University of Sussex

A University of Sussex PhD thesis
Available online via Sussex Research Online:

http://sro.sussex.ac.uk/

This thesis is protected by copyright which belongs to the author.

This thesis cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the Author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the Author

When referring to this work, full bibliographic details including the
author, title, awarding institution and date of the thesis must be given

Please visit Sussex Research Online for more information and further details



US

University of Sussex

CONSTRAINING THE EARLY UNIVERSE

WITH PRIMORDIAL BLACK HOLES

Author:

Samuel Mark Young

Submitted for the degree of Doctor of Philosophy
University of Sussex

March 2016



DEcCLARATION

I hereby declare that this thesis has not been and will not be submitted in whole or in part to another

University for the award of any other degree.

The work in this thesis has been completed in collaboration with Christian Byrnes, Misao

Sasaki, and Donough Regan, and is comprised of the following papers:

e Sam Young, Christian T. Byrnes and Misao Sasaki. ‘Calculating the mass fraction of

primordial black holes’, published n JCAP 1407 (2014), p. 045. arXiv:1405.7023 [gr-qc].

I'was responsible for the original concepts presented in this paper, which were then formulated
in collaboration with Christian T. Byrnes and Misao Sasaki. The paper and calculations were
all completed by myself, with minor adjustments and additions made by Christian T. Byrnes

and Misao Sasaki.

* Sam Young and Christian T. Byrnes. ‘Primordial black holes in non-Gaussian regimes’,

published in JCAP 1308 (2013), p. 052. arXiv:1307.4995 [astro-ph.CO].

The original concept for this paper was proposed by Christian T. Byrnes, and follows closely
from the work completed by Byrnes, Copeland and Green (2012). The calculations were
completed by myself under the supervision of Christian T. Byrnes. I also wrote the great

majority of the paper, with minor adjustments completed by Christian T. Byrnes.

* Sam Young and Christian T. Byrnes. ‘Long-short wavelength mode coupling tightens
primordial black hole constraints’, published in Phys. Rev. D91.8 (2015), p. 083521.
arXiv:1411.4620 [astro-ph.CO].

The concept for this paper originated from both myself and Christian T. Byrnes. I completed
all the calculations for this paper, and wrote a short code using Mathematica to calculate
the primordial black hole abundances. The paper was written by myself, again with minor

adjustments made by Christian T. Byrnes.

e Sam Young and Christian T. Byrnes. ‘Signatures of non-Gaussianity in the isocurvature

modes of primordial black hole dark matter’, published in JCAP 1504 (2015), p. 034.

ii



arXiv:1503.01505 [astro-ph.CO].

The original concepts provided in this paper were formulated by myself, and I performed
all of the calculations presented, making use of a code written by myself to calculate PBH
abundances. The paper was written by myself, with minor adjustments made by Christian

T. Byrnes.

e Sam Young, Donough Regan and Christian T. Byrnes. ‘Influence of large local and non-
local bispectra on primordial black hole abundance’, published in JCAP 1602 (2016), p.
029. arXiv:1512.07224 [astro-ph.CO]. (The numerical simulations and plots in this paper

were completed by Donough Regan.)

The idea for this paper was proposed jointly by myself and Donough Regan. The plots
contained in this paper were completed by Donough Regan, with use of a short code written
by myself to calculate theoretical values, and a code to produce non-Gaussian density maps
written by himself. Donough Regan also wrote section 2 of the paper (section 6.2 of this
thesis). The remainder of the paper was written by myself - and further minor adjustments

were completed by all of the authors.

Signature:

Samuel Mark Young



UNIVERSITY OF SUSSEX

SAMUEL MARK YOUNG, DocToR OF PHILOSOPHY

CONSTRAINING THE EARLY UNIVERSE WITH PRIMORDIAL BLACK HOLES

ABSTRACT

Inflation is the leading candidate to explain the initial conditions for the Universe we see today. It
consists of an epoch of accelerated expansion, and elegantly solves many problems with the Big
Bang theory. Non-Gaussianity of the primordial curvature perturbation can potentially be used
to discriminate between competing models and provide an understanding of the mechanism of
inflation.

Whilst inflation is believed to have lasted at least 50 — 60 e-folds, constraints from sources such
as the cosmic microwave background (CMB) or large-scale structure of the Universe (LSS) only
span the largest 6 — 10 e-folds inside today’s Hubble horizon, limiting our ability to constrain the
early universe. Strong constraints on the non-Gaussianity parameters exist on CMB/LSS-scales,
but there are no constraints on non-Gaussianity on smaller scales. Primordial black holes (PBHs)
represent a unique probe to study the small-scale early Universe, placing an upper limit on the
primordial power spectrum spanning around 40 e-folds smaller than those visible in the CMB.
PBHs are also a viable dark matter candidate.

In this thesis, the effect of non-Gaussianity upon the abundance of PBHs, and the implications
of such an effect are considered. It is shown that even small non-Gaussianity parameters can
have a large effect on the constraints that can be placed on the primordial curvature perturbation
power spectrum - which can become stronger or weaker by an order of magnitude. The effects
of super-horizon curvature perturbation modes at the time of PBH formation are considered, and
it is shown that these have little effect on the formation of a PBH, but can have an indirect effect
on the abundance of PBHs due to modal coupling to horizon-scale modes in the presence of
non-Gaussianity. By taking into account the effect of modal coupling to CMB-scale modes, many

models can be ruled out as a mechanism to produce enough PBHs to constitute dark matter.
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INTRODUCTION

PrRELUDE

The study of cosmology is fascinating - the study of all that ever was or ever will be (at least on
a large scale), and can connect the vast cosmological scales to the miniscule scales of particle
physics. Now is a time when new discoveries are being made, new precision data is available, and
yet many mysteries still remain - possibly some of the biggest questions in physics: how did the
Universe begin, how will it end, and what’s it all made of anyway?

With the recent observations of the cosmic microwave background radiation, from sources such
as the Planck and WMAP satellites, it is now possible to obtain a detailed picture of the Universe
as it existed over 13 billion years ago, ‘only’ several hundred thousand years after it began. This
has led to cosmological inflation becoming the accepted model for how the Universe came to be -
although still begs the question of what there was before inflation and how inflation began. There
are, however, still competing models to explain the origin of the Universe, and a multitude of
different models for inflation itself that are all consistent with current observations.

Primordial black holes represent a probe that can be used as a microscope to peer into the
extremely early Universe and provide unique constraints. Black holes themselves are captivating,
objects with gravity so strong that not even light can escape, with infinite density at their core,
seemingly defying our understanding of physics. What could be more enthralling than a primordial
black hole, a black hole formed within the first fraction of a second after the dawn of the Universe?
It is the author’s hope that any readers of this thesis will find it as interesting to read as he did to

write it (although hopefully not as stressful).
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INTRODUCTION

1.1 Bic BANG cosMoOLOGY

Prior to the 20°" century, very little was known about the Universe as a whole. One of the
first important observations was the darkness of the night sky - which has a seemingly obvious
explanation that the Earth is blocking the light from the Sun. However, Olbers’ paradox, also called
the dark night sky paradox, tells us that the Universe could not be static, infinite and eternal. If
this was the case then the infinite universe would be filled with an infinite number of stars, and any
line of sight from the Earth would terminate at the (very bright) surface of a star - meaning that
the night sky should be completely bright, in obvious contradiction to the observed dark night sky.
Whilst many solutions to this paradox exist, including a steady-state universe (where the expansion
of the universe causes a red-shift of light from distant stars, meaning the total flux of light reaching
the Earth is finite) and a fractal distribution of stars (such that some regions of the sky contain no
stars, even though the number of stars is infinite), the correct (or at least the currently accepted)
argument is the finite age of the Universe - meaning light from distant stars has not yet had time to
reach us.

It is only relatively recently the next piece of evidence was discovered by Slipher (Slipher,
1913; Slipher, 1917), who investigated the radial velocities of galaxies (though at the time they
were referred to as nebulae). This was later confirmed by (and the discovery is often attributed
to) Hubble (1929), who formulated the famous Hubble law, relating the recessional velocity v of

galaxies to their distance from the Earth r using the Hubble constant Hy,
v = Hypr. (1.1)

Hubble’s law tells us that distant galaxies are moving away faster, and that as you go further into the
past the Universe was denser and hotter - eventually reaching a singularity in the distant past (now
believed to be around 13.7 billion years ago) into which the whole of creation was compressed.
This theory came to be known as the Big Bang theory, and the initial singularity as the Big Bang.

What follows is a brief summary of the history of the Big Bang universe: shortly following the
Big Bang, the Universe was filled with a quark plasma (sometimes referred to as the primordial
particle soup), and would then rapidly undergo several phase transitions as the temperature dropped.
During baryogenesis, the quarks bound together to form hadrons - protons and neutrons - forming
charged plasma. After this, as the Universe cooled further, the protons and neutrons combine
to form atomic nuclei during nucleosynthesis, consisting mainly of hydrogen and helium, before
the nuclei and electrons combine to form neutral elements in the epoch of recombination. What

followed is known as the cosmic dark ages, during which time the Universe was filled by an
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expanding, neutral gas. Gravitational interactions eventually pulled the diffuse gas together to form
stars and galaxies, and once the first stars ignited, in the epoch of re-ionisation, the neutral gas was
re-ionised by radiation from those stars.

Possibly the most compelling evidence for the Big Bang is the existence of the cosmic mi-
crowave background radiation (CMB). When the Universe was very young, it was filled with a hot,
(almost) uniform plasma, and was opaque to photons - any free photons were almost immediately
absorbed by the plasma before being re-emitted. We are thus unable to see any photons from this
time. However, as the Universe cooled, several hundred thousand years after the Big Bang, in
the epoch of recombination the charged particles combined to form a neutral gas - photons were
now decoupled from the matter content of the Universe and free to propagate without interference.
Whilst the Universe was very hot at this time, the expansion of the Universe and cosmic redshift
means that the photons are now observed at much lower temperatures than they were when emitted.
The photons seen in the CMB are seen to come from a single 2-dimensional shell, known as the
surface of last scattering. The CMB represents the oldest light in the Universe and originates from
this epoch of recombination, displaying an almost perfect black body spectrum and isotropy. As
will be discussed later, the small anisotropies in the CMB are very important for cosmology. The
first observation of the CMB was in 1964 by Penzias and Wilson using the Holmdel Horn Antenna,
and was accidental. At the time, they were looking for radio signals bounced off echo balloon
satellites, and it was only later that the importance of their discovery became apparent. Since
that time, there have been many observations of the CMB, including the Cosmic Background Ex-
plorer (COBE) launched in 1989, the Wilkinson Microwave Anisotropy Probe (WMAP) launched
in 2001, and the Planck satellite in 2009. Figure 1.1 shows the relative resolution of the CMB
observed by these 3 satellites.

Another successful prediction of the Big Bang theory is the abundance of different elements
in the Universe. Before nucleosynthesis, atomic nuclei (consisting of more than a single proton
or neutron) were disrupted by high energy photons and were therefore unstable. Knowing how
the temperature changed over time, the relative abundances of protons and neutrons at the start of
nucleosynthesis can be calculated by simple thermodynamic arguments - with roughly 7 protons
to every neutron. More protons than neutrons are formed due to the lower mass of the proton. The
protons and neutrons then combined to form different amounts of elements within the Universe -
made up of 74% hydrogen, 24% helium, and trace amounts of heavier elements. The majority of
heavier elements we see today were then created by fusion inside stars and spread throughout the
Universe during their violent deaths. The abundances of elements predicted by theory matches

very closely with the observed abundances of such elements in the Universe.
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Planck

Figure 1.1: Observations of the CMB by satellite telescopes. Improvements in technology over the years have led to higher resolu-

tion images and constraining power. Image credit: NASA/JPL-Caltech/ESA.

Some of the formalisms and mathematics that will be used throughout this thesis will now
be introduced, as well as a more detailed mathematical discussion of the history of the Universe.
Throughout this thesis, natural units will be used, such that the speed of light ¢ = 1. The
Friedmann-Lemaitre-Robertson-Walker (FLRW) metric is often used to describe a flat expanding
Universe,

ds? = di* + d*(1) dy? + x2d6* + * sinZ(G)d¢2), (1.2)

1-Ka’ () x>
where 7 is the time (sometimes expressed in terms of conformal time, d = dt/a(t)), a(t) is known
as the scale factor, y is the comoving distance, K represents the spatial curvature, and 6 and ¢
are radial coordinates. The scale factor represents the expansion of the Universe, and is typically
defined to have a value of 1 today - and was smaller in the past. Objects which are moving with the
expansion of the Universe, and do not have any peculiar velocity, therefore have fixed comoving
coordinates.

The expansion history of the Universe can be described by knowing the time dependence
of a(t). This can be achieved by considering Einstein’s field equations and first deriving the

Friedmann equation,

d(t))z_SﬂGp_ K A (13)

a(t) 3 a(t) T3

where H (¢) is the Hubble parameter (as seen previously in equation (1.1)), G is Newton’s gravita-

H*(t) = (

tional constant, p is the energy density of the Universe, A is known as the cosmological constant,

and the dot represents a derivative with respect to time #. The cosmological constant is a free para-
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meter (although constrained by observations) allowed by Einstein’s equations, which is believed to
be responsible for the observed late-time acceleration of the Universe.

The density p of the Universe is generally taken to have two main components, radiation
and matter, p = p, + p,,. The radiation component consists primarily of photons and neutrinos
(which travel at relativistic speeds if light enough). The matter component consists not only of
“ordinary” baryonic matter (taken to consist in cosmology of protons, neutrons and electrons) but
also a relatively unknown “dark matter”. The presence of dark matter can be inferred from galaxy
rotation curves, which indicate the presence of an unobserved diffuse matter in order to account
for the apparent gravity, as well as being required to explain the speed at which galaxies formed
in the early Universe. However, little is currently known about what dark matter is made of, and
there are many models. The fact that we can’t see it strongly suggests that it does not interact
with the electromagnetic force, indicating that it is not baryonic. Secondly, dark matter must be
“cold” (or at least not very warm) or the velocity dispersion of the dark matter particles would have
disrupted galaxy formation. The simplest model of the Universe is referred to as ACDM - so that
in addition to the known components of matter and radiation, the energy density of the Universe
has components of the cosmological constant A and cold dark matter (CDM).

The Friedmann equation is often written in terms of the density parameter Q, given by Q =
p/pc, where p. is the critical density for which the Universe would be flat, K = 0, given by

3H?

—_— 1.4
8nG (1.4

Pc =

where p contains all contributions to the energy density including the cosmological constant. The
cosmological constant and curvature terms can also be expressed in terms of the density parameter,

and the Friedmann equation becomes

1=Q, +Q, +Qxp + Qk, (1.5)

2 2
where pp = %, and px = _%frlGK. Current observational values from the Planck satellite are

Q,, ~0.31,Q, x9x 107>, Q) ~ 0.69, and Qg = (0 +5) x 1073 (Ade et al., 2015a).
The fluid equation (also referred to as the continuity equation) can also be derived from

Einstein’s equations, and is needed to calculate the history of the Universe,
p=-3H(p+p), (1.6)

where p is the pressure. The pressure is often related to the density using the equation of state

w = p/p. Equation (1.6) can be used to relate the energy density to the scale factor as

poc a3+, (1.7)
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Exact solutions are easily available when the universe is dominated either by radiation, matter, or
the cosmological constant. When combined with the observed values today, this can then be used
to determine the expansion history of the Universe.

Matter-domination - on cosmological scales, matter is taken to have negligible pressure, and
so w = 0. The Universe has been matter dominated for most of its history, and it is only during
this period that the formation of observed structure in the Universe is possible. The fluid equation,
(1.6) tells us

Pm &< a”, (1.8)

As expected, the matter density scales inversely proportional to the volume of the Universe. The

Friedmann equation, (1.3), then gives the time dependence of the scale factor,
a(t) o« 1?3 (1.9)

Radiation-domination - radiation pressure is related to the density by a factor w = 1/3. Again,

the fluid and Friedmann equations are solved to yield the following results:
proca™, (1.10)
a(t) o« t'/2, (1.11)

The Universe was initially radiation dominated, but quickly became dominated by the matter
component because the radiation density decreases much faster than the matter density.

Cosmological constant domination - also known as de Sitter space, the cosmological constant
is, unsurprisingly, constant and does not vary with time, corresponding to w = —1. Neglecting the
density and curvature terms, the Friedmann equation predicts exponential expansion (or contraction
for negative A)!,

a(t) oc exp(Ht), (1.12)

where the Hubble parameter is, in this case, constant. Current observations indicate that the
Universe is now entering a phase of domination by the cosmological constant - resulting in the
expansion of the Universe accelerating. Evidence for this first came from the observation of type
la supernovae (Riess et al., 1998), where distant supernovae were found to be fainter than predicted
- implying that the expansion is accelerating. At the time, this result was quite surprising as it
had been expected that the expansion of the Universe would be slowing down. Since then, the
fact that the Universe is accelerating has been corroborated by other evidence - and observations
of the CMB, large-scale structure and gravitational lensing are all consistent with the existence of
a cosmological constant. However, whilst it is known that the expansion of the Universe is now

accelerating, the cosmological constant is only one possible explanation, though it is the simplest.

LOr the trivial solution, H = A =0
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Figure 1.2: The expansion history of the Universe through the epochs of radiation-domination, a o '/, matter-domination, a o

2/3 | and into the epoch of cosmological constant domination, a o exp().

Combining these results gives the final form of the Friedmann equation:

Hz(f)_Q 4 -3 -2
g2 - rod (1) + Qm,0a " (1) + Qr0a " (1) + Q0. (1.13)

0

3 even when the Universe

where the subscript 0 denotes today’s value. This equation uses p,, « a~
is not matter dominated, as well as the other relations between the different densities and their
dependence on the scale factor. Figure 1.2 shows a schematic diagram of the size of the Universe
and its expansion from shortly after the Big Bang till the present day.

We now have a (mostly) complete cosmological history of the Universe from shortly after
the Big Bang up to the present - a brief (in cosmological terms) period of radiation domination
during which the Universe underwent several phase transitions, followed by matter domination,
and eventual cosmological constant domination. However, whilst the Big Bang theory successfully
explains the evolution of the Universe, it fails to explain how it all began. As one looks further back

into the past at higher temperatures and energy scales, our understanding of physics breaks down

and we are not able to describe what happens at very early times including the initial singularity.
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1.1.1 ProBLEMS wITH THE B1G BANG THEORY

In addition to the already mentioned inability to describe the initial singularity, there are several
observations in apparent contradiction with predictions of the Big Bang theory, detailed below. It
is, however, worth noting that these observations can be incorporated into the Big Bang theory by
specifying extremely fine-tuned initial conditions - although this is not a particularly appealing or

natural solution.

The flatness problem

The Universe is observed today to be flat, or at least very close to it. In the Friedmann equation,
K represents the spatial curvature, with a positive, negative or zero value representing a closed,
open or flat universe respectively. In the absence of a cosmological constant, equation (1.3) can be

rewritten as
» 3a’H* 3K

—_— = 1.14
P4 " 826 T 8aG (119
which can in turn be rewritten in terms of the density parameter Q2
3K
Q' - 1pa* = —. 1.15
( )pa e (1.15)

Since the right-hand side of this equation contains only constants, the left-hand side must also be
constant,

Q7' — 1)pa® = const. (1.16)

As the scale factor a increases as the Universe expands, the density p decreases - and whether the
Universe is filled with radiation or matter, the density drops much faster than a? increases. The
factor pa® therefore decreases rapidly as the Universe expands. In order for the left-hand side
to remain constant, (Q~' — 1) must remain exactly zero, or else grow rapidly. Therefore, for the
Universe to be close to flat today, then Q must have been extremely finely tuned to be close to unity
initially - any small initial deviation from unity would be rapidly amplified resulting in a significant
amount of curvature. To match the current observed flatness, O — 1 = 0 to 2 significant figures,
the density of the Universe in the Planck era (when energies were close to the Planck scale) must
have been equal to the critical density to over 60 significant figures. The Big Bang theory offers

no natural explanation as to why this should have been the case.

The horizon problem

When looking at astronomical objects, distances also correspond to times - the light from distant

objects has been travelling for a longer time, and we are therefore looking at it at a more distant time
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Surface of last scattering

Region A
2.73K

Region B
2.73K

Figure 1.3: 2 different regions on the surface of last scattering are observed, on Earth, to have the same temperature. The photons
were emitted when the Universe was much younger (around 300 000 years after the Big Bang). The smaller black circles
show the particle horizon at that time (the maximum distance light could have travelled since the Big Bang). It is there-
fore impossible for the regions A and B to have been in causal contact, and there is no reason to expect them to be in

thermal equilibrium. NB. Distances shown are not accurate.

in the past. If we now consider two galaxies in the night sky in opposite directions, each 10 billion
light years away from the Earth, then light from the first galaxy will not yet have had time to reach
the second galaxy as the Universe is only 13.7 billion years old. Each galaxy is therefore unaware
of the existence of the other. The same thing applies to different regions in the CMB. The CMB is
believed to have originated approximately 300 000 years after the Big Bang, and light would only
have been able to travel around 900 000 light years in that time (this is greater than 2 x 300 000 light
years due to the use of comoving units and the expansion of the Universe). It is therefore expected
that two regions, A and B, on the surface of last scattering separated by a distance greater than
this would not have been in causal contact at the time of decoupling (A would have been outside
B’s horizon - and was therefore unobservable) - and so there is no reason to expect these different
regions to have reached thermal equilibrium. Figure 1.3 shows a schematic diagram of the horizon
problem. The CMB should not, then, be observed at the same temperature across the entire night
sky. In contrast to this expectation, the CMB is observed to be almost perfectly isotropic, with a

temperature of 2.723K, and is uniform to 1 part in 10°.
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The relic problem

Also sometimes referred to as the magnetic monopole problem, the relic problem stems from the
fact that many Grand Unified Theories (GUTs) predict the existence of stable relic particles (the
most famous of which is likely magnetic monopoles) and topological defects should have formed in
the extremely hot and energetic early Universe. Such particles would have been produced in great
abundances and would persist until today. Historically, magnetic monopoles in particular were
predicted to have been produced in such numbers that they would be the dominant component of
the Universe (Zeldovich and Khlopov, 1978; Preskill, 1979) (more modern theories do not predict
this abundance of magnetic monopoles, though other relics are still predicted depending on the

model). Not only is this not the case, but also all searches for such relics have failed to detect any.

1.2 INTRODUCTION TO COSMOLOGICAL INFLATION

Consisting of a (brief) epoch of accelerated expansion prior to the radiation- and matter-dominated
epochs of the Universe, cosmological inflation was first proposed by Guth (1981) and Sato (1981)
independently in 1981, and a revised model, dubbed “new inflation,” was soon proposed by Linde
(1982) and Albrecht and Steinhardt (1982). Inflation elegantly resolves the observed problems
with the Big Bang theory listed above - although still fails to explain the origin of the Universe, as
the beginning of inflation is not understood. A universe dominated by some fluid with an equation
of state w will now be considered, and the values of w required for accelerated expansion will be
calculated.

In absence of a cosmological constant, the acceleration equation (which can be calculated from
the Friedmann equation (1.3) and the fluid equation (1.6), or directly from Einstein’s equations) is
given by

a drG
—=—-——1(+3p). (1.17)
a 3

In order for the acceleration of the Universe d to be positive, the factor (o + 3p) must therefore be

negative. Assuming positive energy density p, we require

1
L 1.18
w < 3 ( )

Assuming that the energy density p is always positive, a fluid with negative pressure is required.
Whilst we have already seen that the cosmological constant has an equation of state, w = —1, which

satisfies this condition, it could not have been responsible for inflation as it is observed to be very
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small today and would have been strongly sub-dominant in the early universe. However, some type
of fluid with w = —1 could have been responsible - and the energy density during inflation would
have been constant for such a fluid. One of the most important consequences of inflation is the

evolution of cosmological horizons, as discussed below.

1.2.1 COSMOLOGICAL HORIZONS DURING INFLATION

There are different definitions of the cosmological horizon:

* The Hubble radius, H~!, defines the boundary of causal processes as it defines the distance
which light can travel during one Hubble time. The terms Hubble radius and horizon will be
used interchangeably to refer to H~!'. Two points separated by less than one Hubble radius

at a given time can be expected to come to thermal equilibrium.

* The particle horizon is the (maximum) distance that a particle (travelling at the speed of
light) can have travelled (since the start of the Universe), and represents the furthest distance
at which we can retrieve information from the past. Events outside the particle horizon

respective to an observer can therefore not be observed.

* The event horizon is the largest comoving distance that light emitted at a given time could
ever reach an observer in the future. If the expansion of the Universe is accelerating, then
this will be a finite distance. The photons will never reach an observer further than the event

horizon due to the observer’s acceleration away from the source of the photons.

Whilst the particle horizon tells us the distance from which photons could have reached us by
now, it is generally not possible to observe photons from such a distance for two reasons. The
first is evident: we can only see photons from after the epoch of decoupling; the photons visible
in the CMB are the oldest in the universe. The second reason is that photons from outside the
Hubble radius are extremely red-shifted and have very low energies making them very quickly
unobservable.

Because it determines the scale of causal interactions, the region inside our current Hubble
radius is often referred to as the “observable” Universe. The comoving Hubble radius is given
by (aH)~'. This region is only (a small) part of the whole Universe, which we are unable to
communicate with at the moment. Comoving scales with a wavevector k > aH are referred as
sub-horizon, and are in causal contact. Larger comoving scales, k < aH, are referred to as super-
horizon, and are not in causal contact. The comoving Hubble radius during and after inflation will

now be considered.
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Figure 1.4: The evolution of the comoving Hubble radius (a H)~! over time. The comoving Hubble radius shrinks rapidly during

inflation, before growing during the radiation- and matter-dominated epochs.

During exponential inflation, a(t) o« exp(Ht), the Hubble parameter is constant, and the

comoving Hubble radius shrinks as

(aH)™" o exp(—H1). (1.19)
During radiation domination after inflation ends, the comoving Hubble radius grows as

(aH)™" o (1 —1))'/?, (1.20)

where #; is the time of the initial singularity assuming radiation domination for the entire history

of the Universe. Likewise, during the matter dominated epoch, the horizon grows as
(aH)™ o (2 = 1)3. (1.21)

The horizon therefore shrinks during inflation, before growing during the following epochs of
radiation and matter domination. Figure 1.4 shows the evolution of the comoving Hubble radius

over time.

1.2.2 How INFLATION SOLVES THE PROBLEMS WITH THE Bic BANG

When considering the flatness problem, we now return to equation (1.15). During radiation or

matter domination, the factor pa® decreases rapidly as the Universe expands. However, during
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inflation, this factor now increases with time, and as the Universe expands we see
Q' -1 - 0. (1.22)

Thus Q = 1 is now an attractor solution, and for a large enough amount of inflation we obtain a
Universe that is extremely close to flat no matter the initial curvature. Inflation therefore naturally
provides an explanation for the observed flatness of today’s Universe.

Inflation also solves the horizon problem as a small patch of the Universe that is initially in
causal connection, and can therefore reach thermal equilibrium prior to or at an early stage of
inflation, can expand to a size greater than that of the currently observable Universe. Figure 1.4
shows how the comoving horizon shrinks during inflation before growing during radiation- and
matter-domination, meaning a comoving scale R observed to be entering the horizon today was
at some point in the distant past inside the horizon. All of the photons we see in the CMB were
therefore once in causal contact, and were able to reach thermal equilibrium.

In addition, inflation can explain the lack of relic particles in the Universe. Because such
particles are only predicted to form at extremely high energies, if inflation ends at a lower energy
scale, then these particles would have been diluted by the rapid expansion of the Universe during
inflation - and therefore be very difficult to detect today. However, the end of inflation can lead to
the production of topological defects such as monopoles, cosmic strings and domain walls in some
models. As these are not observed, viable inflationary models must not predict an over-abundance
of such defects; this is discussed further in Sakellariadou (2008).

In order to solve the problems the problems with Big Bang cosmology, it is believed that
inflation must have lasted a minimum of 50 — 60 e-folds (Lyth and Liddle, 2009), although there

is no upper bound on the duration of inflation.

1.2.3 SINGLE SCALAR FIELD INFLATION

Current observations suggest the cosmological constant is very small, and so will have a negligible
effect on dynamics during inflation, and the Universe rapidly approaches flatness after several
e-folds of inflation, so for simplicity, we will therefore set A = K = 0 when considering inflation.
For inflation to occur, the dominant component of the energy density is required to have an equation
of state w < 1/3. Arguably the simplest suitable candidate is a single scalar field, referred to as the
“inflaton” - though there are many models which predict the required behaviour, and which may
or may not produce observably different characteristics. Some of these models will be discussed

later in more detail in the context of primordial black hole formation. We will now consider an
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inflationary epoch dominated by a single, homogeneous scalar field ¢ minimally coupled to gravity.

The equation of motion for the scalar field is then given by

dV(g) _
dp

where H is the Hubble parameter, V(¢) is the potential of the scalar field, and a dot denotes a

¢ +3He + 0, (1.23)

time derivative. The second term in the equation behaves as “Hubble drag” - a friction-like term
that acts to slow down the evolution of the scalar field as a result of the expansion of the Universe.

Assuming all other components of the Universe are negligible, the Friedmann equation can be

written as
1 1.
H> = — —2+v), 1.24
i (2¢ (1.24)
where Mp is the Planck mass. This can be differentiated to give,
i2
p=-2 (1.25)
2M3

Expressions for the density and pressure of the inflaton will now be calculated. The energy-

momentum tensor 7}, is in general given by,

0Ly
Tyv = _agf“’ +g,uv-£Ma (1.26)

where g, is the metric, and £y is the Lagrangian density, Ly, = (V¢)? — 2V (). The energy-

momentum tensor describing the inflaton is then
Ty = 00,6~ g (%(W + V<¢>) . (1.27)
Comparing this to the energy-momentum tensor for a perfect fluid,
Ty = (p+ P)ULUy = P8y, (1.28)

the density p and pressure p of the inflaton are given by
1.,
p=54"+V(e) (1.29)

1.
p= §¢2 - V(¢). (1.30)

It can be seen that the inflaton will have a negative pressure in the case that V(¢) > %d)z and will

have equation of state w = —1 if the potential energy dominates the kinetic energy

V(p) > %¢32. (1.31)

In which case the inflaton would roll slowly down the potential, and undergo quasi-de Sitter
expansion - though it is important that the kinetic term is not exactly equal to zero, as this would

correspond to a cosmological constant (and pure de Sitter expansion) and inflation would not end.
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In order to solve the problems with the Big Bang theory, a large amount of inflation is required
- and the inflaton is required to accelerate sufficiently slowly so that inflation lasts long enough,

‘dv(‘p) (1.32)

The inflaton potential is therefore close to flat and relatively constant during inflation. With these

assumptions, we can then simplify equations 1.23 and 1.24:

. dV(¢)
3Hp+ —— =0, 1.33
¢+ p (1.33)
1
H>= —_V. 1.34
W (1.34)
The “slow-roll” parameters can then be defined as
H
€y = —m, (135)
and
€H
= ) 1.36
= (1.36)

The slow-roll approximation corresponds to ey < 1 and |[ng| < 1. These parameters can also be

defined in terms of the potential V rather than the Hubble parameter H

M2 v’ 2
P
=— 1=, 1.37
v = ( v ) (1.37)
V//
=M (1.38)

where the prime denotes a derivative with respect to ¢. The parameters are related as eg ~ €y
and nyg = ny — ey. This definition of the slow-roll parameters is useful because they provide
information about the inflaton potential - the slope is described by ey, and 5y describes the
curvature. Assuming that the inflaton is not initially located too near the minimum of its potential,
inflation occurs as the inflaton slowly rolls down the potential, and will achieve the required amount
of inflation if the potential is sufficiently flat for enough time. The simplest form of the potential
is V oc ¢, although there are many different models.

