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Introduction and summary

The observation of the accelerated expansion of the Universe in 1998 is without any doubt the
most striking result in modern cosmology. Standard Cosmology is based on General Relativity
(GR), a theory of impressive beauty, power and simplicity, which is supported by a number of
tests at Solar System scales. However, Einstein’s theory maintains untouched the Newtonian in-
tuition that gravity should be attractive, hence leading to a decelerating Universe. An accelerated
expansion hence requires some modification, at least at cosmological scales. A possible explana-
tion, consistent with existing data, is provided by the introduction of a "cosmological constant"
term A in the field equations. The value of the energy stored in such constant today, generally
called "Dark Energy" (DE), has to be of the order of the critical density, py ~ 1072eV%, a
ridiculously small value that still leaves open a number of questions. In particular, in QFT a
cosmological constant term can emerge from vacuum fluctuations, but there is no hint of why
one should get the observed scale 1073¢V. Rather on the contrary, naive estimates leads to
Pvac ~ ki .. where kpq. is the UV cutoff of the theory. Also, a constant vacuum energy would
have been negligibly small in the whole past history of the Universe, since it is constant in time,
while matter and radiation density evolve as a=3 and a~*, respectively (where a is the scale
factor). So, it is quite puzzling that matter density and vacuum energy density become compa-
rable just at the present epoch. This latter issue is often referred to as the "Cosmic coincidence
problem".

Hence, there are many reasons to consider a dynamical dark energy as an alternative to
a cosmological constant. First, it is a logical possibility which might be correct, and can be
constrained by observation. Secondly, it is consistent with the hope that the ultimate vacuum
energy might actually be zero. But most interestingly, one might wonder whether replacing a
constant parameter A with a dynamical field could allow us to relax the fine-tuning that in-
evitably accompanies the cosmological constant. On the other hand, recent observations opened
the possibility of a slight deviation from an equation of state wpr = —1, suggesting in partic-
ular that a "phantom" (i.e. wpg < —1) behaviour could explain the tension between different
measurements, though these results should be interpreted just as preliminary hints that have to
be supported by more precise measurements that will become available in the near future.
The nature of Dark Energy can be in principle approached in two ways. One is to add some
exotic field to the matter content on the right hand side of Einstein’s equations, contributing
to the energy-momentum tensor with a negative pressure term. Alternatively, one could try a
modified gravity model, in which the modification is made on the left hand side of the equations,
i.e. on the Einstein tensor. Of course, from the point of view of gravitation itself, there is no
way to distinguish the two using only gravitational interactions, since any modification to the
Einstein tensor con be re-formulated into an "effective energy-momentum tensor" by moving it
on the right hand side, and vice versa.
In recent years, a few authors explored the possibility of using non-local terms to produce mod-
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ifications of General Relativity in the infrared with different motivations, e.g. the degravitation
mechanism or the possibility to give mass to the graviton without breaking the gauge invariance
of the massless theory.

In this work, we propose a modification of gravity obtained adding a term m? RO"2R to the
Einstein-Hilbert action. The resulting theory should be understood as a classical effective one.
We find that the mass parameter m only affects the non-radiative sector of the theory, while
the graviton remains massless, there is no propagating ghost-like degree of freedom, no vDVZ
discontinuity, and no Vainshtein radius below which the theory becomes strongly coupled. For
m = O(Hy) (where Hy is the present value of the Hubble constant, Hy ~ 70 Kms~! Mpc~!) the
theory therefore recovers all successes of GR at solar system and lab scales, and only deviates
from it at cosmological scales. We examine the cosmological consequences of the model and we
find that it automatically generates a dynamical Dark Energy and a self-accelerating evolution.
After fixing our only free parameter m so to reproduce the observed value of the Dark Energy
density today, we get a pure prediction for the Dark Energy equation of state, wpp ~ —1.14.
This value is in excellent agreement with the Planck result w = —1.13 + 0.13 and would also
resolve the existing tension between the Planck data and local measurements of the Hubble pa-
rameter. These original results have been recently published on the arXiv [1].

In chapter 1 we recall some basics aspects of the standard FRW cosmology, without giving a
complete treatment, but rather underlying the aspect more relevant for the subsequent discussion,
since the existence of a Dark Energy and its domination today are confirmed by a number of
observations relying on the cosmological model we assume. In chapter 2 we present the most
robust evidences of the accelerated expansion, Type Ia Supernovae (Snla), Baryon Acoustic
Oscillations (BAO), and the Cosmic Microwave Background (CMB), and we comment about the
most recent experimental results. We then introduce our original non-local model in which a
dynamical Dark Energy naturally emerges. We present in detail the cosmological consequences,
and we comment on its predictive power and testability, comparing it to already existing models;
we also show that the model smoothly reduces to GR at Solar System scales, hence recovering its
experimental successes. We discuss in detail the conceptual aspects related to the introduction
of non-local operators and their proper interpretation. Finally, in chapter 4 we discuss some
possible extensions of the model.



Chapter 1

Basics of FRW cosmology

Throughout the text we shall assume the reader to be familiar with General Relativity and
the basic cosmological picture, including thermal history and the need for an inflationary phase.

In this chapter we shall recall the basics of standard FRW cosmology. Rather than to provide
a complete treatment, which can be found in every textbook such as [2], the aim is to fix the
notation and to highlight a few concepts and definitions we shall need below.

1.1 FRW metrics

Standard Big Bang cosmology relies on the Cosmological Principle, the statement that the
Universe is homogeneous and isotropic on large scales (£ > 100 MpC), that can be formulated
as follows: "At any epoch, the Universe appears the same to all observers regardless of their
individual locations". This leads to the choice of a manifold of the form R x X, where R is the
time and ¥ a three-manifold. The metric on it can be written in the general form

ds* = —dt* + a*(t)yi;(z)dz" da? (1.1.1)

Here a(t) is a function of time and ~;; is the metric on X. We stress that, throughout the work,
we shall use the "mostly +" convention for the metric (i.e. with signature (—1,1,1,1)), as it is
clear from the above expression. Since space is homogeneous, it must have the same curvature
everywhere: as for the more familiar case of a two-dimensional manifold in a 3D space, the only
three possible geometries with constant curvature are flat (a plane), positively curved (the surface
of a sphere), negatively curved (a saddle). The most general expression of the metric can be
shown to be [2] the Friedmann-Robertson-Walker (FRW) metric, which, in a suitable coordinate
system, can be written as

dr?

1—kr?

ds® = —dt* + dI* = —dt* + a*(t) ( + r2d6? + r? sin® 0d¢2) (1.1.2)

Here, a(t) is the scale factor with cosmic time ¢ and (r,6, ¢) are comoving coordinates, i.e.,
any observer at (rg, 0y, ¢o) will maintain the values of such coordinates fixed while the physical
distances will grow isotropically as a(t). The value of k describes the geometry of the spatial
section of space-time, with



4 CHAPTER 1. BASICS OF FRW COSMOLOGY

k=1 hypersphere ("open" universe) (1.1.3)
k=0 no curvature ("flat" universe) (1.1.4)
k=-1 3-hyperboloid ("closed" universe) (1.1.5)

We shall re-cast 1.1.2 in the more convenient form

ds® = dt* — di* = dt* — a*(t) (dx* + Si(x) dQ?) (1.1.6)
where
sin x k=1
Sk(x)=4x k=0 (1.1.7)

sinh x k=-1

or, in a unified notation,

1
vk

The case of a flat Universe is recovered by taking the limit k¥ — 0.

Sk(x) = sinh (vV—k ) (1.1.8)

In some cases it is convenient to work in terms of the conformal time

dt
dn = — 1.1.9
T ) (1.1.9)
so that the metric becomes
ds® = a*(n)[—dn® + dx* + Sz (x) dQ?] (1.1.10)

The unknown variables are the curvature k and the scale factor a(t). These are determined
by gravity - through Einstein’s equations - and thermodynamics - through the equation of state
of matter and radiation.

1.2 Kinematics: Cosmological redshift and Hubble’s law

Since the observations of Hubble in the 20’s, it is known that the observed wavelength A,ps
of absorption lines of a distant object is larger than the wavelength A, at emission.

We define the redshift as 3 )
z= Q (1.2.1)

Consider a wave coming from a source at radial distance x. Since light travels on geodesics,
ds? = 0, we have for incoming light a(t)dy = —dt so

Y= /ttm ac(l; _ /ttm ac(l; (1.2.2)

obs em

If the next crest is emitted after an interval dtep, = 1/Vey, and received after an interval §typs =
1/Vops, since the comoving distance is fixed we have also

tobs +5tobs dt
fomttem  O(F)
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This is true only if

5tobs _ 5tem (1 9 4)
a(tobs) a(tem) o
so we get the fundamental relations
em tO S 6t0 S
|45z Yem _ Wlovs) _ Olo (1.2.5)

Vobs B a(tem) Otem

The redshift gives then the amount of time dilation, as well as the ratio between the radius
of the Universe at different epochs.
The dynamical explanation of the redshift is instead given by the Doppler shift expression in

a locally Lorenzian frame
1+ 12 5.4
_ < 1.2.6
= (129) . (126)
From Hubble’s law, z = Hyd/c , we can relate the physical distance d = a(t)x with the redshift
and thus to the recession velocity by v = Hyd. On the other hand, from FRW metrics we have

v = d(to) = a(to)x = aox = Z—Ed (1.2.7)

from which we read Hy = ag/ag, so we can define, at any time, H(t) = a(t)/a(t).

1.3 Dynamics: The Friedmann Equations

The scale factor a(t) can be related to the energy-momentum density through Einstein’s
equations, which we shall write in the form

1
Ry + g = 87G (TW - 2Tgw,> (1.3.1)

We have included the "cosmological constant" term, g,,, A, in order to illustrate clearly its con-
sequences on the background evolution.

We shall consider matter and energy as a perfect fluid at rest in comoving coordinates, so
that the energy-momentum tensor

T = (p+p)UuUy + PG, U, =(1,0,0,0) (1.3.2)
can be put in the convenient form

1} = diag(—p,p, p, p) (1.3.3)

In FRW, the curvature terms in d spatial dimensions become (H = a/a)
0 : 2 a
Ry=dH+H ):da
; . kN o (i a? A
R = (H+dH2+(d 1)@2) 8 = <a+(d 1)a2+(d1)> 5

d+1 k
i H2+)

— = (1.3.4)

R—2d<H+

Il
Do
S8
~/~
SIS
+
9‘@'
() [\v]
+
~
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The (0,0) and (4, j) components of 1.3.1 in d = 3 give the Friedmann equations

LN 2

a G kA
(a) = TP - ? + g (135)
a e A
-= —— 3 — 1.3.6
. 3 (P +3p)+5 (1.3.6)

Introducing the standard definitions of critical density and density parameter

3H2(t)
pelt) = 2 (1.
Q(t) = 201y = L) (1.3.8)
I E OO -
the Friedmann equation 1.3.5 becomes
k

where we have defined py = A/87G. The density parameter, which can be observationally
constrained, fixes the geometry of the universe:

P < perit = <1 k<0< open
P=parit =S N=1k=0< flat
P> perit = QU >16 k>0 close (1.3.10)

The second of the Friedmann equations, (1.3.6) implies that, in absence of a cosmological
constant, an accelerated expansion can occur only if p + 3p < 0. In the usual case p > 0, p > 0,
Einstein’s GR maintains untouched the Newtonian intuition that gravity should be attractive,
d < 0. On the contrary, if we stick to GR, an accelerating expansion could come from the pressure
term - which is an entirely relativistic effect - only requiring a large negative value. As one can
see from the Friedmann equations, the cosmological constant indeed does the job, since it can
be considered as an energy component with mass density py = A/87G and pressure py = —pa.

To make progress we can choose an equation of state. The perfect fluids relevant for cosmology

obey the simple relation
p=wp (1.3.11)

From energy-momentum covariant conservation V,7"" = 0 we read the continuity equation
p+3H(p+p) =0 (1.3.12)

which using 1.3.11 can be integrated assuming a constant w to yield

—3(14w;)
a 3(14w;)
= poil — = poa(l+ 1.3.13
P i po, (a()) i P0,i( z) ( )

The sum runs over the species that contribute to the energy-momentum density, non-relativistic
particles (wp; = 0), relativistic particles (wg = 1/3), cosmological constant (wy = —1). The
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ACDM model is defined by wp = —1.

Given the nature of our discussion, it is more convenient to introduce a form of Dark Energy
which allows for an arbitrary equation of state of the form P = w(z) p. In this case the continuity
equation is integrated to give Qpg(z) = Qpg f(2), where the dimensionless Dark Energy density

is
14+ w(z)
= 3| ——=d 1.3.14
fe =ew |3 [ 0 (13.14)
From equation 1.3.5 we can now read how the Hubble parameter is determined by the energy
content of the Universe. Introducing the more general dynamical EOS for the Dark Energy
instead of the cosmological constant, we can put it in the convenient form

H?(t) = Hf [Qr(1+2)* + Qu(1 4 2)° + Qpp f(2) + Q(1 + 2)°] (1.3.15)

where we have defined Qy = —k/(a3HZ) and we denote by (2; the energy density of the different
species at the present time.

We finally introduce the function

1/2

E(z) = [Qr(1+2)"+ Q1+ 2)° + Qpp f(z) + Q1 + 2)?] (1.3.16)

so that H(z) = HoE(z2).

In the following, we shall use the term "Dark Energy" to indicate everything that is not
ordinary matter-radiation or curvature and that could lead to an accelerated expansion. The case
of a cosmological constant is included in this definition. Conversely, we may use the definition
"cosmological constant" referring to something that is actually a dynamical Dark Energy. In
conclusion, the two terms may be used interchangeably.

1.4 Distances

Consider an object with absolute luminosity L at physical distance d. In a flat space, the
observed flux would be F' = L/S where S is the surface of the sphere of radius d, S = 4md?.
In an expanding Universe however, we have S = 47ra(2)5,%(x) and we must also account for the
expansion. According to 1.2.5, we have two effects: the redshifted frequency of the photons and
the reduction of the detection rate due to the stretching of time intervals. These two effects will
reduce the observed flux by a factor of (1 4 z) each. Then the detected apparent luminosity is

L

F= 4radSE(x) (1 + 2)? (14.1)

To recover the same functional form as in flat space, we define the luminosity distance by
dL = Qo Sk(X) (1 + Z) (142)

For a photon moving on a geodesic, ds? = 0, we have dy = —dt/a(t). Using the definition of
H and the expression 1.2.5 for the redshift we have

d . d .dz d d
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so we find that the comoving distance is given by

todt z dz 1 2 dy
[ aw =] e = wm l, 5o (144

where we used equations 1.4.3 and 1.2.5 and the definition 1.3.16 of E(z).
Note that this is also the maximum comoving distance light can propagate between initial time
0 and time t and is called the (comoving) particle horizon. The physical size is d(t) = a(t) x.

Finally, using the definition 1.1.8 of Si(x) we read from 1.4.2 the general expression

(142 ?od
dL(z)fHo\/ngsmh (@/0 E(Z)) (1.4.5)

Through equation 1.3.15 we are able to determine the dependence of the luminosity distance
from the energy and geometry evaluating 1.4.5.
We illustrate such dependence with an explicit example (see e.g. [3]). Let us consider a two
component Universe with a non-relativistic fluid and a cosmological constant. The function
foz Ed%z/,) can be expanded for z << 1 as

s odY _ E/(O) 2 1 / 2 " 3 4
E = G {2E 0 -E (0)} B4 0 (1.4.6)
Plugging in 1.4.5 and expanding sinhz = z + 23/3 + O(z°) we find
_ 1 E/(O) 2 1 / 2 " ’ 3 4
dp, = o, [z—k (1— 5 > z +6 <2E (0)" — E"(0) - 3FE (0)+Qk) 274+ 0(2%)
1 1
= & {z + 7 (1= 3wppQpp + Q) 22+ (9(2)] (1.4.7)
0

Since wpg < 0 and Qpgp > 0, the luminosity distance becomes larger in presence of a
cosmological constant. The same happens in an open Universe - k£ < 0 - with respect to a flat
one. In figure 1.1 we show three different cases.

Another useful notion of distance is the distance we infer from the intrinsic and observed size
of a source, called the angular diameter distance; it is defined to be

R
dqg== (1.4.8)
0
where R is the proper size and 6 is the observed angular diameter. It is easy to check that this

distance is related to dj, by
dr, = (1+2)%da (1.4.9)

1.5 Age of the Universe

From 1.4.3 we have the relation
dz

dt = RrEIET) (1.5.1)

which integrates to

to 1 [ dz
toz/o dt:Fo/o I EIET] (1.5.2)
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Figure 1.1: Luminosity distance dj for a two-component flat Universein the cases: (1) flat
Universe without Dark Energy, (2) open Universe without Dark Energy, (3) flat Universe with
cosmological constant. Figure from ref. [4]

We shall anticipate the discussion of chapter 2 integrating equation 1.5.2 in the case of a flat
Universe with a negligible amount of relativistic matter, Q; + Qpg = 1. Then

B 1 o 1+VI—=Qy
T3 H VI -y P\1- IOy

This equation makes evident that ¢y increases for decreasing Qs (in the limit Q5 — 0 we
have ¢ty — 00), while in absence of Dark Energy we get to = 2/(3Hp).

to

(1.5.3)

It could be possible to make the cosmic age larger also in an open Universe without Dark
Energy. Setting Qpr =0, Qur + Qr = 1 we get from 1.5.2

to =

1 1= m)} (1.5.4)

Qnr
1 1
H() (1—QM) +2\/1—QM Og(1+\/1—QM

The limit Qp; — 1 is again to = 2/(3Hy), while the opposite case Qp; — 0 gives tg = Ho_l.
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Chapter 2

Dark Energy: Observational
Evidences

In this chapter we review the most significant observations supporting the existence of a Dark
Energy component. We shall concentrate on the most mature and well-studied probes of an ac-
celerated expansion: Type Ia Supernovae (Snla), Baryon Acoustic Oscillations (BAO), and the
Cosmic Microwave Background (CMB). Being purely geometrical and statistically independent,
they are the most robust measurements currently available.

2.1 Age of the Universe

The computation of the age of the Universe can be directly compared with the oldest known
stellar populations. The data of a number of groups are available: Jimenez et al. determined the
age of Globular clusters in the Milky way as t = 13.5 + 2Gyr [5], while Caretta et al. obtained
12.9 + 2.9 Gyr [6], Richer et al. and Hansen et al. [7] constrained the age of the Globular cluster
M4 to t = 12.7+ 0.7 Gyr. A more recent measurement by Bond et al. has determined the age of
the nearby sub-giant HD-140283 to be 14.5 + 0.8 Gyr [8].

On the other hand, bounds on the value of Hy do put constraints on the age of the universe
computed by 1.5.2, since ty ~ Ho_l.

For example, taking the constraint already given in 2001 by the Hubble Space Telescope Key
project [9], Hyp = 72+ 8km s~ Mpc™!, for a Universe without Dark Energy (o = 2/(3Hy)), see
section 1.5), we get tg ~ 8 — 10 Gyr, which does not satisfy the stellar age bound. This is indeed
the first serious problem that a flat Universe without a cosmological constant suffers, and has
been indeed known even since before the SN measurements of 1998.

Current observations constraint the age of the Universe to be around ty ~ 13.8 Gyr - 9 year
WMAP [10] gives 13.88 & 16 while Planck gives 13.817 £ 0.048 [11].

The age problem can be elegantly solved in presence of a cosmological constant. In figure
2.1 we show the cosmic age versus (), in the two cases of a flat Universe with cosmological
constant and of an open Universe without cosmological constant, computed in section 1.5. If
the curvature || is constrained to be small, which is the present case (see below), we see that
an open Universe without Dark Energy can’t manage to satisfy the stellar age bound, whereas
a flat one in presence of a cosmological constant can account for the observations - e.g. with

11
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L4 - | - Flat universe with A 1
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Figure 2.1: Cosmic age as a function of the matter density Qj; in a flat Universe with Dark
Energy (solid line), and in an open Universe in absence of Dark Energy (dashed line). The
bounds from stellar age and WMAP 5-year data with h=0.70 [12] are also included. Figure from
reference [4]

Q= 0.3, Qp = 0.7 we have ty = 0.964 Hy, or tg = 13.1 Gyr for h = 0.72.

