J. Phys. Res. Edu., Vol. 1, March 2024

Recent Efforts Towards Understanding the Early Universe from a Fundamental Quantum

Perspective

Sujoy K. Modak*
Facultad de Ciencias - CUICBAS, Universidad de Colima, Colima, C.P. 28045, México and
Instituto de Ciencias Nucleares, Universidad Nacional Auténoma de México, POB 70-543, 04510, CDMX, México

The observable universe is fundamentally inhomogeneous and anisotropic. Quantum description
of the generation of these inhomogeneities and anisotropies is ill-understood and unsatisfactory. Af-
ter providing a brief account of the standard approach of the generation of the classical density
perturbations starting from the quantum fluctuations of inflaton field, I critically review various as-
sumptions which are crucial for the success of this description, and point out various shortcomings
around it. I also discuss the basic ideas and recent works by using an alternative path to overcome
those shortcomings which is motivated by the so-called Collapse Model interpretation of quantum
mechanics. Inspired by these works, I argue the necessity of constructing a class of manifestly
inhomogeneous and anisotropic quantum states after inflation and discuss my recent works which
provide one such prescription of building such a state, called the T'—vacuum, defined in the radiation

dominated stage of the early universe.

I. INTRODUCTION

For long our central source of information about the structure and the evolution of the universe were
restricted to the observations of redshifts from distant galaxies at the astrophysical scale. In 1965 a nearly
isotropic background of microwave radiation was discovered which revolutionized our understanding of the
universe due to an access to a large cosmological data. Observations on the distant galaxies provided us an
information, even before the observed microwave radiation, that the universe is in an expanding phase. If
we have to believe that the expansion of the universe is a feature from the earliest of times, then we could
imagine that in the past the matter was hotter and denser than present. In a distant past the temperature was
so high that electrons were not bound with atoms and radiation in the form of photons were in collisions
with matter and hence the radiation was in thermal equilibrium with matter. The number density of photons
in equilibrium with matter at temperature 7' followed a black-body distribution. As time passed matter
become cooler and denser forming nucleus and then atoms but the photons got separated and began a free
expansion, but its spectrum kept the same form. Usually, it is assumed that there was a time ¢t = ¢, where

the radiation got suddenly separated from matter, and this L stands for the surface of the “last scattering”.
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For the expanding universe with scale factor a(t) the frequency v of freely moving photons at a time ¢ > ¢,
would have had a frequency va(t)/a(tz) at the time of decoupling. The effect of cosmic expansion is
such that the form of the blackbody spectrum remain unaffected during the free expansion after photons
went out of equilibrium with matter just the temperature gets a modification. This modification relates the
temperature at any later time after this “photon decoupling” with the temperature at the last scattering, given
by T'(t) = T'(tr)a(tr)/a(t). While the instantaneous decoupling of photons is an approximation, it is quite
a convincing one as frequent elastic and infrequent inelastic collisions even during the transparent photon
era would not modify the blackbody spectrum by much.

George Gamow was one of the first to realize the possible existence such a background spectrum [1] but
it was not until 1965 when a detection was made by the radio telescope by Penzias and Wilson [2] which
could only detect the radio wavelength of 7.5 cm and a temperature of about 3.5 + 1.0 K. Subsequently,
NASA’s COBE and WMAP missions measured this Cosmic Microwave Background (CMB) radiation’s
average temperature as 2.726 K.

Although this Cosmic Microwave Background (CMB) radiation is highly isotropic there exist several
types of relatively small anisotropies and these characteristics of CMB provide some of the most revolution-
ary information about our universe. The frame of CMB provides a natural frame of reference for studying
the universe. Among the various types of anisotropies, that do appear in the CMB temperature distribution
over the sky, one is due to the Earth’s own motion, and the temperature of CMB varies depending on which
direction we look up to. Earth’s own motion with respect to the CMB frame depends on the motion of the
solar system as well as the rotation of the galaxy itself. According to the WMAP satellite experiment the net
velocity of the local group of galaxies relative to the microwave background is 627 4 22 km/s in a specific
direction given by an azimuthal angle ¢ = 276 4 3 degrees and the angle between the galactic plane with
the line of sight b = 30 &+ 3 degrees [3]. The second type of anisotropy is due to the Sunyaev-Zel’dovich
effect [4] which attributes to the scattering of radiation by electrons in the intergalactic space in between the
clusters of galaxies along the line of sight. Apart from these secondary anisotropies which are caused by the
late universe and appear during the journey of CMB photons to their way to us, there is also primary type
of anisotropies that have their origin in the early universe [5]. The primary anisotropies are originated at the
Last Scattering Surface (LSS at z = 1090) due to various processes, for example, (i) an intrinsic tempera-
ture fluctuations in the electron—nucleon—photon at the time of last scattering, (ii) the Doppler effect due to
velocity fluctuation in plasma, and (iii) Sachs-Wolfe effect which is redshift/blueshift due to a fluctuating
gravitational potential [6].