Inflation comes to an end when ey equals unity. The scalar field continues to roll down its
potential until it reaches its minimum and then begins to oscillate about its equilibrium value.
A process known as “reheating” now occurs. Little is known about reheating, and the precise
mechanics depend upon the model being considered. In all cases the result is the recovery of the
“Hot Big Bang,” where the Universe begins to evolve as described in the Big Bang theory - though
now with a natural explanation for the initial conditions. The coupling of the inflaton to other
particles causes the decay of the inflaton into standard model particles - releasing all its energy
into reheating the Universe. Figure 1.5 shows the behaviour of the potential during an epoch of

slow-roll inflation followed by reheating.



16

INTRODUCTION

|
End of inflation

V(®)

-

¢

Figure 1.5: An example of the inflaton potential. During inflation, the potential must be sufficiently flat to allow slow-roll and for
enough inflation to happen. At the end of inflation, the inflaton reaches the minimum of its potential and oscillates about

the minimum during reheating.

1.3 CoSMOLOGICAL PERTURBATION THEORY

Inflation as described so far provides a good description of how the Universe began, and solves the
described problems with the Big Bang. However, such a universe would be perfectly homogeneous
- there would be no stars, no galaxies, no planets, and ultimately, no life. However, inflation neatly
resolves this issue by providing a mechanism for the generation of cosmological perturbations.
The prediction of such perturbations is one of the great successes of cosmological inflation as it
provides the seeds of the origin of structure in the Universe.

What field is responsible for inflation and the production of cosmological perturbations is still an
ongoing debate - the same field may have been responsible for both, or there may have been multiple
fields for example. However, the majority of viable models describe scalar fields responsible for the
origin of cosmological perturbations. In section 1.4 the use of non-Gaussian statistics as a method
for distinguishing between such models will be discussed, but in this section only the simplest
model will be discussed. There are also alternatives to the paradigm of cosmological inflation
(including, for example, bouncing cosmologies (Battefeld and Peter, 2015)), although these will

not be discussed here.
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1.3.1 QUANTUM FLUCTUATIONS IN THE VACUUM

Quantum field theory tells us that all fundamental particles are excitations of an associated field
permeating all of space. Even in the absence of any particles the field still exists. If the uncertainty
principle is considered, AEAt > h/2n, it can be seen that this allows an excitation of the field of
energy AFE lasting a very short time Az - and so the vacuum may be considered not to be empty -
but contains extremely short-lived “imaginary” particles which disappear back into the vacuum. If
the vacuum is considered over a macroscopic period of time, these particles are only measured as
an effect on the zero-point energy of the vacuum. Such virtual particles typically have no physical
effect (the Casimir effect being a notable exception) - although may be a possible explanation
for the origin of the observed cosmological constant?. However, such quantum fluctuations can
explain the origin of cosmological perturbations.

In previous sections, it was discussed that inflation “smoothes out” the Universe as required
to solve the problems with the Big Bang theory - the horizon at the end of inflation lies inside a
larger spatially flat region of the Universe which is in thermal equilibrium. However, on a quantum
level, it also results in small quantum fluctuations. Quantum fluctuations d¢ in the scalar field
driving inflation, the inflaton ¢, are free to oscillate inside the comoving Hubble horizon - and
quickly disappear back into the vacuum. However, as discussed in section 1.2.1, the comoving
Hubble horizon shrinks rapidly during inflation - and so excited modes can quickly pass outside
the causal horizon. The speed at which the wavelength of the fluctuation becomes larger than
the causal horizon can be so fast that the fluctuation cannot propagate to disappear back into the
vacuum. The fluctuation then “freezes out” with a non-zero amplitude and becomes a classical
density perturbation. These modes then remain super-horizon for the remainder of inflation, and
in the absence of other fields, are unable to evolve and remain constant. Once inflation ends, the
comoving Hubble horizon begins to grow, and the now classical perturbations re-enter the horizon
and can again begin to evolve. These perturbations are later observed in the form of anisotropies in
the CMB, and eventually provide the seeds for the growth of galaxies and clusters in the Universe.
The study of these perturbations is used to constrain the dynamics of inflation, and some of the
earliest attempts include Guth and Pi (1982), Bardeen, Steinhardt and Turner (1983) and Sasaki
(1986).

2However, the predicted value for such a cosmological constant is typically many orders of magnitude too large to

account for the very small observed cosmological constant (i.e. Weinberg (1989))
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1.3.2 PERTURBING THE METRIC

Perturbations to the metric will now be considered. During inflation, it will be assumed that
the universe is entirely dominated by the inflaton scalar field ¢(x,¢), and decompose this into a

background value ¢¢(t), plus a small perturbation d@(x, t):

d(X,1) = o) + 0p(X,1). (1.39)

Given the very small amplitude of perturbations observed in the CMB, this is a reasonable approach.
The perturbations d¢ arise from quantum fluctuations during inflation and results in different
regions of the universe having slightly different densities. Because inflation will end in a small
patch of the Universe when the energy density reaches a specific value and the slow-roll parameters
become large, this means that inflation ends at slightly different times in different regions of the
universe, on a “uniform-density” hypersurface. Each small region can be considered independently
in what is known as the “separate universe approach” (Wands et al., 2000) - with the perturbations
to the scalar field taking effect simply as a small time shift. An observer in a small over-dense patch
of the universe would observe exactly the same evolution as an observer in a small under-dense
patch, merely observing it to occur slightly later. It is only when inflation ends and the two regions
again come into causal contact that each observer would be able to identify the fact that they are
in an over- or under-dense region. This will be an important consideration when considering the
time at which primordial black holes form.

In the same manner as the scalar field, perturbations to the metric will now be considered. In
this thesis, only a scalar perturbation to the spatial component of the metric will be considered -
although both vector and tensor perturbations are also possible (see Lyth and Liddle (2009)). The

unperturbed component of the metric is the standard FLRW metric describing a flat universe:
ds? = di? + a*(1)e* dX?, (1.40)

where X represents the spatial coordinates, and ¢ is referred to as the curvature perturbation in the
uniform-density slicing. On super-horizon scales the curvature perturbation is often related to the
gauge-invariant quantity, the comoving curvature perturbation R as (discussed in Lyth and Liddle
(2009))

5
R=¢-HZL, (1.41)
0

where H is the Hubble parameter, ¢ o is the perturbation in the energy density, and p is the time
derivative of the background density. In the uniform-density slicing, there is no density contrast

by definition, and R = . In addition, in the super-horizon limit in other gauges the density
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perturbation rapidly shrinks to zero (this is an important consideration and is discussed further
in chapter 2) - and so in the super-horizon limit, the equality is again reached, R = . For this
reason, the symbols R and { are often used interchangeably within this thesis. Note that the
sign conventions of ¢ and R are not always consistent between different sources in the literature -

throughout this thesis the sign conventions defined here are used.

1.3.3 THE POWER SPECTRUM

Because of the random nature of cosmological perturbations it is necessary to observe statistical
measures of the perturbations. Due to (the assumptions of) statistical isotropy and homogeneity, the
2-point function is not a function of the absolute position or orientation of the spatial coordinates,
but only a function of the magnitude of the separation between the two points, Ax. The power

spectrum $; is the Fourier transform of the 2-point correlation function
(C (k)¢ (ko)) = (21)°6 (ki + ko) Pe(k), (1.42)

where 0 (k| + k) is a delta function. The power spectrum can be taken as a measure of the
amplitude of perturbations in Fourier space. It is often useful to use the dimensionless power
spectrum

k3
Pr(k) = mPg(k), (1.43)

and the power spectrum is often parameterized as

)ns—1+;asln(,f*)
, (1.44)

Pr(k) = As (—

ke
where Aj is the amplitude of the power spectrum, k. is an arbitrary pivot scale, n; is referred to as
the spectral index, and a is the running of the spectral index, given by @y = dng/dInk. Note that
this equation is an expansion in k, and is therefore only expected to be valid for a limited range of
scales. The power spectrum %, is said to be scale invariant if there is zero running and n, = 1, a
blue spectrum refers to n; > 1 and a red spectrum refers to ny < 1.

For the simplest model and a Gaussian distribution, the power spectrum contains all of the
statistical information - with higher-order correlation functions depending on the 2-point function.
An important result here is that for a Gaussian distribution, because the 2-point correlation function
is zero unless k; = —k, , modes of different scales are therefore uncorrelated. All of the odd

correlation functions (") vanish and ({) = 0 can be ensured as the homogeneous component of

{ can always be absorbed into the unperturbed background.
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1.3.4 OBSERVATIONAL CONSTRAINTS

The cleanest/simplest way to observe the power spectrum resulting from inflation is by the study
of the oldest observable light in our Universe, the CMB. Over recent years there have been many
observations of the CMB, the most notable of these have been the satellites COBE, WMAP and
Planck mentioned previously, although there have also been ground and balloon based observations.
Successive missions have brought greater resolution of the CMB, as can be seen in figure 1.1, and
a corresponding increase in information available. Data from these satellites is often considered
alongside data from other experiments and sources to provide the tightest constraints, such as
baryonic acoustic oscillations (BAOs) and supernovae.

The cosmological perturbations sourced during inflation are seen as temperature anisotropies
in the CMB, and the curvature perturbation ¢ is often used for calculations during inflation because
it translates well into the observed temperature anisotropies in the CMB. The 2-point correlation
function are typically described by an angular power spectrum CITT, where [ is the multipole
number. As in Ade et al. (2015c), the angular power spectrum is related to the 3-dimensional

power spectrum by the transfer function A; 7 (k):

[

clt = f A1 (k)*Pr (k). (1.45)
0

A larger multipole moment / roughly corresponds to a larger k. Figure 1.6 shows the constraints
on the power spectrum from the Planck satellite along with the best fit for a ACDM model, with
numerous free parameters fitted to the data.

The data from the Planck satellite provides a great deal of information about the Universe,
although here only the parameters relevant to the primordial power spectrum will be considered.
The results are presented relative to a pivot scale of k, = 0.05Mpc~!. Constraints on the power
spectrum parameters given by Ade et al. (2015¢) are as follows: the amplitude of the power
spectrum is

A = (220 £0.10) x 107, (1.46)

and the spectral index

ns = 0.968 + 0.006, (1.47)

which represents a a 5.4 deviation from scale invariance (n; = 1). The constraints on the running
of the spectral index are

as = -0.003 £ 0.007, (1.48)

which is consistent with zero. It is therefore a (possibly) surprising result that the entire spectrum of
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Figure 1.6: The power spectrum as observed by the Planck satellite. Excellent agreement is seen with the best fit for a ACDM

model as shown by the red line. Image credit: Ade et al. (2015c).

primordial perturbations on cosmological scales can be completely described by only 2 parameters
- the amplitude and spectral index of the power spectrum.

However, constraints on the power spectrum and the primordial universe from the CMB and
large scale structure only span a relatively small range of scales, probing only the largest 8-10
e-folds inside todays Hubble horizon. However, as seen previously, inflation needs to have lasted
at least 50-60 e-folds in order to solve the problems with the big bang theory. Figure 1.7 shows all
of the constraints on the primordial power spectrum from all sources. Notably, constraints exist on
the small-scale power spectrum from PBHs - though they are much weaker and provide only an

upper bound.

1.3.5 COMPARISON OF DATA WITH SINGLE SCALAR FIELD INFLATION

To quickly recap, the simplest of model of inflation typically assumes:
* the universe is dominated by a single scalar field during inflation,
¢ the field is slowly rolling, and the slow-roll parameters are therefore small,
* the potential has a form similar to that shown in figure 1.5,

* minimal coupling to gravity,
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Figure 1.7: Constraints on the power spectrum at all scales. Whilst constraints from the CMB (on the far left of the plot) are the

strongest, they only constrain a relatively small range of scales. By contrast, constraints arising from PBHs are much

weaker but span a much greater range of scales. Image credit: Bringmann, Scott and Akrami (2012).

e perturbations sourced in the Bunch-Davies vacuum.

If these assumptions are true, then inflation predicts that a number of conclusions can be

reached (Lyth and Liddle, 2009):
* the flatness problem, horizon problem and relic problem all have a natural explanation,
* perturbations exist on scales greater than the Hubble horizon,
* the power spectrum will be observed to be almost scale invariant,
 very small running of the spectral index,

* perturbations will be adiabatic, with the perturbations in the different fluids (matter, radiation)

being explainable as simply a difference in the expansion of different regions of the universe,

* the production of (possibly unobservably small) primordial gravitational waves in addition

to the scalar density perturbations,
* a Gaussian distribution of the density perturbations.

Itis evident then, that current observations are consistent with this model. However, many more
complicated models are also consistent with these constraints, some of which will be discussed in
section 1.5.3. Many of these models predict some amount of non-Gaussianity within the current

constraints - and which may be very non-Gaussian on scales not observed in the CMB.



23

INTRODUCTION

1.4 NoN-GAUSSIANITY AND HIGHER ORDER STATISTICS

The simplest model is not necessarily the correct one, and embedding inflation within a high energy
theory, such as string theory, generally involves considering a more complicated model for inflation
- and cosmological observations therefore provide an opportunity to study physics at much higher
energies than is possible on Earth. Whilst there are many different models of inflation consistent
with current observations, such models may also predict a small amount of non-Gaussianity,
providing a tool to break the degeneracy between models of inflation. A significant detection of
any non-Gaussianity would rule out the standard model of slow-roll, minimally-coupled, single-
field inflation (Komatsu et al., 2009).

For a Gaussian distribution, all of the statistical information is encoded in the power spectrum.
However, for non-Gaussian distributions higher-order correlation functions can contain extra in-
formation. The bispectrum and trispectrum are, respectively, the Fourier transforms of the 3- and

4-point correlation functions. The bispectrum, for example, has the form
(C&DL(k)E (k3)) = (2m)°6%) (ki + ko + Ka) B(k1, ko, k3), (1.49)

where the ¢ function ensures that the correlation function is zero unless the 3 vectors k,, sum to zero
- the triangle closure condition, as the momentum vectors make up the 3 sides of a closed triangle.
The bispectrum is a function of 3 vectors, but different templates are often considered which peak
in different triangular configurations of the momentum vectors. Common choices include the
“equilateral” type, peaking when k; ~ kp ~ k3, “folded” type, k| ~ 2k, ~ 2k3, and “squeezed”
type, k1 < ky = k3. For the majority of this thesis, only local-type non-Gaussianity, which peaks
in the squeezed limit, will be considered - although other types are considered in chapter 6. For
local-type non-Gaussianity, the curvature perturbation ¢ can be expressed as a Taylor series style
expansion,

{=lo+% f1°°“1 (£ —&)+--- (1.50)
where f local (and higher order terms) are known as the non-Gaussianity parameter(s) and paramet-
erize the relative importance of the higher order terms and correlation functions. The (¢ é} term is
needed such that the expectation value of ¢ is zero, ({)=0. In the local model, fn is related to the

bispectrum as

6
B(ky, ka, k3) = 5 NEY (P(k1)P(ka) + P(k1)P(k3) + P(k2) P(k3)) . (1.51)

However, higher-order terms in the expansion (1.50) can also be considered,

4" §G+ flocal (gé _ <é«é>)+ localé«G Ehlocal ((G _ <§G>) 625 %\?Lcalé«c . (152)
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although such higher order terms are often neglected due to the very small nature of cosmological
perturbations. However, such terms can be relevant for PBHs, as discussed in chapter 3.

The presence of non-Gaussianity affects the skewness and kurtosis of the probability density
function for the primordial perturbations (see chapter 3) - and can result in more or less struc-
ture/PBHs forming in the Universe even if the power spectrum remains unchanged. In addition,
modal coupling between modes of different scales is also introduced when non-Gaussianity is
considered - indeed, non-Gaussianity is often synonymous with modal coupling. Chapters 4 and

5 discuss further the implications of modal coupling in the context of PBH formation.

1.4.1 CURRENT OBSERVATIONAL BOUNDS ON NON-(GAUSSIANITY

By searching for a bispectrum or trispectrum in observations of the CMB, bounds can be placed
on the non-Gaussianity parameters. The strongest current constraints are from the Planck satellite

(Ade et al., 2015b) and for fyr the constraints at the 68% confidence level are

local = 0.8 + 5.0, (1.53)
fiml = 4 443, (1.54)
orth

othos — 26+ 21, (1.55)

local

NL is constrained as

and in the local model, g
a4 = (-9.0+7.7) x 10%. (1.56)

Whilst the current bounds are consistent with zero non-Gaussianity, it is worth considering the

following 2 facts:

* Many inflationary models predict fni. of order unity, so are within the current bounds. It
is theoretically possible to obtain much tighter constraints, Afx;. = O(0.1), from future
surveys such as SPHEREx and Euclid which will observe the distribution of matter and large

scale structure. Such a measurement can be used to distinguish between competing models.

* The constraints on the non-Gaussianity parameters are only applicable to the scales observed

in the CMB. There are no constraints on non-Gaussianity on smaller scales relevant to PBHs.
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1.5 PRIMORDIAL BLACK HOLES

Primordial black holes (PBHs) are black holes that may have formed in the very early Universe.
Whilst there are several different formation mechanisms, for example from cosmic strings (e.g.
Hawking (1989)) and bubble collisions (e.g. Hawking, Moss and Stewart (1982)), only PBHs
which form from the collapse of large density perturbations will be considered in this thesis (see
section 1.5.1). Such perturbations are generated during inflation, and quickly become super-
horizon, see section 2, and then once inflation ends, the horizon begins to grow and perturbations
begin to reenter the horizon. If the density perturbation is large enough, it will then collapse
almost immediately to form a PBH. Black holes formed from the collapse of stellar objects have a
minimum mass, around 1.4 solar masses, as they need to be massive enough for gravity to overcome
the neutron degeneracy pressure (Chandrasekhar, 1931). PBHs on the other hand can form with
almost any mass because at the time of formation the universe is much denser - PBHs typically form
before the creation of neutrons and there is no need to overcome the neutron degeneracy pressure.
However, PBHs do have a hypothetical minimum mass equal to the Planck mass, mp; = 1073 g, for
which the black hole radius is equal to the Planck length. They will typically form with roughly
the horizon mass at the time of formation, with mass related to the time of formation as (Green,

2014)

t
mppy ~ my ~ 101 (10_23S)g. (1.57)

Whilst PBHs have not been detected, there are upper bounds of the abundance of PBHs, and
many different methods have been used to search for PBHs of different masses, as discussed in
detail in section 1.5.2. As realised by Hawking (1974), black holes give out thermal radiation,
known as Hawking radiation, and will eventually evaporate (possibly leaving behind Planck mass
relics3). The lighter the black hole is, the more radiation it emits and the faster the black hole
evaporates. PBHs forming with a mass lighter than mpgy ~ 10g will be have evaporated by
today, and their abundance can be constrained by looking for the effects of the radiation from their
evaporation upon the Universe. More massive PBHs will persist until today, and their abundance
is typically constrained by their gravitational effects on their surrounding.

PBHs have most often been used in cosmology because of their ability to constrain the small

scales of the early universe, as can be seen in figure 1.7. Because the mass of a PBH depends upon

3At small masses, the Compton wavelength (which represents the smallest distance at which a mass can be localised)
begins to exceed the Schwarzschild radius - and no black hole can be described. The minimum mass of a black hole is
therefore approximately the Planck mass. Lee (2002) discusses a thermodynamic bound on the minimum mass of PBH

which can form - again finding that the minimum mass PBH that can form is approximately equal to the Planck mass.
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the horizon scale at the time of formation, different mass PBHs can be related to specific scales in
the early Universe. The abundance of PBHs depends on the primordial power spectrum, as detailed
in 2, and constraints on the abundance of PBHs can therefore be used to place constraints on the
primordial power spectrum - and many calculations typically assume a Gaussian distribution (i.e.
Josan, Green and Malik (2009) and Green and Liddle (1997)). Whilst the constraints from PBHs
span a much larger range of scales than constraints from the CMB, they are typically much weaker
- as again seen in figure 1.7.

The possible existence of PBHs can also have other implications - they can provide a mech-
anism for reheating the Universe following the end of inflation which requires only gravitational
interactions (Hidalgo, Urena-Lopez and Liddle, 2012), and provide the seeds for the growth of
super-massive black holes and galaxies (Duechting, 2004; Mack, Ostriker and Ricotti, 2007;
Khlopov, 2010). Perhaps most interestingly, they are also a viable candidate for dark matter
(Hawking (1971) first proposed the idea of a large number of low mass gravitationally collapsed
objects) - and could comprise the majority of the matter in the Universe, although there is only a

narrow range of mass scales for which this could be the case, as seen in figure 1.8.

1.5.1 PRIMORDIAL BLACK HOLE FORMATION

The possible formation of PBHs was first postulated by Carr and Hawking (1974). The authors
considered a spherically symmetric perturbation, and by considering that in order to collapse the
perturbation must be larger than its Jeans length, obtained a minimum amplitude for the density
perturbation which could form PBHs. This is stated in terms of the density contrast J, the ratio of
the density perturbation ¢ p to the background density p,

op

0=— (1.58)
p

It was found that the critical value for the density contrast, given at the time of horizon crossing,
is equal to the equation of state, 6, = w (and w = % during radiation domination). If the density
contrast is greater than this value, then the perturbation would collapse to form a PBH.

In order to calculate the abundance of PBHs forming in the early universe, it is important to
know the minimum amplitude of perturbation necessary to form a PBH, referred to as the critical,
or threshold, value - and as will be seen in chapter 2, the abundance of PBHs depends exponentially
on this quantity. Normally stated in terms of the density constrast, this is typically calculated in the
linear regime (although it is necessary for calculations of PBH formation themselves to be highly

non-linear), which greatly simplifies the calculation of their abundance. There has been extensive
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study of PBH formation - including simulations and analytic calculations. Most simulations of
PBH formation have numerically evolved a perturbation in the density contrast to investigate PBH
formation, although notably Shibata and Sasaki (1999) investigated a metric perturbation. In order
to simplify the calculations, spherical symmetry is normally always assumed (although Kuhnel and
Sandstad (2016) recently considered ellipsoidal collapse). A hoop conjecture is typically used to
determine whether or not a PBH has formed (which is again greatly simplified by the assumption
of spherical symmetry), by searching for a radius where the mass contained within a sphere of such
radius is smaller than the Schwarzschild radius.

In the context of PBH formation, a density perturbation that is initially super-horizon is
considered, and in the super-horizon limit is small and can be treated as a linear perturbation.
Polnarev and Musco (2007) describes the quasi-homogeneous solution, which is used to define the
initial conditions from a spatial curvature profile in their simulations. As the universe evolves and
the horizon grows, the perturbation grows and quickly becomes non-linear.

Once the perturbation reenters the horizon, it will typically either quickly collapse to form a
PBH or dissipate - although an exception to this is the phenomena of critical gravitational collapse.
In this situation, if the density contrast is very close to critical, PBH formation can be a drawn
out process, lasting many Hubble times. As the object collapses, the outer layers are expelled,
resulting in a self-similar solution that is always on the verge of forming a black hole - discussed in
detail in Musco and Miller (2013) and Hawke and Stewart (2002). Many simulations have noted
a powerful outgoing shock immediately following the formation of a PBH, for example Niemeyer
and Jedamzik (1999) and Musco, Miller and Rezzolla (2005) - although this is not always seen,
as in Musco, Miller and Polnarev (2009). The presence of such a shock means that a new PBH
is surrounded by an underdense region - and there is not significant accretion of matter onto the
black hole (Niemeyer and Jedamzik, 1999).

The possibility that a small-scale perturbation superposed on a large-scale perturbation could
result in the double formation of PBHs was considered by Nakama (2014), finding that the presence
of one mode has little effect on the other if the separation in scales is large enough. Such a process
would result in the smaller PBH being “eaten” by the larger PBH as it forms resulting in fewer
PBHs, although this effect can be neglected if PBHs are sufficiently rare in the early universe and
modal coupling can be neglected.

There is generally good agreement on the critical value, 6. = 0.45 on comoving hypersurfaces,
although this value depends on the initial profile of the perturbation. Most papers investigate
several different shapes for the initial perturbation and calculate a critical value for each profile,

although Nakama et al. (2014) performed an extensive analysis of the effect of different initial
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profiles. Different spherically symmetric configurations, parameterized by 5 variables, were
evolved numerically to determine if a PBH would form. It was found that the formation or non-
formation of a PBH could be determined by two “master” parameters corresponding to the averaged
overdensity in the center and the width of the transition region at the outer edge of the perturbation.

The formation of PBHs has also recently been investigated analytically. Harada, Yoo and
Kohri (2013) considered a spherically symmetric compensated top-hat profile, such that the central
overdensity is compensated for by a surrounding underdensity resulting in a flat universe. A critical
value was found given by:

2
in? (%) ~ 0.4135, (1.59)

which is consistent with the values obtained from simulations.

The mass of the PBH formed is typically of order the horizon mass, mpy, at the time of
formation, although it has been noted in several papers (i.e. Hawke and Stewart (2002), Niemeyer
and Jedamzik (1998) and Musco and Miller (2013)) that the mass of the resulting PBH, mppy,

depends upon the initial amplitude of the density contrast, following a scaling law

MppH
My

=K@ -6.). (1.60)
The exact values for K and y vary and depend on the shape of the initial profile, but are given
approximately by K = 4 and y = 0.35 (Musco, Miller and Polnarev, 2009). In this thesis it will be
assumed for simplicity that PBHs form with the horizon mass, as discussed in section 2.3, although
Kuhnel, Rampf and Sandstad (2016) discusses the implications of such a scaling law upon the
calculated abundance of PBHs and constraints on the power spectrum.

The physical scale of the PBH formed will also be roughly equal to the horizon scale at the
time of reentry. Whilst an exact calculation requires accounting for the non-linear evolution of
a perturbation which forms a PBH, a relatively simple calculation can be used to estimate the
physical size of the PBH. In order to collapse and form a PBH, a region must be overdense - but for
simplicity a “perturbation” which has exactly the critical density, p = % (suchthat Q = 1), will be
considered. At horizon entry, the scale of the perturbation is equal to the Hubble radius, ri; = H™!.
The mass contained within the (spherical) horizon is therefore given by my = 37r3,p = 2HG)™".
Assuming that exactly 100% of the horizon mass falls into the PBH, the size of the black hole is
then given by the Schwarzschild radius, r; = 2GM = H™' - and the physical scale of the resulting
PBH is therefore equal to the horizon scale at the time of re-entry. Note that this is only an order
of magnitude calculation - and has not accounted for the overdensity necessary to form a PBH,
non-linear evolution of the horizon due to the horizon, and the exact amount of matter falling into

the PBH.
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1.5.2 THE SEARCH FOR PRIMORDIAL BLACK HOLES

Many methods have been used to search for direct or indirect evidence of PBHs. These methods
fall into 2 broad categories - either searching for evidence of their evaporation, or searching for
the effects of their gravity upon their surroundings. Whilst no evidence has yet been found of their
existence, there are strong constraints on the abundance of different mass PBHs, which can be used
to place constraints on the primordial power spectrum (i.e. Josan, Green and Malik (2009)) as will
be discussed in more detail in chapter 2. The constraints on the abundance of PBHs are normally
stated in terms of the fraction of the total energy density of the Universe making up PBHs at the

time of formation
PPBH

. (1.61)
Ptotal

B(mppy) =

After forming, the energy density contained in PBHs evolves as matter, pppp « a~>, where a is the
scale factor of the Universe. However, since PBHs typically form during the radiation dominated
epoch of the Universe, the total energy density evolves as radiation, p;rq; o< a~*. This means that
even if the fraction of the energy of the Universe contained in PBHs is initially very small it will
become larger over time and can become significant at late times.

Only a brief review of the constraints will be given here - a more detailed discussion of the
constraints can be found in Carr et al. (2010), and figure 1.8 shows the constraints on the abundance
of PBHs as a function of their mass from that paper. Josan, Green and Malik (2009) also discusses
the constraints on PBH abundance and includes a calculation of the constraints on the primordial
curvature perturbation power spectrum. The constraints typically apply to an integral of the PBH
mass function over the range of masses that the constraint applies to, and the constraints given here

will assume the PBH forms equal to the horizon mass.

Evaporation constraints

As shown by Hawking (1974), black holes give out radiation (now known as Hawking radiation)
and will eventually evaporate. The smaller the black hole, the more radiation is given out by the
black hole and the faster the subsequent evaporation. The result is that whilst stellar mass black
holes emit very little Hawking radiation and evaporate on a timescale many times greater than the
current age of the Universe, PBHs may have formed with much smaller masses and have already
evaporated by today. PBHs forming with a mass less than mpgy ~ 10'9g will have evaporated
by today, with more massive PBHs still surviving (although such a statement assumes negligible
accretion of mass since their formation, including accretion from the thermal background of the

Universe).
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Figure 1.8: Constraints on the abundance of PBHs of different masses. The acronyms are lensing of gamma-ray bursts (GRB), stars
(MACHO), quasars (QSO), and compact radio sources (RS), wide binary disruption (WB), globular cluster disrup-
tion (GC), dynamical friction (DF), disk heating (DH), generation of large-scale structure through Poisson fluctuations

(LSS), accretion effects on the CMB (FIRAS, WMAP3), and gravitational waves (GW). Image credit: Carr et al. (2010).

1. Diffuse y-ray background: PBHs with masses in the range 2 x 1013g < mppy < 5 x 10'4g
will have evaporated between a redshift of z = 700 and the present day, and the products of

their evaporation would contribute to the diffuse y-ray background.

2. Cosmicrays: PBHs evaporating today would result in a large amount of cosmic rays, and their
abundance can be constrained by the abundance of cosmic rays. The constraints obtained in

this method are essentially equivalent to those obtained from the diffuse y-ray background.

3. Hadron injection: PBHs forming with a mass 103g < mppy < 10'°g would have evaporated
before the end of nucleosynthesis and the products of their evaporation would have affected
the abundance of light elements. Lighter PBHs would have evaporated too early and would

not have affected the abundance of elements formed during nucleosynthesis.

4. Photodissociation of deuterium: PBHs forming with a mass in the range 1010g < mppyg <
1013g would have evaporated between the end of nucleosynthesis and recombination.
Photons produced during their evaporation would have caused the dissociation of deuterium

and changed the abundance observed today.
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5. CMB spectral distortions: the CMB is observed to be very close to a black body spectrum,
but PBHs with an initial mass 10''g < mpgy < 10'3g would have evaporated close to the

time of recombination and could have resulted in spectral distortions.

6. Stable massive particles: many extensions to the standard model of particle physics include
the addition of stable or long-lived massive particles. PBHs with mass mpgy < 10''g
can emit these particles during their evaporation, and their abundance is constrained by the
present day abundance (or lack thereof) of such massive particles. However, such constraints

on the PBH abundance are dependent on the existence of such particles.

7. Present day relic density: black hole evaporation could leave a stable Planck mass relic - the
expected theoretical lower bound for black hole mass. If this is the case then the present day
density of such relics is limited to the density of cold dark matter. Again, this constraint is
dependent upon the existence of Planck mass relics, but provides unique constraints on very

light PBHs.

Gravitational constraints

PBHs which initially formed with a mass greater than approximately mpgy > 10'°g would still
exist today. Due to their small size relative to the distances involved, it is still very hard to directly
observe such PBHs (although there is some discussion on the possibility that the recent detection
of gravitational waves from merging black holes by LIGO (Abbott et al., 2016) may represent such
an observation (Bird et al., 2016)). PBHs remaining in the haloes of galaxies can be considered as
massive compact halo objects (MACHOs), and constraints on their abundance can also be applied

to PBHs.

1. Density of cold dark matter: the present day density of PBHs must not exceed the observed
density of cold dark matter. Crucially, there is narrow window of masses, 1020 g <mppg <
103g, for which this is the only constraint and PBHs of such masses could make up the
entirety of dark matter (although there has been debate about constraints on this window

arising from neutron stars, see point 5).

2. Gravitational lensing: if there is a large density of PBHs (or other compact objects) in the
Universe then this would result in the lensing of distant point sources. PBHs of different
masses would result in a strong signal from different sources. Sources that may be lensed

include y-ray bursts, quasars, stars and radio sources.

3. Disruption of wide binaries: the interaction of wide binary stars (two stars orbiting each

other at a large distance) with MACHOs can change the orbits of such systems. Observations
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of such stars provide constraints on PBHs in the range 103m® < mpgy < lOgm@ (where

mg is one Solar mass).

