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1. Introduction: Hard art of the universe creation

Suppose we want to create the universe suitable for life, and we want to do it in the simplest
possible way. Is it possible to develop a fool-proof design? Let us look at our own universe at
present, and then “play the movie back in time”.

Some numbers are important here. The distance from Earth to the edge of the observable part
of the universe is about 46.5 billion light years, or 4.4 x 10?® cm, in any direction. It contains about
10% elementary particles. The total mass is about 10 tons.

In quantum gravity it is very convenient to use system of units where c =h =M, =1. In
these units, the density of matter in the expanding universe was p = 1/r>. At ¢ < 1, density was
> O(1), and quantum fluctuations were too strong. The time = 1 (or, equivalently, 10~*3 seconds,
in more conventional units) is called the Planck time, and the density equal to 1 (or 10%g/cm?) is
called the Planck density. At that time, each part of the universe of size O(1) (Planck length 10733
cm) contained O(1) particles, each of them with kinetic energy O(1) in Planck units. One can talk
about classical space - time only at# > 1 and at density smaller than the Planck density.

According to the standard hot Big Bang universe, the total number of particles during its
expansion did not change much, so the universe at the Planck time was supposed to contain about
10?0 particles. If we calculate the total mass/energy of all particles that we can see now in the
observable part of the universe, then at the Planck time it was about 30 orders of magnitude than
now, i.e. about 108 tons. This is simply because the wavelength of each particle was much shorter
at that time, and its energy was much greater. The simplest way to estimate it is to take a typical
energy of a particle at the Planck time, which is Planck energy ~ 107> g, and multiply it by the
number of particles 10°°. This gives 108 g, or 107° tons. One may wonder where did this mass
come from?

At the Planck time t = O(1), there was one particle per Planck length ¢t = O(1). Thus, at the

Planck time ¢ = 1, the whole universe consisted of 10°°

causally connected parts of size cr = O(1).
Such parts did not know about each other. If someone wanted to create the universe at the Planck
time, he/she could only make a Very Small Bang in his/her own tiny part of the universe of a Planck
size ¢t = O(1). Everything else was beyond causal control. This means that if anybody would try
to create a universe like ours in a hot Big Bang, he/she would be unable to create more than 10~%°
of the part of the universe that we see now. Then what was responsible for the uniformity of the
universe?

Is it possible to start with less than a milligram of matter (Planck mass), in a tiny speck of
space of Planck size O(1), produce 10°° particles from it, and make the universe homogeneous and
isotropic? As we will see, the answer to this question is positive, but only if one gives up many old
ideas about the origin of the universe.

2. Inflation to the rescue

Consider the simplest model of a scalar field ¢ with a mass m and with the potential energy
density V(¢) = %zq)z. Since this function has a minimum at ¢ = 0, one may expect that the
scalar field ¢ should oscillate near this minimum. This is indeed the case if the universe does not
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expand, in which case equation of motion for the scalar field coincides with equation for harmonic
oscillator, ¢ = —m?¢.

However, because of the expansion of the universe with Hubble constant H = d/a, an addi-
tional term 3H ¢ appears in the harmonic oscillator equation:

¢+3H$ = —m*¢ . 2.1

The term 3H¢ can be interpreted as a friction term. The Einstein equation for a homogeneous
universe containing scalar field ¢ looks as follows:

H2+;—2 = é (9% +m?¢?)) . (2.2)

Here k = —1,0,1 for an open, flat or closed universe respectively.

If the scalar field ¢ initially was large, the Hubble parameter H was large too, according to the
second equation. This means that the friction term 3H¢ was very large, and therefore the scalar
field was moving very slowly, as a ball in a viscous liquid. Therefore at this stage the energy
density of the scalar field, unlike the density of ordinary matter, remained almost constant, and
expansion of the universe continued with a much greater speed than in the old cosmological theory.
Due to the rapid growth of the scale of the universe and a slow motion of the field ¢, soon after the
beginning of this regime one has ¢ < 3H¢@, H> >> a%, ¢ < m*¢>, so the system of equations can
be simplified:

H:Z:’%’ 6=-m\[2 23)
The first equation shows that if the field ¢ changes slowly, the size of the universe in this regime
grows approximately as e’’, where H = m%. This is the stage of inflation, which ends when the
field ¢ becomes much smaller than M, = 1. Solution of these equations shows that after a long

stage of inflation the universe initially filled with the field ¢ > 1 grows exponentially [1],
a=ay /4 2.4)

If inflation begins at the Planck density m?@2/2 ~ 1, the initial value of the field ¢ is ~ 1/m. In
realistic inflationary models, m ~ 107>, which gives the total growth of the size of the universe

a=ap 61010 . (2.5

This means that one can take the universe of a Planck size 10733 c¢m, with the Planck mass 107>
gram, and make volume of the universe as big as 1019 ¢m and its mass as large as 1010" gram,
give or take few orders of magnitude. After inflation, the scalar field decays, and produces a hot
homogeneous universe of enormous mass.

