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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.
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White Dwarfs 37, 74-78
World Lines, 174
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Z,z (See Red Shift)

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“Clearly these lecture topics have been superceded by tremendous theoretical and experimental work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. | have attempted to insert some updated and related material that can
be found readily on the web. Where | have inserted a wikipedia reference, | have attached their
spherical logo. | would expect those who are engaged in the subject matter here will be able to
contribute and expand on the new related material. | 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 | leave to the reader & reviewers.

','; i - i‘\\‘
Wiki Logo ek
used with insert % "_:‘ |

L)
e

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.
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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.
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Experimental Cosmology-inserted here for a historical update-jtn

A year prior to this lecture series in 1966 the "big bang noise" was measured by Arno 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: - bl ke

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".

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

lackbody radiation:
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.

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:

Iinclude 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
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15 HXeDdD, Thusg ’\D IS uni@Quée For ANY Nhao MebulAe bduT unchawnwoed
frorm Thewn on,

We see mhen =)

We woutd Also Lixe AN expression For Prec vs % ey,
SINCE
' FTerrr =1 = O (0Wh 8,-61) = A[0unh(0o-P) - (Bo-P) ]
And Yo = a (#mh Bo-go)
e

tf we xpow Bo we ceT P ANd UV

ReTornNine 10 Twe red ShikT MOW we waANT To Tig The hollowing
YELATIOM ShipPS TOGE Ther

At « 87T
46, =« 460
SINCE At = «(coshg, ~)) dog
And Ato= A (¢oshGo-1) dOo
dte . a (oshéo-)) _ R(%)
At R (7

o (coshe, - 1) R H)
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(%}
The vaATIO 1;{,;‘) 1S A TANO beTween our SCALEL facror whic h we

detive d enrter And Twg 10 FaeT 1S The ved ShifT 2 o The

tATo of Wemir | Sy e hAvE Now
Wrec

7z = Wemn  R(W) _ AT,
t«)rca R(’?;) ﬂ’tl
ANd AT LAST we CONNMNETT Z wiTh The disTANCE

ThiS reS0lT 1S INTEreESTING 10 ThAT IT - SAYS TWAT 1IN The PAST
The ReEbULAE were cLoSEr ToeeTher ANd NowWE They Ave forTher
APATT M EXACTLY The SAME CATO AS The whavelensTh ermiled
570 The WALELENGT Teceved. This 1S Trutpe INTEYESTING ,

SINCE Twe comce T of The ved Shifr 1 so ImMPorTaNT LeT's

Go ‘Bﬂ‘CK ouver |T- This Timeg wg ohsérve Th e PhoTON IS EMITIED

WiTh @ CerfmiN Treguecicy of erussion e, . This $veguency € X PETIONICES

A LML E Fed SKifT As T ArMIvES AT The F£irsT Nehultad  ALONG ITS wAY

™ US. Thent we, 15 TASTED ON To NebutAc 3, €xPenences AROTwer RED Shefr,
ANd Goes oON ETC. SO Ther PhoTON exPertences IMfimitTely m red
Shi#Ts by The TiMme i€ Sé¢ IT; Ther AlL Add up TO The Rcd ShdT we see,
Siiceg The wNebhoulAe ARE So CLOSE wié ¢AM INTE6rATE becgquse There is
MO FELATHASTIC VetociTies IMVOLVed. '

Do w& MOw Se¢ The PhoTown PAST ALOML 1TS PATh wnich 15 curved

MM Thais cASe. wWe wisyuaLiZ€ 1T AS The followiING:

C‘}N eny,
.5~ ey,

AT Someé Time Tn The freovency (S Wn; when
Goine To 'f'-nﬂ W™ Winyp., We HAVE The relATIONShIP
beween These Two freQuencies AS

Wnyy 3 Wnti-v)

Where V¥V 15 The differemce 18 VetociTIES From
GOING TO Wnai,ne, RELATUE wetooiTy, 2 €(1)
e cav DiuffewmenTiATE This To ©eT,

dwy = —vVwdn Y6, 12
Now we waANT TO know whAT V 15 for ove SPACING. Well , w & Do wNow
[ 3
V= E(¢)

Thew .
dvc édde L de
w 4E () €

This  foltows From our €ARYLIEY resw.‘r, dh‘-* dt

tt}
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SotViNG This eQuaATION we GET

/f'n w= ﬂ?\e

Wemmr | Esmm

-

OR

() rec € vec

And AGAIN The SPACING AT EMisSION ANd recePnon 1§ Preserved
N The SAME TATIO wWE SEE The whueteneTh shiff

How To DETErMINE The APPAREMT DDISTANCE ¥

To ANSwer This QUESINON e Seer To FIND The ANGLE which we

S€€ The benueen Two DISTANT ObiecT. This TIME, however, W€ MUST
coNSIDET The LtehT 1S benT TO geTher hecnouse OF The erauviTATIONAL
PutL of The MATNEY beRoeen The PAThS,

FOR The CASE of AN CEHPARBINGL UNIVErSE, 1., 371. The LighT witl
ColLLAPSING 4

b bewT LACK o weE FITST ASK how MANY NELULAE There ATE oo
To our obieeT (M umiTS of Y. As mewTipned mefore 1f we KRmow
The AMGULAR SePATATION ot Two AdIACENT Nebutdé The A¢ 13

UNChANGed wiTh ¢ becAuse The FLY ouT TAJIALLY AS we wharch Them,
This monoN Preserves Theym oriomAal SPACING.

We orieimAllY DEFINED The PPOPER DisTAnCe v The fottowin e MANNEC
L
D¢ T
¢

This tetAMONShIP 1S FfEPLACED wWiTh

49
Thus A(P = 44’(‘4’) which 18 comnsSTANT Yor €Ach ’\P Awd ‘LP depeﬁds
writch MNebolre YoUu PrcK ,NOT ON TIME. Oné wAY To &GET

AN E€STIMATE OM  AQ 15 Then To conmSIDer uvmform €XPANSion ANd
TRKE our €xpresSioN s For v amnd 4, c,

R= @& (Coshe-1)

t: alovhho-6}

H owe LeT The expowenTiAl TErMms POMINATE WeE CAN APProXiMATE ad

4 = _-—-e_l‘;: = SiNhY

We corclung Thed The APPARENT DISTANCE of The ObJiecT DY 15
Dy = a(©she,-1) Sinh Y

Wie cAN Tie This result T8 The ted shift by our mesul T
oM PAGE Zl'!.t\i

z: Rit) . shoo-1
Rt cosh©, =}
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RETUrNING To The LunINOSITY AYGUMENT AGAIN we KMOw ThAT

'D4 = R{Fts} Sinh (Bo-61)
because we JusT Proved 1T SiMce ROA) ? qlcosh®i-t]) And Y= G0 6,

The oriemAl 1nvTensiTY o THAT The mebholn SenT ool ITS LiehT
SPrenads ouT Throuch SPACE 1m0 ALL DIRECTION. AS The emirTer Seens
The L1ehT FAde AwAY AS The DISTAMCE Grows, The APPATenT

PeTANCE WwWhich we Are AT AS he sSecs vs I1X “b';,, This DISTRVCE
we eArlier foumd To be,
Pr= R py = gDy
R(*)

SiNCE The Y 13 The same ouy Sinvh ¢ ATGomenT 15 The SAME ANd
ELH) —> e, we cAlCULATE The appafenT Lurunostty A +9
1

A= fo . _f._,_é
1

(D) %

This 1S The SAME RESULT o pn  PAGE LS.

Avd & 2o

Ty 2T

To CLeAY up Some oF The ONFUSION wOHICH RAS Arngen over The
PArTiIcuLAr form oF The webul Ar SPACING  we.,
€ (t) = €x %_

whete. €x 15 SOME STANDACN NEebolAY SPACING AT Time Q.
The reASON why wie chofgE The a Hollows From our DISCUsSION
ON PAGE 21, There we SAwW ThAT P convenienTy EXPYEIS € d
The difleremce beTween Semw ANd O cec,

Stnce wo& hAve  ThAT dn= _Z:qu) And ’\P i1s independenT of
x
The infiaTesimAL SPACING €(%), FurTher we Aroved ThaT dn = 3%

€CY)
Combiping These IACTOr wue hAve

4t - &y
ety €x
o 4% | 2 ety
Jﬁp €X
BuT Also oM PABE 2| we hAd  €CTF) = €x (coshe - 1)
Then,
4t . a (cosho-1)
4+
Sinlie | 7= a(simnhe-0) => dr = a{coshe ~ tide
we hRue .C_L_e‘ = | => 1).—- Esrmint - Grec
4P

Zy



o - &M
\(\!6 (—OULC! \\qve_ ChOS&N T0 sotuege Yyiri= "_r'\. dt‘F‘[’eYCNT (‘f" wle
had TAXEN,

T=Y¥x {i-cose)
T= & (B -p0une)
CONTINUING A SIMILATY DelVeLoPmemtT AS STATTeD onl PAsGE 12 we have

dr= Yxameo dT = Q(}- coS6)

';- - _d_“‘ - r‘.‘ )Ouiﬁe
4t ali-cose)
H=Y¥ -  Txome = H(t)
Y o cl~cose)r
!U_‘:— J_—T. _ éi.é_e
dx 46 47
dv _ &[(t—msebﬁ.&se - Ao (0me) | | v, (cose~i)
de o ¢ t-<¢oso)t & (i-cose) v
“:-j—': - - ’rx L 3 — Y'xs
T/
(4 or (1 oSO ot ‘.1,

WwhaT we wouvtd reauy Like our ot Tis case

1S The fvelATIoNShip
of The ved ShifT 2 7 The O,

Aol ANALOGOGS To The ArcuomenT
on PAGe 21,
Z= 4%~ _ a(i-Cosos) i~ CosOe
Az, G (i ‘-CObel) |- C.OS(QO"P)
where 4= Co-Y
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£
The NEXT LOGICAL CDD&ST‘TON To ASK AbouT The red SYhET 1§ How doss
1
1T chANGE wiTh TiMe? To STAMT This ToPIC wWE wWriTe DWW,

2 Ce‘) - L\)CH\“ - 6(%} - CDSl‘\Gn"f
W rec éC'&) cosh®.—|

Where W& MUsT PuT a4 €12 Go-P Si1ué we are concerned AbouT

The PresenT obSeruAable red ShilT for Ay Gioes '?),i-i., +wo AdipcenT
NEbOLAE W ATChed,

o -1
E-P(Go) - cosh®
cos h{(Bo-P) - |
So wWhAT we WANT 1S
dz
d¥le
whith cn be obTAINEd by

d*e T dBe d%s Q(COS}\Oo‘” d 6o

d2¢@o) _ leosn(oe-P) -1 ]3mhee - [cosheo-1] stnh (00 - )
d 8¢

f_eosh (Qo-W) -11?‘

Then -
) dz . Vv KCOT!»\(%]-“T"‘(QE{?)]

————

T @ }:c.osh (Bo-!P)-I]

From This (eSULT W& canN deTermine The ved ShifT ALwAYS
hAS ANEGATIVE derivATIVE ANd RBPIDLY CHANGING AT The BeGINNING
BuUT 3tows DowaN ANd CpASTS T©o © AT <©

ThiS  resSulT €XPLAINS whY e LiNngS on The

LedT froure (PAoc 20) Are Curved IMiTiALY bul

be comb ASTMPTOTICALLY STraiewhT AfTer B LowNe chh%
Timg, Thes 1MPLIES A CONSTANTLY EXPANDING UNIVETSE

A SIMILAR ATGUMENT CAN he develoPed

S S
et
e

|~ ¢03( Bo-P} 5
. 13

o
Cot Pe
UTZ.

Thid corresponds X

Il :.e
our COLLAPSING 0% °
VAIWErSe AS Shown
b The oThey fioure $ 16,14

o PAGE 2.0,

Z6



The eXAT form of The rate of ChAnee ot The redsH1dT mMieihT bhe
ALITTLE PLZZLING BS TO The mAThe mMATICS SP(-thcﬂtL‘n' INVOLUEDP, So
We wilt, ATTempT ™ clAarify T here,

As sTAtED, de . | 4z
dt  alcoshes-1) d8.

pt&k(ﬁo"‘l’)(“’!’!"eo-l)

d { Cosh ©o - | - o2unh Oo -
;r cosh(@o V-1 coSh (Oo~ P}t [coshigo-y) -]t
dz { S h©c _ awh (oY) (w&keo-l)}
;-'_f- ) Q.(CD\S‘NQQ" i) ﬁ.OSL‘l(eo“lP] | [CDSL(SO"IP) “f]"
z { Ainh@ . Aunh (Ba-V)
afeosWeo¥) -1] cosheo - | cosh{@aw) -t
Now cosh Bo-1 = 2 ouh %
sinth ‘2.(9_{) = Zomh® cr.»s!ng?
o a
30 ThAT Sinh 6o 2 0o cosh & _ CoTk-—{
cosh Opt ) ZSINH‘%
MKEWNS & -
S:M\v\{eo"P) - ¢oTh M
cosh (G0 -W) -1 2
FinauLy dz - i [C.OT\-\ % _ WTh eo;ﬂl]
3t a[coshtae-y}-i]
formALLY expAvd iNe  1MTO  EXPONENTIMLS ; o o oy -Cex¥
= { [ - €& % ]
-ty Sy -WL G ] P
Q[_;_-(eea-w Y- _l er - t
when ©oe=zp =2 Y=0
d% - [_% - .EI = O°
o
€= 0 a.[i-(“—) -1
Co=o P= CONSTANT
d_?' = Et-ll = 0O ‘Dec&use The denNoriwATOr
4T a( 00+o) qoes To INTiumyY fAsTer
Thty The difference eoes OO

A6 a



The no. of NMébulRe LnTh A red ShifT below ThAT corresPording
To A CerTAIN Wu is simpLy,

SZPMSNHL’L}J dy

For The CcOLLAPSING UNIVerse The wo. of MNebylhce betow P 13

S:N sy dy

Swmce P 1% & Founon of o ITseld we conclupe ThaT There are
MANY Al e bulre which we don'T 5ee,;.a.‘ AS TiMe GOES ON W€

Sce MOote AN More MEbBULAE. This corresPonds 10 The $FiesT INTELTAL.
We mieht Think of 1T Tis (oAY — LiehT rmusT LIET ITSELE UP ANd 0UT To
GET  AwAY from (TS Source . fs e TrAe BALK ALONG The A% €

CAN GO 5O SAr Thenm Lose IT becAUVSE The demsely PACKED MATTEr
DeflecTs The beAam, AS TIM{ GoesS ON ANd veriThinG SPrehd S
00T ;The demsiTY decrensSe , LiohT 15 AbLE TO €SLAPE S0 wE e
Move And mMoreE Atbholae, 1T poe wart IRIMITELY LoNe Then, we
WitL See AL oF Them,

With The LATEY CRSE¢ About The PesulTs Ave Fore SInsRienivg
becruse There 18 A FimiTe Time whew we Sce ALL The mebulpe
ANd ThAT'S whew Thedl LAVE ColiAPsed ToGe Ther And Themw we
doN!T cAYE ThAT e S¢e Them ALL.

We woutd pow LIke TO TALK AbouT The relATi0ISTIC deTermimnATIioN
of LichT beiNG benT by The SON (€, 1T s deflecTed Twice AS
MUCKh AS WhAT NEWTONIAN MechANICS PreDICTS. 1T Turms oyT
LiewT 13 bewT hwstce AS Much., We musT deTermime how far
APATT TWO ADIACKNT Nebulae Are for A Giuew 1‘0 And Then
follow The LIGhT BACK To US PonT by PoInT AS 1T 1S benT
by The STuFF beTween The raYs.

The AFPPATENT ANGuLAY sePArCAToO N A 15

Aq-_L =

—D; Lc&mrﬁt Beawn ,unbeni
L= SepArATioNn AT The proper Time -
Z ome

D= sinhY €(1) A4S Yound oNd PAGE 23
fi16.15
rePLACING L by T The heiohT AN O by Qo-Y l
Ag - _X
sinhy &[{Lask(eo—w)-‘]

Ts differemtiay cam be SOLVveD ANd ComSEQUENTIY we cAN deduce
bAcK T The viT1AL PoINTS.
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Now we Know The LiohT Enverey E(2) becnuse we Kwow i1Ts
frequemcy (CH P 26). Thus The

L = P
£

ANGULAT se PAraTION 15 -~

twohere Pz Traws Verse MomenTum

For ShorT QSTHNGES The Sl0FES ATe SMALL 30 ooe cflCULATESR The
Ord N ARY YATE of CrRANGEe of ™e helohT wiTh TiIME To f—:ud,

é_Y = - ’P‘f

T
Atd T sheotd forlows

4Py Gﬁttl‘r’ Ectr
de 7z

where The Sorte om Twe hednn 1S Due To The CYLlinper of mANEr
OUTRINGD beTweeN The LiNe Se6mew TS ON The Previous DIifteras.

It e ™KE The ceiinder ™ have vAdius ¥ Awmd dems;rv(aﬁud
tbrwore MRAITEr 0T Stde wé havue by GaAuss' Theorem

Gn &‘L(Q = Fietd ¥

WIiTh The boumbAry condinons ThaT Y=L A1 T=0 Awnd Y20

AT T =7, we Should be AbLE T soLue The DL £0's bul

WeE Fwd, 1v Dowe Su, we Are oFF bv afacTor of Z. We mosT have
dPy , GpTi Y B} o 2
4 2

where t)('tj x €cm)’

This resutT foltow s Frowm The veALIZATION TWAT The &weroy  And
MomenTum cormbine To Gilve A McTor of Twice The pewsToONIAW Euerey

I This Proodk we ASsurmed WwMMTwWE wanTEd T Prove boT PID

SomME hand wWAVING becAauSe There 15 0o SimPLE (WWAY TO 6T
ThaT 2 (¥ There.

Hovie’s Theory
Rovite Prorosed A. STend?- STATE rwodel by ASbume pur varidble
T TLL -1 N which The moTion of MATTEY 1S KiNEMATICALLY
T

DeTermined. Every Thing looks The sAme 10 him AT ALl TmeS because
AS The uUNivErse €XPANDS MATIEYT 1S CreATEd, NebulfAe evdived,

ANE The u:vi;orhar\: Preserved, Twis Theory Assomes The Y LS
EXPONENTIAL wWiT TimMe 30 There 1S Toom for The PNew

L
MATTEY 1o bhe Droppedl IN . The LuminvoSiTy MusT femain UNChANoed
SiNce The older Nebulfié ATE NUT briphTer,

The Troohtt wiTh Thiy Thedry 1S TWAT ¥ 15 Too Precise ﬁud"[‘t«:re;org
NOT™ credible, 17 desTrovs The comservaTion of tnerey for The

SAKE of eRPLAINING OSMOLO Y, IT requires, furTher mamer excced The
SPeed of LieWT, Ry SAYIMG Twe crefTion

1% $0 SLOwy 17T 15
wvever Obsetved The AT UMENT seem

vidicolou§,

Z8.



OoTher 'ﬁneones

Whew £imstewm SiesT discussed Cosmetoav,he iuTrodoced A
UNtform NEGATIVE Préssure which had MO cAuUSE. This

he did becavse he had mo red Sh§T And The weboine were
MOMomtess So To PrevemT The universe from CoLLrpPsSING he

Added A ‘cosmolowicnt Term' T The equaTion 6F moTIOM
AS A NEGATIUE pressure which pushes cuery ™in e ouT
Thus S AVING The DAY,

The Hubble foumd The recesSionAaL RelrTopShips ot weloatTy
ANd Red ShifT And EmSTeIN wAS hAPPY T See Hig Term oo

Some STIL LN To 1T Thouok And deduce By (T ThaT The

UNWEFSE 18 o3QULATotY, ThaTt S, The Pressore forces The vmiverse
ouT AfTer T CoOLLAPSES,

In physical cosmology, the cosmological constant (usually denoted by the Greek capital
letter lambda: /) 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.
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CHAPTEGR 3

The General Theorr ot RedATIONY Axd Hows 1T AH&TS ASTromowmy

I ACTVALITY The efHfecTs of TELATWITY UPon  ASTEONAMY  AfE (ALY SHALL desPITe
dh AT Somé PEOPLE RBELLEvE, BUT WhAT 5 There 5 Lery mPorTanT 1N CErTaN
COSHOlo&1CAL DISCUSSIONS Awnd The [pTerPevyTARTION oF Gravily

The PATW To fELATINITY STARTED  of cosfSE, wiTh NewTOA Apd his LAWS
YeLATING Fotes ANd Accerer ATIONS by MASSES 3 Thenw The NEXT 1mPorTANT
ONTHBaTIO M wAS The ExpiaRfANon oF ELECTHICLIY ViR MAXWEL | The
Michetsow Morley €xPerimenT of Tue SPeed of Liahr L And Finvaty The
CELATINSTIC ffln‘nONSktP beTweent ACCeleérATEd AdNd  T€5T MHMASSES,

This brigd A hisTovicAL osoTLinE.

It PAved The WRAY dfor AN AlTéraNon OF MNewTows GFANTY LAw ([

Such A wAY ThAT MAxwetls €QUATIONS remaww IMVACAT e The new
GYAVITY LAW Wil be retaNWIsTicalLly iINVATIANT. The Problem can be
Sotued LAboriouslyY MNON-TelLAVISTICRILY buT giugTern hid 1T S0
EloQuen TLY AT peoble didnoT see The oTher Soiumon For A tome lime

When lookine BAcK On PAST PhYSICAL DISCoverfs we ottew AS * kit
why DIDN'T he Twin Xk ot n\ﬂt)-’ boT o™ €rmsTew The Proper gQuesTiow
1S'How The heil did he TwmiwKof 1T so FASTZ” This arear Avsoment 1S

S0 Per£ecT 1T hAg vever weewnw used To Solved oTher Physical Prabiems,
This 1S PerhaAps due To The GeoMETTICAL INTer PeyTATON of GranTy which
Mo OPNE AN UNTARUEL INTD  MNON-GTOMeTTIcAL ATHUMENTS.

To SMT The Theory €T forTh by ETwsTemw by mscossine Tetds, The
Sietd ENEreY due T Two Seorces S Awnd S tS Groem by

= = SL
Ex 2%

tohere  Tyy 15 The SepaAraTon i STANCE beTWweenm Sy ARd S
Mow Fietd ARe SLAsSified v The followinG MANNER:

scaLar , @
VECTOR , A

TENSOR , T/u)

hiahey Otder
Temsors

The vecror Tietd Ae we hAve A Goed kNowied e They Are Thives
LRE The upectdt PoTemTwL N El€ctromrowneric Hieid Theory, AL
The oTher $ietds have heenw Theorized buT we fnow owit The ove
Lor cerTamu. i

The SCALAT foeld has no ExAmpLe Bs MénTiowed ANd wovid NeETeSSITATE
R CAUSE WiThooT AN eTc T wechAvsc The vetoTY of moTiow would
bee cquat ® The speed of LiehT,
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The Tewsors Are ALso TheoreNCAL comcepTs wohich hAve A Possible
INTECPEHTATION wrttch Wé will Go NTD. FirsT  however, we
CAN EXPRESS The rciANUISTIC NATure OF These helds (w The followinke mAnNer:

SCAL AR Si= 5011-%‘;_
Vecron S = Sp-1

TéNSOR. S, = Se

(=%

From These €QUATION S which we ASSUmE To be True boT cAw be dertve The
veeror Ly dSTLRYS The ALreAdY Known fmear ThAT LIKE ChArees rePel,

By This ProperT? ALDNE wé Throw ooT This Fetd AS desceribine
GYAOLTY CTherwise EuertThine wooutd he sTuck ToeeTher

White we ¢an ATeoe THAT A GAS IV Aok MoTIoN HMOTIONM hAS AM wWeElshT
ProPorTop ALl TO (TS enercY CONTEN T wirttch 1S A pensore of The

PACK WG $ratTioNn we copctude The fietd woould ¢AUSE The SYSTem 7O
WEih MOrE SIME € Exzme* £TC. BY Obserurne The ScAlar fterd

we SEE The Feid witl geT S HALLER WM INCTEASEd  VELDUITY,

B mosT be Throwsnw ouT AS A PosSible represenTATION of A GrawTATIONAL
LrELL.

We Are onfronTed with The fesT Tensor Fietld T}W which GeTs
heauer 1n JuSTThe TIehT MrAnngr AS PrésCribed by The above
EQUATIONM. Thus woe have AT60cd ThaT The Fetd source pamd enersy
conTenT o The $STSTEm ARE EQUAL Awd LleAd To f# 6fARTATONAL frevd
of The desired maTUTE.

Where- 1n E-M Theory The charee 15 conserved and which leads To
The vvaviance of The VECTOR POTENTIAL 1€,

Awm™An +V
where V 15 Some GradienT wé Rad ANd Preserve compservanow

We éx pecT AN ANAlpoovs conServaTion of Sovrce of emergy 1o be
CEPr eSeEnTEd SomeThing LIKE

Tuy = Tuv+vﬂhﬂ. + Vv hv

Thoy The eneroy i R TenSOR,

BuT Thas 15 mo T€AL sorprise bechuse The €werey dewsity s
A Tepsor of the A rATE And The field source cdnv be relaTed
T The S§Tress Tewsor,
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We Now come T AN INTeresTING QUESTION ThAT betne The relANopsShip
berween The or AuT™MTNONAL Rietd And The ENEreY ConTHivtm v The fretd.

IMAGIve A hox WiTh A DomPhetl SvPPorTed Y A MASSLeSS tvod

wHith 15 Then DPutled APATT, 1€, ENECOY 1S PUT INTO The SYSTEM
so 1f You L€F co The RALLS woutd AP TobeTher eoive off heAT
wy LS i, m
G—0 G—mm@
bebre

AfTer

Relre The STreTch 1% You wéieh The box Pou @eT The wetahT of The
RALLs ANd The woeiohT’' of The GrAviTANON AL f1Etd Due T The Arrrachion
of The Two RAWS UFON ONEeANOTReR. Now wohen They Até sTréeTehe d
APART ENETGY 1S PUT INTO The SYSTEM ANd The $SYSTEM should cociloh HOoRE.
The emerey PUT IM MUST DO worK on The GraAviTATIONAL fretd So 1T

15 A To ASK WhAT 1S GranTY ! ~ ENETGY or MATFE!r - The ARSwW ER

o Trus k1S meT tMReds ATE 50 We'il have e oo oné

Wée MiohT
SomM BR This Sechos By

SAYING GraviTy Produces s own effecT
Emsrﬁn&s VIEws s

Bl GEmerALI ZING NEWTON'S Theor? of GrAvITY we mosT Assome The effecT
AFS INSTANTANEDOSLY wiTh 1TS CAUSE, WUT The QUESTION ITMMEdIATELY ANUIES
TART Tris meansS GYANTY exceeds The speed of LiehT. RuT This cANNOT
be 30 we MuST ALTEY The GravTaTonal Sletd Theory fto THKE oM A

SIMILAY forea A TrAVELING ELECTYOMAGRNETIC waAveS which PropAcATe
Throosh space AT The vewocity C,

The vetoary of LIGhT C 1S A very CrimTicAl FUnDAMENTAL CONSTANT
TEIATING SPACE AN TiMg,

¥ Gwes  how' mant  iNChes P ASS by Per
Tite INTervAL. No MATTET WhAT SYSTem of UaTS Yoo're i The

INVAGANCE 18 PreSE€rved. WAVE ProPAGATION 1§ owNLY A COMEEQUENCE
OF Ths (nvAriAwce ANd Thus SAYS ThAT we won'T fand AvoTrer C.

F UGKT of 6rAviTY Travere d less ThAn C | Thev woquld logse Trewr
wvanance AMNd 1f You Shoké A SYSTem Awnd observed 17 STMVY NG
STILL And Then fLying By, You woutd 6eT Two reswTS .This CAN'T be.

The QUESTION 1MmediaTELY ATises " WhAT GoEs AT The speed of

Lokt ma The ¢ASe ot G6rAviTYY How o The torces depend on
The ueloclTicS? iIN ElecTric fietd Theory

we Kmnow The Force
OB A ChArce MovING WiTh A WELOLITY 0 AN ELECTrIC AND MAGNETC
fietd s ocivem by,

F= EX} + VKEEH
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Where we mosT Koow The VEWCITY S woe AN fud owe COMPAONENT RS
A Livear Som of The velociTy COMPONENTS, 1 £,

Fx = Ex + vx Byy ¢ Vy Bxy + 'V'-é B;a,

Now The GYAVITATIONAL ANALOGuE 1nvOLlues The uSuAL NETDON AN
GrANTY field PLUS Some Lwear Terms o The vetoaTY PLus Thew,
Sorit QUAdYATIC TerM. This ke § The form,

@y Fx = C& + Uy Pn 1 U-r(S;?‘l' 'U—‘a(ha + vﬂ.}a Srex "t’“‘als“?'* -

Wwhere AL Towl Thevye voaul

d be NiNE TermMms AS A COMSEQUEwCE
6f AOITY bewmbo A Tepn

SoR,
Whart ENSTEIN did The ny WwAS To SeT ouT To

Find The Laws
HoTioM ANd The Lmws deTermining The cotfficienTs.

WELL, HOw DID he Bo (T? IM-STeRd of hiTor riss Guess woor K T Pe APProfich

he ST OUT T ESTALUSK SOME PrINCIPLES Which woold yey¥e AS 6uide PosTs.
He Assoumed FiesT retATIVISTIC

INVARIANCE ﬁud,s.:co»aw, The imu MvsT
AlwaYs be True.

HE BEGAN wWiTh The Theee wavs in whith MéwTon Dethined mass,

1S MeASored by INEITIA, 1LE, RESISTANCE To MoToN
Z2.MAass 15 The reacnon T A GrAwMNONA L fietd, he, 1T 15 wetehT

3. How 1T Produces A GrAvTATIONAL ?leu,t.a.,’n\e Techamgue of

Réngore inTEracTING Fretd And ho
Avd ot togp.

[. MASS-

W MEASOrEe ERTTh MBSS wiTh

Te NewTtoN Trese 341D The saMe Thing bur CiwsTen QuesToned Them ANd
Asked K T 13 TAwe for AL Times. He Assured Thar nuo avd Three

WETE EQUIVALENT Since The CRus kL TelaMonship beTween MTon md
Rencnion Totlow From Them. He Then Assumed ‘oNe'wAS The sAME As The others
And  anfoTELY ACCur ATE under every Cnse. Thos The Previous Tox Areud-
MENT 1N WHICh Mare gnerey im ptied rtorg INErgYn MpLIed MoRE wElGAT

WAS A VALID ARGUEMENT. ALl he rvepuired wAs Lotcpu'-ra INVAFIANCE,

Ewstein PrRoceéd €4 To ChANGE HIS ATGUMENTATION by consideredyc
Nop-UNthorm MoTon . WhAT he did was To I1MiITATE GraviTY by
INermA, WhAT Twis leads to 1S s famous Prmcipie of EQuivAtence
of 6rAnvTATION ANE INEFTIA. This STATES ThAT There 13 o whAY
To ITINGUISh The moTion Produced by INETTIAL Forces (AweraTION,

recott, centhifucAL forces, €Te ) Frem moTon P

roduced by SrRVITRTION AL
Force s,
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His Arcument CenTeced ACOUnd AN ACELETANN G ELEVATT
iN Wwhich A hov STAndS hold 1wt A T3AL on Twhe e d od
ASOPrinG. The forcte on wis Legs is

PrororMomAL T hig
MALS

1f his leos Don'T Giue IN. The bALL oN The
SPriNG Goes Dowa AS AN pPwAard force v Twe

SPCiNg ELONGATES. Thus (T 1S Like The balt (s 'Putled’

Down whenm tNEACT The sv$TEm 1S AWELEY ATING.
W Ths wAY

GrAvITY And ACCELEr ATOn AYE Shown EquraxT
EQUIVALENT. TMRT 15 Tp SAY, MoTion  boTh uniforsm ANd

MONUNMIEORM (A ONLY be Judeed W wsiTh veSPECT TO Sore
SesEem of teleremce, — AbSoluTe moTioN DOES NOY EXiST

AvoTher woAv 10

LooK AT The $AME Thine 15 To PlcTyrée A
SPRACEShP Aboue The eArTh v which The cecuPARNTS TON'T Look
OuT To se€ AL Twe ObIecTS 6o by, 1+ There was A batl ot wATer
INT The ship 1T Wonld R'T be A4 batl bdT fATher an EwuiPsoin. This

Wwouild be A resutT of The Tides Due TO The EATTH, ThAT 1S, The €ATTH
PoesSn'T W pull on The WATer €QUALLY Cuervw here, 1T 15 Posstble
T MAKE The 6rAviTANONAL Teld of earTh be 2ero Choosime

The riowT ACCElerATION BST THIS 15 good for owkY ome PoinT.

4 vou
Mové Away A LITTLE BT dror TvAT Rt ot O G'S The €ArTh Loitl haove

A SMALL ComponenT, In €dtecr, A Frerd st €x1sTS Arouwd ThaT Poini

3MALt componenT

Resormnwt  Hield

? LOoKS SomE Tham o HIKE

This AbeuT The zero pOINT.

We have only 6o1Ten rid of The locay dietd
BY Ty AvrcuMenT.

EATITh




Now we ASK ANoTher QueSTION,” Lo hAT hnpPews To LibhT v A untform Siew?
ThAT 15, we disSrecnrd The SiLi1ohT Torces of The €enTer AN Thus meolecT
heher order EFffEcTs. Therelsce 1perna awd TeALTION ATE ¢QUAL LK€,

WE @0 BAK TO The ELEVATOR ANd PUT A LiIGKT ThAT €muts a definite Fre@uency

8P The CeilIMG ; Then € ASK WhAT we Sce 1f we're tYINe on The fLooR

AS The elecv ama. rov e vPwArd wWiTh AR AtCetier ATION, %b
Let The Elegvarer wwve sude kb, v d -

SINCE 1T TAKES A FiNITE TIMe To Teceivé The PhgTonN

AT The Jlooy The FLOOT Mpues A SMAL DISTHNCE

TwArds The Source,or where T waAsS. AT A L
CIUEN  (NSTART Lohew WE TAKE U =0 The doppler

ShitT vl be To The Purplé AS A resolt o The
ACCtieraTionl.

The Time of TraversatL s
L
T= =
C

The velociTy of The boTrom retaTve To The Top 18 sruen by

V‘rft - %%

The {'Teﬂo(-ucv due TO The éoP?L(—r e4fecT 13
= Vrey
W Q—’emrr ( ! ¥ --é-— )

T'here.‘-ore,
Wree ~ Wemr ( ) + ‘3‘- )
CL

where w& <aAw CRLL aL The GraviTATIONAL PoTeNTIAL AT helohTh L
OR
V§ = %L

Then, Hote EloQUENTLY

Witee = Wemar ( I + VCLP>

VO Was been soepoSediy expertmenrpu¥ CARICULATEd buT Swwce
T™e resulTsS ATE wiThiw T The AmouwT They woBinT NOT To ACCUrATE.

The hovres ATt SomeThine bieded LIKE Imm/iosec. Ths wWAS Dowe
IN A 7§ 30y LlevATor which WA SuBdecTed ™ cChAneed due 1O
TEMPerRUrE oradienTs T IM The BRuitding.
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1Y A cCharee 15 Acceler AnnG Then 1T mMusT raAdiATE. So i+ we Throw
Electran orf SomeThing 1IN ELeuATST uuhﬂ"ﬂxﬂppms?

BY The Theort oOF YRAIATING Bn Clhinrces due T OSULLATIONS , The vATe
ot Enerey rADVATION 1S

dw ?-c"(
dr © 3

BuT whew T™e charee 15 ACOELEY ATING There 15 A dampinG force due To
FASIATION T ESISTANGS GI1UEn by

Fo Loty
3 Ty

The woek Dome AGAMST This Force 15 FX or
W - z-e" il hy -— Ze-" - W aa 'l
d v - X R = d ("‘K) X
a1 3C 3¢ a7

iIMN A Periobi¢ mgTioN X & Averaces To 2ervro while The second Term 18
PIWAYS PostTIVE beint SQuAred. Se 1} wTeeraTe X' with respaT
To Titte, |17 15 Possibie T Show ThaT The chatce TAHRTES EN&r6Y
Whens 1T £118T Aectiens STATTS And When T Stops buT weT whit€ 1T
RCCéLer ATES,

AN Asid e here Atome These Lines deAl wit™ The verma coeffrerenT
beiwe CPual To The pmech ANIAL iMH?“I& 1 we chtcutare The Forcce
om  ome parT of A baw of charoe doe ™ STher PAFTS we 6T
The Setd-+orce,

eL (1) r N rans
Fs> &2, X - ;es + YRERKT 4
Yoz YAdios charee
® £Y cocfhaents dependineg uvpon The charee disTriboriows,

For & sphere o = 7-!3 ,'T‘nerel;nr(—g we hnave tdentified an ELECTTOMAGNETIC

MASS  Meec TO be

- 2 et
Meree = Froe™

W‘\\(j\ UJ‘\CN MENBULEe The MASS EXPErimENTAUY MUST he added T
The Mechanic AL HASS, L€,

Hexp = Mumea + Meige,

Thus we see ThaT The WElehT o The ¥1(—Lc¢ MuST be comndidered,
NoticeAbLY Problems Acise 1§ To~20 Then F 7 ® gud The charee

Blows VP bor we debive Poincare STresS or Yobber bands T hotd
EveryThiwe ToeTher,
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H e wanT To Know whAT The difterent 1w Frequemey IS SAY, AT
12,000 MiES Up | we TIE TO-GETher A MesS ol EtevAaTMS of teneTh
L And wiTh LiTiLE botes To LleT The LIGRT Throvoh. Thos we 16NOFE
TelATIVISTIC VeroaiTiEs ANd 18T Sum us The LiTRé al'-"- Th The
foaL resolt  AQ/er s ST SMALL

BuUT wohen LichT comes From Tre Sun The disTAnces belome APPTECIable
ANd The fveguemcy ShikT more paneeabie, tE The son emirry A
GIEN Nt SoDium LIME The EATTH SHES A sf4tT CorresdPonDING TO

\ . &G Msou

R €

Lohe
e GMus ool Km
C'L
(RSUM - (-5 im

1
AN d The shidT 15 Figured o be AbOYT Fosooo * Thes 18 A dmrly

TeASom AbL e UALWE DBUT 1T hAS beew Successtullty obServed YeTo HMawiy
BecALS € L Kmow Me WhAT TR NATCAL fveguewcy of 38d10m 315,

Now de white dwirds where Thar MASS X Msuy bor Therr Yadi fre
AbouT ThAT of The €AfTh This shiby 15 tuch Grepter, BT hard
To deTermime oheTher The ShIT 1S due To erAvITY or recession, Padsibiy

Dovble STATS Could help sinte The roTATE AbouT One AnoTher bdT

ofTer) on¢ STAT haS niSible SPeivAL LINES while The oTher Is A CONTINGOOS
lLiekT S© wo help There.

PROBLEM 3 Eomstder VYoo are on The ©ArTw ANA MAN sAYS S€€ hw h
hoht You cAn GO 1IN oNe hour by MY ClocK.
The TrRUELING GUY CAYFIES & wATCh which Tuws

faster ™A The Maw on The aroond, whens he 15 AT

}'*"‘“““9 looKs Porpie 10 The Guy On The Grouwd For
The Above e fFSows, Thug we WANT TO MRAMIZEC

The decvree To whith he s Ahend e ,The higker The beTrer, J

L " R

We wonit LeT hinm GET To C buT
The followime Time correcTian

t:h@ ~ -{-a( __11‘,_-.&)

INSTend mAKE EntTh 2 FLAT

CL
Thus The g"fﬂ":wvh g"ST 60 FAST DUT NOT Too FAST or €lSe hetil
G
eTh\JT'O re S l'l’. 50 [£% 3 = US& wf wehnﬂ (‘—&Cﬁ{) !GCT‘-
The rrect Tmes And PATR of momon

Probiemvs f phoTon ShosTS vp TO A box which1s 1n Turn

CATrIEd B, DOWN Awd The énerp? Thew reieAsed
AS \T Goes up AGAIN. AT The end of The Cvcle

 There 15 NO NET worK Enevey Shoutd be
Cowserved — IS IT?
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LAST 7Timé we neoTioned AN iNTEfesTinie PrODLEM - The 1deAd of A
PEFPETUAL MOTIOM. 1T Goes SOMETHING UNE TRIS! we hAave A box
which K EMins A PhoTon O ENETeY Eo wohich 60€s 7o A Lteu el
AT A hioher GrAvITANoNAL POIENT 1AL ThAM before: There R
hAs AN Enerey £ = Eo (:-ﬁﬂl) becAvse of The Lotk T did T©
GET Up The PoTemTiAL . hcfouo we carry The Bor back downe

And Do work E, c‘Q/c;‘- To BrinG The PhoTomw 7o Groowd level
ABAiN. 1T Thew HAS Emerey E, bEcAvsE we GoT worw ool
oF 1T AS we ower T, Thos The engrey sPended wAs Lo add whAT
we receved bACK wAS £, + worK dome n Lowering hE, E .
DotS The $wAl €ENerey €CQUAL WHhAT we NAd TD BEoIN m\gi-;.
The $otlowiNG 1S A DinGram ot ONE Such BYCiE:

E,
weY ool & tp
PraTon Ry
TISES C
Eo

where Eg = EnNerer GOMING RAK
* E,+E, 4 - E,(Hiﬁ)
C*

C‘L
Bhe Quesnon s

Eo

1N ¥y

g (1+2)
C

Before come om T S0METhinG mewy, The OTher QuesTion | AsKEd
AT The €énd MIGKT deserve A LITTLE mMore ATTENTION. We wanted To
MAXIMIZE The Tine ON The Traveters WATCh by Going opuwards
T® GeT To A Netehborine POINT of where he sTArTed,

The TrAveicr obserues Two MOMEnTs on his clock SEPArATed bv R
Time d2, We retaTe This Time T The Peoper Time om €ATTR, 4t
Sivce The GuY IS hibher, he LooksS POrPLE becaus e otf Gravay 30,

dt= afecu%)

AS© becavs€e he 15 mMOUING T A Good CLiP, The TIME dilATION
RTASING &Tom Qur APPFOKIMATION IS

s L
dt = dt+ T 4@
rAN
S0 Twe proper Time on EATTR for The uTerval 13

dt=de+9d - v-de
inteerATE d  over ot T '
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Our Probi€m AGAIN IS T G6€T The TrAveliMgo (loeK To be AS LATE

AS PossibLE, The Time INTEIVAL Seemt o The «wrisT wWATCh t5 Thew

t-T = g T_H‘P ""L]d%

e

= T + J—S % ._.i.?it)
[ 9(xn) “E]dt

50 WhAT WE WANT 15 T HAKE The RTACKET TSTM AN EXTréMmum
swmeg @ = ‘a(!tt)) we  hAve

r
aAt=- T t+ Yo [3(3&;) - -‘%i(‘:)] d'&’

We CAM Solve Twis Prohiem by The PrinvciPie of LEAST AChon.

K we teT %(T! be The orb(T Sor which The PATH 1S €XTTeMum
ANd 1“1} be AvidnaANom on ThaT PATh Stch ThAT The vATIANONY
AT The ewd PoO(nNTS IS 2tro, TheN

Xtt) = X(t) +7it)

15 The vAarIed ortbaT And for FirsT order Chameses 10 T\ This 1S Zero.
'I'\'\ere"'bre we hAve,

o LB~ 5% 4 e = 24 Jde

ACTuAy PATH JACIEd PATH
INTear ATIMG 3% PARTS

T »
X T
Sa (‘aTHTH x'yl] dt+ -Exm l
et °
1
FINALULY Wwe mosT regure, O AT ENd POINTS

3;(-:-_ -% or Twe wTear AL T be 2&r1d

Thus we S€¢ Twe orbiT IS A PATADOIA JusST AS 1T wound be

Jor A fice MIUILING BoDY, This orbiT MAKES The Tirne on The
TrAveLMG CLOoCK The GreaTesT.

The (oNSEQuenwce o This LITILE €xerciSe wWAS VERY (MPOrTANT

To EINSTEIN wWho SE1Te€d 1T and conciuded Thar since Llochat
CLoc ks Alw AYS MEASUre Tinc Louses"r Thme, (LOCK Laitl wALY under

diffcrent CIrcumsTANCES ; There s roo AbSoitoTe Timé. The

YATE of Time Progre 5510N Jcpemds oM Where yau mre 1 SPACE
ANd Whase clocK ¥ou US e,
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I+ There 15 wo JeLm!T& TWME  Then becguse o} The SPACE-TiMe velATIOMS hip
There (5 MOST  LIKELY Mo S€T DISTANCE, kL., IT chANGCS wiTw PosiMon.
ThAT 18 To SAY A Tuler would ShriINK As (T comes Towhrd The egarTh
whité T wiovid EXPANd GOING The oTher Y. We mostT have A
CoordINATE ST1STEM €aTABLShed which 18 WuARYILART TO0 POSINON

ONLY TwAT e Proper TiME FemAINS A MAXIMLVHK. Thay CinsTEIn 33vehT
TO TEPLACE MEWTOHA'S SiMPLe F=mMAa (AW,

Thus T 13 ThAT SCALE LENGTHS ChANGE ot eravtTaTionAt fiend AS

WELL AS The USUAL FELATWTIC G BeABETHON CONTYACTION . we

cAr RePresenT The USUAL SPACe-TimMe 1MTerval bY The foor-vecionr
/

dt* = dtt-dxt-dyi-dz?
dt*(1-¥")
dt = 4 (i-v)'>

wWher ¢ WwE hAYE OrMITIED The (¢ SiMCE WE chose T To be OMiTY

H

Mow 18 A GrAVITATIONRL feld This INTervaL ot Time would be
=
d+ T = do (H (_P_{ﬁi.?}) - & dx%- pdy- Yd3"
c'i-
This rélATION 15 Good To The hirsTorder becAuse of The APProx mAmon
USEd IN The GRAVITATIONAL PoTeNTiAL. We MoTe ThAT 1M The
fiwwsT e@uATION The foor Vecror exPliciTiy reiaTed The Two Time
INTETUAL S, NOow W& ATE SAYING There michT be some vadeTermived
coctficients whicth hgue mnoT been found ANd vArY from PLnce
To PLALE N SPACE, W srder To deTermime These woethicicwTs ACCOrATELY

T wootld Be WECESSAY! TO be mouimt AT The or OCAr The 59(—&& of
UGkt v order To MAKE A StemPicART comTrivoTion TO 7.

EinsTein Proposed To specik? The coefFicienTs As A fomwcnow of
TOSITION iN AN {NGenIDVOS MARVNET by Je.Scrcbsmc. The (poTENTIAL oY
rAVITY, He Assoméd, n AT, TWAT The coefficienTs Differ wWiTh
PoSimonN. In The MoST GeweRAL CASE we AN LOoriTeE The Time nTervAL As,

1
dtts dA( 1t Ay - ‘axxdﬁl- G J'}”'-rand-al -'szrcbcd;a-
Where AT mMOST we AN hAave A Tewsor uyTwm 10 TeRmM S
W we 16T Grr » (rQuv3) Thew we can express Tms Tie As

L
47 % %)‘W JX)A JXV
T,l,'{,}
The TewsSoer ¢LeMENT S A depemdine ow where You Are, |y
MNewWTONIAN world s ‘}AV z 6/4\:.
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Se we hAVE A reAL mess on our hAnd wiTh 10 PEFENTIALS AlL coupled
ToGETher, 50 WE MOST TrY To PYT SOME prdéc To Them, FEYST we
Areue (7} The BM s FORM A SYMMETIIC Temsor : tf 1T were ANTI-

SPMMETTIC, Twaoold BT e Awt dibletenT Thaw A LoT ol STher Tewsoes,

We Né€d SoME GEOMETNCAL INTErperTATION (¥ Order T undersTAN
These v!s. ThAT 1§ becaose TheY Are fumchom ot Space ANd mcrease
N (MporTROCE RS The densiTY oF MATIer 1Ncremses. SAID ARbTher whY,
The Yuy woold be moch GréATeér Arpopd The cemnTer of A GALAXY
Than 1T woutd be Sar for any ob'}ec:r.

WhAT EmsTenn ArGued wAS ThAT As & consequence of dt:= E ‘a#*‘h}k‘h‘\!
SPACE Time Coutd NoT be M AT buT YATher represented AS A

curved SPA-TiME. IN sSuch A Wy GRld  maTTer woutd moue sn

ShorTEs T - DISTANCE PATHS (1€, 4t 1S A MINWMUM AS Quy 1S A
foncTrons oF posimon. ThiS 1S eNSTEINS MOTION AW of GraliTY or soMeTwe
TIKE ThAT. ThiS curved SPACE 1S Som EWNAT vpderstood 1F we
VISLALIZ &« A LichT RRénm ShodTin o ouwd . pud soomer of LATEr

iT woutd retrny To TS SIARTING PO LT, &Gwe b Wor€ The Obutous
uesTiod of how Far Around 15T woe Are sASE The POINT beine The
TrAIEcTOrY Foliows A eréAT CIRCLE TOOTE,

WhAT Then 15 The 6e0 meTTie INTErPerTATION of SPACE . LeT's
LiMiT oor DIScUSSION, for Tue MOMENT, T Turved Space ow L
we weow!'T discusd 'nne ForTher LeTs ASSOmMe A o dmenamnm.
AN ASK WhRT MEANING WE (AN ASSIEN To CUTYATURE.

Imacine A oG oF bues Live om The bL&che&rcl'cm; The 1 YR
Svppese AnoTher c-roo?‘B" Live on A bALL, we cmo hAVE OFher
‘wortdd ke crlinpers, SAddLes, dowoTs, €TC Assomive Tue boes
Are A curious LoT, TheY mMiIGAT LiKE T KN0W wWhAT The Share

ot Ther woRtd 15~ t5 (T FLAT, & bAlt, WHhAT! Thet CANNOT Circom-
NAVIG ATE becAuse Thel* MiGhT be ow A SAdDLE A TechmQue MusT
hotd for AtL CAses, There —Turns o6t To be sever AL w AYS They

oud ®6 AboueT T,

METhod |, They covid mMAreth auT A Gluen Rumber of
EQuAL STEPS; mATK OfF A TIGhT AMGLE, Go UP The shAME
dHSTARC € . TAKE ANOTher FiekT; And S&(— i+ FinAwLY They
OME BARALK Precisely 7o 'T]-etr Ori6IN,
For A FLAT SOTHACE we UiSvAaLIZe iMmMed IHTELY A SQUﬁRE'

NO -
OVeriApiNG

qi



WhaT woutd happen 1f The bue Tred The sAmME EX perimenT
ON A BALL; wALKING EQUAL DISTANCES And MAXING S TlahT ANGLES
Whith Ave def ined on PP heres.

IN. TS CASE The RuG STARTS AT O : wains on PATR | ANd
Ends AT PoiINT IIE‘ o he Too¥ PATW 2 he wauld have
Crossed PaATh | AT P bedore endine AT 2¢. Clearty The due

HosT LIvE 1M A Curved wortd,

HMeTthod 2 ¢ By LAYING oUT TESPECTIVE TYIANGLE ON The gur—hr_e Arrdd
MeASUT ING The Som oF The AnGLes, For A PuAne
They TTAL 1BO° | for sphere They Are More Than
120° ANd for A sSaddie less,

MeThed 3 : A rmore NTETESTING wAY CALS Up ALARGE wumMber o
BueS To mMArch OuT €QUIDisTANCES from A PoidT ANd
JowinGe hamds 10 form A Circle. 14 ANGTher Roo Thed
WALKED Around MeEARURING The Peringler, he would
Sind The Circomberemce dways Swen tnv INTeorals of P LE,

Circom = 2TR
where R = po, STePs ooT , CommontY The rAdivs

For & SPphere we hAVE SomeTwine DifferenT:

IN This CASE The circumierence

IS GiveNn &y
& radivs ot Sphere

Cir= 208 . 0un®
= R
Zn R0 o

EXpANdiNG The SINE INTO
& Serres TofIrsT L Terms

C:rza.(_&_Ra')

K3 & 303
CGr = R({ - Rl )
27 L e
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The vesutT we hAve obmAined 1s Nice be cAvse 1T Grves

us An idea of how The CurvATure B45¢cTS The Circumferepce.
= —

we have The Term BY ek shows The effecT of A Spat

spkercj’l‘hﬁ'r being A LAreer CofrecTion MOTDR. Fevu man LIKES

TO PICTUre CurvATure AS A Yumncon o PosiNion AS A Pimpled

e where e cer TR TEGIENS  The Pumps CreAaTe A
GreATer CurvRTUre,

LeT's be more spectfic and Dehue Precisety WhAT we mepn by

Curv&T\Jré; I8 oL USEALE T willk MEAN-EXCESS From The TheoreTich LIy
Expected TeSULT, L3& CAN be MOTE  SutCiNeT MAThe WM mATICALLY

Actupt CIRCUmterence -

| — Curviture x ARER

27 R
where we ipve TAKEN (f— 3’3—;'3_) fp: RewreTE 1T AS
T
(t- "%-(-EL) specitied MR ps Te Area ANd The curvimyre

AS ‘/3&_1. S1emiPICANTLY The curtviTUré s iNversely ProporfionAl
T The rAdius SQUAred {

CUTV A "az_

We need mow Some Form of SPSTemATICALLY !éemns?me POINTS
IN eur SPACE. IN TWO dimENSIONTS The X~y AKS workK wetls
IN Three woe cAN EAY OUT A& NeTworw ot evenly Spaced Uines

LKE The [anTode And lonciTodinAl Lives ow The errTh. These Pt Liues
Néed voT MEET AT C1LWT ANMGLES, LE.,

ds® - A= dx® 4 %Wch‘t $ ?.‘axa. dxdy
I Two DimemS10ms

W€ CA/AN PIK The CoordiwATES JuST Tichi SO
dst = dat +dyr

1 we had sTArTEd wiTh  X= X(W4,v} And Y‘:‘a’(u,v)j The N

We coould have hAad Twe oewer gl CASE 1N Which of The 3
coetbicrents nuo weuld WA VE heey INdependenT 1.6, correSpondine
T The Two deorees o freedonm Permitred. oM ‘e 3

‘a‘S Thew
T 13 Possible To devTermine The curvATUrE
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AncTher waAY of ThinKiNe of This curved $PAce 1S To LeT The Bues
bVe oM A hoT PLATE which 6eTs hOTTEr A g You mMoue NERAFER
The CenTer. ThuS rulers woutd expand AS You oo ouT Prd we
ShatL Assumé Thev Al €xpAnNd €RQUALLY ; €VEN  The Rues Themsetues.
SAY he TAKES whAT he ThuwikS Are 4 EQUAL STeps LiKé he did
on The bintboatd And See ¥ he can end AT The Se POINT.

A

P a—

cooley —
We Covtd deuiSe The PerfecT TeEmMper ATUME LAw W Hich woutd Giue EXACTLY
The SAME EHeCT AS beiNG omw A BALL AS ThiS Dik6rAm Seems 1o INDICATE,

Thus tven Thoueh e ArE On A SLAT PLATE The LHIECT 1S The SAMme

AS beine 1o A Curved SpAce; The LeneTh oF The rutér STILL
VAPIES woteel wiTh where vou Ave. So space 15 curved founy becuse
T hAS A witrd edfecT ON gur MEARSUtEMenT.

We woutd GYPECT LemeT™s on The heT PLATE To tAKe The 0T ¢

dst: fenp (X;Y) [d]kl%&\(‘]

where  T{XY) 15 The Tem per ATvre fumceTion which torresponds T
The Twoo cé‘s mvd The Tard bemne €QuAt.

