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Abstract

In this Ph.D. thesis we analyse both classical and quantum effects relevant for
the study of cosmological perturbations. We choose this particular topic because,
through the analysis of cosmological perturbations, it is possible to explore a wide
range of different physical phenomena. Moreover, they are a central and important
piece in the puzzle of the history of the universe.

The most obvious relevance of cosmological perturbations is the study of struc-
ture formation and the large scale structure of the universe. In this regard, such
perturbations are related to primordial gravitational waves and primordial magnetic
fields. Given their dependence on pre-recombination phenomena, they could give us
some information on the universe before hydrogen recombination.

Classical perturbations have been widely studied in literature, with the main focus
on isotropic cosmological models. While this is usually a good approximation, the
presence of a primordial magnetic field causes a coupling between different algebraic
modes of the usual decomposition, connecting density perturbations, primordial
magnetic fields and primordial gravitational waves. Moreover, the presence of the
magnetic field requires the use of an anisotropic cosmological model. While small,
these relations are important in the evolution of anisotropic structures. Furthermore,
such primordial seeds of the magnetic fields are widely believed to be the origin
of the magnetic fields measured today in galaxies. In the first part of this thesis,
we analyse these relations, together with the possible effects that a non ideal, i.e.
viscous, cosmological fluid could have on the growth of perturbations. We focus our
attention to a Bianchi I model, improving the results of some preceding papers.

The second part of the thesis focuses on the semiclassical approximation of
quantum gravity. Quantum effects are believed to influence the birth and dynamics
of perturbation seeds and, in general, the dynamics of the primordial universe. This
way, the mathematical scheme used to represent these effects is a central point in
the description of quantum gravity regarding such seeds.

Furthermore, even more care is required to split the WKB action between
embedding variables and physical degrees of freedom, and in many models the
quantum gravity corrections to the Schréodinger equation violate the unitarity of
the system evolution. This decomposition shares some similarities with the Born-
Oppenheimer approximation of molecular physics.

We perform a critical analysis of two different ways to apply this decomposition.
In particular, we analyse limits and perspectives of the different proposals to solve
the non unitarity problem, even comparing expansions in different fundamental
physical constants (Planck constant and mass). We find the source of non-unitary
effects in a common assumption in the definition of WKB time, and we propose an
alternative formulation. Also, we show how the usual assumptions of classicality of
the physical quantities must be handled with care, focusing our attention to the
implementation of the classical background in the perturbation scheme.

Studies in this research field are very important because they could bind CMB
measurements and primordial gravitational waves to quantum gravity, bringing us
finally an experimental playground.
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Introduction and thesis outline

The formation of large scale structures across the universe is a fascinating and
puzzling issue, still unanswered. Also, it could be related to the peculiarity of the
matter distribution across the universe, the possibility for large scale filaments [99],
as well as hypotheses for structure fractal dimension [82, 83].

Having the universe a Debye length of the order of 10 cm, it can be very well
described by a fluid theory, like general relativistic magneto-hydrodynamics. This
opens an excellent opportunity to study the effects of primordial magnetic fields [73]
on the evolution of perturbations [89]. Surely, they are tightly constrained by
the Cosmic Microwave Background Radiation up to a maximum allowed intensity
of 1072 G by a number of different studies [54-56, 85, 87, 95, 96]. This limits their
effects, yet still they are able to trigger important anisotropies in the linear growth
cosmological perturbations evolution [89, 104]. It is argued that such anisotropies
could trigger the formation of large scale filaments.

A weak point in this description is the plasma nature of the universe, i.e. the
small ionized component after recombination. However, it has been demonstrated
that the coupling between neutral and ionized matter is still very strong at the scales
of interest [72, 89, 104]. Thus, the dynamical features of the plasma component of
the cosmological fluid are tightly to be attributed to the neutral component, too.
Moreover, the large photon to baryon ratio is responsible for keeping active a strong
Thomson scattering, even after recombination and up to z ~ 100 [18, 72, 89].

Thus, we face the issue of the description of the cosmological perturbation seeds,
in presence of a weak magnetic field, through the general relativistic magneto-
hydrodynamics formulation.

Many authors already faced this subject, however nearly always neglecting
the anisotropic effects, see [77] and references therein. However, the presence
itself of the magnetic field causes strong anisotropic effects, already visible in the
Newtonian approximation [89]. Thus, we study a Bianchi I model whose anisotropy
is completely controlled by the primordial magnetic field. We use this model to
study the cosmological perturbations in chapter 2, providing an accurate description
of the perturbations equations both in radiation dominated and in matter dominated
universe. We provide both analytical and numerical solutions, enhancing the results
of the present studies on this topic.

A possible issue may be caused by the anisotropy itself, related to shear [89, 90].
If viscous effects were to occur at a relevant scale, they could stop the anisotropies
from growing. In chapter 3, we investigate the non-ideal contributions due to
viscosity. This time, we provide a limited analytical description and a more advanced
numerical result, showing that viscosity plays almost no role at the scales of interest.
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Moreover, we derive a threshold of about 5000 solar masses to its related scales.
Thus, we clearly affirm that the magnetised perturbation are free from its effects, as
their anisotropic behaviour.

In the second part of this thesis, we deal with the cosmological perturbations on
a quantum gravity level. This is because cosmological perturbations are expected
to start in the quantum gravity regime, and then evolve first when we can safely
apply classical general relativity in the linear regime, and lately undergo a non-linear
evolution until they form the structures that populate the present universe.

The most traditional attempt to derive a quantum theory of gravity is canonical
quantization, and it is expected to lead at least to a good approximation of the
real quantum theory [6]. The Hamiltonian formulation of GR leads to the concept
of superspace, the configuration space of all the geometric and matter variables.
Since, in general, the variables are fields defined over a curved spacetime, the full
theory has a functional nature and requires some renormalization procedure to yield
finite predictions. To avoid this kind of difficulties, a possibility is to concentrate on
highly symmetric spacetimes, reducing the dynamics to a finite-dimensional scheme.
The concept of superspace is then replaced by its finite-dimensional analogous, i.e.
minisuperspace. This reduced theory finds its main applications in cosmology, where
homogeneous spacetimes are considered.

The first thing we have to face is the problem of time. This is one of the most
relevant open issues in canonical quantum gravity, and although there is a huge
literature about this problem, a commonly accepted solution has not been found
yet. Moreover, many tentative solutions clearly show non-unitary behaviours at the
quantum gravity level [38, 53].

Many different approaches have been proposed to solve the issue of the lack of
time in the quantum theory, trying to introduce it through some matter source [40,
51] or identifying it with an internal source-time variable [42]. All of them rely
on the concept of relational time [41]: under the request of suitable conditions,
each subsystem can be properly adopted as a clock for the remaining part of the
quantum system. However, all of them seem qualitatively far from the idea of time
of quantum mechanics, i.e. an external parameter. Moreover, there is still the issue
of measurements performed by a classical observer, which is not possible in quantum
gravity. Actually, it is not clear how to reproduce the proper limit of quantum field
theory, starting from the Wheeler-DeWitt (WDW) equation [9] and on the base of a
relational time approach.

A different proposal has been investigated in [36], where there is a decomposition
of the system into “slow”, classical, WKB variables and “fast”, quantum ones. This
resembles a Born-Oppenheimer approximation, with the peculiar feature that now
time is introduced through the dependence of the quantum system on the classical
variables, bringing to standard label time of the spacetime slicing. This approach
allows to reconstruct quantum field theory on a classical, curved background. In
principle, it can be applied to any set of variables [81]. It is probably the most
natural way to introduce time in the minisuperspace [100].

In [36], the analysis is performed through an expansion in the Planck constant
up to first order in A. [38] implements the same idea is implemented expanding
in the Planck mass and going up to the quantum gravity corrections. The results
are similar to [36] up to quantum mechanics, but then a non-unitary character of
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the quantum dynamics emerges at the quantum gravity level. This prevents the
predictivity of the theory.

There are two different proposals to solve this nasty issue in [53] and [103]. One
relies on a finer separation between classical and quantum parts of the system, while
the other tries to to reconstruct a posteriori a well-behaving Schrédinger evolution of
the quantum subsystem, manually altering the WKB dynamics of the gravitational
background.

We perform a deep critical analysis of all these proposals, showing that, unfortu-
nately, none is free from the non-unitarity problem. Then, we make a new proposal
to recover time through the introduction of the kinematical action defined in [25].
This way, we free the time definition from the ill-defined background Laplacian that
appears at quantum gravity level, ad we are able to recover a unitary evolution for
the quantum gravity Schréodinger equation.

Eventually, we present the application of the model of [38] to cosmological
perturbations, as done in [98]. The calculations, however, rely on some assumptions
that deserve a lot much care. We try to “clean” the procedure by using a more
robust formalism instead and not relying on additional assumptions on the quantum
variables. However, we found ourselves stuck at the quantum gravity level. This
could mean that those assumptions were to be taken with greater care, as we
suggested, and that this issue still deserves attention, being our quantum gravity
order not compatible with the original one.

Thesis outline

Chapter 1 is a very short introduction to classical cosmology. We present here the
Friedmann—Robertson—Walker model, together with the cosmological theory of small
fluctuations. We then make a brief description of the first extensions to the FRW
model, that is the Bianchi models. They keep the assumption of homogeneity, while
non requiring isotropy: this leads to an increased freedom on the dynamics they are
able to describe.

In chapter 2, based on [107, 114], we provide the general relativistic descriptions
of the cosmological perturbations in presence of a magnetic field. We enhance the
present descriptions of both the background model and the perturbations themselves,
while always comparing our results with the present literature. We are able to add
the anisotropic effects to both the large scale perturbations in radiation dominated
universe, and the small scale ones in matter dominated era. Finally, we confirm
the validity of present works in the Newtonian limit, and we provide a numerical
description of the studied phenomena.

In chapter 3, we base our presentation on [111] and we analyse the influence of
viscous effects, due to the non-ideal contributions to the background cosmological
model. We focus our study in matter dominated universe, and we show that such
influences appear only below a few thousand solar masses, showing that they do not
modify the anisotropic effects due to the magnetic field presence.

Now, we move to the quantum effects related to cosmological perturbations.
Chapter 4 has the aim to introduce to the formalism and basic results we need in the
following ones. Here, we present a short overview of the ADM formalism of general
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relativity, canonical quantization and the Wheeler-DeWitt equation and, eventually,
we present the minisuperspace formalism and the semiclassical approximation of
quantum gravity, through which we recover a notion of time in the quantised model.

In chapter 5, we present a critical analysis of the current definitions of time
through a WKB expansion, and we present a novel proposal based on the kinematical
action, following [112]. We perform a critical analysis of the current proposals
for a definition of time through a WKB expansion [36, 38]. We perform a deep
comparison between them, and we apply the procedure of [103] to extend them to
any perturbative order. Unfortunately, both of them show a non-unitary behaviour
at the quantum gravity level. A solution is said to be found in [103], but we show it
not to be acceptable. A different expansion is carried out in [53], based on a more
robust formalism. Although it appears to solve the issue, we show that it lacks some
important considerations and that, unfortunately, the non-unitarity is still there.

Eventually, we make a new proposal to recover time through the introduction of
the kinematical action defined in [25]. This way, we are able to recover a unitary
evolution for the quantum gravity Schrodinger equation.

In chapter 6, we present the results of [115]. We analyse some non-trivial
assumptions of [98] and we try to circumvent them by making use of a more robust
formalism. However, we end up stuck at the quantum gravity level. We are able to
show that our final equation is not compatible with the original one of [98]. This
could signal that the assumptions we mentioned were to be taken with greater care.

Notation

Throughout this thesis, Greek indices indicate 4-dimensional quantities and Latin
indices refer to the 3-space variables, i. e. a, 3, ... € [0, 3] while a,b,... € [1,3]. For
simplicity, we often assume an adimensional light speed ¢ = 1, or geometric units
with ¢ = 1 and G = 1/(87). The Einstein constant is K = 87G/c* = 1.



Chapter 1

Classical cosmology

We will introduce the FRW cosmological model in section 1.1, together with the
theory of cosmological perturbations in the linear regime, both in Newtonian and
general relativistic formalisms; we will make use of both these models and we will
extend them in chapters 2 and 3.

Next, in section 1.2, we will make a short introduction to the Bianchi models,
which are general homogeneous models and, as such, the first candidates for the
regimes when the FRW models does not hold.

1.1 The FRW cosmological model

1.1.1 RW geometry

The Cosmological Principle states that each observer looks at the same universe.
For this to be true, the universe must be both homogeneous and isotropic, i.e. there
aren’t either privileged space points or preferred space directions. Assuming these
requirements, the most general metric left is that of a non-stationary homogeneous
and isotopic three-geometry.

The homogeneity requires the spatial directions to evolve with the same time
dependence, while the isotropy imposes a vanishing gg;. Thus, any synchronous
reference must be described by the Robertson-Walker line element

dr?

d82 = — dt2 + az(t) dZQRW = — dt2 + a2(t) <1-W

+ 72 d92> . (L)

The cosmic scale factor a(t) is the only available degree of freedom, while K denotes
the spatial curvature; » and €2 are the usual spherical coordinates. If K # 0, it is
always possible to rescale a and r through

a

v (1.2)

r— /| K], a—

such that the line element acquires the same form, with |K| = 1.
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Redshift

Under this geometry, the trajectory of a test particle with 4-velocity u*, given by the
geodesic equation, shows the phenomenon known as redshift. Focusing our attention
on the zero component, we get

1 9
“u? =0, 1.3
ds + a (13)
Where u? = u'u; = hjjutu?. In a synchronous reference frame utu,, = —(u®)? +u? =
—1, so u¥ du’ = wdu and, using ©®ds = dt,
du a
— 4+ -u=0. 14
dt * a (14)

This shows that u « 1/a. In other words, if mg is the rest mass of a particle, its
spatial momentum behaves as p = mou « 1/a. This derivation does not rely on the
non-vanishing of proper time, so it is also valid for massless particles, for which

2r 1
EFE=p=— x—, 1.5
p= X (1.5)
where F is the energy and X the particle wavelength: in an expanding universe, a
increases with time and the light spectrum is shifted towards the red. If we consider
a photon emitted at t. and observed at tg = tyow, the ratio of the wavelengths is
Ao _ a(to)

) =1t (1.6)

where the quantity z is the amount of redshift and it is measurable, with zg = 0.
In practice, the role of the redshift is equivalent to the one of the scale factor. The
physical distance between a pair of observers scales exactly in the same way, so any
intrinsic comoving length is scaled with a.

Universe expansion

Let us now study the relative motion of two different points, assuming their position
to be fixed, i.e. the relative motion due to the geometry. Looking far from us, we
are actually looking backward in time. A Taylor expansion on the scale factor

at) = ao+ al,_y (t—to) +...,  ao = alto), (1.7)

together with (1.6), leads to

1 a a
= —=1—Hy(tg -t H(t) = —. 1.8
T 7= o oto—t)+..., ()=~ (1.8)

H is called the Hubble parameter and it measures the (logarithmic) expansion rate
of the universe at a given time; Hy = H(ty) is the Hubble constant. If we measure
the distance between the points through photons, using ds®> = 0 we get

r ifK=0

to dt T dr’
/ a(t)_/ ﬁ: sinr ifTK=1 :TfOI'T<< 1. (19)
! " sinhr if K =-1
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Thus, the spatial curvature can be neglected when the distance is much smaller
than the curvature radius of the universe, and the space can be assumed to be flat.
Inserting the Taylor series for a in the left hand side, up to first order we get

to—t=d+..., (1.10)

where d = agr is the present distance of the light source. Using this result and
approximating it for z < 1, eq. (1.8) becomes the Hubble law

v=z=Hyd+..., (1.11)

where we have interpreted the geometrical redshift as Doppler effect due to a physical
velocity v. The last equation describes the recession of the galaxies, which is due
to the motion of the background. This is because, apart from local interaction and
small proper motions, the galaxy flow can be described as the motion of pressure-less
particles, i.e. a dust system, freely falling on the geometry. On the other hand, each
single galaxy has enough binding energy to detach from the Hubble flow and be a
non-expanding substructure, with an essentially flat internal spacetime. To derive
the usual form of the Hubble law, we required z < 1, i.e. galaxies close to our own.

Hubble and particle horizons

Through the quantities defined above, it is possible to construct the characteristic
times and scales of the expanding universe. The cosmological time is given by the
inverse of the expansion rate H~!. If a o t® (as we will see in the next section
for the Friedmann model), then H~! o ¢. In the same way, the Hubble length
is given by Ly (t) = H'(t) and represents a real and measurable horizon for the
microphysics of the universe: it roughly represents the distance a photon can travel
in an expansion time and, for a phenomenon to operate coherently on a cosmological
scale, its time scale must be much faster then the Hubble time, i.e. its spatial scale
must be much smaller than the Hubble length.

The maximal causal distance at which physical signals can propagate is called
particle horizon (or simply horizon) and, starting the signal from ¢ = 0, can be easily
obtained through

dt/
a(t')’

The last result must be rescaled to obtain the physical horizon:

diy = a(t) /Ot ;z:). (1.13)

Objects more distant than dy have never been in causal contact and cannot have
been affected by each other. This way, spatial regions farther than the cosmological
horizon cannot be in thermal equilibrium. As we will see in the next section, in
the Friedmann model the scale factor behaves as a power of time a(t) o t¢, with
a < 1. This means that the cosmological horizon is a finite quantity. Moreover,
the comoving horizon dy/a is always increasing, and since comoving distances are
constant by definition this means that things that are in causal contact today may
not have been so in the past, i.e. a today causal connected region, at some time in
the past, was a collection of many different independent regions.

t
ds? =0 = dt = a(t)dlgwy = lrw :/ (1.12)
0
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1.1.2 FRW dynamics

We now analyse the dynamics of a homogeneous and isotropic universe, under the
Einstein equations. The line element, as noted before, must be in the RW form (1.1).

The matter component of the universe is described by a cosmological perfect
fluid, with energy momentum tensor

T/W = (P + P)uuuu + Pg,uzu (1.14)

where u,, is the unit timelike 4-velocity of the fluid and p and P are respectively
the energy density and pressure, as measured by an observer in a local inertial
frame comoving with the fluid, and are related by an equation of state of the form
P = P(p). For the isothermal universe, the equation of state takes the form

P=(y—1)p=wp, (1.15)

where vy is the polytropic index.
The equations of motion of the fluid can be derived from the conservation law of
the energy-momentum tensor

V.1, =0=u,V,[(p+ P)u"] + (p+ P)u"Vyu, + 9, P. (1.16)
Multiplying by u* we get
Vo (p+ P)u”] = u"9,P, (1.17)

and substituting in the initial equation

V= —pip (0.P + u,u"d,P). (1.18)
These are the equation of motion of the fluid flow. In general, the pressure elements
prevent the geodesic motion and the comoving frame cannot be synchronous, unless
P = const. However, for a homogeneous and isotropic space, P is function only of
time and the right end side vanishes for u* = (1,0,0,0): in this case, the comoving
frame is also synchronous and the stress-energy tensor takes the form

T,” = diag(—p, P, P, P). (1.19)

From now on, for simplicity, we assume the cosmological fluid as comoving with
the synchronous reference frame. This way, u* and T, " take the form expressed
before and the non-vanishing Einstein equations take the form

\? 1 K
H? = “) —p— = 1.2
(5) =30- (1.20)
. ) K
2“+<“> + 5P (1.21)
a a a

The first one is usually called the Friedmann equation. Combining them we get the
equation for the universe acceleration

S: —%(p+3P). (1.22)
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Usually, instead of solving them together, the Friedmann equation is accompanied
by the continuity equation

/H—S%(p-i—P) =0, (1.23)

which is derived from the stress energy tensor conservation law. Moreover, egs. (1.20)
and (1.22), together with the fluid equation of state (1.15) and calculated at ¢ = ¢,
provide simple expressions for the Hubble constant and the deceleration parameter.

Let us now describe the basic properties of the universe dynamics. From eq. (1.22),
as far as the matter component of the universe has an equation of state with
P > —p/3, the expansion has to decelerate. This way, the current evidences that
the universe is accelerating contrast with the FRW dynamics, and require a revision
of our understanding of the nature of the matter component of the universe or of
the FRW model itself.

From eq. (1.20), we see that for K = 0,—1 there is no time in the universe
evolution in which H = 0, i.e. a never vanishes. The Big Bang is thus followed by
the radiation phase, an equilibrium era and finally a decelerating matter dominated
phase, without any re-collapse. On the other hand, if K = 1 there exists a time when
a = 0. It is easy to see that, calling such time ¢, we have ay, = 1/(3/ptp). Both
in a radiation and a matter dominated universe the second time-derivative (1.22)
is negative, so agp is a maximum for the expansion and is followed by a collapse
towards a singularity in which a = 0, i.e. a Big Crunch.

Finally, eq. (1.20), together with the definitions

perit = 3H? (1.24)
)
0=, 1.25
Pcrit ( )
leads to
1

Q-1 (1.26)

a
= Wgurva Qcurv = \/?
The definition of peit is simply the density the universe would have for K = 0,
and is called critical density. The density parameter ) is larger, equal or smaller
than 1 respectively for closed, flat and negatively curved RW models. Presently,
Pl = 1.03 x 1072 g/ecm3 ~ 5.8 x 1079 GeV /em3, while Qg is very closed to unity,
with sign yet to be determined [86].

1.1.3 Cosmological perturbation theory

The FRW model is a good description of our universe at large scales, i.e. over
~ 100 Mpc [75], but it clashes with the strong inhomogeneities that the universe
presents at smaller scales. To explain such inhomogeneities, the general approach
is to resort to the cosmological perturbation theory: we suppose that the present
structures have formed starting from very small inhomogeneities that, according to
the current model, have formed after an inflation driven expansion era and grew up
to building the structures that we now observe [48, 69].

The formation of large scale structures across the Universe is one of the most
fascinating and puzzling questions, still opened in theoretical cosmology. Among the
long standing problems of this investigation area is the determination of the basic



6 1. Classical cosmology

nature and dynamics of the cold dark matter [93], responsible for the gravitational
skeleton in which the baryonic matter falls in, forming the radiative component of
the present structures.

The standard cosmological perturbation theory, as explained in [18, 69, 80, 86],
describes the perturbations both within the Hubble radius through the Newtonian
approximation and outside of the Hubble horizon making use of General Relativity.
Its main results are the following:

e outside of the Hubble horizon perturbations grow as ~ t in the radiation
dominated universe. This is important because, during the inflation era, only
these modes are able to survive;

e inside the Hubble horizon and in matter dominated universe, the only pertur-
bations able to grow are the ones with physical scale A > vs, /Glp, where vy is

the sound speed of the cosmological medium.
It should be noted that, at the time of recombination, density fluctuations are

expected to be still very small, in relation to the very small temperature fluctuations
of the CMB. This way, we can safely make use of a linear perturbation theory.

Newtonian theory of small fluctuations

As far as the scale of perturbations is much smaller than the Hubble radius and the
fluid velocity is non-relativistic, we can neglect general relativistic corrections and
use the Newtonian theory. This means that the Newtonian theory is valid from the
onset of the matter dominated era, when p > P ~ 0. In the following, v is the fluid
velocity and ¢ the gravitational potential. The basic equations that we need are the
continuity equation
P+ V- (pv), (1.27)
Euler equation
1
v+ (v-V)o=—-VP-V¢ (1.28)
p

and the gravitational field equation
V2¢ = 41Gp. (1.29)
The background dynamics can be easily derived from egs. (1.23) and (1.20) and it is

p:m<%)3 (1.30)

a

v=Hr (1.31)
4
Vo= §7er'r. (1.32)

These are also solutions of the previous equations.
We now apply a linear perturbation to each quantity and we obtain

p+3Hop+H(r -V)op+pV-dv=0 (1.33)
. 1
5v—|—H51;—|—H(7'-V)(SU—i—;VdP—I—Végb:O (1.34)

V264 — 4wG ép = 0. (1.35)
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Assuming adiabatic perturbations, the pressure can be expressed through the adia-

batic sound speed
6P =v%6p. (1.36)

The solutions are expected to be in form of plane waves, so we apply a Fourier
transformation to the system

Sz = dx(t)eT, (1.37)

where dz is any perturbed quantity, k is the physical wavenumber and g = ak is the
comoving wavenumber, constant during the expansion. From now on, every variable
is intended as Fourier transformed. For simplicity of notation, we will drop the tilde
over the variables. This leads to the simplified system

Sp+3Hdp+ip(k-dv) =0 (1.38)
2
5‘1;+H5v+i<”5—4;f> Spk = 0. (1.39)
P

To write the system in a simpler form, we decompose the fluid velocity in its
components parallel and orthogonal to the direction of k, respectively vl and dv+
(where dvt - k = 0). We then define the variables

5= 5£, 0=ik-bv) =ikévl (1.40)
p
to obtain
6v = vl k + vt (1.41)
54+60=0 (1.42)
0 +2H0 — (v3k? — 47Gp) § = 0. (1.43)

From here, we obtain the final equation
§+2H6 + (vEK* — 47Gp) 5 = 0. (1.44)

From here, we need to make explicit the time dependence in the last equation.
Restricting our analysis to the flat universe, i.e. assuming K = 0, we have

1

a o t* 3, p
The assumption of flatness, however, is not a big limitation because, for old enough
times or far inside the Hubble radius, K is negligible with respect to the other terms
in eq. (1.20). On the other hand, for recent times, i.e. when we cannot neglect K,
the Jeans mass is so small that its precise value is of little interest.
To see the maximum allowed growth rate of a matter overdensity, we neglect the
sound speed and eq. (1.44) becomes
4 . 2

b+ 50— 530=0. (1.46)
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This admits the solution ]
5(t) = 6,2/% + 6, (1.47)

where 01 and J_ are integration constants.
The general solution involves the explicit time dependence of v?g. Given the heat
ratio 7y, the pressure is P « p” and the adiabatic sound speed is

v3 = or _ <(‘9P> o p? 7o 2077 = t_2(”+é), (1.48)
6p 8/) adiabatic
where v =~y —4/3 > 0. Eq. (1.44) can be expressed through the constant
A% = kA28 (1.49)
e 4 A2
0+ 0+ (35 — 23 )0 =0. 1.50
TR <t2+2” 3t2) (1.50)

Right after recombination v = 0 and the independent solutions are
S4(t) =oc 76V 5 A, (1.51)

Both solutions follow a damped oscillation for A > 5/6, decay for 5/6 > A > /2/3
and it is present a growing mode only if

47Gp
v%

2
A2<§<:>k<kJ= (1.52)

which is the Jeans condition in this regime. On the other hand, for more recent
times v > 0 and the solutions are

54 (t) o t_%J:FG% ( A ) : (1.53)

vt?

where J is the Bessel function. When At~ /v > 1 the solutions oscillate, while for
At™ /v < 1 it holds [7]

54(t) o t5%6. (1.54)
This can be translated in the Jeans condition
A 6mGr2p
— 1l <— k<kj=/——. 1.55
o < < ky 2 (1.55)

General relativistic theory of small fluctuations

As before, we assume a flat universe with K = 0. The background metric is given
by eq. (1.1) with Cartesian spatial coordinates, i.e.

g = diag(—1,a?, a%, a?). (1.56)

The only non-vanishing Christoffel symbols are!

. Qa
ng = aad;;, Flgi = 5gik (1.57)

15,45 is the Kronecker delta. We remind that we use Latin characters for spatial only indices,
and Greek characters for 4-dimensional ones.
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and the non-vanishing components of the Ricci tensor are
Rog=—3%, Ry = (2a*+ai)d;. (1.58)
a

The stress-energy tensor is given by eq. (1.14). The background quantities are

2 2 9

a o< t30+w) H= m7 p=3H". (159)

We are now going to apply a linear perturbation to every physical quantity.

It will be important in the following to be able to distinguish between physical

perturbations and mathematical artefacts due to the change in the coordinate system.

Following the same scheme as of [86], we make a generic coordinate transformation
of the form

at — ot + e (1.60)

with small e* and we keep terms up to O(e). The metric tensor becomes
g;w(x/> = g,uu(x) - g;La(m)aufa - gpu(x)auep' (1'61)

Here, z and 2’ correspond to the same physical point in the different reference frames.
However, we are interested in the change in the value of g,, when evaluated at the
same coordinate point x, which corresponds to two different physical points. We
define

Aguy = QLV(JU) — guv() = *gu/\(gv)au‘fA - g,\y(:c)Bue)‘ - ‘f/\a\gw(fﬁ')

(1.62)
= —Vyue, — Ve,
and, in the same way,
ATy =T, (x) — Ty () = —Tjn0ve™ — TayOpe — €' 02T (163)

A A A
= -Tn\Vye& =T\, V& — e V)\T,.

If we take the functions e* of the same order of the perturbations, then the transfor-
mations given by egs. (1.62) and (1.63) can be seen both as gauge transformations
and as transformations of the perturbations dg,, and 07}, within fixed gauge: in
the latter case those equations give the values of A dg,, and A7),

We will derive a linear system in the perturbed variables, so the gauge trans-
formations will solve our equations. We call these solutions gauge perturbations or
gauge modes: they are not physical because they correspond to a simple change in
the reference frame. We will be looking for physical solutions for the time dependence
of dp so the most interesting gauge transformation is the one related to A dp.