Thus one can start with a tiny speck of space with tiny energy, no initial hot Big Bang is
required, and then the process of inflation produces a huge universe like ours. This is the simplest
version of the chaotic inflation scenario [2].

But inflationary universe, after enormous stretching, becomes almost exactly homogeneous,
so we must explain how one can produce galaxies in this scenario. This problem was solved in
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[3, 4, 5], where an ingenious mechanism of creation of large scale inhomogeneities due to infla-
tionary perturbations was proposed. In this scenario, galaxies are children of quantum fluctuations
produced during inflation. From this perspective, we, as children of our galaxy, are grandchildren
of quantum fluctuations... This may look like a piece of science fiction. Can we test it experimen-
tally?

3. Can we test it experimentally?

The best way to do it is to study properties of cosmic microwave background radiation (CMB),
since the same fluctuations that produced galaxies should also produce CMB anisotropy. The
properties of this anisotropy have been studies by many observers. The best and the greatest of these
are WMAP and Planck satellite missions. The latest results related to inflation are summarized in
the 2018 Planck 2018 data release [6].

Here are the most important predictions of inflationary cosmology, and observational data
confirming them:

1) The universe must be almost exactly flat. In most models Q = 14 10~*. 35 years ago we
only knew that Q = O(1). The latest observational result is that Q = 1 £ 1072, in agreement with
inflationary predictions. Confirmed.

2) Perturbations of the metric produced during inflation are adiabatic. Confirmed.

3) These perturbations should be gaussian. In non-inflationary models, the parameter f,lvofal
describing the level of the so-called local non-Gaussianity can be as large as O(10%), but it is
predicted to be O(1) in all single-field inflationary models. Prior to the Planck data release, there
were rumors that fll\?Lcal ~ 30, which would rule out all or nearly all single field inflationary models.
The latest results confirm that £i°¢4! = O(1). Confirmed.

4) Inflationary perturbations generated during a slow-roll regime with €, 1 < 1 have a nearly
flat spectrum with n; close to 1. The latest result is that ny ~ 0.965. Confirmed.

5) On the other hand, the spectrum of inflationary perturbations usually is slightly non-flat. A
small deviation of n; from 1 is one of the distinguishing features of inflation. It is as significant for
inflationary theory as the asymptotic freedom for the theory of strong interactions. Indeed, we see
that the possibility ny = 1 is completely ruled out by the data. Confirmed.

6) Inflation does not produce vector perturbations. Indeed, they have not been found. Con-
firmed.

7) Inflationary perturbations produce specific peaks in the spectrum of CMB radiation. Indeed,
many such peaks are found. Confirmed.

Thus, many general predictions of inflationary theory have been confirmed already. Moreover,
observational data are precise enough to falsify many specific versions of inflationary cosmology.
During the last 15 years, several classes of inflationary models have been ruled out. This includes
the simplest version of chaotic inflation described above: It predicted too large level of tensor
modes/gravitational waves. However, a simple modification of the theory not only restores its va-
lidity, but unifies it with several other successful versions of inflationary cosmology, in the context
of a general class of a-attractors, see [7, 8, 9]
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4. a-attractors

There are many different ways to introduce the theory of ¢t-attractors. On a purely phenomeno-
logical level, the main features of inflation in all of these models can be represented in terms of a
single-field toy model with the Lagrangian [8, 9]

R (3u9)?
2 =

1
—Z = —V(). 4.1
T S @)

V=8
Here ¢ (x) is the scalar field, the inflaton. The origin of the pole in the kinetic term can be explained
in the context of hyperbolic geometry in supergravity and string theory. The parameter o can take
any positive value. In the limit &¢ — oo this model coincides with the standard chaotic inflation with
a canonically normalized field ¢ and the inflaton potential V (¢) [2]. However, for any finite values
of «, the field ¢ in (4.1) is not canonically normalized. It must satisfy the condition ¢ < 6, for
the sign of the inflaton kinetic term to remain positive.
We will assume that the potential V(¢) and its derivatives are non-singular for ¢> < 6. In-

stead of the variable ¢, one can use a canonically normalized field ¢ by solving the equation
0 — d @, which yields