White 1 Two dimedsions The curvATure could be meAsure bouT The
Te CASES menTwomed Above Cotd NOT be sepAraTe. IN Three
DIMENSIONS Theve cootd be 3 direcTions o mAYiMum curvATUTE
whith wootd describe The ShApe, Now we TILK A bouT The
ALV AL YAdIuS being

r = R + C”“’“"‘G& x Volume
RCTuBL »Esored UYVATUT &
¥ Adivs ¥ Adivs

For The MOMENT ALl We'tt SAY 1S ThAT The AVETAGE CutvATUCrE,
The Feva™AN tMeAM CUTUATMIE, 1S AN AverAte of The 33 mMmAXIMA.
Wetiy spewd more opn M3 AT Er,.
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Now we LeT Time Join  sSPAce 4nd TatK Aboul Joor Dienstons.
IMAGINE NOw You STRNd (W ome SpaT for Aw hoor, Move one 3 fooT)
WATT AN haur AN Jo TRE SAME €xper IMENT AS belore. WhAT witl
RAPPEN 1S THAT The TiNES WION'T be The SAME, The PropPer TIMES
are drkferenT. This MISHATCh 3 Twe SAme A3 before.
The Problém Now i8 cuen morte CombPaonmded T? t
becAvs & There Ate FORTY CuruATUte COMPONEWTS., | .
EINSTEIN SOLGRT TO SOLVE To QUESTIOMS!

i) Gluvert The &S WARAT {5 The MOTION TO mAKE

The TiMe AN EXTYEM UM

21 WhAT deTermines The PoTenTiAL

- —

He sovanT AN ANALOGUE of Awedératon=-V(¢
And for A wood T M
vig: yndp

where 21 = UniversAL  GrAGITATION CORSTANG

P = densitt of m Amer

e did noT wANT To pAvE The a s depend on AR chowe

o Coord WWATE So He hAd The 1de's of lerrmb Therr equfit
MATEr dENSITY. To spreaty The ﬁ” s which represewT The cordATUrE,
Wé o To A Bil TewSor OMpriSed of vaAnous derivATIVES ot a'o
Previous wior Ked oOuT by R!EMANN.

IN MewTopntAN PhYs1cS Baeroy dewsiTy w aAs oTerpertTed AS The
orcé OF GTAVITY, The ENEROGY denSITY heina PART of The
four Tenmson which COM PLETELY degCribes ELECTro MAGNETIC

Theory,

The ANALocue ob The RverAoce curAatTure became | IN 9 Dirensions,

IO Mean W c:.:rvﬂ‘rvresi‘l;” : Thiz TAKES The form of A
ATermsor of Secomd order differenTinLs, EINSTEIN GUESSEd

T LAW
'R/uy = 8rn 6%\; = BNsTan's Law oF Graumy

Here he gmored Any NONLINEAT LTS N R}w‘[,

Gravity Probe B
Verifying "frame-
dragging”




A worp here NoT from The Lecture but +71om The BOOK  Geweral
RELATIVITY ANd A GIAUTATIONAL WAVES by Jowdeber ((IRNTErSCencs
PUubtiShers ),

EiNSTEWS 14CA ThAT GeaerAL (AwS of NATUrE Shoutd be expressed
bY cQuATICeN S which hold Good for ALl sSesTems of coordinnaTes
Fottowed +rom A Discovery of MINKowSK:. He fobird TwaT
TrANSSormiNG from ONE INEYTIAL Frame TO AMDTher mMovide wiTh
YELATIVE VELociTY ¥ corfesPonDS To TWe roTATION of AXes v A
FOUur- DIMEMSIONAL SPACE-TImE <OOrdINATE SYSTEM. Thus AN €ven T
hecom€s A POINT 1IN SPAce-Timé Foot Dimension AL SPACE.

The SePArATION bheTlgeed TWO €veMTS ouer The dtH-tfem'rtm INTeETVARL
1S €XPressed AS woe RLrendy have dowme,

T = (N LN
&51': dx"._. st — Jx‘l - st
Thar 1%
ds*= dt7- dxt-dyt - dy
1f we RewriTe The FirsT €X%XPresssioN AS,
—6'5.‘% %ﬂj& X}‘Alv

Then The ctéements of FAY Are
-§i O oo
2 O 1 00
Iny 601 o
S O o

Ay 1S cAlLEd The HeTric TENSor ANd The maTrix YeTAMNS 1TSS Form
under LovenTz TrANSdormaTion.

As an EXAMPLE , The Cotved TWO DIMENSIOMAL STACE on The svrface
of A Ssphere 15 described by The soMred LINE €LEMENT,
Ty dx4dxY = ch‘ 8 + aue d (f"
e
[ o T".o&"e\

Since EiMSTerm €STADUIShed The eqQuiVALENCE ot A GrAnTaTIONARL Field

to AN ACCeter aTEd frAme, he Needd A CVRVEd- SPAce METric TO exTAaND
TELATIVITY TO fe6ioMS Where GraniTATIONAL Fietds ATE PresenT

Thus corvallifwASs TteaLIZeEd AS AN INTYINSIC ProperTy. 1L, AT

AN POINT The SAME VALUE 1S ObTRINE ] IN cuer! OordinATe SPSTEM.
EiNSTEIN'S Theory of GrAvVIT @ Tiog TELATES The Corv ATure

of SpAce To The BisTribuTion OF STress ANd ENercy.
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The PeoPer Time-SPACE INTErvAL which We hve beew discossive, e,

T
hAs The proPerTYb-ThﬂT T CAN ARLWAYS De Rewrn TEN As,

ds*: duy J)WJK;: + h/u,yfjx/uclxv
whe re 8/49‘-‘ KropnecKer delTA

WhaT This €QuATTION TEPresenTs 15 WRAT we dIScussed cArtier own
PAGE 34, Thert we TALKED AbosT Tid Al forces, Noa-umform mMonon
ANd COMCLloded by The preper AcCceler ATION weE coold MAKE ot POINT
€2hibr unilorm MOMON boT ALl The sur ROMNDING SpAce had

A New POTEeNTIAL GYAdienT, We hAVE SALd The sAarmé Thigie Bhove.

The SJuy conespouds To dor ACCLLErATION ANd The huv Are
The pew poTemeL Gr AVITY SorrounNdiM @ “The PoinT, T\ws E1usTéM S
‘PrmuPtg of EQUIWALEMCE TeALLY MEANS ThAT & oraviTY EQuAts
Somé NeWw &rAVITY PLus AN AddiTonAl AKELET ATION.

SchwArzschild Yound A sorteTioN for ds JYor The case ot
Tine iNdePendenT a,w*s ANd 1y Spherical SpAce.

The STArNING PotNT IS The SphericAllt SYHMMETrIC SQuAred Liwe
ELEMENT ™ of FLAT SPACE-TiMme:

dst =t (nlo)dzt - ¥, (R,0) dn® ~+ S,_(/l. o)A (de*+.ou’ 94?)
BY choosine A New woordiNATE 2 ovch ThAT Yo (2, 0) 2 Yot

ds* -c"rom)&f" - 2 dat 2~ pt(det+ palo dgt)

1f we seT ‘o= € , ¥.= et , Thent %,o -ev lal‘ze ,.‘au.:\""

155 = At .
ds": + 'ctdT e—erdat ¢ -nt(dettoulo dyY)

(T Jurns ouT ( See weber ref. PP 56-6o) T SATISEY The resolTine diiferenTiAL
QQuATIoNS ofF The tormg on PAGe 45

e =¥z 1+ X

J
Where K 1s A cowsTAnT which 15 determived From The reuireméenT
™AT NewTon's LaAw oF GrANITATION he APProAthed AT LArGE
disTAMCes Svyom The mMAsSS. To Accompitsh Ths

K:: -5aGM
chre.‘(:o“e, ¢t T
% . (\__z._czg_:)dr drv- /Lx.(clelf,o&‘ednp)
. Ac “ion
cr
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18 The LliNe €LEMENT beTweeN Mo POINTS 1S oWeN by The
Previous ExXpressiaN oriTiNG  ALL BUT,

ds = dn
4 1-3en
cYL

Then we could Find The vAdIAL dISTRNCE DETWEEN TO of circotAr
DYHTS SAY Yy YL ATouNd The Sunr. We would Simpiy hAve

’
YAdiAL Sep. = S t dr
Y, >
{1-288

This  however, 1S A hornible INTEGFAL TU EVALUATE So T The hirsT
ordegy,
4. Sep T (1+ken ) d
Tﬂ b = + o Y
1 1} Cty

Y;
= i-v, + 2en An
c‘i—

i
A

Thus we SeE€ A orrecthion RPPEATIN GG TO The PrevicoslY KiuOwa

YeSULT oF JuST Yu-1,. The other Term 15 A CONSEQuence OF
The CurvATUrE OY SPACE.

For The SUM AS A CeNTYAL MASS,

-t * 30
GMsow = LeTrlo M-V x T XIO Kgm  x |
cr . K™ R0 M
= LS5%IOMm NT= Kgm-m sect
SCc‘)

So The corTecTionS T YAdYl of The order of The cATTR'S SAY
10" m The €ftecT of The corvaATUrE 1S SMALL,
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The: wWAY N which we define SPA-TIME 1S confusine To Som €
S0 (€T's o TRACK OuerR T A GAIN.

The wortd 18 chparAcTerized by EVENTS  1£ FtAShes L €TC. TO LocATE
Sucihn CVenNTS T TAWES Foor mumbers X,‘{,},T inthich ¢ Aat be meaSored
IN ANY SYSTEM, We ASsvume ThAT Similar Mumbers FeprtBecs RERRESENT
CUENTS 18 GuUeeedSioN 27 In ctose proxiraTy, LIE Thens pmusT be Précise
i €5TADLshinG  The d1sTANCE beTweent Two CuvemTs, The way wé
debined SPACe-TIMEG IS Such ThAT The flemenTat dIsTHRANCE 1% Gruén
RS, . . . . -
ds = ca,,rx,?,a,tlc‘? + “-x;(»t,r,g,tldx t “an(x,?,}r}(hclr) +?;«,(a,?,5,t)(é;dr) e
Where Thae coefficrents Are Fumcrions of where vou Are.

Mow we ould hnrnue JuST AS weil ChoSEN SOME o0Ther coovdin BTE

SYSTEM 1.E.,

1
X' e s ) T ARG T TR,
Avd SobseQuenTti?Y foumd
) [ '
ds*= '-aMde,quv
AS e did Above

We observée Them The |AbELING 18 Purfel? ArbTratd, Bur 13 we
Pu A PAITUEAR SYSTem The 8 ?,uv‘-s MiIGehT THMKE OM SiMPLE

Thend
forms so we_"féecrdf— To choge T-° For NSTANCE, 1§ There weren'T
AMY GrAVITRTIONAL {‘!etdiux- would Fiad A SysTerm Jor which

dst = d1 = dxtardy - “?IL

This 18 A FLAT SPACE “TiMé, Thas (epresenTATION 15 NOT UMIQUE
SINCE Qur OTiGiIN MILGWT Meve;'[!ncre rmiahT be roTATIONS L or wiE
MichT MAKE A LOFENTY TraAwSTIMATION which would Préserue The
fotm OF The Above, g,

7= T-vX X' = x-v?T
{t-\’" fT—...'T,f_’*-—

I we Then Thpve A wortd v which The ay's Are NoT AU oweg,
TFhen There 1% JusT MO besT whAY To Pic K The coordm&’reS,:.s.’ NGO
SPEcint INEYT 1AL FrAMe Apd we Are (64T loosSe As 1o our SCALEL

In This degeriprion o Space-Time Z"Jn;e Tmer oNLY orders eue:u'rs;
T WAS N0 OTher S1eNiSICANCE, Time vAries from PLace To Pince
Jos T LIKE AYC LenGTh wéw whew Pou TrY TO MeASuré T, ThAT S,
To find  d8 we MusST KNOow  The AWete d© bBuT more we mMosT
be €XpriCtT where yYoa ﬁr(-,
s

ds®= y-de
S0 The Atc ScEMs LONGer AT GreATEr T dor The sAMe <06,
Time 15 LIKE Thas, v guRi oGy,
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LeT's examine The FoLlowing SITUATION |
SUPPosf we are A Fised JisTANME T From  The s uM; Time rums
VerTichILY., we have A STANDArd CLOLK  MAY bE CeStvm, whith
hAs A Tine T beTweeMN Soccessive CLIKS., We hauve tooPoints
a Ardb b itk €Mt HLBhT To A reCeives who 15 ON ANOTher
TiMme LiRE AT ARNOTher DIISTANCE T svch ThAT Yo Y. We
WAPNT TOo Sind The TradecTory of LichT AS 1S GoeS $rom Ty Tof:.

We HAve The fotlow ing Prctore,

Timie

To b — — —— 1
TECeV e
p

Sun Y, L

WithooT SOLVING Setv Sor wnltl we CANM esThbush A TelATION-
ShiP beETWEEN The InTETVAL EmTred ATT and The mnTervatc
Teteved &1'} We rensor ThAT The Time tmMilT AT ijf Lus
Some copSTANT TiMe T €Qudis The Time recetvedt Tc’;:)i-f..

Tt =TE+ T
Likewise AT b, N .

Ty =T+ T

S0 we can Find IMmEd IATELY

Ty R- Tq,ﬂ = TbE - TLE

ath = ATE

TS Therw CelATES The d fherence IN The Time coordinnTes
How ar AparT Are & and by AT €missioN? How Lome Does IT
TAKE T 60 ¥vdm To To Tf. To s0LVE This woe MUST use oUr
formot A For dS wohith woe dcue!,oped LAsT Tlﬂ(—,;.g_l

ds®s (1= Bmyer - dat b (acte 49 +dE")
(%,

o

GMM
where YTh= X
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WhAT we have To Do1s sotve ds™ Sor 115 mimimum Amd That
wilt be The MoTioM, Thos The TiMe ON The TrAVELI NG CtotK wowtd
RLWAYS tefid A MAXMUM AS we Arcued Previoustiy,

I+ we fiRST took AT The Time Driderence ONLY ThAT 1S we ArE AT
A Hxed PoINT IN Space Such ThAT drrde: do =0, Theny The
Time dibberence AnNd Coord mpte duFherence RTe ©1uenw bY
b
ds = 1% = (- ?‘—""-)’“L\'t'e

Y
where T& 15 mensored by The clocK AT E.

SimiLAelY '
1 't R
TR = (-t AR Ay
Thus
+R f- &m \ %
- = o
3
T - Tm
T,

For smat m pud Larse ¥ we cpn APPIOX iMATE  This TRY,

™™ |- m
e Tt

T * Y.

—~ I_@ﬂfcm -_-_.\Q-QI’L-‘:?E.

— —_ - T
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This YesSulT COTTESPANDS 1O whAT we discovered eriter whep TALKING

ADOUT The GrAVITANOMAL ved ShifT

Cour TAS K. NOW 1S 70 $1MD A WAY To dESCYibe The mortion of The
LiehT; Thew Discuss The PATTICULAT MOTION which MAKES The Time A
MINInURM, FlesT we ©ive A= a2, ©= 06w, aNd P= @(t) N TETRS
of our coordINATES . Thuy (ue WANT TO § EXAMINE The (AW of moTionN
IN A GrAVITATIONAY T¥:1a1d,

I+ The reAt MOTION 1S GIVEN by
A, 8,9 Then we mosT have Fiase
qlﬂs.es,‘p;
dS = €xTremun
T A o ITIAL
‘&"e‘rq)f:

This 15 €imsTens LAw of MoTioM 1N @ ¢ AvrTY,
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We (AN wriTe This ouT More €X PLIGITLY A4S

-gu{ﬂ{ .
Twm s kS . at o
[( L= R - _.B_m - 2t (it em G+ B ) | 44
; I-
NiTigy ALT)

This 1NTeerAt 1S yaLtd fOR Sur cast of freely Patline bodies.
FOr MOM-YELATIVISTIC wUetoCiTIies And weaK GraviTATIONAL Fietd
We cAN APPIOXIMATE This |nTEeGrAL AS

GL N
- M AT 2N aote b ""_l
S[I 2T T TR (At d re) [ dt
. . 1
1§ we teT wte At RE6T x Atecle P
we Fiwatl S€€ ThaT The orbiT MosT sATISSY
&n oy l"—'“] dt
ALt z

Whevre we have obTAaned The vsvAL NewTONIAN O BT ptvs A
COTrecMon TErv M., 3SiN(€ The Bracker Term i8N The Top €QuATew

Does moT ExpuciTivy CONTAINED T (m Any coefhicienT , 1T 1S Possibue

To Add A CONSTANT T WiThouT ChANGENG The re30tTs. This we Alveady did,

It 15 chAracTeniSTie of The momon ot LehT Yor dS=0. 1§ we owtr
CoMCerM ourseives wiTh LiehT Traveline vAIALLY, dS=0 1mpLies

1,
(r%f'n\dt"- d2’ =0

(=
Aln
or
dra - (- im
dt ALTH
Then
daco) _ dt
(13
Att)
For {aree /U’ And SmpAatl 6rAvimTional cdfecTs
T A
L
ér’—t% (H- o )dam = Av -2t um hy %’{'
i
i ALT)

Ty

ViR
AT =Ta-Ti = (A2 ) + imAn R,

Thus our Id€EAL ClocK hAs MeASured dS which 1S NOT whaT
we €xPecTEd boT YATher has A correcTion Term. Thas resoLT

t5 od oNlY %or oor PAFTICVIAT Choice of The coethicien (i~ ‘L"’)
We MUST FeALLEE There wAS NOoThineg UNIQUE AlbouT This el
chowe oMY TwAT 1T Simputhied ¢ALCvLATON,
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We ol d hAve Prexen g e oTher ¥ To be ¥ ='$(!I'\.TS\JT NOW OuUR
deriiinon of ¥ AS beine The Circomberewce divided by r A S B

NO LoNGer VALID, FurTher we could have vedebined coedbicienTs
i dst by MAKING A SUBSTITUTION Like

T Tl T

BY This chotce wé would hAve mMade Gyr =1 boT comPLIcATEd The
otwer 9's SothicienTi¥ To deade noT SELEXT This. $So Mew € mosSt
deCtdé WhAT WE WAMT becuse WETE ALWATS SACTUEING SoMEThING.

Now LETS SE€ how To CAICOLATED The 0rbiT AS besT we CAN.
WE will MAKE uSE oF The VATIATIONAL PHIMIPLE TO Do S0, 1€,
WE witl Add A SMALL COFTECTION To a And § So ThAT The
hrst order charee 1 d35 3 2€70. We will vary A ANd

ONLY becavs € we witl BlIcK The ereiT 70 be inv & PLANE Soch ThAT
© = 907 This 1s ArbiTRATY boT 1T SIMplities 001 CALCULATIONS.

we wll LeT,

=N +‘o
g = Z?S t+€
And ¥
S- ﬁl-’ﬁ,)-—_’fi_m.—nm(nm oq+6™) dt
t Y
'bec.omes ¢
-y ., ™
S - ﬂs L R (e (§eaieed) It
; Arp - m
A .
For SimpuictTy we'tt detine AS Theotd sTudt T 70 be
otd stuft - «I—- T ;-‘;_‘- -—TLL(.?L - ‘é
'lul

¥ we FirsT uvary § since 1T tooks eﬂ‘g[erJ Then ©= 0 ANd we geT

= __t.....\ = s sor X—\fST Ordel"
‘[(i —/‘? —2_ -{nq J—an'tfé Clt €¥5ecTs 1N The
.:": VAT IATION

-~

S dT - a~qe d

=

INTEGfATING The LATEer BBy TPaArtS

, 1€l
teT d\/-_- ch - Bl 3
dt a7 u fLi__E_P- i
V= ¢ d d /Ard
a1 4T\ |

S 3



we obTHIMN

) 4(ER)e de

Anvd Sor B MINBAUM wEe mosT reQuire

dt '
which Yiewds
PG . h o= nrdd

This 1S Then Tne conservalon of ARGULAr MoMENTUM And GIVES
one oFf The oo sTARTS 6+ The moTION,

Now 1% we vary L AS Fote Then 1§ ExpAno for smALL p

$
S= gi _\ﬁ_ Zm )_ e ‘Z}."a.é-t-ét_ (ﬁ?(’)léz 4T

e ]- Em
e
™ 2 m a .
= '"—"LP + N 70 —-,7!:.(?(-7 » ™
43 z FTExiyn . dt - _//Leé’ulr

v —

INTEGTATING The L(AST Teérm by PArTs And SETTING The
Poo  INTEGC Ainds €QuAl SO S5 =20 WE GET,

R LR o,
g [ ndley] . - BRSO -2l
aT y L
— (l“?'_’.‘i‘)
u A
IS/4r |
The (3 k3
) dr = - m » nf Y )
— ds \* od S
s ‘“(:Tr)
1. T
buT d ¢ . h = (éj_?) = —E-\-
45 av 45 Al
FinAwy dn . - m + __"}:—
dat i /(.(I-?'_"’ _{i: "’Ltd?) A3
p-tme
A
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To UNDERSTAND RBeTER HOwWw The vArATIONAL PRIMCGPLE WORKS, The
i The Préviovs cALCULATIONS wiil He PuT Dowsn-

usSiné  STEPS
STALTING wo'TH ¥
S'.: z ] [ N .
(- {‘)1-_1*:_ - A~ (sw'og +6') dt
je=th
7t
i-£,

For A uvanATiopM 1N LP wiTh 8 =90
¢t e

(_P"_-

1S The ALTUAL PATh AMd € 1S The uvaried PATH

where ‘5
1 we define 3 o be
= CEN —
S = \/1—-1% - A "73-"'@-‘ =3
-
A
The n (
s~ - - é.‘ -71-"(4.' -AA cpe dt To The HirsT order
‘ A IN €
;

Vv{gz- eRgé  dt Y J'_( _ z.n."‘.zﬁe)h. It

ExpANdING The SQuAre 1M Terms of ¢ Rad hoLdmtb The $10sT order Term s

{ - '} e
8S - g.JTs"'d'c —g /"‘9 dr
‘ 3
%..9- —_ L . -
= S sar-V AQ € 4T
. 3
VAYIARTIONS TO vAmsh so 1t we

And we reQquire hirgt order
INTEGTATE The Sctcond (nTEGrANd bY pART W& €T The condihion

-t >
_C_i. }1.‘-?] = O
aT g

A consTANT ot The moTiION

._1“9 -_-_k:‘ﬂ'l_c!.g

which yieyd

ds ds
74t
The 1MTEGTATION BY TPARTS IS «<Arricd ouT by Leilene
dv= €dT Aasd u= ¢
which GIWES v= € Aanddu- 49 .
at 97 _t 3
I . . d \:_JL ]___
,f;s- C[’ecl‘r = _.n: P € _F‘_‘S @ e dt which &ivé€ 3t -3
s dt
SiMCe g} = €(f}) =0 aAamd The VAT ATION pmusT be 2€70,
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)'z--—ﬂt(o

ConsSiDERING The vaRiation IN A I E
[ i
we foltows The SAME development AS belore ONLY NOWw Cue have
ay dt

%
88 = ‘ J( Tm ) A EIE S et
- )~ M~ Y rp o)
) = - (A+
A+
Holt DG oMLY TO HiRsT on der YaRiATions T e w& REwriTE
i
- m im -1 :
|- 22 . g im : £
= )- - - (1LY 2 j-wm (1L
¢ A(1ef ) = -2 ("%
. S
= '- z_r__? + Z.MF
¥ At
Fromt ThisS APProx i1MATION we Are ted To The NEXT ApPEroximatioN
t . { . | . i amp
| — &m j-tm, Tmp =(i—":-‘l-"’) amp T [I- (-5F 'fi-"]
fl--l-(" n A* el I+ {_?_-21] A A
- 2m [
Y3 —
-~k ~
-3
N+ 2/':'.(9
ObTAIN +or The Term vmder

we LeT {7uf)

Risao
And 1 we distecnAad we $inaiy

- Emp Cad :.'] — A%t 77 ot
(_"ii_‘)\-/il.] [ﬁ' "P?-/"(o o q Z/L(Jw

The S QuATE TooT
|~ & . 'Z.TJJ *’_l- tmo
il
YeAYTANGING, (o€ eeT,
- 2 m 2 i - .z 2 .
5 + LoP r Im - 2R - Z2
-_/;}' (i_?.__}r;)'l..-l (p 6 —~—§
AN - )
The SQUAre vooT %c‘!‘oamb ouT ".3"' ANd
) I
LeT

dT - TRE ):.
-my g
A

+

Pu‘r‘fmc. This BACK INTo
EXPANd ING To HivST order VAT IATIONS we
5 m . itm
7

L
83: Y 3 C‘T +
£
¢ s
3INCe The vAriATIoN MUAT be 260, The INTEGIATION F The LAST
Two Terms AFTRE parIS MUST be seT €@ UAL To &0,
- _ L2 - _‘
4 e _ __?1_}1,%('_1%)1”&‘97_
dT | (1-m d§/ - ~
%) AT as
N /4T
or dn m
_-1...: - LT}L(Q)L" m L\‘L
) A *%c) 9%) T Ty,
Y G 77 MY
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The @uestiod RProse how The CLASSIcAL bemdine of LiGhT wAS
CALCULATED ANG LATTEr Shown by €HSTEM 1o be Twice wahnAatl aT
should be.

15 we consider AN ObJ et o mASS , EmEvey E oand TeLoGITY W MauiNG
M OB TTAJELTOrY wihich witl be cowsSidered essemnTIALLY R STrR1ewT LINe
fud Soeh THAT 1TSS cLosesT ApPROAch ™ The Som is Q. , Then There
Down whard omponenT of fRrce TEnding T

will CONSTARTLY Lie a
S wWweE hALE SomeTwine ThAT LOGRS

hessd 17 TOwATd The Suat SAY,
Lll-(t':.z'!"iw?)f o

o
- 1 1 H - - Z"
¥ LA T~
The force dowss -waARd would be ¢ i ~ .
¥ kY
dPL = ©@Msam ( 5) a
8T 3 cr
St A -\
wss of abJdecT
n
For NEARLY STYAIGWT LiNE MHTION
[- -]
Py e 5 GMs made . GHym| ad?
‘ i — —  ———
b v v je

oz
P, AGMywm

T O-
Now SiNCE For smAlL ANGULAR dellécTions
Lo
Pu
TheN a1 Gewer AL
8 = 2ty m™m
o Pu

White AT Low veroe1Tied  Pu® My Thea,

®: 26Ms
Qurt
Now 1§ < =C This cAtCUlATION 3§ ot by & FAcR of Two; where

O. Mow 1S The som's rAdjus,

EwmSTemt Showed The Jrequemey of LiogwhT AT P wnd noT The §AMe
AT O AS |T moved Throuoh SPACE which E€SSEMTIALLY 1S A Medivm
oF chinewe pdex of “reflecTwn Arigine be o The curvamure, 12 founyg

&z 2MsG !1._'1{_‘-
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Here is where Feynman starts in on "black stars(aka black holes) as he called them.

BefoRE Goine oM T0 A M&w TOPIc There Are A Coupie OF PAarfodaxes ThaT

Arise whepnl diScusSSING &rAUITY. So wett SPpeEnd A LTTtéE Tirme TALKING
About Them,

In ALL CASe s

of ©rAUT TATIONAL Ticids ot TALKed NTerms OF The cremenTAL
LemaTn beTween Two ErENTS bein(

T s ak *
dst = (1-2)det *(%m) At (oo T O)

¥

So ¥AR we have LimiTed OCursetues To 6Yauv 1TATION €F+ecT o The
first order 1.1 1—"_—;‘" 1S VErY NEArtY 1 for fuen WhiTe dwarts
where AP obserued OraoimaNonat Red ShdT

1§ PerhAps owty Tew PercenT,
3o waft bomt!T KACE ANY MYSTery AbauT

our Thegrd VYeT

WhaT Thoveh, happems when The radivs o 1s of The ovder Zm or 261

o
SpecrficRILY when The TAIWS €GQUALS Zm. WhAT TroubileS Does
This cAVSE 1M The APPAremT mfidiTe Term !N dS?

FIRST wie  mMosST RECAIL The Above CxPpresSiont 15 Good OUTSIde of A STATIC
SPheri(ALLY SPHMETr:¢ MASS which Thus

The MATTEr Mg IDE
98T Liwe

HAS OwulY Y Ad AL MoTion of
ITS BoumDATY, SO WE eMclose The recon of MATTER

GAuUsS Theorerm Toes IN  ELECTYOMAGNETIC Theory ANd S AP
ouTStDE There 15 O MASS. However By

LostcAL BeQuemnce we TerLUIZE
ThAT d35* ot Above 15 NOT A DoOLuTion

INSide Bur Tyle BVALL.

To 00 CuvrenT urdersTAND iNG oF ASTrONOMY TD SAY wWhnaT hfippews wihewn
/LS mm Seemg OnLY A resuT of AlerBemc

STRES have heen ObServed wWiTh
radips Yor

M AMIPULATIONM S 3INCE NO
tadii oF This order. For

cerrespomd o
So we

!NST‘HNCE,TM,
SMAShive Down a0 A bALL
ASK ‘ WhAT hAappens whew MATTEr (S

e SoM woutd
S KitomeTers I8 TAdrus,
squeezed LiKe This ¢

MAGing we TooK & Larse AmouvmT of DoST sAY cotd iron Filines
Ard 3preAd Them ovT over A bag SpActe soch BT Thew ™MAss of
1o B sons would be sSphericpily SEMMETrICAL. For
TAdwS wWe hAve NO Trouvble y TNITLALLY Thent wi&  Are N The SAME
hAave Aivenady CUMS!dercd‘L&lhrs‘i order etfecTs.
Mow 1 The ™MASS beeins ™ MiL T GeTher
oW Gr AViTY Ther¢ MusT be
rAdivy €QuAals Tm = 2oM/ .y
reiAYe d

A B €vovo

PosiTion AS we

vnder The Porl o 4TS
Som e CTITICAL denSi ity when The

Ll &
oy W Micr , SincCE Reripicar 13
o Fcn‘racﬂl*'ﬂ\z dews Ty by

M= %ﬁ/z':r f‘:r =2 TQ‘” )
/LC;‘ - (E _t/l )"I3
4% @:,-
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ALso Reriricay = 6...!—1
C'J.
There fore €EQUATENG The Two €QuATIONS
[}
2 M )’3= G M
17 per ct
3¢t
inG

I

(Dt:rmcm, = z

4l

M

For The SopnN

&
3 (3&!08'"[5@.:_) !
(Jcnn:nl. = K

.
i (carnaont Y (5000 Kgm )
Kam
b t
= 3 x 729 ‘ ;D‘{B ik X s .
™ To K- gt
4% 3ooxu 102 x1o*® sec ( Mol ) K«-ah

1 . h"
z 20 g =M
.S X10 %‘_‘

BVBuUT we wonT wiorty AbooT Svch densiTies boT raATher PICK A Nite QREPIESERTRTIUVE
deps 17y oF ovur iron &\Lum, UNIVErSE To be mavy be 1&ram fog, WiTh Thig

We can Tuen Find The Mass M ot Tee batt. Bor 1F wre 16T TwiS batl
STAIT To SALL 1N On ITSEL*F‘IT WILL Geper ATE heaT And They rad:iATe fnerey,

Thas radiATed MASS however docs mOT Saiue our APParenT INGimeTy, g

POSS!E‘HL!TY DoEs MG AT 30GLes T SOME ULNKNOw A Farce Sor 1% 5U535Q0€-NT!.}"
LeperATeéd To Duck The GrAVITATION AL €O LL A PSE.

I we rode one oF These IROM filines IN,wé tootdN'T DisTiNGuish when
we PAS3€d The crimcal RADIWS. CerTam Tid AL Forces wiovid be SxerTed owu
VS buT we coutd LpoeAily femMoue These AS we hrue d15cusSed . Buf wiTh

The volume wE Rte depling R wiTh These ArE Moher order ¢Hfets So we

Aare SAfFe To SAY Mo ApPArenT JolT OR TpMblLiMGs Ar & FoiT AT ThaT CiTicntL
POINT — €uery Thinile KEEPS Tiohi ON GOING DOwM,

AS Twhe ball ShriNKs 1T will €MIT LIGKT From TS Surtace AN Travels
rAIRLLY buT 1T ©6TS Slowed Down ANd benT Around. Thus The LHiehT
LooKS rvedder And Yedder, We ViISuAReThe ravYS (DOK G LIKE,
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Wwe would Then EXPEcT ThAT €veNTUALLY LIGKT would be benT back
TO The SUrface N Soch A wAY ThaT AS we (ook AT The TRBLL IT wovld

APPEAT To be GETTING bigger AN DI6GEr While IT 6oT redder Awd redder.
A 3KeTch mMighY MAKE This Cledrer,

x‘:ﬂ{.e
T
AT Some Propér TiME& TO The M An on
Tre 1von SilinG he witl CeASE T
€Tt LitehT becAus E 1T will
AlL fALL BACK TO The sour Ace.
Sc The ObsServer AT O s AYS he
DSAPPEATS. BoT From The inside
he Was A HRITE Time AT which
he STe?PS EmcTTinG. More Proper
ThAn SAY MG The MASS d1SAPPEATrS
A, O Llooks ouvt There s AN
€IponenTIAL CotlApse over AN Fembie
INfintte Time Period.

inoe - -

&
troal Fiinge,. To O The Guy T ANCES
eath HOTION TRKES ALMOST An INFINITE TIMée TO €RECULTE,
FiMatly when LIGhT IMUErTS 1Tseif [ 1T tooks To O UIKe
Frogtem n

IMaGing our ERiend BDARGING on The
SLower ANG SLOwWEY  uOTIL

The Guy W AS
A €nd eSS MOvEMEenT. Thus oMY To The mAaw AT @ P 1y There

Ay ThiNG wrs Que fbout TIME  SPecifchiILyY whew he PRASS €S INTD The TeGiow
ofF A< M, Since LighT From The PAST mMAY SriL Re aCh him AT Py he
1S ovbormunATELY Trapped To H1S Doem Since he <nN'T Stemwal for lneLP.
Mow oovr trow Filine Friemd MusT 871 Frce The profyiem of A Approachince
Zero AT whnick PeinT The Twdat Forces would become nfiweite AnNd

he wovtd he smashed To dealy sopposine he oo ThAT $ail\w The firesT place.
Thts,tndeedl Is

A Problemumhich wé mosT Some how ressow OUrSetves
evt OF,

Thars veftly MOT To hArd 7o Sotve 1 f we  maAke B TransformuiTion w hich

rermoues The SINGulARIITY AT A =0. BUT we're 33usT GoOIMG TO G1VE
ourdelves head aches somewhere €15@ $0 ThATS NOT A Good

tdeh, Some
drREAMER S hAue

comCeived A SOuAashe d DAl S0 ThAT The emergy AriSiNG

from The GrAVITATIONAL CONTYACTION would be SPiT ouT AT The € 9uaTOR

IN Sorme  cenvitihue AL Sorc€ MANNEr. ThAT tegoires- A LoT of emerop

for A SQUIrT T SAVE The DAY And So This 1SH'T Tos much ot A Theory

There IS  AwoTher Theors UNIQUELY CALLED Tae ALRIGWT “JALK Theory, This

STATES ThAT SINCE The observer O cpaw'T PredicT o hav h&ppe”_, bevoud
A eertaIn POINT why worry fibooT The OTher Guv's Probiem AS LonG

AS I'm CALfiIehT -Jdack !’ Well | Tris AreomenT sori oF beaATS Aravpmd
The Bush by NOT ANSWEr NG ANY ThIN G,

The QuesTion of wheTher There S A Proper TiMe Inside The Sp here
1S A Tricky OnE Awnd Does Meed S0me ThooohT,
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T would e posSikle TD "Pethﬂpsf verity The ex (s TenceE ot owne ot
These 'BLACK STATS' 1§ 1T werr @ compaAnvion To AndTher STRY which

15 usihee Awd whickh Tootiher MAKES up A bin ARY SYSTEM, i+ A blAack

STRr were €fkectinG The vomamon of AnvoTwer wiSibie STAY, we

MiGWT $10d T by ObServiNG The perTurbed orbiT ANd CALGWATIMNG The
MASS wecded TO McoumT for The €rrovs.  See figure below

OF courge Am €ASIer wWAY would be T use The BraviTATION Lews
etfeer ThaT EBincTein described. BoeT To find AnwoTher UoshT
source behind The JaRK STArK §o TS LiehT PASSed CLoSe by

The UnSeen MASE €mooeh To be bewT 1S hiehlyY mprobable buT
MOT 1MpossihlLeE,

Note: Lensing has been observed by Hubble-see below
BeiohT ThinK G ASTrono mers have clfiimed ThaT iF A bLAcd sTay
hAS A MASS GreATEr ThaN SOMEThinG LIKE LYY Sum masses, Then under
NOFMAL PrESSUrES NOThiIMG would PrevenT The cott apse ot The sTAT.
The Super NooAE And UNTIALLE ST AL APPtAr T Throw off mMASS I1n what”
These TweoriST CLA A 1S AN ATIEMPT TO GeT doWwn 10 The 1 49 CGuitihriom
CONdITON. BuT AGAIN Tms AtraomenT 1S Poor becaus€e IT §AYS The efu

Expiosions Are cAavsSed by The MASS beiwe LreaTer Than 4L In gTwer
wotdS  God 1S CAVSING The CAPLOSION B8ad" 50 wiE

Some

WBRIT be woarred.
Well | TWAT'S Bl + «wwANT To SAY AbouT erauiTt And

CosMOL06Y whith 1S
Hore Than WhaT | 1NTENd buT — To o baciK Fo The soTLINe , GALARIES

fre To be d1ScuSscd NEXT, Since, however very LIRE 1S vndersTood 7 booT
GALACTIC The orY W wity puT Thid Topic Aside Arpd Ga To The

discussion of STRrS ANd TALK Aboyut The Theory of Twe INTerw AL
comsTiiuTion of STars,

xrays come from the

ragion of tha dark

A i companion.

Hubbble image \ Bius
gupangiant siar
al abait 30 sodar \ xrays
massas orbEing an
LNS&En companion

withch i Gmitting
XIEYE

/ \ The xray soUrce was
| named Cygnus X-1

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.

Gravitational Lens G2237+0305
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Charroic 4

INTErioR, STRUTURE oF STARS

There ARE ALL SoRTS ot STARS :© Puis ATIMG , SuPer NOVAE, M SEQUENCE,
ted GIANTS, wWhite dwArds , erc. As T Tures ouT we Know More

A BouT whAT'S iMSIDe These ThineS ThaM we do AboeT The
STrvcere OF The ¢ArTTh And The mooN.

S0 how Do we hope To sTupy AbouT The 1MSde o S0 ThewsSu N
When ALL WE $€€ 1S 1TS surhace, We iaw START bt USinGe The
Theory of  MATIET CONTY ACTING | GENET ATING heAT  ANd TADIATING
ENEGY SIMILAYLY AS WE JULT ™Dap, Simce AbouT 186 The
ANALYSAS hAas be CArried ouT whih A G6AS bALlL ANAlLOGY. ThAT
1S, TO STUDY The STADLE contiguraTion Lobkieh Prevang becauvse
o SOME LeAUTIEVL Tem PErATrE DISTRIBUNON INSIdE T2 SO
we wiil STUDY The Sun by ConNSiderinme AT €UEYY DEPTh
The MATTEY  bhe WAaues ke A PertecT GAS. We Then mosT
hAve N TEIANONMSKhIP beTween Pressure  demsiTy ANd TepmperaTuRE,

Such AN €QUATION EXISTE 18 The toRM,
%; AMRT

wheee 15 The molecular weroh? T 1g TeMpernTur&-’ (:es

The dewssTY, ANd P The Pressufe, Poe TO G ASEs .

it we  consider The Svan APProxim ATELY SPhericAilY SYMMETfIcH
Then we Mus T hAve

4P = G (xa) M) where P> Teast Pradiarion
d/l /L"

3o The Forces bALAwee ooT on Twip LATETS ANG where
MUry 1§ The MASS Juside ot A AMd 3 JoST The MewsTomAN

GrauTY €FHecT. S0 we don'T BoTher wWiTh AnY FRLATIVISTIC
MASS €5.

Aso we Know,

dM
dn
¥ we covl d cowmecT P AN (J‘u)e woutd be dome buT

we have The T‘em?erﬁ“rurt- depemdencYr (ORIING 1ad which
sk 1S AlL0  hewewT depepdenT

'-!nfm."'

We can find The €NETGY GenmerAToN pue TO TADIATION N Terms
ot Twe Luminous Flur Fowine ovr of N, HE, Lev

L{AYs éNerey leAviNG AT L
where LCRY= Lo = ToiAL LumMinosay of The STAR
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WeE CAN NEXT CALCULATE,

4}&‘ z A1t gcny P
dn

where €L

The rATE ot ENErEY GeNETRTION Per umiT MmASS AT aAd v A

GEMETALLY  €Ca} 15 A Fumcrion of densur‘r, TeMPERATUCE auid e POSITION,
e= e, T, 1)

ThiS ENeTaY GemerATION

15 from The Theory of NOCLEAr EmMerpy GENErATION,
We will C\N-lsldt-& The Ckgﬂ“ﬂ" CON?#SlT‘lO& 0 b& CQMITQNT and MOT wArY
wiTh The cadwt Freom The CemTeR
Theve mysT ALS0 be A TeémPerATure GradignT
Flows 30 wae

reRulTing F1om The he AT
RetATE The TemperATore 7o The Luminoos FLUx by

d Prag - KE Leaj
d aqatc
wheee

'-P‘-m_\_ = %CLTQ And 15 The pressore doc T© rRdIAT LON
And K ts The opACITY And MEASOres how hard

T 15 for The hepT
To worw 173 wat ouT oF The bail. Gewnerad,
K= KCT,p, &)

The w¥roducTionm ofF Thwis TEFM  NECess(TATES AnMOTher Theory ot TAdiared eaT Tmus{:tr

Mo we ASKO I E sor fermutfe pre sothiCiemT To Sotve The € QUAT ioag AN
Ther COMPLETELY Describe The behAvioR o The Gurs of The STAr. So we

WANT To KMOw how The hepr 15 Transheced. Wihenever A TemperaToce
Gradiewy €X1ST5 tM A bady There

15 A ner vranNsfer ot hear 3r Thermar

ENEYOY fRom The warmer To The Otder reoions as The bady S66KS € PUILIBRIVM,
We have josT described heaT Transier

by <OMDUcTion.
Atso‘ There 8

A Transfer of heaT Theoveh The AcTion oF ™Movime
fLuro or GaseovS MATErAL, ThiS s comvecTions ANd  Free or nATLr AL
WONMVELTION 15 where The HOTION S PHINCIPRELY Due 1o GranTY AcTING
sMThe densiTy differemwces doe 1o $Lomd eXPANSION.
Whil€ <ONMDUCTION (5 wmoT

steNtFCANT a0 STeugr Processel, coNvecTion
MOoSsT CETTAIMLY (S, O This conCiludion we mousT reALiTe wWE hAut asoT
cONSTrUCTEd A SATiSMACTOrY Theoey

of cowvecngn To Attow US T
S0LVvE The €QuATIONS,

WE Wit hAveE To THAKE A Cioser Llook KT These
€xAimine Their NATUure ARd INTErdependentiES, wWe Metd 1o XNOw
Soch Tuings AS how The OpACITY depends om The (O POSFTiON )
how €Al

/
vATies wiTh TemperATure ,6Tc. We'tt STAr There
NEXT TiMe,

Procegses T

&0



LAST TiM€ wE WERE DISCUsSiNG The STu b inside The

STAARS And he
ol owuT., we w it

#AA The Pressore GrAdienT wWAS GIeENM AS
d Py , . C"H“"l tam.)
dn
whevre

P> Puas t PradiATion = TOTAL PRESSUre
MNOw it cAN find The Peas From The oas cQuATion
Pv=NRT

where V= vawme R= vwiversAL consTAM T TemperATvre

REALIT IN G Th AT The miopber of ~otecutes N =:h"l‘hc Pressore 15
Gluoen AS

P = RI‘E
A
where P = dews ity = /vy And T = MeAN MOLCULAR wWE T

Mow f we have A MixTure 6F Two €lemenTsS C3AY U ANd U |, Thew
tey x Amd j-x be The respecTive fricTion PresenT M [MoLe, Thus
PV = XRT
v ‘(“X}RT
Bt The ltw of pacTiaL Pressoces, Ther The uyumber of erAams s
X Wy ¢ {(t~x}Uy

S
© ThaT, 9__ XU x -4 YU

vV
So cur mMenn MoleculAR wWerehT, 4, 1S d etined To be,

W= AUt Li-xYuw

The mean ™morecorar STufd I The STARS 15 Grovped wTo Three JorTs,
HYDroeen, Melium , ANd AL The oTher tiements { O, Na MY S¢, K, Ca, Fe}.
We can ’ﬂnm ASSOIATE A MASS FracTion, Like we au; &booe to chch o

These pArTs Such ThaT
X= fracriom ot Hybvrocen
Y= % I Hetium

i~x-y = w " oTher st

We choose This  specificATION because There 15 Soe much hybroeen
avd heltum ThAT The OdTher PaArT CONSTITUIES rpeALLY &mfr”m"

FRACTION DY The STAR'S MASS, This FracTion wiil bccone“m"rék
AS € Jiseuss The creaTion Throuw h fustown oF The hioheyr ELEMENTS.
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SINCE | elecTron ANd OME NMutleus MAKE VP A hibrocew ATOMm,
we SAY AT AAS A MEAN moleculAY wetehT of Z. For heww whack

RAS 2 €LECTYONS | Nuctevs ;And 4 mAsS umiTs , we SAY 1T hAas
A U=34,. Then for The hihER ELEMERTS The ~MASS 13 rovehly

Twice The chAree 50 e hAave U= Y2. The uvsovalL w At To dewoTe
AL 1S by { 2'
M= 3 Lo =
X AR AR Y l+3x-Ly

Thi§ TOTAL Me AP MoLeLULAR WERT 1§ A Good Appro X (MATioN
white (T ig StienTiER TemPerAaTure depPenemnT.
The cAdiaTioN Pressore Prad 15 Groen AS ATSiNG from biftk body
rad 1 ATION hich, of coorse 1S NOT The cAsE
“Prrd = -:—3 aTH
whevre B 1S some cowsTaAmT

LAST Time we STATED ThAT wiTh The Two €@uATIONS OF

dPn) . _ &My P and  d M) L Yantecr)
d A At dn
i
tk we had A velationshi P beTuween Pressure And DensiTv ‘wootd
RoT we Poww nhve The Temperaure onierido enTO

Know The mMeThod 6% The ke Fiow.
INUOLVIND

be Throue .
ovr definition of SO we MuST
To do This we §Aw wE were Lled To Two more € OHUATIONS

The OpaciTY And €MECLY GenerATION, L&,

d> . - K(tp)p L) d it} o Ypatewr) pen)
4 4anat e dr ’

Wwhere The Term Sleag
and T1d Y Anises rom The Eneroy ProducTosn beTuleew

We cAN ESTADLIS K Somé vTATher Loosely imTerperTed Roond ATY
condiTiont AT The cenTeR Awnd AT The Soth}cc,;.e.,
AT Centter P=Pe T=Te 9=(2c_ L=1l.=0
ar surface PRojz 0 HRYETo 0 > fkajeo L (RoJ= Lo
where Lo= TOTAL AMounT oF €NEroy TAIATION Srom The STAR

ANd  To SAY (D(Ro;=-o Jcpt»ds on how Sermows we TRARE The lAwS
AS we ShALL gee becAvse T 1S ward To defipe The surfnce And

COMSEQUENTLY The SurfPce From The ATMIIPhere

The oPAcriy i5 defined To be biaeer tor more oPAQUE MATERIAL which
M pLiEs A GErEATER TEMPR ETrATLRE rAadipMNT, The cuered GeEnmerATlown

€<ty 1S A TESUT OF sMucienr GepemATION.
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The whoie QuesTion of definine The
deay of comfusion. The
Mend

Surtace teads To A Gredy
ATmosphere s defined 1 Terns oF The

Free PATh of A photon And hew fAr 1T makes
The Lapers ot & AS.

1T Throvio

The reAsSant WhY we See SPeCTYAL LIMNES ftom The STRAr ATS¢S ;'Y‘op\'nne
AT ThAT MThyooewhoot The GAsSegus ATMmosphere There Are |50Tl\cnqs,
Leverts ©F consTANT TeMPerATUrE, whent A LiGhT of CermThin whve tewern
PERETYATES These Levels , EX1TATION Becurs whew The Temper ATure

1S JusT TI6hT To CAuSE AdSOrpTioNs. 50 we ACTually SE€ LArious
LAYErS 1u The ATm OsPhere,

Hewever  for The mMAl SEQuenmce STARS € don'T WORRY Teo MVCh Abeul
The eacT PosiTiond of The surfAace

because The flux wihith we CAtcutnTed
Le To tacdiaTe Hrom The 3TAC W AS

IMNTEGTAG 64 ouel The rawbe oF a. Simce
we ObTAIN, SAY, 99°%% of Lo Afew huwdred meTers or so from The sor face,
The ToTAL comTribuiiony TO The meT Flux DUT S SO SmilL Tha we

tenote IT, So we shoold reAaliy 7T AhouT Somé

Effectnve Tem per-
Ature ofF The

suriace whith From The RDiack bady radinTion SAYS,

Le - o TS
anR, cHe

This Ter 15 whAT The ASTrONOmMER S MERSure And witTh A CAICOLATION

of o And The disTamncE T0 The pbjecT AS we deTermine EATLIET IV
The wufse we cAnw Find Ry, Se The effecnuve TemperaTure ts JosT
A MERSUTEe of how Much STuH Comed oulT be umi¥T AreA.

Theve ACE A cLASS of STACS which ThiS APPIOX im ATION wouuﬁﬁ;onl(
for Anl Thats The Red G1ATNTS. For These stars Thar have bhecome
helium burwers And toRdensed To A hard deowmse core  boT n The

Process biew ouT A LAFGEe AmounT OFT MATER., Diwce

1ITS Toim L
TAdivs Rs MithT be 18

1ooo Times ThesT ot The sum, ITS Tedt 1§

¥
lower becdo 5 & OFThe Abooe retATIONS hip. AT ANY rATE we Could

sty CARRY ooT The dilferentinnon aAnd Fimd sTit perhaps 5%
ot The wmASS 1w The hned core boT The €3Tra 5°%o t5 S0 Sprend
OUT TwAT e replty  ¥uiS5S The vAadivs N This CASE

s an Aside  The QuesTiont of W hAT happens abTer The hetioms
GONE 1S fn (NTECEsTING OmE-. T born The hioher Stemewl 1T w hes her
ToMIZATION POTEWT IALS They hAvE To 66T hoTher And hoTreR, What
hAppens 1S whew The hetivm 1S GoweE 15 ThAT chaos S€TS in oup
beltey veT oNOFANCE . ThAT 15, We don!'T Wwow whaT happens,
WhiTe dwhrs Are 50 denSe ThaT They ATE WhiTe €0&m Thove h
They Are cootine off jne., The radivs 1S sosmArL sap of The order of
The eaTh And mAss of The S99, TAAT They puT ouT A LoT oF emerey

Fer vl a(eA. The AMSwer 0F how The Red @iANTS TOFN NTR
WhiTE dwarts 13 A FAify TALE LoilL Tety LATE

é 3 Mira




Mow whAT ABodT cOMUECTION? | The §TAR was A hoWer cewTer
And A cooter Surfhice 50 ThAT The TemperATule Faus AS The

MATETIAL MOVES OuUT K DoeSHIT ThiS mear w& hAve To hAve comvecTion?
The SotuTiop of AnNSwer To This 15 NOoT A S gimple A The

case of o Arr risSiNG ANd  cool AT FALLING.

Suppose we hAve A box of maTera AT  tevel P, 1.&, consTANT

Pressule And we cAree F To Levet P, As The presSure IS Teduced

The MATecr EXPANDS . The IMPOrTANGE QUEsTioN IS how The Teﬁ?erﬁmre—

AV hAs There compAf e wWiTh The maTTer ThAT (S ALYCAdY There.

IS IT cooler 3¢ hoffer Than The petshborine 5Tu 3¢ a7 P2 W oaT s
Loﬂer‘ IT wiil FLeaT There Amd (#1718 Less denSe 1T witl 690 ow up,
SV The QuesSTion ot comueeTron 18 cowswdered by EXpunmindg T"he
locA\ TemperATUres,

1 we considey Ppag. o ,Then The presvre of The wAS for pdiabaTiC
EXPANSIoN S Gruest by

Pep’

where Y=73 tor 8 MONATOMIC pNoN-T€(ATIVSTIC 6AS

To DeTérmine how rweth The T(-MPtrﬁTure wit bl Ch ANGE WTh PR E3SuCe
we Tind

™= Y-1 3'_"_#

- e =T =2 P v

Comsrdéer AGAIN Dor TwO Pressuft LevtLS?

There witt PE A crmTicAL LONDiTioNn AT

Which convecTiond Witt o ccur ANd ThAT 15,
oo (B [T\ E
.Pl (7' -
D\H“eterﬂ'mu?,

N—=
A
&

er - S871 g’ T
P ¥ T
oR -1
T:t L y-| AS The (ONVECTION (ON VTION .
T an ¥

When The Less Thar ineguatT? hotds The condmon © $TAbitg Ther
15, 1F Tu 15 hieher Than Ty There won'T be CONVECTIoN.

ComivecTion Themw ©ccurs in ALL The MAIN SEQUENCE STARS . MRuT
€Uen ALITILE  convecTIoN MeANS The heaT disTribomTion 1S drasTicauly
ChANGED. WE witl A3Some For convexTIiue TEe6iONS where The force
Needed T® ouet coME The uiscous drae of The fpter (ac
Too ereal, Twhe Macheauery INdoued M cNTYY NG
mpeﬂ“ﬂnﬂ’,

1% o T
e hedT 15 naT
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The Stanpard MoeDEL

A5 we memTroned be{-oile , tf e had A re Lﬂ“nomshxp beTween The
pPressure And demsiTy, our TASK wovid pe ¢SSenTiALLY. AL weed be
CALCOLATED woutd be The first parR of eqguaTions on plce el

WELL, WiTh SOME GUESS WORK £, usSiNG Sameorme £1S€s  sopposiTiom LET

L
P=ﬂ(_16“' %) where A 1S Same comsTAMT

Avd LeT Ths disTrigarien hotd ThrovehooT The STAR. This witl be

OUT mad el wirhieh we ¢AN  Uuse 1o exarmine The differenT e EQuaTIONS

This €RUATION witl hold i for The comvecTive feeions and tuew
fot whiTE dwhrts 1T 15 AimosT A Good GuesS. This 1S CALLED The

edd ineTon ModEl To tAY pratse OF bipme if peed be.

50 T¢ bhe&ttd wnTh  Jrom,

d? _ _ &M
ar e M
we Fing M) = "'__/_J.:' th
GP(M dnL
Then trom d_H . Ynat e PlA) WE GET
dan
d | -n* 4P = +qnﬂ‘fe“-\6
da CT_PUL) d A
whete The Pressure 1S The Aboue €X PRESSION,
(i
P- Af) ™)
The consTAMT A bemms The dehined As The vAlve of ?/(a“*""‘)
AT The <CenTer g,
A - ?t‘.
- (T tm)

(Jc

It we Now AsSsomMe  for StrpLictTY  The dewsiTY vATIES /S

P= Qe e" where ©:= O}
Thew
= A@c_ 6““
AL e obTAIN = "
) [ At APedOm | yurtepe®
dn f’c e" G d A

5



This can be swpufien  To,

Pe tnan d ;&;J_g); - e

1§ we NT1oDoce The Mew UATIALLES,

]
- T -z P {mti)
peas a-[dpe]t Lo
Pe (nt1) 4npc &
where A has The demenmsion OF LENGTh

3 (542)- ¢

This €qQuATION 1S anLeo The (ANE-EMDEN E€QUATION OF iINDex 7.
The €GOATION Govet NS The densiTY DISTHiboTioN 1M ANY feean Shere a
and ‘' ARE Gwen by The fiboue URLues. The ¢QUATION MosT hold

Thiovehool The Mmass And be SUb)eCTED To The fo1lowinG boonD ARY
CONDITIOMS

i
| SN
-

So we Now kﬁvet

©=1 ; %2:0 AT £ =0
Once N, The udex, 18 F1xeD  The sotoTion To The DiftereaTiit eQuaTiON
1S ObTANED. The T¢3niTS hotd for MANY STArMS Where The STANDRAD
#omer holds or 18 A Goob fipPproxXiMmATION.

