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We investigate the cosmological aspects of the most general parity preserving Metric-Affine Gravity
theory quadratic in torsion and nonmetricity in the presence of a cosmological hyperfluid. The equations of
motion are obtained by varying the action with respect to the metric and the independent affine connection.
Subsequently, considering a Friedmann-Lemaitre-Robertson-Walker background, we derive the most
general form of the modified Friedmann equations for the full quadratic theory. We then focus on a
characteristic subcase involving only two quadratic contributions given in terms of torsion and
nonmetricity vectors. In this setup, studying the modified Friedmann equations along with the conservation
laws of the perfect cosmological hyperfluid, we provide exact solutions both for purely dilation and for
purely spin hypermomentum sources. We then discuss the physical consequences of our model and the
prominent role of torsion and nonmetricity in this cosmological setup.
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I. INTRODUCTION

Modified gravity models [1] beyond general relativity
(GR) have received considerable attention in recent years,
as they might provide solutions to both small and large
scale open issues that still afflict Einstein’s well-celebrated
theory of gravity. GR is based on Riemannian geometry
and, on the other hand, proposed generalizations and
extensions of GR have their roots in non-Riemannian
geometry [2], where the assumptions of metric compati-
bility and torsionlessness of the affine connection are
released. In other words, in this framework nonvanishing
torsion and nonmetricity are allowed, both having a clear
geometric interpretation. The former ensures that no
infinitesimal parallelogram can be formed (i.e., they crack
into pentagons), while the latter causes dot products and
lengths of vectors to change under parallel transport in
spacetime.

A prominent class of theories developed in the non-
Riemannian setup goes by the name of metric-affine gravity
(MAG) [3-5]. The latter can be formulated as a “gauge”
theory of gravity [3,4], but this is not mandatory, as the
development of gravitational models out of the gauge realm
already has turned out to be relevant (cf. e.g., [5-8]). In this
context, the metric and the connection can be treated as
independent objects without assuming any form or sym-
metry or compatibility condition for the general affine
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connection from the very beginning. The latter is eventually
obtained from the study of the field equations derived in the
first order (i.e., Palatini) formalism." Another characteristic
feature of MAG is the fact that the matter Lagrangian is in
principle allowed to depend on the general affine con-
nection as well. The coupling is encoded into the so-called
hypermomentum tensor, which encompasses the micro-
structure of matter [3,13,14]. In particular, it describes
dilation, spin, and shear sources. This last intriguing
characteristic of MAG, namely the microstructure-extended
geometry interrelation, makes it especially interesting.
Under the perspective described above, MAG theories
result to be rather general and powerful [11,12,15-23], and
can possibly lead to diverse scenarios beyond GR, which
may have relevant consequences, for instance, in the
cosmological context. For some relevant results already
obtained in MAG cosmology we refer the reader to, e.g.,
[24-34]. In particular, in this paper we are interested in the
cosmological aspects, in a Friedmann-Lemaitre-Robertson-
Walker (FLRW) background, of the most general
MAG theory in n spacetime dimensions involving all
possible parity preserving quadratic terms in torsion and

'"The literature on the topic is huge. For a recent review of
Einstein manifolds with torsion and nonmetricity see, e.g., [9].
Besides, let us also mention that Einstein-Cartan-Weyl spaces in
three dimensions, involving torsion and nonmetricity, have
recently proved to describe the near-horizion geometry of some
supergravity BPS black holes solutions [10]. Furthermore, the
(3 + 1) formulation for gravity with torsion and nonmetricity has
been recently developed in [11,12].

© 2022 American Physical Society
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nonmetricity, in the presence of a cosmological hyperfluid.
The latter is a classical continuous medium carrying
hypermomentum [35-39]. A novel, general formulation
of perfect hyperfluid generalizing the classical perfect fluid
notion of GR has been recently presented in [40-42] by
first giving its physical definition and later using the
appropriate mathematical formulation in order to extract
its energy tensors by demanding spatial isotropy. We will
refer to the aforementioned perfect cosmological hyperfluid
in this work.

Quadratic MAG theories have been previously consid-
ered in [43-52]. More precisely, in [47] a quadratic theory
involving also a piece quadratic in the so-called homothetic
curvature tensor was studied, while in [48] only contribu-
tions quadratic in the torsion tensor were taken into
account. In the cosmological context, in [53] the cosmol-
ogy of a quadratic metric-compatible torsionful gravity
theory in the presence of a perfect hyperfluid was presented
and analyzed for the first time. The current work also
provides a generalization of the results presented in [53]
to the case in which both torsion and nonmetricity are
nonvanishing.

The remainder of this paper is structured as follows: In
Sec. II we review the theoretical background of MAG,
cosmological aspects of torsion and nonmetricity, and the
perfect cosmological hyperfluid. In Sec. III we study the
most general parity preserving MAG theory quadratic in
torsion and nonmetricity in the presence of a perfect hyper-
fluid. The gravitational part of the action is given by the (non-
Riemannian) Einstein-Hilbert contribution plus all possible
parity preserving torsion and nonmetricity scalars. We derive
the field equations in the first order formalism, treating the
metric and the general affine connection as independent
variables. Section IV is devoted to the study of the cosmology
of the quadratic theory. First of all, we consider a FLRW
background and obtain the modified Friedmann equations of
the general quadratic theory. Then, we focus on a character-
istic subcase involving only two quadratic contributions
given in terms of torsion and nonmetricity vectors and, in this
setup, from the study of the modified Friedmann equations
and the conservation laws of the perfect cosmological
hyperfluid, we are able to provide exact solutions in the
cases of purely dilation and purely spin hypermomentum
types. We conclude our work with some remarks and
possible future developments. Useful formulas are collected
in the Appendix.

II. THEORETICAL BACKGROUND

In this section we briefly give all the theoretical back-
ground necessary for a clearer understanding of the
present work.

A. Geometric setup

Let us first review the geometric setup. We consider the
framework of non-Riemannian geometry, and accordingly

introduce on the manifold a metric tensor g, and a general
affine connection V with coefficients I'** u- These geometric
objects will be treated as independent, a priori. We
consider n spacetime dimensions and our convention for
the metric signature is mostly plus. The generic decom-
position of a general affine connection is

Fll;w = f%/w + Nlﬂl/’ (1)
where
A 1 A
r w — Egp (aﬂgbp + az/gpy - apg/w) (2)

is the Levi-Civita connection and

1
N /1}4” - Egp l(Qﬂ”/’ + wa - Qﬂ/w) - A(S/WV + SIJW - S;wﬂ)

o= KA
deflection (or disformation) contorsion:=K",,,

(3)

is the distortion tensor, given in terms of torsion,

S/wl = Fﬂ[;w]v S/wa = Na[;w]7 (4)

and nonmetricity

Qﬂm/ = _vlg/u/ = _alg/w + Fp/ugpv + prlgypv

Qua,u = 2N(aﬂ)y' (5)
Both torsion and nonmetricity have trace parts: S, = S,,°
is the torsion vector, Q) := 0,/ and g, = Q¥ are the
nonmetricity vectors, with the former oftentimes referred to
as the Weyl vector. Furthermore, in the case n = 4 one can
also define the torsion pseudovector according to
1 = e’ ., where e” is the Levi-Civita tensor in four
dimensions. The covariant derivative V (associated with I")
of, e.g., a vector v* is given by

V, ot = 0,0t + T b (6)
We define the curvature (Riemann) tensor as

R yap = 20061y 5 4 217 o171 )
= R'yop + 2V [N g + 2N Ny, (7)
where V denotes the Levi-Civita covariant derivative. In

particular, one can form the following contractions of the
curvature tensor R¥,,s:

Rvﬂ = Rﬂwﬂv (8)

i?aﬂ = Rﬂya/i = a[aQ[)’]’ (9)
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RY, =R*,.9", (10)

where (8) defines the Ricci tensor of I', (9) the so-called
homothetic curvature tensor, and (10) a third tensor referred
to as the co-Ricci tensor in the literature. Finally,

R = R;wglw = _kﬂpgﬂy (11)

is the curvature scalar associated with I which is still
uniquely defined. Note that the latter can be decomposed
into its Riemannian part plus non-Riemannian contributions
associated with torsion and nonmetricity. Having introduced
the minimum theoretical setup for the formalism we are
going to be using we can now move on to the physics part and
elaborate a little bit on the sources of MAG.

B. Hypermomentum and energy-momentum tensors

Let us now recall the concepts of energy-momentum and
hypermomentum tensors, following [40]. We will assume
the full action to be a functional of the metric (and its
derivatives), the general affine connection and the matter
fields (here collectively denoted by ¢), that is

S[g. T, ¢] = Silg.T'] + Smlg. T, ¢]. (12)
In particular,
1
SolonT) =5 [ @'xvaLolaT) (13

is the gravitational part of the action (xk = 8zG is the
gravitational constant) and

Sulg.T. 9] = / dxy (e Tog)  (14)

the matter part. One can then define the metric energy-
momentum tensor (MEMT),

" V=964 =g ¢
and the hypermomentum tensor [3,13,14],
2 65 2 6(/—gL
AP = — M= ( f M), (16)
V—gort,, A

On the other hand, working in the equivalent formalism
based on the vielbeins e, and spin connection |4, Where
a,b, ... are Lorentz (i.e., tangent) indices,2 one may also
introduce the canonical energy-momentum tensor (CEMT),

Here we have the usual relation G = eﬂ"ebb N4, connecting
metric and vielbeins, 7, being the tangent space flat Minkowski
metric.