4. Disk heating: MACHOs travelling across the galactic disk will heat the disk, increasing
the velocity dispersion of stars within the disk. Such an effect leads to a constraint on the

abundance of PBHs with mass mpgy > 3 X 106m®.

5. Disruption of neutron stars: when a PBHs passes close to, or through, a neutron star it
may get gravitationally captured by the neutron star (Pani and Loeb, 2014). If a PBH is
captured within the neutron star, the neutron star is quickly destroyed by accretion onto the
neutron star. The fact that neutron stars are observed in regions with a high dark matter
density suggests that PBHs cannot make up a large fraction of dark matter in the mass range
10"7g < mppy < 10**g. However, there has been significant debate about the validity of
this constraint (e.g. Capela, Pshirkov and Tinyakov (2014)), and it is generally believed that
the actual constraint should be much weaker. In order for a significant number of neutron
stars to cature an orbiting PBH, they need to be able to absorb a lot of energy from the orbit
of the PBH - and it is now thought that this process is not as efficient as first calculated,

meaning that neutron stars are less likely to capture PBHs and thus be disrupted.

6. Gravitational waves: large density perturbations in the early universe generate second order
tensor perturbations (gravitational waves). Such gravitational waves would result in a dis-
crepancy in the timing of signals from pulsars. This results in a constraint on the amplitude
of gravitational waves and density perturbations, resulting in a constraint on the number of

PBHs formed within the mass range 10¥g < mppy < 103g.

7. X-rays and the CMB: after forming, PBHs can accrete matter, and X-rays given off during
this accretion can produce an observable effect in the CMB. Such constraints apply to PBHs
in the range 5 X 10*mq < mppy < 5 % 10%m, although the constraints are dependent on

the model for the accretion of matter.

Table 1.1 shows a summary of all the constraints described above.

1.5.3 PRIMORDIAL BLACK HOLE FORMING MODELS

The abundance of PBHs forming at a given epoch is strongly dependent on the power spectrum at
the horizon-scale at that time (as discussed in more detail in chapter 2). In order for a significant

number of PBHs to form, the power spectrum needs to be of order 1072. However, single scalar
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Table 1.1: Constraints on the abundance of primordial black holes. To calculate these constraints it has been assumed that the power

spectrum is scale invariant, ng = 1, over the range in question.

Description Mass range Constraint on S(mppg)
103¢ < mppy < 10'0g <1072
Hadron injection
10% < mppy <3 x10'0g <1072
72
Photodissociation of deuterium | 101%g < mppy < 1013g <3x10722 (%)
CMB spectral distortions lO”g <mppy < 1013g < 1072
=172
Stable massive particles mpgy < 101g < 10718 (%)
372
Present day relic density mppn < 5 x 10'%g <4 (;:(’l’(ﬁfg)
72
Density of CDM mpgn > 5x 10%4g <2x 10719 ( 5";;’5,{4;)
/72
Lensing of y-ray bursts 10‘16m@ <mpgg < 107 Bmg <1071 (;’;’l’(ﬁfg)
72
Lensing of quasars 0.001me < mppy < 60mg <1079 (g’l’(ﬁfg)
72
Lensing of radio sources 10°ne < mpgu < 108mg <6x10720 (Sﬁ’l’(ﬁfg)
72
Disruption of wide binaries 10°me < mpgy < 108mg <3x10720 (;;‘i’g,fg)
=172
Disk heating mppy < 3% 10%mg <2x10° (?x’f—oBlfg)
Gravitational waves 5% 10*me < mppy < 5% 10%mg | <5x 10736
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field models typically predict a spectral index ny, — 1 ~ —0.04 (where we have assumed the spectral
index is exactly constant, current observational constraints give ngy — 1 = —0.032 + 0.006) giving
a red spectrum, meaning that the amplitude of the power spectrum decreases as smaller scales are
considered. Since PBHs form on much smaller scales than those visible in the CMB, single field
inflation models therefore generically predict a negligible amount of PBHs.

For a large number of PBHs to form, the power spectrum needs to be orders of magnitude
larger than is observed in the CMB - meaning that it must become large on small scales. There
exists a multitude of models for inflation that predicts such behaviour, whilst being consistent
with current cosmological observations. Such models include the running-mass model (Stewart,
1997; Leach, Grivell and Liddle, 2000; Kohri, Lyth and Melchiorri, 2008; Drees and Erfani,
2011), axion inflation (Bugaev and Klimai, 2014; Freese, Frieman and Olinto, 1990), a waterfall
transition during hybrid inflation (Linde, 1994; Bugaev and Klimai, 2012; Lyth, 2011b; Halpern
et al., 2015), the curvaton model (Lyth and Wands, 2002; Kawasaki, Kitajima and Yanagida, 2013;
Bugaev and Klimai, 2013a; Kohri, Lin and Matsuda, 2013), and PBHs can be formed from particle
production during inflation (Erfani, 2015) or passive density fluctuations (Lin and Ng, 2013).

Here, several possible models will be discussed: features in the potential of single scalar field

potential, the curvaton model, hybrid inflation, and the running-mass model.

Features in the potential of single scalar field inflation

Whilst it was earlier noted that single scalar field inflation does not predict significant formation
of PBHs, this statement is dependent on the form of the inflaton potential. The amplitude of the
power spectrum at a given scale is a function of the inflaton potential at the time the scale exits
the horizon during inflation. The power spectrum can therefore become larger (or smaller) on
small scales, depending on the form of the potential. Recall equation (1.37) giving the slow-roll

parameter €y as a function of the potential,

M2 V, 2
P
=— =] . 1.62
fv=— ( v ) (1.62)
The Hubble parameter at a scale k is given by,

N

In(H(N)) — In(Hp) = — f ev (N)dN, (1.63)
0

where N is the number of e-folds between a pivot scale k¢ and k, and Hy is the Hubble parameter
at the pivot scale. The power spectrum is then given by

H*(N)

= A, .
PeN) = AN

(1.64)
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The power spectrum is therefore a function of the inflaton potential - and features in the potential,
such as plateaus, causing €y to become very small can cause the power spectrum to become large
on corresponding scales, forming a large amount of PBHs. However, it is worth noting that this is a
simplistic treatment, and is intended only to show the power spectrum is dependant on the inflaton
potential, a more detailed discussion can be found in Kinney (2005). A small value of €y, may not

necessarily imply a large power spectrum.

The curvaton model

In the curvaton model, in addition to the inflaton there is a second field called the curvaton. During
inflation, the inflaton field dominates the energy density of the universe, and the universe evolves in
the same way as discussed in single scalar field inflation. At the end of inflation, the inflaton decays
into radiation, whilst the curvaton field persists for some time and comes to dominate the energy
density of the universe before decaying. As a result, the observed cosmological perturbations are
sourced from quantum fluctuations in the curvaton field rather than the inflaton field.

There have been several different versions of the curvaton model, for example Bugaev and
Klimai (2013a) and Kohri, Lin and Matsuda (2013). Here we will briefly describe the model
described by Kawasaki, Kitajima and Yanagida (2013). In this model, the observed large-scale
perturbations in the CMB are generated by the inflaton, whilst the small-scale perturbations are
generated by the curvaton. The curvature perturbation power spectrum is given by the sum of the

components from the inflaton and curvaton
P{(k) = P{,inf(k) + Pg’,curv(k)- (1.65)

If the spectral index of Pz c.rv(k) is n. > 1, the inflaton can be responsible for CMB scale
perturbations (matching the prediction from single scalar field inflation, ng; ~ 0.96) whilst the
curvaton generates large-amplitude perturbations on small-scales, potentially resulting in a large

number of PBHs forming.

Hybrid inflation

There is only a narrow window of masses (see figure 1.8) for which PBHs of a single mass can
make up the entire observed density of dark matter. If this is the case then a narrow peak in the
power spectrum is required - so that the power spectrum is large on the scale corresponding to the
required mass, but small on other scales. Hybrid inflation can be considered an appealing model
in this context as it naturally predicts a peak in the power spectrum at some small scale. Clesse

and Garcia-Bellido (2015) also discusses the possibility of a broad peak in the power spectrum,
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forming a smaller amount of PBHs at each mass, but spread over a range of mass scales, thus
evading some of the existing constraints.

In the standard picture of hybrid inflation, as described in Lyth (2011a), the inflating universe
contains the inflation ¢ and a second scalar field y, dubbed the “waterfall” field. The potential is
given by

1 1
V(g x) = Vo+V(9) + 5m (@) x" + 7Ax", (1.66)

where A is the self coupling of ¢, Vj is a constant, V (¢) is the potential of ¢, and the effective mass

m(¢) of the waterfall field y is given by
m*(¢) = g°¢° —m’ = g*(¢” ~ 47, (1.67)

with 0 < 4 < 1 and 0 < g < 1. Until inflation nears its end, the waterfall field y, which
has a non-zero minimum, is held fixed at the origin by its interactions with ¢. The displacement
of y from its minimum gives a constant contribution to V, dominating the total and resulting in
single-field slow-roll inflation. However, when ¢ falls below ¢, the effective mass m(¢) becomes
negative and eventually ends inflation. This process is called the waterfall, and ends when inflation
ends. The power spectrum peaks on the scales exiting the horizon during the waterfall, and can
result in the production of PBHs of the corresponding mass, as described in Lyth (2011b).
Hybrid inflation predicts a very small amount of non-Gaussianity, fnp = ng — 1 = 0.04 when
on cosmological scales when the waterfall field is not active, which is too small to be observable
in the CMB. However, as discussed in chapter 5, such a value of fyr can be ruled out in the case

that dark matter is made up of PBHs.

The running mass model

The running-mass model of inflation is a relatively simple model which emerges naturally in the
context of super-symmetric extensions to the Standard Model of particle physics. The model is of
the single-field but can have large variations in the inflaton potential and the slow-roll parameters -
and can thus the power spectrum can become large on small-scales, forming a significant number

of primordial black holes. The potential V4 can be written generically as
1
Vo = Vo + 55 ($)67, (1.68)

where ¢ is the scalar inflaton field. It is noted that this potential would lead to eternal inflation, and
in the running-mass model, a hybrid-inflation type waterfall mechanism is invoked to end inflation.

Drees and Erfani (2011) works with the potential given by

1 1
Vo=V + Emf,,(qs)(pz + §c¢2 log (g) T (1.69)
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where ¢. is the field value at some local non-vanishing extremum of the potential, and ¢ is given
by ¢ = % #=¢.- Again it is worth noting that this equation is an expansion in log (f) -
higher order terms can be included and the expression is likely only valid for a limited range of
¢. This form of the potential then allows for the calculation of the slow-roll parameters, as well
as the spectral index and running of the spectral index. The power spectrum is then calculated
(to a given order), and it is possible for the power spectrum to become large at small-scales, and

produce PBHs. The bounds on the abundance of PBHs can then be used to place constraints on

the parameter space for the running-mass model.

1.6 OUTLINE OF PAPERS

The remainder of this thesis is composed of 5 published papers investigating the use of PBHs to
constrain the early universe, separated into 5 chapters, and a conclusion. The format of the rest of

this thesis is as follows:

» The first paper, chapter 2, describes the calculation of the abundance of PBHs from the
primordial curvature perturbation power spectrum and calculates constraints on the power
spectrum parameters (amplitude, spectral index, running) arising from the constraints on the

abundance of PBHs.

» Chapter 3 extends the calculation carried out in Byrnes, Copeland and Green (2012), which
considered the effect of the non-Gaussianity parameters fn; and gnp separately on the
constraints on the power spectrum. In this chapter, local type non-Gaussianity up to 5/ -order
terms are considered simultaneously, and the effect of the resulting skewness and kurtosis
of the distribution is calculated. It is shown that the constraints on the power spectrum are
strongly dependent on the non-Gaussianity parameters to all orders, and generic relations
between the non-Gaussianity parameters are also considered. In addition, the abundance of
PBHs in the curvaton model is calculated, and it is shown that the power spectrum constraints

are strongly dependent upon the density parameter of the curvaton Q, at the time it decays.

* Chapter 4 further extends the calculation by accounting for the modal coupling to super-
horizon modes that occurs in the presence of non-Gaussianity. It is found that such modal
coupling typically increases the amount of PBHs forming, and tightens constraints on the

power spectrum.
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e Chapter 5 further considers the implications of modal coupling in the context of PBH
formation. By considering the effect of modes visible in the CMB upon the abundance of
PBHs in different regions of the universe, which would be observed as cold dark matter
isocurvature modes, strong constraints can be placed on the non-Gaussianity parameters if

dark matter is composed of dark matter.

* Chapter 6 considers the effect of different types of bispectrum upon the abundance of PBHs.
Several different shapes of the bispectrum are considered using a numerical method to
simulate density maps of the early universe and calculate the abundance of PBHs, and derive

corresponding constraints on the power spectrum.

* Chapter 7 summarizes the main conclusions of the papers as well as describing possible

directions for future research.
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We re-inspect the calculation for the mass fraction of primordial black holes (PBHs) that are
formed from primordial perturbations, finding that performing the calculation using the comoving
curvature perturbation R, in the standard way vastly overestimates the number of PBHs, by many
orders of magnitude. This is because PBHs form shortly after horizon entry, meaning modes
significantly larger than the PBH are unobservable and should not affect whether a PBH forms or
not - this important effect is not taken into account by smoothing the distribution in the standard
fashion. We discuss alternative methods and argue that the density contrast, A, should be used
instead as super-horizon modes are damped by a factor k2. We make a comparison between using
a Press-Schechter approach and peaks theory, finding that the two are in close agreement in the
region of interest. We also investigate the effect of varying the spectral index, and the running of

the spectral index, on the abundance of primordial black holes.
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2.1 INTRODUCTION

It is believed that primordial black holes (PBHs) could have formed in the early universe from
the collapse of large density fluctuations, and if so, could have observational implications - either
from their gravitational effects, or the effects of their Hawking radiation (see Carr et al. (2010) and
Josan, Green and Malik (2009) for recent lists of the constraints). They have not been observed,
but this fact is enough that they can be used to constrain the early universe (i.e. Bugaev and Klimai
(2013a), Young and Byrnes (2013), Green and Liddle (1997), Byrnes, Copeland and Green (2012)
and Shandera et al. (2013)) - and provide the only known tool for probing the primordial universe
on extremely small scales (i.e. Scott, Bringmann and Akrami (2012)). However, the constraints
from PBHs on small scales are much weaker than those on cosmological scales, for example, the
constraints from the cosmic microwave background from the Planck satellite.

During inflation, the Hubble horizon shrinks on a comoving scale, and quantum fluctuations
become classical density perturbations once they exit the horizon. Once inflation ends, the horizon
begins to grow and perturbations begin to reenter the horizon. If a perturbation is large enough,
it will collapse to form a PBH almost immediately after horizon reentry - and there has been
extensive research into the nature of this collapse and how large a perturbation must be in order
to collapse (Shibata and Sasaki, 1999; Hawke and Stewart, 2002; Niemeyer and Jedamzik, 1999;
Musco, Miller and Rezzolla, 2005; Musco, Miller and Polnarev, 2009; Musco and Miller, 2013;
Niemeyer and Jedamzik, 1998).

Calculations for the critical value of the density contrast, A, or comoving curvature perturbation,
R, above which a region will collapse to form a PBH are typically of order 0.5 or 1 respectively
- and so an insignificant number of PBHs will form unless the power spectrum on small scales is
much larger than on large scales, by several orders of magnitude. This is possible in several models,
such as the running mass model (Drees and Erfani, 2011), axion inflation (Bugaev and Klimai,
2014), a waterfall transition during hybrid inflation (Bugaev and Klimai, 2012), from passive
density fluctuations (Lin and Ng, 2013), or during inflation with small field excursions (Hotchkiss,
Mazumdar and Nadathur, 2012). For a recent summary of PBH forming models see Green (2014).
Alternatively, the constraint on the formation criteria can be relaxed during a phase transition in the
early universe, causing PBHs to form preferentially at that mass scale (i.e. Jedamzik and Niemeyer
(1999)).

In this paper, we will review the calculation of the PBH abundance. The calculation typically
computes the fraction of the universe that is above the critical value - in terms of A or R.. This is

typically done using the theory of peaks, which calculates the number density of peaks above the
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critical value, or a Press-Schechter approach, which computes the volume of the universe above the
critical value. In order to calculate the abundance of PBHs on different scales, the distribution is
convolved with a smoothing function to smooth out modes smaller than the horizon, whilst leaving
the horizon and super-horizon modes. When R, is used to do the calculation in this manner,
the super-horizon modes have a large impact on the calculation - we will argue that they should
not affect the calculation and that using R, can be misleading and give errors of many orders of
magnitude compared to using A.

In Section 2, we will discuss the formation criteria for PBHs explaining these arguments, and
in Section 3, we will briefly review the calculation of the mass of a PBH dependent on the scale it
forms at. In Section 4 we discuss the different ways the abundance of PBHs and constraints on the

early universe can be calculated for different models. We conclude our arguments in Section 5.

2.2 FORMATION CRITERIA

The abundance of PBHs is normally stated in terms of B, the mass fraction of the Universe
contained within PBHs at the time of their formation. Typically, § is given as a function of their
mass (which, we will see later, is a function of the time at which they form) - so that 8 can be
used to describe the mass spectrum of PBHs. In order to determine whether a region of the early
universe will collapse to form a PBH, then typically either the density or curvature of that region
is compared to a threshold value, which is typically calculated from numerical simulations.
Traditionally, the density contrast A = (SpT_p had been used to calculate 5. However, following
the paper by Shibata and Sasaki (1999) which calculated the threshold value in terms of a metric
perturbation i, and the paper by Green et al. (2004), it became more common to use the comoving
curvature perturbation R, (for example, Bugaev and Klimai (2013a) and Shandera et al. (2013))!.
In figure 2.1 we demonstrate the danger of using R, to calculate . By simply comparing
the height of either peak, one would be drawn to the conclusion that the first (left hand) peak will
collapse to form a PBH and the second (right hand) peak will not. However, because the long
wavelength mode is well outside the horizon, it is unobservable at the expected time of collapse and
invoking the separate universe approach (see Wands et al. (2000)) means that it should not affect
the local evolution of the universe. Therefore, the universe looks locally identical to observers at

either peak - either both peaks should collapse to form a PBH or neither should?2.

IThe comoving curvature perturbation R, is equal to the curvature perturbation on uniform density slices { on

super-horizon scales, and because sub-horizon modes are smoothed out, it is common to use ¢ instead of R...
2Note that we are assuming that a PBH will form shortly after entering the horizon, or not at all. It is possible for
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fef - i' ——————————————————————————————————————————————————————————————————

Figure 2.1: Here, as an example, we show a universe with two sharp (Gaussian) peaks in R, which sit on top of a long wavelength
mode. The two thick black boxes represent the size of the visible universe to an observer at the centre of the peaks at
the time of PBH formation, whilst the dotted red line represents the hypothetical threshold value for collapse. Both
universes appear the same locally to each observer, and so the evolution of each patch should be identical (until the long

wavelength becomes observable).

X
W _ Spatial curvature W

_ Density Contrast

Figure 2.2: The same universe as shown in figure 2.1, but this time showing the spatial curvature and the density contrast at the
time the scale of the small peaks enter the horizon. We now see that both peaks look identical - and so should evolve
in the same manner. We see that the peaks in the spatial curvature and density contrast are very similar, both having a
Mexican hat profile (rather than the Gaussian shape in the comoving curvature perturbation) - note that the difference in

the height of the peaks is due to the arbitrary scaling we have used in the figure.

It should be noted that papers that have calculated a critical value in terms of R, (i.e. Shibata
and Sasaki (1999) and Nakama et al. (2014)) assume that R. drops quickly to zero outside of
the perturbation - so these values can be used if one assumes that there are no super-horizon
perturbations affecting your calculation. Therefore it may be possible to use R, to calculate g if
one takes care to exclude super-horizon modes from the calculation (one possibility is to simply
subtract the long wavelength modes - although this is strongly dependent on what is considered to
be a long wavelength.), and in Section 4.5 we will consider an approximation where only the value
of the power spectrum at horizon entry is used.

A more formal way to consider this to investigate the effect of super-horizon modes on local
observables, such as the density contrast and the spatial 3-curvature. Figure 2.2 shows the same

universe as figure 2.1 but in terms of the spatial curvature and density contrast.

the PBH formation process to last several e-foldings after horizon entry (Musco and Miller, 2013) in which case the
long wavelength mode will become important, but only for values extremely close to the threshold value - although
this is thought to be rare, see equation (2.13) (however, the effect of a perturbation sitting inside a much larger scale

perturbation has not been well studied).
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Spatial curvature - consider the perturbed, spatially flat FRW metric
ds® = —=N?di* + g;; (dx' + N'dt) (dx/ + N'dt) : gi; = €63, @2.1)
where we have chosen a comoving slicing, and
a=Ina) + R, 2.2)

with a(#) the scale factor of some flat background and R, the comoving curvature perturbation. A

constant value of R, can be absorbed into the scale factor by defining
aw) = a(t)e®e, (2.3)

and so a constant R, corresponds only to a rescaling of the spatial coordinates, as perhaps clear

from the form of the metric (2.1). The spatial curvature is given by

2 .
RO = =1 (20 vy ). @4

and the spatial curvature of the metric is then
PR (2V2R. + (VR:)?) (2.5)
T 2 ¢ <) :

If we consider a very long wavelength R. mode, which appears constant on horizon scales, we see
that the spatial curvature due to this mode is negligible due to the derivatives in Eq. (2.5).

Density contrast - on comoving slices, there is a simple relation at linear order between the
comoving curvature perturbation and the density contrast (Green et al., 2004)

At k) =

21 +w) [ k
5+3w \aH

2
) Re (k) (2.6)
where w is the equation of state w = p/p, which during radiation domination is % 3. In real space
this is

_2(1+a))( 1

2
2
A(t,x) = 5130 a_H) VR (x). (2.8)

Again, we see that this depends on the second derivative of R, - and so the effect of super-horizon
R, modes is negligible. At linear order, the density contrast is therefore equivalent to the spatial

curvature. However, there has been extensive research into the threshold value of A but not for

3Josan, Green and Malik (2009) derives an alternative formula valid on super- and sub-horizon scales during radiation

domination,

4 [k k
At k) = —— [—) Re (), 2.7
(t, k) \/§(aH)J1(\/§aH) (k) 2.7)

where jj is a spherical Bessel function. However, after smoothing, there is little difference between this and equation

(2.6).
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R®) . we therefore advocate the use of the density contrast in order to calculate the mass fraction,
B.

There has been extensive research on the threshold value for the density contrast above which
a PBH will form. Carr (1975) was the first to derive a threshold value for the formation of PBHs,
A, = w where w is the equation of state, by calculating the density necessary for gravity to
overcome pressure forces. In recent years, numerical simulations of gravitational collapse have
been used to investigate the collapse of different shapes of the initial density profile. Niemeyer and
Jedamzik (1999) studied initial shapes including Gaussian, Mexican hat, and polynomial, finding
Ac =~ 0.7. Musco, Miller and Rezzolla (2005), Musco, Miller and Polnarev (2009) and Musco and
Miller (2013)# later studied PBH formation, finding A. = 0.45. More recently, Harada, Yoo and
Kohri (2013) studied a top hat shape, finding an analytic formula A, = sin’[7vw/(1+3w)] = 0.41
during radiation domination, and Nakama et al. (2014) studied generalised shapes to determine the

crucial parameters in the shape and size of an overdensity. See also Hawke and Stewart (2002) 3.

2.3 PRIMORDIAL BLACK HOLE MASS

In order to calculate the mass spectrum, or mass function, of PBHs, it is necessary to relate the
horizon scale at the time of formation to the mass of PBH formed. We will first review the

calculation of the horizon mass carried out by Green et al. (2004). The horizon mass is

4
My = = p(H™')". 2.9)
In co-moving units, the horizon scale during radiation domination is R = (aH)™' « a, and
expansion at constant entropy gives p « g, 11344 (where g. is the number of relativistic degrees
of freedom, which is expected to be of order 100 in the early universe). This allows the horizon

mass at a given reentry scale to be related to the horizon mass at matter radiation equality,

3 8req 1/3
My = EMH,echeqR)2 (—) , (2.10)

4They note that the difference in value obtained by Niemeyer and Jedamzik (1999) can be explained because they
only considered a pure density perturbation imposed at the time of horizon crossing. Later work included only growing

modes accounting for the effect of the perturbation in the velocity field.
51t was previously thought that there was an upper bound above which density perturbations would form a separate

closed universe rather than a PBH, however, this has been shown not to be the case (Kopp, Hofmann and Weller,
2011). This is relatively unimportant in practice, as the effect of an upper bound is negligible because higher peaks are

exponentially suppressed.
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where we use k., = 0.079Q,, W*Mpc~!, 8+eq ~ 3 and g. ~ 100. My . is given by

4r 3 87 pradao
MH,eq = ?zprad,equg = ?k?’ =
eq

, (2.11)

Aeg
where we take a;; = 24000Q,,h* and Q,qq,0h* = 4.17 x 107, Taking Q,,h* = 0.14 gives
My eq =TX 1050g (for this calculation, we have used the same numbers as Green et al. (2004)).

Now that the horizon mass has been calculated, it remains to determine the fraction of the
horizon mass which goes into the PBH, fg. Several papers (for example, Hawke and Stewart
(2002) and Niemeyer and Jedamzik (1999)) have noted that, when the density is close to the
critical value, the mass of PBH formed depends on the size of the over-density, obeying a simple

power law,

fu=C(A-A), (2.12)

where C and 7y are constants - although the values calculated depend on the shape of the initial
over-density. Chisholm (2006) summarises the different measurements, as well as discussing a
minimum bound on the PBH mass from entropy constraints. Typical values for these parameters
which we will consider here are C = 3, A, = 0.5, and y = 0.3. For these values, the mass of PBH
formed is only significantly smaller than than the horizon mass, Mppy < 0.1Mpg, for values of A
in the range

0.5 < A <0.500012, (2.13)

and so we will assume that PBHs form with a mass approximately equal to the horizon mass for
the remainder of this paper. PBHs of significantly larger mass could form in regions where A is
substantially larger than 0.5, but the abundance of these regions is exponentially suppressed, and

are thus extremely rare.

2.4 PRIMORDIAL BLACK HOLE ABUNDANCE

We will now discuss the calculation of the PBH mass fraction, 5. The density contrast on a
comoving slicing, A, is smoothed on a given scale R, and the fraction of the universe with a density
contrast above the critical value is calculated. The smoothed density contrast A(R, x) is calculated

by convolving the density contrast with a window function W (R, x):

A(R, x) = fm dx’'W(R, x — x)AX"). (2.14)

(o0

The variance of A(R, x) is given by

(A% = fo %WZ(R, kK)Pa(k), (2.15)
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where W (R, k) is the Fourier transform of the window function, and P (k) is the density power
spectrum. Using equation (2.6) this can be related to the comoving curvature perturbation power
spectrum as,

o [T dk s 4(1 + w)? 4
(A*) = fo - (R,k)—(5+3w)2 (kR)* Pg. (k). (2.16)

Throughout this paper, we will use a volume-normalised Gaussian window function, such that

the Fourier transform is given by

2 p2
W(R, k) = exp (—kTR) : (2.17)

In the remaining portion of this section, we discuss the difference between using a peaks theory
or Press-Schechter approach, and the predicted mass spectra of PBHs for a scale invariant curvature

spectrum, a power law spectrum and for a spectrum with a running of the spectral index.

2.4.1 PEAKS THEORY VS PRESS-SCHECHTER

The initial mass fraction of the Universe going into PBHs S can be calculated either using a
peaks theory approach, or a Press-Schechter approach. A comparison of these two methods was
carried out by Green et al. (2004) who compared the mass spectra calculated using the curvature
perturbation, with peaks theory, and the density contrast, using a Press-Schechter approach. In
their calculation it was necessary to assume a blue primordial power spectrum, ngy > 1, and they
found the two to be in close agreement®. We will repeat the calculation here for the density contrast
only - finding that using peaks theory or a Press-Schechter are not in as close agreement previously
found in Green et al. (2004) but still similar, to within a factor of order 10.

To investigate the difference between the two methods, we will use a variable v = A/o7, where
o is the square root of the variance (A”) given by equation (2.15) and is a function of the form of
the power spectrum and the smoothing scale (the calculation of o is the same for either method).

In the theory of peaks, the number density of peaks above a height v, is given by (Bardeen
et al., 1986)

I (@R 2
npeaks(Vc’R) = (27)? (*) (Vg - 1) exXp (_V?C) > (2.18)

¢In the appendix, we correct their calculation, finding that calculating S in the different methods disagree strongly.
7We note here that with peaks theory, the critical value is stated in terms of the peak value of a fluctuation, but in

a Press-Schechter approach, it is the average value of the fluctuation. The relationship between the peak value and the
average depends on the shape of the fluctuation - but typically, these are expected to differ only by a factor of order
unity, with the peak value being higher. The difference in the critical value of the peak value and the average is therefore
within the error of the predicted critical value from different sources. We also note the fact that looking for peaks above
a certain value in a smoothed distribution is equivalent to looking for patches with an average density above that value -

and so the distinction here is only a technical note.
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where (k?) is the second moment of the smoothed density power spectrum

1
(A%)(R)

(k*)(R) = fom a;—kaWZ(k, R)YPx (k). (2.19)

If we assume a power law spectrum Pg. = Ag.(k/ ko)™™', and a Gaussian window function

(equation (2.17)), we obtain

(k*)(R) = (2.20)

assuming that ng > —3. The number density of peaks above the threshold can be related to
the density parameter QppH peaks (Which is equal to the mass fraction g for a flat universe) by
QppH,peaks (Ve) = Npeaks(Ve, RYM(R)/ p, where M (R) is the mass of PBH associated with the
horizon size R, M(R) = (27)3/? pR3. Finally, we have

(ng +3)%2% , ( vg)
—_— p — — .

622m2 <P\ T2 22D

ﬁpeaks(yc) = QPBH,peaks(Vc) =

By contrast, the Press-Schechter calculation simply integrates the probability distribution

function (PDF),

P(v)—Lex (—V—z) (2.22)
var P2 ) '

over the range of values that form a PBH:

0 =) 2
Brs(ve) =2fvc P(v)dv:ZLC \/%exp (—%) dv. (2.23)

This can be written in terms of the complimentary error function simply as

Bps(ve) = erfe (%) (2.24)

and using the asymptotic expansion of erfc(v.) this can be written as

21 2
Brs(ve) ~ \/j — exp (——VC) . (2.25)
Ve 2

Figure 2.3 shows the difference in the predicted values of g for either calculation - the two are
in relatively close agreement (differing by a factor of order 10), whilst v is not too larges. For
larger values of ve, Bpeaks is systematically higher than Spgs. However, the difference between
these methods is small compared to the error due to uncertainties in the threshold value A, (see

figure 2.4 for an example).

8However, this uncertainty in 8 has little effect on the uncertainty of v, which would be calculated, as it depends

only on log(3) (see Young and Byrnes (2013)).
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B
10-5 N —_— Peaks theory
o~ -—- Press—Schechter
1074 =
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Figure 2.3: Here we compare the value of 3 calculated using peaks theory or Press-Schechter against v = %.

