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Where it All Began 



Everything that Was 



The Universe Today 
•  The Universe is expanding 
•   We can infer it must have been denser and more 

compact before. 
– The rate of expansion (H0) tells us exactly how 
dense and compact 
• H0 = 73.8 km/s/Mpc 
•  v = H0*d 
• Age of the Universe = 1/ H0 



Cosmic Expansion 

• Hubble observed that all galaxies are 
moving away from each other 
– On large scales 

• Measured the redshift in velocities to 
determine the rate of expansion – H0 
– z=v/c = H0*d/c 



What does the Universe look 
like? 

•  Homogeneous and Isotropic on LARGE scales 
– Homogeneous – looks the same no matter where 

you are 
– Isotropic – looks the same in any direction 

• Very anisotropic and inhomogeneous on small 
scales  
– Do we see stars everywhere? 







Steady State Theory 

•  Perfect Cosmological Principle: 
– Universe is homogeneous and isotropic 

everywhere, at all times. There is no privileged 
location or time. 

• Steady State Theory 
– Satisfies the Perfect Cosmological Principle 
– Universe is infinitely old 
– Creation of matter in the Universe is continuous 
– Requires: one hydrogen atom per cubic meter per 

billion years 



Big Bang Theory 

•  Cosmological Principle: 
– Universe is homogeneous and isotropic as viewed 

from any point. There is no privileged location.  
• Big Bang Theory 

– Satisfies the Cosmological Principle 
– Universe is not infinitely old 
– Requires: a beginning 



Evidence for the Big Bang 

•  Big Bang Theory 
– Started from something extremely small 
– Finite amount of matter/energy 

• Major sources of evidence: 
– Cosmic Microwave Background 
– Evolution of the Universe 



Cosmic Microwave Background 
(CMB) 

•  ~5K BB predicted by George Gamow (1950s) 
•  Discovered in 1965 by Arno Penzias and 

Robert Wilson at Bell Labs 
•  Unknown “noise” in their microwave antenna 

for satellite communication. 
•  Nobel Prize ‐ 1978 



Arno Penzias & Robert Wilson,  Bell Labs, NJ 



CMB 
• “Static” is photons from 
when the Universe was 
~380,000 yrs old. 

– This is as far back as we 
can “see” 

• CMB Properties: 
– A perfect blackbody 
– T = 2.73 K 
– Some density and 
temperature fluctuations 

• Predicted by the Big Bang 
(1950s) 





Acoustic Oscillations 



Power Spectrum 

Sound of the Big Bang.  J.G. Cramer   Frequency increased by 1026. 
http://faculty.washington.edu/jcramer/BBSound_2013.html 



Big Bang Timeline 

•  Planck Time 
• GUT 
• Electroweak 
• Particle 
• Nucleosynthesis 
• Nuclei 
• Atoms and Galaxies 



Planck Time 
• Time: 10‐43  Seconds Old 

– Any time before this is called “the Planck 
Era” 

• Our theories cannot describe the energy and 
mass fluctuations at this time. 
• Would be dominated by the “super force” 



GUT Era 

•  GUT: Grand Unified Theory 
•  10-43 to 10–35 seconds 
• Two main forces at work: Gravity and GUT 
• Lasted until the temperature fell below 1029 K 
• GUT splits into the strong and electroweak 

forces 



Electroweak Era 
•  3 distinct forces: Gravity, Strong, and Electroweak 
•  10-35 to 10-10 seconds 
•  The first era we can support with concrete evidence. 
•  1983: CERN Particle accelerator confirmed  predicted 

particles appearing at T> 1015 K 
– RHIC experiment at BNL 

•  Small particles are forming 
•  Spans the era of Inflation  



•  Temperature: 1012 K 
•  Age > 10-10 seconds 
• 4 separate forces at work: Gravity, Strong, 

Electromagnetic, & Weak 
• All quarks and smaller particles combined into 

larger particles such as protons and neutrons 
• Spontaneous particle production ceases 

Particle Era 



Particle Creation 

•  Mass‐Energy 
Equilibrium 
– Einstein’s E = mc2! 

• Energy can become 
mass, and mass can 
be described by it’s 
“rest energy” 

• Proton temperature: 
– ~1013 K 



Equilibrium and the Big Bang 
•  Photons, electrons, and other particles can 

collide to form elements. Or vice versa. 
– Example: Proton‐Proton reactions inside the Sun 

• Temperature and densities determine element 
abundances 



Nucleosynthesis 

•  From .001 seconds to 3 minutes 
• Temperature of ~ 1012 ‐ 109 K 
• Nuclear reactions – much like in the interior of 

the Sun 
• End Product: 90% Hydrogen nuclei, 10%: 

Helium, Deuterium, and Lithium (by Number) 
• These relative abundances are good evidence 

for the Big Bang 



Big Bang Nucleosynthesis 



H0 and Ω 

• H0 is the expansion parameter 
•   Ω is the ratio between the mass density 

and the Critical Density 
• Critical Density (~10‐29 g/cm3)   Ω = 1 

– ρ = 3H0
2/(8πG) 

– Gravity wins if the density of the universe is 
greater than the critical density 

– Determines the fate of the universe 



Big Bang Nucleosynthesis 



Era of Nuclei 

•  Temperature : 109 ‐ 3,000 K 
• Era of the CMB – 380,000 years old 
• Electrons finally became bound to atoms – 

stabilizing the universe 
•   Universe became transparent, and free 

photons traveled outwards 
– We now see these as the CMB 





Atoms and Stars 

•  Density fluctuations higher gravity  
collapse stars 

• Earliest Stars were very massive, and 
extremely short‐lived. 

