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Introduction Summary
Introduction
Motivations

Brief outline of the talk

@ Need for new gravitational physics?
@ Foundations of gravitation
@ Beyond General Relativity (Modified gravity):
e Extensions of f(R) gravity and some applications
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Brief outline of the talk

@ Need for new gravitational physics?
@ Foundations of gravitation
@ Beyond General Relativity (Modified gravity):
e Extensions of f(R) gravity and some applications
@ Hybrid metric-Palatini gravity

e Astrophysical and cosmological applications
e Graviton propagator, etc
e Future research, etc
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Introduction

@ The perplexing fact of the late-time cosmic acceleration has
forced theorists and experimentalists to pose the question:

o Is General Relativity (GR) the correct relativistic theory of
gravitation?
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Introduction

@ The perplexing fact of the late-time cosmic acceleration has
forced theorists and experimentalists to pose the question:

o Is General Relativity (GR) the correct relativistic theory of
gravitation?

@ The fact GR is facing so many challenges:

e Difficulty in explaining particular observations
e Incompatibility with other well established theories
o Lack of uniqueness
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Is this indicative of a need for new gravitational physics?

Francisco S.N. Lobo Beyond Einstein’s General Relativity



Introduction Summary
Introduction
Motivations

Motivations

@ Of course, cosmology is also an ideal testing ground for GR (in
particular, late-time cosmic acceleration).
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Motivations

@ Of course, cosmology is also an ideal testing ground for GR (in
particular, late-time cosmic acceleration).

@ Promising approach: assume that at large scales GR breaks
down, and a more general action describes the gravitational field.
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Motivations

@ Of course, cosmology is also an ideal testing ground for GR (in
particular, late-time cosmic acceleration).

@ Promising approach: assume that at large scales GR breaks
down, and a more general action describes the gravitational field.
@ Generalizations of the Einstein-Hilbert Lagrangian:
R?, Ry R", RopuROOM, ePM Rog s RIS, Capn COPHY, efc.
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@ Of course, cosmology is also an ideal testing ground for GR (in
particular, late-time cosmic acceleration).

@ Promising approach: assume that at large scales GR breaks
down, and a more general action describes the gravitational field.

@ Generalizations of the Einstein-Hilbert Lagrangian:
R% R, R"™, RQBWRQBW, EQBNVRQBW(;R;?,, CQB,WC“BW, etc.
@ Physical motivations for these modifications of gravity:
e possibility of a more realistic representation of the gravitational
fields near curvature singularities;

e and to create some first order approximation for the quantum
theory of gravitational fields.
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General Relativity (GR): Hilbert-Einstein action

@ GRis a classical theory, therefore no reference to an action is
required. Consider the Hilbert-Einstein action:

5= /d%«r[w( )| (1)
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General Relativity (GR): Hilbert-Einstein action

@ GRis a classical theory, therefore no reference to an action is
required. Consider the Hilbert-Einstein action:

5= /d%r[M( )| (1)

@ But, the Lagrangian formulation is elegant, and has merits:

@ Quantum level: the action acquires a physical meaning, and a
more fundamental theory of gravity will provide an effective
gravitational action at a suitable limit;

e Easier to compare alternative gravitational theories through their
actions rather than by their field equations;

e In many cases one has a better grasp of the physics as described
through the action, i.e., couplings, kinetic and dynamical terms, etc
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Foundations of Gravitation Theory

@ Schiff and Dicke: gravitational experiments do not necessarily
test GR, i.e., do not test the validity of specific field equations,
experiments test the validity of principles;

@ Triggered the development of powerful tools for distinguishing
and testing theories, such as the Parametrized Post-Newtonian
(PPN) expansion (pioneered by Nordvedt; extended by Nordvedt
and Will)

@ Indeed, the idea that experiments test principles and not specific
theories, implies the need of exploring the conceptual basis of a
gravitational theory.
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Dicke framework

@ Dicke Framework. Probably the most unbiased assumptions to
start with, in developing a gravitation theory:

e Spacetime is a 4-dim manifold, with each point in the manifold
corresponding to a physical event (note that a metric and affine
connection is not necessary at this stage);

e The equations of gravity and the mathematical entities in them are
to be expressed in a form that is independent of the coordinates
used, i.e., in a covariant form.
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Dicke framework

@ Dicke Framework. Probably the most unbiased assumptions to
start with, in developing a gravitation theory:

e Spacetime is a 4-dim manifold, with each point in the manifold
corresponding to a physical event (note that a metric and affine
connection is not necessary at this stage);

e The equations of gravity and the mathematical entities in them are
to be expressed in a form that is independent of the coordinates
used, i.e., in a covariant form.

