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H. Hadi,' Y. Heydarzade,lv?vﬁ M. Hashemi,®[] and F. Darabi®2f

I Department of Physics, Azarbaijan Shahid Madani University, Tabriz, 53714-161, Iran
2 Research Institute for Astronomy and Astrophysics of Maragha (RIAAM), Maragha 55134-441, Iran
S Department of Physics, Shahid Beheshti University, G. C., Evin, Tehran, 19839, Iran

Based on the Padmanabhan’s proposal, the accelerated expansion of the universe can be driven
by the difference between the surface and bulk degrees of freedom in a region of space, described
by the relation dV/dt = Nsur — Ny where Ngyr and Npyii are the degrees of freedom assigned to
the surface area and the matter-energy content inside the bulk, respectively. In the present work,
the dynamical effect of the Weyssenhoff perfect fluid with intrinsic spin and its corresponding spin
degrees of freedom in the framework of Einstein-Cartan (EC) theory are investigated. Based on the
modification of Friedmann equations due to the spin-spin interactions, a correction term for the
Padmanabhan’s relation including the number of degrees of freedom related to this spin interactions
as AV/At = Nsur — Npuik — Nspin is obtained where Nspir is the corresponding degree of freedom
related to the intrinsics spin of the matter content of the universe. Moreover, the validity of the
unified first law and the generalized second law of thermodynamics for the Einstein-Cartan cosmos

are investigated.
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I. INTRODUCTION

According to the current researches, one can ob-
tain the gravitational field equations in the same way
that the equations of an emergent phenomena like
fluid mechanics or elasticity are derived @—B] In
the framework of the emergent gravity model, the
Einstein gravitational field equations can be derived
from the thermodynamics principles with some extra
assumptions @, ]. Therefore, Einstein field equa-
tions can be understood as spacetime equations of
state B] By assuming the existence of a spacetime
manifold, its metric and curvature, Padmanabhan
has treated the Einstein field equations as an emer-
gent phenomenon ﬂﬂ] It has been proposed that
in a cosmological context, the accelerated expansion
of the universe ﬂa] can be obtained from the differ-
ence between the surface and bulk degrees of free-
dom denoted by the relation AV/At = Ny — Npuik
where Ng, and Ny are the corresponding de-
grees of freedom related to the surface area, matter-
energy content (or dark matter (DM) and dark en-
ergy (DE)) inside the bulk space, respectively [d].
Different cosmological models have been proposed
to explain the late time accelerated expansion of the
universe ﬂa] One of these cosmological models is
known as the dark energy model where the universe
is supposed to be dominated by a dark fluid pos-
sessing a negative pressure Bﬂ (for a review, see

[11])). Violation of the strong energy condition is
a feature of this dark fluid, i.e p +3p > 0. On
the other hand, the modified gravity theories, such
as f(R) gravity [12], f(T) gravit ], Weyl grav-

ity [14], Gauss-Bonnet gravity , Lovelock grav-
ity |16], Hotava-Lifshitz gravity [17], massive grav-
ity |L8], heterotic string theory [19] and braneworld
scenarios [20], are another approaches for explaining

the late time accelerated expansion of the universe.
In these modified models, the additional terms in
the gravitational Lagrangian play the role of an ef-
fective dark energy component with a geometric ori-
gin rather than an ad hoc introduction of the dark
energy sector with unusual physical features. These
cosmological models explaining the current acceler-
ated expansion phase possess a series of conditions
and constraints arising from various laws of physics
such as thermodynamics laws [21] or astrophysical
data. In this way, four laws of black hole mechanics
driven from the classical Einstein field equations are
implemented to explain the structure of spacetime
and its relation with thermodynamical behaviour of
the system @, ] In the significant pioneering re-
search, Jacobson proved that the classical general
relativity (GR) behaves like thermodynamical sys-
tem (for example, surface gravity could be under-
stood similar to temperature in thermodynamical
system) M] Then, the Einstein field equations were
obtained from the relation of entropy and horizon
area together with the Clausius relation d@Q = TdS
where ), S and T are the heat, the entropy and
the temperature respectively. In this regard, where
the connection between gravity and thermodynam-
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parent horizon of the FLRW universe M] The
second law of thermodynamics and its generalized
version is also studied in different modified gravity
models such as