While it is possible to derive an empirical formula relating the anisotropies in CMB with a stochastic

fluctuation of a classical field representing the density perturbations, it is of utmost importance to understand
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the fundamental origin of those empirical formulas of classical, stochastic density perturbations, for which,
we need a quantum treatment simply because it is the the large fluctuations of the primordial quantum fields
which are responsible for the generation of density perturbations in the first place.

In this article I review the physics behind the origin of the tiny anisotropies at the LSS from a quantum
standpoint. The reason behind this is the fact that the in the inflationary universe, and even a short (but
unknown) period after inflation, all matter fields were quantum, and the fluctuations of these quantum
fields, famously named “inflaton”, are the source of these observed angular temperature fluctuations in the
CMB. This article is organized as follows: in the next section I discuss the empirical formula that can be
constructed using the temperature fluctuations and relating those with the fluctuations of the classical density
perturbations. We introduce the famous Harrison-Zel’dovich power spectrum which is what is observed
from CMB. Next, in section I provide an elaborate discussion, based on the monograph by Weinberg
[3], describing standard quantum description that is most famous in the literature. Here, I will be using
a critical stance, strictly reviewing the underlying assumptions, and in the next section I will refute all
four popular assumptions, which will lead us to the foundation problems with quantum theory. In section, I
shall present new alternative path to understand the quantum description using the so-called Collapse Model
interpretations of quantum theory. Finally, in section I will present some new results derived by us in order
to understand better quantum fields in radiation dominated universe. This last section is a complementary
path to define a set of physically motivated anisotropic quantum vacuum states with an ambition that finally
we may be able to point these works down to yet unknown quantum state of the early universe at LSS (or

before) generating the density perturbations more convincingly.

II. CMB TEMPERATURE FLUCTUATION AND THE POWER SPECTRUM

In the integrated Sachs-Wolfe effect the perturbation to the gravitational potential is a time dependent
function d¢(x) where x is the comoving coordinate. This perturbation slightly changes the frequency of
the emitted photon from the point x on the LSS, and its energy is also slightly shifted. This implies that
the temperature obtained by looking in a particular direction 7 is shifted from the averaged value over the
whole sky, given by [3]

AT ()
To

= d¢(nRLss), (1)

where

1
Rpgs — — 1 ginh [\/QK/ dr )
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is the radial coordinates for the LSS, 2y, Qs, Qg are the fractions of energy densities corresponding to
vacuum, non-realtivistic and relativistic matters and Qg = 1 — Qp — Qp — Qg, K = 0,1 (spatially
flat, open/close), © = a/ag = 1/(1 + z) (z is the redshift factor). The subscript zero belongs to the present
value and z;, = 1090 is the redshift of the LSS. The perturbation to the gravitational potential also affect
the rate of expansion of the universe that also leads to a fluctuation of the temperature given by

AT(7)
Tp

2
= —300(RLss). 3)

The total fractional change in temperature is then the sum of Eq. (1) and Eq. (4), and is given by

AT(R) 1

T, 3

dp(nRLss)- (4)

which is known as the Sachs-Wolfe effect which is related with the perturbation dp in the total mass density

This equation, after expressing the Fourier transformation of dp(x) in terms of d¢(x) yields the correlation

function of the density fluctuations

1

(Op(x 00X 8)) = )

/ APk Py(k)e™ =), (6)
where Py (k) is the power spectrum which is conventionally expressed as

Py(k) = NZE". (7
Observations of the density correlation function has shown that the above expression takes the so-called

Harrison-Zel’dovich form [7] with Ny ~ 107> and n = 1.

III. THE STANDARD QUANTUM DESCRIPTION OF THE POWER SPECTRUM

One of the celebrated successes of inflationary cosmological theories lies in the fact that it provides a
natural quantum mechanical origin of cosmological fluctuations observed in CMB as described in the last
section and in the large scale structure of matter. In this section I shall briefly discuss the standard picture
keeping a close attention to various assumptions and hypothesis that are at play. I present here only the
relevant part for this article following Weinberg’s monograph [3]. My aim is not repeat everything that is

already discussed there but to give a much condensed version with a special focus on the basic structure
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beneath the complete construction. Let us consider the simplest model of inflation with a single inflaton

field ¢(x), given by the action
1
I= /d4x\/ -9 (29/“/8;&08%0 - V(@)) ) (8)

where V() is an arbitrary real potential. The first step is to express the scalar field as a sum of unperturbed

@(t) plus perturbation d¢(x, t) that depends on both space and time, given by
p(x,t) = @(t) + dp(x,1). )]

Similarly, the metric is given by the unperturbed Friedman-Robertson-Walker metric g, (t) plus a small

perturbation h,,, (x,t),

G (%,1) = G (t) + hu (x, ). (10)

The unperturbed Friedman equation (with K = 0) is

0 — % (;;2 + V(¢)> (11)

while the field equation for the unperturbed inflaton field is
¢+3Ho+V'(g)=0 (12)

Now for the perturbations one may consider the Newtonian gauge to select hog = —2%¥, hg; = 0, h;; =

—2a26; V. The Einstein equation and energy conservation equations for the perturbations are