@ Itis common to think of GR, or any other gravitation theory, as a
set of field equations (or an action).

e However, a complete and coherent axiomatic formulation of GR, or
any other gravitation theory, is still lacking.

@ One needs to formulate “principles”; an important one is the
covariance principal, present in the Dicke Framework
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Einstein Equivalence Principle (C. Will)

@ Einstein Equivalence Principle (EEP): The EEP is at the heart of
gravitation theory.

@ Thus if the EEP is valid, then gravitation must be a curved

spacetime phenomenon, i.e., it must obey the postulates of
Metric Theories of Gravity:

@ Spacetime is endowed with a metric (second rank non-degenerate
tensor);

e The world lines of test bodies are geodesics of that metric;

e Inlocal freely falling frames, Lorentz frames, the non-gravitational
laws of physics are those of Special Relativity.
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f(R) gravity

@ Consider f(R) gravity, for simplicity:

s= [aev=g| B2+ Lut0)] @

Appealing feature: combines mathematical simplicity and a fair
amount of generality!
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f(R) gravity

@ Consider f(R) gravity, for simplicity:

R
S= /d4:v V=g {J;(HZ) + L (9", )| - (2)
Appealing feature: combines mathematical simplicity and a fair

amount of generality!
@ Ricci scalar is a dynamical degree of freedom:
30F 4+ FR—2f = xkT (where F = df /dR)
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f(R) gravity

@ Consider f(R) gravity, for simplicity:

s= [aev=g| B2+ Lut0)] @

Appealing feature: combines mathematical simplicity and a fair
amount of generality!
@ Ricci scalar is a dynamical degree of freedom:
30F 4+ FR—2f = xkT (where F = df /dR)
@ Introduces a new light scalar degree of freedom
e This produces a late-time cosmic acceleration
e But, the light scalar strongly violates the Solar System constraints

o Way out: ‘chameleon’ mechanism, i.e., the scalar field becomes
massive in the Solar System

Francisco S.N. Lobo Beyond Einstein’s General Relativity



Introduction Summary
Introduction
Motivations

f(R) gravity

@ Consider f(R) gravity, for simplicity:

R
S= /d4:v V=g {J;(HZ) + L (9", )| - (2)
Appealing feature: combines mathematical simplicity and a fair

amount of generality!
@ Ricci scalar is a dynamical degree of freedom:
30F 4+ FR—2f = xkT (where F = df /dR)
@ Introduces a new light scalar degree of freedom
e This produces a late-time cosmic acceleration
e But, the light scalar strongly violates the Solar System constraints
o Way out: ‘chameleon’ mechanism, i.e., the scalar field becomes
massive in the Solar System
@ Approaches: metric, Palatini, metric-affine formalisms
(and the hybrid metric-Palatini formalism)
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Action of hybrid metric-Palatini gravity

Hybrid metric-Palatini gravity

@ Action:
S =gz [ eV=IIR+ FR) 4 S0 @
e S, is the matter action, x* = 871G,
@ R is the Einstein-Hilbert term,
o R = ¢g""Ru. is the Palatini curvature,
@ R, is defined in terms of an |ndependent connection I'% OB

Ruv _I‘WQ I‘”‘al,+F ,\I‘ I“’,\I‘

@ (Harko, Koivisto, FL, Olmo, PRD 2012)
(Capozziello, Harko, Koivisto, FL, Olmo, JCAP 2013)
(review: Capozziello, Harko, Koivisto, FL, Olmo, 2015)
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Gravitational field equations

Hybrid metric-Palatini gravity

@ Varying the action with respect to the metric, one obtains:

1

§f(R)g,uV = /QQT/Vwa (4)

where the energy-momentum tensor is defined as usual,

o2 0/
V=g sg)

