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since before its discovery in 1998!



Planck CMB Temperature Map

Ο(10−5) Temperature fluctuations at 380,000 years



Planck Results 2018

ΛCDM parameter fit:
Ωm=0.315±0.007
ns=0.965±0.004
H0=67.4±0.5 km/sec/Mpc
σ8=0.810±0.006
Ωbh

2=0.02233±0.00015
(TT,TE,EE+lowP+lensing, 
fixed neutrino mass)

Planck collaboration 2018



Cosmology 2018: ΛCDM

• A well-tested (6-parameter) cosmological model:
– Universe is expanding from hot, dense early phase (Big Bang) 

13.8 Gyr ago.  

– Early epoch of accelerated expansion (inflation) produced nearly 
flat & smooth spatial geometry and generated large-scale density 
perturbations from quantum fluctuations. 

– From these, structure formed from gravitational instability of cold 
dark matter (CDM, 25%) in currently Λ-dominated (70%) universe, 
which is again accelerating.

• Consistent with all data from the CMB, large-scale structure, 
lensing, supernovae, clusters, light element abundances 
(BBN), …



Cosmology 1995: ΛCDM?

• Conflicting hints of a cosmological model:
– Universe is expanding from hot, dense early phase (Big Bang) 

~13-15 Gyr ago (Globular cluster ages).  

– Early epoch of accelerated expansion (inflation) produced nearly 
flat & smooth spatial geometry and generated large-scale density 
perturbations from quantum fluctuations. 

– From these, structure formed from gravitational instability of cold 
dark matter (CDM), 20±10% of Ω=1 (APM galaxy clustering). 
~80% smooth missing energy component needed for consistency 
with inflation.

– Hubble constant measurements: H0=80±15 km/sec/Mpc, 
indicated H0t0 ~1: “age crisis”, solved by ΩΛ~0.8.

– But strong lensing statistics indicated ΩΛ<0.6-0.8



Early Inflation

• Early epoch of cosmic acceleration 

• Simplest model: weakly self-coupled scalar field that 
takes a cosmologically long time to reach its ground 
state



Late Inflation

• Current epoch of cosmic acceleration 

• Simplest model: weakly self-coupled scalar field that 
takes a cosmologically long time to reach its ground 
state



Late Inflation

• Current epoch of cosmic acceleration 

• Simplest model: cosmological constant Λ



Cosmological Constant and Late Inflation

• What is the justification for theoretical prejudice in 
favor of Λ as origin of current acceleration?

• Imagine theorists sitting around 10−35 sec after the 
Big Bang, when inflation had just started. 
– They would have said the Universe was becoming Λ-

dominated.
– They would have been wrong.

• Being wrong once is not necessarily a strong 
argument in favor of it the 2nd time around. 



• Early epoch of cosmic acceleration 

• Simplest model: weakly self-coupled scalar field that 
takes a cosmologically long time to reach its ground 
state

See also: JF, Waga 1997; Waga, JF 2000

700 citations



 Acceleration could be due to a very light scalar field 
φ, slowly evolving in a potential, V(φ):

 Density & pressure:

 Slow roll:

Scalar Field Dark Energy
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Scalar Field Dark Energy

Equation of state:   w > -1 and evolves in time
Hierarchy:                m/φ ~ 10−60, H/M~10−30

Weak coupling: Quartic self-coupling l < 10-122

General features:  

m < H0 ~ 10−33 eV
(slow roll)

V ~ M4~m2j2 ~ H2
0M

2
Pl 

~ (10−3 eV)4

ji > MPl ~1019 GeV

V(j)

j
1019 GeV

(10–3 eV)4
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Effective Field Theory and 
Scalar Field Models

• Technical naturalness: small dimensionless parameters in a theory 
(e.g., hierarchy of mass scales or coupling constants) should be 
protected by symmetries from large radiative corrections (t’Hooft)

• Strong naturalness: small parameters or hierarchies should emerge 
dynamically in fundamental theories without small parameters 
(e.g., QCD scale from logarithmic running of strong coupling)

• Inflation model-builders, coming out of hep-th, adopted EFT 
framework

• Dark Energy model-builders (astro-ph) not so much



PNGB Model for Acceleration

V() = M 4 1+ cos( / f )( )
M ~ 10-3eV,  f ~ MPl

m = M 2
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JF, Hill, Stebbins, Waga 1995

•Spontaneous symmetry breaking at fundamental scale f

•Explicit breaking at lower scale M<<f

•Hierarchy between M and f protected by shift symmetry 
(technically natural), similar to QCD axion

•Lower scale M could be generated dynamically by non-

perturbative effects (strongly natural)

f

M4



The Coincidence Problem

Why do we live at the `special’ epoch when the dark 
energy density is comparable to the matter energy 
density?

rmatter ~ a-3 

rDE~ a-3(1+w)

a(t)

Today



Scalar Field Models and Coincidence

V
V

j

Runaway potentials
DE/matter ratio constant
(Tracker Solution)

Pseudo-Nambu Goldstone Boson
Low mass protected by symmetry
(Cf. axion, natural inflation)
M~10−3 eV
JF, Hill, Stebbins, Waga

e.g., e–φ or φ–n

MPl

Ratra & Peebles; Caldwell, etal

`Dynamics’ models

(Freezing models)

`Mass scale’ models

(Thawing models)

j
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PNGB Dark Energy

JF, Hill, Stebbins, Waga 95
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PNGB Dark Energy

JF, Waga 97

ϕ/f

=1+wϕ
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PNGB Dark Energy

Waga, JF 2000

=1+wϕ

Constraints 
from 
supernovae, 
strong lensing, 
and clusters
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Supernova Ia Hubble Diagram

33 SNe
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SN figures by A. Conley
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52 SNe
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740 SNe

arXiv:1401.4064

JLA Collaboration



27

va
cu

um
 e

ne
rg

y 
d
en

si
ty

matter density



28

Supernovae

Cosmic Microwave 
Background 
(Planck, WMAP)

CMB+BAO

Here assuming 
w=−1

Progress 
over 16 
years

Betoule+ 2014
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Dark Energy Constraints from Supernovae, CMB, 
and Large-scale Structure

Betoule etal 2014

Assuming constant w Assuming w=w0+wa(1-a)

Consistent with vacuum energy (Λ): w0=−1, wa=0
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Dark Energy Constraints from Supernovae, CMB, 
and Large-scale Structure

Betoule etal 2014

Assuming constant w Assuming w=w0+wa(1-a)

Consistent with vacuum energy (Λ): w0=−1, wa=0



Evolving Dark Energy and PNGBs

Rosenfeld, JF 2006

w0=−0.932, wa=−0.126 (fit to z<1)
Testable



Evolving Dark Energy and PNGBs

Rosenfeld, JF 2006

w0=−0.932, wa=−0.126 (fit to z<1)
Testable



Cosmological Physics

• Despite the remarkable success of ΛCDM, we don’t 
understand the physics of dark matter, dark energy, 
or inflation.  

• What is the Dark Matter?

• Who is the Inflaton?

• What is the origin of Cosmic Acceleration?

– Dark Energy or Modified Gravity?

– Nature of Dark Energy: Λ or dynamical 
component?



• In next year or less: results from DES Y3, KiDS-900, 
HSC,…

• In the coming years, Stage IV Dark Energy 
experiments: DESI, Subaru PFS, LSST, Euclid, 
WFIRST,…plus CMB-S4, plus large numbers of NS-NS 
binaries from LIGO/Virgo.

• We should be able to test a variety of dark energy 
models and learn more about the Universe.

Discoveries around the Corner?



Best Wishes Ioav!

Perhaps a future in politics?