We can use the gauge freedom fo fix the synchronous gauge also at the perturba-
tion order. The perturbed metric tensor is

G = gfy + 69 (1.64)

where B means that it is the background value. With an appropriate choice of the
functions €”, we can impose the conditions

8gu0 = 0. (1.65)
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If we fix this way the synchronous gauge and perform another gauge transformation,
in order to preserve the conditions (1.65) we need Agg, = 0 and we are subject to
the constraints

¥ = O(a?) (1.66a)
dt

¢ =& (x7) + 0" (27) a® ot

(1.66b)

where ¢y(27) and é(27) are arbitrary functions of the spatial coordinates: we still
have 4 unused degrees of freedom. Performing this second transformation and
substituting the explicit expression of 7}, in eq. (1.63) we find

Adp=—€e"pB =3H(p® + p®)e® = 3H(1 + w)pBe’. (1.67)
The last equation means that the gauge mode will be
1
JpBUEe ng; (1.68)

it should be present between the solutions and it should be discarded.
We are now ready to write the perturbed equations. We define

Y =09 s Gupg”™ =9, = dg"" =", (1.69)

where the indices of 7, are raised and lowered with the unperturbed metric gEV.
In the following we write the trace of 7y,, as v = '7kk. Accordingly to [18, 92] the
perturbed Christoffel symbols are

L po
51—‘ZV = 59]@, (VE'YVU + V]I;D)’Y,LLO' - v?’ﬁw) (170)

and the perturbed Ricci tensor is
B B
Ry =V, oL, —V, 6L, . (1.71)

This means that the Christoffel symbols are

5F80 =0, 5F?o =0, 5F]50 = (1.72a)

1.
5ng = 57 (1.72b)

1
0T}y = i%k (1.72¢)
oL k k ok
ory; = 5 (61'7]' + 0" — 0 %’j) (1.72d)
and we define )

or, =6l = 58,[)/. (1.73)

We will need only one component of the variation of the Ricci tensor, namely

L
6Roo = Vj L6y = Vi 600 = — 3 — %7. (1.74)
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The fluid velocity perturbation is du*, with
uut = -1 = su’ = 0. (1.75)

The fluid energy perturbation is dp and the fluid pressure perturbation is P = v% ép;
from the equation of state (1.15) we have

w=—-3H(1+w) (v% — w) (1.76a)

w = const = vE = w. (1.76b)
If we write the perturbed Einstein equations in the form
1
OR,, = 0T} — 3 (9w T), (1.77)
then the 00 component is
Y+2Hy+dp+30P =0. (1.78)

The perturbed Bianchi identities give the fluid energy conservation

. -1
Sp+3H(6p+ 6P) + (p® + PB) (& ou' + 27) =0 (1.79)

and the conservation of the momentum
(0 + PP) (900; 6ul + 2HO; 5u' ) + 0; 0u’ PP + 9p0" 6P = 0. (1.80)

Defining the new variable to describe the perturbations

dp
A= ———= 1.81
pB—i-PB’ ( 8 )
eq. (1.79) becomes .
A+ 51 +0 su' . (1.82)

We now use it to replace ¥ in the other equations and we also express P through
the equation of state, v% and §p. The other equations become

. . 1 . .
A+2HA — 5(1 + 31}%)(1 + w)pA + 6081 out + 2H6¢ ot =0 (1.83)
D00; 0u" + (2 — 3w)HO; du' + vid;0'A = 0. (1.84)

We solve this system in radiation dominated universe, with w = v% =1/3. We
perform a Fourier transformation of the functions through

dxr = c%(t)eikﬂi, k; = const, (1.85)

and as before we drop the tilde for simplicity. The background variables are

£\ /2 1 3
_(to> , H=_— p=— (1.86)
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and the wavenumber behaves as

2
E* = kiK' = q?, q = Va?k? = const . (1.87)

After some algebra, egs. (1.83) and (1.84) combine to give

. 5A 1 ¢\ . 1 ¢ _
A+2t_<2t2+3t>A+<2t3_3t? A=0. (1.88)

This last equation can be easily solved in the large scale limit, i.e. for k> — 0, giving
1
A(t) = 51t+51/2\/i+6_1¥, (1.89)

where 61, d;/9 and J_; are arbitrary constants. We can easily identify 1/t as the

gauge mode of eq. (1.68). It can be shown that the solution o v/ is proportional to
the fluid velocity divergence, i.e. if 9; du’ # 0, then its behaviour and the relative

solution of A are
0 ou’ = u i3 A= —tou L. (1.90)
(3 0 tO ) 3 0 0 tO ) *

we should note that this solution vanishes in the large scale limit because 9; du’ =
k; 6u’ o< Vk2, yet we will need it in one of the next chapters. The only remaining
solution gives the perturbation growth rate, that is A o t.

1.2 Bianchi models

The first natural extension of the FRW model are the Bianchi models, where the
homogeneity hypothesis is still valid, but we give up the assumption of isotropy [86,
92]. Homogeneity means invariance under spatial transformations, i.e.

AI? = hyj(t, ) da* da? = hyj(t, ') dz'* dz'? (1.91)
where h;; has the same form. Using the triadic representation we have
hij = Naveyel, Nab = Nab(t)- (1.92)
Now we have the invariant line element e¢ da?, so
e(z) dz’ = ef(2') dz”” (1.93)

and so

oui L |
Oz a(x,>eq(x)a 6?631 = 537 6?62 = 51()1 (1'94)
X

The Schwartz condition leads to

el (2’ del (x' u
ax(/z )62(95/) - absi’l )efz(:c') eb (z)ed(x) = el (') o o |- (1:95)
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Multiplying last eq. by efi(x)ek(m)e;(w’) we find

Cc

. 8ef(m’) 8ef z’
=ez<x'>eé<m'>[ FREL (e

del (x') ded ()
] (&) [ A ee(r) = =i ey(a)
(1.96)
Since both sides are equal and z and z’ generic, both sides must be equal to a
constant

665 dej i ] c
<8acj = ax]i> evel = C%,, (1.97)

where the C; are the structure constants of the group. Multiplying last equation
by eF we finally have

a aelg b aeg

ozt I pai

This is a constraint that must be satisfied. Moreover, by construction we have

= C°, ek (1.98)

C = —C% (1.99)
and the Jacobi identity gives
¢’ 0%+l 0l + 0l 0% = 0. (1.100)
Given these relations, the structure constants can be written as
CY, = €pegn®™ + 6%y, — 0lac., (1.101)
where €4 is the totally antisymmetric tensor, or equivalently as
0 = nt 4 eobeq,,, (1.102)
where n%® = nb® and a, = Cbba. The Jacobi identity reads

n®ay = 0. (1.103)

A particular homogeneous model is identified by its a. and n®. Without loss of
generality we can write a. = (a,0,0) and n® = diag(ni, ne, n3). This classification
leads to the nine different Bianchi models [86, 92].

The Bianchi models are much more general than the FRW one. Bianchi I is
similar to FRW, but it has 3 different scale factors, two of which increasing and one
decreasing with time; this is the Kasner solution. Bianchi I describes two connected
Kasner epochs, where a Kasner epoch is the time in which a Kasner dynamics
take place: there is an exchange in the Kasner indices. The more general models
are Bianchi VIII and Bianchi IX, which describe an oscillatory regime known as
mixmaster [13]. The presence of matter, however, causes the isotropization of the
models [68, 86] and recovers the FRW dynamics for long times, while towards the
initial singularity the matter contribution is negligible.

It is possible to show that, through the Bianchi IX model, it is possible to build
a general cosmological solution [86]. The Bianchi models overcome the problems
related to the limits of FRW towards the initial singularity, while recovering the
correct behaviour at present times: Bianchi I, V and IX tend towards FRW with
the 3 possible curvatures.
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Chapter 2

Anisotropic cosmological
perturbations in presence of a
magnetic field

In this chapter, we study the effect of a uniform magnetic field on the growth of
cosmological perturbations.

Following [107, 114], we develop a mathematical consistent treatment in which a
perfect fluid and a uniform magnetic field evolve together in a Bianchi I universe.
Then, we study the energy density perturbations on this background with particular
emphasis on the effect of the background magnetic field.

We develop a full relativistic solution which refines previous analysis in the
relativistic limit [65, 77], recovers the known ones in the Newtonian treatment with
adiabatic sound speed [89], and it adds anisotropic effects to the relativistic ones for
perturbations with wavelength within the Hubble horizon. This represents a refined
approach on the perturbation theory of an isotropic universe in GR, since most of
the present studies deal with fully isotropic systems.

The chapter is structured as follows. In section 2.1 we introduce the importance
of magnetic fields, together with the motivations and a summary of the contents
of this analysis. In section 2.2 we give a brief motivation of the presence of such
fields, while in section 2.3 we make a quick overview of the properties of the Bianchi
models as found in present literature, with particular focus on the effects caused by
the presence of magnetic fields. Then, section 2.4 presents the main formalism we
use for the description of the magnetic field, in order to account properly for the
ideal MHD assumption.

In section 2.5, we analyse the background cosmological model, improving the
analysis carried out in [55]: this is the first achievement of this chapter. Then, in
section 2.6, we present the main framework of our analysis and we derive the starting
equations.

We start the main part of our analysis looking for the gauge modes, that would
appear as fake solutions, in section 2.7. We are finally able to solve our system
analytically in section 2.8 and numerically in section 2.9. Throughout all of this, we
compare our results with the main relevant ones in literature. In short, we enhance
the analysis of [77] by adding the anisotropic effects, and the one of [65] with a better
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handling of the coupling between density perturbations and background anisotropy;
we finally confirm the validity of the results of [89] in matter dominated universe,
when the perturbations have a characteristic scale much smaller than the Hubble
horizon, without the addition of any general relativistic correction. Doing this, we
present a coherent set of equations that can handle the evolution of magnetized
perturbations since they become classical and until they enter non-linear regime.

Finally, we summarize our results in section 2.10, together with the future
possible improvements.

2.1 Cosmological perturbations and magnetic fields

The formation of large scale structures across the universe is one of the most
fascinating and puzzling questions, still opened in theoretical cosmology. Among the
long standing problems of this investigation area is the determination of the basic
nature and dynamics of the cold dark matter [93], responsible for the gravitational
skeleton on which the baryonic matter falls in, forming the radiative component of
the present structures.

However, also the peculiarity of the matter distribution across the universe, in
particular the possibility for large scale filaments [99], as well as hypotheses for
structure fractal dimension [82, 83] call attention for a deeper comprehension.

In this respect, we observe that the universe plasma nature, both before the
hydrogen recombination and, for a part in 10° also in the later matter dominated
era [72, 89], has to be taken into account.

At the recombination the universe Debye length is of the order of 10cm and
therefore the implementation of a fluid theory, like general relativistic magneto-
hydrodynamics is to be regarded as a valid and viable approach to treat the influence
of the primordial magnetic field [73] on the evolution of perturbations [89]. Nonethe-
less, the smallness of such magnetic field, as constrained by the Cosmic Microwave
Background Radiation (CMBR) up to 107% G [54-56, 85, 87, 95, 96], significantly
limits the impact of the plasma nature of the cosmological fluid on the evolution of
perturbations. As shown in [89, 104], the presence of the magnetic field is able to
trigger anisotropy in the linear perturbations growth and it can be inferred that in
the full non-linear regime, such anisotropy grows up to account for the formation of
large scale filaments.

Apparently, a weak point in the perspective traced above consists of the small
plasma component surviving when the hydrogen recombines and in the observation
that the most relevant cosmological scales enter the non-linear regime in such a
neutral universe. Instead, it can be surprisingly demonstrated [72, 89, 104] that the
coupling between the neutral and ionized matter is very strong at spatial scale of
cosmological interest (for overdensities of mass greater than 10° solar masses, the
ambipolar Reynold number is much greater than unity for redshift 10 < z < 1000).
Thus, the dynamical features, for instance anisotropy, that we recover for the plasma
component clearly concern the universe baryonic component too. This statement
is not affected by the presence of dark matter gravitational skeleton in formation,
simply because the radiation pressure prevents, up to z ~ 100 the real fall down of
the baryonic fluid into the gravitational well. In fact, the large photon to baryon
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ratio, about 10° (also constant during the universe evolution), maintains active
a strong Thomson scattering process, even after the hydrogen is recombined into
atoms [18, 48, 72, 80, 89].

These considerations are meant to underline that a single fluid general relativistic
magneto-hydrodynamics formulation is an appropriate tool to investigate the impact
of the universe plasma features on structure formation, at least for a large range of
the cosmological thermal history.

In this context many works have been developed, mainly assuming as negligible
the backreaction of the magnetic field on the isotropic universe, see [77] and references
therein. However, the presence of a magnetic field rigorously violates the isotropy of
the space and the (essentially) flat Robertson-Walker geometry must be replaced
by a Bianchi I model. This chapter faces the general question of how the linear
perturbations evolve on a background Bianchi I cosmology, thought as a weak
perturbation of the isotropic case.

We discuss in detail the structure of the perturbation equations in the synchronous
gauge and the specific form of the spectrum time dependence in specific important
limits, like the large scale limit, when the dependence on the wavenumber can be
suppressed, and the sub-horizon limit, when the dependence on the wavenumber is
dominant.

Furthermore, the change of the Jeans scale, when passing from the ionized to the
(essentially) recombined universe, is determined for the small scales, shedding light
on the role of the magnetic field and on the real nature of the gauge perturbations.

We recover the slowing-down of the growing mode in super-horizon scales, long
known in FRW models. This effect is very small given the upper limits on the
cosmological magnetic fields, of order O(vf‘) < 1. At sub-horizon scales, we
generalise the solutions of [97] and [105], which in turn generalise the results of [77].
While they consider random (i.e. isotropic) magnetic fields to preserve the FRW
model, we work in the anisotropic case and also consider a non-vanishing sound
speed.

Finally, we stress that, along the whole analysis, we compare our results with
previous achievements in literature, providing a significant contribution to the
understanding of the different effects that the universe anisotropy, due to the
magnetic field, induces on the perturbation evolution and stability.

We notice that there is another paper about this matter [65], which was the
first analytical study to address this issue. There, the authors study the model in 3
different physical limits with specific anisotropies, while we completely relate the
background anisotropy to the magnetic field.

2.2 Magnetic fields in cosmology

There are numerous and different measurements of magnetic fields in the universe,
making use of Zeeman effect, synchrotron radiation and Faraday rotation [49, 57,
67, 73]. However, the origin of such magnetic fields in galaxies and galaxy clusters is
still a mystery (see [70] for a review).

Ordered magnetic fields of about 1-10kpc over galactic scales are fairly common
in spiral galaxies disks and halos [49, 70], together with smaller scale fields. Moreover,
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magnetic fields appear to be a common property of the intra-cluster medium of
clusters of galaxies, where in the central region they can reach the strength of
about 40 pnG with coherence scales of 101102 kpc [47, 54, 67]. Probably the most
interesting for the purposes of this thesis, microgauss magnetic fields have been
observed in the intra-cluster medium of a number of rich clusters, with coherence
length comparable to the scale of the cluster [49, 70] of a few Mpc. However,
there are no detections of purely cosmological fields (i.e. fields not associated with
gravitationally bound or collapsing structures).

In particular, galaxy cluster’s magnetic fields are typically observed through
Faraday rotation of cosmic ray electrons. Generally, Faraday rotation is the most
versatile way of measuring cosmological magnetic fields at most scales, while the
Zeeman effect is mainly used for molecular clouds and synchrotron radiation is an
effective tool for nebulae and galaxies.

On the other hand, the isotropy observed in the present universe prohibits the
presence of a strong large scale (over the Hubble horizon) magnetic field. However,
a cosmological uniform magnetic field could still be present at cosmological scales
if weak enough. Specifically, CMB observations constraint a maximum allowed
intensity of 107 G for present magnetic fields, for both cosmological homogeneous
magnetic fields and stochastic magnetic fields with a scale of 1 Mpc. Such limits
derive from the expected effects of the primordial magnetic fields on the thermal
spectrum of the CMB and its temperature anisotropies [55, 56, 87, 96] and on the
CMB power spectra temperature polarization correlation [54, 60, 85, 95, 96], related
to Faraday rotation. Other less strong limits of 1077 G are related to the Helium-4
nucleosynthesis [55, 56]. A thorough review of these constraints is present in [96].

While weaker constraints are expected for smaller scale primordial fields, they
are of far lesser physical interest and they are usually not taken into account.

The invocation of protogalactic dynamos to explain the magnitude of the observed
fields involves many uncertain assumptions but still requires a small primordial
(pregalactic) seed field [35]. Hence the possibility of a primordial field merits serious
consideration.

A large scale magnetic field, comparable to the constraints and with an amplitude
close to the upper limit, may well be of cosmological origin. A similar pregalactic (or
protogalactic) field strength is inferred from the detection of fields of order 1076 G
in high redshift galaxies [43] and in damped Lyman alpha clouds [45], where the
observed fields are likely to have been adiabatically amplified during protogalactic
collapse.

Moreover, the potential existence of a primordial magnetic field is also consistent
with observations of clusters of galaxies. As already pointed out, Faraday rotation
measurements of radio sources inside and behind clusters indicate strong magnetic
fields in many of them [39, 47]. The detected cluster fields have a typical magnitude
of a few 1G and a coherence lengths from 10'-102 kpc up to a few Mpc. The cores
of several clusters contain tangled magnetic fields with amplitudes as high as 10!
102 nG [31, 46, 47]. In the outer halos of clusters, lower limits > 0.1 pG were set on
the field amplitude, by combining measurements of synchrotron radio-emission from
relativistic electrons in these halos together with lower limits on the associated hard
X-ray emission due to Comptonization of the microwave background [24, 33].

Therefore, we must consider such primordial magnetic fields when dealing with
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the cosmological perturbation theory.

2.3 General properties of the Bianchi models in pres-
ence of a magnetic field

As we already said, it is impossible to accommodate a magnetic field in an isotropic
model. Moreover, although present observations show that the isotropic FRW model
describes very well the present universe, it is only a very special description of the
universe towards the initial singularity, while the general one should incorporate
anisotropy [27, 92].

In the first stage of the evolution of the universe the matter contribution is
negligible, while it is necessary to have an isotropic matter field to achieve the
isotropization of the model [28, 86]. The general solution is constructed through the
Bianchi VIIT and IX models [27, 86, 92], but we will focus for simplicity on a single
Kasner era and so we will use a Bianchi I model.

The Bianchi I model is similar to the FRW one, but with three different scale
factors. It is intrinsically anisotropic in vacuum, i.e. the three cosmic scale factors are
never all equal; moreover, in vacuum one of the three scale factor always decreases
with time, meaning that one of the spatial direction is contracting.

Near enough to the cosmological singularity, any matter source in the form of
perfect fluid energy density, having equation of state p = wp always behaves as
a test fluid, i.e. it induces negligible backreaction, as far a 0 < w < 1. Since the
background magnetic field energy density is a radiation-like term in the Universe
and it is associated to an equation of state p = p/3, near enough to the singularity,
we can expect a typical vacuum solution of the Kasner form [86, 92].

The more general Bianchi IX model can be described as a succession of Kasner
epochs, in which the different directions exchange time evolutions, alternating
moments of growing and decreasing [86]. For more detailed informations regarding
the Bianchi models we recommend [23].

Clearly, as soon as the Universe expands enough, the matter source can no longer
be negligible and, if the pressure term is isotropic, the solution must correspond-
ingly isotropize, i.e. the three scale factors tend to be equivalent. This process of
isotropization is particularly efficient in the case of an inflationary paradigm [68,
86], when a vacuum energy, having an equation of state p = —p is dominating the
Universe dynamics.

The relevance of our study for the structure formation takes place when the
isotropization process reduced the Bianchi I cosmology to a flat Robertson-Walker
Universe, except for the residual intrinsic anisotropy due to the presence of a
background magnetic field.

There exist already a large number of studies regarding Bianchi I models,
analysing cases with different values for the barotropic index w of the matter
source in addition to the magnetic field. [58] was probably the first to address their
stability. [28] studies the effect of a pure magnetic matter component, [10] contains
analytic solutions for dust w = 0 and radiation w = 1/3, [12] contains solutions
for w=1and 1/3 <w < 1 and for the pure magnetic case, [78] analyses the case
of vacuum energy w = —1. The nature of the solutions depends on the values of
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various constants, it can collapse isotropically or anisotropically, only in the longitu-
dinal or in the transverse direction towards the Big Bang. In general the magnetic
fields accelerates expansion (or decelerates collapse) in the transverse direction of
the magnetic pressure and it decelerates expansion (or accelerates collapse) in the
direction of the magnetic tension. For general properties of the solutions, see [71].

Some interesting cases are analysed in [10]: if B2/p — 0 towards the singularity
then the magnetic field effects are negligible; if B?/p does not approach 0, then it
is constant and both fluids determine the dynamics, or the magnetic field causes
a rapid expansion in the transverse direction and this change of the dynamics
causes B?/p — 0. Moreover, [78] shows that in presence of a cosmological constant
the magnetic field has a strong effect at early times, decelerating the collapse in the
transverse direction and accelerating it in the longitudinal one, and it is negligible at
later times, when the vacuum energy causes accelerated expansion in both directions;
the authors also describe the shape of the singularity.

It should be noted that in general the presence of the magnetic field causes a
slowing down in the process of isotropization, making the shear more important;
this way the CMB gives a strong constraint on primordial homogeneous magnetic
fields [55, 56].

2.4 143 covariant formalism

The correct handling of magnetic fields in cosmology is something both necessary
and very difficult from a mathematical point of view. The ease of change of reference
frame in general relativity could cause a transformation of electric and magnetic fields
through the Maxwell equations that could lead to unintuitive or wrong results, if
underestimated. We think the 1+3 covariant formalism to be the best and safest way
to decompose the electromagnetic field in its electric and magnetic components, and
to correctly define their respective equations. Here, we recap the main features and
equations of the formalism, mainly following [77, 79]. A more detailed description
can be found in a number of review articles [4, 15, 62]

The covariant approach to general relativity dates back to the 1950s [2, 3], and
since then it has been used in numerous applications by many authors [15, 19,
62]. The basic idea is to use the kinematic quantities of the cosmological fluid, its
energy-momentum tensor and the gravito-electromagnetic parts of the Weyl tensor
instead of the metric. The key equations are the Ricci and Bianchi identities applied
to the fluid 4-velocity, while Einstein’s equations are incorporated via algebraic
relations between the Ricci and the energy-momentum tensors. From the next
section, we will use the fundamental definitions and equations of this formalism, but
not the formalism itself for reasons we will explain there. Instead, we will still follow
the traditional approach of solving the system through the Einstein’s equations and
the stress-energy tensor conservation laws. For this reason, we will present only the
concepts we will need later leaving a more complete review to the before mentioned
papers.



2.4 143 covariant formalism 21

2.4.1 143 covariant decomposition and covariant kinematics

The basis of the 1+3 decomposition is to locally split the spacetime in a way comoving
with the cosmological fluid. Consider a general spacetime with Lorentzian metric
guv of signature (—, 4, +, +) and introduce a family of fundamental observers along
a timelike congruence of worldlines tangent to the 4-velocity of the fluid
dax
b= — Fu,, = —1 2.1
W= ey =, (2.1)
where ¢ is the observers’ proper time. Such velocity introduces naturally the required
splitting, where the vector u# determines the time direction and the tensor
Puw = Guv + upty,  hgut =0 (2.2)

projects orthogonally to the 4-velocity into the observer’s instantaneous rest space.
Moreover, in absence of rotation the vector field u* is hypersurface-orthogonal and
hyu is the 3-metric of the spatial surfaces.

Through u# and hy, it is possible to define the time derivative

S 7T = UGSy, L7 (2.3)

and the orthogonally projected gradient
DS, 7 = hy*h,h, hOshT VoS, 2 (2.4)

of any given tensor S,, #?~. Moreover, v/ and hy, allow a unique decomposition
of every spacetime quantity into its irreducible timelike and spacelike components.
There hold the important relations

D,hu =0
il;w = QU(MAV),
where A, is the fluid 4-acceleration defined as
Ay =1, =u*Vauy,. (2.7)
The spacetime volume element is given by the covariantly constant tensor

Mupes 0712 = o Mo = —416,%6,%6,76,,°. (2.8)

3-

Contracting it along the time direction it is possible to construct the effective volume
element in the observers’ instantaneous rest space

Euvp = Nuvpatl®, (2.9)
for which there hold the relations
Euvput =0
Nuvpe = 2U[uEvpo] — 2 uw[plo]

epe®” = 316,%6,78 (2.10c

D, Euvp = 0. (210(21
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The time derivative of the spatial antisymmetric tensor is [64]
Epvp = 3U[Eype AT (2.11)

Here comes the crucial point of the 143 decomposition. The skew part of a
projected rank-2 tensor is spatially dual to the projected vector

Sy = E,UVPS[VP]’ (2.12)

N | =

and any projected rank-2 tensor has the irreducible covariant decomposition!
1
Sy = §Shu,, + Sy + €uwpS”, S =S, h". (2.14)

This decomposition is readily applied to a general imperfect fluid which, with
respect to the fundamental observers, decomposes as

Tyw = pupuy + Phyy + 2q(,u,) + T (2.15a)
p = Tyutu” (2.15b)
1
P = gTuuhm/ (215C)
qu = _hMVTVpup (215(1)
ﬂ’,u,l/ = T<'u,1/>7 (2156)

where p is the matter energy density, P is the effective isotropic pressure, i.e. the
sum between equilibrium pressure and bulk viscosity, g, is the total energy-flux
vector and 7, is the symmetric and trace-free tensor that describes the anisotropic
pressure. Eqgs. (2.15) can describe any type of matter.

Through the identity R = 4A — T', Einstein’s equations can be recast as

1
R ufv” = 5(,0 +3P)—A (2.16a)
h,’Rypu” = —q, (2.16b)
- 1
By Ry Rog = 50 = P, + My + T (2.16¢)

The irreducible decomposition of the 4-velocity gradient is

Vou, = %th + o+ W — Ay (2.17a)
Oy = Dy (2.17b)
wur = Dy, uy) (2.17¢)

0 = VFu, = D" u, (2.17d)

'In the following, angled brackets denote the symmetric and trace-free part of spatially projected
tensors, i.e.

«@ «@ «@ 1 [e%
vy = huva and  Sguy = b, h, " Sas = (h(# h,’ = 3 huh ﬁ) Sap. (2.13)
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Each of the terms has an important physical interpretation: o,, and w,, are
respectively the shear and vorticity tensors, € is the volume expansion (or contraction)
scalar and A, is the 4-acceleration vector due to non-gravitational forces, i.e. it
vanishes when the dynamics is only due to gravity [62]. By construction, there hold
the relations

oput =0 (2.18a)
wut =0 (2.18b)
Ayt =0 (2.18¢)
and 1
U =Dy uy = 0 + wpw + gﬁh,ﬂ, =Vyu, + Au, (2.19)

describes the relative motion of neighbouring observers (with the same 4-velocity).
In particular, if x* is their relative position, then v, x" is the relative velocity of the
observers’ worldlines [15, 19]. The volume scalar represents the average separation
between neighbouring observers and is also used to introduce a representative length
scale a, i.e. the cosmological scale factor, through
a 1
- =-0. 2.20
L= 3 (2.20)
The effect of vorticity is to change the orientation of a given fluid element without any
deformation, while the shear changes the shapes while leaving the volume unaffected.
The vorticity can also be described through the vector
1 vp
W = SEupw""- (2.21)
The non-linear covariant kinematics is determined by a set of propagation and
constraint equations, which are purely geometric and essentially independent of the
Finstein’s equations, and emerge applying the Ricci identities to the fundamental
4-velocity

2V, Vyup = Ryypou’. (2.22)
We will need only one of them, which is known as Raychaudhuri’s formula
. 1 1
0 = —592 —5(p+3P) - 2(0? —w?) + DM A, + A AP + A, (2.23)

Where 02 = 0,0 /2 and w? = w,,w"" /2 = w,w”. This is the key formula to study
the gravitational collapse.
The conservation laws derived from the Bianchi identities

VYT, =0 (2.24)

split into a timelike part, responsible of the energy conservation, and a spacelike one
for the momentum conservation

p=—0(p+ P)—D'q, —2A"q, — o1, (2.25a)
4

(p + P)AM = —DMP — q<M> 3

04, — (o + wuw)q” — DV — m AV, (2.25Db)
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2.4.2 Electromagnetic fields

The 143 formalism provides an intuitive description of the electromagnetic field [76],
which is characterized by the antisymmetric Faraday tensor. Relative to a funda-
mental observer, the Faraday tensor decomposes as [19, 61]

Fuy =2u, By + €upB? (2.26a)
B, = Fu’ (2.26b)

1
By = SeupF"", (2.26¢)

where F,, and B, are respectively the electric and magnetic field measured by the
observer. This guarantees that

Eu" =0= B, (2.27)

i.e. &, and B, are spacelike vectors.
The Faraday tensor determines the stress-energy tensor of the electromagnetic
field in the Heaviside-Lorentz units.

1
Ty = —F,,F’, — ZFngpUgW. (2.28)
this has the irreducible decomposition
Lo 2 Lo 2
T = 5 (B*+ B?) wau, + P (B + B) by + 2P + T (2.29a)
PM = EquEVBp (229b)
le = —E<ﬂE,/>B<uBl,>. (229C)

Here E? = E,E* and B? = B, B* are the square magnitudes of the fields and P, is
the electromagnetic Poynting vector. This expression provides a fluid description of
the electromagnetic field and ensures that T),# = 0.

The Maxwell equations

VipFuw =0 (2.30a)
VYFu = Ju (2.30b)
contain the 4-current J,, which splits according to
Ju = peuy + Ty (2.31&)
pe = —Jyut (2.31b)
T ="h,"Jy, (2.31c¢)

with pe representing the measurable charge density and J,, the orthogonally projected
current. Relative to the fundamental observer, the Maxwell equations decompose as

: 2
E(u) = (U,ul/ + Euupwp - 39h;w) EY + EﬂypAnqu + Euvp DY Bf — \7“ (2.32&)

: 2
B<H> = <UW’ + gﬂVPwp - Sehllﬂ> BY + 5,u,l/pAnUEp — Euvp D" E* (232b)
DME, = pe —2w'B, (2.32¢)

DB, = 20ME,,. (2.32d)
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These equations, in addition to the usual terms, also contain the effect of motion

of relative observers: —2w*B,, is the effective charge caused by a moving magnetic

field and 2wt E,, the effective magnetic charge caused by a moving electric field.
The electromagnetic stress energy tensor obeys the constraint

VT = —FuJ”, (2.33)

where the right-hand side represents the Lorentz 4-force. Through this, the conser-
vation laws (2.25) become

p=—0(p+ P)— Dtq, —2A"q, — o' 1y + E,T" (2.34a)
: 4 y
(p+ P)Ay == DuP —quy - g‘gqu — (ouw +wu)q

(2.34b)
— D" — T A + pe By + €y TV B,

where now p, p, ¢, and m,, represents only the charged matter variables and the
electromagnetic fields are expressed through E,, and B),. The antisymmetry of the
Faraday tensor and the Maxwell equations imply

VY, =0, (2.35)

that is the conservation of the 4-current. This leads to the charge density conservation
law

pe = _Hpe — DH jp, - Auj,u,- (236)

In absence of spatial currents, the charge density evolution depends only on the
expansion (or contraction) of the fluid element.