• In what order did objects evolve? 
• Stars produce heavier elements 
• Galaxies formed and began the Stelliferous 

Era 



A few words on the Big Bang 

•  The redshift z measures the wavelength shift: 
             z = (λ-λ0)/λ0 
•  At z << 1, the Hubble law is linear 

v = H0 d = cz 
•  As space expands, everything is dragged 

along with it. 
•  Wavelengths of light expand by a factor of 

1+z 
•  At z << 1, look back time = d/c = z/H0 



More words on the Big Bang 

•  The scale size of the universe ~ 1/(1+z) 
•  Density ~ 1/volume ~ (1+z)3  
•  Initially the universe is “radiation-dominated” 
•  The energy of light ~ 1/λ (E = hν = hc/λ) 
•  Because λ stretches with 1/(1+z), the density 

of radiation ~ (1+z)4 
•  The density of matter ~ (1+z)3  
•  As the universe expands it becomes “matter-

dominated” 



Why there is a Cosmic 
Microwave Background 

•  After the subatomic particles “freeze 
out”, (10-3 seconds, 1012K), the universe 
is a plasma of protons, neutrons, and 
electrons. 

•  Free electrons scatter photons 
– The solar photosphere has a density of 

1017 particles/cm3, but is ionized 
– The terrestrial atmosphere has a density of 

1019 atoms/cm3, and is neutral 



Why there is a Cosmic 
Microwave Background 

•  When the temperature falls to about 3000K, 
electrons and ions recombine to form atoms.  

•  The universe is a 3000K black body 
•  The universe becomes transparent. z=1000. 
•  Because the expansion stretches the 

wavelengths, today those photons 
correspond to a 3000/z K, or 3K blackbody 



Critical Density 

• Collapsing Universe 
– Ω > 1: gravity reverses expansion 

• Critical Universe: 
– Ω = 1: we expand slowly (flat universe) 

• Coasting Universe: 
– Ω < 1: we expand forever at a constant rate 





The Geometry of the Universe 
•  Is it Flat? Curved? 

Spherical? 
• Shape of the universe is 

dependent on the ratio of 
mass density to the 
critical density: Ω 
– Ω = 1; Flat 
– Ω < 1; Spherical 
– Ω >1; Saddle 

• Our universe is flat 





Problems 

• Why is the Universe so well-balanced? 
• Why is the universe flat? 
• Why is the universe so isotropic 

(causally-connected)? 

•  Answer: Inflation 



Inflation and Curvature 

•  Inflation explains “flatness” of the Universe 
• Expansion causes the surface of an object to 

seem very flat 
• Smaller than a proton Very large in an 

extremely short time. 
• Explains uniformity and fluctuations 





Mysteries left Unsolved 

•  The total matter density (Baryonic + Dark 
matter) of matter is only 25% of the critical 
density. 

•  Dark Energy provides pressure 
What is the Dark Energy? 

What drove Inflation? 



The Accelerating Universe 

•  Over 70% of energy 
density of the 
universe is not 
matter 

• Observations of 
distant Type 1a 
supernovae show 
the expansion is 
accelerating. 





Ω = ΩM+Ωλ = 1 





Cosmic Timeline. I 
•  0 seconds. The Big Bang. Space begins 

expanding. The 4 forces are unified 
•  10-43 seconds. The Planck time. Radius:10-35 

cm (the Planck length); T~1032K. Symmetry 
breaks: gravity becomes a distinct force. We 
enter the GUT era. 

•  10-35 seconds. T~1028K. The electro-weak 
and the strong nuclear forces become 
distinct. Inflation starts. The inflationary era. 

•  10-32 seconds. Inflation stops. The universe 
has expanded by about a factor of 1026, 
becoming the size of the Solar System. We 
enter the electro-weak era. 



Cosmic Timeline. II 
•  10-10 seconds. T~1015K. The electro-weak force 

breaks down into the weak nuclear force and the 
electro-magnetic force. Radiation dominates. Photons 
are in thermal equilibrium with particle/antiparticle 
pairs, if E>mc2 

•  10-4 seconds. T~1013K. The energy density is no 
longer sufficient to create quarks: quarks freeze out. 

•  10-3 seconds. T~1012K. The energy density is no 
longer sufficient to create protons. All protons that will 
ever exist have been made. Due to an asymmetry in 
the electro-weak force, for every 109 antiparticles 
made, 109+1 particles are made. The 109 particle/
antiparticle pairs annililate, leaving 109 photons for 
every proton in the universe.  



Cosmic Timeline. III 
•  10-3 to 100 seconds. The era of 

nucleosynthesis. Protons fuse to create 
Deuterons and α particles.  

•  100 seconds. T~109K. Density is low 
enough that nuclear reactions cease.  

•  The matter in the universe is 70% 
hydrogen and 25% helium (by mass), 
with traces of deuterium, lithium, boron, 
and beryllium. 



Cosmic Timeline. IV 
•  100 seconds to 300,000 years. The 

era of nuclei. The universe is fully 
ionized. The universe is opaque to 
radiation, and is in thermal equilibrium. 

•  300,000 years. Recombination. 
T~3000K; z=1000. Electrons and 
protons combine to form atoms. The 
universe becomes transparent: radiation 
and the matter decouple. The universe 
becomes matter-dominated. 



Cosmic Timeline. V 
•  ~108 years. The first generation of stars 

forms. We enter the Stelliferous era. Stars 
create metals and return them to the 
interstellar medium. 

•  ~108 years. Galaxies form. Dust is abundant. 
The earliest galaxies probably have redshifts 
of 10-20.  

•  9 billion years. The Sun forms. 
•  13.7 billion years. Now.  



Not so long ago:  
The Big Band Era 