2.2 Constraints from Snla

2.2.1 Snla as Standard Candles

In section 1.4 we saw how the observable luminosity distance is connected to the theoretically
predictable Hubble expansion history. The deduction of H(z) from dj, relies then on the measured
luminosity distance as a function of redshift

a(e) = | = Ii(z) (2.2.1)

where F'(z) is the observed flux from an object with intrinsic luminosity L at a redshift z. This
requires knowing a priori the absolute luminosity, so that the object in question can be used as
a distance indicator. Objects whose intrinsic luminosity is known are referred to by astronomers
as "Standard Candles ".

In practice, rather than referring to the fluxes, astronomers does instead make use of the apparent
magnitude, defined so that the measured fluxes F; and F5 of two stars are related by

5 F
my—mg = —o log,q <F;> (2.2.2)
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Supernova 1998ba

Supernova
Discovery

Figure 2.2: An example of supernova discovery. Figure from reference [13]

The absolute magnitude M is defined as the apparent magnitude an object would have if it were
located at a luminosity distance dy, = 10 pc from the observer:

d
M =m —5log, (10;6> (2.2.3)

Among the known standard candles, the best indicators for cosmology are Type Ia supernovae
(Snla) (see [13] for a discussion).
The explosion of a supernova is an extremely luminous event that emits a burst of radiation.
These events can have different origin and are classified according to the absorption lines in the
spectrum. In particular, what discriminates Sn of Type I from Sn of Type II is the absence in
the former of spectral lines of hydrogen, while among Type I Sn one can further classify Type
Ia (with an absorption line of singly ionized silicon), Type Ib (containing a line of helium) or Ic
(without both silicon and helium).
Type la supernovae are phenomena that occur in binary systems where one of the stars has a
mass below the Chandrasekhar limit of 1.4 M, and therefore ends up (after hydrogen and helium
burning - then the absence of the absorption lines in the spectrum) as a white dwarf - the dense,
carbon remain of the original star. When the companion star reaches its red giant phase, the
white dwarf will begin to pull material off it, adding that matter to itself and accreting mass
until it reaches the Chandrasekhar mass. Then a nuclear chain reaction occurs, causing the
white dwarf to explode. The resulting magnitude is 5 billion times than that of the Sun (the
peak absolute magnitude is typically M ~ —19, approximately 10!° M) and is detected with a
light curve that increases luminosity in a few weeks and subsequently fades away in 1-2 months.
In figure 2.2 we show an example of a Sn discovery.

Several reasons make Snla good distance indicators. The first is the already mentioned
exceptional luminosity. Moreover, the explosion mechanism is fairly well understood and uniform:
because the chain reaction always happens in the same way, and at the same mass, the brightness
of these Type Ia supernovae are also always the same - there isn’t any known mechanism of cosmic
evolution of the explosion mechanism. Finally, a number of nearby Snla has been found that
makes possible to calibrate the corrections for minor intrinsic luminosity differences and radiation
extinction. Type Ia supernovae observed nearby show a relationship between their peak absolute
luminosity and the timescale of their light curve: the brighter supernovae are slower and the
fainter supernovae are faster; it has been found that a simple linear relation between the absolute
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Figure 2.3: Left: light curves of Sn observed at low redshift. The peak magnitude correlates
with the timescale. Right: the same light curves after calibrating. Figures from ref. [14]

magnitude and a "stretch factor" multiplying the lightcurve timescale fits the data quite well
until over 45 rest frame days past peak, see [14]. The second important correction to to be made
is known as K-correction, consisting in transforming the light curves in the Sn rest frame and to
take into account cosmic time dilation. The effect of the correction is shown in figure 2.3.

2.2.2 Observations

The direct evidence for the current acceleration of the Universe was first reported in 1998 by

two independent teams, the High-redshift Supernova Search Team (HSST) [16] and the Super-
nova Cosmology Project (SCP) [15].
Since the corrected absolute magnitude M is the same for every Snla, the luminosity distance
dr(z) is obtained from equation 2.2.3 measuring the apparent magnitude m. The correspondent
redshift is measured from the wavelength of light, so observational data for m(d.(z)) can be
compared with the theoretical, model-dependent prediction 1.4.5.

The SCP discovered 42 Snla in the redshift range 0.18 < z < 0.83 while the HSST found
14 Snla in the range 0.16 < z < 0.62 and 34 nearby Snla. Having sufficient statistics available,
Perlmutter et al. were able to show that a cosmological constant is present at the 99% confidence
level with the non-relativistic matter contained to a density Q,; = 0.28f8:82, and that an open
Universe with no cosmological constant does not fit the data.
In figure 2.4 we show the Hubble diagram obtained by the SCP, while in figure 2.5 the space of

parameters €23,-Q4 is shown with the best-fit regions.

Subsequent observations have confirmed and improved these results. In 2003, Tonry et
al. confirmed the previous works and gave the constraint for the EOS parameter wpg to be
—1.48 < wpg < —0.72 at 95% confidence level. In 2004, Riess et al. constructed a large and
robust dataset consisting of 157 points (known as the "Gold dataset ") and were able to iden-
tify the transition from a decelerated to an accelerated phase at z = 0.46 + 0.13 and found
wpp = —1.0270 75 for an assumed static EOS [17]. Their ability to extend previous analyses to
higher redshifts (z > 1) was decisive to provide the possibility to discriminate between a static and
evolving dark energy equation of state. The standard parametrisation is wpg(z) = wo+w,(1—a)
where a = 1/(1 + 2) is customary and it has been shown to hold for a large range of DE models
[18].
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Figure 2.4: Hubble diagram for 42 Snla from the Supernova Cosmology Project and 18 low-
redshift supernovae from the Calan-Tonolo Supernova Survey. The solid curves show the theo-
retical mppp(z) for different cosmological models without a cosmological constant. The dashed
curves are for different flat models with a cosmological constant. Figure from reference [15]

Moreover, if cosmic acceleration is the reason why Snla are dimmer at z ~ 0.5, then we expect
cosmic deceleration at z > 1 to reverse the sign of the observed effect [19]. The observation of
such effect made also possible to rule out the possible alternative explanation for the dimming
to be due to the effect of intergalactic dust.

To conclude, we should mention other significant recent surveys, such as SuperNova Legacy
Survey (SNLS) [20], Hubble Space Telescope (HST) [21], "Equation of State: SupErNovae trace
Cosmic Expansion " (ESSENCE) [22]. Currently, the largest sample is the "Union2.1" SN Ia
compilation by the SCP, now bringing together data for 833 Sn [23], while recently (2013) a
sample of 146 Snla has been analysed from the first 1.5 years of the Pan-STARRS1 Medium
Deep Survey [24].

2.3 Cosmic Microwave Background

The Cosmic Microwave Background (CMB) is the relic radiation we receive from the epoch
when photons decoupled from baryons. It represents the most precise black-body spectrum cur-
rently known, with temperature Ty ~ 2.7 K. Density fluctuations present at the time, though,
cause fluctuations in such temperature of order 67/Ty ~ 10~5 (through their coupling to the
radiation as well as through metric perturbations) that represent a crucial source of information
about cosmological parameters.

As we describe in the appendix, an earlier period of inflation can be described by a minimally
coupled scalar field rolling down a potential. Quantum fluctuations of the field cause inflation
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to end at slightly different times, hence giving rise to over(under)-dense regions through its cou-
pling to the scalar sector of the background metric perturbations. The inhomogeneities do not
have preferred physical scales, i.e. the power spectrum is spread continuously over the Fourier
modes. Hence, the baryon-photon fluid ("tight coupling approximation”: see appendix B.2) is
attracted by the gravitational potential of the inhomogeneities and becomes compressed in the
denser regions, while the pressure of the fluid opposes the compression and causes in turn an
expansion that ends only when the originally over dense region has become slightly under dense,
and so on. Thus a process of periodic expansion and contraction of the fluid is triggered, giving
rise to standing sound waves of all wavelengths. These oscillations begin everywhere in phase.
At the time of decoupling, the cool (rarified) and hot (compressed) regions of the mode is frozen
and leaves imprints into the radiation field, that appears as spots in the CMB with temperatures
different from the mean.

2.3.1 Temperature Anisotropies

The CMB fluctuations are well-measured by recent and ongoing experiments [10],[11]; a map
of the measured fluctuations is shown in figure 2.6. We can quantify the power expanding in
harmonics
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Figure 2.6: Temperature fluctuations in the CMB. Blue regions represent directions on the
sky where the temperature is ~ 107° below the mean, while yellow and red represent hotter
(underdense) regions. Figure from reference [10].
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0
The rotationally-invariant angular power spectrum is defined as
1 *
Cp = G ; (@G am) (2.3.3)

In appendix B we show that this can be expressed as

2 .
Co= 2 [ dlogk &} (mec) 72kl — 1) K Pl (2.3.4)

Where P, (k) is the spectrum of primordial fluctuations at the end of inflation, described
in detail in appendix A, Ok(nye.) is the Fourier transform of the temperature fluctuation at
recombination, j;(k(no — 7rec)) are Bessel functions depending on the position in the sky, and
1o and 7. are the values of the conformal time at present epoch and recombination respectively.

The computation of the "transfer function" Agy(k) = Ox(Nrec) X Ge(k(10 — Nrec)) is performed
using specifical codes such as CMBFAST [25] or CAMB [26].
In appendix B we provide some computational details which are useful to semi-quantitavely
understand the main features of the measured angular power spectrum, while here we shall con-
centrate on the physics of the Cy and on the dependence on cosmological parameters.

Basing on the results of appendix appendix B, we shall comment on the most important
regions of the angular power spectrum of the CMB:
e The Sachs-Wolfe plateau, ¢ < 100

Anisotropies at scales larger than the horizon at recombination reflect directly the "initial
conditions". For adiabatic initial conditions (i.e. entropy is conserved for each species),
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temperature fluctuations can be expressed as 6T /Ty ~ (1/3)® where  is the perturbation
to the gravitational potential. This is due to an intrinsic fluctuation in the density of the
photons at last scattering (p, o< T% = 6T /T = 6p~/(4p~)), as well as to fluctuations in the
gravitational potential which photons will have to climb out from (or roll down).

The transfer function is simply a Bessel function

Ara(k) = = Julh(h = 1rec)) (235

leading to an angular power spectrum that is nearly constant in case of quasi-scale invariant
initial conditions (ns ~ 1), see appendix A:

8mA, AN
~ s (£ 2.3.
Ce 25£(£+1)<£*> (2:3.6)

This is usually referred to as Sachs-Wolfe effect [27].

The acoustic peaks, ¢ = 100

At higher multipoles, the structure in the anisotropy spectrum becomes rich and exhibits
peaks and troughs.

The underlying physics is that of gravity-driven acoustic oscillations before recombination,
when the universe can be thought as a "baryon-photon plasma" with linearly growing per-
turbations in the underlying gravitational potential. Pressure gradients, mostly provided
by photons, acted as restoring forces to such perturbations (equation B.2.10 of appendix
B.2), driving oscillations of the fluid at the speed of sound (equation B.2.19 of appendix
B.2); physically, the temperature oscillations corresponds to the heating and cooling of the
fluid that is compressed or rarefied by the wave. This behaviour continues until recombi-
nation, when modes that are caught at maxima or minima of their oscillations leave peaks
in the power.

The spectrum in this approximation has the expression B.3.6:

8TA, {yec AN
Oy ~ 2 g—rree — 2.3.7
o0+ " (C (no—nm)> (z) (23.7)
The spectrum exhibits peaks at
0~ T (2.3.8)
Cs Nrec

where ¢; = 1/4/3(1 + R) is the sound speed and R = 3pp/4p,. The first peak corresponds
to the mode that is caught at its first compression at recombination, the second to the one
that underwent a full cycle of compression and rarefaction, and so on.

The above discussion suffices for an understanding of the existence of acoustic peaks in the

power spectrum. The exact results needed to fit the CMB data should remove the approxima-
tions we discussed and consider other effects, such as dissipation (responsible for the damping at
high multipoles), the contribution of radiation during matter domination, and the evolution of
perturbations after photons began to stream freely, see e.g. [28] for a discussion.
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2.3.2 Effects of a Dark Energy component

The most important effect of a Dark Energy is the change of the position of acoustic peaks

coming from the modification of the angular diameter distance. We can generalise the result for
the position of peaks as follows.
The angle measured in the sky is related to the multipole by 8 = 7/¢, while a spatial inhomogene-
ity in the CMB temperature of wavelength A appears as an angular anisotropy of size § ~ A\/D 4
where D4 is the comoving angular diameter distance, Dg = (14 2)da =dra=d/(1+ z). We
can define a characteristic angle for the location of the first peak [4]:

T

0, =
DA*

(2.3.9)

where the * indicates that the quantity is evaluated at recombination, r, is the sound horizon,
T« = Mrec Cs fOr a constant ¢, as in our approximation or, more generally, r, = fo "¢ cs(n') dny'.

Then
! = T _ 7TDA*
e, o,

(2.3.10)

so that in a flat universe with ¢ = const. we recover the result 2.3.8, since D, = 19 =
[ dz(Hy E(z))~".
The sound-crossing horizon at recombination provides a "standard ruler", i.e. an object whose
intrinsic size is known, as a Snla provides a "standard candle" in the sense that its intrinsic
luminosity is known. In turn, the angle subtended in the sky can be evaluated for every geometry
through D 4.
The expression for ¢ can be put in the convenient form [4]

_ 3T Qbh2 \/(R a)dec + \/1 + (R a)dec o
T\ e e ( 1+ /(Ra)e, >] (2:3.11)

where we have introduced the CMB shift parameter

R = \/? sinh <\/§Tk /Od Edé)> (2.3.12)

The presence of a Dark Energy leads to a shift of R, so the observed position of the acoustic
peaks imposes constraints on Qpg.
The general relation for all peaks is usually written as

by =U(n — ) (2.3.13)

where the factor ¢, takes into account the shift of multipoles due to other effects such as free
streaming of photons.

In figure 2.7 we show the dependence of the position and height of the acoustic peaks on the
cosmological parameters, while in figure 2.8 the angular power spectrum as measured by Planck
[11] is shown together with the best-fit base ACDM cosmology.

The Planck results are well-described by a flat ACDM cosmology with a power-law spectrum
of scalar perturbations. For this cosmology, the best-fit value for the Dark Energy density is
Qx = 0.686 £ 0.020. We shall comment more extensively on the results below in section 2.5.

We conclude mentioning a second process that could affect the CMB anisotropies, the so-
called integrated Sachs-Wolfe effect (ISW). This is a contribution from redshifting along the
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Figure 2.7: Sensitivity of the angular power spectrum to the cosmological parameters. Figure
from reference [28].

photon path coming from considering the time-variation of the gravitational potential. In the
approximation that lead to equation 2.3.7, see appendix B, we considered a matter-dominated
epoch, which lead us to ® = ¥ = const.. Actually, a small component of radiation is always
present, so a more complete treatment should include this effect. This leads to an additional

term in B.2.8 [29],

%(ﬁ) x / " v — @) (2.3.14)

This is a line-of-sight term affecting the photon propagation and could provide information
on the recent Universe, when Dark Energy begins to dominate: since the gravitational potential
is constant for a matter-dominated Universe - and therefore yields no ISW signal - the ISW effect
is a direct diagnostic of something which is not ordinary pressureless matter. In the presence
of dark energy, decaying potentials due to the accelerated expansion rate, result in a net ISW
effect which is positive when the CMB photons cross over- dense regions and negative when the
CMB photons cross under- dense regions. Therefore, the ISW effect is a potential indicator of
either non-zero curvature, any form of dark energy, such as a cosmological constant, or modified
gravity.

The projected effect of the ISW would give a contribution to the transfer function

o
AT o dn(®" — @) je(k(no = Nrec)) (2.3.15)
Nrec

Since the Bessel function peaks at k(19 — nrec) ~ £ and since potential evolution is important
only for modes within the horizon, the effect is typically relevant for modes with £ ~ (19 —nc) /e
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Figure 2.8: Planck temperature power spectrum. The asymmetric error bars show 68% con-
fidence limits. At multipoles 50 < ¢ < 2500 (plotted on a linear multipole scale) we show the
best-fit CMB spectrum. The light grey points show the power spectrum multipole-by-multipole.
The blue points show averages in bands of width A¢ ~ 31 together with 1o errors. The red line
shows the temperature spectrum for the best-fit base ACDM cosmology. The lower panel shows
the power spectrum residuals with respect to this theoretical model. Note the change in vertical
scale in the lower panel at £ = 50. Figure from reference [11].

where 7. is the time when the potential starts to evolve significantly. Since the Dark Energy starts
to dominate quite recently over matter, the ISW is expected to peak at very low ¢, or large angles.

Unfortunately, since we have a single sky, there are just a few "independent"large angle
patches we can use to constrain the model: the fact that there are only 2¢ + 1 m-samples in each
multipole moment leads to the inevitable error ("cosmic variance")

1
ACy ~ ——=C| 2.3.16
RVCT (2:3.16)
Therefore, only rather extreme models can be convincingly ruled out by the ISW effect. The
current determination of the Dark Energy dimensionless density 2pg from the detection of the
ISW has an error of about 20% [30].

2.4 Baryon Acoustic Oscillations

Before recombination and decoupling, baryons are tightly coupled to photons, so we expect
that the oscillations driven by sound waves, described in the previous section and appendix B
should be imprinted in baryon perturbations as well. After recombination, photons are allowed
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to free stream and form the CMB, while the baryon wave stalls with a characteristic radius im-
printed in it, namely the radius of the spherical shell formed at recombination. Each over-density
of the original perturbation evolves to become a central peak surrounded by a spherical shell, so
the probability for a galaxy to form in such higher density shell is increased.

The radius of this shells is the already encountered sound horizon r.. Then, if a statistic quan-
tifying clustering on different scales is available, this should exhibit a preferred separation scale
marked by the sound horizon; at recombination, this shell is roughly 150 M pc in radius, so the
acoustic feature is manifested as a small single spike at 150 M pc separation.

2.4.1 Correlation functions

The simplest statistic of the galaxy distribution is provided by the two-point correlation
function £(r) (see e.g. [31]), which describes the excess probability of finding a galaxy at distance
r from a galaxy randomly selected over that expected in a uniform, random distribution:

dP(r) = No [1 + €(r)]dV (2.4.1)

where Ny is the mean number of objects and P(r) the probability of finding a second galaxy at
distance r from a given object within the volume dV . An equivalent definition is that in terms
of the density fluctuations 0 (r):
&(r) = (6(x)d0(x+1)) (2.4.2)
Finally, the correlation function is related to the observed power spectrum P(k) by a Fourier
transform,

) = # / dlog k jo(kr) K5 P(k) (2.4.3)

A number of estimators has been presented in the literature, among which the most used is
the Landy and Szalay estimator [32], based on the use of data and a random catalogue generated
with the same survey geometry as the original catalogue:

=1+ 5o (1) o DR ()

where s = ¢(z1 — z2) is the redshift-space distance between two galaxies at redshifts z; and zs,
DD, DR and RR are data-data, data-random and random-random pair counts in bins centered
in s and and ng, n, are the mean number densities of galaxies in the data and random samples.

2.4.2 Cosmological implications

What we actually measure is a combination of two angular measurements (R.A. and Dec.)
and one line-of-sight measurement (redshift). It is common [4, 33, 34] to report the distance
constraints as

cz 1/3
Dy(z) = |(1+2)*d4(2) TEG (2.4.5)

where d 4 is the angular diameter distance. (Note that, in contrast, the CMB measures a
purely transverse quantity). A useful parameter is also

NCVE:T
A(zepg) = 100 Dv(zeff)TffO (2.4.6)
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which is independent from Hj since Dy o« Hy ! The parameter z, rs is the effective redshift of
the sample,

Ww;
Zeff = Z Z QZNé (2 + z5) (2.4.7)

? J

where N, is the number of galaxies in a given bin and w; is the density weighting factor used in
the random catalogue.