On the other hand, a cosmological model is influ-
enced by the choice of a matter field source which
is coupled with the Einstein equations through
its energy-momentum tensor. Usually, the matter
source of the universe is considered as a perfect fluid
or scalar fields [46]. Regarding the early stage of
the Universe when its matter content possesses an
additional intrinsic spin property, it is necessary to
consider a classical spin fluid or even a massless
or massive spinor fields as the matter source HQ]
In 1923, Elie Cartan introduced a modification of
the Einstein general theory of relativity (GR) which
nowadays is known as Einstein-Cartan (EC) the-
ory , ] In this framework, a relation between
the intrinsic angular momentum of matter source
and the spacetime torsion is introduced before in-
troducing this intrinsic angular momentum as the
spin into quantum theory by Goudsmit and Uhlen-
beck in 1925. The classical spin can be introduced in
general relativity in two distinct ways. As the first
method, one can consider spin as a dynamical quan-
tity without changing the Riemannian structure of
the geometry of the background spacetime@]. The
spin introduced in this way is similar to the spin of
quantum mechanics and the Dirac theory of the
electron. In the second approach, as introduced
by Cartan, the structure of spacetime is generalized
to possess torsion as well as curvature by consider-
ing the metric and the non-symmetric affine connec-
tion as independent quantities [51]. This Riemann-
Cartan geometry is usually denoted by U, in order
to distinguish it from the Riemannian geometry. Af-
ter Cartan’s research, many other efforts have been
made by Hehl [52], Trautman [53] and Kopczynski
M] to bring spin into the curved spacetime. This
approach allowed one to define the torsion of space-
time and its connection with spin. In the context of
EC theory, torsion does not appear as a dynamical
quantity rather it can be represented in terms of the
spin sources by matter fields with intrinsic angular
momentum [52]. Most of the researches on the cos-
mological applications of the EC theory have been
made with the semiclassical spin fluid possessing the
energy density ps, pressure ps and spin density vec-
tor S which is orthogonal to the four velocity vec-
tor u® of the spin fluid in the comoving reference
frame of fluid. This generalization of the perfect
fluid with spin is known as the Weyssenhoff fluid
where its dynamics was comprehensively studied by
Weyssenhoff and other researchers [53]. Similar to
the other alternative theories of gravity, the cosmo-
logical solutions of the EC theory possessing the spin
matter source and their influence on the structure
and dynamics of the universe are extensively inves-

tigated. These studies include the effects of torsion
and spinning matter in a cosmological setup and
its possible role to solve the singularity problems,
pre-Friedmann stages of evolution, inflationary ex-
pansion, the late time accelerated expansion of the
Universe, rotation of the Universe and gravitational
collapse and so on [56].

In this paper, we investigate the emergent uni-
verse scenario and its thermodynamical aspects in
the framework of EC theory. By considering the
modifications to Friedmann equations of the EC the-
ory, we discuss on Padmanabhan’s relation and ther-
modynamical features of the model. This paper is
organized as follows. In section II, we review the EC
theory. In section III, we study the issue of emer-
gence of spacetime in the context of this model. In
section IV, thermodynamics of the Einstein-Cartan
universe is investigated. Finally, in the last section,
our concluding remarks are represented. Also, we
consider the units of ¢ = 1 with metric signature
(4, —,—,—) of spacetime. Also, we use the signs ||
and () for denoting antisymmetric and symmetric
parts, respectively.

II. THE EINSTEIN-CARTAN MODEL
The Einstein-Cartan theory can be driven using
the following action

1
T 16mG

/ d*z/—gR + / d*z/—gLar, (1)

where R and L, are the Ricci scalar associated to
the asymmetric connection I' and the Lagrangian
density of matter fields coupled to the gravity, re-
spectively. R

The asymmetric connection I'" | 5 can be written
in terms of the Levi-Civita connection I'! 5 as

