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SLOAN DIGITAL SKY SURVEY 
3D journey

https://youtu.be/08LBltePDZw


Explaining correlations



Explaining correlations

From CMB at z=1100 to…                                   …large scale structure at z~O(1) 

Not predicted by standard hot big bang  



Big Bang afterglow



Plan
Today 

• Initial conditions of the hot Big Bang 
• The paradigm of cosmological inflation 

Tomorrow 

• Inflation and the origin of structure 
• The cosmological accelerator: constraining inflation



Part I: Initial conditions

Planck 2018



Evolution

http://www.illustris-project.org/movies/illustris_movie_rot_sub_frame.mp4


Smooth and flat

2.725 Kelvin



Smooth and flat
Hot Big Bang: matter and radiation only 
Equation of state parameter w=0 or 1/3 
Ignore dark energy (small correction) 

• Size of Last Scattering Surface (LSS) 
• Size of horizon at LSS  
• Spatial curvature evolution

ds2 = − dt2 + a(t)2(dr2 + r2dΩ2)
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Smooth and flat
Hot Big Bang: matter and radiation only 
Equation of state parameter w=0 or 1/3 
Ignore dark energy (small correction) 

• Size of Last Scattering Surface (LSS) 
• Size of horizon at LSS  
• Spatial curvature evolution
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Smooth and flat
Hot Big Bang: matter and radiation only 
Equation of state parameter w=0 or 1/3 
Ignore dark energy (small correction) 

The early universe (LSS) is  
• Ridiculously flat  
• Ridiculously uniform 

• Absence of exotic (beyond SM) particles? 
• Bang of the Big Bang? 
• Origin of small anisotropies?

·Ωk = Ωm H(1 + 3w) Ωk

··a
a

= −
4πG

3
ρ (1 + 3w) Enter cosmic inflation! 

Primordial phase with w~-1 
Adding extra ‘time’ 



Part II: Inflation

w ≈ − 1 ⇒ ·ρ ≈ 0 ⇒ ·H ≈ 0 ⇒ a(t) ≈ eHI t
Exponential expansion 
Approximately de Sitter 
Special fluid (scalar field)τ ≡ ∫ dt

1
a

∝ a
1
2 (1+3w) → a(τ) = −

1
HI τ

τ ∈ [−∞, − τr]



Inflation and the inflaton

ρϕ =
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Slow-roll inflation

ϕ(t, x) → ϕ(t)

ϵ ≡ −
·H

H2
≪ 1

η ≡ −
··ϕ

H ·ϕ
≪ 1

ϵ ≈
1
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Slow-roll conditions: flat potential 

Quasi-de Sitter 
Prolonged attractor solution

ϵ ∼ η ∼ 1

Inflation ends



Duration and field excursion

ϕend

N ≡ ln
aend

a
≈ ∫
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Number of e-folds 
Tied to field excursion 
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Depends on scale of 
inflation, roughly 60 e-
folds are needed 

8πG Δϕ ≈ ϵ N



Starting the hot big bang

ϕend

d
dt

ρϕ + (3H + Γ)ρϕ = 0

Non-relativistic matter 
coupled to SM matter

TBBN ∼ 100 MeV ≪ HI ≲ 1014 GeV

Could be as high as GUT scale



Simple example

ϵ = η =
2M2

p

ϕ2
⇒ ϕ ≫ 2Mp

V ≪ M4
p ⇒ 2Mp ≪ ϕ ≲ (

Mp

m ) Mp

N ∼
1
ϵ

⇒
Δϕ
Mp

∼ N ≫ 1

Chaotic inflation 
Large field excursion 
Ruled out by observations 
(stay tuned!)



Small field inflation

Δϕ
Mp

≈ ϵ N ⇒ ϵ ≲ N−2 Small field inflation

V(ϕ) = V0 (1 − ( ϕ
μ )

2

)

ϵ =
M2

p ϕ2

μ4
μ ≳ Mp N

Guarantees enough e-folds

Inflationary paradigm: small/large field, convex/concave potentials. As long as 
the slow-roll conditions are satisfied it produces a large and smooth universe. 

Theoretical consistency, predictions? 



Challenge and opportunity: UV sensitivity

m ≪ HI ≪ Λc
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1
2
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2
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V ) ≪ 1
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Δϕ
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≈ N ϵ

• Scale of inflation could be GUT  
• Large field excursion probes UV  
• Flat potential is fine-tuned



Inflation explains 
large, smooth, 
expanding hot big 
bang universe 

Questions? 

Tomorrow:  

Origin of structure 
Testing inflation

?



Plan
Yesterday 

• Initial conditions of the hot Big Bang 
• The paradigm of cosmological inflation 

Today 

• Inflation and the origin of structure 
• The cosmological accelerator: constraining inflation



The origin of structure
Primordial phase of exponential 
expansion, caused by dominating 
vacuum energy of a scalar field 

Predicts almost scale-invariant  
spectrum of primordial density  
fluctuations (scalar and tensor)



Probing inflation
δρ
ρ
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ns − 1 = 4ϵ − 2η , nT = 1 − 2ϵ

Inflationary predictions: 
   
• Nearly Gaussian spectrum 
• Almost scale invariant 
• Details (amplitudes and spectral indices) depend on potential!
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Planck 2018



Planck 2018

�2

0.95 0.96 0.97 0.98 0.99 1.00

ns

0.00

0.05

0.10

0.15

0.20

0.25

r 0
.0

02

N
=

50
N
=

60

ConvexConcave

�

Planck TT,TE,EE+lowE

Planck TT,TE,EE+lowE+lensing

+BK14+BAO

Gaussian almost scale invariant 
No tensors (r <0.1), no running,  
no features, concave potential:  

Plain vanilla single field 



Back to simplest example
ϵ = η =

2M2
p

ϕ2
⇒ ϕ ≫ 2Mp

V ≪ M4
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Almost ruled out!



Planck 2018

Gaussian almost scale invariant. No tensors (r <0.1), no running,  
no features, concave potential. Plain vanilla single field 



Reminder: UV sensitivity

m ≪ HI ≪ Λc

ϵ ≡ M2
p ( V′�

V )
2

≪ 1

η ≡ M2
p ( V′�′ �

V ) ≪ 1

HI

Mp
∼ 10−4 r/16

Δφ
Mp

≈ N r/8 ≈ r/0.01

• Scale of inflation could be GUT  
• Large field excursion probes UV  
• Flat potential is fine-tuned



Polarisation and tensors

Gravitational waves: B-mode

r ≳ 10−3



Inflation in theory
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Beyond phenomenology: consistent UV embedding of inflation 
Requires understanding of GUT and Planck scale physics 

Goal: more predictive power

Hard! No fully understood case



String landscape

Plethora of 4d flat vacua with 
particle physics similar to SM 

Also true for cosmology?  
Weak gravity/distance conjectures 

Anthropic multiverse  
or de Sitter swamp?

Specifically: de Sitter vacua 

• No supersymmetry  
• NO-GO theorems  
• Exotic ingredients 
• Claims of success, but…  

De Sitter swampland conjectures: 

Mp
V′�
V

≳ 𝒪(1) or − M2
p

V′�′�
V

≳ 𝒪(1)



Observational prospects

CMB

21cm

LSS

• Tensors 
• NonGaussian 
• Precision



Inflation explains large, 
smooth, expanding 
universe, with small 
inhomogeneities. 

Rule out models by 
theory & observation 

Questions? 

Thanks!

?