The fit is actually performed through a distortion parameter «

gmodel (5) = ginodel(as) (248)
where
_ DV(Zeff) (249)
id T
DY (ze5f)

and Dg i) (2efy) is the parameter computed from the available codes such as CMBFAST. This
avoids to re-calculate the correlation function for each different set of cosmological parameters
[33]. a measures the relative position of the acoustic peak in the data versus the model, thereby
characterising any observed shift. Parameter constraints are then obtained by computing x?
with cosmological parameters Qs h%, Qyh?, ng and Dy (note that the last contains h, Qar, Qg
and w(z)).
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Figure 2.9: Left: The correlation function of 6dFGS with different fits. The best-fit value is
Qarh? = 0.138 + 0.020.Figure from reference [33]. Right: The correlation function of SDSS.
Figure from reference [34]

In figure 2.9 we show the detection of the BAO peak in the correlation function obtained by
two different galaxy surveys, the 6dF Galaxy Survey (6dFGS) [35] and the Sloan Digital Sky
Survey (SDSS) [36].

Further implications on cosmological parameters and Dark Energy are discussed in section
2.5.



24 CHAPTER 2. DARK ENERGY: OBSERVATIONAL EVIDENCES

No Big s,
"/Bang ||
b
1 1
1 1
1.2 i 1
r b S e .o o .
! ) & SNe
] No Big She +EMBIBAG:HO
L0 1 Bang
\
1 1.5F 1
0.8
<
0.6 a 1.0 i
0.4
0.5+ e
0.2 1 MW‘E‘.’W")/”/
I e alering
Ll 0.0r'.".'l.mﬁ:w.l‘.‘l‘..l...
i 0.0 0.2 0.4 0.6 0.8 1.0
[]‘[JJ.(F [ITQ

Qu

Figure 2.10: Left: Constraints in the Qy; — Q) plane with 68.3%, 95.4% and 99.7 % confidence
regions from Snla of the Union 2.1 compilation combined with CMB and BAO. Figure from
reference [23]. Right: Constraints in the Qp; — Qs plane with 68.3% and 95.4% confidence

regions from Snla of the Pan-STARRS1 data combined with CMB, BAO and Hy. Figure from
reference [24].

2.5 Putting it all together

A number of observables sensitive to the presence of a Dark Energy component has been
presented. In this section we shall try to give a picture of the state-of-the-art including the
most recent measurements and discussing their combination and agreement (or tension, if any),

concentrating on the parameters relevant for our discussion, i.e. on the Dark Energy equation
of state.

2.5.1 Cosmological parameters: flat and dominated by Dark Energy

The available data agree on a spatially-flat model, since fitting with k¥ = 0 matches obser-
vations very well [10, 11, 23]. In principle, one could have a so-called "geometric degeneracy",
since in equations such as 2.3.12 one could trade €2 and 2y off one another through A to give the
same observed result. However, if an additional curvature parameter is included, one finds tight
constraints on it, e.g. [Q] < 0.0094 at 95% C.L. was found by WMAP [10], and €, = 0.002] 5725
by the Supernova Cosmology Project [23]. Alternatively the degeneracy is broken by combining
different measurements, e.g. adding BAO data to Planck (see below) gives 1009 = —0.051952

0.66
[11]. Observations then suggest that our Universe is spatially flat to an accuracy of better than

percent.
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Standard fits hence assume a flat geometry, k¥ = 0, and explore a variety of models, from the
standard, ACDM models to Dark Energy models with constant, unknown w (referred to as
"wCDM"), or models with varying w, parametrized by w = wg + w,(1 — a) (referred to as
"wow,CDM"). Broadly speaking, different measurements (Snla, BAO, CMB) of the cosmolog-
ical parameters relevant for our discussion seem to agree on the values Qp ~ 0.7, Qp; ~ 0.3,
wo ~ —1, w, ~ 0. Despite this and an increasing precision in the determination of such pa-
rameters, though, recent discussion [11] showed that the results on dynamical dark energy are
dependent on the supplementary data we use in addition to Planck. We shall comment on the
differences shortly.

The most precise data are currently those of Planck.

Its most robust precision measurement is that of the angular size 6,, equation 2.3.9, that gives
6. = (1.04148 4 0.00066) x 1072 = 0.596724° + 0.00038°. If one assumes a flat cosmology with
a cosmological constant, then the parameters obtained from the combination r,./D 4, (equation
2.3.9 again) are tightly constrained: the sound horizon r, depends on the physical matter density
Qarh? and D 4 on the geometry. The dimensionless energy densities must sum to unity (equation
1.3.9 with k = 0), and Hj is the fixed by the value of Q3/h?, so the result constrains Qy7, Qx
and Hy. The corresponding values with 68% limits are [11]

Quh? =0.1423 £0.0029 (68 %; Planck)
Hy = (67.4+1.4) kms™ ! Mpc™! (68 %; Planck)
Qp = 0.686+0.020 (68 %; Planck)

For comparison, Snla of the Union 2.1 compilation give [23]
Qa = 0.7057001%  ( Union 2.1) (2.5.5)

The first evidence [16, 15] of the acceleration of the Universe is strongly confirmed by current
observation: we live in a spatially-flat, Dark-Energy dominated accelerating Universe.

As for the nature of the Dark Emergy, if one allows for larger parameter spaces, such as
wCDM or wow,CDM, then a parameter degeneracy opens in the CMB, which alone does not
tightly constrain w. This degeneracy is broken by combining different measurements, see next
section.

In general, better constraints also on the already mentioned parameters are obtained by the
addition of more data sets. In figure 2.10 we show the confidence intervals on Q; and Q, from
Sn, CMB and BAO [23] for a ACDM model. Both the individual and combined constraints are
shown.

2.5.2 Dark Energy EOS parameters

A cosmological constant has equation of state P = —p, or w = —1. More general models can
be allowed to have constant w # —1 or time-varying w parametrized by a simple linear relation
w(z) =wy+we(l—a),a=1/(1+ z).

For a constant w, adding to Planck WMAP data and BAO signal gives [11]

w=—1.13752 (95 %; Planck+WP+BAO) (2.5.6)
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Figure 2.11: wCDM model. Left: 68.3%, 95.4%, and 99.7% confidence regions in the (s, w)
plane from Snla of Union 2.1 combined with CMB and BAO. Figure from reference [23]. Right:
68.3% and 95.4% confidence regions in the (Qs, w) plane from Snla of Pan-STARRSI combined
with CMB, BAO and Hj. Figure from reference [24].

while using Planck, WMAP and Sn data gives [11]

w=-1.09+0.17 (95 %; Planck+WP+Union 2.1), (2.5.7)
w=-113701% (95 %; Planck+WP+SNLS) (2.5.8)

Otherwise one can use the CMB data alone adding an external measurement of Hy. Using
the Riess et al. 2011 measurement [37] gives

w=—1.24T01% (95 %; Planck+WP-+H,) (2.5.9)
On the other hand, by combining CMB, BAO and Sunla data, the SCP finds [23]
w=—1.013709%  (Union 2.1+CMB+BAO) (2.5.10)

Finally, the Pan-STARRSI data [24], combined with BAO+ Planck-+Hy, give

w=—1.186T00%  (Pan-STARRS1+BAO+ Planck+Hy) (2.5.11)

while when combined with WMAP9 give

w=—1.14270 0% (Pan-STARRS1+BAO+WMAP9+Hy) (2.5.12)

In figure 2.11 we show the constraints in the (Qs, w) plane obtained by the SCP combined
with CMB and BAO [23].
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If instead we allow for a time-dependent EOS, we find a degeneracy in the wy — w, space.
The Planck constraint becomes weaker,

wy = —1.047078 (95 %; Planck+WP+BAO),
w, < 1.32 (95 %; Planck+WP+SNLS) (2.5.13)

In figure 2.12 we show results from Planck [11], the SCP [23] and BAO in SDSS IIT [38].
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Figure 2.12: (wp,w,) plane. Top left: from Planck+WP+BAO (grey), Planck-+WP+Union
2.1 (red), and Planck+WP-+SNLS (blue). Top right: from Planck+WP+BAO. The points
are coloured according to the corresponding value of Hy. In both, the contours are 68% and
95% and the dashed grey line shows the cosmological constant solution. Figures from reference
[11]. Bottom left: from SNe+BAO-+CMB+HO, both with (solid contours) and without (shaded
contours) systematic errors, and 68.3%, 95.4%, and 99.7% confidence regions. Figure from
reference [23]. Bottom right: from Planck+BAO (red) and Planck+BAO+Sn (blue). Figure
from reference [38].
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2.5.3 Any tension?

l P\olnck
-
WMAPS
Cepheids+SNela
——
Carnegie HP

HST Key Project

MCP
RXJ1131-1231
—_———————

SZ clusters

P B R T T
60 65 70 75 80 85

Hy [km s""Mpc™']

Figure 2.13: Comparison of Hy measurements. Figure from reference [11]

The main outcome of the previous section is that the results for a non-cosmological constant
Dark Energy, either w = const. # —1 or w = w(z), are dependent on what supplementary data
set is used in addition to CMB measurements.

In particular, the official Planck analysis points out that for a constant w the combination

with SNLS (2.5.8) and Pan-STARRS] favours the "phantom " (w < —1) side at ~ 20, while the
Union 2.1 (2.5.7) is more compatible with a cosmological constant, a result confirmed by Shafer
and Huterer (2013) [39]. The combination with an external measurement of Hy is instead in
tension with a cosmological constant at more than 20 level (2.5.9).
The inclusion of a dynamical Dark Energy instead shows a 3-dimensional degeneracy in the
wy — w, — Hy space, as one can see in the top-right panel of figure 2.12. The results of the
Union 2.1 are in better agreement with a cosmological constant, while for the SNLS data the
cosmological constant solution lies at the boundary of the 20 region (top-right panel of figure
2.12). The SNLS sample seems then to favour a dynamical Dark Energy, while BAO data are
more consistent with a cosmological constant.

A second striking outcome of the Planck results is the low value of the Hubble constant,
equation 2.5.2. This is still compatible with the previous result from CMB experiments, i.e. the
result of 9-year WMAP [10],

Ho = (70.0£2.2) kms™* Mpc™t (68 %; WMAP-9) (2.5.14)

but it is in tension with local measurements, as one can visually guess from figure 2.13.
Actually, the most recent results are those of Riess et al. [37] with use of observation of Cepheids
variables in the host galaxies of Snla to calibrate the Sn redshift-magnitude relation,

Ho = (73.8+24) kms ' Mpc™'  (Cepheids+Snla) (2.5.15)
and Freedman et al., [40] within the Carnegie Hubble Program

Hy = [74.3 + 1.5(statistical) + 2.1(systematic)] km s~ Mpc™* (Carnegie HP)  (2.5.16)
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Figure 2.14:  Effects of an external Hj prior on the constant EOS parameter. Interesting
evidence for the EOS to be on the phantom side appear when the prior is somewhat large
Hy 2 71 km/s/Mpc. Figure from reference [39].

The above mentioned data include measurements of different nature, from the solar neighbour-
hood [8], to the local Universe [33, 34, 41], to the epoch of recombination, z ~ 1100 [10, 11]).
CMB measurements mostly probe the physics of the early Universe, and the interpretation of the
results in terms of the cosmological parameters defined at z = 0 require extrapolation through
a cosmological model, while local observables provide cosmology-independent measurements of
cosmological parameters. On the other hand, the beauty of observables such as BAO and the
CMB is that they use almost completely linear physics, while traditional astrophysical data set
involve more complex physics and should rely on some internal calibration, such as the stretch-
factor correction in Snla measurements.

Being the CMB estimates on Hy model-dependent, a comparison with astrophysical measure-
ments is crucial. The tension could not be resolved by simply shifting the parameters of ACDM,
which are tightly constrained by Planck, and this is a very good reason why one should explore
the possibility of new physics.

Already from the publication of the official Planck analysis in 2013 [11] this tension has raised
some interest in the community. Recently (2013), Shafer and Huterer [39] found that the con-
straint strongly depends on the prior on Hy and a high prior Hy 2 71 km/s/Mpc leads to a 20
evidence for phantom Dark Energy. The dependence is understood since the CMB constraints
the physical matter density ,,,h%, so a change of Hy produces a shift §log Q,, ~ —26log h and
a higher H leads to a lower value of Q,;; from the Q; — w degeneracy in figure 2.11 we see that
a lower ), leads to a more negative w. The effects are shown in fig. 2.14.

This shift towards w < —1 being uncorrelated with any known systematics related to SN observ-
ables, they therefore claim that either the SNLS and Pan-STARRS1 data have systematics that
remain unaccounted for, or the Hubble constant is below 71 km/s/Mpc, or else the dark energy
equation of state is indeed phantom.

The same conclusions have been reached independently by Nesseris and Tsujikawa in a recent
work [42].

A quantitative estimate of the tension between local and high redshift measurements has
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log T interpretation betting odds
<1 not significant <3:1
1-2.5 substantial ~3:1
2.5-5 strong >12:1
>5 highly significant >150:1

Table 2.1: The scale to interpret the tension 7

been recently proposed by Verde et al. (2013) [43], which could be useful to understand whether
ACDM is disfavoured, and in favour of what kind of extensions.

The estimator is defined as follows (we follow [43]).

If AB are two different experiments to be compared, let P4 p(0|D4 g) be the probability
of having a parameter set 6 given the data D, p from the experiments. We assume the same,
uniform prior, 74 = 7 = 7w with 7 = 1 or 0 and therefore mg4mg = w. We define

/PAPBdaE:A/ﬂAﬂde:A/,CAEBﬂ'dx:/\E:é’ (2.5.17)

where £ is the likelihood and A~! = fEAﬂAdm fEBWde’. E is the bayesian evidence for
the joint distribution and £ is then a sort of unnormalised Evidence.
If we were to perform a translation of the distributions in z, the new distribution P, would have
the same shape and different position of the maximum. If the null hypothesis is that the two
experiments measure the same quantity, the models are correct and there are no unaccounted
errors, then it would translate into the condition that the maxima of the old and shifted distri-
bution coincide,

/PA Pp dr = E|mazA=mazB (2.5.18)
If the distance between the maxima increases, then
/PA Ppdr=e <& (2.5.19)
Then the degree of tension is defined as
T = 7@*”‘”‘};“”3 (2.5.20)

The chances of the null hypothesis are 1 : 7, and a large tension 7 means that the null hy-
pothesis is unlikey, while a small 7 means that the experiments can be combined. The empirical
calibration of the scale 7 is shown in table 2.1.

In figure 2.15 we show the results of Verde et al. for the dependence of the tension on the
EOS parameter. In particular, any extension of the ACDM with a slightly phantom value for w
could be able to bring the tension to "not significant", while the ACDM value w = —1 indicates
a "strong" tension between the data.
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Figure 2.15: log7 as a function of w. The black solid line corresponds to the ACDM value. A
value of w < —1 brings the tension down to a less significant value. Figure from reference [43].
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Chapter 3

Phantom Dark Energy from
non-local gravity

The observation of the accelerated expansion of the Universe raised an intense activity around
the nature of the so-called Dark Energy.
As we have seen in the previous chapter, adding a "cosmological constant " term with EOS
P = —p fits a large number of observations, but at the same time the origin of this term is still
mysterious. A plausible possibility is that the cosmological constant actually vanishes (a number
of mechanisms has been put forward in the literature), and that the acceleration of the Universe
is caused by an alternative model of Dark Energy.

Recent and planned observations open the possibility to measure the relevant Dark Energy
parameters with increasing precision, hence a direct comparison between ACDM and any viable
alternative model is very likely to be at our disposal in the near future.

In this chapter we introduce a non-local modification of General Relativity (section 3.2), that
represents an original result of this work and has been recently published (2014) [1]. The most
significant results of the present work are presented in section 3.3, where we show that tuning
the only free parameter we are able to predict the value of the Dark Energy density today as well
as the EOS parameter. In the rest of the chapter, we concentrate on some conceptual issues that
could arise from the introduction of non-local operators, that have been extensively discussed in
recent literature [44, 45, 46, 1, 47).

3.1 The road towards non-locality

The most studied possibility to obtain a dynamical Dark Energy is adding some scalar min-
imally coupled to gravity with an arbitrary potential, provided that one puts suitable con-
straints on the potential so to fit observations. Such mechanism is known in the literature as
"quintessence". As discussed by Woodard, the issue becomes then one of plausibility, since one
could reconstruct any expansion history [48]. Moreover, a general feature of these models is that
they generally lead to equations of state w > —1 [3], which seems to be disfavoured by recent
observations.

The other obvious possibility is that of modifying General Relativity on cosmological scales.

33
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Modifications of the form "f(R)" obtained by replacing the Ricci scalar in the Einstein-Hilbert
action with an arbitrary function suffer the same problems as scalars models (indeed, they can
be turned into GR plus a minimally coupled scalar).

In recent years, a few authors explored the possibility of using non-local terms to produce
modifications of General Relativity in the infrared with different motivations.
Deser and Woodard [49, 50] observed that non-local additions to GR can naturally arise as
quantum loop corrections, and therefore introduced the phenomenological modification to the
Einstein-Hilbert Lagrangian

AL = = I6n GFRf( ) (3.1.1)

The potential relevance of non-local cosmological effects due to quantum effects in loops have
been investigated independently in very recent work by Donoghue and El-Menoufi [51].

An independent introduction of the inverse d’Alembertian is due to Barvinsky [52]. He
observed that, expanding the Ricci tensor over flat-space background,

1 1 1 1 1
Ry = =50 + 5V, <VA;M - 2V,h) +5V (V*huA - 2vuh> +0(h2,)  (31.2)

one can invert for A and get a non-local expansion in powers of the curvature. Plugging back
into the Einstein-Hilbert action and upon use of the Bianchi identities one finds

Spw = o G/d%r[ W—R*“’+O( W)] (3.1.3)

His first suggestion for a non-local extension of GR is then

2
s=M /d4:17\/ {R+QGWR’“’} (3.1.4)

we shall comment more extensively later on this kind of tensor non-localities, showing that
they lead to instabilities in the cosmological evolution.

Finally, non-local operators can be very useful in cosmology through the degravitation mech-
anism [53].
The basic idea is that the vacuum energy is not small itself, but simply gravitates little. A phe-
nomenological description can be given promoting Newton’s constant G to an operator acting
like a filter, G = G(L?0) where L is the scale of the filter. Sources with wavelength A >> L
should be screened or "degravitated". At the linearized level, introducing a mass scale m ~ 1/L,
this is achieved by G(L?0) = G x (1 —m?/0), so Einstein’s equations become

m2
(1 - ) EMVRPT = —167GTH (3.1.5)
O po

The source is then screened and appears weakened at energies ¥ << m. The cosmological con-
stant would then appear very tiny.

Another natural way to extend GR in which a mass scale shows up, in particular from a
particle physicist’s point of view, is trying to give a mass to the graviton. "Massive gravity"
has recently received a growth of attention, since, besides its intrinsic theoretical interest, a tiny
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graviton mass could lead to late-time cosmic acceleration and possibly to a degravitation mech-
anism.

The subject has a long history and a series of very well-known issues. The original linear theory
of Fierz and Pauli (1939) [54] has a so-called van Dam-Veltman-Zacharov (vDVZ) discontinuity
such that GR is not recovered in the m — 0 limit [55], while ghost-like modes - the "Boulware-
Deser " (BD) ghost - arise as soon as one includes non-linearities [56].

In the context of non-local extensions of GR, the inverse d’Alembertian shows up again in mas-
sive theories since it provides a way to write a mass term without breaking the gauge invariance
of the massless theory [57].