GW + F(R)RHV -
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Hybrid metric-Palatini gravity

Gravitational field equations

@ Varying the action with respect to the metric, one obtains:
1

Guw +FR)Ruw — §f(73)9w = k* T}, (4)
where the energy-momentum tensor is defined as usual,
2 5(V/—9gLm)
T, =— . 5
g V=g d(g") ©)
@ Varying the action with respect to I', :
@a (V _gF(R)g;w) =0 (6)

e implies that f,‘jy is the Levi-Civita connection of a metric
huw = F(R)guw-

e Thus, h,. is conformally related to the physical metric g,..., with the
conformal factor given by F(R) = df(R)/dR.
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Cosmological Perturbations
General Hybrid Metric-Palatini Theories

Scalar-tensor representation

@ May be expressed as the following scalar-tensor theory
d* ,/ 3
S = / x { 1+ @)R+ %ama% V(@) + Sm-  (7)

o Differs from w = —3/2 Brans-Dicke theory in the coupling of the
scalar to the curvature, which in the w = —3/2 theory is ¢R.

e This simple modification will have important physical
consequences.

Francisco S.N. Lobo Beyond Einstein’s General Relativity



Action

Astrophysical and cosmological applications
Cosmological Perturbations

General Hybrid Metric-Palatini Theories

Scalar-tensor representation

Hybrid metric-Palatini gravity

@ May be expressed as the following scalar-tensor theory
d4
S = / v [ (1+¢)R+ Tbamaﬂqs V(e)| + S (7)

o Differs from w = —3/2 Brans-Dicke theory in the coupling of the
scalar to the curvature, which in the w = —3/2 theory is ¢R.

e This simple modification will have important physical
consequences.

@ The gravitational field equation is given by:

(1 + ¢)G;w = H2T;w + vpvu¢ - D¢guu - ,ud)vud)

<z5

1
+ ¢v)\¢v)\¢guv - §Vguua (8)

from which it is seen that the spacetime curvature is generated
by both the matter and the scalar field.
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Scalar-tensor representation: Einstein frame

Hybrid metric-Palatini gravity

@ Conformal transformation into the Einstein frame:

g;w = (1 + ¢) Guv (9)

@ The Einstein frame Lagrangian becomes:

3 §0abs  V(9)

i—f .
"% 1re?  QteP
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Hybrid metric-Palatini gravity

Scalar-tensor representation: Einstein frame

@ Conformal transformation into the Einstein frame:

G = (14 9) Gy » (9)
@ The Einstein frame Lagrangian becomes:
R R HaB
L:R_Fig ¢,a¢.ﬂ_ V(9) (10)

20 (1+9¢)° (1+¢)°

@ Put into its canonical form by introducing the rescaled field ¢ as

¢ = tan? (;\%) . (11)

The vacuum theory then becomes a canonical scalar theory with
a very specific potential [stemming of course from the original
function f(R)] in the Einstein frame.
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Weak-field, slow-motion behaviour

@ The effective Newton constant G and the post-Newtonian
parameter (PPN) ~ are

Gar = T [1- (03], (12

1+ (¢o/3) e ™"
1= (do/3) e 19
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Cosmological Perturbations
General Hybrid Metric-Palatini Theories

Weak-field, slow-motion behaviour

@ The effective Newton constant G and the post-Newtonian
parameter (PPN) ~ are

Gar = T [1- (03], (12
_ 14 (¢o/3)emer
Y= 1— (¢0/3) e—MeT : (13)

e As is clear from the above expressions, the coupling of the scalar
field to the local system depends on the amplitude of the
background value ¢y.
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Weak-field, slow-motion behaviour

Hybrid metric-Palatini gravity

@ The effective Newton constant G and the post-Newtonian
parameter (PPN) ~ are

Gar = T [1- (03], (12
14+ (po/3) e e

L —(¢o/3) e mer

(13)

e As is clear from the above expressions, the coupling of the scalar
field to the local system depends on the amplitude of the
background value ¢y.

o If ¢ is small, then Geg =~ G and v = 1 regardless of the value of
the effective mass m?,.
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Hybrid metric-Palatini gravity