2.4.2 SCALE INVARIANT POWER SPECTRUM

In the case where the primordial curvature power spectrum is scale invariant, (k) = Ag_, where
Ag,. is a constant, then the variance of the smoothed density field during radiation domination,
w=1/3,is

 dk 4(1 + w)? 8
A% = W (k,R)——=Ag. = —Ag... 2.26
(A7) fo p ( )(5+3w)2 Re = gTAR. (2.26)

Note that, as expected for a scale invariant spectrum, this is now independent of the smoothing

scale R - and so predicts that § is independent of the mass of the PBHs®. Using peaks theory:

(2.27)

1 81A2 81A2
B p

T BP0 848, P\ 16Ax

Constraints on the power spectrum

Using the relation between the (scale invariant) comoving curvature perturbation power spectrum
and B, equation (2.27), it is simple to calculate a constraint on the power spectrum from the
constraint on S at a given scale. We will here consider a constraint of size § < 10720, with
Ac = 0.5, and give the constraints one would calculated from peaks theory and Press-Schechter,

seeing that the two are in very close agreement:

PR..peaks < 0.026,

Pr..ps < 0.029. (2.28)

oIt is also worth noting that for either a red or scale invariant power spectrum <7€3> — 00,
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2.4.3 POWER LAW POWER SPECTRUM

In order to compare with Green et al. (2004), we will consider a power law spectrum (see also
Drees and Erfani (2011)). The form of the power spectrum is given by

ng—1
Pr. (k) = Ag (k_o) , (2.29)

where Ag is the amplitude of the power spectrum defined on some pivot scale ko, and we will
consider only blue spectra, n; > 1. In this case, the variance of the smoothed density field during

radiation domination, given by equation (2.15) is

8 440 ng + 3
A*y = — r :
A0 8 Ry ( 2 )

(2.30)

and B is given by equation (2.21). For the purposes of making a specific calculation we will
take Ag = 2.2 x 107 and ko = 0.05 Mpc~!, loosely based on observations. Figure 2.4 shows
the predicted mass spectra for a range of different spectral indexes n,, and threshold values of
the density contrast A. - here, we only consider a blue spectrum (it is possible to consider a red
spectrum on small scales in which case S is larger for more massive PBHs, but a complicated
model is needed to produce a significant number of PBHs and be consistent with observations).
We can place a limit on the spectral index from the observational constraints on the abundance
of PBHs - as has been done previously (for example, Green and Liddle (1997)). Taking A, = 0.5
and using the constraint § < 1072° for PBHs in the mass range 108g< Mppy < 10'°g (Josan,
Green and Malik, 2009), the constraint on the spectral index is ngy < 1.34. Because there is a
minimum mass of PBHs, at the Planck mass, then we can also place a minimum value on ng
which is required to form a significant number of PBHs. Approximately 70 e-foldings of inflation
are required after todays horizon scale exited during inflation in order for the horizon to reach a
sufficiently small scale corresponding to the Planck mass. Typical inflationary models predict that
the current horizon scale exited the Hubble scale during inflation about 55 e-foldings before the
end of inflation (Liddle and Leach, 2003). In that case, the mass contained in the horizon scale at
the end of inflation is approximately e3° Mpjane ~ 108g. If we require that 8 > 10720 for PBHs of
mass Mpgy = 107 g then the spectral index must be ng > 1.26. In order for a significant number

of PBHs to form, then ng must lie in the range

1.26 < ng < 1.34. (2.31)
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Figure 2.4: This figure shows the predicted PBH mass spectra for different values of ng and A.. A smaller spectral index produces
PBHs of smaller masses. Note that the calculation has been artificially cut off when 8 becomes large as it is only valid

for rare peaks (where S is small), as well as for PBHs smaller than the Planck mass (M =~ 10‘5g).
2.4.4 RUNNING OF THE SPECTRAL INDEX

Over the large range of scales considered here, the spectral index is unlikely to be a constant. We

will therefore consider a running of the spectral index, «, defined as

_ dng
T dntky

(2.32)

leading to an expression for the comoving curvature perturbation power spectrum given by

no—1+41a In(k/ko)
) , (2.33)

Pr.(k) = Ao (k_o
where Ag and ng are the values of the power spectrum and spectral index respectively, defined at a
pivot scale kg. If values are given for parameters ko, Ag, no and a then the PBH mass spectra can
be calculated as before, calculating the variance of the smoothed density contrast using equation
(2.15) and finding S using equation (2.21).

The same as in the previous section, we will take Ag = 2.2 x 10~ and ko = 0.05 Mpc~!.
The Planck collaboration (Ade et al., 2013) found a spectral index ny = 0.9603 + 0.0073, but no
statistically significant running of the spectral index, @ = —0.0134 + 0.0090. We will therefore
take ng = 0.96 and allow « to vary - see figure 2.5. A positive running is necessary to produce a
significant number of PBHs, and the smallest value we will consider is @ = 0.01.

PBHs of masses greater than Mpgy =~ 108 g are well constrained by observations (Josan, Green
and Malik, 2009; Carr et al., 2010), and we see from figure 2.5 that these values of the running

produce too many PBHs, and would be ruled out by observational constraints. We therefore state
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Figure 2.5: This figure shows the predicted PBH mass spectra for different values of the running of the spectral index @. Again, the
calculation has been artificially cut off when 8 becomes large.

an upper bound on the running of the spectral index, @ < 0.0162 (again, using the constraint
B < 10~2° for PBHs in the mass range 108g< Mppy < lOlog (Josan, Green and Malik, 2009)).
Although, again, we note that there is no reason to assume the running of the spectral index will

be constant over a large range of scales.

We will not consider the running of the running in this paper, although it has been considered

by Erfani (2014), who places an upper limit on the running of the running by considering the
non-production of (long lived) PBHs.

2.4.5 APPROXIMATION USING THE COMOVING CURVATURE PERTURBATION POWER SPECTRUM

The power spectrum is, formally, the variance of the amplitude of the Fourier modes at a certain

scale. Less formally, one can consider it to be the characteristic size of perturbations at that scale.
We show in this section that one can quickly find an approximate value for the PBH mass fraction
using the comoving curvature perturbation by only considering perturbations at the exact scale of
horizon crossing, without using window functions - this is the approach used in previous papers
(Byrnes, Copeland and Green, 2012; Young and Byrnes, 2013). At horizon crossing, the relation

between the density contrast and the comoving curvature perturbation becomes even simpler, as
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the factor (k/aH) = 1:
2(1 + w)

Altr, k) = 5+ 3w

Re(k) = gRC(k), (2.34)

where ty is the time at horizon entry, and w = 1/3 is the equation of state during radiation
domination. As A is proportional to R, at horizon entry, it is reasonable to assume that peaks
in the smoothed density contrast correspond to peaks in the comoving curvature perturbation
(ignoring other scales).

We will assume that the power spectrum at a given scale gives the variance of the comoving

curvature perturbation at that scale and use a Press-Schechter approach to calculate 3:

B=2 f P(R:)dR., (2.35)
R(‘,cril

where P(R.) is the (Gaussian) probability distribution function. Writing this in terms of the

complimentary error function gives

Rc crit
= erfc : . (2.36)
g (\/27’& )

Compare this to the expression one would derive using the density contrast for a scale invariant

power spectrum, where (R2) is given by equation (2.26),

B = erfc (4\9/?;_) (2.37)
Re

These two expressions will be exactly equal if A, ~ MRC crir- However, these methods cannot
9 s
be considered identical, which is evident if a power law spectrum is considered, Pg_ (k) =

Ao(k/ko)"s~!. Equation (2.36) is unchanged, but equation (2.37) becomes

Ac
B =erfc 9— . (2.38)

4\|Pr. T (25)

However, provided that I (3+2"S ) ~ 1 (which is satisfied if ny, ~ 1) and A, = Z‘Tﬁﬂc,cm, these two

expressions will be approximately equal. Figure 2.6 shows a specific example of these calculations,
showing that they still agree closely.

We now compare the constraints on the power spectrum calculated in this method to the
constraints calculated earlier (equation (2.28)). Using R..c-ir = 1.2 (Shibata and Sasaki, 1999;

Green et al., 2004), and 8 < 102 gives the constraint
Pr. < 0.024, (2.39)

which is in close agreement with the previously calculated bound, equation (2.28).
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Figure 2.6: We show the mass spectra of PBHs calculated, for a power law power spectrum Pg . (k) = Ag(k/ko)"s -1, using
the density contrast (method described in Section 4.3) and the comoving curvature perturbation (method described in
Section 4.5). The values we have used in this figure are Ag = 2.2 X 1079, ko = 0.0SMpc_l, ng = 1.3, A¢c = 0.4and
Re,erie =1.2

2.5 CONCLUSIONS

We have placed the calculation of the PBH abundance on a more solid grounding. Using the
comoving curvature perturbation R, can be misleading and care needs to be taken if one wishes
to use R, to perform this calculation, due to the effect of super-horizon modes. The problem with
using R, is most easily seen when one considers either a red or scale-invariant power spectrum,
which causes the variance of R, to diverge (it is possible to complete the calculation when a blue
spectrum is considered but the results differ drastically from using A, see Appendix). We therefore
advocate the use of the density contrast to perform the calculation, which does not suffer from the
same problem due to the k> dependence of super-horizon modes. In addition, calculations and
simulations to calculate the critical threshold for collapse most often use A. However, it is more
convenient to calculate R, when studying inflationary models, and finding the constraints on the
small scale power spectrum from PBHs - an approximation for 8 can be quickly calculated using
R. if the power spectrum, Pg_, is used rather than using the variance, (R?2) (although this can only
ever be an approximation as modes of a similar scale can affect the production of PBHs - which

this calculation ignores). It is therefore important that calculations using A or R, give the same
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results, and we have provided a method for doing so.

We have considered both a Press-Schechter approach and a peaks theory approach, finding that
there is a significant discrepancy between the two - however, this is dwarfed by the error due to
uncertainty in the critical value of the density contrast above which PBHs are assumed to form,
Ac. In this paper, we use the peaks theory method, which has a better theoretical grounding. The

implications of this paper will be explored further in future papers.
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2.6 APPENDIX

For completeness, we include the calculation of the PBH mass fraction S using the comoving
curvature perturbation, and compare it to the calculation using the density contrast. This was
initially done by Green et al. (2004) who incorrectly calculated the density contrast power spectrum
at the time of PBH formation - we will now correct the calculation. Assuming a blue power
spectrum, Pg,. = Ao (k/ ko)™™' where ng > 1, the variance of the smoothed comoving curvature

perturbation is

* dk - Ag ng — 1
ﬂ%R:f —W2(k, R)Pg, (k) = r{=—|. 2.40
ROR) = | - WA RIPr, () = 5obe T (=5 (2.40)
The second moment of the power spectrum is given by
1 dk 5 - ng — 1
K%y = f — kW2 (k, R)Pg, (k) = ———, 241
k=) RO® Jo K (k, R)Pg.. (k) R (241)

leading us to the final expression for 8 using equation (2.18) for comoving curvature perturbation

instead of density contrast:

B(R)

(ns - 1)3/2 Rg,crit Rg,crit 242
T 62212 (R®R) -\ ARD(R) (2:42)
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Figure 2.7: We have used Ac = 0.5, R¢ crir = 1,ns = 1.3, Ag = 2.2 % 10~ and ko = 0.05 Mpc‘l. Both curves represent
the mass spectrum of PBHs formed from identical comoving curvature perturbation power spectra - but differ drastically

due to the different methods used in the calculation.

The differences between this calculation and the calculation for the density contrast are shown

in figure 2.7 - we can see that they differ by many orders of magnitude.
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Primordial black holes (PBHs) can form in the early Universe from the collapse of rare, large
density fluctuations. They have never been observed, but this fact is enough to constrain the
amplitude of fluctuations on very small scales that cannot be otherwise probed. Because PBHs
form only in very rare large fluctuations, the number of PBHs formed is extremely sensitive to
changes in the shape of the tail of the fluctuation distribution - which depends on the amount of
non-Gaussianity present. We first study how local non-Gaussianity of arbitrary size up to fifth
order affects the abundance and constraints from PBHs, finding that they depend strongly on even
small amounts of non-Gaussianity and the upper bound on the allowed amplitude of the power
spectrum can vary by several orders of magnitude. The sign of the non-linearity parameters (fnr,
gNL, etc.) are particularly important. We also study the abundance and constraints from PBHs
in the curvaton scenario, in which case the complete non-linear probability distribution is known,
and find that truncating to any given order (i.e. to order fy or gnr, etc.) does not give accurate

results.
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3.1 INTRODUCTION

Primordial black holes (PBHs) have historically been used to study the small scales of the primordial
universe. Whilst they have never been detected, this fact is enough to rule out or at least constrain
many different cosmological models (see Carr, Gilbert and Lidsey (1994), Green and Liddle
(1997), Josan and Green (2010), Peiris and Easther (2008) and Pina Avelino (2005)). Theoretical
arguments suggest that PBHs can form from the collapse of large density perturbations during
radiation domination (Carr and Hawking, 1974). If the density perturbation at horizon crossing
exceeds a threshold value, then gravity will overcome pressure forces and that region collapses to
form a PBH with mass of order the horizon mass.

There are tight observational constraints on the abundance of PBHs. These constraints come
from their gravitational effects and results of the Hawking radiation from their evaporation. For
recent updates and a compilation of the constraints see Josan, Green and Malik (2009), Carr et al.
(2010) and Harada and Carr (2005). The various constraints place an upper limit on the mass
fraction of the Universe contained within PBHs at the time of formation, 8. The constraints vary
from 8 = 10727 to 8 = 107, These constraints can be used to constrain the primordial power
spectrum on small scales, and hence models of inflation. Since PBHs form from the rare, large
fluctuations in the extreme tail of the probability distribution function (PDF), any non-Gaussianity
can significantly affect the number of PBHs formed. PBH formation can therefore be used to probe
both the amplitude and non-Gaussianity of the primordial fluctuations on small scales.

In order for a significant number of PBHs to form, the power spectrum on small scales needs
to be of order 1072, orders of magnitude larger than on cosmic scales. Although a spectral index
smaller than 1 has recently been observed by Planck, indicating a red spectrum, it is possible
that the running of the spectral index turns up on smaller scales, and produces a lot of power at
such scales. This is possible in models such as the running-mass model, the inflating curvaton and
hybrid inflation (Bugaev and Klimai, 2013b; Bringmann, Kiefer and Polarski, 2002; Leach, Grivell
and Liddle, 2000; Kohri, Lyth and Melchiorri, 2008; Alabidi and Kohri, 2009; Drees and Erfani,
2011; Kohri, Lin and Matsuda, 2013; Linde, Mooij and Pajer, 2013; Lin and Ng, 2013). Other
possibilities include peaks in the power spectrum (Bugaev and Klimai, 2011) or a phase transition
after inflation (Barrow, Copeland and Liddle, 1992).

The effects of non-Gaussianity on PBH formation were first studied by Bullock and Primack
(1997), and Ivanov (1998) - reaching opposite conclusions on whether non-Gaussianity enhances or
suppresses the number of PBHs formed. Lyth (2012) studied the constraints from PBH formation on

the primordial curvature perturbation for cases where it has the form ¢ = + (x2 - (xz)), where x has
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a Gaussian distribution. The minus sign can be expected from the linear era of the hybrid inflation
waterfall, where the positive sign might arise if  is generated after inflation by a curvaton-type
mechanism. More recently, the effects of non-Gaussianity have been studied by Byrnes, Copeland
and Green (2012), who studied the effects of quadratic and cubic non-Gaussianity in the local
model of non-Gaussianity, and Shandera et al. (2013), who considered small deviations from a
Gaussian distribution, finding that whether PBH formation is enhanced or suppressed depends on
the type of non-Gaussianity. The effects of non-Gaussianity in the curvaton model have also been
studied recently by Bugaev and Klimai (2013b) and Bugaev and Klimai (2013b), who calculated
constraints and PBH mass spectra for a chi-squared distribution. Seery and Hidalgo (2006) showed
how to obtain the probability distribution of the curvature perturbation working directly from the
n-point correlation functions (which come from quantum field theory calculations) and discussed
the possibility of using the constraints of PBHs to discriminate between models of inflation.

In this paper, we will go beyond earlier work and calculate the effects of arbitrarily large
non-Gaussianity in the local model to 5th order, including terms of each type simultaneously. We
also consider the curvaton model where a full non-linear solution for the curvature perturbation
is available in the sudden decay approximation (Sasaki, Valiviita and Wands, 2006). It is found
in this case that using a perturbative approach by deriving the non-Gaussianity parameters (fnr.,
gnNL, etc.) and using the local model of non-Gaussianity disagrees strongly with the full solution -
and so care needs to be taken when performing these calculations.

In Section 2, we review the calculation of the PBH abundance constraints in the standard
Gaussian case. In Section 3, we review the work completed by Byrnes, Copeland and Green
(2012) calculating the effects of quadratic and cubic non-Gaussianity in the local model, before
extending this to higher orders. The expert reader may skip to Sec. 3.3.3. In Section 4 we
discuss the effects of a hierarchical scaling between the non-Gaussianity parameters (gnp o fl%, L
hnp o« f;{, 1+ €tc.), and in Section 5 we calculate the constraints on the primordial power spectrum

in the curvaton model. We conclude with a summary in Section 6.

3.2 PBHs iN A GAUSSIAN UNIVERSE

Whilst the condition required for collapse to form a PBH has traditionally been stated in terms
of the smoothed density contrast at horizon crossing, 8., (R), we will follow Byrnes, Copeland
and Green (2012) and work with the curvature perturbation, . PBHs form in regions where the

curvature perturbation is greater than a critical value, {, =~ 0.7 — 1.2 (Green et al., 2004). There is
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some uncertainty on the exact critical value, and it has a dependence upon the profile of the over
density (Shibata and Sasaki, 1999; Ivanov, 1998; Hidalgo and Polnarev, 2009). For simplicity, we
will usually take ¢, = 1, it would be straightforward to choose any other value if required. It was
initially thought that there was an upper limit on the amplitude of the fluctuation that would form
a PBH, with larger fluctuations forming a separate universe, however, this has been shown not to
be the case (Kopp, Hofmann and Weller, 2011). Integrating over the fluctuations that would form

PBHes, the initial PBH mass fraction of the Universe is:

_ PPBH

- Drotal |f0rmation

=£ P({)d¢, (3.1

where (. is the critical value for PBH production and P(¢) is the probability distribution function.
The above equation is not exact, for example due to the uncertainty in the fraction of mass within
a horizon sized patch (whose average density is above the critical one) which will collapse to form
a black hole. This is related to uncertainty of the overdensity profile and the critical value required
for collapse, see e.g. Niemeyer and Jedamzik (1999), Yokoyama (1998), Hawke and Stewart (2002)
and Musco and Miller (2013) and references therein. Fortunately a numerical factor of order unity
leads to only a small uncertainty in the constraints on o due to the logarithm, see Eq. (3.4). Order
unity non-linearity parameters are much more important than a numerical coefficient multiplying

the integral in (3.1). For Gaussian fluctuations:

1 122
aerlam) Y

1 * 142) (4)
~ - dl = —erf 3.3
B sz,;v exp( ¢ erc i (3.3)

Because PBHs form in extremely rare large fluctuations in the tail of the probability distribution,

P({) =

and so:

one can use the large x limit of erfc(x) and show that (Byrnes, Copeland and Green, 2012):

o 1
- ~ o= 5041/2 B = (3.4)
¢ 21n ()

Note that o depends only logarithmically on 8, this remains true once the effects of non-Gaussianity
are taken into account. Taking ¢ = 1, for 8 = 1072 we obtain o = 0.11 and for 8 = 107> we
obtain o = 0.23.

The variance of the probability distribution is related to the power spectrum of the curvature
perturbation by o ~ P;. The constraints obtained in this manner differ by O(10%) to those
obtained from a full Press-Schechter calculation which includes a window function to smooth
the curvature perturbation, as performed in Matarrese, Verde and Jimenez (2000) and Bugaev

and Klimai (2013a). For 8 = 1072 the full calculation gives Pé/ 22012 (Josan, Green and
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Malik, 2009), as opposed to 7’2/ 2 = 0.11 obtained with Eq. (3.4). In the case of chi-squared
non-Gaussianity, a calculation using the smoothed PDF has also been performed (Pina Avelino,

2005) and gives reasonable agreement with the approach we use here.

3.3 PBHs AND LOCAL NON-(GAUSSIANITY

We consider the effects of non-Gaussianity in the local model on the abundance of PBHs and the
constraints we can place on the power spectrum. We will first review the work completed by Byrnes,
Copeland and Green (2012) and discuss the effects of quadratic and cubic local non-Gaussianity,

before moving onto the effects of higher order terms in Sec. 3.3.3.

3.3.1 QUADRATIC NON-GAUSSIANITY

We take the model of local non-Gaussianity to be

3
(=L (gG-07). (3.5)

The o2 term is included to ensure that the expectation value for the curvature perturbation remains

zero, () = 0. Solving this equation to find {, as a function of  gives two solutions

5 12 3 2
{e=(0) = g [—11\/1+ J;NL( fNSL‘T +§)]. (3.6)
We can make a formal change of variable using
O [dLg,i(0)
PnG({)d{ = Z; ar | Po (L)) e, 3.7

where i is the sum over all solutions, to find the non-Gaussian probability distribution function

(PDF). The non-Gaussian distribution is then given by:

d
PG (0)dC = £ () + ), (3.8)

27r0'\/1 + —IZJ;NL (—3fN5LO-2 + {)

where
Lg+(0)?
+ = - , 3.9
€ exp( 752 3.9
and the initial PBH mass fraction is given by
évmax
B = Png($)dd. (3.10)

e
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Figure 3.1: The left plot shows the effect of positive fa 1. on the PDF. For negative fi 1, the PDFs are simply reflected in the y-
axis. We see that the fy7. term skews the distribution. The right plot shows the tail of the PDF where PBHs form - note

that this is a logarithmic plot of the PDF. A relatively small change in 1. has a large effect on the number of PBHs

produced - by many orders of magnitude. For these plots, we have taken o= = 0.1.

If fnr is positive (or zero) then {j,4x = oo, but if fr is negative then ¢ is bounded from above

5 363,07
max — — 1 . 11
£ 12fNL( HT G-11)

Figure 3.1 shows the effect of f 1 on the probability density function. The primary effect of fn .

and {4 is given by

is to skew the distribution - for positive fn 1 we see a peak for negative values of £, with a large tail
for positive values (and vice versa for negative fx ). The right panel shows a log plot of the effect
of positive f 1, on the tail of the PDF where PBH formation occurs. We see that, for positive fyr.,
as fnr is increased the amplitude of the large tail increases dramatically. For negative values of
fnL, ¢ is bounded from above, { < 1, and we would see no PBH formation for these values (by
increasing o significantly, one can form PBHs for significantly negative fx , although we will see
later that unless remarkable fine tuning occurs, this leads to an overproduction of PBHs).

We now use the observational constraints on S to place constraints on the power spectrum.

This is most easily calculated by making a transformation to a new variable y:

y= 5“”*—(0, (3.12)

o

which has unit variance. For fy; > 0 we have

1 o _ﬁ Ye- _ﬁ
pa bt (f Favs [ Zdy), (3.13)
VLT Ye+ —00

and for fyr <0

1 Ye+ y2
B = —f e” 7 dy, (3.14)
V2 Jy._
where y.. are the values of y corresponding to the threshold for PBH formation, . :
eu = 28218). (3.15)

o
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Figure 3.2: This plot shows how the constraints on the square root of the power spectrum due to PBHs depend on fx 1. The con-
straints for 2 values of 8 are shown - note that, although B changes by 15 orders of magnitude, the constraints only

change by a factor of roughly 2.

The expression for S is then solved numerically using the tight and weak constraints, 8 = 10720
and 107 respectively, to find a value for o. The variance of ¢ is then given by (Boubekeur and

Lyth, 2006; Byrnes et al., 2007)
IVAS
Pr=0+4 (%) o In(kL), (3.16)

where the cut-off scale L ~ 1/H is of order the horizon scale, k is the scale of interest and In(kL)
is typically O(1) (treating it as exactly 1 leads to percent level corrections, provided that o is small
- we have numerically checked this).

Figure 3.2 shows how the constraints on the square root of the power spectrum change depending
on the value of f . For positive values of fn 1 we see that the constraints tighten (corresponding
to an increase in the abundance of PBHs for a given value for the power spectrum, see Figure
3.1). For negative values, we see that the constraints weaken dramatically - this is because, unless
o becomes large, no PBHs form at all. As fnr becomes significantly negative, we see that the
constraints for 8 = 1072 and 8 = 107> converge. Unless there is remarkable fine tuning in the size
of the perturbations at small scales, there would either be far too many PBHs, or none. Using this
method to calculate the constraints, as f; becomes more negative the constraints on the power
spectrum do flatten out at a value above 1 - however, the perturbative approach does not work when

the perturbation amplitude is O (1) or higher, so these results cannot be trusted.
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3.3.2 CuBic NON-GAUSSIANITY

The model of local non-Gaussianity is now taken to be

9
{=1qg+ ggNsz,- (3.17)

We follow the same process as before to calculate the PDFs and constraints on the power spectrum
(Byrnes, Copeland and Green, 2012). Care needs to be taken with the amount of solutions to
Eq. (3.17). For gn > 0, there is one solution for all £. But for gn < 0, there may be multiple

solutions. For example, for g1 < 0, in the range

2 | -5 2 | -5
e Y Y (3.18)
9\ gnL 9\sene

there are 3 solutions to Eq. 3.17. These solutions need to be taken into account when calculating
PDFs or constraints on the power spectrum.

Figure 3.3 shows a log plot of the effects of g on the PDFE. The upper left (right) panel shows
the effect of positive (negative) gnr. We see that gy affects the kurtosis of the distribution -
typically, serving to give a distribution which is more sharply peaked in the central region, but with
larger tails. Positive gn 7 always serves to enhance the amplitude of the tails where PBHs form, as
does large negative gn . However, for small negative g the tails of the PDF are diminished -
leading to a lower PBH abundance (and consequently, weaker constraints).

In order to calculate the constraints on the power spectrum, we again write an expression for 3

to be solved. For positive g we have

1 © 2
B~ \/?f e dy. (3.19)
T Iy

For —8_210 < gnL < 0, there are 3 solutions to Eq. (3.17), and 3 is given by

1 yiooy2 yioo\2
B~ — (f e ZTdy+ f e_Zdy) . (3.20)
V2r —oo 2
20

Finally, for gy < —%7, B is given by
1 Yo y?
ﬁz\/T_ﬂf_me z dy. (3.21)
The limits on the integrals here (y;, y», etc) are solutions for y to Eq. (3.17). The variance in this

model is given by (Byrnes et al., 2007)

4 2
P = o (1 + ;—ngvufz In(kL) + 27 (%;I;L) o ln(kL)z). (3.22)

Figure 3.4 shows the constraints obtained for the cubic non-Gaussianity model. For small gy

we see that the constraints on the power spectrum are highly asymmetric between positive and
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Figure 3.3: The top left (right) plot shows the effect of negative (positive) g 1. on the PDF. We see that g 1, affects the kurtosis of
the distribution. Positive g, always gives a sharper peak with broader tails - enhancing PBH production. Large negat-
ive g v has a similar effect - however, we see two sharp peaks in the distribution, due to the derivative in Eq. (3.7) be-
coming infinite. For small negative g 1. we see that the tails of the distribution are diminished. The bottom plot shows
the tail of the PDF where PBHs form - again showing a very strong dependence on small amounts of non-Gaussianity,

and again the sign of the non-Gaussianity is important. For these plots, we have again taken o~ = 0.1.

negative gnr. This is because for positive gn 1 an overdensity in the linear { regime is boosted
by the cubic term - especially so in the tail of the PDF, and so the constraints tighten. However,
for small negative gy the opposite is the case and the two terms tend to cancel each other, and
hence the constraints weaken dramatically. For very small negative gy, the 2nd term in the
expression for S, Eq. (3.20), dominates. As gy — —%—? from above, y3 — y, — 0, and this term
decreases rapidly so that the constraint on the power spectrum rapidly becomes weaker. As gy
becomes more negative, the first term in Eq. (3.20) increases, and the constraints tighten again.
As gn1 becomes large, either positive or negative, then the cubic term in Eq. (3.17) dominates
the expression, ¢ o i{;, and the constraints don’t depend on the sign of gn . This is because the
Gaussian PDF is invariant under a change of sign of , which is equivalent to changing the sign
of gn 1 (in the case where the linear term is absent). For this reason, the constraints asymptote to

the same value as [gn 7| — oo.
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Figure 3.4: This plot shows how the constraints on the square root of the power spectrum due to PBHs depend on gn1..
3.3.3 HIGHER ORDER TERMS

In this section, we consider the effects of higher order terms on the constraints that can be placed
on the power spectrum. We take the model of local non-Gaussianity to be

3 9 27 81 .
(= go+ Shve (G —07) + gsenidy + ppshne (G =30 ) + oina g+ (323)

Higher order terms have a similar effect on the PDF as do the quadratic and cubic terms - even
order terms introduce skew-like asymmetry to the PDF, whilst odd order terms affect kurtosis, and
have similar effects on the tails of the PDFs.

The number of solutions to {({,) = 1 depends on the values of fnr, gnr, hnL, etc. Because
an analytic solution is not typically available for polynomial equations above 4th order, a numerical
method was used to calculate the constraints on the power spectrum. Starting from the linear,
purely Gaussian model, a value for o is calculated. The non-Gaussianity parameters are then
varied slowly, and Eq. (3.23) is solved using the previous value of ¢ to find critical values of g

required for PBH formation,

Le(le) = L1 dga, o (3.24)

As before, a Gaussian variable y with unit variance is used, Eq. (3.12), and an expression for S is

written. For example,

1 2 o2 Yoo
B =~ _(f e_Zdy+f e_Zdy+...). (3.25)
\/ﬂ Y1 ¥3

This is then solved numerically to find a value for o and the variance is calculated. Provided that
small enough steps are taken, and that o varies sufficiently slowly, the results obtained through this

method are in excellent agreement to those obtained previously by an analytic method. Accounting
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Figure 3.5: Here we see how the constraints on the square root of the power spectrum depends on non-Gaussianity to 5¢/* order. We
have considered the addition of each order term one at a time. Note that the even order terms display similar behaviour
to each other, as do the odd order terms. The constraints here are shown for the case 8 = 1075, Here, we have included
only the linear term and one other term in Eq. (3.23) for each order equation. The x-axis is either fnr., gnL, AN L, O

in L, depending on the order equation being used.

for terms to 5" order in ¢ and including all orders in loops, using the techniques of Byrnes et al.

(2007) we find that the power spectrum is given by

2 4
3 3
P, = o+ (g) (4fx. +6gnL) ot In(kL) + (5) (2783, +48fnhne +30in L) o® In(kL)>
3\° 3\°
+ (g) (24013, +450gnLinL) 0¥ In(kL)® + (g) 262513, o' In(kL)*. (3.26)

Figure 3.5 shows how the constraints on the power spectrum depend upon the non-Gaussianity
parameters. Here, we consider the effects of each term in Eq. (3.23) one at a time. Again, for higher
order terms, we see similar behaviour to that seen for the quadratic and cubic non-Gaussianity. For
even-order terms, the constraints become tighter for positive values, but weaken dramatically even
for small negative values. For odd-order terms, the constraints become tighter for positive values,
but for small negative values, the constraints initially weaken dramatically before tightening again.
The constraints are most sensitive to small negative non-Gaussianity - where the positive tail of
the PDF is strongly reduced, either due to a skew-like asymmetry in the PDF from even terms, or

kurtosis type effects from the odd terms.

3.4 HIERARCHICAL SCALING

In order to study the effects of the different types of local non-Gaussianity simultaneously, we

introduce some hierarchical scaling relationship between the non-Gaussianity parameters. Here,
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we present the simple idea of a power law scaling between the terms:

gNL ~ P fNp v ~ @ fuping ~ @ fyp (3.27)

where « is a constant of order unity, and the model of local non-Gaussianity can be taken as

3 9 27 81
{~Le+InL (22 -07) +Ea/2f1%,Lg’2, +Ea3f]3vL (¢ -30%) +@a/4f;4\,L§§ +-0 . (3.28)

This type of relation can occur in several different models, including multi-brid inflation (Lin and
Wang, 2010; Elliston et al., 2012), a similar scaling was used in Shandera et al. (2013).

Figure 3.6 shows the effect of the hierarchical scaling to the constraints on the power spectrum
to different orders, where we have taken @ = 1 (modifying this term but keeping it of order unity
does not significantly affect the results). When calculating to n'" order, we have now included all
terms up to and including the n’" term (rather than just the single term in the previous section).
Again, we see similar behaviour for the different order expansions - depending on whether the
highest order term is even or odd.

For positive f 1 the constraints tighten significantly as fn increases, before converging to
some constant as fyr — oo. As fnr becomes large however, the highest-order term dominates
Eq. (3.23), and it is sufficient to take, for example, { « ¢ g. Note that the constraints found in this
region depend on the order that Eq. (3.23) is taken to - the constraints are slightly tighter for higher
orders.