A promising approach to massive gravity has recently been introduced by Jaccard et al. [58],
who provided a fully non-linear, covariant theory of massive gravity very close to the degravitation
proposal 3.1.5, defined by the field equations

G —m*(07'G )T = 81GT,, (3.1.6)

where the superscript T' denotes the extraction of the transverse part to preserve energy-momentum
covariant conservation. The resulting theory respects causality and smoothly reduces to GR in
the m — 0 limit, but turns out to be cosmologically unstable [44, 59, 60, 61]. Subsequently,
Maggiore [45] suggested that one can consider a more general class of models,

G, —m?[07 ay Ry + a2 g, R))T = 87GT,, (3.1.7)

the most promising one being defined by a3 = 0, ay = 1/3 (the latter choice of ay is a
convenient normalization of the mass parameter). A correct understanding of the meaning
of the non-local operators appearing in the above models, and a discussion of the promising
cosmological implications, has been provided in [44] and [46] and will be discussed in detail
below.

3.2 A new non-local model

A modification of gravity in the far infrared at scales ¢ ~ H ! naturally leads to introduce
some scale m ~ Hy, as we have seen for the degravitation mechanism and in theories of massive
gravity.

We propose a model in which again the O~! operator acts on the Ricci scalar and a mass scale
appears, but which is defined by the action

SNL = ﬁ/ddﬂx\/—ig [R— dTCllmzRéR ) (3.2.1)
where d is the number of spatial dimensions and the factor (d — 1)/4d is a convenient normali-
sation of the mass parameter m. We will see that, among the non-local models examined, such
a model seems the most convincing one, both at the theoretical level and for its potentially very
interesting cosmological consequences. The model has been introduced in [1] which we will follow
throughout the rest of the section if not otherwise specified.

The equations of motion of the theory can be obtained introducing two scalar fields
U=-0'R, (3.2.2)

and
S=-0'U=0"?R, (3.2.3)
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and rewriting eq. (3.2.1) as
Sni, = (167G) ™1 /d‘”lz\/jg [R(1 — uS) — &(OU + R) — &(OS +U)) , (3.2.4)

where we introduced p = [(d—1)/(4d)}m?, and &3, &3 are two Lagrange multipliers. The variation
is then straightforward: varying the action (3.2.4) with respect to the four scalar fields one obtains
the equations of motion

OoU = —R
0os=-U
0& = —&
O =—pR. (3.2.5)

Then, using the identities

5v=g(y) = —% V=9 g 8*(x — y) 69" (x)
SR(y) = [Ruy — V.V, + g,,0] 8*(x — y)dg™ (2)
(3.2.6)

we get from the variation of (3.2.4) with respect to the metric - adding also the matter action
Swm -

Og(SnL +Sm) = / V=9 09" {[Ry = V. Vy + 0] (1 = S = &)+
1

—§gﬂu [R (1 — /.LS — §1) + 8a€1 O U + 6a§2 oS — 52 U] +
1 1 6Su
+§ [augl o,U + a,/€2 8HS + U V] + ﬁ (;g‘“’} =0 (327)

We use the EOM 3.2.5 to eliminate £; and & in favour of U, S:

1
&= —pSR=pU

1
G =g&k=-nus (3.2.8)
Thus, from 3.2.7 we get
G —uKu, = 8nGT,,, (3.2.9)
oU = -R, 0S=-U. (3.2.10)

where
K., =25G,, -2V ,0,5 =2Ugu, + 9, 0,50°U — (1/2)9,“,U2 — (0,50,U +0,580,U). (3.2.11)

It is straightforward to check explicitly that V¥ K, = 0, as it should, since it has been derived
from a diff-invariant action.
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We emphasise immediately that a crucial point (already discussed in detail in [62, 50, 44,
45, 46, 1]) is that, despite the appearance of the a Klein-Gordon operator, eq. (3.2.10) do not
describe radiative degrees of freedom.

Indeed, to define our original non-local theory we must first specify what we mean exactly by
O~!. In general, an equation such as OU = —R is solved by U = —O7 'R, where

O 'R = Unom(z) — [ d¥a’ \/—g(2') G(x;2")R(x'), (3.2.12)

and Upom(z) is any solution of OUpey = 0. The choice of the homogeneous solution and of
the Green’s function is part of the definition of the O~' operator and therefore of the original
non-local theory. To ensure causality, we shall define 0! with the choice of the retarded Green’s
function. As for the homogeneous solution, Uyem () is not a free field that can be expanded in
plane waves which, at the quantum level, would corresponds to creation and annihilation oper-
ators of some particle. Neglecting this simple but important point leads to misinterpreting U as
an extra propagating degree of freedom. Similar consideration holds for the equation 0S5 = —U.
We shall illustrate the situation in more detail in the following.

Our exposition will have to follow two paths: first, we should clarify some conceptual issues,
namely, the correct interpretation of the theory 3.2.1 as a classical effective theory, the definition
of the operator 07!, the form of spherically symmetric static solutions and the absence of a
vDVZ discontinuity. Second, we should discuss the cosmological properties of the model.

Actually, we choose to start with the cosmology, in order to display immediately the potential
interest of the model.
3.3 Cosmological evolution and dark energy

We proceed straight to the cosmological consequences of the model, at the level of background
evolution. We consider a flat FRW metric

ds® = —dt® + a*(t)dx?, (3.3.1)

in d = 3 and in presence of an energy-momentum tensor 7}, = (p,a*(t)pd;;). Our goal is to
see whether a viable Dark Energy model emerges from the term proportional to u, so we do not
include a cosmological constant term: p = pyr + pr.

From the (0,0) component of 3.2.9 and from 3.2.10 we get the system

2 . d(d—1) 1,. U? 167G
B+ (—dHS - S - ST - ) =
+d2<d S S 55U 4) id-1"
—U — dHU = 2dH + d(d + 1)H?
-S—dHS =U (3.3.2)

for the three functions H(t), S(t),U(t).

We introduce W (t) = H2(t)S(t) and h(t) = H(t)/Ho, where H(t) = a/a and Hy is the
present value of the Hubble parameter. We use x = Ina to parametrize the temporal evolution,
and henceforth f’ = df /dx. Trading the equation for S for an equation for W, 3.3.2 becomes
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R (z) = Qe " + Qre ™ 4 7Y (3.3.3)
U'+@B+QU =6(2+¢), (3.3.4)
W’ +301-OW' =2 +3¢-CW=U, (3.3.5)

where v = m?/(9HZ), ¢ = I/ /h and

Y =-W(6-U)+W(3—6C+CU")+ iUQ . (3.3.6)

DN =

and we used pg = 3HZ/(87G), pr(z)/po = Qra=2 = Qure3% and pr(z)/po = Qe **. From
the right hand side of 4.2.19 we see that we can consider the term 7Y (z) as an effective dark
energy density ppr(z) = po7Y (x).

3.3.1 Perturbative solutions

The system of equations 3.3.3-3.3.5 is a coupled system of non-linear differential equations,
since Y (z) and its derivative appear also in ((z). Before integrating numerically, it is convenient
to understand analytically the behaviour of the evolution. In particular, we can work pertur-
batively in 7, assuming that the contribution of the function Y (x) to {(x) is negligible at early
times - so that we recover the standard cosmology - and checking a posteriori the self-consistency
of the procedure.

Then, as * — —o0,
3QM6_31 + 4QR€_4I
Qre=3% + Qre—4=

((x) ~

Under this assumption, in each given era ((z) can be approximated by a constant (y, with
Co ={-2,-3/2,0} in RD, MD and a De Sitter inflationary epoch, respectively. Then, equation
3.3.4 can be integrated analytically,

(3.3.7)

6(2 + (o)

e &+ ug 4 up e~ GHo)e (3.3.8)

Upert(x) =

The coefficients ug, u; parametrize the general solution of the homogeneous equation U"” +
(3 + ¢)U’ = 0. Plugging equation 3.3.8 into 3.3.5 we get

W, — —(3=C0)e 4 gy 200 4 U ~(3+Co)r 4
pert (T) wie wae 6(0(1"‘(0)6
—184+ 9 (14+¢) +u o (-9+¢)  3(2+¢)
5 5 — v T (3.3.9)
2¢3 (G0 —3)*(3+ o) (9—-¢5)Go
where again w; and we parametrize the homogeneous solution.
Observe that in RD (y = —2 and the inhomogeneous solution for both U and W wvanish.

This is a consequence of the fact that in RD the Ricci scalar vanishes, so OU = 0 and the only
contributions come from the solutions of the homogeneous equations. Moreover, in a generic
epoch, as x — —oo the inhomogeneous solutions go as U(z) «x z and W (x) x x, so Y (z) goes at
most as Y (x) o« 2% and its contribution to h?(x) is negligible with respect to the exponentially
growing terms Qy7e 3% and Qre™** in 3.3.3. As for the homogeneous solutions, we note that all
the terms in equations 3.3.8, 3.3.9 proportional to ug, u1, wy, we are either constant or decaying
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Figure 3.1: Left panel: the function 7Y (z) = ppr(x)/po, against & = Ina. Right panel: the
function 7Y (2) = ppr(2)/po, against the redshift z = e=* — 1.

with z, since in the Early Universe we have —2 < (y < 0, which means that the solutions are
stable in MD, RD, as well as in a previous inflationary stage, and that, apart for a constant mode,
in the perturbative regime the homogeneous solution is an attractor: starting the evolution in
RD with initial conditions such that the exponential modes are excited, we will be quickly driven
towards the inhomogeneous term of the perturbative solution. This shows that the perturbative
approach is self-consistent.

Since the homogeneous solution vanishes in RD, starting the evolution deep in RD and
imposing the initial conditions U(z;,) = W(xs) = 0 (since in RD the Ricci scalar vanishes)
amounts to set

U(win) = uo +ure” " =0 (3.3.10)
R — —5xin —4xin @ ﬂ “Tin —
W(zin) = wie + wae +50 T 15¢ 0 (3.3.11)
ie.
up =uy =wy; =wz =0. (3.3.12)

3.3.2 Numerical solutions

We can now integrate the full equations 3.3.3-3.3.5 numerically. We can eliminate the vari-
able h(z) (and hence ((z)) through 3.3.3, so that equations 3.3.4 and 3.3.5 form a closed sys-
tem for the variables U(x), W(x). We choose the initial conditions so that at early times
we sit on the inhomogeneous analytical solution found above with the condition 3.3.12 - we
shall set (; = —2 4+ € with € = Qpe*n/2Qr. We make use of the Planck best-fit values,
Qar = 0.3175, Qp = 4.15 x 107° haQ, ho = 0.6711 [11], and we set Q4 = 0. The model has a
single free parameter, 7y, that has to be tuned by trial and error in such a way that today we
have Qprg =1 — Qp — Qr ~ 0.6825. This is of course the only consistent solution, since we
have adopted a spatially flat metric. Choosing v ~ 0.00891 (corresponding to m =~ 0.283H,) we
reproduce the observed value Qpg ~ 0.68. It is already quite significant that a DE is dynamically
generated and that the observed value can be reproduced.

Furthermore, having fixed this, we are left with no more free parameters. In particular, we
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Figure 3.2: The quantities Qg(x) (brown, dot-dashed) , Qs (x) (red, dashed) and Qpg(x) (blue,
solid line).
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Figure 3.3: The normalized Hubble parameter h(z) = H(z)/Hy in our model (blue, solid line)
and in ACDM (red, dashed line)

obtain a pure prediction for the dark energy equation of state parameter wpg, defined from

ppE +3(1 + wpk)ppE = 0. (3.3.13)
Hence, since ppg(z) < Y (x),
Y'(x)
=—1= 3.14
wpp(r) ¥ () (3.3.14)

The result of the numerical integration of egs. (3.3.3)-(3.3.5) is shown in Figs. 3.1-3.3. In
Fig. 1 we show the effective dark energy fraction Qpr = ppr/po = 7Y as a function of z = loga
(left panel) and of the redshift z (right panel). We see that it starts from zero in RD and
then grows during MD. The quantities Qg (z) = pr(z)/ptot(z), Qar(x) = par(z)/prot(x) and
Qpr(x) = ppr(z)/prot(x) are shown in figure 3.2.

In Fig. 3.3 we see that the normalised Hubble parameter h(z) becomes a growing function when
the DE density begins to dominate, while for comparison we have included the result of ACDM
(red dashed line), which continues to decrease.

The result for wpg(x) is shown Fig. 3.4 as a function of x (left panel) and of the redshift
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Figure 3.4: Left panel: the EOS parameter wpg(z). Right panel: the EOS parameter wpg(z) .

(right panel).

3.3.3 A first look to experimental data

In principle, once the parameter m is fixed so to reproduce the DE density today, the model
contains all the necessary information to fix the DE evolution, as well as its equation of state
- and hence the whole background evolution (actually, it has been shown in recent work [63]
that also the perturbations are fully characterised, a result that significantly strengthens the
predictive power of the model). On the other hand, the value of Q); quoted above and used
to derive our results, as well as the other cosmological parameters, has been obtained from the
Planck data assuming ACDM. On the contrary, the correct values in the non-local model should
be determined in a self-consistent way by a global fit to the CMB, BAO and Sn data taking into
account the specific form of the perturbations.

However, in practise we can obtain some preliminary encouraging (or discouraging) hints by a
"coarse graining" of the information in terms of a few parameters that can be directly compared
to available observations, although in principle the model contains all the information necessary
to a direct comparison. The most relevant region is the recent past, where the DE density starts
to become important. In the region —1 < x < 0, corresponding to redshifts 0 < z < 1.72, we use
the standard fitting function

wpg(a) = wy + (1 — a)w, , (3.3.15)

(where a(z) = e¥). We define Aw as the difference between the numerical expression and the
fitting function, and we minimise with respect to the parameters wg, w, the quantity

0
X2 :/ dz (Aw)?(x) (3.3.16)
—1

We find the best-fit values
wo = —1.144, w, = 0.084 . (3.3.17)

In figure 3.5 (left panel) we show the numerical solution for wpg(z) (blue solid line) compared
to the best-fit function (red, dashed line) and the value of Aw/w (right panel). We see that the
relative error is at the level |Aw/w| <5 x 1073 in this region.
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Figure 3.5: Left panel: the numerical solution for wpg(x) (blue solid line) compared to the
best-fit function wpg(a) = wo + (1 — a)w, with wyg = —1.144, w, = 0.084 (red, dashed line).
Right panel: The value of Aw/w in the region —1 < z < 0.

We can also compare to a more general fit of the form
wpg(a) = wo + (1 — a)w,,, (3.3.18)
with ¢ another free fitting parameter. We get

wy=—1.149,  w, =0.062, ¢=2.129, (3.3.19)

but the improvement in the minimisation of x? is not relevant, so the introduction of ¢ as a
free parameter is not justified.

The fact that the EOS turns out to be on the phantom side is a general property of these
non-local models, due to the fact the DE density starts from zero in RD and then grows during
MD. Thus, in this regime ppg > 0 and ppH > 0, and then eq. (3.3.13) gives (1 + wpg) < 0.

The numerical values in (3.3.17) are quite interesting, considering that the result from
Planck + WP+BAO in the (wg,w,) plane is the one given in 2.5.13, wg = —1.047) 22w, < 1.36
at 95% c.l.. Since our prediction for w, is such that |w,| < 1, it makes sense to compare
directly with the fit for a constant wpg, which gives more tight constraints. The result of
Planck+WP+SNLS for a constant wpg is the one given in 2.5.8

wpp = —1.137313 (3.3.20)
at 95% c.l. [11], while the Pan-STARRSI data, combined with BAO+Planck+Hy, give 2.5.11
wpg = —1.18615:075 | (3.3.21)
while, when combined with WMAP9 instead of Planck, give 2.5.12
wpg = —1.14275-076 (3.3.22)

As discussed in the previous chapter, in the framework of ACDM there is a tension between the
value of Hy derived from the Planck measurement and that derived from direct measurements
in the local Universe. Ref. [43] has studied the impact of various extensions of ACDM on
such a discrepancy. It has been found that the only parameter that can reduce the tension to a
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Figure 3.6: Left panel: wy as a function of Q,;. Right panel: w, as a function of Q.

statistically non-significant value is indeed wpg, and this requires a value of wpg approximately in
the range —1.3 < wpg < —1.1. Our prediction (3.3.17) is therefore able to bring this discrepancy
down to a statistically not significant value, even if the indicators should only be taken as a first
suggestion that needs more accurate data to assess the real significance of such "tension". In
any case, it is quite remarkable that such a value of wpg is predicted by a relatively simple
and theoretically consistent modification of GR. This should be compared with models that
involve an arbitrary function such as f(R) or f(O7'R), which can be chosen to reproduce any
expansion history. For instance, the function f(O7!R) of the Deser-Woodard model 3.1.1 can
be reconstructed to fit any expansion history, and Deffayet and Woodard [64] showed that the
numerical form needed to fit observation can be analytically approximated by a rather artificial
expression,

f(X) = 0.245[tanh (0.350Y + 0.032Y2 + 0.003Y3) — 1] (3.3.23)

where Y = 16.5 + X.

The model 3.2.1 is therefore much more predictive, and gives an equation of state consistent
with present limits without the need of a fine-tuning. Moreover, in the next few years planned
surveys should measure wy and w, to an accuracy that will allow for direct comparison between
this non-local model and ACDM, making our proposal highly testable and well distinguishable
from ACDM. Of course, given what we said at the beginning of this paragraph, the final sen-
tence will be given only once a global fit to the data assuming this nonlocal model will become
available: strictly speaking, one could not claim that this model is falsified even if a tension with
fits performed assuming ACDM emerged, since the only logically consistent option is to test its
predictivity through a direct fit of the data. On the other hand, if one had found a result already
in strong tension with the observed value of w as fitted assuming ACDM, this would be a signif-
icant indication that the model is unable to predict a viable evolution either of the background
(e.g. if w > —0.5 we would not have an accelerating solution) or of the perturbations. Then,
the results obtained above are highly non-trivial and promising, and motivate further (ongoing)
investigations.

Given this discussion, a final important observation concerns the robustness of our prediction
with respect to a change in the measured values of the cosmological parameters. If we change
the value of Q);, we should contemporarily adjust the value of Qpg so to maintain the flatness
condition, Q) +Q2r+QpE = 1, and hence the value of « should be changed to a new value 5. Since
Qpr =7Y(0), we get the new value Qpe ~Opp x (3/7), while Wy >~ wo + v Oywo X (¥ —7)/7-
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Hence, even a revision of the value of Qs at the 10% level would produce a change in our
prediction only at a level Awg/wo ~ 1073(d,wo/wp). In recent work, Dirian et al. [63] repeated
the analysis for different values of Qj; in the broad range [0.20,0.35], adjusting each time v so
to reproduce the desired value of €25;. The results for wy and w, are shown in figure 3.6. They
find that the wy remains within the relatively narrow range [—1.165,—1.135], while w, varies
between [0.07,0.11].

3.4 Conceptual issues

As already mentioned, the presence of the O~! operator raises a number of potential problems
of theoretical consistency that have to be clarified. In particular, the theory should be considered
as a classical effective one, as we shall discuss in this section. In this framework, it is shown that
it is fully consistent at the theoretical level.

3.4.1 Classical effective equations vs non-local QFT

The crucial feature of the non-local terms introduced in our theory is that they come explicitly
with a retarded propagator, since this choice is forced by causality. The difference with the usual
appearance of such prescription with respect to, say, the solution of some classical equation, is
that here the retarded propagator already appears in the definition of the theory, and not just
in the solution of its equations.

