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ABSTRACT

In this thesis we consider a generalised Einstein-Cartan theory, and
the effects of including space-time torsion in the description of grav-
ity. We add the most general covariant dimension four operators to
general relativity coupling torsion with fermionic fields, with arbi-
trary strength. If the gravitational action is taken to be he Einstein-
Hilbert action, torsion is local and non dynamical and can be inte-
grated out to yield to an effective four-fermion interaction. In this
theory we study the dynamics of a collapsing universe that begins in
a thermal state and find that — instead of a big crunch singularity —
the Universe with torsion undergoes a bounce. We solve the dynami-
cal equations (a) classically (without particle production); (b) includ-
ing the production of fermions in a fixed background in the Hartree-
Fock approximation and (c) including the quantum backreaction of
fermions onto the background space-time. In the first and last cases
the Universe undergoes a bounce. The production of fermions due
to the coupling to a contracting homogeneous background speeds up
the bounce, implying that the quantum contributions from fermions
is negative. When compared with former works on the subject, our
treatment is fully microscopic (namely, we treat fermions by solving
the corresponding Dirac equations), and quantum (in the sense that
we include fermionic loop contributions).
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INTRODUCTION

Einstein’s theory of general relativity was published nearly 100 years
ago. In all this time, we can claim we have understood gravity on
macroscopic scales extremely well. We tested the dynamical and ge-
ometrical properties of space-time in our solar system, we observed
gravitational lensing near galaxies, and indirectly detected black holes.

Such picture of the gravitational interaction, however, is still far
from being complete. A first evidence of this is found in cosmolog-
ical data: nearly 95% of the universe visible through gravitational
interaction, is made of dark matter and dark energy. If we trust the stan-
dard model of particle physics to be complete, then gravity must be
modified on large scales, and the dark components of the universe be
the result of geometrical corrections to the Einstein’s equations. On
the other hand, if we assume that gravity is the complete theory, then
we need extra particles and exotic fields to be added to the standard
model’s catalogue.

The second main source of sleepless nights for theoreticians, are
the complications arising when the microscopic behaviour of gravity
is explored. Near black holes singularities, gravity obeys quantum
mechanics, and should be described by an unified theory of quantum
gravity. Constructing such a theory, however, has proven to be quite
a difficult task, and we are still far from a concrete answer.

To improve our understanding, we must search for modifications
of gravity that leave unaltered its predictions on solar system’s scales,
but bring it closer to the concepts at play in the quantum world. Ele-
mentary particles, in the standard model, are modelled by irreducible
representations of the Poincaré group. Each representation is classi-
fied by mass and spin: mass is connected to the translational part of
the group, and spin with the rotational part [13]. Since general rel-
ativity couples the energy-momentum tensor, which characterise a
macroscopic distribution of mass, to the geometrical quantity repre-
senting the curvature, it is natural to ask whether also spin could be
coupled to the geometry of space-time. The geometrical quantity of
interest is, in this case, the torsion tensor, which is the antisymmetric
part of the connection, S)‘}W = F[)‘w]. Varying the matter action with
respect to torsion, leads to the spin density of matter,

2 8Ly

n?\[u\/} = \/—7965)\[“\/] s

which, analogously to the energy-momentum tensor, describes a macro-
scopic distribution of particles with spin. The resulting theory was
proposed for the first time by E. Cartan [5, 6] and in subsequent



INTRODUCTION

works [17, 34], and goes by the name of Einstein-Cartan-Kibble-Sciama
(ECKS) gravity.

A caveat here is that one can think of spin in two ways: classically
or according to quantum mechanics. For example, if planets with spin
would couple to torsion we should have observed its consequences on
solar system’s scales. Since it has not been the case, we should think
about torsion more like an operator which couples to the intrinsic
spinorial structure of quantum theories. In a sense that will become
clearer later, torsion can be seen as a local and topological modifica-
tion of space-time, that modifies the behaviour of gravity in particular
at high energy densities.

Inclusion of torsion in gravitational theories can be understood as
follows: Einstein’s General Relativity, in first order formalism, has
two dynamical variables, the metric g,,v and the connection rA wv-
These are sufficient to fully describe the space-time manifold, once
dimension and metric signature are specified. Postulating that the
gravitational action is proportional to the Ricci scalar, leads to the
equations of motion, 10 for the metric and 64 for the connection.

Assuming that the connection is symmetric, and neglecting the 24
torsion components, leads to the equations of motion for the connec-
tion whose solutions are the Christoffel symbols. However, without
this assumption, Einstein’s theory will contain torsion which must
then be treated as an independent variable. Cartan went as far as
arguing that a twisted coordinate transformation can produce non
vanishing torsion [5, 12].

Acknowledging these arguments, leads to considering torsion as a
dynamical variable. One must therefore identify its sources and con-
struct the corresponding torsion-matter interaction terms. This can
be done in two ways: by including translational symmetry in the the-
ory, next to diffeomorphisms invariance, or by considering only the
coordinate transformation symmetry. In this paper we consider the
torsion’s source to be fermionic matter, which yields to two possibile
interactions operators of energy dimension 4

V=9Sauv €M (EDY Yol + EDyo), (1)

that respect Lorentz invariance. The particular choice & =1, &' = 0
corresponds to the Einstein-Cartan gravity, and can be deduced from
the above by imposing translational invariance [12]. However we do
not know whether translational symmetry is a fundamental compo-
nent of nature, and we therefore choose to study the most general
case (1). Furthermore an interaction term such as (1) might follow
from the UV completion of gravity” and is of interest because it might
lead to a classical theory of gravity devoid of singularities.

1 Here S*,y =T? [uv]: Note the positions and ordering of indices.
2 In Quantum Loop Gravity, for instance, such an interaction does arise with £’ = 0,

but & # 1.
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We also would like to point out that in neither of the interaction
terms (1) torsion couples to the fermions spin, since spin, according
to the classification in [25], is given by the spatial part of the tensor
matrices of the Clifford basis X; = %eijkyb'yk] = —%ySi/’yo. Con-
structing a covariant version of spin-torsion coupling leads to opera-
tors of dimension five, which couple torsion to the tensorial bilinear

NSy VDY Ry Y + "y g vashyy - -

Such interactions would be more complicated to deal with, and we
will not analyse them here. In our theory, torsion couples to the
fermionic vector and pseudo-vector bilinears, according to Eq. (1).

Since torsion couples to vector currents, its contribution vanishes
when averaged on a spatially isotropic distribution of matter, and
therefore the effects of its interactions are important on small scales.
For this reason, ECKS gravity is essentially indistinguishable from
general relativity on all scales where the latter has been tested, and
significantly differs from it only at high energies and at small scales.
Prominent examples where one can probe high energies and/or small
scales are cosmology and black holes, the former being the subject of
the current study. One should keep in mind that, because Cartan the-
ory reduces to general relativity at large scales, no experiment so far
has been able to disprove Cartan theory [2, 20, 21, 22], which there-
fore remains a viable microscopic theory of gravity. It is unlikely that
torsion can change the divergence structure of gravity, thereby gravity
with torsion remains non-renormalizable and the question of the ul-
traviolet completion of gravity remains open. This is because torsion,
as it turns out, is not a dynamical field, but a Lagrange multiplier,
and therefore cannot be quantised.

The literature contains several efforts of making predictions us-
ing Einstein-Cartan theory, however what all those references have
in common is their use of classical spin fluid as a source of tor-
sion [28, 29, 35].

Classical spin fluid of Weyssenhoof and Raabe induces a canonical
spin tensor density, sfw = suvuP, where s, is the spin density and
suvu” = 0. Hehl et al [13] point out that "unfortunately, there seems
to be no satisfactory Lagrangian for this distribution, and therefore
no unambiguous road to a minimally coupled theory".

This classical description is not satisfactory from a field theoretical
perspective: in [3, 4] the torsion tensor in the fluid rest frame is given
by S)‘m, = 87'[Gsm,u7‘ = ZWGééeijklf)ySykll). This form of the torsion
tensor neglects the zeroth component of the axial current, which is,
as it will become clearer later, the most important contribution to the
stress-energy tensor.

The main purpose of this thesis is to extend the existing classical
analysis starting from a microscopic theory, in which no assumptions
on the spin fluid are made. We consider the interaction terms (1) set-
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ting &’ = 0, which is effectively a generalisation of ECKS theory>. We
then apply this theory to an homogeneous and isotropic universe, ini-
tially in a thermal state, undergoing a gravitational collapse and we
show that the contribution induced by torsion coupling prevent the
formation of singularities. Instead, the collapsing universe undergoes
a bounce. This conclusion holds both when fermions are treated clas-
sically —i.e. when fermion production due to coupling to gravity is ne-
glected — and quantum field theoretically, when particle creation due
to the fermion coupling to a contracting gravitational background is
accounted for.

3 The converse case is described in the Appendix E



NOTATIONS AND CONVENTIONS

e Unless specified otherwise, we work in units h =c =1

e Indices: greek indices denote space-time coordinates ,v,---;
the first half of the latin alphabet, a,b,--- labels indices in the
tangent space; the second half of the latin alphabet, i,j,--- la-
bels spatial components of vectors and tensor; when the fields
spinorial indices are required, we us the first half of the greek
alphabet, i.ep =Py, o, B, -.

¢ Index summation notation: when we write indices up and down
we mean

Tapn Q% = 3 Tap.Q,
a

e Indices raising and lowering, relations between tensors in flat
space and in curved space:

Nab = dlag(+11_11_11_1 )/

U»aa1--~ = Tlabuba1~--/
Uy = gy,
ViV ay ,a vi,V2 biby--
THGD = eqlell epieys - Tdlasl,
aqaq--- aqaq--- cai---
ViTop, . = OuTyp e Ty T+ w e Tog o+
_wchTcabc:].:~ — Tl T,
ALLy--- Aeee
VoTH T = TR 4 TRy TN TR T o
e T = Py e AT =
e Determinants
a)y —
Det(e,) =e
Det(guv) =J
‘/_g =e
e Symmetrisation and anti symmetrisation:
T _ Tab +Tba
(ab) — 2 ’
Tab _Tba
T[ab] = f
o Gauge symmetry:
DoTe = aTy +eqwleoTS.
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Also we have not written it explicitly, but
1,:(l.b = .f(glltJQZ’/

where g; are internal group indices, summed with the represen-
tation 9192 they act upon.

e Torsion trace and torsion dual

Spy = SMa

S*H — euc}\vscr?\v
Spin density trace and dual

M, = M

ﬂ*ll _ euc)\vﬂ(ﬁ\v

e The o above any quantity indicates that it is calculated accord-
ing to the prescription

r>\ nwv = {ﬁv}/

where the Christoffel symbols are

N g)\o
Lw} = T (gcrp,v + Jov,u — guv,c) ’

o
That is: X indicates X as it is in General Relativity.

e Given two operators A and B we define the commutator and
the anti commutator

o Clifford algebra basis

1
YH o= eqy?
i
Yy = _Eeuvc?\YHYVYUYA
i
Suv = E[‘YH/'YV]

e Friedmann-Lemaitre-Roberson-Walker geometry. We define the
Hubble paramenter

¢ df ¢/ _ df
where f = &, f = dn



NOTATIONS AND CONVENTIONS
Short hand integral notation

. d3x , . drdede
J = Jax=| G = [P ene 5"

and in D space-time dimensions we write the angular integra-
tion 5
2n7
dQD,] = —=.
D
rz)

A confusion might arise since k means both the momentum
coordinate and |k|. To avoid this confusion

F(x, k) or F(k),

mean a function of the four momenta in Wigner representation
and in ordinary Fourier representation. While

F(n, k) orF(t, k),

means we are talking about k = [K|. In most situations, it will be
clear from the context which one is which.

Since we are talking about both real and complex masses, we
write the labels explicitly only when required and define

_ |2 2
m=4/Mmg+my.

Particular functions
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REVIEW OF THE THEORY






GEOMETRICAL INTRODUCTION

3.1 THE GEOMETRICAL INTERPRETATION OF TORSION

A geometrical manifold M is characterised by its local similarity to
flat space: at each point on it we can construct the tangent space,
which is flat and homeomorphic to the Minkowski space-time. Be-
cause we want to deal with fermions in next sections, we define the
vierbein field:

eﬁesnab =9uv, (2)

as a linear map between the tangent space and the space-time mani-
fold. We use latin indices, a, b, c - - -, to refer to the tangent space, and
greek indices p,v,A - - - for the space-time manifold M. As in general
relativity, we want to be able to take covariant derivatives. For tensors
and vector defined on M we use the connection T wv- For objects de-
fined on the tangent space, we define the spinor connection w®y,,. As
an example on how to use the two, consider the covariant derivative
of the flat tangent metric.

Vunab = apnab - wcaurlcb - wcbp.nac = _Zw(ab)p. =0.

We imposed the last equality as a consistency condition: the flat space-
time metric should be always parallel transported. As a result, we
have obtained that the spinor connection is antisymmetric in the first
two indices.