1 88y
¢ /mgde,

Note that, while the MEMT is symmetric, the CEMT, in
general, is not. One can then prove that the CEMT is
not independent of the metric energy-momentum and
hypermomentum tensors [3], as the following relation
holds [40]*:

*+

(17)

1 65y
= e
\/—956/16 g

1 ~
) =T _z—_gvu(\/—gAx””)’ (18)

V=9

where we have also defined a modified covariant derivative

A

V,=25,-V,. (19)

Observe that for matter such that A,,, =0 (namely, for
matter with no microstructure) the CEMT and MEMT
coincide. As we will also recall in the following, Eq. (18)
turns out to be a conservation law of the cosmological
hyperfluid [40]. Moreover, let us notice that from Eq. (18)
one can derive the conservation law for spin [54],

1 -

) = = ValV=95) = Qo (20)
with

T;wa = A[;w]a‘ (21)

As we can see, the conservation law for spin receives, in
general, contributions from nonmetricity. Let us also note
here that in a homogeneous cosmological setup, any
antisymmetric two-index object vanishes identically. This
means that in a homogeneous cosmological setting 7},,) = 0
and, therefore, one is left only with the symmetric part of
tu, thatis 1, = 1),,. Finally, contracting Eq. (18) in y, 4,
we find the following relation:

1
t=T+-——0,(/—gA"), 22
e 22)
where
t=1,, r=1", AV = A (23)

are the CEMT and MEMT traces and a trace of the
hypermomentum, respectively. The above equation implies

’In the explicit calculations one also exploits the identity
Ve, =0=0,e,"—I7,e," + w,"pe,”, which connects the
two formalisms.
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T=0<x2t=

9,(v/=gA?), (24)
=0 2T = —\/L__gavw——gw), (25)

t=T < 0,(,/~gA") =0, (26)

which can follow from considering specific matter and
correspond, respectively, to conformally frame rescalings,
and special projective transformations invariant theories
(cf. also [55]). From the latter equation it immediately
follows that for theories that respect the special projective
symmetry® the associated dilation current is always con-
served. This is true for all classes of theories whose
gravitational part depends only on the Riemann tensor.

C. Cosmological aspects of torsion and nonmetricity

In the following we recall key cosmological aspects of
torsion and nonmetricity, which will be useful in the
remainder of this paper. First of all, we will consider a
homogeneous, flat (i.e., K =0, K being a curvature
parameter) FLRW spacetime with the usual Robertson-
Walker line element

ds? = —di* + a®5,;dx'dx/, (27)

where a(r) is the scale factor of the Universe and
i,j=1,2,...,n—1. In addition, we define the projector
tensor

h/w = g/u/ =+ u;luln (28)

which projects objects on the space orthogonal to u*, the
latter being the normalized n-velocity field of a given
fluid which in comoving coordinates is expressed as
u' =& = (1,0,0,...,0), u,u* = —1. Accordingly, let us
also introduce the temporal derivative

= u'V,,. (29)
The above constitutes a 1+ (n—1)=1+m space-

time split.

1. Torsion and nonmetricity in FLRW spacetime

In a non-Riemannian FLRW spacetime in 1 + 3 dimen-
sions the general affine connection can be written as [40]

I, =14, + X(Ouh,, + Y(Ou,h?, + Z(t)u,h?,
+ V() utuu, + €, u" W(t). (30)

In particular, the nonvanishing components of the Levi-
Civita connection are

4 . . .
Also known as Einstein’s A transformations.

- - . - . a . A

Foij:FOﬁ—aaéij:Hgij, Fl]():l—‘lojzgész&;,
(31)

where H := g is the Hubble parameter. On the other hand,

the torsion and nonmetricity tensors can be written,
respectively, in the following way [40,56]:

S/(Arll/)a = Zu[yhy]aq)(t) + euvapupp(t)éz’

Qa/,w = A(t)uah;w + B(t)ha(puy) + C(t)uauuuw (32)

where ¢} is the Kronecker’s delta (5214 — 1, otherwise it
gives zero). Given (32), we may also compute

- 1)®u
- DAu
-1

,—\A/_\

9y = Bu, — Cu,,. (33)

\S]

The functions X(¢), Y(t), Z(t), V(t), W(¢) in (30) and ®(¢),
P(1), A(t), B(t), C(t) in (32) describe non-Riemannian
cosmological effects and give, together with the scale
factor, the cosmic evolution of non-Riemannian geom-
etries.” Moreover, using the definition of a general
affine connection we have previously introduced, one
can prove that

2X+Y)=B, 2Z=A,  2V=C,
2=Y-Z  P=W. (34)

The latter can also be inverted to get

W =P, V== Z =

A
Y =207, (35)

Here, let us also collect some useful formulas we have
derived in the current cosmological context.

Torsion scalars.—Using the first of (32), we find the
following relations®:
S = =2(n — 1)®* 4 6P25],
SuaS™ = (n— 1)®? + 6P%5!,
S8t =—(n— 1)2®2. (36)

°Notice that P(f) is a pseudoscalar and Eaptt’
def1n1t10n purely spatial.

P = P(t) is there only in n =4 (n = 1 + 3, m = 3) space-
time dimensions. For m # 3 it identically vanishes, i.e., P = 0.

is, by

024007-4
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Besides, one might introduce the torsion scalar 7, given by
T =8, = 28,,,S™ — 48,5, (37)
and prove that
T =4(n—1)(n-2)®* - 6P>5} (38)
in our cosmological setup.

Mixed torsion-nonmetricity scalars.—Regarding mixed
terms, we obtain

QuaS"™* = —(n—1)AD + QB(I),
0,8 = (n—1)®[C — (n—1)A],
q,S" = (n— 1)@{(7—@3]. (39)

One could then define a @ * 7 mixed torsion-nonmetricity
scalar

QT =200, 8™ +25,(¢" - Q") (40)
and prove that we have

Q+xT =(n-1)(n-2)®(2A - B) (41)
in the current cosmological setting.

Nonmetricity scalars.—Concerning pure nonmetricity sca-
lars, we compute

- {(n - 1)A® +Q32 + CZ},

X = Qg O = — {(n —1)AB + QBZ + Cz} ;

Xl = QaﬂyQaﬂV =

X3 = QaQa = —[(l’l - I)A - C]27

(n—-1)
2

Xo = Qug® = [(n - A - C][

(n=1)
2

B-c|

Xs 1= quq® = —[ B-— C} . (42)

Finally, defining

1 ww e ] 1
Q = ZQany a _EQayuQﬂ _ZQMQ” +§Qﬂql4’ (43)
and, consequently,

Z=T+Q+Qx*T, (44)

we have that the Ricci scalar of I can be written as

R=R+Z+V,(¢" - Q" —45"). (45)

Then, as

Vi(g" — Q" —48")

—(n-1)——a, [\/—_gu”<§—A—4(D)], (46)

1
N
where we have used

v/4(\/__gz.>:”) = 8/4(\/_—95”)7

we find

V vector &, (47)

[(n—2)A? — (n —3)AB + BC]
+ (n=1)(n—2)(4®? + ®(2A — B)) — 6P*5"

1 B

\/—__g(?” {\/—_gu/‘ <§ —A- 4@):| . (48)
which is the final cosmological decomposition of the Ricci
scalar of T" in terms of Riemannian (i.e., R) and non-
Riemannian contributions. This decomposition is a key
ingredient for the derivation of the modified Friedmann
equations we are going to present in what follows.

+(n—-1)

2. Relations among the invariants

Note that in the highly symmetric FLRW background not
all of the 11 quadratic torsion and nonmetricity invariants
are independent. Regarding the pure torsion invariants,
since as we have seen above they involve only two
combinations and we have three scalars [see (36)], the
latter must be dependent. In fact, quite trivially we find

(1= 1)8,,a8" — (n = 1)8,,,5™ = 35,54 =0 (49)

confirming that indeed only two out of the three pure
torsion scalars are independent. Analogously, concerning
the mixed terms we observe that the difference of the last
two in (39) is (n — 1) times the first one, namely

0" = q,8" = (n = 1)QyeS"* = 0, (50)

indicating again their linear dependence. More tricky and
complicated are the pure nonmetricity scalars in (42), as
here we have five expressions but six combinations
appearing. Then, considering their linear combinations,
if the equation

> hX;=0 (51)

has only the trivial solution A; =0 for all i, then the
invariants are independent. If not all A’s vanish, then the
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invariants will be dependent. In our case it happens that
only four equations are linearly independent, so we have a
free parameter, which we take to be 45, and

Mh=-kn=-1), h=hh-1),
14 — —2/13, /15 - 13. (52)
Now, setting 43 = 1, the latter boils down to
/13:1, 11:1—7’1, /12:71—1, /’{4:—2, /15:1
(53)

and we find that the nonmetricity scalars obey the following
constraint in n spacetime dimensions:
(l—n)X1+(n—1>X2 +X3—2X4+X5:O, (54)

that is, only four out of the five nonmetricity scalars are
independent. Note that in the case n = 4 we get

A==34, =31, =-21, Iis=21, (55)
that is, setting 43 = 1,
=1, 41 =-3, AHL=3 M4=-2, =1 (56)
Then, in n = 4 one is left with
=3X 43X, + X3 -2X4 + X5 =0. (57)

To recap, we have proved that in a cosmological back-
ground, out of the three torsion scalars only two are
independent, out of the five nonmetricity scalars four are
independent, and out of the mixed three torsion-nonmetricity
scalars two are independent. That is, in a homogeneous
cosmological setting, only 8 out of the 11 parity even
quadratic scalars in torsion and nonmetricity are indepen-
dent. This fact will be used later on in our analysis.