I‘“aﬁzf”aﬁ—i—K“aﬁ, (2)
where K* B’ known as the “contorsion tensor”,
which is related to the torsion (Q,4 " = f‘[am“ )

as [52]
1
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Using the variation of the action with respect to the
metric g, and contorsion tensor K" 5 » one can find
the dynamical equations of motion of the theory as

follows|52)
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where G*” and @a are the Einstein tensor and co-
variant derivative based on the asymmetric connec-
tion I'}, 5 , respectively, and 7),,* is defined in terms
of the torsion tensor Q,," as

o o e B a B
T;,w - Q;,w + 5u Qyﬁ - 611 Qp‘ﬁ . (5)
We also define
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as the energy-momentum tensor and the spin-
density tensor, respectively. Combining equations
@) and (@), one can obtain the Einstein field equa-
tions with a modification in the energy-momentum
as

GM =8nG(T" + ), (7)
where
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1
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is the correction term for the energy-momentum ten-
sor generated by the spacetime torsion @] If the
torsion, or spin, vanishes then 7*? vanishes and the
standard Einstein field equations ( G = 8rGTH")
is recovered. Suppose that the Lagrangian £, rep-
resents a fluid of spinning particles in the early Uni-
verse minimally coupled to the metric and the tor-
sion of the Uy theory. Then, for this spin fluid, the
canonical spin tensor 7% can be written as follows

@]
1
Fhva ESWJ’U’av (9)

where S* is the antisymmetric spin density tensor
and u® is the four velocity vector of the spin fluid
ﬂ@] The Frenkel condition which arises by varying
the Lagrangian of the sources @] requires S u,, =
0. This condition further restricts the torsion tensor
to be traceless.

Thus, one can separate the energy-momentum
tensor as

TH = T + T, (10)

where T2" and T¢" are the usual perfect fluid and
the intrinsic-spin fluid part as

T8 = (p+pjutu” —pg"”,
T" = u S g5 + Vo (utSV))
+Q Y u) 8 —uf 5o
—w B8 4yt guf, (1)

w being the angular velocity corresponding to the in-
trinsic spin, and V,, represents the covariant deriva-
tive associated to the symmetric Levi-Civita connec-
tion I 5- Usually, it is supposed that spin density
tensor ), is associated with the quantum mechani-
cal spin of microscopic particles in the early universe
ﬂ@] Thus, for such an unpolarized spinning fluid,
we have < 5, >= 0. We also define

< 8, SH >i= 207, (12)

where ¢ is known as spin density scalar. From
the microscopical viewpoint a randomly oriented
gas of fermions is the source for the spacetime tor-
sion. However, we have to treat this issue from
a macroscopic viewpoint, that means we need to
perform suitable spacetime averaging. In this re-
spect, the average of the spin density tensor van-
ishes, (Suv) = 0. But, even with vanishing this
term at macroscopic level, the square of spin density
tensor S, S*” which represents the spin-spin inter-
action of particles contributes to the total energy-
momentum tensor. Then, we obtain

<M >=4rGotutu” + 2nGo? g,
< Tg" >= —8nGou'u”. (13)

Therefore, the Einstein field equations (7)) read as
G" = 8rGOM, (14)

where ©"" represents the effective macroscopic limit
of matter fields defined as

O = <TH >4 <7 >
= (p+p+ps+ps)u'v” — (p+ps) g™
= (p+p-— 47TG0'2) ubu”
— (p—27Go?) g. (15)

Then, one may consider the following forms for the
total energy density and pressure which support the
field equations

Ptot =P+ Ps,  Ptot =P+ Ds, (16)

where p, = ps = —27Go?. From this equation, it is
seen that ps/ps = 1 and consequently the spin mat-
ter behaves as a fictitious fluid with an equation like
that of the Zeldovich stiff matter with negative pres-
sure and energy density leading to the gravitational
repulsion effect. Also, it is seen that the spin-spin in-
teraction contribution to the energy-momentum ten-
sor is of the second order in the gravitational cou-
pling constant 87G.