U+ HY = 47GHop (13)
1 .
8¢+ 3HOp + O3V (@)d¢p — gv%@ = 2095V (p) + 4V

(14)
while the constraint equation can be simplified using the relationship H = —47G@? and is given by
3 ]- ER e
<H — (12V2> U = 471G (—@dp + @dp) . (15)

Once the above set of differential equations Eq. (13)-Eq. (15) describing the perturbations of the metric
and the inflaton field are obtained the next step is to find the complete set of field modes which can be used

to express the fluctuations as

So(x,t) = [ ¥[S0+ (e ). (16)

U(x,t) = / &k [\yk(t)eik-xak —|—\IIZ(t)e_ik‘xa,’g} . (17)
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At sufficiently early times one has k/a >> H and k/a >> G%V(cﬁ), and the solution of the field

equations Eq. (13)-Eq. (15) in their mode form satisfy the initial conditions as a(¢) — 0,

. 1 —ik [t dt’ Ja(t))
lim dpi(t) = e t , 18
a(t)—0 Pet) (2m)3/2a(t)V2k 4o

. 4irGO(t) ikt ar ja(e)
lim Wg(t) = e b , 19
a(t)—0 kl (2m)3/2a(t)V/2k (19)

while their complex conjugates are the other set of independent solutions. Also, in the early times the
coefficients a;, and aj, can be identified with the creation and annihilation operators. Note that, although
here the same creation and annihilation operators appear in the scalar field and gravitational perturbations ¥
does not correspond to gravitational radiation, rather it is an auxiliary field and a functional of the inflaton
field d¢p in the similar way that in the Coulomb gauge quantization of quantum electrodynamics the time-
dependent component of the vector potential is a functional of the charged matter fields. The vacuum

expectation values of the paired fields are given by

(016 (x, )50(y. £)[0) = / G R[5y ()P ), (20)
(O (x, )T (y. £)[0) = / G| ()P ), 1)
(016(x, 1) ¥(y, 1)[0) = / dPkopr (1)U (1) e ), (22)
(O[T (x, )3 p(y. £)[0) = / BRT(1)567 (1) ). 23)

As mentioned in the literature [3, 8] that clearly these are quantum averages and not the averages over
an ensemble of classical field configurations which is evident from equations Eq. (22) and Eq. (23). These
two equations produce complex results for the averages of products of real scalar fields. However, it is
critical that they reproduce classical results of density perturbations that will eventually be seen in the CMB
map. In order that to happen these averages, although quantum and complex in the beginning of inflation,
must lead to classical and real values at the end of inflation for the appropriate field modes which contribute
to the primordial inhomogeneities in the classical density and an anisotropy over the CMB sky. This is a
challenging task for various reasons one of them is of course to explain satisfactorily how this quantum-to-
classical transition might have taken place.

There are three assumptions are made to explain the emergence of classicality:

* Assumption 1: Just as in the measurement of the spin in the laboratory a decoherence will take place

making the above-mentioned quantum averages Eq. (20)-Eq. (23) “classical”.

* Assumption 2: This quantum-to-classical transition happen when the perturbations exit the Hubble
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horizon. These perturbations d¢; and W become classical and are locked into one of the ensembles

of classical configurations. Hence can be treated classically.

» Assumption 3: Once the universe become ‘“classical” in the above sense one may use the so-called
Ergodic Theorem [3] to interpret averages over ensembles of possible classical universes as averages

over the position of the observer in our universe.

The first goal of this article is to present some concrete counter-arguments of all the above assumptions
that have been made in various recent works and to show that none of the assumptions are satisfactory
enough to resolve the issue at hand. In fact, these assumptions are inevitably related with the foundation of
quantum theory — the so-called “Measurement Problem” — which till date is unresolved.

But before we delve into such arguments let us first complete the review of the remaining steps leading
us to the standard explanation of the Harrison-Zel’dovich power spectrum for the CMB anisotropies.

Since the observational quantities related with the cosmological fluctuations are outside the horizon, after
inflation it is not necessary to calculate the full set of equations Eq. (13)-Eq. (15) with the initial conditions
Eq. (18) and Eq. (19) for which one also has to select a potential V(). Rather one focuses on a quantity
Ry = —W + Hp/p which is conserved outside the horizon during inflation. The aim is to use this
quantity to provide an initial condition for the evolution of perturbations after they re-enter the horizon later
but before than the decoupling time. The function R(x,t) is related with Ry much to the same way as

perturbations in equations Eq. (16) and Eq. (17) while the quantum average is given by
OR(x OR(y 00) = [ &k |Rul)? €0, (24)

It is easier to solve Ry(t) directly than solving for dpy(t) or Wi (t), however, usually a different gauge
(than Newtonian) is chosen for a simpler calculation. The vacuum is defined in the early times as a(t) — 0,
for the modes satisfying k/a >> H which are essentially same as free massless real scalar field modes in
Minkowski spacetime, and it is simply given by ax|0) = 0. The assumption is that the state of the universe
during inflation is the vacuum ax|0) = O which is known as the Bunch-Davies vacuum [9]. This is the

fourth assumption:

* Assumption 4: the state of the universe during inflation is in the Bunch-Davies vacuum a|0) = 0, in

Eq. (20)-Eq. (23) and Eq. (24), which is defined in the early times of inflationary epoch as a(¢) — 0.

