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How did the Universe begin?
What is its fate?

What is it made of?
How does it work?

Where do we come from?





Telescopes are  
time machines



Andromeda
2.3 million light years

HSC team
Subaru 

telescope



cluster of galaxies 
2.1 billion light years

Abell 2218 



galaxy @ 13.3 billion light years



Picture of the Big Bang

Temperature variation ~ 1/100,000



PARTICLE

The Hot 
Big Bang

string theory?
telescope

gravitational waves

            Inflation

GuthSato Linde Starobinsky Steinhardt Albrecht





2 billion light yearsmore or less uniform
small winkles



How do they know 
each other?

• Like having discovered 
two remote islands in 
very different parts of 
the world, but people 
speak the same 
language

• we suspect they were 
together at some point

Cosmic Microwave  
Background 

(CMB)



Expansion should  
slow down

Gravity only pulls, never pushes



How is that possible?

How Universe expands what is inside

more energyfaster expansion

Rµ⌫ � 1

2
gµ⌫R = 8⇡GNTµ⌫

Einstein’s equation



How does it happen?

more or less constant energy in a given volume

time
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near sighted
• What you are seeing one 

moment is gone by 
inflation the next moment

• feel very near-sighted

• “horizon”

• small space

⇒big uncertainty
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Seeds for structure
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Inflation

Dark Matter

10–5
10+5



Inflation sowed seeds
Dark Matter grew them

without dark matter with dark matter



Inflation is Dad 
Dark Matter is Mom



Looks plausible!
• Uncertainty principle 

leads to Gaussian 
distribution for the 
simplest cases

• Indeed!
• Matches simplest models 

of inflation
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Fig. 20. Free-form Bayesian reconstruction of the primordial power spectrum (Sect. 6.2.1) using Planck TT,TE,EE+lowE+lensing.
Top-right: Evidence values for each N-knot reconstruction. The evidence is maximal for the N = 2 and N = 3 knot cases, and semi-
competitive for the remaining higher knots. Marginalizing over the number of knots produces a predictive posterior plot, shown in
the top-left panel. Here we see generic features, with the limit of resolution of Planck at ` ' 2400 and cosmic variance at low `.
Bottom-left: Same as top-left, but using the additional BK14 data and allowing r to vary. Bottom-right: Kullback-Leibler divergence
conditional on k, marginalized over the number of knots, showing the increase in compression of the primordial power spectrum
over several past CMB missions. The di↵erence in constraining power between Planck 2013 and 2015 is driven entirely by the shift
in the ⌧ constraint.
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P(k)=A k–1+ns



Still many mysteries

• What caused inflation?

• Which moment?

• How much?

• Definitive proof?

E-mode

B-mode

polarization



380kyr

13.8Byr

CMBνdark matter
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“See” the inflation directly

LiteBIRDLiteBIRD



The whole Earth stretches only by 10–14cm

Gravitational Wave exists!



Planck Collaboration: Constraints on Inflation
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Fig. 8. Marginalized joint 68 % and 95 % CL regions for ns and r at k = 0.002 Mpc�1 from Planck alone and in combination with
BK14 or BK14 plus BAO data, compared to the theoretical predictions of selected inflationary models. Note that the marginalized
joint 68 % and 95 % CL regions assume dns/d ln k = 0.

limits obtained from a ⇤CDM-plus-tensor fit. We refer the inter-
ested reader to PCI15 for a concise description of the inflationary
models studied here and we limit ourselves here to a summary
of the main results of this analysis.

– The inflationary predictions (Mukhanov & Chibisov 1981;
Starobinsky 1983) originally computed for the R2 model
(Starobinsky 1980) to lowest order,

ns � 1 ' �
2
N
, r '

12
N2 , (48)

are in good agreement with Planck 2018 data, confirm-
ing the previous 2013 and 2015 results. The 95 % CL al-
lowed range 49 < N⇤ < 58 is compatible with the R2 ba-
sic predictions N⇤ = 54, corresponding to Treh ⇠ 109 GeV
(Bezrukov & Gorbunov 2012). A higher reheating temper-
ature Treh ⇠ 1013 GeV, as predicted in Higgs inflation
(Bezrukov & Shaposhnikov 2008), is also compatible with
the Planck data.

