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Observa6onal support for the     CDM model    (h#p:rpp.lbl.gov) 
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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 equa@ons) 
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Observa6ons show very good fit to cosmology model

The	Sloan	Digital	Sky	Survey	-	Baryon	Oscilla?on	Spectroscopic	Survey		
has	transformed	a	two-dimensional	image	of	the	sky	(leD	panel)		
into	a	three-dimensional	map	spanning	distances	of	billions	of	light	years,		
shown	here	from	two	perspec?ves	(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	maMer.	





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.
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Theory	

ScoM	&	Smoot.	2016	 CMB	S4	Study	Report	2017	



Cosmic Microwave Background (CMB) Radia6on 

The	'Stage-4'	ground-based	cosmic	microwave	background	(CMB)	experiment,	CMB-S4,	consis?ng	of	dedicated	telescopes		
equipped	with	highly	sensi?ve	superconduc?ng	cameras	opera?ng	at	the	South	Pole,	the	high	Chilean	Atacama	plateau,		
and	possibly	northern	hemisphere	sites,	will	provide	a	drama?c	leap	forward	in	our	understanding	of	the	fundamental	nature		
of	space	and	?me	and	the	evolu?on	of	the	Universe.	CMB-S4	will	be	designed	to	cross	cri?cal	thresholds	in	tes?ng	infla?on,		
determining	the	number	and	masses	of	the	neutrinos,	constraining	possible	new	light	relic	par?cles,		
providing	precise	constraints	on	the	nature	of	dark	energy,	and	tes?ng	general	rela?vity	on	large	scales.	



Cosmic Background Radia6on



Atmospheric	Precipitable	Water	Vapor	





Ali CMB Program Observing Site

Name	 Ali	CPT-1	 Ali	CPT-2	

Year	 2019	 2020-2022	

Al?tude	 5250	m	 6000	m	

#Detectors	 7,000		 >20,000	

Frequencies	 95	&	150	GHz	 95	&	150	GHz	









The Copernican Time Principle

The current cosmological epoch  
    has no special significance.			

		

Interesting physics processes will  
continue to take place in the future, 
despite very decreased energy levels. 
 
Can we get Cosmological Principle in Time? 
Will that define the future of cosmology? 		



Cosmic Timeline

Five	Ages	of	the	Universe	 n Primordial	Era						n	<	6		
n Stelliferous	Era					n	=	6	-	14		
n Degenerate	Era					n	=	14	-	40		
n Black	Hole	Era						n	=	40	-	100		
n Dark	Era																n	>	100	

Fred	Adams	10^n	years	





Observed	Distribu?on	of	Galaxies	



Cosmological Principle Re-Interpeted Currently



ObservaGonal	Constraints	on	the	Primordial	Curvature	Power	Spectrum	-		
Emami,	Razieh	&	George	F.	Smoot.	JCAP	1801	(2018)	no.01,	007	arXiv:1705.09924	[astro-ph.CO]	



From: Non-parametric reconstruction of the primordial power spectrum at horizon scales from WMAP data 
Mon Not R Astron Soc. 2006;367(3):1095-1102. doi:10.1111/j.1365-2966.2006.10031.x 
Mon Not R Astron Soc | © 2006 The Authors. Journal compilation © 2006 RAS 



Cosmological Principles



The Inflationary Universe 

Time in seconds  

(Guth) 









Time	 Time	(s)	 Event	
-43	 Planck	Time	 10^19	GeV	 28	

-35	
Grand	Unifica?on	
Transi?on	 10^15	GeV	 24	

-33	 Infla?on	 23	
-32	 End	of	Infla?on	 21	

-11	
Electroweak	phase	
transi?on	 10^3	GeV	 12	

-6	
protons	form/	quark-gluon	
phase	transi?on	 1	GeV	 9	

2	
D,	He,	Li	light	element	
synthesis	 1	MeV	 6	

10000	MaMer	Domina?on	structure	forma?on	begins	
12.5	400000	years	 Recombina?on,	CMB	freed	 10eV	 1	

15.5	10^8	years	 First	stars	
16	5*10^8	years	 first	galaxies	

17	4*10^9	years	 star	forma?on	peaks	
10	*10^9	years	Dark	Energy	begins	accel	 1	meV	 -3	

17.5	14*10^9	years	Present	 1	meV	 -3	

ALP	1	 -18	
ALP	2	 -22	
ALP	3	 -28	

Cosmic Energy/Time
Kind	of	global	see-saw	mechanism	

At	any	?me	in	the	universe	there	is	a	
“special”	?me	transi?on	nearby	on	an	
approximately	log	scale	
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What	about	
Super-	
symmetry?	
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But what else has SUSY ever done for us? 
SUSY provides the basis for cosmological theories in which the Universe naturally inflates 
to its present size, and explain how the microwave background radiation appears isotropic 

For example a SUSY version of the Standard Model with extra Higgs singlets has been 
constructed that explains inflation, large scale structure, the origin of Higgs mass, and the 
origin of right-handed neutrino mass (Bastero-Gi,SFK, Di Clemente)   
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As our own universe 
experiences its time- 
line, other parts of  
the global space-time 
(other universes) can  
live through their own 
lifetimes, as part of   
a cosmic archipelago 
sometimes called the 
MULTIVERSE. 






