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ELFT 2021

Road map Winter School

» First lecture: Crash course on cosmic inflation

» First half of second lecture: Inflation from renormalization group running

» Second half of second lecture : Higgs portal inflation
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Standard Cosmology ELFT 2021

Winter School

Cosmological inflation is motivated by the shortcomings of the standard model
of cosmology. Let us first discuss the latter.

» We model the time evolution of the universe as the solution of the Einstein
equations. The solution we are interested in corresponds to a
homogeneous and isotropic universe. This is called the Cosmological
Principle. This is true for scales larger than 250 million light years.
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Cosmological inflation is motivated by the shortcomings of the standard model
of cosmology. Let us first discuss the latter.

» We model the time evolution of the universe as the solution of the Einstein
equations. The solution we are interested in corresponds to a
homogeneous and isotropic universe. This is called the Cosmological
Principle. This is true for scales larger than 250 million light years.

» This solution is called the Friedmann-Robertson-Walker (FRW) metric. It
assumes a very simple form for a flat spatial curvature

ds? = —dt* + a(t)*dr?. )
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Standard Cosmology Winter School

Cosmological inflation is motivated by the shortcomings of the standard model
of cosmology. Let us first discuss the latter.

» We model the time evolution of the universe as the solution of the Einstein
equations. The solution we are interested in corresponds to a
homogeneous and isotropic universe. This is called the Cosmological
Principle. This is true for scales larger than 250 million light years.

» This solution is called the Friedmann-Robertson-Walker (FRW) metric. It
assumes a very simple form for a flat spatial curvature

ds? = —dt* + a(t)*dr?. )

» The Einstein equations give two differential equations, called Friedmann
equations governing the behavior of the scale parameter a(t).
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Important definitions (I) Winter School

The Friedmann equations are

0 W9 ..
AY o VRS S
(a) =H" = M a2 and 3 =H+H = 6Mp1(p+3p)’ 2)

where H is called the Hubble parameter and the density p and pressure p are
obtained from the stress-energy tensor. The parameter k corresponds to the
spatial curvature.
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Important definitions (I) el 0L
The Friedmann equations are

.2 .
Y o VRS p+3p), (2
3Mp,

& a2 a ~ 6Mp (
where H is called the Hubble parameter and the density p and pressure p are
obtained from the stress-energy tensor. The parameter k corresponds to the
spatial curvature.

The ratio w = p/p is called the equation of state. If the universe is filled with a

medium comprised of multiple components, then the scale factor is going to
behave differently at different stages during the evolution of the universe.

Universe is [ w Ja®) | » |
matter dominated 0 [#7 a3
radiation dominated 1/3 | 72 [ a*
dark energy/ 1| e [ A
cosmological constant (A) dominated

Table: Summary of the equation of state parameter w, the scale factor a and density pin a
flat (k = 0) FRW universe in different scenarios.
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ELFT 2021
Winter School

It is going to be convenient to introduce a new time variable, the conformal time
7. It simplifies the metric so that it looks like a Minkowski one:

ds? = a’(—dr* +dr?), dr =dt/a.

®)

Universe is dominated by

matter

radiation

dark energy

a(r)

7_2

T

=1/7

Table: The scale factor a as a function of the conformal time 7.
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Conformal diagram Winter School

Thow(

ELFT 2021
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Future lightcone
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Past lightcone
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Figure: Conformal diagram in the FLRW metric. It is called conformal because the time
axis t is replaced by the conformal time 7.
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The (comoving) Hubble horizon e

The comoving Hubble horizon (or the radius of the Hubble sphere) is (aH)~". If
we know the speed of an object (now) and the Hubble parameter (now), then we
can calculate its distance now from Hubble's law.

v
Vv=Hr = rfﬁ. 4)
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The (comoving) Hubble horizon Wikter cool

The comoving Hubble horizon (or the radius of the Hubble sphere) is (aH)~". If
we know the speed of an object (now) and the Hubble parameter (now), then we
can calculate its distance now from Hubble's law.

v

Vv=Hr = r:ﬁ. 4)

Obviously, the speed of light is constant, so the maximum distance from where

we can detect light signals now is
c

o (5)
Most of the time we work in comoving coordinates, and thus define the
comoving Hubble radius by factoring out the effect of expansion:
c
P (6)

(And during these lectures ¢ = 1 of course.)
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The (comoving) Hubble horizon Wikter cool

The comoving Hubble horizon (or the radius of the Hubble sphere) is (aH)~". If
we know the speed of an object (now) and the Hubble parameter (now), then we
can calculate its distance now from Hubble's law.

v

Vv=Hr = r:ﬁ. 4)

Obviously, the speed of light is constant, so the maximum distance from where

we can detect light signals now is
c

o (5)
Most of the time we work in comoving coordinates, and thus define the
comoving Hubble radius by factoring out the effect of expansion:
c
P (6)

(And during these lectures ¢ = 1 of course.)

Universe is dominated by matter | radiation | dark energy \
The comoving Hubble sphere | grows grows shrinks \

Table: The behavior of the comoving Hubble sphere for different w.
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The fine-tuning problem Wikter Scnsol

The first Friedmann equation can be rewritten in the following form

2 _
= M2, a? (aH)? @)

Remember: k = 0 corresponds to a flat, k = +1 to a closed 3-sphere and k = +1
to an open 3-hyperboloid shape for the universe. The parameter Q is called the
density parameter Q = p/(3H*M3,) and its value is measured today

Q =1.00 + 0.02 (8)

Zoltan Péli 1



The fine-tuning problem Winter School

ELFT 2021

The first Friedmann equation can be rewritten in the following form

H? =

3Mz, a2 (aH)2 @)

Remember: k = 0 corresponds to a flat, k = +1 to a closed 3-sphere and k = +1
to an open 3-hyperboloid shape for the universe. The parameter Q is called the
density parameter Q = p/(3H*M3,) and its value is measured today

Q =1.00 + 0.02 (8)

This implies that the universe is flat k = 0. We know that (aH) " grows during
the regular evolution of the universe and thus k = 0 is a repulsive fixed point.
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The horizon problem Winter School

Figure: The CMB background from the Planck experiment. The red spots are the hottest,
the blue ones are the coldest sports in the CMB, yet the relative difference between them
is 10~5. It is almost perfectly homogeneous!
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The horizon problem Wikter Scnsol
T
Causally
i disconnected
Tnow
events
=0
Singularity

> X

Figure: If you look up at the sky, you will see several causally disconnected patches of the
universe! Again: are the causally separated regions fine tuned to be in thermal equilibrium?

