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Nearly 30 years of Visits to Recontres Blois, 
e.g.  1992

Jean Trân Thanh Vân with Georges Charpak (left), 1992 physics Nobel prize, 
and Norman F. Ramsey (right), 1989 physics Nobel prize

Hubert Reeves, un habitué maintenant des Rencontres de Blois
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Observational support for the     CDM model    (http:rpp.lbl.gov)L
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The Energy Budget of the 
Universe



Standard cosmological model
Cosmological principle (Isotropy and homogeneity at large scales)

Friedmann-Lemaitre-Robertson-Walker metric

Energy-momentum  (perfect fluid)  

Dynamics (Friedmann equations from GR)
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1992 Anisotropy announced

CMB discovered 55 years ago
Penzias & Wilson 1964

COBE launch 1989 30 years ago 





Observations show very good fit to cosmology model

The Sloan Digital Sky Survey - Baryon Oscillation Spectroscopic Survey 
has transformed a two-dimensional image of the sky (left panel) 
into a three-dimensional map spanning distances of billions of light years, 
shown here from two perspectives (middle and right panels). 
This map includes 120,000 galaxies over 10% of the survey area. 
The brighter regions correspond to the regions of the Universe 
with more galaxies and therefore more dark matter.
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Our Ever-sharpening View of the 
Embryo Universe ...

COBE
1992 WMAP

2003

PLANCK
2015

Simons Array
PolarBear,  

ACT = Atacama 
Cosmology Telescope

SPT 
South Pole 
Telescope

In Progress

Notre point de vue sans cesse sur 
l'univers embryonnaire ...

Ali CPT
Tibet

BICEP/KECK
CMB S4

LiteBIRD (JAXA)
~2027

~0.5o



CMB Angular Power Spectra
6 27. Cosmic microwave background

Figure 27.1: Theoretical CMB anisotropy power spectra, using the best-fitting
ΛCDM model from Planck, calculated using CAMB. The panel on the left shows
the theoretical expectation for scalar perturbations, while the panel on the right
is for tensor perturbations with an amplitude set to r = 0.1. Note that the x-axis
is logarithmic here. For the well-measured scalar TT spectrum, the regions, each
covering roughly a decade in ℓ, are labeled as in the text: the ISW rise; Sachs-Wolfe
plateau; acoustic peaks; and damping tail. The TE cross-correlation power spectra
change sign, and that has been indicated by plotting the absolute value, but
switching color for the negative parts.

27.4.2. Background Cosmology Parameters :

The FRW cosmology requires an expansion parameter (the Hubble Constant, H0,
often represented through H0 = 100 h kms−1Mpc−1) and several parameters to describe
the matter and energy content of the Universe. These are usually given in terms of the
critical density, i.e., for species ‘x,’ Ωx ≡ ρx/ρcrit, where ρcrit ≡ 3H2

0/8πG. Since physical
densities ρx ∝ Ωxh2 ≡ ωx are what govern the physics of the CMB anisotropies, it is these
ωs that are best constrained by CMB data. In particular CMB, observations constrain
Ωbh2 for baryons and Ωch2 for cold dark matter (with ρm = ρc + ρb for the sum).

The contribution of a cosmological constant Λ (or other form of dark energy, see
Dark Energy—Sec. 26) is usually included via a parameter that quantifies the curvature,
ΩK ≡ 1 − Ωtot, where Ωtot = Ωm + ΩΛ. The radiation content, while in principle a
free parameter, is precisely enough determined by the measurement of Tγ , and makes a
< 10−4 contribution to Ωtot today.

February 8, 2016 19:56

Theory

Scott & Smoot 2015 CMB S4 Science Report

Current and Proposed Observations

In roughly 5 years CMB observations become clean up except at large angular scales
(LiteBIRD assuming r = 0.01 in 2027+)    Test of Inflation to be primodial B modes/Tensors

Scalar Effects Observed Very Well;    Tensor Modes not seen

LiteBIRD

Large-scale E-mode

Nicola Vittorio’s 65th birthday2019/1/21 9

LiteBIRD 2027+

Planck 2018

Planck 2015

WMAP 9-year

A cosmic variance limited measurement of EE on large angular 
scales will be an important, and guaranteed, legacy for LiteBIRD!

s(t) = 0.002
LiteBIRD

à shed light on the
reionization history



LiteBIRD with best delensing

LiteBIRD

LiteBIRD has a clear goal and can achieve it!