Consider what happens if we study the classical matter-matter interaction in the classical
theory defined by equation 3.2.9, linearizing it over Minkowski space. Writing g, = 7, + huw

we get from 3.2.9
d—1

EM P hpe — —— m?P* PP,y = —167GTH" (3.4.1)
where E#P7 is the Lichnerowicz operator,
1
ERAPT = S (M T = 2P ) D (P 0107 + Y 9P0%) +
1
-3 (n*PO° 0" 4+ P97 0" 4+ nH?9POY + n*° 0P IO*) | (3.4.2)
6]
EMPI b,y = OWY — " Oh 4+ 0" 0,0, 4+ 010" h — 0,0" W' — 0,0"h"" . (3.4.3)
We have also defined ug
PHY = phv = (3.4.4)

and O is now the flat-space d’Alembertian. We solve equation 3.4.1 for h,, fixing the gauge
0"y = 0, where hy, = by, — (1/2) by h = —(d — 1) h/2. Equation 3.4.1 becomes

_ m2 _
Dhuy + FP'U‘Dh = _167TGTMZ, (345)

Taking the trace in momentum space we can invert for h, h(k) = 167GT(k)/(k?> — m?) and
plug back into 3.4.5. We get

2
m” Bu®) 4o (3.4.6)

2y _
—k huy = —167TGTHV — m
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We then solve for hy, (k). We get, as in [45],

hlk) = AT, =
167G 1 1 m?
_ T, T T 3.4.7
TR d(d—1) (k2 —m2)' ™ (847)

where we have neglected terms proportional to k,k, that do not contribute when saturated
with a conserved EM tensor.

The first two terms correspond to the usual GR propagator, while the third corresponds to

the non-local modification, and for m — 0 it smoothly goes to zero, so the theory smoothly
reduces to GR.
The above computation of the matter-matter interaction stresses the purely classical nature of
the derivation. If one were instead so ambitious to consider the theory 3.2.1 as a fundamental
non-local quantum field theory, he would try to read the propagating degrees of freedom from
the saturated propagator, —i T}, A**#? T, . In the language of QFT, the first two terms in 3.4.7
describe the exchange of a massless graviton, while the non-local modification gives extra terms
in the scalar sector, that read

c«d;—in”*’“) {kl B k—lm} (k) (3.4.8)

In a quantum framework, the above term would describe the exchange of a healthy massless
scalar plus a ghostlike massive scalar (remember we are working in the "mostly +" signature
N = (—1,1,1,1)). In general, a ghost has two distinct effects: (1) at the classical level, it can
give rise to runaway solutions. In the cosmological context, with a ghost of mass m = O(Hy),
this is an IR issue, since the instability shows up on cosmological scales. This can then even
be a virtue of the theory, since a phase of accelerated expansion can be considered in a sense
as an instability of the classical background evolution. (2) At the quantum level, a ghost cor-
responds to a particle with negative energy and induces a vacuum decay rate I' rendering the
theory inconsistent. This is clearly a UV problem, since the rate is determined by the UV cut-
off of the theory and one could circumvent it appealing to a suitable UV completion of the theory.

However, there is no such problem in our theory, since the 07! operator in the equations of
motion automatically comes with a retarded prescription. Since it is this term that gives rise to
the scalar sector contribution in eq. 3.4.8, these propagators inherit the retarded prescription
and cannot be promoted to Feynman propagators. They describe classical radiation effects from
already existing degrees of freedom, and not new propagating degrees of freedom.

A related points concerns the Lagrangian giving the linearised equations 3.4.1, that is,

L= %hw EMPTR , — % m2hy, PP PP hyy (3.4.9)

Since we stressed that the equations of the theory already contain themselves a retarded
propagator, the question is if it is possible to obtain them from a variational principle. The
answer is crucially no: the variation of the above Lagrangian never gives a retarded 07! in the
equations of motion, whatever definition of the Green’s function we use, as extensively discussed
in the existing literature about non-local extensions of GR [45, 58, 52, 49, 44, 65, 51]. Consider
for example a scalar field with a non-local term in the action of the form

/d4x¢D_1¢ (3.4.10)
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Taking the variation with respect to ¢(x) we get

L 4;3/ 2 —1 2 :L 41,/ 432” z o ) —
o [ e 06 = S [t ata o6 ol

_ / &'’ [G(z:2') + G(a'; )] ol (3.4.11)

In other words, the variational derivative automatically symmetrizes the Green’s function,
and we cannot obtain equations of motions in which a retarded propagator appears from a
variational principle, since Get(z;2’) is not symmetric under z < 2’ (actually, Gre(z;2') =
Gadv(2';)). The correct point of view is then that the action is used as a "formal trick" to
obtain the classical equations of motions from a variational principle, as extensively recognised
in the literature after the original proposal by Barvinsky and Velkovisky [66, 65, 51]. After
taking the variation, one should adopt the rule of replacing D;ylm — D,Telt. This way we loose
any connection with a fundamental quantum field theory. The model 3.2.1 should rather be
considered as a classical effective one. The "QFT" that one would obtain taking the propagators
in 3.4.8 as Feynman propagators has nothing to do with our classical equations, and those degrees
of freedom are simply not degrees of freedom of our theory. In particular, this shows that any
discussion on "ghostlike" and "propagating" degrees of freedom, that one is inevitably tempted
to address, simply makes no sense in this framework, but it could consistently addressed only in
the fundamental (and local) theory giving rise to such classical effective equations.

Thus, equation 3.4.1 is not the classical equation of motion of a non-local QFT. On the contrary,
non-local classical equations emerge in other context in physics, and are never fundamental.

A related situation comes from the classical post Newtonian formalism for GW production ([44],
[67]). In the linearised theory, the GW amplitude is Oh,, = —167GT),, so this is a classical
radiation problem and is solved by }_Ll“, = —167rGE|;61tTW. Considering higher order corrections,
the radiation generated at the linear order becomes itself source for GW production at next
perturbative order. In the far-wave zone, then, one has an effect described by effective equations
containing D;elt. Any issue of quantization, however, should address the underlying fundamental
theory and not such effective equations. This is what happens in our theory.

3.4.2 Spurious degrees of freedom from auxiliary fields

The issue of the extra degrees of freedom in non-local theories can be understood considering
the "localisation" obtained by the introduction of auxiliary fields, as we did in passing from
3.2.1 to 3.2.4. The point is that such localisation procedure can introduce spurious degrees of
freedom, and in particular spurious "ghosts" if one adopts the wrong point of view of considering
the theory a fundamental QFT.

As we have pointed out from the beginning, to define our original non-local theory we must
specify what we mean exactly by O~!. In general, an equation such as OU = —R is solved by
U = —O07 'R, where

O 'R = Upom () — /dd+1x’ V=g(@") G(z; 2" )R(x"), (3.4.12)

The choice of both Upem(x) and G(z; 2’) are then part of the definition of the theory, and as
such remain fixed from the very beginning. Introducing the auxiliary field U(x), the assignment
of the homogeneous solution translates into the assignment of given initial conditions on the field
U(x): there exists one, and only one, choice that gives back the original model. Our model is
defined by the choice of the retarded Green’s function and by the requirement that U = 0 in
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RD, that translates into the initial conditions 3.3.12. Different choices of the homogeneous so-
lution would therefore define different theories, and since the choice of Uy, amounts to impose
different initial conditions on the fields U, W as those given in 3.3.12, the space of such theories
can be parametrized by the space of the coefficients ug, u1, wy, ws.

As far as the issue of quantisation is concerned, the homogeneous solution of an equation
such as O¢ = 0 for a scalar theory in flat space is just a superposition of plane waves,

3
Phom () = / (;];3 [axe™ + aje™ ] (3.4.13)

where the coefficients ay, aj, are subsequently promoted to creation and annihilation opera-
tors during the quantization procedure. In our case, the coefficients are instead uniquely fixed
once the initial conditions are specified, hence they cannot be promoted to operators and there
is no quantum degree of freedom associated to them.

The case of the Deser-Woodard model 3.1.1 is interesting. We recall the action 3.1.1,
/d4x\/ R [Hf( )} (3.4.14)

Rewriting the action 3.4.14 in local form with two fields ¢ = O~!' R and a Lagrange multiplier
¢ that enforces O¢p = R. We get

167rG

~ 167 G/d%r{R[l*'f( )] +&(0¢6 — R)} (3.4.15)

The kinetic term can be diagonalised setting & = ¢1 + w2, @ = 1 — Y2, SO

5= ﬁ/d%\/jg{ml + [ (91— p2) — o1 — 2] = (9p1)* + (92)* } (3.4.16)

The field @2 in our signature is then a ghost, and this is true even in the case f = 0, i.e.
General Relativity! Again, the point is that 3.4.16 is equivalent to 3.4.14 only if we discard
the homogeneous solution of O¢ = R, and therefor neither ¢ nor £ are propagating degrees of
freedom.

Vacuum (in)stability in classical General Relativity

A very instructive example of how spurious degrees of freedom arise if one uses non-local
variables has been provided in [44] and [68] and comes from GR itself. We shall illustrate it here
following in particular reference [44]. Consider the quadratic Einstein-Hilbert action,

1
S=3 / d*x by EMP7 Ry + 167G / d*x by, T (3.4.17)
We can decompose the metric as
1 1
hyw = hf,? + 3 (Ou€r + Ovey) + 3 $ (3.4.18)
where hTT is the transverse-traceless part. This part and the scalar s are gauge invariant under

g
linearised diffeomorphism. Plugging 3.4.18 into 3.4.17, the "pure gauge" mode ¢, cancels and

we are left with

S:%/d‘Lx

2
TT 4 TT
h,, Bh,, — gst

1
+ 167G / dz {hEL,T ()" 4 35T (3.4.19)
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Then, it seems that we have an additional scalar propagating degree of freedom with respect
to what we would expect in GR, i.e. the two radiative degrees of freedom corresponding to the +2
helicities of the massless graviton. Moreover, the additional degree of freedom s is ghost-like. Of
course, this conclusion is wrong, and all degrees of freedom different from the latter are physical
(i.e. gauge invariant) but non-radiative.

The spurious radiative degree of freedom is in fact nothing but an artefact of the decomposition
3.4.18. The crucial point is that hZVT and s are obtained from A, through a non-local operator.
In particular, inverting 3.4.18 for s one finds

1
5= (n,w - Daﬂc‘)y) by = P* by, (3.4.20)

Being s a non-local function of h,,, an ordinary counting of the degrees of freedom in 3.4.19
leads to a wrong result, since the initial data assigned on h,, are not sufficient to evolve s.
This is better understood [44] in the case of a scalar field ¢ that satisfies the Poisson’s equation,
V3 = p. If we define a new field qNS as ¢~7 = O~ !¢, the original equation can be written as

0=V 2p=p (3.4.21)

so that now ¢ looks like a propagating field. The point is that for p = 0 our original equation
has the unique solution ¢ = 0, so equation 3.4.21 must be solved with the condition that ¢ =0
if p = 0. The homogeneous plane-wave solution would read

~ 3 . .
Phom () = / (;];3 [axe™™ + aj.e™ %] (3.4.22)

with ak, aj, becoming creation and annihilation operators upon quantization. Here however such
solution is fixed uniquely by the condition ¢ = 0 if p = 0, and they cannot be considered as free
parameters.

The situation in GR is exactly the same, since s can be related to a non-radiative degree of
freedom via a non-local transformation using the 3 + 1 decomposition of the metric. In terms of
the Bardeen’s variables ®, ¥ one has

s =60 —2071V3(d + D) (3.4.23)

Asin the simple example given above, this potentially introduces a spurious degree of freedom.
Considering the equation of motion for s,

Os =8rGT (3.4.24)

we see that the correct solution corresponding to GR is the one that satisfies the condition
s =0 when T = 0, i.e. the homogeneous solution must be discarded, and there are no annihila-
tion and creation operators associated to s.

3.4.3 Radiative and non-radiative degrees of freedom

Another way to study what radiative and non-radiative degrees of freedom are described by
eq. (3.4.1) is proceeding as in GR. We henceforth restrict to d = 3, we consider first the scalar
sector, and we use the diff-invariance of the non-local theory to fix the Newtonian gauge

hgo = 2W s ho; = 0, hij = 2¢5¢j . (3.4.25)
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We also write the energy-momentum tensor in the scalar sector as
Too=p, Toi=0%, Ty=Pd&j+1[0:0;—(1/3)6;;Vo. (3.4.26)

The field equations 3.2.9 in this gauge are obtained by a straightforward generalization of the
standard computation performed in GR (see e.g. [68]). The linearization of the (0,0) component
gives

V2 [@ — (m?/6)S] = —4rGp, (3.4.27)

while from the (7, j) component we get
2
— 5ijV2(<I> + \I/) + 8133(4) + \I’) — 25”33\11 — %(U(gl] + 816]5) = 87TGT7] (3428)

where we have written all spatial indices as lower indices since we are linearising over Minkowsky.
We apply the projector (V_282-8j - %5”—) to extract the traceless part, and we get

2
\& <<I> - ”;s) = 87G V20 (3.4.29)

Since this holds over all space and we impose the boundary condition that the potentials
2
vanish at infinity, this has the solution ® + ¥ — %~ S — 87Go = 0. Finally, from the trace of the
field equations we get

OV2D +4V3U — 692 ¥ + m?U = —81G(p — 3P 3.4.30
0

Hence, since the Ricci scalar is

R=-0U=-V?*® 43030 -V (®+T)—30U =—(2V?P+4V20U - 652 ), (3.4.31)

we have
(O +m?)U = —81G(p — 3P) (3.4.32)
To summarise, we have four independent equations for the four scalar variables ®, ¥, U and
S,
V@ - (m?/6)S] = —4rGp, (3.4.33)
®—T—(m?/3)S = 8nGo, (3.4.34)
(O+m?U = —8rG(p—3P), (3.4.35)

together with 0S5 = —U.

Egs. (3.4.33) and (3.4.34) show that ® and ¥ remain non-radiative, just as in GR. This should
be contrasted with what happens when one linearizes massive gravity with a Fierz-Pauli mass
term, in which case ® becomes a radiative field that satisfies (O —m?)® = 0 [68]. Furthermore,
in local massive gravity with a mass term that does not satisfies the Fierz-Pauli tuning, in the
Lagrangian also appears a term (O®)? [68], signaling the presence of a dynamical ghost. In
our non-local model, in contrast, ® and ¥ satisfy Poisson equations and therefore remain non-
radiative. The equations for U and S might fool us to believe that we have two radiative scalars.
However, eq. (3.4.35) is just the linearization of OU = —R where, as we have discussed, the
radiative solution is a spurious one, introduced when the original non-local model is written
in a local form using the auxiliary fields U and S. In a quantum treatment, there are no
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annihilation and creation operators associated to them, and they do not represent radiative
degrees of freedom of the original non-local theory (see also the discussion in [44]). Observe
that the argument on the absence of radiative ghost-like degrees of freedom is not restricted
to the linearized approximation. The full non-linear equations (3.2.10) by definition must be
supplemented with a given fixed choice of the homogeneous solutions, so they never describe
propagating fields.

3.5 Absence of a vDVZ discontinuity and of a Vainsthein
mechanism

A general feature of theories of massive gravity is that they become strongly coupled at dis-
tances smaller than a critical distance which is larger than the Schwarzschild radius rg. For
example, adding a Fierz-Pauli term to the Einstein-Hilbert action one finds that the classical
non-linearities become large below a "Vainshtein radius" ry = (GM/m*)Y/5. At the classical
level, this is due to the so-called "Vainshtein mechanism" [69], and it it necessary to cure the
vDVZ discontinuity that would otherwise rule out the theory through the usual Solar System
tests. In appendix C' we illustrate these classical results.

In the case of our non-local model, eq. (3.4.8) shows that, in the limit m — 0, the contribution
of the scalar sector to the matter-matter interaction vanishes, and the result reduces smoothly to
that of GR. Therefore there is no vDVZ discontinuity, and no Vainshtein mechanism is needed.
Of course, by itself this does not necessarily mean that non-linearities will remain small down to
the Schwarzschild radius rg, where also the classical non-linearities of GR get large. However,
this can be checked computing the metric generated by static sources in the non-local theory.
This computation has been performed in detail in [47] for the model defined adding a term
m? (g#VElflR)T to the Einstein equations, and can be simply adapted to our case. Thus, we will
follow very close the computations illustrated in [47] and adapted to our model in [1] throughout
the rest of the section.

In our theory, for a static source we have two independent lenght-scales, the Schwarzschild
radius 75 of the source and m~' = O(H, ') >> rg. Since between the two there is a huge
separation, we should explicitly check if in the intermediate region rg << r << m~! the theory
remains linear and close to GR, in contrast to usual massive gravity theories.

We write the most general static spherically symmetric metric in the form
ds? = —e2*at? 4 2P dr? 1 12(dh? + sin® 6 d¢?) . (3.5.1)

Since the theory is diff-invariant, we can use the invariance to set to one a function e2*(") that
in the most general solution would multiply the term r2dQ2?>. We use the labels (0, 1,2, 3) for the
coordinate system (t,r,0, ¢) and we denote f’ = df /dr. The Christoffel symbols are those of GR
and can be found e.g. in [2].

In GR two independent equations for a and S are usually obtained taking the combinations
2% Roo+R11 and Ry (see e.g. [2]). In our non-local theory, using eq. (3.2.9) we get, respectively

(1 =2p8)(a/ + §') = —pr[S" — (' + ' = U")S], (3.5.2)

and
(1—2uS) {1+ e *°[r(p' — ) — 1]} = pr*(U + U?/2) — 2ure 2P S’ (3.5.3)
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which reduce to their GR counterparts for g = 0. Finally, in the metric (3.5.1) eq. (3.2.10)

becomes
P2+ 20+ (o = B0 = =26 4201+ 2r(of — B) + ¥ +o/F — o'B)], (3.5.4)
S+ (o =B +2/r)S = —e*U. (3.5.5)

Egs. (3.5.2)—(3.5.5) provide four independent equations for the four functions «,8,U,S. As
discussed in [47], we can study these equations with two different expansions: in the region
r < m~! we can perform a low-m expansion, in which we solve the equation iteratively taking
m as a small expansion parameter. The solution in the region r > rg, with no limitation of
the parameter mr, can instead be obtained considering the effect of the source as a perturbation
of Minkowski space, adapting the standard analysis performed in GR to recover the Newtonian
limit. The low-m expansion is valid for mr < 1 while the Newtonian analysis is valid for r > rg.
The two expansions therefore have an overlapping domain of validity r¢ < r < m™!, where
they can be matched, and this allows us to fix uniquely all the coefficients that appears in the
solutions, see the discussion in [47].

3.5.1 Solution for r << m™!

We perform a low-m expansion, summing that in the limit mr — 0 the terms o« p are
negligible and checking a posteriori the del-consistency of the procedure. We shall consider the
equations in the external region, 7, = 0. Hence, to lowest order equations 3.5.2-3.5.3 reduce to
their GR counterparts, whose solution is given by

alr) = %log (1 - TTS) . Br) = —alr) (3.5.6)

We plug into 3.5.4 and we get
U(r) = up — uy log (1 - ’”75) (3.5.7)

with wug, u; are some constants that parametrize the solution of the associated homogeneous
equation. The choice of the homogeneous solutions is a point extensively discussed above in the
context of the definition of the inverse d’Alembertian and of or non-local theory. Each choice of
the coefficients wug, u; defines a different theory. Since the choice of u; could be subtle in this
context, we shall keep it generic, while we set to zero the constant ug. Equation 3.5.5 reads

S" + (o — B +2/r)S = —*PU (3.5.8)

The computation could be done in principle for every r << m~!, but the full solutions involve
polylog functions and are not very interesting to write down here. Hence, we expand for r >> rg
with the above solution for U and we get

S+ |2/r+ 0 A P Y (3.5.9)
r? o 72 o
with solution )
r
S(r) = irgulg (3.5.10)

This completes the zeroth-order solution of the system Eqs. (3.5.2)-(3.5.5) in the regime
re Sr << m~!. To get the first-order correction to o and 3 we plug these solutions back into
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the equations.

From 3.5.2, to leading order in r/r we still find
o +6'=0 (3.5.11)
while plugging into 3.5.3 we find
2B ~ —e2P 4 2uy pryr (3.5.12)

In the limit » >> rg we can further approximate e*® ~ 1, and the solution can be written as

a(r) =B(r) = %log (1 - 7'75 - ulursr) (3.5.13)

Thus, in the region rg << r << m~! we have, using u = m?/6 in d = 3,

2.2

Ay = e ~1 1S (1 + “”’; z ) . B(r) =20 = 1/A®r) (3.5.14)
T

Observe that, since yu = m?/6 in d = 3, to first order in the low-m expansion and for r > rg,
the result for o and f is the same as that found in [47]. The corrections to linearised theory are
very small for mr << 1, so the perturbative procedure is self-consistent.