A further consistency condition is that the vierbein field is covari-
antly conserved, a condition that implies the metric compatibility.
With such an assumption, we can relate the spinor connection and
the connection living on M

wabv :e% (a\,e% + r‘)\yueg) ’ (3)

— T, =) (0ven + wabveﬁ) )

The assumption we just introduced, namely that the metric 41, and
the manifold metric g, are covariantly conserved, is a physical one.
Nab describes the way a local observer perceives its surroundings,
namely how he measures distances. It should not change under in-
finitesimal displacement. Analogously, the global metric g, should
be invariant under parallel transport. These two consistency condi-
tions then imply that the vierbein field is conserved too. So far, we
have not yet specified how the connection rA wv is structured, or if
we can still express parts of it via the Christoffel symbols, as done in

11
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U0, ¢+ dg)

Figure 1: Two dimensional illustration of curvature: vectors parallel trans-
ported around a closed loop end up rotated, from U to U. The
Riemann tensor measures the difference U —U.

General Relativity. To this purpose, we use the metric compatibility
condition to rewrite 0 in the fancy way

0= vam + vp.gv}\ - v)\guv =
= Z{Auv}_er(uv) +4S(uv)7\ ’

where {* uv} is our notation for the Christoffel symbols. Such that we
can express the most general connection respecting metric compati-
bility as

My =428 () + M. (4)

This procedure will allow us to separate the General Relativity con-
tributions from whatever is coming from torsion.

We are going to refer to a space-time with torsion as Uy and a
curved, but torsion free as V4. In V4, curvature is characterised by the
Riemann tensor. In a U, space-time, the same holds, except that the
Riemann tensor is now a function of the metric and torsion. Since we
are also dealing with the tangent space, our definition contains latin
indices

Rabpv :avwabu - auwabv + wacvwcbu - wacuwcbv =
eSeIR g, (5)
where the last equality is a non trivial identity that connects the vier-
bein formulation with the metric one. As a matter of fact, because of
this identity, one can choose to work with the full connection A v
the spinor connection w®y,,, or the torsion tensor S* ., as dynamical
variables.



3.1 THE GEOMETRICAL INTERPRETATION OF TORSION

Proof. First note that
b

Rtg)\ = Rlc)lcr}\egev'
where the Riemann tensor in the tetraed formalism is given by Eq. (5).
We rewrite the previous inserting Eq. (3) to get

a a a a C a C
Roor = Torae =T bor + Tl oa =T Al b0

a, v C CcC .V a a, v C C LV a
+evec,cr bA + evebJ\r co evec,)\r bo — e\/eb,cr CA-
Now consider contraction with ehe®

RH

b b
VoA — rab?\,cegey - rabcr,}\ezey + T A = THAT e

a K a K K b K b

+egaehlMve —eg ge T va +ep e e —ef sev M.

. . . a b a b
(first line) :  T¥yx o —T%bael sy —T%paehey &

a 08 b a b
_ruvcr,?\ +T bo€y ACv +T bcegev,?\
K K

‘H—‘HKGF VA T FHK)\F vo-

Now we shall use that 8, , =0 = (eyeq) a to simplify

Where the tilde denotes the Riemann tensor calculated from the space-
time connection.
O

In V4 a vector parallel transported around a loop, changes accord-
ingly to
(V0 VoI V) dxHdyY = RS, VOdxHdy”, (7)

ouv

as we can see in Figure 1, for a 2 dimensional space-time.
If we do the same sort of circuit, in Uy, we do get extra terms in
equation (7)

(Vi VoI VA) dxMdyY = (R),, VO +25P 1, Vo VA ) dxtdyY.  (8)

Which also implies that in a flat space-time with torsion parallel trans-
ported vector still rotate.

The additional terms in Eq. (8) already show that a U4 space-time
is quite different from a V4. Namely, in Uy the Riemann tensor is
not a complete description of the geometrical properties, since tor-
sion affects parallel transport in a different way than curvature. To
characterise more precisely what this “different way” might be, we
look at half the circuit shown in Figure 1. Instead of considering a

13
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Figure 2: Geometrical interpretation of torsion tensor: parallelograms con-
structed by parallel transporting vectors do not close.

close, only consider parallel transporting two vectors along each oth-
ers. This construction generates a parallelogram which, in Uy, does
not close. More precisely, if U" is transported along V*, then the gap
in the parallelogram will be

upf — Vi = SA UM VY (9)
Figure 2 shows this concept graphically.

To conclude this chapter let’s discuss some issues about the space-
time Uy4. In a space-time without torsion, the curvature can be locally
set to zero by a coordinates transformation, which in practice means
finding a coordinate frame where the Christoffel symbols vanish. In
U4, however, this seems to be not possible: since S)‘m, is a tensor?’, it
cannot be set to zero by a coordinate transformation. In [11], however,
it is argued that a frame constructed in terms of auto parallels will
have the defining property that, in that frame, the covariant deriva-
tive reduces to an ordinary derivative. Locally, observers might not
perceive curvature, nor torsion.

The reason for this property is that, in the vierbein formulation
there are additional degrees of freedom which disappear from the
metric theory we are used to. Consider for example a space-time
where guv = Nuv. According to Eq. (3), we could still generate tor-
sion”

™

A —
uv] = eaa[ueS} = S}\HV . (10)

It is important to note that relation (10) preserves, at linear order, the
structure g,,v = Ny, but still gives non vanishing torsion. This hap-
pens because the vierbein formalism introduces new degrees of free-
dom that remain concealed in the metric [24, 32], “[- - - ]independent
rotations not specified by the metric structure” [13]. The vierbein
reference frame satisfying Eq. (10), can be understood as a frame
twisting as it moves along auto parallels trajectories. In other words,

As the difference of two connections always transforms as a tensor.
We are doing this locally, so all expressions will contain positions dependence and,
since we work infinitesimally, we stop at linear order in all expansions.



3.2 PHYSICAL INTERPRETATIONS OF TORSION

vectors transported along their own direction do not feel torsion,
but when moved along any other direction they will precess. This
consequence of torsion was compared by Cartan “to a [mechanical]
medium having constant pressure and constant internal torque” [5].
A consequence of this is that the equivalence principle holds in Uy,
since torsion effects can be nullified by a rotation of the vierbein field,
that of Eq. (10).

3.2 PHYSICAL INTERPRETATIONS OF TORSION

Figure 3: The so-called Cartan staircase: vectors parallel transported along
their own direction do not change, but they precess if the direction
of parallel transport has a component in their orthogonal space.
This precession selects a direction (either left-handed or right-
handed) which consequently breaks the parity symmetry(Image
credit [12]).

The concepts we built in the last section can be developed further,
and be interpreted from a field theoretical perspective. Fermions on
curved space-times are described in the vierbein formalism (y* =
ehv?), so they couple to the vierbein field, rather than the metric.
Accepting this subtlety leads to consider Eq. (10) rather seriously: the
dynamics of fermions can generate torsion, by modifying the vierbein
structure, which motivates the study of torsion from a field theoret-
ical perspective. Since torsion selects a rotation direction (see Figure
3), it breaks parity and chirality symmetries. There is a clear evidence
that microscopic violations of CP symmetry are allowed in Nature:
for example, weak interaction violates parity, by preferring left han-
dyness. The rotations of the vierbein mentioned in the last section
might produce a similar effect. In U4 space-times with torsion (but
no curvature) vectors that are parallel transported rotate in the plane
perpendicular to the motion. The direction of such a rotation can pro-
ceed either in the right hand direction or in the left one. This can be
seen clearly from the Cartan staircase construction, Figure 3, a way

15
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of constructing a flat and Euclidean space-time with the torsion field
given by Eq. (10).

Undeformed material Deformed material

Figure 4: Mapping a graphene sample without structural defects into the
same material with some local imperfections (a pentagon and a
heptagon in place of hexagons). The undefected material is made
of infinitesimal vectors, defined through the lattice points. In the
continuum limit this corresponds to a flat space with no curvature
nor torsion. To effectively describe the imperfection in the right
figure, one can model this space as a flat Euclidean space with
torsion.

An interesting analogy to point out is that effects described by the
Cartan staircase construction are also found in another completely
different area of physics: that of continuous material with structural
defects. In Figure 4 we can see a representation of such a analogy.
The geometrical properties of the imperfect material can be modelled
effectively via a continuum geometrical description in a U, Euclidean
space’. An extensive treatment can be found in [18].

In this description, built on Cosserat theory of continuum materi-
als [31], a 3 dimensional body is pictured as a collection of oriented
points. To model defects one introduces a translational (¢“) and a
rotational (Qqp = —Qpq) displacements. These quantities describe
internal stresses and pressures, which modify the structure of the
original lattice. To embed such discrete defects’ in a continuum me-
chanics description, one can consider a flat Euclidean space, and ap-
ply an infinitesimal deformation of both connection and metric. Such

3 A 2 dimensional space with torsion and Euclidean signature.
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deformations will be built of translations and rotations deformations
of the vierbein and spinor connection [12]

0
a _ a bna
Ae, =Vye® —e Qyp,
(11)

0
a _ a
Aw p =V, Qy,

where A indicates taking the difference between deformed and reg-
ular material and 0 indicates that the quantity is calculated in the
latter. From Eq. (11) we can see how defects in continuum materials
can be interpreted: they produce curvature and torsion as a result of
translational and rotational displacements.

A possible interpretation of the former analogy is that, if space-
time is ultimately a discrete entity, made of points and lines, it might
develop defects which, in the continuum limit of General Relativ-
ity, will be described by non vanishing torsion and curvature. Such
gravitational defects could arise from a UV complete theory of quan-
tum gravity, and are going to give a substantial contribution when
the gravitational stresses that cause them become of the order of the
Planck mass. In this sense, as anticipated in the introduction, a theory
of gravity with torsion can be regarded as an effective theory of quan-
tum gravity, where a particular microscopic structure of space-time is
investigated.

Egs. (11) can be regarded also from a different perspective: includ-
ing torsion and curvature in the undeformed space, and applying the
deformations € and Qg is analogous to performing an infinitesi-
mal Poincaré gauge transformation. In a general Uy space-time the
Poincaré group generators?,

Da, for translations,

fab = flab), for rotations,

satisfy the generalised commutation relations [13, 14]

[fab,fea] = delafbla — Galabilc (12a)
[fab/ DC] - gc[an} ’ (IZb)
[Da, Do] = eley (RO vfea + 25 veSDe) - (12¢)

Where the covariant derivative is defined
Dq :ez(au‘l‘deufcd) Eefi@u, (13)

and fqy, is specified by the representation the derivative acts on (for
fermions, it would be %y[ayb}). From Eq. (12c), we can therefore iden-
tify the curvature and torsion as the gauge fields corresponding to
rotations and translations. Torsion connects with translations, and
the vierbein is the associated field, according to Eq. (10), while the

4 Where Dy, is intended to act on tangent spaces indices only.

17
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Riemann tensor is the field strength for the connection. Such a de-
scription is known as Poincare gauge theory of gravity. However this
formulation is not completely understood yet, namely since the grav-
itational geometry enters in the group structure equations, the global
structure of the group cannot be determined by the local. Because a
coordinate patch can cover only a part of the manifold, the Lie algebra
generated in it will be restricted to such a domain.

Let us consider a arbitrary representation of the Poincaré group,
@. Under an infinitesimal translation, the variation of the covariant
derivative is [26]

Dy =eDap — (el +ef}) Do + W fap@+Dude.  (14)

For all the variations to reciprocally cancel, we have to require min-
imal coupling. To see how, let us extend Eq. (10) to a curved space-
time, in non minimal coupling prescription. We would write

W% fe = W (b T2 + EW by fa, (15)

since the first part gives curvature and the second torsion (again, see
Eq. (10)). When plugging Eq. (15) into Eq. (14), and imposing the
gauge derivative to transform as a 1-form, forces & = 1 (and obviously
other couplings are not allowed by gauge symmetry neither).

Proof. Indeed, we have, under the infinitesimal transformation x¢ —

x®—n(x)®
dep, = eﬁDbn(X)a—i-Zn}‘ef; YA (16a)
Sw®, = Ry, (16b)
5¢ = n“Dae, (16¢)

where we get the terms in Eq. (16a) as a consequence of Eq. (10). We
then get, for the covariant derivative using Eqs. (12¢c - 16a - 16b)

Da@ =Da@ +1° Dy, Dol @ +1° DDy + (E— et w p,f5 =
=(1+n°Dp)Dae.

Obviously, the last equality only holds for & = 1, in which case the ex-
tra term on the left hand side cancels. This is due to the commutation
between covariant derivatives: the geometry determines Eq. (8), from
where the commutations relations are deduced. Minimal coupling is
therefore required to retain the interpretation of torsion as the gauge
field of translations. Non minimal coupling can be introduced, by los-
ing such interpretation.

O

Now let us discuss the results obtained in this section. We learned
that torsion has a natural interpretation as description of defects in
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continuum materials, and that such an analogy can be extended to
the case in which space-time is quantised®. Even if one rejects this
argument, it is possible to show that Einstein’s theory of gravity leads
to torsion as long as one considers all the 64 degrees of freedom of
the connection. Torsion can also be a field, dynamically generated,
and whose ultimate origin is a UV complete theory of gravity. In this
case, as we will see in the next chapters, one can introduce the most
general operator coupling torsion to fermions, with two unknown
coupling constants.

If one wants to preserve the interpretation of torsion as the Gauge
tield for translations, then he must choose one specific operator, and
the extra coupling constants will be automatically specified. We stress,
however, that without non minimal coupling it is difficult to obtain
substantial deviations from Einstein’s theory at energies below the
Planck scale. As we will demonstrate later on, the curvature scale
at which torsion becomes significant reaches the Planck scale unless
&> 1.

