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A new class of modified theory of gravity is introduced where the volume form becomes dynamical. This
approach is motivated by unimodular gravity and can also be related to Brans-Dicke theory. On the level of the
action, the only change made will be through the volume element which is used in the integration. This is
achieved by the introduction of a fourth-order tensor which connects the spacetime metric to the new volume
form. Using dynamical systems techniques, this model is studied in the context of cosmology. The most
interesting result is that there exist parameter ranges where this model starts undergoing an epoch of accelerated
expansion, followed by a decelerating expansion which evolves to a final epoch of accelerated expansion.
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I. INTRODUCTION

General relativity is a very successful physical theory in
excellent agreement with experimental data. Gravitational
waves in particular test strong and weak gravitational fields
in the sense that a strong gravitational field is required for
their creation while their propagation is governed by the
weak field approximated field equations. Despite its suc-
cess, general relativity faces two observational challenges
which are simply referred to as the dark matter and the dark
energy problems. Moreover, from a theoretical point of
view, quantum theory and gravity appear to be incompat-
ible and no consensus exists yet regarding the form of such
a theory. These issues have motivated the study of early
modifications of Einstein’s theory like teleparallel gravity
and Kaluza-Klein theories and, in the following years, have
justified the proposal of a plethora of other theories.

One of the most studied and most tested of these models
is the so-called scalar tensor theory of gravity. These
theories are based on the Brans-Dicke prototype action
which is given by

s— | {iqu - faaqba%}w—gd“x. (1)
2K ¢

Here one includes a nonminimal coupling between the

geometry in the form of the Ricci scalar R and an additional

scalar field ¢. @ is the Brans-Dicke parameter which in the

limit @ — oo reduces Brans-Dicke theory to general
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relativity. A fundamental problem related to this class of
theories is connected to the nature of this scalar field. One
hypothesis which is still under investigation is that this field
might coincide with the Higgs field (see e.g., [1-5]).
Another, perhaps more general, line of interpretation is
that this scalar field is indeed an effective field representing
a scalar degree of freedom (d.o.f.) of the theory. This
happens, for example, in the scalar field representation of
f(R)-gravity or the hybrid metric Palatini theories.

In this paper, we present a new class of theories of
gravitation in which the volume element is a dynamical
object. In particular, we wish to write /=7 := ¢,/—g and
take \/—gd"*x as the fundamental volume form. On the level
of the Brans-Dicke theory this means reinterpreting
qﬁ\/—_gd“x as the volume element over which one has to
integrate in order to evaluate the action. This idea can be
associated by contrast to the so-called unimodular gravi-
tational theories [6-11], in which the volume form is
considered constant. In our case, the volume form acts
as an additional field: in the action, we will only change the
volume element and retain the metric g as the basic object
from which curvature is computed.

At this stage there is no need to keep the simple relation
between § and g which takes the form of a conformal
coupling /=7 = ¢p/—g. Instead, we will assume that § is
an arbitrary function of the metric g. Our key ingredient
will be to assume that there exists a rank 4 tensor y which
relates those two metrics such that G, = y.,?g.q. This is
in analogy to electromagnetism in materials where one has
to distinguish between the electric field and the electric
displacement and relates to ideas discussed in [12-15].

© 2018 American Physical Society
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Clearly, this theory reduces to Brans-Dicke theory provided
one takes a simple y containing only Kronecker deltas and
includes a kinetic term. As we will see, however, this is not
the only case in which our new theory can be shown to
present only one additional d.o.f.

It is also worth pointing out an interesting link to the
work in [16]: one can prove that these exist forms of y for
which the gravitational field equations of the new theory
become trace-free. This result implies that we are dealing
with a genuine generalization of unimodular gravity.

The paper is organized as following. Section II is
dedicated to the definition of the possible action(s) corre-
sponding to the idea of a dynamical volume form and the
derivation of their field equations and their properties.
Section III is instead dedicated to the exploration of the
cosmology of the via phase space analysis of the most
interesting of the actions defined in Sec. II. Section IV is
dedicated to the conclusions.

