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About this talk . . .

n Modi�ed theories of gravity of thef (R) type have been thoroughly studied
in the recent literature in connection with thecosmic speedupproblem.

n I will show here thatPalatini f (R) theories can also be used to address
issues of the very early Universe such as theBig Bang singularity.

n Structure of the talk:
u Introduction toLQG, LQC, and the Big Bounce.
u Advantages of a covariant action forLQC.
u Finding a covariant action forLQC: do it yourself.
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n LQG is anon-perturbativecanonical quantization of GR in which the

fundamental variables are triads and holonomies.
(which contrasts with the Wheeler-DeWitt program based on 3D-metrics andtheir momenta)
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LQG and LQC
n LQG is anon-perturbativecanonical quantization of GR in which the

fundamental variables are triads and holonomies.
(which contrasts with the Wheeler-DeWitt program based on 3D-metrics andtheir momenta)

n LQG does not address the problem of the uni�cation of all physical forces,
just the quantization of GR.

n The main successes of loop quantum gravity are:
u It replaces the classical notion of a smooth diff. geometry by adiscrete

quantum geometrywith quantized area and volume operators.
u It provides a microscopic calculation of theentropy of black holes.

n LQC is a symmetry-reduced homogeneous and isotropic model based on
LQG in which theBig Bang singularityis replaced by aquantum bounce.

u The fundamental description inLQC is discrete.
u It admits an effective continuum spacetime description which

successfully captures the quantum gravity effects at high energies and
becomes classical at low energies.
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Covariant Action for LQC
n Why do we need aCovariantEffectiveAction forLQC?

u If a CEA did not exist, it would be a bad symptom forLQC.
u A CEA could provide new insights on the properties of the effective

geometry ofLQG andLQC.
u A CEA could be used to study cosmological perturbation theory using

standard techniques, in contrast to the involved treatmentof
inhomogeneities in the Hamiltonian description ofLQC.

u One could test the resultingCEA in black hole spacetimes and other
regimes.

n This problem will also force us to use our knowledge on modi�ed theories
of gravity to reproduce an explicitly given set of dynamicalequations.

u Is theLQC dynamics of scalar-tensor type?
u Can it be written as anf (R) theory?
u Is it something more complicated than these candidates?
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Effective LQC Dynamics
n Using coherent state techniques, from the fundamental difference

equations one can �nd the following effective o.d.e. :

H2 = 8pG
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n No new degrees of freedom. Matter alone can cure the singularity.
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n There is a problem:key new insights needed to �nd an effective action.

Requiring second-order equations and covariance one is uniquely led to the Einstein-
Hilbert lagrangian density (modulo a cosmological constant) and hence to the Einstein
�eld equations.
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n Any f (R;RµnRµn; : : :) action inmetric formalismand any scalar-tensor
theory introduce additional degrees of freedom, not present in LQC.
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n No new degrees of freedom. Matter alone can cure the singularity.

n There is a problem:key new insights needed to �nd an effective action.

Requiring second-order equations and covariance one is uniquely led to the Einstein-
Hilbert lagrangian density (modulo a cosmological constant) and hence to the Einstein
�eld equations.

n Any f (R;RµnRµn; : : :) action inmetric formalismand any scalar-tensor
theory introduce additional degrees of freedom, not present in LQC.

n Palatini f (R) theories have the same number of d.o.f. as GR andLQC:
they seem a natural candidate to produce an effective action.
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Palatini f (R) theories
n Action and �eld equations of Palatinif (R) theories:

S= 1
2k2

R
d4x

p
� g f(R)+ Sm(gµn;y ) , where(gµn;Ga

bg) are independent.

fRRµn(G) � 1
2gµn f (R) = k2Tµn , wherefR � d f=dR.

Ña

� p
� g fRgbg

�
= 0 ) Ga

bg = tar

2

�
¶btrg + ¶gtrb � ¶r tbg

�
, where

tµn = fRgµn .
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n Note that in vacuum:Gµn(g) = � L e f fgµn , with L e f f � R fR� f
2fR
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n Palatini f (R) looks like GR with a modi�ed source !!!
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Finding the CEA
n For a massless scalar, the Hubble function is given by

u In LQC: 3H2 = 8pGr
�

1� r
r crit

�
, with r crit = 0:41r Planck .

u In Palatini f (R): 3H2 =
fR(k2r +( R fR� f )=2)
�

fR� 12k2r fRR
2(R fRR� fR)

� 2 .
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n There is aunique solutionwith fR ! 1 when R! 0 satisfying äLQC = äPal at

r = r c .
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Numerics and Functional Fits
n Dashed red line: Numerical Curve.

n Solid line: d f
dR = � tanh
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Numerics and Functional Fits
n Dashed red line: Numerical Curve.

n Solid line: 2k2r = R fR � 2f with d f
dR = � tanh
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Numerics and Functional Fits
n Dashed red line: Numerical Curve.

n Solid line: functional �ts.
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n This f (R) lagrangian exactly reproduces the dynamics of isotropicLQC.

n Thecosmic bounceoccurs at R= � 12Rc , where fR ! 0 .



l About this talk . . .

LQG LQC and Palatini

l LQG and LQC

l Covariant Action for LQC

l Effective LQC Dynamics

l Palatini f (R) theories

l Finding the CEA

l Numerics and Fits

l Summary and Conclusions

The End

Gonzalo J. Olmo Madrid, April 17, Ibericos 2009 - p. 10/11

Summary and Conclusions
n The dynamics of isotropicLQC can be derived from a covariant action.



l About this talk . . .

LQG LQC and Palatini

l LQG and LQC

l Covariant Action for LQC

l Effective LQC Dynamics

l Palatini f (R) theories

l Finding the CEA

l Numerics and Fits

l Summary and Conclusions

The End

Gonzalo J. Olmo Madrid, April 17, Ibericos 2009 - p. 10/11

Summary and Conclusions
n The dynamics of isotropicLQC can be derived from a covariant action.

n We have found aunique Palatinif (R) lagrangianwhich exactly reproduces its
dynamics.
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Summary and Conclusions
n The dynamics of isotropicLQC can be derived from a covariant action.

n We have found aunique Palatinif (R) lagrangianwhich exactly reproduces its
dynamics.

n At low curvatures the lagrangian is almost linear, but near the bounce the modi�ed
dynamics is non-trivial. The lagrangian,

f (R) = �
R

dRtanh
�
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,

requires an in�nite series inR to capture the full non-perturbative dynamics.
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Summary and Conclusions
n The dynamics of isotropicLQC can be derived from a covariant action.

n We have found aunique Palatinif (R) lagrangianwhich exactly reproduces its
dynamics.

n At low curvatures the lagrangian is almost linear, but near the bounce the modi�ed
dynamics is non-trivial. The lagrangian,

f (R) = �
R

dRtanh
�

5
103 ln

� �
R

12Rc

� 2
��

,

requires an in�nite series inR to capture the full non-perturbative dynamics.

n Our results provide new insights on the kind of �elds that an action must contain to
capture non-perturbative quantum gravity effects:

Unlike in the classical spacetime of GR,the metric might not be the sole fundamental
geometric entity, which shares similarities with the effective continuum geometry of
crystals.
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Thanks !!!
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