2.4.3 1Ideal MHD approximation

The universe, along his lifetime, has been a good conductor, with the exception of
any inflationary period or reheating phase. This means that cosmological magnetic
fields have remained frozen in an expanding medium during most of its evolution.
This allows them to be described through ideal magnetohydrodynamics, which is
described through Ohm’s law.

Following [16, 63], Ohm’s law takes the form

Ju = pety + CEy, (2.37)

where ( is the scalar conductivity of the medium. This way, the spacelike part of
the 4-current, due to conduction, is

Ty =CE,. (2.38)

This form is valid for single-fluid resistive MHD approximation. thanks to the 1+3
decomposition, induced fields have already been taken care of and are not present in
the equations, because they are always expressed in the correct reference frame.
The ideal MHD limit consist in assuming an infinite conductivity ¢ — oo, i.e.
a vanishing electric field even in the presence of spatial currents. The matter
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component of the universe is assumed to be a perfect fluid, that is egs. (2.15) with
gmu = 0 and 7, = 0. Maxwell’s egs. (2.32) now are

Euwp D" B = T, — €,y A” BP (2.39a)
By = (Uuu + Epp” — gehw) B (2.39b)
whBy, = %pe (2.39¢)

D"B,, = 0. (2.39d)

Eq. (2.39b) guarantees that the magnetic field is frozen within the fluid [61]. Moreover,
contracting it with B* we get the magnetic energy conservation

: 4
(B?) = _5932 — 20, 11", (2.40)

This allows to split the total energy conservation into two different equations: the
last one and the perfect fluid energy conservation. The energies are separately
conserved. Conservation laws (2.25), or equivalently (2.34), now become

p=—(p+P)o (2.41a)

2
(p + P+ 332) A, =D, P —¢,,B"s"PD,Bs — 11, A". (2.41b)

The last one can be simplified through

1
€wpB P D, B = §D“BQ — B”D, By, (2.42)
giving us
2 2 1 2 v v
ptp+3B* ) Ay==Dyp— DB+ B"D, By, — T, A”. (2.43)

2.5 Background model

We assume that our system is homogeneous and perturbed at first order by weak
inhomogeneous perturbations. At the background level we have a homogeneous
universe with an isotropic perfect fluid and a uniform magnetic field: such field
cannot live with an isotropic metric, such as FRW, but it can be accommodated
in an anisotropic model. We must use one of the Bianchi models because of the
homogeneity and our model fits best in a Bianchi I universe, which is the simplest
anisotropic generalization of FRW, so our metric in synchronous gauge is

g = diag (—1, a%(t), a%(t), a%(t)) . (2.44)

These types of models were widely studied in literature in different assumptions
and physical limits (see for example [8, 10, 12, 28, 78]); here we are interested
mainly in their behaviour after the matter-radiation equivalence, where the magnetic
field can be reasonably small compared to the matter component. This regime
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was already studied in different works, for example by [28] in radiation dominated
universe; here we will recap [55], which accounts for different types of anisotropic
stresses in both radiation an matter dominated universe. We will, however, amend
for their time behaviour in matter dominated universe and we will not neglect higher
order corrections in the isotropic components.

We assume that the magnetic field is oriented along the 3 axis, so the system is
axisymmetric and a; = asg; for simplicity we call a = a; = a9 and ¢ = a3. We have
u* = (1,0,0,0).

It is now straightforward to write the Einstein equations (2.16)

a ¢ 1
28 4 T = = P + B? 24
=42 2(p+3 + B?) (2.45a)
a afa ¢ 1 2
atalari)=s0-rem) (2450)
¢ ac 1 9

and the energy conservation laws for the system (2.41a) and (2.40)
) a ¢
p+ (2@ + c> (p+P)=0 (2.46)
(B2) +4%B% = 0. (2.47)
a

We define the Alfvén velocity, which is the energy ratio between magnetic field

and fluid B
2
v = —, 2.48
A p ( )

witch is responsible for the intensity of the anisotropies, the isotropic expansion H
and the anisotropy parameter S

a ¢ 1 /a ¢
3H =2— + - S=—(-—-—-]. 2.49
a+c’ H(a c) (2.49)

If we now assume a barotropic fluid with equation of state P = wp and w = const

the Einstein equation (2.45a) becomes

. 2 1
3H + H? <3+ 3S2> =3 (1+3w+03)p, (2.50)

subtracting equation (2.45¢) from equation (2.45b) we get
HS + HS +3H?S = v2p (2.51)

and summing 2 times equation (2.45b) to equation (2.45c) we eventually have
. 1
3H +9H” = 31— w) + %] p. (2.52)

From the definition of v4 (2.48) and from the energy conservations (2.46) and (2.47)
we have .
(B?) — pvi

(v}) = 5 =i H (3w -1- ;18) . (2.53)
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If we now assume that the magnetic field energy is small compared to the fluid
energy we have v3 < 1 and if we write

H=Hgo+Huy,  p=po+raq (2.54)

with Hy), py = O(v%) it is easy to see from equations (2.50) and (2.52) that at
0-order in v5 we recover FRW and we have

2

2
o =sarow P =300, S0 =0 (2.55)

The anisotropy is described by S and equation (2.51) becomes at first order in v%

1-wS 2 ]

S Z = A 2.56
+ 14wt 14w t’ ( )
while equation (2.53) gives
: 21 — 3w v?
2y = = A 2.57
W) =—37T7w ¢ (2.57)

The isotropic part is contained in equations (2.50) and (2.52), which form a system
whose solution is

4 H(l) 2 ’0124
_ _ A 2.58
PO T 5wt 30 +w)? ¢ (2:58)
. H 1—3w v
1 _ A

We are interested only in anisotropies caused by the magnetic field so we will
put to 0 the homogeneous solution of each equation, with the exception of (2.57).
2.5.1 Radiation dominated universe
For radiation dominated universe w = 1/3 and equation (2.57) gives

v4 = v4 = const . (2.60)

Equation (2.56) then gives
S = 3v% = 3v%,. (2.61)

From equation (2.58) we get p.
From the definitions (2.49) we can get the values of a and c. Finally we have

vy = v%y = const, ty = const (2.62)
t\1/2 1 t

an~ <to (1 + §vio In (to)> (2.63)
1/2 "

c~ <t> (1 —v%,In <>) (2.64)
to to

1
H=— 2.65
57 (2.65)
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2.5.2 Matter dominated universe

For matter dominated universe w = 0 and equation (2.57) gives

£\ —2/3
vy = v, (t) ., w4, to = const. (2.67)
0
From equation (2.56) we get
S(t) = 6vA(t). (2.68)
For the isotropic part we proceed as before: equation (2.59) gives
vi(t)
Hpy = —-4 2.69
(1) 3 (2.69)

From equation (2.58) we get p.
From the definitions (2.49)we can get the values of a and c. Finally we have

s o t —-2/3
UA = ’UAO ? (270)
0
t\?* 3
an~ <to> - Euio (2.71)
t\*? 9
c~ (to> + ivio (2.72)
2 1,
H=2 (1 2UA(75)> (2.73)
4 3,
p=n (1 - QUA(t)> . (2.74)

2.6 Perturbed equations

We now perform an extension of the relativistic calculation presented in sec. 1.1.3.
We perturb all the quantities that govern our system while keeping synchronous
gauge. We will show in sec. 2.7 that we will use a variable that, for large times, can
be considered gauge invariant. This way, we will be sure to not incur in issue related
to the gauge choice, even if the synchronous one is the most common to handle this
kind of study.

The perturbed metric is

Guv = gfy + 5guu (275&)
dguo = 0, (2.75b)

where B means the background value; we can define

TYuv = 5gp,u (276&)
gupg™ =96,0 = 6g" = —", (2.76b)

where the indices of 7,, are raised and lowered with the unperturbed metric 951/- In
the following we write the trace of v, as v = vkk . The fluid velocity perturbation
is dut, with

uut = -1 = su’ = 0. (2.77)
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The fluid energy perturbation is dp and the fluid pressure perturbation is P = v% op;
it holds

w=—-3H(1+w) (v% — w) (2.784a)
w = const = v% = w, (2.78Db)

but we keep v% as an arbitrary function and possibly different from w; the reason of
this choice will be clear in section 2.8.2.

The perturbed magnetic field must remain pure spatial at all orders?, so the
condition B,ut = 0 holds at all perturbative orders and the perturbation to the
magnetic field satisfies

§(B,B") = §(B?) = v33B*B> + 2¢? 6B® B? (2.79a)
Byt =0 = 6B =B u’. (2.79b)

Accordingly to [18, 92] the perturbed Christoffel symbols are

L po
5FZ1/ = 9 ]% (VEVVU + V]I/BVMU - VE’Y}W) (2.80)
and the perturbed Ricci tensor is
B B
ORy =V, oL, —V, o7, . (2.81)

We are now ready to perturb the exact equations of section 2.4. We notice
that, because of the homogeneity of the background model, when applied to the
perturbation of a scalar quantity the comoving time derivative $ is the same as the
synchronous time derivative dys, so we make no difference between them in the
following. The fluid energy conservation (2.41a) becomes

. . R
op + <22 + z> (6p + 0P) + (p® + PB) (& ou' + 2ﬁ> =0 (2.82)
and the magnetic field energy conservation (2.40) gives
. ] . 1 1
(6(B2)) + 4% §(B?) + 2B} <al- Su’ — D3 6u> + 3V - 2733> = 0. (2.83)

2In literature there are different definitions of the magnetic field at a perturbative level, but it is
easy to recognize that not all of them satisfy the required properties. After a careful analysis we
concluded that the correct one, at least with respect to the physical phenomenon we study here, it
the one of [77] made through the 1+3 formalism. This way, the magnetic field is defined as the
spatial projected part of the Faraday tensor F),,, while the electric field as the temporal one (see
egs.) (2.26)) and we have B,u* = 0 at all orders.

There are two important reasons for this requirement. The first one is that the electromagnetic
field is decomposed in electric and magnetic components by the observer and we are interested in
its interaction with the cosmological fluid, so the natural observer is the fluid itself. Beside that,
we force a vanishing electric field £, = 0 through the assumption of infinite conductivity of the
medium, thus we work in the limit of ideal MHD. To do this we need these fields to be defined
with respect to the fluid. Using this definition there are no induced fields, reflecting the fact that
the covariant form of Maxwell’s formulae and of the electric and magnetic field definitions already
incorporates the effects of relative motion [77].

The second reason is that with different definitions we would have a nonvanishing trace for the
perturbed magnetic stress energy tensor, while this way all goes well and it is traceless. This is easy
to check using the definition of perturbations from sec. 2.6.
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The Einstein 00 equation is (we will always use Einstein equations with a lower
and an upper index)

1. a. a ¢ .3 1 1 2\ _
S5+ 4 (a 6)73+2(5p+35p)+25(3)—0, (2.84)

while the 33 equation reads
1 1.
5" — 5 (0" + 330°) + S5

C . 2.85)
1 1 1 1 (
5 (224 5) 1+ 550 - 5 6= 8P) + 5 8(B%) =0

2 2c 2

to remove 838k7k3 from the last equation we need to use the derivative of the
03 equation with respect to the 3 index

0o (0504, — 050° + QSaga’ffyk?’ - (“ C) 8303y — (Z - Z) D59y,

a c (2.86)
= —2(,0B + PB)ag sud.
If we had used egs. (2.16) we would have found the same results.
By imposing the null divergence of the magnetic field (2.39d) we get
o1
0; 6B" + 53%837 = 0. (2.87)

The last equation we need is the conservation of the momentum (2.43) (note that
AF has only the first order component): we define an index P € {1,2} that lies on
the plane orthogonal to the background magnetic field and we write the divergence
of the momentum conservation on the 12-plane (0 ()! + 92()?)

(o8 + PB) (aoap suP + 2%81: 5uP> + B2

Bo0p ou” + (22 + Z) op &ﬂ
+ Op du” By (PB + ;B%) + dpof (5P + % 5(32)> (2.88)
— B}0:0p 6B” + B} (;apapfy;’ - apai’wgp) =0
and the derivative of the 3 component along the 3 axis
(p® + PB) (8083 ou + 2%83 5u3> + 83 0u® 9y (PB + ;Bﬁ)
+ 930° <6P + % 5(32)) + 2%B]2383 oud (2.89)
— B}03030B° — %B]‘gaga?’fy;’ = 0.
The system (2.82)-(2.89) fully characterizes the evolution of the perturbed
quantities and it is the ground of the following analysis. Compared to [65] we

fully related the background anisotropy to the magnetic field, without the need of
additional hypothesis.



32 2. Anisotropic magnetized cosmological perturbations

2.7 Gauge Modes

Fixing the synchronous gauge does not end the freedom of coordinate choice: we
can still make a gauge transformation preserving the synchronous gauge.
We follow the same scheme as of [86]: we make a generic coordinate transformation
of the form
at — ot + e (2.90)

with small e# and we keep terms up to O(e).
The metric tensor becomes

glw(ac') = () — Guo(2)0,€” — gpu (x)0,€”. (2.91)
If we define

Aguy = g:w(x) - gull(x) = _guz\(x>8l/6)\ - g)\,,(x)aue)‘ - eAa)\guy(x)

(2.92)
= —Vyue&, — Ve,

to preserve the synchronous gauge we need Agp, = 0 which gives € = €°(27) and

dt

e =&l (27) + 0P 2(a7) a? ol (2.93a)
Y . dt
e =) + 02 () &2 L (2.93b)

where €g(27) and & (27) are arbitrary functions of the spatial coordinates: we still
have 4 unused degrees of freedom represented by the functions € and é.

If we take the functions € and & of the same order of the perturbations then the
transformation given by equation (2.92) can be seen both as a gauge transformation
and as a transformation of the functions +,, within fixed synchronous gauge: in the
latter case equation (2.92) gives the value of Av,,. In the same way the stress-energy
tensor transforms as

AT, = —T)00pe — Tr,0ue* — 00Ty

2.94
= —TaV,e* — Ty, Vet — VT, (2:94)

and if we see these as transformations on the physical variables instead of the
coordinates we obtain the gauge modes for 47},,. Substituting the explicit expression
of T}, as the sum of the fluid and the magnetic field components we see that the
transformation acts separately on the two components and we get for the fluid
density perturbation

Adp=—"pB =3H(p® + PB)e® = 3H(1 + w)p®. (2.95)

In section 2.6 we linearised the equations and so the gauge transformations solve
our equations and we call them gauge perturbations or gauge modes: these solutions
are not physical because they correspond to a simple change in the reference frame.
We are looking for a physical solution for the time dependence of dp so the most
interesting gauge transformation is given by equation (2.95).
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Having the knowledge of gauge modes it is possible to construct gauge invariant
variables, in a similar way as done in [52]. We have

Adut = '€ (2.96)
so our main scalar variable should be

6pSl = 0°0; 6p — 3H(1 + w)p®8; u’ (2.97a)
AspSt = 0. (2.97b)

It is easy to check that it is exactly the variable used in [77], expressed in synchronous
gauge. However, we will not need it because the vorticity part H9; du’ decays in
time with respect to 9;0% dp /p® and we are interested in late time dynamics. We will
also not need the Laplacian, because we will use Fourier expansions so it will reduce
to a multiplicative term: for late times we can assume Jdp to be gauge invariant.

Moreover, it is possible to watch this approximation from another perspective.
We will analyse now the FRW case, to clarify the meaning of dp becoming gauge
invariant for late times. Following [18] and using the Newtonian approximation we
showed in eq. (1.53) that the solutions after recombination are

AtV
0roct 0T 5 ( ) , (2.98)

6v 1%

where v = v +4/3 > 4/3 is the heat ratio of the fluid (after recombination v ~ 5/3),

§=10p/p,
Pl _ 42v—2/3,21.2
A=t vik (2.99)

is a constant, v?g is the squared sound speed and k the wavenumber. The func-
tions J,(z) are the Bessel functions: when their argument is large they oscillate, but
when the argument is small they behave like

4 oc t(71E9)/6, (2.100)

The growing mode is the physical solution we are looking for, while the other one
decays to zero.

We cannot speak of gauge modes in Newtonian theory, but the decaying mode
corresponds exactly to the relativistic gauge mode, and as expected it decays in time
with respect to the growing one. This means that, for large times, gauge modes
naturally decay to zero and we can neglect them as long as we are looking only for
the growing ones.

It should be noted that in our calculations we are in the same situation: we
cannot have a relativistic sound speed different from w in a single fluid model, but
we make this “approximation” in section 2.8.2 because from a physical point of view
we need a non-vanishing sound speed (we refer to sec. 2.8.2 for the details, and for
the reasons that allow us to do so). This way we “break” the gauge invariance, but
the gauge modes manifest themselves in one of the decaying solutions®. We are only
looking for growing modes, so we can safely neglect them.

3This happens because, as shown in this section, the gauge modes appear from a link between
background quantities and perturbed variables: applying a small change of reference frame, if the
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2.8 Analytical Solutions

If we write the perturbations as Fourier transforms we see that the system imposes
different evolution to the perturbations that propagates along the background
magnetic field, with 9p(...) = 0, and the perturbations that propagates orthogonally
to the background magnetic field, with 03(...) =0. These different modes are
however coupled by the magnetic stress-energy tensor tensorial nature.

To simplify the equations we use the barotropic state equation for the fluid, so
PB = wpP with w = const and 6P = v% dp, and the Fourier expansion for the spatial
part of the perturbations, so the spatial dependence is of the form e’ We define
the new variables

op
A= 2.101
(14 w)pB ( )
1
G=37 (2.102)
1
T = 5733 (2.103)
2
M = 5(32 ). (2.104)
BB

Our differential equation system is not simple but we can solve it for small
magnetic fields by keeping only terms up to first order in v124: we shall remember
that S is already at first order while A, G, T and Ju’ have also a 0-order (FRW)
part; M has only the 0-order part because it is always multiplied by v124 because
§(B?) = BAM = 2pBv% M. In the same way, looking at our system also 7" is always
multiplied by v124: this is because it does not affect density perturbations unless some
anisotropy is present. )

We also use eq. (2.78b) to discard terms proportional to w — v% or to (v%), unless
multiplied by k;k% or k3k3. This is because, while they are equal to 0 for w = const,
we will need them in sec. 2.8.2.

The fluid energy conservation equation (2.82) in the new variables reads

G=—-A—-0;6u. (2.105)
Similarly we rewrite the magnetic energy conservation (2.83)

M=-2(0pou’ +G=T) =2 (A+T+050u%), (2.106)

intensity of such change is of the same order of the perturbed variables, than the solutions mix
together and we cannot distinguish between real, physical solutions and mathematical artefacts.

Allowing a non-vanishing sound speed, while keeping w = 0, violates egs. (2.78). However, these
equations are due to the equation of state (in fact, eq. (2.78a) is exactly the perturbed equation of
state for the fluid, plus the definition of sound speed). The EOS of the system is a delicate topic
and, only for this special equation, we are allowed to perform this “approximation”. We refer to
sec. 2.8.2 for more details.

Moreover, the limit v% — 0 recovers the perturbed EOS. This means that, in this limit, we
are able to identify the gauge mode. For example, in eq. (2.100) we clearly identify the gauge
mode with §_. Indeed, we would have found this solution in a general relativistic framework if
using vZ = w = 0. This allows us to identify the solution d_ in eq. (2.98) as the one related to the
gauge mode.
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where we found the last equality by using the fluid energy conservation.

Combining Einstein 33 equation (2.85) with its derivative with respect to time
and using the derivative of Einstein 03 equation (2.86) with respect to the 3-index
in order to take care of 9;0%y;' terms we get an equation for T. Because T only
appears in the system in terms that are multiplied by vi, we will only need this
equation at 0-order:

1-3wT _856ud G+21—3wG
1+w t2 12 314w t2

A 4 1+3wA ;
_2(1_v§)§+§(1— )T +3(1 + w)(kik'T — ksk3G) = 0

3(1 —|—w)T+10 +2——

(2.107)

We can use the fluid energy conservation equation (2.105) to eliminate G from
the other equations. This way the Einstein 00-equation (2.84) reads

A yoH (1 + ;s> A- %(1 +302)(1 + w)pA + 8, dut
(2.108)

T 2 o M

1 .
o0 (1+>8) 8, 6u’ _ 2 oM

3(1+w)8

We obtain the evolution equation for the divergence of the 4-velocity by summing
equations (2.88) an (2.89); we then use equation (2.85) to remove the 9;03v;° term
and equation (2.87) to remove the divergence of the magnetic field. Doing so we find

1 [
(1 1+w”3‘> 00; S’ +

2

+ (2 - 3w)H + <2(1in) + ;S) 3(14+w)ﬂ 9 ou' =

= —030;0'A — 2(17]_% w)ﬁzﬁiM (2.109)
+ l_il_wv,%xaoas oud + (11_)5410 + 25’) 30 j_ ) 63;5u3

_1—i-wv‘24 +1iwi+3(1iw)f1+3(1iw)(1_v‘%)v‘24t%'

We will need also equation (2.89) which reads, using equation (2.79a) to remove
03083,

4
D03 ou + (2 — 3w — 35) HOs 0u® + 930°(vEA) = 0. (2.110)
Thus we restated the dynamical system (2.82)-(2.89) in a more suitable form
which is more appropriate for the following analysis.
2.8.1 Radiation dominated universe at large scales

In radiation dominated universe we have w = v% = 1/3 and at large scales we can
set k2 ~ ksk® ~ 0. It is easy to check that, once we get rid of the scale dependent
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terms, eq. (2.107), (2.108) and (2.109) reduces respectively to

T 835u 9o ou A 2A 2A

2T ——4 —— =t = = 2.111
o . t it 32t3p 0 (2.111)
. A 1 A T 3 M
5 sui (2.112)
+808i6ui+ (1—|—1)124 itu =0
. 1 2 2 ; i
<1—|— ivi) 000; du' + +2 UAa fu =
3 27 , d36u 3 9,7 3,A 1,A (2.113)
02 B u 2 2
= qVadd o+ pua T = QAT = QUAT + SUAT F U

This system, together with (2.106) and (2.110), is satisfied by a power law solution
and could be reduced to a pure algebraic problem, but we found simpler to solve it
for v4 = 0 and then look perturbatively for the corrections in v%. We found

A= B A1 A2 g At (2114)

It can be shown that the ¢'/2 modes are related to a non-vanishing divergence of the
background velocity 0; du® = ik; du': strictly speaking, we should have imposed the
k; =~ 0 condition, thus finding only the ¢ and 1/t modes:

A
A— gzuge + Agrowt' 0 (2.115)

and recovering the usual FRW solution in the limit v — 0.

Using (2.95) and (2.65) we find that 1/t is a gauge mode, while ¢!~40 is the
physical growing mode, with the correction due to the magnetic field.

We see in (2.115) that the magnetic field reduces the growing rate of density
perturbations, but by an amount of order (9(1}124) < 1. This effect has long been
known, and it is due to the extra magnetic pressure. A similar behaviour was found
in [77] and [65], although with the differences stated below.

We find that our physical growing mode follows a slightly different temporal law
with respect to [77]. We also note another difference between our solution (2.114)
and the one of [77]: the non dominant mode is t'/2 in our formalism, while it is ¢t~1/2
in their. At a more careful analysis, our equations tend correctly to the ones of [18]
for v4 — 0 and we obtain in such limit the same solutions of [48, 86], including the
t1/2 mode. Thus, we argue such discrepancy is therefore between the synchronous
and covariant formalisms, and that is besides the purposes of our analysis. However,
we point out that we correctly recover the well known solution in absence of magnetic
fields, and we showed in sec. 2.7 that, for large times, our solutions should match
with the ones of [77].

Moreover, at some point in [77] the dependence on the direction of the magnetic
field is lost, as it says “the magnetic anisotropic stress II,,, is treated as a first-order
perturbation and the only zero-order magnetic variable is B?”. On the other side,
we kept both of them, because both proportional to v124. This, however, does not
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explain the results because the t'/2 mode is not caused by the magnetic field, as
shown in eq. (1.89), and because [77] faces gauge invariant perturbations while using
a synchronous FRW background, so there is no reason why this mode should not be
found. Thus, we suggest that the issue could be in their solution.

2.8.2 Matter dominated universe at small scales

In this section we analyse the perturbations in a matter dominated universe (w = 0),
in the regime in which the anisotropies are small with respect to the background.
We expand in Fourier the spatial part of each quantity like e'®i%’  with k; = const,
and we define k? = k;k".

Being at small scales means k? > H? and assuming v%, v% < 1 we can greatly
simplify our equations, keeping only terms in v?g or v4 that are multiplied by k2
and dropping terms of order U?s and vi. This means that the effect of the sound
speed and the Alfvén speed is relevant only at very small scales, as we will see from
the solutions of our equations. This approximation, although still relativistic and so
comparable to other result in literature, for example [77], will give the non-relativistic
limit, as shown below.

Sound speed and Alfvén speed

First we need some considerations regarding the sound speed. From a formal point of
view, the sound speed is related to the barotropic index w by (2.78a) and w = const
implies v% = w, so it should vanish. From a physical point of view we need a
non-vanishing sound speed and we can also estimate its value. While formally the
best solution to this problem would be using a two fluid model, with a different
equation of state for perturbations, here we will simply drop the relation between v?g
and w and assume that the perturbed fluid follows a different equation of state with
respect to the background fluid. This is correct in the Newtonian approximation
and it is in fact the standard way of handling things* [18, 89], while putting v?g =0
at the end will recover the full covariant value of our calculations for studying pure
magnetic effects.

1Eq. (2.78a) is the perturbed equation of state of the fluid. From a formal point of view, the
perturbed fluid must follow the same EOS. On the other hand, from a physical point of view, the
perturbed fluid presents a non-vanishing sound speed (eq. (2.117)). Moreover, the sound speed is
necessary for the Jeans mechanism, i.e. without the sound speed every small perturbations should
grow as t*/3, as in eq. (1.47).

The properties of the perturbations do not have to be the same of the background fluid, however
treating them formally as a single fluid causes this fictitious behaviour. The alternative, i.e.
working with a multi-component fluid, would introduce other issues because background fluid and
perturbations are not different fluids. Moreover, it would make the equations much more complex.
Thus, the best solution is to “break” the EOS for the perturbations. Indeed, even if we had used
the same EOS, v% is so small that is nearly irrelevant if not multiplied by k2, so we could simply
choose the perturbations EOS and w would have disappeared from the system anyway. However,
this is not a clean way to face this issue.

Formally, the only solution would be to resort to statistical mechanics. But this would make
everything much more complex. Instead, this “breaking” of the EOS for perturbations is accepted
unquestioned in classical mechanics, see for example [18, 89], as well as many other papers. However,
knowing this limit of our procedure, we will also solve our equations assuming a vanishing sound
speed in sec. 2.8.3.
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We proceed as in [18]: we use an adiabatic sound speed

oP L~ 2027)

2
i = (2.116)
ST p
where 7 is the heat ratio. We write v =~ —4/3 > 0 so
£\ ~2(v+3)
w3 = v, <to> o (2.117)

We can estimate more precisely the sound speed value, and it is possible to show
that the adiabatic sound speed is [18, 89]

5) kBTb
v = = =
Sliczee 3 my + kpTyo

v =
5 2> 2Zrec 3 mp

: (2.118)

where zy¢c is the redshift value at recombination, k; is the Boltzmann constant, T, is
the baryons temperature, m,, is the proton mass and o is the specific entropy, whose
value is o = 4aggT?/3nykp ~ 1.5 - 10°, being asp the Stefan-Boltzmann constant
and T the gas temperature. We neglected any anisotropic effects in temperature,
because they would be related to the next order corrections. The baryons temperature
is the same of the photons until z ~ 100, due to residual Thomson scattering, and
decreases faster thereafter:

Tolyongo =Ty = Tyl,_y (1 +2), Ty|._, = 2.7TK (2.119a)
Thl, 100 < (1 + 2)2. (2.119b)

Comparing the two expressions we see that right after recombination and until
complete decoupling, so for zye. = 1100 > 2z > 100 = 2y, we have v = 0 and the
cosmic medium behaves like a non-relativistic fluid with v = 4/3: the total energy
density is dominated by hydrogen rest mass but the pressure is dominated by
radiation. After the end of Thomson scattering effects and until reionization, for
100 > z > 10, v ~ 1/3 and the cosmic medium behave like a relativistic fluid
with v ~ 5/3. The plot of the sound speed and of the Alfvén speed is in fig. 2.1.

We define two constants addressing the effect of sound speed and Alfvén speed
after recombination. Taking the time dependence of k? depending only on the
0-order part of the background metric because it always appears multiplied by v?g or
vi, we have respectively

A% = 2B 28 AL = VAR (2.120)

For a more detailed discussion about the sound speed see [22].

Analytical solutions

Using the assumptions of section 2.8.2 we can greatly simplify our equations. The
energy conservation (2.105) and the magnetic field energy conservation (2.106) retain
the same form. The Einstein 00-equation (2.108) now reads

4 . 2

A+ —A

oy .
3 3t2A + 090; du* + 581 ou' = 0. (2.121)
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Figure 2.1. Plot of the sound speed and the Alfvén speed. We see that sound speed
dominates until recombination, where suddenly the Alfvén velocity becomes important.

The momentum conservation 2.109 becomes
4
3t

and its counterpart along the z-axis remains (2.110):

d00; 6u' 4+ —0; ou' = —vE90'A — %viaiaiM (2.122)

4
003 ou? + §83 ou’ + U%@ga?’A =0. (2.123)

We need the Einstein 33-equation only at 0-order in the magnetic field, after being
multiplied by v%, so equation (2.107) in our limit reads

v38;0'T 4 v4930°(8; 0u’ + A) = 0. (2.124)

With some algebra it is possible to reduce this system to a single equation.
Expanding the spatial part in Fourier, defining the anisotropy parameter p of the
solution as

ksk? = p2k? (2.125)

and using the constants (2.120) we find, after some algebra,
9t A® 4 60PAD 4 [76 + 9AZE72 + 9A% | 2AR)
+ {8 + 12A%(1 — 31/)t72'/ + 12A2A} tA® (2.126)

+ {61\% (—1/ + 612 + 3,u2A124) t72 —6u?AL| A =0,

2
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where A is the i-th derivative of A. This corresponds exactly to equation (29)
of [89], except for a difference in the definition of v% and so in A4.