II. MODEL AND GRAVITATIONAL
FIELD EQUATIONS

A. Gravitational actions

Following from the previous discussion, we introduce
the two actions

5= [{3RVAT+ Lyl Tu)v=afats. @)
i [{5RV=3+ L@ Yol )

The main difference between those two actions is the
coupling of the matter in the theory, clearly the most
important issue when it comes to any gravitational theory.
Since there is little guidance as to which of those two is
preferred from a theoretical point of view, we will study
both cases separately. As one can probably expect at this
point, these two versions of the theory will give rise to quite
a different phenomenology when applied to cosmology.
Ideally, some external input like observational data could
be used to make this choice. As we will see, it turns out that
the most interesting cosmological models are given by ;.
In the following, we will assume the relationship

gab = )(abc‘dgcd’ (4)

between the two metrics. As we will see, this includes a
number of interesting cases e.g., conformal/disformal
transformations which were studied in different contexts.
Note that the standard Brans-Dicke theory is recovered
when y,,°4 = 558{¢'/4.

The volume integration in S, is straightforward in the
sense that one views \/—gd*x as the volume form of
spacetime while keeping in mind that R is computed using
the metric g. In this case, we require § to be a well-defined
metric which means the inverse of § must also exist. Hence,
one arrives at

mn

gkm.amn = )(kmabguh)( cdgcd = )(kmua)(mncc = 62 (5)

This means we impose the following condition on the
tensor jy,,

)(kmaa)(mncc = 52’ (6)

where the metric g was used to raise and lower indices.
On the other hand, in S one is using two different
volume elements and one might be tempted to regard this as
unnatural. However, one can rewrite S; as follows,
L o V=3
S = —_— R L N 5 v - d4
! /{2z< \/__g+ m) (g l//)}\/ gd*x
1
= / {2—KR/) + Ly (9 ¥, Vw)}\/—gd‘% (7)

where we introduced p = \/=g//—g, thereby integrating
over an appropriate volume.' The possibility of writing the
action might suggest that theories of the type S; and S,
contain only an additional d.o.f. This can appear strange, as
the tensor y has great number of nontrivial components.
Indeed, we will find that for a surprisingly general form of y
these theories present only one additional d.o.f.

One can view the matter coupling in S| as minimal since
the matter couples to gravity via the canonical volume
form. Likewise, one can view the matter coupling in S, as
nonminimal because the matter couples to gravity via §
which in itself obeys a relation to g. When stating the field
equations explicitly, this point will be verified.

B. Determinant and variations of g

The determinant of a rank 2 tensor M;; is defined by
1 ..
M = det(M,j) = EgljklfadeMmMijchld, (8)

where we work using the standard convention &y;,3 = 1.
When raising or lowering indices of ¢;;;, one has to be
quite careful and work with the (pseudo) tensor

liki
/_g :

Now, we can define the determinant of g;; which gives

Mijki = \/ —Y€ijki> Wijkl == 9)

i N
g = det(g;;) = Ze’/kl € G101 TkeJia

1 ..
— kl abed rs tu v
—4'8l] P x i Gpa v Grskke GruX1a™ Gow

1 i] ] 3 u oW
= E (8ljkl€uhLd)(iapq)(jh“)(kct Xld )gpqgrsgtug1;W' (10)

"Note that the determinant of a metric is not a true scalar under
arbitrary coordinate transformations. However, we will find in
Sec. IIC that p is a true scalar field.
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The above formula can be used to calculate the variations of § with respect to the metric. We begin with

0g =

1, ..
— (Sljklgabcd
41

Let us use the standard identity dg,,,,
the implicit definition for j,,, given by

= —Gmign;69” and

5§ = _gﬂ_(mnégmn' (12)
which is motivated by the GR analogue of this equation.
Then, after some algebra, we arrive at

ijkl abcd

) I N
Tmn = _E(” 0l " ke A 1a™)

X [gpmgqngrsgtung + gpqgrmgsngtung
+ 9pq9rsGimGunIvw + IpgrsGruGomGun) - (13)

The quantity y,,, will enter the equations of motion or field
equations through the variations of the volume element
with respect to the metric. Note also that, from the general
expression (8), one has

ij abcd> = = = g
M aed g @i IkeGia) = 4; =4p%. (14

1
Im ——3!(77

The factor 4 appears because the trace of the tensor jy
corresponds to the trace of the Kronecker delta when ¢ and
g coincide, which also gives p = 1.

