taken and this is smaller than 7(8) = 14.79.
Therefore, there are three intersection points of the
curves T**(n**) and T(n**) and thus three critical
points of the type (n**, H** = p1/(1-%)) with n**
given by: o§* = 0.21 (a saddle, not shown here), &* =
48.71 (the stable node shown here), and 23* = 108.68
(a saddle, not shown here). The function T**(n**) is
negative between vi* = 0.23 and v3* = 9.77. The
intersection points of the curves T**(n**) and Q(n**)
are 07* = 0.54 and o3* = 73.48 (see also Figure 3)
and between these two points, Q(n**) is greater than
T**(n**) and the critical points there are stable. But,
as there can be no critical points of type (n**, H** =
B/ (1=2)) when T**(n**) < 0, then all points between
v3* = 9.77 and 03* = 73.48 are stable — including the
one on the diagram at n** = 0{* = 48.71. The other
two (not shown) are saddles. The critical points of the
type (n*, H* = 0) are at n] = 3.22 and at n5 = 80.38.
None of them are shown here. The first one, n] = 3.22,
is to the left of n* = (1/3/2 — 1) /A = 22.48 where the
eigenvalues are purely imaginary and, as seen by the
centre manifold theory, the trajectories are unstable
spirals. The second one, nj = 80.38, is to the right
of n* = 22.48 where the eigenvalues are both real and
with opposite signs, thus this critical point is a saddle.
One has again a “dipole” of unstable spirals and a
saddle.
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1 5
1 B
=3 |:ABn**2 — (moA + E)n** - moi|

A 5
+ —,
2B T

+— (55)
ﬂm

1
Ly = =3pT% + 3 (@— 1 patn™

5
X [T**(n**)(An** + E) —2Bn*™* + moi|

1

— 3877 + (a—1)BaT n™ L3}, (56)
The eigenvalues are always real:

WP = 38T <0, (57)

1
M= (@ = DT LY = S @— DT n®
5
X [T**(n**) (An** + E) —2Bn™ + moi| . (58

1
Given that AT* < 0, the critical points (n**, H** = fT-«)
will be stable if )32“* is negative, that is, if L3} < 0 orif

2Bn™* — my

5

(59)

Otherwise, the critical points (n**, H** = ,Bﬁ) will be
saddles.

Four curves T**(n**) with different 8 are shown on
Fig. 3¢, together with the curve Q (n**) which starts at point
(0, —=2mg/5), crosses the n**-axis at n5* = mo/(2B) and
has a horizontal asymptote at 2B/A. When > By =
(12B/m3)@=V/2_ the curve T**(n**), marked with (i) on
Fig. 3c, intersects the n**-axis at points v{%,. The n**-
coordinates of the intersection point of 7** (r;**) with the
curve Q(n**) are o;%. As, while negative, 7**(n**) can-
not intersect the striétly positive T (n**), no critical points
(n**, H* = p1/(-®)) can exist for T**(n**) < 0. Thus,
stable critical points for B > f exist in the interval v;* <
n** < 0" —where the non-negative 7**(n**) is smaller than
Q™). When 8 = By, the curve T**(n**), marked with (ii)
on Fig. 3c, is tangent to the n**-axis at point x;* = nj* -
the point at which Q (n**) crosses the abscissa. This curve
intersects the curve Q(n*™*) further — at point x}*. Critical
points for which x;* < n*™* < x;™ are stable.

There is a value of B, say B, for which, at certain n’g
from the n**-axis, the curve 7**(n**) is tangent to the j-
independent curve Q(n**). That is, at n’é*, the two func-
tions are equal, 7** (nzz*) = Q(n*Q*), and their first deriva-
tives are also equal, (d/dn**)[T(n**)](n**:ng,ﬂ:ﬂg)
(d/dn**)[Q(n**)](,,**:ng, B=po)- Thus, n’g is found, for any
o > 2, as the only positive root of the cubic equation

4ABrY = 2A(moA — 1B
~5(2moA + B)ny — 5mo = 0. (60)

For the numerical example considered, one gets nz* =
45.4587 and, hence, Bp = 0.03426 for « = 2 and Bp =
0.00004 for o = 4.