Nicola Vittorio’s 65th birthday2019/1/21 7

Full Success�
dr < 1 x 10-3 (for r=0)
2 ≤ ≤ 200`

Ø Detailed foreground cleaning 
studies yield s(r=0) = 0.5 x 10-3

Ø Thorough systematic error 
studies yield total uncertainty 
dr < 1.0 x 10-3

(Rationale)
• Simplest and well-motivated Starobinsky

model will be tested.
• Clean sweep of simple models w/ Df > mpl



Cosmic Microwave Background (CMB) Radiation 

The 'Stage-4' ground-based cosmic microwave background (CMB) experiment, CMB-S4, consisting of dedicated telescopes 

equipped with highly sensitive superconducting cameras operating at the South Pole, the high Chilean Atacama plateau, 

and possibly northern hemisphere sites, will provide a dramatic leap forward in our understanding of the fundamental nature 

of space and time and the evolution of the Universe. CMB-S4 will be designed to cross critical thresholds in testing inflation, 

determining the number and masses of the neutrinos, constraining possible new light relic particles, 

providing precise constraints on the nature of dark energy, and testing general relativity on large scales.



Cosmic Background Radiation



10m South Pole Telescope  
  SPT-3G: 16,400 detectors  
  95, 150, 220 GHz

South Pole CMB  (Stage 3)

 BICEP3
   2560 detectors  
   95 GHz

Photo"credit"Cynthia"Chiang

Photo:"Rahul"Datta"&"Alessandro"Schillaci

CLASS 1.5m x 4
72 detectors at 38 GHz 

512 at 95 GHz  
2000 at 147 and 217 GHz

Upgrading to Simons Array  
(Polarbear 2.5m x 3) 

22,764 detectors  
90, 150, 220, 280 GHz

ACT 6m
AdvACTpol:  

88 detectors at 28 & 41 GHz 
1712 at 95 GHz  
2718 at 150 GHz  
1006 at 230 GHz

Atacama CMB  (Stage 3)

 Keck Array
  2500 detectors  
   150 & 220 GHz

Upgrading to BICEP Array: 
  30,000 detectors  
   35, 95, 150, 220, 270 GHz

and the Simons Observatory is  
being planned.

CMB S4 Update John Carlstrom



Atmospheric Precipitable Water Vapor





Ali CMB Program Observing Site

Name Ali CPT-1 Ali CPT-2
Year 2019 2020-2022
Altitude 5250 m 6000 m
#Detectors 7,000 >20,000
Frequencies 95 & 150 GHz 95 & 150 GHz









LiteBIRD – JAXA. 2027
Clean up low-L



Gravitational Waves: New Kid on the Block



Observations vs. Run Number



Tests of General Relativity with GW

Generic metric theories of gravity predict up to six polarization modes for metric perturbations: 
two tensor (helicity ±2), two vector (helicity ±1), and two scalar (helicity 0) modes [76, 77]. 
GWs in GR, however, have only the two tensor modes regardless of the source properties; 
any detection of a non-tensor mode would be unambiguous indication of physics beyond GR. 
Simple two tensor polarization best fit so far.

Speed of gravtitational waves is consistent with the speed of light: dv/c  <1.7 sec / 130 mLy = 4 x 10-10



Implies Robertson-Walker Metric



Observed Distribution of Galaxies



Cosmological Principle Re-Interpreted Currently



The Inflationary Universe

Time in seconds 

(Guth)



Broken Symmetries
Cosmological Principles

• The Copernican Principle:
We do not occupy a special place in the 
Universe

• The Cosmological Principle:
The Universe is homogeneous and 
istotropic (no special place or direction)

• The Perfect Cosmological Principle:
The Universe is homogeneous in space and 
time, and is isotropic in space.

• The Weak Anthropic Principle:
Life can exist only in the Universe as it is.

• The Strong Anthropic Principle:
The Universe is such as it is, because its
purpose is to create life.

• Well Earth is pretty special for light 
years. There is no Planet B.
• The Universe is homogeneous only

on very large scales and more in the 
past than now. Seems isotropic on 
large scales.
• Clearly wrong on the homogeneity of 

time on even largest observed scales.
• No clear observations supporting this

concept.
• Not necessarily well defined

statement.