We believe interesting to analyse separately the two cases of ¥ = 0 and v = 1/3,
instead of studying them together as in [89).

Post recombination evolution
For 1100 > z > 100 we have v = 0. The solution of (2.126) is

A = A%, (2.127)

where A; are arbitrary constants and

z = (—1 + \/(T_) /6 xp= (—1 - ﬁ) /6 (2.128a)
T3 = (—1 + 5+> /6 z4= (—1 - \/E> /6 (2.128b

0y =01 £61/0 (2.128c¢
61 = 13 — 18A% — 18A% (2.128d

)
)
)
5 _(72 A2 2\2 15 242 (_ 2

2= (=24 30% +30%)" — 121203 (~2+ 3A%) . (2.128¢)

The only possible growing solution is x3, and the requirement is that it holds one of
the conditions

2
p>0and A% < 3 (2.129a)

2
p=0and A% + A% < 3 (2.129b)

using (2.120) and (2.54), making explicit the presence of Newton’s constant we
get p = 1/6mGt2, conditions (2.129) become

AnGp

pw>0and k < ky= 2 (2.130a)
s
AnG
p=0and k< |t <kj. (2.130D)
Vg T vy

While the first one is the standard Jeans condition, the second one means that,
orthogonally to the background magnetic field, there is a heavier requirement
dependent on the strength of the magnetic field: some modes could grow in every
direction but the one of the field. The presence of the magnetic field also imposes a
slowing down of the growing mode:

1
x3 < w3ly g = 6 (—1 + /25 — 36Ag> : (2.131)

where the equal sign holds only in absence of a magnetic field, that is only if A4 = 0.
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Late times evolution

This is exactly the case analysed in [89]. For z < 100 we have v > 0 and the solution
of (2.126) is

) 3 AQt—QV
A = Aty Fy [ i, G2, _ 28 ] , (2.132)

bi1, bi2, bz’ 4u2

where A; are arbitrary constants, o F3 is a generalized hypergeometric function with

21 = (—1 + \/Z> /6wy = (—1 - \/5>_> /6 (2.133a)
T3 = (1 + 5+> /6 ay= (1 - \/§> /6 (2.133b)

6+ =13 —18A% £ 6\/(2 — 3A2)% + 244202 (2.133c)

and constant coefficients a;;, b;; depending only on the constants® v, Ag, Ay

agyn = 1F/6-/120 — /1 - 364203 /120 (2.134a)
a2 = 1F/6-/120 + /1 — 364203 /120 (2.134b)
a = 1F /6:/120 — /1 - 360207 /120 (2.134¢)
a2 = 1F /6:/120 /1 — 364203 /120 (2.134d)
by =1 /6 /6v (2.134¢)

boyye = 1T \/6_ /120 — /5, /120 (2.134f)
bigys = 1 F /- /120 + /6, /120 (2.134g)
by =17 /64 /60 (2.134h)

beys = 1F /64120 — \[6_ /120 (2.1341)
bz =1F \/5/1% + \/{/12;/_ (2.134j)

The solutions can grow only if the argument of the hypergeometric functions is
small, i.e. if
AL /44 < 1 (2.135)

A2t72l/
A = A% <1+(9< izﬂ )) (2.136)

Condition (2.135) is the standard Jeans condition [18]: using (2.120) and (2.54),

eq. (2.135) translates in [89]
24127G
k«kJ:,/%. (2.137)
S

SFor brevity of notation we couple the indices in pairs. Thus, in eq. (2.134a), the them a1, has
to be taken with the sign —, while a2 should have the sign + in its right end side.

this way we have
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The only solution in (2.136) that can grow is 3: x3 > 0 only if it holds one of

O<p<l (2.138a)
. (2.138D)

wl N

p=0and A} <

The first one means that, in any direction but orthogonal to the background magnetic
field, the only necessary condition is the standard one. The second one is an
additional condition that must hold for perturbations propagating orthogonally to
the background magnetic field, and using (2.120) and (2.54) it reads [89]

4
k<ky= ”fp. (2.139)

VA

The presence of this new condition makes possible the existence of Jeans unstable
modes, that orthogonally to the background magnetic field are stabilized by the
magnetic pressure if kg < ky and kg < k < kj [89].

Studying the growing rate of this solution with more care, we see that x3 satisfies

2
M:l — ZL’3::L‘3|AA:0:§

p#E0 = w3< a3y, (2.140b)

(2.140a)

orthogonally to the background magnetic field the growing rate is unchanged, while
in other directions it is slowed down, depending on the field strength.
2.8.3 Full relativistic case

If we put v?g = 0 we recover the exact relativistic solution. As we can see from the
previous solutions, the growing condition is

u>0 (2.141a)
4
p=0and k< ky = ”f . (2.141b)
Va
Moreover, the solution is
A = A" (2.142)

with x; given by (2.128) with Ag = 0, or equivalently by (2.133).

If we compare our result with [77], we identify the anisotropic behaviour and we
obtain the correct Newtonian limit of [89]. However, our solutions are different. We
argue they may have found some sort of average effect because, as already said at
the end of section 2.8.1, they neglect anisotropic effects on perturbations. Moreover,
given the strong anisotropy of the model, the magnetic Jeans wavenumber is present
only in one direction, the one with y = 0. This is not true in their solution, and we
guess that they could have neglected some important contribution. This, however,
claims for further investigation.
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In case A124 < 1 we have

1
Ty =5 (—1 +4/1- 36;91\3) (2.143a)
1
T = g (—1 + /25 — 36(1 - /ﬂ)Ai) (2.143b)

and setting 2 = 1/3 the solutions x3 and x4 recover eq. (31) of [97] and eq. (31)
of [105], so our small scales solution of sec. 2.8.2 is a generalization of their work,
while including a non-vanishing sound speed and pressure.

2.9 Numerical integration

To better show our results, we numerically integrated the system (2.82)—(2.89), using
estimates from [113] to set the numerical values for the background functions. We
followed the same procedure of [89] to determine the initial conditions: we started
the integration from a very early time and we verified that the initial perturbations
were outside the Hubble horizon and we used the large scale solution to match
the initial conditions to the growing mode; in our case such conditions come from
eq. (2.115).

We assumed to perturb only the baryon component of the universe, while leaving
the CDM component unperturbed; a rigorous treatment should rely on a multi—fluid
model, but we ague that we can still extract meaningful information within our
approximation. Practically speaking, this assumption means that every quantity
present in our equations at perturbative level must be replaced by its baryonic
component, while the background model still depends on CDM. Our equations are
still correct, because the background interaction is only due to energy density, while
at perturbative level every dependence on CDM disappears, except from background
quantities.

We chose to study the same scales of [89], i.e. k=~ (17,1.7,0.37) Mpc~*
normalized at present time, corresponding to baryonic masses of
M = (1.5 x 108, 1.5 x 101, 1.5 x 10'3) M, and roughly equivalent respectively to a
dwarf galaxy, a galaxy and a galaxy cluster. The results of the numerical integration
are shown in figure 2.2.

Our results must be compared to the ones of [89]. Until equivalence (z ~ 3400)
we are in radiation dominated universe and the comparison is obvious: our solutions
grow, while theirs decay; this is because in [89] the authors always consider matter
dominated universe.

After equivalence, in both cases we are subject to a decaying period, followed by
a new growth after recombination, but in our case this happens for a shorter time;
most of the anisotropic effects comes in this era, because before equivalence the
thermal pressure is much stronger than the magnetic one and most of the anisotropy
is suppressed, so they are less relevant in our simulations. This is clear in fig. 2.2b,
where we see almost no anisotropy. As a further confirmation, it can be shown that
A(z ~ 10)/A(z ~ 1100) has the same value in both the analysed cases, so the main
anisotropic contribution comes from the region 3400 < z < 1100.

After recombination we have a behaviour similar to [89], because here we are
at scales were the Newtonian approximation is correct. The apparent discrepancy
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(c) Perturbations at galaxy cluster scale: k ~ 0.37 Mpc~!,
M ~ 1.5 x 1013 M.

Figure 2.2. Density perturbations evolution in time, relative to their initial value. While
some anisotropy is present in (a) because of the magnetic Jeans length (see sec. 2.9
and [89]), most of the anisotropic effects of [89] here are suppressed because of thermal
pressure in the radiation dominated era.
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in the oscillating behaviour of fig. 2.2a is mainly due to the (small) difference in
the numerical values of the background functions, because the oscillating behaviour
is very sensible to such numbers; however, the qualitative evolution is the same,
with the u = 0 case beginning to decay because of the magnetic Jeans length [89]
(eq. (2.130b) and (2.139)).

Moreover, in the last region we should be outside of the linear regime, so we
would need a full nonlinear treatment.

2.10 Results

We developed a self-consistent scheme for the analysis of cosmological perturbations
in the presence of a magnetic field. We set up in the synchronous gauge a dynamical
scheme which accounts for the effects induced by the magnetic field both on the
background and the first order formulation. To this end, we considered a Bianchi I
model, whose anisotropy with respect to the flat Robertson-Walker geometry is due
to the privileged direction defined by the magnetic field.

We first solved in detail the equations describing the anisotropic background
and then we analysed the perturbation dynamics, having awareness of the gauge
contribution analytical form.

We amended for the previous analysis in [77] in the case of a super-horizon
wavelength of the perturbation. In particular, our matches the non magnetic one in
the correct limit, differently from theirs. We correctly recovered the slowing-down
of the growing mode caused by the magnetic pressure, and so of order O(’U%) < 1.
This effect has long been known in FRW models and has been analysed in Bianchi I
models with particular anisotropies by [65], while we worked always relating the
background anisotropy to the magnetic field without additional assumptions.

We refined the results of [77] for the sub-horizon wavelength of the perturbations,
showing that an anisotropic treatment is required. We also generalised the results
of [97] and [105], while including a nonvanishing sound speed and considering the
anisotropic case.

We finally enforced the Newtonian limit obtained in [89], completing it with
the relativistic analysis, also facing a numerical treatment. We showed that the
relativistic regime limits the anisotropy induced by the magnetic field.

Overall, despite the assumption of a Bianchi-I background, most of our solutions
reproduce those obtained on an FRW background. At a closer look, the Bianchi I
anisotropy enters the system via the S function defined in (2.49). At small scales the
relevant terms are the ones with k2, and none of those are related to such anisotropy.
However, when the condition H? < k? does not hold, such terms become important;
unfortunately, in this case the system would be much more complicated that the one
of sec. 2.8.2. On the other hand, at large scales the background anisotropy survives,
and we argue that it is mainly related to the perturbed fluid velocity. In particular,
it can be shown that the solutions proportional to /2 in (2.114) are related to du’,
and more precisely in Aot1/2+20%0 we have both k; du # 0 and k3 du3 # 0, while in
Aqt/ 2-v%0 it holds k3 du? = 0; the solutions Agrowtl_”x%\o and Agauge/t, on the other
hand, both have k; du’ = ks du® = 0.

We stress that, in order to solve the equations, we assumed a small magnetic field
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and so all the effects we studied are related to 1)124 < 1, and they become relevant
only at small scales, due to the large wavenumber k? > H? and to the also small
sound speed v%. This is clear by looking at fig. 2.1.

The solutions we found, other then directly describing the behaviour of cosmolog-
ical perturbations, are the starting point of the studies on the CMB or in non-linear
regimes. These subsequent analyses should answer the questions on the observability
of such a small magnetic field on the CMBR, or of the anisotropies is causes on the
perturbations.
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Chapter 3

Influence of viscosity on the
anisotropic dynamics of
magnetized cosmological
perturbations

Following [111], we analyse the influence that viscous effects can induce on the
evolution of primordial perturbations to the isotropic universe in the presence of a
weak magnetic field. Previous analyses have shown that the presence of the magnetic
field induces an intrinsic anisotropy in the perturbations dynamics, essentially because
of the anisotropic character of the perturbed magnetic pressure. This anisotropic
effect is of order unity in the perturbation amplitude, although it remains small in
the linear theory when the density constraints are considered.

The aim of this study is to determine the impact of viscosity, surely present in
the early universe, on the growth of the perturbation anisotropy. The main merit of
this study consists of demonstrating that a tiny overlapping exists in the parameter
space to deal simultaneously with anisotropic features due to the magnetic field
and the viscous damping of such density fluctuation. Actually, we demonstrate
that the viscosity affects the value of the anisotropy, by smoothing the growing rate
of the instability only when structure smaller than about 5000 solar masses are
concerned. This result allows us to guarantee that the intrinsic anisotropy of the
magnetized universe perturbations is not affected by the viscosity due to friction
among inhomogeneous layers or compressive-like effects, and therefore, they remain
good candidates for being seeds for filament formation across the universe.

In section 3.1 we give the main motivations for this analysis. Sections 3.2 presents
the viscous coefficients. In sec. 3.3 we derive the equations that describe our physical
problem, and we solve them analytically in sec 3.4, in some particular limits, and
numerically in sec. 3.5.
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3.1 Introduction and motivation

One of the most interesting open questions in early cosmology is the generation
and dynamics of primordial magnetic fields [77, 79]. The intensity of such magnetic
field across the universe is fixed by the observational data on the Cosmic Microwave
Background Radiation (CMBR) [87, 96] and the maximum value of about 1072 G is
naturally inferred. In [72, 89, 104], it has been argued that the presence of a non-zero
magnetic field can significantly influence the dynamics of cosmological perturbations
during their linear regime of evolution. In fact, before the re-combination era, the
universe is in the state of a plasma and even when the neutral hydrogen is formed a
part to 10° of the baryonic matter remains in the form of a plasma, since a perfect
re-combination is inhibited by the universe expansion rate. The crucial point consist
of the strong coupling of the remaining plasma portion of the baryonic matter to the
neutrals, via a non-negligible ambipolar diffusion. Thus, properties derived for the
plasma universe component can be extrapolated to the dynamic of the all baryonic
perturbations. In the present analysis we deal with a single fluid representation just
due to this strong coupling of the neutrals and the plasma for a significant period
after the re-combination. On a different footing is treated the presence of the dark
matter universe component, which does not directly interact with both neutrals
and plasma, but influences the perturbation evolution via its gravitational field.
However, since the dark matter perturbation dynamics can be neglected during the
neutral-plasma interaction, we include dark matter in the present analysis only via
its contribution to the total universe mass density.

In particular in [89], see also [90], it has been demonstrated that the magnetic
field presence induces a significant degree of anisotropy in the perturbation evolution
and hence shear. We investigate in the present chapter if and how this effect is
influenced by the viscous properties of the cosmological plasma. In fact, it is naturally
expected a possible damping phenomenon of the perturbation anisotropy when the
non-ideal contribution due to the viscosity is taken into account into the perturbation
dynamics.

We construct the dynamical equations governing the perturbation dynamics in
magneto-hydrodynamics and determine at which scale the damping effect is visible.
After analysing the dispersion relation, we describe the evolution of a spherical
overdensity, characterizing its evolution toward an anisotropic configuration. As
fundamental result of this study, we clearly show how the viscosity damping starts to
affect the perturbation dynamics only for a perturbation mass below few thousand
of solar masses.

Since the obtained mass scale threshold is very small with respect to the typical
cosmological scales, i.e. of the typical masses characterizing structures across the
universe, like cluster of galaxies and super-cluster of galaxies, we can firmly argue,
on the base of the present analysis, that the anisotropic effect that the cosmological
perturbation growth feels from the presence of a magnetic field is not removed by
the presence of viscosity in the plasma universe component. The physical relevance
of this claim consists of the possibility that the linear perturbation anisotropy can
be enhanced during the non-linear regime and therefore the primordial cosmological
field can be responsible for the formation of matter filaments across the universe,
as it emerges in some surveys of the local universe. By mean of this study, we
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can exclude that the viscosity can affect the formation of the scale filaments in
the proposed scenario, while its presence could reduce anisotropy in smaller scale
structures, whose formation could not significantly deviate from the isotropy even in
the presence of a primordial magnetic field.

3.2 Modelization of viscosity

We now modelise the viscosity of the cosmological medium. For simplicity, we work
in a special-relativistic framework, with metric tensor n*¥. The dynamics of a viscous
fluid can be encoded in a stress energy tensor of the form

T = puu? + P + uu?) + ATH, (3.1)

We are interested only in effects of first order in AT*” and we require AT*” to
be a linear combination of the spacetime derivatives of the fluid variables. It can
be shown that, in a locally comoving frame, i.e with «° = 1 and u’ = 0, the more
general form allowed for AT*" is [17, 32]

ATOO =0 (32&)
AT()?; = —X&-T - f@tul (32b)
2
ATZ']' =-n <8lu] + E)jui — 35,-j8kuk> — C(Sijakuk, (3.2C)

where T is the fluid temperature. While 7, ¢ and x are simply recognized as the
usual coefficients of shear viscosity, bulk viscosity and heat conduction, £ is a pure
(special)relativistic contribution. Imposing the entropy generation to be positive,
one finds & = T'y.

Finding the exact expression for the coefficients is a much harder work, involving
relativistic kinematics. The results are found in [1, 17], and considering the viscosity
due to the Thomson scattering between the photons and the cosmological fluid, the
coefficients read

4

X:§%gﬂf (3.3a)
4
n=qzassT' (3.3b)
1 0p\?
g:%%T%(S—éD, (3.3¢)

where agp is the Stefan-Boltzmann constant, 7' is the photon temperature, 7 is

the photon mean free time and is given by [89] T &~ (nyorv)~!, where n, is the

photons density. Using v ~ ¢, op ~ 6.6 x 10722 m? the cross section for the Thomson

scattering and T = Tg(l + z) with TS ~ 2.73 K, we find

14 2 -3/2
+ ) L (34)

~2.0x10"m3(T/K)? ~ 1.3 m42—1(
Ny X m™°(T/K) X m-s T
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3.3 Perturbation scheme

We focus our attention to matter dominated universe. Thus, we work in the
Newtonian approximation, following the same perturbation scheme of [89], that in
turn is an enhancement of the Newtonian model of sec. 1.1.3, while replacing the
Euler equation with the Navier-Stokes equation (3.5b). The physical system, in the
background synchronous and comoving reference frame, is described by!

p+V-(pv)=0 (3.5a)

pv + p(v-V)v+ VP + pVo
9 1 (VxB)xB (3.5b)
B-Vx(xB)=0 (3.5¢)
V.-B=0 (3.5d)
V3¢ — 4nGp = 0, (3.5e)

where the dot expresses the derivative with respect to the synchronous time. Here,
G is the gravitational constant, p is the matter density, v its velocity, P its pressure,
¢ the gravitational potential, B the magnetic field and ¢ and 7 are respectively the
bulk and shear viscosity coefficients.

We chose to neglect heat conduction, because it is expected to give much smaller
effects. Moreover, we stress that we must take account of the relativistic effects
because, even if the cosmological fluid is considered classical, the single particles
can still (and usually do) behave in a relativistic regime [18]. Thus, the relativistic
kinematics is used to derive the properties of the classical cosmological fluid.

For the homogeneous background the viscous terms vanish and we are left with
the usual solution

1
v=Hr (3.6b)
1
B~ (3.6¢)
4
Vo= §7err7 (3.6d)

where r are the spatial coordinates, a is the universe scale factor and H = a/a.

Perturbing the system at first order we find the equations that describe the

Throughout this chapter, we consider the light speed as ¢ = 1.
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inhomogeneities

Sp+3Hdp+H(r-V)ép+pV-6v=0 (3.7a)
V26¢p —4nGéop =0 (3.7b)
. P
6v+H6v+H(r~V)6v+E+V6¢
- p 5 (3.7¢)
9260 - 23T (V . 60) — (V x 6B) x — =0
p P dmp
V-6B=0 (3.7d)
6B+2HSB+ H(r-V)éB+ B(V-6v)— (B-V)dv=0. (3.7¢)
Defining the dimensionless magnetic perturbation as
0B
B=— .
= (38)
we can expand the inhomogeneities in plane waves
5z = dx(t)e™T, (3.9)

where dx is any perturbed quantity, k is the physical wavenumber and g = ak is
the comoving wavenumber, constant during the expansion. Practically speaking,
this implies the substitutions V — ik and 0y — 0; — iH (k - r). From now on, every
variable is intended as Fourier transformed. For simplicity of notation, we will drop
the tilde over the variables. Our Fourier transformed system now reads

5p+3H dp+ip(k - dv) =0 (3.10a)
. 2
S+ H dv + ik op (”S - 47T2G> + k2 5v
p k p
X (3.10D)
+C+73nkz(k-5v)+ivié x (kxB)=0

B+iB(k-v) —i(B-k)dv =0 (3.10¢)
where the sound speed vg and the Alfvén speed v, are defined through

SP =% dp (3.11)

vi=— <1 (3.12)

and we have removed d¢ through eq. (3.7b).

We can finally write the system in a fashion similar to the final one of [89].
Decomposing dv in its components dv!l and dv* parallel and orthogonal to k and
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introducing the same scalar variables of [89], plus w;, and w¢, we have

bv=0vlk+dvt, svt k=0 (3.13a)
4]
5="2 (3.13b)
B P
b=B-B (3.13¢)
0=ik-dv=ikow!, v=ikév' B (3.13d)
p=B-k 0<p<1 (3.13¢)
wi = vEk?, Wi =wk —4rGp, Wi =vik? (3.13f)
M2 C,2
wy = —k*, we=->k 3.13¢g
T, ¢ P ( )
and the final system reads
54+60=0 (3.14a)
. 4 _
9+(ﬂ¥+3wfﬂﬁ)9—wﬁ—u&b:0 (3.14b)
Z+(1—u2)9—u620 (3.14c¢)
v+ 2H0 + wyv + pwib = 0. (3.14d)

As we have seen in sec. 2.8.2, eq. (2.120), we can express the effect of the sound
speed and the Alfvén speed using the constants Ag and A 4. In a similar way, using
egs. (3.3) and eq. (3.4) we see that w, = const is constant and also w; = const
is constant as long as we can neglect v%, that is after recombination. Moreover,
after recombination v2 = % < 1lso (= gn, we = %wn. This way, we can express

the system (3.14) in a more suitable form:

5+0=0 (3.15a)
; 4 A% A% -
0+ <2H + 3w +w<) 60— <t2+2” - 47er> 0 — t—Qb =0 (3.15b)
. A2
v+ (2H + wy)v + ,ut—2b =0 (3.15¢)
b+ (1— p2)0 — o = 0. (3.15d)

3.4 Analytical solutions in the main physical limits

The system (3.14) has no simple analytical solution, but we can get a hint on its
evolution by looking at the most important limits for the quantities involved. The
main parameters we are interested in are the viscous frequencies w;, and w¢, the
magnetic field frequency w4 and the anisotropy parameter . We consider the period
after recombination, where w¢ ~ %wn.

The first obvious regimes to consider are ws = w;, = w¢ = 0, which recovers the
standard solution in the form of Bessel functions [18], and w¢ = w, = 0, which is
the magnetic case studied in chap. 2 and by [89, 107]. As we already know these
solutions, we will firstly analyse the pure viscous case and then the general evolution
under some interesting limits of the parameter p.



3.4 Analytical solutions in the main physical limits 53

3.4.1 Pure viscous limit

If we set wq = 0 the system (3.15) reduces to its first two equations and can be easily
solved. The viscosity enters the evolution through the coefficient 2H + %wn + we.
Given that after recombination we = 3wy, this becomes 2H + 3w,: using eq. (2.117)

we have )
» 4 . A 2\ ¢
b4+ (= 4+3wy o+ |Z2-Z|5=0 3.16
+ <3t + Wn) + <t21/ 3) t2 ’ ( )

where v =~v—4/3 > 0.
For 1100 > z > 100 we have v = 0. The density perturbations then evolve as

—1

d=tTn e Mt [ U (T 1+ 8 wpt) + 0L (—T52, 4, Bwyt )| (3.17a)

A = /25 — 36A%, (3.17b)

where §; and &y are the two integration constants, U is the confluent hypergeometric
U function and L(n,a,z) is the Laguerre polynomial L%(z).

When z < 100 there is no analytical solution, unless we assume the reasonable
condition that A%t‘Ql’ — 0: this is surely true enough inside the Jeans scale. This
way we get

2
— 1 _—
0= < 9wnt) 92

where, as before, §; and d are the two integration constants and I'(a,z) is the
incomplete gamma function.

173 w%/s . 3

5/3 ,—3wnt 9 _ t 2
STe T 2wy F(,3wnt>], (3.18)

3.4.2 Magnetic viscous case: parallel and orthogonal modes

In presence of a magnetic field, there is no general analytical solution. However, if
we look only at modes parallel or orthogonal to the background magnetic field, we
can find one.

When g = 1, by definition of the perturbed variables it holds b = 0, and the
solution reduces to the previous case, with no effects deriving from the magnetic
field.

When p = 0, we solve egs. (3.17b) and (3.14¢) through

b=26+ Agp, Agp, = const, (3.19)
and we find a general solution of egs. (3.14) of the form
d =00y +0Lu(t), (3.20)

where §, = const and dry is given by eq. (3.17a), but with A = A, = const. When
v = 0 we have

_ 3AgAY
2 —3A% — 3A%

Ay = /25 — 36A2 — 36A2, (3.21D)

(51, (3.21&)
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while for v > 0 we assume as before A%t‘Q” — 0 and we have

_ 3AnAY
C2-3A%

Ay = /25 — 36A2,. (3.22b)

3.4.3 Mathematical limits of the solutions

8 (3.22a)

We will now analyse the most interesting limits for the solutions of eq. (3.17a) and
eq. (3.18), i.e. either towards the non viscous case w, — 0 and for large times ¢ — oco.
This way, we will consider also the viscous-magnetic cases, because when p = 1 there
are no magnetic effects, while for ;1 = 0 the solution expressed by eq. (3.20) has the
same form of eq. (3.17a), except for the value of the constant A.

For eq. (3.17a), for simplicity we will limit our study to the solutions with A € R,
i.e. when it exists a growing mode in the non-viscous case.

In the non-viscous limit, it holds

AR oy - (17A)/6

w, U o cy -t (3.23)
A/3 L 4(—14+A)/6

wy L —WO cr -t . (3.24)

AJ3

The rescaling wy;, "~ is needed to avoid non-physical divergent terms, and it should
be included in the constants d; and d2, when fixed by a meaningful Cauchy problem,
while ¢y and ¢y, are numerical constants. We have recovered the usual growing and
decaying modes.

For large enough times the limits are

U——cy (3.25)
t—>00
L —— lim ¢p - t(71F8)/6e=3wnt — (3.26)

t—>o00 t—>00

where cy and ¢y, are again numerical constants: there is no growing mode.
For eq. (3.18) the situation is a little more complex. If we define the functions
5% and &% as the independent solutions that compose §(t)

HOED! (1 — 2) (3.27)

Yt
35/3¢=3wnt 9 _ 9wt /2
SL(t) = 69 l + T <,3w t) , (3.28)
2 +1/3 w%/:st 3 n
then we have
201 1
3 _ =71 -

W34 (1) 2r2/3)% 1 (3.30)

wn—0 t t,

where the powers of w;), as before, are necessary to avoid divergence of the limits.
We already know the correct limits [18]: ¢+~ and #*/3. Apparently, we miss the
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growing mode. The explanation is that it is present, but not at the dominant order,
in 65. Fortunately, the dominant order is proportional to the other solution, so a
linear combination of them should give the correct limit. After some calculations,
we choose an appropriate value of d; to find

-2+ 9w 1 1 2
0 = ——131/3 < > r <> 5 3.31
R 8 “ng) \3)* (3:31a)
L) —— 328550208 (3.31D)
W wy—0 10 ’ '
we restored the correct independent solutions.
For long times, the solutions tend to

St (t) —— oy (3.32)

t—>00

35/3g—3wnt

6L(t) —— lim “—p— = 0. (3.33)

t—>o00 t—>00 t4/3w,q

We have again a constant and a decaying mode, but no growing solution.

Given the preceding results, we can conclude that, when relevant in the physical
system, viscosity prevents any growing mode. This, however, is not easily the case.

While it is not easy to derive analytically a limiting scale, looking at eq. (3.14b),
the viscosity is important if 2H ~ 9w,: for z ~ 100 that means a wavenumber
q ~ 0.97kpc™!, corresponding to roughly 5000 solar masses. A similar condition
appears from eq. (3.14d). On the other hand, the magnetic Jeans length, calculated
in [107], is about 10 Mpc~! and is a much more stringent constraint.

3.5 Numerical analysis

To better show the behaviour of our system, we numerically integrated the equations.
The effect of the magnetic field alone is showed in [89, 107] and, when the wavenumber
is below the magnetic scale, it consists in a slight splitting between perturbations
parallel and orthogonal to the magnetic field; on the other hand, over the magnetic
limiting wavenumber, perturbations with u = 0 are damped.

To show an interesting regime, i.e. one in which both viscosity and magnetic
field play an important role, we supposed a magnetic field 10 times weaker than the
maximum allowed by the constraints, i.e. B(z = 0) = 1071 G. The universe main
variables magnitudes are taken from [113]. The results of the integration in fig. 3.1
clearly show the behaviour described by the analytical limits. In particular, while
in fig. 3.1a we only see a small viscous damping, fig. 3.1c follows exactly the limits
of egs. (3.25) and (3.26) and shows both the viscous and the magnetic damping.
Fig. 3.1b is in the middle between the other two, with a small viscous damping and
a smaller presence of the one due to the magnetic field. We can thus state that
inside the Jeans scale viscosity plays a role only at the very end of the evolution,
if any at all, but at such a time nonlinear effects are expected to dominate. On
the other end, between the standard Jeans length and the magnetic one and in
presence a fast oscillating mode, the viscosity causes a fast damping of the oscillating
mode, enhancing the anisotropic effects of the magnetic field. This is because, at
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(a) Perturbations at a scale of ¢ ~ 40 Mpc~!. This scale is
nearly not affected by viscosity, but shows the splitting
due to the magnetic field presence.
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(b) Perturbations at a scale of ¢ ~ 140 Mpc~!. Here, viscosity
starts to damp the perturbations, while its effects combine
with the magnetic ones for p = 0.
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(c) Perturbations at a scale of ¢ ~ 1kpc~!. This scale suffers
both the damping due to viscosity and the one due to the
magnetic field, which becomes very strong.