For negative fy, we see similar behaviour to that seen before when only a single term was
considered. When the highest order term is even the constraints weaken dramatically as fnp
becomes negative, again requiring fine tuning to produce any PBHs without overproducing them.
When the highest order terms are odd, we again see a peak where the constraints weaken for
small negative values, before slowly tightening - however, the peak is now smoother. Again, as
|fnr| — oo and for odd terms, the sign of the non-Gaussianity parameter does not matter, and the
constraints approach the same value. Whilst this may not be obvious from figure 3.6, if the axes

were extended to large fnr, of order 10*, we would see this to be the case.

3.5 PBHs IN THE CURVATON MODEL

Whilst the simplest inflationary models give rise to a nearly Gaussian distribution of the primordial
curvature perturbation, multi-field models of inflation can lead to strong non-Gaussianity. One

well motivated model is the curvaton model (Sasaki, Valiviita and Wands, 2006). In this model,
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Figure 3.6: The constraints on the square root of the power spectrum in the case of a hierarchical power law between the non-
Gaussianity parameters. The constraints here are shown for the case 8 = 107>. We have used here the hierarchical
power rule to different orders (up to 5" order), and show the constraints obtained in each case change depending on
fn L. Note that we see two distinct behaviours - depending on whether the highest term on the expansion is odd or even

- which give very different results for the case of negative fx ..

in addition to the field driving inflation, the inflaton ¢, there is a second light scalar field, the
curvaton y, whose energy density is completely subdominant during inflation. At Hubble exit
during inflation both fields acquire classical perturbations that freeze in. Here, the observed
perturbations in the CMB and LSS, as well as perturbations on smaller scales, can result from
the curvaton instead of the inflaton. At the end of inflation, the inflaton decays into relativistic
particles (“radiation"). The curvaton energy density is still sub-dominant at this stage and carries
an isocurvature perturbation - and at some later time, the curvaton also decays into radiation.
Taking the curvaton to be non-relativistic before it decays, the energy density of the curvaton will
decay slower than the energy density of the background radiation - and consequently the curvature
perturbation due to the curvaton will become dominant.

If the curvaton generates the perturbations on CMB scales, then in simple realisations of the
curvaton scenario with a quadratic potential it cannot have a much larger amplitude of perturbations
on smaller scales. However it is possible that a second stage of inflation has a dominant contribution
to its perturbations from the curvaton model. Indeed if the curvaton mass, m,, is reasonably heavy
compared to the Hubble scale, then it will naturally have a blue spectrum giving the smallest scale
perturbations the largest amplitude. The spectral index is given by ns — 1 = 2m3 /(3H?) + 2H /H?,
where all quantities should be evaluated at the horizon crossing time of the relevant scale (Sasaki,
Valiviita and Wands, 2006). Motivated by our discovery in the last section that truncating the
PDF to any order in the non-linearity parameters can give a very bad approximation to the true
result, a practical reason for studying the curvaton scenario is that this is a rare case in which the

full non-linear PDF has been calculated. This allows us to check in a realistic and popular model
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whether the non-Gaussian corrections to the PDF are important, and whether just including the first
few terms such as fn . or gy would give an accurate result. We will see that the non-Gaussian
corrections to all orders are always important when studying PBH formation.

Here we use the result obtained by Sasaki, Valiviita and Wands (2006) in the sudden decay
approximation:

(1= Quaec) 470 + Qyece™ @ =11, (3.29)

where Q, 4. is the dimensionless curvaton density parameter for the curvaton at the decay time.
Taking the curvature perturbation in the radiation fluid to be negligible, i.e. ¢, = 0, Eq. (3.29)
reads

1
e = —— (¥ + (Qydec — De) . (3.30)
x.dec

This gives the fully non-linear relation between the primordial curvature perturbation, £, and the
curvaton curvature perturbation, {,. Taking there to be no non-linear evolution between Hubble
exit and the start of curvaton decay, the left hand side of Eq. (3.30) is given by

5 2
n = (1 + I—X) , (3.31)
X

where 91 y is the Gaussian perturbation in the curvaton field at Hubble exit, and j is the background

value. Eq. (3.30) is quartic in e¢ and so this allows us to write an expression for the full curvature

perturbation, £, in terms of the Gaussian variable §, = 5‘7)(, or equivalently write the Gaussian
variable as a function of the curvature perturbation.
0y =0,(0). (3.32)

Note that, for Q, 4. < 1, { is bounded from below, with the minimum value given by
1
Cmin = Z In (1 - Q)(,dec) . (3.33)

Making a formal change of variable allows the PDF to be calculated. Figure 3.7 shows the PDFs
obtained for different values of Q, 4. Whilst Q, .. is close to unity, the PDF is close to
Gaussian - however, the positive tail of the PDF is diminished, reducing PBH formation. As
Q. dec becomes smaller, the PDF becomes more strongly non-Gaussian, and the positive tail of
the PDF is enhanced, increasing PBH formation.

Constraints on the power spectrum are obtained using the same method as before. Eq. (3.30)
is solved for £ = £, to find the corresponding critical values of ¢, giving two solutions, d.; and
0¢2, for all values of Q, 4... An expression for § is written:

1 L 52 O0c2 52
B (I; e_zt{d6X+£ e_%{déx). (3.34)

cl
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Figure 3.7: PDFs in the curvaton model. Here we see that, whilst Q, ge ~ 1 the distribution is close to Gaussian. However, as
Q. dec the PDF becomes more non-Gaussian, enhancing the positive tail of the PDF. These have been calculated using

a formal change of variable using 3.30 and 3.31. All the plots have a variance (£2) = 0.04.

This expression is then solved numerically to find a value for o for a given value of 8. Now that all
of the necessary components have been found, the constraints on the power spectrum are calculated
by finding the variance through numeric integration

Pr = f PG (s = f {(xe) PG (xg)dx e (3.35)

where Py ({) and PG () are the non-Gaussian and Gaussian PDF’s respectively. Care needs
to be taken to ensure that the mean of £ is zero during the calculation - if necessary defining a new
variable with the mean subtracted, such that () = 0.

Figure 3.8 shows the constraints obtained for different values of g. When Q, 4. ~ 1, the
constraints are weaker than in the Gaussian case even though the PDF is close to Gaussian - this
is an example of even small amounts of non-Gaussianity having a large impact on the constraints.
As Qy gec — 0, the constraints on the power spectrum become tighter, corresponding to an
enhancement of the positive tail of the PDF.

It should be noted that, in this model, a full expansion for £ can be obtained by performing a
Taylor expansion of the solution to Eq. (3.30) (Sasaki, Valiviita and Wands, 2006; Lin and Wang,
2010). Figure 3.9 shows the non-Gaussianity parameters plotted as a function of Q, ... Instead
of using the full non-linear solution for £, the calculation can be completed as in the previous
section by using these solutions for the parameters. However, the results obtained in this manner
typically do not match well with those obtained from an analytic solution - the contributions to the
power spectrum from higher-order terms can become large and can be either positive or negative.
This is due to the fact that, whatever order the expansion is carried out to, the Taylor expansion

diverges from the analytic solution as £ becomes large (of order unity or higher). For example, for
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Figure 3.8: Constraints on the square root of the power spectrum in the curvaton model. The constraints obtained for different con-

straints on 83, the initial PBH mass fraction, as a function of Q v.dec> the dimensionless curvaton density parameter at

the time of decay.
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Figure 3.9: The non-Gaussianity parameters in the curvaton model.

—%, and so a truncation at second order would not even come close to matching

with the results obtained here. Comparing the constraints for 8 = 107 between Figs. 3.8 and 3.2,

notice that the Gaussian constraint of SD;/ 2 = 0.23 is reached for Q v.dec = 0.4, but from figure 3.9

we see that the non-linearity parameters are not typically small here, and so the matching is just

coincidence. Hence we conclude that the non-Gaussianity of the curvaton model always has to be

taken into account when calculating PBH constraints.
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3.6 SUMMARY

The abundance of PBHs probes the tails of the PDF of primordial fluctuations, and is very
sensitive to the effects of non-Gaussianity. We have calculated the effects of the local model of
non-Gaussianity for terms up to 5th order, parameterized by fnr, gnr, AnL, and inr. We have
shown that any non-Gaussianity parameters of order unity can have a significant effect on the
abundance of PBHs, and the constraints that can be placed on the power spectrum - due to the fact
that the non-Gaussianity parameters have a large impact on the tails of the PDF.

The sign of the non-Gaussianity has a particularly strong effect. We see that positive terms
of even order tighten the constraints significantly, but negative terms dramatically weaken the
constraints, to the point where the curvature perturbation is order unity. Typically, when an even
type of non-Gaussianity is considered, such as fy or iy, if this term is negative and dominates
the non-Gaussianity of the distribution, the amplitude of the primordial fluctuations will either
be too small to form any PBHs, or so large that the Universe contains too many PBHs. Such a
scenario would be incompatible with any future detection of PBHs. Odd-order terms, such as
gNL or iy, tend to tighten the constraints regardless of their sign, but small negative terms can
weaken the constraints dramatically over a small range of values. If PBHs were to be detected in
the future, they could potentially rule out certain models and distributions. Care needs to be taken
as truncations to set order in the model of non-Gaussianity used might not converge.

In the curvaton model, the PDF is relatively close to Gaussian if the Universe is dominated
by the curvaton at the time of decay, Q, 4ec ~ 1 - and in this case the constraints are weakened
compared to a purely Gaussian distribution. As Q, 4. decreases, the distribution becomes
more non-Gaussian, and the constraints on the power spectrum tighten significantly. Calculations
obtained for the curvaton model by calculating the local non-Gaussianity parameters to e.g. second
or third order (fyr or gnr) do not agree with those obtained using the full non-linear solution.
Therefore, given a specific model, it may be necessary to calculate the full hierarchy (rather than
truncating at a given order) before performing calculations, as we have done here for the curvaton

model.
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THE LONG-SHORT WAVELENGTH MODE COUPLING TIGHTENS PRIMORDIAL

BLACK HOLE CONSTRAINTS

Sam Young, Christian T. Byrnes
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UK

The effects of non-Gaussianity on the constraints on the primordial curvature perturbation
power spectrum from primordial black holes (PBHs) are considered. We extend previous analyses
to include the effects of coupling between the modes of the horizon scale at the time the PBH forms
and super-horizon modes. We consider terms of up to third order in the Gaussian perturbation.
For the weakest constraints on the abundance of PBHs in the early universe (corresponding to
a fractional energy density of PBHs of 107> at the time of formation), in the case of Gaussian
perturbations, constraints on the power spectrum are £, < 0.05 but can significantly tighter when
even a small amount of non-Gaussianity is considered, to , < 0.01, and become approximately
P, < 0.003 in more special cases. Surprisingly, even when there is negative skew (which
naively would suggest fewer areas of high density, leading to weaker constraints), we find that the
constraints on the power spectrum become tighter than the purely Gaussian case - in strong contrast
with previous results. We find that the constraints are highly sensitive to both the non-Gaussianity

parameters as well as the amplitude of super-horizon perturbations.
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4.1 INTRODUCTION

Theoretical arguments suggest that, if the right conditions are met, primordial black holes (PBHs)
could have formed from the collapse of large density perturbations in the early universe. As a per-
turbation reenters the horizon, gravity can overcome the pressure forces and cause the perturbation
to collapse to form a PBH with a mass of order the horizon mass. In order to collapse, then certain
formation criteria need to be met, and this is normally stated in terms of the density contrast ¢ or
the curvature perturbation {. PBHs have traditionally been used to constrain the small scales of
the early universe - and represent a unique window to constrain smallest scales. Whilst we have
precision measurements from sources such as the cosmic microwave background (CMB) and large
scale structure (LSS) (e.g. the Planck constraints on inflation (Ade et al., 2013)), these only place
constraints on a handful e-folds of the largest scales inside the visible universe. PBHs can be used
to place constraints on the power spectrum spanning around 50 e-folds, although the constraints
from PBHs are typically much weaker (Josan, Green and Malik, 2009). Ultra compact mini-haloes
(UCMBHSs) can also be used to probe small scales (Bringmann, Scott and Akrami, 2012), although
these constraints depend on dark matter particles decaying into observable particles, and do not
cover as large a range of scales as the constraints from PBHs.

PBHs have never been observed, either directly or indirectly, but there are tight observational
constraints on the abundance of PBHs, and these are used to constrain the power spectrum, as
will be described later. The constraints on the abundance of PBHs come from the effects of their
evaporation on the early universe for small PBHs, or the effects of their gravity on the later universe
for larger ones. The constraints are typically stated in terms of 3, the mass fraction of the universe
going into PBHs at the time of formation. The constraints on 3 range from 8 < 1073 to 8 < 107>,
depending on the mass of PBH being considered. For recent updates and a compilation of the
constraints see Josan, Green and Malik (2009) and Carr et al. (2010).

The constraints on the power spectrum coming from PBHs are typically of order 1072, orders
of magnitude larger than those observed on cosmic scales. Whilst a spectral index less than unity,
ng =~ 0.96, has been observed (e.g. Ade et al. (2013)) on cosmic scales, suggesting the power
spectrum should become smaller on small scales, it is nonetheless possible for it to become large
on small scales and form a significant number of PBHs. This can be seen in numerous models,
including the running mass model (Drees and Erfani, 2011), axion inflation (Bugaev and Klimai,
2014), a waterfall transition during hybrid inflation (Bugaev and Klimai, 2012; Lyth, 2012; Halpern
et al., 2015), from passive density fluctuations (Lin and Ng, 2013), or in inflationary models with

small field excursions but which are tuned to produce a large tensor-to-scalar ratio on large scales
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(Hotchkiss, Mazumdar and Nadathur, 2012). See also Linde, Mooij and Pajer (2013), Torres-
Lomas et al. (2014) and Suyama, Wu and Yokoyama (2014). For further reading and a summary
of various models that can produce PBHs, see Green (2014). Alternatively, the constraint on the
formation criteria can be relaxed during a phase transition in the early universe, causing PBHs to
form preferentially at that mass scale, e.g. Jedamzik and Niemeyer (1999).

The constraints from PBHs on the primordial power spectrum are highly sensitive to even small
amounts of non-Gaussianity, and this has been studied extensively in the literature (e.g. Bullock
and Primack (1997), Ivanov (1998), Seery and Hidalgo (2006) and Shandera et al. (2013)), and in
this paper we extend the calculation conducted by Byrnes, Copeland and Green (2012) and Young
and Byrnes (2013) to include the effects of large-scale inhomogeneities in the distribution caused
by non-Gaussianity.

In Section 2, we review how constraints on the abundance of PBHs can be used to constrain
the power spectrum, and in Section 3 we review previous calculations of how local-type non-
Gaussianity affects these constraints, as well as a more general discussion of the effects of non-
Gaussianity. In Section 4, we describe how the presence of non-Gaussianity and large super-
horizon modes can affect the abundance of PBHs which form on smaller scales, and apply this to
the calculation of constraints in Sections 5 and 6, for quadratic and cubic type non-Gaussianity

respectively. We finish with a discussion of key points in Section 7.

4.2 CONSTRAINING THE POWER SPECTRUM

Using the fact that PBHs have not been observed, one can place an upper limit on the primordial
power spectrum on scales that could not otherwise be constrained. In this paper, this upper limit
on the power spectrum, and its dependence upon non-Gaussianity, will be calculated. There
are different constraints on the abundance of PBHs of different masses - and therefore different
constraints on the primordial power spectrum (Josan, Green and Malik, 2009).

The abundance of PBHs is normally stated as the mass fraction of the universe contained within
PBHs at the time of formation, £, and in a recent paper we showed how this can be calculated
directly from the curvature perturbation power spectrum, #({), matching well with the traditional
calculation (which calculates the abundance by using window functions to smooth the distribution).
B is given by

p=2 [ o @.1)

Ze



77
THE LONG-SHORT WAVELENGTH MODE COUPLING TIGHTENS PRIMORDIAL BLACK HOLE CONSTRAINTS

where . is the threshold value for PBH formation, and P(¢{) is the probability density function
(PDF) of £. In the case of a Gaussian distribution of the curvature perturbation, this can be

approximated as (Byrnes, Copeland and Green, 2012)

U (7S N '+
,B—erfc(\/ig) ~exp( 20_2). 4.2)

This can be rewritten to show how the constraints on 8 give constraints on $,

L2

_ 2 _
Pe=r =\omap

4.3)

In this paper, we will take the threshold value for PBH formation to be . = 1 (Shibata and Sasaki,
1999; Green et al., 2004)!. Significant uncertainty on the critical value of collapse remains and the
result depends on the density profile (Musco, Miller and Rezzolla, 2005; Hidalgo and Polnarev,
2009; Musco, Miller and Polnarev, 2009; Nakama et al., 2014; Harada, Yoo and Kohri, 2013;
Nakama, 2014). For 8 < 107 and 8 < 1072°, for a Gaussian distribution this gives the constraints
Pr < 0.0513 and P, < 0.0115 respectively.

In previous papers, we used PBH constraints to calculate how the constraints on the power
spectrum depend on the amount of non-Gaussianity present (see section 3), in the local model of
non-Gaussianity (Byrnes, Copeland and Green, 2012; Young and Byrnes, 2013). In this paper,
we go beyond previous calculations, and account for large-scale inhomogeneities in the power
spectrum caused by the non-Gaussian terms as documented in Byrnes et al. (2012). Whilst large
super-horizon modes in the curvature perturbation do not affect the local evolution of the universe
and therefore do not affect whether a region collapses to form a PBH or not (Young, Byrnes and
Sasaki, 2014), they can have an indirect effect due to their influence on smaller scale modes. In this
paper, we will assume that the power spectrum becomes large below a certain scale (as demonstrated
in Fig. 4.1), and place constraints on the amplitude of this power spectrum from the constraints
on the abundance of PBHs. The top power spectrum shown in Fig. 4.1 is scale invariant - which
we assume to be the case for a Gaussian distribution. However, for a non-Gaussian distribution,
the power spectrum increases as k increases, which is due to the effects of modal coupling - so
even though the Gaussian component of the perturbations is constant, overall the power spectrum
increases. For a specific model, such a power spectrum is unlikely and a more suitable model for

the power spectrum should be used.

'In order to be consistent with calculations using the density contrast, it is preferable to use a larger value, {, ~ 1.2
(the upper value found in Shibata and Sasaki (1999)), which matches better with the expected critical value of the
density contrast, A ~ 0.5. However, whilst g is extremely dependent on ., the constraints on the power spectrum do

not change significantly - and we use {. = 1 in order to be consistent with previous papers.
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Figure 4.1: The form of the power spectrum being used in this paper is shown. For simplicity, we assume that on large scales the
power spectrum is negligibly small, $; < 1, before quickly becoming large at some scale (in this case with a step func-
tion). The power spectrum is then assumed to be large down to arbitrarily small scales - although the effect of smoothing
reduces the power on sub-horizon scales to be effectively zero. The “peak’ scales correspond to the scale at which
PBHs are forming at a given time (the horizon scale), where the "background’ scales are so large as to be unobservable.
The top figure shows a flat spectrum, which is assumed to be the case for a Gaussian distribution. However, for a non-
Gaussian distribution, the effect of coupling between modes will typically serve to increase the power on small scales,

even when the amplitude of the Gaussian perturbations is scale invariant, as shown in the bottom figure.

4.3 REVIEW OF NON-(GAUSSIAN CONSTRAINTS

It has previously been shown that the constraints which can be placed on the curvature perturbation
power spectrum depend upon the distribution of perturbations present in the early universe (recent
papers include Shandera et al. (2013), Byrnes, Copeland and Green (2012), Young and Byrnes
(2013) and Bugaev and Klimai (2013a)), and that the mass fraction of the early universe going into
PBHs, g, is strongly dependent on the amount of non-Gaussianity present.

In this paper, we will consider the local model of non-Gaussianity to third-order,

3 9
(=l + 2N (86— 07) + 5senile = h (o), (4.4)

where 02 = (¢ (2;). We define the solution to this equation as g = A~' (), and 8 can be expressed
in terms of 4~1(¢) (Byrnes, Copeland and Green, 2012). Note that, whilst the meaning of fy and
gn in this paper are the same as that used in observational cosmology of CMB and LSS, similar
values of these parameters here have a much larger effect on the distribution than in the CMB or

LSS. This is because the constraint on the amplitude of perturbations is much weaker - typically
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of order 107! rather than 107>, Therefore, fx ~ 1 represents approximately a 10% correction.
We will here briefly review previous work by considering the case of positive fy and zero gy,

h~1(¢) has two solutions, given b
4 g y

—5 4 \[25+36f3 02 + 60fn 1L

nN(Q) = 4.5
(D) 6/ 4.5)
S can then be calculated by integrating over the PBH forming values of {g, giving 2
B = erfe(hy! (&) + erfe(IhZ! (o). (4.6)

The full derivation can be seen in Byrnes, Copeland and Green (2012). This expression can then
be solved numerically for a given constraint on 8, such as § < 1073, to find a constraint on o, and

a constraint on the power spectrum can be calculated using (Byrnes et al., 2007)
4fnr\
Pr =0’ +4 (%) o*In(kL). 4.7)

Fig. 4.2 shows how the constraints on the power spectrum depend upon the non-Gaussianity

parameters fx 7 and gny for 8 =107 and g = 10720,

* The fn term affects the skew of the distribution - a positive fx enhances the tail of the
distribution, increasing PBH production, which means the constraints become tighter. For
negative fnr, the constraints weaken dramatically. There is a maximum value of £ given by

5 3 25 2
=+ = -0, 4.8
gmax 6fNL SfNL(36f12\,L ) ( )

which is a function of . In order for any PBHs to form, ¢, must be greater than £, and

so for fnr < —%, o must be above a certain value o,

25— 60/n1 “9)

a =
‘ 6/NL
If o (and so the power spectrum) is below this value, no PBHs are formed, but typically, if
o is larger then too many PBHs form. This means that an extreme fine tuning of the power

spectrum is required in order to generate a small but non-zero amount of PBHs.

* The gnr term affects the kurtosis of the distribution. For positive gn . the tails of the
probability density function are enhanced - meaning tighter constraints. For small negative
values, the tails are diminished - meaning weaker constraints - but as gy becomes more

negative the tails become more enhanced - meaning constraints again become tighter.

2This is equivalent to integrating over the probability distribution function of {: 8 = 2 f ZZ P(0)de.
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Figure 4.2: In the local model of non-Gaussianity, the constraints on the power spectrum, £z, depend strongly upon the non-
Gaussianity parameters. The left plot shows how constraints depend on fx 1. (assuming all higher order terms are zero).
The constraints tighten significantly for positive fj 1, but weaken dramatically for negative f r.. The right plot shows
how constraints depend on g n 1, (assuming all higher order terms and the quadratic term are zero). For most values of

g~ 1 the constraints are tighter than the Gaussian case, but significantly weaker for small negative values of gnr..

Similar behaviour is displayed for higher order terms - even terms have a similar effect as
the quadratic term, and odd order terms have a similar effect to the cubic term. The effects
of combining higher order terms was investigated (Young and Byrnes, 2013), finding that for
certain models displaying a simple relation between the non-Gaussianity parameters (g o fz%/ I
hnp o« ff\, 1) the constraints calculated converge, but that care should be taken as this might not

always be the case.

4.4 LARGE-SCALE INHOMOGENEITIES FROM NON-(GAUSSIANITY

In this section, we describe how the presence of local non-Gaussianity leads to a coupling between
long and short wavelength modes, and thus how a mode which is greatly super-horizon at the time
of PBH formation can have an effect on the distribution of PBHs on smaller scales. For a more
detailed calculation and discussion of implications, the reader is directed to Byrnes et al. (2012).
We will consider a universe with a distribution in ¢ described by the local model of non-
Gaussianity (equation (4.11)), but which contains exactly 2 Gaussian modes. We can therefore

decompose the Gaussian component of £ into its two components

{c =105+ (4.10)

The first plot in Fig. 4.3 shows one possible realisation of such a universe, with 2 Gaussian modes

of arbitrary size. In this picture, the non-Gaussian components to not appear to be very important
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- they are small corrections to the existing Gaussian components. However, as described in Young,
Byrnes and Sasaki (2014), super-horizon modes should not be considered when deciding if a
region will collapse to form a PBH. We will study the time at which PBHs form on the scale of the
shorter-scale mode (when that mode enters the horizon), and therefore neglect the components of
{ that depend only on the long wavelength mode. The second plot in figure4.3 shows the relevant
modes for formation of PBHs: the red dashed line represents a hypothetical formation criterion
for PBHs and the black dots represent PBH forming regions. We note that in certain regions of
the universe corresponding to peaks in the super-horizon mode, PBHs are produced in significant
numbers, whilst in regions corresponding to troughs in the super-horizon mode, no PBHs would
be produced.

The effect of different scale modes on the formation of primordial black holes has recently been
investigated by Nakama (2014), who investigated the case where a large perturbation which will
collapse to form a PBH is itself superposed on a much larger perturbation which will also collapse
to form a PBH upon reentry. The smaller PBH, which forms first, is swallowed by the second
PBH as it forms, leading to a single large PBH. As expected, the first collapse is unaffected by the
large-scale perturbation as it is outside the horizon at the time of collapse, and the second collapse
is unaffected by the first due to the large scale difference between the two. Nakama also investigates
the effect of sub-horizon modes on the possible collapse of a perturbation, finding that the presence
of such modes lowers the threshold value for collapse - making the collapse of such a perturbation
more likely. This a separate effect to the one which we are investigating in this paper - here, the
effect of super-horizon modes on the distribution of horizon-scale perturbations is studied, whilst
Nakama describes the effect of sub-horizon modes on the evolution of horizon-scale perturbations.
The net result of the sub-horizon modes is to lower the formation threshold for PBHs, which would

serve to further tighten the constraints derived in this paper.

4.5 INHOMOGENEOUS QUADRATIC NON-(GAUSSIANITY

In the local model of non-Gaussianity, the curvature perturbation ¢ is given to 2"¢ order by

3
{=L6+3Ine (85 -(2)). 4.11)

where (¢ is a Gaussian variable, and it is necessary to subtract the ({ é) term in the above expression

so that the expectation value of ¢ remains zero, ({) = 0.



82

THE LONG-SHORT WAVELENGTH MODE COUPLING TIGHTENS PRIMORDIAL BLACK HOLE CONSTRAINTS

¢
N\/\A (. A/\/\A A, X
EAAVAVAVAYR WWW
(a) Superposition of short- and long-wavelength modes with modal coupling
¢

AR A AR A A
AR

(b) Subtraction of the long-wavelength mode

Figure 4.3: The first (top) figure shows one arbitrary realisation of a universe containing exactly one long wavelength and one short
wavelength Gaussian mode, and the corresponding non-Gaussian components where the universe contains quadratic
non-Gaussianity. At the time when the short wavelength mode reenters the horizon after the end of inflation, the long
wavelength mode is not yet visible - and will not affect the local evolution of the universe (i.e. whether it forms a PBH or
not). The second (bottom) plot shows the same universe with the long wavelength mode subtracted. £ can now be used
as a formation criterion for the formation of PBHs - if it is over a certain value, then that region will collapse to form a
PBH. The dashed red line shows such a formation criterion, and the black circles represent areas which will collapse to

form a PBH.

We will now use the peak-background split, separating the Gaussian component of the curvature
perturbation (¢ into a large scale “background” perturbation {; and a small-scale “peak” perturb-
ation s,

G =41+ (s 4.12)
The full expression for the curvature perturbation ¢ then becomes

3
£= W+ 80+ S (G + 80P =@+ 7). (4.13)

Terms which are independent of s, and depend only on the large scale perturbation {; can be

neglected - as they are not visible at the time of PBH formation, leaving

6 3
(= (1 + ngLa) i+ 5 (8-ad). (4.14)

In a small patch of the universe, {; will appear constant, and the above expression can be written

in terms of new variables g, & and fx ., given by

= 6
{6 = (1 + ngL{z) s (4.15)
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o = (1 + ngL{l) Oy, 4.16)
~ 6 -2
fnL = (1 + ngL(l) fyL. 4.17)

This allows equation (4.14) to be written in a form analogous to equation (4.11),
_ 5 3 52 <2\ _ (7
(=l +3ive (86 -07) = o). (4.18)

Taking {; to be constant in a given region of the universe, the mass fraction of the region going
into PBHs /3 can then be written in terms of the locally observable values fx 7, {g and & in the

same way as in equation (4.6):

B = erfe(h;' (&) +erfe(|AZ (Z)D). (4.19)

However, this is still a function of {7, and to obtain the mass fraction of the entire universe going

into PBHs, this should be integrated over {;

B= f B P()dd, (4.20)

where P({;) is the (Gaussian) PDF of ;. Therefore, 8 depends not only on the variance (power
spectrum) of the small-scale perturbations (which is the scale PBH formation occurs at), but also
on the variance of the large scale modes. In this paper, we assume the form of the power spectrum
shown in Fig. 4.1 - and therefore, the variance of the large-scale perturbations can be written as a
function of the variance of the small-scale perturbations, depending on the number of e-folds one
considers.

The variance of the large-scale perturbations is given by integrating the power spectrum

multiplied by a smoothing function W (kR), where R is the smoothing scale, as follows

(& = f oodln(k)Wz(kR)SDgl(k). 4.21)
0

In practice, since we are assuming a scale invariant power spectrum (for the Gaussian components),
which is zero below a certain value of k, then ({ 12> depends upon the number of e-folds AV considered

to be part of the background large-scale perturbation. We will approximate that

o1 = (¢ ~ Ny, (4.22)

in order to derive constraints on the power spectrum from the constraints on the abundance of PBHs.
Equation (4.22) can be substituted into equation (4.20), which can then be solved numerically to
find a constraint on o from a constraint on 5. The constraint on the power spectrum #; can then

be calculated using (Boubekeur and Lyth, 2006; Byrnes et al., 2007)

2
Pr=02+4 (%fNL) oIn(kL), (4.23)
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Figure 4.4: The constraints that can be placed upon the power spectrum are displayed - they depend significantly upon the value of
the non-Gaussianity parameter, fx/r.. The dotted red lines show the constraints calculated previously, where the effect
of large-scale modes was not considered, and the solid blue lines show the constraints when they are included. The left
plot (a) displays the constraints for 8 < 1075 and the right plot (b) for 8 < 10720, In this plot it is assumed that the
variance of the Gaussian component of the large-scale perturbations is the same as that of the small-scale perturbations,
(& 12> = §> = o2 For positive f 1. the constraints are tighter than the Gaussian case, and slightly stronger than in
previous calculations ignoring modal coupling. For negative f 1., the constraints are similar to the Gaussian case, and

the dramatic weakening of the constraints as f 7. becomes negative is no longer seen.

where the cut-off scale L ~ % is of order the horizon-scale, k is the scale of interest. The factor
In (kL) can therefore become significant, as the power spectrum is taken to be large across a number
of e-folds - and will be approximately equal to the number of e-folds being considered, N (Suyama
and Takahashi, 2008; Kumar, Leblond and Rajaraman, 2010).

Initially, we will consider a large-scale perturbation due to contributions from modes spanning
only 1 e-fold - and so therefore, the variance of the large background perturbations is equal to that
of the small-scale perturbations, o; = o5. The constraints are obtained by numerically solving
equation (4.20) and allowing fx to vary. The results are shown in Fig. 4.4 for 8 = 10~ and
B = 10720, We now note that, whilst the constraints still weaken slightly for small negative values
of fnrL, the constraints become tighter again as fx; becomes more negative, quickly becoming
similar to the Gaussian case - which was not seen in previous calculations (Byrnes, Copeland and
Green, 2012; Young and Byrnes, 2013) which neglected the long-short coupling (and hence are
only valid if the power spectrum has a narrow peak). As |fnr| becomes large, the constraints
asymptote to a constant value (which will be calculated in the next section).