3.3 THE FIELD EQUATIONS

The decision on whether or not introduce non minimal coupling, we
postpone to next sections, for now we focus on the gravitational sector
and leave unspecified the matter action. It is possible that a UV finite
gravitational Lagrangian differs from the low energy limit that Ein-
stein’s theory describes. However, we are going to assume that until
the curvature scale remains lower than the Planck scale, the Einstein-
Hilbert action describes the theory. The difference being that we are
going to consider two dynamical objects:

® J,.v, the metric;

e I, the affine connection.
Considering the action to be the Einstein-Hilbert action, then we write
(Palatini formalism)

KR (T
S = Jd“W—T; (—91]2;(;() +Lm> , (17)

where G is the gravitational coupling constant, and T" is a general
affine connection. It is pretty straightforward to show that variation
with respect to the metric leads to the Einstein’s equations

Juv 3nG
Ry (T) = Z5-R(T) = ——
() = 22R(r) = 22
More interestingly variation with respect to the connection leads to

Tuv - (18)

rAuV :{Auv}"'zs(w)}\ +S}\[LW1 ’

As a further support to this claim, we cite the well known result that Loop Quantum
Gravity leads to torsion like interactions.

19
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where the position of the indices plays a key role. It is interesting to
note how the same expression for the connection was found in Eq. (4)
as following from the metric compatibility condition.

Proof. Clearly we can consider separate variations with respect to sym-
metric and antisymmetric parts by writing

8T iy = 81 () + 87 v,

we then get
1
V=997 R oay = 8%y, [zgﬁygmvagm — VagPY +

1

+0% <V>\gm — zgﬁKgMngM> —i—ZS(Vﬁ)a] +
207 gy (SO +2(5%SP — 8887)).

Which must then be set equal to 8£,,. This set of equations has the

solution

VagP? = 0, (19)
49?\[usv] + S)\[uv] _ZS[PNU\ = SWGHA[HV] , (20)
where Tl (v = \/%79%’ as it can be seen from the solution to

the metric compatibility condition Eq. (4), and rewriting 8™, =
255 () 4 8™ v-
g

The result contained in Egs. (19 - 20) is not the most general solution
to the equations in Palatini formalism. Indeed a geometry where the
metric is not covariantly conserved is possible, which will provide ad-
ditional equations for the non metricity tensor (i.e.Qxpy = Vagpy)-
However, as physics goes, there seem to be no really meaningful in-
terpretation of non metric theories.

Consider this: the metric is used by an observer to measure dis-
tances and angles. Imposing covariance forces different observer to
agree on what they measure, however non metricity implies that dis-
tances” measure depends on the path. A free falling observer will
change the way he observes distances as he moves, and for two differ-
ent observer to decide if they agree on a measurement will be neces-
sary to know the local history of the trajectory. It is perhaps possible
to conceive situations in which such an effect will be dynamically
generated, but for the following we are disregard such example as
unphysical and consider only the solution (19 - 20).

Now, let us examine the equation of motion for torsion in greater
detail. We can invert Eq. (20) to obtain

1
Suv?\ = 8nG <n[7\v]u - zgu[?\nv]> . (21)
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Proof. Eq. (20) can be solved by finding S, in terms of TT, and solving
for the symmetric and antisymmetric parts. First note that the left
hand side can be written as

Satuv = 28 [uvia T 49 11Sv1 = 49 1uSv) — Spva — 2S (v = 8TIGTTy v
Now consider the contraction with gV to find
Sy = —2nGIT,.
And substitute back to get
2S (vayu + Spva = —81G (T + garuTTvy) -

Just anti symmetrisation in [VA] gives

1
Suyy\ = 8nG <ﬂ[7\\,]u — Zgu[)\ﬂ\,]> . (22)

This result can be checked for consistency with the equation obtained
by varying the action with respect to the spin connection, as com-
monly done in the the literature.

g

If the solution from Egs. (19 - 20) is plugged into Eq. (18), the contri-
butions coming from torsion will modify geometrically the left hand
side, accordingly to

R = R— 4V, S¥ —4S,S¥ — (25 (o) + Spxp) (25 PH)K 4 SKPH) (23)

However, since the solution in Eq. (21) allows us to completely ex-
press torsion in terms of its sources, we would rather derive an effec-
tive theory with the source ITy . in place of S),.~. Such a procedure
will produce an effective field theory, where the torsion is replaced
by interaction terms for its matter sources. Note that, since Eq. (21)
does not contain any derivatives, such an effective field theory will
be exact. In Heisenberg picture, Eq. (21) is to be intended as an exact
operator identity, a linear relation between the torsion operator and
the fields operators sourcing it. In a General Relativity sense, this pro-
cedure is equivalent to go to a reference frame where torsion is zero
(for example by making use of Eq. (4)), but where the fields still per-
ceive its influence, by effective covariant interactions. Finally, in the
context of interpreting torsion from the quantum gravity perspective
as in Section 3.2, from Eq. (21) torsion can be seen as a local operator
describing in matter contributions from a UV complete theory. Inside
matter, it is plausible that the quantum gravitational field equations
change (as, for example, the Maxwell equations inside matter do).
Such corrections will be linear in first approximation, and respect the

21
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low energy limit defined by the Einstein-Hilbert action. An argument
can be formulated to explain why Eq. (21) does not contain prop-
agating parts: corrections from quantum gravity should change the
action (17) at order % = Mg. Since the lower order in the gravita-
tional coupling is already captured in the Einstein-Hilbert action, we
can consider non dynamical torsion as a valid formulation until the
Planck energy scale is reached.

If Eq. (22) is substituted into the action (17), the effective field the-

ory action can be found in general

R o 1/[c
4 K K K
= - Ty~ Y K - 2 K - K HEP
S Jd Xv/—g e + L > (V T nGTT TT* — 8 GTT . TT >
(24)

Note the interaction terms have energy dimension [I1%] = [E®] this
restricts the possible interactions terms.

Varying the action (24) leads to the modified Einstein’s equations.

The only surviving gravitational degree of freedom is now the metric
Juv

Gu.v :va — Q%VR = ST[G |:Tu-v + VKH(HV) K __ V(an)_‘_

+ 9% <%KHK — (2nG) T\ — (SnG)annMPﬂ (25)
1

1
ST vy + ﬂuﬂv] .

871G)2 [T TTeny —
+(7()|: },LK?\‘VZ 2

Note that the Einstein’s equations (25) contain only symmetric con-
traction of the torsion source. It is not that the anti symmetric part
of Eq. (25) does not contribute, but is is satisfied thanks to Lorentz
invariance of the matter action (see Appendix A).

To make any further steps from Eq. (25) we would have to make
assumptions on the fields in £,, and on the metric. The next chapter
is dedicated to analysing the interactions that torsion produces, in
case of fermionic matter.
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MICROSCOPIC ANALYSIS OF TORSION
INTERACTIONS






FERMIONS ON CURVED SPACE-TIMES

4.1 THE INTERACTION TERMS

We know [25] that the generator of lorentz transformations for spinors
is provided by
1
fab = _g h/a/Yb] ’

where v are elements of the Clifford algebra, satisfying
{YarYb} = 21‘](1b]l .

According to the prescription from Eq. (13), we can define the covari-
ant derivative

Dy — b (au—;wabma,m)w, (262)
Dab = et <%u+;wabuh/aﬁb]>. (26b)

We can therefore construct the minimally coupled Lagrangian by the
prescription 04 — D4, we then would get the free Dirac action

Sy = [ d'xe 5 (ByoelD - (D, Blety™) ~ B )

where we wrote the mass as a matrix M = mg + imy° to allow for
possible mass mixing or CP violating mass’. Naturally we can define
v* = el v?, such that the commutations relations get generalised to

{Yu/ Yv}= 29 pw]l ’

and we can rewrite the action in the form

S = [a*xv=g (5 (0v40,0 — @ublyi + D0, P)w) — it ),
(27)
where we defined

ru = —gwabu [’Ya,yb] .

Now, we note that we can write

1 b 1 b
VTl = —gwanuly™, Yl = =S wapy Yy, (28)
Note that mg 1 specify the most general mass that we can add: because of Lorentz
invariance, M can only be function of the scalar elements of the Clifford algebra,
namely 1, ¥o.

25
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that is, the spinor connection times a totally antisymmetric product
of v’s.

Proof. We need to prove the following identity
e P, vl = 4yloy Pyl

Let us consider at first (a <> b) exchanges, to show that the left hand
side is antisymmetric under it

1
e, [Yb,YC]} —gh’ah’bﬂ’c] +Yb e, vl +v°© h’a,Yb])
1
+ g(h/bﬁ/ch’a + [Yc;Ya]Yb + h’a,th’C) ,

which is manifestly anti symmetric in (a <+ b). The last step consist
in noticing that

a.,,b.cl]

YOy = (v vl v v v v v )

| =

Equating the last two equations proves Eq. (28).
g

Armed with the identity Eq. (28) we can come back to the term

1 1
" Tt =— gwabuh’uz h/arYb]} = _Ewabuy[uyayb] =

1o

&
== 5@app ¥y Y = ISy Y,

where we have introduced a dimensionless coupling constant &, repre-
senting a non minimal coupling between fermions and torsion. From
what we derived in Chapter 3, such a choice breaks translation invari-
ance of the action. However, we want to keep this discussion general,
as we do not know whether translational invariance is a fundamen-
tal feature of nature. To this end, we want to write the most general
Lagrangian coupling torsion to the matter fields, without dynami-
cal torsion and respecting Lorenz covariance. Before taking this step,
however, let us rewrite the totally anti symmetric element of the Clif-
ford algebra in Eq. (28) in a more convenient form

Yyl = ety Oy,

where e"Vo is the totally anti symmetric tensor in four dimensions.
Now we can write the most general coupling that does not contain
derivatives as

Lint = —=Sauv €™ (E0V>vad + EPyad) . (29)
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v ¥y vov 7
WSui= (Sh(2) S5 (7)) em—— iy,
L)
12} et » 17) v

Figure 5: The interaction vertices in the complete theory (left) and in the
effective field theory (right). Integrating out torsion leads to sub-
stitute its propagator by a point. Note that the spinor indices struc-
ture of the diagram on the right is non trivial, as we shall see later
on in more details.

Before making further progress, note that Eq. (29) selects the most
general dimension four operator coupling to the torsion tensor. One
might ask: what about higher dimensions operators? Indeed it is pos-
sible to write interactions such as

A
Lint = =Sy (a(”vwv[“v”w) : (50)

For higher dimensions operators, such the ones appearing in Eq. (30),
the interactions terms are not restricted that much by the symmetries
as it happens for operators of dimension four. Also, the presence of
the covariant derivative in Eq. (30) selects such interactions as higher
energy exchange channels, so that we can neglect them in first ap-
proximation, and postulate that, if they exist, their contribution only
matters at very high energies scale, when the full structure of a UV
complete theory of gravity has to be applied.
From Eq. (29) it is clear what TTy,, is going to be

] _ —
YA = — 227 (Eby yob + & byob) (31)

Which leads, using Eq. (24) to the effective matter action [15]
i - - N
S?E( = Jd“x\/—g [2 (PyHou — (0P )y b+ {y*, THIb) —dM

3nG , - -
+ 2 (G v + £ Pyow)” |.
(32)

We have now integrated out torsion, but its influence on the matter
fields has not been lost: the spin-1 fields feel the presence of torsion
through an effective four fermions interaction.

Let us conclude this section by clarifying a common misconception.
It is often claimed that torsion couples to elementary particles spin:
as we can see from Eq. (90), rewritten in terms of the Poincaré group
gauge derivative [13]

D (vV=9Tuv)*) = Ty = 0. (33)

27
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Since the energy momentum tensor is symmetric

T 2 0Ly, 2 8Ly
N N T
Eq. (33) is a conservation law that identifies IT as a classical Noether
current coming from rotational invariance. However, the elementary
spin of fermions can be constructed from the Lorentz generator for
spatial rotations, i. e. fi;. According to [25] the fermionic spin operator

is?

L= %eijk Vv ],
and has therefore connections with the tensor part of the Clifford
algebra, and not the axial vector (which appears in Eq. (29) when
& =1,& = 0). Coupling torsion to the particles elementary spin
would yield to interactions between operators of higher dimension,
such as Eq. (30).

4.2 DIRAC EQUATION ON FRIEDMANN-LEMAITRE-ROBERSON-WALKER
SPACE-TIME

From the Lagrangian (32), to derive the Dirac equation, we just have
to vary with respect to . For notation reasons we will eventually set
&’ = 0, since the essence of the interaction is captured by the axial
current interaction alone. The main differences will be highlighted in
Appendix E. We then find

5y =g | L (Y* Db + Mey™h) — Mp-+
+31G (EDY o + EPVyod) (EY Ve + E/vo) ¥
NI ERVErTURGERS IR

The last line will vanish, so that we find the Dirac equation to be

(V"D — M) b = —31G (EDY vob +E DY) (Ev°yT +EYO) .
(34)

Proof. We can write
Ou(vV=gv") + V=g (Ny* —=v"T) =
=vV=g (V" +v*{u g+ M vM) -

Now let’s look at

(35)

1 1
Y, Tl == @lab) VY, Y] = =5 Wiaw) (VY ¥+ Y, vy R) =

1
== 2 Wabu (Y Y 2V YOV H Y v Y 2y YY) =

b a,v
=W quY €y

2 Here 1i,j, k are spatial indices, see Section 2.
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Such that Eq. (35) can now be written as
Vvt =v*Vyeh =0.

g

Now that we know how to deal with the Dirac theory in curved space-
times, let us consider the specific example of Friedmann-Lemaitre-
Roberson-Walker (FLRW) metric

ds? = dt? — a(t)?dx?,

where dX is the 3 dimensional space metric and a(t) is the scale factor.
The coordinate transformation dt = a(n)dn, where 1 is the conformal
time, makes the metric proportional to the Minkowski’s one,

Juv = G(Tl)zmw .