The LANG-€mDeN FORCTION CAN be COMSTTucTeD £Tom A SEries A PANSION

NEAR The Of1618 & A Series of The Fform,

©@: 1+ &S+ d8§%+
This 6@ sertes modsT sAT1SFY The Aboue boyndNIY CONDITIDON SO There
15 Mo g Term since 9948 0 AT The oriain. Thus we omit 6eT eveN &
Pow ers of g. Upow sobsrrrunou INTO The LB €QUATION AnNd €9 vATING

COEI“-\(!&M!S 2
! - - 3 __]" g
6 l ‘g + : - e

In AL This discussion  of The ours of The stars There are Three
QUANTITIES W& Are MosT INTETESTED N The radius, MASS, and
temintos 7Y, We AN epsitt Detwe The radivs R To be simpey

R= a8, = [ ?.—.cnnJ]'lzg;

T

&
where & debines The FiRsST order zeve ©OF On. and Thus
15 ASSOCIATED wiTh The tA4IVS of The STAR,

R CepresenNTATIVE GrAPH of © vs. £ MiehT be-

GG



£
s*

© vs §E dor The Lane-€mpen fumcTion

To 4mn The mass MIOR) we use The ditfereamal eQquatiom For

Fia) expressed AS A FumcTwon ot & 18, M(E)
a.g,
Mg - L 4nﬂ.‘fom}dn.

= = 5o [ N LY
So inag peo adg

SiNCE n__ ot d tdo
© £ as(g dﬁ)
MCE) = = anape [ d gtdeyds
(J" R g‘s( dg)
Then,

MIE)= - qnadp, £ 98
s e > 3g,
ToT AL expression FHR QA

DSuLSTITuTING bALK our
3

?c(h*l} (RY L

AL §, 4@

MSa) = - anpe [

411‘0:6 e,
And H(g,,) = = [(M*” 3:,_§°1 c}__g

We mow e The #ass of The STAR 45 owly dc?eudem‘ UPpoOM The
cenTY AL Pressore Po AND grdependenT ORThe criTicht pressore oc.
~UST Kaow The stope of ® vs §¢ at S..

fiise w e
For A GUeN M wE cAN definge some Auer Ace demsiTy g ot The
SifR. To bLE (5 - M (R)
1 R?
OR. 3
()Lg) = M(S)
o H—u——s %
4 na*s,
3
—Z—ga) = -3 r.(ég )
P S':'la go
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FRom The {AST €Y PressoN (e cAN be expressed 1w Terms of This mean
densITY | W&,

U ——

. _SF
o Eky

DeviATING A ~MOMENT oM ocur  MASS , tAdies , LomimosiTY STUBY we
Should MNOTE ahAT A MESS WE'VE GoT. IT'S A MeSS becpauss ofF ALL

The mrerdependencies  H we cheos € To clLiminBTe ANY OMe uATIfbLE,
whweh we cam Do There S Tl A DvbhicolT TASK To vmTwine The
Diflcre]mT il €EQUATIONS. We hRVen'T reALtY DealT wiTw The ophcTr
Anvd ENETGY GENErATION FACTORS wHHicth furThey orputhTe - BTTers

he cAvVS & of Thewr Je?eudencges on 'IC'H?ernTuﬂ:-! ?ress«;re]msm;:cc,e'rc.
M we clinmeATE for insSTRMCE Pe , we Then Don'T Kapw Pe,

looKine MTo The cenTr At Pressore A LiTTLE DetPer | wot TECALL ;ROM Phee
et TWAT P= RTP/, AT The CENTET we hAve Some cenTrAL Temperature
Te so TRAT (£ we coansider mMosT of The pressure (N The sTAR

ANns€s from The G AS AT The CenTER, L&, PradiaTion 15 Néealiai ble.

The oour VUAriabtic ‘ol L"CCOMGS, .
(]
Q= RTCC*n-l-:)l *

QI{G/L\(Jt.

Since £, 13 JusT Some NOUMETICAL FACTOR TESULTING Yrom The L E

eQuanos for A GIVEM N we AN Sock ALt The CONSTANTS Op IMTO Ths

Term And th‘ ( Te Yh‘
ot o —_—
Roca P
SimitARLY we can obTAIN,

LY
Te
‘Y, L
Pc "/M.
ELIMINATIN G P.-_ Ltrom The Above Two CRPrESSIONS
T
N o« =
R AL

MeR) X

This  MASS- T Aadws rATIO 1S ustbul  be cavse observaATwNALLY (T CAN

be determine And Thous aive The central TemPeraTure of The Juice.
Edd i Tion wAS This s AY, Abbe TO PredcT The nTerior ot The sun

had A Te of 20o,000000°

From ThiS YATI0 we Se€ SomeThing INTEMSTING 1§ we smapiy
PATIPLY by & The vmiversaL GrAVTATION &onEA <ONSTANT
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ThAT 15, we GeT,

oM o« L

R AL
Where we RecAtl GMig To be The GrAnTATIONAL PoTENTIAL of
The STAR, 1f we Do This Then we cAn 3avy ThAT The GrAUTATIONAL
POTENTIAL ENERGY €@QufttS The Theamar EMNeray. i1 The sTAR 15 N
$EQUUBRIVMLE., The eNevot GENERATION €(R) 1S Zero And The opAuTY
K is infimiTe So MOTh IMG (EAKS OUT we AN APPLY The virifAt Theorem
ot ThermooymAMics, Thys Theorem 15 CcoMerNeD witTh The Avergeae KiINETIC
eneroy ot The PATTICLES 1 SYSTEM. When The @AS bALL 15 1M eQuilaiBrivm
ARD The PreS50us€ 13 Doe To KineTic €éMetey AND Prag. 18 MeGlLiGIbLe,
There 18 oMLY A LoT of #MOLecules AMFACTING €AchoTher Anrd holdipng Themseiues
ToGeTher. Siace The forces ATISINMG Are oMLY £fom NTErMT MG PAIRS of
PACTICLES, e cAM RIRVTE This force AS A GradienT ot Somé PoTENTIAL ENErEY.
We hAve Them wlEN The ATtcAcTion oMy depends o8 The separprio n

DisTAMCE 7,
N Viri ) e,
— ‘-J

where  T; 15 The posiTion VECTOR o The ;1 @ PARTICLE And V/l;,‘ The
Forté AnsSiNG osm The i ParTicte Froam Atl The oTher PAFTICLES.

When The PoTenTIAL 1S ot The ﬁ form | The GradienT of This gwes"_@
—_— by 3
S0 - "_/'_l_:s tietd — 1 Lsuich 1S AGAIN The POIENTIAL €MNEreY V. ~
n s
We Now KMow ThaT
KE = — 4V?

This wived U5 some tdeAd how Mucth WORK 1T TAKRES To cOoMPRESS
The G A3 compAced To how Mmuch 1T TAKES T¢ D& compress T,

KeTurniMg ®Now Fo0 The MASS-vAd 1wS- LUMIMGSETY DISCUSSION , W wART

To 36T vp sorte PretirtiNARY CEVALURATIONM ot The LusmiIiNOSITY, |y 15 ey
PretwnnARY BecAuse oF AL The vucerTALANTIES IMVWVeED IN The euRIVATION.
1f we had The TempsrATUré DiISTribgnou N The star And KNew The ophcITY,

The tuminoSITY ¢ ouvid be '?'OUMd. From
d Pog o _ o gk

Recallane ThAT The o?ﬂcn"r WwWhS A fomcrion oF The densiTY, Tenpe—rn'rore
And ChEMICAL COMPOSITION |, €0Ert ThiNG LookS 1mpasstble . jaudeed F T
weren'T foe A4 rMmirAcL e THAT cAve The pressore The véaiLve o-F

—P": (Dll-/n

ALl vooultd be [osT,

o9



WhTh This model €dd g ton wAD Able To *f‘iud,somchow, f# Telamow

for The OpRACITY,
- Rep %
185

where The 15 Som e TACTOR Abod €QuAl TO omE ThAT 1S INS&ITed
be cAvSE THe formotA 1S MOT RiouT wiThouT (T,

For YAdIATIVE €QuUILIBRIOM we hAd The ¢QuATion

prﬂ& = _ Lony "\P
dﬂ_ 4nn'c

Since  Prad = -é-cﬂ"q we GeT
=

.%a_ d_lq = - Ref3 .E'-‘_
dn T3.S A
For out PreLimArY ECuvALvATION ¢ ASSUMe ThAT L 5 TroPotTION AL T
The TaTAL LomMiMmosTY fd The TerernTa!G TY%s PropocTionsl Tv The
Teh?efm'ure AT The c(cepmTer ch. Froam These ASSOMPTIONS we diud
4 T

1_4:‘. (e K.a Ec i-_
?::3.5 L®
f(ecﬂ“.!l@f- from PAEe &8 ThAT R ~ (_-EE )‘lt aR PC” -_]:Sl
Then, MPe AR
an it Ko T(‘.L L - Eo _L_- _"_
at Rs —"cs.s /u_"- T}"s RS
er 5.5
Lo~ m* TR
Ko

We AN MOW &LIMIMATE Te because we Showed %"’ yol And we
hnd GET AS A APPIORIMATE expression for L

L = /aZS M 5.5
Ko Ro.s

This exPressionr TetS v5 ThAT The LuvranosiTY s VERY SensiTiue

To The chemical conNnPoSITION. fAlse 1T Thean follows 1T 5 farely
SENMSITIVE To The MASS, This EXPressron 15 NOT Too bAd for A Roveh
eatcUL ATIoM. €mpirtcAllY The LuminosiTY GoeS AS The fourTh poweE R
of The mASS white ofcoutse, The mean MOLECUIAT WEISKT 15 NOT
KMowN, AntuwAy Our’ 6vess ThAT sSTars ATE bire NSy baits looks
riehT.

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.
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Zominerod  hAd AR

LITTLe MU he dewsed 10 seived The dour differemmifint
EQUATONS e have been Tscuss (NG, The Tk (nvaLved AN ANSATE,
Le., AN ASSUMPTION ThAT'S okAY, CollecTiMG The Four oD Amen TAL

FQUATIONS of STELLAR STRUCTUTE wog have,

(i), The €QuaTioNn ot hyvrostaTic €QuitiBrium,
dP . — G'q(ﬂ-} 6 wrhett —P:‘?‘ﬂsf ’pﬂﬂ.&.
dn nt

:%&T? %&Tq
(i1). The cguAaTion for comseruATION of MASS,
é Ml

dn

4un."rom>

(i1}, The WMNOSITY € QUuATION,

ditry - Hnatecnd

dn
(iv). The e@uATion for TADIATIVE EQUILIBRIV K,
dPead = - KE Lead
dn qupt

wWhat €ddineton i wAS To ob3erve The obviovs SYMMETRY ot These
€QUATIONS., IT woutd be mice ¥ Lini ~ M) Then cQuaTions it And

iii wouid be AnALOGOUS. RS woould 1+ AmMd IV. By iNTrodociMe The

QUANTTY R (rY AS,
ey = B
Mo [ M

where Lo And Mo Are The LyminosiTY And MASS Qs' The LTHR

We CAN eT SOME IMTETESTIMNG TESWT, 71(;;,; <An be INTerpPerTed AS The
ENETGY GEMErATION PEf GFAM O%F Goo? 1MSide vAdWS T A% comparetd TO
The whote STAR. From This retATONI hip €QuATIon EV becomes,

dPeas _ | MO N Kuflo
dn an At tf’loP

W by AnoTher sireak of Good LOCK A KiR) = cONSTANT, we AN
MAKE A beTTeEr

WMPANISON WiTh ). FirsT we LeT B equal The Nisber tracriom

of metr The ToTAL Presgore Due TO GAS And 13 The Pressore from
rédyATION, 1LE.,

BP="Pens
(I—@)—P = Paad

whee (305.1 for mosT STARS.
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Now divibimeg (1) by v

3

dPr K L) - AN L.
dP 47 ¢ & M dne & M.

INTCeTATING Srom 10 R And veguiriNe Paz0 AT v=R

Pr = K LoP
4p¢c G M
where KN ¢ The AVETRGE OUVEY The STAR
NMow USIM & Pp = (l—(s') P -
{1-(3): Kn Le
4nceO Mo

oRr,
Kn = (@-p)anc6 Mo
F
The QuANMTITY Ny has been defined %o 77_{1{)?-1 And  Thus
decTeASES AS You mMove ooT +rom The CenTeER, Whiltée The DpACITY
6eTS Breeer " AS Yoo GO OLT becavst There's pgre Goop IN The
whY foy The €nErGYE T8 GET Throubh. So our €xercist hAS been

ressonAbie it TRART 1T TEWS US  ThaAT MmMosT ofF The £MEFGY COomES
"Rom T™hwe Juce AT The CenTeR.

Goptee A LITTLE ForTher ALOING This SAME LiNe we AN wnTéE
PG&S d I_E('& Prad

RecAllinie ThAT  Wepas = ART  aud Prag = _;3_01"1 So ThAT
AR

PRT =(§ 1oTY
AN ,..(5 3("

OR,
3
-~ & (B )-’-a T
e R(t-(b 3
ANd PN T} we can Fiud A peessore dENSITY

P Pq"s =7 ?Nf"%

g Grs)

it we recAll our sSTAND Ard model formuta of P = W€
see for M= 3 The Two reiATiIoNs Are The sAME, Thus For n=3
we (AN  LOoR vP The TAblesy Amd Thus otT The LvMino3aTy,

I8 Tris v AY  wWe succeed 18 guntvaTimGg L. in addition Srom T
we cAn biun Prad. 4T The cenTer The we <aAn Guess AT (3. From

MR o AN be fouwd and Then To Absoturery.

Since P o~ TH
rELATIONS Rap,
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Now LeT us Suppsese,

s heee S ~ L
by he 2

K= Ko(a 773"

Also LET v
Ery~ €o T ‘o“

Sotuinie Tha EQUATIONS AGAIN we GET,
i MS‘I‘S T+5

L= (r.ous‘rauTJ R e
-]

where The CONST ANT 15 & FuncTon of «,¥,S

The GoesTion woutd Arise Mow tf 1T hasn't mreﬂdr:‘whﬂ ATE wé
Do 2 We ,of €0UCSE  are ST ouT To TésT Theores i AsTronomy vl
YATHe ¢ To underSTAMd WhAT 1S GOING Oon aUT Thefe, @Y GaATheriMg
EMpiTicAL DATA OM  STArS MEARDY we AN MEASUCE ThetR mMASS
And radivs farty wedl , éspeciniiy 1f The STRT 1S biagry, From

ThiS DATA The LumiMOSITY cAll he deTermmMed ANd SobhSequeNTLY
ANE idef  AbouT The roleculAr oM posITION ¢AM be Guessed NTEC-
LigenmTlY. RY haviNg Some Phy$tCAL Theori€s To COrEIATE witTh TS
DATA FerTher STATS ¢ AN be HMeasored and ANRALYZed by A Process
Simitfir TO MAThe M&TICAL iNbuCTiOH,!-S., we Proue OUr formpLre ooV
of The S1MPLEST ( ASES Then PCOJECT TS VALIDITY TO lATGE mumbers.
Thus we hopt TO EXPLAIM Ourl ObservATIONS,

Indeed, 1T 1S A GreAT ACCompUShMeamT of maniimd To hAve such A
firp Gri? oM The NTETIOC OMpPoSITION oF STATS mutions And  biltons
oF mites From LS when | In FACT, we KNOW PrACTICALLY NOT hine A booT
The orovnd beneATh vi,




The white Dwoarts

EATLIET IM DUl COUISE Lu€ SMID e wWANTED To FinDb ouT how REd

GtANTS becAmEe wWHITE dwards, To do This ANALYHS weé MUST KNow

WhAT 15 GoMe an  iIMNStde Thege hoT STRFS. WEe menTwoned ThAT They

ArE ACTURILY DY IMG  STATS (ohich hAve been compressed Te RAdDL
om The order ot The 2arTh bUT hAVE A RmAsS comparAabLE To The
sun. For These STATS Ay restdunt I\et\T EScapine Trom The surface
PRILATES ouT QUEY Such A SmALL ATEA ThAT The Thinae Looks holler Thaw

hetl, BoT rémenbert (T3 borner has been €xhAUsTEd AN IT 1S RCTUAWLT
cool e off!

ince The TemperATUCE i35 So hich L& ot The order of 10’ Jebktes,
The Pressure 1S S0 hidiky,  ThaY ’P;F""‘n 13 MO LONGEr A SATISFRCTOrY
Mod e, WESTIL hRve € QUATIONS & Amd &t buT we mousT Find AN
expressiont for Thiy hichby Ompressed MATTER. Swmce The reay
Thermfiv vAdifTioN 15 MEART The %QI"F'ﬁCC!wf CiN 418cuss The Jwarts
AS consISTING of dewenerATE AL AT 2¢€ro deorees Seueezed by

iTsetd And held MeeETher by 1TS owmt eraviTY. The

1M por TANT “ONcept
wé +usT d&€5crthe

15 ThisS QuANTUM 56626 SQuee i€ rATher ThaT™
tANddm thoTiont oF The pAcTICLE As in 0uf eASeosuS Theorr,

The MATErIAL woe ArE NOW DEALIMG WiITh invobues The hesavier ctéemenTs
beeavse TO be A whiTe dwarf ALL The huoroeens And helivpm posT

be buoentT up. For The Moher ELEMEMTS we can 3AY There Are Twd

MASS UNITS  Per  ELECTTON. Wé wanT To CALCOLATE The €poATION of STATE

uMbetr Thig bie S Quéeze.

Accofd i To The Gxcilusion PHINCIPLE OMLY TWO ELECTIONS CAN bE pPul
INTO THRE SAME STATE COrfeSPONDING TO The Twd PosSibie SPIMS. ONce

The sTATE 1S fiLted The elecTromns Go To The hiGher Leveld vamit The

VArioLs Shells Are <ompieTEé, BuT The $TrucTure of The ATOM 1S

UTTerty  DesSTroved Y The pressvre Apnd €vervyThiNG i

. {onir2aed 1NTOD
‘f\'ee crecTroms And NuCies.

WE MUST comSider The @uAMTUM -MechAanics of JBMMiING an e LEcTronm

MTo A box of dmemsions Q,b Aud ¢, ASScCIATEd wnTh The waAve
profecTies o This PAMCle 1S A mMomenTum T

P= A K
wheee K 15 The WwAveNomber | 2 And A 15 The waceteneTh
A
Since The paArTilE 15 $ree AS The €METGY (S

E's. PL '{\L K‘.
S v

KIMEBTIC SO

/4




we oon'T waorcrY AbouT The MNucLear -krcc-s becpause The etectroms Goperdle
Alt ot The Pressofé Spacet The muocleos ¢ AnuoT be compressed. ONLY AT
ENDY MBUS Pressures coould nuctedr Forces be Sientricfiut

For A SPACE cCube A wofve FuncTion CAN be consTrucTed of The
Three CcomponemT wifue fomcmons (m The x,¥, And 3 JIrECTIONS -
We te@uite The wave To vAMISh AT The waLtlS so

’\P= SINK, X SinKy ¢ SINKy 3

wheve Kx &= n, np
Ky b = Ny f

. .
This wsAve fomcion 15 Then A SoluTwon To schridiNeers €9 uATown,

T
I A = E
A R

ThAT 'S 1 1 P‘L
E=h (K;'*'Kr‘?‘i(a)* —
Zm AM
aNd wE chose To defines €(p) TO be The ToTAL ENETOY,
Ecpy = PF
am

Thus efch Mode €QuRLS A SNGLE STATE, To fill ALl The MNod€S Teguires
f toT oF €LecTroms mifacT N of Them, WhAT eneroy Do we have To

o To? fiit The modes Are occupied wwhen The LAST One To be sSqueezed
1N hAas The stme P AS ITS scccessot. LET Po be This fimal ramenTum.

Then,
A o= mumber b modes whose PR g Pob or €C(P) € €o(ia)

WhaT we have 13 A pMomenNTUM SPACE INSIde & SPhere of tRdjus Po
WiTh ench POIMT Corres ponding To A P These PoinTs form A PeTANGULAS
LATTIce wriThint Twyg sprheve SiNCT onbY CerTAIN MOIMEUNTRA or FNereles

Ate Pertuisibie, The PoINTS Are sepArATed by “_o{‘ % , AND R what
we hay € 1S TEPrESEeNTEd IN The followiNGg drAwinNg: ¢

IIP%

15



The TOTAL MumMbeR of ModeS v one QeTenmT of The sphere 15,

Sx g8 3 TEAYEY 3 (znk)?
Acconns for G b-C
Twd Spims
Theresorel
No. ot - N
0. ot €lecrons = R v

WUNIT VOoLume

Under The EXTreme ComPreasoms M The wWhiTE dwarfs M mMiohT Tise
I0° Tines wihich mMeANS Po inCremnse by AbouT 100 of The &merey
by 10,000 vetTs  which S conctusive evid tnce That cuertThing 1S omiged,

How Db we GeT The cQuaTion of sTATe! We need The TOTAL AmounT
ob eNeroy OF The €L6CTIONS (N The Box For €8Ch mode E(R).

Po
ToTAL Enerey, U = S er) yrprdp + L, %
Y : {(zv&)
SiNCE  @cpy s PR
o U - 4- n pas- Poz -_\_/__ . 2
T Bam (tak)
= P 3[4_*! Po. V .z]
zm 5 3 (2 %)

Theredore, .
3(n
u- (k)N
This SimPLY GivEs ot 3/5 rimes The AverAb e CnereY. From Sbhove we
-t
5S¢ Po~ V' g0 ThaT X
- Af
U~ Vv
SiNce we  wovtd LIKE B FinD The PCESSUrE ,wWeE <aN Do 50 SINCE,
P- _dU| . 2T
JdVin 3 V
where The PrESS UTE 153 EVALVATEd ovér A CONSTAMT Mumber o‘s- PATTICLES,
Thus we +imd, .
p: &2 DA DA
"3

byt y
“ Po - [3&.111&)3} 3 n s

SeThAT,




Now To ceT F70mM M To The amuvclear densi¥ we vse

P = (z\ Hf )TL
where Mp 18 The mMmass o+ The ProTon

$o we GeT ThAT,
P = nt\"(:’:)yj NERCE Si3
T Em T lf‘l')
Rechilme our wodet Pe o "R 1§ = Y1 Thewwe hAve AnALOGoUS
Pressuve d enSTY PeLlATIONShps Awd we Coold Lok up it The ThbLES
n=%%r To +mid suT wh AT WAPPeMmS,

wWhen The &nerey becomes l;t'LATtUlSTIC,:.I,‘ The momenT A DoES wé
T

INSECT & (P) =[(‘me‘)‘+ P"c.‘] ~me? 1N The uTeeral Fur U AnNd

when E s ofF The order 6% wiet Then The pressovée coes AS (O'"#‘-

The cASE wshen 'P'—(Ows 1S (NTETESTiMG bechuse Them The STAr 1S

NEVTY ALLY STADLE. That 15, whem T 1§ sgouecred To ome-hALt TS

Since The enetor r1ise And GrAVITATIONAL PoeTEMTIAL ATTRACTION
BALAMCE eAchoTher 5@ The ITAR J0ST SITS There. When 'P=(:s‘3,

The Pressore ti1ses Too FAST Amd The bALL woitl boumces ouT.

Thys for Powers Hicher Than 53 The sTufd 15 sTiFf. weiLL TAKe
AlooK AT The cAvse of The Power beTween Y13 And /3 More
Ctesely, TWIS LS More oreTicdl hecAosSe The STAr CAN'T mATMT At al

Tseld  Lmder (TS OwWMN GrANTATIONAL ATIRACTION wiThouT breA KNG up

Simce e ARE defling WIT hACOMPLETELY DeoENErATE € LECTION GAS N
The discugsion of White Dwoards we mosT usée The Jollowine

denciTy reLATIoNS hap,
P=MeTe

where Me 15 The mMeAn #MOLECULAR OEILRT Per Free ELeTrowm And

;:_ﬂmﬂ' The sAMe U4 AS we Used in The Theory of @ascovs
s,

ALSo Me 15 The Number oF eLecTrons PeR vt VoLyme ThaAT e

fo¥ oM The 7Previces PAGE, LE.,

3

Ne= 21¥

€ 3 7ooxnd

3 (25 h)

The momenTOM Py 15 The Theeshold valtve we used efAflUer
H The SIAR IS TELATIVISTIC Sa ?w(o"‘3 wiTh The Abooe vALue Tor i

)
Tursas oul ( Chandra SeKhAr P Y2} ThaT The MmASS ASSUME & .l;..m-re(oumt

M= 515
(e

where Mg 5 The #MASY oFf The sown,
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i A Twart had This +mass 7 would reALLY be 1 A cesTiCA L STATE.

For 1 someoMe ST on The HMASS, The Added wFiohT woald CAUSE

The STAY To COLLAPIE VNDEr 1TSS Owr welohT AMd puever STHP. Some
Theores cLAM ThAT 1T Goes bevoumn The velATIVISTIC LisiT And

FALLS Throve lh A hote 1N S$PACE HuT we won'T Go amTe Th at/ See below

For LESS CYITIKAL C(ASES we (AN MECussS for A mMOomMenT whaT hApPPEmRS
when wot STACT T PiLe up A bumich pf cord MATErtAL LiKE The €ArTh.

it we REPT PILIMG ON v 0K , The Added WelbhT would cAUs € Ormpression
of WhAT wWAS uNder 1T, AS 1T coT mMore MAss1ve, The rAdius wooutd MoT

Grew TDrASTICALLY  becnuse oF The comPressiont. This  appens when The
S12& 15 CompArAble To JupTer which 15 AkooT The mAxium rodiAL Ste

i Cold obdecT canM @ET wofMhool EMITIIMG NCAT fRom MLEAT GeperATION,
There Are or Coud be, heAvier ones w6T NGT blacer,

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

Neutron
Star

Accretion
Stream

L Accretion

Disk
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OPACITY

So #Ar we hAve PuT oft An expipmaTion of how The ppaciTY 1S deTermined.
Alotie wiTh  The deTerminpnmon of The Enerey GeEnMeraToN Haoa,ﬁ:s

13 The MosT MporTANT And ~0sT disheunT pAeT of STeriar Theorr. We
CETUTM To The m AN SEQueMce ATRY T FuvrsT Fiad The opALTY for A 6LAS,

RecAuinG AeAN Pogg = RIp | Prag s -:;‘-qc:'l'" Wt Temember Prnd
AL

ts HechANIKALLY NOT tMPOYTANT Kol 1T 15 I The deTerminATion oF The
LurinesiTY Ltoay, 1.&.,

d Prad 2 - K.{o Liny

dn 4wt
oR, 2
Lay = 4 yurtf dP
d2

e

Thus There 15 A certawd raTe oFf heaT fiowine ovf of The sTAY becpuse
of The TemperaTure arAdienT (-— dﬁ“‘”") exisTiMe berween The
imtTérior anud The sorfnce. 4
Thetelore, we musST comsider The MeThed oF Phetom dibfusion As The
heAT Tries To €5¢APe Throooeh The MpTErial of cerTAIN F‘/u’ and T,
ThaT ts, whAT Are The mechANISHMS Thay LT The 'pim'rou From
ZoaMinp Thiooe W RT The S peed a¥ LitehT LIKE A meoTrino cAN dO.
The Two Prodess es wo€ Wikl DISCUSS  ATe

(1} SCAITEriING

(i3} AbSSrprion - re-erysSionN

ELECTIaN SCATIETING
AbSorpTIVE HPYrOEEsS. Accocd ine To CLASSICAL Theory
OF €LecTro MAGRIETIC WAVES, AN ACELErATEd €LELTYON emMiTS rAdiATION OF

INTENS 1 TY .
T y
Re (%) 2e' g gg( et ¢ gt
3ct Im*c? 3 Vet 4n

The €LECTYOM DBrAWS This ENET6Y From The (vGideénT 4 d1ATION. N The
INGAENT &7t wAVESs (e AdiAT o), hALE oF The smere? 1S etécTric And
hatt mAeneTic , And The clectric 3Nd pmasneric Frewds Are aT okl
ANGLES 50 ThAT The POTmTiMé flox For The wave 15 Gy EY Therefore,
The SCATTEr (ML PEFX €LELTYONM 1§ OIVUen by

L -8 z
o - 8n e") : 10 Tem
3 (‘MC.‘

Simce The mmAss ofF The pAITICLE 1S M The choMtNﬂ-TOf, & tor Au
oTher PATTICLES ThiN ELecTIoN 1§ MOch LESS 30 weE CONMKERN
unTh oMLY etedTron duaine SCATTETING

FIRST  ELECTRON SCATTERING, The hoT $IAFS e, Tojo'®g
18 AUert (M pPorTRANT

=

Derseitues

79.



SeBOMDLY, AbLSHPTION - Ye-emiSSior ! DButiMe This Procéss The ATOM

1§ MOT compleTéLY 1oMiZEd S0 ThAT (T hAS Some eneret Levets (cfT

A Phrotom ts AbSorbed To PoT The AT0m 1M onie oF These MG her STATES,
LATET The ATORM TUINS Around AND emTls The Ahsorbed phoToN

ImaGine we& have AN ATOM 1n ITS Groumd STATE SAY Level or 3TATE M.
The prababitiTY THAT The ATom waoid Absarlhy A QuAmnTum of TAd:ATION h\}“m
TRAT wauid poT The AToM iv The hipher STATE M 45 denoTed BY Ban.
The probabiltTY Bwma 5 cAlLéd The Eimnstern coethicient of induced
emisston. Thes The mumber of ATomS coine To This hibher leuetl per
CENTImETEr penETraTEON oF The ploTon or Twraseh 1TSS menn ‘f'ﬂ&pﬂv‘t‘k i3
GIDEN b-{'

No. Gowe up = Bwman Nm
€
where Mw (3 The nember of ATOME Per uvaiT Vorumé IM The STATE m
BoT Then The prob AbiLiTY THAT AN € LECTroM N The éxciTed STATE M
€IS The SAME QUANTUM OF €NERGY DVuw ANd FALLS Dowsl TO LEVEL M

IS Given by Anm. ﬁnm 16 cAtLed The EBinsTaInm coedfdiciemy mtor
SPoMTAMEDU S €MISSION. When The num ber of ATOMS GoiMe BOwM LS

LESs THAK The Number Gomne wp, The condimon Tor MeT AbsorpTion 1S

SATISHied. The rATION beTween The PoPuLATIONS OF STATES M And n
5 eiven by

~En
_N_)'\ . e I{/il]' e—(En"Em}/&T _ C—hﬂ“m/&T
Nwm e—&m/&f

]

Expressine Them The AbsorpTiod ot cAadiATION AS

Bwn Nm - Brmn Nn
buT  Na = N g VAT
5 Twar

Y
B‘h“( | == e A‘LT)

th we wNTerperT Bwmnw Nwm A5 The OPRLITY AYISING Yrom direcr &JSWPTW’U
we ASAS ™MAY woriTe The ToT1AL QP ACITY AS

K= K%( E- e"‘“’f):.r ) t Ksmrrermc,

Thus, e See That TAF The ¢reaL AbsorpTion 15 Made vp of Two PATTS
PrimATLY Due TO DBArEeCT ﬂrbswprmn. we have our resultT opsid € ~Down,

however | Comvemnpu Attty To OpAOTY 1S detined AS
Lo |
®: < >

Kan (1= € " 17) 4 K

where e Find The mMeftMN - opRcITY And Thus have & vALUC
To PUT 8 The €Xxpression,

Ly = ‘_*_“_i‘.l'(- 43&4)

R

A
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AnoTher way P detwe opACiIY 1S N Terms ot The —Frc-qweucv Y. This

TiMe we define The MeAN mMASS OPAGITY  coefficienT AS
® ' dIwT dy

A - s KW AT
¥ m T
K S‘ 3 Iy, Jdv
) &T

where INT} = 2hy? !
c’- e‘“‘/&‘l‘ -l

The wWIeerATION beme cuer ALl TOosSibte Freguencres,

Within The STEWLAR FMASS Thore ATE Three MeTheds bt which TAdiATION
is Absorbed:

{i}). The bount -4vee TrAMSITION or ThoToetecTRiIc effedT. MHere A
GuANTum o rAdEATION ot enerer ThAT 1S areaTer ThaN The
BiNDING eNefraY Ot An ecrecTrom  sers The eterTRen Free, Theve
[S comTiNvous AbSorpTion tn The W-F TYANSITION; When The
EMeret 15 GrEATER Than The bindime enerol.

(i3}, The Yree-free TrANSI\TION. B free ctecTrom  souviNG 1N A
heperbolic orbiT vnder The force of AT racTION ot An 10
MAY Absorh A QuAaANTum ot enNeroy And be Acceter ATEM.
SiNCE A QUANTUM of ANY ENERGY AN be Absorbed, s F-F TrAnsiTion,
CcoMTINvOUS €M Absorpmom RESULTS

{21}, The saumd- boond TEANSITION oK bremSSTrAhioNG. This 15
where SoLTATY ELECTRONS CAM INTETALT wnTh vAdiATION by
chanGiNe The direcTiont And $reguency of The juadent beam of

T TAdiATION] TWis 1§ ScATIET ING.

.*‘.x{

0

-—
=

!
4

7

)

“‘.J

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
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ChapTA S

Enerey GemerATION

WeENHL Now M™Move oM TO The Arca ot where The STARFS GeT The
ENEYGRY To KEeP GOInG, We wilth Thepm Tﬂl.l(w The eMeroy

GenerATION FRCTOT inTyaduced earuer And whith we fecAtl WAS
ECP, T, ). ThaT s, (7 15 & Factor of densiTy, Tempernture, And

coNsTITUTION, The gnswer T The Quiry 1S obuiogsly ~ NUCLEAT
YeACTION,

An EXAMPLE of A PoSSIbLE TEACTION  would be The consEB®UENCE
of A Proton SMAShING INTO A CArbomM ATOM, t.&,

12 1
P+C  —> ¥ + NS —= e,y 1+ "
where ¢ - wammA ( AdIATION
Y = NuTYino
AM INTEfESTING TeSulT foLlows § we CALCULATE The €nerey A
PraTom wouwid MAve AT The Son's INTETIOCF, (&, AT fibout 'I.D}OOO‘OODOK.
AT Twmis TemperfTore RT wootd be AbouT 2000 eV since teV
IS AbooT €QUAL To 11,000 ®°K. We CAN NOw Show For emnerates
oFf Thug ordery ThAT MNOCLEAr TEACTIONS CANMOT Occur y SoleLy be cAuse
T™he proTom cANNDT GeT Close €NOveh Tp The CRrbom Thue To The
Tepulsiue Forces. The ewmerey AT ciosesT APproAch s
E= Ze*
e
here le s The criTicAL t‘ﬁ‘d‘us or <LOSEST ﬂP?!‘Oﬂ"—“
f we Do The MATH TtoWT e TUrNS QUT To be AbouT
e = 3.5 x 10 %em

Now for A Nucleus The fAdWS 13 of The order of

L= Ahj Lb*to-!s <
where A 15 A fomucion oF The sTutf inside, e, The Aome weapni

RBuT ANYWAY We seecThAT o 1S About 1000 50 The repuLsion
15 50 GreAT ThAT The reAcTiow could sever 67 STARTC.

So for someTiMe The €ArLY STfuﬁrﬂ“’?o‘cs—rrsc- tepry ot describineg nuctear
reATION but were CerTAIN The PhenOpmen A MusT occur, IT whS onty
WiTh The AdvenT oF (QUoNTUM Mechanics Thar AN AMS W er whS

sound. Throuwh Q-H T wAS reaLti T&d ThaT "There 15 A FraiTe
FRobBALILITY 1.8, The BolTzman DisTribonow e""”kr ThaT B ProTou
wouitd hAave The MehT ENEYeY To GeT €VeEryThine GOING.
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ONEE The PArTICLE APProAches The NUCLE VS, 1T MUST OvercOme Or
PeneTYATE The PpPOTeNTIAL

BArfier dve T The Coolombic reputsion.
This PoTENTIAL TiSes sharplfis wiTh decrenrse radvs, dowm T

Vi)

The puclear rRdivs where T Drops T0 A CONSTANT NEGATIVE VALUE,

Thare oitl

Thus be Same ProbabiiTy £ACTOR eiven by The redction
cross -secTion For The CoLLISIONS, We cAN GeT AN
Cross - section , 7,

den ot The
AS A *uncTion of EnNerey ANd oM The sAme
Graph Give The MAXwELL ~RBoOLTT MAN ENEroy DisTriboTion Q.'E" T

c" E/&r /

"/

__.-""’-’

E, Y
WhAT we cAam gee From Thas PrAw NG, which 1§ MOT TO CLEAT, 15
ThAT ™mosT 8 The reAction Occurs ri6hT ArounNd some Be ;i
Two cufves Ave mviTiPucd ToeeTher,

o%

ey The
FoY énercies OF The ocder
1000 A we Are To £Ar ouT oN The e YXT 710 Give ANy
ConaribuTion. AT Much tower €Nergies, SAY

5-10 AT we venrch p
TeACh of resoNANCE OF SipniftcANT CONTFiIDUTIONS IO TeACTION,

WhAT we MustT PO IS T See htw The whve
ProTon TAns oft exponenTIAllY AS T
ot The mvelLevs , 18

HoncTion oF The
£, A5 1T GOes
To hetp

comMedn IMTO The recion

bey ond The cviticpat rAadius.
vadersTANd The NexT PriwiNeg MiohT het P,
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I
reeron ot H
ExpoNeNTJﬂL E WAVE iuuc'rsou
DECAY r
2 /\e
| L]
11 \/ \/
it ”
i}
i J
SN I .
A Re n

S6 we wrTE dowsal 'S:.hréid:ubeg'g EQuATION,
-gi-. VY + VY =EY
™

The LAPLACIAN OPErATOr <AN be wrilen for A SphercAlLY SYmmetric
Obiect AS N é, /Ll_‘!_ )
_T dn Y
or AS A Morfe c.onvemeu'r form

(A
/’- dn. )
Thus we hAve,
4 d° (ay) = (V-E)(2Y)
Tm dat
Where V-£ = Zed_ ze'
R Ne
90 & wnT e &.‘_ (;L"QJ) 2m 261( ______ \( ,LP
an* A L SNte
Now ™MAKE The SobSTITuUTION,
- QiR
e W™y

S0 TL\ *T (P [N T -CP(M

dy) = -9 e ™" aud day)kQia e §'en)
da drt

Then Schridinger's EQ, becomes
. z
MRy + @y = TmEe® [L L )
N T Re
We cAN Go ONE STEP *f-ur'l'\r\er fistd  LeT
ut = @'

—u' + Utz amter L -t )
"""x:t. A Ac

Them

B8 we have NTrdduced A SLIGhT NON-LIMEATITY IM The
EQuATIOM by veduvaime 7 From p Secomd To $1rST order
A\H'cren'rtﬁi EQ UATIDN,

B8y



Over The rance 0F A where e sre comgETNed, 1.4,

Good APPrOXMATION wWEe MAY UsSe

U= jamZet [ 1 _ |
-"""RL t Lo
where !
R (Y (3._1 T
st 20 Tt ﬂ.r_)
56 ThAT g+ at = .‘_m-te,i-(_]_ _t ) becomes
T A L fle

For very

+l‘kmie_t.' ! } ?.w\%e" _ tmielt
g vy + {ﬂ- ﬂ-r_) - ‘{\L

2
5 A
Recatling mows Our IURESTITUTION
dum = Qa)
4L

We cal waTe The Hrumcrion As

Peg
Tmier 1
nyY = GKPL‘ Sﬂm{ % 1n

-4
v e

]

FinftlY, Ther PeneItATION <AN be expressed AS The PeobAbiliTy

of The ArMPLITUde sQuared AT Rn opuer ThAT AT QRo

( n.w )?-;L'-'-Jlm \2-
(A ire

or

The A vadws, haS A Place IN The AmpLITUde becAuse 1T 1S A REASOTE

ot ?euc—Trﬁ:nON diSTANCE, S1mPY engueh ThenN,

(n ] = e [-—Z\A 7"‘“%33“
Ve 2 T

]

AccordiNgGg TOo The WHKTR APPrOXMIMATION WE cAN ExPréss The wave

FuMcTION  AS

Y= exp (3i s)

where S 15 adupetion oF X ANE 1S A phAse facron
The phvsichal Stomificance of S IS Thar T3 raTe ob chAance of
WiTh PogITIONM és/ax 13 CQUAL TO The peAMN MOMEMTUM OFp

X
S = S“de where P =

Theu

"~P=' G'.XP[—'-';,-\S Tm (EV) AK}

S 15 mote  GeMETAILY  ADProximATEd by A Power Sevies 1N K,

S = Se(X) + R Six) + _{‘g SR} + -+

tm (E-V)

(+-%.)

This  AppProxImATION (S eood ONiy for Stowouy CHRANGING L AVE LENGThS
by ASSumiNG ThAT The whve fUNITION 15 NOT chANGEd much From
The form 1T woutd have 1 V were consT ANT Thus we hhve

stMitAr TESULTS vf wWe MAd e The SUBSTITUTIONS SO we- AT¢ AbodT TikhT-
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The MTebeAL \NVOLVING The Ere Hhetor -I,Jg_-’-
Zzevrd The +

B Lefrm dom inATES
iT AS TM™c AS TD T

o A

shows
1A

S5vch A wiAY ThAT ONGE You MAKe
iT DocsN'Y TALE ThAT Much mMore ENETLY TO
tTTLe fwpy FurTher.

S50 we WANT TO €VALUATE
C

Y ,_‘_ -1 dn

o o e

HAKE The SubsSTiTuTION

L= Le punt® and dp=
Theay

L]
Sa Y Ne 20va 6 cosO .I/_I__ -1 d8
7z oo
LIS .
ga ﬁj:t_g Avm & cosd

- -JNGH-OSB - Dim za 40
‘“/z A O

ZRe Dwm &cOsO dO

I-

13

> Re cose d = a/z‘._[e :Awle] LI (—c'.'ﬁ
So ouc TeMeTfATION FACTOR AW NOw TAKES The $urae

EXP [— ”"—"‘:\c‘ﬂc ] s PENETIATION FAcTOr

We coutd chose ™ wriTe This 1IN Tetms oF EnNeErey by cecALLY
kN

zet L & or W = **’-

Ac

exe[- JT,;TJ

{ we expressed The €mnerey AS

Theo

- T
E-%mv
Then

- am ?_s"}
EX?P _'E ~

where V1S The relaTive wvertociTt oF The Two Thines ComIMG TOmeTher
DiMensigNALLY WE CAN CheoK dur

resotT by 3w RewriTENE T AS
.tntel ¢

< _Ln%(v}
e kXN v . g 37

IT 13 warThwhiIle MOTIMG ThAT 1Y ?__?;;'_ iS5 Moth GTeATEr ThANONE,
CiAasSicm MechANMIcB 1S sq-g-gtc:eu'rn‘; desenibe The Yeachmont buT 1+
1T Much Less Thgwm ONE, WeE MUST &0 Tua GVANTUM MethANICS

To described The SCﬁn‘erma A hsToricAat NMoTeé RBohr JosT
nAPPen Yo hAve Workéd wiTh The cASe where The ficTor whs Motk
GreATEr Than ONE ANd MITACUjOUS LY GOT The riehT SCATTETIMNG TESOLTS
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Finaity coe cAN woriTe A SCATTErING CroS8-SEcTionN for The re AcTitn AS
, mz2.e"

T (E)lze ®V | _— $(E)
where FlE) 1S some smooTh Fumenon Of Enerey And MA*CE)
1S The raTEe ot The terthoNn Madihied by The PeweTraTION
FreTor TAKING INTD cONSIdEr ATION Thosé oiTh Pro per ENErGr,

This FacTor 15 SOSMALL ThAT woe caxmoT ObSETVE 1T ExPerimMenTALLY,

Durie The LiFe of The suu,i-w IMSTANMLE, The feACTIOM OCCUTS ot Ten
for T TO be SientHCANT, In The ;45 The

scrllerinG Cross-SecTION
IS MehAsured AT hioh ENErGiesS AMd by

TAKING OuT The AhounT veduced
by The PemecTrATOM fheTor IT 1% Pessiblé To GeT AN tdep ofwheT 5

hAppeNING. There Are Some vesonAmces AT cerTRIN hiGher €MEreleS
buT iN The rAanke of Lower gunere16s wohich Loe cANIT &Siv &CTLY
LNOTK wiTh T8 6eée The SCATICr There MishT ALSO be A TeSoMRBwce.
té There 15 Thew FCE) 15 NoT vArY NG AS we Fleured ANd we hAve
O corfrecT wiTh ANDThey APProximMATE. A GrAph #MiGhT LooK LIKE,
- ol FESONRANTS
f
I 2
l‘\ (

P

1 1
i 1
EXTrAPOLATON |

t

1
100K vprts

EnNergy
We Are AY

B LITTLE LogSs AT TS POINT becAvse The Theorw of Muctenr
YeAcTioN boes MOT  suffice To txpltAIN how The fuuction FCE) behnues.
KMOW More AS T® which TEATTION PredominAaTe HECAVS € IN The

SUN wé KMow f proTan -ProTon \NTECALTION  Give TINY el s whiLe
ProTon~ (Arbhon TWElvE GIve  big FeE),

Constdering A mMmixture pf Thele
CECATRO N COMPLICATES The Theory,

We mosT

FROM KINETIWC Thegey

we CAN wreiTE The YATE ot REACTION
OcCuyING AS)

- E
YATE o reAcrion = U O (E) & BT

where U 1S The smotofl velooTY of The ColliDing PAFTICLES

GCE) 15 The TEACTON C(rOSS- SECTION ©OCCUrTING AT The Gluen
~-E
ENetoy vAlue ANd g TRT eives The

PercenT AGe oF PhITICLES
wiTh The YIohT ENeTey ™ unNderop

YEACTID M,
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This reAcTioN TATE CAN be ALso

Wl TTEN IN Terms of BN INTETAL
over The SreQueMCtesS or ENEYLY AN sanpu-?tt:& by collecTiMG AtL

The CONSTANT ANA OTher GAr bAGe IN A Nice fomcTion F(E), e,

~Elhr

vATE = (factors) ) v ocE) @ vt dy

[NSEYTING The vaLue tor ocg) L we CAN LomnTE
-BE —4%

TATE = FLE} e e de

W here

L
£= kT

Swnce The YEACTION Primparily occurs ACDIUND The buﬂp,:.e. AT Eo
1

AS Seen oM PAGe 83, we woolkd LiIKE TO Kaow Where Tas s,
Thus The ProbLEm

1s To Find The mAXiMom oF The IMTEGerAnd. 14
e consider FIE) TO be Nice ANd SHMo0Th we wiiLt

JUST EVALUARTE T
AT E; To GeT The CONSTAMT F(E.) wheh we MOw TRKE ouTside. So
We AR € LEFT WiTh MAKIMizeNG The ExponenTiAL FacTOR,

E +._5
¢ iE

This ArcosmenT Wns

A tintmum AT Bo whickh makes The €xpomenT
MAXIMUM, We cAN APProximATE Eo by A GRUSSIAN Curve Aear The
HINIMA ANd Then pretorm The iNTE G AL,

Thug we differemnTiATe The AreumenT with 1eSPECT T0 € And SeT €QuAat
To TERO,

d (PE*—b—)=o

de Te

Which Glues upon EVALVATING AT  Eo

= b 3
Z (Ea)'*
Since we wANT The prodocT BEs we& AN wnITE,
Z{ 1
pEo = b Eh
1‘13
o b
(\,)Eo - _-"lh_
2Es
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SiNce we ATE ONLY coNcermed AbOUT HirsT order YLucTu ATIONS

From The poINT Be wié& WOITE
E?- Eo(t'*x')

INSerTING Thig 1T 3 + B E™ And ExpaNdine (14x) 7T we $ind

BE.(1+x) + b (1_ 'Ii" e 31y )
[Ee g
S MNcCe B= b ,we Sce That FIRST oRdér £vrors cancel To LEAve
2[Es
3b _3__"_!..
2 Vg, & {&,

RETUTHING MOW TD The INTEGFAL LIITh The Abbve ESTIMATION ON

The eXpoNeNTIAL TERM AbouT Eo wé& SE6€

-3 -3b
& QS eaﬁ,‘x‘

YATE = F(E )} e

e

Eod'x.
where dE= EodX

This iNTEGrAL 13 NOw N The GAUSSIAN FOrm ANd CAN be EvALuaTed TO

“3 Eo
JE B T e g
b

where The SeiTa FumcTION 8CE-E0) Shows Thar EVETYThiM(G
htppens A Eo

The ENerey PornT Bo 1§ Gruen DY

go = h )Qs
23

or AS OThers wRITE

* Ha
" Eor L22(%, 2, ATY) ¥ Kev

where A= A AL

The redoced ATO mic wEIGWTS
A( +AL

T'h\s The t
M5 The LAW Used TO AMALY B¢ The redchon TATE Sor SThes,

8%



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

There Ave Two CLASSIC QUESTIONS which Are ASKed AbouT STELIAT
STrucTure?
(2) WhAT 1S The oriciNn o} The §w+ee°m& ENEYGY
(21} WhAT 1S The oricint of The

ProporTioN of The ErtemenTs
ANd 1SoToPES

EiTher ALl The currenT ProPorTIOM S TeSULTED DU ING SOME

a;%p{mtc_ EXPLOSION AT The Time oF The UNIVErse's CreATioM or ¥The
ProporTiong ATt bems MAINTAined by The formamon of New STRTS.

There 1S5 EVIDEMCE The wefuier

EIEMENTS RfE BeiNG SynThesized
by some sTArS, For A cer™ain cLASS oF STATS | CRLLEd The GIfENT 5-TRPe

STATS, show AMounTS ot Techueriom |m ITS ATMOsSphere. Since The
LoMG e ST Lived 1So0T0Pé oF Techuetivm hag & hAtd-LIFE TIm €& o

28105 YEATS wwich 15 LESS The Ace of The STRES 1T MUST be
mANvFAcTUred by The STAR The AcTual Processes for This SeynThesizve

Are Sor . For The ghove Process 1T 15 The MEUTIOM CAPTUre Proceéss.

We witt beeiN The diScussion of These processes by TRLKiING
AbouT The HYDroseN RUrNING Process Sipce mosT ot The STAT stTuds
15 hevroeen N The $STAr's YouTh., We call This The FProtom- Proaton
(PPY ChAIN. This 13 Per hAPs, The MOST IMPOrTANT TEACTION for mfmv
SeQuence sTATS or STATS WiTh The TEMPeranure AbouT ThAT of The Sual.

The cvete STARTS pUT AS Two Protoms hiiTiNGe ERch oTher,

(» P+P -2 D +@"' + ¥ e, deuTrium r PosiTron + NUTYIND

The mMuTTING 15 LOST ENETOGY Dec AUSE T 18 Shol OuF wiThouT LosiNe ITS
ENEfLY DUTING ANOThEr ¢ QOLLISION. The

TheoveTicAL rATE of Thig reALTION
15 giveN by

T
tAte = hpp R

4
wihere H = n, N

And A= < ovy Thuy A= X(Templ

Since 5 s So small dor This reReTION, IT 1S NoT observed €XperimenT

buT 1N The SUN The siAmrune Around oY Proton 15 s '{'TG-QUC-MZ" ThaT
T™e reRcTiopl <CYOSS~SecTioN 1S YMPOrTAWT,

The Above feACTION (S MOT VETY STADLE becAdse 1T Is hichiy probAble
ThAT The Protony fmdS (TSelh 1IN The Ground sTaTe of deoTerivm,

AlSo‘ 15 This wotre The omty veacTion  The STAM wouvt d Soos burw
up And Turn INTO A devTerium pMASS.
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SINCE we obServe N0 deuTrium we ASLOME &1Ther

(1) There HuST he A TIMY MATHIXELEMENT of beTA decay

(11} There 15 A chamce ot NUCLERr PEMETYATION
WhaT 1 Means 1S ThaT There 1S A sty PrObABILITY ThaT The

The deuTERIOM NUCLEUS UNder 6oes TYANSEBrMATION INTO
STALLE sPECIES by €rmission of €lTher ELECTTron s or Positroms

These Twwo pProcesses detdinve beTa DECAY.

deutron ie,,

We dTerpPert (is) TD Hean ThAT A ProTOM CAM PeNMeTrATE INTOo The
deutron And CRUSe A NUCLEAT YeRCTION,
3
(2) D+p —> Re v X
This Ppeocess happens very €ASily AMd The rATE 1§ Giluen by

YATE = Apgy H+TD

where Y15 A aAmma of rADIATION, , heaT

The fibove Two ProCesSSAYE Common To The &—auomme. rossi ble
SubseQuenT REACTIONS,

We coutd hAave The recnion ol The Hcs 's
3}

ANd we sce

(_t:ul.!.:t)uu(_.,t 1.é
t H —> He +pep
we ATE bACK TO0 The mov ProTon TeRCTION. The €ycle

endS here wiTh T FleV ’s o evereer beitng Teteased woit™ The neorrino
CACIY MG AWAY AbouT 1.9 % of ThaT hgure. This Process has Thus
been CALLED PROTON- PROTON 1  ANd 18 SummArized AS

P+p — }3”‘\‘* D= Dtp—> Hc3+YﬁrHc3+ He? — Heq+P+P

This Process tS Stow ANd Thus deTermines €SsemTifitty The comPLETE
tATE o YEACTION, ThAT 15 The oThey Processes, To be d1scuss ed  hAPPen

Very FAST, For Those m?eresred The FeynmAN HeThod ot ThinKiNG ACOUSTICALLY
WILL helP T GeT A feel from whiﬂ' 1S GOIMNG oM. This Process coes -
blurp- btuf? brurP whité The SuobseuenT ONES Go TUV-Y-r- r-y! \F

Thin i ThAT wWAY chin  GeT FEYNMAM T hiy Prominence 1T CAN GeT You
ThrouGh NULLEAT REACTIONS,

There Are & Ser of DitferenTift EQuUATIONS WHICh CAM be LortTen
For The vATE oF ChANGE of The difterenT SubsTRwces

%—E = )\9?_1'_{_; - )\?D H‘D

Fr DeuTertiom,

where Haud T repeesenT The cONCeNTrAMONS PresSenT,

9l



For STEADY BUrNING 1.£., where The deuTeriom chAMGE 1S ESSENTIALLY
TEYQ D wE CAN Solve For The rAaTiIo oF Din

).‘_.P;P.. = 9O
Z AeD H

S$NCE A= ALTemp)l AT The 20,000,000 K of The SuN  Thys mumber
1S Aboutr 107'8,

WE can Sabely SAY ThAT There 15 NO Devieriom (N The sun o for
PYEUsSeNeSS owne PARrT M 1078 | e shall MoTe TwAT The vamo of
Bl For Sert wATer 1S AbauT Y2 210" The MATUre of Thus
MISMATCh (8 NOT KMOWNMN, DiNce The violANom 1% here DN EATTR
we MusT hAve LO6ST A LoT ot hydrvosen Some w AY,

We Mow Go on TO COMSIDER  AMOTher Possible reAcTON ThAT beine
wiTh The ProdocTwn OF He' The Poss:bﬂ.t“{"( o c,QU.lDIi\i(s wiTh AN He

) Hc *‘He —> Be_ +¥
RecLLING' OUr FIFST Twwo STEPS iMNCluDe () And @} e sSee ANOTher

GAMMA oF ENErG? 1S LosT, AS The concescTranon ot He butids,

reacTiod 8} 1S more ProbAabte Tham (3) because 17 1S herder For
To He®'s T0 hind EACh oTher Than for A He? To find A Het

BUT Bervitiom Seves 1sn'T VErYy sTRAbLE ANd UNdEr coss ber decdy T GIOE,

i)
This reACTiON 15 wep K buT  LiThium Sevend INTEYACTS woiTh A PrOTUM,
i
(&) Li' +P —7 He ' 4 He"

This 15 AUery FAST TERCTION CONSIderiNG The hibh CONCENTTATION of
Proma i The STHRR.

H we o0 bAcK To STEP () ANd comsider A PFOTON cotliDiNeG wiTh
A Be?, we sec ThaT,

(1) Be +P — B +y
BuT Borom €16hT tmmed 1 ATELY Undérooes decay,
{8) ne T g e @t Ty
Thewn, FinALLY
o) Beb —> 2 "

This 15 cAll€d Proton- Proron U Process whit€ The sTeps H~¢

describe The P'PE ProCess. ?‘Pm— Loses 27.3 % 0‘{’ The ENET LY
Produced T The NUTTIMD which has S9ch A SMALL (AbouT Ters)

Cross- gecTion ThAT (T ESCAPES.: AmMone These Processes P-P U
IS ™MOST IMPOCTANT,
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Se FAY we hAvE omlY Discusi€d The Prolon- Proton ChAiN which
Occurs 1M YOUuRG STAFS.DuriNG This @TOCESS NuTriNces Are LiberATED
whicth CRETY AWAY A SMALL AMoonT of ENerey, we woold LiKe To hAve
b cood MOTFiNg DeTECTOr Then € coold tgee 'The cemTeér of The STAF
St The Shat? FiahT Throveh The va# 5S.

