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This picture of Feynman is as I remember him coming to the Research 
labs. Always casual in dress and always with chalk in hand

At the completion of the year, I 
gave Feynman a copy of my notes 
which he appreciated and in 
return signed my FLP vol 1. 
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Lecture   Organization Preface

When Feynman started this lecture series on astronomy as he referred to it, it really 
emphasized the astrophysics more than "classical" Astronomy. He did not have a definitive 
roadmap of his topics over the ensuing 40 weeks with 2 hours a session weekly.

As I have been reviewing and preparing these notes for release, I have been inserting more 
current findings, particularly for space observatories, to relate Feynman's lectures to today's 
"view" of the universe. Feynman's lectures covered a broad spectrum of topics which provide 
the reader with a rich foundation in the Astronomy, Cosmology and Astrophysics.

I undestand and appreciate the significant advances in astrophysics and cosmology that 
have occurred since the time these notes were created and look forward to those whose 
knowledge and experience can add to the content herein.



Bookmarks are provided









When Feynman was giving these lectures on astronomy, astrophysics and cosmology he was learning 
the material/subject matter as he was presenting it. In typical Feynmanism he went after the physics and 
then used the math language to explain the underlying physics. 

On numerous occasions he would start off on the blackboard and work his way across until his 
mathematical development was not correct. He would stop and stare at what he had done then walk 
back to find out where he had made a mistake. The math was not coming out with the right physics 
which he somehow intuitively knew. Maybe it was a first order assumption; a near field or far field 
simplification or maybe an integral expansion error. To observe him stop and correct himself in real 
time was to observe a genius in action. 

Clearly these lecture topics have been superceded by tremendous theoretical and experimental work 
in astrophysics and cosmology. I have attempted to insert some updated and related material that can 
be found readily on the web. Where I have inserted a wikipedia reference, I have attached their 
spherical logo. I would expect those who are engaged in the subject matter here will be able to 
contribute and expand on the new related material. I have included these "emended" additions without 
attempting in any way to correct or change Feynman's original lecture contents. A more professional 
errata/peer review would be of value but something that I leave to the reader & reviewers.

Wiki Logo
used with insert

Along the way I have elected to insert some imagery/pictures from current ground and space observatories 
where it seemed appropriate. Again, hot links to videos and other professional sources would enrich these notes.

w boson, 110



The references here were my supplement to the lectures. Feynman never called out a 
reading reference

I have updated my notes here in an attempt to insert some of the interesting experimental 
discoveries that have come about since this lecture series was presented in the '66-'67 time frame. 
Our venture into space have opened our perspective on the complexities of the universe and our 
place in it. Communication satellites caused Penzias and Wilson  to "tune" into the microwave 
"noise" degrading our earliest global satellite services. Advanced electro-optical sensors and 
telescope, e.g. Hubble, opened our eyes to the wonders and mysteries of the universe. 
Sophisticaed microwave receivers permitted us to tune in more precisely to the subtlies of 
earliest structures of the universe after the "Big Bang" was discovered.

Our earliest ventures in space for global communications and national security purposes 
unlocked the window into our understanding of Cosmology, Astrophysics and Astronomy. For 
all those who took up the exploratory and theoretical journey into the unknown, these notes 
might provide an interesting historical perspective on how far we have come in our 
understanding of our universe and our place in it. I would invite those engaged in such 
fascinating pursuits to emend these notes with their findings and thoughts. However, always 
remember my goal is to preserve the true Feynmanism in these 1966-67 lectures. Feynman had a 
lot of fun with these lectures and it was certainly a rare treat to sit in and capture his talks.



Feynman liked to 
create his own 
shorthand 
notations.







Galaxy in a nebulae-NCG 922Farthest/oldest Galaxy

Hubble 2.4m space telescope
    "eyes on the universe"



CygA

Very interest Feynman sketch 
compared to the "real" thing seen on 
the right.







Experimental Cosmology-inserted here for a historical update-jtn

A year prior to this lecture series in 1966 the "big bang noise" was measured byArno Penzias and 
Robert Wilson working for Bell Labs  at the time. In the early days  of  geosynchronous 
communication satellites very large ground receiving antennas with low noise "frontends" were 
needed to detect the "signal" from the noise. It was unclear where a spurious noise was coming so 
the two went outside to measure the noise which seemed to come from all over the sky. This 
experiment was not motivated by pure science but rather investigating new communication 
technology. Here is a picture of the experimental facility using a large horn antenna:

What was measured was an "isotrophic" microwave radiation 
that appeared to be "global" and appeared as a 
"monochromatic" picture of the sky:

The experiment left the perplexing question: without any anisotrophic structure left by this 
background radiation where were the "seeds" that gave birth to the galactic & stellar structure?