In this coordinate system, we can prove the identity [19]

yH Db = afn)~Tiy@dq (am)du) . (36)

Proof. A simple exercise is to derive that the Christoffel symbols are
in the form

{000} = _{Oio} = —{001} = {Oij} =H= cTTqa = —

then we can write, using Eq. (3)

1 Hyivo, fp=1,
ru = —gez (auevb - rcuveob)h/aryb] = 2
0,Ifu=0,
Finally, writing
YD =5 (Y00, —¥-3—v'Ti) ¥ =
o 1 0 S 3 0 _ 1 a
- (v 0y —v-3—SHy )w = 7% (adw)

O

Eq. (36) invites us to define the conformally rescaled fields

Nlw

X =a2.

Other than this, we are going to expand the fermionic fields in their
momentum representation, which, to fix conventions, reads

. Bk . .
X, %) :J(ZTE)3€ Sy, K).
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Left Handed; h =5 -k = —1

-
o

Right Handed; h = &+ k = +1

Figure 6: Graphical representation, in G-k plane of the helicity operator. Dif-
ferent helicity values exchange under X — —X, the parity symme-

try.

Since FLRW space-time is spatially homogeneous and isotropic, we
can make the ansatz that {(n, k) = P(n, k), that is, the fields are only
functions of the absolute value of the momentum. Because of this
reason, we will find that the helicity operator commutes with the
Dirac hamiltonian. Therefore we can split the fermionic fields in their
helicity eigenstates, by means of the helicity projector Py,

X=)_ (XL> ®En=) PnX=) Xn,
h \XR h h

where &, is the helicity eigenvector, i.e. 5(&;, = h&;,. The Dirac equa-
tion then will transform to

(1v°3y — hky®y” — a(m)M) xn(n, k) =

371G 2 d3 . -
- cﬁn)&z (ZJ (zﬂ?y‘(w(m d—k/Zl)Wv"xW(m d+k/2‘)>
h/
X V> Yoxn(n, k),
(37)

where k = [K].

Proof. First let us derive the helicity operator. From Figure 6 we notice
that

My

PR
= gteuy Y =k Oy

Now we can act on Eq. (34) from the left. The only non trivial terms
are

A

H =

K-y = hky°y° 7,
obviously commutes with F and gives the second term in Eq. (37).
The second non trivial term is

900y | =ka® YY) 67,
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which means that the non commuting part in Eq. (37) is given by

d’ . o X o
(J (27513 X, @ = k/2)y7yixn (4 + k/Z)) kev® vL v xn(n, k).

The operator y°v; in the brackets produce terms o 12]-, and terms o §j.
The mixed products vanishing upon integration as a consequence of
the problem’s symmetries. Then all we are left with things such as

kikiv® [vS ¥ ] xn( k) = a5607° [v5 ¥ xn(m @) =0.
0

Note in Eq. (37) the 1 dependence in the mass and in the interaction
strength, consequences of doing calculations on the dynamical FLRW
space-time. Also, note that the interactions terms are integrated over
the centre of mass momentum. This is a consequence of locality of
torsion interaction: from solution (22) we know that the torsion prop-
agator is linearly related to the fermionic fields propagator, and will
be function to the centre of mass position of P system. The fact
that the interaction happens at the centre of mass position, because
of Heisenberg uncertainty principle, makes the centre of mass mo-
mentum of the interaction completely undetermined (Figure 5).

We conclude this section with a remark: helicity is not a Lorentz
invariant quantity, as boosts change k and h. Therefore one usually
requires particles to be massless, such that we cannot change h by
a simple boost. However, here we are stating only that helicity is a
conserved quantum number, because the helicity operator commutes
with the Dirac Hamiltonian in Eq. (37). In Heisemberg picture, this is
evident by considering the evolution equation of an operator

an@:i[@),ﬂ} ,

where M is the Hamiltonian evolution operator.

4.3 ENERGY MOMENTUM TENSOR RENORMALIZATION

In next chapter we are going to analyse the Dirac equation and the tor-
sion interactions in greater detail, and rely on some approximations
to solve it. Before turning to that, however, let us discuss renormali-
sation of quantum divergences, and how they can be removed from
the energy momentum tensor. From the Lagrangian (32) we find [27]

i - - 3nGéE? - -
T =+ (7D — Dubyaih) + 5 g (BYPyobby v W) |

which in FLRW space-times and in term of the fields x becomes

3nGE?

31

v b i - - on,5 o5
Ty =850y Za(m)? (XYVadbX — dbXYaX) + afmena® (XY Vexxy YCX)] :

(38)
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ty

t_

Figure 7: Closed time path in the propagator definition in the Schwinger-
Kedysh formalism. The closed time contour implies that, when
propagating from t to t’, there are four possible choices for propa-
gating. The propagators in the Feynman diagrams acquire a direc-
tion and for a given diagram containing non equal times propaga-
tor has to be summed over all propagators in Egs. (39a - 39d) [16].

In solving the Dirac equation we are going to consider an initial ther-
mal state for the field x and evolve it accordingly to the Schwinger-
Keldysh [7, 16, 33] formalism. The problem which such a procedure is
that the initial thermal state contains quantum divergences that have
to be removed. We will employ the scheme of dimensional regulari-
sation, which means calculating divergent integrals in D dimensions,
for the values of D in which the integrals are defined, and then ana-
lytically extend the result to D = 4. The useful aspect of dimensional
regularisation is that it produces Lorentz invariant counter terms, as
we will see.

The energy momentum tensor in Eq. (38) has to be averaged on the
thermal state that we are considering,

<Tw> B

where 3 = k;—T is the inverse temperature. Looking at Eq. (38) it is
clear that we are going to need the thermal propagators, evaluated at
coincidence, since the fields in the energy-momentum tensor are. To

this end we define the 2-points Wightman functions [1, 30]

iSep (6 x) = (T[ax)p(x)])p, (39a)
iSyp (% x') (Wa(x)Pp(x)p, (39b)
iSgx) = —(Walx)bpx))p, (39¢)
S, (6 x) = (T[balx)bpx)])p, (39d)

where T(7) denote the (anti)time ordering operator.

In Schwinger-Kedysh formalism one considers a closed time path,
in the complex plane, going from initial time t( to a finite time t(Figure
7). The 2-point functions in Egs. (39a - 39d) can be connected with the
propagator in this formalism, namely

Sap(x; x") = (Te [Wa(x) P (x)])p,

where C is the complex contour in Figure 7. Then points taken on
the upper or lower branch of the contour (t, t}) will be ordered ac-
cording to the standard time or anti time ordering, while points lying
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on different branches will be automatically ordered. From this we de-
duce the “—” sign in Eq. (39¢), due to anti commutation relations for
fermions.

The Schwinger-Keldysh formalism is particularly useful in describ-
ing non equilibrium situations: the analogue of the Boltzmann distri-
bution function in classical mechanics can be constructed from S*—,
by means of a Wigner transformation(see Chapter 5 for more details).
The different directions(+—, —+) on the contour describe particles en-
tering or leaving a definite state. For a system out of equilibrium, not
satisfying detailed balance, this possibility plays a crucial role and in
fact it is used to construct the analogue of the Boltzmann collision
term.

To describe the fermionic system at thermal equilibrium, which
will be our initial state, the whole machinery described above, how-
ever, is not necessary. The equilibrium distribution functions are given
by the Fermi-Dirac and Bose-Einstein functions. To describe this ini-
tial situation, we follow the steps described in [1], and impose the
Kubo-Martin-Schwinger (KMS) condition

ST (k) = —e PRosTH(k), (40)

where k is the Fourier transform in the coordinate r = x — x’. Impos-
ing the KMS relation corresponds to requiring detailed balance to be
satisfied. From [1] we find that the KMS relation implies

ST (k) =— (K— M) & (k* — ml?) 27sign(ko)f(ko) =
= (K—M) (8(ko) — f(kol)) 278 (k* — m?),

1
TeBko+1°

(41)
f(ko)

The term proportional to 8(kg) = %(1 +signkp) in Eq. (41) is the
quantum divergence that we want to remove. Before calculating what
the counter term might be, we notice that the opposite polarity of
the propagator, —+, leads to the same expression in Eq. (41). There-
fore their expressions in position representation at coincidence are
the same.

The first term we calculate is the kinetic part of the energy momen-
tum tensor, that is the one loop contribution. This leads to

: d"k

(T :J Wk(pﬂ (yv) ST (k) =

1-2 2
_ 9wy 2(DAT) poa 4 1T m- 3
="D-1 2 H M| p—zg 28 z) g

=guvAA,

(42)

where the counter term in the Lagrangian to balance the divergences
is given by a renormalisation of the cosmological constant. Note also
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that such a counter term does not change3 when the proper scal-
ing in the physical mass mpy, = a(n)m and (n)“’ coming from
the conformal rescaling, are inserted. Possible corrections of order

ml’)hy = Hmpy,, might have to be included to complete the procedure
highlighted here.

Proof. Starting from the first Eq. (38) and using Eq. (41) we find
o, 1L _J dP~ ]k Vk? +
0 ] (2mb- 2
Tgiv,] L — O ,
THoAL _J Ok ks
(2m)P=1 2\A2 + m?2

Let’s consider the vacuum energy density first:

2T T
szvﬂ_ JdkkD 2 k2+m2—
2m)P-1T (254
0

[e.¢]

- m
5 Bsl
mz J+J dkkP2v/k2 + m2.
0

" (2mPTT (BF)

W

Where we split the integral because the integrand is not convergent
in any dimensions on [0, +o0], but it is in [0, +p] and [y, +00], respec-
tively for D > —1 and D < —1. Then we integrate by parts to get

(T+T) dkkP2\/k2+m2 =

0

VIS
kD1 ko D1 o0 kP
= VikZ+m?| + VikZ+m2| — J+J dk
D—1 o D-—1 " ( (D — VK2 + m2
0 n
T KD , 2 D41 D1 D
=—|dk = : I N——=1»,~
Jd (D —1)Vk? +m? (iml) 4/m(D—1) < 2 ) < 2)

0
_ D+4I D—1\ 4 b m?\ D—4
= 2\/7?(D—1)r< 2 )m“ <]+1°g<u2) 2 )
1 3 YE
X(—D_4+<4—2>+O(D—4)>.

Tfi}v,] L

Then we consider i , and note that

_J dD71k kikj _ 27’[% 9ij JOO dk kD
0P 12vi2+m?2  2mP-T (2 D—-1)y T VAZ+mZ’

O
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Figure 8: Two loop diagrams contributing to the energy-momentum tensor.
As in Figure 5, the dashed line representing torsion is represented
by a point in the effective theory.

Next we proceed to calculate the two loops corrections, that we can
see in figure 8. To this purpose, we need to evaluate the fermionic
four point function

<1T)cx1bf311’y11’5> = <1I’a11’[3><11’711’6> - <II’ocUr’6><lI’Y1|)B> ’ (43)

where we used the Wick theorem. Such a simplification, which is
only possible for a gaussian initial state, corresponds to selecting the
2-loops contributions from Figure 8 as the only contributions to the
energy momentum tensor (and later to the Dirac equation).

We refer to the first contribution in Figure 8 as Hartree term, and
to the second as Fock term*. They correspond to the 2-loops contribu-
tions to the energy momentum tensor, and will be given by

Ty = 3nGE2 gy (By yobdy*you) =

:37[Gﬁzguv Tr (YSYGSJri(q)) Tr (YSYGSJri(k)) B (44)

—Tr (V’voST (qv’y7ST (k)

The first term in Eq. (44) does not contribute, since Tr (y5y“) =
Tr (y>y*yY) = 0. Therefore, we only have to consider the second
term. We would find

dPk dPq
(2m)P (2m)P
(8(ko) —f([kol)) 278 (k* —m?) x (8(qo) — f(lqol)) 28(q* —m?),
(45)

T = — 24nGE? gy J (koq® +2m?)

Up to logarithmic corrections.

As we will see in next chapter, the reason for such a name is that what we are doing
is in some sense analogous to the Hartree-Fock approximation for the interaction
terms.
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which yields to

meé

(4m)P
4 4 m?
2 2
+4WE—Uk%<m'>+<ﬂ+h%—¢wﬁ6>]zgmﬁA“.

2 6
(46)

Again, notice that the mass scaling and the scaling coming from con-
formally rescaling the fields simplify up to logarithmic corrections.
Then this term becomes a constant and renormalises the cosmologi-
cal constant.