The rate of LIBErATION of MEUTTINGS 1S 30 hieh That AT The carThi
surdwce The Stux of ixomMing MeuTrinos Trom The Re! DELAY 1S

i
[b(%e?)-; 10" pec "mt/sec
And for The Rorod decay
CPCBS) :Z-IOT Per """“/SCL
Which t5 AN e ENormdous gbsounT of NEUTYiNOS.

Seme PEOPLE h Ave S06GLESTEd ObSeruvinG These MeolYiNoGS by ob3evruivn
The ve¥ErSe TRETR DECAY crused by Mow EMEIGY NEUTTINGG from The
Suy haTTinge A bRrret ot chAThon TeTrachtocide wiTh A LITTLE ChiloviNg
OMITING woiTh A NEVTYING To  form Areos 31 + AN €LecTrom,

xRy A e
MoST oF The neuTrinos would be observed of came from The P-P i1
YEACTION Dechvse TheY hAVE The hiohedT Eneraw EVEN Thoveh The
Above FLoX TATIOM SAYS The P-P IL remcTioN Produces ABour A 1000
TiMes AS MmNy AT The €nrTh, €ven wiTh This tAT6 € frox omiy Aboul
4%10°%5 Atoms of CA3T Per 5€¢/per ama  woutd undercoe This decav,

we wooutd weed Tweal nbo‘.ﬂ- 100, 600 e ALLomS 0"';’ CAthop TETTAH Cklo!’!d&
O SRt AN TLY MeaSore This bom bacHmMenT

-]
NoT OMLY tupuld ThiS ExPevimenT be EXTremely COITEY BuT%sﬂS YeSOLTS
would be hiphiy ProbAblIsTic because we woold oMLY GeT ome veSUT
30 1T could n'T he checKed. Such spuriowd etbecTs AS GAMMAR RAVS And
ETher Such Thuaes could I1NTrodoce LAfce €7TOFS,

The Probiém ob The CenNTUTY 15 T Devise A NeuTYING DeTECTOT CRPAbLE
OF GYeRT ACLUrRCIes,

NucleaR SyuThesis

IN The above reacTon we STATE wiTh hibrocen ANd GeT duT helwm,
WHTh Twis FERCTION 1T 15 1MPOSSIhLE To GeT ouT oF This cYclé becpuse
There 15 MO STAbIe €LEMENT NUMber 5. IT 15 Tossiblé For Hed And
He' 1o combiNge T Li? bul ThAT 15 very vasTAble And Quickiy
coLLAPseS bAcK. To He' MAvbe He® +He' vierd Beb bur Be® aviexey
DecAys vo Z Hel 50 There 18 LTTLE PossibliTy of GeTTiNGe odt of
The cveie were,
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Question: Where do the higher elements come from? Hydrogen burning alone can't
explain the process by which the higher elements are formed?

The Probiem of how The hicher €LEMEMTS copre FOrmgp WAS A TYrus MysTeRY
dseAPEGINT T T The TheorisT. The Theory ot hyDrocen bpnine

JOST cAN'T €xplAtN how These ELEMENTS wEre Furmed. 14 woe CRICULATE
The (AT10 of These IMTErmediaTe FlememenTs of 1S0TODES L‘a “'\‘, BC,
F

B8 ™ The comcenTramonm of hedrgnen we Fivd Dot T The x Trepmer ¥
QUK Tencnon The yATO 15 BirNALLY 2 éerp,

WS A MITACIE AT They EX1ST AT AU AS rATe AS They Aré There
3€eMS To be mMore IM Thesé ProporMoNsS Than CcAn be undersTood.,
The cuvrenT bhetied 0 Twe lAvge” ProporNONS 6% The eLemenTs Found on

érTM S€emg TD De Due T bambardmenT oF GAMMA tAVS Such TWAT

bs And Preces of maTer hre kKnocked OFR of hioher €l6menTs ( Twis
POCESS 13 cALLEd SPALLATION ). Where Thosehiche r ElemenTs cAMe Scom
1S QUESTIONADLE Awd The ATQUAMEMT 15 NON*SEQUITAT (1., 1T bees The
QUESTON Juntess we AccepT HOPLeS Theory - To hbe Discussed,

¥ The P-P reAacTion WAS The ONLY ON(‘"NG would be (M A LT O'E‘
Trotdbie, MAvbe The JuNK on  EArTW 1S The resultT oF Some STAT TwaT

Ex PLo0éd AND SPIT The hepuier cvAP 0uT TO Grue U5 The Provornons
e Mo Se€. BuT evert €lemenT PTESENTS 17s own PROBLERM AMd

Thet Seem TO Sorm A TEAL ChALLENGE TO f160re 00T how Theywere Formed.

WELL come bHACK To The @QuesTion OF SYuTWes1S A4 LITTLE LAMer,
Now ¢oe Turs To ANOTheY AUCLEAT TERCTION —

CARDbon- NiTROsEN CYyeLE

As A side vreachon T0 The O N cY¥cte coe wiil Discuss The C-N-

o N-0O
_#
exete O bi'- Cvete AY Some TATher COTNRY SAY, e comsrder A coilisign
ofF CATbom 1T NUCiesS with B ProTON To fary NiTrooenw 13 PLES # GAmmA Y,
te
C'*+p — NB+Y
e A ShorThANd NETATION we shAll USE,

TO MEAN The sAMe Thing,

The r€ACTION ON(CE STRYTEd CONTINUES OM IN The fLLOWIMG MANNER,
Cter, N (BT, VIC P ) N( P, X) OF (@% VIN'S(P )

The vyesurtT oF This whot& CYCLlE 15 To Pravbuce back The oif bon

Mucleus €% Puus Hour Protons wrich Combive To Ferm A& hellum
Nucteus, Thus C'% Serves As A CATALYST FOoR The ProducTions
of heliwm. RiohT MOWw we won'T worrt where The C cAme Seom.

This reacTiON WA ProPosed before The Promym - ProTom cvecle so
IT whS NOT KNOwn where The ENEre? cAnme from To GET 17 STRITEd.
Atso T 1s dibficwtT To CALCULATE which veERCTION (S domMINANT,
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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.

Whil € we ArE WwANDETING ASIDE IT MIGKT be A POINT of inTeresT To
PoidT ouT The CLUE TO ONDEYSTANDING EverYyThiMg, InMeEviTALbLLY
whed A man oF COMPETENCE ENTErs INTO ALINE oF busSiNEsy There IS
SOME biock hend Above him Who e+ hAs To be An i1MconPeTenT
1ID16T. WHouDID he GeT There { 1F The @ Lesser MAN exlhibiTs ks
SKILS he Soow wiitl be PromoTed T® A Pol iTon oF hivker STOTUCE

AnNd FESPONSIBUTY, As hig (OMPETENCE INCTEASES So DoeS hiS IMpParTRNT €
UNTH he Too 1S PromoTed ouT ofF his oM LimTs And he hecomes
The buMelUNG $eol he Once ScDYNed by Then, however, he doesn!T
LooK Arvound AnNd s tess enTie AL of his Peers And SoPerrors.

CONT[NUWG oM wiTh The cArbont- MITroGen <TCLE we pmusT NOTE ThAT
For This Yol e To beGiMNS TEQUIFES The Presencé oF chrbhon. Where
PiD (T Come From i (T (ST A STRBLe ProDucT of The P-P cvele veT

17 1§ PresenT,

Atter The hydgoeem 15 exhausTep The STAT GoEs Throvah A GraviTRTIONAL
CONTIAcTIoN wihich FesoTs 1N A Muvch hichery Temperdrof ¢ ANd DENS ITY, bE.,
Aboutr 158K ANd 105 em/ce nesmenuvery. These Aire The Red GiANTS.

AT These exrreme coMOTion s helium 15 Fused wiiTh  75etd To Form
cAtboM. The refcTion LAS PromSED by SALPeTER

8
He ¥t He + 95 KeV —> Re +Y

NoT oLy Do€S Twhis reAcTIoN SONMSuUMEé A LoT o% ewmeroy NBuT Nidc The
Peyyilium (§ UErY UNSTRbBLE 1AL 115 Groumd STRTE Aad DISINTEGYATES
BACK inTo Two helium ATOMS 1IN fibouT 107 86, So how Do cue GET
Chibom ¢
There 15 A STTone TESONANCE ja The He'l+ He' cedction AT AbouT 30 KeV
soch ThaT The heliom Piddles Arvovmd Lono €nvovch for The Red comcew-
TeaTion To Ruitd vP ENOUueh S ThAT

Be? = 07

Hel
White 10" of SomeThing ISM'T much ot ANYThine T 15 80T ASThing.
So, There 15 The PossibiniTy ofF The hilow MG rERCTION,

1T
Heq-rBee’ — "+ Y t 74 HMey
SALPETEr £STIMATED AbouT tin 10 mucier 1nd A STARAT S A Bed 1n
DinpamicAL euiti@rivum 1IN The dbove Process,

To SAY A fE€ACTIOM CONSUMES €MErLY OF 15 ENDOThermic MEANS, 1M The

cAse Above ThaT The boumnp STATE o0} The TReryillivk ATCM 13 — 95 KeV
betow The tomzamon POTENTIAL wheve The eleeTrond would be Free.
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Hovie in ProposiNe his STEADY STATE TheoRy Arcued ThaT The wITIAL
STEUAr MATIEr toAS heDrocen. AS SUCh IT woultd be EXTremely UNLIKELY
THAT The vES5uTiniG TEMPETATUIES could mMoT POsStbLY CreATe £Moush
Be® To umiTe wiTh He" 10 crente C't And Thus 6eT The hipher etémMents

@oIM 6. HOPLE Provosed ThAT There MusT be AN ENErev Lével AT T.360

Mev ot ecvem PArTiTY #nd SPIN O hy A Decay To C't 4+ ¥ His Theory
TesTed vPom  This POIMT GTherwsi$€ he couldn'T X pm'm how The eTher EiemenTs
were formed. Hivms ANMouNted ThiS T The auctedr PhYSICISTS w ho would MT
betieve EThey had misSsed Such A levet 1N SPETYOXOPIC €XRMINATID N

of thrbont, They Senrche b ARD foud & tLevel AT 1,615 Mev 0F The
PiehT SPIM AND PARITY, Thig TheN exPlained how The heaT KePT buitdine
IM The red ginNT.

Hovie HAd Theortzeéd ThAT Durinte MUCLEAT TEATOM oF The Rirst GeweraTiomM
STRY W&, The WeDroGom burMers 3Somé ot The heavier erements” wihere SYuThesi1zed.
Semun. Gmcrl\—ﬁON. STHES which Conerled from The remnins DF A firsr ceneraqon
CONTEINED These hiwher ELEMEMTS pur buraT Primpriit hetivor Burm The

CyeLe 1S TeEReATED ARd The hepuier €LEMENTS GeT more PLEMTIRUL., RQuT

Hotie hiad Yo e The heAT Hrom SoMewheye To Pe @61 The C' formed

And he waS CcorYecT IN RS PredicTion.

However, he UNforTuMATELY AbpuboNed his Theory when €xpesera Ted
FESULTS CONCEYNING QUASATS LeD Wi 1o beltevE Hi1S Theory whas
INCONSISTENT, LWiTh R More cAretul STUDY He wishes Mow ThAT he hadu'T
MAdE hs STRTEMENMT For MOT oMLY Does hisS Theory STAND AS A MILESToME
IN RSTFO-Phystcs buT 1T tePreSenTs The Power of cAareful ThinkKing And
re&-tea‘tu@ The ProPermées OF The uriverse tMTo The BRTOM.
Feynman on an accidental universe?
WhAT we reAllY NeeD TO STudy Are The MIRACLES ot The MYSTEries
IN The UMIVEFSE, The CharAcTEr o The UMIUerse dePenns oM Too mMANY
“Aectoents!” Ir seemns UNLIKELY Thar (God Gave Hovle AN eMerey Levet
*‘HG. So his Theort workK oul. OTher “ACiDenTs™ Like The mass of The PromoM
| hemss & TINY bt SkALLET That The Meutron HAVE FAR ReAchiNg
/" CONSEQUEMNCES AYS To The MATUrtd of odr uMiverse Just how much o}
WhAT w6 Scé 4ePENDS on ACctToenTs ¢

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
gjected 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 Q@7
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.
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T
T Turns ouT The TERLTION, He“i-tsea - ! +‘(’ 15 A darn HAd wAY To

MAKE (% buT 1T 15 mMide AnYwAY. PErhAps There 1s ANDTRe WAY \T CAN
— eeT Goind And, (ndecd | There (§:

3 He' —» Ctey

ThAT 15, IN The <wore of Red GiAnTS Three helvms GeT ToetTher
ASTETY TAN A hebium cAN Find A SCATCe Rerviltvm ATOM TO SMAJK
APATT ANd for ¢ Ty redcTion TENdS 1o PromoTe The Produciion

o € hhch CAN Then onder6d A whole STriING of Svecess
rTeAchon s |

L) ie
C™ (&, ¥) 0", ¥) Ne * (&,Y) Ma"’wmsfﬁcm,m“cmw
And A (Y Ca

Ko - protess,
So we hAvE TUN The aaAmul From ¢'t 7o Ca oQ This K- F

it The STAY BurNs 1T helivm UP, IT MGKT underbo ANoTREr craviTATIONAL
caltarse And heaT sTHL hicher, '+ T Ttoesw'T btow UP, (Arbon
Nuctei cAM coriDe AmMd Form,
T
C“-'!’C-tl-—? Ha q‘l‘K
oY ¥
—> Ne '+ He
7 M4 R
OTher ré¢ACTIONS wiITh oyxy GEN, And NeOW Nucler wiTh CARDON Could
form ALl The ctemenTsS Vp ro

ITON. 1§ The STRr bechAme uvnsThbDLE
IN The iNTerim 1T Coutd explod & AS boyie PredicTs And Spray

The SPACE wiTh The hefuvier citement which couvtd cplleeT To

rm
The higher GENErATION STATS AS he CALIS Thes.

For & tericAt STAr of retATIVE SuN MRAss, if The eweray coNSUM pTIo N

TATE 1S M@ " BETGS
™ iSeC

Protom -~ ProlON FéALTOPR,
L, The rate s Hicher boT of SimiiAr mAss

Then ;T (s PrimAviiy A

Me ~ 163 eres P ~ JpT% T ~ [0
aw‘sec

The rATES oF reaciod wolil b€ 6REATLY Acceter ATed.
White for A maAss And raTe o4

IOMg ~ 107 €re (o ~ 1075 . T A 2.5xi08
GMISEC

GtanT PhAse.

Wwe ATE IN The helium - Red
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ChaAPTERG

Procortions of The Elcments 1IN A STAR

The wexT @uesTion To ASK 15 1f The hisher eLemenTs Are ProbueeD, IN
whAT ProPorTioNs Do They APPEAR. To Show The cmprp caL D15 TVt buT 10N
e oitl PLel ("‘10“'53;& Met® AGAINST The helium CONCEMTrATION, ThAT 15,
We witl €xhitiT how The HutTunanon 0Ff The hiuher ELEMENTS YuM

As The heliwm (S SIOwLY COM SUumeD,

CUrves ShowiNG YFELATIVE concenTriiTion
of ¢'* 0" And Ne'™ as g

1z
Pratue - < fumcrion ofF The hevium comSomprion.

CONCENTYATION

o’ﬁ

% !
/’E
i

| [+
HeLium -

COMCEMT YATION

The Above GrAPR 13 AT beST AN INTELIGENT Guess AS o The AcTup L
ProforTions . One Problean AS TiScussep A LiITLE CArLIer, 5 AT low TempPerATufes
The C'zfuﬂ,'ﬁ TATE 15 aol {:ocu—rlncmnlgso wt DonN'T reatiy Wuogw how

fast 11 ceTs GoING. Also The hieher CiLEmMmenTs ATE Formed very stowl? Due
To ThetR CONCENTIATION AND AL The he Ltem BUFNS  o4T IT 15 hArd 1O
PrepteT whAT ProPorMonNs The oTher €iemenT S wnll ASsume AS They STAIT

To reAcT wiTh €ACh oTher - ProvibDend The STAT TemAINS STADbLE.

Of & LifT Le mMORe INTETEST. The properTiom oF The cilemenrs ta The
Sun Afe AbouT

c'* Ne o* Ne® Ma™

S.5 1.0 96 5 0.3

The ProPorTion of Ne To O PresenTs A Problem LAl €XPLAIN Why we
€% S0 much Neow- Imorder o GeT esseNMTIALLY A T.1 YATio The
TemperaATure must be very hwwh 7o have O™ oo pver T Ne2° BuT
NE&™® has A tavoe CroSS-SECTION And would 6o FIGhT OM To MAGNESIUM
which oddiy enouch is Kee AbouT 17 % Less cONCENTTATE] ThAaTd Netl
ONe Sovrce of The tNcoNnsisTeEncY MIGhT be ThAT The Nel® Abomnd Anve
it (5 hard T deTerminge TELATIVE To The oThetS becduse 1T has A
hioh tontZATION ANd hard TP S€¢ SPecTroscopicALly,

So we hope UThe Ne® CONCENTTATIOM 1S WIDNG Or €5t we hAve
A LoT OF ereplAiNING TO DO,

We hAve PreflTY  well COveren The €lemenT ProPorTiONS OF PrODUCTION.

Whith The reATioNs MenTioNeDd 0N The Previods PAGE AS The helijum burmy
GuUT ANd The TemPerATUre APPIRAChes 109 "3 The hioher elemenT s become
POSSIbLE 1z, uP TO 1TON. BulT As The TemPerAture TISCS  The NeuTravo
PrepucTion TREwmMeEy More [MPOrTANMT And we Now Twen T T,
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FIRST, howeéuvér we MiawhT MENTION ThAT we€ hAve betome enirossed M R
Sde TCACK §T0M Bur MAIN o AL We SeT oul To Solwve The drifertnTiaL €QuAToNs
ot A STAT AS €ATLIEr DeESCribed by s€eKiNG To Find €xPressions for The
OPACITY ANd enérgY GemerATION, To This €xd We have become bgugep oww
I The NucLleERe FEACTIONS AMd SYNThes s juside sTArs. We will GeT bAcK To

The Problem of S0LviNg Those e@uATIONS N A while but MOw we witt STHY
oM ouY SineTY ALK,

As AM oulilime To DATE We cAM cotteeT The NVCLEAT SYNThests AS Fotlows
(1. Hel (hetiom) wAs ObTAMed by The hybrocen bormie Process white
He? whas ax INCOMPLETE Process of The P-P cwaid

Q}-"beutermn‘ Liihum, Dervtiom, AND Boren we BY-PASSED DuriNe This

P-P Process Anud e So UNSTADLE That They could NoT have reSutTeD
from The INTErnAL COOKING b A STHT

lWe ProPose some MON~Thermp|
Process (s iNvVOLue D wihich 3TtRs The Gog? UP TU The SUrHr-t-; Per haps,
The sotdr fLATes or €xPloSIONS GeneraTe

hioh €nErtay PArTICLES wu ey
bombArE hetivm Apnd creATe soch Pinvegs RS 1iThivm,
(3;.C" o

The MexrT oo HOST ABUNDANT £ LememTs Come drom helivrm
burniMe. From Tas Process we CAN AlSo eer O'B 2 neht

These convenTIANAL MNUCLEAT DrOCess fAre

P-P —= hetlivm }
CNO —= hetium

3He —> 't

"\'{DI‘OGGM burner ; The cATBOM ComMES ‘Pfon
Previous SyuThegises

§ hetium burwers
¢t et —-—7!"!(&1‘1 3

C burners
C)'“rO"‘ —_— 831'

O bo ¢ NETS

We TECALL e onte TRIKED Aboof PoPultATION L Axd 1l STRtS where
The I'S we classified as Those n The AtmMs oF SPITAL GALAXICS And
The 'S were 4 The GobulAr CLuSTErs. The JI'S AYe verty pure of

The heavier €LEmenTS AND were mAde wheN MYDrocen was PrevAttnT. white
The L's Are YouNGeR ANd Tichey M The hibher ELEMENT. There g Some
SUPPOrT 1N Ho¥LES EXPIANATION Thar The Z L'S were # résair of

£ COMDEMSATION %llowwe AN expPiosion of A LI, ByT The SpirAL

ATt ML KT hAve been foRmey DIfFrenTly or The Core of The

SPITAL covld hAVE SQuirTed our The DustT ANd Crap IN Some
UNDeKNOwWM FAShioa., There Are MOThING bur QUESTIGNS here |, we

05T Don'T UNdersTANd how The sTofé GoT ooT $mom The INSiDe of
The sTARS,

wWe rissed 3TePs 4 ANd ‘SS ANd They ATE
) NE°, Na’ Mf]“: AL S from Carbony buRNMING
+

& Hﬁ- AL, S¢ , P, 332' From Oxveen burNiNg
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So wohAT NexT?

WhET AbouT The HAbundance o{ ElEmenTS Arpand mou? CAn The fAbundwnce
be ExPtamncd by Some INTErNAL STELLAr ProCesSS or Perhaps 13 1T Dyue
To AN £xPtosion. ALTer heltum hAAs DeEN burnT we Are LefT wiiTh

1 iz .
PamAanLy 3,0 and ST LoiTh S beine very AbomndAnT AFTEr The O xveew

BUrNING. W€ hAue To STudy S0M € NucleAr ProPeRTies.

]
¢ WANY YO PLoT The PACKIMG frAcTioN AS A tuncrion of A 1o eive

The varipTion of The Avernoe bindine emerey Per NUCLeon, The THindine
ENEey of MucLeus 15 A MeASure of how Much umpf 1T TAKES To KNOCK
T 1T ProToMS ANd NEUTromns. Twmis bindiNG EMETGY 15 el ATED 1O

The bl%‘?cr&m(& ot MASS 04 The pivctevd Antd The SUMO{' The NeuTYon S
And PromNs, 14, The mAss defect AM. This, by CinsTein | 6roes US

The cwerey
B=Amct

ExPandéd ouT tn Teems of The mass of 4 mevtrat ATom MUZ,N) where
Z €@0ALS The ProToMS Antd N The MEUTIONS and ProTon And
NEUTron MASSES Mp AMd My YESPELTIVELY

1

BZ,N) = [mpZ 4+ myN-M (2]
The PACKING Fracho o

1S Then B/A where A 15 The Mumber oF
MuCleoMS, The vaives mp gud My  Are LOOTSY And 1100 BYP regPecTivery
To MmAKE The PLOT we GET SOME ThiMe Line
¥
8 0\ 2
* er .,":.‘
Binidine 1 .
ENErLy 2 9 '
Per o ."
NUCL 0N aa
{Mev) o
L Sy - 's“
-4 |
-8 - L
Fe
-fo , . h . . .
1o Yo &o go oo ito My lep
A —

So how o we E3PLAIN Al Those DOTS!T AS W e MIGhT &xPecT AS heliom

YunNs ouT AMd The Dburser Turmg off There 13 No PreSsure To hotd The
STRAT VP fAnd 1T tor i ilAPSe which cpvSe The TEMEErATUre TOHSE TO
The POINT TRAT MAGNESIVM ANd SILICONCAN REACT wiTh ThemsSetves To
Jorm 3THL hicher ¢lememTs. BuT The coutomb POTENTIALY O ThesSe

NUCleie Are 5o hich  ThAT SOMETRING €iSe MUST SNREIY hnappen before
The TtmPerATure @ €TS  hoT €MOVGh 50 The reAtTIONS <AM &0,

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.
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And | m f'ﬂcr ROT G AMMA YAY TeACTIONS GET GOING To cayse The ?ou,oww(,
3% Spar n
¥+ S —> 5P

3 Z7
¥+ 5 —pr fi,
ENMErGETIC GAMMARS

rpeneFed  Pesmgon QuitKlY EATS The PhosPhorgus Aud
We EVEeuTUAL GET bacKk STHbie SiticonN &8

ar 34 . 28 24 2
STy, R} PR S (g m) Sy m) 58
We Thus GENErATE A LOT 01 ProTons ANd MEUTRONS which cpan BANG INTO
other Nuctél ANd evenTUAL FoRM helium

Where upon The

PtPrmam — Heq

The TeémPéerATure 15 Around 2.2 X wo? °K. or anmmp TAY reAcTioNMS.

&
1§ The TEMPErATUTE SOES ON vP TOo 3wnio’

K. Then AlL These chains
LiK &

t?‘(‘r P} A,( GeT ENOrMOUSLY COMPULATED. The MeT resulT

5 The Decpy Period of NeuTroMS DeinG 3x10% $€c. or AbouT OME houry

SAYs Things hAPPea Premry 8T, IF we o oM uP IN TemPETATUTES

HurTher reacTions become enNdO-Thersit or Thev Absorb €Merey AS Shown
by A deécrease a biNdipngGg ENETGY.

BT The refcTion raTes Are so FasT And furwous PRoTons cAn exish
IN €Quiti Brivm wiTh The P Nucted. Do we have To s hiit our

ANALYSIS To one oF 3BTATISTicAL MechANICcS To E€XPLAIN how The ProTow
Goes ArouNd TrYme To FIND ITS LOWwEST ENErey Level

That 15, To G€T The Number of Nuclei witn A2 AT A Given TEMPerATUre T,

3 3, -~EMAF 3 .
N(4Z) = 6eaz){(2n I"!;hr) AT o e_,a..(i )
‘;\IL

where M = mass oF Nucteus

Mp phy ~ MBS oF provon & NeuTrom
E(A,Z) = NuléAr ENETOY

G(A,Z) = Spim Facior

where we cAn Find The comcemtTraTiOn ot ProTos To be,

Np= 2 {27 Mp k1) eb o MlhT
AT

The NUlléAr Eneroy 1S whAT we discossed enrtieR And cALED B(NMZ)
E(Az)= CMAR +2Mp v (A-2)M |

10Z



Acuarily The BoTrom of our PROUNG Plor 18 nNoT ToO wett Detinep And
IT 15 A TrAde ofk AS 7O whith €LEMENT AMounT such ThiIMGS AS
Fesq, Fes"’ Ni%C DeorPies ThAT MINIMUMVALUE, This minrmom VALUE 15
NOT TemPer ATUré DePenDEMNT AS woutd be ANTICIPATED DuT rATher woes
WiTH The CoMCEN TTATION of CroToOMS Arid Mt—u'rrous‘ Np,Tix.

1y T, np:m, , Then The Temwdemey 15 owArRds NicKeb, We €x pecT 1O
teAch This £QuAl cOMCENTTATION 1§ we STArT waTh §;°% (yhe? RecAuse

Y refctiond Do MOT Chanae The thprc e Nor Do we tose ANYThinG Dol
SomMeE enereat PuriNe (b-beca?.

We Do NOT UNSErSTAN e where The ELEMENTS TO The riewT of The Ll b
Come from. They hAvue A PosiTive binding eMereY AMd  Could mMoT RAve
have been formed by STHAr CooKeRY.

ANOTher Problem IS for sMereased ENETGY or TEMPETATUTE Feb® colippses
bAcK To hetivm 20 WhAT happens AfTer The hour? 18 &veriThiNG ThaT
13 30 ettt CONSTYUCTEDd destroven by A CATACLYSmic explosion |

To add JurTher MiSAppre hension To This wholte confused ANG Problém
Tiddted Theory TO Guys NAMeD Fernman ANd GEUMANN 'NTvoduced A
NEw Theory ON NeUTHIMD Protesses which Threw A PONKEY WreNth IM
This ASTroPhysStC1sTS Theory,
BETA -"DECAY
The FirsT Process we will menTion 1S ONe we hAave been DISCUSSING
buT taitl defFing And maAKe A LTLE cteArer here, Most 6t The &rn-?:cm.w
Produce d fA10ACTIVE Mucted umndérco Transhor mATION IMID STAbLe SPeCIeS
by €misscom of €iTher €LECTIONS or POSITIOMS ~COLLECTIVELY This 1§ (3- decay.

H A NUQel 13 unSTbie BECAUSE 1T hAS TOO mANY NEedTIOMS (T witl €3ecT AN
ctectron. 1 4T WS 100 MANY PRoTons, IT £36crs A Posi RoN, The Jormer
ATE STALRITED DY comversion 0F A NEUTreN INTe AN €16¢TTOM {which (€AUES
the mucteus ) AN A PFOTON. The LaTTer UNderco COMVErsion of A ProTou

INTo A meurrom PLlud A 2031TPON  which 18 emMTTed from The NUCLEVS.
BoTh cjecTed Postivron AN tlétTronts hAave ALL Posstihle velociFres,

IT ¥5 PO3SIbLe 1o Achitve STALILITY AwoTher whAY And ThAT 15 be hAVING AN
ELELTYON ENTEC MIO The NUCLEUS AND TEALT wiTh A ProTOx To SOrM A Néo Teow

The emecoy formed i1n This Process 1s tiberared by £ NEVTTIND wWhich h#S
A Zeto resT MASS. Decay oF This Kind 15 cpited €lecTron or K ~cAPTUTrE
SiNce The e1e CTROM CAPTUre d by The Muctévs GENETALLY COMES %on The
INMET-MO3T €LecTroN Orb)T, The K -tevet.

AN eXAmpe OF el1ecTRON cAPTUTE,

Be + e — k' ¢V
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U RC A - Process

The second Process wonich woe discuss 1S THAT Theomtted by Fevmuman And
Gell-ManN 1m0 1957 The Procesg 1< chitied The

u-u-ur{}(q_ Process.
The Procecs Goes LiKe ThiS

Sosmt CCEMENT o erge 5 DecAy

e + (%,A) > (Z-1,A) +y

(Z-1,A) o (a4

e +(Z,A]} —— (i‘-fﬂ} tE YT
SAYS A ELELTr o 19 Drivepn

INTC The Mucleug
ANd (T 15 ¢Alted The qrccﬁ (Thc GAMbLwG CARY

TAL 0t The wortd | ip Dran, AT
The Time oF The wriTing ) Process because €1Ther WAY The Process Goes
1T Losses A LirTLE enNeéersy, BT 15 A WRY TO Gen6rATE MNeEuTrinos
AN ANTY - NEUTY INOS « woiThouT ANY  Fund ment AL ChAMOGES Oclurtin.
BuT The MeuTrmes cArty AWAY A cerTaiN AmounT of ENETCY | AAIN The
CAME oES THAT T™he GuTS CaN'' hold Vp The STHT ; IT betins To collAPSe
AMd GeT homeR. This ¢¢Ts The

FhoTOMS @oird > belTer y more CLEcTroms
“ET Driven INTO The Mueieus and Poof There GoES

A Superaovac op
SoMe Thine. However, This Process 18 ouvershadowed by &n ALTEFNATIVE ONE.
B This vt Process e t et —s Y1y Produces 4 stramce eHtecr aud
ThAT 43 To  Lisur The Time which T ceoutd occur, Thar 15, The ¢ross Se¢ion
bor This Cedefnnds 50 Lmaftit

Tz Mt (& )( wh-1) cpt ] That,

This Process

T

The Posirrpong

e groe Cemlge of
PRGe AT

. o . MALy € ;

CENET ATED by The ProfToN s Ay Mt-ﬂrlaar?neug“,h Mhe Previovs
A Given T(’:MP&fﬁ?'U.f‘& Tatet=s P'os.Ses.s g8 hiawh rate of
SNErGY loss To The MEUTrINOS |, 1d.

duy q.gxto’s(Txfo*' eo For T > 3x0%°
dt | o

Srdfsec
= sxjo'8¢

AT Tempersrures of The orderot 3x10% K The Fime TO ©€MPTY The
ress of 1TSS Therman ENCTOY 1S,

Therm AL ZMERGY
YAT& O'I: \) EM35i0n

There musT be AN
GoiMb opd, This

R hours

IHPLOS!UN ar ChﬂOb or .é,gr‘-'lé"r}\iNf: Serewy

ProCess hns sheoak Up A Few ASTro~ TheorigTs
DUl wenT UNMOTIced dor A white, We have T woT $urThe Thouh

19 SeeH sO0Me SorT of Credible ex PEANATION. There AT €

A coupte
MOréE ProCesses which we CAN STUL BISCUSS A4S PATT ot Thig
URCA pPRocess,

10Y

Mot For Pubtication
Joka T. Kegr



Tke Process iMvoLuikl A

SitMmLAar ‘r’-rV
A PLASHAONM ‘becm" 1E,

ProdutToN resulTs From
¥ —V+V

MOTE: Lu€ h Ave Previdusiy USed ¥ To DenoTe A GAMMA TAY; here we

©ive 1T The MeANING ob A FuNDAMENTAL PATRCLE The PLASMOA.
This Process wikt G AT The kT PLASMA faeguency,

A{SO‘ There 18 The FOSSIhILITY o; n\f PLAGSMOM INTETACTING WiITh Ap
ELECTYON N The FollowiNG wWAS,

Yt+te — & +y+Y
The Two0 COMPONENT MEUTTINOS ATe MOT INvAriANT umder SPATiAL Refléxson.
ThAT 18 The MeuTrino SPIM 13 ANTI-PATALLEL TO TS Momentum ANd white
The Spim or ANGULAY MOMENTUM TEMAIMS UNChAMGED UMder A SPATIAL a&f'LemoM,

The MONEMTUM chAMGes SIHN, The MEUTYING =5 REMAING UNMCHANGED

ONLY [ we PrREFORM  SimuL TANGCOUS SPATIAL veflenon And chARe
ComddGAnon. Thus

The PATITY CONVErSATION LAWLI 1S VIOLATED by These
PATTICL &%,

A thaRGe CONJUGATION SIMPLY MEANS PARTILLE - ANTT -PATTICLE
1LipPiNG oF NOTATION. LIKE A PosiTron To AN €iéctron. INTEresTING
TC NGTE The MerTriMo WAS ND elLecTricalL Ch&rbe’wllt nOoT INTEY AeT

WiTh AN elecrro-MALNETIC Fietd | A SPin of v pand ResT mass of zero,
BuT )T STt Does A toT r TS NOThinGaess”

SUMMATIZING Our PAIR Probucrions

() e +et —s vty

(z) R 4

> Y +V

3 Yre —>e& VitV
WE AN bloT The raTes of PAIT ProducTion 1o se& which 18
DorinANT ANd WE GET,

11

o +
koo Tenp.

PAR  AnmihiLATIOM

PiAS Mo /;&grpou
e Kt e q 10 1]

T
Loo dens Ty 2:“)
[ =
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Our Problem 15 To €XPLAIN why Process ) 1T SAvored since B xPevimenTALLY

The CrosS-SELTION 15 S0 sMALL LWE cAmmoT obsevve T Howeuer BeTA-De«ny

1S bR Undersioad T A hieh déoree TodAY SiNce The CP charge And  PANITY,

ViolATION YRS been STrAlohTEMED ouT. RuT The exist E—ncc— of NormAt

ReTA DECAY 1S pot CleAr. ThAT 1S To 3AY The d:rection ofF BeTR Decay
Pte = Nty

Derends ond The enerioy of The sYsTemM, rore exPuaiTY Fermi oneimALLY

TosTut Ate b (.s-rmd'{ WAS ANBLocoud o ELEcTromAGaletic rAdiAToN ANd As

Such The g Z-M rAKATION 15 Due To A  TimMe- DEPENDENT TATE! ACTION
beTween The rAdATION SesTem {The ATOM] Awd 1S Surroumd e E-M fied.

The mTeACTION LeAd S 10 AM ExchAnGe of EMETGY betweem The SYsTem
And The frecd.

The Above fEALTION cAN be RewnWen DiilecenTiy 1n Tevms ot The AT -PAf T LES
buT The (eAlTIOM 3 The SAMe

NnNie* — Pty
Thas we can ThinK ot The

rEALTION AS OCCUrtiNG N The followine SChemATic
DiGraM

ThAT 15 There 1S A TYAMSIiTION TTrom A neuTfos Tp A PIOTONMN while SIMuLTAMeous LY

There 15 A TrANSITION Of & PosiTrom 1NTO AN Mew ANTI - NEUTRING, Whit €
we Don'T HMOW why The reACTOM Goes We CAM deéscribe 1T8 ERSTEMNCE

INTErmg of & TrANSITION AmPurude 0 The Two remcnons JosT MENTIONED,

Te €xpress This TATE oF BeTA DecAy AriSiNe by A CerThin TrANSITION AmMPLiTUd €
beroee N Thesée PATTICLE e woitl ADOPT A ShorThAnd NOTATION. 1§ The
Beth DecAY WS TawriiTen STILL ANMOTher wAY, TEMEMDErING To MARE

- chArGe cOMIUGANON WheNn we TAKE The PAFTICIE from ome side TO
T}‘\&Onef}hg‘_’

MN+P s—m e + ¥

' - —
o/ (€ v)( Pn)
G- 15 A coelticrenT whith we ol DISCUSS in A MiNUTE, The

Teenms 1N PATENTRe SIS rEPPESENT The AMPLITIUDES (w."n. ufris facrrs

oruTTED which TEll whelTher The $pin 0F The MevTYon gNd ProTon 1S ewl
OR DownN buT SN IN BOTh Are The AMé ) of B -Detny And Ths

AMOLITUdE Does DePend oM The SPim DiRecTIOM HOWEvET The world
(5 $6 CONSTrucTeED ThAaT The HAmMuTOMVANM oF This TeactioN would
hve AM RMPUTude such ThAT T deScribes A unidirecTionAl TTANSITION

S8 Wwé mMusT ADD The hermiTiAM ¢ondveaTe ot The Above reActTIoN
To PermT TEAL exPecTATION VAIvES 1O be obTAmed,

We wriTe

The
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We Thus Preserve The herminary 0F The HAMILTOMIAM bY W rifiNG 1T AS
¢ ~ = — _
a.[(e v)(PN) + (Np)(ye)]

here The CoefficienT 15 The SAME 8 BoTh  Processes.

At The TiMe 0F The URCA Process PUbLICATION There wehe OTher wenk

DecAY Processes which had To be considered ¥or A COMPLETE DeéseripTion
of The FumpA menTAt Processes. btu*o:muﬂrewt The exisTence of OTher
WEAK, INTEFACTION (e T AN INheremT (oM PLING be neea The ProceSses
wihich COMRMETHEA COMPILIATED The MAThem ATICAL DescrPTION.

Vhere 1S PreseNT A M MuU- MEsSoM OFf MUON DecAY which Goes AS,

tr *sec -—
—_— e s \‘j + v

The NéuTrine Amd ANTI- NECTTiMD EVOLVED ARE RASSOCIATED WwiTh The My-méeSoN
ANd € LECTIOM TeSPECTIVELY, e,
1

M 7 € t Y, + Ve
We CAN rewfIiTE The E€QuATIOM AS
- - . 4
P
The combimen HAMILTOMIAM ANALOGOUSLY To The #hov e = Ve
YeACTION

[V (Guu) + (EVe) (Ve

Ir 15 NoTED ThAT The NEUTriINOS Are NOT The sAme And S50me how They
“YerEmber " where They CAme from, ThAT s The NEuTrimo “Kaows ™ T 18

A Mu-meson NEINO And The ANT —mNeoTriMO  KMOWS 1T 18 AN E€LECTION ANTT-N.

Wweé have STl ANOTher mMod ¢ of TYANSITION ANd TwAT 15 Jor A MEGATIVE

Moon. 1T 15 cAten Muowm CAPTUrE ; The A7 1S CRPTUIED by A NVLLEVS line
The K-(APTUTE, This Process g,

My P — N+ Yy
The TransiTion AMPLITUd & ¢BN be coriiren A9

ar [ (VY (EN) + (NPH (V) ]

where AGAIN The ANTI-NeuTron femembers 1T is A MU - AN NETTING,
Mote ThAT AL The coeFhinents Q' @, a" Are different So +ar buT
We witt Soo s Drscvss There INTEY fELATIONS by PS,

ST ANGTher S €T pt DECAY MODe hAS been PrEBcT €D 1MVOLVING The
Lambdn (A} ParTicle, One Such DecAY 15 A Totlows:

N —s Pte +V
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SuMMAYIZING Those TEARCTION rATES

b{ (ey) (BA) + (KP)(Ve)]
bLCAW)(BA) + (AP) (Y, &)]
BLNP)(FA) + (AP) (P N)]

These €QuATION S Pilus The OTher: Three CONSTITUTE il ot ReTA DecAY,
The Probléra 1S Theve Are ALL COoPLED TO GETher, This couvpliMGg comes
Some From The coefficients which ARe NoT At €Quat buT found To be,
0-' = -c!_?O.,
O = g! wtn T ier 2%
b = {(2Yy)a T 10%
B~ b x 10%0
B o b’ Prefiy well
So whAT Do wE Dol

wtu‘ We SEC WE CAN  ExpRess ALL The Hﬂmth‘)um,\gg IN TETHMS 0‘? Q.Jl.g,’
wriTing The $ursT PATT oF The hAMILTONIAN,

a[ (&'V}L@A;] (1)
A7 (€V)(PN)] (2
ata | cﬂ.v;('ﬁm)] (3)
(290)] (&y)(PA) ] (4}
24a) [ (VL KP AY] {s)
(- 291 (NP)(PA) ] (L)

Now we See where The Probrem reALLy 15 ANd ThaT 13 Rhe cwuPunNo
Retweén The rveAcrons. (tvptine such AS €QuAation (1) ANd (2}

And (R)ANI B} €TC. To UNWOLPLE These €QUATIONS WE Guess AT A form
someThing LIKE The foliowiNG tor The TrangiTion AMPHiTude ProporTionAL To IS

Q { (€y) +{&Y) + [§ (.97 + .an)]} {(Ver} o +[(.¢nﬁ+ 24 A P:lg
To See why This waAsS Chosen LETS €xPAnNd 1T LIKe Wt weuld
(a+br c)(dter §)

where = T (BR) = (ev) t{NP) + (&V) + (STRANGE PARTICLE)
The (ross Term (PNI(E V) dives N ‘*GC!‘H’ {\’,M}(E Y} 6rvEs i decnv,
And ()‘/A)(.N?Jc:wes/u cAPTU e,
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The Probucts LO0oX SOMEThiNG LIKE,

a{ey}(Ve') +Q(c'v)('§ﬂ/ﬂ + 7T (eYHNP) + 244 (e Y} A P}
Q(ﬁ&)(?e'}‘m{ﬁvﬂ)(%#) + .97a (AR Py + STH (LYY (A P)

A1a (PN)(Ye) + .24a (PA)NTE) + QG (PN)(Yu i) 124l PN (Y 4)

a (.37 PN 1 STYPA} ( QINP 4 .2iAP) =
(870 FNICR P) 2l (2q) B NJ(AP) + @ at1c2v) (Baj (Ap) + q(.zq;‘(ﬁﬂ)(ﬁPJ

So we hAve A fehl MESS— well qes Lo The €XTENT we have (mPLiED The
ExisTence of some YEACTION couPliNG DY TIYING TO SimPile The decay
HArMiLroN IN Ouy (NITIAL form. Sucth CEALTIONS AS Gle y)lye)

ANd A (i V}Ll(-V—M,IA) ATE Mow 1MPLIED TO 60 depewdepe om The
AmpriTud € ‘@', Experienct TEUS ol (1) we cAN SybgriroTe The

FERCTION MY whenever we hAave € Y, RBuT This DOesn'T Sotue our Problem.

By MY i Such redclioNs AS q.(é'y}('{:e_) MYST @ccur IM ASTAR 1T IS
wiTh A BeNokd DISLIKE £0r 3om curvcent STEitAy And Moclear Processes
ThaT we Do 50. The Prablenm 15 - how Do WE KNOw The mOMKeY wrench
s 1M The STAT AS WE have JUST Thrown 1T Theve, The ASTIONOMEr
Yerrs o FeynHAN TO GO hAK TO his cRAZY ThinkiNG ANd (CAve HIS world
Arone. BaT ecueni ™is Doesa'T Digcournee R coNeen it Got LIKE ey mman
so he GOESs bAtK T his PaAper Aad SAYS, AL RIGhT You 6uv) Tou Dem'T
Knowd WhaT You See bvT 1 do, 1§ vou doniT S€E€ MY FeAtMo M, wett
1T MiewT MoT TEmiLy €xisT buT ThAT ONLY MEANS The §rmpLctTy of
Bl writiate The HAMtLToONIAN 1S mPAITeED . So H'LL TYY SomeThine
DifberenT,

The Processes PreDicTed Are MoT Admissible AS They STAND bec Ause
PACTY ANd chAfGe Are moOT CoNserved. White ToeeTher CP 1 CLONSErveD,
The whole Scheme Looks bad, IF we <ootD 1nvenT & way which The Charoe
Sien coutd FuP drovmd wWe wovtd be B3 ALltichT, 1§ we tefle of The
Whote Protess tn A chAvoE-PATITY “Time {CPT) MIFrOr & MiohT hAve
SoMeThinG. The cANSTAMT Phase FACTOr we INSEPT Need moT be fefl So

for eAch Process woe INSErT A cofrespondinG Phase, .,

« e = in ¢ - s . .
o.{ (Ev)y+e (mY¥u)+ [P( AT7e N ¢ LLue “’m]} {(ij +e‘°{&/£}+[{-‘i?€'dﬁ+ .zqé‘“ﬁ)?]}

BUT we culd JusT AS we 60 Throvph AN  ch ANGE The PRASE 1elATION ON i,
N aANd A Tp Nuit ouT The effecTs ef © A, respecrively SO (oe donir
Do ANY ThiNG,
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Suppose we LeT loose BF The 1def That weé waANT A ProducT of These
teacTION for ur HHMILTONIAN fid €XAMINE W hRT would HAPPEM T
Chmteide The PhASe on JusSTOMNE eQuﬁmoﬂ'Sﬁ‘r {3). We coold wriTé

a[e“’(ﬁ Vol (PN) + €70 (N P) (ur)]

WelL , whAT did we Do ¥ We ecasenTiaty chanoed The wave funcrion
of The Anti- MuoN , 7L by A FhcTor O, BuT This messes uP EQuanon()

al (e VI(Vup) + (& V) (73"’] “
AN W€ STILL BONT hAve much $0 1T TIHE T8 QuiT ANd Think More AbodT
This,

et There 15 AN VMNRAPPY ENdInG To The Thie 1 LWwAS TELLING LAST W EEK
TwATt MEANS | hAve BEecn unAble how TO ceT A SATISTICORY resulT.

We Theonzed The ex;sTence of A (V] INTETACTION in {5-DecAy  DuT
we htve foreoTén To MENTION £ cooPie 0F Thimes, We Triep To wriTe

The comPLeTe PROBADILOY cutrenT AS The Prooucrof The $uM 0t The
Tweo Travsinod AMPLITODES, 1£., The whve fupeTion ANd 1TS CONLIGATE ANd

GoT SomeThine ThAT too ks (IKE
“(€v+ay +PN+ PA) (V€ wYu + NP +7p)
TO A SimpirhED A PProximATION.
We  Tried YArious Fhase COrreEcTIONS : ThAT DIDW'T Do AN ThiNG., TheM wé
looKen AT Thc SN INdiv WU AL Processes ANd  Tried T chanoe THINGS 50

The COUPlinG 1S FEDUCEd by INSErTING SoME complex 'S or SomeoFher
sTu

AMOTher ARwp APPFofich , Lmich | ForooT TO MENTION, WAL TO Do wiTh The Theorizinie
of B PATICLE DenoTeDd by W which covPlese ALl The CurrenTs AMA ExPLANS

Their behavior, i we wriTe
(evraytinepn) W

where we Derict The INTerAcTion N A FoyNMAN Dirgram,

Since W haseh

e A

Soppary o $Tbeen obgeroen OR ANY SUBSTANTIAL ¢, dence Discooere® 1o
ST 1N GX-!S?'ENce‘ We DON'T FIND Moch help heRe
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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. 4 J
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.

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

Interesting Feynman came in from this nuclear
synthesis perspective which is a different path than W~
from unifying electromagnetism. Typical Feynman
like his sum over all histories approach to quantum
theory.
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ALsO wheN We wroTe Tre (PN} JNTETACTION We IMPIY $OME © MALL

SCATTEriING €HfecT DurinNg (>-DecAt, Because PATITY 1S VOLATED i

@"Dc-cav we musT EYAMIME NUCLEeRT TYAMSITIONMS 1 wihieh A vErY SHMALL
PATT 01 The mucicon forces Are MOT PArITY con Served. ThAT 15, we

look AT The mocler tevel For TYANSITIONS which Aré IMPossibie ¢
PATITY 18 CoONServeD.

{=}
AS AN exAmPie comgider A 3TATE of R SPIN 2 €ven PANTY buT 1s NoT A

Pure sTATE And IPART 1 107 1S sPiMt Odd PariTr. 1§ The PAnITY IS

A LifTle cockeved B LAMMA CAY Wil be FrTIED AS T MAKES A TTANSTION

To A SeiN Réro EveN PAMTY STATE. 19 PAMITY (5 vioLATED we §shouvid be
Able To deT&T Which way The GrMmA IS CirculBriy POANZTED . The whoe
Thise 15 MBT CLémr ANd even (F This Thine €xiSTS I§S NoOT CLEeAT h 0w SteniHeANT
1T 15 ™ {PN] TransiTiON.

I Trico 1o DNE, esTADUSK some besuTifully S1MPLe or NATYFAL Sorm of The

TransiNos AmPuiTude And, hoo, T CheckK Thes € gMaLL MATTIX ELEMENTS .

I could NEMer €1nd A SiMPLe krm or B NosericAl check. Thus ot& Conmclube
There MoST be A crass Term,

i



CHAPeR. T

NEUTRING PROCESSES
.Y CHIu

NEUTRINOS ACE 1MPOETANT becAUSE They ACT AS ENErsY SiaKS becAusée Thear
MmeAsm Free PATh 1S AbooT 1000 LIGhT YEARS. Thus The STAT 18 TraNsSPAresT
To The NEUTRING,

The UitA Process
The Loss of enerey due To ord INARY s dEcAY s cAlled The URelH PROCESS.

(,AYt e — (2-1,A) + V¥
The €LemenTs wohich CONTTIDOTE MOST o The UrCA Process Pré C5% And 3%

NeuTRIMD BREMsSSTRAhLON G
The Theory of FeyMman AMd Gew- FIANN  describes The LaeAX  juTerACTIONS
AS PRoduced by A courvesT whick nTETATS WiTh 1156, THE curfenT,

J= (eVe) + (PN} + (uvu)
INTEFACTING wiTh TSELF Producés The TreéATIONS,

-p- —_— Pf?_‘j + _Je_
M erTVe + Y

{ P, m} (P'n}*

G, Vad Ca, el

(P, ) L, Yu)*

Le Yei(e ve)t

The SQUATE TefM ProCcess {e‘Vg}(e.Ve]T becoréSs 1MPorTANT When The Thormal
enery KT 15 of The orderod The elecrron MASS yhE, M 0.8 Mev T~ TAIOTOK
ALSO (V) (m¥ulT 1S 1MPOFTANT when KT 15 AboeT ThaT of myuon, k= mmw~ /06 Hev
And T ~i0'°K  becAvsSE The PAITS ATE 1N €GuiliRRIum wiTh The PhoTon

Fieid.
PHOTO - NEUTRING TPROCESS

FOr A TEAL PhaTON,
‘(fe,"—-beﬁf'\)e_tVQ

PAiR ANNDILATION PROCESS ( TEMPErpTOrES > 10% °R)
The AnNihiLATION oF AN ELECTRON-POSITRON PRIR w10 MEVTRInOS.

FHE PALRS Are 10 ThermodyuMiC EQUILIBTIUM WITH The ThotTONS )"/
beCAVSE The Tike ScAie of PAvr Prodocnom AMd AMMchilgnon To " P
-
PROTOMS 15 Moch ShorTer Than ThAT BF AN NegTrimd Process Ll -
-~ Y
e e

PLASMA  PROCESS (Hieh p,TemP ¢ TO9 K}
Alree Photon CANMOT dECAY (NTO NEOTTIMOS becpuse The decpt of A Zero
MASS PATTILE jp70 TWOO0 PACTICLES IS forbidden bY emerev—moMeNTUM ConservATion,
M AN ELECTRON GAS PhoTOMS MAY APPEAT TO hAave ACEST HIASL, The récATION
beTweEeN The freguemcy w3 And The (oAve MUMbeR K 3 for w» We (The PiAsma ireg.)
‘F\“w‘ 1 tll‘-oo‘ + /k‘i.cl
IM Thas cASE A PhoTOM mAY dEAY INTO & NEOTVING - ANTL NEATRiIND PAIR,
The PAIL Process 1S ImporTANT iM STettAr COLLAPSE AND PLASHMA Process M The
crepation of whive dwards,

e



EvoLurTion of STARS

We ferurn once AGAIN, To our MAIN Line oF DiscusSIDN And ThAT whAs O
solue The Four DifferewMiAil € QUATIONS wE F1rST TOOK. UP o N PAGES §9. Awd go.

Wwe Needed A KNOWIED GE O The OPACIT? K and €NEreY GEN ETATION €(R)
IN order 70 COMPLETE  OUR DISCUSSION

So TO STArT off N AN UNCErTRIN WAY AS TO Aow The G AS C(OLLETS w€
MAKE Two RSSUMPTIONS !

(). The sTAr DYES MNOT ROTATE

(31). The S$rAr Doe€s HOT Lese MASS
The firs T AASeMPTION  (Ould LeAd TO QuiTe AN MPOCTANT Osussion becpuse
A roTATENG STAC CANMOT be cQ ML BRIVM, This MEANS convecTIve ToaIoMS
€157 which STITS The GoopP VP From The cenTer Aud M AKES A mess ooT of
Ouf cALlCRLATIIMG,

We Bean Thow wiTh A SPherficALLY SYMMETFIC GLoP of A5 whith a5
i unNdEr GYAVTATONAL Fofce ANd ReATs uv vnder The mPressive For, The
HryT Probiem S ThAT This  (aNTTACTION IS very TiM € DePendenT #Nd hows Loni
The stutd FloATs Aroudd 1S ANYbodY'S LUeSS, FurTher, we exciune fvom

fur constder ATION D YNAMICALLY VARYING STATES, 1E, AT B GIVEN TIME WE WONS 1 der
The STHF T be M AYDIroSTATK €QuitiBRIuUM,

The STAr COUAPSeS UNTIL The CoMPressiOn STOPS becavse of & The ToemPermruce
Tise ANd The mASS bownces AnNd SeTTLes DOwN INTO The Pre-MAIN SEPUeNCe
STHGe. The TemPerATUre 1S To0 tow FOR  pucléAr TEACTION S0 1T Flodls
Rrountd burT Afrer F While heAT LeAKS OuT. The. cONSEQUENCE, 1S TO ALLOW
The STAT To CcolLaPSe cAvsiNG A heATing ANd A hioh Thermal GrAdieni
And OPACITY fesutl 1T 18 Now Above AdiABATIC comdiTIONS AND , There fore,

WILL coNV ECT Throvoh oot The STAL BuT A SATWSHRACTORY ComvecTiOM
Theory i$ NoY WNOWN TOo EXPLAIN This Pre- MAIN SEPUENCE STRGE (nhere¢

NO TEMCTIONS hAVE YeT bhegun. The firse sTAGBE of The STAF cau be
depicTen iIM The POLDw NE H-R (HErTE-3Pruae Russetl DiAbGram).

PRE-MAIN SeQuencé
TeMPeraTure T0o0 Low To
T Lo& Lun, SUSTAIN NVCLE AT TERCTIOM.