Depending on the value of £; in a given region of the universe, the production of PBHs can either
be increased or decreased. However, the presence of large-scale perturbations always increases
the total number of PBHs forming in the entire universe - meaning that the power spectrum can

be constrained to a lower value so that PBHs are not overproduced. This can be demonstrated by

considering what happens when [, is negative - it was previously found that constraints become
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Figure 4.5: The constraints which can be placed on the power spectrum from PBHs depend strongly on both the amount of non-
Gaussianity and the amplitude of the background perturbations, given by (£ lz) = NP;. This figure shows the constraint
on Py from g < 1073 as a function of fy . for N = 1, 9 and 25.

rapidly weaker when f is negative (where the large-scale background perturbations were not
considered). This is due to the shape of the pdf of £, which has a maximum value of { given by

{max = _6f% + %fNL (% - 0'2). (4.24)
Unless there is fine tuning of the (local) power spectrum, this typically means that if ¢~ is small then
no PBHs are formed, but above a critical value then so many PBHs form that the universe becomes
dominated by them. However, in any given region, & and fy are functions of ¢;. Therefore,
depending on the value of ;, PBH production in a region can be either increased dramatically or
reduced to zero. Overall, more PBHs would be produced in a universe containing such large-scale
inhomogeneities - and so the power spectrum is more tightly constrained. A similar but less
dramatic phenomenon occurs for positive fx 1 - meaning the power spectrum can be more tightly
constrained for both positive and negative fn .

We will now consider what happens when a larger number of e-folds are considered to contribute
to the background perturbation. InFig. 4.5 we show how the constraints change with the the variance
of the background perturbations, considering the cases where the background is comprised from
9 e-folds, o; = 307, and 25 e-folds, o; = 5075. If fyr is non-zero, the constraints on the small
scales become much tighter as the variance on large scales increases. In order to explain this
behaviour, it is useful to consider the case of large 1 where the linear term is dominated by the

quadratic term in equation (4.11).
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4.5.1 LARGE fNL

If fyr becomes large enough such that the quadratic term dominates the linear term, we can

simplify the expression for ¢ to
£ =+ (5 +(8)), (4.25)
and performing the peak-background split as before, dropping the terms independent of £, gives

(=208 % (2 +0?). (4.26)

Rewriting in terms of the variables one would observe locally

{6 =204, 4.27)
&G = 207, (4.28)
~ 5
-4+ 4.2
fnL == 2 (4.29)

which gives as before, see equation (4.18),
. 3
{=l+Sfve(lE-5%). (4.30)

However, we now note that, because the PDF of [ is constant under a change of sign of g,
then the PDF of ¢ is independent of the sign of {;. This can then be inserted as before into
equation (4.20), which can then be solved numerically to find an upper limit on the power spectrum
- this is the value that the constraints asymptote to in Fig. 4.4 or 4.5. Because the variance of
the background depends on the number of e-folds it is comprised of, the constraints on the power
spectrum depend on the number of e-folds between the horizon scale during PBH formation and
the largest scale on which the power spectrum is enhanced, N, see Fig. 4.1.

Fig. 4.6 shows how the constraints become tighter as more e-folds are considered. For a small
number of e-folds, so that (¢ 12) is not too large, the constraints are much weaker for the negative
quadratic case. However, as more e-folds are considered, the constraints become much closer - this
is because, in universes where ({ l2> is large, then fy = ié is typically small. One can therefore
approximate  as Gaussian3 - and the sign of the quadratic term in equation (4.25) is unimportant.
Even for the weakest constraints on the abundance of PBHs, 8 < 1073, the constraints on the power

spectrum drop to P, < O(1072), around 5 times tighter than for the Gaussian case, and 2 orders

of magnitude tighter for f; < 0 compared to when modal-coupling is not considered.

3Surprisingly, starting from a completely non-Gaussian distribution with a large-scale non-Gaussian background,
the small scales appear almost Gaussian (although even small amounts of non-Gaussianity have a very large effect on

). See Nelson and Shandera (2013) for further reading.
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Figure 4.6: The constraints on the power spectrum for the quadratic case, { = ¢ é, are shown for 8 < 1075 as a function of the

number of e-folds of fourier modes, NV, making up the background perturbation, with (¢ 12) = N®P;. For small N the

constraints are much weaker for the negative case than for the positive case, and both tighten significantly as N becomes

large. As N becomes very large, both will eventually asymptote to the same constant value, Py < 9.8 X 1073,

Rather than being purely hypothetical, there are models that predict such a distribution. For

example ¢ = —(g? — (g?)) (with g a Gaussian variable) could be expected from the linear era of the

hybrid inflation waterfall (Lyth, 2012). The power spectrum in this model is expected to become

large on some small scale before inflation ends, and peak at some value before decreasing again.

In addition, £ = g% — (g?) could be predicted from a curvaton-type scenario (e.g. Suyama and

Takahashi (2008), Bugaev and Klimai (2013a) and Peloso, Sorbo and Tasinato (2014)).

4.6 INHOMOGENEOUS CUBIC NON-GAUSSIANITY

The local model of non-Gaussianity with a cubic term (assuming fx; = 0) is given by
9 3
=g+ EgNLfc-
We again use the peak-background split, { = s + ¢j, such that

27 27 9
¢ = (1 + ggNLQz) {s + (ggNLQ) {3+ (ggNL) o+ o,

4.31)

(4.32)

where again, the terms dependent only on {; are unimportant in the context of PBH formation, and

are neglected. ¢{; appears constant in a small patch of the universe, and this can be rewritten in

terms of Zg, a, fNL and gnr.

S
(G = +E§NL§1 Iss

(4.33)
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T
o= (1 + 558NLE ) T (4.34)
9 27 -
ivr = | 2 1+ = 2 4.
fnL (SgNLfl) ( + 258NL§1) , (4.35)
27 -
gNL = 8NL (1 + ggNLélz) . (4.36)

Therefore, equation (4.31) can be rewritten as

= 3 - 9 -
(=l +3Ine (G- 07) + 5anids (4.37)

where the —&2 term has been inserted manually to ensure (/) = 0. An expression for the abundance
of PBHs in a given region of the universe, 3, can be derived in terms of &, fyz and gny - see
Byrnes, Copeland and Green (2012) for details, we do not give the full calculation here. Again,
in order to derive the complete expression for the abundance of PBHs in the entire universe, it is

necessary to integrate over ¢; as before,

,3=f BP(L)AL. (4.38)

This expression can then be solved numerically to derive a constraint on o from a constraint on £.

The constraint on the power spectrum, $; can then be calculated using (Byrnes et al., 2007)
9 9gnr\’
Pr=0>+6 (%) “In(kL) + 27 (%) o In(kL)>. (4.39)

Fig. 4.7 shows how the constraints on the power spectrum depend on gx ;. for § = 107> and
B = 10720, Again, we see that constraints become tighter as the non-Gaussianity parameter gn .
becomes large. However, the sharp peak seen in previous calculations is now smoothed out, and
the constraints are significantly tighter - this is because only for a small range of values of gy is
the production of PBHs significantly reduced (seen by the region in which the constraints weaken
in Fig. 4.2), but the background perturbations cause gy to vary, see equation (4.36). As seen in
previous papers, as |gn 1| becomes large, the constraints asymptote to the same value for negative
or positive gy - which is as expected (this will be explored in the next section).

We will now again consider the constraints if the background perturbations consist of multiple
e-folds of perturbations. Fig. 4.8 shows the resultant constraints obtained if the background
perturbations consist of 1, 9, or 25 e-folds, as before. When more e-folds are considered, the
constraints become much tighter - only for small negative gn 1, do the constraints weaken slightly,
but for all other values of gy the constraints become significantly tighter, £, < 0(1073) for even

small values of gn .
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Figure 4.7: The constraints that can be placed upon the power spectrum are displayed - they depend significantly upon the value of
the non-Gaussianity parameter, g n r,. The dotted red lines show the constraints calculated previously, where the effect
of large-scale modes was not considered, and the solid blue lines show the constraints when they are included. The left
plot (a) displays the constraints for 8 < 107> and the right plot (b) for 8 < 10720. In this plot it is assumed that the
variance of the Gaussian component of the large-scale perturbations is the same as that of the small-scale perturbations,
Vs 12> = %) = o2 Typically, the constraints tighten significantly when there is any non-Gaussianity present - with a
slight weakening for small negative g n1.. The constraints are significantly tighter than previously calculated, and do not

display as sharp a peak for small negative g 7. where the constraints became rapidly weaker.
4.6.1 LARGE gnL

We will now consider the case where the cubic term dominates, and { can be expressed as

(o= %03 (4.40)

In the cubic case, the sign does not matter - because a Gaussian distribution is symmetric, the PDF
of £, and £_ is the same, and we will therefore drop the dependence on the sign and discuss only

the positive case. Completing the peak-background split and isolating the short scale gives
(=300 +30 (8- 0d) + &3, (4.41)

where we have inserted the o2 term manually. Again, defining effective short-scale parameters:

lc =340, (4.42)

o =300, (4.43)

Fop = 2 (322)7 4.44

fve=3(34) " (4.44)
- 25 -3

Ive =" (357) - (4.45)

We note that as {; becomes large, the small-scale observable universe will appear more Gaussian.

The constraints on the power spectrum $; can then be computed numerically as before from
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Figure 4.8: As in the quadratic case, the constraints which can be placed on the power spectrum from PBHs depend strongly on both
the amount of non-Gaussianity and the amplitude of the background perturbations, given by (£ 12 = NP. This figure
shows the constraint on P, from 8 < 1073 as a function of gz, for N = 1,9 and 25, becoming much tighter as more

e-folds are considered.

constraints on the mass fraction of PBHs g, as a function of the number of e-folds considered in
the background perturbation, V' - the results can be seen in Fig. 4.9. We see that, for a moderate
number of e-folds considered, the constraints drop to £, < 0(1073), eventually tightening to

Pr<24%x107.

4.7 CONCLUSIONS

We have extended the calculation for the abundance of PBHs, defined in terms of the mass fraction
of the universe forming PBHs at the time of formation 3, when there is non-Gaussianity present
to include the effect of coupling between large-scale super-horizon modes and smaller horizon
scale perturbations. We see that non-Gaussianity typically increase the overall amount of PBHs
that would form - with some regions of the universe producing significantly more PBHs than other
regions. A realisation of such a universe - containing significant non-Gaussianity and a broad peak
in the power spectrum at scales significantly smaller than those visible in the CMB is possible in
hybrid inflation, and in particular from the waterfall transition of N -field hybrid inflation (Halpern
et al., 2015).

Observational constraints on 3, which range from 8 < 107 to 8 < 1072, can then be used
to place an upper constraint on the primordial curvature perturbation power spectrum, . We

have investigated the constraints which can be placed on the power spectrum dependent on the
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Figure 4.9: The constraints on the power spectrum for the cubic case, { = ¢ g;, are shown for 8 < 1073 as a function of the number
of e-folds of fourier modes, NV, making up the background perturbation, with (£ 12) = NP. Similar to the quadratic
case, the constraints tighten significantly as the number of e-folds being considered increases, eventually reaching a

constant for large N at Py < 2.5 X 1073

amount of non-Gaussianity present and the coupling between modes, for a simple model of the
power spectrum. Because non-Gaussianity typically increases PBH formation, the constraints on
P, are typically much tighter - and we show that the constraints from PBHs may be significantly
tighter than calculated in previous work. The presence of non-Gaussianity and large super-horizon
modes have a large impact on the constraints - and when there is significant non-Gaussianity the
constraints can become tighter by several orders of magnitude. The effect of simultaneously having
a non-zero fy and gy has also been considered, although the analysis has not been explicitly
included in this paper. It is again found that small negative values of fy or gy weaken the
constraints slightly, but typically the constraints become stronger.

In this paper, we have considered local-type (squeezed) non-Gaussianity, which includes a
significant coupling between the modes (Komatsu et al., 2009). We would expect results to be
similar for flattened-type non-Gaussianity as there is still a significant coupling between modes
of different lengths (albeit weaker than in the local model). However, for equilateral type non-
Gaussianity (which is peaked in the limit of all three modes having the same wavelength) we would
not expect significant coupling between large and short scales, so the results would be expected
to more closely reflect previous analyses in which large amplitude perturbations on only one scale
were considered. However there have not been any detailed studies made of how non-Gaussianity
of non-local shapes effects the bounds on PBHs.

The main source of error in the calculation arises from the uncertainty in the formation criterion,
which lies in the range 0.7 < . < 1.2 - and this has a very large effect on the calculated value

for B, which can easily vary by several orders of magnitude (Young, Byrnes and Sasaki, 2014).
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However, the effects on the constraints calculated are much less drastic, and the error due to the
uncertainty in {. is expected to be of order 10%. There is also uncertainty of how intermediate
modes should be handled, which are currently excluded from the calculation - how long does a
mode have to be before it is considered to be part of the background? The size of this cut-off
scale can have a non-negligible effect on the constraints calculated - although how important the
effect is depends on the specific form of the power spectrum being considered. In this paper, we
have avoided this uncertainty by considering the background perturbations to result from a given
number of e-folds of modes.

We also note that the Taylor-type expansion of £ in terms of 1 and g, which we have used
here, may not give an accurate result for the constraints. It was shown in a previous paper (Young
and Byrnes, 2013) that higher orders terms can have a significant effect, and care should therefore

be taken to ensure that results are valid when calculating constraints for a specific model.
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SIGNATURES OF NON-GAUSSIANITY IN THE ISOCURVATURE MODES OF

PRIMORDIAL BLACK HOLE DARK MATTER

Sam Young, Christian T. Byrnes
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UK

Primordial black holes (PBHs) are black holes that may have formed very early on during the
radiation dominated era in the early universe. We present here a method by which the large-scale
perturbations in the density of primordial black holes may be used to place tight constraints on non-
Gaussianity if PBHs account for dark matter (DM). The presence of local-type non-Gaussianity is
known to have a significant effect on the abundance of primordial black holes, and modal coupling
from the observed CMB scale modes can significantly alter the number density of PBHs that
form within different regions of the universe, which appear as DM isocurvature modes. Using
the recent Planck constraints on isocurvature perturbations, we show that PBHs are excluded as
DM candidates for even very small local-type non-Gaussianity, | fxr| ~ 0.001 and remarkably the
constraint on g is almost as strong. Even small non-Gaussianity is excluded if DM is composed
of PBHs. If local non-Gaussianity is ever detected on CMB scales, the constraints on the fraction
of the universe collapsing into PBHs (which are massive enough to have not yet evaporated) will

become much tighter.
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5.1 INTRODUCTION

Primordial black holes (PBHs) are black holes that theoretical arguments suggest might have formed
from the direct gravitational collapse of large density perturbations very shortly after the end of
inflation. PBHs may theoretically form with any mass, although their abundance is typically well
constrained by observations. Whilst PBHs with mass lower than 10'°g would have evaporated by
today (with the possible exception of Planck mass relics), more massive PBHs would still survive,
and represent a viable dark matter (DM) candidate.

Many efforts have been made to observe PBHs, and whilst they have not yet been seen, this
has led to many corresponding constraints on their abundance in different mass ranges (Carr et al.,
2010). The constraints typically assume that PBHs form at a single mass scale and are stated in
terms of the mass fraction of the universe going into PBHs at the time of formation, 8. There
exists only a narrow window in which PBHs of a single mass could make up the entirety of DM,
with other scales being excluded by observations. It is noted that there has been a recent claim that
the tidal capture of PBHs by neutron stars could be used to exclude the remaining window (apart
from Planck mass remnants) (Pani and Loeb, 2014), but this has been refuted in Capela, Pshirkov
and Tinyakov (2014) and Defillon et al. (2014). The results presented here can also be applied if
DM is composed of smaller PBHs which have all but evaporated by today leaving Planck mass
remnants which may make up DM (Carr, Gilbert and Lidsey, 1994). Whilst this mass range is not
explicitly considered, it is certainly not ruled out by observations, and the results presented here
are almost independent of the PBH mass.

In order for a significant number of PBHs to form, the power spectrum on small scales needs
to be significantly larger than observed in the CMB - of order 1072 in the case of Gaussian
perturbations. This is possible in many models of inflation, including the running mass model
(Drees and Erfani, 2011), axion inflation (Bugaev and Klimai, 2014), a waterfall transition during
hybrid inflation (Bugaev and Klimai, 2012; Lyth, 2012; Halpern et al., 2015), from passive density
fluctuations (Lin and Ng, 2013), or in inflationary models with small field excursions but which are
tuned to produce a large tensor-to-scalar ratio on large scales (Hotchkiss, Mazumdar and Nadathur,
2012). See also Linde, Mooij and Pajer (2013), Torres-Lomas et al. (2014) and Suyama, Wu and
Yokoyama (2014), and a summary of various models which can produce PBHs is presented in
Green (2014). Alternatively, the constraint on the formation criteria can be relaxed during a phase
transition in the early universe, causing PBHs to form preferentially at that mass scale (Jedamzik
and Niemeyer, 1999) - although such an effect will not be considered here.

PBHs have traditionally been used to investigate the early universe by placing a constraint on
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the small-scale power spectrum from the corresponding constraint on their abundance (Green and
Liddle, 1997; Josan, Green and Malik, 2009; Shandera et al., 2013). In this paper, large-scale
fluctuations in the PBH density caused by local-type non-Gaussianity are considered. If DM is
composed entirely, or partially, of PBHs, these perturbations will be seen as isocurvature modes
in cold dark matter (CDM) - upon which there are tight constraints from the recent Planck data
release (Ade et al., 2015¢).

The isocurvature perturbations are formed in a highly non-linear manner in this model. PBHs
form shortly after horizon reentry during radiation domination, with an energy density exponentially
sensitive to the amplitude of the power spectrum. Observational constraints imply that at most one
region in a million collapsed into a PBH so the large-scale radiation density is almost unaffected,
but if PBHs form DM then the amplitude of the DM perturbation is extremely sensitive to the modal
coupling. Using this mechanism, CDM (with zero pressure) is formed in a universe which could
have previously have been made up entirely of radiation and hence had no isocurvature perturbation
prior to PBH formation. Such an effect is impossible within linear perturbation theory (Wands
et al., 2002).

In a previous paper, the peak-background split was used to investigate the effect of modal
coupling on the constraints that can be placed on the small-scale power spectrum (Young and
Byrnes, 2015). In this paper we use the same mechanism to investigate the extent to which modal
coupling produces CDM isocurvature modes and discuss the implications of such an effect. Even
if the initial conditions are adiabatic, which has been shown to be the case in single-field inflation,
if there is modal coupling then the conversion of radiation into CDM (by collapse into PBHs) can
have different efficiencies in different regions of the universe, which introduces isocurvature modes
in the CMD after inflation has ended.

Even single-field inflation generates a small value of fn; with magnitude comparable to the
spectral index (Maldacena, 2003) - which apparently could therefore rule out single-field inflation
as a mechanism to create PBH DM. However, it has been argued that this is a result of gauge choice
(Pajer, Schmidt and Zaldarriaga, 2013; Tanaka and Urakawa, 2011), and that for our purposes the
effective fyr = 0 in single-field inflation. It is therefore assumed in this paper that fx; can be
arbitrarily close to zero.

Throughout, we will assume fn to be scale invariant whilst the power spectrum becomes
several orders of magnitude larger at small-scales - which is likely to be unrealistic given a specific
model. However, this is a conservative approach, because if | f 1| were to become larger at some
small scale, it would not weaken the constraints derived here, but would be likely to strengthen

them. Even if the bispectrum was exactly zero when all three modes have sub CMB scales, the
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modal coupling between the CMB and PBH scales would still effect the amplitude of the power
spectrum on PBH scales and the constraints which we derive would not be significantly weakened.
In such a case, the perturbations within a region smaller than we can probe on the CMB would be
Gaussian, but the variance would vary between different patches, in a way completely correlated
to the long wavelength perturbation.

Shortly prior to the release of this paper, Tada and Yokoyama (2015) released a paper discussing
a similar effect and the use of PBHs as biased tracers. We confirm their results and extend
the calculation to account for the non-Gaussianity parameter gy as well as fy, the effect
of intermediate modes (between the CMB- and PBH-scales), and make use of the more recent
results from the Planck 2015 data release. Because all surviving PBHs necessarily behave as at
least a subdominant DM component today, we also show how the allowed fraction of PBHs can be
constrained more tightly than previously realised, under the presence of even small non-Gaussianity.

The layout of this paper is as follows: in section 2, the calculation of the PBH abundance,
in both the Gaussian and non-Gaussian case, is reviewed. In section 3, modal coupling and how
the peak-background split may be used to investigate its effects on PBH abundance is discussed.
In section 4, the calculation is applied to the formation of CDM isocurvature modes and place
constraints on the non-Gaussianity parameters in the case of PBH DM, and the calculation is
extended to include simultaneous fp; and gy, intermediate modes, and the case where PBHs

only make up a portion of the DM. We conclude with a summary of our arguments in section 6.

5.2 CALCULATING THE ABUNDANCE OF PRIMORDIAL BLACK HOLES

The abundance of PBHs is normally stated in terms of §: the energy fraction of the universe
going into PBHs at the time of formation. The standard calculation used in the literature uses
a Press-Schechter approach, although it has been shown that, for a Gaussian distribution, this
matches well when the theory of peaks is used. It has been argued that the density contrast, rather
than the curvature perturbation, should be used - although an approximation using the curvature
perturbation works very well if care is taken to exclude super-horizon modes from the calculation,
and this simplifies the calculation greatly. In this section, we will briefly review the calculation, as
well as the main sources of error, for both Gaussian and non-Gaussian cases.

When a perturbation reenters the horizon, if its amplitude exceeds a certain threshold, or
critical, value, then gravitational forces will overcome pressure forces and the region will collapse

to form a primordial black hole. There has been extensive research to calculate the threshold value
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(Niemeyer and Jedamzik, 1999; Hawke and Stewart, 2002; Musco, Miller and Rezzolla, 2005;
Musco, Miller and Polnarev, 2009; Harada, Yoo and Kohri, 2013; Nakama et al., 2014), which
is typically stated in terms of the density contrast. The critical value of the density perturbation
is believed to be 6, =~ 0.45. However, in this paper the curvature perturbation is used, and the
corresponding critical value is {, ~ 1 - within the range found by Shibata and Sasaki (1999), and
is consistent with using the density contrast (Young, Byrnes and Sasaki, 2014).

The main source of uncertainty in the critical value is due to the unknown shape of primordial
perturbations - and this is the largest source of error in the calculation of the abundance. However,
whilst the effect on the calculated value of the abundance is large, the effect of this uncertainty on
derived parameters is relatively small. For example, an error of O(10%) in the threshold value
results in an error of several orders of magnitude in the calculated S but only an error of O(10%)
in the constraint on the power spectrum (Byrnes, Copeland and Green, 2012; Young and Byrnes,
2013). In this paper, because our results depend only on the relative abundance of PBHs in different
regions of the universe, the conclusions are not sensitive to small changes in the threshold value.

Using a Press-Schechter approach, the mass fraction of the universe going into PBHs at the

time of formation is given by integrating over the probability density function (PDF),
p= [ P 5.1
Le

In the case of a Gaussian distribution, the probability density function is

¢
> exp (—r‘_z) , (52)

Where o2 is the variance of perturbation amplitude at the PBH forming scale. 3 can therefore be

P() =

2no

written in terms of the complimentary error,

e
B = erfc ( ) . (5.3)
V202
Expanding using the large-x limit of erfc(x), gives
202 ;2
Ral— -==. 54
b\ e (55 G4

This is valid only if the distribution is Gaussian, and because PBHs form in the extreme positive

tail of the PDF, their abundance is very sensitive to any non-Gaussianity, which we discuss below.

5.2.1 CALCULATING THE ABUNDANCE OF PBHS IN THE PRESENCE OF NON-GAUSSIANITY

In the local model of non-Gaussianity, the curvature perturbation is given by

3 9
{=lo+ 3 (86 07) + 5eanile + = h (o), (5.5)
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where o2 is the variance of the Gaussian variable /¢, and is subtracted to ensure the expectation
value of ¢ is zero.

The calculation of the abundance of PBHs is most easily performed by calculating the values
of {g which correspond the critical value, {., and integrating over the corresponding regions of
the Gaussian PDF of { - the reader is directed to Byrnes, Copeland and Green (2012) and Young
and Byrnes (2013) for a full derivation. For example, let us consider the case where gy and

higher-order terms are zero:
3
{=+3ne (86 -07) =h(la). (5.6)

h~'(Z.) therefore has two solutions, given by

5+ \/25 + 604 fnr + 362213, 0

h_.l :hzl c) = 37
=) L oD
For positive fyr
o hzl
2 22 &
B = — fexp(—r‘_z)déc+fexp(—r‘_2 dic |, (5.8)
-1 —00
and for negative fyr
hzl
[2 &
= — -—=|d
B no? f exp( 20'2) {a
hel
c (5.9)
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71'0'2 f eXp ( 20_2> (G exXp 20_2 gG
t hel
Furthermore, if we make the assumption that fny is small, fy; < 1, which we will show is
justified in the case that DM is composed of PBHs (and is further verified by the findings of Tada
and Yokoyama (2015)), the above expressions can be simplified further. In the expression of S for

positive and negative fnp, the first term inside the brackets dominates, and 8 can be written in

terms of one complimentary error function,

2 [ 2
p \/ﬁfﬁxp(‘rﬁz)%
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Deriving an analytic expression as shown here is not a necessary step, but it is a useful approxima-
tion, and we will later use this result to derive an analytic expression for bias factor and amplitude
of isocurvature modes in the PBH density.

Although it is not shown here, the same calculation can be performed for the local model of
non-Gaussianity containing gy - the interested reader is again directed to Byrnes, Copeland and
Green (2012) and Young and Byrnes (2013) for a full discussion of the calculation. In the case

where only a cubic and linear term are considered

9
{={c+ Egm% = h({G), (5.11)

then 4~1(£.) has up to three possible solutions, depending on the value of g and .. However,
assuming that gn ¢ is small, gn; < 1, which again will be shown later, the expression is dominated
by one erfc function as in equation (5.10), with a different expression for 471 (£.). To first order in
ENL

93gnL

Wwl=y¢. - ) 5.12
c =4 s (5.12)

5.3 MODAL COUPLING AND THE PEAK-BACKGROUND SPLIT

It has previously been shown (Young, Byrnes and Sasaki, 2014) that curvature perturbation modes
which are a long way outside the horizon at the time of PBH formation have little effect on whether
a PBH forms. This is due to the suppression of large-scale density modes by a factor k relative to

the curvature perturbation. In radiation domination:

Sk = 2(1+w)( k

2 4 k 2
5+ 3w ﬁ) ak):§(ﬁ) o e

where w = 1/3 is the equation of state, and (aH )~ is the horizon scale at the time of PBH
formation. However, long wavelength modes can have an indirect effect on the abundance of
PBHs, 3, due to modal coupling from non-Gaussianity. A long wavelength mode can affect both
the amplitude and distribution of the small-scale perturbations which may form PBHs. In figure
5.1, we show how the coupling of long- and short-wavelength modes can affect the number of
PBHs forming in different regions of the universe. At the peak of the long wavelength mode, the
amplitude of the small-scale mode is increased, forming more PBHs, whilst the opposite occurs at
the trough.

How modal coupling can affect the constraints on the power spectrum at small scales from

PBHs has been investigated (Young and Byrnes, 2015), although it was assumed that all the modes
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(b) Subtraction of the long-wavelength mode

Figure 5.1: The top plot shows an example of a universe containing only two modes. As an example of modal coupling, the amp-
litude of the short wavelength mode is a function of the long wavelength mode - the amplitude of the short-wavelngth
mode is larger at the peak of the long-wavelength mode. At the time when short-wavelength mode enters the horizon,
and PBHs at that scale form, the long-wavelength mode is not yet visible and will not affect whether a PBH forms or
not. The bottom plot shows the same universe, but with the long wavelength mode subtracted, enabling £ to be used a
formation criterion for PBHs. The dashed red line shows the formation threshold for PBHs - regions where the curvature
perturbation is greater than the formation threshold will collapse to form a PBH. The black circles represent areas which
will collapse to form a PBH. It can be seen that a relatively small change in the amplitude of the small-scale mode can

have a large impact on the number of PBHs forming in a region.

involved were sub-CMB and potentially had a large amplitude. In this paper, we will go beyond
previous work and study the case where the large-scale modes are observable in the CMB and
hence very small. Despite the their small amplitude, we show that these perturbations have a
remarkably large effect on observations. In this section, we will briefly review the calculation
using the peak-background split to investigate modal coupling due to the local non-Gaussianity
parameters fy and gy, and in the following section, apply this to the abundance of PBHs and

the creation of isocurvature modes.

5.3.1 QUADRATIC NON-GAUSSIANITY, fNTL

We will take the model of local non-Gaussianity, in terms of the curvature perturbation ¢, to be

described by
3
=4 +5Ine (86— 07) = h(o), (5.14)
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where {¢ is a Gaussian variable. It is necessary to subtract o? = s é) so that the background
(average) value of ¢ remains zero. We will now employ the peak-background split, and write the

Gaussian component as the sum of a long-(background) and short-(peak) wavelength component,

{6 =a+s. (5.15)

Equation (5.14) then becomes:

3
{= G+ 80+ Sfve (G + 80P =@+ 7). (5.16)

However, terms which depend only on the long-wavelength mode do not affect PBH formation,
and should not be considered when determining the abundance of PBHs. We therefore subtract

those terms, leaving:
6 3.0
£ = (1+§fNL§1)§S+§({S—US). (5.17)

We can now rewrite the expression in terms of new variables, {g, & and fnr,, and calculate the

abundance of PBHs S as described in section 2, as a function of the long wavelength mode, ;.
5 6
{o = |1+ 3s/nedi) s
. 6
o= (1 + ngLg“z) T, (5.18)
8 6 -2
INL = (1 + ngL(l) INL-
Equation (5.17) can then be written in a form analogous to equation (5.14),
I L
{=lc+2ine (85 -07) = o). (5.19)

Therefore, both the amplitude and distribution of the small-scale perturbations are affected. In
order to calculate the abundance of PBHs, the variables in equation (5.18) can then be inserted into

equation (5.10).

5.3.2 Cusic NON-GAUSSIANITY, N T

Here, we will follow the same steps as for fx 1., to show how the presence of a cubic term causes

modal coupling. For this section, we will assume fx, = 0, and { to be given by

9
{=0c+ géWL(é;- (5.20)

Again, using the peak-background split, one obtains:

27 27 9
¢ = (1 + ggNLQZ) I+ (ggNLéz) {E+ (2—5gNL) o+ow. (5.21)
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Figure 5.2: An example of a power spectrum containing a narrow peak. N represents number of e-folds, with smaller scales rep-
resented by larger N. The power spectrum is small on most scales with a spectral index of ng = 0.96, compatible
with observations of the cosmic microwave background (CMB) and large scale structure (LSS). The narrow peak in the

power spectrum corresponds to the scale at which will PBHs form.

where again, the terms dependent only on {; are neglected because they don’t have a significant
effect on PBH formation. The above expression can then be rewritten in terms of new variables

lG. 7, fnr and gy, given by

S
G = +ggNL§1 Lss

25
9 o7 - (5.22)
(9 1LY 5
SNL (SgNLfl) ( + 258NL§Z) ,
SNL = 142 A
gNL = 8gNL 258NL§1 .
Equation (5.20) can then be rewritten as
~ 3 2 ~2 9 ~ ~3
(=lc+5ine (8- 07) + 5aned (5.23)

An expression for the abundance of PBHs in a given region of the universe, /3, can then be derived
as shown in section 2.

In this section, it has been shown that long wavelength modes can affect the amplitude of local
small-scale perturbations and the non-Gaussianity parameters, and in the next section the effect of

this on the abundance of PBHs within a given region will be discussed.

5.4 THE ISOCURVATURE MODES OF PRIMORDIAL BLACK HOLE DARK MATTER ON CMB sCcALES

The abundance of PBHs in a region of the universe can be affected significantly by large-scale

curvature perturbation modes in different regions of the universe. If PBHs make up DM, then
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these differences in the abundance of PBHs will appear as fluctuations in the density of DM. In the
presence of local-type non-Gaussianity, the fluctuations in the DM can be significantly greater than
the curvature perturbations responsible for producing them - and tight constraints can therefore be
placed on the non-Gaussianity parameters if this is the case from the isocurvature constraints from
Planck.
We will define the difference in the abundance of PBHs at the time of formation, dg, as
_B-8
7

where 8 and 8 are the perturbed and background values of the PBH abundance at the time of

Sg (5.24)

formation respectively. If the large-scale curvature perturbation J is small, it can be related to ég

by a constant factor b (referred to the scale dependent bias in Tada and Yokoyama (2015)),
0p = b{;, (5.25)

where b is a function of the non-Gaussianity parameters, the variance of the small-scale perturba-
tions and the critical value for PBH formation £.. The factor b therefore parameterizes the bias of
PBHs to form in the presence of large-scale curvature perturbations.