D. Perfect cosmological hyperfluid

A hyperfluid is a classical continuous medium carrying
hypermomentum. The general formulation of perfect cos-
mological hyperfluid generalizing the classical perfect
fluid notion can be found in Refs. [40,41]. In this paper
we consider a perfect cosmological hyperfluid in a homo-
geneous cosmological setting, demanding also homo-
geneity. The perfect hyperfluid is described in terms of
the following MEMT and CEMT tensors [40]:

T/w = pu,u, +ph;4w (58)

and

tyy = pPcU,Uy =+ pchpw (59)

along with the hypermomentum tensor

A = (D)t + x () hyqu, + wr(t)ugh,,

+ () ugu,u, + 84€q,,u’ (1), (60)
where p and p are the usual density and pressure of the
perfect fluid component of the hyperfluid, p. and p,. are,
respectively, the canonical (net) density and canonical
pressure of the hyperfluid. In addition, the functions ¢,
X, ¥, o, { characterize the microscopic properties of the
hyperfluid which, upon using the connection field equa-
tions, act as sources of the non-Riemannian background.
The tensors (58), (59), and (60) all respect spatial isotropy
and are subject to the following conservation laws':

| BN 1 1
\/__—gvﬂ(\/ _gtﬂa) = EA}W R/lmza +§QapuTﬂ + 2Saﬂz/tﬂ ’
(61)
1 ~
t, =T, — V., (v/=gAM"). 62
A 2 23 J(V=90") (62)

Equation (61) follows from diffeomorphism invariance,
while Eq. (62) originates from the GL(n, R) invariance of
the matter part of the action [40] when working in the
exterior calculus formalism. They will be fundamental in
the cosmological study of the theory we are going to
introduce. Observe that, as already anticipated, (62) coin-
cides with Eq. (18). Moreover, from (61) we can see that
the canonical energy-momentum tensor naturally couples
to torsion, while the metric one couples to nonmetricity.
Note also that one can use the latter of the above equations
in order to eliminate #* from the former, yielding a variant
conservation law

vV _g(zvuTlgt - AW”RMD(I) + @y@u( V _gAalw)

+ 2S,u(livl/( V _gAI}fD) =0 (63)
from which one can clearly see the modifications the
energy-momentum tensor receives (in comparison to
GR) due to the intrinsic structure of matter (i.e., hyper-
momentum contributions).

III. THE QUADRATIC THEORY

We shall start with the most general parity preserving
MAG theory quadratic in torsion and nonmetricity (cf. also
[47]), which depends on 11 parameters, in the presence of a
cosmological hyperfluid, that is

’Of course these conservation laws are fairly general and hold
true irrespectively of the form of the fluid one considers.
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1
S[Q? Fa (P] = 2_K'/ dnx\/ _g[R + bISaﬂvSa”D + b2SaﬂySﬂDa + b3SyS”
=+ ay Qa;wQalw =+ as Qa/,w Qﬂya + as Qﬂ Qﬂ =+ a4‘]uqﬂ =+ ds Qﬂqﬂ
=+ ClQayuSaﬂD + CZQﬂSﬂ =+ C3Qﬂsﬂ] + Shyp

1
= 2_](/ d"x\/—_g[R + £2] + Shyp'

(64)

One can show that in vacuum the above theory reduces to GR. In [47] the inclusion of the homothetic curvature R,w was
considered to the above action, and there it was shown that in vacuum the theory is equivalent to GR plus a Proca field.®
However, in the case of FLRW cosmology that we are interested in, this term would vanish identically, so there is no
need to include it in our subsequent discussion. In the following, it will be useful to introduce also the following

“superpotentials” [5]:

QW 1= @, QW + 40" + a3 Q" + asgMq” + asg 0",
oy - blsa/w + bZS/wa + bSQﬂUSa’
1% = ¢ S + ¢ "S% + c3g*S*.

Varying (64) with respect to the metric we derive

R ‘62 1 e a a
w) =5 9w = G+ == ValV=IW )+ 1) )]+ Ay + By + Couy = KT,

R(
where V is defined in (19) and
Wa(;w) = 2alQam/ + 2a2Q(ﬂv)a + (2a3Qa + aiqa)g/w + (2(14Q(M + aSQ(ﬂ)SZ)’

along with

A;w =da (QﬂaﬁQuuﬂ - 2Qaﬂ;4 Qaﬂu) —a Qa/}(y Qﬂay) + aS(Qy Qu - 2Q(1Qa;w) - 04%4% - aSanaﬂys
B,, = bl (ZSDa/}Syaﬁ =S Saﬁu) - bZSua/)’SMﬁa + b3SﬂSl/’

122 apu

C/w = ﬂ(lﬁQuaﬁ - (CISa/hQaﬁy + C2SaQa;w + C3S(1Qm/(1) =C (Qﬂaﬁsyaﬂ - Sa/iﬂQaﬁy) + (&) (Sy le - SaQa/,w)'

On the other hand, varying the action with respect to the general affine connection we get the field equations
Plﬂl/_’_llllllﬂ/ :K'Allw,

where

v — V{; — o\
P = — /1(\/ 99") I (\/ 99"°)8, +2(8,9" — SH84 + ¢"°S )
/__g /—q

1 1
= 571(4” _EQﬂ —25”) +9’”(§Q4 +25/1> - (O +28")
is the Palatini tensor and
W = HY 4 SR SR gy + fI5,

with

(65)

(66)

(68)

(69)

(70)

(71)

$Of course this is not surprising and has to do with the form of the homothetic curvature, which is the curl (field strength) of the

nonmetricity vector Q,,.
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HM) = 4a; Q% 4 2a;(0"; + Q") + 2b1 5", + 2b, 8,1 + ¢ (8%, — S;2 + o),
k, =4a30, + 2asq, + 2¢,S,,
h, = asQ, + 2a4q, + ¢3S,
fu =20, + c3q, +2b3S,. (72)

Let us now elaborate a little bit on the metric field equations and derive some useful general results which we will then
specialize in the case of FLRW cosmology. To start with, we first take the trace of (66) to arrive at

(1 —g>R+ (1 —g)cz—\/%_g%[\/——g(nuwa)] = «T, (73)

where we recall that V denotes the Levi-Civita covariant derivative and

% =117, 0" = (c| + ncy + ¢3)5%,
W= W*,¢" = (2a; + 2nas + as)Q* + (2a, + 2a4 + nas)q°. (74)

Expanding the Ricci scalar into its Riemannian part (i.e., R) plus non-Riemannian contributions, Eq. (73) becomes

- 1 1 1 1
R+ <Cl1 + Z) Qo Q™ + (az - 5) Qo Q" + <a3 - 4_1) 0,0 + asq,q9" + (as + 5) 09"
+ (bl + I)S{mvsaﬂy + (bZ - 2)S(lﬂysﬂya + (b3 - 4)S/4Sﬂ + (Cl + Z)Q(musaﬂy + (CZ - 2)Q;4Sﬂ + (C3 + 2)qysﬂ

1 -
+ —_gvﬂ[w/—g((Zaz +2a4 +nas + 1)g"* + (2a; + 2naz + as — 1)0* + (¢ + ney + ¢3 —4)S*)] = «T. (75)

In addition, contracting (66) with u*u" it follows that

1 utu?
Ruvuﬂuy + E (R + [’2) = KTWM”MV + \/i (va - 2S(1)[\/ _g(na;w + Wa/w)] - (Aﬂl/ + B;w + pr)uﬂul'. (76)

Then, using Eq. (73) in order to eliminate the (R + £,) term and expanding the covariant derivative, after some algebra we
finally arrive at

K
R, u'u" = n=2) [T+ (n=2)T,u"u’] — (A, + By, + Cp)u'u”
1 I* 4+ w«
+—0, [ /_.—g<7—|— Maﬂ — 2(I1% ), + W UV it (77)
\/_—g (I’l _ 2) (uv) (uv)

with

(A/w + Bﬂl/ + C/Au)uﬂuy = a uﬂanﬁQuaﬂuD - Qaﬂuu#(zal Qaﬂyuu + aZQ/jm/uy) + aB(Qyuﬂ)z - a4(qyuy)2
- Q(l;wuﬂuy(za?) Qa + aSqa) + 2bluDSya/3u;4Sﬂa/} - blSaﬁyu#Saﬂuuy - bquSyaﬂu”SMﬁ”
+ 173(Sﬂu”)2 + clu,,S”"/}u"Qﬂa/; - clSaﬁﬂu”Q”ﬂ”uy + (S, u)(Qu”) — 2 8*Qpuutu?,  (78)

and where we have defined
M® = (H“W + W“ﬂy)u”u”. (79)

Note that all of the above was fairly general. In what follows we apply these considerations in cosmology.
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IV. COSMOLOGY OF QUADRATIC MAG