Glops coltecT ANd FinALLY
SENLEM AtoNs The red

LiNeE with The LIGhT ONES
1T The bo ITomMm,

HYS



AS The center GeTS hOoTIER Due To The CONTRACTION or ComPressive Forces,
18 becomes TrANSPATENT. The BRit TEMPERATURE GrAdIENT MO LOMGET EXLLTS
ANG The coMVECTION CEASES. The TEMPerAiTure AT The SurtRce, however,
Fises be chuse The vAdws $ShrRinKS,

NuCLeRr TEACTIONS beoin AN The LATbon T PRESENT bewins T burd, Clpypetd
And The NiTrowen PATT IS0 Goes | N"‘”’,’G}O‘§ The MITrocen burnide 1S
VETY Stow, The cvete GETS STUCK. BuT as The ' burans The 0pAOTY towers,
MOr ¢ heAT €SCAPES, The CENTEr becomes MOTE CONYECTIVE And wnil burm

whaT CRremaiNg AT A THSTer And FASTES TATE, The TemPerATUre (I1SES.
And we STHrT The hvdroacen (P-P)} c¥iie Andd The gTor becomes #A

MAIN SEQUENCE STHR, This occurs Abodl S yi0’ venrs And Abowr 93 % oF

The €nersY 15 From Ths Nuctenr ReACTION AN The GrAVI THATONAL

et T 1S €SSENTIRLULY Goneg., This 1S for & STRr of MASS AbooT ThaT of
The SuM. The Seq@uextce of eVeNTS CAN Be Shown iN The TollowiNG Disaram:

hog, Lum.

.
1'1, N purnsoT

-/-'ﬁ DG O Burnimg =

i

13.0 13.5 14.0 .5 15.0 5.5
A

hOt,, Time c5€c) 3xi0' veArs

The nATure oFf The Surface depends To A LACGE Deoree on The CoNVE(TIVE
feioNs beldw And Thig becores vely COMPLILATED, The thANGES 1n cChemca
COMPOS ITION (oPﬁmv}, T EMPeCATUTE GrAdienls €7C PLAY AN IMPoRTANT PATT
I This Process buT we JusT Don'lT KNow ThAT much AbouT Them. whe

Do Kow ThAT when CONVECTION STARTS The veaddvsTMenT 0F The mMmATTEr
REQUIRES GTAVITATION wOTK 30 ThE STAf cools MSSEEN Durinte €2 bor NouT
The P-P reacnod The commences atTér The CONVECTION STOPS 1.5, whew
There ATE NO hiow TemPer pTUFE OF Ad1enTS Lefr f ’

For more MASSWE STARS The O burmine cOnTINVES ANd The Oré TremMAIMS
CORVELTIWWE Sco ThaT The DiwgTribution oF STAS “"F'num&" INTO The

AN SEQUENCE .DePENDS ON ITS MASS AMd The recomsirtfhos ot The
Process ANG AcTUAL Observed And PLOTFED MAIM SEQUENCE STHTS (S
ATAZGLY close}
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Evolutiorary Tracks off th Main Sequenoe

W P i L
. e 1k A

hog . L 1\

Lo, TEMP - = . oy
| e [ L, ] B = -

The DisTriboTiont of STACS AloMe The MAIMN SEQuUenCE 15 MOT Sensthive To (OMPDIITION
ARwhY from Twhe tine AS (T s ALONG IT 2., Smaul

wopld Move The sTHY UP Oor douwn The
of T very £Aar

FLuocTvANDAL N cOMPOSITIONS
Linkg A 1T BT T weon'T GeT ot

ONEE The STAr [ANdDS OM The mpiN SCQUENCE 1T 13 FELATIVELY Cfitm AS 3T

burNs TS hvdroceN ANMd 3175 Theve for AbouT 10'° YEArS uniess 1T s

A very MASSIVE STAL Mow wé Discuss The Drfferemce,

MA Se@uence STARS

We SEPATATE These STACS 1NTD
ay.

T ¢ @roefs :

UPPeYy MAIN SeQuence — CArbom- 0xveen - AbTrocen CPote PrevAtenT

(2} tower mMAn SeQuUENCE —  PROTOM - ProTom cecie 1RPOrFANT

STRUCTUY ALY ThedSe STAES ATE DifferenT AS Seen by The FEACTIONS OCCurin G,

The Lower MAIN DEQUENMCE BTAYS Liké The SuM hfAve A Much Lower core

TemPeriTure And #uch hiGher cemTrAl dens Ties wiTh The €ore 1 am rAdifTIVE
EQUILIBrivM IMN The P-P PROCESS, There 5 A1S0 AN QuTET CONVECTIVE Shetl
OUTSIDE The coft. The ChemichlL QM pOMTION will VAMY wiTh Timé ANG AL1SD

TARLLY OuTwird 3ince The Yate oF burnin gy hY bro6enN dePends on TemPerdTure
Whith decreAsSes puFunrd.

The uPPer MAIM SEQ UENCE STNTS, OM The DTher hand, hAVE 4 Gomdeer CONVECTIVE
Wré PUIMG The CMO C¥CIE SO 4T 15 wElis STITreD uP. The ouISibe 1§ N

TAdI ATV E EQUILITIUM . These sTHrg hAve hioher lemiNosiTY Thein The LowesS 30

IT burd hyDrosen tmwster AMd Thus Doa'T 1AST AY LONG.

A oood Theory of COMVECTION 1S Meeped To0 UNIECSTAND The MiXino

A<TION. R PACAMETEr CAILED The mixinG LeMGTh has be concervep To €x plhm
how Deep etch LITTLe (OMvecnve c€tl 15 pnd hepefully Explam how

Such ThMGS AS LiThive 6eT To The Sourface of The sum. PresumabLy

The cooter sTATS hAve ThicH er CONVECTIVE Core s, BuT AN A" TemPerature
STAT MuehT have A TAST FOTATION ANd ANGULAT MOMenTUM SPITS ooT

MATIEr wiTh hiclh ANGULAr veteOiTy ANd ALl SorTs of sTufd,

HY



WE CAN Give A UL IdeA how ™MUCh cnered The (OMUECTIVE Lorré
Produces 1M ProPorMONS 1D The réST o+ The STRr And Alsp

Show The vATIo of The énerey ProDucTion ot The CAtbam c¢ictie TO
The ProTonN - ProTON CYcle,

F 5.0
wehpl— — — o - . L . —

I LthNOSIT]'

o 14 3.0
sun MASSES

The corve S/t Shows The care 1s réspansible for meariy Q0% of The
ENERCY Probuction pahile The Carban ANd ProTod CWile Are ATe

EQUAL N eneEreY POWES GENETATED AT Z2M@, For sThars of mASs 1SMe
Nefrly hAtt The MASS 1S 1IN Thé CoMvetNVe core.

The HYDroweM 15 CoNsumen ANd § helium core 15 -Fornco. The enepray

EMETMON N The cofe STOPS , The TEMPerature GrAdieNT cANNUT be AAmTHINED,
An ouT¢r hyDroeeN shett $orms but The rAP1d ChANGE (N STrocTVlé

CAUSES The STAT To MOVeE AWAY from The MAIN SeQuence ANd 1T EnTers
The RED GANT PhASE AS A heliuvm bourwer,

The next lecture begins with population I and II stars.

Population | stars: ordered motion. Population Il stars: random maotion,
Circular orhits in the disk plane; Eccentric arhits passing through disk
yvounger, more metal-rich, plane; older, more metal-poor.



TodA¥ we Ace Gome To TAKE A Lone TOour of The henvens agnd describe
The charatTer o The sTATS AS S€eN by DBServers 1odAy. This foltows

Srom A discussion | hAd LoiTh JesSe Gré&nSTEN Thas MOorMAING S0 The matenat
1§ NOT Wwetl PieesTEd byt 'Ll LearM MOre AbouT T AS MME o&S OM,

wie DwiDe The STATS

IMTo TWO CATEGOores ~ PoPulATION T And T
PooutATion L

CoNSIST ot These STHYS N The SPITAL ArMS, They ATE
Youmber AND hedviér i The higher meTALS. Thet Aré

Setond GenErANIOM ANd Surrbund us and Provide A dood

Sovrce of MATENAL For ObserverATonS.

POPULATION 11  Thest Ae The STAYS COMPrSING The GAObULSr CLusSTERS.

They PAss verTiallY " Taroveh The ALACTIC PLAne And
ARE <ALLED Weh velonty Tietd sTARS. These move by
HS ANd 6wy 7T€ Dur sovice oF DATH.

We BB Beoin wiTh The Pop. I'S  ANd  CATEGorize Them 1M The followine
way

(1. MTAN SEQUENCE - TheSe e hve PrETTY WEIL DIScUsSED ALIEADY.
{2). Red GIANTS ~ These Are MASIIWVE STArS which hmue BroKeM ©

The MAIN S€QuENCE AND SPrEAd oul VermeAllY {S€c Mexr PhoE )

ANd The 8PreAd 1a LYMINOGSITY Dépend oN The SPLIT IN  cOMPOSITION |

@1. The M STArS Are Normal ANd follow g The STEUAT evolunoN
TO The riehT

BYe S STMRS have heguy clements ;v odd Proporpions LiIKe

LAMThaNum TO IROM 1S A bouT A (00 TMes ThAT IN The SowN.
We comé BACK T ExplAiN Trig LATIER.

@l The C sThTs A&r¢ The carbon Tich sTATS, 1., CPO N
ParTIcuinr AN G PRt g akouT Y2 for The hwhesT
CONCEnTTATION AND Yoo for The oTher bur Yo 15 SHK

f toT of C3 To hAve AToumd. OM EArTh 17y Abour Vs, 000,

The S-STATS #Cé¢ dNUS vAL

IN ThAT 4 CerMn AmounT 0F TechueFionm
hAs been obServed

tN The ATMOSPhere, Suce Tc has a4 hfaf-
Life of 10% YEATS T MusT be made I The CoRE NOw Aad DE

cATTED TD The gurtpce IN Some yukNown FAShIOA.
The MASses - of  The STATS Are Aboul Y MO

€3}, Souper- GIANTS These have mass 0~ 20 That ofF The Sua

(4}. WRTE DwARFS ~F These Are remudnTs ot borned our sTTS
Thewwe pmi6hT EAPET SomMe ;h&rfed € bers bows beipw
[X1)
The H-R Diperdn AS coobk -s‘- STATS,
(8)

ONe odd bALL <iftss of STArS Ate The Maonenc STArS. Thes ¢
have strome MAGNETIC F1eids whith €xcITE or AweleraTe PArmcies

TO vetoames MECessAryY for MNUuCLEAr YEachow,

Ho
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! whire puwarks
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a— blue R Redder—>
TEMPp

roN Down oF The hAPPY STATS NOW we w ANT TO

THAT 15 A Briet
Discuss The rear odd bALLS - The VATIALLES, We clpssify Them inTo

The foliowiNGe GrovPs :
(1. CePheid VATIADLES - These fRE ver? Pertndi1e 1N Ther fLutTvaTon
find o3QiilAmoM IN PEnpds feom 1 - 70 dAY S . Nu mpss is KNown

for Sure baT 1T 1S be lieve To be fyom 3-10 No, The pertod of

is ctuen by
3 tomMSTANT

‘{(n, deng Ty

B? A DiMeNSION AL ANALYSIS WE CAN ATOuE Thi§ retATONShip.
Mod £ oF osCiLi ATION The

Thes¢ OSCiLLATIOMS
P, Period =

H+ The smar 1S uu&cffomca A SPherichl
NorMaL mMod e of uibpaTion hAS A fveguency AbouT egual TO
The SPees 0F LIGRT LotTh
= R' Radivs
“Ustoc ity oF Souud
buT The LEIOCITY can B¢ ¢STIMATED From The Kiverc ENETBY
EQUALING  The GrAvITATIOMAL TOTENT IAL EMETLY SO

vt &M
R
Thus, P = .Rl;‘_ 1 - !
1M ""T/Ka i (.'»

A



We Don'T MeAn The whele STHY

15 PULSATING bulT rATher The suTer
Shells ATe MAKIM & The refil MovemMenT. 1T 1S LiKe SMAPPING A

WhiP ] The SRCTION IS (NVANART AloNG The radias so The Typ
MUST Move

A LOT SinCeé Theme 1S S0 LITTLE MALS Tp DISTURD,
The STArS Are Thoue hT T bBE burnine heiltum

IN LtYeren Shells,
ANd S€em TO pe wtil observed bur one Cepherd S'roppc-d COMpLETELY

AbouT foUr YeArs AGD And hASM'T Kicked VP YET., So Do The?
STATT ANd SToP? IS There A dribr N frequencies o oscrtinnon

t Thet upey 1t The direanion of An expAnd ine omiverss, e, TOTAL
hicher VELOCGITHES,

(2). Dwhart CePherds - These are Frster PulsAnmG Q.1 DAYS. IT 1S

MOT Kaidwa where They £atl évotuTIONATY wiSe, 1§ They By 0 re
dense ,They woutd htvée ShorT Period s for Tre Above ReAiSgM-

(3. The long-period VATIABLES TheE 1S0- HS0 DAYS Per cyclé snd
These Are moT PerfecTly reéGuiar IN Therr PUlsATING.

G, RV TRaurij ~ These Aré SEmi-Teoulfr or GoiTe 1vreoothr wi Th

SO-150 DAYS 1N R Periop, These have Shoek OSCHLIATIONS [1.€.,
The OuTér Shelt comes down o The nmwer STudf BNJ seTop
Shack LAVES, TnfT TUM VP Ad DOWN Twrouoh THe sTR.

(5}, W.URSH MINOR - These Are & wours in PeriodicY And A re binpry
STATS 1IN CONTHET TOolUMNE AbouT €AchoTher,

(6}. The Old NovAae Are stars ThAT Flfire uP TD HMAY be 0% TIMe The
Lubinos (FY oF The Sun Then PETEr OuT. They Are undérstpod To bhe
old deuhie or LINATY STATS 1M conTAT rdTATING AT vety  hioh

freQuenaies; v FACT They are JusT Fit2ine. The Perods a4re A

Few MmmuTes; b, Therr rAdiUATe 80 Smatl The FveQuencies ATE very

FAST. While MeNTIon ING DINATY STATS There At e Dindry whiT e

dwarfs —oME wiTh A Period of Hhoors 3% mMINGTE S. HroThe r wiTh

AN EXCEPTIONRLEY TEGUlAT (1 PAeT in 1077} Period of trumnoTe

MERSUred ovEY SEVErfy YEArS. IT 15 Betreved) To Arve B S1iGlaT

bumP gl TS surfAce ANd 0S CILLATES AbouT The PerturbANON
LKE A PENDuLuM.

(7). FLATE STATES -simiiar To Npvae Hare vP o A 4meror o+ S0

before PeTrrng our 1w A maTer o+ Y hours. Acrupiiy Trey
Are calied M-FlAre sTers And why cbol STHeS do This 1S
MOT X MNOwN,

AnoTher (LASS AS The PIAMETRTY Nebulle whith hAave wery hoT cenTEerS
LiKE A LTTLe WhiTe dwhrd Surround €d by 6AS, The freguencies Are

dibferenT . This sTHr M3 7T MIGKT be A PLACE D < heck $or The
€XISTENCE ©oF The Cevi{ev) TETHM IN The G-dechy.
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The doubling iN lUHiNOSlT‘I":.f_‘ Tweo VALUVES AT Aboul }{_“ iN TERPErATUrE

'S rMTher CommON bUT MYSTENDUS AS T WAAT The evoluLTION PYpcess 1S
. Thrauehh This PhASE.

The red GAMTS burn oM The maid SEQuEnceE AMA  MOore or Less ALl REGATE
IN A Clugrer. These STRrg Are MEeT R deticienr; The vaTio of meras 1o
hrdroecem 13 A 100 TimMES LeSS Tham The SuN. They Are GEeNErALLY

low roTATION AMd ThEre Are NO close biuARy STARS, Even o uaries
ot LAree SEPACATION ARE C(Ate,

TS GSTIMATED ThAT Bo% of The STACS Are Pop. H whit& i puy miciniTy

T 15 The ofher wotv id Favor of The Po?P. 1's Sidce wie Are in A SPirAL Arm,

The $TArs DN The Prévicos diAerAt fre Ctassifted IN The $01l0wiNb CTOUPS:
L The carbon fich ANd There fore

2 W Viraingis STrs
ThtT Thevy Are
Shte period.

3. R.RLYPAE - The comPueTe dimPmic CALcuiANoNs of Therr Puts ATioM Are
Known. They have been workeéd oyt pn g womPyter And They £l cloye
To The mAThemaTicnL vALUES. (T 1S NOT KNOWN Thooueh 1§ They Are

INCOMING of OUT Go N helwr borners . There 13 8 ¢ gp which we ARt
€xPLAIN A YET,

L Tith 1n heavy clemenmTs.
Ate reAlly Pop T CePheids . Ther f#ré Periodic ex cepy
A £hcTor o Jar sy LESS INTENSEe Than PoP T 'y ofF The

4. The Red Nouse #re TATE And Thel MianT consSIST OFf Some oid Pop I's,
. LPVANMABLES hpve dibherent distribyTions A5 A ';-umc'no;u ot Period.
Fivauy onky one PIANETReY NEbBulh s KNowN IN Pop. I, See below
AL hesses Are 8F The geder ot - .15 Mo becrose The henoy OMNEY hAve

Barned ouT. The 7S M@ STATS Arec The MosT NVMErgvs STRTS IN [he

Unwers € They JusT S1T Thewe and Born Aud burn And burN. IN Thil Grouf
Thenre Are wmo Kunwws STATS Above 10° Lo where PoP. I Novae can Flare
UPT A hieh AS 1077460 | o

Super Novae
The LAST &ToulP® we wANT o MERTION ATE The SoPErNOVAE ., These Biow Y TO

AbouT 1% L g They hAPPen AbouT omce Bvery HOd vears And We Are dué
SINCE ProfT LAST OME OCCUTTeED AbouT 1550 whel Tycho Brahe obsevved.

Thett 40 ATE N0 PEC SuPEr- MGV Re oblerved Like Pop. L novAE ThaT omiy
teAch 10° Lo And Ll AR IN A CLUSTER,
There ATE Two TYPes oF SuPErNOvae -

Tyre | which ocivr 1N PoR. IT sThrs

WPE 2 wWhich ocur i Pop I sTags
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NOT 1dENTIFIEd wiTh ANY TEGION BN The H-R difaran.

TYPe & SupPermovhe Are
1085 - 10" Lo whewn The blow uP

Thewr aritsin 15 Uil KNDIWAN. Theyvk ¥ANGE fvom
And LAST AbouT A it #onTh . Twe Powkr LIBETATED 1a The form ot LiohT
1034 -10%Y eres

IS oF The order of 105° B66S . The Americhn €XPEYTS CLAINS ThAT
are LiberAred 1M The ACTUAL €xProsiod To GET ALl THAT UiewT 6uT HuT The
Russians And FevmmAn diSAGTEE becAuse Thew TRLK ArbooT ColiécTyve
electvon mMomion ANd dewtT NEEd The exTr A PAOEYr N EXPLAINING STMChoTroN
fAdiATION . BuT 1f we ASSUME SAY 1059 €ros ot Power coed
Mo, Le., Convernne The Sun INTO rAw EREfY.

This 15 QG UIvALENT TO

JP IN SMmoKé,

TYPE | PoP @ SuPerwoufe Teach 10" Lo which corres ponds To The
ar dev oF MAGNITUd e of The TOTAL wrnnosiTY oF por GALARSY, This LAfeE

MASS 1n The Form of radiATION cRWeS The LIGhT TO be benT And 1T RS
AbhgoT Su dare for 1T TO blow Tsetd ouT. There Are €MiSSien LIMES which

discinses Soeme VMKMOwR SubsThNce cAtted X which 1sclose 10 hedrosen.

The vemMANTS OF A SUPEYmNOVAE (AN bBe Seen IN The form ob The crab
iN 1054 And vecorded by The chinese . ByT

MEbuise which biew VP
The Evropens wére sabar INTo The DATR Roees NOT ONE sCribe recorded ik

Multiwavelength X-ray, infrared, and optical compilation image of Kepler's

supernova remnant, SN 1604.
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One 1ded Presufposes The €xi1aTence of 1ron i1N The STEULLAT AT MoSPhere,

Then Some o Ther ' Process Proboces MEUTrom$ | SAY ek, M) O wshiek
Ate very Stow. BuT A T of Them hiT The irom. They Are Absorbed
Ad The ATOMIC mumber & TANTS To Climb witl BETH- DeCAY tnsured The

tharee Murber (orresvomdence, It 1S ReatowAble To ASSUME Thew AfTer

Rlome e&ndualin Perind of TiMe we could boild uf To urdnium. 17

1S betiéve d ThAT collAPSinG Cofés Produce JUomMS st NeoTrows Awd
Thus Prodides The mECess AT SuPPLY

However, The elemenT EuroPium W AS A hiekh Cross secTion AreR Tor
MNeuTrens ANG WE WANT To SAY Thar we would have few of This
ELEMENT T CAPTUre S MeuTrens So fasT T 1S conSTANTLY chamoine T
SOMETMING €LSE. The rATE AT which T Processs TAKes PiACe 1S

Ewemn kv R: G..TLN

N ts The pombper of NevTrons CrosSSinG A umT Brea each Séwnd
TRAT 13, 4T 15 4 Neurron Frox Awd Thos ProPorMonAL TO /o | The
CrosS sectiont of The Mbdorbine ePectes while Y 13 4 number
demsTING The Bt NUMber oF wUCLEl of £hSar bing eteMENT Per CC,

wheére

IT IS HLuSTrATIVE TOo Show This dnaming 0P AFRedT 1§ Ne 13
PLOTTEd AGAINST The ATDMIC NuUmMber:®

3.0 4 \

ﬂh No

Z.0 -

Lo

- g

8o 00 4o

There 13 Je'{'mtfc-t'f A bumP AT M0 45 where Te nedrong Pibe v P avd
WBIT & whtt bedore Thex Go  Ardund, Thes The ElemenTs BEYORND The
PoinT FALL ofF I8 No. AT 1y There Are TiohTlr bouwd WUclél which
cavsey Twis PhenomenB, Thus A locicat dedvenon That d1fferenT
PLACES IN The UNIVErSE (ooutd Show dilferent " deorteS of bomp.
WiTh The old SEcTIONS SPWIMG A SMRL bump SiMce They hnd

A lone TiMe TO woOrK Thoueh. (ndeed, This 15 The cAsE Theredore,
The NEUTroN BombArd MenT (defr Seems To hold WATER.

12



Spallation

TodAY RepreSENTS E3SEMNTINLLY The 1 AST LécTvre ON STELLAT STrveTUreS, ThAT 1S
To SAY e FINITE (APACITY To DieesT an mnFiNiTe AMIWUT of MATEr (AL hAS
Reen TenChed, whité | Am v The Process of ﬁndme o uT whAaT Some of
The FeARY EnThusiASTic Theories AbouT STEUWAL ¢voLuTnRN Ave, il Procesy
hione our PATh ofieinvALY ouTLingd wiTh A few ~odiHicAT WON dut TO Some
UP dATed KNowWtéd o e which 1 woill ACGuUIréa

Nuclear synthesis of elements higher than iron
One (AST fiteA we wovid { IKE TO d1ScusS dears wolin NUCLEAT SYNThests And
how The hepuvier Tham IToM ElemenTs Are formed. We THLREd Aboul
The CNO cvcte RN How 1T is difficolt tu mepsore These YATIOS .
AlSe how som€ STATS have Tom Much or Tho UTTLe i from The Three
hYDrocen buritte Process. How LiThium 6 And 7, Berviitum, Awd
Roron cootd NOT Yemmm 1Mt €GutliBriom ANd T€T Thet Are observed In
The gTellAr sPecTrA, ﬁLSQ heus The (0N PeAKR S eems ' bew EQuILIRYIOM
Axd PechaPS A PredicTed ey o ey renclion disstPATES EMEFGY TO
HMANTA I The €QuiliBrivam. WE Shw The mARiMom AbundAnce of ANY

€temenT 1S /RON bechuse @ hAs The hibhesT bodine enwérey Per
NMUCLEOM. Sinee waue hAVE cLenred UP ALt 0F These CriTiehAl ProbiLems

we will mennon hdw The heAvier €LemenTS Pre formed becsuse The
€xperTs QAR ThAT Irod would NAmraly decay BACK To helivn,

The Processed believéd TO be The tAvse oY The hiGher €témenTs
IS SPALLATIOM. This tuvoilves hio b eRELGY PIOTBNS Or WEUVTTrons RBombardige
The evements AND KNOCRING or CRiPPING off LiTTie Preces. Thans Lixe

A 100 Hev ProTon hEgRiNG AN OX6YGEN ATHM To form L;‘,lf’ Ptuy oTher

debeis, This 1S NoT A T1SSION Process boT eATher LiKe (TS NAMES ¢

iMplies 4 wNockiNG off, Thy s reAly Cosmie YAy bombard menT,
Exper iMENTAULY e cAn Produce A& SpALLATION €FFecT And GerT A
MeASure abLE QUANTITY of Li° L Be  The ramo of L% L7/ Be IS AT
BeST AkouT 20:1 wiTh  hirwh Mev ProTons, SiwCe in A star L.* woutd
be ¢ATER riohT AwAY by AN ALPRA PATTICLE, (T (s ExPeeTe d ThaT The
DEATECTALLE TATIO N STATS wedld Jever exceed 20:t, RufT Two STHTS
have becn Observed wrKh CONTTEDICT This sTATEmenT. Do-—

Tis vert hArd To MOAIUTe The QuaAnTITIes of % and (7 S tnce
Their SPeeTrAl ALINES Lic 50 E€LDSe TO ONE Avotner,

Bul where Does The urdium come From? We Use The €mNEre? MecessAry
TO bind \T ToeeTher buT how wWhs 1T fermed ? Frem A Volcanp may bel
CerTRINLY  wohaT €ver The Procéss ITcoutd NAT HBVE heeN AN SQUILIBrium
ONG‘. was
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Since- ThAT A bouT TAKES CcAre of My currenT KnOwLEDGEe wé wilt hAue
10 6o TO SomEThiNt €Lse And STAIT by ASKING for ANY QuesTion.

WE MiohT BrieflY MENTION The PATHh e orioin ALY SET For OVrSELUES
AS TOWhAT WE Are OGOING TO Cover YeéT. The ATEAS Are

(. GALACTIC DYMAMLLS

(y  cAdi0 BMISSION | how Thet fAiTe EMITED , SENChrolron rAd i ATion)
Q) cosmic rAYS

M}, RAdio GALAXIES ANd QUASARS

(5). 3otAr S?STERM, PLANET, Som, ANd The "NMOTh moness” of SPALE

Torcs 7, 3 And 4 witl be deAaliNG wiTh PLASMAS oOr Aclunauy A
MAGMRETD RYDrODYRNA™MICS dISCUSSION,

SoneoOMNE  brivehT UP The @QuesTiON of CospmotoeichAl Theonés which
femiNgs ME DF ONE  [NTeresTiniG POINT whith tfaited To MAKEe: AT
The Timé, We TALRED Abodl The COsMolOGICc AL €X PANSION fRom SomE
EatLIer Nime And Mow every ThMe 1§ FLYinGg APAYT, This PresuPPoSes
Some Time Period when The UNIVEISE wuflS PACKED S0 TiehkTLy TwWaTHT
would be Possibie for Photoms To ERIST N EQUILIBrivMm, |§ we
Reee?T The QRASC COSMOLOGICAL ASSUMPTION ThAT €UErYThinG Loo KS
The sAme here AS 1T Noes ANY where €LE € we wovid LIKE To show
ThAT There reMAINS A TES1dUAL DISTTiboTIoN OF Prhotons IN The ¢xneT
sAMe ProvorTion KMow AS There wWAS AT A Previowld ProPer TiM €.
ThAT 15 T SAY ASTET The €xPLoSION ThAT SQUITTED €vEry Thing ovf]
AS The dengiTy REDULED And The TEMPerATUTre cooLEtD fd The PhoTond
SThpPpen INTErACING ‘we esTAb s hed SOME BLACK body TRAIATION
TemPerATUre 1s And Proper Time €5, The sPACENG DeTlween The
MEXT MNERTEST oAALY IS Given by RS’ AT Dime To Now There s
P corresPond iy TemperATUTE To Given by The rATID,

:_r.f.... = Ro
Ts Rs

Ths EQUATION Does NOT SAY ANYThiNnGe Protound buF 1T Does exPress
(N B tATher SvccinveT FAShion A VETY COMPLICATED PhonomenhA. 1T 5TOPS
how The exPAXSION OF The UNIverse 13 TELATED To The ovevy diL PhotoN
INTEr Ao TEMDING TO cAuse A vMiform RBACKGround of Biack-
body TAdiATION ThrovehouT ALL SPALE, '"CBR"

we MphT PiLeTUre ThiS PhoenOMenA AS WE DD €ATILER LN The ¢ourse
By DrAwiNG A ProPer TIME Corve sShowine The Neborgr moemion From
$omME PrEesOPPOSED SINGULANTY Or prieid. BY Defaise oer reference
POINT AT Pg we Avtid The de:lWLT' Probism ofF €APLAIN The reat
IMITIAL  condiTiON. Todfit WE MibhT ThinK of Ro AS The DisTANCe

trom Us to ANdromenf, The NeXT GrfiPh MIGh T he L P
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The DisTANCE Re AT Profer Time To MOW, Shoord be €QuAL Across The
ADJoOINING GALACTIC SPACINGS A B —c¢C —2D -
Popbenee A1 Ts 1S ThaTt © -> A or Ro
AS s == A' or Rs

T°/ Ts.

SuPPOS € we ONlY (OMSIdEr A LocAl

ihile The corvres-
15 The S#AN¢ ProPorTiomAilY
AS The DecrefAse 0 over AtL RuACK Rody tAdIATION

bt PhenpmenA, SOPPOse we had
A mMirror AT T PLAce D o0 AnNbeomeDA., The PhiToMs novidG Throveh
ThT PoINT com E IN ALL DITECTIONS wiTh € Q Uk mnbiuﬁ,..'rh:s

MeAnS ThaT 1F A mirror wAs There €Ach reflecTioN woutd corres-
PoND TO A LoST PhoTION, I.€.,

Mirrer
TEFLETED)

FhoTon

_ =T o impirep PATH
INLo™ M,

PhoTon
¥ The nMirror 1S Thew Altowen To EXPAND  The Phenomen g 1S AAlosows
To A STANDING WAVE PATFErN N AN €x PANDING RBOX., ThAT 15, 1H we
consider The number of QuanTE 1IN The T:sox,‘ ONLY The Ta modes chNbss
The wave number R cChANGES bY A SchAlte fACTOr 7O A Néw LALUE

R« k
The DiSTribonon ol Protons Per Civen whve Number k15 eroen by

The ReiFpsmasl DiSTriouTio N,
FEYMs « DT AL

- I !
)’Lk = - ————
E
e™/xr 4 e 5T 41
Wher g The enersy oF The PhoToN = hy = hke
Thus AT The pNew WAVE NUMmBer
{
R4 -
" g MRe/T

125



The MHirror 1§ Now ASsume To be A biLAck bady AT aAn ESTIMATED TemPerpmL/e

°
OF §°. AT Ts Low TEMPErATUre The €Nerey is ProforTiowAl To .
We RSS0me

A vaidor M backeroond MNDISE  corresPonDING TO KbogT 4 I BLACKbOY
rAdiATION. ThaT 15, A 3 BLAWM BodY¥ iSTribunon, As fAr AS our cyudt

MENRSOrEMENTS Co This $eems TO HT The beliet TWAT Ty IS The
TEMPET ATUME Quéry AL SPACE.

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.

Sun s Red hot Earth
surface -3'“ object
BO00K = 1800K
o
8
=
400 700 1000 nm 500 2500 4500 5 10 15 20
Wavelength A in nm Wavelength A in pm
E--
e T Cosmic background
HE T radiation
=] 2.7K
AT
5 | EE §
z L E =
o

5 1.0 1.5 20 25
Wavelength & in mm
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CHAPTER &
NucLe Al ijnﬂaesé

TodayY | AM coine TO BACK To Nuclear SYAMThestS Lapa—f-uuv To fransh

UP This DBiscussiony befuce Goirta om.ThiS LS The lc—cnfre i SL‘OULJ hpaue
FPrepared (AsT Tine.

kS vou recaLL The PROVBLEM 135 TO €xPiLAIN HOW The slemenTs REVORD
1IRoM JRE formed. There Afe & NUMber b Theorits which SEerm TO
ProPorT To undersTand. The Process, we woitl omty Dewcrihé Tweo “Theories.
The 1deA, As we Briefiy HEVTIONEd, hAS To De T NESTTOAN bombrd -
ReMT, IF The bamd ArdmenT 13 Stow €NOOG L The ELemEMTS wiTh ADD

MeéuTrons wwmiit They vadérco # fo-decAY ANd Thus JumP To The NMexT
Z-Numbey I+ The Process woes +or A Lne Period wie CAN stnThe stze
MosT of The €CiremenTs,

W E SKEYCR A BMALL PAYT ot The

ISOTOPE TAbBLES ANd ExAmiINMe how
MovemenT cAn occur uP The TRbLE

IN AToMiC welehT,

N= purber 6% NevTrong —»

st et | N\ 2
Sg c: - 3
57% 43
~
5o ML it Hns ith 17 i it9 ¢ fee
Sn ! At ittt Sl e 28 —STT— |~ Lo =
iT L.o? 69 3B Tg.3\] 7.¢ <o 8.5 32.5 1 271 hrs Y8
N,
=3 13 =] F
f: > o 4
4.7 9s.B\| 135¢¢
C 48 1o 113% g t “4*‘\_1:5 T
d P e — I—-- v " e § g — — —
[A4e | $2.8 | 248 2.3 | 28.8 Sthrs] 7.4

The ved MUMmbery (HdICATE The PercenTAGE of The STAbIRER (SOTOPE.

teTs Hottow  (Admiom HO , SoPPose IT IS Bombarded by A SLOwW
NETTONM $lox AN IT KCE€P Add NG A NEVTroN ONTIL 1T rénchesy Cg'S
which 1S vusSTAbLE, The dewsiTY of MEvTrong Torine This Stow S -Process

IS ESTIMATED TU Be AbouT

!D? cm’, This 5 A toT of NeoTroNs ANd
The toat ¢ AL

QUESTION To ASK S «whey e They <omée Trom.
IT SEems LiKELY ThAT They Are lefT oWer from The CArbonm cycte
AN hicher rEACTIONS LUIKE
' i 7 io i 3l
¢, m)0'* 0Kk, N)Ne® or Ne (cx,n)“a
The oriein of TheEsE rencTions APPeArs 70 be occurriame N
The inTerior oF Red GIANTS becavse v A SPecifAL orowp of These
STATS wohich AYE METHL rich we See TechneTrum ANd 6iher hicher

ElemENT. 50 A DemsiTY of (07 Does NoT Seem 700 high for
The ProcessesS yo Produce s/NSIdE Ted GeAMNTS
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This ProcESS wo€S wMlIL T TEAChes AN vnusTAble isoToPe, AT ThAT Tine
(&' deAy il occwyr AMsTer ThAKR ANOTher NesuTTOR cAM Dé CAPTUCED
SO we Jump T The MexT €LEmenT, SAY Indium 1§ - The Process comTivoes;
A MEOTTON (S cAPTOreD » B-decAy FOliows ; NeTroN CAPTUr€E 4o (€TS

US Go Throvah Tin 1Z]) tuhich dEcAYS 70 ANTIMONMNY IT1 ,E—Tc.,é‘rc .

Wé Rfe QuILK 1O MoTe ThAT There Are A toT ot DBIANK SPAcCes
ON €(Ther side OF This DolTeD Ling, ThaT 15, 30Me ,of PerhAps
MANY  ELEMENTS CANNOT Dt MAade (v Thas oA, We would TEQuire
AN EXTremely LONG TimMe TO LeT NéuTrond Triekie PAST Cg'e 1o
STATT hioher cYcles., RBuT 1+ The demsiT? o mNeuTroms was hieh
Endbuve h So ThaAT H-decAyY Oceurs before CAPTVUTE The whol€& Process
15 AlTered. There £Y¥15TS  Thed Two Processes which Oceur TO
credTE The magartT? oF The hioher €LEmEnTS!?

{1t Stew or S- Procesy where ALl The p_-,-d(»cﬁvs Go AS €XPECTED

(21, vaerd or T ~Process where The nautrosy FLOX 1S SQ-‘-ﬂ&T@-decav
Loes 00T hAve TIimMe 7O OCCvy 4T AU,

The ELEmMenTS Are LALELED fis T Their MeaNs pt ProducTionn Ar-ud
we se€ ™AT The Y-Process flis tn The tower PoRTon of 0WR
TRALLE, The NevTron €ich SidE. Somée ¢temenT CAN be smnes‘;uu by
boTh 1., The TOTAL ProPORTION hAs PAMTS fmom DoTh The tf S Process.
On The ProToM yvich Sid¢ or vbPer POITION The TPercenTAGES PTE very
Low,

The exdcT Tenson +or ThESEC ProTOM fich €LEMENTS Seems TO BE Tio
Ur N ANoTher Process CcAILETY The P-Process whicth 15 NOT very
wéil vnidersStood. These ElémenTS dupjecT TU HGimms TAYS Lodse &8

NeoTvon ANd LEavE Dehind excesses of ProToNS. We hpve Mo 1dep
Where ThiS Proles s occurs or When,

However, The 3-Procesd will NoT LT US TeACh UrANium becReSE whe il
GETS P To LE€Ad AND GETS (CAVGhT IN A CY¥CLEe, 1T will ONTINVE Throve b
BismuTh L09 buT Bi3AuTh ittt underee ALPhA emisSiont foitiowed
by Meutrom CﬁPTuf‘el{‘}-detﬁY And Rround AGAN. 'Bf,so.w}j‘ i5 The
MosT MASSIVvE STADLE ELEMENT,

To furTher UnderSTAND ThiS MNEUTreN CAPTUFRE ProceEss w6  woutd LKe
To TALK IN Terms of The MNeuTrom Cro3s-SECFIOM . The cross~SE€cTiON
o} A Process 1S defwed AS The PedbAbitsTy ThaT The Process
ccCurs ¥ The INGIdenT beamy CONsSIsTS 0F A ssmelé PArTicLE
ANd The TAYGET C(OMTAINS onNe NULLELS PEr vt AreAq.
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we an dedine A QUANTITY

O N = conNSTANT

Thew AS A LOCAL TULE dur neuTron © A PTure becAavse T 8 noT

Trve for A LONG Peviod of Time. IN AT we S howed AT Nme
how 4 arnPh pof o N Uersus A" LooKS Awd POINTE D oOuT
VAriovs PoinTs of FUCTUATIONS. it woud be wite To hAve
Severfil 1STOPEs of oMNE €lémeNnT gfvrmed by The S-Process so
WE AN Check To S€€ HFwe under STAND LWHAT 1S oo on, IT
TUrns ot SAmArigm 148 ANd (S0 Rré Precesse Prondoceo
This wAY ANd 1M fACT (T Turas ool ThaT The Product NON For
NEUTTONS of Temperarre 30 KitovolTS Are g7 Ly cLoS e | &,
2,930 % 545 awnd 2,770% 538 FE€SPECTIVELY.

Howeveér  The ProBABITY of CAPTUre VAries 1 # chparacTeris TIC
MANNEY wiTh The dibderence beTweent The eperey E of The tollipiMG
SysTems And The €NErcY Exr of The resonAnce Lever,

frucruaTe AS A Funcmopt oF ENeEreY And  hTs
EMErL Y wATChECS

That i3, @

f TESONANC e when (TS
A levet of The MBICLEUS . fis The ATOM becomes More
EXUTED , on The AvErAGEe, The SEPArATION beTwesn LEVELS O ecremses
WITh 1INCreEnsSng EnEray OF exOGTANON. The TIOATEr The bindene
The Le38 The sPACING. Whilé AT The Same TiME The Jevtl WIDThS
PECTEASE WITh INCreASING mAGNITUd € oF The clecTrosTATIC bATTIER.
The €L6cTOSTINCG bArvier nhibITS The €mISSION OF ProTONS,

K- Process
TUrNING MOBW To The R- ProC €3S wé€ FifsST <omgider The AbunbAcice of
Nuct &/ Formed by The R-Process. A PloT ot 2 us.
LoaRkd semeThiNGg LIKE

FTomi, MOomber

8. 4

RApuw

Zfsq-

A EMoM

Arypfon 3L

340
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The DetAYS AT The nNumbers Bz, Ad iZe Are direcriy reiATes TO The

pituTrond RomMbArdrent, Theste NUMBErS Afé TCWeNIZED AS The MReIl Numbers
for Clo3€D Shells. AT Aromic wvmber BI  The weaT n@niNb  MEUTYOM 1S
KuolKED ouT by A GAMMA, ﬁ* DECAY OcCcurs To IMCTEASE The ¥ Number, ne.,
The PROTON  MUMber buT The wucleus STAYS AT Q2. This Proces3l INCréeéAses
The PromoN counT MOT The pMeuTron TOTHL uNTI. {T reAches A POMT where The
NexT NEUTYOM (AN be held And The Process 60€s on, This Procss Goes
ol PAST  XKENOM buT The NUCLE Aré Pro6ésSIveLy LOCARLY BONd AMd
FieaL LY AT The uprer €atd sAY froumd RAdon HSsion Occurs Aamd

The PAITICLES SPUT ANd beoin The QLimb AwhIN. The €NeRay oiuen VP

br These ONSTDLE €LEMENTS TIVING To GET DowN To A STABLE con fieurpTion
FOr \NSTHNCE LEAD 1S The STOre EMErGY TELEASED N bombs , NOCLEAr Powér
PLANTS, €TC. The QuesTiont 1§ where The enereR OMGINALIY tARE From

To CreATE These onSTA bleé FSoTOPeS, Perhaps, The mosT Likers PLACE

IS BR DURING The €xPlosions OF SuPer NOVAE, We JusT Don'T XNO w wher?

A Meutron Flvx of The denstTy { Abour 10° cm?) coutd E&xisT T® Probwe

This MNOLLEAT STYNThesLs,

RADIOACTIVE E LEMENTS

AN INTETESTING Problem ArSES CONCErNING TheSe CLEMENTS wiTh LoNG
hacf Lives. For usTWnce | BOThA  Todime 126 with haif -Life 17 mutlion
Years ANd  Plutoanivm Z4Y of 8L muilion vemrs AND VifTuauy € xTiad on
CAYTh. RuT iodine 4ECAYS tMTo 2€0M ANd  Zeéon 129 1S Foomd
IN TOCKS <CONTRINING I‘“. Since AlmMoST ALL The lodiMe 1S Gone IT
Covtd NOT hAve been Form MUch More TWAN 3% 172 mution YEATS
tetore The FEASUrEMENT, R MOW, W hAT we jow CAN ESTImMATE 1S wheat
This NUCLeAT SPYNThe sis SToppen And -fornn-no,.; of SoLipg beean.

BY mMeAsSurens ng/I’tq dicecTiY mow (NOT O EATTR BT 1M METEOrS |, wie
Arvive AT A Fieure of 4.6 x oY YERTS A5 A Time oF 501D formATION.
WiTh some Mumbiling A Period of joB rears hAas been GUEsSED A5 TO
The PanT oF sSvnThesis CessATION. A TimMe PloT of The Above SPRTEMENTS
would Loow LIKE:

lend of
: St*MTheog

:'FufnmoN u" TOLIDS
!
t

[
i
|
:«-—-—-ma —— e Yo% ——-.ﬁ.__.,,:

!
T.e —ts Rimau
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The oTher vAJIDATTIVE ELEMENT BN Giue mMore Clues To AfixiNG The
ProPer TIMES To Our SCALE DOT The QueSTIon 13 wide oPen anNd wery
Confusen. EtemenTs wike W (Tag) |, U (4.58)  Thorwn Li1¥39),
And Rhemivm (H0g} woould be (NTEPESTING TO STUDY And St€ WhAT
CONCEMTYIATIONS TheY OCCur YELANUE To €Achofwer, For 1nsTANCE, The
formation of U™ gud U8 5 by The R-Process, Bur U will vnderes
ALPhA €rusSlon TO GeT bACK. To 238. BY ©UESSING The many DifferenT
wAS Thes decpt Covid @ccur | T 1S belicven ThaT The raro of The
CoMCEMTr ATIOMS IS PV

u /uzas ~ l.eS *.3
while Thorium To U™® |5 AbouT The SAME
Tin/uzas ~ LB8S £ .3

WhAT CAN w€ Do wiTh These Fiovres? Wetl ,wé know The TATI0 NOW
™ b& AboyT,

u“‘ uzssl i ,00723

L NOw
LeTs worK BAckward pver 4.6 QiLLion YeArs AT The Timé The SoliDS were
formiInG. Arnuing 4T A SteoRE of

uzss/uugj = .3t
4y

This “is n0T  L65 ASs WE ©UESS Above bul T CerTRMIY 1S MOT pore.
£ 1T wAS This wouid Mess EuerdThiNng UP,

we canlﬂrteﬁsﬂ SAY This wAS AbouT The LAST MOMENT wrerd SOMEThiil
coulD by SYNThesizen buT T 1§ NoT where T hfd 10 be mAdE,
U coutd hAve been MAdE Lonei berore Ths. The exAct ProPorNows
of The Probuction SAY AT The iNSTAMT ot FITST formnumiod ANd The
LAST FLEETING Moment whew The coNdiioNS wére FAVOrabLE C(ould vAry
AR GTEAT DeAL, MAvbe BO%o of U Luas made 134 veprs AGor And
The negs. Te3 T Yo veEars Aco, We aAre (&IT AT A opifhiculT gud
QON“"JS!M(, PoINT 70 Try And GeT informATION.

SINCC‘ Thotive hAS A LlonGEr 'PC-riOD‘Ti\e CONTHDOTIONS IM The LAST
Few minoTes of Probocnon wouid NOT MATEr mMuch, RuT The FATION
of Th/q MowS 3 NOT KMOwK VETY Well. ON €AYTh T 18 COTIMATED

To be 3.8 which 61ves A Time oFf L3y When The TOUIDS wETE
';ufl“l(-o-r )
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A More INTETESTING CASE STILL IS The DecA? of Rhenivm IB7
becAvs e T TAKES YO bitlion ¥YeArs wi hich S

NTO OSmium 187
1+ we hAad The TATIO

betieveED To be OSlder ThAN The UM UETSE,
Os [Re we could CALCULATE! bACK T when IT wAS MAde and bé
Frirly cerTRN ThAT we had ALl The Produchion AT ThAT Time,
15 Formep by The
S§-Pracess Coarmed
Thus e cnM Find

The ProbLEm HEr€ 1S ThRT Somé of The osHium
S-Process. So TAAT we musT SebTRACT Thas
O3 HIOM From The Oshivm WE KNow (v e RAveE,

The ©SMivm DUE TD DISINTEoLr ATION

B iR7 ¢ B4 (B3¢ SONLY}
Os = Os" - (289 )0,
o3 & (BN

Rheniom 1SaTope mAde by The S-pProcess we havend

Smmg e There 1S Mot
Soe we hftue To MeEASUre Mulons

WAt To CALIRFATE The oskivm Process.
of &5 40t each tsoTore ANG (MICUATE €XACTIY how much Osmivs 1S

farmeD by The S-Praxess.
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C HAPTER 9
FEYRNRAN ON —
DicKE on The OblAteness of The Suw

Since The demand 15 Do Discuss Dicke ANd As 1 PromiseD (AST week bul

ToTAILY foreoT | | corll Proceed To TEW (whAT | Kaow AbouT his Theory,

Sigce | didn' T ATTEMD hus FirST  tecTore AT CAt TEch when he €xvipmco
his €xpernymenT JU CANNBT CRiTiCtRE ThaT And TFor ThAT & APsloGIE €.,

The CLAIA 15 ThAT The Sus PoSSESS AN 0bLATNEeSS PerPenDItuUlAr To 1T S

Axis of RoTATION, The ASYHMETRY OF ! PART 1N 10000 MEANS 1TS iF
Squa'skcd Too moch, EXPEFenTRLLY 1T 1S very DTHERICOIT T LOOK AT The 5um
ANG Sec THIS obLATEMESS bBecavse oF sotar FiATe DiffieuTy 1n Discernme
Twe rept surFAce, €7¢, WhAT Dreke DD whAS To TechwicallY Obscure The
SVN wiTh A Cifeviar mASK, Theny T™ 6o Aroond The edse Mnd looK for

Ay Secomd hMATHOMICE (i briohTares$s, Any ASymHeTry i DRIGhTMESS

would be retATED To €Qui- POTENTIAL BrAvITY Teeton Al Thes TO The obiATEMESS.

The resutTinGg copSeguence oF This SHuAshed SuN 13 ThAT Mercory , (M
MAKINGL A Qo 3SwiNe #round The Sun Bo€InN'T Come RAK T The Oriemwal
POINT, when ALl The Preturbine -Ferces oM Mercury Are considéred, .G,
VEnUs, EARTh , €TC. A TESWT of Y17 secomds oFf AN ATC YEMAIN UNEXPLANABLE
IM AMSWwerinG WhY mercury  Precesses AbouT T Perhelion Some S$39 “Arc-gecenTury.
The number L7 15 The Fesnman number SHCE | rémEMber This From 25 venrs
AGo ANd CAN'T Utndy T FIGWT Mow . AT ANY fATE  The GeweAnl Theory ot
RelATueTY |, AS EiNSTEIW PROPOSES PrepicTep n VAN ATION N MASS wiTh veLloKTy
dor Mercury AT GAvE A correcTlon fhetnr oF 931% eccopd 3 of Are. Thus
ASTYomers mMumMbered P LTILE AN SAID 1.3 ATc-Seéc 15 A 600D AGREFRENT,

BuT New DicKE SAYS ThaT AS A FESuiT of The sun's ObLATENES B @uadre-
PolE 15 €STABUShED wohich cluSes A 3em  corregTion of Y #re-5ec 50
TRAT The remMAiNING Perrhetiod ShifT 3 327"  This 15 6eTiNg TO be
fi* MoT So GG AP AGTEEMenT  ANd “Perthslswe‘mm& is w,-b.u. Somewhere-
EiTner 1 EINSTEINS Thegey Or 1N DiCKE'S,

Now A coupre of RemARKS — FIrsT 1T 18 very offseulT T0 TAKE A MeEASore-
MEMT OF  brichT MESS ANME ODLATEMESS . The guestion of wheFhep € QUi - brichTajess
LOrresPods 10 EQUI-Pressure or- €QUI-POTENTIAL 1S hArd T0 ANswets
Secondly  The guesTion 6f how The €MALT prervrbanons Bue To ench
PLANET AS COFrecTioNS To The ToTat EYTOF 18 in Doulh T, ThAT 15, hew sAccurafecy
1S HL7 KNOwA SiNCE 1T WAL DONE Some FOrTY YEATS . Thag {-igore ot $39
seconds of AYC IS A TYPWAL AITTONOMICAL MUMBER 4.6, There ISNT ANY
539 % som€ €rroR . ASTroMo Mers A€ MOT USE To WerKinNg wiTh Errors

And i vou A3 #Me¢ This whot€é SubiecT STINKS, To DiscusS DeviATionNS oT-

H Arc-seconds whend S39 hAs ao error vpwwe 1S POwWN fiehT INSANE, }&—'
NFRCT The suy has Tis effecT ON Mercury Then The obiATENess effec
ON AL The oThey PLANETS musT be cArefully CRICULATED. | would rechecc
ALL These CALCULATIONS VErY carefolly £1rST before maKing 4 Theory
To EXPLAM SomeThing which voure mMoT Sure 1Sin error tN The FirsT Place,
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DIKE | however, 15 1N The unuso AL siTudTioN of ExPerimenTRUY Chewkmn
A Theor? he himseld, has W WHTEN Dowon, |

hAve f Goad DeaL of
RELADILITY 1N DwRreE AS A very cArefut

CAPEYIMENTALISTY And TheoriTitiga,
HE LooKS AT EvertThine And (S NOT Footep by wharT has osous before.

IT 15 1S dwu hard LeK 1F he 1300 A wilD cooSE chAse LIKE 1
Think he s,

S0 TDICKE wopKED ON K New Theort of GraviTY And TO ExPLAtM “Why
he ThinKS GrAviTY S MADE 0P ot A ™MixTurs of TENSOr And 3cHatAR
Fierds aARPoRTION of 1-=5 : § fesPecTively we 6o BACK # UTLE To

Gaausrem's TheotY, N ThAT Theory EmasTeint PosTufll ATED ThAT arAviTa-
TioNAL ANd INERTIRL MASSES ARE & STRicTLy PROPORTION AL, RemBEmber our

Discussion oF The ELEVATOR ANALOGUE (N WhiCh wWE cxpLAINED s PRin-
CiPLE o% EQuivALence, The Jorce oF GrAVITATION s Then ProTORTIONRL
™ The MnsS , The QuANTITY which 1§ {-UND)&-MGNTHLLY n rmensure o{‘
INEYTIR, 1T 1S A MéNSure DY how hard T 15 Tg hetd SomeMminG which IS

GOING AroUNMd 1N A CirctE, This dorce 13 €xacTiy ProporNon AL To T he

MAM wiTh GYEAT PreciSion 4 1 £ 1T WETYE MOT EXACTIY ProPorTion ML There
would b€ Some (T by which nerri B ANd WEIGAT wobld differ  The

Pbseuce of Svch AN €HfecT has beea checkép wirth @reéAT fAcCuracy by
AN ExPeriment DoNE FiRsT by E5TVES

in 1909 And  uoTabiy, bY Dicke
MOYE TEcenTLY,

'”‘f‘ Accurace of This ex PerimenT ANE €9 uivALe nce s
Abour 1 PAYT N 0",

The €0TVvDs EXPerimeMT INvOoLUes A Swinig MmASS ANd MEASUres The rATIO)

of GrAUTATONAL To CeNTrifucAL Force dav And ompares Thew ramo
dor vidferenT MATEriAL. The QUESTION 13!

N The €4rlY CYENING RS The Sud
13 S€ITiMG ANd wogYe

ON TotlER SKATES Why Don'T we JuST CoAsT off
TOWARDS The Sum. WELL, TS SinPLE — The eArTh 15 FALOMG WiTh o3 BaD
WOR PRoPormonTL AmMouNT. Since POLLEr SKATES Are hard To mAKe , leTs

PuT & Two obsecTs of Equat INETTIR QE CThe end of A LONG QufirTe
rod HuNG on A Perfecr PrvoT. § The INEYTIARS ATE €QUAL aAand

The or AviTATION AL BITrACTIONS UNEQUAL, The vod woutd TwisT Aroymd
UNTIL 1T LineD UP PoINTING TOwArd The Surs BYT The cenrrifvent
force LALANCES The GrAVITATIONAL ATTYACTION SO weLl ThAT we say
They Ave e@ual Hfor AL iNTENT Aud PurPose.

L6 GraviTy comsisTs 8% Two Parrs of fietd

'NA MixTurg oF -3
where 3 ts A

N
S could be As much 7S
couTriburon of Thar ™Much. Bur 1+ S
CAPLAIM ThaT Y Arc-5&c by The TELATION,
([-g_s) = Cerrect

43 Arcsecony

which cAsSE S 15 AbouT 040,

Beolan: ProPorFoa @ (iTy tacTor,
A0%o 1t A SchLAr fied
IS PICKED RiehT w& AN

EThenkK . gy
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However, The veflécmon of LiehT by The Sow ig ProPorMonN AL oNLY TO
The TEmSBR FIELD CoNTRibuTio N (=S }. The 7Precise Amount of deftecmion
IS AN ATER of exXPerMmenTANON wohich wuitl hAave 1o recheek, Bulr (ML

beT he doesn'T Hedd ANY such fieig COMTRIDuTION Awid I
The chAse NOT Mg,

M GLAD hel o
MAch'S Priucipte 1% Also mvolven tN Thil DISCUSSION Dechose tT ASSErTS
ThAT" The IMErTHIL ProPEYTIES ¥t MATTER Ar & JdeTermined 3% The ProPermes
o MATER N The UMVErSE, This 1MPLIes TWAT Theve 15 Mo RbsatuTE FrAme

of feberence SiNCEe TWO UNIVErSES oNé wiTh A 10T oF Mebuime aAnd
The oTher wiTh A Few would Show dfferenT AmounTs of cenTrifusnt
4orce on AN OBIECT FOTATING. LoChtlY The SuM AN The GALAXY ATE Sources
of ANiSeTroPy 0t MATIEY wur no €HFECT WS measured berTer ThaAN On& PATT
IN 1O ThaT 1S T0 SAY INEFTIR (S GENETATED or C(AUED b SoMEThING €L3E, I
We could find The densSitTy oF Thus bAcKGroond MATIET cAUliMG AL The InerTiA
wet woutd T1Nd S, DicKE ASSErTS ThAT MASK'S PrINCIPLE TEQUIFrES ThaT
ANIS OTTOPIES be un obSErpable becAUS € ALL INSTTUMENTS hrVE The $AME
t5QTroPy,

The Probiém vELARTED To TIACK'S PriNCIPLE 1S toheTher or NoT The moTion of
The whaTEyr 1nMStde A SPINNING PALE DePendDS oMl The MoTIONM of The
CELATIVE Mumber of MgmbdulAe, We xnow The whATEr spiushes Up AOAINST The
Stde boT WhAT MAPPenS IN A SPAce VOID oF MATer: does 1T STIL Tise
M A PArAbolic shnape !