@ This contrasts with the result in the metric version of f(R):

26M _, .
3 C ’
Gcf‘f = G (]- + efmf’r/g) /d)Ov (15)

Y = (1_6;”"T)/ (1+6:”), (16)

requires a large mass m; = (¢Vyy — V) /3 to make the
Yukawa-type corrections negligible in local experiments.
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Hybrid metric-Palatini gravity

Late-time cosmic speedup

@ Consider the FLRW metric (k = 0): ds? = —dt? + a?(t)dx>.
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Hybrid metric-Palatini gravity

Late-time cosmic speedup

@ Consider the FLRW metric (k = 0): ds? = —dt? + a?(t)dx>.
@ Modified Friedmann equations:

P = | V_?’d)( 4@)1 "
2
2 — % x (p+P)+H¢+2¢;—4 (18)
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Hybrid metric-Palatini gravity

Late-time cosmic speedup

@ Consider the FLRW metric (k = 0): ds? = —dt? + a?(t)dx>.
@ Modified Friedmann equations:

1 Voo ¢
7o~ L |2 WL
2 = g [+ P+ o+ 5T 4. (18)

@ Scalar field equation:

.. . 42 2
o+3Hop — % + §[2V7 1+ 9)Vy] = f%(p—?)P) . (19)
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Hybrid metric-Palatini gravity

Consistency at Solar System and cosmological scales

@ Consider for mathematical simplicity:

V() = Vo + Vig?. (20)
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Consistency at Solar System and cosmological scales

Hybrid metric-Palatini gravity

@ Consider for mathematical simplicity:
V(g) = Vo + Vig®. (20)

e Trace of the field eq. automatically implies R = —x2T + 2V%.

Francisco S.N. Lobo Beyond Einstein’s General Relativity



Action

Astrophysical and cosmological applications
Cosmological Perturbations

General Hybrid Metric-Palatini Theories

Consistency at Solar System and cosmological scales

Hybrid metric-Palatini gravity

@ Consider for mathematical simplicity:
V(g) = Vo + Vig®. (20)

e Trace of the field eq. automatically implies R = —x2T + 2V%.
e As T — 0 with the cosmic expansion, naturally evolves into a de
Sitter phase (Vo ~ A) for consistency with observations.
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Consistency at Solar System and cosmological scales

Hybrid metric-Palatini gravity

@ Consider for mathematical simplicity:
V(g) = Vo + Vig®. (20)

e Trace of the field eq. automatically implies R = —x2T + 2V%.

e As T — 0 with the cosmic expansion, naturally evolves into a de
Sitter phase (Vo ~ A) for consistency with observations.

e If Vi is positive, the de Sitter regime represents the minimum of the
potential.
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Consistency at Solar System and cosmological scales

Hybrid metric-Palatini gravity

@ Consider for mathematical simplicity:

V() = Vo + Vig?. (20)

Trace of the field eq. automatically implies R = —x>T + 2V%,.

e As T — 0 with the cosmic expansion, naturally evolves into a de
Sitter phase (Vo ~ A) for consistency with observations.

If V1 is positive, the de Sitter regime represents the minimum of the
potential.

The effective mass for local experiments, m? = 2(Vo — 2V1¢)/3, is
positive if ¢ < V5/ V1.
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Consistency at Solar System and cosmological scales

Hybrid metric-Palatini gravity

@ Consider for mathematical simplicity:
V(g) = Vo + Vig®. (20)

e Trace of the field eq. automatically implies R = —x2T + 2V%.

e As T — 0 with the cosmic expansion, naturally evolves into a de
Sitter phase (Vo ~ A) for consistency with observations.

e If Vi is positive, the de Sitter regime represents the minimum of the
potential.

e The effective mass for local experiments, m2, = 2(Vy — 2Vi4)/3, is
positive if ¢ < V5/ V1.

e For V7 > V), the amplitude small enough to pass SS tests.
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General Hybrid Metric-Palatini Theories

Consistency at Solar System and cosmological scales

@ Consider for mathematical simplicity:
V(g) = Vo + Vig®. (20)

e Trace of the field eq. automatically implies R = —x2T + 2V%.

e As T — 0 with the cosmic expansion, naturally evolves into a de
Sitter phase (Vo ~ A) for consistency with observations.

e If Vi is positive, the de Sitter regime represents the minimum of the
potential.

e The effective mass for local experiments, m2, = 2(Vy — 2Vi4)/3, is
positive if ¢ < V5/ V1.

e For V7 > V), the amplitude small enough to pass SS tests.