This Fourier transform of R(x, t) satisfy the Mukhanov-Sasaki equation [10]

PRy | 2dR,
dn?> ~ n dn

+¢*Ry =0, (25)
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where 1 = % is the conformal time. The initial condition, for a(t) — 0, is given by

H(t) ik [ A0
R - _ a(t) 26
) = = ey aRa (8 (20)

While integrating Eq. (25) one considers the limit from a = 0 to beyond the horizon for which ¢/a << H.

In this limit it is possible to drop the last term Eq.(25) multiplying ¢> and then there are basically two
solutions for Ry. One of those is decaying while the other is a nonzero constant Ry, = Rg. This constant
value Rg in the super-Horizon limit is used for the analysis of cosmological fluctuations.

The quantity Rg is independent of the nature of inflaton potential in the deep sub-Hubble region while
it is constant in the deep super-Hubble scale. However, the potential V' (¢) plays its role while the perturba-
tions becomes super-Hubble from the sub-Hubble scale as a(t) increases with time — a phenomena usually
named as the “Hubble exit” of the perturbations. This feature of the inflationary era, while imprinted on the
cosmological perturbations, can be revealed by observing the scalar fluctuations in the later stages of the
expanding universe.

This property of Hubble exit in the inflationary universe provide a bound on the maximum number of
e-foldings during the inflationary period before the beginning of the next epoch (the radiation dominate era)
which, for the slow-roll inflation, is given by

0
Py
No n<0.037hev>’ 7)

where p? energy density at the beginning of the radiation dominated era. Putting the values of other quanti-
ties one can calculate Ny ~ 68 which means that we are restricted to explore these 68 e-foldings of inflation
by studying the scalar perturbations.

As mentioned above, the particular value of the scalar perturbation RY does not depend on the particular
choice of the potential but on the slow-roll character of the same, and this is helpful to carry out a spe-
cific calculation with a potential that obey such a property, for example V(@) = Ae™?? where A, \ are

constants. The final result for R in the limit ¢/a << H can be expressed as [3]

RO _ V16nG [ H(ty) ’ (28)
k 1:3/2 873/2\fe

where t;, is the comoving time for Hubble exit. The power spectral function for this solution is then given by

the factor k* |R2 |2, which is proportional to k, and therefore matches with the Harrison-Zel’dovich spectrum

as discussed in the previous section and given by equation Eq. (7). The theoretical restriction on the value

of the constant € < 1 and it is defined as € = —% = 16’\;G. Observations, such as WMAP, is able to fix
the value of this parameter which is found to be (third year WMAP result) e = 0.021 £ 0.008 which is in

accordance with the theoretical restriction.
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This completes our brief review of the standard approach to describe the observed anisotropies based on
the cosmological perturbation theory using inflaton field with a general but slowly rolling potential. While
it is remarkable that the correct form of the Harrison-Zel’dovich spectrum Eq. (7) is obtained it is also
important to review necessary assumptions that are at the core of this approach which we want to perform

in the next section.

IV. UNSATISFACTORY ISSUES WITH THE STANDARD APPROACH

In this section I review the four assumptions that are listed in the previous section and discuss if the
arguments behind these assumptions are acceptable beyond criticisms and why there is a wide range of

disagreement on their acceptability.

* Reviewing assumption 1: in their works Perez, Sahlman and Sudarsky [11, 12] had pointed out sev-

eral shortcomings that are associated with the standard explanation of the quantum origin of classical
density perturbations. One cannot compare the appearance of classical result starting from Eq. (20)-
Eq. (23) to a laboratory situation of spin measurement. While in the latter there is an “observer”
performing the act of “measurement” by an appropriate use of an “apparatus”, none of these is true
for the situation at hand in the early universe where we are describing the vary fact of structure
formation. No physical entity can perform any such act of measurement and therefore assump-
tion 1 described in the previous section cannot be objectively acceptable. As Weinberg mentions in
his monograph [3] “... decoherence cannot occur until expectation value of products of real fields
become real...”, and therefore decoherence do not make the complex quantum averages into real sta-
tistical averages by itself. The unitary property of quantum theory does not allow this to happen and
we do need something extra such as a spontaneous collapse of the wavefunction which is the topic

for the next section.