We now wish to study the cosmology of the generalized
quadratic action previously introduced. To this end, we
shall consider a flat (i.e., K = 0) n-dimensional’” FLRW
Universe with the usual Robertson-Walker line element as
given in Eq. (27) and the homogeneous and isotropic affine
connection (30). The various expressions in this cosmo-
logical setup have been presented earlier in Sec. IIC. As
already mentioned, the matter content we consider will be
that of a perfect hyperfluid (cf. Sec. Il D). Now, interest-
ingly, due to the high symmetry of the FLRW spacetime,
not all of the quadratic torsion and nonmetricity invariants
are independent. Indeed, as we have previously shown in
Sec. II and recall here, we have the following relations:

(n=1)8,,,8" = (n = 1)8,,,5* - 35,5" =0,

0,8 —q,8" — (n— I)Qﬂmsﬂm =0,
(1—n)X1—|—(n—1)X2—|—X3—2X4+X5:0, (80)
indicating that there is one relation for each of the pure
torsion, pure nonmetricity, and mixed scalars. As a result,
using the above relations, “only” 8 out of the 11 invariants
are linearly independent. We may therefore set to zero
one parameter'’ from each set {a;}, {b;}, {c,}, with
I1=1,2,....,5, J=1, 2, 3. We choose {a, =0,b, =0,

¢y = 0}, such that the generalized quadratic action boils
down to

1
S[g.T, 9] = Zc/ d"x\/=g[R + by S, S + b3S, S

=+ alQaﬂyQaﬂD =+ a3QﬂQ” + a4quﬂ =+ aSQﬂqﬂ
-+ C2Q”S” + c3qﬂS"] + Shyp (81)

and, consequently, the first of (72) becomes

Hﬂl//l :4a1Q””,1+2blS”’“,1. (82)
|

We see that this observation has considerably simplified
the analysis. The next step is to express the torsion and
nonmetricity variables in terms of their sources (hyper-
momentum variables). To this end, we start by the con-
nection field equations (69) and first take its totally
antisymmetric part to arrive at

2(by — 1)Slm] = Al (83)

where we have used the fact that Pl = —25l@] and also
Hlewd = 2p, Sl — 2, Slew] Furthermore, using the cos-
mological forms of the hypermomentum and Palatini
tensors [cf. Egs. (60) and (A3), respectively] we find

2(by = 1)P(1) = x4 (1). (84)

From the latter we see that the pseudoscalar degree of
freedom completely decouples from the rest of the modes,
as expected. Note that it is now essential to assume that
b, # 1, since otherwise P(z) would be completely unde-
termined and ¢(7) would be forced to vanish. In addition,
for the special case b; = 1 it can be easily shown that the
whole action above enjoys invariance under connection
transformations of the form (in four dimensions)

F’i,w - 1"’1”,, + e’lﬂmK”, (85)

where K¢ is a generic pseudovector. As a result, only matter
with the vanishing totally antisymmetric hypermomentum
part is allowed, constraining the form of matter that one can
couple. We shall therefore regard the special case b; = 1 as
“unphysical” and assume that b; # 1 for the rest of our
analysis. Now, continuing we consider independent oper-
ations on the connection field equations (69). First, we
multiply (and contract) by w'u,u,, then by u’h,, sub-
sequently in h*,u,, and finally in h*,u,, to derive the
following four equations:

2(n=1)(2a3 + as)A(1) + (n = 1) <% +as + 2a4>B(f) —4(ay + a3+ as + as)C(1) +2(n = 1)(c2 + ¢3) (1) = —xa (1),

(86)

°In order to keep full generality we will do our calculations for arbitrary spacetime dimension n and only set n = 4 in Sec. IV B, when
discussing in detail a particular subcase of the general quadratic theory.
"°Obviously, this is always possible since we can collect the various parameters after using the dependence relations and a renaming

would amount to setting one of each equal to zero.
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[4a, +4(n—1)ay —QCZ}A@) + [(n — 1)as _n=D —%]B(t) - B(cz +¢3) —4das — 2a5] C(1)
+[2(n = 1)ea = 2by = (n = 1)b3]@(1) = k(7). (88)
(n— 1)(—%—1—05 —i—%)A(t) + F”z;z)ual - Das + - b Q}B(l‘) - B+2a4 tas+2 ;L 03] C(r)
+[-2(n=2) +2b; + (n—1)c3 + (n = 1)b3]®(1) = ky(1). (89)
We may rewrite the above as U=M"W. (95)

anA+ apB + apC+ a3, ® = —ko, (90)
A+ apB + apC + ay® =ky, (91)
a3 A + a3 B + apiC + a3, @ = k¢, (92)
ay A+ apB + apC+ ay® =«y, (93)

respectively, where the relations between the a;; coeffi-
cients and the a’s, b’s, ¢’s is obvious. For the sake of
completeness, however, we include their exact relations
in Appendix A4. We then define the matrix M with
elements «;; and also the vectors U = (A, B, C, ®)7 and
W =k(-w,y,¢,x)T. Hence, we can write the above
equations in the matrix form

MU =W, (94)

Furthermore, the determinant of M is nonzero in general,
since otherwise this would imply that there is some
symmetry under connection transformations that would
make the trace equations linearly dependent [5,55]. Since
there is no reason to demand that there is such a symmetry
at play, we can safely assume that det(M) # 0 and therefore
that there exists the inverse matrix M~'. Hence, we can
formally write

|

2(”—1)E+@<E>2] —(n—l)[al _(n;2)+(n_1)a3}42_(n—1)

a

This equation allows to express the torsion and nonme-
tricity variables in terms of the hypermomentum sources as

A = k(=A@ + Apy + dizd + Aigx),
B = k(=Ap1® + Aoy + Aaap + daax),
C = k(=310 + Aaoy + 4330 + Asux),
@ = k(=410 + Ao + Aaz + Aaay), (96)

where the A’s are, in fact, the elements of M~! and are
therefore given in terms of the a’s, b’s, and ¢’s by inverting
M. Generally, A, B, C, ® depend on all four sources ¢, y, v,
@, while the pseudoscalar mode P(z) only on {(7), as
previously seen and actually expected. In the following, we
will conclude the cosmological analysis of the (general)
theory by deriving the associated Friedmann equations.

A. Friedmann equations with torsion
and nonmetricity

Let us now derive the Friedmann equations in the
presence of both torsion and nonmetricity. Starting from
(75) and considering the cosmological forms (32) of torsion
and nonmetricity, after some straightforward algebra we
finally arrive at

1 2a; +ay + (n — 1)ay)B?

- (Cll +612 +a3 + ay + a5)C2 - (n - 1)[2b1 - bz + (n - 1)b3 —4(7’1 - 2)]q)2 +6(b1 + b2 - 1>P25X

(=1, (1=3)

—(n—l){az—l— a5+

(n—1)

2 4

}AB—l— (n = 1)(2as + as)AC + (n - 1)(a4 +14 +1>Bc

—(n=1)c;+(n=1)c; —2(n—2)|AD +T [ci=(n=1)c3=2(n=2)|B®+ (n—1)(cy + ¢3)CP

= —[f+ (n=DHf] = x[=p + (n = 1)p], (97)
where we have also used (58) and introduced
f = (2ay + 2a4 + nas + 1) (n ; b B —[2(a; + ay + nas + a4) + (n + 1)as|C
+ (2a; +2nas; +as—1)(n—1)A+ (¢c; +ncy + c3 —4)(n—1)®. (98)
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Equation (97) is a variant of the first modified Friedmann equation. Now, the acceleration equation (also known as
Raychaudhuri equation, that is the second Friedmann equation) for non-Riemannian universes has been derived in [56]
and reads

i 1 a . a c\ A A% 1
e Rowtrwt 4+ 2( S )0 20 4 (D) (A D) ST AC - 2AD - 2CO. 99
a " (-t () " *()( +2)+ 2 ®9)

In order to find its exact form in the present case, we have to compute the term (78) using the cosmological expressions of
torsion and nonmetricity. After some lengthy algebra, we finally find (see Appendix A 3 for details)

E:_m[m—wﬁ(n— Dp]

o+ (1= Dasld? = 1[0 + @) + (n = DaJB? +

2

+ <a4 n “5> BC + [2b; — by + (n — 1)b3]®?

(611 +a, +as+as+ (15>C2

1
(n-1)

+lc; + (n—1)c,]PA

1
—(H=Y)[r1B +21,A + 2739 - ECKQS +2a4)B + 2(2a3 + as)A + 2(c; + ¢3) @)

I

(n—l)_Hl

+ (2a4+as)(H-Y)C —

a . a cC\ A A? 1
+2(Z o +20+ (=) (A+=) += - —~AC — 240D — 2COD,
a a 2 2 2

2

withyy,7,,73,and [ all respectively givenin (A16) and (A18)
of Appendix A 3, where we have also written explicitly the
coefficients appearing inside / [see (A19)]. Recall also that
Y =20 —l—% (cf. Sec. II). Obviously, to recover the Fried-
mann equations in the case of the theory with the choice
{a;, =0,b, =0,c; =0} we have previously made in a
consistent way, it is sufficient to set the aforementioned
coefficients to zero in the expressions above, as the latter have
been derived for the general quadratic theory. We have
therefore obtained the cosmological equations. As we are left
with many free parameters, in order to give more details in the
following we shall focus on the case in which only the two
quadratic contributions b3S,S* and a3;Q,0" are there,
setting all other coefficients in the general quadratic model
to zero. We perform this particular choice as it involves two
vectors that are particularly relevant in the context of non-
Riemannian geometry, namely the torsion vector S, and the
nonmetricity vector Qﬂ. Additionally, as we will see in what
follows, these two quadratic terms not only simplify the
analysis greatly but also they are fairly representative and
give reliable conclusions to be expected also for the full
quadratic theory.