On the other hand, the combination of equations
@4) and (28) gives the following generalization of
the covariant energy conservation law including the
spin term

d

%(p— 2rGo?) = —3H(p+p — 4rGo?),  (17)



where we can consider the filling matter field as a un-
polarized fermionic perfect fluid with the barotropic
equation of state p = wp. By decomposition of the
matter source in equation (I0), we can treat the
above conservation law for two non-interacting flu-
ids. Therefore, it gives

p = poa ), (18)

where pg is energy density at present time. On the
other hand, we obtain

1
0? = 3 <SS >, (19)

where using the averaging procedure ﬂﬁ] and the
equations () and (8] lead to

h =2
o = gAwpu%, (20)
and
ps = 210 = posa”, (21)

in which A, is a dimensional constant depending
=2 _2

on w and pps = %Aﬁ“ po <. Also, we note that

if < ¢ >= 0 then < 02 > is just the square of the

dispersion of the spin density distribution around its

average value as

<(Ao)? > = <(<o>-0)*>
<<o><o>-20<0>40°>
= <o’ >. (22)

III. EMERGENCE OF SPACETIME IN
EINSTEIN-CARTAN THEORY

We consider a homogeneous and isotropic universe
described by the FLRW metric

2
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+72(d6* + sin*0de?)).
(23)

where k& = 0,=£1 represents spatial curvature of

the universe. Then, using equations (I4]) and (IT)),

Friedmann equations will be

8
H? = %(p — 210?), (24)

: —4

H+H2:T7T(p+3p—8ﬂ'a2). (25)

Multiplying equation [Z5]) by —47H ~*, we get

H 4
P

1672(p +3p) 128730
H*  H? 3H4

3HY (26)

Assuming V = 47H3/3 as the spherical volume
with Hubble radius H~!, namely the Hubble vol-
ume, we have

v H 4dm  167%(p+3p) 1287°0>
i~ H' T OH? 3H* 3HY
(27)
On the other hand, according to Padmanabhan’s
idea, the number of degrees of freedom on the spher-
ical surface of Hubble radius H~' is given by [7]

A 4
Noyr = —5 = —5——, (28)
L%, L%iH?

where L, is the Planck length and A = 47 H ~2 repre-
sents the area of the Hubble horizon. In this regard,
the area law S = A/4L2 leads to'

Ny = 4S. (29)

Also, the bulk degrees of freedom obey the equipar-
tition law of energy

Nouik = — (30)

where E, kg and T are the energy inside of the bulk,
the Boltzmann constant and the temperature of the
bulk space, respectively. In the following of the pa-
per, we use natural unit (kg = ¢ =G = L, = 1)
for the sake of simplicity. We also consider the tem-
perature associated with the Hubble horizon as the
Hawking temperature 7' = H/27w, and the energy
contained inside the Hubble volume in Planck units
V =47 /3H? as the Komar energy

Exomar = |(p + 3p)|V. (31)

Based on the novel idea of Padmanabhan, the cos-
mic expansion which is conceptually equivalent to
the emergence of space is related to the difference
between the number of degrees of freedom in the
holographic surface and the ones in the correspond-
ing emerged bulk [4]. Equations (30) and (3I)) with
Hawking temperature will give the bulk degrees of
freedom as

2(p+3p)V

Nyuik = —
bulk € ]{,‘BT

(32)

where € = +1 denotes (p + 3p) < 0 and ¢ = —1 if
(p+ 3p) > 0. Based on Padmanabhan’s assumption
the universe can be divided as matter, respecting the
strong energy condition p+3p > 0, and dark energy,

I The area law for Hubble horizon S = A/4L72J is used as the
saturation of the Bekenstein limit [58].



violating the strong energy condition p + 3p < 0.
Hence, the bulk degrees of freedom reads as

Nouikk = Ny — Nae (33)

where the indexes “m” and “de” represent matter
and dark energy, respectively. Then, we have

_ 1672 (p + 3p) ot
3 H* ’

Ny, — Nge = (34)
Then, using the equation (27), the Padmanabhan’s
equation can be written as follows

av

E = Nsur - Nbulk - Nspin

— Nsur+Nm_Nde_Nspinu (35)

where Ny, and N, and Ny are given by equations
[28) and @B0) while the degrees of freedom related
to the spin of matter content is given by

167V o2

Nspin = T

(36)
Equation (B3] indicates that there are four modes of
degrees of freedom for a cosmos filled by the dark
energy fluid and the matter content possessing spin-
spin interactions. For such a universe, other than
the surface degrees of freedom, the bulk degrees of
freedom and the ones related to the dark energy,
there are additional degrees of freedom which lie in
its spin sector. Thus, using equations ([36) and (21),
the spin degrees of freedom will be

8p§fva*6. (37)

Nspin =

This relation shows that the spin degrees of freedom
is vanishing at late time. This is because, the spin
density and consequently its contribution to Eq.(BH)
is very weak at low energy limits, i.e at the late
times of the Universe, in contrast to the high energy
limits in the very early universe where the evolution
of universe can be considerably affected by it.

