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o General Relativity is the best theory to describe gravitational
interactions on large scales.

o Why modify the description of gravity?

o Attempts to combine GR with quantum field theory: Quantum
Gravity?

o The attempts to combine GR with quantum theory yields a
nonrenormalizable quantum field theory.

o Consistent theory: String Theory.
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Evolution of the Universe

o From 10710 seconds to today the history of the universe is based on
well understood and experimentally tested laws of particle physics
(SM), nuclear and atomic physics and gravity.

o What about the evolution before 1071° seconds?
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Inflation Dynamics

@ The simplest models of inflation involve a single scalar field ¢, the
inflaton:

5= [ dxvg |38 0000 - V(o)

o From the Eulero-Lagrange equations one obtains the equation of
motion in a FLRW universe:

d+3Ho+ V' (p)=0

@ The energy momentum tensor is:

2 5s A Too=ps =L+ V(0)
Tw=———F—=rr- — erfect fluid 0 2
v =g T C ){ F=Pi=5 V)

If V(9) > ¢ Py~ —py.
Therefore, inflation is driven by the potential energy of the inflaton
field.
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Cosmological Starobinsky (R?) Inflation

@ The original Starobinsky cosmological model demonstrated that gravitational
higher-order corrections could drive a successful inflationary phase.

o Extension of the Einstein-Hilbert gravity theory by a term quadratic in the
Ricci scalar curvature R:

M2 R2
SStaro = /d4X vV —8 7P |:R + 6?]

Z/d4X\/—_gM7‘2’ [(1 - X)R - gmzxz]

o Weyl rescaling: g, — 8., = e2*¥g,,

o Einstein gravity coupled to a scalar field:

Slguw,o] = / d'x\/~g [ —2R- —g*“’a ¢ — V(¢)]

2
V(¢) = %Mﬁmz ll —exp (—\/gwm,,)]
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Slow-roll Conditions/Parameters

@ In order to have a period of inflation, i.e. a period of expansion, the
condition for inflation p + 3P < 0 requires that ¢? < V/(¢).
This is the so-called first slow-roll condition.

@ In order to have a suitable phase of inflation, one must require that the
kinetic term in the inflaton equation, ¢, is negligible compared to the Hubble
friction term ( 3H¢) and the potential term.

One has a second slow-roll condition:
|d| < [3H| : 9] < |V'(9)]

@ It is possible to translate the same conditions into two corresponding
dimensionless slow-roll parameters:
H ¢
€= —— n=-——
b H¢

The smallness of the first-one ensures the realization of the accelerated
phase, while the smallness of the second one ensures that the accelerated
phase lasts long enough to sufficiently stretch the universe in a way that is
compatible with observations.
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Modified Gravity

o Natural modification of gravity: connection and metric independent.
The difference between an arbitrary connection and the Levi-Civita
connection is the so called Distorsion tensor:

C,upcr = Aupa - r(g)upa
@ Torsion is defined in terms of the Distorsion T,,, = Cup — Coup.
o The curvature associated with A, 7, is:

R[LI/pO' EauAupo_auAupU+Aup)\Au>\a_Aup)\AuAa
= pypa+DpCupa_ DuCppa+ C,up)\CI/Aa_ Cup)\CpAa

o The curvature tensor can be contracted:

1
R=Ru" R = ——er? Ruvpo
N
R’ =0 for C.” s =0, i.e., when the connection is the distorsionless
Levi-Civita one.
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Einstein-Cartan Gravity

o The connection has torsion but is metric compatible (Vg = 0).

o We consider a class of models given by an action of the form:
S[gu, ®] = / d*x V=2 (a(®)R+B(®)R'+A(®, R, R')+ (b, DY, C))

where ® = {g,,,, ¢, 1, ...} , represents the set of fields that are
independent of C,” ;.

A is an arbitrary function of the indicated fields and curvatures that
brings the non-linear terms, and is crucial to have a dynamical
distorsion.

2 is a quantity that contains the matter fields.
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Einstein-Cartan Gravity

@ The action S can be equivalently written by introducing one auxiliary
scalar field z

S— /d4 [ (®)R + <[3(¢) + 8—A> R+ (A(z) _ z%—f)]

The field z is called pseudoscalaron and is important since it
corresponds to a degree of freedom coming from the distorsion
because the field equation of z is (z — R')2 2 az2 = 0 where

2
R = e (DuGopo + Cuprn G o)
o As an example, we consider a simple class of theories that are exactly
solvable and give rise to an interesting set of inflationary models
where the inflaton is a pseudoscalar field related to the Holst term.
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Einstein-Cartan Gravity

@ They correspond to set the parameters as: no matter fields, a(®) = M2 /2,
4yB(®) = M2 [Barbero-Immirzi parameter].
@ A is taken to depend solely by the pseudoscalar curvature ,

A(R’) = £(R')P, with p > 1 a real number and £ a coupling constant.