—L
— V60 tanh —— | 4.2)
’ Voo
The full theory, in terms of the canonical variables, becomes
1 R (du9)?
g ROy (eq ann—2). 4.3)

v-g 2 2 Voa

Note that in the limit ¢ — O the variables ¢ and ¢ coincide; the main difference appears in the
limit ¢ — v/6a: In terms of the new variables, a tiny vicinity of the boundary of the moduli space
at ¢ = /6 stretches and extends to infinitely large @. As a result, generic potentials V(g) =
V (V60 tanh \/%) at large ¢ approach an infinitely long dS inflationary plateau with the height
corresponding to the value of V(¢) at the boundary:

Vo=V(9)ly—+6a - (4.4)

To understand what is going on in this theory, let us consider, for definiteness, positive values
of ¢ and study a small vicinity of the point ¢ = v/6c, which becomes stretched to infinitely large
values of the canonical field ¢ upon the change of variables ¢ — ¢@. If the potential V(¢) is non-
singular at the boundary ¢ = v/6a, we can expand it in series with respect to the distance from the
boundary:

V() =Vo+ (0 —V60)V]+0(p — Vo). (4.5)

where we denote Vg = 9y V[, _ z5-
In the vicinity of the boundary ¢ = v/ 6«, the relation (4.2) between the original field variable
¢ and the canonically normalized inflaton field ¢ is given by

0 =Voa (1-27V5?) (4.6)
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up to the higher order terms O(e*2 %‘p). At @ > \/a, these terms are exponentially small as

compared to the terms ~ e_\/%"’, and the potential acquires the following asymptotic form:
V() =V —2v6a V] e Via? . @.7)

Note that the constant 2v/60¢ Vj; in this expression can be absorbed into a redefinition (shift) of the
field ¢. This implies that if inflation occurs at large @ > +/a, all inflationary predictions in this
class of models of the potential V(¢) are determined only by the value of the potential Vj at the
boundary and the constant ¢. For any values of o < 10, the amplitude of inflationary perturbations,
the prediction for the spectral index n; and the tensor to scalar ratio r match observational data under
a single nearly model-independent condition

Vo o107 (4.8)
o

Thus the only parameter that is required to fit the present observational data is the parameter m ~
1073 controlling the amplitude of perturbations [10]. All such models, practically independently
of the detailed properties of the inflaton potential V(¢ ), provide one of the best fits to the latest
cosmological data [6].

5. Universe or multiverse?

One of the main goals of inflationary cosmology was to explain the amazing uniformity of the
universe. Inflation indeed achieves this goal, but only with respect to the locally observable prop-
erties of the universe. The amplitude of inflationary perturbations grows at large scales. Already
at small scales these perturbations are important enough to account for galaxy formation. At large
scales, they may lead to more significant effects: They can lead to eternal inflation and to division
of the universe into exponentially large parts with different laws of low energy physics operating
in each of them [11]. Recent developments in inflationary cosmology, in combination with string
theory, resulted in the string landscape scenario [12, 13, 14], which asserts that our universe may be
divided into exponentially many parts of exponentially large size. Each of them, from the point of
view of their inhabitants, looks like a separate universe, simply because other parts of the universe
are so far away that causality does not allow them to affect us. String theory suggests that there

may be 10°%

or even more different realizations of fundamental physical laws in different parts
of the universe. This means that some of them can have large vacuum energy, and some can have
small vacuum energy. But expansion in the parts with large vacuum energy is so fact that it would
tear galaxies apart. Thus we can live only in the parts of the universe with a tiny vacuum energy,
consistent with its presently measured value. This provides the best presently known solution of
the cosmological constant problem.

Similarly, we can live only in the parts of the universe where the electron mass is small, and
its charge is similar to its presently measured value. We can live only in the parts where the masses
of the proton and neutron are very similar to each other, and when the number of space-time
dimensions is four. All of these facts have been known to us for many years, they constituted the
basis of the anthropic principle, but prior to the development of the theory of inflationary multiverse

and string theory landscape it was difficult to make any sense of it. The standard idea was that there
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is only one universe, only one value of the electron mass and of the vacuum energy, so there is no

choice. This picture has now changed, perhaps irreversibly. Everyone knows that ice and water

have the same chemical composition, but fish cannot live in ice.

Thus, attempts to revisit the basic cosmological principles, gradually moved us towards the

theory of inflationary universe, and then to the theory of the multiverse, which changes our views

on the origin and global structure of our world. The emerging picture is certainly incomplete, and

its proper interpretation will require full development of quantum cosmology, in combination with

string theory.
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