Observations





What comes after the Standard Model?
• The standard model (SM) of elementary particles involves 
particle symmetry and the mechanism of its breaking.  There 
areno contradictions with experiments, but calls for extensions to 
solutions of its internal problems and in view of its evident 
incompleteness. 

• The paradigm of the modern cosmology is based on inflationary 
models with baryosynthesis and dark matter/energy each involving 
physics beyond the standard model (BSM) of elementary particles. 
However, studies of the BSM physical basis of the modern 
cosmology inevitably reveals additional particle model dependent 
cosmological consequences that go beyond the modern Standard 
cosmological model. The mutual relationship of the BSM particle 
physics basis of the key future directions.



BSM physics and its cosmological reflections

• Arguments for extension of the Standard model of particle physics 
• BSM physics of the mass of neutrino 
• Supersymmetry 
• Composite Higgs boson 
• Axion and pseudo Nambu-Goldstone models 
• BSM physics of the quark-lepton families 
• Mirror and Shadow Worlds 
• Unification of fundamental forces 
• Unification of all the four fundamental forces, including gravity 



Emergent Symmetry
• A key difference between spontaneously broken symmetries and 

emergent symmetries is that emergent symmetries are never exact 
(as opposed to broken symmetries prior to breaking).
• For example, could lepton number and baryon number be only 

approximately conserved especially at lower energies?
• Is it possible that in the low energy ground state one has symmetries 

arise including Lorentz symmetry? Seems unlikely and thus it would 
be a fundamental property of the more basic `Lagrangian’. However 
there are a couple of Condensed matter examples where it does 
occur.
• Dynamical generation of a gauge symmetry



Theorem – S. Weinberg 1979

• The quantum field theory generated by the most general Lagrangian
with some assumed symmetries will produce the most general S 
matrix, incorporating quantum mechanics, Lorentz invariance, 
unitarity, cluster decomposition, and those symmetries with no 
further physical content.
• it isn’t any good just to present the formalism and say that it agrees 

with experiment 
• it is very likely that any quantum theory that at sufficiently low energy 

and large distances looks Lorentz invariant and satisfies the cluster 
decomposition principle will also at sufficiently low energy look like a 
quantum field theory 





The Einstein-Hilbert action 

Renaming indices c to a and d to b, we get
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where {©i} is a complete set of field varied. Stationary points are those for which
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4.1.3 The full field equations

Previously we derived Einstein’s field equation in vacuum due to including only gravi-

tational part of the action but not matter field part. To obtain the full field equations,

we assume that there is other field presented beside the gravitational field. The action

is then
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1
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where SM is the action for matter. We normalize the gravitational action so that we
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This allows us to recover the complete Einstein’s equation,
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Chapter 4

Variational principle approach to

general relativity

4.1 Lagrangian formulation for field equation

4.1.1 The Einstein-Hilbert action

All fundamental physical equation of classical field including the Einstein’s field equa-

tion can be derived from a variational principle. The condition required in order to

get the field equation follows from

±

Z
Ld4x = 0. (4.1)

Of course the quantity above must be an invariant and must be constructed from

the metric gab which is dynamical variable in GR. We shall not include function

which is first the derivative of metric because it vanishes at a point P 2 M. The

Riemann tensor is of course made from second derivative set of the metrics, and the

only independent scalar constructed from the metric is the Ricci scalar R. The well

definition of Lagrangian density is L =
p
°gR, therefore

SEH =

Z p
°gR d4x (4.2)
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EH gravitational
Lagrangian

Key is variation of the metric

Obtain the full field equations by adding the matter Lagrangian and 
vary the action

Renaming indices c to a and d to b, we get
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Variation of matter Lagrangian components
To provide the extrememum of the action 
Including space time
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In a modern understanding of particle physics, 
global symmetries are approximate and 
gauge symmetries may be emergent. - Ed Witten 2017



Conclusion

• Interesting observations coming in Cosmology
• Possible there will be no great surprises only improved constraints

and confirmations of the Standard Model of Cosmology
• Cosmology motivates a lot of HEP program

• Possible BSM could have big surprises
• Also possible emergent spacetime and symmetries
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What about 
Super-
symmetry?



Examples of more epochs
Or major transitions

One can imagine this 
Going on into the future
To energy scale 10-22 eV

However now we see 
Issues at 1019 GeV (1028 eV) 
And at 10-22 eV but 
Perhaps lower much later.

We can make it so that 
Every time is within 
A decade of an important 
Universe epoch.
Seems arbitrary but is 
Predictive