C. Gravitational equations of motion

Having established the variations of the new volume
form, we are now ready to derive the equations of motion of
the gravitational part of the action. Matter couplings will be
addressed separately in the next section. Let us begin with

é[gabRab V _g]
11
=8¢’ Ryp\/ =7+ PSR/ —G—=——=9"’R55. (15
9" Rap\/ =+ 9" Ry W ab99.  (15)
Using the above Eq. (12) for the variation of g, we have
5[gabRab V _g}
1 by, b a a b
= [Rab - ER)(ab] V=359 + g \/=G6R . (16)

In GR, this final term would be a boundary term, however,
for the current model this is not the case. We recall

SRy = VT, = V,,6T9 . (17)

1 ij " rs u ww
E (SljklgathZiupq)(jb ‘)(kct Xld )(6gpqgrsgtung + gpqégrxgtung + gpqgrségtung + gpqgrsgtuéng)

Ziapq)(jbrs)(kcm)(lde)(5zléggrsgtung + gpq5;n5§’gmng + gpqgrsaltnézng + gpqgrsgmégl&clv)égmn (1 1)

and use the formula

9"/ ~G6R
= (vavhégab - gmnvaVu(sgmn) V =7 (18)

In this way, recalling p = /—g/\/—¢g to eliminate the
boundary terms, we have

" /=GR, = (VOVlp — gV Np)\ /=G5 (19)

Note that p is a true scalar in the sense of differential
geometry. While determinants are pseudo-scalars (they
transform differently to scalars), the ratio of two pseudo-
scalar gives a scalar field as stated previously.
Consequently, we see that this ratio of “volumes” looks
like the Brans-Dicke scalar. Putting everything together
leads to

— 1
6[guhRub _g] = |:p <Rub - 2R)(ah> - vavbp
+ gabvmvmlo] V=989 (20)
Next, we need to couple matter to the geometry.

D. Coupling matter with ,/—g

The minimal coupling setting is described by action Sy,
given by (2). A direct calculation gives

SL () (9. w. V) \/=g] = Tup/=989. (21)

so that the complete field equations take the form

|
PGap = 2kT o, + EPR(Zab - gab)
+ vavbp - gabvmvmp' (22)

Should one consider the issue of a field equation for the
field p? As p is not a dynamical variable for which we
specify a separate Lagrangian, one would not expect it to
satisfy additional field equations. However, general rela-
tivity and its modifications obey other symmetry properties
so that one cannot simply choose p freely. To see this,
consider the trace of the (22), which gives
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1
300p + pR — Ep)_(R —2xT =0, (23)

which has the structure of a Klein-Gordon-type equation for
p. Note, however, that due to the presence of jy,;, in Eq. (22)
this theory is different from standard scalar field theories.

E. Trace-free vacuum field equations

Notice that Eq. (22) can give the trace-free equations in
vacuum. In fact, we can write (22) as

I __
P <Rab - ERZab> = vavbp - gabvmvmp + 2KTab' (24)

The left-hand side of the latter equation becomes the trace-
free equation if we make the choice y,, = g,,/2. To
achieve this, let us choose for instance y ¢ = Q&gég, then

gab :)(adegcd = 9525296{1 = anb' (25)
We begin with the first term of (13) and get

ijklnabcd)(iupq)(jb rs)(kc m)(ld 1;w) — Q4nprt1;7,]qsuw , (26)

and consequently one arrives at
Hmn = Q4gmn' (27)

This means Q* = 1/2 gives a trace free or conformal left-
hand side. Note that, in this case,

det(@ab) =Q det(gab) = p2 =Q' = 1/2 (28)

(n

This is an elegant result which can be connected to the
framework considered by Ellis [11,16]. It is worth
stressing, however, that the choice of the quantity p can
influence only the gravitational part of the field equations.
Therefore, the result (28) will be compatible only with
traceless matter.