Figure 3.1. Effect of combined viscosity and magnetic field on the cosmological perturba-
tions, when B(z = 0) = 1071°G.
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such a scale, the viscous effects are stronger and come into play at a smaller time
(fig. 3.1c).

While the integration at a fixed scale shows the behaviour of the solution of
eqs. (3.14), the effect on the final anisotropy is better shown in the coordinate space.
Then, we integrated a Gaussian distribution of initial shape

_l=?

§(2, tree) = 0(x = 0, trec)e” 207, o = 0.05kpc™ !, (3.34)

where x are the comoving coordinates, from recombination to z = 10, with the
maximum allowed magnetic field of 1072 G. This Gaussian perturbation encloses in
the 30 region roughly the mass of a dwarf galaxy. The integration was performed
as follows: we applied a Fourier transformation to the initial distribution, then we
evolved each harmonic through egs. (3.14), and finally we transformed back in the
coordinate space at the preceding time. Thus, we are in the spatial coordinates
domain, differently from both the analytical limits and the other numerical integra-
tions. The results are shown in fig. 3.2: the effects of viscosity on the final anisotropy
are negligible at this scale.

3.6 Concluding remarks

The observation of filament-like distribution of mass across the universe large scale
calls attention for possible mechanisms for their generation. In [89], it was argued
that the seeds of these filaments could be recognized in the anisotropy that the linear
growth of cosmological perturbation takes in the presence of a magnetic field.

Clearly, while on the perturbation scale such an anisotropy of the perturbations
is of order unity, when the density contrasts are calculated, such effect becomes not
greater than few percent. However, the idea is that the amplitude of the density
contrast anisotropy is amplified in the non-linear regime of the perturbation growth,
towards the formation of large scale structures.

A crucial point to understand the reliability of such a proposal to explain the
formation of filaments, consists of the possibility to exclude that the anisotropy
induced by the magnetic field be suppressed by other physical effects also present in
the perturbation dynamics, with particular reference to the dissipation phenomena.
Here we consider the role played by both shear and bulk viscosity on the evolution
of the Jeans instability for a magnetized universe.

We treated the expanding universe via a fluid-like representation, according to
the analysis in [18], whose background morphology are fixed by the universe averaged
density and the expansion rate as unperturbed fluid velocity.

Once constructed the dispersion relation associated to the Jeans instability, we
evolve the linear growth of a overdensity, which starts as a spherical blob and it is
deformed via the anisotropic effect of the magnetic field.

We provide the important evidence that the range of model parameters where
the magnetic field effect and the viscosity damping simultaneously survive, is very
tiny. As a consequence, we can fix the scale of about 5000 solar masses as that
one below which the viscosity effects really attenuate the magnetized perturbation
anisotropy. Since such a scale has a limited cosmological significance in view of the
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Figure 3.2. Integration of an initial Gaussian density distribution with eq. (3.34), from
z = 1100 to z = 10. Viscosity plays almost no role in the anisotropy. The figures show
equal density contours, corresponding to (0.1,0.2,...0.9) times the central density. The
background magnetic field with B(z = 0) = 107 G is directed along the y axis.

structure formation across the universe, we can conclude that the dissipation due
to the shear and bulk viscosity is unable to suppress the seed of filaments, at least
at cosmologically relevant scales. Furthermore, the scale of 5000 solar masses fixes
a cut-off on the filaments scale if they are actually due to magnetic properties of
the primordial universe. This issue can give some hints on the phenomenological
investigation of the proposed idea in terms of the very early universe observation at
very small scales.

Finally, we recall how the reliability of the proposed model relies on the strong
ambipolar diffusion which exist between the baryonic universe component and the
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weak plasma remnant after the recombination has taken place: the effects that the
magnetic field induces on the plasma distribution are transferred by the Thomson
scattering to the baryons, which are falling in the dark matter skeleton.
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Chapter 4

Overview of quantum gravity
and quantum cosmology

Here we present an overview of the quantization framework for General Relativity,
which we will need in the following chapters, and its application to Cosmology. It
can be found in a number of textbooks; in particular, we follow [5, 21, 30, 86, 94]
and refer to those for more specific topics. This is not intended to be an exhaustive
explanation of the topic or to present it with all of its subtleties, for which we refer
to the already cited textbooks. Instead, the aim of this chapter is to present the
general context of the analyses of the following ones.

In sec. 4.1 we present the Hamiltonian formulation of general relativity, obtained
through the ADM formalism. In sec. 4.2 we apply the canonical quantization to
general relativity, obtaining the Wheeler-DeWitt equation, and we present its main
issues. We end the section presenting the framework of quantum cosmology and
the minisuperspace models. In sec. 4.3 we face the semiclassical approximation of
a minisuperspace model, in order to find both a meaningful definition of time at a
quantum level ad a viable interpretation for the wave function of the universe.

4.1 Hamiltonian formulation of general relativity

The first step towards the quantization of general relativity is to express the Einstein
equations in a Lagrangian formulation. From there, we will be able to move to
the Hamiltonian description and to apply the quantization process. It must be
noted that these formulations offer other perspectives of GR and are important by
themselves, and not only in view of the quantization of the theory. Nevertheless,
they are an essential step toward the quantum theory of GR.

4.1.1 Lagrangian formulation of general relativity

The dynamical content of general relativity is fully expressed in Einstein’s field
equations. The main field variable is the spacetime metric g, defined over a
manifold M. The awkwardness of this theory relies in the dependence of the
integration volume element on the metric, i.e. on the field variable.
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We choose to present here the most common formulation, that is the Einstein-
Hilbert action. Except for some boundary terms, the vacuum Einstein’s equations
can be derived from the Lagrangian density

Lg =+/—gR. (4.1)

To obtain the vacuum field equations, we must require the variation of the corre-
sponding action with respect to the inverse metric to vanish. Moreover, the standard
boundary conditions are not enough, and we must require also the first derivatives
of the field to be fixed on the boundary

89" |gp = 0, (58pg“”]8M =0. (4.2)

Because of this, there exists a number of different Lagrangian densities to solve this
issue and require only the metric tensor to be fixed on the boundary; not all of them,
however, have the same symmetries of the Einstein-Hilbert action. For example the
I'T formulation is not scalar nor covariant, but it requires only the first condition of
eq. (4.2).

Adding the matter Lagrangian density Ly, which takes account of the contribu-
tion from all matter sources, we may write the Einstein-Hilbert action functional
as

1
4
v = —g|=—=R - , 4.
Slow) = [ d'2v=5 |5 R - Lu (13)
where K = 871G /c*. The variation of this action gives Einstein’s field equations
1
R, — §gWR = KT, (4.4)

where the stress-energy tensor is

2 | 6(v/—9Lw) 0 0Ly

Ty = ” - . (4.5)
V=9 | dg* dxp 5(0pgh")

Since L does not depend on the matter fields, variation of the action with respect

to them will yield the same equations as variation of the matter action alone.

4.1.2 Spacetime foliation

The Lagrangian formulation of a field theory is spacetime covariant, with the meaning
that once the action functional of the fields has been specified on the spacetime
manifold, its extremization yields the field equations. On the other hand, the
Hamiltonian formulation requires the breakup of spacetime into space and time.

The problem in the definition of the GR Hamiltonian lies exactly in the absence of
a suitable time parameter: egs. (4.4), obtained through the Euler-Lagrange equations,
are not dynamical because they do not involve any time parameter. Rather, their
solution describes the intensity, and not the evolution, of the gravitational field g, at
any point in spacetime, given the energy-matter stress-energy tensor. The problem
we have to face is then the separation of space and time, and this is addressed
through the ADM foliation.
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The canonical formulation of general relativity assumes a global hyperbolic
topology for the physical spacetime M. This ensures that the Cauchy problem for
the gravitational field is well posed and it allows the splitting [14]

M=R®?Y, (4.6)

where 3 is a compact spacelike 3-dimensional manifold representing the 3-space.
The hypersurfaces ¥ are equal time surfaces, in the sense that they share the
same parameter z0. If we now call 2 the spatial coordinates of the surfaces ¥, the
equations
ut = ut(z'; 2°) (4.7)

are a parametric set of equations for the family of hypersurfaces. Given a basis { f,}
on M, we can define a basis tangent to the surface 3,0 with fixed 2 through

out
We can complete this basis with a vector orthogonal by definition to all b;
n=1"f, mb=0. (4.9)

Since >0 is spacelike, 7 must be timelike. We can finally impose the normalization
ofmasn-n=-1.

We can define the deformation vector, which connects points with the same
coordinates x* of two infinitesimally close surfaces ¥,0 and .0, 5,0, as

Iz 4
Zzofu = Nn+ N'b;. (4.10)
Its projections on the basis {b;,n} are the lapse function N, which measures the
proper time separation between the surfaces ¥,0 and 0., 5,0, and the shift vector N,
which measures the displacement of the point % on .0, 5,0 from the intersection
of ¥ 04 5,0 with the normal geodesic drawn from 2% on ¥,0, i.e. the shift between
points with the same coordinates. Their role is better explained in fig. 4.1. We can
use the new basis {b;, by} to write the metric tensor as

bo =

out ou” out ou”
9ij J ozt 0xJ Fu- 1 4 ox* 0xJ In i ( )
goi = bo - bj = N7h;j, (4.12)
go():bo'boz—NQ-f-NiNjhij. (413)
Thus, the metric tensor and its inverse are
. —N2+NiNjhij Njhl‘j v _ —1/N2 ]\ﬂ/]\[2 (414)
I = Nih;; hij |77 T |NYN? R - NiNI/NZ|

where h;; is the induced metric on the foliation hypersurfaces and hii hjr = 5ik. The

ADM variables are related to the metric tensor through
1 ) 07

N=——-_  nNi=_9

/7_‘9007 = _gﬁ7 hZ] = Gij-

(4.15)
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Figure 4.1. Foliation of the spacetime due to the ADM formulation.

It is still necessary to fix the sign of N: we choose it to be positive, so that the
foliation evolves towards the future. It is easy to see that

v—g = NVh. (4.16)

The information contained in (N, N, h;;) is equivalent to the one contained in the
metric tensor g, .

4.1.3 Gauss-Codazzi equation and ADM Lagrangian density

At this point, we need to express the gravitational action in terms of (N, N, h;;).
This is done through the Gauss-Codazzi equation, which states that

R= PR+ KjK" - K* =2V,.(n"Vun — nK), (4.17)
where
1 /.
Kij = 5 (hig = OVi; = OV;N,) (4.18)

is the extrinsic curvature and K = K,*. For its formal proof we refer to [94]. Besides
the boundary terms, it allows to express the spacetime curvature R through the
ADM variables. We must note, however, that the elimination of the boundary terms
is non-trivial and requires again both the conditions expressed in eq. (4.2) to be
imposed.

Neglecting the boundary terms we can rewrite the Einstein-Hilbert Lagrangian
from eq. (4.1) as

2KLun = v=gR = NVh (PR + KK - K?)

N (4.19)
= NVR [ OR + (B — hT) K K| = 2KLapar.

The Einstein-Hilbert action is now an integral over the manifold R ® X o:

S = / d4$ ACEH = / dxo d3$ EADM- (4.20)
M R®X_o



4.1 Hamiltonian formulation of general relativity 65

4.1.4 Hamiltonian formulation of general relativity

We are ready to derive the Hamiltonian formulation of general relativity. From
eq. (4.19) we can find the conjugate momenta

m=2% _y (4.21)
ON
b 12)
ON'
-5 1 o
i = S5 = — Vi (K9 - hiK). 1.2
o 2,C\/E( WK) (4.23)

Not all conjugate momenta are independent and eqs. (4.21) and (4.22) are not
invertible with respect to N and N%: we are dealing with a constrained system and
these are the primary constraints of the theory.
Inverting eq. (4.23) we get
2K o

Kij = ﬁGijle”a (4.24)
where the tensor G is called supermetric and it represents a metric tensor on the
configuration space reduced to the h;; coordinates. It is given by

1
Gijrl = 3 (hikhji + hithji — hijhi) - (4.25)
The ADM Lagrangian density, expressed in the momenta, is
Lapm = mlai TR L NVR®R. (4.26)
NI 2K

In order to make the Legendre transformation invertible, we introduce the Lagrange
multipliers A and \* for the primary constraints. Thus the Hamiltonian density is

Hapy = 1IN +Hi)\i +Hijilij — LaDpMm

‘ j p 4.27
= A+ TGN + NH + NH; + 209, (hyy NI ) (#.27)
where the super-Hamiltonian H and the supermomentum H; are
2IC | 1
= G I — —VhOR 198
H ik Yo vh (4.28)
Hz’ - —thj (3)Vkﬂkj. (4.29)

The last term in eq. (4.27) is a boundary term and from now on we will neglect it.
We can now see the secondary constraints of the theory:

[II, Hapym] = —H =0, [IL;, Hapy] = —H; =0: (4.30)

the super-Hamiltonian and the supermomentum are exactly the secondary constraints
of the theory. The whole Hamiltonian of the theory is a combination of constraints,
and therefore vanishes

Hapy = 0. (4.31)



66 4. Overview of quantum gravity and quantum cosmology

The equations of motion of the lapse function and the shift vector are

N =|[N,Hapyu] =),  N'=[N' Hapy]=\": (4.32)

the dynamics of N and N is completely arbitrary, but the condition N > 0 must
always hold.

We could show that the constraints form a closed algebra [86, 94].

The primary constraints tell us that N and N? should not be viewed as dynamical
variables, so that the configuration space should be that of the Riemannian metrics h;;
on Y,0. Moreover, the presence of constraints tells us that the configuration space is
still “too large”, i.e. we have not yet isolated the true dynamical degrees of freedom.
This is related to the gauge freedom present in h;;. Following the analogy with the
electromagnetic case (see [30]), we should take the configuration space of general
relativity to be the set of equivalence classes of Riemannian metrics on >0, where
two metrics are considered equivalent if they can be carried into each other by a
diffeomorphism. This configuration space is called superspace [11].

Using the superspace as configuration space, the supermomentum constraint in
eq. (4.30) is automatically satisfied, i.e. (4.29) vanishes [30]. However, the super-
Hamiltonian constraint remains. It can be viewed as resulting from the gauge
arbitrariness in the choice of how to slice the spacetime. It is very similar to the
constraint which arises when one parametrizes an originally unconstrained theory
in a fixed, background spacetime [20, 25|, but the non-linearity of (4.28) makes
impossible to “de-parametrize” the constraint. Thus, it is not possible to find a
configuration space for general relativity such that only the “true dynamical degrees
of freedom” are present in its phase space, and the presence of the super-Hamiltonian
constraint appears as an unavoidable feature of the Hamiltonian formulation of
general relativity.

4.2 Quantum geometrodynamics

4.2.1 Canonical quantization and the Wheeler-DeWitt equation

As we have seen, the configuration space of canonical quantum gravity is the space
of all the Riemannian 3-metrics modulo the spatial diffeomorphism group, i.e. the
equivalence class of 3-metrics connected by spatial diffeomorphisms

Riemm(X)

{hij} = Diff (%) (4.33)

The approach one usually follows in quantizing the gravitational field is the Dirac
scheme, that is the quantization of the constrained system!.
Proceeding in a formal way, the space of states is that of proper functional of

the configurations variables

U= (N, NY, hij) . (4.34)

IThe alternative approach is the reduced quantization, that consists in solving the constraints at
a classical level before the quantization procedure. However, it has several faults, as for example in
quantum electrodynamics it is consistent only in the non-interacting case.
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The configuration variables and momenta are promoted to operators

R . s
N(z) = N(z) = N(z), I(z) — I(z) = _lh5N(a:) (4.35a)
i i — AT , A — s 0

N'(z) - N'(x) = N'(x), ILi(z) — IL;(z) = lhéNi(J:) (4.35b)

. N . b
hij(z) = hij(x) = hj(x), I (z) — 1Y (z) = lhéhij(a:) (4.35¢)

and the Poisson brackets are the implemented as commutators

[N (@), Ti(y)] = 1h® (@ - ) (4.36a)
[N (@), ()] = ihd50@) (z — y) (4.36b)
g ), 099)] = it (5565 + ot0t) 6 — ), (4.36¢)

where the other commutators vanish.
The primary constraints simply state the independence of the wave functional
from the lapse function and shift vector, so we have

¥ =W (hy), (4.37)
hence the physical states are independent from the variables defining the spacetime
slicing. The supermomentum constraint

N ow
i hi; OV, [6%-(3:)] 0 (4.38)

means that the wave functional ¥ depends on the 3-geometry {h;;} only, rather
than on any specific representation. The last constraint, the super-Hamiltonian, is
the famous Wheeler-DeWitt equation

) ) 62w 1 @y

HY = — 7 Gijki Sy (@) () 2K\/E RU = 0, (4.39)
which is the fundamental equation for the quantum dynamics of the gravitational
field. We stress that we did not approach the issue of factor order ambiguity, and
instead we chose the simplest one, with the momenta on the right.

The WDW equation (4.39) carries many problems that prevent a successful
quantization of the gravitational field. It still has to be found a Hilbert space for the
solutions of the constraints. Moreover, we still miss both a suitable scalar product
and the capacity to solve the WDW equation. The 3-dimensional Ricci scalar )R
behaves as a potential in eq. (4.39), however the absence of a restriction on its
sign means that tachyon-like objects are expected to appear in a rigorous quantum
framework. The theory is not compatible with the requirement of a positive definite
spectrum for the operator }Az”(x), its classical counterpart, however, is a Riemannian
metric tensor,l so it is positive definite and we still need to find a physical meaning
for these negative values. Moreover, the physical meaning of the functional ¥ is not
clear, and it requires a notion of time that is not trivial at a quantum level.
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4.2.2 The problem of time

The Hamiltonian is the generator of the time displacements in phase-space, so the
Wheeler-DeWitt equation (4.39) and the supermomentum constraint (4.30) lead to
a Schrodinger equation for a quantum state not dependent on time

H= / d®z (N?-Z+N’7—L-) (4.40)
b
0 N
i~ W, = U, = 0. 4.41
ot ¢=90 (441)

This is called frozen formalism because it apparently implies that nothing evolves in
the quantum theory, i.e. there is no quantum dynamics. The problem here is that we
are identifying two different notions of time. In Newtonian theory and in quantum
mechanics, time is a fixed external parameter, which lies at the basis of the quantum
commutation relations, as well as the notion of Hilbert space with conserved scalar
product. On the other hand, in general relativity time is merely a coordinate, since
the theory is invariant under spacetime diffeomorphisms, hence it is not observable.

The notion of time plays a fundamental role in the formulation of the quantum
theory, and the conventional Copenhagen interpretation of QFT, as well as its whole
framework, breaks down as soon as the metric is no longer fixed. Moreover, even the
notion of a clock (in the sense of a quantum observable whose values monotonically
grow with an abstract time ¢) is not compatible with the physical requirement of an
energy positive spectrum.

Keeping in mind these considerations, there are essentially three ways to face
this serious issue: introducing time before the quantization, after the quantization
or dealing with a timeless framework.

In the first approach, time is regarded as a fundamental quantity and time is
extracted from the set of the dynamical variables, and not as a functional of the
canonical ones. This can be done finding an internal time with respect to the other
gravitational degrees of freedom, for example in the ADM reduction of the dynamics,
or looking for an external time defined with respect to the matter fields. In this
last scenario, we speak of matter clocks. In the first case, the constraints must
be solved classically before the quantization of the system, and this violated the
geometrical nature of the gravitational field, in favour of the real degrees of freedom.
This approach, however, leads to some issues [86].

The time after quantization paradigm is carried out by applying the standard
Dirac quantization, i.e. the one described in the previous section, and then recov-
ering a time notion after the quantization. This can be done, for example, in the
semiclassical approach, as we will see in sec. 4.3. the main idea is that spacetime
does not exists at a fundamental level, but emerges as an approximate feature only
under suitable conditions. This approach is very useful in quantum cosmology and
it is the standard way to solve the time issue.

The last approach, i.e. that of a timeless framework, is based on the idea that
there is no need of time at a quantum level. The quantum theory of gravity can
be constructed without the notion of time, which may arise only in some special
situations, i.e. in some specific approximation of the theory. This approach is the
closest to the principles of general relativity, although it does not come without
issues [86].
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4.2.3 Quantum cosmology and the minisuperspace

The application of the quantum gravity framework at the cosmological models comes
with a huge simplification. The cosmological models arise with the requirement
of spatial homogeneity (and, in some cases, also isotropy). For each point 2! € ¥
there is a finite number of degrees of freedom in the superspace. This way, the
homogeneity causes the fields to be restricted to a finite dimensional subspace of
the Wheeler superspace, while all but a finite number of degrees of freedom are
frozen out by the symmetries. The resulting finite dimensional configuration space
is known as minisuperspace.

In a minisuperspace, the diffeomorphism constraint is automatically satisfied and
one deals with a purely constrained quantum mechanical system, instead of a field
theory, described by a single WDW equation for all the spatial points. However, it has
not yet been demonstrated that the truncation to minisuperspace can be regarded as
a rigorous approximation of the full superspace. Strictly speaking, setting most of the
field modes and their conjugate momenta to zero violates the uncertainty principle.
On the other hand, classical cosmology is based on these symmetries and their
quantization should answer its fundamental questions. Moreover, a minisuperspace
model can be relevant to the description of a generic universe toward the classical
singularity then restricted to each cosmological horizon.

A generic n/dimensional minisuperspace model involves the following assump-
tions:

o the lapse function is time independent, i.e. N = N(t);
« the shift vector is zero, i.e. N* = 0;

« the 3-metric is described by a finite number n of homogeneous coordinates ¢4 (t),
where A=1,...,n.

This way, the line element is
ds® = N%(t) dt* — hyj(x, t) da’ da? . (4.42)

The momenta conjugate to the field ¢* are pp(t), with B =1,...,n: we deal with a
n-dimensional system.

We describe now the vacuum case. In presence of matter, the variables ¢ should
include also the matter degrees of freedom. The action of the model is

s= [t (pact = NH) = [ at [paq* = N (6 papp + U@)] . (143

where the minisupermetric Gap is the reduced version of Gjji;, where A, B =
{ij},{kl} run over the independent components of h;;. It has Lorentzian signa-

ture (+,—, —, —, —, —) and it is explicitly defined as
A3 B 3. 2K ik
Gapdg©dg” = | d°z ﬁG’ Ohij Ohyy . (4.44)

The potential U is given by the 3-dimensional Ricci scalar

1
U=-0c / Bz vh CR. (4.45)
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The variation of eq. (4.43) with respect to the lapse function leads to the scalar
constraint
A _ AB —
H(q" . pa) = G 7papp + U(q) = 0, (4.46)

and the equations of motions are
¢* = N{¢", "},  pa=N{pa, H}. (4.47)

The system resembles a relativistic particle moving in a n-dimensional curved
spacetime, with metric G4p and subjected to the potential U(g). The Hamiltonian
constraint (4.46) reflects the parametrization invariance of the theory, which is the
residual of the 4-dimensional diffeomorphism invariance of the full theory.
The canonical quantization of this model is straightforward, with the WDW
equation that reads
AV = (-V2+U) =0, (4.48)

where U = U(q) is the wave function of the universe. Here, V4 is the covariant
derivative constructed from the metric G4g and the Laplacian is

V2= v,V = VGG o), (4.49)

1
vl
with G = |det Gap|. the factor ordering is fixed by the last equation, and this choice
is peculiar because the WDW equation has the same form in any minisuperspace
coordinate system and it is invariant under the redefinition of the 3-metric fields ¢ —
¢ (g™

This theory, however, does not come without its own issues. The system is
closed and isolated, and there is no a priori splitting between classical and quantum
observers. This way, the concept of measurement is problematic, because there is no
external classical observer. Moreover, the probabilistic interpretation of quantum
measurement is problematic, too, because the universe is unique and it is not possible
to perform many measurements. Finally, the concept of time has the same problems
expressed before.

The most accepted idea to face these issues is that a meaningful interpretation
of the wave function of the universe can be reached only at a semiclassical level.
A quantum mechanical interpretation is possible only for a small subsystem of
the entire universe, i.e. when at least some of the minisuperspace variables can be
considered semiclassical in the sense of the WKB approximation.

4.3 The problem of time: semiclassical expansion and
Vilenkin proposal

Following the discussion of last section, we present here the proposal of [36]. It consist
of a semiclassical approximation of the wave function of the universe, through which
it is possible to achieve both the definition of a time parameter and a probabilistic
interpretation for the wave function of the universe, in a sense similar to quantum
mechanics.

To simplify the discussion, we concentrate on minisuperspace models. The
action of the model takes the form (4.43), where the variables ¢4 span over both
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gravitational and matter degrees of freedom, i.e. h;; and the matter fields ¢,. The
superpotential is given by eq. (4.45), with the addition of matter

U= / d*zvh (V(¢) - % <3>R> . h=dethi (4.50)
instead of (4.45), where V' (¢) is the potential energy of the fields ¢,. The Wheeler-
DeWitt equation is (4.48). Even if we chose the same factor ordering of last section,
the results of this section are independent from the ordering; this is shown by [38] for
a similar calculation, which we will show in the next chapter to be (almost) analogue
to the one we are going to present. For brevity of notation, in the following we will
drop the hat over the operators.

4.3.1 Classical universes

To distinguish between classical variables and quantum ones (which we will need
later), we will rename the classical ones as ¢?, and keep ¢” for the quantum ones,
where a and v span the entire original set of the index A, i.e. if A=1,...,n, then
a=1,....n—mandv=1,...,m, with n >m > 0. Let us start considering the
case when all the variables ¢4 are classical. Then V¥ is a superposition of terms of

the form
U(c) = A()e®@,  S(c) e R. (4.51)

For now, we focus on a single one of such terms. We make explicit the dependence
of the quantities by h? writing the WDW equation as?

(Pv2-v)w=0 (4.52)

and requiring that S(h®) = O(h™!). Replacing eq. (4.51) into the WDW equation
we find at the lowest order the Hamilton-Jacobi equation

G®(V,8)(VyS) + U =0, (4.53)
and at the next order
2VA-VS + AV3S =0, (4.54)
which expresses the conservation of the current
o = —%gab(\y*vap UV, ) = ‘AQ‘V“S, (4.55)
i.e. it means
Vaja — 0. (4.56)

The action S(c*) describes a congruence of classical trajectories. The momentum
on the trajectory at the point ¢® is p, = V3S5(c?), and the “velocity” is

¢ = 2NV°S. (4.57)

2The original paper [36] uses a “small dimensionless parameter A oc h”. Although this ensures a
simpler treatment of the physical dimensions of the various terms of the expansion, for simplicity of
the expansion itself we use directly .

3In the original paper, instead of making explicit the proportionality of the Laplacian to %2, it
was present the assumptions that U(h%) = (’)(h_Q). This is equivalent to our procedure, although
we consider our approach more intuitive.
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There is a trajectory through each point of the superspace, except forbidden regions
when S ¢ R. The trajectories can begin or end at the boundaries of the superspace,
which represent singular configurations, or at points where V.S = 0 and the semi-
classical approximation breaks down, but closed trajectories are not possible if S(c)
is a single valued function on superspace (we assume that the superspace variables
are chosen such that this is true).

We define probability distributions on (n — 1)-dimensional surfaces, which play
the role of equal time surfaces. We can choose such surface in a way that they are
crossed exactly once by all the trajectories of the congruence, and this happens
always in the same direction (we refer to the original paper [36] for more details).
This means that

d¥, > 0; (4.58)

the choice of the sign in the last inequality is arbitrary, and we chose that one. Thus,
we can define the probability density

AP = j*d%,, (4.59)

which is semidefinite. The normalization of ¥ should be chosen such that
/dP = /j“ d>, = 1. (4.60)

An example of a possible choice of such surfaces is given by the surfaces of constant S
which are orthogonal to the congruence o trajectories.

4.3.2 Small quantum subsystems

We now introduce some quantum variables ¢¥. We assume that the effect of ¢ on
the dynamics of ¢ is negligible, in the sense that the variables ¢* correspond to a
small subsystem of the universe. The WDW equation ca be written as

(V2 = Uelc) — Hy) W =0, (4.61)

where H, = —h?V? + U,(c) is the part of the WDW obtained by neglecting all
quantum variables and their momenta, and we mark with ¢ the terms related to the
classical part and with ¢ the ones related to the quantum part. A critical assumption
in the following is that*
H,¥
H.Y
This is the heart of the next expansion, because it means that the quantum subsystem
is small with respect to the whole universe, and both the semiclassical character of
the universe and the smallness of the quantum subsystem are due to the fact that
the universe is large. It implies that H,¥ = O(h - H.V) = O(h).
We assume that ¢* and ¢” are normalized such that the leading order of the
metric tensor components is of order i% = 1. We can achieve a separation between
classical and quantum subspaces through the assumptions

() =O(1),  Gule,q) = Ga(e) + Oh),  Galesq) = O(h),  (4.63)

= O(h). (4.62)

4Like before, the original paper makes use of a dimensionless parameter proportional to f.
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i.e. the subspaces defined by ¢* and ¢” are approximately orthogonal. The classical
Laplacian is contracted using the classical part of the metric, that is

Vi =G (c)VaVs. (4.64)
The wave function of the universe can be written as

V(e q) =Y vr(c)xk(c,q), (4.65)
k

where v (c) is the classical part an is given by eq. (4.51), while yx(c,q) is the
quantum component.
Let us start with a single one of such terms, i.e.

U(e,q) = p(e)x(c, q) = A(e)e*x(c, q). (4.66)
At the highest order, that is O(h°), we get as before
Hoap =0 = V2S(c) + U. = 0. (4.67)
At order O(h) we have
ih(V28)x + 21hGP (Vo In A)(VS)x + 20G2 (VaS) (Vyx) — Hyx = 0. (4.68)

We make the assumption that eq. (4.54) is still satisfied by the classical part, that is
that H.1) = 0 even at order O(h), and we obtain

211G (V0S)(Vix) — Hyx = 0. (4.69)

Using eq. (4.57) eq finally get

ih?; = NH,y; (4.70)

this corresponds to defining the time derivative through
Oy = 2G2(V S V. (4.71)

We found the Schrédinger equation for the subsystem in the background defined
by ¢*(t). The presence of the lapse function is due to the time reparametrization
invariance, so that time can appear only in the combination N(¢) d¢.