It was nearly 25 years later that NASA launched the COBE satellite to try to answer this question. 
This satellite was the first generation of advanced, highly sensitive differential microwave 
receivers followed by WMAP and more recently ESA's Planck satellite.
Most significant, however, was COBE's first results anxiously awaited for by the cosmological 
community. What COBE produced was a anisotropic image of the "unevenness" of the 3 deg K 
blackbody radiation:

This expected finding but nevertheless a challenging 
satellite payload design at the time(late 80's) earning  
George Smoot and his NASA colleague, John Mather, the 
2006 Nobel Prize in Physics. 
On a side note here: As it turns out in 1962, George and I 
happened to be in the same high school physics class. 
Each of us pursued physics in our own way but found 
fascination and enjoyment with our choices & pursuits.
George's interests had him apply space technologies to 
"look" outward and my focus was downward looking.

The 1978 Nobel Prize in Physics 
was awarded to Penzias & Wilson for 
their discovery. It was, however, 
Robert Dicke who explained the 
significance of their isotrophic finding. 
Dicke was in search of the same 
experimental basis for the "Big Bang".

With the COBE success both NASA and ESA planned and deployed more advanced microwave 
sensors and detectors, specifically the NASA Wilkinson Microwave Anisotrophic Probe, WMAP, 
and ESA's Planck satellite.

WMAP's improved microwave sensors and its unique operational orbit out at "L2" provided not 
only an improved map quality of the microwave background radiation that COBE detected but it 
also discovered other rather remarkable features of our universe. Here is an image of WMAP's 
improved anisotrophic mesurements: 



WMAP provided a the following important
cosmological and astophysical findings:
I include them here because of the significant 
implications of all of the the findings on cosmology 
and our understanding of our universe.

WMAP's Top Ten-                   source: http://map.gsfc.nasa.gov/
   NASA's Wilkinson Microwave Anisotropy Probe (WMAP) has mapped the Cosmic Microwave 
Background (CMB) radiation (the oldest light in the universe) and produced the first fine-resolution (0.2 
degree) full-sky map of the microwave sky
    WMAP definitively determined the age of the universe to be 13.75 billion years old to within 1% (0.11 
billion years) 
    WMAP nailed down the curvature of space to within 0.6% of "flat" Euclidean, improving on the 
precision of previous award-winning measurements by over an order of magnitude
    The CMB became the "premier baryometer" of the universe with WMAP's precision determination that 
ordinary atoms (also called baryons) make up only 4.6% of the universe (to within 0.2%)
    WMAP's complete census of the universe finds that dark matter (not made up of atoms) make up 
22.7% (to within 1.4%)
    WMAP's accuracy and precision determined that dark energy makes up 72.8% of the universe (to 
within 1.6%), causing the expansion rate of the universe to speed up. - "Lingering doubts about the 
existence of dark energy and the composition of the universe dissolved when the WMAP satellite took 
the most detailed picture ever of the cosmic microwave background (CMB)." - Science Magazine 2003, 
"Breakthrough of the Year" article
    WMAP has mapped the polarization of the microwave radiation over the full sky and discovered that 
the universe was reionized earlier than previously believed. - "WMAP scores on large-scale structure. By 
measuring the polarization in the CMB it is possible to look at the amplitude of the fluctuations of 
density in the universe that produced the first galaxies. That is a real breakthrough in our understanding 
of the origin of structure." - ScienceWatch: "What's Hot in Physics", Simon Mitton, Mar./Apr. 2008
    WMAP has started to sort through the possibilities of what transpired in the first trillionth of a 
trillionth of a second, ruling out well-known textbook models for the first time.
    The statistical properties of the CMB fluctuations measured by WMAP appear "random"; however, 
there are several hints of possible deviations from simple randomness that are still being assessed. 
Significant deviations would be a very important signature of new physics in the early universe.
    WMAP has put the "precision" in "precision cosmology" by reducing the allowed volume of 
cosmological parameters by a factor in excess of 30,000. The three most highly cited physics and 
astronomy papers published in the new millennium are WMAP scientific papers--- reflecting WMAP's 
enormous impact.

The Planck Satellite improved further on WMAP's performance & measurements:
http://www.esa.int/Our_Activities/Space_Science/Planck/Science_objectives



Back to the Feynman lectures in 1966:













































In physical cosmology, the cosmological constant (usually denoted by the Greek capital 
letter lambda: Λ) is equivalent to an energy density in otherwise empty space. It was 
originally proposed by Albert Einstein as a modification of his original theory of general 
relativity to achieve a stationary universe. Einstein abandoned the concept after the 
observation of the Hubble redshift indicated that the universe might not be stationary, as he 
had based his theory on the idea that the universe is unchanging.[1] However, a number of 
observations including the discovery of cosmic acceleration in 1998 have revived the 
cosmological constant, and the current standard model of cosmology includes this term

In physical cosmology and astronomy, dark energy is a hypothetical form of energy that 
permeates all of space and tends to accelerate the expansion of the universe.[1] Dark 
energy is the most accepted hypothesis to explain observations since the 1990s that 
indicate that the universe is expanding at an accelerating rate. In the standard model of 
cosmology, dark energy currently accounts for 73% of the total mass–energy of the 
universe.[2]

Two proposed forms for dark energy are the cosmological constant, a constant energy 
density filling space homogeneously,[3] and scalar fields such as quintessence or moduli, 
dynamic quantities whose energy density can vary in time and space. Contributions from 
scalar fields that are constant in space are usually also included in the cosmological 
constant. The cosmological constant is physically equivalent to vacuum energy. Scalar 
fields which do change in space can be difficult to distinguish from a cosmological constant 
because the change may be extremely slow.

