3.5.2 The Newtonian limit

We can obtain the solution in the regime r >> rg without limitation on the product mr
following the standard analysis of GR to recover the Newtonian limit, i.e., considering the effects
of the source as perturbations of Minkowsky space. For a static non-relativistic source, we
have the Newtonian gauge 3.4.25 and for a static non-relativistic source the energy-momentum
tensor perturbations 3.4.26 read d1py = p,010; = 6135 = 0. We start from a background where
Upack = Stack = 0, so we shall write the perturbations simply as U, S keeping in mind that
they are first order quantities as ® and V. since the source is static, we set to zero all time
dependencies. Equations 3.2.10 become

ViU = VZ(2U + 49) (3.5.15)
U=-V3S (3.5.16)
while equation 3.4.33 with ¢ = 0 is
2
v? <<I> - ”;S) =0 (3.5.17)

However, in this section we are considering equations valid in the regime r >> rg, so we
cannot conclude that ® + ¥ — WTZS = 0. Any function that at large r reduce to the form
f(r) = ajrg/r satisfies V2f = 0 at large r and vanishes at infinity. Hence, the solution of
equation 3.5.17 reads

2
O+ T = %S+al%s (3.5.18)

From the same reasoning we conclude that equation 3.5.15 has solution

U= 2\Il+4<I>+a2T7S (3.5.19)
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Finally, from equation 3.4.35 with P = 0 and O — V? we get the inhomogeneous Helmoltz
equation

(V2 +m?)U = —8rGp (3.5.20)
The solution is written in terms of the Green’s function G(x — x'),
Ux) = —87rG/ 2’ G(x —x')p(x) (3.5.21)
v
where
(V2 +m?)G(x) = 0¥ (x) (3.5.22)
Writing G = G(r) = —(1/4xr) f(r) one has
1
(V2 +m?)G(x) = 6D (x)(0) = (" +m*f) (3.5.23)

Therefore f(0) =1 and f” + m?f = 0. The most general solution is
f(r) = cos (mr) 4+ Bsin (mr) (3.5.24)

hence 3.5.21 becomes

U6) =26 [ st PO cos o = 1)+ sin o - ) (35.25)
to leading order in 7 >> rg,
U(x) ~ % /V d*z’ p(x') [cos (m|(x — x'|) + Bsin (m|(x — x'|)] (3.5.26)

For a point like source, p(x) = M3§®) (x) we finally find
U(r) = I's [cos (mr) + Bsin (mr)] (3.5.27)
r

The coeflicient 3 has to be determined by matching this solution with the solution in the region
mr << 1 found above. Plugging this solution in 3.4.33 and using U = — V25, p(x) = M§©®) (x)
we get

2
V20 = — 2711563 (x) — % [cos (mr) + Bsin (mr)] (3.5.28)
The solution can be put in the form

rs 1 :

o = o {cq> + 3 [cos (mr) + B sin (mr)]} (3.5.29)
then, plugging the solutions for U and ® into equation 3.5.19 we get

rs 1 .

U= o {C‘I; + 3 [cos (mr) + Bsin (mr)]} (3.5.30)

with cp = —(az + 2¢cy).

We are now ready to perform the matching with the functions A(r) and B(r) found in the
previous section. In the region r >> rg,

A(r) =1+ 2a(r), B(r) ~1+28(r). (3.5.31)
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On the other hand, we must perform the matching considering the fact that the radial coor-
dinate used in the previous section is different from that used here, since we are in a different
gauge. This is clear from the fact that the linearised metric 3.5.1 is

ds? = —(1 4+ 2a)dt* + (1 + 2B)dr? + r2dQ? (3.5.32)

while in the Newtonian gauge the factor 1+ 2¥ multiplies the while factor dx?: denoting by
ry the radial coordinate in the Newtonian gauge,

ds? = —(1 +2WU)dt? + (1 + 20)[dry, + ridQ?] (3.5.33)

Thus we need a relation between «, 8, ®, ¥, r, ry. This is obtained rewriting 3.5.33 as
d
ds? = —(1+ 20)d2 + (1 + 2) <;N) dr? + (1 4 20)r%,dQ>2 (3.5.34)
r

Comparing with 3.5.32 we find

d
r=(1+20)ry, 1+8= (1+<I>)% (3.5.35)
Combining the two we get 8 = —r®’/(14®) which at linearised order is equivalent to 5 = r®’.

In summary,

r=(14+2?)ry, B=-9, a=V, (3.5.36)
Using the latter and 3.5.31 we find A(r) =1+ 20, B(r) =1 - 2rd’, so
rs 1 .
Alr) = 1+-= {qu + 3 [cos (mr) + Bsin (mr)]} (3.5.37)
r
B(r) = 1+ 7“73 {Cq> + é [cos (mr) 4+ Bsin (mr)] + % [sin (mr) — B cos (mr)]}(3.5.38)

In the limit mr << 1 we get

1 2,.2
AP = 1+ 58 (co+ =+ pmr— 0 (3.5.39)
T 3 6
rs 1 m?r?
B = 14+= - 3.5.40
(r) +r(cq>+3+ 5 ) (3.5.40)

Matching these with the solution found in the regime mr << 1, equation 3.5.14, we get 5 = 0,
cy = —4/3 and cpp; = 2/3. Comparing the terms o« m?r? also allows us to fix u; = 1.

In conclusion, the solution for r >> rg¢ (and mr generic) is
1
Alr) = 1- s [1 + g(1 — cos mr)} ) (3.5.41)
T
rs 1 .
B(r) = 1+—=2|1- g(l — cosmr — mrsinmr) |. (3.5.42)
r

In particular, for rg < r < m~! we have

2,.2
A(r) ~1— %S <1 + m6r > : (3.5.43)
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and B(r) ~ 1/A(r).
This should be compared with the analogous result obtained in massive gravity, when one
considers the Einstein-Hilbert action plus a Fierz-Pauli mass term, which reads [69, 57]

4 rs rs
A =1-3" (1 12m4T5> . (3.5.44)
The factor 4/3 in front of rg/r gives rise to the vDVZ discontinuity, see appendix C'. In contrast,
no vDVZ discontinuity is present in eq. (3.5.43). Furthermore, in eq. (3.5.44) the linearized
expansions breaks down for r below the Vainshtein radius ry = (GM/m*)'/?, while in eq. (3.5.43)
the correction becomes smaller and smaller as r decreases. Thus the theory (3.2.1) (as well as
the theory defined adding a term m? (g,wD_lR)T to the Einstein equations) remain linear down
to r ~ rg, where eventually also GR becomes non-linear. This means that, taking m ~ Hy,
these non-local theory pass with flying colors all solar system tests. We have found that, for
r < m~1, the corrections to the GR result are 1+ O(m?r?). For m ~ Hy and r ~ 1 a.u. we have

m?2r? ~ 1073%, and the predictions of these non-local theories are indistinguishable from that of
GR.
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Chapter 4

Possible extensions

In the previous chapter we have proposed a non-local extension of GR in which the funda-
mental ingredients are a mass parameter m? = O(Hy) and the inverse d’Alembertian acting on
the Ricci scalar.

Despite the fact that if one aims to modify GR on cosmological scale it is not surprising that a
mass scale m = O(Hj) shows up, it would be interesting to check if such scale can be obtained
dynamically from existing degrees of freedom. The most obvious choice one has is trying to
exploit the curvature terms, since in FRW those can be expressed as functions of H and its
derivatives; for instance, R(t) ~ H?(t), hence its value today sets a scale Ry = O(Hy) ~ m?.
Then, one could try to replace the scale m with a dynamical term R.

On the other hand, it would be interesting to see if, keeping a mass parameter in the theory, a
viable Dark Energy model emerges from the inverse d’Alembertian applied to other terms in-
volving the curvature, e.g. R, 0~ 'R*”, though the instability of such kind of terms has recently
emerged in the literature [58, 61].

4.1 Additional curvature terms

4.1.1 An immediate extension

The first action one could try to get rid of the mass parameter is obtained by replacing
directly the term m? in 3.2.1 with aR, where « is an dimensional parameter. Then

1

SNL = 160G

1
/dde\/—g [R—i—ozRZDQR] ; (4.1.1)

Introducing the usual auxiliary fields U = —O0~'R, S = —0~'U with the aid of two Lagrange
multipliers we get

Sni, = ﬁ/ddﬂaﬁ/—g [R+aR*S —a&(0OU + R) — a&2(0S + U)]
1

= m/dcprlz\/jg [R(l 70[61 +OLRS)+048§1 3U+a§§2 ,85‘70[52 U]

(4.1.2)

o7



a8 CHAPTER 4. POSSIBLE EXTENSIONS

The equations of motion of the four scalar fields are
QU+R=0
oS+U=0
0& = =&
0 = R?
while the equations for the metric read
Guv + (Ruw = V'V +9u0) 2a RS — a &) +

—%gw [R(RS — &)+ 06 - 0U + 06y - 8S — & U] +

+% (0,61 0,U + 0,620,8 + 1 < v) = 87GT),,
The (0,0) component in FRW gives, after a little manipulation,
H? —a [H2§1 165 (HH+ 2H2H — H‘A‘) — HE+
.. 1 /.. .. 87G
+ 128 (HI 4+ 2H°) + < (60 + 68 - U@)] _ e,
Passing to = loga, V = HZ S, x2 = &/HZ, ( = h//h and h = H/H, we get

1 1
R’ + o {h2 (—51 -&+ gfiU/ + 6X’2V/)

(4.1.3)

(4.1.4)

(4.1.5)

+ 12V 2+ )+ 6V (C++0Q)] - ész} =Ope 3 + Qre ™ (4.1.6)

The EOM 4.1.3 give instead
U'+U'(3+¢)=6(2+()
U
V'+V'(3+¢) = 72
X5 +X5(3+¢) = =36 (2+()?

(+E6B+0 =3

(4.1.7)

We perform the change of variables y» = h? X, W = h2V and replace the equations for ys

and V with those for W and X:

U'+U'(34+¢) =6(2+¢)
W' +3W'(1-¢)—2W({('+3¢-3)=U
X"+ X'(3+5¢) +2X(¢' +3¢+3¢*) =-36(2+¢)?*
1B+ =X
The effective DE density is then, from 4.1.6,

1
ppe(r) = poah?(z)|—& —& + 5 (GU +2CXW =AW X ¢ +

X'W' —2WX'¢ —UX)+W' —2W¢ + %W’C —-We+
+6W (¢ + ¢ + ()]

(4.1.12)
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The equations for U and W, 4.1.8 and 4.1.9, are the same as in section 3.3 and in [1] and
they have been proven to be perturbatively stable.

On the other hand, the equation for X in the perturbative approximation ¢ = const. = (j
has the homogeneous solution

Xy = aqe—30+e | g =200 (4.1.13)

Since —2 < (y < 0, the homogeneous solution blows up in the early Universe. The divergence
affects the whole evolution, since X enters in the evolution of other fields and in the effective
Dark Energy density. Then, this model is unable to give a convincing background evolution in
RD and MD.

4.1.2 Deser-Woodard models

The extension of 3.2.1 to 4.1.1 by promoting m? to a curvature term is not unique, since we
have the inequivalent possibility
1 2
R+ aR (DR>

This is indeed a model of the Deser type 3.1.1 with f(X) = aX?2. It is then convenient to
start with an arbitrary function f(X).
The action is

1

S = ——— [ d*ay=g

e , (4.1.14)

so ot [y fier(Ln)] .

With the usual procedure of localisation, the field equations can be written in the form
G + AG,, = 81GT), where

AG;U/ = [G;w + g/u/D - Vuvl/} {f (X) + U} +
1
+ [5@59 - 2g,wgﬂ”} 9,X 0,U (4.1.16)
where fx = df(X)/dX and
x = lr
O
1
U = 5 [Rfx(X)] (4.1.17)
The {0,0} component in FRW gives
2 2 ; 9 N R 87G
H°+ |Hf(X)+HXfx+ H U—i—HU—i-gXU =5 (4.1.18)

Passing to « = loga and setting h = H/Hy we get

1
h* = Qe 3 + Qpe™** — h? [f+ ff+U+U + X’U’]

6
h h
X'+ X' (34— )=-6(2+—

17 ! h' o h'
U"+U"(3+5 ) =—6fx (2+ (4.1.19)
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so we can define a Dark Energy density ppg(r) = —poh?(x)Z(x) where
Z:f+f/+U+U’+%X’U’ (4.1.20)
Consider a power law of the form f(X) =~y X*, k > 0.

We shall adopt the usual perturbative approach, according to which Y = ppg/(vpo) con-
tributes negligibly to h at early times, so h//h = (o ~ const. in every epoch. Under this
assumption, the variable X has the perturbative solution

6(2+ (o) 3
Xport (1) = ——— 20 0 by + 3y e~ BFC0)Z 4.1.21

pert@) = =2 ot 2+ 0 (11.21)
The perturbative equation for U becomes

U’ +U' (34 ) = (=) 69k (24 () XP! (4.1.22)
Since Xpert = —Aox, where Ay = 6(2 + (p)/3 + (o, the perturbative solution for U is a

polynomial of degree k in x. Plugging a solution of the form Upe,s = Zszl a, ™ one finds
vk Ap

an=m+1)(n+2)...(k—1)(=)*" (4.1.23)

Then the largest contribution to the dynamical Dark Energy goes as Y ~ h2 z2+=1 if k> 1,
or Y ~ h%2z® if k = 1, as can be seen plugging the solutions for U and X in 4.1.20.

In particular, the case of the action 4.1.14 corresponds to k = 2, f(X) = v X (z)?.

We get the perturbative inhomogeneous solution for U

S T29(2+G)° | 367(2+G)° ,

Upert(x) = T 4.1.24
P t( ) (3 ¥ C(])B (3 + 40)2 ( )
We then get the perturbative expression for the Dark Energy density
1
Y=-hZ=-hr|f+f+U+U + 6X’U’ o< h?(ax® + br), (4.1.25)

where a and b are constant coefficients depending on (y that can be obtained by direct substi-
tution and which we shall not need below. Indeed, a problem of consistency immediately comes
around. The assumption that Y contributes negligibly to h? is safe if and only is a and b are very
small numbers. As discussed in section 3.3, in RD, R = 0, (; = —2 and the non-local corrections
vanish, and so do the perturbative inhomogeneous solutions 4.1.21 and 4.1.24. Actually, since
we never have a "pure radiation" Universe, we can estimate the contribution of the matter com-
ponent by writing (o ~ —2 + €. In this case, Xpert ~ (24 (o)x ~ €z, Upert ~ (24 (p)?2? ~ €% 2?
and the perturbative assumption is safe. However, this in no more true as soon as we approach
the MD epoch, since (o = —3/2 in MD. In this epoch the Dark Energy can then dominate over
matter, and we do not get back standard cosmology.

We have checked the above considerations integrating the equations numerically with initial
conditions such that in RD we sit on the perturbative solution. We should fix the value of the free
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K (x)

Figure 4.1: The function h?(x) for different values of the parameter +, indicated in the figure.

parameter 7y so that the observed value of the Hubble parameter today reproduces the observed
value, i.e. h(0) = 1.
However, there exist no value for « such that a solution exists. In figure 4.1 we show the
function
QMef?)z + QR€74I
1+ Z(z)

h*(z) = (4.1.26)

for different values of 7. As « decreases, we approach the asymptotic value h2(0) ~ 0.32 < 1.
Since the function Z(x) appears in the denominator and, as we just saw, the contribution of
this function becomes non-perturbative already in MD, the value of h(0) is driven towards small
values.

The considerations of this section also apply to other powers of X in the choice of f(X). The
result is not particularly surprising, since, as we have mentioned in section 3.1, the functional
form that gives the correct value of the Dark Energy today is the one provided by Deffayet and
Woodard, 3.3.23 [64].

4.2 Keeping the mass parameter
It is clear from dimensional considerations that, if one sticks to a model in which two powers

of the curvature and of the inverse d’Alembertian show up, then a mass parameters has to appear
in the theory. The possible combinations of this type are

m2R§R (4.2.1)
1

m2RW§ p (4.2.2)

2R 1y — RIVPO (4.2.3)

1y po =2
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1
mQCWpC,ECWP” (4.2.4)
(4.2.5)
Where the Weyl tensor is given by
2 2
Coopw = Rpopw — i-1 (gp[uRV]a - ga[uRu]p) + mgr)[ugl/]aR (4.2.6)

Another intriguing possibility could be to insert the O~2 operator between the terms that
appear in the Gauss-Bonnet invariant,

1 1 LV 1 v po
R—; R — 4Ry =5 R" + Ryypr 53 R (4.2.7)

Other combinations such as RWD’2(9’“’R) reduce to the above due to metric compatibility.
Moreover, also the above terms are not independent, due to the definition 4.2.6 of the Weyl tensor.

Being interested in the cosmological implications, we note that, as pointed out in [61], in
particular, in FRW the Weyl tensor vanishes, hence 4.2.4 just vanishes, while from 4.2.6 we get:

1% vo v v {og v 1 v 17
REY =gy R"” — gh R"" — g, R' + g, RMP — 3 (9hgy —ghgy) R (4.2.8)

Moreover, the metric commutes with the inverse d’Alembertian, since it certainly commutes
with V for metric compatibility, so for any tensor 7T}, we have

glelw — D(gMVD—ITMV) = D—l(glelw) — gMVD—lTMV (429)

Hence, upon use of 4.2.8, the term 4.2.3 may be written as

1 vpo 1 1 1 N
RWP(,ER“ [ _gRﬁR + 2RW§R‘ (4.2.10)
while 4.2.7 becomes
1 1 N 1 e 251 1 .
RER - 4RNV§RM + RNVPUER; P7 = gRﬁR - 2RMV§R; (4211)

Then, the most general action we may write including two curvature terms just reduces to a
combination of 4.2.2 and 4.2.1,

1 1
= — 4 - J— - R 57027
SNL 16:C d*x \/—g [R u(aRD2R+5RM,,D2R ﬂ (4.2.12)
where o and 3 are adimensional factors and we have introduced a normalisation of the mass
term in agreement with [1], u = [(d — 1)/(4d)] m?. Note that the case « = 1, § = 0 is just the

action introduced in [1].

The corresponding equations of motion can be obtained localising the action through the
introduction of two auxiliary scalar fields

U= -0OR, S=-0U=0?R, (4.2.13)
and two auxiliary tensor fields,

U, =-0"'R

Za JZ8] Sp,u = _D_lUp,y = D_2 RHV (4214)
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The action can be rewritten as

1
Sy = W/ d*z /=g {R+ap[-2SR- U? 4 29" (V,.SV,U)| +
T
+ B u[-2RWS" — pU,, UM +2g" (V,.SasV,U) ]} (4.2.15)
The field equations obtained from 4.2.15 are
Gu —poakKy, +ppbl, =8rGT,, (4.2.16)
where
K, =28G,, —2V,0,8 —2Ug,, + ,,0,80°U — (1/2)g,, U* — (8,80,U + 0,80,U) (4.2.17)

is just the result found in [1], and

1
L G Sap + 50 UasU” = 28,0 Gy — 26 Sya + RSC“ Guv — 2USUpe — 2RSS, +

— 4wV (S)V,(Uap) = 9 V5(Va(5*7)) +

Vu(Uap) Vi (S°7) + V1 (S*P)V, (Uag) + Va(S*)V,u(Uyp) +

Va(SaB)VV(Uuﬁ) - VB(U#Q)VV(SQB) - VM(SQB)V,B( Voc) + VB U Vu( )
S(X

+ o+ +

(U)
V(UL VL(S)) + UV 5(V,u(Sva)) = U Va(Vu(82)) + 5PV 5(V,u(Uya)) +
— SVE(VL(UL) + UV 5(Vy(Sua)) = U V(Y (S2) + SV 5(V, (Ua)) +
— SpVE(VLUL) ~ US V(Y7 (Sua)) = UpVa(VI(Sha)) = 2V (VP (Ua) +
— SiV(VP(Usa)) = VSV (Uap) = V,u(Uag) VI (S]) +

+ Va(Vu(S))) + Va(Vu(S)) = Va(V(Su))
(4.2.18)

We proceed with the cosmological consequences of the model, at the level of background
evolution. We consider a flat FRW metric ds?> = —dt? + a?(t)dx?, in d = 3 spatial dimensions
and in presence of an energy-momentum tensor 7}, = (p, a*(t) pd;;). Our goal is to see whether
a viable Dark Energy model emerges from the term proportional to u, so we do not include a
cosmological constant term: p = pp; + pr-

Then, the (0,0) component of 4.2.16 gives Goo = 87Gp(t) + p(aKoy — Sloo). Parametrizing
the temporal evolution via = loga and defining h(xz) = H(z)/Hy, Q(z) = p(x)/p. we get in
d=3

h? = Q(z) + v (Koo — Bloo) (4.2.19)

where v = p/(9HZ). From the right hand side of 4.2.19 we see that we can consider the term
VY (x) = v(aKoo — Blgo) as an effective dark energy density, ppr(z) = poyY (2).