* Reviewing assumption 2: although it is often argued that when the perturbations exit the Hubble

horizon during the inflationary period they suddenly become classical and get locked in that classical
state until they reappear inside the Hubble horizon during the radiation dominated era and detected
in the LSS. In an important work by Singh, Modak and Padmanabhan [13] a systematic study was
performed to review this particular assumption. We used a Schrodinger picture and studied the
evolution of real, massive scalar field in a toy universe with three stages of expansions given by
the inflationary stage, radiation dominated stage and late time de Sitter stage. Using a notion of

the strength of “classicality” as a measure of standard correlation between the field modes and its
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momentum via Wigner function, developed in some earlier works [14, 15], we could quantify the
level classical behavior for such modes. This model although is not exact to the quantization of both
the gravitational and inflaton perturbations at the same time, it is in fact a very good approximation
and in line with a semiclassical viewpoint where one only quantize the fields but not the background
metric. Our result showed interesting properties — (i) we could show that the degree of classicality
is maximum when the field modes exit the Hubble radius during the inflationary period, which is
in agreement with the first part of the assumption made in [3], however, we also found (ii) that the
second part of the assumption is violated since the degree of classicality oscillates when the same
mode reenters the Hubble scale during the radiation dominated era. Therefore, they do not get
locked in any classical configuration and the hypothesis that those modes are responsible for the

classical density perturbations in the LSS is misleading.

* Reviewing assumption 3: the validity of this assumption needs the validity of the first two assump-

tions which, as we have discussed above, are not acceptable from a more fundamental point of view.
We may need new physics in order to establish the first two hypotheses and once this objective is

ensured then one may review the “Ergodic Theorem” as described by Weinberg [3].

* Reviewing assumption 4: the assumption that the quantum state of the universe during inflation is

given by the Bunch-Davies vacuum has a serious problem which was also pointed out by Perez,
Sahlman and Sudarsky [11, 12]. The main objection is the following — one cannot explain the ob-
served anisotropies after inflation starting from quantum averages Eq. (20)-Eq. (23) or Eq. (24) where
the quantum state |0) = |0)pp, the initial conditions are Eq. (18), Eq.(19) and Eq. (26), while the
evolution during the inflationary period is all unitary. This is simply because the Bunch-Davies state,
by definition is homogeneous and isotropic, and no unitary evolution can break this symmetry and is
able to dynamically produce anisotropies which we eventually observed in CMB and associate with

the density perturbations on the LSS.

We therefore conclude that none of the assumptions mentioned in the section and used in the literature
(as summarized in [3]) are not convincing enough and there is a scope of new ideas to eventually reproduce

the Harrison-Zel’dovich spectrum in Eq. (7) from other viewpoints.

V. ALTERNATIVE PROPOSALS USING THE OBJECTIVE COLLAPSE MODELS

The quest for satisfactory resolution of the “Measurement Problem” gave birth to several versions of

quantum mechanics, and among them are (a) Many World Interpretation (MWI) [16], (b) Bohmian Me-
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chanics [17] and (iii) Objective Collapse Models [18-20]. Considerations for addressing the generation
of classical density perturbations is a common topic that has been addressed from all of the above three
versions except for the MWI, for which this issue the problem does not need any new explanation. How-
ever, using the Bohmian approach this problem was addressed to some extent [21, 22]. Finally, there were
various attempts and discussions within the scope of collapse model interpretation independently from sev-
eral groups [23-26]. I shall only discuss the main ideas and developments based on the Collapse Model
approaches in this note.

Delicate issues related with the application of quantum theory in the cosmological framework has been
stated before [11, 12, 27]. There are several works where authors have studied the emergence of clas-
sical density perturbations [28—31] which are essentially identical or very similar to the method outlined
in Weinberg’s monograph [3], and which suffer from the problems I discussed in the preceding section.
The emergence of classicality or dynamically breaking the symmetry of an initial quantum state without
measurement is something cannot be addressed within the Copenhagen interpretation where an observer
performs the act of “measurement” making the wavefunction collapse and only after this an outcome is
achieved. As Roger Penrose had pointed there are two completely distinct processes of evolution in the
Copenhagen version of quantum theory — (i) the “unitary” or U —process which is unitary and dictates the
evolution of a quantum system in isolation, and (ii) the “reduction” or the R—process dictates the reduction
of quantum superposition to a stochastically chosen outcome, following the Born probability rule, once the
system is measured. These two dynamical processes (i.e., unitary vs stochastic) are separated by this vague
act of measurement where neither the apparatus, nor the observer or the details of measurement process
are included in the theory. Although one may get around these complications in the laboratory by subject-
ing quantum theory as a prescription to compare the outcome of measurements, a logical extension of this
outside laboratory setting is challenging. The absence of any “observer” or “apparatus” in the cosmologi-
cal framework makes the quantum mechanical ‘“Measurement Problem” [32—-34] more explicit than in the
laboratory situations [11, 12, 27].