Zoltan Péli 13



TABLE OF CONTENTS T

© Cosmological Inflation

Zoltan Péli 14



ELFT 2021

Defining inflation Winter School

» Cosmological inflation is an era during the evolution of the universe.
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Defining inflation ELFT 2021

Winter School

» Cosmological inflation is an era during the evolution of the universe.

» During this period of time the universe is dominated by something, which
mimics dark energy, i.e. the universe expands exponentially and the
comoving Hubble horizon shrinks.
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Defining inflation Winter School

» Cosmological inflation is an era during the evolution of the universe.

» During this period of time the universe is dominated by something, which
mimics dark energy, i.e. the universe expands exponentially and the
comoving Hubble horizon shrinks.

» The cosmological inflation takes place after the Big Bang and before the
radiation dominated era of the universe.
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The horizon problem revisited Winter School

Thow[
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Figure: The inflation provides extra conformal time, during which causal contact is

established!
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Anisotropy problem resolved Winter School

Let us address now the anisotropy observed in the CMB. Actually, this is the
most robust solution of cosmic inflation. We say, that the fluctuations produced
during inflation will act as seeds for the structure formation during the regular
evolution of the universe. But how?

Zoltan Péli
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Anisotropy problem resolved Winter School

Let us address now the anisotropy observed in the CMB. Actually, this is the
most robust solution of cosmic inflation. We say, that the fluctuations produced
during inflation will act as seeds for the structure formation during the regular
evolution of the universe. But how?

You only need three things to keep in mind: the comoving Hubble horizon
shrinks during inflation, and expands during the regular evolution of the
universe. Lastly, the comoving wavelength of a fluctuation is constant. (This last
one comes from the literal definition of the comoving distance.)
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Anisotropy problem resolved Winter School

Let us address now the anisotropy observed in the CMB. Actually, this is the
most robust solution of cosmic inflation. We say, that the fluctuations produced
during inflation will act as seeds for the structure formation during the regular
evolution of the universe. But how?

You only need three things to keep in mind: the comoving Hubble horizon
shrinks during inflation, and expands during the regular evolution of the
universe. Lastly, the comoving wavelength of a fluctuation is constant. (This last
one comes from the literal definition of the comoving distance.)

The fluctuation eventually grows to superhorizon scale during inflation and
won't affect the universe in any way. As the universe expands after inflation
these fluctuations eventually fall into the horizon and act as inhomogeneities.
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Anisotropy problem resolved Winter School
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Hubble horizon, (aH)~
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Figure: See the previous slide!
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What can be the dynamical source of inflation? Winter School

Our first thought may be that it is Einstein’s cosmological constant A. However,
that cannot be the case! Matter and radiation are diluted exponentially quickly
and w = —1 forever, since A is also independent of time. There is no exit from
this. A positive (negative) cosmological constant dominated universe is also
called (anti) de Sitter universe.
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What can be the dynamical source of inflation? Winter School

Our first thought may be that it is Einstein’s cosmological constant A. However,
that cannot be the case! Matter and radiation are diluted exponentially quickly
and w = —1 forever, since A is also independent of time. There is no exit from
this. A positive (negative) cosmological constant dominated universe is also
called (anti) de Sitter universe.

The simplest way to have a finite inflationary epoch is by assuming that a scalar
field was coupled to gravity such that

s= [ axv=g (JR+ 39" 0.0000) - V(9)) ©)

It is just a singlet scalar field with canonical kinetic term.
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What can be the dynamical source of inflation? Winter School

Our first thought may be that it is Einstein’s cosmological constant A. However,
that cannot be the case! Matter and radiation are diluted exponentially quickly
and w = —1 forever, since A is also independent of time. There is no exit from
this. A positive (negative) cosmological constant dominated universe is also
called (anti) de Sitter universe.

The simplest way to have a finite inflationary epoch is by assuming that a scalar
field was coupled to gravity such that

s= [ axv=g (JR+ 39" 0.0000) - V(9)) ©)

It is just a singlet scalar field with canonical kinetic term.

There are a lot of other options. We are going to cover two in the second half of
the lectures.
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ELFT 2021

Relevant equations and quantities Winter School

In order to analyze the dynamics we need several pieces of information. A great
simplification comes from the homogeneity requirement of the Einstein
equations ¢(r,t) = ¢(t). The equation of motion for ¢ takes the form

é+3Hd + V'(¢) = 0. (10)
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Relevant equations and quantities Winter School

In order to analyze the dynamics we need several pieces of information. A great
simplification comes from the homogeneity requirement of the Einstein
equations ¢(r,t) = ¢(t). The equation of motion for ¢ takes the form

é+3Hd + V'(¢) = 0. (10)

We can read off from the stress-energy tensor the density p and pressure p:

; : 1, ‘
p= 3B +V(6), p= 58~ V(9) (1)

20
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In order to analyze the dynamics we need several pieces of information. A great
simplification comes from the homogeneity requirement of the Einstein
equations ¢(r,t) = ¢(t). The equation of motion for ¢ takes the form

é+3Hd + V'(¢) = 0. (10)
We can read off from the stress-energy tensor the density p and pressure p:
1. 1.
p=59 +V(9), p=56"=V(9) Q)
Then, the equation of state is
152
12—V
W= M (12)
502 + V(¢)

In order to get inflation we need w ~ —1,i.e ¢? < V(¢)! The potential energy
has to dominate over the kinetic energy, hence we call it slow-roll inflation.
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Stopping inflation Winter School