The careful reader might have noticed that Eq. (45) contains a term
of the form

dPk dPq
J(ZWVD(ZW)D
which contains temperature dependence when evaluated at thermal
equilibrium. Such contribution is problematic when we try to renor-
malise it, since it has an explicit dependence on the fermionic fluid
we later want to evolve. However, taking a look at the original theory,
rather the effective without torsion, it becomes clear that there is no
need for such a counter term. In fact, even Eq. (46) is superfluous: in
the original theory, the energy momentum tensor will contain terms
in the form

lelb,div — 241G Ezguv (Hz) D—4 %

0(ko)f(Iqol) (koq® +2m?) 275 (k* — m?)275(q* — m?),

(SEbY Y)Y o SETr (Y2yHSTT)
which vanish for the same reason as the Hartree term, because trac-
ing y>y"S*~ gives zero. The fact that the regularisation procedure
produces temperature dependent counter terms, is a consequence of
trying to renormalise the operator in the effective theory, rather than
in the initial one. In the effective theory, the four fermion operator
appearing in the energy momentum tensor, is a composite operator.
In the original theory the coupling constant between torsion and the
fermionic fields is dimensionless, which means the theory is renor-
malisable. However, this feature is lost in the effective theory, and
the coupling constant carries a energy dimension (that of the Planck
mass).
For the temperature dependent term we find

‘ a2 2
TR 72nGE g (o TV | 52 +1og ()

%—1(ﬂ2—k6y%——12yg——12)}

12 (47)

1 — 2L,(2)
X Jdo—eCOShO'_F] = gHVA/\ (kBT) .
—_—
~0.333474
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However, removing divergences first in the original theory and then
integrating out torsion, both terms in Eq. (46) and in Eq. (47) should
be disregarded as unphysical, and be replaced by 0. Here they are in-
tended as counter terms which regularise the initial state, but do not
evolve further. In contrast with this, Eq. (42) is a physical result from
which we can deduce the running of the renormalised cosmological
constant with the energy scale .
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SEMI-CLASSICAL APPROXIMATION AND SELF
CONSISTENT BACK-REACTION

5.1 TWO LOOPS EFFECTIVE ACTION AND EQUATIONS OF MOTION

In this chapter we will turn our attention to the Dirac equation (37).
However, we are going to derive it again, starting from the one loop
effective action for the propagator. The reason for this procedural dis-
cordance stands in the complicated momentum dependence one finds
in the interaction terms in Eq. (37). Such a complication arises from
locality of torsion interactions: since the interaction happens locally
at a single point, it spreads all through momentum space. This makes
it harder to get the propagator equation from Eq. (37), so instead we
are going to derive it from the principle of least action.

To this end we start from the action in Eq. (32) in terms of the confor-
mally rescaled fields

s = [a'x Baa(X(X)v“x(X) — 67X ()

3nGE?
2a(n)?

—x(x)a(m)(mg +impy”)x(x) +

(X(X)VSV“X(X))Z} ,

Our purpose is to make the interaction non local in x space, by rewrit-
ing

8y :i[d4xd4X’6“”(x——xf)[zaa(X(X’Tyax(X)—-X(XTYQX(XW)
5 (43)
3nGE

2a(n)?

—x(x")am)(mg +imry”)x(x) +

(x(x')v5vax(x))z] ,

where 0, = % and we rewrote M = mg + iy>m;. Then we define
the propagator
S5 ux') = UROOX(X) -

Since in the propagator equation all one loop contribution appear at
coincidence, we do not have to write equations for all the propagators
in Egs. (39a - 39d), because their expression at coincidence coincide.
We therefore chose only one to work with, S*—.

After partial integration of the kinetic term, and taking expectation
value the action becomes:

Sy = —iJ Tr [; (veST (%, x) —y2St(x/,%))da — a(m)M ST (x,x/)
x,x/

2
+§Z§Sz ROV Y xRy vax () |8 (x—x).
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Now, note that the interaction term can be rewritten, using Wick the-
orem

J TRV Y X (X)X ()Y Yax(x) =

:Jd“xd“x/(vSv“)as(vsvaJw (Sip oISty (xx) 49

— S;g(x,x’)Sig (x,x/))ém (x —x).

From the spinorial structure in Eq. (49), the diagrammatic interpre-
tation of our approximation is clear: we are considering the Hartree
and the Fock terms from Figure 8, and evaluating them at coinci-
dence. This is analogous to glue the diagrams along the dashed line
in Figure 8.

Having simplified the fermions four point function, we can rewrite
the two loops effective action

8y :J Tr [W“V(X;X’)aa —am)(mg +imy®)S* (x,x')
x,x'

3nGE2
2a(n)?

- (Tr(v>y2ST (6 X NTr (Y vaST (x, X)) — (50)

—Tr(v5v°s+(x,x’wE'v“swx,x')))} 5 (x—x").

Varying the action (50) with respect to the propagator, multiplying by
ST~ (x’,x") and integrating over the intermediate variable x" we get
(W“aa —a(m)(mg + imWS)) ST (xx") =

3nGE2 - -
=— < a2 (Tr(v> ST (6, X))y ya — ¥ v°S™T (x,X”)v5v“)

x ST (x,x").

(51)

We now wish to use Eq. (51) to evolve an initial thermal state during a
collapsing phase, and prove that it does not lead to a singularity, but
rather through a bounce. We therefore want to evolve the fermions
interacting system through an evolving background and study the
effect of the interaction terms in Eq. (51). In classical mechanics, we
would use the Boltzmann equation

(a FE94F il) (%, 5, ) = Coll(f), (52)

where Coll(f) denotes the collision term and F some external force
field. Then the out of equilibrium dynamics will be described by the
Coll(f), and the phase space evolution of f by the left hand side of
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Eq. (52). The Boltzmann equation contains derivatives with respect to
both positions and momentum, and simultaneous evaluation of their
eigenvalues. In quantum mechanics such a description is not possible,
since the position and momentum operator do not commute. A clever
trick around this problem was suggested by Wigner [36], who wrote
the Wightman functions in a mixed representation (Wigner represen-
tation)

e | g4 ikrer— (LT LA
S (x,k)_Jdre S (x 2,x+2)

:inA‘re“”()‘( <x — %) X (x + %)) .

In practice, the Wigner transform is a function of the “centre of mass”,
x, of the system ¥Xx, and of k, the momentum associated with the
“distance” between ¥ and x. The utility of ST (x, k) is that, when
integrated over x, it gives the correct quantum probabilities to find
the system in the state p and vice versa [36]. In formulas

(53)

2

Hd“xx(x)e“"* = Tr (—WOI d4x5+‘(x,k)>, (54a)

= Tr (—WO jd4kS+*(x, k)) ) (54b)

'x (x)
Now we can construct the Boltzmann kinetic equation, by rewriting

the Dirac equation in this mixed representation. We would then find
the equation of motion [30]

Gﬁﬂé— (mg + iml)eég'ak> ST (x,k) = Coll (ST~ (x,k)) .

Proof. From Eq. (51) it is clear that, when taking the Wigner transform,
we evaluate a general mass function of the coordinates as

oo (p)
T Ok Mgt A
mR,I (X - E) —>le1 (X — 12> = ];) p! <X — 12> =

a—op—q TP g
0o 00 (p) q
m
= Z 'R'{ Xp <—;ax ak)
o e q'p!

Which gives the last term in our Wigner representation of the Dirac
equation. The other therms are trivial, and Coll (ST~ (x,k)) just de-
notes whatever comes from interactions.

O

We now managed to rewrite the momentum and position operator
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in a mixed representation needed to derive the quantum analogue of
the Boltzmann kinetic equation.

Indeed, we can now generalise Eq. (41) to a system out of thermal
equilibrium [7]

iSJri (X/ k) = (/1{_ M) 1E(X/ k)ZTté(kz - mZ) s (55)

where f(x, k) is the non equilibrium, non homogeneous distribution
function in the Wigner representation. The defining property of Boltz-
mann probability distribution, f(t, X, p) in Eq. (52), is that the integral
of f over the phase space gives the total number of particles. In a
similar fashion, one can define the statistical particle number

Netar = Jd“xd“k f(x, k). (56)

Nt indeed gives the statistical particle number, because of Egs. (54a
- 54b). The situation is, however, more complicated when examined
more closely: one can define several quantities’ that reduce to the to-
tal particle number at thermal equilibrium, each of which provides
different information. The reason for this is that in a system out of
equilibrium, particles are constantly produced and annihilated by the
microscopic processes. Because we study average functions, we can-
not keep track of each single particle and tell exactly what the total
number is.

We now wish to make the connection with this general framework
and our cosmological field of fermions, in a space-time with torsion.
Our starting point will be Eq. (51), evaluated at coincidence since we
are primarily interested in the energy-momentum tensor: because of
the symmetries of FLRW space-time, we can infer that

),

SJF?(T]/%;T]I%H) = SJF?(“/ %_%//

such that equal times analogue of S*~ in Wigner representation will
only be a function of k = ‘E‘ This statement means that the propa-
gator does not depend on the specific point it is evaluated, but only
on the average spatial distance, ¥, which we then transform into its
Fourier counterpart k. Also, because all propagators in the 2-loops
energy momentum tensor (38) are evaluated at equal times, we do
not need the information about the full propagator, but only require
its projection on shell evaluated at coincidence.

1 Other than Ny, and with reference to Eq. (60oa - 60d), we can have Ny, =

2 2 2
A/ T+ on + 50
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We then end up with the equation

<W°an —hky%y® —a(n)(mg + imn/5)> S, k) =

 3nGE? [ dPK " dot “
- J (ZTr i (K )Y va —v2veSE (n,k’)v5v>

a(m)

x S{(n,k),
(57)

where we have projected onto the helicity basis, in the same way as in
section 4.2. The difference with section 4.2 is that now the momentum
integral on the right hand side of Eq. (57) factorises, while in the
analogous Eq. (37) it was not possible to obtain such a splitting.

To end this section, we remark that the Wigner representation is
of particular interest on cosmological backgrounds, because of the
symmetries of the system. Spatial isotropy and homogeneity imply
that the X coordinate in Eq. (53) is superfluous. Furthermore, we only
require the on shell projection of the propagator, since to write down
the Friedmann equations this is all that we need, which implies also
that we can neglect the ko dependence in Eq. (53).

5.2 FERMIONIC CURRENTS AND SEMI-CLASSICAL APPROXIMA-
TION

Let us consider again the propagator equation (57): we want to con-
struct a ansatz for Sy (n, k), which exploit the helicity conservation
properties derived in section 4.2. To this end, we note that

St/ (M, k) =i(Xn, oM, K)Xnr,p (M, K)) = W0nns (Xn,aXn,p) @ 511,a5h,[3
=dhnSn(n, k),
(58)

as we decomposed the field x in the helicity basis. In Eq. (58) we have
dropped the superscript +—, since in the time coincidence limit it is
not required to distinguish between different polarities. Note that the
propagator is diagonal in helicity representation of the fields, which
is what we needed to construct our ansatz.

The helicity eigenvector &, are given by [19]

1 +(ky — iky)
fr=———( |y ,
201 7k,) Tz

such that

- 1 1+ hk, h(ky +iky) 1+ hk- &
h, hpB — 5 N N A = .
P2\l —iky) 14Nk, 2
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While for the remaining degrees of freedom, we choose to split in the
chirality basis, in such a way that

i (o) O xR)
<Xh,o(Xh,f3> - .i. .|_ 7
(XnrRXnr)  (XprXNR)
since X1 is a two component spinor. Here the subscript L, R refer to
left-handed and right-handed chiralities. The chirality projectors are

. 5
given by P g = 1517

We are now ready to write the ansatz for the propagator [9]

1 R
7l (fanp®) ® (L+hk-G) .
Where we defined the fq1, as the expectation value of the fermionic

currents

—1y°Sh(n, k) = (59)

fon(m k) = —ATr(Y°Sn(n,k)) = Tr{xixn), (60a)
finm k) = ATe(Snm, k) =Telyxn), (60b)
fonm k) = Tr(¥Snin, k) = —iTe(xiv°y’xn),  (60c)
fan( k) = iTr(y>y°Sn(n, k) =Trlxv xn). (60d)

And p® are Pauli matrices, with p® = 1. We write the y matrices in

Weyl basis
0 1
Y0 = =p'®1,
1 0
. :L .
vi= % ) =—ted
—ot 0

-1 0
S =—p’®1.
0 1

Such that the propagator written in Eq. (58) coincides with the one
written in the right hand side of Eq. (59).

We can now consider the Dirac equation Eq. (57), and take the
combinations given in Egs. (60a - 60d), to get the following set of
equations

Onfon(k) =0,
anﬁh(k) + thth(k) —2am1f3h(k) =

(61)

(62a)

(62b)

2
_ 6mGE J dp (ngh/(p)fm(k) 1(fah(p)fzh(k)+f3h(k)f2h(p))>,
hl

a? 4
an fon(k) — 2hkfin (k) + 2amgfzn (k) =
67’EG£2 1

(620)

= a2 Jdﬁ(;f.’,h’(p)ﬁh(k)_4(f3h(]7)f1h(k)+f3h(k)f1h(p))>/

anfgh —2amgfon +2amifin =0,

(62d)
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where we mean f(k) = f(n, k).

