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Including this diversion …..

Embrace the future …. 



Unbearable Weakness of Gravity



PLAN  

(1) Very Early Universe  

(2) Ultra Violet (UV) 
aspects of Gravity   

(3) Baryon Asymmetry 

Dark Matter: See lectures by Stefano Profumo
Neutrino Physics: See lectures by Jenni Adams



Units
~ = c = kB = 1

1 fermi = 10�13 cm 1 Mpc ⇠ 3⇥ 1024 cm

[Energy] = [Mass] = [Temperature] = [Length]�1 = [Time]�1

1 GeV = 1.16⇥ 1013 K

1 GeV = 1.78⇥ 10�24 g

1 GeV�1 = 1.97⇥ 10�14 cm

1 GeV�1 = 6.58⇥ 10�25 sec

Bohr Radius : 5.2⇥ 10

�13
cm

613 Mpc 
largest Void: 280 MpcMPl =

1p
8⇡G

= 2.4⇥ 1018 GeV

Sometimes in literature Mp =

1p
8⇡G

, or mpl =
1p
G

= 1.22⇥ 10

19
GeV

(Appendix of Kolb and Turner book)
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Aim:

Understanding 
the time line of 
the Universe



First Evidence of Expanding Universe

1929 Hubble discovered 
Universe is expanding



Deccelerating Universe

Accelerating Universe

Evidence for Acceleration

Supernovae 
Type-1A acts like a 
Standard Candle Chandrasekhar

1998
Riess, Perlmutter, Schmidt



Unbearable Lightness of the Universe

Weighing the Universe

10�47 GeV4 ⇠ 10�29 g cm�3



Cosmic Microwave Background Radiation

Penzias and Wilson 
discovered it in 1965

Universe is Bright in 
Microwave region

with 2.725 k

Further Confirmation of Hot Big Bang Cosmology

Gammow



New Era: Gravitational Wave Astronomy



Inflation

Nucleosynthesis

CMB

Cosmological Constant

E ⇠ 1016GeV

E ⇠ MeV

E ⇠ eV

E ⇠ 10�3 eV

Cosmological Ladders

matter-radiation equality

(not to scale) 
Energy Ladder



Inflation

Nucleosynthesis

CMB

Cosmological Constant

E ⇠ 1016GeV

E ⇠ MeV

E ⇠ eV

E ⇠ 10�3 eV

Cosmological Ladders

matter-radiation equality

(not to scale) 

We may also add ‘particle 
physics ladder’ on top if it: 
- GUT physics 
- Lepto/Baryogenesis 
- EW phase transition 
- QCD phase transition 
- SUSY 
- String theory 
- Dark Matter freeze out  
- ….

Energy Ladder



Energy Ladder : 
Very Little do we know about Gravity

No departure from Newtonian Gravity 
 up to 

10�5 m ⇠ 100 (eV)�1

(1027 eV)4

(10�3 eV)4

or, M ⇠ 10

�2
eV

(10�2 eV)4



Classical Aspects



Recap of Standard Cosmology

ds2 = a(⌧)2
⇥
�d⌧2 + d�2 + �2(d✓2 + sin2 ✓d�2)

⇤

FRW Metric:

For k = 0

Conformal time:

Geodesic distance 
Particle Horizon: 

dp ⇠ a⌧ ⇠ t ⇠ 1

H
Hubble patch/radius : 



Recap of Standard Cosmology

Gµ⌫ = Tµ⌫/M
2
Pl

⌦cr = 3M2
PlH

2 Time independent

Flatness of the Universe

rµG
µ
⌫ = 8⇡GrµT

µ
⌫



Shortcomings of the Hot Big Bang Cosmology

Flatness Problem:
⌦k = 0 Unstable point

⌦k < 10�2 Planck data

|⌦k| < 10

�18
at BBN epoch

⌦k ! 0 a(t) ⇠ eHt
or ä > 0



We are constantly probing our History



Surface of last scattering



Shortcomings of  Hot Big Bang
Horizon Problem:

dp ⇠ a⌧ ⇠ t ⇠ 1

H



Inflation Makes Universe Flat !