The Friedmann equations take the forms

1 /1. ‘
H+H = HX(1-¢)=- S (¢° — V() (14)
Pl

We have introduced the most important parameter in inflation ¢ = —H/H?.
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Stopping inflation Winter School

The Friedmann equations take the forms

1 /1. ,
H+H = H(1-¢)=- 3/\1/12 (¢° — V() (14)
PI

We have introduced the most important parameter in inflation e = —H/H?. We
know that the Hubble horizon is shrinking during the inflationary epoch:

d, -
0> a(aH)
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Stopping inflation Winter School

The Friedmann equations take the forms

1 /1.
H* = M(§¢2+V(¢)), (13)
H+H = H(1-¢)= — 7 (¢° — V() (14)
PI

We have introduced the most important parameter in inflation e = —H/H?. We
know that the Hubble horizon is shrinking during the inflationary epoch:

d

-1 P
0> a(aH) =

aH + aH 1
“T@HE - al o)

(15)

This actually gives us the clue that inflation stops when ¢ = 1!!
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Stopping inflation Winter School

The Friedmann equations take the forms

1 /1.
H* = M(§¢2+V(¢)), (13)
H+H = H(1-¢)= — 7 (¢° — V() (14)
PI

We have introduced the most important parameter in inflation e = —H/H?. We
know that the Hubble horizon is shrinking during the inflationary epoch:

0> %(aH)*:f"(‘;%;”L’ :7;(175). (15)

This actually gives us the clue that inflation stops when ¢ = 1!! Using the second
Friedmann equation we can express

1 12
a= EMP,Z%. (16)

This agrees perfectly with our requirement to have w ~ —1: If the kinetic energy
of the field grows too large, inflation eventually stops by itself.
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Sufficient amount of inflation Winter School

We want inflation to resolve the Horizon problem, which sets a lower boundary
on the amount of expansion during the inflationary epoch. This is measured in
N = In(@enqg/astart), Which is called the e-folding number. Our current size of
Hubble horizon imply

N > 50 (17)

Quantities observed today correspond to 60 > N > 50, depending on the
specifics of the inflationary model.

Zoltan Péli 22



Sufficient amount of inflation T

We want inflation to resolve the Horizon problem, which sets a lower boundary
on the amount of expansion during the inflationary epoch. This is measured in
N = In(@enqg/astart), Which is called the e-folding number. Our current size of
Hubble horizon imply

N > 50 (17)

Quantities observed today correspond to 60 > N > 50, depending on the
specifics of the inflationary model.

In order to secure a long enough inflationary period we prescribe
lef <1 (18)
and obtain _ .
e
The quantity 7y is our second slow-roll parameter. Note: we have not used any

approximations so far. The subscript H means it is expressed via the Hubble
parameter, and the negative sign is a convention.

(19)
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Visualizing inflation Winter School

V(¢)

N~50 Reheating

Pos PenD Posc

Figure: The inflationary poten b). W fine A = p!/* as th f inflation.
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ELFT 2021

Relation of inflationary predictions to observables Winter School

We can make observations of primordial density fluctuations. These can be
sorted to scalar fluctuations (directly related to fluctuations in the curvature R)
and primordial gravitational waves. We call the latter tensor fluctuations.
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Relation of inflationary predictions to observables Winter School

We can make observations of primordial density fluctuations. These can be
sorted to scalar fluctuations (directly related to fluctuations in the curvature R)
and primordial gravitational waves. We call the latter tensor fluctuations.

The variance of the curvature fluctuations is usually parametrized as

k ns—1
A% ~ A, (7> \ (20)

where k. is a pivot scale dependent on the parameters of the measurement. The
Planck satellite measures

As=22x10"° and ns=0.964+ 0.005 (21)

with the pivot scale k., = 0.05Mpc~".
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Relation of inflationary predictions to observables rtor oot

Winter School

The variance of the tensor fluctuations is parametrized in the same way as that

of the density fluctuations
at=a () (22)

Tensor fluctuations are not observed yet. We are only able to measure an upper
bound on the ratio of the amplitude of tensor and scalar fluctuations

— At
r=. <014 (23)
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Relation of inflationary predictions to observables

ELFT 2021

Winter School

0.25 ~ Planck TT,TE,EE+lowE
Planck TT,TE,EE+lowE+lensing
%
+BK14+BAO
020 % % )
’ S
) Y]
loz
0.15 -
S .
S CO:"9+
CQ‘,
0.10 - 7
r/’ l/,
0.05 - /&
0.00 - — T
0.95 0.96 0.97 0.98 0.99
ns

1.00

Figure: Observational bounds from the Planck satellite. This is the most recent data, the
experiment ended in late 2013. The subscript refers to k, = 0.002 Mpc~', a different pivot

z01:86ale used for tensor modes.
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Relation of inflationary predictions to observables Winter School

We have no time to derive the inflationary predictions for A% and AZ. A very
good read detailing the procedure is for instance arXiv:0907.5424.
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Relation of inflationary predictions to observables Winter School

We have no time to derive the inflationary predictions for A% and AZ. A very
good read detailing the procedure is for instance arXiv:0907.5424.

The density perturbations are proportional to the perturbations in the scalar
field. This leads to the formula

1 1/H)\?
A2 ~ = (7) ., (24)
2M|23| R\ 27 | A
where k = aH means that for a fluctuation with wavelength k=, it is evaluated at
the point when it is the size of the Hubble horizon. Note that this quantity is
model dependent due to ¢! (It requires a direct assumption for the velocity of the
scalar field.)
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Relation of inflationary predictions to observables Winter School

We have no time to derive the inflationary predictions for A% and AZ. A very
good read detailing the procedure is for instance arXiv:0907.5424.

The density perturbations are proportional to the perturbations in the scalar
field. This leads to the formula

1 1/H)\?
A2 ~ = (7) ., (24)
2M|23| R\ 27 | A
where k = aH means that for a fluctuation with wavelength k=, it is evaluated at
the point when it is the size of the Hubble horizon. Note that this quantity is
model dependent due to ¢! (It requires a direct assumption for the velocity of the
scalar field.)