In general, from the EOM for the scalars U, V', and of the tensor fields U,,, S, in addition
to the (0,0) component of the field equations, one can obtain a complete system of non-linear
differential equations that can be integrated numerically and completely specifies the temporal
evolution of the background once the free parameter m is fixed so to reproduce the Dark Energy
density today, see [45, 58, 44, 1].

Here, we shall first concentrate on the equations of motion for the auxiliary tensor fields,
equation 4.2.14. This can be also derived from the variation of the action 4.2.15 with respect to
U,v and Sy, as it should. The O operator evaluated on a rank-(1,1) tensor gives for DU} = —R#
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OUg = —Ug — dHUY + 2dH*Ug — 2H?U; = — R}
OU} = ~U} — dHU} — 2dH*UY + 2H*U} = —R! (4.2.20)
The system 4.2.20 can be diagonalised introducing U = U§ + Uf, V = U — U} /d, so
U+ dHU = 2dH + d(1 + d) H?
V4+dHV —2(d+1)H*V =(d—1)H (4.2.21)
It is easy to show that the equation for V' contains a growing mode. Passing again to x = log a,

we get in d =3
V'+ V' (34+¢) -8V =2¢ (4.2.22)

where we denote f' = df /dx and ((z) = h/(z)/h(x).

It is convenient to understand analytically the behaviour of the evolution. In the perturbative
approximation, in each given era ((x) = h'(z)/h(z) can be approximated by a constant (o, with
¢ ={-2,-3/2,0} in RD, MD and a De Sitter inflationary epoch, respectively.

The homogeneous equation associated to 4.2.22 is the same encountered in the non-local
model introduced in [58] and further analyzed in [44]. The solution in the perturbative approxi-
mation is

Vi(z) = ZO + vp €2 4 vy P (4.2.23)
with
3 3 2
Br=— “;COi ( J;C°> +38 (4.2.24)

We have S84 > 0 both in MD and RD, which leads to a growing solution that affects the whole
cosmological evolution, since the function V' contributes to the time evolution of the dynamical
Dark Energy, since the function V enters in the term Ipg in 4.2.19. Then, it seems that the
growing behaviour does not allow to recover standard cosmology at early times. One could hope
that some "cancellation" between growing homogeneous modes occurs in the time evolution of
the DE density, which in principle could be obtained by an appropriate choice of the coefficients
«a and B in 4.2.12. However, there isn’t any growing mode in the part coming from the scalar
auxiliary fields, since that part is nothing but the model introduced in the previous chapter, that
has been proven to be perturbatively stable, and the two sets of auxiliary fields - scalars and
tensors - do not mix between each other. Hence, each of the two non-local terms in 4.2.12 must
be stable on its own to allow a feasible cosmological evolution.

In a model such as 4.2.12, the instability originates can be traced back to equation 4.2.21
- since U, V are just introduced to decouple such equations - and thus to the very definition
of Uy = O 'Rap. The presence of V in the form of equation 4.2.22 is then a feature of every
tensorial model involving the operator O~ ! R,, 8, OT D’lGag, and is in general due to the presence
of non-derivative terms of the form ~ I'T'H, as nicely illustrated in [61].

We thus conclude that tensor non-localities containing terms such as D_lRW or 0~ 1@ v are
unstable due to the tensorial nature of this additional term, in agreement with [61] and [44], and
that the only combination that allows for a feasible cosmology is that presented in the present
work, containing just the Ricci scalar, equation 4.2.1.



Conclusions and Perspectives

The main result of this work is the introduction of a modification of General Relativity (GR)

which is effective at cosmological scales. Any modification of GR is an extremely subtle and
challenging task for a number of reasons: on the one hand, any extension should face with the
impressive success of Einstein’s theory at Solar System scales, thus leaving (almost) untouched
predictions such as the deflection of light and the precession of perihelia. This aspect is at the
base, for example, of the difficulties in constructing a viable theory of massive gravity, as dis-
cussed in the text, though one would expect that moving slightly away from the point m = 0
(where m is the graviton mass) could be one of the most natural paths to try. On the contrary,
already from the works of Van Dam, Veltman and Zacharov it has been known that the m — 0
limit is subtle and faces severe problems of theoretical consistency.
Besides Solar System scales, on the other hand, in recent years General Relativists have at their
disposal an impressive progress in cosmological observations that, from the first discovery of the
acceleration of the Universe in 1998, have increased their precision in a rapid and promising way.
Such observations indeed concern the long-distance regime of the theory, and do open the pos-
sibility for any modification of ACDM to be tested directly against the data in the near future.
A ACDM model fits a large number of observations, but any theoretical investigation on the
nature of Dark Energy could provide interesting benchmarks against it. In particular, the most
intriguing puzzle to be attacked remains the mysterious nature of the Cosmological Constant
itself and the huge departure of its value from any known scale in particle physics.

We believe that, in light of these reasoning, the non-local model we propose opens a new and
promising line of research for a variety of reasons. From a more theoretical point of view, as we
explained in detail, it is fully consistent and does recover all GR successes at Solar System and
lab scales. Indeed, the most important aspects are the absence of a vDVZ discontinuity, which
one can see already from the propagator in the linearised theory, and which we showed by the
explicit computation of the spherically symmetric, static solutions, and the absence of ghosts -
which is ensured by the fact that the non-local terms automatically come with a retarded pre-
scription, and hence do not describe propagating degrees of freedom. This last features comes
at the price that one can’t interpret the resulting equations as those of a fundamental QFT,
but rather as effective classical equations. They will likely be obtained from some smoothing
procedure of some more fundamental (and local) QFT.

As for the phenomenological side, we underlined repeatedly (and we believe that this is one of
the most remarkable features of the work) that the model is highly predictive, since it has the
same number of free parameters as ACDM and, after fixing the mass scale m so to reproduce
the observed value of the matter density 25/, leads to a sharp prediction for the DE equation of
state at any redshift. The value today is in very good agreement with the Planck results and on
the phantom side, a feature that could help to solve the tension between existing measurements.
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The nature of the model naturally opens two main lines of investigation.

First, since the theory is an effective classical one involving non-local terms, an obvious point is
to understand if such equations can emerge from a fundamental quantum theory. At the same
time, one should continue investigating the cosmological consequences. We stress that, at least
in first approximation, the two problems are decoupled, even if the necessity to embed our equa-
tions in a more fundamental theory may lead to the introduction of a different nonlocal structure
for the effective theory. At the same time, extra degrees of freedom may emerge at the quantum
level, thus leading to a modified picture - e.g. of quantum fluctuations during inflation, and
subsequently to a different spectral index ng, or to non-standard polarisations in GW stochastic
background to which future experiments may be sensible. This motivates our investigation in
the last chapter of this work, in which we showed that a number of possible combinations in the
effective equations, in particular those containing a tensorial structure, actually generate an un-
stable background evolution, thus providing a constraint on the spectrum of the possible terms.
In any case, as already stressed in this thesis, a full analysis should be obtained evolving the
perturbations with a Boltzmann code and comparing with the available data. The first issue in
this direction is to understand whether the perturbations are well-behaved, a point that already
allows a more direct comparison with CMB, BAO and Snla data. This is the subject of a recent
work by Dirian et al. [63] which is the natural prosecution of the results presented in this thesis
as far as the cosmological consequences of the model are concerned. Their results are encouraging
for two reasons. First, the predictive power of the model is confirmed and even enhanced by the
fact that even the DE perturbations (energy, pressure, anisotropic stress and velocity divergence)
are fully characterised as functions of redshift and momentum once the only free parameter m is
fixed. Moreover, the cosmological perturbations are well-behaved, i.e. sufficiently close to those
of ACDM to be consistent with observations. Second, even if such difference lies within the cur-
rent experimental errors, they show that deviations from ACDM are still sufficiently significant
to allow a clear distinction to be made with near-future surveys.

While the field-theoretical aspect indeed opens an interesting problem for a more theoretical
mind, we believe that these last results indicate that our model deserves attention since it could
provide a significant way to approach the DE problem that may lead to decisive results in the
near future, either helping to solve the Cosmological Constant problem - if it will turn out that
it behaves better then ACDM- or strengthening ACDM - if falsified by a direct comparison with
future data.



Appendix A

Spectrum of inflationary scalar
perturbations

The initial conditions of FRW cosmology are highly fine-tuned. Inflation - an earlier period
of accelerated expansion - allows the observed Universe to arise from generic initial conditions.
As we pointed out in section 1.3, for acceleration to happen in Einstein’s gravity one should
introduce a negative pressure source (equation 1.3.6). A way to model inflation is if the Universe
is initially filled by a scalar field (the inflaton). The definition of the inflationary model amounts
to the definition of its potential and its coupling to gravity. One of the simplest models is the
single-field slow-roll inflation, where the scalar field is minimally coupled to gravity

1 1
5= / iz =g [QR 50" 000,06 - V(¢)} (A.0.1)
and the slow-roll conditions are satisfied:
My (V'Y ) (V"
= — 1 =M — 1 A.0.2
ey 9 <V << nv PL\ 7, << (A.0.2)

This will lead to the realization of the (equivalent) conditions for inflation,

d (aH)™"
dt

<0 = p< L (A.0.3)

Pi>0 =
“ 3

Quantum fluctuations around the classical background evolution of the inflation will lead
local delays of the instant at which inflation ends, so different parts of the Universe will undergo
slightly different evolutions, acquiring relative density fluctuations dp(¢,x) that represent the
seeds of large-scale structure formation.

We define perturbations around the background solutions in FRW,

¢(t7 X) = ¢0(t) + L,O(t,X) guu(t’ X) = guu(t) + 6guu(t7 X) (AO4)

The symmetries of the flat FRW solution allow to decompose the metric perturbations as
scalar, vector and tensor components,

ds® = —(1+2®) dt* + 2a(t) B; da* dt + a*(t) [(1 — 2V) &;; + E;;] da'da? (A.0.5)
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Our focus will be on scalar perturbations, that dominate the CMB temperature fluctuations
[70]. It is convenient to introduce the gauge-independent variable ([71])

(=-U—H ﬁ (A.0.6)

With a certain amount of labour (see [72] for the computation and [70] for a review) one can
show that the action A.0.1 can be rewritten as an action for the sole field ¢, which we write in
terms of the conformal time dn = dt/a(t):

S = %/ &3z dny <“go> [(4’)2 - (vg)“'] (A.0.7)

in the gauge

hij = a®(t) (€* 655 + i) B(t,x) = ¢o(t) o7 =~i=0 (A.0.8)

In this gauge the inflation field is unperturbed and the scalar degrees of freedom are parametrized
by the metric fluctuations.

An important property of ¢ is that it remains constant outside the comoving Hubble hori-
zon (a H )_1, as can be seen from the action A.0.7, since the spatial derivative term gives
0i¢/(aH) ~ 0 at scales k << a H.

In a De Sitter background, H = const. and the action A.0.7 is the action of a free field, so the
quantization can proceed in the standard way (see [73]). It is convenient to define the Mukhanov
variable

— 2 2¢% A09
U:ZC zZ-=aQa 72 ( U. )
so the action becomes :
1 3 "2 2 2,
S:§ dPxdn | (V)" = (Vv) —l——zv (A.0.10)

Expanding the field v in Fourier modes

3
v(n,x) 2/(;:;3@1((77) ellex (A.0.11)

The corresponding equations of motion are
Z”
vy + (k2 - > v =0 (A.0.12)
z
We may write the general solution for vy as

v = vr () + vi(n)al (A.0.13)

Quantization is achieved promoting the coefficients ay, dT_k to creation and annihilation
operators satisfying the canonical commutation relations

[ax, a}] = (2m)%6(k — p) (A.0.14)
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which are realised if and only if the function v is normalised as
i Wlog, vi] = i(viv), — v}, vg) =1 (A.0.15)
In this case the solution v (n) is called a mode function.

Equation A.0.15 is the first boundary condition to solve A.0.12. The second comes from
"vacuum selection", i.e. the requirement that the vacuum state for the fluctuations, ax|0) = 0,
reduce to the Minkowski vacuum of a comoving observer in the far past. In this limit A.0.12
becomes the equation of a simple harmonic oscillator with time-independent frequency, which
has a well-known, unique solution. Then, the second boundary condition we impose is

—ik
vk(1n) (e ¢

(A.0.16)

2

In a De Sitter universe with H = const., 2"’ /z = a"/a = 2/n?, the solution for v with the

above boundary conditions is
e (1 ! ) (A.0.17)
vp=——=1(1—— .0.
" Vek kn

The resultant solution is known as Bunch-Davies vacuum

d3k ik i “t ik i ikex
’U(T],X) = / m |:Cl,k€ (1 — k’]’]) —|— Clk€ (1 + k’)7>:| (& (A018)

An important propriety is that, after a mode exits the horizon, it can be described as a
"classical" (in a sense to be specified) variable with a given probability distribution. In a De
Sitter background, the field ¢ = (Hv)/(¢oa), with a = apg = —1/(n H) can be written using
A.0.18 as

’L'HQ dgk; - . AT 4 . ik-x
C(n,x) = 5 / EYNoT: [ake (1 +ikn) — a};e k(1 — zkn)} e’k (A.0.19)
0

For a mode outside the horizon, k|n| << 1 and we can expand (1 — ikn)e®* ~ 1 + k2n?/2 —
ik3n3 /3, (14 ikn)e™ 1 ~ 1 4 k?n? /2 +ik3n3/3, so

7 H2 k2'l72 At . ) 3 (At .
C(n) = W [ (1 T > (ak - ak) + g(kn) (ak + ak)} (A.0.20)
On the other hand, the conjugate momentum obtained from A.0.7 is

. 2
o g% - (“?) ¢ (A.0.21)

Using A.0.20 we find for modes outside the horizon

. 2
e = (‘i}’) aH\/E [(af, = ax) + i (@ + ac) | (A.0.22)

In De Sitter, n = —1/(Ha) ~ e~ ¥, so the terms proportional to k7 are decaying modes. For
the remaining, "growing" part of the solution we have, from A.0.20 and A.0.22,

[Cie; Tp] ~ [(a]t - dk) ,(af, - dp)] =0 (A.0.23)
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since we don’t measure the decaying mode, the variable ( appears then as a classical stochas-
tic variable.

After a mode exits the horizon, then, it is described by a classical probability distribution
with variance given by the power spectrum P, (k) evaluated at horizon crossing, defined as

() G (m)) = (2m)°6° (k — K') Pe(k) (A.0.24)

2
‘ and {ffl)(n) is the Bunch-Davies solution. Since the field is a free

where P (k) = ¢! (1)
field, we expect a Gaussian spectrum, so the two-point function is sufficient to characterise the
probability distribution.

On super horizon scales, |kn| << 1 one finds [70]

(A.0.25)

2 2
(Gen) Goo () = (2)75° (0 — K) [j,i = ]
0 *

where the x denotes that the quantity should be evaluated at horizon-crossing, i.e. at k = aH.
The standard parametrization is

H4
2K3 93,

ns—1
=27% A <k> k3 (A.0.26)

Pe(k) .

Hence, inflation predicts a scale-invariant power spectrum, ng = 1. Observations give a quasi
scale-invariant spectrum, ngs ~ 0.96 [11].



Appendix B

CMB anisotropies

B.1 Angular Power Spectrum

The primordial fluctuations during inflation as described by P¢ (k) are related to cosmological
observables such as the CMB as they represent the initial conditions for cosmic evolution.

The measured CMB shows fluctuations 67/Ty ~ 10~ with respect to the background black-
body temperature Ty ~ 2.7 K that are well-measured by recent and ongoing experiments
([10],[11]). A map of the measured fluctuations is shown in figure 2.6. We can quantify the
power expanding in harmonics

oT . T(n) —To R
—_— = — = m Ym B.]..l
T = g = L Yin(a (B.L1)

where
w 0T
Apry = dQ(ﬁ) YZm(n) ?(n) (B.1.2)
0
The rotationally-invariant angular power spectrum is defined as
1 *

0= g7y Sl (B1.3)

For instantaneous recombination, the temperature fluctuations along the line-of-sight direc-
tion can be represented as

5T a3k .
?O(ﬁ) = / W@k(nrec)Ck eikxree (B.1.4)

Plugging into B.1.2 and using the expansion

™ =4 Y " (i) jo(kr) Yo, (7)) Yem (R) (B.1.5)
Im
we get, after the integration over the solid angle,
N, Bk L. )
Aem = 47T<Z) W Yv@m(’n‘) ®k<77rec) Ck Jf(k‘(ﬁo - nT60>) (B16)
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where we have used 7. = 19 — Nrec for the geodesic of the photon travelling from recombi-
nation until the present. Then

3 3 1./
<azm a[’m’) = (47T)2 / (;Zﬂ_];:g % @k(nrec) Ok’ (nrec) jg(k(no _ nrec)) jlf/(k/(ﬁo . nrec)) «
x <€k Ck/m/> Yr@tn (ﬁ) }/Z’m’ (’ﬁ,) =

2 .
= 2 [ K ) 75000 — 1)) Pe(8) BB (B.7)

where we have used the definition of power spectrum, equation A.0.24. Finally, we put the
angular power spectrum in the standard form

2 .
Co= 2 [ dlogk ©(mec) 72kl — 1)) K Pl (B.13)

The angular power spectrum contains then information about initial conditions - P¢(k) -,
plasma physics - Ok (rec) - and sky position - jo(k(ng — Mrec)) -

B.2 Tight-coupling approximation and Sachs-Wolfe effect

The computation of the power spectrum B.1.8 requires the numerical integration of the Boltz-
mann equations to get the function O (1 e.). Here we shall show how the computation can be
analytically performed under a few assumptions, and we shall give a qualitative understanding
and an estimate of the acoustic peaks appearing in the angular power spectrum.

Since we are concentrated on scalar perturbations, we shall work in the Newtonian gauge,
ds® = —(1+2®)dt* + a®(t) (1 — 2¥) §;; dz"da? (B.2.1)
The traceless part of Einstein’s equations at first order gives, in absence of anisotropic stress,
i Ly
Osz—§5jGZo<\Il—<I>:>\I/:<I> (B.2.2)
While the trace G§ = 0 gives in matter domination (a ~ 1?)

2
<1>”+3?<1>’ =0 (B.2.3)

which has solutions ®, = const. and ®_ ~ 1/n°. The second is a decaying mode and can be
neglected, so we obtain that in MD both & and ¥ are constant.