Collapse Models [18-20] provide a mathematically rigorous treatment to unify the U —process and R in
a single evolution equation and include the effect of apparatus in the mathematical formulation of the quan-
tum theory. The most evolved version of Collapse Models is called Continuous-Spontaneous-Localization
(CSL) theory [35], ! To understand the CSL theory we need to know following two main equations [35]:

first, (i) a modified quantum dynamical evolution, accompanied by the choice of a certain observable A,

! Note that this is an evolved form of the previous discrete versions [36, 37].
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which is a (stochastically) modified Schrodinger equation, and whose solution is given by
16,8y = o I 4 L0020y g, 29)

where 7 is a time-ordering operator and w(t) is a random, white noise type classical function of time. The
second equation provides the probability of w(t) via (ii) the Probability Distribution Density [P(Dw(t))]

function:
dw(t;)
P(Dw(t)) = w(, t,t) H (30)

In this way the standard Schrodinger evolution and the changes in the state corresponding to a “mea-
surement” of the observable A are unified. For non-relativistic quantum mechanics of a single particle, in
all situations (without invoking any measurement device or observer), this theory assumes a spontaneous
and continuous reduction characterized by A= )?' 5, Where X:' s 1s a suitably smeared position operator. This
can be generalized to multi-particle systems and thereby everything, including, the apparatuses can treated
quantum mechanically. The theory seems to successfully address the “measurement problem”. In order
to match observational evidences at the quantitative level, the collapse parameter A must be small enough
not to be in conflict with known tests of QM in subatomic physics range. However, it also ensures rapid
localization of the “macroscopic objects" and ensuring no superpositions in them. Recently we made a bold
claim that Collapse Models can precisely identify the classical-quantum boundary [38]. The originally sug-
gested value for the collapse parameter was A ~ 10~ '6sec™! but over the decades the CSL parameter space
has being tested by several experiments and for the current status of the theory, and its empirical constraints,
we refer the reader to consult some review articles [18-20].

In order to address the problems associated in standard description of the quantum generation of classical
density perturbations, [23] Caiate, Pearle and Sudarsky (CPS) used the semiclassical gravity approach,
together with collapse of the state vector according to the CSL dynamics, where the semiclassical Einstein

equation is given by
Gy = 81 (V|1 ). (31)

In this approach, the spacetime is treated classically but all matter fields get full quantum treatment. This
equation when supplemented by the necessary collapse of the state vector [23] which makes the semiclassi-
cal treatment well-defined 2. It is in fact very appealing that Collapse Models not only useful to address the

problem at hand but also cure a fundamental inconsistency in semiclassical gravity at the same time. One

2 Collapse mechanism is one of the few ways to bypass the criticism on semi-classical gravity by Page and Geiker [39].
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major difference of this approach with the standard one described in section is that here the perturbation of
the background metric does not get a quantum treatment, just the perturbation of the matter field is quan-
tized. In their calculations CPS chose both the field modes 5A¢k and corresponding momentum conjugate
7, as collapse generating operators with a choice of collapse parameter not just a constant but a function
depending on the momentum of the field modes, chosen to be A = A /k and A = Ak, respectively. With
these choices CPS made a detailed calculation, based on a CSL evolution of the state vector, in which the
initial state is the Bunch-Davies vacuum defined in the beginning of inflation, to a stochastically chosen
particle excited state with some momentum k, as a final state after inflation, and reproduced the necessary
form of the Harrison-Zel’dovich spectrum [Eq. (7)].

In [24] Martin, Vennin and Peter (MVP) made another detailed study of generation of primordial pertur-
bations using Collapse Models. They also used the CSL theory, however, chose the collapse to take place
on the eigenstate of the Mukhanov-Sasaki operator R, rather than the field operator or the field momentum
operator. Note that Mukhanov-Sasaki operator is a combination of both the perturbation of the inflaton and
perturbation of the background metric. Therefore, strictly speaking MVP approach is not strictly semiclas-
sical where background metric is never quantized, and in this sense this method is different than the method
used by CPS in [23]. In their study MVP found two branches of solutions in their analysis, one which re-
produces the scale invariant Harrison-Zel’dovich power spectrum given in Eq. (7) and the other which does
not. The requirement that the non-scale-invariant part is outside the horizon puts some bounds on the CSL
parameters which control the deviation from standard quantum prediction and MVP concluded that in the
absence of any amplification mechanism the standard CSL mechanism is not strong enough to reproduce
the known power spectrum in expected time frame.

Soon after the above work by MVP, Das et. al. revisited the above study [25] and concluded that
it is in fact possible to reproduce (a) the observable power spectrum of the superhorizon modes from the
appropriate branch, while (b) keeping the non scale invariant branch outside of the horizon, and (c) achieving
the above two within the number of e-folds allowed by inflation (unlike MVP in [24]). These are possible by
modifying/amplifying the effect of collapse by setting the CSL parameter depending on the field momentum
of the Mukhanov-Sasaki operator. This way of amplification of collapse mechanism is in line with what
CPS used in their work [23], as well as we used for addressing the information loss during black hole
evaporation process [40—44] which is another scenario where Collapse Models are very useful.

While in the above works authors always considered the Bunch-Davies vacuum state as the initial state
Bengochea and Ledn performed an interesting study [26] where they considered a more general type of
state, known as the Hadamard state which in the semiclassical gravity theories provide finite values for

the renormalized energy momentum tensors free from pathological behaviours such as infinite divergences.
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They could reproduce the observer angular power spectrum with this new choice of quantum state which
puts the overall idea of using the Collapse Models on a firm ground.