The nice property of the definition (4.71) is that the (n—1)-dimensional sections of
the minisuperspace labelled by the time parameter (i.e. the equal-time hypersurfaces)
are orthogonal to the hypersurfaces Sy = const. In other words, the equal-time
hypersurfaces are crossed once and only once by each element of the congruence of
the classical trajectories. This property is essential to define positive probabilities
starting from the Klein-Gordon-like scalar product and to recover the standard
interpretation of quantum mechanics for the small subsystem of the Universe.

We can obtain the probability distribution defined by the wave function through

i* = Ix*|APVES = jipy (4.72a)

Y i sV v.ox 1 Y
§¥ = —§|A|2(x VYx — xV'x*) = §|A\21X, (4.72b)



74 4. Overview of quantum gravity and quantum cosmology

with j¢ = |A]*V%S and Py = |x|?. Using the conservation of the total current, we
get
Jpy
ot

The probability distribution associated with j¢ is

+NV,j =0. (4.73)

p(c,q,t) = pc(cv t)’X’Qv (4'74)

where p. is the classical probability distribution for the variables ¢* and p, is the prob-
ability distribution for the quantum variables ¢ on the classical trajectories ¢*(t). If
we write the surface element on the equal-time surfaces as d¥ = dX. d€),, where d¥,
is the surface element in the subspace defined by ¢%, then we have the normalization

/ pedS, = 1 (4.75)

and y can be normalised by
[x?de, =1. (4.76)

where d€}; = y/|det G,,,| d™q. hence, we recovered the standard interpretation of the
wave function for a small subsystem of the universe.

Finally, we stress that the presence of classical variables is needed to define a
time label that ensures the positive semidefiniteness of the Klein-Gordon-like scalar
product induced by the WDW equation and finds a conceptual justification in the
role played by classical devices in the interpretation of quantum measurement.
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Chapter 5

Semiclassical expansion and the
problem of time

The problem of time is one of the most relevant open issues in canonical quantum
gravity. Although there is a huge literature about this problem, a commonly accepted
solution has not been found yet. Here, following [112], we focus on the Semiclassical
Approach to the problem of time, that has the main goal of reproducing quantum
field theory on a fixed WKB background.

We analyse the different choices of the expansion parameter, in order to include
matter in the background equations in a clean way and without any need of manually
rescaling the matter fields. We also discuss the problem of the non-unitary evolution
at the order of the expansion where quantum gravity corrections to quantum field
theory appear: we claim that the proposed solutions are non viable and that either
the problem may need for new theoretical paradigms to be solved or one has to relax
some of the fundamental hypotheses of the Semiclassical Approach, at least at the
quantum gravity order.

Having showed that the current proposals suffer form non-unitarity at the
quantum gravity level, we formulate a new proposal free from this issue, using the
kinematical action to define time.

The structure of the manuscript is as follows. In sec. 5.1 we present the main
motivations for this work, highlighting the different proposals and their merits
and drawbacks. In sec. 5.2, after we already discussed the main concepts of the
semiclassical approach to the problem of time in sec. 4.3, we present the semiclassical
expansions of [38] in the Planck mass. in sec. 5.3 we critically review both the &
and Plank mass expansions, while also making a deep comparison between them,
allowed by the extension of the h expansion to arbitrary orders. Sec. 5.4 deals with
the solution to the non-unitarity problem proposed in [103], showing that is no
acceptable.

In sec. 5.5 we present the expansion of [53], based on an exact decomposition of
the wave function. We complete such expansion in sec. 5.6, in order not to break the
gauge invariance of this approach, and we show that also this expansion is deemed
to find non-unitary corrections.

Eventually, in sec. 5.7 we make some useful considerations on the definition of
the WKB time. Learning from the already presented approaches, we formulate a
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new proposal based on the kinematical action [25] in sec. 5.8, and we show that it is
free from that non-unitarity issue.
We make the point of this chapter in sec. 5.9.

5.1 Motivation

One of the long standing problems of canonical quantum gravity is the so-called
frozen formalism, i.e. the absence of an evolution of the quantum gravitational field
with respect to an external clock [94]. Over the years, many approaches have been
proposed to address this question, based both on introducing time through some
matter source [40, 51] or identifying it with an internal source-time variable [42].
These approaches differ among each other also for considering time proposals before
or after the canonical quantization procedure has been performed, but they all rely
on the concept of relational time [41]: under the request of suitable conditions, each
subsystem can be properly adopted as a clock for the remaining part of the quantum
system. However, these approaches seem qualitatively far from the idea that in
quantum mechanics time is an external parameter and measurements are performed
by a classical observer. Actually, on the base of a relational time approach it is
not clear how to reproduce the proper limit of quantum field theory on a curved
background, starting from the Wheeler-DeWitt (WDW) equation [9].

In this respect, a different proposal has been investigated in [36], where the
situation considered is that in which the quantum system can be separated into a set
of semiclassical WKB variables and a “small”, fast, purely quantum component. This
scenario is the quantum gravity version of a Born-Oppenheimer (BO) approximation,
with the peculiar feature that now the dependence of the quantum system on the
classical variables allows to re-introduce the notion of an external time for the
fast system component, essentially coinciding with the standard label time of the
spacetime slicing. Although this approach can be applied to any set of variables (see
for instance [81]), it is particularly appropriate to reconstruct the limit of quantum
field theory on a classical curved background. For an application of the Vilenkin
proposal to the minisuperspace, which clarifies under which conditions the BO
approximation can be adopted, see [100].

In [36], the analysis is performed by using the Planck constant as the natural
expansion parameter and cutting the dynamics up to first order in 4. In [38], the same
idea is implemented by using as expansion parameter the Planck mass (de facto the
Newton constant) and the expansion of the dynamics is considered up to, in principle,
any order of approximation. This study has the merit to arrive to similar results than
those proposed in [36], but without requiring the rapid variation of the wave function
with respect to the small, quantum subsystem variables. The emerging problem is
here that, as far as the next order of approximation is considered, corresponding
to quantum gravity corrections to quantum field theory, a non-unitary character of
the quantum dynamics emerges. This fact prevents the predictivity of the approach
at this level. Nonetheless in [98] the study of the cosmological perturbations on a
classical isotropic Robertson-Walker background is developed in the framework of
quantum gravity corrections. The results of this analysis calculate the modification
of the inflationary spectrum of perturbations, due to non-classical effects of the
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gravitational field and show the smallness of the non-unitary contributions. Despite
such interesting issues, the basic conceptual problem remains open and calls attention
to validate the viability of the basic idea of a BO approximation.

Two different proposals to solve the non-unitary problem of the WKB theory,
at the order of quantum gravity corrections, have been developed in [53] and [103].
The proposed solutions rely on two different points of view: one aims to define a
conserved probability density, disregarding the details of the evolution quantum
operator; the other aims to reconstruct a posteriori a well-behaving Schrédinger
evolution of the quantum subsystem, by altering the pure WKB dynamics of the
gravitational background.

This study offers a critical analysis of all this field of investigation and outlines
how the fundamental problem of dealing with non-unitary contributions in the
quantum dynamics has not yet been properly addressed. This problem remains an
open non-trivial issue of the BO approximation applied to the semiclassical limit of
quantum gravity.

As a first step, we compare the approach in [38] with an expansion in terms
of the natural parameter A, upgrading the analysis in [36], up to any order of
approximation, and always requiring the rapid variation of the wave function on
the small quantum subset. Via this analysis, we clarify that the two approaches
are essentially equivalent, but for the classical limit. In fact, the approach in [38] is
associated to a classical limit which corresponds to gravity in vacuum. The reason
of this feature is simply that, by using the Planck mass as expansion parameter,
the gravity-matter coupling is naturally lost in the Hamilton-Jacobi (HJ) equation:
matter is ruled out at the zeroth order of the expansion. Differently, the expansion
in A has no problem in reproducing the classical Einstein equations in the presence
of a matter source. A very important example where this feature is relevant can
be found in the behaviour of the scalar field in a cosmological setting. In this case
the scalar field is able to be the matter source of the isotropic universe expansion,
and, simultaneously, is responsible for the generation of a fluctuation spectrum
via its quantum dynamics on such a classical background. Actually, this scenario
has been considered in [98], but the discussed problem has been overcome by a
non-legitimate redefinition of the scalar field, by means of the Planck mass. Although
the results reached in [98] recover the equations of quantum field theory in curved
spacetime, it is worth stressing how, in the considered example, the distinction
between “macroscopic” and quantum matter appears really fictitious.

Then, by using a paradigmatic model, with a single classical variable, e.g. the
case of a de-Sitter WKB universe on which lives a quantum scalar field (useful to
model the inflation phase of the universe), we analyse the two proposals contained
in [53] and in [103] to solve the problem of the non-unitary dynamics of the matter
quantum field in the presence of quantum gravity corrections.

In [53], an extended (gauge invariant) BO approximation is developed, by
recovering the concept of average on the quantum variable, when calculating the
classical system evolution, see also [74, 84, 102]. Apart from completing the analysis
by properly rescaling the background wave function (which implies an important
cancellation of the backreaction that quantum matter exerts on the background), we
clarify how the evolution operator remains clearly affected by the same non-unitary
features outlined in [38]. In fact, a conserved concept of probability is defined
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only by subtracting to the evolution operator its average on an assigned quantum
state. However, the evolution operator still contains those second derivatives of
the quantum system wave function with respect to the classical coordinates, that
are source of non-unitarity, as soon as they are interpreted via the introduced time
variable. Finally, no real Hilbert space is constructed in this approach, since the
scalar product of two different states is clearly not dynamically preserved.

The approach followed in [103] faces the problem by passing from the matter
Hamiltonian and the corrected Hamiltonian operators to their eigenvalues. Then,
the non-unitarity is translated into the complex nature of the corrected Hamiltonian
eigenvalues. The technique to remove the non-desired terms consists of eliminating
the imaginary part of the corrected Hamiltonian spectrum via a phase redefinition of
the quantum system wave function. The weakness of this proposal relies in the two
following requirements: i) the time derivative of the corrected Hamiltonian operator
has the spectrum formed with the time derivatives of the corrected Hamiltonian
eigenvalues; ii) the matter Hamiltonian operator and its time derivative must
commute. These two features are here shown to be not valid in general and therefore
the considered procedure is just an ad hoc algorithm, appropriate to very special
situations. A more subtle problem of this approach is the lack of gauge invariance
under the phase transformations performed on the wave functions, a feature that is
instead present in [53].

The main merit the first part of the present study consists of the fine investigation
we perform on the WKB method applied to quantum gravity, outlining how the
problem of dealing with non-unitary contributions is a non-trivial conceptual question
which calls attention for being solved at a more fundamental level, see [88, 106, 110],
or by introducing new theoretical paradigms, see for instance [108, 109] and the
following papers of this series.

Eventually, we make a new proposal to recover time through the introduction of
the kinematical action defined in [25]. This way, we free the time definition from the
ill-defined background Laplacian that appears at quantum gravity level, ad we are
able to recover a unitary evolution for the quantum gravity Schrédinger equation.

5.2 Planck mass semiclassical expansion and quantum
gravity effects

We summarize here the results of [38], which presents an expansion in the Planck
mass, analogue to the one of sec. 4.3, along with its extension to the quantum gravity
order. We then compare the two models and extend them to arbitrary orders. The
main differences of [38], respect to [36], are the expansion in the Planck mass instead
of the Planck constant, the application of the model to a generic WDW equation
in superspace, not restricted to a minisuperspace model, and the extension of the
procedure to the quantum gravity order. However, the quantum gravity effects
appear to violate unitarity.

We start from the WDW equation (4.39), including the factor 1/v/h inside the
supermetric Gjx; defining

1 ..
gab = ﬁGijkla a, b= {27]}7 {ka l} (51)
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It should not be confused with the minisupermetric, but the idea behind the indices
grouping is the same. Following [38], we also define the parameter

I cME)
4Kc2  4h’
where Mp is the reduced Planck mass. Since it has the dimensions of a mass over a
length, we can expect this expansion to be sensible if, for a particle, its rest mass
divided by its Compton length is much smaller than M. The WDW equation can
now be written as'

(5.2)

(‘273\249“’)(521% + MV(eq) + Hy(ca, qy)> v =0, (5.3)
where ¢, are the degrees of freedom of h;;, ¢, the ones of the matter fields ¢,
V=-2VhOR (5.4)
is the gravitational potential and
R 52
H, = BN (hij, ¢,0i¢) = —h*Vg +u (5.5)

is the matter Hamiltonian with potential u. The universe wave functional is ¥ =
U [hij(z), ¢(x)].

In this expansion, the gravitational degrees of freedom will always be the classical
ones, while the matter fields will always behave as quantum variables. This is due to
the choice of M as expansion parameter: we will not be able to describe a classical
matter component. Indeed, the expansion ic carried in the limit M > 1, which
means K — 0: in such limit, it cannot exist a classical matter component in the
Einstein equations, and the only allowed classical solutions are the vacuum ones. The
advantage for doing this is that we do not need to make any “smallness” assumption
for the quantum system, like the one of eq. (4.62), because it is intrinsic in the
expansion itself. Moreover, we chose to use a notation similar to sec. 4.3 to allow an
easy comparison between the results.

5.2.1 Classical order and Schrodinger equation

We now proceed to the expansion of the wave functional as
. 1
\If:els/h, S:M50+S1+MSQ+... (5.6)

and we substitute it in the WDW equation (5.3). At the highest order O(M?) we
have (for simplicity, we use a single quantum variable ¢)

(‘;?)2 ~0. (5.7)

'In [38] there is an additional term, to keep account of the factor ordering choice. Since our
focus in not to solve the factor ordering issue, we refer to the demonstration done in that paper
for the independence of the result on the factor ordering choice, and we write our equations in a
simpler form by assuming the natural ordering, i.e. the derivatives on the right. Moreover, the
functional derivatives are treated in a formal sense as ordinary ones.
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In presence of more matter fields, it would be replaced by a summation of similar
terms. It means that the highest order term in the action expansion should not
depend on the quantum variables, that are the matter fields, i.e. So = Sp(c%).
Order O(M) yields the Hamilton-Jacobi equation
1, 385005
—Gup——+V =0 5.8
2gab dcy Ocy + (58)
Here we can see that the matter fields have disappeared, and they cannot appear at
a classical level.
The next order O(M") gives

05006851 ik 525 ((551)2 628 B
Gab 3¢, 06, — 5 Yab Sca dct 5 —1ih 507 +u=0. (5.9)
We define the functionals
di(e) = %e”‘“‘)/ " (5.10a)
xi(c.q) = DeH/M, (5.10D)

where D = D(c) is a generic functional of the classical variables. The wave functional
of the system at this order is ¥ = ¢1x1. We choose D to satisfy the condition

0Sp0D 1 625

—— — =DGyp——— =0. 5.11

ab dcg 0cpy 2 gabéca ocy ( )

thus, D play the role of a Van Vleck determinant. For a minisuperspace model
with a single degree of freedom ¢ it holds D = /dSy / dc. We notice that eq. (5.11)
is equivalent to eq. (4.54), and it is nothing more than a WKB expansion for the
classical degrees of freedom alone. It means that we are imposing the quantum
variables not to influence the classical ones, at least at this perturbation order.
Eq. (5.9) now becomes

oo 0S0xa1 _ . 0xa
h ab=—— —— = h = , 12
ihG, b(sca ey 1 or gX1 (5 )
where time has been defined as before through
0 65y 6 (5.13)

6t~ 7 5c, dcy’

see eq. (4.71) (the different factor 2 lies in the constant 1/(2M) in the WDW
equation (5.3)). The time 7 contains the lapse function, i.e. it is invariant under
time reparametrization. As before, it labels the trajectories in superspace which run
orthogonal to the hypersurfaces Sy = const. It is usually called WKB time.

5.2.2 Corrections to the Schrodinger equation

At order O(M ') we decompose S as

Sa = a(c) +n(c, q), (5.14)
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and we define the functionals
1 .
wQ( ) 5eh(MS()-f—U/M wlew/(hM) (515&)
xa(c, q) = DerS11/M) — 3 oin/ (M), (5.15b)

At this order ¥ = 1)5x2. We choose o to satisfy the second order of the classical
part WKB expansion

65y o h? 0D 6D h2 5D
gab 027 gab gab
dcq (50 dc, 5ca dcg 0cy

=0. (5.16)

Using this condition, the WDW equation expansion leads to the corrected Schrédinger
equation

5)(2 h2 2 5X1 0D 52X1
ih—= = H, —Gap=—— —Gap—"+— . 5.17
! or X2t o 2M x Dgab dcq Ocy gabéca dey X2 ( )
In [38], these corrections are studied through a procedure based on the projection
of the gradient in the background indexes along the normal (i.e. temporal) and
tangential directions to the Sy = const hypersurfaces. After defining the tangential
unit vector / and by using eqgs. (5.8) and (5.12), the following relation is said to hold

Vgox1 = ﬁVSOHmXI + (Vgxal)l. (5.18)
It is clear that this decomposition breaks down if V = 0, i.e. if ®)R = 0. This
equation must be then substituted into eq. (5.17). Under the assumption that
the quantum Hamiltonian H, depends adiabatically on the geometric variables, x1
depends on ¢ only through 7 and the tangential terms can be neglected. By making
use of egs. (5.8) and (5.11) and noting that Vyx2 = (Vgex1)x2/x1 + O(1/M), we
finally find

H, 1
Oxz pipfla LV )Xz (5.19)

X2 o
Msr aX2 4MV< or V or

From this equation it becomes clear that some of the quantum gravity corrections
that are part of the Hamiltonian operator acting on xs are non-hermitian. These
terms induce a unitarity violation in the quantum sector of the theory, that impairs
the standard interpretation of quantum mechanics at this order. It is worth noting
that, at this order and under the hypotheses made to pass from eq. (5.17) to eq. (5.19),
all three corrective terms in eq. (5.19) emerge from V?2x1, since the only normal
contribution coming from 2V .In D - V. x1 is suppressed by the use of eq. (5.11).

5.3 Comparison of the 7 and M expansions and exten-
sion to arbitrary orders

Both the expansions of sec. 4.3 and the one presented above make use of an adiabatic
approximation to separate the semiclassical background from the quantum subsystem,
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in a way that is similar to a Born-Oppenheimer approximation. What is missing
here with respect to a true BO approximation is the procedure of averaging over the
quantum variables, that may allow for the introduction of backreaction. However,
the adiabatic approximation is mathematically realized in a different way, depending
on the choice of the expansion parameter.

The choice of i requires the assumption of smallness of the quantum subsystem,
in order to obtain the adiabatic decomposition between classical and quantum
subspaces. In the case of the M expansion, this decomposition is natural and is
due to the choice of a parameter that contains the gravitational constant GG. The
price for this simplicity is a huge drawback: the only possible decomposition in the
M expansion approach is between quantum matter and classical geometry. As a
consequence, in the M expansion there is no way to treat classical matter fields
or to include quantum geometrical degrees of freedom. In [98], the authors try
to overcome one part of the problem, by introducing “macroscopic” matter fields
obtained by scaling the matter variables with the Planck mass. We think that this
is more likely an attempt to work around the problem, since redefining the fields
through the expansion parameter is not conceptually satisfying, and sound fictitious.

It is worth noting that this nasty difference between the two expansion has a
very simple origin: by looking at eqs. (5.3) and (5.5), we can see that with respect
to h there is a perfect symmetry between geometric and matter terms, while with
respect to M there is one order gap between them (eq. (5.7) is a direct consequence
of that). In the h expansion, this gap is precisely recovered with the additional
hypothesis of smallness.

With the exception of this difference, the two approaches yield similar results up
to the quantum mechanics order (i.e. O(h) in (4.54) and (4.70) and O(M?) in (5.11)
and (5.12)). The Hamilton-Jacobi equation is found in both expansions, although it
is more general in the A expansion, since it corresponds to the Einstein equations
in presence of matter sources. Similarly, the Schrodinger equation is found for the
quantum subsystem, after imposing eq. (4.54) in the A expansion and eq. (5.11)
in the M expansion. To see that the two equations coincide, we just have to put
A =1/D. To carry on the comparison at the quantum gravity order and to reach
a better understanding of the structure of the theories, we will now extend both
expansions to arbitrary orders. We borrow the method from [103], although we
apply it with some small modifications.

First, we need to generalise the hypotheses made in [36] in order to have a clear
separation between classical and quantum subspaces, valid at each order of the
expansion. In this regard, the conditions (4.63) on the minisupermetric components
are assumed to be verified exactly:

Gan(c,q) = G5 (), Gav(c,q) = 0. (5.20)

The Laplacian operator in the background indexes V2, being defined through Gu(c),
now depends exactly on the classical indexes only. Similarly, the background
potential U, is assumed to be independent from the quantum variables at every
order.

We will write on the left the equations for the i expansion, and on the right the
ones for the M expansion. Moreover, we will write the derivatives as 9 for brevity



5.3 Comparison of the & and M expansions and extension to arbitrary order83

of notation, but they must be intended as functional derivatives in the sense of the
above M expansion. Finally, we must remember that, for the M expansion, classical
variable must always coincide with gravitational ones, and the quantum ones with
the matter fields. The WDW equation reads

h2
(~1*V24+ U+ Hy) U =0 (5.21) (—QMVZ + MV + Hq> U=0, (522

where the Hamiltonian of the quantum subsystem has not changed
Hy = -1V, + u; (5.23)
for the i expansion, it satisfies the condition of smallness (4.62)

H¥
HY

o), (5.24)

ie. u=0(h) and Vy = O(h71/2).
Let us write the wave functional as
(e, q) = Slea/h (5.25)
and expand the complex phase S in powers of the expansion parameter
S=> RSy (5.26) S=> M""S,. (5.27)
n=0 n=0

To obtain the factorized form of the wave functional, we assume that each order of
the expansion of S after the first can be separated as

Sn = on(c) + (e, q), n=1 (5.28)

This way, we obtain S = Sy + P + Q, with

P(c) = i oy, (5.29) P(c) = i Mo, (5.31)
n=1 n=1
Qe,q) = i R"ny, (5.30) Q(e,q) = i M™"n,. (5.32)
n=1 n=1

The wave functional takes the BO-like form
(e, q) = ¥(e)x(c, q), (5.33)
where

(c) = elSotP)/h (5.34) P(c) = eMBotP)/h (5.36)
x(e,q) = /" (5.35) Q(c,q) = ™M@/, (5.37)
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The background wave functional is assumed to satisfy the WKB expansion for
the classical part alone, i.e.

272 _ h2 2 _
(—h v2 4 UC) =0 (5.38) (—QMVC + MV | =0. (5.39)

By substituting to v its expansion (5.34) or (5.36), this equation yields, order by
order, the HJ equation for the classical action Sy and the equations of the WKB
expansion for each o,. We report the first orders here:

(VeSo)2 +U, =0 (5.40) | 2(VeSo)P+V =0 (5.44)
2V .Sy - Veop —iV2Sp = 0 (5.41) | V.Sp-Veor — BV2S, =0 (5.45)
2V.Sg - Voo VeSo - Voo
s o (5.42) ) y s (5.46)
+(Veo1)* —=iVior =0 +5(Veo1)” = 5Vio1 =0
QVCS . VCO' VCS . VCO'
0 el s (5.43) 0 e - (5.47)
+2V.0o1-Veog —iVios =0 + Vo1 - Veog — 5Vioe =0

It is easy to check the correspondence with the preceding expansions, through
A=¢n (5.48) | D =e¢ /M (5.49)

The equation for the quantum subsystem is obtained by plugging eq. (5.33) into
the WDW equation, removing the classical part through eq. (5.38) or eq. (5.39) and
dividing by ):

20V Intp - Vox = Hyx —h2V2x (5.50) | EVelnw: Vey = Hyx — 45 V2 (5.51)
After substituting to v its expansion and using the usual definition of time
8, =2V.Sy - V. (5.52) | dr = VeSy - Ve, (5.53)

where we remind the difference is due to the additional factor 2 together with M,
this yields the corrected Schrodinger equation

. Ox . Ox
h—==H, h—==H
Yor ax (5.54) or aX

— 2RV P - Voy — i2V2y —ihV.P - Vex — 22:V2x.

(5.55)

At orders O(h) and O(M?), it reduces to the exact Schrédinger equation for the
quantum wave functional x1, given by

I _

ihs = = Hyxa. (5.56)

At orders O(h?) and O(1/M), it is easy to find
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22 _ 22 _ gy,
or Gsry| o 2 (5.58)

where the corrective terms are of the same kind of those in eq. (5.17). This result
shows that, by restricting the classical subspace to the geometrical variables only,
the & expansion yields precisely the same results of the M expansion, also at the
quantum gravity and subsequent orders.

Following a procedure described in [103], egs. (5.54) and (5.55) can be written in
a nicer form. We assume that there is a total (non necessarily hermitian) Hamiltonian
operator H such that
Ix

1h8

= Hy, (5.59)

and also that
Vex = alc)VeSo, (5.60)

which is some sort of adiabatic approximation. Eqs. (5.40) and (5.44) give

(5.61) ‘ a= —21 OrX = 5v7

a=—550;X = 57 (5.62)

Using egs. (5.41) and (5.45), after some calculations we can write eqgs. (5.54)
and (5.55) as

ihg—f =Hx = H,x (5.63) iha—x =Hx = H,x (5.65)
—ot (H? +ih%2 —ihKH)x — iy (H2+ihE —ihKH) x
10U i aan 1OV 2M & 1 9o,
- == n" 5.64) | K = — —— — 7 (5.66
Uor Z (5:64) V or h nz:; M" Ot (5.66)

H is an abstract Hamiltonian operator containing H, and all the corrections at every
order. These expressions show even more the equivalence of the two expansions,
except for the differences already noticed.

The procedure we just performed is the generalization of that used before to derive
eq. (5.19) from (5.17), being based on the adiabatic approximation V.x o V.Sp (i.e.
the contributions tangential to Sy = const are neglected). The use of egs. (5.41)
and (5.45) causes the sum in the expression of K to begin from n = 2. At the
quantum gravity order O(h?) and O(1/M), eq. (5.65) yields eq. (5.19). At higher
orders, the quantum gravity corrections not only arise from the V2 term in eqs. (5.54)
and (5.55), but also from the term containing P. As noted in [103], the same result
can be obtained considering o, V' (or Uy, in the /i expansion) and y depending on
7 only from the beginning and dropping all the components of the supermetric of
the geometric subspace with the exception of the G, component.

As a concluding remark to this section, let us take stock of the situation. Both
the i and the M expansions recover the already established theories through a HJ
equation for GR, that fixes a background, and a Schrodinger equation in curved
spacetime for quantum mechanics. The A expansion is more general, since it admits
backgrounds generated by matter sources and quantum geometry. At the quantum
gravity order, both expansions yield non-hermitian corrections, that break the
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unitarity of the theory. A further common feature of the two approaches is that
the backreaction of the quantum subsystem on the background is not present: the
inclusion of such a non-adiabatic effect would allow for quantum gravitational effects
on the semiclassical sector.

5.4 Non-unitarity in the revisited M expansion

In this section, we show that the procedure used in [103] to solve the non-unitarity
problem at the quantum gravity order is based on wrong assumptions. Let us briefly
apply this procedure to the simple case of one geometric variable, that we identify
with the time 7 from the beginning. Once we use the ansatz V(7,q) = ¥(7)x(T, q),
the WDW equation (5.3) reads

h2 h2 )
Mgﬂ'a‘r In ¢8TX - HqX - mg‘r‘raq—x + Py X5 (567)
where the background term
. —h—QQ 24+ MV |y (5.68)
Py = v oM 7T .

corresponds to the quantity set to zero in eq. (5.39). Differently from [38], in [103],
after writing 1o = exp(iM Sp/h), the background term py, is required to be of
order O(M 0). In order to satisfy this request, the HJ equation

1
51\4977(8750)2 + MV =0 (5.69)
has to hold at order O(M). Hence, the expression of py, at order O(M?) is
ih 0;V
pon = —5 (5.70)

Using eq. (5.70) and assuming the existence of an abstract Hamiltonian operator H
similar to that defined in (5.65), we find

ih 0.V 1
2 v T v
where xq is the quantum wave functional, such that ¥ = 1yxo. This equation still

exhibits non-hermitian corrections. To deal with them, in [103], the authors assume
the existence of two eigenvalue functions E(7) (complex) and €(7) (real) such that

Hxo = E(T)x0, (5.72a)
Hyxo = €(T)x0, (5.72b)

ihd,x0 = Hxo = Hyxo — (12 + im0, H | xo, (5.71)

and expand them in powers of 1/M. Written in terms of these expansions, the WDW
eq. (5.71) yields, at each order, an expression for the eigenvalue of the abstract
Hamiltonian operator. Let us report the first two orders (O(M?°) and O(1/M)):

5O _ (o _ 1h0V

2V
2 2 2 i (0)
O _ L l(gm)2 _ 3 <8TV> 4R 67‘/] _ iRy, <6> . (5.73b)

(5.73a)

4 V 2V 4 v
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Defining
xi = e n [ mED AT o] Sy, (5.74)
and substituting into eq. (5.71) we find
ih87X1 = Hle- (575)

From the time derivative of the redefined quantum state it comes a term that exactly
compensates the non-hermitian correction on the right hand side of eq. (5.71), due
to eq. (5.70) at this order O(M?). The background term must now be calculated
for a ¢ defined in such a way that ¥ = 1 x1, i.e.

1 = o= Ty = MS/hren, (5.76)

where 01 = —InV/2. By doing so, we find that py, vanishes at order O(M 0,
yielding the continuity equation

928y + 0,S00-01 = 0. (5.77)

We can easily see that this equation vanishes naturally. Thus, p, is of order O(1/M)
and is given by the expression

2 [3 /0, V\? 02V
Por = qmv [4( % ) N ZV]' (5:78)

The same steps can be followed at order O(1/M), including the term in eq. (5.78)
into eq. (5.71) and redefining the quantum state as

Yo = e~ 77 J Im(BW)dr, (5.79)
The corrected Schrodinger equation will have only the hermitian part of the Hamil-
tonian operator H, exhibiting unitary evolution. The background term calculated
for a 19 such that ¥ = i9x2 will not vanish naturally at this order, as an effect of
the backreaction of the quantum subsystem.