B. Subcase involving only two
quadratic contributions

Let us now restrict ourselves to the following quadratic
theory, subcase of the general one previously discussed, in
n = 4 spacetime dimensions:

(100)

[
1
S[g.T.¢] = ﬂ/ d4xv —g[R + b3S,S" + a3QﬂQ"] + Shyp-

(101)

that is we set by =a),=a,=a,=as=cy=c,=c3=01in
the general quadratic model. The metric and connection
field equations can be immediately derived by implement-
ing these constraints in the corresponding equations derived
for the general theory. We will now analyze the cosmology
of (101). From the connection field equations we get the
following relations:

K
P=-2¢
g
3
12a3A —|—§B —4a;C = —kw,
1A 1C—|—4(I)—
27472 — Y

1
]261314 _EB —403C— 3b3q) = K¢,

3 1
—5A+B——C+ (=4 +3b3)® = ky.

5 (102)

The latter can be solved giving the expressions of the
torsion and nonmetricity variables in terms of the hyper-
momentum sources, namely
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K
pP=-=_,
2C
K
A= 4 b -1 b;—8)—9b 4 by —24 12 b
[16a3(3b3_32)_18b3]{(6 a3+3 3+8)w+[ 603(3 3 8) 9 3]l)(/+[6 a3+9 3 )]¢+( 8a3+9 3))(}7
K
B= 2 4—12b b T2a5b3y — by —1 —24asb
[8@3(31)3 —32)_9173]{ [a3(6 3) +3 3](0+ Cl3 3W [8(13(3 3 6)]¢ a3 3)(}7
K
= 192 - 27by—4 - 4 4
c [16a3(3b3_32)_18b3]{( 92a3 +3b3 — 8)w + [27b3 —48a3(3b; — 8)|y + 3(64as + 3b; + 8)¢p + (384a3 +9b3)x},
K
o= —(1-8 —48 8 3 16 . 103
[8a3(3b3_32)_9b3]{ ( a3)a) a3l//+( a3+ )¢+ 03)(} ( )
Furthermore, the first modified Friedmann equation (97) becomes
a a\? 1 ) ) ) , 3 3
6_+ - —3 ——+3a3 A —613C —3(3b3—8)(1) —6P ——AB+6CI3AC+—BC
a a 2 4 4
+ 12A® — 6B® = —(f + 3Hf) — k(—p + 3p). (104)
where now
3
szB—8a3C—|—3(8a3—1)A— 12D, (105)
while the second (i.e., acceleration) Friedmann equations reads
i 1. C A . A
g: —g(p+3p) +%(3A—C)2+3b3<1>2 —g(l+Hl) +H<2<D+A +5) - (2®+§>(A+C) +2c1>+5, (106)
|
where now This will be one of our assumptions when we will focus on

l=2a3(3A-C). (107)
It is worth emphasizing that the second and third terms in
the right-hand side of Eq. (106) retain a fixed sign once the
values of a5 and b5 are given. In particular, it is interesting
to note that for a; > 0 and b3 > 0 both of these non-
metricity and torsion contributions accelerate the expan-
sion. Incidentally, this also means that in order for the
aforementioned terms to have an accelerating effect on the
expansion, both “mass” terms for torsion and nonmetricity
must have the correct (positive) sign.

We shall then consider also the conservation laws for our
cosmological hyperfluid model. Here let us assume that the
fluid is hypermomentum preserving, or, in other words, that
the metrical energy-momentum tensor coincides with the
canonical one, namely

=T, (108)
which implies [cf. Egs. (58) and (59)]
pe=p.  DPe=D. (109)

a particular type of hypermomentum (i.e., more precisely,
pure dilation hypermomentum) in the following. Observe
that the same would also apply to the case of the uncon-
strained hyperfluid of [36]. In fact, recalling that we are
considering a homogeneous cosmological setup, we have
that any antisymmetric two index object vanishes identi-
cally. In particular, this means that 7, = 0 and, therefore,
only its symmetric part survives, i.e., #,, = #(,,). Hence we
can consistently assume (108) to hold for our model.
Consequently, the conservation laws (61) and (62) become

WTM:I

ut v E (110)

p)
A IWRﬂﬂzzav

V., (v=g4) = 0, (111)

respectively, where in order to reach the above result we
have also expanded V,T*, into its Levi-Civita part plus
non-Riemannian contributions. Now, plugging (58) and

AD) = (O ity + 3 () gty + y(Dughy, + o(t)ugu,u,
+ €quupu’C (1) (112)
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into the above conservation laws, and recalling that in a
homogeneous cosmological setup the homothetic curvature
tensor IAQW has to be identically vanishing, the above
conservation laws respectively boil down to (see also [40])
|

_ g dlymaon)
A

u'u,

V=9 V=9

+[(28" + Q" — ¢")uy, — ¢Vl + w'u, (¥ +vr) — (¢ + x +w + o) (it u, + w'ir;) = 0.

The former of the above equations is the modified
perfect fluid continuity equation which receives corrections
from the hypermomentum, while the latter provides the
evolution laws for the hypermomentum currents (i.e., non-
Riemannian degrees of freedom). Therefore, we are left
with Egs. (103), (104), (106), (113), and (114), ruling
the cosmology of the theory. In the following, we will
complete the analysis by focusing on the cases in which
specific parts of the hypermomentum tensor are switched
on in order to highlight the role of its irreducible parts and
their contribution separately. To be more specific, the
hypermomentum tensor can be decomposed as follows
[42] (recall that we are considering four spacetime dimen-
sions):

1 o
Aam/ = A[(Iﬂ]l/ + ZgaﬂDv + Aa;uﬂ (115)
where the first term on the right-hand side represents the
spin part, D” := A/ is the dilation, and AW,, the shear
(traceless symmetric part of the hypermomentum tensor).
Then, given the most general form (60) of hypermomentum
compatible with the cosmological principle (i.e., respecting
|

1
H? =~
2

1. 2.
+24® + BO +2C0 ~2aA — B+ a;C+ H

3

where we recall that

a
H:=—

; (121)

is the Hubble parameter. Furthermore, using (119) into
(113), the latter becomes

. 1 .
p+3H(1+w)p = —Eu/‘u”(){R}w +wR,).  (122)

To recap, the two Friedmann equations (103) and (120)
supplemented with the conservations laws (114) and (122),

. 1 y
p+3H(p + p) = —suu' (YR, +yR,).  (113)
where le is the co-Ricci tensor, and
A, =9(b+x+w+ o
V=9l +xty o] Km +%> p —Vju"]x
(114)

both isotropy and homogeneity), the spin, dilation, and
shear parts read

(116)
(117)

A[(Iﬂ]l/ = (l// _)()u[ahﬂ]u + eaﬂypupg’
Dl/ = Aaﬂygaﬂ = (3¢ - 0)) uy,

X 1 (¢ + )
Aam/ = A(aﬂ)y - ZgayDv = T

+ (W +)()u(ﬂha)w

(haﬂ + 3”0{”#)”1/
(118)

respectively. Besides, for the case of pure dilation we are
going to discuss in the following, we will assume that the
perfect hyperfluid variables are related through a barotropic
equation of state of the usual type, namely

p=wp, (119)

where w is the associated barotropic index. Substituting this
into the acceleration equation (106) we may then use the
latter and eliminate the double derivative term (d) from
(104), in such a way so as to obtain the final form of the first
modified Friedmann equation for the model at hand, under
the above assumptions, which reads

1 3 1 1 1
(1 — 6613)142 —6a3C2 + <—4—§b3>q)2 +P2 +§AB + (E"’ a3>AC—§BC

1 3 1 K
[<§—6a3>A—ZB+ <2a3—5>C+4®} +§p, (120)

close the system of equations and we can now concentrate
on the cosmological effects of dilation and spin.11

1. Purely dilation hypermomentum

Let us now consider the case in which the hyper-
momentum tensors encode only dilation, namely A, =

0 and A, = 0. Specifically, this implies

"'We leave the case of pure shear hypermomentum to future
work. The role of the latter but in the case where only the
Einstein-Hilbert term was present in the gravitational action was
investigated in [42].
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w=—¢, (123)

[//:0’ ){:0’

which gives

1
Aa/w = ZgauDu = gaud"’lb' (124)

Therefore, we are left with just one independent, non-
vanishing source, that is ¢. As a result, from (103) now
we get

P=0,

B (16 — 3b5)
- r [8a3(32 ~3by) + 95, "
6bs
B =
. [8613(32 —3by) + 9bj 9.
B (16 + 3b5)
€=-x {8@(32 Z3by) + 9y |
: y
Sd3 (32 - 3b3) + 9b3 )

O = -K{ (125)

As we can see, the pseudoscalar mode P vanishes, while the
other ones are given in terms of ¢. It is interesting to note
that when the “mass” term for the torsion vector is absent
(i.e., b3 = 0) it follows that B = 0 and A + C = 0, which is
exactly the case of a Weyl nonmetricity. In other words, for
b3 = 0, interestingly enough, the geometry is fixed to be
that of Weyl-Cartan type. Note also that there exist specific
values for b5 for which one can obtain a vanishing part for
all (but one each time) of the three nonmetricity functions,
while there is no parameter value for b3 (or even a3) that
yields a vanishing torsion function ®. Going back to our
analysis, the conservation laws (114) and (122) respectively
reduce to