More recently Martin and Vennin [45] reported that the CMB constraints on the CSL parameter space,
within their model, may invalidate the CSL theory altogether. The conclusions of their study were chal-
lenged in [46, 47] with a further reply from the authors [48]. In addition, there are more criticisms on this
approach of using collapse models in the context of generation of CMB anisotropies by Kiefer and Var-
danyan [49] and by Ashtekar, Corichi, and Kesavan [50] which, in turn, were also got refuted by Berjon,
Okon and Sudarsky [51].

Recently, Lechuga and Sudarsky [52] made an exciting proposal resolving the eternal inflation problem
which is basically a situation where the inflationary expansion of the early universe cannot be terminated just
by assuming the slow-roll condition [53]. The authors show in their work that there exist a valid parameter
space in the CSL based proposals which can accommodate (a) the observed anisotropies in the CMB, and
(b) avoiding the necessity of eternal inflation.

It is worth mentioning that in the standard accounts of inflation, one obtains predictions for the spectrum
of primordial gravity waves (i.e. tensor modes) that are very similar to those for the density perturbations,
however the former have yet to be observed. In contrast, the approach described here, predicts primordial
gravity waves at a substantially suppressed amplitude [54].

All of the above works, debates, criticisms and counter criticisms make the utilization of the Collapse
Models in the cosmological framework a fascinating field of study with a potential of contributing not only

to cosmology but also to the foundations of the quantum theory.

VI. BUILDING AN ANISOTROPIC QUANTUM STATE FOR THE EARLY UNIVERSE

One novel feature of quantum field theory (QFT) in a curved background is the possible existence of
multiple non-unitarily related quantum vacuum states that are natural state of sets of observers who are
non-inertially connected to each other. Even in the Minkowski spacetime if one is to construct a QFT in
a non-inertial frame, such as for an observer with constant four momentum, we find ourselves in a similar
situation where the standard vacuum in Minkowski (inertial frame) is envisioned as a particle excited state
producing particles with blackbody spectrum, which is detected in the accelerating frame. This phenomena
is known as Unruh effect [55] and it serves as a cornerstone to understand QFT in a curved space where the
background spacetime is other than Minkowski. Other famous examples of particle creation, especially in
curved background, are given by the Hawking effect [56, 57] where particles are produced and black holes

evaporate itself and in the cosmological models [58-60].
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In this section I will give a brief account of my recent works [61-65] which is a complementary line of
thought to understand the early universe from a quantum perspective. We believe these studies, in future,
will be able to integrate with the efforts mentioned in the last section and may provide a wholesome picture
of the generation of classical density perturbations that we observe in the CMB.

The main idea is the following: if one takes semiclassical picture to generate inhomogeneity and
anisotropies in the spacetime metric appearing on the left hand side of the semiclassical Einstein equation
given in Eq. (31), on the right hand side one must have a quantum state |¥) which manifestly breaks the
homogeneity and isotropy symmetries. The usual Bunch-Davies vacuum state being invariant under the de
Sitter symmetry group it cannot, by simple argument of isometry, be the state |¥) at the time of generation
of these tiny deviations. One must find another state which is manifestly in-homogeneous (in-H) and an-
isotropic (an-I). Of course, there will be numerous conditions applicable for such a state to be well defined.
Foremost, it must be a Hadamard state so that the right hand side of Eq. (31) is free of divergences after
one renormalize the stress energy tensor. Further, the resultant renormalized value of the stress tensor must
satisfy the Wald axioms [66]. One may come up with several examples of such a quantum state and we can
only hope that ideally one or at most a class of them could provide correct renormalized values which, via
back-reaction on the metric, will generate observed CMB inhomogeneities anisotropies. The main problem,
as it stands today, is the fact that there is no such in-H and an-I state was ever built in quantum cosmology
which satisfies all of the restrictions required for the well-definedness of semiclassical gravity. We find this
to be a glaring omission and have made considerable progress in building one such quantum state [61, 63]
and discussed various new results in this respect. Below we provide a quick review on the prescription of
building the T'—vacuum state, as termed in [63], which is an in-H and an-I quantum state and lives in the
radiation dominated era of the early universe and therefore it is free from inflationary effect which tends to
erase any primordial inhomogeneity and anisotropy.

We shall divide our findings in two separate branches — first (i) the geometric part, where we express
the H & I form of the radiation dominated metric into a spherically symmetric, in-H & an-I form, and
related geometric results, and second (ii) the field theoretic part, where we discuss the formulation of the

T'—vacuum and related field theoretic results.

A. Novel geometric features of radiation dominated Epoch

Consider the spatially flat FRW metric in comoving coordinates,

ds? = dt* — a*(t)[dr? + r*(d6* + sin® 0d¢?)], (32)
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which in cosmological time frame is
ds® = a®(n)[dn® — dr? + r2(d6* + sin® 0dp?)]. (33)

where the “cosmological time” 1 = %. Here the scale factor a(t) has a dimension of length and 7 is
dimensionless, while ¢ has dimension of time. The only thing carry dimension [Eq. (33)] is the conformal
factor.