C.C. : ⇤ =) ! = �1

! =
p

⇢

N ⇠ 1010
10

This idea was reinvented by  Starobinsky, Guth,  Linde, Steinhart, Albrecht



Dynamics of  Inflation

Slow Roll Conditions

(Liddle + Lyth Book)



N = ln
⇣aend

a

⌘
⇡

Z tend

t
H(t)dt =

Z �end

�

H

�̇
d� ⇡

Z �

�end

V

V,�
d�

Number of e-foldings of Inflation
* Number of e-foldings : Duration of Inflation

* Flatness & Horizon Problem can be addressed very easily:

dp � dL =
1

H0

a(tL)

a0
) N � ln

✓
aendHI

a0H0

◆



Inflationary/Post-Inflationary Evolution

Inflation is great !!

Addresses all the “major” issues except Big Bang singularity and C.C. problem 

Particle Horizon

Gravity can be tamed at small scales large energies --> Asymptotically Free Gravity  
Biswas, Mazumdar, Siegel  (2005)

Evolution of the Universe
Causal horizon : H

−1

infe
Hinf t

H
−1

inf

Inflation

Inflaton 
decay

causal horizon and Hubble patch ∝ t

Thermalization



What is an Inflaton?

� We don't know the identity,

we will discuss some possibilities later 





Inflation Models are summarised

Visible Sector Hidden Sector

Gravity Sector  
(universal)

 BSM but not 
far from SM

MSSM Flat directions 
as an inflaton  

(predictive thermal history)

L ⇠ R+ ⇠RH2
SM Higgs inflation

SM gauge 
singlets, 

String theory 
inspired  
models 

driven by 
open string 

moduli 

� ⇠ SU(3)⇥ SU(2)⇥ U(1)

� ⇠ SU(3)⇥ SU(2)⇥ U(1)⇥ U(1)0

L ⇠ M2
pR+ 1010R2

Hybrid inflation
V ⇠ �2(H2 � v2)

Higgs need  
not be SM, could  

be GUT

Open Closed String
Brane/anti-brane 

inflation

A.M & Rocher, Phys. Rept. (2011),  Particle Physics Models of Inflation & Curvaton,    1001.0993

(predictive thermal history)



Thermal Universe

Inflation dilutes everything, we nee to 
regenerate matter 



How to obtain Hot Universe ?

Inflaton decays 
but the coupling is unknown

φ
ψ̄

ψ
hφψ̄ψ

such oscillations †. The initial stage of reheating begins
right after Hinf ≃ mφ, where Hinf denotes the Hubble
expansion of the Universe towards the end of inflation,
and mφ denotes the mass of the inflaton. Note that the
inflaton oscillations always dominate the energy density
until the inflaton decay is completed.

H2(a) ≃
ρi

3M2
P

!ain

a

"3
∼ Γ2

φ , (1)

where Γφ is the inflaton decay rate, and ρi is the energy
density stored in the inflaton sector, and a is the scale
factor of expansion. The subscript in denotes the initial
time which can be taken to be the onset of inflaton oscil-
lations. The inflaton oscillations dominate until τ ∼ Γ−1

φ .
The inflaton energy goes into a thermal bath of relativis-
tic particles whose energy density is determined by the
reheat temperature Trh, given by

Trh ∼ g−1/4
∗ (ΓφMP)1/2 , (2)

where g∗ is the number of relativistic degrees of freedom.
The above estimation is simple and it still stands as the
only valid estimate of the reheat temperature.

As φ is a gauge singlet with respect to all gauge sym-
metries under consideration, it follows that for the case of
QCD with quarks, it can couple only to color singlets, and
to SU(2) gauge singlets constructed from the left-handed
quark field which forms a doublet in the standard model.
In this paper we mainly concentrate upon interactions

Lφgg =
φ

MP
FµνFµν (3)

which describes the perturbative decay of the inflaton
to gluons. Inflatons could also decay into SM quarks
through

Lφqq =
φ

MP
(Hq̄L)qR , (4)

where H is the Higgs doublet, qL is the SU(2) doublet,
and qR is singlet. The neutral Higgs scalar eventually
decays into the SM quarks and leptons via Yukawa cou-
plings.

We can now estimate the number density of hard hit-
ting quarks and gluons at time: τ > τin, where τin is the
reference time when the inflaton starts oscillating. The
number density is given by

†The initial stages of the inflaton oscillations could give rise
to non-thermal production of bosons and fermions, usually
known as preheating [20,21]. Alternatively the inflaton con-
densate could fragment due to running mass [22,23]. It is im-
portant to highlight that preheating does not give rise to ther-
malization. Preheating produces multi particle non-thermal
spectrum at initial stages which still requires to be thermal-
ized with chemical and kinetic equilibrium.

nχ(τ) = 2nφ(ain)(1 − e−Γφ(τ−τin))

#

ain

a

$3

, (5)

where nφ(ain) = ρφ(ain)/mφ, and we collectively des-
ignate hard hitting quarks and gluons by χ. Note that
we are neglecting here the particle number changing pro-
cesses in the above estimation.