The above formula implies the relations

_ 1 1V(9)
T 247 Mf)l $=oBs =
(using H? ~ V//(3M3,) during slow-roll) and
din A%
ng—1= dink |,_,~ 2ny — 4e. (26)
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Relation of inflationary predictions to observables Winter School

Inflation predicts that the variance of the tensor fluctuations are

2 H?

2
AT
2 N2 ;
72 My [kan

(27)

Note that this formula only depends on H. It does not depend on the specifics of
the inflationary model.
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Relation of inflationary predictions to observables Winter School

Inflation predicts that the variance of the tensor fluctuations are

2 H?

2
AT
2 N2 ;
72 My [kan

(27)

Note that this formula only depends on H. It does not depend on the specifics of
the inflationary model.

The tensor-to-scalar ratio is
r =16e. (28)

Zoltan Péli 28



Relation of inflationary predictions to observables rtor oot

Winter School

Inflation predicts that the variance of the tensor fluctuations are

2 H?

2
AT
2 N2 ;
72 My [kan

(27)
Note that this formula only depends on H. It does not depend on the specifics of
the inflationary model.

The tensor-to-scalar ratio is
r =16e. (28)

The primordial gravitational waves seem to be too faint to detect with the
presently available technology. However, that would be a triumph of
cosmological inflation. The existence of primordial gravitational waves is very
hard to explain otherwise. Fortunately, we have a chance to indirectly detect
them.
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Relation of inflationary predictions to observables Winter School

Inflation predicts that the variance of the tensor fluctuations are

2 H?

2
AT
2 N2 ;
72 My [kan

(27)
Note that this formula only depends on H. It does not depend on the specifics of
the inflationary model.

The tensor-to-scalar ratio is
r =16e. (28)

The primordial gravitational waves seem to be too faint to detect with the
presently available technology. However, that would be a triumph of
cosmological inflation. The existence of primordial gravitational waves is very
hard to explain otherwise. Fortunately, we have a chance to indirectly detect
them.

They leave a unique imprint on the polarization pattern of the CMB: the B-mode
polarization pattern. In 2014 the BICEP2 experiment reported such an
observation. Unfortunately later in 2015, the Planck experiment has shown that
galactic foregrounds (dust) are responsible for the detected B-modes.
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The slow-roll cookbook Winter School

The computations simplify significantly in the regime ¢? < V(¢), this is called
the slow-roll approximation

H V() 29)

o ()

TH 21 — € with 7 = M, V”(((f)), (31)
v~ L &
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The simplest scalar potential is just a mass term.

V(6) = 3. (33)

» Let us compute the observables ns, r and constrain m?!
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The simplest scalar potential is just a mass term.

V(6) = 3. (33)

» Let us compute the observables ns, r and constrain m?!

» As a first step, compute € and 7.
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The simplest scalar potential is just a mass term.

V(6) = 3. (33)

» Let us compute the observables ns, r and constrain m?!
» As afirst step, compute € and 7.

» Find the value ¢gpp for which inflation stops (e = 1).
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The simplest scalar potential is just a mass term.

V(6) = 3. (33)

» Let us compute the observables ns, r and constrain m?!
» As afirst step, compute € and 7.
» Find the value ¢gpp for which inflation stops (e = 1).

» Using N = 60, find ¢ggg corresponding the observed fluctuations.
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The simplest scalar potential is just a mass term.

V(6) = 3. (33)

» Let us compute the observables ns, r and constrain m?!

» As a first step, compute e and 7.

» Find the value ¢gpp for which inflation stops (e = 1).

» Using N = 60, find ¢ggg corresponding the observed fluctuations.

» We can now simply compute ns and r by substitution.
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The simplest scalar potential is just a mass term.

V(6) = 3. (33)

» Let us compute the observables ns, r and constrain m?!

» As a first step, compute e and 7.

» Find the value ¢gpp for which inflation stops (e = 1).

» Using N = 60, find ¢ggg corresponding the observed fluctuations.
» We can now simply compute ns and r by substitution.

» Use the measured value As to constrain the parameters in the potential.

Zoltan Péli 30
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» One first needs to establish the allowed parameter space of the particle
physics model and the inflationary model.
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» One first needs to establish the allowed parameter space of the particle
physics model and the inflationary model.

» Then set the scale of inflation and match the predictions of the particle
physics model with the inflationary model.
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» One first needs to establish the allowed parameter space of the particle
physics model and the inflationary model.

» Then set the scale of inflation and match the predictions of the particle
physics model with the inflationary model.

» The temperature was very low during and right after inflation. During
inflation, the energy was stored as vacuum energy A ~ p'/#. During the
reheating process this energy transfers to the production of SM particles as
the field oscillates around the minimum of the potential.
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One first needs to establish the allowed parameter space of the particle
physics model and the inflationary model.

Then set the scale of inflation and match the predictions of the particle
physics model with the inflationary model.

The temperature was very low during and right after inflation. During
inflation, the energy was stored as vacuum energy A ~ p'/#. During the
reheating process this energy transfers to the production of SM particles as
the field oscillates around the minimum of the potential.

We can use zero temperature QFT at the times when the temperature was
low.

32
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Renormalization scale as cosmic timescale? e

» At finite temperature, the thermally corrected effective potential carries the
correct information, which can be used for instance to identify phase
transitions:

Veff(¢e: T) = Viree + Vioop T Vthermal (34)
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Renormalization scale as cosmic timescale? e

» At finite temperature, the thermally corrected effective potential carries the
correct information, which can be used for instance to identify phase
transitions:

Veff(¢e: T) = Viree + Vioop T Vthermal (34)

» Generally, the thermal effects dominate over the loop contributions.
However, if one wants to keep every term, then setting the renormalization
scale to . = T is the most sensible choice.
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Renormalization scale as cosmic timescale? Winter scnaol

» At finite temperature, the thermally corrected effective potential carries the
correct information, which can be used for instance to identify phase
transitions:

Veff(¢e: T) = Viree + Vioop T Vthermal (34)

» Generally, the thermal effects dominate over the loop contributions.
However, if one wants to keep every term, then setting the renormalization
scale to . = T is the most sensible choice.

