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1. 1. Second midterm solutions posted on the class website.  Second midterm solutions posted on the class website.  

2. Homework 5 will be distributed on Friday (it will be due next2. Homework 5 will be distributed on Friday (it will be due next
Friday in classFriday in class))

3. Homework 4 solutions and answers will be posted on the 3. Homework 4 solutions and answers will be posted on the 
class website shortly.  class website shortly.  

4. Today, we are covering material of 4. Today, we are covering material of S 26S 26--4, 264, 26--5 (Ch. 26)5 (Ch. 26)



Consequences ofConsequences of
the hot Big Bang:the hot Big Bang:

Cosmic microwave backgroundCosmic microwave background



The first 3 minutesThe first 3 minutes
In the first three minutes the temperature of primordial 

plasma was hotter than the temperature in the center of the 
Sun, and conditions existed for hydrogen fusion similar to 

the thermonuclear fusion in the centers of stars. 
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The relic sea of photons: The relic sea of photons: 
Cosmic Microwave BackgroundCosmic Microwave Background

(or CMB)(or CMB)

When matter is hot and dense, it radiates energy with the 
black body spectrum, this is the basic and general prediction 
of quantum mechanics.

At some point Universe becomes sufficiently cold and not 
as dense, so that light does not interact with matter (atoms) 
and can propagate freely, just redshifting its wavelength due 
to expansion of space. 



Existence of such relic radiationExistence of such relic radiation
is a generic prediction of the Big Bangis a generic prediction of the Big Bang

models, and IT EXISTS!models, and IT EXISTS!

George GamowGeorge Gamow Robert Robert DickeDicke YakovYakov ZeldovichZeldovich

Gamow, Alpher and Hermann predicted low-temperature (~10K) relic 
radiation from the Big Bang (the term coined by Gamow) in 1948. Prediction 
for the temperature was later refined by Alpher and Hermann to ~5K. 

The prediction was rediscovered in early 1960s by Jim Peebles and Robert 
Dicke in Princeton, and by Yakov Zeldovich and colleagues in Moscow



The radiation was accidentally The radiation was accidentally 
detected in 1964 detected in 1964 

by Arno Penzias and Robert Wilsonby Arno Penzias and Robert Wilson

Penzias and Wilson and the antenna with which they discovered CMPenzias and Wilson and the antenna with which they discovered CMB B 
in Holmdel, New Jerseyin Holmdel, New Jersey







The situation was not entirely solid The situation was not entirely solid 
until early 1990s when the until early 1990s when the 
Cosmic Microwave Background Cosmic Microwave Background 
Explorer (COBE)Explorer (COBE)
satellite was launchedsatellite was launched
and operatedand operated

COBECOBE satellite had a numbersatellite had a number
of instruments and antennasof instruments and antennas
onboard designed to observeonboard designed to observe
at different frequencies to studyat different frequencies to study
infrared background, emission from infrared background, emission from 
our Galaxy, spectrum of the CMB, as our Galaxy, spectrum of the CMB, as 
well as its temperature in different well as its temperature in different 
parts of the skyparts of the sky

Is the CMB true black body radiationIs the CMB true black body radiation
as predicted by the Bing Bang theory?as predicted by the Bing Bang theory?



Is the CMB true black body radiationIs the CMB true black body radiation
as predicted by the Bing Bang theory?as predicted by the Bing Bang theory?

Spectrum
of the CMB
radiation
(intensity
as a function
of frequency
or wavelength)

It is the best 
black body 
we know!

Measured temperature of the CMB radiation: Tb = 2.728+-0.004 K



Is it isotropic as expected from the Is it isotropic as expected from the 
cosmological principle? cosmological principle? 

Yes! To an amazing degree…



But is it exactly isotropic?But is it exactly isotropic?

No. There are deviations. The largest ones are due to emission of our own Galaxy 
and due to its motion (so-called dipole anisotropy)

bluer is colder (lower T)

redder is hotter (higher T)



But is it exactly isotropic?But is it exactly isotropic?

LUCKILY NOT! There are (expected) small anisotropies interpreted as primordial 
fluctuations which seeded formation of structures in the Universe

(galaxies, clusters, etc… more on this later in the course)

bluer is colder (lower T)

redder is hotter (higher T)
Emission from
The Milky Way



Milky Way emission can be modeledMilky Way emission can be modeled
and removedand removed