When g < B < Bo,curve T**(n**), marked with (iii) on
Fig. 3c, never intersects the n**-axis. It intersects the curve
Q(n**) at points with n** coordinates given by &;%. Criti-
cal points with £* < n™ < £ are stable. Finaliy, when
B < Bo, curve T**(n*™*), marked with (iv) on Fig. 3c, never
intersects the n**-axis or the curve Q(n™*). There are no
stable critical points in this case.

For the dynamical system in the case of @ = 2, three sub-
cases are considered: § = 0.02 (Fig. 4), 8 = 0.05 (Fig. 5),
and B = 0.1 (Fig. 6). With these, all qualitatively different
possibilities are analyzed. The case of « = 4 is similar —
see Fig. 7 where some representative cases are shown. The
two Tables at the end should also be considered as all possi-
bilities for the model parameters are summarized there and
references are given to the corresponding figures.

Many of the trajectories exhibit inflationary regime
(Figs. 4, 5, 6, 7). This happens in the upper half-plane
(H > 0)and while H is increasing (H > 0),thusé > 0. The
un-physical trajectories that diverge to (n — oo, H — 00)
have eternal inflation, while all other trajectories with infla-
tion, after exiting their inflationary regimes, either extinguish
at the origin (n — 0, H — 0) in infinite time (Big Freeze);
or at a stable critical point in infinite time; or diverge to a Big
Crunch: (n - oo, H - —0).

4 Conclusions

A cosmological model with two matter components — dust
and gas with van der Waals equation of state has been exam-
ined. In addition, the model includes a particle production
term, proportional to a constant power, «, of the Hubble
parameter H. Models with « = 2 and ¢ = 4 are stud-
ied in detail. However, the presented analysis can easily be
extended to an arbitrary integer « (the special case of ¢ = 1
deserves a special attention and will be provided elsewhere).

The time-evolution of the model is given by a nonlinear
dynamical system of three equations: for the particle number
density n, the Hubble parameter H and the temperature 7.
This system admits a global first integral, which explicitly
gives T as a function of n and one of the van der Waals gas
parameters. Hence, the system is reduced to a two-component
one: in the two dimensional n—H phase space. The sys-
tem exhibits a complex behavior which is influenced by the
presence of the several model parameters. This behaviour
is examined in detail using the phase-plane analysis for all
possible parameter choices. The two second integrals of the
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system are represented by curves which separate the phase
space into domains which can not be crossed by the trajecto-
ries. The full classification of the critical points is presented in
the two provided tables. It is shown that the critical points can
not be reached in a finite time (the stable critical points can
only be reached for t+ — oo, the unstable critical points can
be reached only for # — —o0.). The critical points provide
important information about the large-time behaviour of the
system. This includes both the distant future (+ — o0) or the
distant past (t — —o0). For example, considering trajecto-
ries which end at the origin, i.e. (n, H) — (0,0) ast — oo,
from (8) one has 1 = —3n H asymptotically when « > 2 and
taking into account (10), it follows that dp;/dn = pg4/n, or
pa = Cn for some constant C. Then

Cn C
pd = oy — — = const (61)
P n[mo+%rn§ e3 — Bn] mo

when (n, H) — (0, 0). Therefore, the ratio between the two
fractions approaches a constant.

In the case of high particle creationn — coand H — o0
(this can be viewed as a critical point at infinity), in the distant
past or future, i.e. when t — £00, the asymptotic equations
are

i=3pnHY, (62)

2An

. 1
H:E,BAtn%eT H* !, (63)

giving H> = (1/2) t n>/3 €241/3 4+ lower-order terms. Sub-
stituting this asymptotic form of H? into the Friedmann equa-
tion (5) yields:

5
1 Lonze™s ...
_(1+ﬁ)= 2 5 24
3 o Snies

— 1 when (n, H) — (00, 00). (64)
In other words p;/p — 0, which means that in this case the
dust component becomes negligible and all trajectories are
drawn in the neighbourhood of the separatrix 3H> = p as
t — +oo.