This procedure is based on the nice idea that the non-hermitian part of the oper-
ator H may be eliminated from the dynamical equation of the quantum subsystem
by suitable redefinitions of the wave functions of the product ¥ = ¢x. However,
the H operator is unknown in general and can only be constructed order by order.
Moreover, in order to redefine the wave functions through phase factors one has to use
the eigenvalues of H. The problem is that assuming eqs. (5.72) means that H,, and
H commute (at every order) and can be diagonalized simultaneously. Unfortunately,
this is clearly not true at every order, as one can see from the expression of E(!) in
egs. (5.73). Indeed, EM) contains €(©) and its time derivative 9,;¢(®) and highlights
that the Hamiltonian H at the order O(1/M) contains the matter Hamiltonian
H, and its time derivative Hq, coherently with eq. (5.19). In general it is not true
that H,; and Hq commute: the reason why this happens is that one may let the
conjugated momenta to the classical variables appear in Hq.
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To convince ourselves about this, let us consider a Friedmann-Robertson-Walker
(FRW) model with cosmological constant and a scalar field as matter component.
The Hamiltonian constraint reads

_ 2 2

Hrrw = " 32837ale + am2a3Pe v (5:802)
3 A

V(a;A) = 325, (a - 3a3> , (5.80b)

where V' is the FRW superpotential. An important remark is that the conjugated
momenta to the volume of the Universe a is proportional to the time derivative of a:

Pa ~ —— = ada. (5.81)

The matter Hamiltonian of this simple model is just

c  _
Hq = ma 3p§)’ (582)
and its time derivative yields
3¢ 4 2 -5
0-H, = ~ 120 Orapy ~ a” °papg (5.83)

The appearance of p, in 0-H, clearly leads to [Hy, 0-H,| # 0.

A further issue of the procedure followed in [103] concerns the absence of gauge
invariance in this approach: even if the total wave function ¥ is invariant under
the redefinitions performed on ¢ and Y, the equations of motion are not, differently
from what happens in [53]. Thus, such redefinitions cannot be fully justified on
theoretical grounds.

5.5 Exact expansion

Another attempt to treat a quantum subsystem on a WKB semiclassical background
is provided by [53, 101]. In these works, the authors develop a decomposition
in classical and quantum variables through an extended BO approach, but more
accurate than the traditional BO approximation. This approach is based on an exact
decomposition of the wave function, given an initial ansatz, and it is largely used in
chemistry [74, 84, 91, 102], where it finds experimental verification.

We will shortly illustrate here such decomposition on the system given by egs. (5.3)
and (5.3), together with some useful considerations. In order to make simpler the
comparison to [38], we will assume the matter degrees of freedom as quantum and
the gravitational ones as classical, although different choices are possible with similar
results.

We start making the ansatz

U(e,q) = ¢(e)x(g; ¢) (5.84a)
() = [ (@ ex(ae)da = 1. (5.84b)
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The equation for the background wave function can be written as an average of
eq. (5.3) on the the quantum function x. to do so, we need the definitions

(0) = (xIOIx) (5.85a)
A= —ih(V.) (5.85b)
—ihD = —ihV, + A, (5.85¢)
—ihD = —ihV, — A, (5.85d)

where O is a generic operator and D and D are covariant derivatives, in a sense that
will be clear soon. The quantity A will play the role of a Berry connection. We get
for the background equation

H@ (02 (6)) + v ¢ <Hq>] v=0, (5.50)

while the equation for the quantum subsystem is found as the difference between
the complete equation (5.3) and the classical one (5.86)

l & (5"~ (0% + 222 D) + 1, - (1)

As a bonus of the ansatz (5.84), we notice that if the total wave function is
normalized to unity

/\I/*(c, q)¥(c,q)dedg =1, (5.88)

then the background wave function is naturally normalized

1= /\If*(c,q)\ll(c,q)dcdq

(5.89)
=[5 (@00 [ X @ox(ge) dgde = [ v (@ule)de= 1.
Eqgs. (5.86) and (5.87) can be more generally derived from a variational princi-
ple [74, 84]. These considerations underline that this is a more solid and advanced
model than both the traditional Born-Oppenheimer approximation and the Born-
Oppenheimer like approach followed in [38, 103]. Moreover, egs. (5.84) imply no
freedom to the decomposition of the total wave function into classical and quantum
components, except for a phase factor depending on the classical variables only
(because 1 cannot depend on the quantum ones, even after such a transformation).
However, eq. (5.86) and eq. (5.87) are invariant under such a phase change, due to
the covariant derivatives of egs. (5.85). Hence the decomposition (5.84) is unique and
characterized by a gauge symmetry. This gives even more value to this formalism.
Following [53], we can absorb the covariant derivatives D and D in the wave
functions through the redefinitions

b = e~ J Ade] (5.90a)
y = en J Adegy. (5.90b)
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This way, we find the equations for the semiclassical background

h2 I — | ~
l—ZM (vz + <vg>) + MV + <Hq>] =0 (5.91)

and for the quantum subsystem

l—;j; (vﬁ—(v\g+2viw -vc> +Hm—(/ﬁ;]/>]§:0, (5.92)

where @ is the average of the operator O over the new wave function Y:

(0) = (XIOIX) - (5.93)

If an operator O, acts only on the quantum variables, the two averages match

<Oq> = <Oq>- (5.94)

We stress that (5.90) is not a simple phase transformation, because A x (V)
depends on the state y.

We still need another step to find the Schrodinger equation for the quantum
subsystem. First, we define time through a WKB expansion of ibv in powers of i

~ 1
¥ =LeR%T, N S €R (5.95)
i
ihd, = IMVCSeE Ve, (5.96)

where the inverse of the first order quantum amplitude has been denoted with NV,
not to create confusion with the covariant derivative. We plug this into eq. (5.91)
and find, at order O(A°), the Hamilton-Jacobi equation

1
m(vcseﬁs)? + MV + (Hy) =0 (5.97)

and, at order O(h), the equation for the Van Vleck determinant N

1 1
ﬁviseg + Ve (N> - VeSe = 0. (5.98)
We can see that, differently from [38], we now have a backreaction from the quantum
subsystem on the the semiclassical background.

We now redefine the quantum wave function to obtain the correct Schrodinger
equation

5 = en J(Hadry (5.99)

where, as before, the phase depends on the state y. After some calculations, by
using the time definition of eq. (5.96), we find

h? -2

. _i r— i c — 9 _
(H, — ihd;)ys = e~ 5 J {Hadr—7 [ Ad o [0*—(D*) +2(DlN) - D] x, (5.100)
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where the traditional Born-Oppenheimer approximation consists in neglecting the
right hand side [53].
In conclusion, in [53] the authors show the unitarity of the theory through

ih0s (xs|xs) = / (x*ihdsxs — OC) dg —

et (i) = om ) (0) = 35 (0~ (%))~ -

where CC is the complex conjugate of the previous term.

5.6 Non-unitarity of the exact expansion

There are some open issues in the procedure developed in [53]. First, the quantum
wave function is xs and the semiclassical wave function is @Z, while their product
should yield exactly the total wave function: this implies a breaking of the gauge
symmetry of the theory.

Second, the Schrodinger equation (5.100) contains derivatives with respect to
the background variables, which in turn contain also the time: these derivatives
must be clearly expressed and analysed. Indeed, as shown in [38] and in sec. 5.3, the
Laplacian operator on the right hand side of eq. (5.100) in particular is responsible
for the unitarity breaking terms at the quantum gravity order.

Furthermore, an additional problem is that the right hand side of eq. (5.101)
vanishes only if one takes the norm of the states, but it does not for different quantum
states. This means that a proper dynamical Hilbert space can not be built in this
approach, since a conserved scalar product can not be defined for all the states.

We now improve the method proposed in [53] and in last section, in order to
deal with the open issues just discussed. Despite the generality of the A expansion,
we will here expand the semiclassical wave function in powers of M; this way the
comparison with [38] will be simpler. The expansion in % follows similar calculations,
beside the differences noted in sec. 5.3.

Given the previous considerations, let us define the background wave function
associated with xs through

@ = e~k JHa)dry, (5.102)
in such a way that the total wave function reads
U =y = PX = PsXs- (5.103)

We now perform a semiclassical expansion on the background wave function, similar
to those made in sec. 5.3

by = MEFTD/N T pey =N Mg, (5.104)
n=1

This time we decompose P in its real and imaginary parts as P = ( — ip, such that

by = eMP/TgiM(So+O)/h (5.105)
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where

Re(P) = ¢ = %gl + %@ ... (5.106a)

—Im(P)

o (5.106b)
p=f T gpret :

Defining time as usual by now, that is through eq. (5.96) with the substitution Seg —
M Sy, we have

ih0, = ihV.Sy - Ve (5.107)

and eq. (5.100) at order O(M?) yields the Schrédinger equation
(—ihd: + Hy)xs = 0, (5.108)

as expected.

The first interesting differences from [53] appears in the equation for the back-
ground expansion. Eq. (5.86) yields at order O(M) the usual Hamilton-Jacobi
equation

1
5(vcso)2 +V =0, (5.109)
while at order O(M?)

- ?VESO +VeSo-Veli —iVeSy - Vepr — VeSo - VC/ <Hq> dr + <Hq> =0. (5.110)
By using the definition of time (5.107) we see that the backreaction disappears. The
fact that the backreaction shifted by one order in the expansion is just because
in [53] the authors performed an % expansion without the hypothesis of smallness of
the quantum subsystem (i.e. H; ~ h), that would have caused the backreaction to
appear in eq. (5.98). After separating the real and imaginary parts, we find

gviso +VeSo-Vepr =0 (5.111a)
VeSo - Vel = 0. (5.111b)

The first equation corresponds exactly to eq. (5.45), while the second points out
that ¢; has no dynamical relevance. Indeed, by using eq. (5.107), eq. (5.111b) reads

8:¢1 = 0. (5.112)

Until now, we recovered exactly the results of [38] (and equivalently [36]), but with
the adoption of the more advanced formalism of [53].

Now we can look at the quantum gravity order O(1/M). We will show that
the quantum gravity corrections calculated with this approach differ from those
calculated in [38], but still yield a unitarity violation, in contrast with what is declared
in [53]. For simplicity, we restrict our study to the case of a single gravitational
degree of freedom, which will be denoted as «; this is consistent with [53] and it does
not alter the results. This way we will not need to deal with the projection of the
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gradients in the geometrical indexes with respect to the Sy = const hypersurfaces.
Following this assumption, we have [103]

0; = Gue(90.50) e (5.113)
0.5, = —2V (5.113)
1
gﬂ- = —W (5113C)
d dSp 1 d 1

0o = (90S0)0:, (5.113d)

da~ da dSp/drdr 2V

where eq. (5.113¢) comes from writing eq. (5.109) directly in 7 (that means choosing
time as the classical variable instead of « from the beginning). We stress that, even
with a single geometrical degree of freedom, this procedure is valid only if V' # 0,
otherwise we would have 0,50 =V = 0.

By using the previous relations and eq. (5.108), it is easy to find

0% = > (0050) (i — (Ho)) ¥ (5.1142)
_ |inv in
gaa(ihaa)2x = [;‘/V(Hm - <Hm>) - 217Vgaa(8c2ySO)(Hm - <Hm>)

" ) (5.114D)

1 . . 2| ~

oy (H = () = 50 (i — ()| %

1
(Gaa(ih0a)?) = 57 ((H2) — (Hn)?) (5.114c)
where we indicated time derivatives with a dot and we used the identity

Or (Hm) = (OrHm) , (5.115)

due to eq. (5.108). After some cumbersome calculations, making use of egs. (5.114),
egs. (5.111) and eq. (5.99), and starting from eq. (5.92) we can rewrite eq. (5.100)
up to order O(1/M) as

ihaTXS = Hqu

. . 5.116
_ ﬁ [(qu — (H2)) +ih (H, - (H,)) - ih%(Hq — (H) | xs- (5.116)
The last equation is the equivalent of eq. (5.19), that is eq. (42) of [38], but in
the framework of [53]. We see that the non-hermiticity of the quantum gravity
Hamiltonian is still a problem, unless one takes the norm of a state, hence eq. (5.101).
In this case, differently from [38], all quantum gravity corrections vanish and this
may be interpreted as a prediction of this approach, that is that quantum gravity
effects are smaller than we thought and may appear only at subsequent orders, if
not at all. This last interpretation, however, seems somewhat awkward.

We now turn our attention to the background wave function at order O(1/M).
Rewriting 0, through eq. (5.113d), with the help of egs. (5.111) and of (5.109) we
find

R2 0% 1 1 1% in .

= Gaa = 0:Co — 10 pp — - (H)? + 5 (Hy) — —— (H

3 Jan =2 = 0r6a — 1002 = g (HL)* + 375 (Hy) = 37 () .
1 , BV ho,
v\ 0P~ g0t g0
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Through the last equation and eq. (5.114c), we can rewrite eq. (5.91) at the desired
order. After separating the real and imaginary parts, we find

1 2 V 2 1 2\ __
0r-C2 — Vi%a (Orp1)” + hv&ﬂl — haﬁ’l} Tav <Hq> =0, (5.118a)
hV ho .

This perturbative order clearly shows the backreaction of the quantum subsystem,
at the same order expected in [103], although the solutions are very different, as
well as for the corrected Schrodinger equation (5.116), because of the formalism.
By writing the equations in the time component from the beginning, eq. (5.111a)
becomes

h
5977872.50 +0,p1 =0, (5.119)
and making use of egs. (5.113) we can write

BV
T = ———. .1
d-p1 5T (5.120)

With this result, we can simplify eq. (5.118a) and obtain

0rCa — i [V - 3(‘7)2] — (H) =0. (5.121)

4V |2V 4 V2

5.7 Some notes about time

Given the strong importance of time in the non unitarity problem, a few additional
remarks on some aspect related to it are required. The first one is that the WKB
time is an intrinsic time of the system and is related to the general time ¢ through
the lapse function N (not to be confused with the N from the WKB expansion of 1))

d 1d
7]

== (5.122)

This does not alter the structure of our solutions, because the lapse function is
always associated with time. About that, see for example the Schrodinger eq. (34)
of [36], i.e. eq. (4.70).

The second consideration is less evident, and it is related to the exact decompo-
sition of [53] and the transformations performed on the wave functions. Going from
the initial functions 1, x to the final functions g, xs requires two transformations,
one that involves A « (V.) and one that involves (H,) o (9;). Hence, the total
transformation is given by egs. (5.90), (5.99) and (5.102)

W = ef%fAdczZ _ ef%fAdcef%f(Hq)dTws (5123)
X = e% fAdC% = e% fAdce% f<Hq>dTXS, (5.124)

where, given the definition of A, the first phase resembles a Berry phase. The inter-
esting fact is that 9, and V. are related through eq. (5.96), or equivalently through
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eq. (5.107). It is argued that such transformations cannot be taken individually, but
form a unique transformation on the system [59]. Moreover, if we write the exponent
through the derivatives we get

ih / (Ade + (H,)dr) = / (Vo) de — (9,) dr), (5.125)

where we used eq. (5.85b) and (5.108) (or equivalently eq. (5.100), neglecting the
fluctuations). If we choose the classical variables set to be {7, h;} from the beginning,
where the h; are the degrees of freedom orthogonal to time, the last equation reads
(a summation on index ¢ is implied)

/(<8T>d7'+ () dhy) —/(8T>d7-:/<8hi>dhi. (5.126)

If we now define

A; = —ih (Oh,), (5.127)

the full transformation reads
W = e~ S Aidhiy, (5.128)
y = en [ Aidhiy . (5.129)

we can easily notice that such transformation is performed on the hyperplane
orthogonal to the time coordinate. This is an interesting feature of the model and
one of its core definitions, and probably it deserves more investigation.

Moreover, from all the analyses states until now it appears that the most
important term responsible for the non-unitarity of the models is the classical
Laplacian V2. Be it through some adiabatic assumption on the quantum wave
function, some projection parallelly and orthogonally to the hypersurfaces Sy = const
or simply by having time as the classical variable from the beginning, at some point
that Laplacian generates V2y. this is the crucial point that always generates
non-unitarity, because it holds

— h2V2x = ihd.(Hx) = ihHx + H?, (5.130)
and we just found the incriminated term. Thus, until time is defined through V.,

the model is probably doom to find a non.hermitian Hamiltonian at the quantum
gravity level.

5.8 Unitarity through the introduction of the kinemat-
ical action

In order to overcome the problems discussed above, we propose a way to obtain the
time parameter through the addition of the kinematical action term.



96 5. Semiclassical expansion and the problem of time

5.8.1 The kinematical action

The kinematical action was first introduced in [25] as a tool to maintain the constraint
equations of a system by adding variables in the Lagrangian and Hamiltonian
formalisms. For curved spacetimes in ADM formalism, the kinematical action reads

Skin = /d4x (PuOey" — Ntpy), (5.131)

where the coordinates u” are those defining the parametric equations of the hyper-
surfaces in the ADM splitting, see eq. (4.7), and p, are the associated momenta. We
will now apply this procedure to the case of a matter field in a curved background.

To understand the meaning of this addition to the action, we firstly analyse
a model consisting of only the kinematical action and a scalar field. The trivial
equations of motion show that

pu=0, p,=0, @ =u'=N'=Np'+Nb, (5.132)

where the other variables are the basis of the ADM foliation, as in eq. (4.9). The last
equation closely relates u# and N. Moreover, we have the additional contributions
to the super-Hamiltonian and supermomentum constraints given by

HY™ = phip,, (5.133a)
HE™ = 'py, (5.133b)

which are the key components to define a meaningful time variable for the matter
field dynamics, in a different way than those proposed in the previous sections.

To show this, let us consider a matter field ¢ immersed in a fixed gravitational
background. Its action in ADM variables reads

Sy = / dz® d3z (m} ~ NH? - N’Hf’) , (5.134)

where 7 is the momentum conjugated to the scalar field. The super-Hamiltonian of
the scalar field reads

H = 2\1/5772 4 %\/Ehiﬂ‘(a@)(am) +U(9), (5.135)

where U is the field potential, and its supermomentum

HY = (9;¢)m. (5.136)

(2

Having fixed the background, we not make the variations with respect to N and N?,
thus they loose the physical definition of the ADM foliation.

The addition of the kinematical action allows to recover the definition of the
deformation vector and so the structure of the space-time foliation, which would
otherwise be lost in this case. Adding Syi,, independent from both metric and matter
field, the dynamics of the scalar field and assigned gravitational background is left
unchanged

S = 59 4 glin
: . , . 5.137
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The meaning of the deformation vector is recovered, and the super-Hamiltonian and
supermomentum constraints become

H® = —H"" = —p nH (5.138a)
HY = —H™ = —p, b, (5.138b)

In the canonical quantization procedure, the momenta p* are transformed into
derivative operators, and they will be crucial in the construction of the time variable.

We will now show how this procedure can be applied to obtain a matter field
dynamics without non-unitary terms arising from the previous proposals, which
would prevent the predictability of the theory.

5.8.2 Scalar matter fields immersed on a WKB gravitational back-
ground with kinematical action

We propose here a theory consisting of a single matter scalar field ¢ with potential U,
immersed in an assigned quantum gravity background, with the addition of the
kinematical action. The generalization to the case of n matter fields is straightforward
by replacing ¢ with >, ¢, and inserting the cross-interaction terms into U.

The total action of the system reads

S = gEr 4 GO 4 ghin / da® &% (T5h + pyg + md .
5.139
— N(ngav + H¢7 +Hkin) - Ni(Higrav —&—H;b +HZ}<in)>

and writing the momentum p,, as a derivative operator, the super-Hamiltonian and
supermomentum constraints of the system are

: 1)
grav ¢ _ __rrkin _ .5 p
HE™Y + H? = —H™" = ihn Sui (5.140a)

grav ¢ kin __ 34 o
HE™ 4 HY = —HF" = ihb]' <.

(5.140D)

We assume the scalar field to be small, so we can safely use the M expansion of
sec. 5.3. The wave function is

U (hij, ¢, ul') = (hig)x (o, u''; hig), (5.141)

where the slow semiclassical part depends only on the 3-metric, while the fast
quantum part depends on the matter field and the kinematical action variable
and parametrically on the 3-metric. This separation is justified by considering the
different energy scales of the two components, in a case where the scalar fields act as
test fields giving negligible contribution to the background and with a fast dynamics
that can be computed at nearly fixed values of the 3-metric tensor. For simplicity of
notation, we will adopt the variables h, and ¢, as before, where we use h instead of
¢ because it will appear also in the supermomentum constraint.
As before, we make the expansion

U= oy = or (MSo+o1+3702) o1 (m+77712) (5.142)
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We assume 1) to satisfy the gravitational (classical) part of the constraints at any
order, i.e.

2
ngavw — <_2hz’wv% + MV) P =0 (5143)

HE™op = 2ihh; OV 1,0, = 0, (5.144)

while the total constraints read

h2
HEY + HOYW = [ ——— Vi + MV - >V +U | ¥
( ) ( oM " a (5.145)

= —HN" = it 9, U
(HE™ + H))® = (2ihh; V)05, — ih(0,q)Vy) U = ~HI"W = ihb! 0, V. (5.146)
We will also need the additional assumption
Vix =0O(1/M). (5.147)
The first perturbative order is O(M), at which we find
%(VhSO)Q +V =0 (5.148)
—2h; OV},(0h, So) = 0. (5.149)

The last one is the invariance of the theory under diffeomorphism at this perturbative
order. We will find it again order by order, i.e. the theory is completely invariant
under diffeomorphisms, as it should.

At the next order, that is O(M 0), things become more interesting. We have

V1So - Vyor — ?v,%so =0 (5.150)
—2h; OV, (O, 01) =0 (5.151)
(=R*V2 + U)x = il Ounx (5.152)
—1h(0;q)V gx = ihb' Oyux. (5.153)

Using the last two equations, keeping in mind the relation between @* and N
in (5.132) and integrating to remove the spatial dependence, we get

ihopx = ih / A3z Oy = ih / d3x NHOyux

;o o | (5.154)

= in [ % (N N = [ de (VH? + NH ) = H.
by by

Yet another time, we have the Schrodinger equation.
We can summarize our procedure until now with an exact set of equations:

HE™q) = () (5.155)

HE™4p =0 (5.156)

HE™ Y = HEepy — xHE™ ) (5.157)

HE™W = H¥™Vopy — xHE™ (5.158)

ihoU = /E dbx [N(HE™ + HO) + N'(HE™ + 0Y)| 0. (5.159)
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Because 1 does not depend on u*, it does not depend on ¢ neither. Moreover, its
diffeomorphism invariance means that it can be brought outside of the integral,
because it does not depend on the spatial coordinate, but only on the equivalence
class of 3-geometries. Doing so the last equation yields the Schréodinger equation.
The presence of 1, however, leaves behind some pieces, depending on the perturbative
order. Moreover, we still need to face the big issue: will the quantum gravity order
preserve unitarity?

For simplicity of notation, let us analyse together the orders O(M°) and O(1/M).
Subtracting eqs. (5.143) and (5.144) respectively from egs. (5.145) and (5.146), we
have

(=R*V2 — 21RM NSy - Vi, + U)x = il Oynx (5.160)
(2ifh; BN ,0p, — i(9;q)V ) x = ihbY Dun X (5.161)

The additional term is the one that used to be the temporal derivative. It appears
only now due to the “smallness” assumption (5.147). Thus, the corrected Schrédinger
equation at this order is

iy = Hoy + / &% (~2NiRMV,S0 - Vi + 2k IV, ) X (5.162)
by

Both the corrections are unitary.

We stress here the difference in the choice of the temporal coordinate from the
proposals of [36] and [38], since time is not recovered from the dependence from the
“classical” variables h;;, but from the kinematical action variable u#. Nonetheless,
until the quantum mechanics order, the results are formally the same as in [36]
and [38], since the Schrodinger equation is recovered in all cases. The main difference
and consequence of this approach is visible at the quantum gravity order, where it
differs deeply from theirs.

5.9 Final remarks and possible extensions

Let us go through the steps of our analysis. In sec. 5.3 the two WKB expansions
in i and in the Planck mass proposed in [36, 38] have been carefully analysed and
compared. We have offered a derivation of both expansions in a formalism that is
similar to that adopted in [103]. By doing so, we have extended the i expansion to
arbitrary orders and found quantum gravity corrections to the quantum sector of
the theory, starting from the second order in the expansion parameter. This can
be seen in the corrected Schrodinger equation in curved spacetime (5.54) and in
eq. (5.57), i.e. its version at order O(ﬁQ). The comparison with the Planck mass
expansion has revealed that the corrections are of the same kind, see eq. (5.55). The
non-hermitian nature of the corrections is better highlighted once the derivatives of
the wave function in the classical indexes are expressed in terms of time, as reported
for the Planck mass expansion in eq. (5.65). We have also pointed out that at
order h? the only source of unitarity breaking terms is the Laplacian operator in the
background variables in the right hand side of egs. (5.54) and (5.55).

As for the background sector, the h expansion has yielded a HJ equation,
corresponding to the Einstein equations in presence of a matter source, and the usual
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equations of a WKB expansion, see egs. (5.40) and following ones and [26]. We have
discussed the fact that this feature is not completely shared by the Planck mass
expansion, since, even if the background equations have the same form at each order,
in this case the classical limit of matter is excluded. Though the Planck constant
expansion needs for the additional hypothesis of smallness of the quantum subsystem
to derive the Schrodinger equation, it gains in generality: one may think of the more
elegant Planck mass expansion as just the sub-case of the h expansion with a purely
geometrical background. This sentence can be seen as the synthesis of the result of
the comparison between the two expansions. Moreover, we have stressed that the
origin of this difference can be traced in the way the adiabatic separation between
slow and fast degrees of freedom is mathematically realized in the two expansions.
The Planck mass is the natural adiabatic parameter to split quantum matter from
classical geometry and in this sense it does not admit the matter component in the
HJ equation. This is acceptable if one is only interested in the recovery of quantum
field theory on curved spacetime and gives no importance to the nature of the fixed
background. However the Planck mass expansion can not be applied to cosmology
without manually rescaling the matter fields with the Planck mass itself, when the
theory is applied to inflation, as discussed in the Introduction.

Eventually, in sec. 5.4 we have shown that the solution proposed in [103] to
solve the non-unitarity problem within the framework of the Planck mass expansion
is based on very strong hypotheses, and, thus, it solves the problem only for very
particular models. The procedure developed in [103] is based on the eigenvalue
equations (5.72). Passing from the Hamiltonian operators to their eigenvalues allows
for the absorption of the non-hermitian corrections in the background wave function:
this is done through redefinitions of the background wave function at each order in
correspondence of the redefinitions of the quantum wave function made in eq. (5.74)
and (5.79). We have argued that the relations (5.72) can not hold at the same time,
since it is not true, in general, that H and H,; commute. The reason of this statement
is that H contains the time derivative of the matter Hamiltonian and, in general, H,
and Hq do not commute. As a counter-example to the procedure of [103], we have
shown the non commutation of the matter Hamiltonian with its time derivative for
the toy model of inflation described by egs. (5.80). However our procedure can be
applied to all the models with H, that depends on the background variables: indeed,
in this case Hq contains the time derivatives of the background variables that can
be used to make their conjugate momenta appear in its expression.

Next we dealt with the problem of unitarity breaking at the quantum gravity order.
In sec. 5.6, after having reviewed the expansion based on the exact decomposition of
the wave function of the Universe proposed in [53], we have completed the analysis
by addressing the two major issues of this study. On one side, we have restored the
gauge invariance of the theory, that was clearly broken by the authors. This has been
done in eq. (5.102), by defining the background wave function 14 correspondent to
the purely quantum wave function ys defined in [53]. By doing this, we have shown
that the backreaction experiences a two order shift in the expansion parameter from
the order of the HJ equation, where it appeared in [53]. The first shift is due to the
fact that the authors made an A expansion on the background wave function without
the hypothesis of smallness of the quantum subsystem, i.e. H, ~ h. This hypothesis
would have made the backreaction appear in the continuity equation, at order A.
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Since we performed the expansion in the Planck mass to simplify the comparison
with [38, 103], we expected the backreaction in the continuity equation. However
the redefinition of the background wave function has led to a term that exactly
compensates the backreaction in the continuity equation, see eq. (5.110). Then,
we have shown that the first contribution of the backreaction in the background
equations appears at the quantum gravity order, accordingly to [103]. For simplicity,
we have restricted our analysis to the case of a minisuperspace model with a single
geometrical variable. The main result of our calculation is contained in eqs. (5.118a),
that exhibit the backreaction of the quantum subsystem.

On the other side, we have made explicit the Laplacian operators in the corrected
Schrédinger equation (5.100) in terms of time derivatives, for the single geometrical
variable model. This is what has to be done to check properly the unitarity of the
time evolution at the quantum gravity order. The result of this analysis is contained
in eq. (5.116), where the analogue of the corrected Schrédinger equation obtained
in [38] (see eq. (5.19)) have been derived in the formalism of [53]. This equation
shows that, once the complete form of the time evolution operator is made explicit,
the problem of unitarity breaking at the quantum gravity order affects the approach
proposed in [53], as well as the others discussed in this paper.

We concluded this chapter with sec. 5.8, where we proposed an alternate way
of defining the time variable through the kinematical action and we showed this
definition to lead to unitary corrections at the quantum gravity order.

Summarizing, the analysis above has demonstrated the following major points.

On one hand, we have clarified that the proper parameter to construct a WKB
approach to the slow-varying part of the quantum system necessarily is the Planck
constant, according to standard quantum mechanical criteria. This statement relies
on the possibility to get also the matter contribution on the classical limit (i.e. in the
HJ equation), according to the idea that quantum boson fields can be characterized
by so high occupation numbers to be described by a classical energy-momentum
tensor, as in the case of the electromagnetic field and of the scalar field in cosmology.
Also fermion fields can admit a classical limit, when the fermion density is sufficiently
high. However for these fields such associated classical limit is more commonly
regarded as a phenomenological source and its presence in the HJ equation could be
inferred independently of the classical limit.