@ On shell the action can be written as the sum of the Einstein-Hilbert action
and the lagrangian density of the pseudoscalar field z:

(VB(2))?
2

Sleiunal = [ d4x¢—[ MeR - k() - V(2)

The second term in the action is a kinetic term of z, which is therefore
dynamical, while

O uM? ~0A(2) B+ 258
K(Z)_].—I-TB2(Z) , V(z)==z o7 -A(z) B(Z)—M—’%
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Einstein-Cartan Gravity

@ The pseudoscalar kinetic term in the action can be canonically normalized by
a redefinition of the field:

o@) = [ VRQa
o For the case A(R') = &(R')P, it follows that:
V(z) = &(p—1)2°

° From gb(z) inverting with respect to B(z) and then with respect to z, one

B e R
(M)h<\f (- ¢0)>
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Inflation Model

@ The sign of the Barbero-Immirzi parameter v determines the direction of the
slow-roll phase.

@ The parameter p controls the extension of the inflationary plateau, the
asymptotics of the potential for large field values as well as the vacuum
geometry. Indeed, as p increases, the plateau region becomes longer and the
vacuum geometry becomes more and more cuspy. Smaller values of p favor
a potential uphill climbing for smaller values of the scalar field while larger

values of p tend to suppress the potential uphill climbing, which begins at
larger field values.

potential, y = -1/1000

12 —— P=2, Mpy=5.59-10% GeV
—— P=3, My=429-10% GeV
12 — p=4, M;=3.85-10%° GeV
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Decomposition of Torsion and Contorsion

@ Due to the antisymmetry of torsion in the spacetime indices, T,g,
has 24 independent components in d = 4. These can be grouped into
three irreducible pieces: a vector v,, (4 components), a pseudovector
a, (4 components) and the 16-component tensor 6,3,

@ In terms of its irreducible components, the torsion tensor reads

1 1 0
Tapu = 3 (8apVu — BapVs) + G CBhr a” + bapy
o From the following combination
vugﬁa + V,Bga,u - Vaguﬁ =0

one finds the contorsion tensor

Copp = 5 (Tapu + Topa + Tupa)

=N =

1
(8upVa — Buavs) + 1o CaBup @+ Oopy

Wl
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Coupling to Spinors

o Let’s consider tha Dirac action
| /— _
So = [ d*x e 5 (99D ~ D)

o In the presence of torsion, the spin connection can be decomposed
into the Leci-Civita part and the distorsion part

Waby = djabu(e) + Cabu
@ The contorsion in curved space is obtained through the vierbein
Cabu = €5 ef Capu
@ The contorsion-spinor interaction term in the Dirac case is of the form

il

24
with Ly = 307%759.
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Einsten-Cartan gravity + Fermions

o It is possibile to decompose also the curvature and the Holst term

1 2
R =R+2V,v" +ogand = vV - Oy O°°H

2
R = Vya = Zvud + 2" 0og, 075,

o We can not consider the terms that involve a total derivative (V,v*)
and the algebric terms (06), and use the following identity

Y, [B(2)a] = [V,.B(2)] " + B(z) (V") = 0

o Substituting and calculating the variation of the action with respect
to the fields a* and v* it is possibile to find the expressions of the
fields wrt the new source term

245, 24B(z)S,

T T1116B(z)? T 11 16B(2)2
where S, =V, B(z) — %‘g
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Local Supersymmetry (Supergravity)

o The Einstein-Cartan model may be extendend to a A/ =1
supergravity version.

o The parameter of global supersymmetry transformations are constant
spinors €,. The main idea is that in supergravity supersymmetry is
gauged, which means that the spinor parameters become arbitrary
functions on a curved spacetime manifold €,(x).

o A supergravity theory contains a gravity multiplet, the frame field
eﬁ(x) describing the graviton, plus a specific number of vector-spinor
fields @bb(x), where i = 1,..., N, whose quanta are the gravitinos,
the supersymmetric partner of the graviton.

o The basic case of the supergravity theory is N'=1 in D = 4, which
correspond to the Einstein-Hilbert action plus the gravitino action
(Rarita-Schwinger).

@ In the first order formalism the equation of motion for the spin
connection can be solved to obtain a connection with torsion.
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Conclusions and Outlook

@ We have considered Einstein-Cartan gravities with dynamical distorsion and
higher derivative terms given by powers of the so-called Holst scalar
curvature. The resulting effective field theory is equivalent to General
Relativity coupled to a pseudoscalar field that can naturally drive a
single-field slow-roll inflationary phase fully compatible with the current
observational evidences.

@ The inflationary paradigm offers an elegant way to solve the old puzzles of
the Hot Big Bang Cosmology model.

o We are trying to study the supersymmetric extensions of this class of
modified gravities and to embed them in more fundamental theories.

@ Further investigations are required, related to the reheating phase and to the
coupling to the SM or BSM fields. In particular, thermal and non-thermal
leptogenesis are interesting scenarios to deepen using Boltzmann equations.
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Thanks for your attention
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