9,(v/=gdu") =0, (126)

p+3H(1+w)p=0. (127)

In particular, the latter provides the evolution of p, while
from the former we get

¢ +3Hp =0. (128)

Note that in this case the density decouples and evolves as
in the usual perfect fluid continuity equation, while also for
¢ we observe an analogous evolution which, in particular,
mimics that of dust. Moreover, plugging (125) into (120)
we are left with

K - K
H>=—-—¢—--H
6?2117
[3072 + 8a3(32 — 3b3)? — 288b; — 81h3]
12[9b5 — 8a3(3b; — 32))?
X K2 + gp,

(129)

where, of course, we have 9b; —8a;3(3b3 —32) #0.
Furthermore, using the above continuity equation for ¢
the latter simplifies to

Lo [3072 4 8ay(32 — 3b;)* — 2886, — 8103)
12[9b3 - 8(13(3[73 - 32)]2

X K22 +§p. (130)

3(~1024+96b5+27b3)
8(1024—192b;1952)

recover the usual (Riemannian) cosmological equation in
the flat (that is, K = 0) case.'? Concluding, let us also
report the final form of the acceleration equation, that is

Observe that for¢p = O oraz = one would

i [4ay(32—3b3)2 +9(16—3b3)b
d _[4a3(32—3b3)> +9(16 323) 3]K2¢2_5(1+3W)p_
a 3[9b; — 8as(3b; — 32)] 6

(131)

9(~16b5+3b2)
4(1024-192;+97)

would recover the usual (purely Riemannian) acceleration
equation. We are now in a position to provide solutions.

Again, note that for ¢ =0 or a; = one

Purely dilation hypermomentum solutions.—Let us first of
all collect all relevant cosmological equations obtained
until now in the case of pure dilation. They are

K K2 2
H? == = 132
3p+3 1 (132)
a K K2?
=2 —c= = 1
p 6( +3w)p-C 5 (133)
p+3H(1+w)p =0, (134)
¢+ 3Hp =0, (135)

where, for simplicity, we have introduced

2On the other hand, considering a nonflat cosmological
background, namely introducing a curvature parameter K # 0,
one would get

K [3072+8a;(32 = 3b3)* — 288b; — 81b3]

H>=——
a’ 12[9b5 — 8a3(3b; —32)]?

K
K+ 5/),

where we can see that the usual term induced by the presence of a
non-null curvature parameter K appears on the right-hand side.

024007-14



COSMOLOGY OF QUADRATIC METRIC-AFFINE GRAVITY

PHYS. REV. D 105, 024007 (2022)

5o _ 3072+ 8a3(32 — 3b3)* — 288, — 81b3]
3[9b3 — 8&3 (3b3 — 32)]2 ’

(136)

[4a3(32 — 3b3)? +9(16 — 3b3)bs]

Ci=— ,
3[9[73 - 8613 (3b3 - 32)]2

(137)

with, of course, 9b; — 8a;3(3b3 — 32) # 0. Some comments
are in order. First, notice that in Egs. (132) and (133), in the
end, there are no linear terms in H and these equations have a
more clear physical interpretation. In fact, from the afore-
mentioned equations we can see that ¢ acts as an additional
perfect fluid component with some peculiar associated
density and pressure which can just have a net effect that
accelerates the expansion. The two Friedmann equations are
then supplemented with the conservation laws (134) and
(135), and we have a closed system of equations. Besides,
note from (133) that the effect of dilation hypermomentum
on the cosmological expansion depends crucially on the sign
of C. More specifically, for C > 0 the dilation hypermomen-
tum slows down expansion, while for C < 0 it accelerates the
latter and for C = 0 it has no effect on the acceleration
equation. We shall therefore refer to these cases as repulsive
(C > 0), attractive (C < 0), and static (C = 0) dilation,
respectively (following the same lines of [42], where,
however, shear hypermomentum was considered).
Secondly, from (132) it follows that if B > 0 then dilation
enhances the total density (and we have an effective
amplification of the latter), while for B < 0 it decreases
the total density and for 3 = 0 it does not affect the equation.
This is also supported by the fact that only ¢ terms appear in
the two Friedmann equations, meaning that an identification
p « ¢? is possible. Finally, differentiating (132) and employ-
ing both (134) and (135), comparing the result with (133),
one obtains

c=8 (138)

which, in turn, implies

3[=512 + 9b4(8 + by)]
_ 3 13
“ 2(32 = 3by)? (139)

Hence, we are left with a single independent parameter, b5,
and the final system of equations reads as follows:

2 42
H2:§p+8%, (140)
. 2 2
g:—g(l—l—Sw)p—BKT, (141)

YThe relation between a3 and b; we get as explained above is
a peculiarity of the quadratic model we are considering under the
assumptions (109) and (119) in the case of pure dilation hyper-
momentum.

p+3H(14+w)p =0, (142)
¢ +3Hp =0, (143)
with
_ 27
5 _ (32=3b5)°[=1024 + 3b;(64 + 3b3)] (144)

9[2048 — 3b5(128 + 9b3)2

along with, of course, 2048 — 3b3(128 + 9b3) # 0. We can
finally recognize the following distinct cases: repulsive
(B > 0, for which dilation also enhances the total density),
attractive (B < 0, for which dilation also reduces the total
density), and static [3 = 0, for which dilation does not affect
Eq. (140) and (141)] dilation, respectively.

Now, as it is commonly accepted that non-Riemannian
effects may have played a significant role in the early stages
of the Universe, for early times one can assume dilation to
be dominating with respect to the perfect fluid character-
istics. Hence, in this regime, we can safely ignore the latter,
namely p and p, and focus only on the cosmological effects
of dilation. By doing so, we are left with

2 42
H = %, (145)
a K'2¢2
B (146)

while Eq. (143) can be immediately integrated to get

an\ 3
¢ = o <—°> :
a
given that for some fixed time ¢ = 7, we have a(fy) = a
and ¢(ty) = ¢y. On the other hand, from (145) we can see

that we must have B > 0 [i.e., deceleration, from (146)].
Besides, solving (145) for H, we find

(147)

H = Bl¢7 Bl =+

KV B

. 148

. (148)

Then, plugging the above expression for ¢ into this last
equation, after integration we obtain

alt) = ao[Bygpo(t — 1) + 1} = a | £ f‘%—zom

(149)

The latter describes the cosmological evolution for our
model in the case of a dilation dominated Universe. Quite
remarkably, we can notice that the effect of dilation is
identical to that of stiff matter. To conclude the analysis
regarding purely dilation hypermomentum, let us also
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mention that, from the two modified Friedmann equations,
exploiting the definition of the deceleration parameter ¢,
one easily finds

q::—g:2>07
a

(150)
meaning, in accordance with the fact that here we must
have B > 0, that considering our model in the case of a
dilation dominated (early) universe, one finds out that the
latter is subject to a cosmic deceleration.

2. Purely spin hypermomentum

It is also interesting to study the case in which the
hypermomentum is only of pure spin type. In this instance
we have that A, = A, and accordingly D, = 0 as well

as Aaﬂy = 0. The latter imply

¢ =0, 0=0 y=-y, (151)

along with

Aa/w = A[aﬂ]u = 21//”[(1]/1/4]1/ + eaﬂupupg’ (152)
and as a result the nonmetricity and torsion cosmological

functions become

K
P=-=¢(, 153
¢ (153)
3b
A =—"2(3 + 8a3)ky, (154)
by
96a;b
B = ﬁm/j, (155)
by
bs
C =—=9(1 —8a3)xy, (156)
by
4
o _Hu,, (157)
by
where we have set
1
by (158)

" 8a3(3b; — 32) — 9bs

From the above forms we can infer some quite interesting
characteristics. In particular, we see that in order to have
nonvanishing nonmetricity variables it must hold that
b3 #0, that is the §,$" term must be present. On the
other hand, in order for the torsion function ® not to vanish
we must have that a; # 0, namely the §,5" term must be
there."* From the above we also observe a highly nontrivial

“This is a very remarkable duality and of course highly
nontrivial or to be excepted by any speculation.

consequence: the spin part can source nonmetricity (along
with torsion). Let us note that for the spin part to source
these non-Riemannian degrees of freedom the inclusion of
the quadratic torsion and nonmetricity invariants in the
Lagrangian is absolutely essential.