@ The exact de Sitter solution is compatible with dynamics of the
scalar field in this model.
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Cosmological Perturbations

Hybrid metric-Palatini gravity

@ To understand the cosmological structure formation, deduce the
perturbation equations and analyse them for specific cases.

@ This paves the way for a detailed comparison of the predictions
with the cosmological data on large scale structure and the
cosmic microwave background.

Francisco S.N. Lobo Beyond Einstein’s General Relativity



Action

Astrophysical and cosmological applications
Cosmological Perturbations

General Hybrid Metric-Palatini Theories

Hybrid metric-Palatini gravity

Cosmological Perturbations

@ To understand the cosmological structure formation, deduce the
perturbation equations and analyse them for specific cases.

@ This paves the way for a detailed comparison of the predictions
with the cosmological data on large scale structure and the
cosmic microwave background.

@ Consider the Newtonian gauge, which can be parameterized by
the two gravitational potentials ® and ¥,

ds? = —(1 4 2W)dt? 4 a?(t)(1 4 2®)di? . (21)
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Hybrid metric-Palatini gravity

Cosmological Perturbations

@ To understand the cosmological structure formation, deduce the
perturbation equations and analyse them for specific cases.

@ This paves the way for a detailed comparison of the predictions
with the cosmological data on large scale structure and the
cosmic microwave background.

@ Consider the Newtonian gauge, which can be parameterized by
the two gravitational potentials ® and ¥,

ds? = —(1 4 2W)dt? 4 a?(t)(1 4 2®)di? . (21)

@ As matter source we consider a perfect fluid, with the background
equation of state w and with density perturbation 6 = ép.,/pim.
pressure perturbation dp,, = ¢26p,, and velocity perturbation .
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Hybrid metric-Palatini gravity

Cosmological Perturbations

@ To understand the cosmological structure formation, deduce the
perturbation equations and analyse them for specific cases.

@ This paves the way for a detailed comparison of the predictions
with the cosmological data on large scale structure and the
cosmic microwave background.

@ Consider the Newtonian gauge, which can be parameterized by
the two gravitational potentials ® and ¥,

ds? = —(1 4 2W)dt? 4 a?(t)(1 4 2®)di? . (21)

@ As matter source we consider a perfect fluid, with the background
equation of state w and with density perturbation 6 = ép.,/pim.
pressure perturbation dp,, = ¢26p,, and velocity perturbation .

@ One can show:

9
Ul = (22)

where we have denoted ¢ = §¢.
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General Hybrid Metric-Palatini Theories

@ Assuming a perfect fluid, the continuity and Euler equations for
the matter component are

. h 2

§+3H(2—w)s = —(14+w) (3@—’111), (23)

br(-3e)Hy = (w5 g (24)
s T a 14w ’

respectively.
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Cosmological Perturbations
General Hybrid Metric-Palatini Theories

@ Assuming a perfect fluid, the continuity and Euler equations for
the matter component are

54 3H(? —w)s

—(1+w) (3<i> — kzv> , (23)

a

1 2
— | 5 24
a(+1+wa), (24)

+ (1 —3c2)Hv

respectively.
@ Linear part of the Klein-Gordon equation is

1 | k? ¢’ "

<2¢+ 6HG — 2¢¢2> U4 (\1/ 3@) - g(sR. (25)
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Matter dominated cosmology

Hybrid metric-Palatini gravity

@ Consider the formation of structure in the matter-dominated
universe, where w = ¢ = 0 (assume scales deep inside the
Hubble radius: so called quasi-static approximation).
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Matter dominated cosmology

Hybrid metric-Palatini gravity

@ Consider the formation of structure in the matter-dominated
universe, where w = ¢ = 0 (assume scales deep inside the
Hubble radius: so called quasi-static approximation).