To AMSWwEY This (PUESTION w€ ComSIEEr A COSMDLloG1cnl Thegrt IM which There
Are Mo Nehulhe, I This Specratl CASE  EINSTEINS Theory of Grmursnion
whith he wroTe As
Ray = Tuy
where Ry (s # fundrTion of The erpuiTAnonat POTENTIAL And AL TS
derivATIVES  Guy , ¥ Jav Amv War .
ax Ty

H PR
3 x
And Tar 15 The STress Temsor st The MBTTEr OUTSidé The Tesioam of
INTEYES T

PR Wt CAM wnmiTE
z
O clb = Phﬂrrtr

where [V : The B AlEmberndn operptor, < & _ AV i

—
H

A

¢) iS5 The @rAvTATION POTEMTIAL

Alse we recA The ELEMENTAL (e€M6Th 1IN FOUT - VEtToOr MNOTATION 1S

ds*- Gay dxudxy
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it we hAVe no MATTER 50 ThAT Tuy =0 ,Then The solurom To Ruy
TAKES The +orm

iCegp
Fuv = ( 351:‘3)
- XL
or ds': 41°- dx'-dy - 43
This Liné ELEMENMT Describes A FLAT SPACE Aud A4S A conSeguence of
This

form MATEY hAs nerTif Thod e EXPET The PALE To €X peERTEM (€
IMEYTIf,

I we comsider # PALE AT The CenTeR ot A Shell maoe 4P of Mebutne
ThAt Are YOTATIMD AT Ghgt SOME AMGULAY VELOCITY <2, Thenw am order
for The wATEr 1o $TAY FUAT IT MUS T Turn wiFk The sAmMe . TBuT
The PAIE Turws AT A (ATE LegS Than 2 T s

FroferNonw At TO L WITh SOME "'L;_" factors reducing T, The ceu?ruf\bm,

forcer Then dePends oN The reintive ANsul AR VELOOTY BeTween The
Two SYSTEMS,

An ) whick 13

The vifbiculTy 1M UNd erSTANDING This ProblEm S N
$INDING A Solurion To The BINSTEiN EQuATion
for Tuy =0 AND SATISTYINMG The(ORRECT BOUNDARY
tonpDiTion. TREYoNd The shell oF mATER The
METY1icAL TEMSOR Juy 5 ASSumMED TV
APProAch ( !QS'.,S? ) or siknpty I hur Thists
wrene, 3»\\{ should Go TO O,

To 5€e ThiS w6 CONSIdEr AN ANALOGUE IM
ELEcTroMAGNETIC Thedry., FCom The mMAXwWELL
EQUATIONS WE KNow V-E-‘-{o And V£ o €Tc,
1+ There Aren'T ANY chArfges §p Thar Vs £ = O

}
W& havE A SoluTiON IN wHich wé hAve A consTAMT

Electric Fifitd st The T-direcTron, sAY. RuT To have A uniform

Fictd N The Z-direcnioN (MPLIES w6 MUsT hAVE <hATGES £AYTher ouT or betew

cAuSeENG The Fierd, 1§ we have A 3oiuTion Then for which Yuy 4065 moT

VANISh  The nNebuatte MuST be ChAroed Since We CANNNT ATTribuTe Tme Fteld
To €mPTY SPACE, WhaAT 1N ch‘, Ml BE The CRSe Is A lAree Sheil rTher
suT CcAus MG The iNerffig e4fecT

WhtT we Are MiSSING 1S A LAY To Predict inerMA From PhYSICAL Propermies,
Jo tAY we haven'T OSTATED 0uR LAW RiohT. TWAT 15 To SAY The eQuATION
T E = DoeS NOT coNTAIN The STATEMEMT ThaT Aw FIELDS comE Fom
MATNTER 50 WwWE CANIT Arcue from The DakferemTIAL EQUATWOMS RALONE,

Whit€ ENSTEIN PeErmmTs iMérTiA TOo €X15T when MAMNER (3 MOT PRESENMT,

MARWE Perprs A tield TO EXIST wihen NO ChA¥GE §s Areumd omty 1 f
The PosTutrTE ThaAT The FLELD <omes tYom Some chArees
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The STress éncray TENSOR Tuy 18 The source of orawraAmion field.
Thig TEMSOr CONSISTS ot AM EMEre? CONTYI buTioN wohich weCRLL P
Plus  Tu Whickh s The deformAmion STYeSS, ~ 7 | Tiy The FLow MomEnTUM,ETC.
We CAN Show The mAIN CONTTIbUTIOM To The GraviITY Fietd comes
from Tyy or

GL?/‘W ~ Tuvy
reduces To N

0wy~ Tuy
Surpose ThAT

E["‘(b = fietd ProduceD by The TrAace ok Tvy

{31(’ = Tyy~Tu ~ Tar ~Tay

o

1 we comtAiM A SMAL ctad ofF Stuff IM A volumée AMd Pérmr
ALl sSorTs O‘F STress “oNTYibuTion , SguteRine, SQUAShiING, TWwisTIM G,
£TC  Lse cAM YEPLACE The CoOMTrI BOTIOMS RY VOLumE IMTETGrALS

]
To deTerming The rERULTE STréENGTh of The eNerey CoMTENT 1 2,

g' Tyyed Voo — STu dyot. - STu.dVot - STs"sJVoL

where  § Tuydvel 1S DUe T The mAsS

It witt sofbice ™ To shows STu&VoL =0 And The reST cAM be
worked ouT SiHILAYLY,

Perpenmicul iy
H we mAKE & T Throuah The Glob PAXREReL 70 The x-ﬂ_x:s‘
Then Tiy Corvésponmg To The FOrce PerumiT Afed X

There The ToTAl yPPer force =0. So we have

IN The X-direcTiont. S tNCe The OhJecT {5 STANDING 1 (\?m

{ Fudaren = 0
INTEGYATING AGHIN OVer The NelohT d)
S Fidaren dx =0

WE STIL GeT O - Mow wie have The votvme Inreoral =o For T,
So we comclude  That Tyy 15 The omty source for GraviTy And There
MO IMTETNAL comnTTibuTion, | Think | hAve Proved This N GENETAL,

IT 13 Possibie event ThAr The GrAVITATION ComSTHNT 1S VATYIN G

WITh The AGE oFf The UMIVErSE (M wWhich CASE we hAVE MORETO WOrry
AbouT. ThAT 13, DicKE DOES . HIS work (S A Go0OD 1deA becAuse 33

T cheeK some of our oid «F;guges MENTIONED Rbove, Sowhue |
Thing he 15 wrene | AdMire his convicTion.
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For reference what stimulated Feynman's talk and response above

Dicke's Theory

{scienTiti( AMeERuAN
MARCH 1967 )

1§ PATT (8%) of The AdvANCE of Mercury s PerRUTELION (AM beé
ATTRIboTEd TOo The OLLATENELS 0+ The Son, (T will be MECESSARY
To MAKe A sPeitic MOditiCATION TN Tre senerft Theory of Ret-
ATive RS Proresed b? EMSTEIN. To €INSTEIN GraoiTY IS wor A force
but Q- coms€quence ot The curpATure of SPACE. Graovay s As-
SOCIATED wWiTh Twe PreSEnce 01 A TEnSOR FIELD, which 1S The
MeTrIC TenNSor OF The RieMANNIAMN GeomeTr? of curved SPAce.

DuKE ProPosed To AAdd A tocce LoMPONENT ASSOCIATED wWITh A SCALPR
FIEL&'I.£.} A Frecd which £ACh PoamT (m SPALE hAS A sPeatic PhysicAal
QUALITY To which A SINGLE YALOE CAMN be Assiegned. IN THID Theory The
AdyAnce oF Mercury's PertheliON 15 L €SS ThAN td €ipSTEINS by AboeT
Ten PercenT or by The facTIR I- 45/3 ohere § 15 The Fracrion
of A bod?™S wéiehT duUe To The LARLAT INTEFACTION.

As & FesuLT oF DUKE'S WORK  he conctudes The core oF The Sun MYST
be roTATIMG MUCh fasTer ThAam The Sun's svrface. To oer The desirted
SLATIENING 1T MUST FOTATE oMCE 1m ALBUT 18 dAYS

MACHES PrincipPLE

“Wheu A hod¥ reTATes reLATWELY TFo The tTixed STARS ,cem'r&%ﬂt topces

Are Produced j when 1T roTATES TeLATIVELY to swme ditferenT body moT

TelATive To The fixed STARS, MO CeEMTHTUGAL forces fce Prodoed.” That

13 rorATION oF A bod¥ feiATIve T0 The fixed- 57ar sysTem 3 equivaAtenT
To A foTATiIoN oF fixed STAPS AbedT The body,
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PCRTURBATION oF MERECUPY'S ORBIT - H.¢. Chix

The rotATion of A SPhefe witt MAKE IT BULGE 1M The cemTeEr

w2 o

In order ThAT A SPhere In rotATON be 6Y AVITATIONALLY hound, The
GrAUTATIONAL FOrCE Rer UMT MASS AT A rAdivs must B e ereArer ThANM
The c¢emtritvent force!

a——

V" < C R

R r
wt ¢ c1x] - ('rno”’}(t-moﬂ} = Yo xio8
BT e

W ¢ @.3 k10 rad f56c  for The Suw ™ be roTATK AtLe STAbLLE, For

The selAr roTRTION Period

Gy - X3 s .S %10 rad /sec
r 2o xt03
() ~ ¥
Wy S0

The SOl AY roTATON ?&Equc—ucv 1S NQT VEry Much SMALLET Than The
MAXIMOUM EreQuemcy AT wihich The Sun Could TYOTATE ANd TremMAIN
CrAVITATIONA (LY bound.

ExPANd NG The GraviTATIONAL POTENTIAL of A MON-SYmMpMETYIC or ObtATe
O%4ecT inTerms oF The Léoewdre PIPYNOIMIALS

é(‘ﬂ,e} = ¢(Jt} + P1(C0$9’ @1(\1} + oo

where & 13 defined AS The polar Anote.
Such AN ObLATE obiecT has 175 Perihetow TorATE AT A FTeQuency

3
We = 6_:"5} (=3 (%—) X (GeoH(—Trl(nL FacoR |

(ﬂus workK 18 ATYiboTen To MBrouwtr )

The Perihetion 33 The POt om The orb,T which is clesesT T The

ATTRACTION CéMTER ANd € = b{{i wthe cccemnTricity of The Lewrrat body
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The tActors which contribure ™ The vorATion of Th
Perihetion o¥ Hercury Are A3 fotlows

comMtriburion from Mercury
Arc- Second

MERCUTY c.ot5tooo
VENGS 277. 856 Lo.u8

EATrTh 90.038 Lo.0g

MArg A.%34 4 Q00
JURTER 163.584 T oo
SATUrN 7.3¢% ¥ a.0n
URANUS o141 T o00
MEPTUNE G, 0L+ 000
Moo N -

aEmErAl PreCesson

50785, to.
oF The eGuinoy 25 64S S

TOTAL 5657.1 T o.8

P
RS 5§599.7 * o.4
Thrberensce Yd.e t 0.9

The Llower umloe Y2.6- 0.9 = Y17 wootd Y& The Fetnmam Nunbew,

EINSTETM'S Theory of GENErAL REIATIWITY PredicTs An Ad¥ANCE (N
Perthetion 18 AddiTIOM TO Those JuST Grven  of,

_ Gn G““l ] = Hsa.osz 0. 0t
Rt’u\uer R@ 1-et
erbar

€ 15 The eccenTriciry of The PLANETArY Ovber,

The GrAviTATONAL Perihelion AJVAMLE MAY be wrimen AS

wa r GUXTx 08
white The Adv rnce <ALCULATED from w! due o The Sum ‘bHM(,
BSYMMETriCAL 1§ -y

Ao = 6N XXl TE

To AccePT cemeraL YetAlviTY Thew € <c 0¥ despire The

RELATIWVELY hickh VALUEe of The ToTATION AL $requency,

Se tf ©wKe cipmms T hAave foumd An obinTEaest of 109 he
IS forced v AbAndom SenErAL TELATIVITY T0 EXPLAIN This pertarbATion,

Freom LE€cTures M TheorerichA L

Phigics - ASTroPhysics

And WEARK (NTEraAcCTIONG

T 13 v.2  Branders
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CHAPTER 1O
Lo e Y
RADIO G ALAXI €S

We MBw mMove TS A Mewo TOPIC Amd discusst The
i The UMIVERSE. FirsT W€ wuily

ANd Them discuss

sources oF rAdip emission
D1ScussS The corremT EXPeTIMENTR L StTuahon
S0ME Theorted Alome v Th ft TALK AbouT coSmic TAYS.

linfocTuNATELY our ATHOS Phere 1S oPAatte To CVeryThiNG excepT Visibie

LiehT  1.&, ThaT MinuTe PorDon ofF Twe

SPECTYYm™M wuhich sur £ves Are
SENSITIVE TO. This

18 indeed, 3oM€EThiMG T® be GraTeful fvr And §od Did A
Good Job here. S8 we don!T  have A CLEAT ‘view' of These rAdic TrANSHISSIONS
BoeY TO Thss bLeck AGE. There ATE ,however, Spme ‘Windowin The SPecTRum
which fiows S To Leok Throvoh AKd $e6¢ WhATS Gome oM ouT There
One sBch woindow 1y The RADIO WAUE feoton Lies beTwee M IeNTe 30 &wm,

Snficer TrARSPACENCEES IN The SKY €x1ST AT &Ther wAVELENGTRS byT SO TUNATEL Y
They Are NOT  wiDe. OTherwise we touid hear Evrtpenn TAdi10 bLecAvse The
foNoSPhere woatd be- A lteAky refteciog,

Se wWhAT do we see or hepy T Where Are The Sourtes st rAdic eamission?

W FiesT The suw AcTs As & No1SY' Source of radio EMISSION, The PATIErNS
Are uery CoMPLICATED And Aften'T wvery IMTEYES TIM (o

Q. The Moon; MOT moch To SAY herve

). Nare Add  JupPiTér, JupiTer

ER PATTWCOLAY wecpuse There Are SoMéE
Very

WTECESTING Thund €0STOIMS GoiN G o8 uRdér iTs ﬁmo&?hcf(--‘ 1L
TrY 1o TALK AbouT This LATIET IN The Course, Byl TheS€ Are sources
of BLAckbady Y AIATION Antd TEALLY ATEN'T IMTErEST 7O QAT ToPic

W) NexT, Thouoh, 1s The GalAXYy TSeLf,

This we wilktl devoTe more Time
iN A MumuTe,

Gl FinMiLy, The AU INCOMPASSING GrouwP —The EXTra GALACTIC SOUTLLs,

RETwrninGg To  The CALAKY There fAre A coup

L ot ToPiC here ThatT we nveed TO
di13cuss. There Are

SCATEreE™ Throut houT The GALAXY, SmMALL SPLoTches

Or PoinT SIZE Sources of rAdI0 EMISSION . Lok, e AT The SAME Timne There

15 A General backeround YAJIATION ushich VATIES ALl ovér The SKY. The inTen-
S1TY VAYIES  GreAaTEY which The coldesT TEGIOoNS cOrres poNding TO A birck-
body AT Bo°Kriuin ANd The ROTTEST 1 £, iN The AreA pNear The cenTer of
The GALAXY of NEAT [000° K. s AddITION To0 These Source€s There Are Thermat
ANd NOM -~ Therm AL Sources, Orionm (5 A €xample 0f The Fformer And The
CemuanT ©F SuPer movAe ik e The Crab NebuiAe fov Twe LAITER. ALso Fidre
S3TAYS LIKE solAr OuThursT oF The SUN whichk Send off Pulses of Etecrro~
MAGMETIC TAJIATION hAvVE béen ObSErveD.

There dre SPEcTraL L ine Obssvven

N CtaoDS of hYdroeen, Thest &rssion
Are Dué To SPIN-FLipS

I8 The hYDrowea ATOMS whih <AN occur IM ATUTA LY.
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SPECIAL UNPREPARED TALK ON The LUmMPINESS
of The UNIVERSE

...or where does does the anisotrophic (I.e. Lumpiness) come from?
This ToPic wAS DIOULRT by omé of The ATEMDEC by “QUEST oF Feva MAN
Who WAS been hAViNG Trouble LEAYMING AbouT SyachroTron rAdidTioN,
Se oft AN A TANGENT — BuT A VEIY INTETESTIMG ON ~ w & GO,

The Question wAs RrodehT up 1 febATdS To A SPeIAL LecTure AT AL Th
IN which The (unpiness Proprertfm of The omtverse 1é The clusTerine
of GALAXIES <AN DE CoNNECTED wiTh A <oSMOL06IcAL Theory, if The
UNIVErS € »vh IS LUmMPy Mpow, WAS 1T LUMPY Durine The Bie Bfe if ‘IN‘Fﬁlﬁ;
There wAS A Rie BAMGT WIlL T oeT More (UmMPY AS TIME voes on S

To BeeiM Lo1Th AL Hoders of The univErs e 3€em TO AGree om oME PoNT-
JoMe TiMe 1N The PAST The UNIVETSE WAS closer oeeTher and (T 13
CUrYENTLY SPrEAdiNeouT, We€ AccéPTED The CosmologicAl ASSomPToN ThAT
The vaverse 1§ Farly consSTANT So ThaT 1F we were 4 Thousand ttoni
YeArs from here we wovtd See The SAME ThinNGS & DuST, STHFS, GALAR(ES,
heDrO GE M| hetivm, eTe, SINCE Thew we DISCUSSED Twe wAY STATS GeweraTE
Nt €lemenTsS by STATNIMNG wiTh JosT A MASS 0{‘ S, The PUESTIONM Arnies
A To WhAT The MrTUre wAs AT The TIME OF CreATion (usine ThAT word
(.&fé‘f‘uLL‘t’] To &€ The currenwT diSTriboTionN of h‘f'{rbbtm‘ hc’tlunle‘rc.
JUST T0 ASS5UME AR ExPANDIME UNIVETIE Model DoES NOT NECeSSAritY Fix The
INITLAL hixTure bechuse of Al The muclemr refic DoNs, §-Processes, €Tc
which we RAVE rHewNoned And whick GAN ChANce The CONSTITUTION of
the vnverse fit The THE, WeE coud HMAKE A MTher aArmfical ASSum pTION—
IM The Beownidp There wAS hYDroeen HoT This 1S NOT A well-Founded
ASSuMONON ALTWOOGR T MtoWT be True.

The problem we TAE Then 15 WhAT ASIYMPTIoAL DO WE STAIT with 2 |fwe
@o AloNe «ITh The mMAJOrY And ASSUME BVEriThiNG WAS MOre TiohTLY
PACKED TO otTher M The PAST, Wwh AT cAn we SAYZ The rem DifhicoLTy 15
ThAT wWe cHm onlY PRLK MATEIARL SO TIGRT ThAT T will EVENTUALLY
t‘f‘“’u:"ﬂh‘s-l WhAT Occurs before ThAT PoIMT 5 The rent QUESTION. The
ONLY 3AYE ASSUMPTION 1S Theny ThAT Wi wo:MUsT STATT wiTh A Ssuhprion.
ALnewT , we've boohle “TALKED tRoveh | LETS ASSUME ThAT we <cAn STATT
with  AomMoeencovs HMiIXTure AT Some very hiow TeEmPerTure T,
Gottc FurTwher BACK 1IN Time OMLr THISES TwAT Temper ATUCE, WE AN
PIAGTAMATCALLY represenT This 10 The following wAY!?

Tine of bie BANG

th
uﬁ&m >
TimE
» NEbuiaAr
T REGIONS oF TrAMLTONES
1 COMSTRMNT TEMPLr ATUTE
Ti “ Tg £ Ts
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This homo eeuaiTY ALLOWS Uy 70 UNDersTRNd The ExpandiMe rAadiATion
AS Th AT From A DLACKBocY Sourceé, AT ANY iveEN INSTAMTINE CAN speafy

Ihe FHUBWING Three comdioms:

TEMPErATUrE | nNumber of MuCLEONS WhAT The MeuTron urin i
Per ce, ! PROTON

H we Ruow The FirsT 1w o nombers wé covtd cALCUlATE The PoINT
ofF ThermodyMAMIC EQUILIBRIUM helore The TemperAture Goes 7ao tows,
L., AtTer ExPARSION STARTS. Do LE€TS suppose AT TemMPerATYIE T,

The Goop IS M TherMAl k@ GQUILIBrIuM, AS EXPANSION ProGresses The
MIXTUr & <ools ANd LumPs fore. Bor The real BeaoTy ofF This Piefure 5
ThAT we Kanow The TempPerdTure AN d densiTy  of meutrons we can Find
SUT how Much HYDrocem ANd RELIWM There «AS, From A CALCULATION OF
Thig Kind (T &8 has been found ThaT The raTWO of hvoroocen TO hetium 3
of The order of 2.0- o %0

H - A0-490% INITHALLY
He

This buniat Conditiod 15%coon AGreemenT  sor PosutaTioNn T STARS, This we
hitve- checKep wiTh The R.R L¥YrA¢ VACADIE STARS. The AGTEE memT tor
oTher ELEmewlS SoCh AS  CArbom, NITroeen, And DXYoEM 6§ NOT S0 GooD
TUT Thest COMCENTIATION ATE eAZILY ALTECED bY NOCLEAr rCACTONS.

For mMosT ASTromomerS A 30%0 comcenTrATION TAT 10 1S fINE-excerT

For Some SMALL BLue STATS which G1SptAY A SPEcTrA +rom Therr ATHOSPhere
which hASA'T ANY heiiuM. The Scesesmon hfs beenw mAde ThAT Thes s

Do To A GraAVITATIONAL SETILENG ouvT of heillwm BUT This SCcms wrone,
Howeoe e, (wTuiMon 15 ROT ALWAYS The BT 6OLDE wWhen Discussinie The

S1z¢ And  TimE PECODg {NudLULD,

Thesre ATISES A Probiem when TrY NG TO worK with The Three QuaANTIFICS
ENUMErATED Abowe. ThAT beis , The PossibicTY of PRILS EXisTING IN
EQUILIBRIVM IN The suPer cooP, BY PAITS wWe MeAN PoMTION -ELECTYON,
NEUTrING ~ ANTINEUTRING L €TC, Thos wé HAVE The TwO WAY ReTA decAY
NtV «—> Pt+E€
which shows Meore cléearty ThAT N/p 1s NoT such A ©oop TATW To
Piek SiNCe €x(esses ofF V or € wouitd Tend To0 Prive The refacTion
IN The (RACACTETISTIC JErecTioN. More fumpAmenTAl TheN woutd be 1o
CALCULATE The mumber or BArvous Pec ¢ And  how manyY P LEPTONMS
To ANTI-LEPTOMS There ArE, Wwhere. BArYons Are The C(LASS of PArTicles
COMISTING O MUCLEONS AND hyPeRONS { unSTADLE PARTICLES wsiTh MASS X,18
Times ThAT of An ELECTRON). And The cenertc Terms LePToms And  ANT-{6PTONS

feduret Ave vsen TOr  auons, ELECTIONS, MU NEUTTIND S, GLECTION NEVTTINGS

ANd Thew ANT)- PARTICLES.

JH1



So odur mtw QUANTVTIES ATE

TERPETATUVE

Mumber ot TR Acvoss , TATMO of LEPTONS

d Per O.¢ AuT, -LePTOMS

The IATTE 1 MATI0 being eQUAL whers The Number of elecrrong = The NUMber
o POSITYONS Ard The Sime For METvINOGS And ANTI - Neuyy INOS, ForTumATELY
{here exisTS A Mumber BRAYIONS dver '\'NTI‘B&T\’ONSH‘;__‘ MNegeiteons ower
ANTI- MUCLEONS, FOrTUNATELY , TAAT 1Y, because 1F 1T were The caTher w AY
There woutd T be ANY MAITET 1M The UNiverse, JusT PropRGATING tie WT!
Thus weé reAtize AmoTher FUNDAMENTAL Miracle of DeEStoM, T

Tkem{b“ﬁ, TS Twe elebres pumber of LePTONMS which deTermines The
rANe NP . 11 The wumber gf LePTONS = Nunber oF ANTI- L EPTONS w € ocT
The Zo-48%o +iourve.

Wetl  oeTHinGg BAK TO The jum Praess ProbLlEm  SuPPoSE oN& réGion ON The

EDee oF This Primordinl bAlL ceols A LITLE FASTEr TWAT The Surrousdine
Juni. Then GLObULAY roLions woend form Aad become more dense. The resolT
beinte A tower expAnsion raTE . Sivce GrAVITt wovid Tend TO mAon:TY These
LUHPS e €xpetT The UNIVETS € TO BE mMOTe LunPY ToDAY, ONE 0F The Probiems
we Are- comfronTed wilh here s how To deTermne The wALAxY Size And

whether or NOT Therc 15 A LUMPINESS AT ALL. WE hAwn'T AMALYZED The
Phenoment OF  GAS COMPENSATION very Well . t§ The GRS INEVET becomeS
UNSTADLE G ALAXIes would NEVer ferm. WhaT 15 NeCesSATY IS €MOUGh NOiSE

or bAKarouwd FLUCTUATION TO TusTRIFb This CXPANSION ANd CARUSE GeraviTAnowAt

cond eps Ao To beqan. White The Spewd fu noise PATCIN M hT deTermipe The

ferm of condensnlion §T Doty nNOT 5 The s1Té Aincl Lhﬂr&c:rer U‘i‘ The
TESULTING MASSES.

Av AnAtoey 13 A wATErfAL 1IN which wé oK UP AT And waTch The
WATEr ComINgG over. Refore The edoe of The ctiif The I1MITIAL
COMDITIOMS CAN be wett STATED AS To Flow VELOLITY, dePTh of wmer, eTe.

ftS The waATEr STAYTS over The Break PoimT

(jﬂﬂtsf

NOASE 1S GeRNCrAT €D which CVENTUALLY Breaks CTman @oNerATED
And shAkes ¥ The spmooTh Flow UP INTO A LONDITIONS
olobuifAr fiow Awngd FInALLY A MIST. I§F wE were KMo ¥
AsK. Reg WhaT The chamnees Are O havineg A
PATTICLOY Drop &Nd up ON Our MOSE Gruen (TS eloRs And

brogs aFwrer
INITIAL CONAITION W€ tMMEDIATELY TORILEED The formig,

INTEY MEdIATE Notse hAS LAMNEGE TO Do wWiTh A PAMCULAT
DrOP LANDING ON uS., S0 &ven SPeaifvine The 1amat
COMD ITIONS woutd NOT ClEATLY Dedine The ANSwWEr #35 TO

hw The carrent structure o The umMveErse, Say, GoT from The
PAsT,
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As The TemPerATure coals amd  The fetLivm reacrmown SLTUrsS LuiTw hich
epered GAMMA- TAYS beine Erafmed . ¢,

Y
He &— ant+ep
There 15 A specidic CONCENTYATION AT €Q UL Brivh,
[He] _  “Lhowm = Eenwicon
- 5 = 2T
LNT* (P]
This EXAMPLE BrearS Dowar AT LOW TEMPErATUreS bul Hfor e@uiliBrivm

There 13 Pore Welium AT Eero &e.&rees‘ Which a4Ter &XP&MSION*
)
freezes helivm IN ITS OFIGINAL PROPOFTIONS.

ALSO , Theve 13 A C-rAY

de:oupuns, occulinG AS The »ATEriAL becomes TYrANSPRrentT TO These
¥-vravs, {Noter ¥ This SecTion 15 confusiNe TOYOU , ITS becAuSE (T whAS

Com fus ING TO Ht‘.

s The UmMIVEYSE OSCILLATIMG ¢

ANoTher IMTETESTING  QUESTION INUOLVES The OXILLATING UNIVErSE find

wWheTher T will Ever END 1z, Damp sTseef ouT, 4 Fellow nAmMed TOLMA N
Believes bDechuse euTrop? 1S ALWAYS INCTEASIMe The rAdIS As A FoncTion
of Bire smows A KINEMATIC DEPENDENCE. TRoT inFACT, The radivs of The
UNIVETSE (S JeTermiped be YeLATIWITY And waeotd  wuess (T woagld Slow

9 ﬂu EO&HT&!I.L? s'm? GSCILLﬂT]uc,_ T Jcems Th AT The rN‘ﬂ?*QN ™S~
SIPATION foilbwinic  COMPTESSION

iS5 A denamic comdiTiore due A PisTon
Pushing oM Some

@RS, NOT A KINCHATIC ONe AS ToL+anM DEuUEVES.

The probiém I1NUOLVES AM  (trEVerSib i€ Process here ENEfLY CONSETr-
VATION Does MoT hotd. Consider The Braiin-TEasSer For Sophomor€
Physics studemTs of The <hain Droppirte on A Tl TABLE, WhAT I
The force on THe TABLE Due To The Periopic POOmD N6 monion of The
Chaml LinKS AS They Sucessivelt MiT The TARble AN IMPAIT B SMALL
Arpor 0F Momentum TO T, (f The ChAIM Drops wirh vetoarTY v i
Aerfvay Free rceion,what s The YCsuiTiNG Specd ofF The TAble?
RS we MeuTIONED ENErey (ONSEYVANON DOES MOT WOrK becpusé " The LinKS
bounce back A UTILE b And This acnon MusT be cousidereds

A pPuTure of Our OSLILLATIMNG HMODEL MiohT LOoK LIKE:

UME

Yirst

Rie BANG Ble BANGS §

Muher order
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We conciube or reAsom, The HoTion of The rADIVS N&ED NOT be 5MoOTh,
GrAviTY cAN ACT TO CAusE NOISe And DISTUTrY The 6AS. AS The wWAUES
ProPAGATE Throveh The MebiA |, Local Areas oF conpemSATION CANM resulT
which AcT AS COLLECTING <enTERs, AfTer The firsT or PrimAry Bid
DANG The whore $95T7em connd become ShAKY, Spurious arAviTATIONAL
WAVE YIBRATIONS STir UP The menift ANd AS Timé Proeress siow VNCDUPLE
Tk MATIEYS, TheT (5, To DAY  GravITY whves PENETCATE TiehT Throuo h
MATEr. However, The €2ACT POT (M TIME whenl LiehT And GrAavITt bedmes

decoopL €D NEED noT Coinerdeé.

The CosrmolowicAL MirroR
We hAve MenTiomed bhefore A ver? ndTY AnALoeY +oR umdersTAnd The
Compiexr PhenametA Occurrmie IN The umverSe, It is EASY To 6eT iLosT
IN The Phesicrst underlYineg The UNverSe. Such Areds of interesT of
REATIVITY, METric TENSORS | dchwarz child diNeulAriTY, GraviTONS, ﬂu“n-ueqrrmo.s‘
Nudefy TEACTIONS, TADIATION ProPaeATION ETE. &7C, becoMe & TANGLE mess

N Mo Time AT ALL.

LeTs maKe ust of our homosemeous Hogel of [he umverse And Se¢
WhAT we cAn Do wiTh 1T, FIrsT As we recatl, 14 we @ wenT ouT

To A MEAr-BY GALAXY AND "PMTED A Rifror on IT, The nomber of
PATNAES inadenT on eiTher Side would STATIsTicaiLy be The sAne,
AlERiGKT Then, LeTs MoT oo 00T Too 4Ar sAY To A radivs of Ten
NebulfAr UMITI, By This we SmpLY HMEAM Tew Times The RUEr AGE SPAENG
ReTween Mebulmre. PyT A oreAT Bio SPherical rirror There,

WhAT we hAve in effect 15 someThing Like The Drawine
hete - wnTh A LiTLe imAaGINATION Add TO PuT IR |n Four
DimeMS TOMS,

RY NOT AVTEMPTING TO TAKE Soch R MONSTRrously (AMRe
VOLUME The relaTivisTic e+fers of erAviTY ¢ANM be
IGNOYED, However | AS we recall&® for A Smicar
AreumeNT for A sphere of maTler And ASKeD whaT
happenss AN SMid we Lould igmore The sTutt ourstd € The
bounDATY, WhATS inSide MousST be comsidered. So we sTiL
MUST EXAMINEG The S&rAVITATION AL WAVES ZiPPiING AbouT
bul™ reAlitide relATIVSTIC €ftecTs become SMawy
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BY Thus MAKIMG CUrWMTore AM UMiMPOrTANT PAIT st our undersTAndiwe
oF WhAT Goes on iuSide- The Sphere we can resorT 7o A MNEWTONIAN &X-
PLANATION O The s¥3T€M. ONe w& ASSUmMe A hOmosenecous MixTure of Junk,
The enTire history of ThaT MATERIAL 5 reblecTed 1m wWhAT wehApPPEMS
iMSide The SPhere. LT 1S (HPOrTAMT To Yixe The boospAry comdiTons of The
Pressure AT The wAll 2., Dees The Pressore  uside €XerT AN RLELEIATING
force To The wal To cAoSE cxPansion? The ANSWET beine -Yes buT because
oF The FIMTE MechANICAL DENSITY (N5tde The &x PANSION CANMOT PFOCEED
AT AN INDIMITE TATE.

in This wWAY we hAVE ComPresser The twhol€ yndersTandine of The unjuerse

To A SIMPLe ANd LorkAbte AMALoeY OF The mATUTE of A hoT 6AS IM A boa.

(v some of The hoT 045 biowine Arovnd 11 LOSMOLOsIcAL Circles would be

PloerTen To A UTILITED PUrpose ot under sToNdiMe Thid SimPLE CASE, per hAFS

wie wovld vader STRnd More RbodT where we thme From Anud howl.
By cAvefuily examiminGe The in homooeneTies which occur 18 The ExpAnsiod
wc 5> houid be ted T80 A belfer e NMowlEdGe ot The umiverse,

Since The Pressure ANd votume ot The GAS Are reLATED by The SmPLE LAW

*pv“ = ConsTANT
we Find ThaT
“ ¥+l
TEMPErATUrE = ¥V
For A ProTOM GAS Y =43 so The Temperature coes AS Jienorh of 4

SIdE, SinPLe emOUGh. For INTEFSTEUATr 6AS A Good euess for ¥ IS 5.

S0 That
~¥tl -
T'L = Va ¥ = vr.. s
Tt V;“’r; v‘-".?

To vee how Good Ths APPrOXIMATION 15 AT The c4rfh FAdiATIoN denusiTY IS
Givens AS AbodT 300®. For A STAr AT The disTAnce OF ONE LihT YEAR or 3
SEC whib—4suBS- Which §ers The LichT from oor Suw Which 1T 38¢€3

AY A bLAK body AT TemperRTUWIE T €MiTING A densiTY ot LiehT ~ T4 The
Pourer 6otS AS VYl The radiws 70 T, From which Yeasonine TSvPMmM
€TmATEs Abeutr A 17 radidmon doms Ty,
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Radio ErusSION

WE wANT To TAW #MOre TechmicAY fbouT The ACLTUAL Sources Aud oriein
ot raAdi EMISSEON. WE WHL firsT discuss brietly Thermal or biackbedy
emssion AMd More Euremsively Sychroreon rAdIATION,

FROM ThermpL Sources LIKE ONON NeDutAge The SPectrum ot LichT emilT €D

haS The Distribution YV | AT tew Sreqoencies we ver A dSTribaTioM

correarondingt Te RTvidV. Instead of flux viurs we ASSOCIATE A TEnPEraTure
TRAT The ANTEMMA "Sees’ wiTh The rAdIATOM, |§ we PLOT The LlouariThm of
Power Per UME FreQuencyY Versus FreqQuency, we ceT The fotlowine chAr-
ARGTENMSTIC curve;

fn {Power
Per vy

FrequenQuency v —»

The expt ANATIORY oF The shAPe oF The curue 1S ThAT The @4S cAN beoTh
cAdntTe And Bbsorb. Since There ATe A LoT of EIHTTONS VUNMiNG Around
which ATE ACCELELATED, The? NATUTALLY €Mt radiamoN. The plosorprion tross
SecTioM Per ATONY TIMed The MNumber o*f- ATOM  EQUALS oNe over The mennd Fl'ec
PATW. {5 The maTeriiL 15 MANY mean Free PATRS Lome | AV L,-whiek
correspowds T The opTicAl depTh P (TAK). Where we demoTe The opricar
depTh To Merm The wunber of dbsorbeny wAVELEMGTRS The Tmine s deeh.

WhAT hAPPens For Difierent 2'3? 1F £ = oo ,Then The rADIATION From
The wall 3 ProrormonAL 10 hTVidV, 16, The GAS BT TEMPErATure T €mTTs
LIKE A blackbody. for FiuiteE ¥ The RBLAK BodY vYAdiaTion 15 redocé® by
AN AmMouMT e"*,z.z.,

ATvidy (1-€7)

FollowiNg This furTher wie AN def-me A Source TcHPernwrelwhmk 18 mol
reALLY AL TEMPErATUrE AT ALL bur TATher units of STrewetus of cATissioN,
As A fumction of The €LecTrgN PATh Temperature ¢7J

T-$ = Tu(l-'e."*)
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Our |MMEDIATE ProbLEM 1S To Find ouT whAART P 1S. To Do This wo€ waANT
TO DETErMINE haw muchh EMISSION COMes From A very Ty LAYer of @8s,
AFTEY TRAT (RLCOLATED weé (AN Thmw Hind AL 4 TmcK LAY The
€SSO I ThiS SMALL LAY Er 13 Thus Gived by

AT vdviat]
inorder To sPeciiically CALCULATE how Moch Bt Theve 1S for A 6luenN
RHOUNT 0F MATERIAL W€ ™MOST CALCULATE The ALSORPTION coelicteNTL
oY Usinie The €usston Phenouent, Remember we TALReD AkouT A SiMugr
Process when TiscussIne o;’&mr‘(‘Emsrem coe-ﬂu.iep‘fs‘ ETC.

Whi Dogs The eLectran Ml prAdiATION. For suy discussion CLASSKAL Theory witi
suffice, We ASSUME A Coulomb POTENTIAL In which A MOVING ChARGE
(S ACCEler ATED by The ATITACTION INTO A PhArakoLIC OrbiT;

i
fewioy of AcRel6rATION

e
CLecTroN

WeE AN GeT AN ANSwer which 1S AbodT 95%0 TiuewT by A SimPLitied
case ot The Above AccelerATION. W& The charee 2c ANd ctecTrou Afe 56 AR
AWAY TRAAT The PATW of The crecirod TemaiNg €33entTIALLY A STRAIGWT (INE.
1§ we ASSUME A SEPARATION DISTANCE of b for The PoinT ofF mintmum
APproAch Then The ACCELETATION (AN bE GiveN AS

a= 2t ‘ 3 ; —
b m b + b
(b
1
te
The. rATE ot AcceterATion O The ChdRGE 1S cweN by
l l
vare ot cadiaTIoN = ze o:' = Z;E" (g_c_ )
N unTy of ENerovY/sec 3¢ 3ev\ bm

ASSumiNg The MAJOR  Acceley fTION OCCUrS wiTh A 2b didnerer of The
FOINT ¢F MAXINUM ACCLETATION, The Time ot cotliSion 6 GIWEM by

flﬂf‘?‘_éfv !

——

v\f(‘t. v{-rc @
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The AweltErATIoN Thed cAusSes A  GAusSIAm LiKe TRAIATION curve Rround
Ths mAxiMuM PoNT €, 17 forms A UTTLE bomp. Sunce The freQuemcy
ot €MISSION |5 wversett ProPORTIONAL TO The TiM& of Emission  wE $ind

2‘_‘3.*3: .é_.!- —_— dV’Edb
Aar ¢ V* At

The eMmiss o Sceurtine In 4V €quAlS The ProbabiuilY ob of b beino n
dke Times The enéroy €MITED, 1y, The AveA which AAS To be T
Emeret ;d 0V = 2N bdby [E-__b_ , etet ] -8ne* z* dy

W mrpd R4 ﬁs -'t?-;"
We fce TrYiNe To 66T The sPeeTaum INJEPEMSENMT g% V The freguemct . To Do
TS We witl hAve & To 6o FurTher, ACTUALLY The Number of cottisions rer
See Peér oanT volume Per d¥ 1S Givend AS ﬁ-‘f:um.no.q of cLECTrIOM  {opM
Munbers And eledriOw VeiogTy

Mo.COLLIStomS Per Sec = Ng, N, VU %Tibdb

For Meurray maTEr®L  Nien* 2 3 Ney. Aud we oet

Cueray i d vV _ N:;_ etz dv
Sec- vol mied

ReALiz NG THAT MANY BLeCTroNS have di HerenT velociTies wé Averdeac

To Give A MEAN VEloCtiTY T
5 - &

WhAT™ Thie LOROLE ThiMe 1S AL AhouT 15 THAT 17 A TrYiNe TO UNdersTang
The AbsorpTion coeFFICienT fur 221 m Found 1 The Krauvs Book, 1E,
- i — M -% - 3’1 ]
K= 9Bxi0 '3Nm fey, ¥ Li9-3fﬁ“(T /V)J

Cubu. M TES
wWe WANT To comPAré This To kT vidyL 421 where A% K AX,
IT 1S Possibic TheN 10 ¢ QUATE Our €ntETOY £MISSIONY formulRe A Nd Sotue

for K to ,hon—#vi-l’f, GeT SomeThinG Like The Above, ne

Accordiv Yo FevrmmAM
g hividY ¥ = MNey ez dvy
(1;1)3 mic3 f

{eiTher THIS 15 COPIED LafoNL OF €156 1T S NOT IMMEDEATELY SPVious
whar K 1S,

M EACT, wer Area'T QWTE Theoush,
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IM gur CRS¢ The FrEeQuUEMCY CAMMAT Go Tod hich or €lse b ce TS
S0 SHALL ThAT The whoté Thinoe 15 MO 600D ANY HORE, We AN,
howt“‘éf, CALCULATE The MiNimv M B T8 Giue us Twhe pAX UM "'T-‘?Qur?'us'f
b €QUATENG WineTiC AMd POTEMTIAL ENerey AT baun,

R RT= Zet ., AT
Hrmin et bmm{
beT b= Y L. vy - W
Ry man 'i..bv\-u;q

Vimay = AT v
ZZe*

RecAnine = JRT  we geT A < haradensTic coT-oft poinT
™™

low cvik ot = Y
'T3IL

Al
T"/t..

While A UPPer cuTh off veSulTS $70M A bmay 61ven by The Shieldinie
disTAnce of The Ngucieus

b+ (AT )

4ne*N
Thercgorc
Yauz X = i}é_r [aneww (411-3’-;\1)'{:.

Which & dew MIGKT fEa6MIZE AS The PLASMA §reQueNCY Weo, S0
Our APProX 1MATION ISN'TT ANY GO0D bhetow The PLASMA FTYeguenct,

or A ?*ﬂ*‘tcf’d.J TYPICAL RECAVSE €VEFYOME hfs AGrced TO ACCEPT IT AS
TYPIAL, 6AS  Teo = (09 °K  we 6eT VvV~ 103T1e 50 ThAT The
LowATinm 4 The s@uanod For K 15 AkeuT ~7 And Thus 19.8-T712.8,
Suo HIMALLY we cAN deTermine K., ANnd br #osr mATer AL This OPTICA L
DePTh Then depF deRnds on Ifyr |

Finany Then for & Given ThuKness oY @AS TAIATION Gaoes AS
. 5
yi(l-e¥) dy
For low vaiues of ¥ we seT AN OPTHALLY Thik medify e, rAdiATION ~

Vidy, White AThich FreQuéncliBg IES 1T ©0cs As A ConsTANT Times d V.
See dur Previous diAeram for OTION. The foreemenT 18 PRETTY Goob,
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it 18 m‘reaes‘tﬂwa 10 toox, A LIMLE moRée cLosELy AT The CUrue we

ar eV ched e’ F Mo O0Ther reASon ThAT TO Show how ASTTONOMICAL DATA

15 sTretched T 1T TheortTicAy

/Qm oo er

PREDICNOM.

o + a
3’ o~ o

dorie 3odme JoooHc

frequency

wihAT hAPPEng AT POINT 2

Power JPecTrym
for Orion

PoINT 17 WE CAN MENTION Thouah , The TLATEMESS 1S BOE To The

INCYEASIN G TrAmMSPATENCY . We AN et T ESTIMATE The €ELKTTOM DeMsITY
The

They Briwe AT A Figure of A few

KMowiNe The TemPerATUrE SAY

TELEMOPE,
Thous And  Pe¢

From svchh CALCULATIONS
cc weAR The CenTéR To AbooT Téa Per 8Q. AT The ¢Dec.

io"’ And ThicKkness As observen by

Frem This dENSITY W& GET VAL CMSIIOMS

As A SherT PmLo30PArc AL ASIDE

That curve Above, IT 3¢EmS ThAT PhesKs Ap=dpe—ifip—Fo 15

TISCUSSION INVOLVIMNG The MAST

15 somewhAT tomMTUSine? wht Does (T DIP beldw

IN PeeATdS To The QuesTion O ExPLAmING

UNYELI AbLE POINTS.

A PetreTUAL

To MORE or 1655, T AP ThiS SecTION wP w& LigT Domt soPer MOVAE FeMMANTS

GiviNG Some oFf The ASTroNoMichkl DATA COLLECTED

Fi

oblecT us“-":«fm 5&&@

Cw* CP5 ¢

PUPPIS A 73 oo

CRAD I3 1000

ng al -53 100

CYGMUS 3 100
T{chos s

KEPLERS 3 78

-083 100

DusTANCE
PRT-SEC

345
Ly

L

nPE

Aae
¥RS.

265

p—

qH

50,000
343
36t

AL Thesée $TArS  Are TrANSPATENT AN EMT A LTILE LIGhT,

casstoPen A
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CHAYTCEE |

— ']
Theory of SvchroTrom “RAdiaTion
(sc€  Lecrares oM Physics  wvor | L FednmAM)

Te Bewinr DIsCwsSSING  The Theory of EMISSION wé SECK To $imwd The 3 PectTrhl
DisTriboTion ob AN ODIECT GOING Aroumd (M A Civci€. To ACOHPLISH Ths
WE MUST S0LVE MAX WELL'S EQUATIONS byt The QuesTion 1S where To STRIT,

The Erewne $ieid Probuced b? 4 moyvine ChAree seen from $ar Awnvy

M3 To0 COMPONEMTS OME Gotke A ONE OUEr ThAT DISTAMCE SQufire AND
The OTher GOING AS oNe over The DISTANC, 1§ we eer Far enoveh AwAY
from The ChAtee, The LAST dyinge Piec€ 15 dADiNG As TR. PhesécAlly Then The
SITUATION 18 EASY T Describe.

lnAGINE Tlru-.t Etecrron CAITIES A UMTte UahT which has Mo TopPtey ShiiTine,
LTy PANT A Picture of how IT Loows T0 dS. AS dur PoT roves ATOUND The 8#C-
CELEYATION 0% The iMAGe PoINT Them €QUALS The STremeTh of The Tieed, If we Are
LooKiMG DiecnY th The TDitection TOTATION ,hf., we tooxk AT The &¢Bue of A hoop
AN CAM'T TEIL \TS A CITLLE  WhAT Do we SEEY To Us The €LECTTrON APPEATS TO
HOVE TOWATDS ug AN The n AwAY. IF € TIT The Piane of The Circle So €
Look AT AN ANGle we M FACT S€e AN €LiPSE. To oS (T 1S Like The chArse
6OESY SLow COMIMG TOWAYDS US OlONG The BRomom of The cirele ANd Theat
©O€S LiK€ MAD Over The Top - Think of #A rowy - wAsTeR. The Tremenpous
Acceler ANons Afe SIMILAR, The reASon wée See This UATIATION IN MOTION

INUBLVES The veTArded Time INVGLuen N TECEIVIMG The SieNfis. Thig wé pMosT
G0 IMTOD MOrE DeCPLY,

IMAGINE The Folldw MG PicTurE :
%

2.";

¥ The Direction o ObservaTion £rom AN oblerver AT POINT P 15 JdenoTeED

by 5, N SPhericAL COOTDINATES, TheN LiecTrODYNAMICS SAYS A Moving chATge
Probowies AM ELECTRIC FIELD GiIveEM by

— L
E - -—s_- _J_He.‘r
¢t d1t
iMAGINEG A PLANME SOME UMIT DISTANCE §70m The €¥é where The coordiNATES
N ThAT 3ToT Are G1weM by
X'ty | y't)
AS wé& jee o7,
To WererMiNg The Ex* ANd Ev' FreeTnc FietD cOmMPONENTS we sMmusT

Tyt
RETEY MM £ Ex: = - A"x‘ Ey"" -e A_! .
c*Re &T ¢ ¢tRo dl

where Ro 18 The DisTAMCE TO The Soufce,
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We HUST he very careful To SPEAK AbouT The eorrecT TIME TeLATIONShIPS
becAVSE T 15 verYy (MPORTANT N DeTerttiMibe wWhaAT & S, \we shall

DENOTE The Profr Time of The erussioN, L&, The PoinT The chAree 3P:iTS oul”
iITS YAIATION AS P (TAU). AT The momenT # The comuporvents ol The chArees
FoSMos  ATE Given bY X(E)  YH  ANd TLE] So we MuUST CONNKT Our

Cire of obsevvATION T WiTh The ™MomMenT of Erussion 4 And wohepn WE PO
S50 The coMPONENT Z(t] Does ewer €ftecT The reTArdATION. The Detdy 1M

TiMe ocwurs overR The BISTANCE Ro wWhich means A Time of Rofe To
GeT The LIGhT $rom PoMT G TO POINTP bul Thas 1SMN'T Too JNTErESTING
BecAUSE 1T $usT ShifTS The ofieiNy ot T be A CONSTANT, The (HPorTANT
ConTriboTion comes F Z(H} 15 A L€ farTher bevYond © So The Time
DeELAY foc The slen AL To YeRth © 1S Z(¥) /e . PROPERLY Thent ,- wit hAve

+t= ¢+ Re | Z(2)

< ¢

ANd Te¢hemberine we Afe m The PLAME o} moTiont

X'(t)= xct) and YT} = Y(¥)
FINAWY TroPPING Rej/e And worKinie IN umers of ¢ =1

tT= Y+ 2ew)

To worn out The APPARENT mMoTion oF The iecTron we Sec from our
EQUATION ThaT ¥ The MoTion of The ciecTron 1S CircutAR Then The

APPArewt MoTion 1S A TransiATION ALONG our Line of SiehT A TIsTANE

¢t WhART We See” Then 15 A curve cALLED A hYPOCNCLOID cotT h CuSPS

OCUrriN e When 1T APPeArs ThAT The chArec 1S RoOvinNg TowATdS US.
Xt X

" Q

ctr 7

S0 odr PLTUFE FeDUCES TO A MachinEmoyp Spravine oulT Dullers n
AlL BiTecTION BT WE el

INOFSE  when They ATE Cormim s Pl hT AT
US S ThaT s, The flecTric Fietd APPEATS T PULSATE
ChAfee Mmoves

optY whey The
TOWATES us, WE& Sec T over A Lone Period ot TS Tine

iMN A Shorter Period of our Time doe T™ This reTArdATION. The wel”
TESULT 13 A COMPPESSIOM IN TimE,

FRoM HERE (o€ wANT TO €5TABLISKh how Mucth Mot ENETeY There
15 (M The LiohT ;| where The eweroy 13 ProPerTIONAL TO E". For Si\mPuictTyY
wE witl worK WiTh OMNE PuULSE 1N which The ML eMeTe? I3

§ 4 £

40
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wWe wAMT 1o tmd The Fourngr TRANSForm of This EQUATION i.g.,

Sd_u? EXw)
2R 4u

whete  £(w) 3 S Eery e‘ w4

For Circulfr moTioa And observATious TAKEM Fpom ThAT PLANE The Power

per 8w s L [ &l = w?t [IXM:}" + iYLwl\t]
3 all 4%

we hAVE T SPecify The Two DIRecrions o PoLARIZATION.
IWHTh The moTioN 1IN The X, Z PLAMNE And vetining P20 To be The Paiurl
AT which The AdLATION 15 SPIT out &, AT The ToP of The crircié,
Aetl= A cosvt

Y{(¥} =0

ZLE) = asinvet

Whare

where O 15 The rAdivs And ¥ The $regoency AnoulAr VELOCITY,
%o we Theat have

X'¢t) = acosy?
t 2 P tasiny® -~ dt =d?{/t+avcosve)
The Tourier Trﬁnsgoru ot X't}

ANd

[-X-3T YN
fusl
x(w)~ § e’ xypdt
SubsTiTuTING ,

- iw {FrasinyT)
Xw) = S < acosvE dtl+aveosyT}

The erAtT SOLUTION To This INTEGTAL , which ConTRINS Tht Side band of The
SregQuency HODULATION | 15 very DIHHCULT To GtT AND INVELVES Ressel FUNCTIONS,

NoTiCine, howeveR, ThAT The differenrial 15 Thar of The EXPoNenT wé
TRY INTEGrATING by PARTS

CwiF+a g iavt
LET wu= Geos VT dv = e e lc"l‘:(!t—aucosvﬂ
du~ - avsinyT dP v o elwErasmvi)
iw
o (£ wtFrasiny )
X(w) = _9' cosvI tuu( TGSINYT} . g\}ccw QSmV‘* d¥
& Wy “T"w

siNce Qo cosyt =o’u’&ﬁ‘cr oNe CYQLE 17 (UTS OUT e have

- Cwittasin v}
Xtw) = s‘ e asiny P d¥

Which we cood have obTAmED by differenTIATING wiTh CESPCT TO “Q:‘
d fwtrasmye

xewj> AY e oy
(¢w)” } da
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WeE won'T wakK ouT The oPPoSITE Fourier TrAMSIoRM Riohl mNow kol T 3
v -fw(P-aSiMveE)
xewy= 2 4 e ¥
(¢w}” da
Singe e ontf T A MAIOR CONMTRIDUTION Durine A VERY ShorT #omenT,
The INTEGYAL (AN bé APProx(MATED by s 3
-fwil-av)d - cwa¥ F
S e “ d
Remember e QRE LiriTING OUPSELVES Tb oHé Pulse oTherwise wé wouvtd
GeT M Trovble wifh biharmonces,

IN Our (OMSIderATION The velociTY of The €LECTRUN AbouT The cenTer

15 Close To The SPeed oF LiuhT or
av~C
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SYNchroTRON RadiaTioM

LAST Tim€ we were TRIMNG Ta Find ooT WhAT The Frequency SPECTRUM
of RAdiAMOM €MiTeD be A RelATIVISTIC chArceo PArvicie (o INSTAN-
TANEBOS LY CIYCULAT MOTION 1S, TovA? | wsAnd TO TRY TD deveroPe The sane
EQUATO N Sor The enetey disTribomon (m A pifterenT way., We wiitl STAYY
wiTh CLASSICAL ELECTTeDYNAMICS Li., MAXWEIL'S EQUATWONS ;use A LITTLE KmowW
PropecTy ot vecTors And fwAL emeo? fooner TrANSForms To 6o IMTO The K- SPAce
Cepre SENTATIDN.