Here, let us continue our analysis without imposing the
assumptions (109) and (119), as releasing the latter, in this
case, leads to interesting results. From the conservation law
(61) we get the two relations,

Pe=P :%Bw, (159)
3
pc—pzsz, (160)
which also imply that"’
pe—p=3(p.—p). (161)

We notice, from the above equations, that it is quite
crucial in this case to consider a generalized nonpreserving
hypermomentum, namely p,. # p and p. # p need to hold
true. In the case of a hypermomentum preserving hyper-
fluid (p. =p, p. = p) from the above it immediately
follows that either w =0 or B =0. For the former
possibility (y = 0), the full hypermomentum would van-
ish, trivializing therefore the whole analysis. Also, in the
latter case, given (155), the constraint B = 0 would then
demand either a; or b3 to vanish, producing, therefore, an
inconsistent theory. With the above in mind, we can then
combine Egs. (159) and (160) with (155) to obtain the net
density

T2a3b
pe=p+—— Ky’ (162)
bo
as well as the net pressure
24a3b
pe=p+— 2wy’ (163)
0

From these we see that it is important to include both
quadratic terms in torsion and nonmetricity (i.e., az # 0 and
bz # 0) at the same time in order to observe modifications
to the total pressure and density due to the hypermomentum
degrees of freedom. In addition, as it is obvious from the
above exposure, depending on the sign of the ratio a3 b3/ b,
the hypermomentum contribution can either enhance or
decrease the observed density and pressure. It is interesting
to note that the hypermomentum contribution to the density
might as well be negative since as long as it does not exceed

"Note that this seems to be a “radiationlike” equation of state
p =p/3 for the modified pressure p = (p.— p) and density
h=

(pe = p)-
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p the net density will always be positive.]6 However, in the
very early Universe there might exist an exotic hyperfluid
displaying a negative total density.

Coming back to our cosmological analysis, from the
modified continuity equation (62), after some algebra and
simplifications, it follows that

. 3 . i
pe+3H(pe+ pe) = —smrp( + Hy) =3y~ (164)

where

From the right-hand side of the above equation, we note that
the last term, keeping a fixed negative sign, always decel-
erates the expansion. However, there is also the presence of
the first and second terms which can radically change the net
result. As we will show shortly in the following, the actual
effect of the spin part of hypermomentum on the acceleration
depends on the parameters of the quadratic theory. Having
obtained the acceleration equation above we can then use it
in order to eliminate the double derivative term % from the
continuity equation, which results in

W+ (14 po) Hy + psiy® = 0, (167)
9
— 28a; +48a3b5 + 5 bs 165 where we have also introduced
M1 bo . (165)
Hy = 96a3bsvy,
Now, during a hypermomentum dominated era (very early 2304 , ,
universe), the main contributions in (162) and (163) would H3 = — bo asbsvy, (168)
be the ones 2. In other words, the classical perfect fluid
contributions p and p can be ignored. The same consid- ~ with
erations apply to the acceleration equation (106), which can )
therefore be written in terms of y as follows: vy = . (169)
[—9173 + 8613(—32 + 15b3) + bo/ll}
Z = Lz(l// + Hl//—23041<a§b§1//2). (166) On the other hand, the first modified Friedmann equa-
a 2b; tion (104) now becomes
|
.. 2 2
B+ 4= 51 1 0h, 4 8a5(32 4 3b3)][9b + 8as(=32 + 9b3)ly? + — (i + 3Hy) b + 2. (170)
a  4by | b by 4
Finally, plugging (166) into the above equation in order to eliminate g, we are left with
2 K . kL K,
H :2—b(2) 7T11//+(2+”1)HV/+§7T21// +Z§ ; (171)
where
Ty = ] + 9b0b3 - 8613[’)0(—32 + 3[’)3),
my == —81b3 — 144a3b5(—32 + 3b3) + 64a3(—1024 + 192b5 + 9953). (172)

Now, even though at first sight the system might not look so
manageable, as we will show with some simple observa-
tions we can get exact solutions quite easily.

Purely spin hypermomentum solutions.—To begin with, we
note that the remaining spin part { will be related to y with
a barotropic equation of state of the form { = w.y, where
we is the barotropic index related to this spin part (cf. also

"“This situation shares a certain similarity with the negative
temperature system in thermodynamics. It is known that in given
thermodynamical systems some property of the system can
possess negative temperature but the net temperature will always
be positive.

|

Appendix B of [40]). Next we may use (167) in order to
eliminate the derivative term ys from the modified first
Friedmann equation above, ending up with

Hz—//{lHl//—ﬂzlllz :O, (173)
where
K K> 7 + bgw?
A :=Tlﬁ)(2_ﬂ2ﬂl)’ A ’=27b(2) <‘”1/43 +2)-
(174)

Then, we observe that (173) is a simple quadratic equation,
which, considering H as the unknown variable, admits the
solutions (for A3 + 44, > 0)

024007-17



DAMIANOS IOSIFIDIS and LUCREZIA RAVERA

PHYS. REV. D 105, 024007 (2022)

R+ 4N

H = Agy. Ao >

(175)

Substituting this back into the continuity equation for y it
follows that

W = —poy’, Ho = Ao(1 + pp) + Kz, (176)
which trivially integrates to
1
1) =——, (177)
C1 + pot

where c¢; is an arbitrary integration constant. Finally,
substituting this form for y back into (175) and integrating,
we find the following expression for the scale factor:

A

a(t) = ey(e; + pot), (178)
where ¢; and ¢, are integration constants that can be
expressed in terms of the values aq and y for some fixed
time #y. Therefore, we have established exact solutions for
both the scale factor and the spin hypermomentum variable
. We see that we get power-law solutions for the scale
factor and inverse time evolution for the spin part. As a
result,  diminishes with the passing of time, while the
scale factor goes like

X
a o« tHo,

(179)
It is also interesting to study the two limits yp, — 0 and
1o — oo. In the former case the spin concentration ()
becomes constant and subsequently we get de Sitter-like
expansion for the scale factor a « eo’, Hence we see that a
constant spin distribution produces an exponential expan-
sion. In the latter case (i.e., 4y — o) y essentially vanishes,
resulting also in H = 0 and yielding, therefore, a static
universe. These cover the two extreme cases and for the rest
in between we have the nice power-law solutions we
derived above.

V. CONCLUSIONS

We have investigated cosmological aspects of the most
general parity preserving MAG theory quadratic in torsion
and nonmetricity in the presence of a cosmological hyper-
fluid, deriving the modified Friedmann equations in a
FLRW background. The theory exhibits, in principle, 11
parameters coming as coefficients of the 11 quadratic
torsion and nonmetricity scalars supplementing the
Einstein-Hilbert term in the gravitational action. For this
general quadratic MAG theory we have subsequently
derived the most general form of the modified
Friedmann equations, along with the associated conserva-
tion laws for the sources, in the presence of a cosmological
hyperfluid [40,41]. Then, in order to get a grasp of the

effect of the quadratic terms and also simplify the analysis,
we have focused on a particular but fairly representative
subcase involving only the two quadratic contributions with
the parameters a3 and b3, namely a;Q,0" and b3S,S",
which are respectively quadratic in the nonmetricity vector
Q, and in the torsion vector S,. For this case we have
studied the modified Friedmann equations along with the
conservation laws of the perfect cosmological hyperfluid
and we have been able to provide exact solutions for
particular types of hypermomentum, that of purely dilation
and purely spin matter. It is worth mentioning that for the
pure dilation case if the torsion squared term is absent (that
is for b3 = 0), quite remarkably, the geometry is fixed to be
that of Weyl-Cartan type. On the other hand, for the pure
spin case, interestingly, the presence of b3 # 0 is essential
to guarantee nonvanishing nonmetricity, while nonvanish-
ing as is required in order for the torsion not to be zero.
This is a quite compelling result showing a dualistic
relation between torsion and nonmetricity, that is in order
to have nonvanishing nonmetricity the pure torsion term
must be present and the torsion is nonvanishing if the pure
nonmetricity term is there, as seen from Eqs. (153)-(157).

Now, coming back to the hypermomentum parts, regard-
ing pure dilation we have found that, for early times in
which non-Riemannian effects are dominant, dilation
causes a cosmic deceleration and its effect is indistinguish-
able from that of stiff matter.'” A very similar result was
found for the purely shear counterpart of hypermomentum
that was studied in [42]. With these two results, one could
go as far as to say that the rather unconventional character
of “stiff” matter component acquires a clear physical
meaning as a specific part of the hypermomentum con-
tribution (either shear or dilation) of the hyperfluid. On the
other hand, concerning purely spin hypermomentum, we
have obtained power-law solutions for the scale factor and
inverse time evolution for the spin part y. In particular, y
diminishes with the passing of time, while the scale factor
behavior is given by Eq. (179). Here, two particular limits
emerge: one in which we have an exponential expansion for
the scale factor induced by a constant spin distribution and
the other in which the result is a static universe (H = 0). We
have therefore proven that the presence of torsion and
nonmetricity driven by dilation and spin hypermomentum
types in the context of quadratic MAG can have highly
nontrivial effects on the cosmological evolution.

It would be interesting to study also the purely shear
hypermomentum in this context. Another possible future
development of the present work could consist in perform-
ing the cosmological analysis by including also parity odd
quadratic terms into the gravitational part of the action
which also include the so-called Hojman [57] (sometimes
also referred to Holst [58]) parity violating term, whose
contribution in the framework of MAG has been recently

"The same result was also reported in the analysis of [47].
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presented and studied to some extent in [8]. Finally, it
would be of much interest to investigate the possible
changes implied by the inclusion of mixed torsion-non-
metricity terms such as S, 0" on top of the pure torsion and
pure nonmetricity terms we have considered here.
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APPENDIX: USEFUL FORMULAS IN
QUADRATIC MAG AND COSMOLOGICAL
ASPECTS

In this Appendix we collect some formulas useful for the
study of quadratic MAG and cosmological aspects of the
latter that we have pursued in the main text.