On the other hand, although the Universe is
not pure de Sitter, however it evolves toward an
asymptotically de Sitter phase. Then, in order
to reach the holographic equipartition, we demand
dV/dt — 0 in the equation (B5) which requires
Nour = Npuik + Nspin. To understand the feature of
Nipin, it is better to look at equation (B3] without
this term. Following the discussion of Padmanab-
han, one can consider that Ny, includes two parts.
The first one is related to the normal matter sector
respecting the strong energy condition and the sec-
ond one related to the dark energy sector violating
the strong energy conditionﬂ]. This provides the
possibility of dividing the degrees of freedom of the
bulk into two parts, one arising from the degrees of

freedom of dark energy leading to acceleration and
the other one arising from the degrees of freedom
of normal matter leading to deceleration. Then,
equation ([BH), without Ny, term, takes the form
of % = Ngyur + Niy — Nge. Therefore, there is no
hope for reaching the holographic equipartition for
a universe without a dark energy sector M] In ref-
erence @], the Padmanabhan’s emergent scenario
is investigated in a general braneworld setup. It is
found that the Padmanabhan’s relation takes the
form ‘fl—‘t/ = Nguwr — Nowik — Negtr where Nggy, 1S re-
ferred to the degree of freedom related to the extrin-
sic geometry of a four dimensional brane embedded
in a higher dimensional ambient space, while Ny,
and Npy i are exactly the same as before. Moreover,
it is shown that one can avoid of the term N, denot-
ing dark energy which has been previously proposed
by Padmanabhan. This is because, the geometrical
component Ny arising from the brane extrinsic ge-
ometry, representing a geometrical dark energy @],
can play the role of Ny4.. However, in the frame-
work of EC theory, the spin term cannot completely
play the role of dark energy or cosmological constant
leading to the satisfaction of holographic equiparti-
tion law, because the corresponding degrees of free-
dom in equation (BH) are vanishing at late time, see
equation ([37), leading to % > 0 in the absence of
dark energy. Then, unlike in @], although the spin
sector in EC framework plays an important role in
the early stages of universe with a repulsive gravita-
tional effect, at late times the cosmological constant
or dark energy term proposed by Padmanabhan is
required to achieve the holographic equipartition in
this model. This fact is in agreement with the result
obtained in ﬂ6__1|] where the luminosity distance is im-
plemented to test the models using the supernovae
type Ia observations. There, the authors showed
that although a cosmological model with a spin fluid
is admissible but the cosmological constant is still re-
quired to explain the accelerating expansion rate of
the universe. Consequently, the spin fluid can not
be considered as an alternative to the cosmological
constant description of dark energy.

IV. THERMODYNAMICS OF AN
EINSTEIN-CARTAN COSMOLOGY

In recent years the connection between gravita-
tion and thermodynamics have received much atten-
tion, see for example [1] and [3], where the first and
second laws of thermodynamics are vastly investi-
gated. Through this section, first we obtain the uni-
fied first law of thermodynamics based on the (0,0)
component of Einstein field equations introduced by
Hayward [62] and [64]. Then, we investigate the
generalized second law of thermodynamics for the
Einstein-Cartan cosmos.



A. Unified First Law of Thermodynamics

The Hubble horizon H~! can be understood as an
apparent horizon of the flat FLRW universe 2[65).
By calculating the derivative of % = H respects
to cosmic time, we easily have —dia/i% = HHdt

Also, by implementing the modified Friedmann
equation (24]), we obtain

—1dry . 47 d 9 4 ..
=2 =HH = ——(p - 2m0%) = — spin)-
7 5 (P 2m07) = (P + pspin)

(38)
One can simplify this equation using the generalized
conservation law in Eq.(IT) as follows

dia = 4 H (pg + pe) dt, (39)

where p; and p; are total energy density and pres-
sure including both of the normal and spin sectors.
The Hawking-Bekenstein entropy is S = A/4 = 774
Therefore, using this entropy expression and Eq.

