
Origin of the 
inhomogeneous structure 
of the Universe 

1 



suyama teruaki 

須山 輝明 

Research field: Cosmology 
                           (宇宙論) 
                           (theory)  

2 



3 

宇宙 

宇：天地四方上下(=space) 

宙：往古来今(=time) 

In 淮南子(written in 漢(Han) era) 

The word ``宇宙’’ actually captures the 
essence of the Universe (as the spacetime). 



My (ultimate) goal: 

To clarify the history of the Universe 
(how did it begin, how did it evolve? 
etc.) and to understand why we are here 
by means of physics, not by means of 
ungrounded imagination. 

Cosmology is not a myth. 
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Basic physics 

Quantum field theory (Quantum mechanics) 

General relativity 

• Describes microscopic processes.   

• Matters can appear or disappear. 

• Zero point fluctuations (uncertainty principle). 

• Describes spacetime structure.   

• Spacetime is dynamical and interact with matters inside. 

• Gravity is nothing but distortion of spacetime. 
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General relativity is essential to 
understand the Universe 

Albert Einstein 

Start of the modern cosmology 6 

This enables us to study the dynamics of the 
Universe itself by physics. 



Brief overview of cosmology 
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Einstein equations determine the 
spacetime structure. 

Distortion of spacetime Matter  
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Similar to Maxwell’s equations. 



Solution of the Einstein equations shows 
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Alexander Friedmann 

the Universe (3-dim space) expands in time.  

Friedmann equation 
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time 

Distance between any two points grows in time. 



What happens if the 
Universe expands？ 
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Photons from distant stars get 
redshifted.  

Jeorges Lemaitre 
Distant objects appear that they move away from us.  

12 Doppler effect=redshifting 



Hubble’s law 

Wavelength shift  distance ∝ 
Proportionality constant is 
known as the Hubble constant. 
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Lemaitre estimated the Hubble 
constant for the first time in 1927. 

Today’s estimate is 
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Two years later, Hubble also 
estimated the Hubble constant. 
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General Relativity predicts the 
expansion of the Universe. 

This prediction was confirmed 
observationally. 

Small summary 
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If the Universe is expanding, the Universe was 
smaller than today in the past. 

The Universe was hotter and denser in the past 
(adiabatic expansion). 

Size of the Universe becomes zero at finite time 
back into the past (birth of the Universe). 

Big-Bang Cosmology 
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time 
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According to the Big-Bang theory, present 
Universe must be filled with the microwave, 
relic of the primordial photon-baryon plasma. 

The distribution of the microwave is Planck 
distribution. 
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Discovery of the Cosmic Microwave 
Background(CMB) in 1964 

Penzias and Wilson 
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CMB is perfectly fitted by Planck distribution. 

T=2.73 K 21 



CMB is perfectly fitted by Planck distribution. 

T=2.73 K 22 



The Universe was hotter and was in the thermal 
equilibrium in the past. Big-Bang theory seems 
correct.  

But, then, there arises one puzzle. 
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CMB is almost uniform and isotropic. 

Picture of the Universe when it is merely 
300,000 years old. 24 



1/10 of the black circle =velocity of light ×age of the Universe 
at that time 

Any two points separated more than the size of the 1/10 of 
the black circle are causally disconnected.  

                      

All the small patches of the Universe look the same although 
they do not know each other. Why? (horizon problem) 25 



I: What did you eat last night? 

Person A in the audience: 牛肉麺 

Person B in the audience: 牛肉麺 

Everybody says 牛肉麺. 

Similar situation 

If you meet this situation, what do you guess? 
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• Everyone here is crazy about 牛肉麺 and 
eats it every night. 

• There must have been a big party or 
some meeting last night where everyone 
here participated and shared 牛肉麺. 

Possible answers 

Less realistic and plausible 

Reasonable and convincing 
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Cosmologists also offer the answer similar to the second 
one as a solution to the horizon problem.  

                      

All the points in this map were actually in causal contact 
much before 300,000 years old. 

But then how could such a situation happen? 28 



The idea (inflation) 
Rapid accelerated expansion in the early Universe. 

Our Universe 

The age of the Universe at this time is merely 
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The rapid accelerated expansion is a solution of the 
Einstein equations if the Universe is dominated by 
the potential energy of scalar field.  

Inflation happens 

The potential energy mimics the cosmological 
constant. 
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This paper was written in order to provide a scientific 
background on the Nobel prize in physics 2011. 
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Those who initiated inflationary paradigm. 

A.Starobinsky K.Sato A.Guth A.Linde 

P.Steinhardt 

A.Albrecht 
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By inflation, everything including inhomogeneity of 
matter is diluted. 

Universe becomes extremely homogeneous after 
inflation. 