1. Hypermomentum and Palatini tensor contractions
Considering the cosmological setup described in Sec. II
and the hypermomentum in Eq. (60), we find the following
contractions:
haﬂA(mv = (l’l - 1)¢”w
haUA(mv = (l’l - 1))(”;17
hﬂDAa;w = (l’l - 1)1//1/!{1,

€aMD1Aa;w = _61/1(:527
uuwut Ay, = —o, (A1)
that is
b= (n—1) h U Ay
TR L
i e LR
1
C e geaﬂviAaﬂyulé‘Z,
o = —u"u'u’ Ay, . (A2)

On the other hand, regarding the Palatini tensor, whose
definition is given in (70), we get

~3 C
P = {(” )4 +2(n=2)® —5] Uahy,

2
(n—2) (n—1) C
B— A=-2(n=-2)D——|u,h
+|: 2 2 (n ) 2 u[l av
B (n=1) s
_Eu”h’”’ —TBuauﬂu,, —2€4,,WPS;.  (A3)

Then, we have

haﬂpayu ==
hm/Pa/u/ = (I’l - 1)

y [<n;2)B—(ngl)A—2(n—2)CI>—%uw

WPy, = (n—1) [@A +2(n—2)® —g] Uy,

WP, = 12Pu*s),

n—1
uutu’ Py, = ( 5 )B

(Ad)
as fundamental contractions.

2. Variation of the quadratic nonmetricity terms with
respect to the metric

Let us report here some calculations regarding the
variation of the quadratic pure nonmetricity terms in the
general quadratic theory (64), as it is slightly more
complicated with respect to the variation of the other
quadratic terms. First of all, note that the pure nonmetricity
quadratic combinations in the general quadratic model can
be written as

‘CQ = alQany{lm/ =+ aZQa/wQ,wa =+ as QﬂQ”
+ a4q,9" + as0,q"
= 070, (a19° 9159, + a2056,,1

+ a3 gp, 919" + a407959,, + as630,gp,).  (AS)
Then, defining
D50 = (a19°9159yp + 203059, + 39,9097
+ 48549, + as656595,), (A6)
we have
Ly = 0L70,7D 1, (A7)

and, introducing the quantities
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(1)'Q'aﬂy = 0, D,, = a;0%, + a,0p,* + a30%gp, + a403q, + asq“gg,.
@Qe,, = Q7D = a,0%,, + a,0,)° + a30°g;, + as69q, + asé50,, (A8)

it follows that
Lo = 107,017 = O0r,0.%. (A9)

Accordingly, we may express the variation with respect to the metric as

1
(Sg(\/—g,CQ) = —E\/—g,Clewégﬂy + \/—gégEQ, (AIO)

and, after some algebra, we find

1 1 -
5g( V _g‘CQ) = 59#1/ Vam!/ _E'CQg;w + \/—_—gva( V _gWa(;w)) +a; (QﬂaﬂQuaﬁ - 2QaﬁyQaﬂy) - aZQaﬂ(uQﬂay)

+ a3<Q;4Q1/ - zQaQayv) —asq,9, — aSana/w ’ (All)
where V is defined in (19) and W*

w) 18 given by (67).

3. Advantageous relations for FLRW cosmology of quadratic MAG

Let us now collect some important relations we used throughout our study of the FLRW cosmology of quadratic MAG.
First, let us compute the form of the quadratic Lagrangian

Ly = b1 S S™ + b3Sy, 5" + b3S, S
+ alQa}wQaﬂy + a2Qa/u/Q/wa + as QMQ” + a4quﬂ + aSQﬂqﬂ

+ 10 S™ + 20,8 + c3q,5".

Using the cosmological forms of torsion and nonmetricity tensors given by (32), after some straightforward algebra we find

L, =—(n—=1)[a; + (n-1)a3)A? —@ [2a, + a, + (n— 1)ay)B* — (a; + a, + a3 + a4 + as)C?
—(n-1) [az + (n; b aS]AB + (n—1)(2a3 + as)AC + (n—1) <a4 +%a5)BC
— (n=1)12by = by + (n = 1)b3]®* + 6(b, + b,) P>

(n-1)

—(n=1)[c; + (n—1)c,]AD + [c; = (n=1)c3]BO + (n—1)(cy + ¢3)CD. (A12)

Notice that all A, B, C and ® couple among each other, while the pseudoscalar mode P appears only as P>. Of course there
is no surprise here, since P is a pseudoscalar, the total Lagrangian £, must be a scalar, and the only combination in P that
can yield a scalar result is P? (i.e., indeed, pseudoscalar x pseudoscalar). Here we also compute the following quantities:
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We ' u” =2(ay + ay + az + ag + as)Cu® — (n — 1)(2az + as)Au®* — (n—1)(a —|—2a)Eu“
p |+ ay +az +a, + as 3+ as 5 4) 5

e, u'u” = —(n—1)(c; + c3)Pu”,

(n+1)

Wﬂ(1:|:a2+23+ )

]Q,, + [2ay + ay +2a3 + as + (n + 1)as)q,

1 1
=3 (n=1)[2a, +4a5 + (n + 1)as]Au, + 2( —1)[2a; + a, + as + (n + 1)as)Bu,
1
+t3 [—4a, —4ay —4a; —2(n + 1)ay — as(n + 3)|Cu,,.
n—+1
06 [ b 2+( > )03}5'”:[—cl+2c2—|—(n+1)c3]<l>uﬂ
W{wuu w'u’ = 2(611 + aZ)Q(wuu w'u’ — (2a3 + a5)Q;4uﬂ - (615 + 2a4)qﬂu”
B
2(611 + ap + as + ay + £15>C + (I’I, - 1)(2613 + as)A + (}’l - 1)(6[5 + 204)5
g uu?u” = —(cy 4 ¢3)S,u = (n = 1)(cy + ¢3)P. (A13)

Besides, given (78) and specializing to the FLRW cosmology case we considered in the main text [i.e., using (32)], we find
1
(A + By + Cutu? = (n—1)[a; + (n— 1)az]A> - 1 [(2a; + ay) + (n—1)ay)(n — 1)B?

— (a +a2+a3+a4+a5)C2+(n—1)<a4+ 2)BC
+(n=1)2by = by + (n = 1)b3]®* + (n = 1)[c; + (n = 1)c, ]| PA. (Al14)

Note that there are no AC, AB, ®B, ®C terms in the equation above, that is A and @ couple only among themselves and so
do B and C. Observe also that here P does not appear. Moreover, after some long calculations we find

—2(I1% ) + W)U Vou” = (n = 1)(H = Y)[r1B + 21,4 + 273 @]

+ (v ; 3 Cl(as +2a4)B + 2(2a3 + as)A + 2(c; + ¢3) @]
—2(a; +ay+as+a, +as)C?* = (n—1)(2a4 + as)(H - Y)C, (A15)
where
ri=2a;+ay+ (n—1)ay, 722024‘(”;1)6157 73 :%[—Cﬁ‘(”—l)cﬂ (Al6)

Gathering all the above results and combining them with (77), we finally arrive at

R, u'u” = (T + (n=2)T,u'u")

(1=2)
~{ =1+ = Dala? = 3 Cay + a3) ¢ (0= D0 - DB
—(a; +ay + a3+ a4+ as)C* + (n — 1)<a4+ 2)BC

+(n=1)[2b; = by + (n = 1)b3]®* + (n — 1)[c; + (n — l)cz}(I)A}

(n-1)
2

+(n=1)(H=Y)[r1B+2rA+2r;®] + Cl(as +2a4)B + 2(2a3 + as)A + 2(c; + ¢3) @]

— 2(61] + a, + as + ay + as)C2 - (I’l — 1)(2“4 + a5)(H - Y)C
+ 1+ (n—1)HI, (A17)
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where
I = BA+ BoB + BsC + B, (A18)
with
B = (Z - ;) 2a, + 4as — as(n - 3)],
pr = (Z - ;) [a> — ay(n — 3) + as),
81 :ﬁpal(n—?)) + 2ay(n — 3) — das + 2a4(n — 3) + as(n — 5],
By = (Z - ;) le1 + 2, — e3(n = 3)]. (A19)

All these formulas are particularly useful to reproduce the results we have presented in Sec. IV.

4. Coefficients in quadratic MAG cosmology

For the sake of completeness, in the following we report the explicit expressions of the coefficients a;; appearing in
Egs. (90)—(93) in terms of the a’s, b’s, and c’s. They read

1
ajy = 2(n—1)(2a; + as), 0512:(”—1)<—+a5+2a4>’

2
aiy = —4(a; + a3 + a4 + as), ayy =2(n—1)(c2 + ¢3),
n-3
021:( > )+(’1—1)057 ay =2a; + (n = 1)ay,
1
023:—(5‘1'2614‘*’“5)7 ay =2(n—=2)+ (n—1)cs,
n—1 n—1 1
a31:4a1+4(n—1)a3—( 5 )027 0532—(”—1>a5—( 7 )03—5,

1
a3 = 5(02 + ¢3) — 4a; — 2as, a3, =2(n—1)c; =2by — (n—1)bs,

1 c n—72 n—1
a41=(n—1)<—5+a5+32), a42:< 5 )+2a1—|—(n—1)a4+( i )63,
1 C2+C3
a43=—§+204+a5+T, gy =-2(n=2)+2b;+ (n—1)c3+ (n—1)b;. (A20)

These are the elements of the matrix M we have introduced in Sec. IV.
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