In this section, we will consider the case where the power spectrum is very small on all scales,
except for a narrow region where there is a sharp spike - which is responsible for the production
of PBHs of a mass corresponding to this scale!. An example of such a power spectrum is given in
figure 5.2. We therefore ignore in this section the presence of perturbations of intermediate scales,
but extend the calculation in the following section to account for when there is a broad peak in the
power spectrum.

The abundance of PBHs at a later time on a comoving slicing will be affected by difference in
their density at the time of formation, as well as by the difference in expansion since the time of
formation - in denser regions of the universe, inflation ends and PBHs form slightly later, so even
if the PBH density is constant at the time of formation, the density will not be constant. To first

order in ¢, the density of PBHs can be expressed as
Qppn = (1+b{ +30) Qppw, (5.26)

where the 3£ term is simply the adiabatic mode expected from the expansion of the universe, and
Qppp is the background density of PBHs. The b term therefore represents a deviation from the
expected amplitude of the mode if it was purely adiabatic - it is an isocurvature mode, which will

either be fully correlated, or fully anti-correlated depending on the sign of f . If PBHs make up a

I'The mass of a PBH is roughly equal to the horizon mass at the time of formation. See Young, Byrnes and Sasaki

(2014) for further discussion.
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significant fraction of the DM content of the universe, the constraints on isocurvature modes from
Planck can then be used to constrain b - and therefore constrain the non-Gaussianity parameters?.
For simplicity in this paper, except section 5.2, we will assume that DM is entirely composed of
PBHs, and calculate corresponding constraints on the non-Gaussianity parameters fyr and gypr.
On CMB scales, the constraints from Planck on isocurvature modes can be used (Ade et al., 2015¢)

0.13 , fully correlated
100850 = (5.27)

0.08 , fully anti-correlated,

where
Pi so
Pi sot P{

The fully correlated modes correspond to positive b, whilst fully anti-correlated corresponds to

Biso = (528)

negative b (and positive/negative fy . and gn respectively). The isocurvature power spectrum is

related to the curvature perturbation power spectrum as
Piso = BP, (5.29)
and we therefore obtain constraints on b as
—-0.028 < b < 0.036. (5.30)

This result will now be used to derive a result on the non-Gaussianity parameters.

5.4.1 ISOCURVATURE MODES FROM [y,

In section 2, an expression for the abundance of PBHs at the time of formation 3, was derived in
terms of the non-Gaussianity parameter fyy, the variance of the Gaussian component3 o2, and
the critical value for collapse /.. - equation (5.10), with 2~! given by equation (5.7). However, this
calculation assumes there is no coupling to large-scale modes (and is equivalent to the background

value, f3, if large-scale perturbations are small - as is the case here). In section 3 it was shown how

2Note that the reverse is also true - for a given value of the non-Gaussianity parameters, an upper limit can be placed

on the amount of DM which is made of PBHs
30 is related to the power spectrum as follows (Byrnes et al., 2007)

2 4
Pr =02+ (%) (4fX L +6gnL) ot In(kL) + (g) (27g3 ) o°In(kL)?, (5.31)

where the higher-order terms from g 1 have also been included, and In(k L) is a factor of around unity. Note that, since
the non-Gaussianity parameters are found to be very small, the higher-order terms will not have a significant impact,

and to a good approximation $y = o2,



105
SIGNATURES OF NON-GAUSSIANITY IN THE ISOCURVATURE MODES OF PRIMORDIAL BLACK HOLE
DARK MATTER

to account for the presence of a large-scale modes - namely, by using the transformed variables
fwr and & instead, given by equation (5.18) - which calculates the perturbed abundance .

By combing equations (5.7), (5.8), (5.9), (5.18) and (5.24), it is possible to derive an expression
for 0 in terms of fx 1, o (Where the s subscript has been adopted to denote the small PBH scale),

and the critical value {.. Expanding the expression to first order in { gives the result

25 +30Zc fvr, + 363,07 = 5325 + 60Lc f + 363,03
Sp =

I8 (5.32)
3 fNLag\/zs + 604 fnr +36f2, 02

and therefore b is given by

25+304c fnL + 365,02, - 5\/25 +600c fnL +36f%, 0%
b= , (5.33)

3 fNLag\/zs +60Lc fyr +36f%, 02

or to first order in fn

2
b= §(1+§—L) fNL- (534)

5 o'%
As expected, a positive fnr, which boosts the power spectrum on small scales in areas of higher
density, produces a positive bias, and fully correlated isocurvature modes in PBH DM*“. Negative
fn 1 has the opposite effect, and produces fully anti-correlated isocurvature modes.
In order to investigate the constraints on the non-Gaussianity parameters, it is necessary to
estimate values for the other parameters involved, and how these would affect the constraints. The

variance of the small-scale perturbations and the critical value.

* First, {. is considered: there is significant error in the exact value of the threshold value,
due to uncertainty in the shape of the primordial perturbation which collapse to form PBHs.
Most recent simulations have calculated the critical value in terms of the density contrast,
finding 6. =~ 0.4. This is consistent with the calculation here if the critical value of the
curvature perturbation is related by a factor g, meaning {. ~ 1, which is consistent with
the range of values found in Shibata and Sasaki (1999). Figure 5.3 shows how the factor b

depends on the critical value for different values of fn .

 To calculate o, it is necessary to first calculate the value of 3 for which PBHs are otherwise
unconstrained by observations and could be DM. The range of mass scales in which PBHs

can form a significant fraction of DM is roughly 10'7g < Mppy < 10**g (Carr et al., 2010).

4The second expression for b corresponds to equation (14) in Tada and Yokoyama (2015). The more complicated
expression, equation (5.33), is because a Gaussian distribution on small scales has not been assumed. The differences

between the 2 calculations are discussed in Appendix B.
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Figure 5.3: The plots above show the effects of a different threshold £ on the PBH bias b arising from an f 1, term. A larger
value of . suggests a larger bias factor. The left plot shows the effect for negative fjv 1, and the right plot for positive
fn L. The dotted black lines represent the constrains on b from the constraints on isocurvature modes from Planck.
Ifnr| =8 x 1074 is typically excluded whilst |fn 1 | = 4 x 1074 is typically allowed. To generate these plots the value

o = 0.15 has been used.

The constraint on 8 from the abundance of DM in this range are given by (Josan, Green and
Malik, 2009)

1/2
M
PBH ) , (5.35)
g

fm5 X% 1014

where fjs is the fraction of the horizon mass which ends up inside the PBH>, and Mpgpy

ﬁ<2x1¢”(

is the mass of the PBH. Assuming DM to be made up entirely of PBHs of a single mass
scale within this range, 3 can therefore range from g < 107'% to g < 107!, Assuming
the most optimistic and pessimistic values for 8 and ., o is calculated to lie in the range
0.1 < oy < 0.2 for close to Gaussian perturbations (Byrnes, Copeland and Green, 2012).

Figure 5.4 displays how b changes with o.

Smaller values of the variance of the small-scale perturbations, o2, would lead to tighter
constraints on fnr, whilst a smaller critical value . leads to tighter constraints on fn. Because
a larger value of £, implies a larger value of o, these effects virtually cancel out - and the results
presented below are therefore not sensitive to uncertainty in ..

Assuming PBH form at a single mass scale, the weakest constraint on fpj; comes from
considering the mass of the largest PBHs which could make up DM, which is taken to be Mpgy =

10%°g, for which 8 ~ 10~!4. If DM is made entirely of PBHs, the constraints on fy, are therefore
—4x107* < fnrL <5x 1074 (5.36)

The results are not significantly different for PBHs of different mass. For example, for Mppy =

10%°g the constraints on fy . are

—3%x107* < fyr <4 x 1074 (5.37)

5 fp is a factor of order unity, which is neglected as it has very little effect on the calculated value of o.
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Figure 5.4: The effects of a different o~ on the PBH bias b arising from an f 1, term are investigated. A larger value of o~ suggests
a smaller bias factor. The left plot shows the effect for negative f 1. and the right plot for positive far.. The dotted
black lines represent the constrains on b from the constraints on isocurvature modes from Planck. |fnr.| =7 % 1074 is

typically excluded whilst |fa 7. | = 4 x 10~* is typically allowed. To generate these plots the value ¢ = 1 has been used.
5.4.2 ISOCURVATURE MODES FROM gnNTL

In addition to fxr, it is interesting to consider isocurvature modes arising from gx; and place
constraints, or whether the effects of modal coupling from g could cancel the effects from fn .
The effect of higher-order terms are beyond the scope of this paper.

The same derivation can be followed as that for fx, leading to an expression for b to first

order in gy
27(02-22) (02 +22)
25034

Again, as expected, positive g1, corresponds to fully correlated isocurvature modes, and negative

b=- 8NL- (5.38)

gn L corresponds to fully anti-correlated isocurvature modes. The PBH bias factor b is again a
function of the non-Gaussianity parameter gy ., the variance of the small-scale perturbations o2,
and the formation threshold .. The dependence of b on {. and o is shown in figures 5.5 and 5.6
respectively.

We see again that smaller values of o5 would lead to tighter constraints on gy, whilst a
smaller . leads to tighter constraints on gn . However, unlike the case with fn, the constraint
which can be placed on g ;. depends on the value of £, although only by a factor of O(10%). The
results presented below are the weakest constraints, corresponding to a low formation threshold,
for PBHs of mass 10%°g

—6x 107 < gnp <7x 1074, (5.39)

Notice that these constraints are very comparable to those on fx ., see (5.37). The fyr term has
an effect of O(107>) on the small-scale power spectrum, whilst the gz term only has an effect

of O(10719), and therefore, naively, the constraints on gx; would be expected to be roughly 5
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Figure 5.5: The plot above show the effects of a different threshold . on the PBH bias b arising from a g 1. term. A larger value
of £ suggests a larger bias factor. As the expression for b, equation (5.38), is anti-symmetric under a change of sign of
gN L, the results for negative and positive g 1. are shown on one plot - but with different constraints on the amplitude
of |b|, represented by the dotted black lines. |[gnr.| = 8 X 107%is typically excluded whilst |gn 7| = 4 X 1074 is

typically allowed. To generate these plots the value o~ = 0.15 has been used.

orders of magnitude weaker than f . However, a gn . term also has an effect on the small-scale
fN L, as seen in equation (5.22), of O(107?), and because the abundance of PBHs is extremely
sensitive to non-Gaussianity, this causes significant isocurvature modes in the PBH DM. In the
case where {; = 107 and gNL = 1073, then fNL ~ 1078, Such a small fNL nonetheless creates a
perturbation in the PBH density of O(107%), which represents an isocurvature mode of around 10%
of { - which is excluded by Planck. Because the abundance of PBHs g is sensitive to higher-order
non-Gaussianity parameters (Young and Byrnes, 2013), isocurvature modes are expected to rule
out significant non-Gaussianity at higher orders as well - although a quantitative calculation is
beyond the scope of this paper. Higher-order non-Gaussianity parameters are considered briefly in

section 5.5.

5.5 FURTHER CONSIDERATION OF CONSTRAINTS FROM ISOCURVATURE MODES

In section 5.4, constraints were placed separately on fi ;. and gy separately, assuming that DM
was entirely composed of primordial black holes. In this section, the calculation is extended to

account for more general models.
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Figure 5.6: This plot shows the effects of a different o~ on the PBH bias b arising from a g 1. term. A smaller value of o~ suggests
a larger bias factor. As the expression for b, equation (5.38), is anti-symmetric under a change of sign of g, the
results for negative and positive g 7. are shown on one plot - but with different constraints on the amplitude of |b |,
represented by the dotted black lines. |gnr.| = 7 x 107 is typically excluded whilst |gn 7| = 4 x 107 is typically
allowed. To generate these plots the value ¢ = 1 has been used. This range of o is used because it is approximately the
range of values required to generate the correct number of PBHs to form DM (assuming that perturbations are close to

Gaussian).

5.5.1 ISOCURVATURE MODES FROM fx1 AND gNL.

The presence of non-zero non-Gaussianity parameters has been shown to create significant iso-
curvature modes, which has led to very tight constraints on these parameters under the assumption
that DM is composed entirely of PBHs. The calculation is now extended to account for non-zero
fni and gy simultaneously - for example, it is possible that the effect of a large positive fnr
and large negative gn, can cancel out, leaving a very small isocurvature mode.

Because the non-Gaussianity parameters may now become quite large, the full numeric calcu-
lation for the PBH abundance is used to derive a value for the PBH bias b, for example by using
equations (5.8) or (5.9) rather than the much simpler equation (5.10).

Figure 5.7 shows the values of gx . that are permitted for different values of fx ;. for PBHs of
mass Mpgy = 10% g. Whilst large values of fn and gn 1. are allowed, there needs to be significant
fine tuning to ensure that the resultant isocurvature modes are not excluded by the Planck results
- gy needs to have the correct value to O(0.1%). We note that there is some uncertainty in
the value of gn required for a given fn; due to the uncertainty in the formation threshold ¢, -
although this does not affect the conclusion that large non-Gaussianity parameters are not allowed
unless very very finely tuned. This conclusion is expected to remain true for higher-order terms

(Young and Byrnes, 2013).
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Figure 5.7: The constraints on simultaneous fxv 7, and g1, are displayed. The right plot simply displays the central region of the
plot on the left. The solid lines represent an upper limit from fully correlated isocurvature modes, whilst the dotted lines
represent a lower limit from fully anti-correlated isocurvature modes. There is some uncertainty in the value of gn 1,
given a value of f 1, due to uncertainty in the critical value . - the blue lines are obtained using . = 0.8, and the red
lines are obtained using ¢ = 1.2. It can nonetheless be seen that large fa 1, or g n . are excluded unless very finely

tuned. The shaded regions between the lines can be considered as 2o~ contour plots from the Planck constraints.

5.5.2 FRACTIONAL PRIMORDIAL BLACK HOLE DARK MATTER

So far, it has been assumed that DM is made entirely of PBHs. The calculation is now extended to
account for the fact that PBHs may only make up a small fraction of DM, and this is parameterized

by rppH, the ratio of PBH density to DM density.

Q
rpBH = % (5.40)
DM
In this case, the density of DM is described by
Qpm = (1 +rpeubl +30) Qpu, (5.41)

and the relative amplitude of the isocurvature modes is now given by rp gy b. Therefore, from the

Planck constraints on isocurvature modes instead give constraints on the factor rppg b,
—0.028 < rppgb < 0.036. (5.42)

The constraints which can be placed on the non-Gaussianity parameters therefore depend upon
the PBH DM fraction, rppy. Figure 5.8 shows the allowed values of fnr, gnr and rpgpy if the

PBH mass is Mpgy = 1025g.

e Large rppy: if PBHs make up a large fraction of DM then very tight constraints can be

placed on the non-Gaussianity parameters, fxz, gnz < O(1072).

e Small rppg: if PBHs make up a small fraction of DM, rppy < 0.1, then the constraints on

S~ and gy weaken significantly. However, the non-Gaussianity parameters only become
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Figure 5.8: In the case where PBHs only make up a small fraction of the DM content of the universe, parameterized by rppH,
the constraints on f 7, and gy, can become significantly weaker. This is due to the fact a large isocurvature mode

in the PBH density would only translate into a small isocurvature mode in the DM density. The plots above show the
allowed values of fyr, and g, for different values of r p g r. Whilst the plots show the constraints for PBHs of mass

MppH = 1025g, the constraints are not very sensitive to the PBH mass.

largerthan 1 if rppy < O(1073). In the case where rpgg is very small, the non-Gaussianity
parameters can become large and it is crucial to account for the effect of a non-Gaussian

distribution on the PBH forming scale, as done in this paper - as seen by the strong asymmetry

for positive and negative fnr.

Asrppy becomes very small, f 1 can become large and positive, but is still strongly restricted
to not be large and negative. This is partly due to the fine tuning of the small-scale power spectrum
necessary to produce a small but not too large number of PBHs when f, is negative - even a very
small amount of modal coupling can mean that this fine tuning is disrupted in different regions
of the universe, causing large amounts of variation in the number density of PBHs forming. This
effect is not seen unless the non-Gaussian distribution on small scales is accounted for. For gy ,
the constraints do not depend much on the sign of gnr, and the small difference is due almost

entirely to the difference in constraints from Planck on fully, or fully anti-, correlated modes.

5.5.3 INTERMEDIATE MODES

The intermediate scales in between the large scales visible in the CMB and the small scale at which
PBHs form have so far been ignored. This is a valid approximation if the power spectrum is small at
all scales except for a narrow peak at the PBH forming scale, as in figure 5.2. However, this may not
be the case if, for example, the power spectrum has a broad peak, as seen in figure 5.9, or becomes
blue at small scales. In this case, the abundance of PBHs, as well as the amplitude of isocurvature

modes, can be significantly affected by the presence of perturbations on these intermediate modes.
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Figure 5.9: An example of a power spectrum containing a broad peak. In this paper, there are 3 difference scales: the large "back-
ground" scales visible in the CMB, the small "peak” PBH forming scale (the exact scale of which depends on the mass
PBH being considered), and the intermediate scales between the background and the peak. In such a case, the intermedi-

ate modes can have an effect on the PBH bias.

If the power spectrum of the intermediate modes is not small, they will have a significant effect
on the number of PBHs that form, as well as the isocurvature modes visible in PBH DM. This will
be investigated in a similar to the peak-background split, and the curvature perturbation is split into

short, intermediate, and long components:

(g =4+ 4+ 4. (5.43)

The mass fraction of a given region of the universe going into PBHs is then calculated as before,

as a function of £; and ¢, in addition to fnr, gnL, 05 and £,

B =B ). (5.44)

However, the intermediate modes are too small scale to be observed in the CMB, and should

therefore be averaged over:

ﬁ(é“z)=fﬁ~(§i,§z)P(§i)d{i, (5.45)

where £ is the value of S in different (intermediate-scale) regions of the universe, and P(¢;) is the
probability density function of £;, and is given by:

2

1 g
P(Z) = ————exp|——1 ], 5.46

In principle, (£ l.2>, can be obtained by integrating the power spectrum over the relevant range
of scales. However, since this is unknown and model dependent, it is parameterized here by r;,,;,

the ratio of the variance of intermediate modes (¢ i2> to the variance of the short modes 0'§

2
Fint = @i;. (5.47)

N
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Figure 5.10: The effect of intermediate modes on the PBH bias b is displayed for Mpgg = 1023g. The variance of the interme-

2

diate modes is parameterized by r;5, the ratio of ({7, ,) to o-%. The effect is negligible unless r;,; becomes large, in

which case the PBH bias arising from an fy7, term becomes significantly smaller, although has little effect for gn/r..

The value of (£ i2> can become larger than o2 due to the fact that many scales can contribute to
i, but only one scale contributes to {s. (¢ i2> is calculated by integrating the power spectrum over

the range of scales considered to be intermediate

kmax
dk
2y = f Lk (5.48)

kmin
and can become large if the power spectrum is large over a significant range of this integration.

In contrast, the PBH scale perturbations {; are only composed of perturbations from one scale®.
2

Therefore, ({ l.2> can become significantly larger than o

even though the power spectrum has its
largest value at the PBH scale. However, it is likely that in such a scenario, PBHs of multiple mass
scales would be produced, which is discussed later.

The amplitude of the isocurvature modes therefore depends on the non-Gaussianity parameters,
the small-scale power spectrum 0'3, the formation threshold £, and r;;;. A value for the PBH bias
b is then calculated numerically, figure 5.10 displays b dependent on these variables. The effect of
intermediate modes on the amplitude of isocurvature modes is relatively small for small fx or
gn 1 unless the variance of the intermediate scales is very large. The constraints on fp can be
weakened by a factor O(1), although the constraints on g are not significantly affected.

Note that a model where the power spectrum is large over a broad range of scales would likely
also produce PBHs with a large range of masses, and vice versa. This fact does not affect the

conclusions presented here, as the production of PBHs at all mass scales would be affected by bias

in a similar way. We have shown that intermediate modes can significantly affect the PBH bias,

SFormally, o-f is given by integrating the power spectrum multiplied by a window function. However, provided that
the spectral index is close to 1, or alternatively there is a peak spanning approximately 1 e-fold at the PBH scale, o'% is

approximately equal to the power spectrum at that scale.
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although which modes are considered to be intermediate depends on the scale at which PBHs are
forming, and therefore on the mass of PBHs forming. The exact constraints depend on the form
of the power spectrum, and must therefore be calculated on a model by model basis, which goes

beyond the scope of this paper - although the constraints will not be weaker than fx 7, gnz < 1073

5.5.4 HIGHER-ORDER TERMS

Whilst only the constraints on fx 7 and gy have been calculated here, very tight constraints on
higher-order non-Gaussianity parameters are also expected. In the same way that a gn 1 term has
a small but significant effect on f, equation (5.5), higher-order terms affect the previous term.
Because the mass fraction of the universe forming PBHs is extremely sensitive to non-Gaussianity
parameters at higher orders (Young and Byrnes, 2013), even very small changes to higher-order non-
Gaussianity parameters due to modal coupling creates significant creates significant perturbations
in the PBH density at large scales. As an example, we will consider a 5" order term in local-type
non-Gaussianity:

81 s
{={dc+ @lNLgG- (5.49)

Utilising the peak-background split gives a 4’ order term at small scales, /7, given by
hne =3inLd (5.50)

Inserting {; = 1073 and iyz = 1073 gives hnr ~ 1078, The modulation of the Any. by the long
wavelength mode {; then generates a perturbation in the density of PBHs forming, 65 ~ 107, In
the picture of PBH DM, this results in a fully-correlated isocurvature mode, with a bias factor of
b = 0.1 - which is excluded by Planck. Because it can be shown that high order terms have an effect
on the preceding term which is linear in £, tight constraints are expected on such non-Gaussianity

parameters, only weakening slightly as higher-order terms are considered.

5.6 SUMMARY

The effect of modal coupling under the presence of non-Gaussianity of the local type produces
significant isocurvature modes in the density of PBHs in the early universe. If PBHs make up a
significant fraction of DM, the constraints on isocurvature modes in cold DM from Planck can be

used to constrain the non-Gaussianity parameters - in this paper we have considered fr and gnr



115
SIGNATURES OF NON-GAUSSIANITY IN THE ISOCURVATURE MODES OF PRIMORDIAL BLACK HOLE
DARK MATTER

Using the constraints from Planck on isocurvature modes enables tight constraints to be placed on

Snrp and gy,

Ifnellgnel < 0(107%), (5.51)

unless f 1. and gn 1 have opposite signs and have been extremely finely tuned so that the effect from
each term cancels. Cases where the constraints could become weaker have also been considered: if
the power spectrum is large on scales between those visible in the CMB and the PBH forming scale,
or if DM is only partially composed of PBHs, finding that under these conditions the constraints
weaken very slightly (unless PBHs make up a very tiny fraction of DM). Therefore, the detection
of significant numbers of PBHs would rule out significant local non-Gaussianity, and vice versa.
Our constraints are almost independent of the PBH mass, and can also be applied to Planck mass
relics that may be left behind from the evaporation of small PBHs.

The production of isocurvature modes can therefore be used to constrain PBH forming models
that may otherwise be permitted. For example, we will consider here two models that may be ruled

out as mechanisms to produce PBH DM:

* Hybrid inflation: hybrid inflation typically predicts a non-zero fyy, but there is some
freedom in the exact value. Clesse, Garbrecht and Zhu (2014) predicts fy ~ —1/N., where
N, is the number of e-folds between horizon exit of some pivot scale and the end of horizon.
Inflation is believed to have lasted at least 50— 60 e-folds, which would give fx; = O(107?) -
several orders of magnitude higher than allowed by the constraints presented here. Mulryne,
Orani and Rajantie (2011) predicts that fx; can span a range of values from 1072 to 10° -

the entire range of which would be ruled out as a method of producing PBH DM.

* The curvaton: the amount of non-Gaussianity in the curvaton model depends on the density
parameter, Q,, of the curvaton, y, at the time it decays into radiation: fn; = —5/4 if
Q, = 1 (Sasaki, Valiviita and Wands, 2006). Although higher-order local non-Gaussianity
terms are generated, it is unlikely that these will generate small isocurvature perturbations

to evade the constraints.

There are, however, limitations to the calculations carried out in this paper. Notably, we have
only considered local-type non-Gaussianity, and throughout it has been assumed that fn; and
gn L are scale invariant. We have also only calculated the dependence of isocurvature modes on
fnr and g1, and shown them to a roughly equivalent effect - with g1 having only a marginally
smaller effect. Higher-order terms are therefore also likely to have a similar effect on isocurvature
modes. We also note that it has recently been observed that sub-horizon perturbations at the time

of PBH formation have an effect on whether a perturbation will collapse to form a PBH or not
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(Nakama, 2014). The expected amplitude of these sub-horizon modes would be affected by modal
coupling - and therefore affect the amount of PBHs forming, affecting the isocurvature modes.
However, this effect is expected to be negligible whilst the non-Gaussianity parameters are very

small.
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5.8 APPENDIX A: FULL EXPRESSION FOR 0 FROM A gn1 TERM

For completeness, the full expression for dg arising from a gy term is included - though this
expression is still only valid for small g5 . This expression would replace the simpler equation

(5.38).
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5.9 AppeNDIX B: CoMPARISON WITH “Primordial black holes as biased tracers”

In their paper, "Primordial black holes as biased tracers”, Tada and Yokoyama (2015) derive an
expression for the scale-dependent bias given by

52

_<
o3

Ab(k) = 2fn M (k) (5.52)

This is equivalent to equation (5.34) in this paper. The factor of 3/5 difference is due to a different
definition of f ., and the factor /\/(l‘1 (k) is a result of their use of the density contrast rather than
the curvature perturbation. The +1 in the brackets of equation (5.34) is a small correction and can
be neglected. Therefore, the results for very small fn in the 2 papers are equivalent. In figure
5.11 the two expressions are compared. For | fyr]| < O( 1072) the two calculations match well, but

diverge rapidly for larger | fnr|.
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Figure 5.11: A comparison of the results derived in this paper with those derived in Tada and Yokoyama (2015). The solid red line
denotes the full expression for the PBH bias given by equation (5.33), and the dashed blue line represent the scale-
dependent bias given by equation (14) in Tada and Yokoyama (2015). To make these plots, the values oo = 0.1 and

e = 1 have been used.

It is therefore necessary to use the full calculation derived in this paper in situations where
fnr could become larger than 1072, Whilst such a large value of fx is generally excluded by
the constraints on isocurvature modes in the PBH DM scenario, it is relevant where higher-order

terms are considered, or that PBHs form a sub-dominant component of DM.
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Primordial black holes represent a unique probe to constrain the early universe on small
scales - providing the only constraints on the primordial power spectrum on the majority of scales.
However, these constraints are strongly dependent on even small amounts of non-Gaussianity, which
is unconstrained on scales significantly smaller than those visible in the CMB. This paper goes
beyond previous considerations to consider the effects of a bispectrum of the equilateral, orthogonal
and local shapes with arbitrary magnitude upon the abundance of primordial black holes. Non-
Gaussian density maps of the early universe are generated from a given bispectrum and used to
place constraints on the small-scale power spectrum. When small, we show that the skewness
provides an accurate estimate for how the constraint depends on non-Gaussianity, independently
of the shape of the bispectrum. We show that the orthogonal template of non-Gaussianity has an

order of magnitude weaker effect on the constraints than the local and equilateral templates.
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6.1 INTRODUCTION

Primordial black holes (PBHs) are black holes that may have formed very early on in the history of
the universe from the collapse of density perturbations generated during inflation. During inflation,
quantum fluctuations are stretched out by the rapid expansion of the universe, and quickly become
larger than the Hubble horizon, becoming classical density perturbations. Once inflation ends,
the perturbations begin to reenter the horizon, and if large enough, can collapse to form a PBH.
Because such perturbations can reenter the horizon before baryogenesis, there is no need for such
black holes to have a large enough mass to overcome degeneracy pressures - and the formation of
PBHs with very small masses is possible.

Because PBHs form on small scales, they have often been used to constrain the smallest scales
in the early universe. Precision measurements and constraints upon the primordial Universe are
available from the cosmic microwave background (CMB) and large scale structure (for example,
the constraints on inflation from Planck (Ade et al., 2013)), but these only provide constraints on
the largest 6-8 e-folds inside the visible universe - while inflation is expected to have lasted 50-60
e-folds. PBHs, on the other hand, provide constraints on a much greater range of scales, spanning
around 50 e-folds, although the constraints are much weaker.

Many attempts have been made to detect PBHs, yet they remain undetected. However, a tight
upper limit can be placed on the abundance of PBHs, which is typically stated in terms of the mass
fraction of the Universe contained within PBHs at the time of formation, 8. Constraints on g8 vary
greatly for PBHs of different mass, ranging from 8 < 107 to 8 < 10723, For a summary of the
constraints see Carr et al. (2010). Because the number of PBHs forming depends on the primordial
power spectrum, constraints on the abundance of PBHs can be used to place bounds on the power
spectrum (Josan, Green and Malik, 2009). These constraints on the power spectrum are typically
of order 1072, significantly weaker than constraints from the CMB.

In order for a significant number of PBHs to form, the power spectrum needs to be orders of
magnitude larger than is observed in the CMB - meaning that it must become large on small scales.
There are a range of models for inflation which do predict such behaviour, whilst being consistent
with current cosmological observations. Such models include the running mass model (Kohri,
Lyth and Melchiorri, 2008; Drees and Erfani, 2011), axion inflation (Bugaev and Klimai, 2014),
a waterfall transition during hybrid inflation (Bugaev and Klimai, 2012; Lyth, 2012; Halpern
et al., 2015), from particle production during inflation (Erfani, 2015), inflationary models with
small field excursions but which are tuned to produce a large tensor-to-scalar ratio on large scales

(Hotchkiss, Mazumdar and Nadathur, 2012), and can be formed from passive density fluctuations
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(Lin and Ng, 2013). See also Linde, Mooij and Pajer (2013), Torres-Lomas et al. (2014) and
Suyama, Wu and Yokoyama (2014). For further reading and a summary of various models which
can produce PBHs, see Green (2014). Such models typically predict at least a small amplitude of
non-Gaussianity - and it has been shown that constraints on the small-scale power spectrum are
strongly dependent on non-Gaussianity (Byrnes, Copeland and Green, 2012) - and can vary by
over an order of magnitude.

Previous papers have used an analytic method to investigate the effects of non-Gaussianity -
and were limited to either investigating local-type non-Gaussianity for which analytical results are
available (Bullock and Primack, 1997; Ivanov, 1998; Pina Avelino, 2005; Seery and Hidalgo, 2006;
Shandera et al., 2013; Lyth, 2012; Byrnes, Copeland and Green, 2012; Young and Byrnes, 2013)
or, in the case of Shandera et al. (2013), also to a small amplitude of equilateral non-Gaussianity.
This paper goes beyond previous work to investigate the effects of three different bispectrum shapes
of arbitrary size on the abundance of PBHs, and on the resulting constraints, by making use of
non-Gaussian density maps. We make the first study of orthogonal non-Gaussianity, and show
that, for a given value of fni, it has a much smaller effect on the constraints than the equilateral and
local non-Gaussian templates. We explain this observation by calculating the skewness parameter
as a function of all three bisepectral templates.

The paper is organised as follows: in section 6.2 the generation of the density maps and
calculation of the PBH abundance is detailed. In section 6.3, the constraints on the power spectrum

as a function of the bispectrum are calculated. Section 6.4 concludes with a summary of the results.