III. FORMATION OF THE THERMAL BATH OF
SOFT QUARKS AND GLUONS

The inflaton decay rapidly builds up a large number
density of quarks and gluons. Note that fragmentation
or hadronization cannot occur in the early stages of the
inflaton decay, the formation of bound states being pre-
vented by the IR cutoff imposed by the finite expansion
rate of the universe. The time scale of expansion during
inflaton oscillations is texp ∼ 1/H(τ) ≥ 1/mφ which is
much smaller than the typical time scale of strong inter-
actions τs ∼ GeV−1 (for mφ ≫ O(1) GeV). However,
these mechanisms will be important towards the end of
the inflaton decay, and we will discuss these in section V.

We now ask the question as to how this dense system of
hard quarks and gluons will thermalize, what the corre-
sponding temperature would be and estimate the time to
reach the final reheat temperature Trh. A rigorous study
of thermalization would involve solving numerically the
relativistic Boltzmann equation for the time evolution of
the quark and gluon densities, with splitting functions in-
corporated from pQCD, and consequent logarithmic cor-
rections to the quark and gluon densities. A full calcula-
tion of the parton cascade evolution needs to be done in
the expanding space-time background, which is beyond
the scope of the present work. It is worthwhile at this
stage to review and recast the arguments for rapid ther-
malization that appear in references [16,17] in a QCD
based approach.

The mechanism therein involves creating a soft ther-
mal bath of gauge bosons from scattering of hard par-
ticles accompanied by the emission of a soft gluon from
one of the legs of the 2 → 2 diagram. This is the gluon
Bremsstrahlung. The emitted soft gluon can now be in-
volved in a scattering process with another quark (or
gluon), thereby leading to an exponential growth in the
number density of soft particles. Due to pair annihilation
processes, the thermal bath in QCD will be composed of
soft quarks as well as soft gluons. The soft quarks and
gluons can form a thermal plasma with an instantaneous
temperature [2]

Tinst ∼

#

g−1/2
∗ H(τinst)ΓφM2

P

$1/4

, (6)

where H(τinst) ≥ Γφ is the Hubble parameter at the
time when the soft thermal bath is created. This instan-
taneous temperature reaches its maximum Tmax ≤ mφ

soon after the inflaton field starts to oscillate around the

2
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Jaikumar, Mazumdar. (2003)

Γd = h
2
mφ

8π

Last stage of 
inflaton 

decay is always 
perturbative

Γd ∼

m3
φ

M2
P

χ

gφχχφ

χ

Γd =
g
2

8πmφ

h ∼

mφ

MP
g ∼

m2

φ

MP

d⇢�
dt

+ (3H + ��)⇢� = 0
Perturbative Decay
Kolb+Turner Book



Non Perturbative Creation of particles

Resonant preheating : q � 1

Narrow resonance : q  1, µk ⇠ m

Brandenberger (1994, 1996),  Koffman, Linde, Starobinsky (1997, 1998, 1999) 



Non Perturbative Creation of Particles

Adiabatic limit : �k / e±i
R
!kdt

Violation of adiabaticity leads to explosive particle creation

without expansion 
bosonic preheating

with expansion 
bosonic preheating

Fermion production
Koffman (2001),  

Peloso, Riotto, Tkachev (2001) 

Spin-3/2, Gravitino 
preheating

Maroto, Mazumdar (1999)



Towards full equilibrium
Number conserving 
process --> Kinetic 
equilibrium

Number violating 
process --> Chemical 
equilibrium

hot big bang Universe, which consists of elementary particles in full thermal equilib-

rium. The maximum temperature of the Universe after complete thermalization is

the definition of the reheat temperature, i.e., TR.

Let us first begin with the number-conserving reactions which build kinetic equi-

librium among the SM fermions. The most important processes are 2 → 2 scatterings

with gauge boson exchange in the t-channel, shown in Fig. (1). The cross-section for

these scatterings is ∼ α|t|−1. Here ′′t′′ is related to the exchanged energy, ∆E, and

the momentum,
−→

∆p, through t = ∆E2−|
−→

∆p|
2

. The fine structure constant is denoted

by α (note that α ≥ 10−2 in the MSSM). This cross section can be understood as

follows: the gauge boson propagator introduces a factor of |t|−2, while phase space

integration results in an extra factor of |t|. Due to an infrared singularity, these

scatterings are very efficient even in a dilute plasma 8.