The first step to compute the transfer function is to take into account the redshift. Since
after decoupling the distribution function of the photons is fixed, energy and temperature are

related by .
obs Wobs

B.24
Three Wrec ( )
On the other hand, in the metric B.2.1 we have
(rec)
Hobs B0 Cree (1 1 g, Dy, (B.2.5)
Wrec g(()g 5) Qobs
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The term propertional to ®,,s corresponds to £ = 0 in the multipole expansion, and can be
neglected.
The Doppler effect instead gives

Wobs o 1+n- Vobs
Wrec 14+1n-vye

~ 1410 (Vobs — Viee) (B.2.6)

Here, the term with v, is a multipole with ¢ = 1 which can be subtracted. Combining the
above expressions with the definition of 67", equation B.2.8, we end up with the expression

o () = <§T+<I>—f1~v>

T - (B.2.7)

N=MNrec

The first term in brackets on the right-hand side is the intrinsic temperature fluctuation at
early times, while the second indicates the energy lost when the photon climbs out of a potential
well. Furthermore, p, ~ T* so we can set 6T/T = 4,/4 where §., = §p,/p-:

oT . 1 R

To make progress, we shall examine the behaviour of the system in the tight coupling
limit, i.e. protons and electron are highly coupled to photons through Compton scattering.
This condition is realised if the scattering rate is much larger than the expansion rate. Thus
we have a "baryon-photon" perfect fluid, described by Euler’s and continuity equations for the
variables § = dp/p and v. These can be obtained to the evaluation of VT, at first order, see
e.g. [31]

(B.2.8)

N="Nrec

I
5 + (1 +w) (6 — wl') = %(w—c?) (B.2.9)
P w’ V2[6P] 9
—(1 — b = 2.1
P4 S0 3w)0 4 T T VR = (B.2.10)

where § = V - v and ¢2 = 9P/dp is the sound speed.

Let us make the further assumption that the baryons contribute negligibly to the energy of
the fluid. For a relativistic perfect fluid with P, = p, w, §P, = ¢% 6, we have thus w = ¢ ~ 1/3.
Taking the derivative of B.2.9 and using B.2.10 we get

4 1
& = gV2 (4@ + @) (B.2.11)

which in Fourier space has the solution

1 1 1
-0, + ® = Ak cos ( k77> + By sin < kn (B.2.12)
4 V3 V3

The initial conditions are fixed by requiring adiabatic fluctuations in a MD universe. Following

[74], we move from the rest frame of the fluid to the Newtonian gauge performing the shift of
time coordinate

dt — V1420 dt ~ (1+ P)dt (B.2.13)
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If the equation of state is P = w p then a ~ t2/30%%) and the temperature scales as aTy =
const., so with the aid of B.2.13 we get

oT da 2
= =__ =~ 3 B.2.14
To a 3(1+w) ( :

Furthermore, from equation B.2.10 we have v/ ~ V® = v ~ kn® << ® on super horizon
scales, so we can neglect the Doppler shift term in B.2.8. Using B.2.14 we get the Sachs-Wolfe
formula

oT 1
—(n) == B.2.15
ORE (B.2.15
Our initial conditions for the solution B.2.12 follow from equation B.2.8
1 oT 1
=6 +<I>> = ( ﬁ) ==, B.2.16
(G0+0) -(F®) -3 (B2.16)
This gives Ay = Py /3, Bx = 0. Finally, the velocity is obtained from B.2.10 in Fourier space
for a velocity field without vorticity, vk = —ik vy:
(ik - (—ikvy))" = —k? L+ @ thI) Ly (B.2.17)
ik - (—ikwv =— - =——®y cos | — 2.
k 1 vk k 3 k /3 n
So, using the fact that in MD ® = —3(/5,
. /3 1
=tk — (gsin | —=k B.2.18
Vi =tk Cksm<\/§ 77> ( )
Putting all the results together, we find
oT . 1 R
14 {cos(lk)+iﬁ k3 si <1k>} (B.2.19)
= —— — . in [ — 2.

Note that the modes are in phase with each other. This is another characteristic prediction
of inflation.
B.3 Acoustic peaks

Comparing equations B.2.19 and B.1.4 we find

Oulnee) = 5 [cos (;3 kn) i kV3 sin (;3 kn)] (B.3.1)

We shall examine two opposite regimes:

o kfpee << 1 (£ <90)
In this regime, we simply have Oy ~ 1/5. Plugging into B.1.8 we have

™

Cr=2 [ dtogh (=3 ) i(ktm o) K PO (B.3.2)



B.3. ACOUSTIC PEAKS (0]

The function jy(k(ng — Nrec)) is oscillating with a sharped peak at £ ~ k(ng — 9pec). Hence,
we can approximate

k> Pe(k) ~ ( ¢ >3PC ( ¢ ) (B.3.3)
Mo — Nrec o — Mrec
Using A.0.26 we get
C 2 9n2A ¢ " /dlo ki2(k( )
= —2r — == — Trec
4 T s k‘* (770 — nrec) 25 g Je Tlo Tirec
srd, [0\
— el B.34
25€(€+1)<€*> ( )
Hence, for a quasi-scale invariant spectrum ng ~ 1 the spectrum exhibits a plateau at low
multipoles.
® kNpee >>1

Using again the fact that js(k(no — Mrec)) is sharply peaked at £ ~ k(ny — nyec), we have

£Nyec
O (o) > |cos? <m> + Doppler effect} B.3.5
blre) = [eos? (20— ) Dopp (B.35)

Since the Doppler contribution in effective along the line of sight, we can neglect it with
respect to the Sachs-Wolfe effect, hence after integration we get

8TA i AN
Cy = s 2( ree > () B.3.6
T+ 1) " \ VBl —mee) ) \L- (B.36)

We have an oscillating spectrum exhibiting peaks at (cs €nnrec) /M0 ~ n.
The rough approximation of neglecting baryon contribution requires this estimate to be
corrected.

Including he effect of the baryons can be done observing that they provide extra inertia
in the Euler equation for pressure and potential gradients. Since inertial and gravitational
mass are equal, all the terms in the Euler equation but the pressure one should be multi-
plied by 1+ R where R = (P, + py)/(Py + py) = 3p/4py. The effect is then to reduce the
sound speed by ¢2 +— 1/(3(1 + R)) .

The observational consequences and a qualitative understanding of the physics involved
can be found in the text.
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Appendix C

vDVZ discontinuity and
Vainshtein mechanism in massive
gravity

The attempt to give a mass to the graviton has a long history that dates back to a classical
paper by Fierz and Pauli [54], who first wrote an action describing a free massive gravi-
ton at the linearised level. To reach the next significant achievement in the field we have
however to jump to the 70’s, when van Dam, Veltman and Zacharov [55], [75] realized the
bizarre fact that the m — 0 limit is not smooth, i.e., this theory makes predictions that do
not recover those of GR even for m = 0. In particular, we shall show that the prediction
for light bending is off by 25% from the GR prediction, which is strongly confirmed by
experiments. This phenomenon is known as vDVZ discontinuity. This argument seem to
rule out any massive extension of GR.

However, the linear approximation is the first step to construct a fully non-linear the-
ory. The introduction of non-linearities is due to Vainshtein [69], who found that non-
linearities become stronger as the mass decreases, and start dominating below a distance
scale ry = (]\4/(77”L4M1%l))1/5 (the "Vainshtein radius"), so the predictions of the linear
theory are simply not applicable. The vDVZ discontinuity is therefore an artifact of a non
valid expansion and could disappear due to non-linear effects.

C.1 Linearized massive gravity

As in the more familiar case of a spin-1 field, the kinetic term for a massless spin-2 field
is uniquely determined by the requirement of locality, Lorentz invariance and absence of
ghosts. This uniquely fixes it to [67, 57, 76]

1
S = §/d4x B EM P Ry (C.1.1)

7
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where the factor 1/2 is fixed requiring the canonical normalization, and the Lichnerowicz
operator EMP7 is defined as

1
gmpe = 3 (P07 + Pyt — 2P P O + (nP7OM0Y + v 8P0%) +

1

-3 (n*PO° 0" 4+ n"PI% 0" 4+ nH? 90" + "7 0P O*) | (C.1.2)
SO

EMPIh e = OWY — Y Oh 40" 0,0,h"7 + 010" h — 0,0"hW"'P — 0,0"h"" . (C.1.3)
In this action we have given to h, the canonical dimension 1 of QFT, and the dimensionless
metric can be recovered with the rescaling h,, — hy, /(v 327G) through which the action
becomes exactly the linearized Einstein-Hilbert action, which appears then as the unique

local, Lorentz-invariant, ghost-free action for a massless spin 2 field. This is possible thanks
to a symmetry which projects out all unwanted dofs, namely diffeomorphism invariance

h/u/ = huu + a(p,fy) (014)

In the case of a massive field, there exists two possible mass terms, o h,zw and oc h?, so the
most general is a combination of both,

1
Lonass = _§m2 (hiy - ah2) (015)

where a is a dimensionless parameter. The presence of this mass term breaks diffeomor-
phism invariance C.1.4, as it should, since we want to describe the 5 dof of a massive spin-2
particle while the gauge invariance leads to only two. Adding also the matter action in the
form

Sy = g / d*a hy, T (C.1.6)

where & is a coupling to be fixed below (in massless GR we would have k = v/327G), the
full action can be put in the form

1
S=3 / By QPP by + g / 'z by T (C.1.7)

where OHV:PT — ELVpT _ m2 (nupnuo + nl/pnua _ 2anuunpa)/2.

From the action C.1.7 we get the equations of motion in the form O***9h,, = STH" i.e.
EM P by — (W — anfh) = =S T (C.1.8)
Taking the trace we get

20"0" (hy — nuvh) = m*h (1 — 4a) — gT, (C.1.9)

while taking the derivative of both sides and using 9, 7*" = 0 one has

0" (hyy — anu,h) =0. (C.1.10)
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To count the propagating degrees of freedom, we compute the propagator of the theory,
Avpos defined in matrix notation as the solution of O(z) - A(y) = i6*(z — y)1. Hence,
A = iO~1. The operator O~ can be obtained from the equations of motion, since the
solution of C.1.8 is just hy, = —(k/2)0,}, TP = (k/2)iAupeTP° .

pvpo

Plugging C'.1.10 in C.1.9 we get
[(2a — 2)0 + (da — )ym?| h = —gT (C.1.11)

We can solve in momentum space,

hk) = n

[k2(—2a + 2) + m?(4a — 1))]

T(k) (C.1.12)

plug back into the equations of motion C.1.8 in momentum space and solve for h,, (k),
neglecting terms proportional to k,k, that give a null contribution when saturated with a
conserved EM tensor. Putting the result in the form h,,, (k) = (k/2)t A0 T77, we have
—i NupMvo + NvpNuo 1 (2a — 1)m2
X - §llpvlipo vilpo
k2 1 m2 2 21 ee 51— 2a)k2 + (da — Lym2] "M
(C.1.13)

A,uupo' =

We then compute the saturated propagator, T, (—k) A6 T77 (k).

For massive gravitons, one can put the wave vector in the form k, = (—w,0,0, k) with
w? = k% +m?. We have 0 = k,TH = —wT% + KT so

7ov — Kopav (C.1.14)

w

We can eliminate all the occurrences of T°”. We introduce the helicity eigenstates

1 .
Tig = 5 (T11 — T22 F 2ZT12) (0115)
Ty =Ti3 Filsbs (0116)
(C.1.17)

together with the scalars T35 and the trace

m2
T=Tu+Tn+ 5Tss (C.1.18)

Then we get

- —1
L) BT (R) = 3" Togl k) s Ty(R)
q=—2,2

m? —1
t e 2 TR n Tl
qg=-1,1

+ m? To(k), T(k) ) M ( To(k) )

6w? ( k2 +m2

1 —i ]T(k)

— ~T(-k)

2 4a—1, 2
6 k? + 3%5om

(C.1.19)
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where Ty = 37133 and

w
-1 o

M= ( o - ) (C.1.20)

The first two lines describe the 4 components of the helicities 2 and 1, respectively. As
for the scalar sector, the matrix M has the eigenvalues A\; = 0, Ay = (m* + w*)/(m2w?),
hence it describes one scalar propagating degree of freedom carried by the eigenvector
t =T —(m?/w?)Ty. The last line in C.1.19 instead describes a ghost-like degree of freedom

with mass p? = [(4a — 1)/(2 — 2a)|m?.

C.2 The Fierz-Pauli point and the vDVZ discontinuity

The Fierz-Pauli Lagrangian is defined by a = 1. In this case, C.1.10 gives 0" (h, —nuh) =
0 which, used in C.1.9, implies —3m?2h = kT'/2. In vacuum, this gives h = 0. Then, start-
ing from the 10 dof of h,,, we can eliminate one scalar from the condition h = 0, and one
scalar plus one vector from C.1.10 which now gives 0*h,,, = 0. Then we are left with the
10 — 4 — 1 = 5 dof of a massive spin 2.

The Fierz-Pauli tuning is the only choice that allows to have the correct number of propa-
gating degrees of freedom. Indeed, from the saturated propagator C.1.19 we see that only
in the case a = 1 the ghost decouples and we are left with the correct number of dof. There
is no way to get rid of the ghost otherwise. This shows that the Fierz-Pauli point is indeed
special.

The surprise comes out if one takes the limit m — 0 at @ = 1. Then, the helicity 1 part
decouples, since its saturated propagator is proportional to m?/w?, while the helicity 2
part smoothly reduces to the GR contribution. In the scalar sector, the ghost has been
removed by the FP tuning, but the eigenvector ¢,,—g = T gives now a contribution

—1

1
SP(k)
( )k2+m2

5 T(k) (C.2.1)
Hence, the limit m — 0 does not recover GR, but it is rather GR+scalar, the scalar being
coupled with the trace of the EM tensor.

In order to compare with GR, we compute the potential induced by the exchange of a
graviton between two static sources of masses m; and ms in the non-relativistic limit. In
this limit, we can treat T),, as an external classical field. Thus, we set T},,,; = m;U,, U,
in the limit U, ; — (1,0,0,0).The relevant contribution from the propagator C.1.13 in the
non relativistic limit is

2 —i
A =—-— C.2.2
0000 3 k2 + m2 ) ( )
hence the amplitude is given by
A (_if)QT (—k) A e TP (k) = K22 mams_ (C.2.3)
2/ " e 4 3k2+m? -
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whereas in GR we have, setting /327G = kgg,

2
Kgrl mimg

KGR\ ? GR)rmpo
Agr o (im0 ) T (=) AT (k) = =485 m 28

nvpo

(C.2.4)

Hence, to fit Newton’s law we must have m™!

and

much larger than the Solar System radius

3
K = ZFL%R (C.2.5)
Next we examine the consequences on the deflection of light by mj. The light radius

is described by T}, = EU,U, with U, = (1,0,0,1). In the massive case we have the

amplitude ,

%% (C.2.6)
while in the masses case e

% k12 (C.2.7)

Thus also in the limit m — 0 the effect of the exchange of a massive graviton is 3/4 of
the one due to the exchange of a massless graviton due to the relation C.2.5. This is the
"van Dam- Veltman-Zacharov discontinuity". Experiments on light deflection agree with
the exchange of a massless graviton, i.e. with general relativity.

The reason of the discontinuity can be traced back to the survival of the coupling between
the trace of the EM tensor and a scalar degree of freedom. Since the EM tenor is traceless,
the latter doesn’t influence the scattering of light, but it affects the prediction for the
Newtonian potential, so in light deflection we cannot have an effect that compensates the
25% difference.

C.3 Another special point

Note that another point of interest is the point a = 1/2, where the ghost contribution
cancels exactly the contribution coming from the matrix element Msys. Hence, we are left
with a scalar sector of the form

m? —i M=V2 T (k)
gz (Tok), T(h) ) —5ms— ( 79(/@) >

where

Me=1/2) = ( “ _01 ) (C.3.1)

This is indeed the same result of reference [58], where the theory mentioned in the text
(see eqn. 3.1.6), defined by the following equations of motion, was studied:

G —m*(07'G,,)" = 87GT,, (C.3.2)

The corresponding equations of motion at the linearized level are obtained from the action

1 2
Snonfloc = 5 /d4$ h,ul/ <]— — ﬂ;) guu,pahpg (033)
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Then, the theory C.3.2 appears as a suitable "covariantization" of the linear Fierz-Pauli-
like theory C.1.7 with a = 1/2. In reference [58], such theory was introduced as a promising
non-local theory of massive gravity, and it was indeed recognised that it contains a ghost.
Moreover, in this case the limit m — 0 recovers smoothly the results of GR, as can be seen
from the fact that the helicity 1 part and the scalar sector both smoothly decouple, while
the helicity 2 part smoothly reduces to the GR contribution. Hence the point a = 1/2
removes the vDVZ discontinuity but at the price of introducing a light ghost. The correct
approach to the problem is discussed in the text, where we show that theories such as C.3.2
involving non-local operators should not be considered as fundamental QFT but rather as
effective classical equations, hence the existence of a "ghost" is simply a problem that
cannot be consistently defined in this context. The real issue that lead to rule out such
theory is rather its incapability to give a convincing cosmological evolution [44].

C.4 Vainshtein mechanism

An inadequacy in the argument that the graviton mass should be ezactly zero to avoid
the vDVZ discontinuity was found by Vainshtein [69]. He suggested that before applying
the linear approximation to the massive theory one should discuss its applicability in a
systematic way, i.e., we should start from the full GR action, add a mass term, and then
study the corresponding solutions for a static metric generated by a mass M, which will
be a suitable generalisation of the Schwarzschild metric. Then we start from

S =SgH + Smass (0.4.1)

where Si.ss 1S any mass term in the action that at the linearised level reduces to the
Fierz-Pauli term,

Sinass X M2 / d*z (h2, —h*+O(hd,)) (C.4.2)

Then one should look for the solution for the metric generated by a source M, writing

ds? = —e2*qt? 4 2P dr? 4 et P2 (dh? + sin®  dp?) (C4.3)

The results are given e.g in [67], and we do not perform the calculation here since in the
text we do the same for the more interesting case of our non-local theory. The steps are
analogous, with the difference that, contrary to our theory, in the present case of massive
gravity diff invariance is broken, hence one can’t set to zero the function p(p). With the
definitions

du 2
r = pet/?, et = (1 + g#) e’k (C.4.4)

one gets, up to next-to leading-order in G (i.e. in the Schwarzshild radius rg),

vir) = —=[1+o(=5)]. (C.4.5)
Ar) = %%[Ho(m@s)}, (C.4.6)

ulr) = - 2m23 {1—’_0 (mzsﬁ)} ' (C.47)
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To leading order, the difference from GR is the factor 1/2 in front of A(r), which is the
origin of the vDVZ discontinuity. However, if we go to the next order, we discover that the
corrections blow up for m — 0. Hence, the linearised theory becomes meaningful only at
scales larger than the Vainshtein radius ry,

ry = ( Is )1/5 (C.4.8)

For the Solar System case, we have ryg > 40pC for a reasonable lower limit on m of
m~! > 200 kPec, hence the Newtonian potential and the result for the scattering of light
from the Sun found in the linearised massive case are simply not applicable.

On the other hand, well inside the Vainshtein radius, a tiny graviton mass has a negligible
effect, since in the opposite limit » << 7y one can find a consistent solution in powers of
m in the form

u(r) = —%Jro(m?\/@), (C.4.9)
A(r) = %+o(m2m), (C.4.10)

8rg
pu(r) = T + 0 (m*r?) . (C.4.11)

that approaches smoothly the Schwarzschild solution for GR as m — 0. In this case,
since the expansion in m reproduces the smoothly the massless limit, the results for light
deflection and for the Newtonian potentials also reproduce the GR results, and no vDVZ
discontinuity is present.

To prove that this mechanism actually works, one should however be able to show that
the solutions found in the opposite regimes actually match. This is complicated by the
fact that, as we approach ry, the scalar mode becomes strongly coupled and perturbation
theory breaks down.

In contrast, in the text we show that our theory is free of vDVZ discontinuity and there is
no Vainshtein radius below which the theory becomes strongly coupled. Then, our results
do match smoothly those of GR in the m — 0 limit.
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