F. Coupling matter with \/-g

Considering action (3), the variation of the matter part
would introduce terms that contain explicitly the matter
Lagrangian

S[Lm)(9.w. Vy)\/~7]

1 _
= |PTab + 5P(9ab = Zab) L m) V=989*. (29)

This leads to the following set of field equations:

1 _
PGy = szTab + EP[R + ZKL(m)](Zab - gab)
+ vavbp - gabvmvmp' (30)

The explicit dependence of the field equations on the matter
Lagrangian means that we are dealing with a nonminimally
coupled theory. While theories of this type have been

considered in the past, such models are problematic. We
should note that when setting kL, =0 in the field
equation (30), one recovers the previous field equation (22)
in vacuum, which is perhaps unsurprising as the respective
actions only differ by the form of the matter coupling to
geometry. This implies that the two actions present, for
example, the same black hole solutions.

G. The limit to general relativity

Starting with Eq. (4), let us recall the most general
isotropic rank 4 tensor which is given by

Xav™ = agapg® + PS5} + 7535, (31)

where a, f and y are some functions of the coordinates in
general. However, we assume those to be constants to
recover general relativity. This gives

gab = (4a +ﬂ + y)gab' (32)

Let us introduce the notation Q? = 4a + f# + y. This is a
natural choice because (32) should preserve the metric
signature, so that this result can now be written in the
familiar looking form

gab = ngab' (33)

This takes the form of a conformal transformation.
Choosing a, f, y such that Q = 1 reduce this theory to
general relativity. For simplicity, we choose a =y = 0 so
that y,,°¢ = 856¢ and hence g, = 856¢9.q = gap. This
also implies that det(g,;,) = det(g,;) and therefore p = 1.

It remains to check that y,,, = g,,, given this specific
choice of y. We begin with the first term of Eq. (13) and
find

ijkl abcd rs
N Ui X " X ke

tu

(’7 )(lde) — nprtv”qsuw' (34)

Consequently, one arrives at

_ 1 :
Ton = — a,71)rtv}7qsuw

X [gpmgqngrxgtung + 9pqg9rm9sn9iuGow
+ 9pq9rsGimGunIvw + Ipg9rsGruGomGrwn) - (35)

Therefore

by 1 rtv ,gsuw
Xmn = —577’7 ”Yq‘ [gpmgqngrsgtung]

1 :
== y [nprtbrlqsuwgrsgtung]gpmgqn' (36)
Using the standard identity
[,,lprtv’,lqsuwgmgmng] = _3!91"1’ (37)

yields the desired equation
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_ 1
Xmn = _i(_s!)gpqumgqn = 9mn- (38)
In summary, the GR limit means: G,;, = 9up> Xmn = Gmn
and p = 1.

Substituting these back into the two sets of field
equations, one can easily verify that both (22) and (30)

reduce to the Einstein field equations.

III. APPLICATIONS TO COSMOLOGY

In the following, we will investigate the cosmological
dynamics of model 1 which gives rise to various interesting
properties. For completeness, we also studied model 2
which is discussed in Appendix. Model 1 allows for
solutions which make a transition from acceleration to
deceleration and then back to acceleration before terminat-
ing at a scaling solution. This feature makes this model
particularly interesting when applied to our Universe.

A. Choosing a cosmological y

Let us consider (22) and (30) in the case of cosmological
spacetimes. In spite of the compact form of the field
equations that we have given using the quantity p, one
should not forget that these equations depend on all the
components of the tensor y. Treating the most general form
of these equations is a formidable task which we will not
undertake here. Rather we will consider a general case in
which the theory can be considered as function only of the
metric tensor and p. This restriction on the d.o.f. of the

(207 = (T + 1) = =2 (1= 24 AGw= D))+ 52 (34 = 2007 + 1]+ App.

s2 3p

theory allows a connection with Brans Dicke theory. As we
will see, however, this resemblance is only apparent, as (22)
and (30) present interesting peculiarities.