Note that every degree of freedom of the MSSM has some gauge interactions

with all other fields. Therefore any fermion in the plasma has t−channel scatterings

off those fermions with the largest number density. For this reason the total number

density, n, enters while estimating the scattering rate.

f1

f2

f1

f2

Fig. 1: Typical scattering diagram which builds kinetic equilibrium in the reheat

plasma. Note that the t−channel singularity which results in a cross-section ∝ |t|−1.

In addition one also needs to achieve chemical equilibrium by changing the num-
8There are also 2 → 2 scattering diagrams with a fermion or scalar exchange in the t-channel.

Diagrams with a fermion (for example, gaugino) exchange have an amplitude ∝ |t|−1, which will

be canceled by the phase space factor |t|. This results in a much smaller cross-section ∝ s−1, where

s ≈ 4E2 is the squared of the center-of-mass energy. Diagrams with a scalar (for example, Higgs)

exchange are also suppressed by the following reason. A fermion-fermion-scalar vertex, which arises

from a Yukawa coupling, flips the chirality of the scattered fermion. For relativistic fermions, as we

consider here, the mass is ≪ E and a flip of chirality also implies a flip of helicity. This is forbidden

by the conservation of angular momentum for forward scatterings, i.e., where t → 0. As a result,

the diagram in Fig. (2) has no t-channel singularity at all. Note that it is additionally suppressed

by powers of Yukawa couplings compared to the diagram with gauge interactions in Fig. (1). For

more details, see Ref. [26]

– 8 –

ber of particles in the reheat plasma. The relative chemical equilibrium among dif-

ferent degrees of freedom is built through 2 → 2 annihilation processes, occurring

through s−channel diagrams. Hence they have a much smaller cross-section ∼ αs−1.

More importantly the total number of particles in the plasma must also change. It

turns out from Eq. (2.1) that in order to reach full equilibrium, the total number of

particles must increase by a factor of: neq/n, where n ≈ ρ/mφ and the equilibrium

value is: neq ∼ ρ3/4. This can be a very large number, for examples given in the

appendix, neq/n ∼ O(103). This requires that the number-violating reactions such

as decays and inelastic scatterings must be efficient.

Decays (which have been considered in Ref. [36]) are helpful, but in general they

cannot increase the number of particles to the required level. It was recognized in [23],

see also [26, 27], that the most relevant processes are 2 → 3 scatterings with gauge-

boson exchange in the t−channel. Again the key issue is the infrared singularity of

such diagrams shown in Fig. (2). The cross-section for emitting a gauge boson, whose

energy is |t|1/2 ≪ E, from the scattering of two fermions is ∼ α3|t|−1. When these

inelastic scatterings become efficient, i.e., their rate exceeds the Hubble expansion

rate, the number of particles increases very rapidly [37], because the produced gauge

bosons subsequently participate in similar 2 → 3 scatterings.

As a result the number of particles will reach its equilibrium value, neq, soon

after the 2 → 3 scatterings become efficient. At that point the scatterings and

inverse scatterings occur at the same rate and the number of particles will not increase

further. Therefore full thermal equilibrium will be established shortly after the 2 → 3

scatterings become efficient. For this reason, to a very good approximation, one can

use the rate for inelastic scatterings as a thermalization rate of the Universe Γthr.

f1

f2

f1

f2

Fig. 2: Typical scattering diagrams which increase the number of particles.

In order to estimate thermalization rate, we need to choose an infrared cut-off on

– 9 –

Γkin

Γth

Three time scales involved: Γ
−1

d
, Γ

−1

kin
, Γ

−1

th

Particles with gauge interactions: Γth ∼ α
3

!

MP

mφ

"

Γd

α ∼ 10
−2, mφ ≤ 10

13 GeV ⇒ Γth ≥ Γd

Davidson, sarkar(2000), Allahverdi (2001), Allahverdi, Drees(2003), Jaikumar, Mazumdar (2003)



Reheating & Thermalisation
How it really happens

Tmin

Tmax ∼

mφ

6
∼ 10

13
GeV

Quasi-thermal phase
TR

Warning : More subtle, see next:

Instant Reheating Temp.



Mazumdar, Zaldivar 1310.5143

Boltzmann Equation

Efficient Thermalisation: 

Delayed Thermalisation: 



Visible matter : Thermal Sector



Thermal History of the visible Universe

= 126GeV