We have therefore arrived to the semi-classical approximation we
were looking for: we have switched from a full quantum mechani-
cal formalism, to a set of four equations, for the variables fq1. The
attribute semi-classical here is intended in the following sense: the
quantities fq are not quantum mechanical wave functions, but ex-
pectation values of them. One can therefore regard the set of Egs.
(62a - 62d) as a classical system, since fqn, are real commuting vari-
ables. However the underlying quantum structure is still captured by
the set of Egs. (62a - 62d), since we derived them starting from the
microscopic Dirac theory and the number of degrees of freedom stays
the same. We have lost information about the phase dependence of
the fields x and the off shell propagator.

Finally, a comment on Egs. (62a - 62d): as derived in Appendix
B, the interactions terms induced by torsion generate pseudo-vector
fields, given in terms of the fermionic fields themselves. Such inter-
actions produce an effective shift on the momentum and mass terms
in Egs. (62b - 62c), as we can see by comparing the momentum and
mass term on the left hand side with the interactions on the right
hand side®. Since this terms leads to a time dependent change in
the mass, they can lead to particle production when the temperature
reaches the shifted mass scale.

5.3 SOLUTION IN THE MASSLESS REGIME

The structure of Egs. (62a - 62d) invites to formulate a system of
equations for integral quantities of the f’s. This way the momentum
integrals that come from the interaction terms will disappear, and we
would have an ordinary system of first order differential equations.
We define the momenta

3
m)_ [ 47k
Naon _J(ZW)sk fah(k)/ (63)

and define

fn =fin +if2n,

(m) (m)

_ . (m (m)
N =Ny

+iny, 7,
m =mg +1imy,
a5 =3nGE?/2.

2 The reason why such effect does not appear in Eq. (62d) is explained in Appendix
B.
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Then Egs. (62a - 62d) will transform to

(m) . (m+1) | 2ixs (0) né(il] (m)
Onm,, ~ —2hin, + ) Z 3w~y | Mh (64a)
h/

anné?:) +iam n;(m) — iam*nﬁm) =0. (64b)

Plus the complex conjugate of Eq. (64a), which we do not write be-
cause it is not an independent equation: the real degrees of freedom,
f1n, f2n are here replaced by a complex one.

We notice that in the system (64a - 64b) all equations are coupled
to each others, by the terms n(™*1). In other words, the system can
be rewritten as

h/
0
O(5T1.£L ) 1R
=—ilam— l3h
2a? ’
On M3h = —i(am i}, —am™ fiy,)

Where P(1) is a permutation of the identity matrix. This means that?

0y +ilMm))  —2hi 0 0
N\ 0 (04 +ilm))  —2hi 0 69

0 0 (9, +ilm)) —2hi

is a matrix where each line is obtained from the previous line by a con-
stant permutation. This type of matrices can always be diagonalised,
even when they are infinitely dimensional, if they satisfy convergence
properties. In Section C.1, we explicitly show how to construct such a
diagonalisation in general, and how to switch to the continuous limit.
Because the matrix for the basis change is unitary and constant, this
procedure is exact.

We now use such a framework to simplify our system. First, let us
notice that Eq. (100) gives, inserting Eq. (63)*

Yan(0 Z J = (B e ™M fqn(n, k), (66)
3 Meaning () = 267 (£}l — "

4 Note that we inserted a factor of f = ﬁ for dimensional reasons. T, here denotes
the temperature of the initial thermal state we want to evolve.
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which does not converge in general, and most notably it does not
converge for the thermal distributions f 4y, s (see Section C.2 for more
details on this). Thus we need to modify our definitions, and the di-
agonalisation procedure defined in Section C.1. We apply Borel sum-
mation and redefine (100) as

n! (do ;
nElT:L) = anzﬂeme\’ah(@), (67a)
0 e—inG (n)
Van(0) = ) ———B"ngy. (67b)
n=0 ’

Which is well defined as long as fqn (1, k) goes to zero faster than any
power of k. This, however, modifies the diagonal form of A, in Eq.
(65). To see how, consider, in Egs. (64a - 64b) the term

! do .
e :B:H Jzﬂ(nﬂ)e““”evah(e) =
n! (do ; iet®

Now it is clear that Egs. (64a - 64b) will transform, under (67a - 67b)
as

2h i0
OnVh + ¢ 0gVh + 2iamvzy = (68a)
N 2i0(5 do’ ’ Vgh(el) de’ /v V3h
= T sz (%Vsh/(e )—4Vh—J2th(9 )T ’
OnV3n —2amgVap +2amyvip =0. (68b)

We have not done much: we switched from an integral equation in
the variables (1,k) into an integral equation in the variables (1, 0).
However, the system (68a - 68b) can be further simplified by defining

the new coordinate
p= e—le ,

e%9g =—10,,
[d0 g
2n | 2mip”

Then we find

2hi
OnVh — ﬁapvh + 2ia(m)mvsy = (69a)
215 1 1
= ——3 Vin(p) Vh — = V3n(p) Vh — = Vh(p) Vin |,
a(n)? (; p=0 4 p—0 4 p=0
OnV3n —2a(n)mgrVvan +2a(m)mrvip =0. (69b)

We now can appreciate the advantage of this technique: the inter-
action terms, originally integrals of the distributions fqn, now are
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expressed by boundary terms in the p space. The rest of the informa-
tion can be reconstructed by analytically continuation, if one allows
p to be a complex variable. There is of course a price to pay: our sys-
tem is now differential in two variables. However, such a additional
dependence is not too difficult to deal with, because it comes linearly
and at first order.

It is now time to find a solution to Egs. (69a - 69b). We claim that,
in the limit a(n)mg,; — 0, describing the late phase of the collapse,
the solution is given by

_ n
vi o) =exp <“"5V§'h(o) | dn/a(n’)_2>
Mo

X

. 2R -2 .
Bp x5 J N Bp ot Bp 2hi
F <n+2hi > ds'a(—s JrnJr—Zhi Fl—s JrnJr—Zhi V3inh —B S ,
0

v3n(n, p) =H(p),
(70)

where F(p) and H(p) are analytical functions determined by the initial
conditions. This massless limit is useful in particular in the situation
of a collapsing universe, or the bulk of a star collapsing into a singu-
larity. In these situations, the conformal factor a(n) — 0 in the late
phase of the collapse.

Proof. Let us start by rewriting Egs. (69a - 6gb), in the limit mg; — 0

2i0(5 iO(5 2hi .
[(an +;am)2\/3h/(0m)—2a(mz\/3h(oln)> —ﬁap}vh(p,n) =
= zgﬁ)zvh(ofﬂ)\’.’)h(@n);

OnVv3n(p,m) =0.

At thermal equilibrium, the term ) v3y/(0,1) simplifies(Section C.2),
h/

so we can make the ansatz®

is V3R (0 1
valom) = Bxp | S22 ') Vilprn.

U
We thus get the following equation to solve

i(X5
2a(n)?

[an — zmap] Vhip,m) = Vr(0,m)vsn(p). (71)

p

Note that this simplification is not necessary if we want to apply this method in a
more general situation, but it simplifies the notation.
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To solve this equation, we are going to make the ansatz
Vn(pm) =F <n + zﬁ}i) + G(p,m) such that G(p =0,n) =0  (72)
Then the equation we have to solve is
2hi ios
== = F .
30— 2570, Glo,m) = 5225 Finvan o)
This equation can be solved with the method of characteristic curves [8].
This means looking for solutions of the system of ordinary equations
dn(s, 1)
= 1
T , (732)
dp(s, 1) 2hi
- b
ds B (73b)
dG(s,r) is
= > F
G(0,r) = 0. (73d)
A solution with the boundary condition G(p =0,n) =01is
n=s+r,
] P (74)
G(s,1) :st'(s/ +1)2F(s" 4+ 1)v3n(s) .
0
Note that (74) is always a solution of the set of equations (73a - 73d).
However, we are eventually interested in the inverse curves r(n, p),
s(n, p). These can only be found if the determinant of the Jacobian of
the transformation (74) is non zero. Luckily this is our case, and we
find:
Bo
T ="+ hi’
__be
2hi’
_Bp
i " Bp —2 Bp 2hi
_ s / / PP / PP Lt
Gm,p) = > J ds a(s +n+2hi> F(s +n+2hi> V3h< B s )
0
(75)

Eq. (75) leads to the solution (70). Note that we have not specified F,
which must therefore be deduced from initial conditions, nor vz (p,n) =

H(p).
O
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At this point we should impose initial conditions, our initial thermal
state of fermions, and derive a relation which will allow us to cal-
culate F, and specify the solution. With reference to Section C.2, we
need to impose

1 B
Bo\ s |, F(=s"+mo+$8) 2hi
F no+72h1 —72 dS 2V3h B S =
0 a (—S’—#—T]o-l-%)

_m(kgT)? (76)
2
(kgT)?

212

(w01 =01 3001021},

1
vanlp) =UEE (w7101 = w01 -0/2))
Which can be rewritten purely in terms of the time coordinate n, by

identifying n =no + 267}{)1' Then Eq. (76) can be rewritten as

(77)

_m(kgT)? [, 2hi 1., hi

772 P 3 (m—mo)) Pk (1 B(n Mo)) | -
Eq. (77) started as an equation for the auxiliary variable p, but even-
tually became an equation for the physical time 1. What the solution
to Eq. (77) physically represent is

. n
Fu(n) = exp (— vl | dn/a(n’)_2> [aE (rinin 0 + 2010

Mo

Where f1;, and fy5, are the distribution functions of the fermionic
fields, given in Egs. (60b - 6oc). In deriving the former equation, we
have to use the relation nEl"}I) = B]—m%vah(p) ‘ 00"

Note that the method we have used does not require any assump-
tions on the scale factor a(n), as long as it can be analytically extended
to the whole complex plane(’. Because of this feature, we can actually
study the space-time back reaction, since the gravitational field equa-
tions, the Friedmann equations, will be given purely in terms of a(n).
Naturally the analytical character of our solution will stop here, and

we will use numerical tools to solve the Friedmann equations.

Required to define a (—s’ +n0+2f57}&),
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Figure 9: The energy density of the conformally rescaled fields. The epsilon
parameter, € = (%) I, has been set to 2, its value during radia-

tion domination. The parameters are & =~ 103, IJTmT‘o ~ 10~2 and

kgTp ~ 0.01M;. Note that the tail diverges towards —oo, when
a(n) becomes small, only if particle production is included.

5.4 APPROXIMATIONS AND SELF CONSISTENT BACK REACTION

Eq. (77) always has a solution that can be written as the series [10, 37]

F(n)=Z<i°2‘5> Faln),
Fo(n) = I < <1—2“‘(n mo)) =30 (1= -no)) ).
M e Bt (v (1 5) 3 ().

(78)
which converges in any finite interval of the real line, as long as all the
involved functions are continuous there”. Eq. (78) therefore represents
a solution for F, which can be used to construct the energy density

evolution in a fixed background. In Figure 9 we report the evolution,
in a fixed background, of the rescaled energy density °,

a®(m)Th

The poles of the 1 functions are avoided here, because they occur at imaginary
values of n(see Figure 12).

We choose to rescale the zeroth component of the energy-momentum tensor with
the highest power of the scale factor found in it, the torsion contributions scaling
xa®n).
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Note that the contribution of torsion makes T&% negative, and particle
production acts to enhance this effect at late time. Since this evolution
is obtained by keeping e constant, it does not reproduce a physical
behaviour: in reality, T(;% appears on the right hand side of the Fried-
mann equations, in such a way that the sum of the fermionic contri-
bution and the other fluids composing the universe remains positive.
In the realistic situation, the total energy density will never become
negative, but e will adjust itself accordingly.

We construct our approximation by looking at the structure of (77),
and acknowledging that as is a rather small parameter, O(10737GeV~2).
Then it is clear that torsion contributions are only going to matter at
late stages of the gravitational collapse. This means that F(n) is going
to evolve approximately free until a(n) becomes small. The asymp-
totic expansion we are talking about, n — 0, describes the late phase
of the collapse. In this regime (77) can be expanded as(after changing
integration variable to s’ =1 —s)

n
i F(s) 2hi
F(n) — % J ds TSS)ZV% (—Bls> ~

Mo
_m(kgTo)* [, 2hi 1, hi
=T (v (1% o) 3w (1) )

(79)

which can be solved exactly with

. n .
F(n) = Foexp wchst(a(s))zwh <—zﬁms> , (80)
Mo

kgTo)? 2hi 1 hi
Fo = w<¢’<1+?no>—zw/<1+gno)>,

as it can be easily confirmed by differentiating (79). We can express
the energy-momentum tensor in terms of F starting from the energy-
momentum tensor (38). Some algebra, using the Dirac equation to
get rid of the time derivatives, and our ansatz for the propagator (59)
lead to

dp | 1
Too = Z J # <a4h|p|f3h + g(mRﬁh + mIth)> -
h

o dp d 5
—QZJ on p p (Zf3hf3h’+zz 31 + fon z(f%h‘f'f%h)) ,
hh/
(81)

j (zdﬁ)s : ( h|p|f3h>
P

o dp d 5
_(ngJ ) (Z f3hf3h/+Zz f3h+f z(f%h‘i‘f%h)) },

hh'
(82)

A
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Figure 10: Scale factor evolution as a function of conformal time 1, for
£~ 10%, {4 ~ 1072 and kg To =~ 0.01My,. The evolution starts

in a Radiation dominated background, i.e. a(n) = (%), in the

upper figure, and in matter domination, i.e. a(n) = % (%)2, in
the lower. We notice that the scale factor does not become sin-
gular, but it reaches a minimum value a,,;,,. The effect of par-
ticle production is to enhance the bounce, making a,,;, slightly
bigger. Moreover, introduction of particle production makes the
hubble parameter after the bounce bigger: the universe collapses

and starts expanding slightly faster than it was collapsing.
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which in our approximation (m — 0) and written in terms of the
generating functions v,1 becomes

1 1 a\/gh X5 2 5 "
Too = ; <a4h[3 30 ) ‘p—O ~ 46 (% 2(vin + EVth)

4

p=0
(83)

-

(84)

Equations (83 - 84) can be substituted in the second Friedmann
equation, which in conformal time reads

x 5 .,
\ - a—g (Z 2(v§h + zvhvh)>
p= h

a’  4nG
4 _ M3
which yields to
a”  4nG 471G 2 2 5 2
@ =3 eI ) <2V3h'p‘°+2‘F“(”” ) (%)

where F, (1) is given by (80) and py, pp are the energy density and
pressure of the fluid driving the collapse. Once the background evo-
lution is given (i.e. Wy (1) = pv/pv is known), Eq. (85) becomes the
equation for the scale factor a(n) alone and can be solved self con-
sistently. Given initial conditions ap, Hp and kgTp we can evolve in
the background until the second term in (85) becomes significant and
then write a numerical code that construct the remainder of the solu-
tion. Again, since the torsion contributions are going to be important
at late times, we can use the expansion (80) around kg Ton =~ 0.