The Yoor MAXWELL EQUATWONG ATE

V-E = /e, £3)
VB= 0O iy
2"_":.. =-38/3¢ Ciii)
V8- = /Mo (iv)

Now we use ThAT ANY VECTOR 1M GEMERAL CAM bE WHITEN ASThe sum of
Twe PAYTS - A tonciTudiNAl ANd TRANSVERSE one, 1.6, LeT A denoTé A verror Then

= Ag t RT&.
Such ThAT,

A
V:Am=0 and VXAgz=0
™ ot

We eMPhASIS The gemnerALt T™his Procedure. SiNCe The €lecTric Fietd 1s R

RertecTit Good vearov, o __
E = Ex 1 Em
FROM (i) o6 See
ViE s VB + VebBrg = gy,
oR VeE4 = Pres

A CoMPUI MENTARY eQUATION NEcESSARY To uMiQue deTermne The (omeimidivac
COMPONEMT o E (S

-\?‘Ez = Q

ThoS £2 15 deTermINED BY The GrAdienT of Some POTEMTIAL which
dEPeMdS direcTiy OM The chArce COMNCENTYATION AS PER ELECTrOSTATICS
ANd mMVErsely AS The dJdisTAnE From The chiree

Ei =V

¢ = Chitters by e€l&TrogTATICS
=R

where

K wie examine The Loverrudingt PAT o The macnenc fietd, we discover
fr VErY UNUSAL ThiNG, NiMety, There (SK'T ANY LomeiTudiInAL PART ; The
MAGNETIC fited S ALL Tr ANSVERSE,
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To shew This we use EQ@QuAton (1)
VeB=0= VeBa + V- Brr -
buT V:» Ore=0 (N eeENETAL Thaus
Ve Ex =0
SimMCE V x ‘E). SO 4T 1S MECESSARY ThAT -‘E& =20, Thevelore

——

B = :é'ra,

Now LeTs $6€ whAT hAPPens wiTh EQuATON (1), TxE = 38/3r

ng-m + VxEg = agﬂ/ar
oR VX Ere = 3Brr/yr
From EQ. ({v] we see That

VXRBrr v 9ETr ;a..ﬂ a:ii?drn.
- ot 14
H we wANT we 0uld comPARE LoneTudinAl AN TrAMSVErse comPonNEnTS
And EQUATE Then, TRuT LeTs TAKE The Acr;uﬂ}"n}e And aeT

— - L — — ——
VX QR 1t BLETr 1-6__{:;( =944 1——3{;!‘4
T ard ar* t T
USING ©00f JosT derved FAcT ThAT Bt/ r = VX Exr And sepAranne oul
e Fonidd - .
VX(Vxé“rr) + a___E_:" = 3 j-“
3Tt ar

RecAUWING The wvecroR 1dentiry
—-_— = - T
_ VxVx A= V(V:A)- VA
buT VeArr =0 Thus _
VelPxEp )= - V' Er
We ATe LeFT wnTh The very inTeresTing YesulT ThAT AfTer we Tid our-

SeLves O ELECTTOSTATICS The ErecTRiC fretd 1S GemnerATED ENTICELY by The
TYANSVERS & currenT

—VLEN + atg”‘ = a:;‘rr
QT* T

Now [ 15 ALSe TRUE Tor ANY Veor described IN PosiTion sPACE There

corresPonds A fourier TrAuSform of ThAT vecror v K or whve- Number
sSPhce,

mﬁ{,t)'; S«oo ;q—“-(”_{‘_t)ezﬁ.m dgﬂ—fj
. o

The Achon o+ diferentiAminG AR t) wilh respect To M 1S The
SAMe AS MULTIPLYING The IMTEGrAT BY K clch TimeE,
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TARMNG The LAPLAciAn of B (K1) 1w The KD mode we ceT

oL = T .
-y GK) sz;am «E =iﬂz

aTL dr
oR. K et }_:-" + ¥ En . 8 4 droppine The ™ pmod & nomTIOM
3T 14

Thus YAR WeE pAve MAdE no SIMPLICATIONS ) we hAve Fhdee TALKED 1M
GeNerfil Termg 1F You LET Me 6€T by wiTh The INSTANTAMEDUS loameiTud-
IMAL ELECTTIC Fieid which nooME QUESTIONET 50' L Go M. We can
NOTE  hawever ThAT The SoluTion Ty The FiMAL form The cQuATion Above

15 Jo3T ThAT of A  hArmomMc oSQLLATIOR DRiveM bY A Sorce COrreSPONDIM G
To The TiMe derivANUeE oF The TrANSYE(SE CUCrenT,

we cAN TAKE The foocier Teanshorm of da 15 we Al TARe 17 of g 4
t‘ﬁ'ﬁ JSR

ik

J(R,H = Sw JuKt) e
K -ol

M"W I‘rr 1§ PerpsubDICUtAR TO &'—:( BT fﬁl CAM be wrilTeN 1N The fumny
Y e

MOTAT1O0 ;iu - riz. r ‘TK"‘
- K*

— —
oF fy Yowr s 10 The SAME direcnon RS KL This LIS i 1S PerPen-
dicviar TR K

The sowlion of The driven hfgrmontc osalla7d Yor The K™ mode o The
TAANSVETSE grecTric Tlewd N The K-SPACE 1&., The womPpoNeENT AIwWAYS
NOTMAL To The direclion of ProPAGATION 1§ Glven AS
— ko ra !
iK = 1 ~t'y d t 4t

ThAT 15, we us€D The GemerAl soluTiON To The €QUATION

X +wx =v(t)
WATH i '
Xty = ESS Sivw {t gy de

~®

Where The Time T i The Time we wWANT The :Fie:.d, Simnice The abservarion
Bccurs AT R nuch LATTET Time ThaT The event ITS€tf Sypuce 1T TAM €5 100°s of
LiehT YeArs TO yreqch VS| wE cmu}@or ALl PRACTHAL Purposes TRARE Th BT TimE
o PE INFINITY  §o our INTEGrATION runs From ~® TO+ oo,

it we MAKe The SObSTIUTION,

wer-ry -l -t
SINuHT-T') = e -
—_—
~ I
— - - -t
E(Ktj-= 7,_—“"«: f ]_e - e Wt ”j Yiet) de!
¢

-
h +d 4
where  yiti 32:-3(“'”
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RewriTing

fwl - L WT
Ekt= I +e_ L.

Ared LW
in This Torm we Clearl? See we have DoneE SomMeThing WroNe
Powey wihich gpes A5 E

Bechuse The
CONTAINS iNTErtering Terms tike TiLa whick
MEANS WE hAve OUT 6OING And INCOMING wBves | nTerfer e

WELL 1} Yo'l Permil Me To CheaT ANd weiTe

Deow w WhAT 1 WANT, ke,
Rew FACTOrS *uSPLACED

-] BPRY s = 8 '
— ‘WT d gCKTjdT
E D= @:.. S-m € 4t Jekit)

2ond
WHhAT Then 15 The

correnT $of Moving ElscTfon Gioew b9 The POSITION

VECTOR R (T} Add eomPONEnTS Kz, Vi), Fir). WE NOTE The correnT 1S
ZECD €XCEPT where The €LelTron 15,06, Wwe have A SecTh FoneTION.
The Charee dENSITY 1M K SPACE s

wHTW R

—
QY = (To(Ruie d’R
bui (.)L”ﬁ'i,t) =36(fR(t}— 07:))
56 w& simpry have c'R‘Eﬁtj
(3 (K;t) = Ze

To fidd The cucrent deSITY which

13 S1MPLE The chAree deMsity Times
The veroiTy of The charoe s K &}t}
i -

JK,t = 36.’1({16

IT s AMAZING how SimMPLe ELecTrod PnAMIS <AN be nade 6 ONLY € would
TeAth Foucier TrANSEOTM Theory 18 T, B suse ONCE W€ o To K ~3PACEe
we ELIMITMATE The NEed TO TRLK AbouT rerard €d Wive And AL Tka’rjmx.

if we now INTEGrATE Exzz} by PART by LEWiNG

-."“‘l-l

u=a and  dve 44K 7dT’
— AT <l M Y Al )
Epll = 9:‘_;’ LJ(‘K;“ e /

i

. @ _lart, . t
74
Lt S_m e  Jtjdt
lwt O gwl's
e e  J(Ktidt
= J-®

Sinee e‘.“c 1S JusT A Thdse -H:cwaz.I we€ those To itomove (T,
7

we fway end UP with AN :;z,reum & 'Ike___’_(_gog:t‘!
wretif! * y . .
Exltr~ {, € ae dr

The vetocilf YECWWe beine xortAL To The diraction of ProplcATION K
This i5 The sAme TYR of wTeorac A3 we had betore,
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we mow hAve The Fiecrric $16td as A Jumcrion ot H . HF we Fix Twe
orkT ANMd vArY K, wé ASK whAT The radiaTion s, FIrsT oe wANMT TO dejirbe
eyrcul AT

ToTion . ThAT MEANS The PosiTion cOmMmPONENTS M The
YecnioNS ATE Gilven by

%, ¥ di-
Oz = %Am VT
Doy = O cos VT
The direcTion of PrOPAGATION K 1S aven by
IK = ([KIJ IKX} ‘KY/ , 't')
SINCE The morioN 1S YEMTricTed To The X, Z Puane Ky =0 4And The
TALIATION @occurs AT Z=0. we have Then,
!K = ( 'K‘E , IKx‘ 010)
Such 'T"\ﬁ'T mt' -

L T

'Kx T sz

i we TAT The PLANE of MoTion Throveh A VerY SHALL ANete O Then
Kz=> wtose

}Kx = WSING
To A cood APPROXIMANTIO M

= _ Ok - - wWet
Kg = w(-2)= w- 22

2 And Ky= we
The wom PaneENTS aof K became (“J“"—Ez, w9, o, 6).
SiNCE wé ™MUST have The +acTor
K @
we see
K-@Qu1i =

Kg agomvT + }}(x 280SVT
The Biectric iEtd $or A PAMICUAR WAV E Number, ve., M The KT mode s
GIveN by

® -twl Kgasiwvl oK
1) = tw 2 Ky acosyT
E"é j-a < < avysinve dT
drop?mo The 7' NoTATION. Also where we used The WeFOT VetociTy
ComponenT N The x direcTiON ONLY.
i-to..;wml The pMAOIN CONTYIbUTION T8 The tNTE€HrFAL QCUTS wohen ©=0 And
under ThAT CONdITION Koz w |, Ky<0, So we seT
®  lwr riwasinyT
Extt) = S_m e e

avSINYT dT

For very hioh ‘FYC-QU&NClt‘S,w, The EAPONENMTIAL OSCILLATES S0 TAPIDLY

ThAT The INTEOTAL DoeSN'T GiVE g5 mvch. When The circutAT freguency vV
15 very hu.k} Then we

htve Thig 1AfeL W,
The oscill ATIONS bé SHMALL

50 wWe MusST reQaif€ ThAT

buT AT The SAre TIME 6eT A hieh W, To
do This LeTS €xPANd SINvT for SMALWL vALUeS of vT, e,
SINYT = VYT - \f_{"
&

| 6O



T NP
S50 ThAT V(w-wa vt - cway® P

[+ -}
E;K(“ = Iw = e . Nasinyt 4T

BUT AV = VELOCITY on The orbar,v which S ALMOST The SPE&d ot LishT Q,

The veirociry CAN be Wrimes Iu Terms 3w O Y where E£= Yme™ AS
]

vz - =
2yt
Thus W-way = w-wv = W-w+ N = W | if we [anore The aTher
Much SMALLEr EXPOMENTIAL W€ See axt 2X" That even when Y 15 very
LATLe

marhe 2000 tor I Bev, tu (AN be very ctArge 50 Tha T The osciwqnons
AresmAtt ANd ThuS el A comTrtbuTiON -Ffo:-! Twe inTeorftL.

For €Ase ot handiine (675 conSider The INTEGrAtL
I (e twrrikgasmvt 4o
-3

wheare we <hose TO 1euere The Term e“‘* A cosyt becAuse for vt=o
we—ontt have e M o 1s JusT A Thase differcaice,-
WiTh This INTEGTAL we CAN defise The srectiie field As

Enttizv 3 I
K4

Thus we ANLY hAVE TO wBfTY AbooT whAT T TUNS 00T 70 be Thew TAKE The
derwvATIve w1tk respecT o Ke,

Acin O smAl. AneLes VT . . 3,3
— ™ cflweKgayit  -cKgavt
1- S_d e e [A

dt

tet P 1,4%::,)5 And Az w-~Kyay soch ThaT

-iAT -~ {PTY

I-= S e e 34t
This inTeeralL t5 A ThesSel tumcrion of Order3 or seméeThing LiKe ThAT
Swice The MAThe mATICS cAM be worken ouT fram TAbLES, | woud (1KE 10

WorK OUT AN ASYMPTOTIC APProxi:MATION 70 UNOERSTAND The meamine of
The inTEGYAL,

WE wonrd Like To Know whert The Phnse VAries The SLowesT, g, where Does

TS HMintMum actv?, Thos LeTs Tuitter ENTIATE The CAPONENT WITh TESPECT T
Time o cel

A+PRT, =0
Ta= if%,, =i

OR

where P = [N

So wt LEATN A VETY ANNOYING Th"m{,‘].e.’ The PhASE NEVER VAT Slowty
over T We JusT 60T Throoeh TrPiNG T FIND Thys POINMT ANd NOW wE
LEATN LT LieS ON The COMPLEX TiME AXLI BuT W& AIEnN'T Throveh YeT,
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Suppose wE TAKE A conTour Sa ThAT we TrAveL AloNG The TIME AWS
And s wd®oP TO 1ncude The PoiwT T4 ¢ o,
— X

-
T

let me chear AcAIN ANd TAKE A DifferenT COMTOUY & This Time we have
The poINT where The osGILIATONM oLeurs AT -: % AMd we totlow The

PAT
t= (¥ +5 -7 dt =ds
i "
/. A\
: I "C
where The DISTANOE : .
MEASUTED ALONG The LAd 4
fiar 15 S,
WENEED TheN The Term -dAt “iﬂs
3
~EAT = ~iA{-ctrs) = = ANE-As
‘EP,%’ = -%P (-ctrs)P = —%P[(-;ﬁ3+ 3EHs 2 3¢ast & 83
+P ¥, ipds - wPs- -iPS3
3 - 3
Therefore, @ ~INE-cAs P13 o péts - APst.opsd
é I:g e 3 3 ds
-

' = A b 1'-: X - 3 T =
NOTE : Sa‘N ce ¢ .J Ve which imPugs /P, we Jind - CAS+iPF's =
“tAS +IAS =0 ; o The FiesT Order Term iy S CAMcers ouT.
1F we NELECT The 53 Tern , The remANING Second Ordey Term 1S R 6AUSSIAN.
ForR T771 wWeE eT AN ASYRPIOTIC soiuTion of The form

I- -I_Q_j e‘h*e+ Pf}/B

e .
T A e
i, I__ Hﬂ e" 3 e
x.fq P'f‘l

The €T it fierd B CAM aow bE deTermmen reguzine ThAT A And P
fAre fuoamcnons of IK%, The AMMWET FeYuMAN GOT wofs

¥z

_ L {4y - N

Ex Vigapn® "
A& pliq

162



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

Knowsie The ouTcome oF The DAYS Lécrure And ThAT pr. Fev/NMAM wais
NoT GeTING The ANSWERS NE WANT | miahT SP«olATe ThAT here 1S A
Troubie 3207 Awcordive To our fermarae Sor & .2,

Ex = V4
o Ky
ANd remennbernne A= uu-ikban.\’ = JKJC\‘\J,/Q_ 1¥ wse ToT ThoSe
INTo The eExPressien for I we eT
o I
cw-:mv;""(txavk)'w 3 oCiKavy )

This Then mMusT be differcnenTIATEd wiTh fesPec 7o Kz, 'tt cheei
+T LATTEr boT ot Moesmut T Ltook Like 1T Gluoes The E "QUM& by DR FE?NnﬁN.

Aizer A shorT l‘etnu!; ThanK 1 have 1T, Swmce The oscllgTions rusT

be SMALL, AS STATED, To GeT A StenttHCANT CONTRIboTION TO The NTesratL
w€ reQuite® Thar A= w- Kavy 2 0. so we ontt differenTinTe

AN onn respect 10 Kz becavse A 6ives The bigaesT conTrboTion. So

- L - 51 .
T . e eiin dy . eavim e CMNVPR
diKe 4 2\¥q Pla d Kz 4 \J4pYy
Thus obTAINING forR &, L
=
E = ay* m e_ik /P
K, "? )qu Pity

FLL TRY To éxAring The ethect of The &xTra FacTo0r a¥y on The HinAL
TesulT DR, FEYNMANMN OLTAINED,

ComTiMuUmN, wiTh The LELTVIE NOTES, wé CAM GeT An APPTOX IMATE
equaTion Yor A 1n The followiNe wAY,
X'.-.. & ~ in.\r’

s ys |- WL
whert ‘Ké': w{;-%’-) and ay = vz | ¥t

- - _e-‘- - 1 —_ - -4 -e‘- QL
A= w-w (it 84y i‘rl-) = wrw (I m Sk )
NeGLECTING @YUyt wé ecT

= - i z
A= w-w r Wk +8%)

oY . t
A = o_g( et + -,;,;)
Ta €STIMATE P for nNTEresTiNGg Fre@Queniss whee avxl
P = Kyavyh o K Y-
- Z
buT 10 4 ocoon APPrOXiMATION 1K3= w(’*?;) = w

Theretore P W
Z
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Since The Power 60eS AS EY we have

gl = Vv A4n exP[-"f‘j&'—
K [‘, Xsll ‘P'h- 3 P
UFon SI3 .subs!‘:Tunclc 3 Tr
u /4 LY frwn Yy
T _se[ (o g |
& 1% {u&)sh,(g +.L ]511. )"‘-’-V

Which SiMPLI€S To 3
- e+ t
X = &NV ¢ e:rf_ —""( Er) ]
L) wd (el.+ lj?‘)s‘h.
To rid The €QUATION O V we MuLTIPLY bY RQJg so ThAT ay
CAM be rePAceDd by t ANJ USE The tdenrsTy
A - 6 The radius of The orb7
T ¥ .
t r_aw = *-J
Ex= 21X xp[ -3 F (O v
wi (erri )m

When 870 fThe Power 15 Given by

[ L wl
r% i -
3 expl 3 ¥

wir

bR

| S——
d
3t

&JQ_/\‘-S

DR FeyNm AN chone To wrile W/y AS Aw  So ThAT  w/y4
From which AN wWerT was defivéen As
ey 2 _!_,3 = Y3y
o
Where The YADUATION cuTS ouT, IT 15 The Breguéaiky w¢ dbserve. This

MEANS ThAT A 1S ¥3 shorTer ThAan The difjmeTer of The orbit, For A
| Bev  piecTronN ¥ =2000  So ¥> 15 Prelly SMAl. ConsiderinG Wa 4y

Then The Powér RADIATED woot 4 00, Accordineg To FevmmAn AS, 3}

<7

d wh “? -§es

AnS wheo ‘1’-“'5&?' (T wootd TEMd To oo A YY1 o 3% .
w3
As 1T turnep ouT PR. FepnMAN decden ut mAade The wvone A PPROx~ATON
Sirice The AnSwoEr wAIN'T OMINE OJT,
The error coed bAtK TO The (NTE@rAL
- ¢ % —>:f’-cxs+P_’_ﬁ'5+£r't‘s - Pt - Ces?
=9, < 3 T 4

IN €STIMATING The FCIATIVE IMPOrTANSE OF The LAST Twd TErms
- = (Eest v ipsy)

There MosT bé 4 CriTicAL S VALYE Ddawurting AT The nfLaTiond toiwT
of The curve JOIMING The T AxiS AMNd The Line S,
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+ > a¢ L4 P ;
i+ EPSey =t Then PScr | . RewriTiNG 45 [.Ej‘h.“l —_—r 3 4L
3 - fpst. ;psd VEP
or, P4~ AL The mTeerat g e " P 1s Am ATy INTeorAc . The

conTribule To The Power ok Py 15 simet 4 nom ber And 13 Therehre
lenoftd for Ths A'MﬁLYS!S! 5

-ix® T
.J__ 13*61 /3 JI, - HUHB&R
P

ie5s



The Question which hAs sime meaninG 15 whaT 13 The SPecTrom we see., This
DependS oN The SPEcTToMm OF The ¢L6(TroN ANd WhAT we hAVE Done SO-Fﬂ'v-

ToES ROT Give VS The ANSWESr, WE NEeD The 6NErey DISTribonon for The
eLEaY M,

The spcTrum of stMchroTRON FAdIATION ooes AS gi_u_’? . 1 we reverse oov
0.

ArbumenT ANd ASK WhAT The disTribuioN @ of eLetTIoN €ENéErey

MUST be To Groe Thil, We MohT GET 00T of our ENTANGLEMENT WITh The

MATHhe  ATICS. HAd wo € wor&'rhas Theory 00T TiehT The ¢NEReY SPecTrus of
The ELECTrONS Shevtd Go A3 P

nee)= 8&

&€

oL
From which we exPecr
w("‘v’/& a w

This means we Meed Al ol of 2.4 To seT ©.7. AmATiNGLY ENOUush We
se6 (N cosmic YAYS AM K oF LB which 8 poT DAd 30 WE AT6YE The SAME
Process which TENdS TO ACCELErATE 6L&cTrom To SYMChVOTYON FREQUENCIES
Wil LI EwISE ACCELETATE ProTONS, IT Seemg Twent o€ Are oM The riah® TTACK
To UNdevSTRiMNdIG This Procéss.

Howéver, To Tell whAT The eneray SPeCTTum ot Ar ELECTroM INf A5 &

oFr MOré 5p¢,¢.$:cauv N R beAm of GenerATed be ThAT GAS | 15 ver diFfrentT
DecAUSE WE musT Know The ProbAbiily o €scare ARS s‘”‘"‘" entroey. RBuT
The Theory of €3cAPE o 1S mOT mdependenT oFf The eMeren di&Tnbo"noH_
o A cube oF GRS S8 | consider The vawe of &= 2.4 awor A AL brittigal
FACT YET. AT The sAme TIME T 5 worTh €MPhASIZING ThRT ALl TAdIO
Soorces 4 Shaw MNedrly The 3ame iMdex. WhaTever 13 cAosine This
YAdIATION. APPEArS To Proeress AT A FMrLy €QUAL PACE. | Prapese AS A
Probrem of~ The f1r3T MPorTANCE TO compyTe o To Se& IF IT S rvepliy A
UMWEFSAL COMSTANT.

The Mudel 15 A G6AS of c.hurmm._scopmc., sturein & fretds, < hfirees, dirT,
And oTher o JUmK ALL JM TurpulenT moTion Arnd Thy Redoirineg whaT
The clecTroms Do i ThiT MESS, I e STRFT v Th LONG waves wiitl The
GAS Churw Doww TO ShorT wAVES OF vice vErsSA. Thus is ACTUALLY
STATISTICAL MAGNETOAYDROIYNAMICS, WOrKING wiTh ScAlAble ModeLs
LIKE The mAenenc Fictd VATiATIONMS, Perhats we AN Feure 00T The
redq) nATure of sYnchroTron vAdigmon.

The Power CONTHIN OF reléAse® ThAT (8 DUriMe Thiy vAd1ATION 1S
stzedble, 1M FACT The ToTiL €MeRey 1N The mAovnene Fleid and mw

The €Lectron SENSITY IS 30 OreAT ThaT SomeThinG Secms To be
The MATTER ., The Thrce B FRIMATY S00OTCES ot S¥mchroTroM radiAnm
MEEd Mare emérey Thau whiT Lo¢ Se6.

IN QUASATS ,6ALACTICENTESS ANd A SPOT (M ThecrAb NEboia€ gul
Possess EXTremeLy NiGh TPower OUT PUTS .even FLATE STArs eenerdTe
en0rmoos AmounTs oF Fneror which we DoNtT ondersTAND €iTher,

leb



DPuRNG This Whott DIScosSIOMN Loe ASSUMeD The eiL&<TRoN rADRTED by

ITSELE 1.5, MOT INTECACTING wiTh ANY of TS SUrroondiNg €L ecTromMs.
Supposk wE PUT Two ELECTROMS close TOGETher 5 80 CloSe ,w {-nc'rl oNeE 1S
om ToP ot The oTher And 60& Arovmd A CiFrCLe JosT [ixe betore, Then

The MAGNETIC Hetd 1S Twice AS STOONG which MEANS The eMiSSIOM becomes
four TiMES AS orefT, Then

1§ A tumP of N elecTRONS were ALL IN PhAsE
The Sie1d wouid be M2

iT S€€ms Poss1blée ThaT These STronMe rAdIATIonMS Ave

Tne resurT ol coherenT MOTIONS oF tumps oF clecTrons which Are

ACCELEr ATES b? The mMAgueric Sietd. The LumPiNes s wovrd be enhpciced
AS The LuMPSs Are PudShed MeeTher,
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EXTRAGALRCTIC Sources
ot Radio Emission

TopAT [ wANS To TALK AbowT EXTrA GALACTIC Sources oF ra8d10 emissions
which AL InTo Two, CLASSES which | ¢u'T vesember The Drfterence
CAUSE 4TS beem Three weeKS sivce t PrePAred This STudb ANd My MeAN
Lfe for rememberive T sSTuff 1S JusT AbouT That topbg. [N f-ﬂcT, e
TRYING T® MAKE Tiis PrESENTATION AFPPEAT 5D PooR ThaT ¢iTher 1t el
Yived or eld¢ CHANLe To ANEW TOPIC, MY AbLITY TO dioeST This pmaTerpl
ANd  PrEsenT T gn AN UNdEf STRNDA bie FAshen 15 dwindiMe,

Av Aw? (M1 The Two CLASSES Are Presomably, () fAdID &AIAXIES Ayd &)
QUASATS, T (S curreNTLY Believed, of Afoued ™More STYONGLY ThAT QuAsArs
are very tar ko Hrom Téceed ING AT Tremémdous vetowTies, The
IMTEMESTING QuESTION  CAN The be S0 bie . ATe They closer by? 1§ They
AfE Then There Are SAMe very %udnﬁemi}‘ﬁL Probleny resuiTine fraom

ANd EXPLAINATION oF The Presvmed Tremendoud red shefT, I 13 inTerestiie
To NoTe Ao ThAT NO bLue okzxr'rs Are obsc—rved,l.f., None ot These
QUASATS Are he adine TVWARAS US They seemed TO have AL
PAssed DS BY A LiKe 4 SPeed ine cop oN The WwAY TO A Wreck,

RAdio GaALAXxies

ConsidernG $1rsT rAdio  GALAKIES Laoe cAN EXPLAIN 1N Some deTHIL Therr
PReSicnl MATUTE, USoAllY ( Because n ASTromnomy There sare AlwA?S Per-
PLERIN G €xCEPTIONS ) radio GALAXIES conSiST of doubLe reoioNs of
Sironl rAdiv Sources €CQuid ISTANTLY .SP!}cc-é, More Drless, pAw Ay '?ron
fiNd INTENSE by SMALL oPTIcAL ORJEcT, FOr A PArTIcutAr 6ignNT D
™Pe G ALAXYY® There s £rom A yery THROMINANT DUST LANE or
LRE exTeNdING ACrISS The CEnTrAL 0bJIET whick s RAS1CALLY AN

CLLIPTICAL G ALAXCLY, A PicTvre Db A I¥PICAL TAJIC GRIAXY MIGKT be AS
FoL L owa§

YAd O
EMISSIONS

SPTIcq) T
SMission Lines

The Two OUTER eGlons oF (AJIO EMISSIONS Are AMAZINGLY SIMUAT
IN OVEFALL STrocTUrE Apnd  €misSion Nﬂ‘rurej-;_g.J Theit SPECTraAL PATICTNS ATE

essenTiALLY The 3AME, The9c fewions Aré uTierty TKHNS'P&T&MT;T"‘Q“C

ArE MO Sources oF vibibse LiekT There ONMLY oF rAdio EMISSIONS.

There Are however, STrome emisSION - LINES 1 The OPTICHL SPREcTYUM
rom The cenTrAL ObuecT There 15 AN Observed PoiarizdTion of A few
PEFCENTS B IM The OuTEr TEéGoNS Which S€Em TO (ead Some redi biiryy
T The bheliet ThAT S¥ichroTrod rAdIATION IS GONG ON There, AlSe
The tAdIO INTENSITIES of TheS¢ OUTET teGions Are of The order over
The WAVELENGT W rANGE oF ADOJT 100,
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AbouT The ONMLY wAY TO describe These Sources is TO ST TThem ong
AT A Time ANd  Give Somg oF The wiTAL STATISTICS AbodT T. There witt
ADPEAr domME NVUMETILAL INCOMSISTENCIES AfisinG (8 The rePorted DATA AS
tecorded by diflerenT PeoPle. This houwever, StmPLY redLecTS The curvenT
STATE OF The ArT ot ASTroMOMILAL MEASUTEMENTS Aud ToGEThernedS 1M rePIMvG

The SATA. | Shat LST The LAroer more catefuity INVESTIO ATED ObJecls which
LALL INTO ThiS CATELOrY,

The red ShifT 2 (5 ThAT Técorded by The AuTEMNAC ANd GIUES A TELATION for
The recesS oNAL VELOUTY V |§ w& AISUME Mo @rAVTATIONAL rE€TRrdRTION of

2+t = o 1vie - X obse yve 4

b= vic Aermimed

The S1te JdiMenSIONS &, The difmeTer aMd SepArAmon of The Two ouTer
obu€ecTs AHe ME GI0EM (N [000°S PaArsecs ( tPC = 3.2 L.¥ )}, The log ot

The AbSOLUTE LumiaaSITY 1S LIveEw N €r6s [Sec. The oPTICAL MIAENITUd €
MEASOTEd AbSoLuTELY 1t 1§ The Lidhd from The obuer whAS brove AT TV
A GISTANCE 08 30 LIGKT YEATS fyam v§ 13 GLUEM | The LATEr TwWo JUANTITIES
BEMG TATREr MOMINAL QUANTITIES OF befér The¥e'ré NOT MECESSATILY YiohT
tor The w AY we Choote TO MeASUrE Them, we ASSUME ThAT

Vrecess. = H * disTance
Mean P.C,

where H= HubbDLE'S CONSTAMT
S A sTAndArd

106 Km/sec [Mpe = Hubbles ComSTHVT

for SMALL V'S The red JHIET 1§ ProPORTIONAL TO The uetoltTY, then

wt €T s red ShdTs dF A Y1 or hicher weE STMIT 6eTTING INTO SDME
Trovbtle.

DISTANCE Size {100wPC ) Loo 1L} OPTUAL  (1ehT
thdio Souece lmpc ’ T poamerec ( xSepArfnoy)  €TOS/S€C ﬁ:&ﬁe €ThsigE(
c‘:‘enusi 170 .os; 17 x{soo | iq,g -20.) 6% 1043
CENTAUTUS .00 3.5(x 8.3 L -1,
FornAx A X 00& ’-mtxuo} Yy, -3 U xipt3
17 . LU x o) 458 kA% yol¥
3¢ 33 .0bk0 1O ( A100} HLg -~20.9 41,043
3¢ 295 et 5(:1S) Uso -20.1
HErCuLeS A 15y q0{Xx330} Yy
3C338 . 030 3L o] -2l

SomE PECULIAMTIS oF These SourceS fire The +ollowine:
Yor CenNTAUYLS A T LOQ {.ncé‘

The tiTTLE SPLoTChes isrﬁdw sourges
LooK U(tKe PLACEY where L

The GALAXY Bhobpur Semé

crA? AMd MIGKhT be
EATIY N TS develoPMENT,

!
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FornAx A LookS iK€ T hAs SomE__comeT TAINS comiMe ouT of 1T

i

3¢33 1S STrance pr ATYPICAL
EESENTIALLY POINT

IN ThAT  The
sources Ditecrted , 1T 18 beukuved, rAdiALly dlodo
The AXIS ot ROTATION,

radio SourceS Are

A XS ot rOTATION
®) ——

i 160 KPC Q
IC T OS5

13 Tae MOST dISTANT KNowN rRdI0 GALAXY recorded excludiwe
QUASATS. Tne dISTARCE ouT bePendS o Which cosmolocicAL Model
Nou PLLK,

VIPGIMIS & BAD TwWo SmALlL
YAd {0 €mMI85 0N,

OPTICAL GALALES 1n51de A Cloud of

This covtd se¢ A wolfmAL (R0 GALAXY which we Are viewine From The
end ot AT doesnt onsider The Twd

objecTs (NSide,
3C 338 1S StMILAr TO VTGS A L, (T 1S A sourfce wiTh no doublé
reoionS oF TAdio EmISSioMS ,é

Cuig

The QuesTion ol ObScorAmon ANSES 1N & (NTErPerTine WhAT Wé SEE o
The PhoTOGrAPRiC PLATES . PErhAPS, A Bk Cloud Lo ATS Arcund cuTTIMG
DoWN The (NTEMSITY SYBM These $00rces . TRBoT T 1S | NTETEST tMe T

NOTE ThAT The opTH(AL PETUSION oF deTe (TinG These Sourde 3 Mockh
beTTE! ThAN wiTh A0 WAVES buT AdTer TiNdiNe The reGIONS
ot rAdio €misSioNd The

ASTROMOMEYS  (WErE INSTTUCTEd TO CeER K AMINE
The TLATES Mire Clo3ELY. The whole ProblEM SEEMS To be wnMe o¥

SELE mou'hg_‘ whAT Are The SERSITIVITIES 0‘} The teCtivinGg RTTENRE.
P

SUppPOSE IT WAL SERSITINE TO 8 CErTAIn (MTENSITIES ANd A scATTErwe
ot A {00 STATS uMAs

D0 WiTh LUMINGSITY MAGNRXRE YT, 9 wiTh YY
AN | wiTh YG. SiMCe The TRATThCr W& GO The WEAKET The INTERNSET P

so ABFT AU of ThesSt obuecTs mieWT be iAsSSed The same,
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NOWw wE MEMTION R couPlt ot QUASATS

tpdio S0UCCES
¥ 'bNiigE RAdI0 opTichAl .‘5
3c 13 L1588 uiy Ixsovy Yy 143 £Yefse JET, ¥ l\,: ‘}
3cHB  0.3b1 {100 SxigW 1 xap4s -
'\x
So SPray

k,,c\f

The NAME QUASARS or QuAs . STellfir TASID Saufces SEER T refer TO
Those obBUeCTS v which The @ YVAdIo Ssurces Are ESSenTIALLY POIRT
soucCES ANd belond The reseiomion of The ANTENKA, while on The oTher-
WANd \rﬁdio GALAYIeS RAVE uery LArce ATERS of rAdic €mMSSOMS.

Sone Qumars hAue been observed wiM A red shidr of 2.2 or

2= 3.3 = fit¥c =5 yife x .8LC
b=V m

These ODJECTS S6EM TO hAVE More blue LiehT Than NorfmAl GALAYIES. SO0ME
Are weak And hAve Low rAdio INTENSITIES To The POIMT wé cAN'T fecdrd

ANY €rmisSIONS. Some oF The crazt estimates of The sue of These objeas
6o Deron To fi UGhT WEEK wricth (3 Premy dAmM SMALL hen You
(oMNSIdET The POWEY The st Thwas ATE PUTTIiMN G OUT. ITs Possibie , per havs,
The SynchroTron ToCesSS 1S MOT OonderSToad el EMU0GA A ThaT T

15 pore €5RicienT Than PredicTed. Or mparbe someTmni ELse 3 (nusing
Thege TrEMENDOOS YEd smﬁ-snémwrr‘?erhnps? BuT There 13 Mo COrfewmt
ModeEL whith Could ACGOUNT 3T Thete LATGE ShFT. NMATDE SuperyovAe 6o ott
And Then decAY down wilh 0 APPATENT FeGULANITY. Somé fumor wen T
Aroomd  yadio WAVE YACY NG boT Twas 1S betléved Doe TO SYMTHLATIONS

IN The (waves Du€ TS ATMOS Pheric or PLaneTarY & InTerterence. ANY crazy
e 15 ThAT AS The GALAXY SPINS ATOUNd 1T wWINdS v? The MAGMETIC fied
LINES UNTHL They SNAP ANd reaeASe AlLTherr eNEro? IV SOME €Ff wild MANNER

TO MEASUrE These red ShETS observed AbSorpTioN LiNes from These obJ€ds
hRAUE been COT7ELATEd WwWiTh The KNOWAN ELEMENTS, ConsSidering The FANTASTK

red ST 17 WOULld be ecxceed ol TiftulT TOo clpim A CerThamd Livés
G LOAS The MAGNEsiom L Line™ ShifTed Twroveh 2956.38 & or semeThive
STUPId Like ThAT, The 1def (TS worsewhepy out¥ Three Two or mathe
EveEn ONLY OME LiNG 1S recorded from which we CL AN TO KMOW The red ShidT,
(T 1S ©wrsT Necess ATy TO AScerTmN wheTher Tre condiTioN wiThiM
The ObyelT , TEMPETATUTE (DM POSITION, €TC  RTE Such ThAT The ProducTion
ot Me™ or WhATEUEY 1S Even PosSsibtée And “\S'\ﬂ rrser?, 1S AlmoyT
Mpofsible TO Do AS we SoVbhT CATLIET 1N TThe COUrse. The rTwer
Awhl The Obyedr 15 The Fewer The meAsureable Lines becavse The
INTENSITIES Are Lesg; ANGTrRer Probiem To Yace, So N FACT, Twe ver? dentiry
ot QuAsArs s QUESTION ke Permnps They Are NOrMAL rAdio emANES

i diklerenT sMees of €VOLUTIOM) MRV bE, Tre Are FaST Receed e omane

o} véry Pecoliar NATure,
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C HAPTER 1L

ONE MAN'S ELECTRON S AMOTHER MANS POSTRON

+

A LECTURE OM  ANTI-PARTICLES
here is a fascinating side trip down one of Feynman's favorite topics

Trug LECTUTE 1S Abour ANTI ~PArTICLES - wht They enst Awd w hAT They fre,
The PArTICLES Foitow A5 A CONSEQUENLE A NEESSArY one, whea combidine

A discussian  oF QuANTUM MechAaiics ANd RetATIVITIES Pius somMe oTheY
ThiNes wWhich wWELL SOON DiScuss. The oMtY TheorES which €voLVE From

Thig LiNe ot reASom:?Rud MAKE AMY SenSE  ALL hAvE v (OMMON The fottowine

ChArACTEriSTICS &

s},

(&},

(3}.

There 1§ mo wAY 10 Avord PAr- Produchion, hé, The € x(§TencE
of ANTI- PArTICLES

The retATIoON beTwueen SPin ANd STATISTICS . ThAT berné | SPINS
ot Yo Are ASsociATed WiTh Bose STATISTICS AN whoLe INTeergt
sPIN vreqQuire ferm) STANSTICS

The feSoilTiNG ANTI -PATrTICLES SATISTY CermAiv LAWS which CompleTety
deTer MINE TherR be hAVIOR | more 1MporTANT The LAWS Are The sAHE
Soe The feAl PACrTICLES. We cALL This, SuCGnTLyY | The C = PT
idvarifnce. To Thiphh of PRT- PAFTICLES e AN HAGING A SITOATION
where we TAKE & MoTON PucTure of some ordwfry PA(TIcLE AN €LecTron
PETRAPS, Then revers€ The movie And LlooK AT 1R Thebveh A Mirpof,

WhAT W& SEE 18 CXACTHY how AN ANTI- € LecTros o POSITroM would
behAve,

4}, There Are no ArbiTrAarY foncTions APPEArING 1M The HAMITONION,

FOr IMSTANCE  NON-YELATIVISTKALLY The HAMILTONIAN 1S Gruem by
H= A VY 4 V(R)

where The Addinon f—uicy?'lon # V(¥) 1S The pPorenTiiL Yunxion of
The ProbifM. This ho wWeUEr (S MOT QuiTe True ANd we (AN ADD
A deith funcTion oF The PARTICLES POSITION €6., a&3R, SO
we have w €HeT A LowAL INTErfcTION AS Opposed TO

The USUAL POIENTIAL. This hAS ANOTher MeANING AN T NvOLVES
The world “LiNG SEPATATING The PAsST And The fufisre. The iden
ASsociATEd wiTh AN AddiTwe fomemon hns The effecr of
SWSTING ThAT LiNe A LITILE SO TUAT The TrAnSiTION bETLOLEN
The PAYTIcLES PAST ANd FuTVre Now kas A finite, boT
SMAU, wWidTh whith MUST be tonstdered Ay B reeion OF
Possibte evemTs,

(5] LASTLY , we run INTo ALL SorTS of DwercenT DifficuiTes

where ANS wWETS Tend To Crop wp ThAT o0 70 nfinaTy,

Thid 13 QUITE A STrAIGKT U AWET To hAve Around US buT, AS YveT,

MO Oué

hAS (OME UP WiTh A SeaStbi€ Thegry which didw!T have

These Problems Cropptit—oP. Foilow LO GicAllY,
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There HAS been § LoT ot ATENTION GIVEN TO Provisde ThaT These Are
The oMLY YESTRiCTNONS whith PLAGUE US S e wé CAN'T Stem To &CT
Around Them. The clAim s TWAT wé cAnN, in FacT, Show That The firsT
Your diHCulTI €5 resulT ¥rom The ombiMATON o QUANTUM MeChARICS,
RelaTwiTY, PLos soré oTher JowK. The C=PT INMVATiAnce hAY bEEN
EXPETIMENTALLY Proves A6 hAaviNG Showar The VIPLATIOM ot P

INVAT ANCE could De Overcome be The amBINATION CPT Thus DiSprovivg,
AS 1T Pre w0AS, The Erfoni€ous jden ThAT Tme wAS INVATIANT IN The (P
PicTure,

wWe woukd LIXE T0 Know hous To Prove Thal These STATEmMENT €x18T
AS | have wriTen Them . The Proot 18 reAltY So obsScure ThAT 15
Terribiy hard To reAd. | wovtd LIKE TO AT LeAST Show The €3SenNte
ot The Proot;Le, Why we cAn Prove ANY Thatte AT ALL.

TO Reoin The J1ScusSion we mMulT Add To our BASKC STNITiNG POINT,

@-™M t RelAmwv)iy A very far rerchinG hiPOThesis - The iden of
CPuSALITY. In AddiTiION wE have Some PASSIVE ASSUMPTIONS whith

resorT §vom (P-M which inTroduces The dén ot Associamne AN
AMPLITUGE wiTh AN EVENT, Thul wt sAY The Sum of ALl The ProbAbIuTIES,
.., The SQuare of The AmpuiTodes musT €QuAaL 1. FurTwer, ALl The

€nEret STRTES MUST be areATér ThAn ThaT in vAcu o { The LowesT eneErey STl
This weé Add '‘CAUSE SoME bepehend worll rAISE B STINK {F we don'T Like
AN Ayiom oF Euvctid wahere he Frited T MAKE CLEATr Twa wrofound
SMIEMENT ThAT A LINE JONING Two POMTS LYING oN OppoasiTe Si4€S

of ANDTwey LINE bisecT TWAT LINE! So we MIGKT SommArize our baAtic
INeYedieNTy witt be

QuanTvm MechAanKcs + RELRTIWITY 4 {Cnusmm{} T Probabitaes ob AlL ALINATIVES = )
LocAal ness RLL ENETeY STATES 77 VACUUM
+ Some other Thinos which DaM'T het? Much = 8§ PRoblems

CasubLiTyY

The 1d€A oF CAUSALITY MEANS ThaT WhAT hAppenNS tn The PAST CAN NOT be
ChANcEd bY WhAT hAPPENS 1n The fuTure . The CONGITIOM KN OWNAS The
PresemT CArries The informAfon $Yom The PAST INTo Twhe Foture. Ing Fuanitum
RELRANKS The messenter of Thil iIMbOr~ATION s The FresenT STATE

of The y¢s5Tem demoted by Iy (The amPLiTud e ) ; The d ependéenice 1§

oM WhAT hapPenéd AT AW EATUIEY TIME. Y The AmPLiTude OF SoméE

Foture €venT 1S denmoTed by 3 <A1 SAY, ThexThe Probfih LsTY ok
ThAT even T OCcurrING 15 deanored by

{xalin>

where L2t 1S frec To chANee buT IMY (S MOT becAvSE iT Alrendy
hAppeMed. ThAT 1S CAUS ALrTY,
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WE CAN TEPPesenT The TrANsITION of €vewts From The PAsT To The forere
RY DrAWING B SPALE - TiMe DIRGrAM where The STATe Q7 TEPresewTs

T : 4
The Presend; himé <X} ® SoTure

PresenT gi®r

» SPACE

iy ® PAST

The FarmuLh which relATES ALL PhenomenrA o The world of PAST To The
furure viga The TPreseNT s

<X | Time pAssestY > = E¢ <X|BIp><LPIAIYY

where A ANd B rePresent The o0 EvenTS ANd L IP7 And € X1 Therr
AMPLITUd €S TS PecTIVELY,

Thiy exPresses The comb,wATION oF CAVSAUTY And QUANTUM MechANics,
We MUST S8 USE This TELATIONSWIP:

Now why 15 1T PossibLe To deduce A Lor of sTUEE from Tais seeminoty
INNDCENT €QUATION, WELL, ITS bDECAVSE The TPreSEnT MOMEMT 1S MOT A
TELATIVISTICALLY NAPPY 1deA. For Some ObServer (M A MOVING SYSTeM
The 1den of PAST- Fory PresenT AnG fuTure Are moT The SAMe AS

00rs, The EvEMTS Aré€ NOT SIMULTANMEOUSLY 0ObSerued bt The hes wuys.

BT Since The cvenTS ATE The SAME They mMuST St ot "éﬁ- The SAMEe
CESULTS. How AT E These Nu0 obSevvers reétATED T LETS Drmw A noTher
SPACETIME d1AGrAM 1N which The Mo GUYS Follow: D Heremt wortd-twves;

71
{MA/ Fotare Lines of Observer i
PresenT for

$ined obgeruty, S

Future Linigs
ok obsewuz

Presem for obscruer'_ﬁoumb TELNATICE
7 fixed oy

The Obove DrAw NG PErRAPS M AKES 1T (LeArer WHhAT | Am SAYING. EvenT

A occuts in Obgerverf's PAST whil € Observery hASM'T €xPerienced
ITYET SiNe TS 1N his FUTUre. SiMce The evenT 1S The SAME, 1.5, 1T 1S
unctHANGed They mMuST 3S¢¢ The, SAME TN DCCuUl T 153 A CONSEQUENLE
o TheS€ INTErSECTING wooRtd LINES ThAT ARTI-PAITKLE €vOLVeE AS The
§ ONW metThod of SALVAGENG A SATISINCTORY €xPuAnATION of

WhAT The hwo Guv s SEE.
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To HMAKE The Proot AS E€ASY AS PosMibLE we witl ASSume THAT n The

Waortd The oMLY EVEMT OWLUrFING ATE PAYTILLES belne ScuiTered by A
FolenTIAL, forThermore, The PAYRICLES ATE CoNserverd So for €very Oxe 6effine
SCATEreéd we don'T GeT 2 0F § or 10 ouT] e wiltl ASSume, Then, MO
PRV Producnion And Show This LEAdS TO  An INLONSISTENT ANSwEr ANd

Wt MU T ULTIMATELY AcePT The reattTy of PAlr Production. ASo wie witl
Leive OuT SPIN Yor The diScosSiond.

IF we hAve Some SCATErING EENTEr petd AT Some POTENTIAL wilich t5
LoCATed 1w SPACE TIME by Xt ,Such ThaT dcoridl PATTICLES of
srectic MomenTun Pu Are SCATIEred ANd RAVE FeSOLTIMG MomenTum B The
whAY They Are ScATered iS5 described by

” ea(E;z—ﬁ-i} e-(&t-i-i}

—— —_—
UTGomG wWhvE jnroMiINg wiVE

s
where E°- ‘JP"-I'/.&"- or speatunity Eq = 770 ut And oK 13
ChATACTENSTIC oF The SCATTEYiING EENTEr where Yor SMALL CenTers IT

1S iNdePEnd® ot The mMomMenTUM ANd PoTenTIAL { 1§ IT 1S The SAME AS
Seen by The hwo obServvers,

Our PiucTure of Two Such SCA TEriNG EVENTS occurrine (N The PAST
AT Ta, Ko which momentum B and AmpLiTUde [ Y7 And e The future
AT To, Ky wiTir momenTum Fr pgud AMPIITUGE | X> ArE conMecTed

bt The PreSewT wiTh A MeASureAbLE MomeNTum W3 fAnud AmPLTUE ()

Ib’ Xbﬂ 3 #, iy
s
L Yl £P, 19>

/// 7 Time
L[ Fde W 9y
The combined SCRATErING AMPLITOdE 15 Thus Given by _
SCATETING AMP, =2FP g3 ei(EJb-R-Mb) e"‘[Eg(rb"rq) - W-(xb'xq}]e_g(,g,ra-jn.%)
3

M we reQuire This eutnT T be YELATIVISTICALLY INVAVIAMT The ProducT
o\(.?,,wlmck i3 (NdEpENdENT ot POSITION | MUST be NORMALITeD To |
PATTICLE Per UNIT VOLUME, However , iN The MOVING SYSTEM The Volume
betoMes comPredsed ANd The wormALIZATION INCreAses by A TAcror of
The SQuAare root ot The Thiug Reinvo SQuashe d VP, The udtume elémenT
33 1S NoT inderendent of The facor And 15 NoermALtted by dividint
by z_&l'ﬂ,\e L ENTErmIG by ‘be{(- ot hARIT, SuUMMING reiaBIwmSTIcALLY Then
WE reQuivre

s, § 43P

(zm)dzE
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The SCATERG AMPLITUdE beco mes

v Pt
pa ¥ Nixp-xa) e

where The foucnion N s A FovcTion of The disTance aAnd Dime seppraTine
d3P e—i(hﬁff" t - Pux))
(zn) A i/u?-ﬂ]?i-

The SOLUNOM To ThiS INTEGrAL 15 very comPiicATEd AN i3 of The Yorm
of A Resser Fumcmon Which bettAves i The followiNe LimTiNG

CASE 1N SPACE Time Ue 8 iur

““'-Pn * K

The Mo EVENTS

NOXt) =

e—iu‘l e

r

This FontTIoN 1S INVARANT undér

A toremtz TranshormATION. o
ertAl

4

So FAT W& hAVE been d1scussine The CASE where The second evend
occurred ARTEr The @nrs‘{, Lh > Ta. tF The Sccoud €venT B, harPened

cRTLIEr ThAN A we moST STATT ALL OVEYr AGAIM

«x {0

80

I TS $CASE The ScATERIVG ArmPLiTUdE TARES The form

‘}z'x "‘:E'ﬂb
pr e’ T NlXb-Xale
where we hnd To shitT The Yo Amd Xn  Around

BuT This MovE MAKES Twhe FumtnioOM diScom Tinwvdus. TO uddersTrad
WhAT hAPPENS we'll OMIY Constdér The Pisda Term for The case of

Cb>Ta AnMd Ly ¢ Fa, Liehi
comE

A1t

-

O
Lic ouTside oF The t1enT

We conSEY The ScANTErNG ATer b 1o
SCATIETING AMPLITVEE

wwe oF . BuT oddi¥, €novch There 13 A
of A PATTRLE Ferthine b while AT The SAME TiME TESTIKTING The

hehE Fo PATTICLE To The speed of LibhT, Setms STTANGE ThAT This
could hAPPen APPATENTLY SiMuiTANEoosLY, 1§ The Funetion N
was O N This CASE IT W oLd be ALL TighT buT FS NoOT,
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How AN Thig be? LeTs catl UP Our Second observer ANd Tell him

To Come by ANd obsServve The SAME LASE we JusT Dfcwaderes Wit
we¢ weuid hAve,

LY
et -3
~
~— -~ .
= D Tine prﬁseur,obseroerl
—

El Ny
O ~— ",

~— S

\ \
ervec
FIT&F 1¥ we nhAad A scA T EY from G To b‘ ~ TIME PrtSﬂUT obs

Probiem ; Thid 13 The cAse we deseribed be{—cre BoThe hAve G ik Therr TAST
Angd b, m Twesr %'wre BuT whaAT AbodT & —7 b, To obsevuer 1 b 15
oV rriiG SIMUITUNEQUIIWITR evewT & YeT how (AN The parficle e T
There 1N O TMEl wel, obhsevuery s¢€8 8o difhicotTy WhaTsoever. BoTh a
ANd b Are u The Bt i3 PAST and fuTure Ad he RAS no Problem
WITh INSTANTANEOVS AcCTioM, EveM for The CASE G —7 b observer 2

sPitt hay No iFRvLTY I8 exPLAMING The €vemT YNeT TO Obseruer

1
cutNT bu 15 N hi§ PAST! Who is RiewT !

WelL | we MOST TELill A Thegrem from mATh whicth sAYS ANY foncriou

i1y cAn be represemTed by
o)+ S et Qrwidw

Even 1%+ Fet1 s diSconNTINUOUS LK E

>T
wé CAN STiILL exPress () 1M This INTEGrAL {-orM- Also botw ¢ ANd

T AN Be compiex Funcnons, (€ we LimiT ourseLves To JosT PosIMuE

Ww's (freQuemci€s | we oMLY (UT Dow N The MUMber oF TumcTions., RuT
The Trouhlé (ieS v ThAT w € (AR'T WAVE boTw The Real AnNd IMAGIATY
PACT €EQUAL To zero over A Himite Period of Tine,

Tkere_‘}ore, To find N(X,t}¥0 over A FIniTe Time Period we have N
WAY ouT. ORSErver & MusT Tewrd The €xXPeCTEd reSulT S0 wE onclvde
we LebT SomeThwe auT For Observer | 30 ThAT he CAN ExPLAIM whﬁr
haspens whent Th & Ta., wie wneed Some wad 7O €XPAND

ap e PR Nixp-xa) P
INTErMedI ATE STATE { AS ObSEruver & 3¢es T) of The form

<XIRIY Y ARIYY

for The
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WITING 0UT CXxPLILITLY AGAIN The €xpresSionN $or The SCATTES NG AnPLiTUdE,
i(E;rb-Pz xb) -S[E:.C To-Ta)- ﬁ;‘LXb-Xq.]] -t (EIZR"Pn'qu
*x@ ¢ e e
we sec wheN IheTu The Pormol This equanon can ontt be
KepT it EvL IS NEGATIVE DuriNo The INTErmediATE STATE.

Bul, ALARS, w €& Are SAVED bLerALSE I A SPRCC-LIKE TFewion The
fomtrion N (Xb-%a) = N¥ 115 compiex (ONJUGATE And we Twus
CAN wnTe et (BlTe-Tal popad. BUT n S0 DoiMG wé hAvE CreAted
ANELW PArTICLE B WiITh cperet Ejz a m

Q ouTalint e
¥
ENCOMING
: b
Mtw
MOMENTY e

PARIR ProDucTION 15 Thus MEWSSARY Yo R RELATIVISTIC IMVATIANCE.

{? we Loo kK ONLe ALAiN AT pur $0O0Ther obSeruer‘s Po1MT o wview
we TeEALITE ThAT e (AN QuITE EASILY \\
WrtFe POWN The usuftl Anid X PecTe D ~ I

a
SCATFEriNG AMPLITUEE, WE AN Thos EF\

MAKE # very Profound STATEMENT; \\\é;
TiE AMPUTURE of PAIR PRODUCTION IS N b

EXAACTLY The SAME As The AmPpliTud ¢ of N
SCAMErIMG AS Se&M by The MoviM6 obstruern

The SCATTERING LAwS Thvs LontpleTelY deTermMiNe PAIR PRODUCTION.

AuoTher (uAY oF WriTiNG This 13 To defive  An operaTOr ASSoOcIATEd
WwWiTh The ctiect of scamET 180 5 50 The Product oF The T o €veEnTS

15 S ImPLyY :i“‘%fﬂ j(-xb,rb) :j(QJj(b)
IN The oTher Coordiw ATE SYSTEM wéE hAVE 1Lbld(a} so ThAT The
EQRvALLY ADOve (AN be wnITEN
‘biﬂ“"’ . icau ; (b}
Providéd G And b Are Sep AT ATEd by A 3 PACe rewion.
Which WE (AM mMPFE~WrITE M COMMUTRTOrF JorTH

L e ,jeord =o
THas Ther (onsSTITOTES The BASIC AbSumMpTION o= cAusSALITY ThAT The
OPErATES COMMVTE ouTSidE The e hT COME, 1IN G-M The WOMMUTATOr
of Two observabtes vAMIS hes oNLY 1F Twey ARE KNOWN SIMOLTAM E0uSLY -
TRATS our ANNALOGUE.
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FEynman’s Theory

CLASSI CALLY, AN ELECTRON cAN MOVE IN €iTher Direcrion Alone The
X AX!S buT (T mMoveS oMLt (M The DiRecTion of INCrEARSING TIMEG.