Finally, sets of initial values can be identified for which
the corresponding trajectories exhibit inflationary behavior.

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: There is no data
and no data will be deposited as the study is theoretical in nature.]
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Appendix

Application of centre-manifold theory to the critical points
with purely imaginary eigenvalues

To study the behaviour of the trajectories near the criti-
cal points (n*, H* = 0) for which the eigenvalues are
purely imaginary, namely, for n* < (\/3/2 — 1)/A, centre-
manifold theory [22] is applied. Firstly, the dynamical system
is expanded near such (n*, H* = 0):

(n—n*) =—=3n"H —3(n —n*)H( — BH>) + 3Bn*H*,
(65)

. Bn*(A2n* +2An* — 1
1 B(A3n* +9420%" + L an* —2)

9 An* + 1
1 B@A*n™ +52430% + 150A420*° + 70An* — 5)
162 (An* + Dn*

x(n—n*)>3 ...

(n—n")

n— n*)Z

(66)

Introduce new dynamical variables via: n — n* = 6x and
H = py. Introduce also w = 3n*u /6. Taking & = 1 and
w= (1/3)\/—19(/42;1*2 +2An* — 3)/(An* 4 1) [note that
w is real to the left of 7* = (/3/2 — 1)/A — where the
analysis applies]. This yields o> = —Brz*(A2n*2 +2An* —
D/(An* + 1) > 0.

The dynamical system can then be written as:

X =—wy+ f(x,y), (67)
y=owx+g(x,y), (68)
where
fGy) = =3pxy(l — Bu’y?) +3pn*uty?, (69)
3 1
gx,y) = —sz + Euzﬂp*ﬁ
1 BAM* +94%% + 2Lan* —2)
on Ant + 1 *
1 B@A*n* + 52430 +150A%0" +70An*—5)
1621 (An* 4+ 1)n*
xx3 4. (70)

Then, at the critical point (x = 0, y = 0), the stability param-
eter a — see (3.4.10) and (3.4.11) in [22] —is:
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1
i il % 3 a=— + feyy + &exy + &yyy
ol g | o LS 4 ol © 16 (frxx fxy) 8xxy g})))
R R K N < =
= = e — —
VIEY TR BRI EE | B Uy e+ fi)
Q. *o oo ko.w S| N o= n =
0 QOF—; N el ke 8 16w
- gxy(gxx + gyy) — frex8xx + fyygyy]
g 3
Sl gl se|l U8 = —u’pp* >0, (71)
VgET g RS S lg Vv Elgie 16
E%Vmivﬁﬁﬁ%g?@A“ provided p* > 0.
o bl .80 & $ 8D . g .
=9 “E i Rl i *V & RS The energy density p* at the equilibrium points (n*, H* =
g Hne] 0) is, as in the case of @ = 2, non-negative for n* < n3 =
e . (2moA + B + \/4m(2)A2 +20mgAB + B2)/(4AB). And,
o] ) - >~ -~ Q . ~
N o %c’i s %gg 2 sV Sleia™ given that one always has ng >n* = (/3/2 —1)/A, then
= \/c‘g% v gL = Xﬁ * is positive in the entire region 0 < n* < n* = (/3/2 —
s T Vel idT A P18 P g
o T x < *_ 8D o + M| % _ . 1 1 . . .
R o BN o &Ry 0D d B 1)/A — where the eigenvalues are purely imaginary. This,
ob| < . . e .
- ioim a in turn, means that a is positive in that region and thus all
critical points with purely imaginary eigenvalues are unstable
- ib; Z — the trajectories near them are unwinding spirals [22] — see
* * R - * 3 :
Qogh*§c;,§*§¢% 1\52»\/0%2»*@,2“ Fig. 7a, c.
AE V2 E Vﬁf%?gd% A
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