The results of this numerical analysis are shown in Figure 10 and
Figure 11. The effect of including particle production, is that the
bounce gets enhanced and happens sooner. The magnitude of this
effect depends on the initial conditions, but the rest of our conclu-
sions are general. These examples illustrate the importance of taking
the backreaction self-consistenly into account for the comparison of a
classical evolution with a quantum evolution where perturbative loop
effects are self-consistently accounted for. Before proceeding to the
conclusion, let us verify that the energy scale reached in the bounce
scenario is enough away from the Planck scale. From Figure 10, it is
clear that the classical solution is enough for this purpose. The torsion
contribution to the Friedmann equation is

HZ — LZ <p _ Ezzn2> boglce 0,
mp P
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Figure 11: Rescaled energy density evolution through the bounce(for radi-
ation domination). Compared to what happens in Figure 9, the
energy density does not diverge here. The difference is that in
the plot in Figure g the back reaction of the fields with gravity is
turned off. In this case, the fermionic fields gain more and more
energy, without a bound. When the back reaction is turned on,
however, the fermions energy stops the collapse once it becomes
comparable with the background energy density, therefore pre-
venting the singularities in both Tpo and a(n).

4
where p ~ po ((]lfTTO ))4 is the (relativistic) density driving the collapse

3
and n ~ ny ((IE:TTO )) 3 is the fermions number density. Solving the Fried-

mann equation yields to

mP\/pok

kg Tbounce W B TO ’ (86)
mp 9(3)/4
Rbounce = m . (87)

From these relations we can deduce that

e The temperature at the bounce remains in general lower than
the Planck scale. It can be small even in the minimally coupled
case (& = 1) if the initial number density ng > po, a situation
analogous to that found in neutron stars. The same applies to
the curvature scale.

o The coefficient that multiplies kg Tp, in (86), can be made smaller
by a large & > 1. In case of a single fermionic fluid which
couple to torsion and initially drives the collapse, we find that
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the only way for the curvature scale to be physically accept-
able is to have a large &. This, however, does not apply to the
temperature, which in this situation can still be small, since

mpkp T
kabounce =/ PTBO-

From this we can conclude that the Planck scale is not reached if
ng > po, or &> 1.
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CONCLUSIONS

In this thesis we have analysed the effect of torsion of Einstein-Cartan
theory on the evolution of the Universe. In particular, we have studied
the torsion contribution on a matter and radiation dominated collaps-
ing universe and find that — instead of ending in a big crunch sin-
gularity — the universe undergoes a bounce. We have evidence that
this behaviour is generic, and is not affected by the nature of the col-
lapse (see Appendix D). In contrast to older works [28, 29, 35], we
did not assume a classical form of the spin fluid sourcing torsion,
but instead we derived our description from a full microscopic treat-
ment of fermions. We did both: (a) a classical treatment (in which
the fermionic fluid is described by an initial thermal state and par-
ticle production due to Universe’s contraction is switched off) and
(b) perturbative quantum treatment (in which particle production is
accounted for at the one-loop level in the fermionic dynamical equa-
tions and at the two-loops level in the Friedmann equation). Our
analysis shows that the bounce is not largely affected by the quan-
tum particle production. We found that, when fermion production is
taken account of, then the bounce occurs somewhat earlier, indicat-
ing that fermion production induces a negative backreaction on the
Universe’s evolution.

The reason why we chose a matter dominated collapse is that the re-
sulting bounce might present a viable alternative to inflation. Namely,
it is well known that the (Bunch-Davies) vacuum state in matter era
yields a flat spectrum of perturbations. * Therefore, it would be of
particular interest to derive the power spectrum of cosmological per-
turbations and investigate whether it can be used to seed the large
scale structure and fluctuations in cosmic microwave background that
match the data.

A second situation in our study can be of use is that of a collapsing
star turning into a black hole. In this case the interior of the star can
be modelled by a FLRW metric [23], as long as the collapse respect
spherical symmetry. Therefore, at least in the bulk of the star, the
analysis of this paper applies, and can be used to infer black holes
formation. As it happens with the singularity at the beginning of our

This is so because the equation of motion for a conformally rescaled massless scalar,
¢ = ad) in momentum space and in conformal time, (6121 +k2—d”"/a)(ad(n, k) =
0, is identical to that in de Sitter space. This follows immediately from the form of the
scale factors, which is in de Sitter space, a o —1/n, and in matter era, a nz, such
that in both cases a’’/a = 2/n2. Since the spectrum of a massless scalar in a Bunch-
Davies vacuum in de Sitter space is scale invariant, so must be the corresponding
spectrum of a massless scalar in matter era.
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universe, it is probable that also formation of black holes singularities
is prevented by the introduction of torsion.
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APPENDIX A

In this appendix we discuss Lorentz invariance of the matter lagrangian
and see what it implies. The transformation law for the tetraed and
the spin connection are as follows [13, 26]

L __Ab 1
e'q =N\gqey

(88)
W', = ASAL — AP G

We consider an infinitesimal transformation, i.e. A5 = 85 +QY, where
Qqb = —Qpq is the infinitesimal parametrization. We require the
matter lagrangian to be invariant under lorentz transformations, which
means

0L, b 0L, 1 A b
6wab?\6wa A+ 5ol Selt = E( I apdw Py 4 eTldel) ,

By using the infinitesimal form of A as we wrote it above, we find

6Lm ==

Bw Py = QF + WO — 0,00,
Sett =el' QY
a a -

Which will give us a conservation equation as a consequence of im-
posing 6L, = 0. We find

28L. =eZM gp (w9 Q5 + 0P Q8 —0,Q%) + T, Q%"
1
=e (Z}\cbwca?\ + 2 e + Eax (eXpa) — T[ab]> Qbe,

(89)

where we renamed indices, integrated one term by parts and used
the fact that QP is antisymmetric. Using the well known identity

1 1
\/_—gam/— =0e= {"xe)/

we can rewrite the conservation law as

VaZ bl — SAZ M ab) — Tiab) = 0.

To make the connection with the formulation in terms of the torsion
tensor note

2 88, 2 8Ly 8S*BY \

WY T e swaby e 5SaBY gwab, WVl

and use the solution (21) to finally get

VATl = 20GTA T ) = Ty = 0. (90)

Al

Which is precisely the anti symmetric part of Eq. (25), as one can
calculate it starting from Eq. (23).
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APPENDIX B

In this appendix we discuss a different way of looking at Egs. (62a -
62d). Namely, we will derive that torsion interactions are analogous
to interactions between torsion and pseudo-vector fields. Indeed, let
us consider the Lagrangian

i, - -
£ = S0y 0ub — 0,y b) — BRI — eZ,by Py b — TeBun by My,
(91)
where 1, e are dimensionless coupling constants, one gets the equa-
tions of motion, for spinorial the currents in Egs. (60a - 60d)

fo, = 0, (92a)
1+ 2hkfan — 2myf3n = (92b)
= (2eZo)fan +2Mh(Boik')f3p,
fh, — 2hkfin + 2mpfan = (92¢)
= —(2eZo)f1n + 2Mh(Bije%ky ) f3n,
f3n —2mgfon +2mifin = (92d)

= —ZT]]’L (Boﬂzif]h + Bij €ijk]2kf2h) .

While the equations of motion one gets from integrating out torsion,
namely Egs. (62a - 62d) are:

fon =0,
f{h + 2hkfon, —2myfin =

= (J d3p Z fan fSZ(p)> fon — 25 (J dsprh(p)> f3h,

th — 2hkfip + 2mgfin =

= —2ua5 (Jd pig f3}:l(p)> fin + 205 (JdSPﬁh(p)) f3n,

féh —2mgfon +2myfip =0.

Meaning fqn = fah(k) = fan(n, k). Now, we see that, under the iden-
tifications:

(2eZy) = <J pi fsh(P)), (93)
Mh(Boik') = —2065< d pfan(p >, (93b)

Mh(Bye*ky) = 2065( dPpfin(p ) (93¢)
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Equations (92a - 92c) become identical to (62a - 62d).

Proof. The difference in the two sets of equations comes into play in
equation (92d), which would become:

f3, — 2mrfon + 2mifin = —2nh (Boik'fin + Byje ki fan) =

— as (J & ptan(p)fin(k) —Jd%f]h(p)fmk)) ,

(94)

The caveat here is that By actually depends on Y, so we have to
include its variation in the equations. We get the corrected equations

(y"op—m)y = < wYH U+ PyHy &p) (952)
—i—i; <BWG“V11)+1|)G“V11) 50 )
¢<£M+m> ~ e <wv”z +hyHp 11)) (95b)

-5 (II)G VBH—V +1|)0+W11) 30 )

where o#v = [y*,yV]. To get the equation of motion for f3}, (in po-
sition space), we will consider the linear combination PIyoyOx (95a)
+ (95b) xy>1, but worry only about the right hand side of the equa-
tion, since we know the left hand side will combine the correct way.
We get:

m( bVt + otV ty? °5B”>

2 )
- T( DYy + ot &*I;V 511))

= Mh(Boik'f1n + Bije ki fan)

e OB )
+ 1inhk f2h< 131 51|)+1|)T 5 © &I(zl)

5By s i 5. 00Bij
T Y2 +pTyy 611))' (96)

Now, consider the definitions (93b - 93¢), and plug it in (96):

+ iﬂhﬁkeijkf] h (

—2a5 J~ for(p)fin(k) + 2«5 J~ fin(p)fan(k)
P P

~205 | fin(p)fanlk)+ 205 | fan(p)in(0 ©7)
p P

=0.



APPENDIX C

C.1 DIAGONALIZATION OF CIRCULANT MATRICES

Let us consider a matrix that can be written as

Co C1 - CN-—1
CN—-1 €0 -+ CN-=2
C=1 . , - (98)
C] e CO

That is, each line is obtained in the previous by permuting each ele-
ment one place to the right. Clearly, such a matrix is of a special kind,
because it can be expressed entirely in terms of the vector

¢ =(co,C1, -, N=1),

and as a matter of fact this will allow us to diagonalise any matrix in
the form (98). We find the eigenvectors

- 1 _
Vi = W(]/wk/wi/"' ,(1)11:1 ])/ kzol]l /N_1/
where
Sk
wy =e™N, k=0,1,--- ,N—1.
Proof. We get, with the notational understanding thatc_; =cn_1,c_2 =

CN—2,""",C_N+1 =C1
1 N—1 N—1 N—1
CVi=—=|D cnWl, ) Cn i, -+, ) CnNpW} | =
vN
n=0 n=0 n=0

N—1
Z Cnwy | Vi .
n=0

1
=Y cnh (w0l

So the system is diagonal in Vi basis, as long as

N—-1

sk n
Z Cn (esz> < 00,

n=0

which later, when we switch to the continuous limit, will be the con-
vergence condition.
O
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The next thing to notice is that the eigenvector are orthonormal:

1
1 .
V]t V= N § 62711 a(l-k)/N _ 6l,k ]
a=0

Since the basis vector are orthonormal, the basis change matrix is
unitary.

We can find the basis change matrix easily: let &, denotes the canon-
ical basis" in CN, then

1 .
Uit = (Vi - @) = —=e? U/

2

which implies that

N-—1
1 ; o
u]t[ulk’ — N eZT[l(l(k k’))/N — 6k,k’ )
0

We can then write the vector components

N—1
" 1 i -
nWeg, = < ];) (ezmnk/N> v, . (99)

Now, since our original problem is infinite dimensional, we should
carefully study the limit in which N — oo. Clearly, in this limit, the
roots of identity (wy) are going to be parametrised by a continuous
angle. In the sense that:

wr — w(B) =e'®, 80,20

In this limit, we can make replacements

A — A(0),

MVALORNN v(0).