Starting form the general form (31), we will assume that
the tensor y,,.4 can be written as

Xabed = X1UalpUctyg + 20u,u hgy, + Zr3hycuauy,
+ Xahachpa + Xsuatpheq
+ x6hapttctty + x7haphea, (39)

where u, is the velocity of a chosen observer, h,, =
Gap — Uguy, and y; are generic functions of the cosmic time.
Such a choice however would not lead to a set of equations
containing only the metric and p. In order to obtain
equations of this type in a fairly general way, we can set

X5 = 0)) Xe6 = Bxa X1 = VX4 (40)

so that
Xabed = X1Uatty(Uettg + dheq) + 2ou,uhgy,
+ 2x3ha(ctaytty + Yalhachpa + v (Pucug + heg)).
(41)
In the following, we will use this form of y,,.; in the

context of cosmology.

B. The cosmology of action S,

Using the standard FLRW metric and the previous
choice (41) we find

(42)

(207 1) (H2 + k) = K—ﬂ{2[2 +AQBw—=1)]p?> = (1+3w)} +I;5[2(3A -2)p? —1] +§0(2Ap2 -1), (43)

and the final equation

i {zxu[m(p, A) + wBs(p. A)] +

= 2Hxu[Bg(p. A) = wBy(p, A) + w*Bo(p. A)].

Here we introduced the following functions

y(9ap—4p+3) + 1

A= Gao D3y -1

Bi(p,A) = p(2p> = 1)[2(7TA - 2)p* - 3],

p+3H(u+p) =0, (44)
2p(2p* = 1)(2Ap* = ) + [HB1(p, A) + By (p, A)plp + HB3(p, A)j?

2k :

2 Bulp. )+ 2B (5, 4) b
(45)
(46)
(47)
By(p,A) = —16A(6A% — TA +2)p® + 8(5A% — 5A +2)p* + (6A —20)p* + 5, (48)

024054-5



CHRISTIAN G. BOHMER and SANTE CARLONI

PHYS. REV. D 98, 024054 (2018)

Bs(p. A) = 8(3A2 + A — 2)p* — 16(2 — 3A)2(2A — 1)p® + 10(A — 2)p? + 3, (49)
Bi(p.A) = ng(g(A —2)(2A — 1)(3A = 2)p* + 4(7A% — 11A + 6)p* + A — 10) + ; (50)
Bs(p.A) = —16A(6A2 — TA +2)p° + 8(5(A — 1)A + 2)p* + (6A —20)p + 5, (51)
Bs(p, A) = p(2p* — 1)[8(6A% — TA +2)p* +2(5A — 4)p* + 3], (52)
Ba(p. A) = 8(2A — 1)p* (20% — 1)[(6A — 4)p> — 1], (53)
Bu(p. A) = 3p(20* ~ 1)(2(A ~2)p* +3), (54)
By(p,A) = 8p(2p> = 1)(2(A = 1)p* + 1), (55)
Bio(p. A) = 12p(2p* — 1)(2Ap% - 1). (56)
|
o Sl P oo Sy AR 22402 440,401, ()

4Hp’ 4H?p’ '
KU k
:3,0H2’ :SZHZ' (57)

Choosing the time variable 7 = In(S/S,) the dynamical
equations are

X — ﬁ (K[Z2(4AX +2) — 1] - 12AwQZ>
—16X2(AZ? — 1) — 4X[(A —2)Z% + 29|
+4Q7%[(A = 2) +2(1 + 3w)] + 222 — 1},

7' =8XZ,

4K

K=——"[AK+1)Z24+2X-2Q
2AZ2—1[ (K+1)Z"+ )
Q
Q =—"_ [4AKZ? 3 —6AZ2
AZ 1! +w( )
+ X(12 - 8AZ?) +2AZ* - 8Q + 1]. (58)

where the prime denotes the derivative with respect to 7 and
we applied the constraint

Q{27%[(1 =3w)A = 2] + 3w+ 1}
+ X[(4 —6A)Z* + 1]+ Y(1 —2AZ?)