(E3), we get

1
27T A

dS = dig = 4wy H (p, +pi) dt.  (40)

On the other hand, the temperature can be obtained
3
as

1 Fa
Ty = 1— . 41
" 2m< 2H7*A> (41)

Then, combining the equations ({A0) and {I) leads
to

TrdS = Ani H (py + pi) dt — 275 (pe + pi) d7a
(42)
We also have the total intrinsic energy as

dE = —4ni3 H (py + py) dt + 475 pedia,  (43)

as well as the work density @—@] as follows

1 1
W = —ET"‘ﬂhQB = §(pt — 1), (44)

where T is the effective energy-momentum tensor
of the EC cosmos. Therefore, the unified first law

2 The dynamical apparent horizon, i.e. 74 = a(t)r, can be
obtained from the equation haﬁﬁafagf = 0 where h®? is
the non-spherical part of the FLRW metric.

3 The Apparent horizon temperature can be calculated

by Tqg = % where Kk = 2\/%*};80‘ (\/—hhaﬁagf) =
—% (1 - 2:{2;1) = —%‘ <2H2 +H> and h is the deter-

minant of the non-spherical part of FLRW metric.

of thermodynamics can be obtained in a straightfor-
ward manner by combining the equations ([@2]), (43)

and ([d4) as
dE = —TydS + WdV. (45)

In addition, from the equation ([@0), we have

S =27 [H/Hﬂ (46)

for the surface entropy. Therefore, from equations
Q) and (@6 it is seen that if the null energy con-
dition holds, i.e. p: +pt > 0, the surface entropy
always increases in the expanding universe and we
have H < 0.

B. Generalized Second Law of
Thermodynamics (GSL)

In order to studying the generalized second law of
thermodynamics, we consider the Gibbs equation

TydSy = d(p:V) + p:dV = Vdp: + (pt + pt) dg/ )

47

for total matter content inside the bulk where we

used the subscript “b” to denote the entropy of in-

side the bulk M]) By combining the definition

of Hubble volume and equations (24)) and (23], we
obtain

H .
TudSy = 77 (H + H?). (48)

Then, the total entropy can be divided into two
parts, the total entropy inside the bulk S, and the
part related to the surface S as Sy = S 4+ S,. By
combining the modified Friedmann equations (24))

and (28) and (@Gl), we have

s,  H?
— = 49
Tar — 2H1 (49)
Consequently, for an accelerating expanding uni-
verse with H > 0, the generalized second law of
thermodynamics always holds in the framework of
the Einstein-Cartan cosmology.

V. CONCLUSION

According to the Padmanabhan’s emergent pro-
posal, the accelerated expansion of the universe can
be driven by the difference between the surface de-
grees of freedom and the bulk degrees of freedom in
a region of space. The dynamical emergent equation
is represented by the relation dV/dt = Ngyur — Npuik
where Ng and Ny are the degrees of freedom
assigned to the surface area and the matter-energy



content inside the bulk, respectively. In the present
work, spin degrees of freedom in the framework of
Einstein-Cartan (EC) theory are investigated. In
this regard, based on the modification of Fried-
mann equations due to the spin-spin interactions,
a correction term for the Padmanbhan’s relation in-
cluding the number of degrees of freedom related
to this spin interactions is obtained as AV/At =
Nour — Nowik: — Nspin, where N, is the correspond-
ing degree of freedom related to the intrinsics spin
of the matter content of the universe. It is shown
that although the spin degrees of freedom can play
an important role in the early stages of universe,
but for the late times the cosmological constant or
dark energy term proposed by Padmanabhan is re-
quired to achieve the holographic equipartition in

this model. Also, the unified first law of thermody-
namics for the Einstein-Cartan cosmos is obtained.
Finally, it is shown that for an accelerating expand-
ing universe, the generalized second law of thermo-
dynamics always holds in the framework of this cos-
mological model.
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