Degrees of inhomogeneity becomes as small as              

This is much smaller than the observed inhomogeneity 
which is  33 
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Inflation must also explain the origin of 
inhomogeneity. 

Tiny fluctuations grew into present 
cosmic structures. 



This is the place where quantum fluctuations 
come into play. 

Because of the Heisenberg’s 
uncertainty principle, even the 
vacuum fluctuates. 

W. Heisenberg 

In the daily life (Minkowski space), 
those vacuum fluctuations are 
microscopic and remain virtual. 
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In the inflationary Universe, things become 
different (and more interesting). 

Because of the accelerated expansion, the vacuum 
fluctuations are rapidly stretched into long 
wavelength (cosmological length scales) and 
classicalise (no longer virtual).   

Using the technique of the quantum field theory 
on curved space, we can calculate the amplitude 
of the fluctuations. 
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This is the origin of the inhomogeneous structure today. 



All the structures in the Universe, 
galaxies, stars and even us ultimately 
were born out of quantum fluctuations.  
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One important thing 

Field fluctuations are not observable. What we see is the metric 
perturbation (gravitational potential), or temperature anisotropy. 

Not only the inflaton, but also the other fields can also acquire 
classical fluctuations by inflation. 

We do not know a priori how many fields are excited and when 
and how they contributed to the gravitational potential (model 
dependent) 
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Concrete mechanism 
unknown 

Structure growth by the 
gravitational instability 

Framework seems correct, but lacks concrete model. 

Recent and future precise observations enable us 
to probe the unknown regime. 39 

inflation 



• Minimal scenario 

Inflaton fluctuations only. 

• Good in the sense that it is simple, economical and consistent with all 
the observations so far. But this is just an assumption rather than a 
prediction. 

• Non-minimal scenario 

Non-vacuum state, higher derivative interactions(DBI, Galileon, etc. ), self-
interactions, features in potential, conversion of isocurvature after inflation (multi-
field models, curvaton, modulated reheating, multi-brid, inhomogeneous end of 
inflation, etc.), …. 

Anything else 

Now, there are many models for the generation of the 
primordial fluctuation.  

Over the last decade, many non-minimal scenario have 
been proposed. 
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(robust) prediction from inflation 

Power spectrum of the fluctuations has to be approximately 
scale invariant. 

Tiny deviation from the scale invariance reflects the amount of 
difference of the potential energy from the constant and 
depends on the potential form of inflation models. 

Gravitational waves (fluctuations of the metric) are also 
generated. 

The tensor-to-scalar ratio r is highly model dependent 41 



COBE (1992) 

WMAP (2003) 

Planck 
Papers come in a few days!! 

Precision cosmology era 
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Observations have been developing significantly. 



From WMAP 9year paper 

Scale invariant 
Consistent with inflationary prediction. Furthermore, 
some models are disfavored. 43 



How can we reveal the origin of perturbations? 

Is there another way other than the power spectrum? 

Non-Gaussianity is one possible answer. 

• Useful in the sense that they can provide us what 
cannot be probed by means of the power spectrum. 

• Any deviation from the minimal scenario generically 
leads to the detectable level of non-Gaussianity. 

P is not enough to disentangle the degeneracy. 

All the models predict nearly scale invariant spectrum. 
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• Gaussian fluctuation 

Two-point function completely determine the 
statistical properties. 

• Non-Gaussian fluctuation 

3-point function represents deviation from Gaussianity. 

3-point function has nothing to do with 2-point function. 
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Various shapes of 3-point func. 

Detection of primordial non-gaussianity and distinction of the 
scale dependence allows to constrain the models. 

• Local type  

• Equilateral type  

• Orthogonal type  

Typical when multiple-fields contribute to inhomogeneity. 

Typical when there are non-negligible interaction terms. 
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Local type  

: dimensionless parameter that characterizes the 
magnitude of non-gaussianity. 

Example model: curvaton model 

Curvaton field, which is different from inflaton, generates the 
gravitational potential after inflaton.  

is the generic prediction of the curvaton model. 



Current observational constraints on non-gaussianity 

These constraints will be updated very soon (day 
after tomorrow). 

This already excludes some interesting parameter ranges 
of the models generating non-Gaussian fluctuations. 
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These are dimensionless parameters that parameterize 
the amplitude of 3-point function. 



• Cosmologists invented inflationary paradigm based on the 
theoretical speculation (more than 30 years ago). 

• According to inflationary paradigm, all the structures in the 
Universe originate from quantum fluctuations. 

• The details of how those fluctuations created temperature 
anisotropy (gravitational potential) are not known.  What 
fields, how many fields and when? There are many 
theoretical models. 

• Different models predict different statistical properties of 
the temperature anisotropies. Observations are now 
becoming powerful to probe the origin of the structures. 

• Surprisingly, observations indirectly support the idea of 
inflation.  
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