+%(K+1)(zzz—1) —0. (59)

The solutions associated to the fixed points can be found
solving the equation

where an asterisk denotes the value of the variables in the
fixed point. The fixed points an their stability can be found
in Table I.

Since p > 0 by definition, only the Z > O part of the
phase space has physical meaning. We will refer to this part
of the phase space as physical. The system (58) contains
three invariant submanifolds Q@ =0, K =0 and Z = 0.
Therefore a global attractor for the cosmology has to lay in
the intersection of these three submanifolds. The system
also presents a singular submanifold Z = (24)~!/2, which
is related to the structure of (42) and in particular to the
factor multiplying the left-hand side of the Friedmann and
Raychaudhuri equations. The physical phase space con-
tains a line of fixed points together with six isolated points
of which one belongs to this line. The phase space presents
two different attractors: the Line L and Point D, none of
them global. Of these, only the stability properties of Point
D depend on the value of A. The presence of these
attractors suggests that, depending on initial conditions,
the final state of the cosmology might be very different. The
phase space also presents a saddle point which corresponds
to a de Sitter solution, leaving space for a transient phase of
accelerated expansion.

To gain an idea of the dynamics, we can look at the phase
space of this model in the spatially flat (K = 0) and vacuum
(Q = 0) case (see Fig. 1 in which A = 1/3). It is evident
that four different types of cosmic histories are possible
depending on the initial conditions. The most interesting is
the one when X > —1/4 and Z < /3/2) in which the

Universe can have initial conditions in accelerated expan-
sion then switches to decelerated expansion (B) to

024054-6



GENERALIZED MATTER COUPLINGS IN GENERAL .

PHYS. REV. D 98, 024054 (2018)

TABLE I. Critical points stability and associated solution of Eqs. A with the ansatz (41).

Point Coordinates Attractor Repeller Solutions

L {K->-1,Q-0,X—>0,Z-> Zy} Zy>0 Never a— ay(t—tg)

A {K->-1,Q-0,X—>0,Z-0} Never Never a— ag(t—ty)

B {K-0,Q-0X->-12-0} Never Never a— ay/2t— 1,

C {K-0Q-0X-12z-0} Never Never a — ageto!

D {K—>O,Q—>0,X—>0,Z—>%} 0<A<l Never a — ag(t — to)r

E {K-0.Q-1(2-3w).X->1(1-3w).Z-0} Never Never a— ag/2t—1

F 14+3w—(3w—1)A 3(w+) Never Never Ve
{K - 0.Q - 505 X~ 0.2 2[(3w—1)A+2]} a — ag(t = 1o) T

accelerate again first with an exponential rate (C) and then
with a power law rate 7> (D).

The most interesting critical point of this system is
Point D, the late time attractor where the Universe
undergoes an accelerated expansion provided that
(A—=1)(2A -1) > 1 which means 0 < A < 1/2. Once
this choice has been made it is remarkable that “many”
trajectories will make a transition from acceleration to

2.0
1.5
Z1.0
0.5
0.0
-15 -10 -05 0.0 0.5 1.0 1.5
X
FIG. 1. The phase space for Eqs. A with the ansatz (41) for

spatially flat spacetime and vacuum. Here A = 1/3 and the
dashed line separates accelerating (right part of the plot) from
decelerating expansion (left part of the plot).

10
0.8 |
0.6 |
04}
0.2}

0.0

FIG. 2. The K =0, Z = 0 invariant submanifold of the phase
space for Eqs. A with the ansatz (41). Here A = 1/3 and the
dashed line separates accelerating (right part of the plot) from
decelerating expansion (left part of the plot).

deceleration and then back to acceleration before terminat-
ing at Point D. Considering also the invariant submanifold
K =0, Z=0 (see Fig. 2) we can explore nonvacuum
orbits. From their behavior, we can conclude that the
cosmology for action S; allows for early time and late
time acceleration while at the same time allowing for a
matter or radiation epoch.