Using the lightcone coordinates v = n — r and v = 1 + r, Eq. (33) becomes

v —u)?

ds® = a®(u,v) |dudv — ( (d6? + sin? 0dp?) | . (34)

At this point make the following conformal transformation for a(t) o t1/2, given by [61]

UET—R:i%uQ, VET—FR:%UZ, (35)

where 4 and — mean v > 0 and v < 0, respectively. It is straightforward to show that the above transfor-

mation implies that the radiation dominated epoch is given by

ds® = Fi(T, R)(dT? — dR?*) — R%*dQ* (36)
forU > 0 (T > R), and

ds* = Fi (T, R)(dT? — dR?) — T?dQ?, (37)

for U < 0 (T < R)and the functions F; and Fy; are Fy(T, R) = WTHIYE IS and Fy (T, R) =
%. These new coordinates in (7', R) and (1, r) frames are related by 7' = Y4 = Ze(n2
r?) s R= % = Henr for region I, and T = % =Henr ; R= % = %(n2 + r2) for region
I1. The conformal factors F7(T, R) and Fr;(T, R) as functions of the Hubble parameter for radiation stage
H = (%)gp in the following form [61] F}(H, R) = 1z and Fy;(H,T) = s . The line T = R
for these observers is the comoving Hubble radius at R = 1/H. These metrics in Eq. (36) and Eq. (37) are
static up to a dynamical conformal factor and they exhibit a spherical symmetry. It was named as the (7', R)
frame [63].

There are few important results derived in the earlier works. For example, the (7', R) frame was back-
tracked in the inflationary de Sitter epoch and was identified with the de Sitter static patch with a time

redefinition [64]. A complete spacetime foliation with Cauchy slices was performed ensuring the well

defined initial value problem [63] etc.
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B. Novel field theoretic features of radiation dominated epoch

The motivation of constructing a field theory in the (7', R) frame is the following: first we notice that
the metrics in the (7', R) frame as appear in Eq. (36) and Eq.(37) are inhomogeneous and anisotropic.
The spherically symmetry ensures that we should be able to separate the field equation (such as the KG
equation) into the radial and angular parts. The radial part although will be dependent on coordinates
T, R, the angular part will provide us some known solution. Given that we are able to decompose the field
operator in the positive and negative frequency parts we will be able to define a new vacuum state which will
be annihilated by the new annihilation operator multiplying the field modes. This new vacuum state will
then also be inhomogeneous and anisotropic and if we can prove the well-definedness of this state we shall
have one physically motivated, rigorously constructed anisotropic quantum state in the radiation dominated
universe.

In our recent works [63, 65] we showed that it is possible to quantize a free massless scalar field which
can be related with the fluctuation of the inflaton field and with no quantization of the background metric
fluctuations as necessary in a semiclassical set up. In this process we defined a manifestly in-H and an-I
quantum vacuum which we called as the T'—vacuum [63]. It was shown that the T'—vacuum creates particles
in the frame of cosmological and comoving observers and the distribution of particles is anisotropic in 3+1
dimensions [65]. This is an exciting result since we could see the usefulness of engineering a quantum state
that breaks the H & I symmetries. Further, we showed the Hadamard behavior in (1+1) dimensions and a
point by point comparison with the Unruh effect [63]. These are definitely encouraging but there remain
many more unanswered questions which we want to study in future.

We are now in a position to ask the following questions, (a) could the T'—vacuum be the yet unknown in-
H and an-I state that the universe finds itself after the inflation?, (b) could we reproduce the scale invariant
Harrison-Zel’dovich spectrum (7) by using this state?, (c) could we connect it to the studies using Collapse
Models as the final state after collapse?, and finally (d) even if these ambitions are refuted could we adjust
and build new states in order to match the observation in CMB? To summarize, what we are essentially
asking through all these questions is: what is the precise quantum state of the early universe at the time of

the production of density perturbations at the LSS?

VII. SUMMARY AND CONCLUSION

To summarize, this article provides an up to date information about some efforts related with betting

understanding the quantum description of the classical density perturbations from inflationary cosmology
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which are famously called the “seeds of cosmic structures” that exist today. We provided some introductory
information on the detection of anisotropies in the CMB in the introduction and then discuss the obser-
vational quantity given by the Harrison-Zel’dovich power spectrum that is one of the results needs to be
reproduced by any valid theory describing the problem at the hand. In this respect, we provide a brief but
self contained explanation of the standard inflationary approach of using cosmological perturbations. We
critically reviewed various assumption behind the calculations and discuss some of the flaws in details.
Then we reviewed strong arguments present in the literature to connect the problem of quantum genera-
tion of classical density fluctuations with the foundational problems in quantum theory which cannot be
bypassed in the cosmological setting. To this aspect, we reviewed recent works within the Collapse Model
interpretations of quantum theory which is one of the most promising paths to overcome various flaws with
the standard picture. Finally, we provided brief account of our work on building an anisotropic and physical
quantum state in the post-inflationary universe, especially in the radiation dominated era, in order to look for
the precise quantum state (if any) of the early universe at the time of the production of density perturbations

at the LSS.
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