6.2 SIMULATION PROCEDURE

6.2.1 GENERATION OF NON-(GAUSSIAN DENSITY MAPS

Methods for the simulation of a map incorporating an arbitrary bispectrum were developed by Regan
et al. in a series of papers (Fergusson, Regan and Shellard, 2012; Regan et al., 2012; Schmittfull,
Regan and Shellard, 2013) (see also Wagner, Verde and Boubekeur (2010)). Representing the
primordial curvature in Fourier space as {(Kk), one may simulate the curvature of a Gaussian
distribution using a random number generator with variance per scale, k, given by the power
spectrum P;(k) (and zero mean). For clarity we will denote the Gaussian map as {G (k). The

bispectrum B (ki, k2, k3), given by the expectation value of the three point function

(L (k1) (ka)(k3)) = 21)°6p (ki + ko + k3) B (k1 ko, k3) (6.1)
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may be simulated using the Gaussian maps by calculating (k) = {g (k) + fnrL{B(K) where

&Sk, Pk BNk, by, ko)
) = [ LR G kK)o k)6 ko) < e .
(2m)? (2) 2 (Pc(k)Pz(ky) + Pr(k) Py (ko) + Py (ki) Py (k2))
(6.2)

Here we define the quantity fni, = 5B;(k, k, k)/(18P;(k)?) such that B; = fNLBifNL:l. Direct
implementation of this convolution is numerically prohibitive unless the bispectrum can be written
in a separable form, i.e. in the form f(k;)g(ky)h(k3) for arbitrary one dimensional functions
f. & h. This is possible for sufficiently smooth generic bispectra using techniques developed in
Fergusson, Liguori and Shellard (2010), Regan, Shellard and Fergusson (2010) and Fergusson,
Regan and Shellard (2010). In particular, a partial wave decomposition may be employed to write

the bispectrum in the form

BfNL:l (k1, k2, k3) o
| = 302, g (ks (kg (k). (63)
2 (Pc(ki)P(ka) + Pe(ki)Py(ks) + Pr(ka) Pe(k3)) 45t

where the notation {rst} refers to all symmetrised combinations of the labels r, s, - necessary
due to symmetry of the bispectrum. The triple label indices may be partially ordered such that
a single index n = {rst} may be used to enumerate the coefficients of the expansion in the form
a/,?. Calculation of these coefficients only requires an inner product on the space of bispectra -
restricted due to the triangle condition imposed by the Dirac delta condition in (6.1). Interested
readers are referred to Regan, Mukherjee and Seery (2013) for further details of the decomposition
procedure. Given this decomposition, calculation of the bispectrum map reduces to calculation of

fast Fourier transforms with

1 .
(a0 = 5 08 [ dxe™ gy (0, 0 0. (64)
d3k ikx
where MS(X):fWe qs(k)lg(K) . (6.5)

In this paper we focus on the three standard bispectrum templates (local, equilateral, orthogonal)

for which the respective bispectra are of the form

6
Bif’cal(kl, ka, k3) = ngL (P{(kl)Pg(kz) + Py(ky)Ps(k3) + Pg(kz)Pg(k3)) , (6.6)
eq 18 2/3
By (k1. ko, ks) = < fau( = [Pe(ki) Pe(k) + 2 perms] =2 [ Po(ki)Pe(ka) Pe(ks)
+ [Py e P2 (ko) P (k3 + 5 perms] ), 6.7)
eq,INL= 36
B ki, ko ks) = (3B (ki ko ko) = 5 [Ptk Pt Pe(k)] 7). (68)

For clarity we will, where necessary, distinguish fni, for the various shapes by writing fl]\?]fal, fIfIqL

and fﬁrﬁh. We note that for the local model, the map making procedure reduces to the simple form

3
() = L6 (k) + = fau(le * L) (K), (6.9)
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where the symbol * indicates a convolution.

Our simulations are carried out on a grid of 1283 points, and employ a scale invariant power
spectrum of the form P,(k) = Az/ k3. The amplitude A, is given by the Planck value A; =
4.75 x 1078 but is boosted for either one e-fold of points (between 10 and 27.2 grid points in
each dimension in Fourier space) or 2.5 e-folds (between grid points 10 and 128) to a much larger
amplitude - typically of order 1072 - required to form a significant number of PBHs; the boosted
region of the power spectrum will be referred to as the peak in the power spectrum later in the
paper. The amplitude of this boost is then tuned such that the required amount of PBHs would
form. Calculation of the PBH abundance is discussed in the following section.

We restrict our analysis to the bispectrum, but note that generating a non-zero bispectrum
inevitably results in non-zero higher n-point functions. For the local model, this corresponds to
generating the minimum possible trispectrum with 77 = (6 fn1./5)? and gnt. = 0 (Byrnes, Sasaki
and Wands, 2006), which Shandera et al. (2013) calls the hierarchical scaling. Our simulations
automatically take this into account. However, care should be taken in interpreting the large fnr.
regime for the equilateral and orthogonal models for which the trispectrum may be of a different

form.

6.2.2 CaLcuLAaTiON OF PBH ABUNDANCE

As described in Young, Byrnes and Sasaki (2014) the abundance of primordial black holes should
be computed using the density contrast rather than the primordial curvature perturbation, due to
the damping of super-horizon modes by a factor k2. In addition, it is necessary to account for the
window function W (R, x) with which the density contrast is smoothed on a given scale R.
Assuming radiation domination, the relationship between the smoothed density fluctuation,

AR, and the curvature perturbation, ¢, is given by

a0 = [ pdarrza (6.10)
R - (2]‘[)3 ’ 9 s .
where W (R, k) denotes the Fourier transform of the window function. In this work we employ a

volume-normalised Gaussian window function, such that!

2 p2
W(R, k) = exp (—kZR ) ) (6.11)

In order to compute the abundance, S8, of PBHs we count the number of grid points for which the

smoothed density exceeds the threshold, A, at which PBHs form, i.e. such that Ag(x) > A, . Our

'We shall drop the tilde in what follows and assume the window function is in Fourier space unless otherwise

specified.
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computation of the variance is performed by Fourier transforming the smoothed density contrast

to real space to obtain Ag(x), and then calculating
Par = (AR(X)?), (6.12)

where (... ) represents the averaging over all grid points in real space. For ease of comparison
to the literature, which do not employ a smoothing function, we note that for the rescaled density
contrast, Ag = exp(1/2)Ag, we obtain the approximate result Px R = 4/ 9)2734 due to the function
(kR)*W (R, k) peaking with value exp(—1/2) in the boosted region. We will make use of this
(accurate) approximation in the remainder of this paper. The threshold at which PBHs form at any
grid point x is taken to be A; = exp(1/2)A. = 4/9. This corresponds to a threshold A, =~ 1/3, as
used in previous theoretical predictions - though is slightly below the accepted value 0.45 calculated
from simulations (Shibata and Sasaki, 1999; Musco, Miller and Polnarev, 2009; Nakama et al.,
2014).

The variance of the Gaussian density map - denoted o for clarity of notation - may be evaluated
as

2 _ ﬁAK(k) 4& 2
o —f  on2 (kR) 81W(R,k) . (6.13)

In addition the skewness, M3 g, is calculated by employing the following expression

(Ar(%)%)

(6.14)

We shall, unless otherwise indicated, use R = \/5/ kpeak, Where kpeax represents the wavenumber
approximately half an e-fold from the smallest scale on which the Gaussian amplitude is boosted

(i.e. corresponding to 20 grid points in Fourier space).

6.3 CONSTRAINTS ON THE SMALL-SCALE POWER SPECTRUM

Bounds on the abundance of PBHs, 3, can be used to constrain the curvature perturbation power
spectrum. Previous constraints have been obtained using an analytic method (Shandera et al.,
2013; Byrnes, Copeland and Green, 2012; Young and Byrnes, 2013; Young and Byrnes, 2015),
and it has been shown that the constraints can depend strongly on non-Gaussianity. It is normally
assumed that PBHs form with approximately the horizon mass, although it is well known that the
mass of the PBH that forms depends on the amplitude of the overdensity - and the mass has been
found to follow a scaling law. The effect of this was recently considered (Kuhnel, Rampf and

Sandstad, 2016) and leads to a shift and broadening of the PBH masses, and an overall decrease of
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the mass contained in primordial black holes. However, the PBHs formed still have approximately
the horizon mass (the peak in the mass formed is typically half the horizon mass), and has a very
small effect on the derived constraints - and so the effect is neglected here.

The effects of local-type non-Gaussianity have previously been studied, and it was found that

local

the constraints on the power spectrum, $;, can vary by up to an order of magnitude when f°

changes from —0.5 to 0.5. Initially, a power spectrum which peaks over a small range of scales

was considered (Byrnes, Copeland and Green, 2012; Young and Byrnes, 2013). Because fll\}’fal has

local

a strong effect on the tails of the distribution function where PBHs form, small changes in f

have a very large effect on the abundance of PBHs. Positive fll\?fal increases the amount of PBHs

which form such that the constraints become gradually tighter as fll\}’fal increases. For negative

ll\?fal the constraints loosen, but become weaker very quickly as ll\?fal decreases, with no PBHs
formed unless the power spectrum becomes much larger.

Later, the case where the power spectrum spans a larger range of scales was considered,
allowing for the effect of super-horizon modes (Young and Byrnes, 2015). Super-horizon modes
normally do not directly affect PBH formation as far as is known (Nakama, 2014), but can have
an indirect effect due to modal coupling to horizon scale modes. Overall, the effect of modal
coupling increases PBH formation - tightening constraints on the power spectrum. Notably, for
negative fll\?fal, whilst constraints still weaken for small negative values, they become stronger as

1{}’{*‘1 becomes larger. A full discussion can be seen in Young and Byrnes (2015).

The method detailed in section 6.2 is used to calculate the abundance of PBHs, 3, as a function
of the power spectrum and bispectrum - and this can be used to place an upper limit on the power
spectrum for a given upper limit on 8. Due to the amount of resources required to generate large
maps, we restrict ourselves to a relatively weak constraint, 8 < 107*. Whilst this constraint is
weaker than any of the existing constraints on PBH abundance, it allows for an easier investigation
of the effects of non-Gaussianity. It has been shown that the effect of non-Gaussianity upon the
power spectrum constraint is relatively large compared to the effect of the constraint on 8 (Young
and Byrnes, 2015). In any case, we expect the qualitative lessons drawn from our results to hold
for any smaller value of S, although a simulation with a larger grid would have to be made to
calculate the precise constraints.

Figure 6.1 shows the constraints on the peak value of the power spectrum, spanning 1 e-fold,
obtained for different values of fxi for the local, equilateral and orthogonal bispectrum shapes, as
well as the theoretical predictions for the local-type (as calculated in Young and Byrnes (2015), with

no super-horizon modes present). The lines show the maximum allowed amplitude of the power

spectrum given a constraint on the abundance of PBHs, 8 < 107*. There is good agreement in
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Figure 6.1: The constraints on the power spectrum as a function of fny, for the different bispectrum shapes is plotted. The plots
show the upper limit on the power spectrum peak, spanning 1 e-fold, for a constraint on the abundance of PBHs
B < 107*. The right plot simply shows the central region of the left plot. Constraints become quickly tighter for pos-
itive fnr in the local and equilateral configurations, and weaker for negative fni. For the orthogonal configuration
however, constraints are only weakly dependent on the value of ffIrLlhOg. The dotted line represents the theoretical pre-
diction for the constraint on the power spectrum for the local model originally derived in Byrnes, Copeland and Green
(2012). There is strong agreement for small values of fgﬁf“l, but the results disagree for larger values - although the same
qualitative behaviour is seen.
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Figure 6.2: The constraints on the power spectrum as a function of fny, for the different bispectrum shapes is plotted. The plots

show the upper limit on the power spectrum peak, spanning 2.5 e-folds, for a constraint on the abundance of PBHs

B < 107*. The constraints display the same behaviour as seen in figure 6.1, with the exception that the constraints in

the local model are slightly tighter due to stronger modal coupling now that different scale modes are being considered

local

- especially for negative values of fi"

. As expected, the theoretical line for the local model does not match well for

negative values - this is because the peak-background split has been used which assumes a large separation in scales

between the “peak" modes and the “background” modes, with intermediate modes neglected.
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the local model with the theoretical prediction for small values of fll\?fal, but mild disagreement for

larger values - the theoretical model slightly overestimates the constraints for large positive Il\?fal.

This is due to the fact that the calculation of the power spectrum assumes a dominant Gaussian
component (there is much stronger agreement for the Gaussian component of the power spectrum).
The bounds typically become stronger for positive values of fnp but significantly weaker for
negative values. As fnr becomes large and negative, constraints quickly reach a maximum value
before becoming slightly tighter - due to the effect of modal coupling (Young and Byrnes, 2015).
This is not seen for the theoretical prediction, which does not account for the modal coupling -
meaning the predicted constraints are much weaker.

The exception is the orthogonal shape, with results showing that constraints on the power
spectrum are relatively insensitive to orthogonal-type non-Gaussianity. This is due to the fﬁrﬁhog
having only a small effect on the skewness of the distribution, which will be discussed in more
detail later in the paper.

Another important note is that the theoretical calculation predicts the constraints on the power
spectrum rapidly become weaker, and greater than unity, for negative fnp - and whilst the rapid
weakening of constraints is still seen in the numerically generated constraints, they quickly reach
some maximum value. In the case of equilateral- and orthogonal-type non-Gaussianity, the
constraints then become stronger as more negative values of fyi, are considered. This is believed
to be due to the strong signal in the bispectrum shapes when 3 modes of the same scale are
considered - and so the effect of modal coupling tightens constraints, as discussed in more detail
in Young and Byrnes (2015). By contrast, the local-type peaks in the squeezed limit - when the
modes considered are of significantly different scales - and so the effect of modal coupling is less
important.

Figure 6.2 shows the power constraints obtained for a peak in the power spectrum spanning
2.5 e-folds. Due to the computing resources required for a larger peak, we do not consider broader
peaks than this in the power spectrum. The plot for the theoretical calculation for the local model
now includes the effect of modal coupling to super-horizon modes with a large power spectrum
spanning % an e-fold (Young and Byrnes, 2015). The constraints obtained are similar to the case
where a narrower peak in the power spectrum is considered - positive fxr increases PBH abundance
and tightens constraints, whilst negative fni has the opposite effect. The most significant difference
can be seen in the local model. Constraints are now slightly tighter than previously, and notably
stronger for negative values of f}\}’fal (though we note the theoretical prediction is unchanged here -
and still does not account for modal coupling). This is due to the fact that the local shape peaks in

the squeezed limit when the modes are of different scales. The peak in the power spectrum is now
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broad enough that small-scale modes and large-scale modes are considered - allowing the effect of
significant modal coupling. It has previously been noted that modal coupling typically increases
PBH production, and tightens constraints (Young and Byrnes, 2015). Thus, when a broader peak
in the power spectrum is considered, constraints become tighter for the local shape - but remain

largely unchanged for the equilateral and orthogonal shapes.

6.3.1 SKEWNESS

We will now consider the skewness of the different bispectrum shapes, and show that when the
non-Gaussianity and skewness parameters, fxr. and M3 g, respectively, are small that the skewness
alone can be considered to produce constraints on the power spectrum. However, as fyr and the
skewness become large, the effects of the different bispectrum shapes must be considered. The

skewness, given by equation (6.14), may be computed for a given bispectrum using,
k3P (k
) = [ amrwr 052,
2r?

(9]

an f din(k)kK°W (R, k) f din(q)g>W (R, q) f duW (R, k) By (k, q, k),
0 0 -

(Ar(x)*) =

(6.15)

where u = cos(6), with 6 representing the angle between k and q. Calculating the skewness for

the three bispectrum shapes being considered using this formula gives:

M;(’)%a] =7. 6](‘10031 ’ I (616)
Mequﬂ -1 1fequll /7){’ (6.17)
M;)r;;log O 07f0rth0g ' ( . (6 1 8)

We note that the numbers obtained here are slightly different than the values obtained by Shandera
et al. (2013) for the local and equilateral model, due to the choice of window functions, transfer
functions and the form of the power spectrum. To our knowledge, this is the first time that the
skewness has been calculated for the orthogonal model.

We see that the skewness is relatively large for the local and equilateral shapes but small for
the orthogonal shape - which is why the constraints are less dependent on f; orhog than on INL local and

;‘fil. Note that the above analytic formulae are only correct whilst the skewness is small.

Figure 6.3 shows how the skewness varies as a function of fNL\/P_é«. The plot is generated

from the simulated density maps for a fixed abundance of PBHs, § = 107*. Confirming the

above calculation, the skewness is seen to be the largest for local non-Gaussianity, and smallest for
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Figure 6.3: The skewness, M3 g, is plotted against fni+/# for an abundance of PBHs 8 = 10~%. It can be seen that the skewness
does not depend linearly on fNi+/#;, unlike that predicted by equation (6.14). However, in the central region where the
skewness is small, M3 r| < O(0.1), the relation is approximately linear, and the skewness may be used to parameter-

ize the abundance of PBHs and constraints on the power spectrum.

orthogonal non-Gaussianity. The relation is also strongly non-linear as the skewness becomes large
- which indicates the region where skewness can no longer be used to parameterize the abundance
of PBHs. The skewness saturates relatively quickly as fnr, increases - representing the fact that the
distribution has become dominated by the non-Gaussian components. The fact that the skewness
reaches some constant value as fni becomes larger also corresponds to the fact that the constraints
asymptote to a constant level as fnp, becomes larger.

Figure 6.4 plots the upper bound on the power spectrum corresponding to a constraint on the
abundance of PBHs, 8 < 1074, as a function of the skewness. Whilst the skewness is small,
Mz r < O(0.1), the skewness of the distribution is the most important consideration, rather than
the shape of the bispectrum. This can be seen in the left plot of figure 6.4. However, as the
non-Gaussianity, fnr, and the skewness, M3 g, become larger, this is no longer the case - and a

large discrepancy between the different bispectrum configurations can be seen the right plot.

6.4 SUMMARY

The lack of observation of PBHs allows tight constraints to be placed on the mass fraction of the
universe collapsing into PBHs at the time of formation, . This, in turn, allows unique bounds

to be placed on the small-scale primordial curvature perturbation power spectrum, $,, at scales
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Figure 6.4: The constraint on the power spectrum corresponding to a constraint on the abundance of PBHs, 8 < 1074, as a function
of the skewness is plotted. As can be seen in the left plot, for the three bispectrum shapes considered, the constraints
on the power spectrum show good agreement whilst the skewness is small, M3 g < O(0.1). The skewness of the
distribution is therefore the most important consideration, rather than the shape of the bispectrum. The right plot shows
the behaviour as the skewness becomes large - the shape of the bispectrum has a large impact on the derived constraints

and this must therefore be taken into account.

which are otherwise unobservable - although these bounds are orders of magnitude weaker than
constraints from sources such as the CMB. Non-Gaussian density maps were generated and used
to predict the abundance of PBHs for different shapes of bispectrum, in the local, equilateral
and orthogonal configurations. These predictions were then used to place constraints on £, as a
function of the amplitude and shape of the bispectrum.

As an improvement on previous work, this method allows the consideration of bispectra of
arbitrary shape and amplitude. We confirmed the previous findings using analytic methods of the
effects of local-type non-Gaussianity (Byrnes, Copeland and Green, 2012; Young and Byrnes,
2013; Young and Byrnes, 2015) - non-Gaussianity can have a strong effect on constraints on the
power spectrum, typically becoming stronger (weaker) for positive (negative) values of fnr. The
effect of the skewness was also considered, confirming results seen in Shandera et al. (2013) (note
that Clark, Lewis and Scott (2016) also recently used a similar technique to calculate constraints
arising from ultra-compact mini-haloes) - but demonstrate that using the skewness to parameterize
the abundance of PBHs is only valid for small amounts of non-Gaussianity. As seen in figure 6.4,
for small amounts of skew the shape of the bispectrum has little effect on the constraints - and
the skewness of the distribution can be considered the most important factor (but note that the
constant of proportionality relating fnr. to the skewness does strongly depend on the non-Gaussian
template). However, for large non-Gaussianity, constraints on the power spectrum become strongly
dependent on the shape of the bispectrum.

For the local and equilateral shapes the constraints become tighter for positive fnr. but dra-
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matically weaker for small negative fnip.. For orthogonal-type non-Gaussianity, the effects are
qualitatively similar, but much less dramatic - due to the relatively small skewness generated by
this bispectral shape. Previous findings that the effect of modal coupling and positive skew is to

increase PBH formation, whilst negative skew decreases PBH formation, are also confirmed.
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CONCLUSION

7.1 SUMMARY OF THIS THESIS

Primordial black holes (PBHs) may have formed very early on in the history of the Universe,
and represent a unique probe to study the small scales in the early Universe - providing unique
constraints on the power spectrum over a broad range of scales. However, these constraints only
provide an upper bound on the power spectrum and are much weaker than constraints from the
cosmic microwave background or large scale structure. Constraints on the abundance of PBHs
of different masses vary from 8 < 10727 to 8 < 107>, where S is the energy fraction of the
Universe contained within PBHs at the time of their formation. Assuming a perfectly Gaussian
distribution, there is a unique relation between the amplitude of the power spectrum #, at a given
scale and the abundance of PBHs § at the corresponding mass scale. Therefore, a constraint on the
abundance of PBHs at a given mass can give a constraint on the power spectrum at a corresponding
scale. However, whilst the constraint on 8 varies by many orders of magnitude, the corresponding
constraints on the power spectrum only vary by a factor of 4 — 5, with P, < 0(1072).
Historically, the abundance of PBHs from has been calculated using the density contrast A, and
typically assumed a Gaussian distribution. The variance of the perturbations (A?) is calculated by

integrating the power spectrum Px(k, 1),

(o8]

(A?) = f %ﬂ(k,z)w%k, R), (7.1)
0

where W (k, R) is the smoothing function and R is the smoothing scale. The abundance of PBHs
is then calculated by integrating the probability density function (PDF) of the perturbations over

the range which would form a PBH, from the minimum value A, to infinity.

(S (o)

,B=2fdAP(A)=2

A C

A2

1
dA—— exp———. (7.2)
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However, Green et al. (2004) introduced a calculation to derive S from the primordial curvature
perturbation power spectrum. The approach used the theory of peaks, as described in Bardeen
etal. (1986), and used a critical value in terms of the curvature perturbation, {.. It was erroneously
found that the two calculations were in good agreement - and this calculation became the standard
approach for calculating PBH abundance when studying inflationary models.

In chapter 2 the calculation of the PBH abundance is reviewed, finding that an accurate calcu-
lation of S from the primordial curvature perturbation power spectrum first requires a calculation
of the density power spectrum, and an integral over the PDF of the density. Using the peaks
theory approach of Green et al. (2004) yields an error of many orders of magnitude due to the
effect of super-horizon modes, which should not affect the (short-term) evolution of a region of
the Universe, and so should not affect PBH formation - as shown in figure 2.1. A threshold value
for PBH formation should therefore not be stated in terms of the curvature perturbation  unless
care is taken to neglect super-horizon modes. This effect was later seen and quantified for an
analytic model involving spherically-symmetric top-hat perturbations by Harada et al. (2015), and
had important implications for future work in this area of research.

This chapter also considers a fast approximation using the curvature perturbation (first used
in Byrnes, Copeland and Green (2012)), and places the calculation on a much firmer theoretical
platform. Essentially, the calculation states that the amplitude of density perturbations at the time
of horizon re-entry is approximate to the amplitude of the curvature perturbation power spectrum
at that scale. This approach is then used to calculate the PBH abundance throughout the remainder
of the thesis.

The effect of non-Gaussianity on the number of PBHs forming in the early Universe has been
the subject of extensive research over the years (i.e. Bullock and Primack (1997), Ivanov (1998),
Hidalgo (2007), Byrnes, Copeland and Green (2012) and Shandera et al. (2013)) - finding that
non-Gaussianity can have a strong effect on the abundance of PBHs formed. Typically, only
quadratic type non-Gaussianity had been considered - either ¢ = i(gé — 0%) or local-type non-
Gaussianity, { = (g + % InL(< é —o?). Byrnes, Copeland and Green (2012) considered local-type
non-Gaussianity up to third order and calculated the effect on the abundance of PBHs and derived
constraints on the power spectrum. It was shown that, for even small non-Gaussianity parameters,
the constraints on the power spectrum could change by an order of magnitude. However, this
work considered second- or third-order terms separately, and did not consider the effects of
simultaneously having a non-zero quadratic and cubic term. Shortly after this paper came the work
by Shandera et al. (2013), which considered the effect of skewness arising from non-Gaussianity.

The PDF of the distribution can be calculated by an expansion in terms of the skewness parameter
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M3 and then the number of PBHs forming can be calculated. However, the expansion is only valid
while the distribution is close to Gaussian - and so cannot be trusted when the non-Gaussianity
becomes significant. The conclusions drawn in this paper were in agreement with those by Byrnes,
Copeland and Green (2012).

In chapter 3, the calculation performed in Byrnes, Copeland and Green (2012) is extended to

consider simulataneously local-type non-Gaussianity parameters up to 5% order,

3 9 27 81 .
{= Lo+ Sfve (G = 0%) + gaanidy + Toshe (G =30%) + aivng +o . (13)

The results from previous papers are verified, and for certain simple models relating the non-
Gaussianity parameters, it is shown that the results from such an expansion converge - although,
notably, for negative terms it is shown to be important whether the series is truncated at odd or
even terms. It was also shown that this may not always be the case, as in the curvaton model -
where results diverge significantly depending on the order at which the above series is truncated.
Another significant finding was that the even order terms (i.e. the fyr and sy terms) all have
a similar effect on the PDF and derived constraints - a statement which is also true for odd order
terms.

It has been shown that non-Gaussianity has a strong effect on the abundance of PBHs, affecting
their abundance by many orders of magnitude, and the constraints on ¥, depends strongly on the
amount of non-Gaussianity. It is possible for the constraint on the power spectrum to vary by 4
orders of magnitude, from £, < O(107™) to Py < O(1). For the majority of this thesis, only
local-type non-Gaussianity was considered as this allows an analytic calculation of the constraints,
although these results were verified and other types of non-Gaussianity considered with numerical
simulations in chapter 6.

There are 2 different ways in which non-Gaussianity can affect the abundance of PBHs (and

the constraints on $;):

1. Asdiscussed in chapter 3, the first is by affecting the skewness and kurtosis of the probability
distribution function (PDF) - with even order non-Gaussianity (fnL, ANL, etc) affecting the
skewness, and odd order non-Gaussianity (gnr, iNL, etc) affecting the kurtosis. Positive
(negative) skewness enhances (diminishes) the positive tail of the PDF where PBHs form,
leading to an increase (decrease) in their abundance, and a tightening (weakening) of the
constraints. Kurtosis typically serves to amplify both the positive and negative tails of the
distribution, enhancing PBH formation and tightening the constraints. However, for small
negative values, the tail of the PDF where PBHs form is reduced, and constraints weaken

sharply for such values.
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2. The second effect, as discussed in chapter 4, is modal coupling arising from the non-
Gaussian component of the distribution. Whilst super-horizon perturbations do not directly
affect whether or not a PBH forms, they have an indirect effect on the abundance of PBHs
by increasing or decreasing the amplitude of the power spectrum in different regions of the
Universe. Whilst this means that some areas of the Universe form more PBHs and some
form less, the overall effect is to increase the number of PBHs forming. This is due to the
exponential dependance of the abundance of PBHs on the power spectrum, and can be seen
by considering a region which produces twice as many PBHs as expected due to coupling to
a super-horizon mode, and a second region which produces half as many PBHs - resulting in
a higher number of PBHs in total. The importance of modal coupling depends on the shape

and amplitude of the bispectrum as well as the form of the power spectrum.

The effects of skewness were studied by Shandera et al. (2013), who used the skewness
parameter M3 to parameterise the primordial non-Gaussianity - which is valid for small amounts
of non-Gaussianity. The skewness parameter is related to the non-Gaussianity parameter fnp. for
squeezed (local) and equilateral shape bispectra, Mz = 3.13 fIl\}’fa]P” 2=1.22 f;qLUHP” 2. Higher
order moments of the distribution, M, are derived from the skewness parameter and this is used
to reconstruct the probability density function for primordial perturbations, and this is then used to
investigate the effect of skewness on the abundance of PBHs and constraints on the power spectrum.
In agreement with the results found by Byrnes, Copeland and Green (2012) and with the results
presented in this thesis, it was found that positive skewness increases the amount of PBHs forming,
and negative skewness decreases it. One of the main drawbacks of this approach was that the
expansions used are only valid for small non-Gaussianity - when the Gaussian component of the
perturbations is still dominant. However, because the power spectrum must necessarily become
large in order for a significant number of PBHs to form, even a small value for the non-Gaussianity
parameters leads to the non-Gaussian components of the perturbations becoming large.

In order to investigate this further in chapter 6, a numerical approach was used to simulate
non-Gaussian density maps of the early Universe. This allowed for an arbitrary shape bispectrum
to be considered (local, equilateral and orthogonal shapes were used) and constraints on the
power spectrum arising from PBHs to be calculated. It was found that, for a skewness parameter
IM3] < 0.1, the skewness alone can be used to place constraints on the power spectrum - which is
in agreement with the work by Shandera et al. (2013). However, for larger skewness, it is necessary
not only to know the full bispectrum shape, but also the form of the power spectrum at all scales
in order to predict the abundance of PBHs and calculate constraints on the power spectrum.

PBHs are a viable cold dark matter (CDM) candidate, and there are many inflationary models



136
CONCLUSION

which predict a significant amount of both PBHs and non-Gaussianity. In chapter 5 the effect of
modal coupling between large-scale modes visible in the CMB, and small scale-scale PBH forming
modes is considered in the scenario that dark matter is composed partially or entirely of PBHs.
Modal coupling can have a strong effect on the abundance of PBHs in different regions of the
Universe, and this results in (additional) perturbations in the PBH density - which would be seen
as isocurvature perturbations. If CDM is composed of PBHs, either in whole or in part, this means
that constraints on the amplitude of dark matter isocurvature perturbations from the Planck satellite
can be used to place constraints on the non-Gaussianity parameters. Unless PBHs make up only a
very small fraction of dark matter, less than around 0.1%, very tight constraints can be placed on
the non-Gaussianity parameters at all orders - | flﬂff”’l , gll\fLC“l | < O(1073). This rules out nearly all
inflationary models except single-scalar-field inflation as a method for producing PBH dark matter,
and would provide great insight into the early Universe if PBHs, primordial non-Gaussianity, or
isocurvature perturbations are detected in the future. A similiar study was also performed by Tada
and Yokoyama (2015) at the same time, and whilst their results were verified by the calculations in
chapter 5, their calculations did not account for the non-Gaussian distribution on small scales and

only considered an fni. term.

7.2 DIRECTIONS FOR FUTURE STUDY

There are still many open questions and avenues of research to pursue. Possible future directions

include:

* Ultra-compact mini-haloes provide similar constraints on the power spectrum as PBHs. The
constraints are stronger, but cover a smaller range of scales. The constraints are not likely to
be as strongly dependent on non-Gaussianity as for PBHs, but it is possible that they may be
used to place a constraint on fyr that is competitive with constraints from the CMB if they

are detected.

* In terms of the density contrast, the critical value for PBH formation is 6. = 0.45, although
it is known that this depends on the shape of the perturbation considered, and there has
been extensive research into this in the past. However, the effect of super- and sub-horizon
perturbations has not been well studied, and could have a significant effect on the number
of PBHs formed. There is currently ongoing research to investigate the effects of super-

horizon modes - even small effects can have a significant effect on their abundance. Such an
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investigation can lead refinements in the calculation of the abundance of PBHs, as well as

having important implications for their primordial clustering.

The recent detection of gravitational waves from merging black holes (Abbott et al., 2016)
raises the interesting possibility of using future gravitational wave detectors as a tool to search
for PBHs. Depending upon the sensitivity and scale of such detectors, it may be possible
to detect PBH mergers - and there has been significant work in recent months (Bird et al.,
2016; Clesse and Garcia-Bellido, 2016; Sasaki et al., 2016) discussing whether the observed
merging black holes were primordial in origin. Factors which can have a significant effect on
the marger rate, and thus the observability of such mergers, include the small-scale clustering
of PBHs (both primordial clustering and as a result of there gravitational interactions since
formations) and the mass function of PBHs (including effects from the time of formation

and their subsequent merger history).
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