» Fortunately, we do not have to deal with the thermal effects, as we are
interested in a very cold era of the universe. We use the straightforward
choice and during the inflation we set 1 to be the energy scale p'/* of
inflation.
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The coupling strength )\, of the scalar quartic vertex of the standard model
becomes negative (at high energies) during its renormalization group flow :

Standard model
0.2 |||||||||||||||||||||||||||||||||||

005 Lo ben b b e B BTl
2 4 6 8 100 12 14 16 18 20

logyo(p/GeV)

The corresponding one-loop beta function is

1 1 3 9 3
o) — o (zmg — 60f + 20} + 29t + Z 3% + A (126 — 3% 995))
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» Even the most precise computations' support this. Higher loop
calculations push the scale y higher about (10™ GeV), for which
Ag (o) = 0.

6. Degrassi, S. Di Vita, J. Elias-Miro, J. R. Espinosa, G. F. Giudice, G. Isidori, and A. Strumia, Higgs mass and vacuum
stability in the Standard Model at NNLO, JHEP 08, 098, arXiv:1205.6497 [hep-ph]
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one considers the SM complete.
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» Even the most precise computations' support this. Higher loop
calculations push the scale y higher about (10™ GeV), for which
Ag (o) = 0.

» Considering the two-loop effective potential of the standard model|, it is
unbounded from below at large field values. The tunneling rate from our
present 'false’ vacuum to the ‘true’ vacuum is finite, however with lifetime
longer then the age of the universe. The universe is therefore metastable if
one considers the SM complete.

» This calls for an extension of the SM. We elaborate here an inflationary
model?> based on the particular extension®.
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The particle content of the model coincides with that in the standard model
of particle interactions, supplemented with one complex scalar field. We
also allow for one (or more) Dirac-, or Majorana-type right-handed
neutrinos.
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» The particle content of the model coincides with that in the standard model
of particle interactions, supplemented with one complex scalar field. We

also allow for one (or more) Dirac-, or Majorana-type right-handed
neutrinos.

» Inthe example we are about to give, we consider a single, heavy Dirac-type
right handed neutrino.
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» The particle content of the model coincides with that in the standard model
of particle interactions, supplemented with one complex scalar field. We
also allow for one (or more) Dirac-, or Majorana-type right-handed
neutrinos.

» Inthe example we are about to give, we consider a single, heavy Dirac-type
right handed neutrino.

» The extended scalar potential has the form:

1 2
V(6.0 = Vo - idlal = il + 56" e (7).

with C being the quartic coupling matrix C = 2 ;
PRI,
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» The criteria for the potential to be perturbative and stable are

4T > Ny >
4 > N >
47 > |A|,

detc = 4\ A\ —A> > 0, if A<0,

which have to be satisfied up to the Planck-scale u = Mp,.
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Winter School

» The criteria for the potential to be perturbative and stable are

4T > Ny >
4 > N >
47 > |A|,

detc = 4\ A\ —A> > 0, if A<0,

which have to be satisfied up to the Planck-scale u = Mp,.

» After spontaneous symmetry breaking the model has two vacuum
expenctation values (v and w) and two scalar particles with physical
masses My . In order to be consistent, we have to set:

v(Mz) = 246 GeV and M;,(Mz) =125 GeV.

Zoltan Péli
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» We calculate the one-loop 3-functions of the model and perform the
stability analysis of the scalar potential.
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» The initial conditions of the coupled system of ODE-s are given at m; and
most of them are set by measurements.
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» We calculate the one-loop 3-functions of the model and perform the
stability analysis of the scalar potential.

» The initial conditions of the coupled system of ODE-s are given at m; and
most of them are set by measurements.

» The free initial values are

Ap(Me), Ax(mye), A(me), cu(my). (35)
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We calculate the one-loop s-functions of the model and perform the
stability analysis of the scalar potential.

The initial conditions of the coupled system of ODE-s are given at m; and
most of them are set by measurements.

The free initial values are

Ap(Me), Ax(mye), A(me), cu(my). (35)

Finally, we constrain the parameter space spanned by the unknown
couplings through the stability and consistency conditions.
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» What does the scalar potential imply for cosmic inflation?
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» What does the scalar potential imply for cosmic inflation?

» The most important difference is that we now have a multiple field
inflationary model. Actually, the multiple-field models are favored when one
attempts to make a connection with particle physics, at least because of
the vacuum stability requirement.
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Inflationary model Wikter cool

» What does the scalar potential imply for cosmic inflation?

» The most important difference is that we now have a multiple field
inflationary model. Actually, the multiple-field models are favored when one
attempts to make a connection with particle physics, at least because of
the vacuum stability requirement.

» We want to explore the parameter region, for which the inflationary
potential produces predictions consistent with observations.
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» A single scalar field can only cause curvature R fluctuations, which then
later correspond to adiabatic density fluctuations.
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later correspond to adiabatic density fluctuations.

» In the classical trajectory of the field (dictated by the EOM) these are
fluctuations in the path length.
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» A single scalar field can only cause curvature R fluctuations, which then
later correspond to adiabatic density fluctuations.

» In the classical trajectory of the field (dictated by the EOM) these are
fluctuations in the path length.

» For multiple fields, a new kind of perturbation appear, called isocurvature or
entropy perturbation S. Current CMB data favor adiabatic perturbations
and constrain isocurvature perturbations to be small.
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A single scalar field can only cause curvature R fluctuations, which then
later correspond to adiabatic density fluctuations.

In the classical trajectory of the field (dictated by the EOM) these are
fluctuations in the path length.

For multiple fields, a new kind of perturbation appear, called isocurvature or
entropy perturbation S. Current CMB data favor adiabatic perturbations
and constrain isocurvature perturbations to be small.