Then the vectorial component become the Fourier transformation of
one another

doe .

n(TL) — J Eelnev(e) ,

[es) 100

v(0) = Z e oM (100
n=0

1 i.e.the vectors (1,0,---,0),(0,1,---,0),---



C.2 CALCULATION OF THE GENERATING FUNCTION Vh FOR A THERMAL DISTRIBUTION

While the eigenvalues will be given by
= (Z cnei“e> . (101)
n=0

C.2 CALCULATION OF THE GENERATING FUNCTION VvV FOR A
THERMAL DISTRIBUTION

In the following we are going to derive the expressions for vy, and
v3h at thermal equilibrium. Going back to Eq. (41), and removing the
divergent part 6 (ko ), we find the initial conditions

fon = O, (102a)

fin = 2mg ] , (102b)
VkZ + m2 eBVki+m? 4

fon = 2m L , (102¢)
VkZ +m2 ebViitm? 4

fin = 2hk L (102d)

VI T mZBVRImE 1

as it can be easily verified by plugging the propagator (41) into the
definitions (60a - 60d). Removing the divergent part from this initial
state as shown in Section 4.3, assures us that Eqgs. (102a - 102b) are
the physical part of the thermal fluid we are considering.

We now want to find an expression for the generating functions vy, =
Vin + iv2n and vi3p at thermal equilibrium. To be able to do this
calculation analytically, we are going to expand in powers of m. First,
consider the definitions of the generating functionals, from Eq. (67b)
we get

0 (m)
n n =
Vah(p) = § :,h (Bp) = Jdkeﬁkpfah(n/ k) . (103)
n=0 ’

Note that Eq. (103) can be always evaluated numerically, which will
give the functions v 41 (p). Now, however, we exploit the ultra rela-
tivistic limit, to get

n+1 1)1 2
n](’Ln) = 27‘(2 J‘dke]?ﬁk_._] — % (1 — 211]+1 ) (nt ﬁ)niznjL (1048)
+0(m?3)
n+2 21 3
nih = e Jdk Gy = 72 (1 — 722 L (;nC+3n+ (104b)
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Plugging (102b - 102c) into the definition (67b) we find:

n=0
mkeT)? [ © © p\"+2
- 2mZp2 <§O]<Z_1(n+1)<k>
25 S e (2))
n=0k=1

We wrote everything in the variable p, rather than the original 0, be-
cause for p = e 9 the sums in Eq. (105) do not converge. However,
we can calculate what Eq. (105) yields to where the sum is conver-
gent(i. e.[p| < 1), and then analytically extend the result to the whole
complex plane, where it is non singular. This procedure does not af-
fect the solution we found in Section 5.3, because all we need is the
form of vqn(p) around p = 0. This is clear from Egs. (69a) and (77):
to reconstruct the data about the physical functions f,1, we need to
evaluate v, and their derivatives at p = 0. So it suffice that (105)
converges in a set including a neighbourhood of p = 0.
With this caveat in our mind, we can use the result

[ e n+2 9 o0 Xz o0
>_(m+1) (k) Tox & K2 > ( )
n=0k=1 k=1 n=0
) = x2
~ox 2 Kk—x) * RAUSE

k

—_

where V)’ (x) = % log I'(x) is the polygamma function, and I'(x) the
gamma function that generalises the factorial. Then we find

vi(p) = LD (1 —p)—y'(1-9)), (105)
van(p) = =D (yr(1—p)—Ip”(1—8)) . (105b)

From Egs. (105a - 105b) we can tell that v,y are regular functions
near the origin. In Figure 12 we can see the pole structure of v4y: all
poles come at integers values of p, and are double poles. We can also
infer that the integral in Eq. (77) does not encounter any poles, since
it is evaluated on a vertical trajectory in the complex plane, i.e. zgln.

Now, to clarify how the inverse transformation works, namely how
to switch back from vy, (p) to nfln;) = IE K™ ah-



C.2 CALCULATION OF THE GENERATING FUNCTION Vh FOR A THERMAL DISTRIBUTION

Figure 12: Poles structure for the function /(1 —x) — %d)’(] —x/2). In the
plot the vertical axe is the absolute value of the function, the hori-
zontal plane is the complex plane and the colour coding contains
information about the phase of the function. All the poles are
double poles and they occur for p =1,2,---.

Consider Eq. (67a), plugging in the variable p = e~1°

m(kgT)2t™ (doO . i 1 1 .
niln) — ( ;7.[2) Jzﬁelne (ll)/(] —e 19)_211)/(] ——e 19)) _
n!m(kBT)H“j@dp —(nt1)

272 2mi

(w0 -p)= 301 0/2))

where the integration is on a counterclockwise circuit surrounding
the origin, and not enclosing any of the integer p poles. Using the
complex analysis residue theorem we can easily evaluate this integral,
by rewriting

§ o™t (000 01— pr2)) -
:

LS ) Res (p ™ /(1= p)lp—o) =

O B W I R
RV ETE S AR

Where we used that (™) (1) = (=1)™Tn!g(n+1).






APPENDIX D

In this appendix, we use the results from Section 5.4 to derive the
general behaviour of the fields energy density in the energy momen-
tum tensor. We are going to calculate the asymptotic behaviour of the
function F(n) given by Eq. (80).

In a general background where the parameter € = () L
constant, we can write, by making use of Eq. (80)

|
.
92}

a(t) =[Ho(e — 1"tV = |gf"/te=1); e > 1,1 e [-1,0],

ins  h(kgT)3 (r dSZ(Zhiszo(sen))],
—1

2Ho(e —1) 2m? |s]®

F(t) =FoExp

(106)
where |
Z(p) =" (1 =p) = 59" (1 —p/2),
is the p dependent part of v3(p), as seen in Eq. (105b).

e For € > 3 we can write

o [ : T Z(—2hizr—r—~ "
IF(1)] = |Fo Z 105 h(kBT)3 (J] ds ( 1BHO(GU))] /!

2Ho(e —1) 2m2 |s[®

X5 (kB I )3 0 1
< E 7/ ds— n! =
\|FO| ZHo(E—]) 27?2 | (0)|J 1 S|S|‘S /

00 -

_ a5 (kgT)? "o
—IFo|Z_2HO(€_1) )2 IZ(O)I/é} /nl =

o5 (kgT)3 IZ(0)|>
2Ho(e—1) 202 & )

Such that [F(1)| < C, for a constant C = [Fo| Exp (zHo?Z—l) (]28732)3 Iz(éo)‘).

Furthermore, if € > 3, the collapse is driven by a matter whose den-
sity scales as

Po _ Po
a3(0+w) — q2e’

p(T) =

which will be always dominant with respect to torsion corrections in
the energy density, which scales o # as a — 0. This implies that

there is no bounce for € > 3.
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o The case € = 3 is of interest, and in this case we can write, after
countably many partial integrations

JT . z (—zmm)
1 s

| . © (_ %

m (o T )20 COhi Y
X Z < ZhI[SHO(e—U) log(ITI)Z< 2hi - >,

(107)

where H,, are the harmonic numbers (i.e.Hn, = )_ %). The part that

we have neglected in (107) is an analytical function that goes to zero
as T — 0. Thus the asymptotic behaviour for € = 3 is

ix h(kgT)3 .
F(r) = Folrfore 1 22 2(~2h

T ~
BHOKG*”) —-F1—=0

Where F would some constant which can in principle be determined
by calculating all the terms in (107).

e The case 2 < e < 3 is also interesting: also in this case we can
partial integrate to get

JT dsz(—zmmfe_”) Z (~2higri)
—1

|s[® T (1=9)
2hi o on—5
(szo(el—n) ™

t L mem—s-T) (=5

e 1] "2 2 (Znigrte)
S P9

+

) (_phi— ¢ — (108
2 (g ) - 9

+ const,
which gives, for F

s h(kpT)3 % (—mm)

FO) =Fobxp | Sre =1~ 22 )

= [F(t)) = F, t—0,

which oscillates infinitely many times, but remain finite in absolute
value. It is noteworthy that, since [F| does not diverge at T = 0 for
€ > 2, it means that the particle production in this regime remains
finite: only a finite number of fermions are produced during the col-
lapse before a singularity is formed. Still, since the torsion part of
the energy density becomes dominant at some stage during the col-
lapse, a bounce will always happen in this regime, even if the particle
density only increases to a finite value.
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e The case € = 2 is when the above behaviour in the particle
production changes. Proceeding in the way we derived Egs. (107
- 108) we would find

o)l = ol
L 9k TPC4) | as(kaT)? (109)
o _

~ 4Hp(e—1)m2  40Hg(e—1)"

where we expanded Z (—Zhim) up to second order in
T.

e The case € < 2is the regime when a similar behaviour as during
radiation happens. In this case the particle number diverges in
a exponential way,

[F(t)| ~ Exp(A/t"); A>0, T >0

In this case we have a bounce, plus the particle production is signif-
icantly more intense that what it was during a radiation domination
collapse. Lowering e but keeping it bigger than 1 has therefore the
only effect of making the particle number diverge faster and faster.

To recap:

e ¢ > 3: there is no bounce, the particle number is finite and F(7)
is analytical in T = 0.

e ¢ = 3: there is a bounce only if the initial densities are fine tuned
in a particular way, since F(t) will grow but to a finite amount
during the collapse. F(t) will not be analytical in T = 0, but its
absolute value will.

e 2 < e < 3: there is a bounce, the particle number remains finite
all the way through the collapse. F(t) will not be analytical in
T = 0, but its absolute value will.

e ¢ < 2: there is a bounce, and the particle number diverges be-
fore a singularity is formed. For € < 2 the particle number goes
to infinity exponentially.

The case € < 1 is harder to solve, because in this case the singu-
larity happens at T = oo. Therefore there is no easy way to derive
the asymptotic behaviour as we did in this section. However, since
we found that, when e < 2, the particle production diverges, an edu-
cated guess is that it does so even when e < 1.

From the results of this Appendix, we conclude that the particle
production induced by torsion can be quite intense at very late time,
when e < 2. Studying the back reaction of the fermionic fields on the
space-time is therefore necessary, to inquire whether such behaviour
is indeed realised or not.
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Here we will derive the equations of motion for the fermionic currents
and the energy momentum tensor in the case & = 0 and &’ # 0. The
Dirac equation, in this case reads

((y"Dy — mg —impy®) b = —(B37GE ) Py P)yoh.  (110)

Which in semi-classical approximation, for the currents f,1, becomes

Onfon(k ) 0, (1112)
Onf1n(K) + 2h[Klf2n (K) — 2amyf3n (k) = (111b)
18nGE? [ d . .

- s J(27‘53((fgh(ﬁm(k)+f3h(k)f2h(ﬁ))>,
Onfan (k) — 2h[K|f11 (K) + 2ampfsn (k) = (1110)
187GE? [ dF . .

= S | s (B + @) )

Onf3n —2amgfon +2amyfin = 0. (111d)

Note the absence of terms containing ) , which in the first part of
h

this paper was mainly due to the presence of the y° matrix in the
interaction term, and the consequent violation of parity symmetry.
Aside from this and a factor of 3 difference in the torsional coupling
constant, the structure of these equations is precisely the same of Eq.
(62a - 62d). In both cases the torsion interactions induce a shift in the
mass and in the momenta of the fermionic fields. This effect in case
& = 0 is due to the Fock contraction, while in case & = 0 to both
Hartree and Fock. This suggests that both interaction terms can be
treated in the same way. Some interest could come from the mixed
situation, in which &, &’ # 0, in which case we would find Eq. (62a -
62d) again, but now the Hartree and Fock terms will have a different
coupling strength (respectively, £ and &2 + 3§/ 2.
The energy momentum tensor for & =0 is

dp 1. .. 1
Too = ZJ(ZT?P (a4h|P|f3h+a3(me1h+m1fzh)> -
h

a5 [ dp d 1
_ SJ(P p’ <Zf0hf0h/+Zf1h+f2h 2(f§h+f3h)>,

hh'

dp 1
;J 2 3( h“’”“)

Ty = 8y {

\_/

(112)

(113)

— ZJ p (Z fonfon’ —|—Z f]h-i-f ;(f%h—i-f(z)h)) },

hh'’ hh'
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12 . . .
where now o5 = %. Again there is a structural difference be-
tween the vector interaction and the pseudo-vector interaction. Most
notably, in the vector case, the term oc }_ f3, comes with the opposite

sign, when compared to the pseudo-ve}cltor case. This will have the ef-
fect of delaying the bounce, or eliminating it completely. In this case
the classical solution will only lead to a bounce if [m| > kgT. How-
ever particle production might prevent the singularity formation in
the case [m| < kg T too, since it causes f11, and f>y, to scale faster than
f3h, which remains constant in the massless regime.

To answer this question, one should calculate the scaling behaviour
of fqn in a fixed background with e = 3. What we found for the
function F in Appendix D is:

ny\ iOC5 h(kBT)z n .Nn
F <B> _Foexp (2 27'(2 log ‘B’ £ <_2h1[3>> (114)
= M

— F, B — 0.
Where F is a constant. Whether or not this case leads to a bounce de-
pends on the initial conditions, and on the energy density dominating
the phase before the time € — 3. Quantum corrections and particle
production, therefore, are expected to lead to a bounce for |[m| < kg T,
and |m| > kgT but not when the masses are negligible with respect
to the temperature.
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