Gravity Probe B
Verifying "frame-
dragging" 



























Here is where Feynman starts in on "black stars(aka black holes) as he called them.







Since black holes by their very definition cannot 
be directly observed, proving their existence is 
difficult. The strongest evidence for black holes 
comes from binary systems in which a visible 
star can be shown to be orbiting a massive but 
unseen companion. The indirect evidence for 
the black hole Cygnus X-1 is a good example of 
the search for black holes. 

See figure below

Note: Lensing has been observed by Hubble-see below

Hubbble image











Mira















Image of galaxy NGC 4945 showing the huge luminosity of the central 
few star clusters, suggesting there are 10 to 100 supergiant stars in 
each of these, packed into regions just a few parsecs across.

















Feynman alluded to but did not pursue the  
transition and further collapse of the white dwarf 
to the neutron star state

See below







Opacity is the measure of impenetrability to electromagnetic or other kinds of radiation, especially 
visible light. In radiative transfer, it describes the absorption and scattering of radiation in a medium, 
such as a plasma, dielectric, shielding material, glass, etc. An opaque object is neither transparent 
(allowing all light to pass through) nor translucent (allowing some light to pass through). When light 
strikes an interface between two substances, in general some may be reflected, some absorbed, 
some scattered, and the rest transmitted (also see refraction). Reflection can be diffuse, for 
example light reflecting off a white wall, or specular, for example light reflecting off a mirror. An 
opaque substance transmits no light, and therefore reflects, scatters, or absorbs all of it. Both 
mirrors and carbon black are opaque. Opacity depends on the frequency of the light being 
considered. For instance, some kinds of glass, while transparent in the visual range, are largely 
opaque to ultraviolet light. More extreme frequency-dependence is visible in the absorption lines of 
cold gases. Opacity can be quantified in many ways; for example, see the article mathematical 
descriptions of opacity



















Here starts two  important topics that Feynman tore into as only he could 









Question: Where do the higher elements come from? Hydrogen burning alone can't 
explain the process by which the higher elements are formed?



Another side bar about incompetence  in the workplace. Note it is 2 years later that the 
Peter Principle was published by Laurence Peter, then at USC.



Stellar nucleosynthesis refers to the assembly of 
the natural abundances of the chemical elements 
by nuclear reactions occurring in the cores of stars. 
Those stars evolve (age) owing to the associated 
changes in the abundances of the elements within. 
Those stars lose most of their mass when it is 
ejected late in the stellar lifetimes, thereby 
enriching the interstellar gas in the abundances of 
elements heavier than helium. For the creation of 
elements during the explosion of a star, the term 
supernova nucleosynthesis is used. The goal is to 
understand the vastly differing abundances of the 
chemical elements and their several isotopes as a 
process of natural history. 

e

Feynman on an accidental universe? 









Binding energy is the mechanical energy required to disassemble a whole into separate parts. A bound 
system typically has a lower potential energy than its constituent parts; this is what keeps the system 
together—often this means that energy is released upon the creation of a bound state. 





















Worth inserting here is more on Feynman's introduction of the "W" coupling force

In today's understanding this is the W-boson which was followed by the Z Boson.
From Wikipedia:

Following the spectacular success of quantum electrodynamics in the 1950s, attempts were 
undertaken to formulate a similar theory of the weak nuclear force. This culminated around 1968 in 
a unified theory of electromagnetism and weak interactions by Sheldon Glashow, Steven Weinberg, 
and Abdus Salam, for which they shared the 1979 Nobel Prize in Physics.[6] Their electroweak 
theory postulated not only the W bosons necessary to explain beta decay, but also a new Z boson 
that had never been observed.   
W bosons

The W bosons are best known for their role in nuclear decay. Consider, for example, the beta decay of cobalt-60, an 
important process in supernova explosions.

   

It is worth pointing out here that this Feynman 
discussion of the need for the "W Boson" was in 
early 1967 in advance of the "1968 ...weak 
interactions by Glashow, Weinberg and Salam.

Interesting Feynman came in from this nuclear 
synthesis perspective which is a different path than 
from unifying electromagnetism. Typical Feynman 
like his sum over all histories approach to quantum 
theory.













The next lecture begins with population I and II stars.











"Cat's Eye" Planetary Nebula-Hubble image

See below



Multiwavelength X-ray, infrared, and optical compilation image of Kepler's 
supernova remnant, SN 1604.





Nuclear synthesis of elements higher than iron

Spallation

was



"CBR"





This special topic on black body radiation and arriving at the 3 deg K 
approximation is a strong validation of Feynman's insight into a cosmological 
theory that was just emerging with the Penzias-Wilson experiment described above.

























For reference what stimulated Feynman's talk and response above









...or where does  does the anisotrophic (I.e. Lumpiness) come from?













































JTN Note: I don't recall this attempt to help Feynman and don't know if this correct-treat it accordingly



















here is a fascinating side trip down one of Feynman's favorite topics
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