In the classical trajectory of the field, these can be pictured as fluctuations
perpendicular to the trajectory itself.

4



Multiple field inflation ELFT 2021

Winter School

» A single scalar field can only cause curvature R fluctuations, which then
later correspond to adiabatic density fluctuations.

» In the classical trajectory of the field (dictated by the EOM) these are
fluctuations in the path length.

» For multiple fields, a new kind of perturbation appear, called isocurvature or
entropy perturbation S. Current CMB data favor adiabatic perturbations
and constrain isocurvature perturbations to be small.

» In the classical trajectory of the field, these can be pictured as fluctuations
perpendicular to the trajectory itself.

» In practice, we define an ‘adiabatic field’ ¢ and an ‘entropy field’ s (we have
$ = 0) and rotate the original fields (¢, x) into (o, ).
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» Remember that we had relations for A2?
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» It corresponds to the correlator (R?). Now we have two additional
correlators (S?) and (RS)  cos Al
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» Remember that we had relations for A2?

» It corresponds to the correlator (R?). Now we have two additional
correlators (S?) and (RS)  cos Al

» This is going to mean that we have an additional observable quantity A, the
correlation angle. It appears for example in the tensor-to-scalar ratio

r = 16e(sin A)? (36)
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» Remember that we had relations for A2?

» It corresponds to the correlator (R?). Now we have two additional
correlators (S?) and (RS)  cos Al

» This is going to mean that we have an additional observable quantity A, the
correlation angle. It appears for example in the tensor-to-scalar ratio

r = 16e(sin A)? (36)

» We can distinguish two qualitatively different scenarios: if the curvature and
entropy fluctuations are completely uncorrelated cos A = 0, called the
inflaton scenario. The field responsible for the expansion generates the
primordial fluctuations.
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Remember that we had relations for A3?

It corresponds to the correlator (R?). Now we have two additional
correlators (S?) and (RS)  cos Al

This is going to mean that we have an additional observable quantity A, the
correlation angle. It appears for example in the tensor-to-scalar ratio

r = 16e(sin A)? (36)

We can distinguish two qualitatively different scenarios: if the curvature and
entropy fluctuations are completely uncorrelated cos A = 0, called the
inflaton scenario. The field responsible for the expansion generates the
primordial fluctuations.

If the curvature and entropy fluctuations are maximally correlated
cos A = 1, we call it the curvaton scenario. The primordial fluctuations are
not generated by the field responsible for expansion.
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» The slow-roll parameters and the formula for ns are also different for
multiple fields.

4C. T. Byrnes and D. Wands, Phys. Rev. D 74, 043529 (2006).

Zoltan Péli 43



Multiple field inflation Wikter cool

» The slow-roll parameters and the formula for ns are also different for
multiple fields.

» We have

4C. T. Byrnes and D. Wands, Phys. Rev. D 74, 043529 (2006).
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» The slow-roll parameters and the formula for ns are also different for
multiple fields.

» We have
_ I, (%Y m 1 06V OV 1y (0
6*2”’”( v) e’ 2F! V2 =M (v &7

4C. T. Byrnes and D. Wands, Phys. Rev. D 74, 043529 (2006).
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» The slow-roll parameters and the formula for ns are also different for
multiple fields.

» We have
Ty (VT mun T (0eV) 4 V) 1y (8oV)
efiMPl( V) field ZMP‘ V2 72MPl v &7

» The second slow-roll parameter 7 proliferates.

OpoV
il MZ [oY0)
n Pl

4C. T. Byrnes and D. Wands, Phys. Rev. D 74, 043529 (2006).
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» The slow-roll parameters and the formula for ns are also different for

multiple fields.

» We have

2 vV field 2 V2

» The second slow-roll parameter 7 proliferates.

2 ad)rb V' muti

1= Me == 2 oo, o Nex, 1 =M

field

(or equivalently 744, Nss, Nos)-

4C. T. Byrnes and D. Wands, Phys. Rev. D 74, 043529 (2006).
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The slow-roll parameters and the formula for ns are also different for
multiple fields.

We have
1 (0VNE i T, (0sV)2H (B V) 1,0 [0,V
‘3 2MP‘( vV ) “aa” 2MP1 V2 =M~y &7
The second slow-roll parameter 7 proliferates.
OpeV  multi oV
n =My 220 T s, s Toxs M = Mbr— (38)
V  field vV

(or equivalently 744, Nss, Nos)-

The multiple field formula for ns is very long and its derivation takes a
complete paper”.

T. Byrnes and D. Wands, Phys. Rev. D 74, 043529 (2006).
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» As a first guide, we look for an inflationary potential with parameters
consistent (at least in the orders of magnitude) with the RG running. For
instance \;, |A| ~ 0(10~" —1072) and z?/GeV ~ 0(10%) withi = ¢, x.
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» As a first guide, we look for an inflationary potential with parameters
consistent (at least in the orders of magnitude) with the RG running. For
instance \;, |A| ~ 0(10~" —1072) and z?/GeV ~ 0(10%) withi = ¢, x.

» In our sought after scenario the classical fields roll towards the minimum of
the potential from the origin. We solve numerically the EOMs:
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» As a first guide, we look for an inflationary potential with parameters
consistent (at least in the orders of magnitude) with the RG running. For
instance \;, |A| ~ 0(10~" —1072) and z?/GeV ~ 0(10%) withi = ¢, x.

» In our sought after scenario the classical fields roll towards the minimum of
the potential from the origin. We solve numerically the EOMs:

d+3Hp+ 05V =0, %+3Hx+0V=0 (39)

however we transform the independent variable t to N via the relation
dN = Hdt.
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As a first guide, we look for an inflationary potential with parameters
consistent (at least in the orders of magnitude) with the RG running. For
instance \;, |A| ~ 0(10~" —1072) and z?/GeV ~ 0(10%) withi = ¢, x.