@ Combining the continuity and the Euler equation in this
approximation, one finally obtains:

6+ 2HS = AnGesipimd , (26)
with )
1—35¢
Goff = SAde: 27
L (27)
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Hybrid metric-Palatini gravity

Matter dominated cosmology

@ Consider the formation of structure in the matter-dominated
universe, where w = ¢ = 0 (assume scales deep inside the
Hubble radius: so called quasi-static approximation).

@ Combining the continuity and the Euler equation in this
approximation, one finally obtains:

6+ 2H(S =47 Geﬂpmé, (26)
GC . /

@ Equation (26) provides a very simple approximation to track the
growth of structure accurately within the linear regime during
matter dominated cosmology.
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Matter dominated cosmology

Hybrid metric-Palatini gravity

Confrontations of specific model predictions with the present large
scale structure data and forecasts for the constraints from future
experiments (ex. EUCLID mission).
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Hybrid metric-Palatini gravity

Vacuum fluctuations

@ The propagation of the scalar degree of freedom in vacuum is
also a crucial consistency check on the theory.
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Hybrid metric-Palatini gravity

Vacuum fluctuations

@ The propagation of the scalar degree of freedom in vacuum is
also a crucial consistency check on the theory.

@ Set p,,, = 0, and consider the curvature perturbation in the
uniform-field gauge ¢. In terms of the Newtonian gauge
perturbations this is

(=9 - ggo. (28)
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Hybrid metric-Palatini gravity

Vacuum fluctuations

@ The propagation of the scalar degree of freedom in vacuum is
also a crucial consistency check on the theory.

@ Set p,,, = 0, and consider the curvature perturbation in the
uniform-field gauge ¢. In terms of the Newtonian gauge
perturbations this is

H
CZCI)—;SD- (28)

@ We obtain the exact (linear) evolution equation (tedious algebra):

‘s $+2H(1 +¢) — £ o(1+9)

d+2H(1+0) 72
269 Pl+¢)% \|. K
X<¢(1+¢)+1—¢3(1+¢,)3>1C——a2€“, (29)

used to study generation of fluctuations in hybrid gravity-inflation.

3H -2
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Construction of specific models and their observational tests:

@ the Einstein-frame formulation might present a convenient
starting point for that as it, given the function f(R), presents
directly the relevant inflationary potential in terms of the canonic
field.
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More General Hybrid Metric-Palatini Theories

@ The “hybrid” theory space is a priori large. In addition to the
metric and its Levi-Civita connection, one also has an additional
independent connection as a building block to construct
curvature invariants from.

Francisco S.N. Lobo Beyond Einstein’s General Relativity



Action
Astrophysical and cosmological applications

Hybrid metric-Palatini gravity ) )
Cosmological Perturbations

General Hybrid Metric-Palatini Theories

More General Hybrid Metric-Palatini Theories

@ The “hybrid” theory space is a priori large. In addition to the
metric and its Levi-Civita connection, one also has an additional
independent connection as a building block to construct
curvature invariants from.

@ Thus one can consider various new terms such as

RW’Ruu, R'WRWa leaﬁR/WaBa Rﬂyaﬁszaﬁ’v RR, etC(éO)
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More General Hybrid Metric-Palatini Theories

@ The “hybrid” theory space is a priori large. In addition to the
metric and its Levi-Civita connection, one also has an additional
independent connection as a building block to construct
curvature invariants from.

@ Thus one can consider various new terms such as

RM’RW , R“V’le , RﬂyaﬁRul/a,ﬁ , RﬂvaﬁleaB , RR, etc(éo)

@ Though an exhaustive analysis of such hybrid theories has not
been performed, there is some evidence that the so called hybrid
class of theories presented here is a unique class of viable
higher order hybrid gravity theories.
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Representative class of more general theories

@ Consider a representative class of more general theories:

1

S = ﬁ/dé{r\/ _gf(RvRaQH)7 QH = RIWRMV
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Representative class of more general theories

@ Consider a representative class of more general theories:

_ 1
T oK2

S /d4x\/?gf(R, R,Qu), Quw=R"R,, (31
@ Variation with respect to the metric yields the field equation:
Fn By~ 300 + 90 8~ VYL + LRy + 2] gRARA
+%D (£ R ) + %ngavﬁ (1aR*7) = VaVi (£oRY) = T,

fr, frand for derivatives of f with respect to R, R and Q.
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Representative class of more general theories