On the other hand, we have clarified how the problem of a non-unitary evolution,
emerging at the second order in the expansion parameter, is independent of the
specific nature of such a parameter, if the Planck constant or the Planck mass.
This shortcoming of the WKB formulation seems to be an intrinsic feature of the
assumed decomposition of the quantum state into a slow-varying and a fast-varying
component. We also argued that neither of the proposed solutions for the non-
unitarity problem is actually viable, because while in [53] the real meaning of the
Laplacian operator in the slow variables is not properly addressed (the time evolution
operator is not unitary), in the proposal of [103] the removal of the undesired terms
is operated by assumptions which are not valid in general, holding only for special
ad hoc cases. Meanwhile, we managed to enhance the model of [53], correcting
the background behaviour and calculating the true explicit form of the corrected
Schrédinger equation.

However, the idea proposed in [103] contains some physical insight in suggesting
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that the a priori assumption of a WKB expansion for the slow-varying system
component is too restrictive. In fact, limiting our attention to a quantum field on
a semiclassical gravitational background, it appears a reasonable conjecture that,
at least in general, the quantum field backreaction be not completely negligible.
By other words, the nature of the semiclassical system can not be pre-determined,
but it should be consistent with the quantum field dynamics, order by order in the
parameter expansion. In [53], the problem of a quantum matter backreaction is
considered, but, by completing the redefinition of the semiclassical wave function,
we have demonstrated that the backreaction cancels out from the semiclassical
equations, up to the quantum gravity order.

We then made a new proposal for a definition of time that shows to be unitary also
at quantum gravity levels. This was constructed through the use af the kinematical
action. This way, time is related to the other variables through the equation on
motion of the system, and not directly to the Sy functional of the background model.
This allow us to prevent the problems related to the usual definition of time, and
summarised in sec. 5.7.

We also admit that a more radical point of view could state that the emergence
of a non-unitary contribution in the dynamics — when quantum gravity corrections
are considered on quantum field theory — is the evidence that the standard BO
decomposition be not appropriate to the gravitational sector. The reason could be
in the intrinsic coupling that matter and gravity maintain, in principle at any order
of a common WKB expansion, so that postulating the existence of a fast quantum
system would break the natural feature of the gravity-matter coupling also on a
quantum level. The BO approximation holds up to first order in A as demonstrated
in [36] only because the quantum matter backreaction is expected to be of order A2,
neglected on that footing. For a recent reformulation of this problem in terms of a
Weyl quantization procedure, allowing the inspection of the quantum phase space in
place of the configurational variables only, see [108, 109].
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Chapter 6

Application of the WKB scheme
to the perturbations of a FRW
universe

The unification of quantum theory and gravity is one of the central problems in
physics. Several approaches have been developed, see for example [86, 94] and
references in chapter 5, but in order to decide which gives the best description of
nature we need to be able to test them. However, finding predictions is problematic
because of the scales in play.

Promising scenarios are highly energetic ones, or physical phenomena character-
ized by quantities in play able to enhance the otherwise small effects of quantum
gravity. One of them, is the highly energetic early inflationary phase of the universe.
Thus, the study of quantum primordial perturbations is important both for insights
into quantum gravity and for the primordial perturbation themselves.

Among the studies regarding such phenomena, [98] adopts the formalism devel-
oped in section 5.2. However, the calculation contains some weak points that should
be better addressed.

Following [115], we analyse the WKB scheme applied in [98], in which the authors
study the scalar perturbations to a flat FRW background in the inflationary epoch.
Because of the very high energies at play during this epoch, quantum-gravitational
effects are expected to be relevant in this model, at least at a perturbative level.
Therefore, the Hamiltonian constraints for background and perturbative degrees
of freedom are derived treating background and perturbation variables as distinct
physical degrees of freedom, and then the WKB semiclassical scheme of [38] is
applied to the Wheeler-DeWitt equation.

6.1 Review of the original procedure

We start reviewing the original procedure followed by [98]. We describe the physical
system through the same formalism presented in sec. 5.2. The ADM Hamiltonian
density of the system is a combination of the super-Hamiltonian and supermomentum
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constraints
2 g 1 h h( 72 i
Hi = -2 OV + 748:0 = 0, (6.1b)

where ITI¥ and 74 are respectively the conjugate momenta to h;; and ¢ and V(¢) is
the scalar field potential.
Assuming a flat isotropic FRW background metric in conformal time 7

ds? = a®(7) (= dr? + d=?), (6.2)

along with a homogeneous scalar field ¢(7), the background ADM Hamiltonian
constraint becomes

1 2 1 2 4
7—[0 = _2a2m123 ﬂ'a + @ﬂ'(ﬁ + a V(gb), (63)

where m$ = % is the “rescaled Planck mass” defined by [98], and we will assume
for the rest of this chapter i = ¢ = 1. This expression may be written in a more
symmetric fashion by means of a change of variable involving the scale factor

a=lna (6.4)

and by a rescaling of the scalar field with the Planck mass!

¢ — mpo. (6.5)

The latter is also necessary in order to recover the correct background equations
involving the scalar field at leading order in the WKB semiclassic expansion, as
noted in sec. 5.3. For the same reason it is necessary to rescale the potential as well,
so we define

2 107
V(a,¢) = —5e'V(9). (6.6)
mp
Using these relations we can rewrite the background Hamiltonian (6.3) as
e 2 m 2 2a

6.1.1 Perturbative Hamiltonian

For simplicity we focus on the scalar metric perturbations, that can be parametrized
by means of four scalar functions of time and coordinates, which appear in the line
element of the perturbed metric

ds? = CLQ(T){(l +2A(z, 7)) dr? — 2(8;B(x, 7)) dat dr ©3)
6.8
— (1= 20 (2, 7))0i; + 20,0, E(x, 7)) da' da? }.

!Even if we strongly criticised such rescaling before, we prefer to stick to the notation and
assumption of [98], apart from the aspect we want to clarify more, in order to have a better
comparison.
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In addition to the metric part of the perturbations, we must consider a perturbed
scalar field d¢p(x, 7).

Scalar cosmological perturbations are gauge-dependent, so it is useful to resort
to gauge-invariant quantities constructed as combinations of scalar perturbations.
These combinations, known as Bardeen potentials, take the form [29, 44]

By(rz) = A+ 267 (a(B - B)] (6.9)
i (r, @) =69 + $(B - B), (6.10)

where the dot represents as before a derivative with respect to conformal time 7.
These two quantities can be combined to form a single gauge-invariant perturbation
for both matter and geometry, called the Mukhanov-Sasaki variable

v(T,x) =a

ar, ;¥
4922, (6.11)

where J# = a/a is the Hubble parameter in conformal time.
It is then possible, following [34, 44], to write the second order perturbation of
the Einstein-Hilbert action around a flat FRW background in the form

1 1 - .
5525 =5 /dT d3z ((1’))2 — 0V 0wojv + 21}2> , (6.12)

where the parameter z is defined as

z=4\1— —. (6.13)
The last expression leads to the Hamiltonian in Fourier space for the k-mode [98]

1 F
Hi =5 [n,% +vZ <k2 - Z)} : (6.14)

This corresponds to the Hamiltonian of an harmonic oscillator with a time-dependent
mass. The frequency of the oscillator thus takes the form:

wi(t) = k* - g (6.15)

6.1.2 Quantization and WKB approach

The total Hamiltonian constraint for each k-mode of the classical system is obtained
by adding the background part (6.7) and the perturbative part (6.14)

_ 2
e 2c 71'2

T
-——5 + —(g + mpe*V
2 mp o mp

1
+3 |77+ wiep] = 0. (6.16)

The canonical quantization of this model can be achieved by formally substituting
each momentum with a derivative taken on the respective conjugate variable

T — —ii (617)

Mg — —17—, My — —l7—, .
@ dax ¢ oo Do
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This way, we obtain a Wheeler-DeWitt equation for a single k-mode of the background
and perturbative degrees of freedom, which reads

mp

1 |e 2 [ 92 92 9 9 > < 0? 2 92
|5 — 55 +mpe*V | + | —55 +wk(T)vj || Yr =0. (6.18)
2 l 2 <8a2 g2 T v

To make the notation more compact it is useful to relabel the background
variables as ¢”, where the index A takes the values 0 and 1

P =a, ¢ =o (6.19)

In addition, a background supermetric in configuration space is introduced in the
form

Gap = diag (—67204, e*QQ) ) (6.20)

Equation (6.18) then can be written as:

o 1s ﬂJFmQV( A)_aiw?(m? Ur(qh,ok) = 0 (6.21)
9 m% abaqaab P q 81}’% k k k\q ,Vg) = U .

the last eq. can be solved perturbatively by applying the semiclassical WKB method
of [38] and sec. 5.2. indeed, it is easy to identify the various terms: doing this, we
can safely write the final quantum gravity Hamiltonian as

.0 ) o 1 (He)®> .0 (Hk> (1)
9k = X o | v T\ v )| Xk (6.22)
where
ae = L[_0 L 2
k= ) +’Ukwk(7') . (623)

Obviously, this suffers from all the issues we described earlier in sec. 5.2. Here,
however, we want to analyse a different kind of problem.

A critical point in the previous procedure is the derivation of the Z/z term
contained in the potential wiv; of the Hamiltonian (6.14). It is clear from its
definition (6.13) that it contains higher-order time derivatives of the background
variable a or, equivalently, of a. In the original papers [34, 44], the authors obtain
this term performing integration by parts over the time variable in the action integral,
and do so legitimately since their aim was to quantize only the perturbations around
a classical background. Thus they are allowed to keep Z/z after quantization as a
function of classical variables.

On the other hand, in [98] the authors’ goal is to quantize the background as
well as the perturbations, therefore the higher-order time derivatives of canonical
coordinates become, in the Hamiltonian formalism, higher-order derivatives of the
momenta, whose treatment in the quantization process is unclear. This concern is
expressed by the authors themselves, but then passed over [98]. Therefore, in order
to verify the validity of their result, it is necessary to adopt an approach that avoids
the mathematical manipulations that lead to the Hamiltonian (6.14).
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6.2 Gauge invariant perturbations Hamiltonian

We now describe a procedure that allows to formulate the Hamiltonian of scalar
perturbations in a gauge-invariant fashion. This method bears many similarities to
the Hamilton-Jacobi method for finding the equations of motion of a system, except
in our case the goal is to determine the true physical degrees of freedom of such
system, which must be gauge-invariant. To do this, we first have to clearly separate
the scalar degrees of freedom in the perturbed ADM 3-metric from the vector
and tensor ones and compute the scalar part of the Hamiltonian and momentum
constraints.

Let us consider a flat FRW 3-metric h;; = e2“5ij and its perturbations «;; = dh;.
The latter comprises six degrees of freedom: two scalar ones, two vector ones and two
tensor ones. Therefore, we can consider a decomposition of the following kind [50]

6
Vi = Y Al Ym, (6.24)
m=1

where m = 1,2 are the scalar, m = 3,4 the vector, and m = 5,6 the tensor
perturbations, AZ-L being six linear operators. The matrices A%’fym form an orthogonal
basis in the space of 3 x 3 symmetric matrices, with the definition of scalar product
between two elements M and N of the space being

(M,N) = Tr(MN) = h*hI' M;; Ny (6.25)

For the elements of the basis we have the conditions [86]

h AT =0, m=2,...,6 (6.26a)
PVAL =0, m=3/4 (6.26b)
PA =0, m=5,6. (6.26¢)

Since we are interested only in the scalar part of (6.24), we just need the
expression of the first two operators of the basis. These are [86]

Al = hi (6.27a)
hij
A2 == ™ (aiaj — ?jaka’“> , (6.27b)

thus the scalar part of the metric perturbation can be written as the sum of two
terms b
~ .
Yij = §hij + e (aiaj — ;8k8k> b, (6.28)
The first term is the trace part of the perturbation (y being the trace of 7;;), whereas
the second term is called the longitudinal part of the perturbation, with u the
longitudinal scalar degree of freedom.

It is more convenient to work in Fourier space because A?j is a differential
operator, so that we have the formal substitution 9; — ik;. Then the expression for
Afj becomes

_ B
A% = —e (kkj - 3%2) (6.29)
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where k%2 = hY kik;j. Therefore, in Fourier space the expression of the metric
perturbation reads
- Y hij _

From now on we will always refer to the Fourier transforms of scalar perturbations
and operators: we will therefore drop the tilde and imply an integration over
d3k/(2m)3.

From equation (6.28) we can see that the coefficients of the scalar part of the
decomposition are

"= % (6.31a)
Yo =p (6.31b)

and, considering a perturbation da to the scale factor, we have
71 = 26a. (6.32)

Our task now is to write the Hamiltonian and momentum constraints in terms of
these scalar perturbations and their conjugate momenta. What we need is a canonical
transformation that allows the change of variables to take place. Following [50], we
define a generating function of the third kind to find such a transformation

S = —PYy, A7} (6.33)
The decomposition (6.24) can also be used for the perturbed momentum

g I X R X
PV = 6117 = —-P - e 2 (kw - 3k2> P, (6.34)

where with P, we indicate the longitudinal degree of freedom of P, With these
definitions, we can explicitly write the generating function as

2
S = —25aP — §k4uP“. (6.35)

The momenta conjugate to the variables da and p are

— _% _9p (6.362)
s 2
e i §k4PH. (6.36b)

We can now write the scalar part of the first perturbations to the constraints (6.1a)
and (6.1b), which will be called éH and dH; respectively. These constitute four
constraints for the perturbations. It can be shown [50] that dH already contains
only scalar degrees of freedom, whereas the scalar part of §H; may be extracted
by taking its divergence: this is granted by equations (6.26b) and (6.26¢), which
ensures that the divergence makes vector and tensor degrees of freedom vanish. This
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way, we only have two constraints for the scalar perturbations, which we will relabel
E and M. Using decompositions (6.30) and (6.34), these are [50]

2rG 3
_ —3a 2 2 (4107
(6.37a)
_ G + Tydmy + 00 V—2e6ak25a— i Eul =0
3 MaTba T TGOTY ¢ 871G 2drG M T
O'6H; = M = — 2600 — “msa + k2ol + 27y + 140 = 0 (6.37b)
i = =73 Ta 37r5a 9 T b k27r# T$0® = 0. .

6.2.1 Hamilton-Jacobi method for constraints

Now that we have the scalar part of both constraints expressed in terms of the
canonical coordinates da, u, d¢ and their respective conjugate momenta, we can
illustrate the method by means of which we will achieve a gauge-invariant expression
for the second-order Hamiltonian.

We are dealing with a 6-dimensional scalar phase space with two constraints
E =0 and M = 0. These are first class constraints: their Poisson bracket vanishes
weakly, i.e. it is either zero or a linear combination of the constraints. The two
constraints restrict the freedom of the system to a 4-dimensional constraint subspace:
such a system is now subject to the Hamiltonian flow (i.e. the Hamilton equations),
and a constraint flow, that is the gauge transformations generated by the constraints.
The constraints being first class means that a system whose initial conditions lie
in the constraint subspace, will always remain confined to that subspace under
the Hamiltonian and constraint flow (for a discussion of the theory of constrained
systems, see [66]).

Since the two scalar constraints generate two gauge functions, the gauge orbits
are 2-dimensional: therefore the physical phase space is further reduced to a 2-
dimensional subspace. Thus we expect to be able to reduce the dynamics of the
system to a canonical gauge-invariant coordinate and to its conjugate momentum.

The following procedure, first presented in [37], is inspired by the standard
Hamilton-Jacobi theory. In order to change canonical variables to (Q;, P?), it is
necessary to use a canonical transformation to preserve the form of the Hamiltonian,
which can be derived from a generating function S(g;, P?,t). Old and new coordinates
are related by

- 08
= — 6.38
"= 5 (6.38a)
oS
i = A5 .38b
Q 5P (6.38b)
while the new Hamiltonian then is given by
oS
Hyew =H+ —. 6.39
+ 5 (6.39)

The explicit time dependence in the Hamiltonian and generating function can be
due to the presence of external parameters A, 7y that can be canonical conjugate of
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a system regulated by a Hamiltonian H. If this is the case, the previous equation
can be reformulated as
Hpew = H+{S,H,}, (6.40)

where the Poisson bracket acts only on the external variables A, my. The Hamilton-
Jacobi method requires to find that transformation that makes the new Hamiltonian
vanish

05 t) 95 _y. (6.41)

H(Qiapzzaqia +E_
This technique can be used to solve the equations of motion of a system, provided
that one is able to find a complete solution for the Hamilton-Jacobi equation, that
is with as many constants of integration as the n degrees of freedom.

The method we are about to follow is in many respects similar to Hamilton-Jacobi
theory, but it is applied to the first class constraints of the system. For a system
with a 2n-dimensional phase space and m first class constraints C, (qi,pi) = 0,
a = 1,...,m, the physical phase space has dimension 2(n — m). It is possible
to obtain the canonical coordinates that span the physical space by solving m
Hamilton-Jacobi-like equations

Ca <qz,p2 = 25) = Oa a = ]-a cee, M. (642)

The generating function S (qi, Pk), k=m+1,...,n, depends on n — m constants

of integration P*. Then the relation between the old coordinates (g;, p’) and the
actual degrees of freedom (Qy, P¥) is given by the canonical transformation

.08

f= —— A4
"= 5 (6.43a)
oS

These equations can be inverted adding m arbitrary parameters 3, (the gauge
functions) to obtain the old canonical coordinates

¢ = q; (lepk,ﬁa) : Pi = D (Qk,Pk,5a> : (6.44)

If the Poisson bracket of the Hamiltonian with any of the constraints vanishes
weakly, then the gauge-invariant Hamiltonian for the physical degrees of freedom is
given by an expression similar to (6.39) or (6.40) [37]

Hor = H (: (Qr, P*) . pi (Qr, PX) ) + {8, Hn}, (6.45)

where it suffices to express ¢; and p; as functions of Q) and P*, since the gauge
functions (5, automatically cancel.

Now we should apply this technique to our specific case, defining the canonical
coordinates ¢, pﬁ

g =00, q=da, @=p (6.46a)
pO = 671—(;57 pl = T p2 = Ty, (646b)
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and solving eq. (6.42) for each constraint, i.e. for

E <Q()!)pIB = g{i) =0 (647&)
ﬂ4<qa,p5== §§;> =0, (6.47b)

where «, 8 = 0,1,2. The details of this calculation are described in [50], we now
focus on the interesting parts.
We have only one degree of freedom left, so we find only a new gauge invariant

variable ) ) )
3 Ty k B 10) k

which is exactly the gauge-invariant Mukhanov-Sasaki, except that it is written in
Fourier space and here we do not have the rescaling of a scale factor a, which is
an ad hoc choice. The gauge invariant Hamiltonian, after performing the whole
procedure, is

4

1 T
GI -3 2 2 ¢
%k = 56 a {PU —+ 247TG7T¢ — 1871_72
«

6.49
6a o 6a 2 ( :
— 12 ;%V+e(%%v+k)

We stress that, in this Hamiltonian, the scalar field has not been rescaled yet.

Not making the assumption about the classical behaviour of z in eq. (6.13) left us
with a huge problem: the background momentum 7, now appears in the denominator
and we have a nonlocal theory. This prevents us from applying canonical quantization
to the Hamiltonian and thus to use the semiclassical approximation scheme. We
stress that the background momenta terms in (6.49) are analogous to the term 2/z

n (6.14), which contains background momenta and their derivatives. Therefore, we
have to consider other ways of removing this issue, before quantization is carried
out.

6.3 WKB approximation for the new Hamiltonian

The Hamiltonian (6.49) of last section is nonlocal and has the conjugate momentum
of a at the denominator: we cannot simply quantize this theory. To solve this issue,
we first multiply the total Hamiltonian by 72 and then proceed to the quantization.
At this point, we expand in 1/m} as in [98]. For simplicity we will write the new
Hamiltonian as

—2a 2 2
H= [ o 2+wnpﬁav + Ho, (6.50)

mp mp

where H, is given by (6.49). Therefore, we proceed to quantize and solve

Ga 1
[Qm?mmdmﬂﬁw+lemm—0 (6.51)
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The first thing we need to do is write the perturbed Hamiltonian, after applying
the rescaling of the scalar field of [98]. We find

18 (, m
e K
p o (6.52)

In order to simplify our calculations, while still matching the expansion of [98],
we expand through

e eimf,Sg—&—(—i—im;?a—i—...’ Yk = eiS1—C+im;2n+...’ D(qA) _ e—C(qA)’ (6.53)
where D is the same as in sec. 5.2 and for brevity we define i = iS7 — (. This theory
appears much more complex from the original one of [98]. To simplify our calculation,
we leave the perturbations Hamiltonian simply written as H, and proceed to the
expansion.

At order O(m}) we find again

(84, 50)* = 0. (6.54)
At the order O(m$) we are left with
[GAB(aASO)(aBSO) + e2av] (0050)% = 0, (6.55)

which is the usual Hamilton-Jacobi equation, plus a spurious term. Before proceeding,
we can use the Hamilton-Jacobi equation to simplify the perturbations Hamiltonian
e_SO‘m%,

2

HGLO2 (Yrxw) = { — (0050)* 02Xk + vk Xk | 18(9aS0)?e**V

— 6e2“8¢V8¢S06aSo + (;em%%v + 66ak2) (8aS0)2

} vo(my)= (650

— ”f(aaso)ka {8§Xk - ’U2Xk@12¢} + O(ml%)v

where we reabsorbed the € term in the other variables and the last passage is
a definition for &p. We are able, at this order, to reproduce the correct form of
the perturbations Hamiltonian. However, the match between @, and wy depends
on the functional form of V and on the solution of the Hamilton-Jacobi equation.
Fortunately, with the potential of [98], we recover the desired result [115]. This
result was expected, because this is the higher perturbation order for HSI, and its
classical value coincide with the one one of [34, 44, 98], see [50].
At the order O(m$) we have the modified WKB equation

2G 4B (0050)?(0450)05¢ + (0680)* G ap0405(So)

6.57
+ 4(0450)G 4B(04.50) (00 SH) = 0, ( )
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where the last term comes from the addition of the a-momentum. Beside that, the
quantum part gives

[1(0050)* G 41(D450) (D p2) + Hu02] i = 0. (6.58)

If the perturbations Hamiltonian was a “good” operator, we would find the Schrédinger
equation. Indeed, it can be shown that this happens also in this case, although the
calculations are much more cumbersome [115].

The real problems arise at order O(m3). Here, a quantity of new, spurious term
populates the equations. The problem is that we don’t have a perfect cancellation of
the new terms, as happened until now. The modified WKB equation at this order is
easily obtained as an expansion of the background only part, i.e. expanding at the
desired order

1Gap L 2 _ 2
[(—2 2 040B + 2mPV> 0% | Yk = 0 at order (’)(mp). (6.59)

It is, however, the quantum gravity Schrédinger equation that deserves our attention.
Making use of egs. (6.55), (6.57), (6.58) and (6.59), after some cumbersome but
trivial calculations we finally find

1 . .

iGAB(aaSo)Q{—28ASO(33n + 2i04C0B 1 + [—0auOpp + 1040 1] }

— GAp{—[2045008(0aS0 + 9405500450 + 204500400:50]i0a

— 2i00500004500p 1t — 200500450 —0audp i + i0.051]} (6.60)
2
L (00 vexk _
VK Xk

where the last element should be expanded at the correct order. Here, if Hj was
a “good” Hamiltonian and we could simplify it with the 92 term, we would find
the corrected Schrodinger from the first line of last equation, with the leftover
of —2x 1100 SoHk(XkOap) from the last term. This remnant, together with the
second and third line of eq. (6.60), should be identically zero; but this does not
happen. Indeed, there are some spurious terms deriving from the combination of
derivatives in « that are mixed with the usual ones, while others cannot be simplified
because, in general, Hy do not commute with d,. The same happened in the WKB
equation (6.57), altering its form, but now this prevents recovering the quantum
gravitational Schrédinger equation. Moreover, other problems are related to Hg not
being “good”, so that it should be expanded, finally disrupting any remaining hope
to recover the expected result.

We are unable to explicitly solve this equation, or to revert to some form similar
to the expected one, because the derivatives in a@ do not combine naturally in the
definition of time, neither in the previous WKB expansion. However, we recovered
the Schrédinger equation of quantum mechanics.

All of this has been caused by not approximating the z in (6.13) as classical.
The effects of assuming z as classical were to be expected exactly at the subsequent
expansion order, i.e. the quantum gravitational one. We can only conclude that this
theory is not equivalent to the one of [98] and that assumptions on the classical
behaviour of some pieces of the equations should be taken with more care.
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6.4 Results and possible extensions

We analysed the procedure of quantization of [98]. In order to avoid the unjustified
substitution of a momentum with a numeric function (see eq. (6.13)), we tried to
change variables in the Hamiltonian before the quantization procedure. Nevertheless,
we failed and we ended up with the same original problem.

We tried to circumvent this issue multiplying for the momentum at denominator
before applying the quantization procedure. Even if we recovered the Schrodinger
equation at the quantum mechanical order, we failed to recover the same quantum
gravitational effects.

Our result suggests that, the requirements due to the momentum at denominator
play some tricky role in the model. Moreover, even the authors of [98] express
some concerns regarding its substitution with a numerical function. Therefore, the
problem is still open and unsolved. What would have happened by considering, as it
should, that term as an operator? Even if we did not solve the issue, our equations
shed doubt on the validity of the original procedure.

An obvious extension of this work would be to find some simplifying scheme
or assumption, or some alternative framework, to solve this problem, and compare
the results to the original ones of [98]. Moreover, there have been other criticisms
regarding other aspects of this work [101], but they share with it the problem
analysed here. The tricky thing seems to be the necessary presence of a momentum
at the denominator to construct a gauge invariant variable. If this is really so, than
the only way to address this issue would be to deal directly with gauge related
problems.
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Chapter 7

Conclusions

In this thesis we studied the cosmological perturbations both from a classical and a
quantum gravitational point of view.

In the classical part we studied the effects caused by the presence of a primordial
magnetic field on cosmological perturbations. The magnetic field is believed to be
the seed of the present magnetic fields, observed in galaxies and galaxy clusters [49,
57, 67, 73], as well as the cause for tye formation of large scale filament-like structures
in the universe.

Given the short Debye length of the order of 10 cm, the universe can be described
through a fluid theory. Moreover, the tight coupling between neutral and ionized
matter [72, 89, 104] allows the universe to be described as a plasma, while the large
photon to baryon ratio is responsible for keeping active a strong Thomson scattering,
even after recombination and up to z ~ 100 [18, 72, 89].

Thus, we relied on a general relativistic MDH formulation to account for the
effects of magnetic fields on the seeds of cosmological perturbations.

Many authors already studied these phenomena, nearly always relying on isotropic
models and neglecting anisotropic effects, see [77] and references therein. However,
the present of the magnetic field is surely to introduce them [89], even on the general
relativistic background, thus requiring an anisotropic modelization. In chapter 2, we
developed a self-consistent scheme for the analysis of cosmological perturbations in
presence of both a cosmological magnetic field and its related spatial anisotropy. We
considered a Bianchi I model, whose anisotropy is completely due to the magnetic
field presence, and we analysed the cosmological perturbations in synchronous gauge.
We showed that we are able to control the gauge related problems, and that out
main variables are gauge invariant for large enough times. Thus, we solved the
equations for both super-horizon wavelengths in radiation dominated universe and
for sub-horizon wavelength in the matter dominated era. We enhanced the present
literature solutions [65, 77, 97, 105] adding the effects of anisotropy in both regimes,
and we also confirmed the validity of the Newtonian solutions in matter dominated
era [89]. We accompanied the analytical analysis with a numerical integration,
showing the features we describe. These results are presented in [107, 114].

Then, in chapter 3, we faced the issue of viscosity in the Newtonian limit. The
magnetic field presence causes shear in the system [89, 90]. If the viscous effects
were relevant, then they could affect and destroy the anisotropic effects due to the
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magnetic field presence. This is a fundamental point to confirm the applicability of
the results of chapter 2.

After a careful analysis, we showed both the effects of viscosity when it is relevant
to the system and that, fortunately, it is limited to below a scale of about 5000
solar masses, so it would not interfere with the Jeans mechanism, nor with the
magnetic field related anisotropy. We accompanied the analysis with a fine numeric
integration, showing that the eccentricity of an initial spherical perturbation, due to
the presence of a magnetic field throughout its evolution, is preserved in presence of
viscosity. These analyses lead to [111].

In the second part of this thesis, we dealt with the cosmological perturbations
on a quantum gravity level. We adopted the traditional approach of canonical
quantization, leading to the Wheeler-DeWitt equation.

The first thing we had to face was the problem of time. This is one of the most
relevant open issues in canonical quantum gravity, and although there is a huge
literature about this problem, a commonly accepted solution has not been found yet.

In chapter 5 we carefully analysed and critically reviewed the current models
presented by [36, 38], showing they they are deemed to be subject to non-unitarity
at a quantum gravity level. We showed that the solution proposed by [103] is not
acceptable, meanwhile extending the A expansion of [36] to arbitrary orders.

Then, we reviewed the promising exact decomposition of [53]. While it applies a
way more robust formalism, we noted some discrepancies in the results. We fixed
them, thus constructing a finer version of that approach. However, we also showed
that that model, too, is subject to non-unitarity.

All the previous models are based on a semiclassical decomposition, similar to a
Born-Oppenheimer approach, leading to the definition of a derivative with respect
to time through the gradient with respect to the classical variables. We analysed
these models to find the major cause of issues exactly in such definition. Learning
from this, we proposed a novel solution, free of the issues of the usual definition,
that we showed to be unitary even at the quantum gravity order. These results,
together, are presented in [112].

Eventually, we presented in chapter 6 the application of the model of [38] to
cosmological perturbations, as done in [98]. The calculations, however, rely on some
assumptions that deserve a lot much care. We tried to “clean” the procedure by
using a more robust formalism instead and not relying on additional assumptions on
the quantum variables. However, we found ourselves stuck at the quantum gravity
level. This could mean that those assumptions were to be taken with greater care, as
we suggested, and that this issue still deserves attention, being our quantum gravity
order not compatible with the original one. These results will appear in [115].
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