In our sought after scenario the classical fields roll towards the minimum of
the potential from the origin. We solve numerically the EOMs:

é+3Hdp+0sV =0, x+3Hx+d,V=0 (39)

however we transform the independent variable t to N via the relation
dN = Hdt.

In our setting the inflation stops exclusively due to n; getting to large while ¢
is still small (e ~ 0(1073%)).
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As a first guide, we look for an inflationary potential with parameters
consistent (at least in the orders of magnitude) with the RG running. For
instance \;, |A| ~ 0(10~" —1072) and z?/GeV ~ 0(10%) withi = ¢, x.

In our sought after scenario the classical fields roll towards the minimum of
the potential from the origin. We solve numerically the EOMs:

é+3Hdp+0sV =0, x+3Hx+d,V=0 (39)

however we transform the independent variable t to N via the relation
dN = Hdt.

In our setting the inflation stops exclusively due to n; getting to large while ¢
is still small (e ~ 0(1073%)).

We can only get predictions consistent with the observations when the true
minimum of the potential is far ~ Mp, from the origin and consider the
curvaton scenario.

ELFT 2021
Winter School
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Dirac neutrino, ¢,(my) = 0.0, n}, = —0.017

T T T T
10° - gy <1 for Vo = 4.6 x 102 GeV* ]

10 =

x(GeV)
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0~

Figure: Left: A possible trajectory of the rolling of the scalar fields. The black dots denote
the extrema of the potential. Right: Projection of the trajectory onto the ¢ — x plane. The
red star denotes the end of inflation on the trajectory, marked with a red dot on the
three-dimensional picture.
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» Because of the smallness of e(¢oss) and cos A = 1, we have

r= 07 ns —1= Z'flss~ (40)
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» Because of the smallness of e(¢oss) and cos A = 1, we have

r= 07 ns —1= Z'flss~ (40)

» The normalization condition is
4
Vo=r (1.6 x 1016> GeV* (41)

unapplicable, since r = 0. This only means that we need to find an other
way to set the scale of inflation.

Zoltan Péli 46



Constraining the inflationary model Wikter cool

» Because of the smallness of e(¢oss) and cos A = 1, we have

r= 07 ns —1= z'flss~ (40)

» The normalization condition is
4
Vo=r (1.6 x 10“”) GeV* (41)

unapplicable, since r = 0. This only means that we need to find an other
way to set the scale of inflation.

» We do this together with selecting the parameter region where we can
obtain large values for the minimum of the potential!
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» Because of the smallness of e(¢oss) and cos A = 1, we have

r= 07 ns —1= z'flss~ (40)

» The normalization condition is
4
Vo=r (1.6 x 10“”) GeV* (41)

unapplicable, since r = 0. This only means that we need to find an other
way to set the scale of inflation.

» We do this together with selecting the parameter region where we can
obtain large values for the minimum of the potential! The global minimum
of the potential is inversely proportional to det1c/2. Smaller det; pushes the
minimum farther away from the origin.
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» Naively computing the slow-roll parameters, we can establish that it is not
possible either if the field rolls from large or small values.
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Is it possible to have inflation in the SM? Can the Higgs field be the inflaton?
Let us talk about tree level first at the electroweak scale.

Naively computing the slow-roll parameters, we can establish that it is not
possible either if the field rolls from large or small values.

Examining the SM Lagrangian, we can see that the operator H'H is a
dimension 2, Lorentz invariant operator.

The Ricci scalar R in the EH action is also a dimension 2, Lorentz invariant
operator.

The combination (H'H)R is therefore a renormalizable operator and can be
generated radiatively. We might as well add it to the complete Lagrangian.
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» The relevant part of the action in unitary gauge H' = (0,h/\/2) is

S /d“xF( M (1 +§Mh—;) R+ %g*“’(aﬂh)(ayh) — U(h)), (42)
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» The relevant part of the action in unitary gauge H' = (0,h/\/2) is

S /d“xF( M (1 +§Mh—;) R+ %g“”(aﬂh)(ayh) — U(h)), (42)

» Obviously, we exclude ¢ < 0 as the action may become unbounded from
below. We can also observe, that this action reduces to the SM case if
VEh < Mp,. Values ¢ ~ O(Mp,/GeV) are completely excluded, so h has to
be large to see new physics.
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» The relevant part of the action in unitary gauge H' = (0,h/\/2) is

S /d“xF( M (1 *51\37;) R+ %g‘L”(OMh)(Oyh) — U(h)), (42)

» Obviously, we exclude ¢ < 0 as the action may become unbounded from
below. We can also observe, that this action reduces to the SM case if
VEéh < Mp,. Values ¢ ~ O(Mp;/GeV) are completely excluded, so h has to
be large to see new physics.

» The factor multiplying —(M3,/2)R is called the conformal factor Q. If Q # 1,
then we are in the Jordan frame. There exists a so-called conformal
transformation of the metric which transforms the action into the Einstein

frame where 5
5 /d“xx/fﬁ G%m g ) ' (43)

where the quantities in the Einstein frame are denoted with an overhat.
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» The Jordan and Einstein frames are physically equivalent, although the
inflationary dynamics are manifest in the Einstein frame.
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» The Jordan and Einstein frames are physically equivalent, although the
inflationary dynamics are manifest in the Einstein frame.

» The conformal factor is Q% = 1+ ¢h? /M3, and the relevant part of the
action is
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» The Jordan and Einstein frames are physically equivalent, although the
inflationary dynamics are manifest in the Einstein frame.