IV. CONCLUSIONS

We constructed a new class of modified theories of
gravity which is characterized by a dynamical volume
form. The key idea of this approach is to treat the volume
form which appears in the action differently from the
induced volume of the metric. This class of theories can be
seen as a dynamical generalization of “unimodular gravity”
theories in which the volume form is a constant. The
introduction of a variable volume form is achieved by
the introduction of a fourth-order tensor y which connects
the metric of the spacetime with another rank two tensor §
whose determinant expresses the dynamical volume form.
No other modifications are introduced.

Our construction allows for two straightforward
options in which matter couples to spacetime. First, we
discussed the case where matter couples directly to the
spacetime metric (theory S;). Second, we considered the
possibility where matter couples to g (theory S,). In this
second case, the gravitational field equations contain
explicitly the matter Lagrangian, the cosmological dynam-
ics implied by this model appear to be less interesting for
cosmology.

Remarkably, in both cases a fairly general choice of y
leads to theories which contain only one additional scalar
d.o.f. p. Theories of this type have been our main interest in
the context of the evolution of cosmological spacetimes. In
spite of their resemblance with standard scalar tensor
gravity, our model presents some fundamental differences.
For example, since p is not a true independent dynamical
variable, the theory does not present an independent
equation for the evolution of this scalar d.o.f. Note,
however, the trace of the field equations amounts to a
Klein-Gordon-like equation for p, much in the same way of
one of the scalar field representation of f(R) gravity.
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The phase space analysis of the theory §; presents some
most interesting features which are almost unique when
compared with other models. In particular, we can show that
there exits a set of values of the parameters for which the
Universe is characterized by accelerated expansion (g < 0)
at early (inflation) and late times (dark energy). These two
accelerating epochs are connected by an intermediate phase
of decelerated expansion (g > 0). Such features show that
the new theory allows us to model the entire standard
cosmology, from inflation to the dark era, including a phase
of the matter or radiation domination. The phase space
analysis also presents a Friedmannian fixed point F, but the
orbits associated to the cosmic histories of the accelerating
type do not pass close to it. We expect, therefore, that, in
general, our model will have matter eras which are different
from ACDM cosmology. Such differences might generate
signatures in some well known observables like the linear
spectrum of structure. It is also remarkable that in general the
double accelerating orbits will include two different accel-
erating eras: one unstable “almost” exponential expansion,
and a stable power law one.

In conclusion, we found that a dynamical version of
unimodular gravity with minimally coupled matter has, at
least at the background level of cosmology, a number of
interesting features which, in principle, have observable

2Kkpu

consequences. In this respect, this class of model deserves
further investigation not only at cosmological level, but
also, for example, at astrophysical scales. Future works will
be dedicated to such a task.
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APPENDIX: THE COSMOLOGY OF ACTION S,

We include here, for completeness, the analysis of the
phase space of model S,. Using the FLRW metric and the
choice (41),

(2p* = 1)(H + H?) = —3{2(A =2)p? —w(Ap> = 1)(p+3) + 1} + I;I—;’ [(BA =2)p* + 1]+ App, (A1)

(2p* - 1) (H2 + k) = FL (A =2)p2 + pw(2(A = 1)p? + 6Ap + 1) =2} + Z—pp [2(3A —2)p? — 1] -l—%(ZApz -1),

s? 3p
(A2)
jt+3H(u+p)=0, (A3)
and the final equation
20(20% = 1)(2A0% = 1) + [HB, (p, A) + Ba(p, A)plj + HB; (p, A)j?
2k .
+ {2xu[B4(p, A) + wBy (p, A)] + yBs(/’, A) +H?B;(p, A)}p
= 2Hxu[Bg(p, A) = wBi5(p, A) +w’By3(p, A)]. (A4)
Here
32 ; ¢ . |40 5
By (p,A) = —?A[A(6A =7)+2]p’ —32A[A(6A —7) + 2]p° + ?A(2A -3)+16|p
4 4
+ [80(A — 1)A +32]p* + 5 (8A = 9)p" + (124 — 40)* + ?p +10, (AS)
4
Bia(p, A) = 3p(2p" = D[2(A =2)p” + 12(A = 1)p” + 3p + 6], (A6)
Bis(p,A) =2(p +3)[8Ap° — 4(A + 1)p* +2p]. (A7)
In the equations above, we assumed that L ) = —p = —wy is the Lagrangian of a perfect fluid with barotropic equation
of state w.
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TABLEIIL. Critical points stability and associated solution of Eqs. B with the ansatz (41). The index i of the points F; runs from 1 to 3

and Z,; are the real solutions of equation in the last row.