@ Consider a representative class of more general theories:

_ 1
T oK2

@ Variation with respect to the metric yields the field equation:

S=g [ AoVTIIRRQr),  Qu=R"R. (31
1
f,RR,uu - gg,uuf + g,uqu,R - v,uvuf,R + f,RR;w + 2f,QR2RDA
1 1
. - _paB) _ DA _ .2
+§D (f,QR;w) + Zg;wvavﬁ (ny'R« ) V)\V(V (f,QR,u)) =K TM”

fr, frand for derivatives of f with respect to R, R and Q.
@ Eq. of motion for the connection dictates that it is the Levi-Civita
connection of the metric g,,., given by

P = Y= where 1 = [rg 4 [oRY . (32)
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Hybrid metric-Palatini gravity

Graviton propagator

@ Considering perturbations h,, = g.. — 1. around Minkowski
space g, = 1., and inverting the linearised field equations for
the physical metric, provides the propagators for the graviton and
the additional degrees of freedom that may be present in k..
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Hybrid metric-Palatini gravity

Graviton propagator

@ Considering perturbations h,, = g.. — 1. around Minkowski
space g, = 1., and inverting the linearised field equations for
the physical metric, provides the propagators for the graviton and
the additional degrees of freedom that may be present in k..

@ The propagator I1%%7° is defined by

H;ﬁlwh,ﬂ; = K’Tag (33)

where 7,3 represents the linearised stress energy source.
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Hybrid metric-Palatini gravity

Graviton propagator

@ Considering perturbations h,, = g.. — 1. around Minkowski
space g, = 1., and inverting the linearised field equations for
the physical metric, provides the propagators for the graviton and
the additional degrees of freedom that may be present in k..

@ The propagator 1179 is defined by

H;ﬁlwh,ﬂ; = K’Tag (33)

where 7,3 represents the linearised stress energy source.
@ In the formalism of the spin-projector operators, the result can be
given in Fourier space in terms of two functions a and ¢ as
7)2

7)0
kQHa _ afvyd _ afiyé 4
PO (k) a(—k2) = 3e(—k2) (34)

where P2, s picks up the spin-2 and P);_; the scalar modes of
the fluctuations.

Francisco S.N. Lobo Beyond Einstein’s General Relativity



Action
Astrophysical and cosmological applications

Hybrid metric-Palatini gravity ) )
Cosmological Perturbations

General Hybrid Metric-Palatini Theories

@ The functions a and c can be determined immediately given the
form of f(R,R,Qm). They depend upon the combinations

6f(0) f(g) f((g)
A=—*  and B= %, (35)
2/ 1

in the following way:

@) = 9900 (36)
(@ = f,83>+f,%%>—2(f( R+ 4R+ 1) O

+ [f(o) (6A+B)+f<0> <2A+ B)} 0%, (37)
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Hybrid metric-Palatini gravity

Metric f(R) models

@ In the pure metric f(R) case, f,(}g)R = A =0 and we have

1
9P = mef? 4 poeBs (38)
f(R) 9 (kQ N (3f,(§)3)*1)

e Thus we have an extra scalar degree of freedom, as we expect
since the f(R) models are known to be equivalent to Brans-Dicke
theories with a vanishing parameter wgp = 0.

e The mass of the “scalaron” is m? = (3ff,?R)‘1, and as long as
f"(R) > 0 the theory is stable, otherwise a tachyonic mass spoils

the stability around Minkowski space.
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Hybrid metric-Palatini gravity

Palatini f(R) models

@ The Palatini-type f(R) models are equivalent to Brans-Dicke
theories with the parameter wpp = —3/2.

e This particular value corresponds to vanishing kinetic term of the
field, which is thus nondynamical.

e Therefore we expect that no additional scalar degree of freedom
should appear.
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Hybrid metric-Palatini gravity

Palatini f(R) models

@ The Palatini-type f(R) models are equivalent to Brans-Dicke
theories with the parameter wpp = —3/2.

e This particular value corresponds to vanishing kinetic term of the
field, which is thus nondynamical.

e Therefore we expect that no additional scalar degree of freedom
should appear.