» The conformal factor is Q% = 1+ ¢h? /M3, and the relevant part of the
action is

5 / d*x/—§ { -@;U (g Mﬂf%l(a,lﬂz)(am?) + %(a,th)(auh)) - éU(h)} :
(44)

» We need to introduce a canonical field x, for which this action takes the

form o
8= [dx/ { g (000 - 0(x)} . (45)
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» As we discussed earlier, for h << Mp; we simply obtain the SM case, thus
¥ = ik
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» As we discussed earlier, for h << Mp; we simply obtain the SM case, thus
¥ = ik
» For large values of h (and 0 < ¢ << Mp)), namely Q2 >> 1, we have

x = ng InQ? (46)
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Winter School

» As we discussed earlier, for h << Mp; we simply obtain the SM case, thus
¥ = ik

» For large values of h (and 0 < ¢ << Mp)), namely Q2 >> 1, we have

X = ng In Q? (46)

» In this picture the field rolls from large values towards the the electroweak
vacuum. Thus, we have
_ Mgy (22 - 1)

A durin: A
Ulh) = 2 29, ) - (S
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As we discussed earlier, for h << Mp, we simply obtain the SM case, thus
¥ = ik

For large values of h (and 0 < ¢ << Mp;), namely Q2 >> 1, we have

X = ng In Q? (46)

In this picture the field rolls from large values towards the the electroweak
vacuum. Thus, we have

; 'l 4 2 1\2 4 7 x
U = Jpat 21, ) = 2 O ZD7 o 2l (7 o E

(47)

Every other part of the SM Lagrangian is suppressed by Q2 (kinetic terms)
or Q~* (non-kinetic terms).
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Predictions of the Higgs inflation Winter School

» The predictions of this model are in excellent agreement with the
observational data

L 0.967, r — — =—i0/0033; (48)

2N

ns=1-—

for N = 60.
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» The predictions of this model are in excellent agreement with the
observational data

L 0.967, r — — =—i0/0033; (48)

2N
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for N = 60.

» The normalization conditions introduces the constraint

£=5x10"/\,. (49)
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Predictions of the Higgs inflation Winter School

» The predictions of this model are in excellent agreement with the
observational data

L 0.967, r — — =—i0/0033; (48)

2N

ns=1-—

for N = 60.

» The normalization conditions introduces the constraint

£=5x10"/\,. (49)

» The tree level value A\, = 0.125 implies £ ~ 18000.

Zoltan Péli 54



ELFT 2021

Problems with the Higgs inflation Winter School

» First of all, we know that we cannot use the tree level value for the Higgs
quartic coupling. The scalar potential has to be stable at least during
inflation.
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Problems with the Higgs inflation Winter School

» First of all, we know that we cannot use the tree level value for the Higgs
quartic coupling. The scalar potential has to be stable at least during
inflation.

» Interms of the canonically normalized field, the operator describing the
non-minimal coupling to gravity has dimension 5 and suppressed by
e
§

This is interpreted as a UV cutoff. New physics appear at scales larger than
Al This is called the unitarity problem.

A (50)
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» First of all, we know that we cannot use the tree level value for the Higgs
quartic coupling. The scalar potential has to be stable at least during
inflation.

» Interms of the canonically normalized field, the operator describing the
non-minimal coupling to gravity has dimension 5 and suppressed by
e
§

This is interpreted as a UV cutoff. New physics appear at scales larger than
Al This is called the unitarity problem.

A (50)

» On the other hand, the scale of inflation in terms of the Higgs field is

Me:

e (57)
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Problems with the Higgs inflation Winter School

» First of all, we know that we cannot use the tree level value for the Higgs
quartic coupling. The scalar potential has to be stable at least during
inflation.

» Interms of the canonically normalized field, the operator describing the
non-minimal coupling to gravity has dimension 5 and suppressed by
e
§

This is interpreted as a UV cutoff. New physics appear at scales larger than
Al This is called the unitarity problem.

A (50)

» On the other hand, the scale of inflation in terms of the Higgs field is

Me:

v (51)

» This is problematic, since we expect new physics at scales lower than the
scale of inlation!

Zoltan Péli 55



ELFT
Current research Winter School

» The unitarity problem does not appear for 0 < ¢ < 1, implying A, ~ 10~
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» This can be achieved by RG running in a SM extension with additional
scalar field(s), such as the one we studied earlier.
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» The unitarity problem does not appear for 0 < ¢ < 1, implying A, ~ 10~

» This can be achieved by RG running in a SM extension with additional
scalar field(s), such as the one we studied earlier.

» Let us set the renormalization scale to ;; = h, as it minimizes the
logarithms in the effective potential:

_ nlp=h) 4
Ueff,tree o= 4 h. (52)
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The unitarity problem does not appear for 0 < ¢ < 1, implying A, ~ 10~

This can be achieved by RG running in a SM extension with additional
scalar field(s), such as the one we studied earlier.

Let us set the renormalization scale to ;; = h, as it minimizes the
logarithms in the effective potential:

_ nlp=h) 4
Ueff,tree o= 4 h. (52)

As the 1 approaches hg g, the field value corresponding to the end of
inflation, we enter the inflationary epoch.
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The unitarity problem does not appear for 0 < ¢ < 1, implying A, ~ 10~

This can be achieved by RG running in a SM extension with additional
scalar field(s), such as the one we studied earlier.

Let us set the renormalization scale to ;; = h, as it minimizes the
logarithms in the effective potential:

_ nlp=h) 4
Ueff,tree o= 4 h. (52)

As the 1 approaches hg g, the field value corresponding to the end of
inflation, we enter the inflationary epoch.

In the inflationary regime, particle processes are suppressed by the large
conformal factor and thus the RG running of )\, freezes in.

We have to do the analysis thoroughly, with multiple fields. Higgs inflation
with multiple field is called Higgs portal inflation.
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Exercise for students Winter School

1. Using the SM potential

Uh) = (0%~ vPY: (53)
confirm that cosmological inflation is impossible either if the field rolls from
h = 0 towards v or from h >> v towards v. Use the slow-roll analysis and the
tree level parameters, v = 246 GeV, \, = 0.13 so that

m2 = U"(h = v) = 2\v? and m, = 125 GeV. Finally, the Planck mass is

Mpi = 2.4 x 10" GeV.

2. Using the potential

O(x) = Az"g’}l <1 _e V8 W) (54)

of the Higgs inflation confirm the predictions shown in the lectures.
Compute the field values hpyp and hggg corresponding to the canonical

fields XEND and XOBS:
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