Point Coordinates Attractor Repeller Solutions

A {K-0,Q-0X--1,Z-0} Always Never a— ag/T— 1y

B {K—>O,Q—>O,X—>O,Z—>\/i§} A>2 1 <A<} a — ag(t—to)A!
A#AS A#Aj

C {K-3Q-0X-172-0} Never Never a — ag(t —tg)

D {(K->32.Q0-50X-02Z-1} l<A<?2 Never a— apJT— 1y

F 6AWZ} +6AZ2 —3w—5 Never Never

i 0.i
{K-0Q- AQAWZ3 ~wZy,+2)

X —=0,Z- Zy,}

a — ao([ - to)ﬁ

] {2wZi BA(w+ 1) + 2] + 6(w + 1)Z5 [AGBw — 1) + 2] =w(Bw +7)Zy; —Iw(w +2) — 1} =0
Af =15(20+4V7)

wZy,;(2AZ3 —1)+2

As before, we can analyze the phase space of this
cosmology using the variables

P p

x=-—L_ yv="L"_1 z—)
4Hp 4H?p r
Ku k

= = A8
3pH? S?H? (A8)

and the time variable 7 =1In(S/Sy). The dynamical
equations are then

1
T4AZZ -2
+4X(2AWQZ? + (2-3A)Z2 —wQZ +2Q + 1)
—Q4AWZ? + (12Aw —4A +8)Z?
+2wZ+2(3w+1)] + 16AX>Z* +27> - 1},
7' =4XZ,
4K

X’ {K(Z*(2-4AX)-1)

K'=——F——[AZ*(K-2wQZ + 1
+wQZ 42X -2Q-1],
Q
Q=——[WwRAZ>-1)4QZ-3

—4X(2AZ* +1)—4AKZ> —6AZ> +8Q+5]. (A9)

where the prime denotes the derivative with respect to 7 and
we applied the constraint

Q2(A -2)Z —w(Z+3)(2AZ> - 1) + 1]
+ X[(4 - 6A)Z* + 1] + Y(1 — 2AZ?)

+%(K—1)(222—1):0. (A10)

The solutions associated to the fixed points can be found
solving the equation

H
H = {Q.[4 ~ 2wZ,(2AZ2 - 1)]

+4X, + K, (2AZ2 - 1)+ K, -1}, (A11)
where an asterisk denotes the value of the variables in the
fixed point. As before, the physical phase space will be
characterized by Z >0 and the system presents the
invariant submanifolds Q = 0, K =0 and Z = 0 so that
a global attractor will necessarily have coordinates
Q=0,K=0,Z=0. The system (A9) also present the
same singular manifold as the previous set of equations in
Z = (2A)7"2. In our treatment, we will consider only
Z # (2A)~'/2. These analogies should not be surprising, as
the two sets of field equations only differ in the matter
sector. The fixed points and their stability can be found in
Table II. Differently from the previous case we now have
only isolated fixed points of which only two (B and D) can
be attractors, neither of them global. Point B can represent
accelerated expansion if A > 2. In Fig. 3, we give a plot of
the phase space for K =0, Q =0 for A = 3.

2.0/
1.5
Z1.0! e
0.5 é
0.0} ‘
2
FIG. 3. The phase space for Eqs. B with the ansatz (41) for

spatially flat spacetime and vacuum. Here A = 3 and the dashed
line separates accelerating (right part of the plot) from decelerat-
ing expansion (left part of the plot).
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