– Monomial potentials (Linde 1983) V(�) = �M4
Pl (�/MPl)p

with p � 2 are strongly disfavoured with respect to the
R2 model. For these values the Bayesian evidence is worse
than in 2015 because of the smaller level of tensor modes
allowed by BK14. Models with p = 1 or p = 2/3
(Silverstein & Westphal 2008; McAllister et al. 2010, 2014)
are more compatible with the data.

– There are several mechanisms which could lower the pre-
dictions for the tensor-to-scalar ratio for a given potential
V(�) in single-field inflationary models. Important exam-
ples are a subluminal inflaton speed of sound due to a non-
standard kinetic term (Garriga & Mukhanov 1999), a non-
minimal coupling to gravity (Spokoiny 1984; Lucchin et al.

1986; Salopek et al. 1989; Fakir & Unruh 1990), or an ad-
ditional damping term for the inflaton due to dissipation in
other degrees of freedom, as in warm inflation (Berera 1995;
Bastero-Gil et al. 2016). In the following we report on the
constraints for a non-minimal coupling to gravity of the type
F(�)R with F(�) = M2

Pl + ⇠�
2. To be more specific, a quartic

potential, which would be excluded at high statistical signif-
icance for a minimally-coupled scalar inflaton as seen from
Table 5, can be reconciled with Planck and BK14 data for
⇠ > 0: we obtain a 95 % CL lower limit log10 ⇠ > �1.6 with
ln B = �1.6.

– Natural inflation (Freese et al. 1990; Adams et al. 1993) is
disfavoured by the Planck 2018 plus BK14 data with a Bayes
factor ln B = �4.2.

– Within the class of hilltop inflationary models
(Boubekeur & Lyth 2005) we find that a quartic poten-
tial provides a better fit than a quadratic one. In the quartic
case we find the 95 % CL lower limit log10(µ2/MPl) > 1.1.

– D-brane inflationary models (Kachru et al. 2003; Dvali et al.
2001; Garcı́a-Bellido et al. 2002) provide a good fit to
Planck and BK14 data for a large portion of their parame-
ter space.

– For the simple one parameter class of inflationary potentials
with exponential tails (Goncharov & Linde 1984; Stewart
1995; Dvali & Tye 1999; Burgess et al. 2002; Cicoli et al.
2009) we find ln B = �1.0.

– Planck 2018 data strongly disfavour the hybrid model driven
by logarithmic quantum corrections in spontaneously broken
supersymmetric (SUSY) theories (Dvali et al. 1994), with
ln B = �5.0.
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What	we	expect	with	LiteBIRD

r = 2×10-2

T.	Matsumura,	Kavli	IPMU

current limit
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We absolutely need δr=10–3



String Theory
• Inflaton field cannot go over a large 

distance �  


• can’t expect large tensor 
component 

� 

• bad news for CMB S4, LiteBIRD?

• Inflation may move substantially 

only for several initial e-folds

• Can expect much larger r!

• Still observation will put string 

theory on the edge

�� . MPlanck
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Out[483]=

a b c d
ϕ

V(ϕ)

r>10–3

H. Ooguri and C. Vafa, hep-th/0605264 

HM, Masahito Yamazaki  and Tsutomu T. Yanagida, arXiv:1809.00478
�Chien-I Chiang, Jacob Leedom, HM, arXiv:1811.01987



downselect by JAXA 2018, expected launch 2025



now downselect by JAXA 2019, expected launch 2027



LiteBIRD

• CMB B-mode polarization is unique to see the 
Universe before the Big Bang

• We can prove inflation (and meet our Dad!)

• specify “who” was our Dad

• probe theories that unify gravity and quantum 
physics



Dad
Inflation

us