@ For a proper normalisation we may assume that ffg) =1, and we
have that f%2 = f’(,g)R = ffg) = 0. Hence,

aBys _ praBye
II =1l

F(R) ; (39)

confirming our expectation.
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Hybrid metric-Palatini models

@ In Ricci-flat spacetimes the hybrid metric-Palatini theories share
the properties of Palatini- f(R) theories, which in vacuum reduce
to GR with a possible cosmological constant.
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Hybrid metric-Palatini models

@ In Ricci-flat spacetimes the hybrid metric-Palatini theories share
the properties of Palatini- f(R) theories, which in vacuum reduce
to GR with a possible cosmological constant.

@ Therefore it is not a surprise that we find no new propagating
degrees of freedom in Minkowski vacuum,

s 5
Hﬁflgrid = HaG/jg : (40)
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Hybrid Ricci-squared f(R, Q) theories (Q; = R"R,.,)

@ We can arrange the result for the propagator in the form
(0) 3 £(0)72 0aByS
s 319 (1+47982) P
F(RQ) 1 () 14 0) 1.2 ©)? .4
2(1—4([@) k) (14310 +2<f7Q> k
afyé
L
0?4}
(1‘ H(9) ’“)
@ We have a modulated graviton propagator which adds two extra

poles. In addition, there appears a scalar propagator that has
five poles.

(41)

e This theory is seriously haunted by ghosts and thus not physical.
e ltis easy to convince oneself that this occurs very generically once
one builds the action from higher order hybrid curvature invariant.
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@ We presented a hybrid metric-Palatini framework for theories of
gravity, and tested the new theories it entails using a number of
theoretical consistency checks and observational constraints.
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gravity, and tested the new theories it entails using a number of
theoretical consistency checks and observational constraints.

@ One may evade altogether the chameleon mechanism.
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@ We presented a hybrid metric-Palatini framework for theories of
gravity, and tested the new theories it entails using a number of
theoretical consistency checks and observational constraints.

@ One may evade altogether the chameleon mechanism.

© One excludes theories inhabited by ghost-like, superluminally
propagating and otherwise pathological degrees of freedom.
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Summary and Conclusion

@ We presented a hybrid metric-Palatini framework for theories of
gravity, and tested the new theories it entails using a number of
theoretical consistency checks and observational constraints.

@ One may evade altogether the chameleon mechanism.

© One excludes theories inhabited by ghost-like, superluminally
propagating and otherwise pathological degrees of freedom.

© In a monistic view of Physics, one would expect Nature to make
somehow a choice between the two distinct possibilities offered
by metric and Palatini formalisms.

@ We have shown that a theory consistent with observations and
combining elements of these two approaches is possible.

@ Hence gravity admits a diffuse formulation where mixed features of
both formalisms successfully address large classes of phenomena.
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@ Tests from the solar system, large scale structure and lensing
essentially restrict the range of allowed modified gravity models.
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@ Tests from the solar system, large scale structure and lensing
essentially restrict the range of allowed modified gravity models.

© Surveys such as the Euclid space telescope, the Square
Kilometre Array (SKA) radio telescope, the Dark Energy Survey
(DES), and the Extended Baryon Oscillation Spectroscopic
Survey (eBOSS) as part of the Sloan Digital Sky Survey llI
(SDSS) will provide new opportunities to test the different
cosmological models.
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@ Tests from the solar system, large scale structure and lensing
essentially restrict the range of allowed modified gravity models.

© Surveys such as the Euclid space telescope, the Square
Kilometre Array (SKA) radio telescope, the Dark Energy Survey
(DES), and the Extended Baryon Oscillation Spectroscopic
Survey (eBOSS) as part of the Sloan Digital Sky Survey llI
(SDSS) will provide new opportunities to test the different
cosmological models.

© Indeed, with the wealth of unprecedented high precision
observational data that will become available by these upcoming
and planned surveys, we are dawning in a golden age of
cosmology, which offers a window into understanding the
perplexing nature of the cosmic acceleration, dark matter and of
gravity itself.
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