ForR A tree CLECTRON,
Pzt {m2E

CLASSICAILY e OptY consder The + sieN
The moTion cAN be dejicTenr 10 The fottowme DI GTAM,

t

BUT  P=~JImE s AngTher vhLue oF MomenTum bot WhAT d0€S 1T MeAan 1T
hAave A NELATIVE velo CiTY, We AN describe The moTIoN BY SAYING The

ELECTION (S MOVING DACRWASD 1M TimE. A& DIAGrAM oFf The sITUATION 1§

i
!
{
I

X N
IS
| |
l :
' ]
Z
L r -z-° .r-
T
ElecTron moviNG bAckward in Time EL6CTron- posiTrou  ANAMiLATION

in I The €LecTron APPears Twice Hfor T <« To buT mMever Appemrs for t >7To.
The precess leoKs very Much Like Two PATTICLES cominie ToeeTher

And AMMIRILATING. The EECTroM MovIM o backwhard (N TiméE behfves
ExMTLY RS A P0S1TRON MoVING forwdrd 1n Time

WhAT Does THiS ALL MEAN?

wWhen There 1S Phe-CreATion of AN €16CTRoN ANA 1 TS ANT: PARTICLE The
POSITRON tshich s €xTre pelY ShorT LiveD ITHOeDATELY DLLID €S wiiTh ANOTwer
ELe<TY om ,PeTh ATE ANMIMILATED AMd 04860es 4 GAMMA YAY. 3 SePATATS ?ﬂ-rhuf_s,
A PoSiTrom AnNd TWO €ecTrONS Scepm T be (MvoLveD. FevumaAn'S Theoer ClAims
There 1§ omiy ONe,The €ledrON. '
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WhAT e observe AS & PostTRoA ¢S S1mPLY AN ELECTROM MOMENTATILY bhck v
TiMe, Bechose our TIME 1N which we observe The cvemr runs vnmirormiy forwhrd
We SEE The Time- REVEISED FLEcTYON AS A POSITRON. & Thipi The PodITrgN
VANISheS when 1T hiTs AnoTher CLECTYON ASr—A—PeerPROMbUT This 5 JusT The
oriGIsAL fléctron reSurming 1TSS forwhrd Time direchon.
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* Reverse RBel A DECAY woutd &NTAIL coilisiont of AN ctectron, ProTon And

ANTI NEUTTIMG Shol from $AY The Far QeAches of S PAce ™ one PaiuT
LT3

+ OMLY 1M humMgN CONGLICUS MESS M The wuty
cAd Time hrue A UNIDITECTIO MAL HOTIOA,

s STATISTKAL LAWS Previde The mosT FUNDAMenTAL whAY To S6Five The dirécnon

O0F Time, 1.8, mreversible Processes which decrepse enTroPY ACE EXPLAMNED STATISTteALLY,
Thig, how euver, 15 moT STHeTLY  True

WAV Process pf ¥ 09y M Nds

CEvYT AN COEA K - INTErACTIONS AYe APPATEATLy MoOT TiMérevERTIbLE,

+ CPT Theoren:

{{y Reverge charge AMd MATEr TBeComes amn’-m&‘r‘mr}e‘e, A STOMNE 1S AN ﬂMT;"‘STONG

(i) Reverse Paridy fANd The whoité STrecTure would GemsrdTe 178 MITror IMAse buT

STHL ExtST.  YANG Amd Le€ ,however, found A VIOLATION hert ta weakl INTErACTIONS.
HouEuc-r‘S'fhhi-Tr? resTored by FE‘F“"‘-TINQ The e¢venT (K & CP rurrod

BuT, [oo, 0Ther wefk WTerAchiM VioiATE CP. S?HHETR‘{, It NGE RLL DupucsTes &S T.
(it § Rewverse Time ANE CP VIOLATOYS Are SPrmMeTrized v A CPT MirroR,
Tthe fevers AL IN AN INTEGCRL PHT o T recamury.
SOME PARTICLLE ECENTS Are BELICVE D 6O OalLY N ONE TiMe dire cTON
o To PrESETvE ThermAr €QuILIRPIoM EGIONS of POCKETS €XIST WRENE enreoPy 1S INC(FEASIVG
And oThers where 1T 15 d(—(rt—ﬂ'ﬁleo(lf- S$vom diserder TO order ), The e Bane”

Whs B ememMenT OF COLOSSAL ENTrOPYy dECTeASE Dyl poce To TiME Teveral Thiy
EMTTroPY DecrefAseE,

» Tine 5 RELATIONAL of REIATWE LK€ uP And Doww  RIGKT And LT, LovTh wmo ABSOLUTE
Time Arrow puTSide BN EUVENT WE cAnnoT Fix (TS DirecTions

A TimE-reversen GALAXY wouid NoT DE SEen SIACE L IKe woutd be radiATING
TowWATdS 1T, The HeHMOciEs oF Dbservers IN TR0 GRIATIES woutd be Rupasg i opposiTE.
1F Pou TAIK To A 6er he wovld INSTANTLY foreeT T becvie The CVENT would
IMSTANTLY become parT of his +oTiére ATher Thad his PAST

(1¢4d



Sepin ANd STATISTICS

£ The Two PArAmMeTErs Qﬁ‘p ARE uOT FPure SCALATS buT rAThenr -cuucnmus
Of E; And Py Then we hAve To I4ENTEY Touo SETS ', @ And ®,03,
As AM CXAnPLE 1F K= E3 Thewm _ }
-t (EtrP¥
N(X,1) = S d’PF E,e
(20} 2 (aiepe
wit (AN GeT Around Thi§ (NTEBTAL 14 wée TAKE
. . —-t + -
.;%_N{x/jr] - L%‘ts d3IPe C(ELTH PR
{lﬂp?.‘/ul-rfﬂ'
WIThoUT GOIMG LNTO A LOT of TETAIL The blher paramMeter ot‘ IS Giu e M
bt The NEGATIVE og & or W TS (ASE - E3, More GewETALLY o= *{-E3-%)

Fhe

The Problem menTioned AT The BEGINNING ¥ Z Does NOT dollow
{HHedATELY frem our cguanon for The SUATErING AMPLTOde. In FACT,

The ExPLANATION IS very €iAborATE boT 1 havt Loorked oM Thi pProblem
ANG Twis 15 The hest leAn do ~ far TWAT | APDLOGIZTE. AGAIN WE
thooses A MewATIVE APPrOACh TO 5hHow ThAT Thines woN'T woark oul
UMLESS w& Use BoSe STATISTICS for SRiM 2, L&, The sem ot The
ProbabwiTi€d 1S NoT 1rarns ouT TO be The real Problém,

SINCE w& Now hAVE PAIF ProdvulnoN eSTﬁbllsthJ;.z., in The SENSE
of VirTuAl ProducTion WE MusST ALIOW f‘OR Thwe POSMIDILITY of
YERAL PAIT ProducTiOn where AN eLeYon ANd PosiTrod ARe PrOYVCER

We witl d4enoTe The AMPUTUdE To SCAMET bY & ANd The ProbAbiliTy
OF SCATTErING by Clal Smce we cAN'T ALlow The fuTure 7o dePend
on Tae PAST The Sum of The ProbakiiirFes mMosT be one. Herew,
The Troubil e L1€S5, IT BOESN'T AWAYS €QuAL ONE.

Comstderine FirsT AN €LecTToN STAPTING ouT |N SOME INITIAL STATE L
And ENdiNG 0P 1N The SAMe STATE we hMVe To cONSIDEr Three Possible

CASES A 4, i
MO .
senmere a PemeTrATIN]. |
_ ARPLITVIE L (cticl@
N . - =
¢ P
Terw order SCATROMG firaT order sccond order

ProbAbTY TO

SCA T AR oriTTed ProbahitiTY MOT ™
clai* ScAmER
|- ciat?®

We SEE iMmed IATELY The ProbAbiesTy wiill only Add Tu ome ¥ The
ONSTRANTY ATE The S AME,
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In The RelATIVISTIC CASE 1T with oniY be wiTh The helP of STATNSTICS ThaAT

evEryY Nl WORKS 0uT FOR US, TD bewoin wa€ COMSIdEr A MACUUM IN wWhith
wEt hRvE FEAL TAW  Prodocnos, The ampuiTude TO creaTé
A PAIC 15 ProPOrTIONAL TO The PATenTIAL & 30 The

ProbAbiLiTE To MAKE A Pmir 18 X 1Q1Y where ¥
1S SOME CONITANT.

P}_ P.

a
WeE STAYT wiTit NOThing AiNd 60 1T MOThinG, TRAT IS Phir Avni kit AnoM

LEADY vS BACK inT0 AVALDUM . The AmpLITUdE for MOThime TO haPPEn mosT
be |, The Ameutude for Tmis Prodoction ~Anmhuanos 13 (- S (xyexX)a
50 The ProbAa bty 1o GET MoThiNG 1S 1~ Xiaty

We MUST CONSIdEr AL Possibleé EVENTS: They Afe The foltowiMe for AN
CLECTTOM 1M STBTE ¢ To H1rST order SCATIEriNG

-
t ProvAbILITY TO SCATIEr = clall

ProvahiLilt To PAHir 1
PROdOCE Xla

pow cond \DETIG The CASE when

NOThine hAppens we wave Four PossibiLiTies:
# N t:
:

i
AmpuTude ! .y 1 . T - i
-2 " .y ' ¢
32:“ - 1 s ctic)ial l(dud}[oq — 1 (X+eX) fad

ProbAbLTY MOThine hAPPENS =

PLus Abeue CASE

1= clall - g1air - xialv

+rclaft + X lal®

| n i - dlal*
EUT d *? 80 w e RUGC A P rOhLCM d ‘TseL{ T Ar Produgnou
it DTATE &,

Wose STATISTICS STrAIGKTENS This Problem ool becrose
T STATES ThAT The e [e(Tron

IS NOT MNECeSs ATty The SAME INSTATE ;
The ACTUAL Proof of how This $STYRIshTEMS OUT The Problem 1S Z-p* .
euite dithiculT And \ srorogiet At For oOT have AN eRsY Proct

WE WANT To EMPRASIS (n C(LoSiNG ThAT dor PosiTive freguencies we
1Y

CAN'T have sSPrendine MSTer Than The tPeed of LIGhT 50 OME MANS
ELECTTOM 1L ANOTREr MaAN'S PoSiTroN And ThATS AL There 1§ TO T,
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CHAPTER 13
A tecTuré on The Sobar SwsTém And
oTher uNTELATEd PhenomMenA,

Toda¥ | 8M 60iMe To TALK AbouT The SoL AT S¢sTem. Defller YeT, josT buTs
duds preces of Thinos | MAVE Dickéd ouT of The SeemInolY it inire
AMoudT 0% M™MATEriAL onN The sSublecT To boitt 1T Down To A LecTure,
WhAT The hetl Am 1 SuPPose To Do? Alothing Seems oreANITAbLLE, fach
WEEK 1T eTs hardér Apd harder T MAKE A sensibie LECTUTE o NEXT weel
WeENL lMAVE A MOVIE -om The Sun » A Good ORE NEVerTheisss and PErhAPS
Twitl g1ve me w chAnce To ger Arend of vou cuvs,

Cosmic RANS

A white bAack we breflt Discussed Cosmic RAYS L Thoest MoTES have MNMOT been
TrANSLATEd YeT N ANTIQIPATION of This L&CTUrE | howewer Doriae The NTEri™
They SCeH To hAve been hidden AMd MAY MNEUEY be recovered), They hBve heed
SeEM TO COMTRIN Svch ThiMGes AS L!Thtulut Reryitivm And Boron ProbabLy

by The SPALLATIOM Process Mewmnoned betore, |r APPEAIS TO oor besT mersore-
Mets ThAT The Cosmic rAy BombArdrmen] (5 ComPleTery ISeTromie AT The
EATIR'S SorTACE, FurTher tue ATE MOT Movine Throve h The (osmic FAYS
becAvse There Is mo ohserved thiN effecT (1, A PoondineG $rom The feomv
AS we ron (MTo Them Y, 1€ Theve Are clowds of Coa M FAYS Then They

ATE Mouprie wiTh The Samé REIATIVE MOTIOM wiTh The whote GALAKXY,

The engTence ot vArioes MATENALS [N These Cosmic TAY citbvds s deTermned
by The ScANErMG of STATLIghT  Throveh Them. Ia FAT The eusTence o4
mAGNETIC $1€Ld In The GALAXY LteAds ™ A PoLATIZATION of The LibWT AS 11
PASAES Throveh. This 18 A resulT of 1roN ANd oFher <dusr PATTICLES

wiIn Thart INTaage SPIN CredTING LITIE eddy currenTS Such ThAT Thew Line
UP And CTeATE  SCATHrING CENTERS, [T nAs been  MeASured (in TYPiCAL  ASTronom-
WAL FAShian) TWAT The $wid hAS A STrenoTh of AbosT 107 Gauss. For
The observed TATALAY eH‘-&CT TO occor T IS SPpeviATed TwAT R hieher -hu,,l,
sy S MDD Pahuss 1S Meeded, So MAYRE T3 19° . Larvbe 7XICT wAo KNows,
The €5SenTIAL fcATUrE of This meASYrING SEEMS T8 be tACKING . ThAT 15,
They ontt Fimd Thy eHecT where The CircutAr POLATIZ ATION 1S The GreATEsT,
This MeANS we See The STroMeesT Fietds F1eld . BuT how (AN we compare
reSUHTS When OME VY LooKy AT omneé STAY A CerTAN wav ANd ANOTREr Gouy
LooKs AT ANOTher STAr AMd GseS ANOTREr meThod 3 1T ALt ridicotovs! There
1S Mo CONSISTENT PATIErn Followed when This dATA IS beING recored e d.
e don'T YeAWY wmow 1§ The Freid K o FACT, ALl over oF NoT,

The vécordéd €eneret ol These FAYS AT The €arTh s ot The order ot
A bittioN eiectron uolTS AnNd 6TEATEr. This meANS The orbT of The
PArTICLES 1S vEry sMAL evén For A fierd oN The order of 10°® & Avss,

(T s AbouT 107 meTers id diamerer. Thus The MoTion 1§ very TlehTLY
wovad Around Twe Hieid LiMeS AMd 1S subse@uenTiy boomd To The

LInES YESTYicTInG The monoN — They doniT €5cAPE wErY €ASILY.
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WwiTh The yALWES JusT MeMTioned we ArE Able To CRLCULATE Three ThinGs -
(). The TOTAL ENERGY 1M The coSHic TAYS .
@), The ToraL EMersY (N The maenetic fiend (B/an)

{3}. The TOTRYL ENEYOX tM The oLovd MOTION AS (T churns AFOUNG,

IT Turms ouT  ALL Three ave ahovT The same order oY MAomiTude whick
hAs Lend Some To COMCLUSE spme Mechanism of eQUIPATITION To AccoowT
for This, One wa? 10 Think of The HMechanism 78 70 Pk A UNITE CQube

of Srate enNclosine Som€ MAGNeETIC Fretd {!N&S. if The cube s SQUﬁS‘\Cd
LATETALLY The LINES GeT closer ANd The Field GETS biocaeR. when The
Cube S com Pressed froem The TP And ReTTOM Jf‘hc fletd oeeTs

LOEAKEr AS The LINES #re +orc€D ouTwrrd. There are

Thus, Twe oul oFf Twree Possibre FIOTIONS which TEND \ i

TO INCreASe The eneraY. Howeéver The conTrACTION \\\ [/

CANNST Pfoceed uncChecite d becAuse €vemTUALLY The

Enterpy 1M The Lieid cauvseS The  tompression To STOP
AT USUALLY VeuersE. The windine op of These F1604d
LINES 1S LiKe PuliiMG Some réd food coLoviNg IM

A BATLH of TAHY And Then Potline T ool. The
Lines oF R€d Wil become

CLOSEr AnNd CiloStR AS \
The Miting couﬂNUg'ﬁ‘. AnoTher ANALAGY 15 POTTING [

PANT IM A buckeT And STHFING 1T N,

The cneroy IN The costmic rAys AN be diSSIPATED over LoMG Periods
of TineE. IT 5 CALCULATEd of €STIMATEd, ThAT The rars hd ﬂ“bOUT
3 omjomt of HMATIER betore Thew veach VS, AT such A “{“S“’”r
cATe 1T would onLY TAKE AbodT A Jew mMulioN  YEATS betore

Loses ALL ITS ENETGY. T‘here;ore, The rAYS covtdm!'T

have beent oormo
toNg belore They

vreAched us. TRIS MEANS There mosT he A Source
of COSMIC YAYS wiThiM The GALAXY, IT 18 SPECOLATED ThAT The suPér-
MNOVAE Coovtd ne & POSSIBLE LocATon of The oritein of osmic raYS Smice
They GeMNEYATE Sucth TrEMENDOUS PowEr AS The Blow VP fuen Constdering
Their ocCuryEn L& 1S AhouT DNE& tvery humdred YeAr They STl GERErATE
AbeeT Fb1y Timey AS much €nerpy Necd€d To ACCOUMT $or The copmic
FAt ENETGY, We dos'T XMow how They Aré
undersTAnd Muoch ArlbovT Them,

These coSmic rAY ciovd ThAT WE'VE been TALKING AbouT hhve beén
OhseYVEd ALl OVEr The GALAXY, They Are 10 Parsccs ACrosS ANd AbouT
30 PATSCS APART. The ™MASS of CrAP N A TYPIKAL CLovD 13 AbouT
S000M O . They Pose A Probies To vl

Produced AN Twus don't

IN Terms o f €XPLAINING how They
CAM have bsuch A bre mASS ANG STAY LumPY. GrAvITY ALONE wWoN'T
sobbice. it 5 SpeculATE ThAT AT The Low Feld iNTENSITIES jNUOLVED
The ovevall INSTADRITY of The GrAP  GeNerATeS Jorces whichk Add ™
ThaT of orAviTY, Also They mMove More or LESS TANDomIY AT A
SPeed of 5 Km [sec,
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TrE EARTHS MAGNeTIC fiELd

Whité "M oM MAdneric F1etds The €RYTh HAS A verd INTECESTING ONE.
The fierd 15 obsevved 1o chﬁu]c,e rAaPidiyY duve To CUYreMTS IM The
euTer régloM SUYreunDIMG EARTH, There 15 NO KNOwM

fretd INside The €ArTh, Now »osT oF The froctuamons .
IM The fietd Are b1Aamed oN The Jusd AS Y00 ALL Know, \
SolAr FLATES, The Sun SPOTS And oTher Freak Phemomena y \\
DS¥rvPT The <Chavee disTribenonl 1N The SorrsundinNG O \
BPALE Thus cAusiMG The ChANGES, wWe Are Alsa AwAre \
ThAT The True MAGMETIC Poté 1% NOT AT The TRUE | \1

: ¥
NorTh POLE BUT 15 Abset 100 OoF & sorewhere 1N (ANACA. \ O

I PPINCIPLE, ye Shootd be Abite To Tl 1F The Sources

of The Fletd Are INSIDE OR OUTSId € The €ATTH. ThaT s,
BY workine wiTH The MAXwell eQuaTions, RuT A STranoe SR
Thire | whité 1§ KeePS The GemerAl  North - 30uFh ori&NTATION, S
IT VEVErsSes 17T DirectioN AbowwT ONCEevErd 100,000 YEATS or $0.

They can Find This ooT STODIMG  VArees rock FOormATIONS ANd  observimt how They
Seﬂ‘.c-d. The Fietd 1S PerpeTuALLY CAVGAT WP IN The €ATrThS CortoLts MOTION
ANd  oTher PUISTING up effects of The ¢€AtTh. The fietd ;15 AtwAYs
INCYERSING panmd S Lidée A self-exciTed

Sun DYNAMO,

N

TYNAMO, '!—hﬂ'TtS‘ T 1S MATUreS

BUT T 1S AN ITf€Gut AR DYNAMO AT besT. The FProbteém of reversING The
PoLATITY oF The Potes remily Destro¥$ The Theort 1 wAS work oN. The
Modet | Airrived AT Doggu'T WOrK becAvsE T 1S ToO SYHMETIICAL, The Problemg
INTroduced BY The Li1QusD core { 13 T g5 WQuiD) , The ASYTHMMETIICAL ShAPe ot
The PLANET, and Ml The rocK mMoTions, €TC RAKEe T verd o FHicoet TO
FAoricaTe A Good wIrkKiN G ModeL. White | PTuak MY Theor( IS TIGhT,
b eANtT worw 1T ool The CiftulATIONS of correnTd wiThiM The eArTh

Ate UNSTERdY, As Then Add NeeTher The Hield boitds TO The FOIrNT when
The currenTs veach The surface ANd Somehow cruse The FUP N PoLarTy,
The vhandomness of The disTribomon ot curremnts 15 wohAT MAKES ThE
Probiemt so DifFicolT. YeT, The stmmeryy And Perfecrness ot The mirore fieud
vTSIHE The =t EAtTh PresSenTsS A reA( MPSTErY As 7o ptow AWl The
INTErNAL  DiPoles ~ 0CTOPOLES MOKOTOPLES | SMOocKTOFOi€S Apb VP,

The PurseiT oF A S0LOTION oF The GMAersTANDIMG o The eArTh's fietd
Skt 1S A CLEnr EXAMPLE of whaT Scrence 13, ThaT 1S, where we
STArT DT TR Sowve A PRoBLEM , NEver po, boT MAKE TremennovS
CONTYIDVTIONS  TO osor wemTh of KMOWLEDdGE ON The ety
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THE SOLAR SNSTEM

FiINALLY wE 6T DOWA To The ToRic oF The DAY ANd Discuss some of
The ProPerTies OF The SOLAR SYSTEM, | will pe sroppine Tor ThiNes To SAY
ThAT Are INTeresTiNG BecAUSE T woved STArTLe To MANY PeoPle wiien |
Tetl You There 1§ A Sun AbouT which The PLANETS Turn. The PLAMETS V\VPiMG
ESSENTIRLLY 1M A PLANE WITh SLUGKT DEVIATIONS,

The PLANETS Are OATed bY A Thine CALLED Rode's Retaron which ASion'S
The earThs d1uTArCe From The Son AS UNITY: The oTher diSTAnCes Ate Foumd

by The recAnon 0.4 + CD33'L.“)

PLAneT Rode's ReLAnoN

MLErcury Oy + (O3x 2 0.8
VENUS 0.4 + (03x2°% = 0.7
CAITY o4 ¢ {03x2') 5 Lo
MARS oy + L 03x 2%} = L
frsTeroins O.4 + {03 2%) - 2.8
JUMTER 0.+ {93« L¥%) : 5.2
SATurd .4+ {03x 2%) 5 1.0
UrANws oM + {03+ 2% = 194
NepPTUME 0.4 + (03« 27) = 388
PLum 0.M t (g3« 28) = 7.2

Pture 1S A UITLE odd IN ThAT TS orbiT comes IMSide ThaT of MePTuNE,
PLUTO wAS Thscovefed MTer cqreful  PerTurbAmONS of NEPTUNES OF IuT which
Lekd To The PredicTion of PLOTD T whAS Teond 1IN 1938, iT wAS AT oME
TIME A SATELyTe  wive o F NépTuNe -~ MAY be.

We once MOuTIONEd TAAT AbosT 8% ot The TOTAL ANGULAr MOMENTUM o F
The SOLAT SYSTEM 15 ONCENTYIATED (N The PLANETS ; IN fACT, g0%e 1S IN
JumTer ALonNE€, Ait The PLANCTS ATE¢ @ONe ATOING The SOM IN The SAMe
DIRECTION ANd €Ach SPINS AbouT IS cwn AXtS. ThiS INCludes mercory
AMd veNDS which wt oMcE  Thous hT TO ALWAYS hAYE The same face ok
TowArd The Sun. ThAT 1S, The roTATe AbouT Their AXIS ONCE EVEryTimé
They revoive AkeoT The Son. UrAnus 1S UNUSUAL  n THAT TS AXIS oF
TTATION 1§ TiuTed 98° To The ecliPTIc And, IN FACT, IS STINNING The WioN 6
WwA? { ReTroerAd direcnon )}, Move recenTlyY 17 has been obsevved ThaT
Venuy Possesses A TeETrourAde MOTION ANd 1TS AXIS 18 AT A LATITYD & ANGLE
of ~8St2° B, Mercury TrOTATES AbooT T3 AXS ONCe &VETY §9 DAYS
hite reYoiviNg fibeuT The SN 1n BB dAYS,

Then There Are The ASTENGIDS ANd MeTeors, The mMereors beane LedT pver
crap from COMETS  whenever we PASS Through These Thines w &
CALL T+ A McTeof shower And F A reck Sorvives The ATMISPhere,
we ALl T A  MeTeoriTe,
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ComeTs

MosT 0F The cOMETS we ObSETVE hAVE  hightY €LLUPTIC OrbiTs which Chrry
Them DUT betond JopiTER. Some of Them | however, Go ouT So +Ar TLAT

IT TAKES Them RLMOST A MILLION YeArS 0F S0 To come TALK. N FAT, 1T 5
hartd T© SAY wwheTher or MOT They Are ALTUALLY deovenerATe PArAbolAS,

IT 1S Thearized ThAT AS They ¢omé in Toward The Sum They ATe deflécTed
by & PifneT (MOST LIKELY JUuPITEr] find Losge ENETGY TESOLTIHG IM A CAPTUrE,
CurreNTLY There Are NO KNOwWN COMETS WiTH A hePerboLic ortat,

The Coter hAs A SouiD Nucleu$S “uP Hromr” which very SMALL , onty AloouT

R RILOMETET 1N DIAMETER, AT A densiTY ot Abour  Sxio' PAYTIcLEs Per am>.
SurrouddiNg The Nucleus v R mss of ©AS cAlled The comA jn wihich
MNeArtY A Thoos And  difderenT AbsorpmNom Lines ot VATIOUS rioLEcuL €S nNd
Atoms hAVE been Obsevved, LIGAT 13 emifTed by a Flopescemce rerpadiATionN
where The bapnds resulT +rom A resemant of vibramon INTO AN UPPer Level,
ThAT 15, SUNLIEhT hiTS The MOLECULES AN EXCITES Them TO hicher €MERGIES
LevelS which M TurM| ve rAdiATe The ENEreY A5 Thev "FALL" bAck T Therr
SIUND STRTE., Howtver The Sun has C6¥TArN Fraon hoter Lines which lead
To GAPS IN The SPecTrp gfrom The comers, These LInes Are Prodvced by

The Absorpnon of rAdIANT €NErer wheny The odTer €LecTronNs oF The moms
COMPOSIN b The ATMOSPherie GASeS of The Sun JumpP To hicher ENEfet LEveLs,
So The MiSS (M6 LINES CAN be e pPLAINEGd. Even 1o The ponT ThAT ALl

™e preces of The Putzce £47 So wetl ToseTher And haoe reproduced The
COMET SPECTOR OM COMPUTETS ThAT wée ThinK we Koow whitT we ATE
ThKIMG frbedT +or dmce.

MOsT oF The MATERIAL founD (N COMETS Aré MOT UErY STAbLE 5 ThiS
13 why SunNLIGhT EASILY decomposes Them. Some of The rore PrevdlenT
Thines observed Are: OH, NH, CN, CH , Cy, €3, CHY, NH:, Ma, Fe, ot Cot,
The VAGIATION Pressore of The SOonNtiehT IS BetitvenTo The T 1€ ATon
lohy The & Motécules Are drived 1MTD The TrAIL AS we ChAwe T
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Radar AsTroNOMY

A more recent TechN@ue for MAKING ASTIONOMILAL HMEASUTEMENT 15 by
SevoiNe A Puise of YAdiATIon TO  An 0bJecT AMd  MEASUrIMG  MoT OMLY

The DeLAy INvOLVEd 1N GETTING T BACK bol A1so The Trequengy ShitT (Doppier
ShifT) Thus wee CAN MEASUTrE boTw The disThnce To The obiet And TS
TELATIVE WELoUTY, This MeThod hAs bees RPplied TO VENVS, The mODM, MATS,
Mercury pnd JUPITEr, TResT SUCCESS hAS been obThmed from VEnvs And The MooN,

This Techuigue CAM EVEN beuvséd T exPLore” The PLANET bY SCANNIMNG The
suctfice ANd Tecordind The ToTAL ReflecTion INTENSITY. CerTmin surfpce
5eATUrES cAN be obsStrved (K This wAY. RoTATNAL POTION (AN be Checked
USie The DoPPLer SWiET ARrisiNe from The PLANETS MOTION TOowArds And
Awar from us CAUSING DifferenT deravs over The surhfice,

We (AN ChecK The PLAMETATY Orbs And  HeASure The ScALé ot The SoLAr
SNSTEM, The ASTromomical OMIT 15 The cArThSs orbiT rAdius which s Aow
fixed AT 149 596,000t 1600 Km of 99.008 LichT Sec.
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RoTATIoON of Mercury

LAST TiME we were TALRING AbouTl RAJAr ASTIONOMY ANd  how 1T wAS
Used o TMAKE FOTATIONAL MEASUCEMENTS oF Mercury ANd UenoS. TodAY

SINCE | dOm'T hAe The movie ! Promised Y0U | witt conTiNve Thi diScussion
PecAUSE 1T 15 VESY INTECEST IMG.

WE TECALL Th aT The ®eriod oF réevoloiion ATOUNd The Sun
CoTATON A BOUT |TS ARS OCeurs ONE EvErY
59 15 paLmosT %3 ot 88 dav,

1S BB dAYS whit€
§Q JdAYS. IT TurNs OUTr ThaT

So close D FACT ThAT 1T 1As LeAd TO A Theoyy
Which geemMs§ To €X PULAIN MercorYds  STraNee Behﬂwoe

PMErcury 'S orbaT 18 VErY EccenTTIC MUORh mMore So ThAN #NY 'lr”LnNeT There 13
Thus B Perigee And BPOGEe M (which 1§ QUITE ProNowaiced, FurTher Mercry
ITS€Lt IS toPsided AN AsSumes AN ittt Psordft ShAPE w Th Three
UNEQUAL AYES. Theve 1S Thus TidAL forces credTéd (0 The Body which
ArE eperATEd by The SunN Temdide TOBR TURN The QuaAdrupPoLe mrenT
TowArd The soN. ASSUME The pLaneT STATTS ouT AT 1ITS PERece
ON The stde diAGrAM wiTh TS Lowe AxiS PowTING TowArd The Sun
it we Fouldw The PARTh we see by The Time Mercury
reAches IT APOGEE IT has GONE Throuo h $7Y Rev-
olunIONS And has TS Lo AxiS PetPeradicuilAr
TO The TidAL $orce directed (AL 1ALLY Townard The
SUM, Thi$ Scems TO cONTTAdIET whT we smid Abodt
The LoNb ANS BALWAYS poinTive TowAard The spu—
RUT NOT fEALLY. WhitEé The mipimum epéroy 1S when
The LONG AXS POINTS TOWArd The Sun The mMend TdaL
focce o The QuAadruPole 5 sttt POSITIVE, BV The

TiMe 1T 0Mes BACK To POoSITWON 4 The TPLANET hAd ?q
GOoNE Throueh Y2 rOTRTIONS wiTh TS LONG AXIS STILL

POINTIMG Towfitd The S3SuA, Morcover The molion 1S STAbLE AN
DYNAMICAL SENSIDLE, How can Ths be?

POSINON O

We kMow These TIHAL Fricnon forceS Tend 1O Slow The PiLAMET
POt DownsN., BuY There i3

oY A SLLKhT STAbLE €QUILIRRIUM
AT $9 DAYS S0 The TidAat force BChnG LIKE A consSTRNT Force

PUShidG 1T OM PAST This c¢@uibibrivm Yrom hicher freq@uéercies. AL
How 15 T STOpped from GoinG Dver The OTher Side ¢ .

Forczy"
IT SO hAPPeNs when The PLANET 18 movING FAST

Throveh 113 Pérvio el The Sun FPPEATS TOUIT TO be
GoinGe hACKwWArd 10 The SKY And The Tidati Force

CEVELSES 1TSS SleN JuST €noueh TP CAPTITE The PLANET
Ad STHRT TS 59 DAY ROTHNOM,

véwrdN of
STAbLE
This 15 very NEAT fAmd Seems TO BT PreTTY weth wilh MOTTON
L SETVATION,

187



RoTATION ot Venvs

RecAltiNG AGAIM LAST TIMe we SAId The Pertod of Venus' YeAr wAS
225 JdAYS white 1T roTATEd omce cvery Z45tg dAYS. BuT Thenre i

15 Some Thive Th verY STrANGE AbouT VENYS ThAT wé hAVE d15¢Lo05ed
With ouvr rrdar ASTRONOMY, One Side of Venus g ALWAYS TOwaTdS
U when The PLANET IS The NeareésST TO US = which hAPPen €uEry
584 dAYS. There 15 Am “observabie” §POT ON The PLANET wWhich
SCATIETS & LoT oF The radar SlemALS, Ths seoTs 1S ALWAYS 1N The SAme
POSITIN Durive Twis close A pproach.

FIr$T WwWe Arouve SOMe ThiNe

15 The MATIEY WITh The INSTRUMENT or ThWAT
SomMe EXPLMNATION (An be fomind oTher ThAN The ASTroLooGichtL EXPLAVATION

That €ATTR “conmrots™ The momom of uvewus. So The Theory ThAT Seems
To €YPLAIN Mercury WAS APPLied TO VENUS, The Possibie M AL force
GeNErATEdD by The carTh coutd 00T be ProPerly used 1O EXPLAiM The
CAPTUrE MechANISM, Another berce wAS Netded | a fnicnomnat oME wWhit h
woutd ACT AS A dAMPEMING Mechawism whicth would BEJOST rMehwT

T dampeen The PredicT 30,000 YR, Period. This force waS expumined by
ASsuME venus hAaS A LiQuid CORe which IMPLIES INTErNAL £ ¢ TION,

This  €xPLANATION hAS NOT MEANT wiTw A GreAT deAl ot Success And The

whot & ISSVE remAINS AN OPeN QueSTioy YET AS NEW BATR 1S
COLLECTED oM The rOTATIONAL HOTION T SEEMS TO $iT More Aud mofe.

(So, m FACT, 1T mGhT TURN OUT PeT ThAT W& Are cONTTOLLING

VENUS ANd (AM RAVE wild ASTTrOLOGIcAL OVETTONES. RBUT AT The
SAME TIME Twis DOES NOT EXPLAIM The TETroerAde mMoTion AT AL,
MAYbE There 1S Some ThinG Peculibr in The mMeAsorémenT which

we hAve toond YE€T. Perharg , The tLarce PeoPLe UP There ATe PeePiNG
bAcK TO US Som€ Ferm of DATR { LiKE our Period of FEVOLUTION] tN A u
efforT To COMMUNICATE WiTh etk ANd here WE'TE ThinKme UP

AU These CrATY Theories hopefully Lookine For A Locical expiaAnATION
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THE SunN

WELL  pjow weltt TALK AkouT The Suml. As Some of vou KNow T 15 A
oie bAl oFf hoT w8As TOTATING AbouT T3 AXIS fAwvd Spi17S ouT ALl SorTs

ok (rAP 1N The course ot revotoTION . IT SPAS FASTEr AT TS €QUATOR Than

AT TS Rotes. The AngutAyY yetoddt? s fIMED T The followine EQUATION,

o
W= 438°- 277 s ¥ déorees
dAy
where @ 1S The LATITUd € AnoLE,

The (wTeresmne QUESTION To ASK 1S whY The bAil MTATeS LiKe Thid IN The
FIEST MAce. The carth does bot ITS A Solid MASS - or PresvmAbly So. RBuT A
BAtl oF LiguiDd 1iKe A TAIW Drop wastd spww torever ARd The ANGULAT
Velo 6Tt woutd be The SAMe AL over The Sphere. The wholé bae oF ¢ As
15 obudesty BET 1 €PUilibyjum OF £L8E 1T woutd & Throw off ALl The S'ra{:(-

T ROES 1T Doegnl WANT ITS LOWeST €nvéroY STATE, APpArenTLY. AtL of Tis 15
NOT weil UndersTood

Strucfuye oF The surfﬂcc- And ATmosphere

Twhe etfecnve SWHCG 15 Termed The PhoTosehere, Betow Tws tLAYEr The oPRary
REGINS TO INIFEASE TAPIELY ANd ObservATions STOP AbrupTiyY, Thiy LAY ET 1S
Seen AS A hoT emiTING LAYEr yahere Mo of The uisible L1GRT comes From,

Aboue The PhoTos Phere 1S The chromoSPhere where ALl The JupK 1S SPiT ool
Fram. There fre o LOT oF emission Lines seen 1w Thme SPECTYUM, These Are JOST

reversaes oF The Fraun hofer AbserPTION LIMES, Qevord The ChrompsPhere
15 The e—OrONﬂ wheh Goes ouT AS HI’ as -3 Sun rﬁd;;.

IT exhibits cONTINDOUS eMISSION LiNgy from The $cATErmnGe oF Sum LienT by
MANY fREE ELECTRONS., There 15 A verl STTONMG Line AT 5303 A which

wAS noT 1d enTiFted  oiTh ANMY erement for SevenTv fears, Iu 193¢ s
WAS TINALLY NAMed AS A Forbidden Line of

IroN wiTh ThirTeen ewdeTrow
MISS tNe. The (ondEATION TemPecATULE  of -

Felq corresponds 70 A TempPerATuts
oF ONE MLIoN dereeS. BuT The dewsity of Twe COrONA 1S VEIY LOw SO 1T

IS Theorr 2ed ThAT Nusces Are cenerared be The gun which Shaxes The
torovt To hewt  SupPLYinG The POweR TO MAINTRIN Thig jgé ° As The deusil? -
GeTs Thjnmer And ThINMER. (1K€ CrAKING A whip

There are A LoF 8F €MPINcAl ThiNGS Sten whea Observide The Sun: There
ATE SpOT, SpiculEl, wrfmoLes  IploTches, FillMmenTS, evc, €TC. 1T 15 very
dibbicoLT 10 Produce A Theor? for fememberine Al These ThiNes.

f Shaw TrY 70 Give A Guid e For TememberAnce AS wWe 6o ALONG,

RiCe G rAINS
The oi¢e GrAIN STrucTUrEe  Are POLYSONAL LeuS or SpioTches ind The
ProTOSPRETE, (T 1§ Theorited ThaT TheY Are coMvecTion CELLS IN
which JUNK 1§ COMiNG 0P Hrom Ther CewTet  ANd SPILLING QOT. They
OMLY LAST f® Lew MIMUTES byt Are toogT 1000 ™ AcROSS

AMOTher ®rAIM STTULTURE, N0T The fice ocAIN, 1S CALled The Super

CIfANVLATION where They have A digmeTer o4 15000KM ANd
LAST Awout 7000 Secs.
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SuUNSPOTS

The SpeTs  ApPeAr DLRIK because Their TEMPECRTURE 1S LOWER ThAN The
Surroundidy PheToSPhere  The COME IM CYCLES pb Mboul eLEVEN ¥ &ACS.
The sTAYT AT & LATITOd e ot AbouT 38 ° And wor K TOWAT The EPUVATOR,
They TENd To odissotve ANd bréeak vP boT The g6 drifT wWiTH The rgTemsn)
ANd Some LAST Throvoh A COVPLE OF TOTATIONS, The sSPoT GenmErATE A
Guetd of Akouwl (000 GAUSS AT Their CENTEL, They Show & dISTINCT
LeAdint ANd FOLLOIWING Ed 68 |n LokICh The PreceediNG SPOT 1S ALwAYS
Lower ThaN The fLLlowie paé, The +iebds are different for The

Two SPoT And ThE NorTh ALwAgs LEADS The souTh PoLE ToT Doriveg
The peXT CPCLE The PoLartTY 18 feversed

A SPECTTo he L10GrAM {5 uSed «TD observe ONE PAITMICULAL WAVELENSTh
ANd The MogT— PIONOUNCEd e ermisSION LINE IS The K tine of CALcium,

WITH Twig K LINE The SUN SpaTS can be seéenw™ pefore And BiTer
The dig ouT

-] 'c® ‘ m‘em{im

LAY LdAYS S dAYs HodAtss
Y&, f- am ‘D s
Sq 489S 8‘ ““ 10% davs 138 clM ) j 61 d6vS

thete AtSo devetoPes A dipore MOMENT MEAT The PolE WHICKh wWillk

s500N diSAPPERAR. The stremoFh of The fictd reaches A mMAXIMOM
AETEr ELEVEN YEATS Then (éverSes POLRTITY,

A Tweory oF The SunsSPOTS was poT forTh by T3aTRCotK. The sdid
ThaT 1MSide The sum or riohT under The SurfBce Thero Are More or
LesS weAK naenefc Fetd LINES PUNNING RLONG The Meridifns, DU¥E T
The difkeremce v rorATiION sSPeed ofF The Sun ANE The facT ThaT The

LiMes ATE Tied TO The 3ud The 6T Pulied or bureed ouT.

AfTer como Around for sever gL hondred Fears, the fieud —
evenTURLLY RAS Sp ™Much €MNErpY STored N T ThAT 1T TS

TO exPANG ANd "FLOAT " UP To The Surffice. FinAttly T

renches Twhe

surface AN The hym? butbeed ourof The
sorfmee LAY ER, Thes IT APPCAr S AS AN morTh Awnd SOUTH

veoion dePemndine oM whith WY Phe Rigtd Ltes rud, CALeu ATCNG

The A76A MosT LIKELY FOr The bulbed 70 beoin from The difference
1M TOTRTION ﬁ’—wonf'm.nl‘il The Lines G€T The mosT dense AT AbovT 309

WE STHL wovkd LIKE To KNOW Why The [iiAmenTS Tend 10 MOVe TO

The worth 1 LeioHTOM ¢itms TAAT SoPErOramyies exisY AS €3 Conpuethon
etfecT Mod Ferves AS 115 Own  PUMPING SOUTCE, ANY LINE COMING ouT

oF The SuN 15 carrled 10 ANt oTher Pimte N A rANdOM wALK MAN MER,

M The TEAILING SPOT hAS A S0LTK PoLAmFY And SICE 1T 15 A LITLE Closér 7o

The MorTh Pot€ 1T witl didfuse There faster AND 18 This wAY 1T 4§
POSSibie 90 PrediCcT WhAT The RoLAriTy ghould be, Pove

Pate
S
o
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CHPPTETL 1Y

A LECTURE oN PLANETARY
ATHMOSPHERES

TodA? { whAnT TO TRLK AbauT The recenT muformAnon we hAve oLl ecTed
on The ATMOS Pheric omPoSITION of The neArby PLANETS - MATS, venus,
And JURITER. The otd MATER(AL 1 HAVEN'T LlooKed ANd SuseesT ANY Good
ASTroNOMY bosi (f Pou So deSIRE,

M ARS

FIRST w€ tooK AT MARS, AS vou PerhAPS KNOWR pMars hAS oneY
ONE TENTh The mMASS ot €drTh  And oné-hALE  The rAdIUS 5. AbouT
Z000 M €S, |T YOTATES AbouT 1TSS AXIS IN AbagT 25 hoors r-chln Cmc— The
€ACTh, MArs 18 A Teddish -orAnGe PLANET And ThATS ALL — NO, LU Tewl
Nou hoRe, -

Durine The recenT FLy-be oF The MARINER SPRUCRAET W& wERE
Able To MeAsUre A Phase shifT IN The rAdio TRANSMISSION AS T
PASSEd by The edee 0F The PLANMET, ThAT 1S, KNOWING ALL The reLfiTive
MOTIONS INvolveEd Liké The vehicles spggbtnm‘s HOTION | The €A&rThs MeTION,
ETC. 1T wAS POSSIbLE TO PredicT T he FregoemeY of emiCsion. RECEPTION,
However AS T PASSED bhehind The PLANET There wAS A bRIEF Period
i which The rAdI0 TRANS MiSSIONS WMAd To PENETTATE The MARTIAN
ATMOS Phere. The fesutTiING Phase ShifT ¢Ave A retATive measore of
The MARTIAN ATMOSPheRE,

IT whAS discovered ThAT AbouT 120 KM from The sourfAce There s
AnN oNoSPhere Svmilfitr ™ The EArTR'S, IT WAS AN CLECTROM DenSIIY of
AboutT 9 xip" ELECTRONS fewm®, The Pressvreé AT The SurfAce YRS €STiIMATED
AT AmauT § MuuibArs, However , This figure 15 MoT Aerecd oPop by The
ASTrONOMICRL COMMUMITY, OTher ATIEMPTS USIMe INFrated Lokl have indicATEd
hioher Pressoré UKe t0-20 Mb, Wwhile They Are ATou NG, WE'LL SAY LTS
AAkhouT (O Mb, The 1mPOrTANT POINT 1S ThaT The PLANET CAM RETAIN AN
ATrosthe e, FurTher The PhAse ShfT  firs very Ndcerty AN ExpPonenTIRlLY
decavinG Fumcnon oF heohT,

The TEMPErATURE ON Twe SorfACe 15 rATher tow Aboul 2307 K.
There Are SPOTS NEAR The EQUATOR. ThAT OET WArMer, [T 15 INTEresTIiNG
To S€t wWhAT hAS been t(dentified th The ATMOSPhere

Fof mMANY YehArRs (COr wWaAS been opbserved by AbSorpTiON LINES N The

INTrared FéeitnoF The SPecTRUM, MAvbhe There 13 NMOThinG e€LSe, RuT Peofle

hAave conTrived VArIous todet ATMOSPhEreS 7o ExPLAIN ALL The Ghserved
Pherotmen A, A STANGARA ATMOSPherc MOWACAYS <ONSISTS of 4o%e CQu
Ardd 60°fo NITroGEN. BUT The mMITroGEN IS MOT ALY Seen and ta fAcT,

There mAY NI be ANY AT AL, MAYHe T35 AYGON; MAYbe wé don'T
wnow for Sure.
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StALy

ArMBunTS oF WATER VAPOR hWue beem observed Near The POLES-
bt some PeoP E, BoT T

15 NMOW  GenerALLY ReLieved TV (EALLY €xiST,
The observAToNS OF The POLAr cAPS 1SAPPEAr MG
t5 believed T he

Heo vAPOR | The
That 7 cautd wever
Than

M The MAITIAN SPRING
CONCENTIANON oF Hie s S0 sMALL
et AMOUNMT IS Given AS tHuoch LesS
The dePTh* of The waTer

1% 1T comdénsed ALL over
The suorfice. IN onTher words'n,,qr‘s how deep Their ocefind 30uLd be,
IT A n'T Moch wWATER !

in Addmon  CO  has Mow beew (denTified USiNe A bemer  InTerleromeTer
which s even capable ofF deTecT

ISOTOPES of The VArious ELEMENTS, Once
METRANE W AS observers Lot Never doond AcAM. This 1S verd STPANGE becAuse

PREQGIPITATE. The
Y4 rucronts oy

HeThAne couwld MNoT &xisT

M EQuiLtibrivum wiTh ¢0x AnMd Hro becpuse The
CH Morecute wovtd be €ATeal RIGKT OP DY OxYoen ATDMS. So mAYbe There
ATE LT LE CREATURES AR E MAWUFACTURIMG (T

There MAve BestM  ProprosSed VAR OUS Theories

AbadT The MARTIANM
wieAaTher. CQ0r 1s A Good Absorver And TAAATOR ot IR L16AT which Somehowt

EAYECTS Twe Time DurAbon oF Sorffice SToRmMS which
vETY

TENdS TO MAKE Them
LoM&, So They mighT LAST A MonTh oR S0 AT A& TimMe,

wWhAT Do we Se¢ ON The SorfAce? Weil, There Are The POLAR ¢APS which
Grow and  dimnaigh

M A SEASINAL MANMER. BASicALLY The PLfineT 13
reddith-orAanee Wik DAFK

ATEAs Covering AbouT ome - foerm of 3 svrdfice,
These DArK Arens Undefoo

thfAnees
Year, DarKs “canArs”

i S12€ And COLOR durin e The MATTIAN
WETE ONCE
They weETE

Observed by Plowtlt wht SvecesTed
The dojnbs o HATELLIGE MT DEINGS, HE wWAS g UETY MiSGUDed tndiord oaL
BT AT The Time he had The hesT TelescoPé And besT obServATIeNG orndiTian
L Atczonal 830 ThaT ANY onie who ddn'T Sge Them JUST TipniT hgve

The Ri6hT condiTions, IT 15 The SAme P toweit who sAw” VAST ARMies

oFf ANTS MoviNG ACRUSS The cRATER ot The MOQA.

However TS ANTIQUATEL [DeR

IS GIING WAY TO R MORe SoPhisTicaATed
INTEFPErTATION Of whiT we Sece. Now wé CiAM wé donT Know whAT 1T
1S We SEE,

The MARINEF AlSO ook Picrurss of oRATERS DN The surfrce which APPEAR
LIKE The OnES we 566 OM The MOgN. This s NOT R STARTLING DiscoveRYy
becAuse The 1S Thin €np0o6h ThAT RETEOCS Covid dombard 1T
WiThouT hormine of, The? APEar Tv hAve TLATER boTTOMS | Aire SMALLER Thav
The Moon’s ANd LEss Hre@uenT. There seems TO be fewer Per spuare
fooT ThAN  The woon. The resson +oc This IS betieved 7o be Due TO
The €rasio o The «raver cdoed which Fiils uP The HoITOMS.SINCE MArS
1S (los€r To The ASTETOId belT wE Wovld E€xPeCT MOFE So we NEEd
A mMechamism obF obuTerATion ™ & PLAIN whY There

ThAN The MOON., BUT  KENOW There ATE Too MANY
e AN ACCUrATE Theory Rickht EMow.

MAMRAN AR

Are fewer
UNCERTAINTIES To
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In one of MArners PicTore 0f The MArTIAM KORIZON The APpeAred A
SMALL hato of SCATERED UGKT JusT Above The surfnce.

AT EsasT T
WAS ThouehT TO be 4

sPoT ON The CAmerA LEMS boT T wAS LATER

decided THAT IT wAS A Cloud., Reueved To be A COrL Ctoun of DRy 1ce
SuUbLliniNe NOT 1ce cLOuPSsS S MOrt commontY belicued.

The MArKinGS on The surface soemeTimes DisAPPeAr. Bvens The
PolAr CAFS Do This, MAYbe Ther & 15 A& bit DuSTSToRM PLANET wide whith
bLows over The Surfce LEAVING  behmd A LAver of JIRT ALL sver InCloDug
The tce. LATEr The tce covid redepas T oveC The diRT. More 1MPorTAMT 15
The suddem chAnGe 1M CONBTRAST of The vArious REGIONS. The Suddenty
APPeAr And GvAaduvally H’be OUT. The TDArker AreAaS MAY be hiwher
And The dusT BLows off mTo The VALLEYS beTween ridbes. MATINER
Coourd Discern The ChANGE (N BRIGRTNESS BuT 1T didn'T TELW US The
QuALITY OF The serfnce.

The FeYNHMAN TheoRY 15 B Frerds of DARK BROwAN PoPPIES &e T

Covered wiTh dusT ANd CrAP ANd Thed ARE BLOWN LEAN By The GenTLE
MAYTIAN woiNdsS.

when The POLAR caPs MELTS  which 1S YeALLP Sobiim;u ATION af ¢on
The gurface FeAnures dATKEN ;. A oeNerAl dirccron downNwArd From

The POLE, Some PEOPLE LINE Vob LeiohToN donT Than i This 1S A Refl

Phenomend ~ This  wifive of DATKenMiNG | White They CLAIM TO See QOLORS
Soch Qs bLve ANd ereen, T ThinK  Theyre

1S NMOT A ObJecTIVE Process baT depends
how OME (NSTETPerTs The backGrousd,

wrosns Here, Color Wdgmen ™
ON  Twe bAtKkGround AMd

Venus

WE Kniow VERY LITLE ABouT This PLANET even Thouoh T 1S The qosesT

OME TO US| Loe CAN'T SE€ ANY MArKINGS due To The ThILK CLOUDS (overinb
The whote PLANET, We see A TemPeraTURE ot 240°K
which wé betieve 15 o h I1CE, That 15, T 15 ALMOST CefcTAINLY
IdemTifiED AS (Cé becAuse 1T has been Fimed wiiTh Curves ON €ATTM

TAKEN from DATR ON OQur ATMOSPhERE COL hAS ALS0 been 1deaFi§rep
IM The ATHMOSPhere,

1§ we observe
MEASURE

CAvers of ciouds AT

Venys AT Mucrowave FrEQUenciel | 3-30cm, wé CAM
The TemPerATURE oF The Sorface Doe To TAS: ATION. The dATAH
NdicATed A SurtAce TemPerATUre of Aroumd 700 °K . Thats

A Dmu
hoT surtAce! WhAT We Sec when we USE

«HTO Lem 15 ZESOK or
The TEmPerATUre AT hioher (€VELS 3iNGE The ShorTer WwWAVELERGTR

WoN'T PENETIATE A FAC We Are Thew Look NG AT The ToP of The
Clood LAYER, wihy 1S T So hot?

How (AN The ATMOS Phere be
AdiabaTIC ALLY STHAbLLE

wWTh A TemPeraTore arAdiemT of NeArly Soo°k
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A Theort SUceesTs The ATMOSPheRE 1S verd deeP, Per hAPS A hundred
TiMES The Thickness of OURS. 1§ 1T 15 Tex ENSVGh Then T Gvod be
ﬁdtﬁbﬁ’r‘lcﬁu\’ SHAbLE AS YOO &0 h\qher UP, Some Ba®r SUSPECT SpaMé Kind ot

sorhAce Nowse s Addine 1o The radianon ANd Thus The surffice 1S AALLY
cooter ThAN we Think. MAYbe There Arc A LOT pt RAdio And T v. STATIONS
TRANEMITNING ALL This eNEReY !

BuT MOST PeoPte MOW dccert Thas hieh
TEHPErATUIIE AMd Seel TO EXPLA M (T,

As A ThermfAlL SgufLe 1T £MmITS A PretN Nice bLALK bod? SPEcTrRUM
wWiTh The INTERNSITY Goine AS hTyrdv, FocTuuATerY The Sorffice DOES MUY cool
ot purme 1Tg MiehT (123 dAYS) or TiSe we woutd be ;p REAL TTovhle TRYiNG
T ex pLAIM The mMechpnism RESPomSIDLE. AS

t T sTRMNAS pOow, THE Thicil
ATros Pheve rmadel S€ems Te be n pRemy

Good ope,

JupiTer
Mow Here comMes A veRY [NTERESTING STORY And There Are mANY ThidesS To SAY.
CAn be sepAraTeEd uTo
HETETr recions . The decpmeTer Tewion
15 Abpve GO0 Melsec.

The vAdi1o emisstoms Two TeGions : The decqd md deci-
15 below Moefser Apnd The decirmeter

The docp mETER TEGLON S ChardcTerited by SPorAdic emisSion $,1Ts

ELUPTICALLY (NOT LINEATLY OF CifCUuLATLY | Fo:.hn%ed, 1S EXTremeLy INTENSEC
FTames) and The Source 15 smaiL comPAred To The diameter of aThe
PLAMET ( Aboor §-1§ Sec ofF APC whete The Peaner subTewds f munuie ). The
detipmerer féGion 18 charnctTerizged b
Y A STéAdy €mi

g covers i Ates seommms : Y €MISS1eN | Linefiriy Fbi.ﬂn!:ea,

r Tires The PLANETs S17€.

IT h#aS peem Su66esSTéd Thart

JUPITER hAS AN
Pote cohich 1S MeT  AMiAL

INTrINSIC MAGLNETC
WiTh The SPIN AXIS buT Ljes Some 10° ovt
™ oNe side. AS A resoLT SENChroTron rAdiANON OcCurs IN The QuTER
TELIOMS wheN € LECTroNS GE€T TTAPPed

N The fretd LiNES, The Axis oF The
Tierd 18 PertodicALlY TiPPING BAWK ANd forTh wiTh A hiohiY recotar
Perwod  of GRS §5™MN 2437 sec There (S A SUGhT vATIATON n The
intensiiy oF The $ietd beino More INTENSE in The PLANE OF The €QUATOR.

!
i 1]
:)‘\
j .
/
/




However, The USOAL ENEreY SPecTrum From SYNchvwotroN Gots AS
dE/gS  where S 15 7.7 or 1.8, fopm JuPiTer S=I, So T iS

NoT AS rAPdLY decAvING which SucsesT IT MiehT b2 occurrinie 1a
some ChAOTIC clavds.

AT ANY rﬂT& SYNchrotron rAdIATION (S betieved T be The Source
of The decimerer emissipn Amd T'herc«:'[-orc. PreflY well undersToéd.

THE DeCANETEr E€MISSIONS,

Now This 5 (rAZ¢: AbSoluTel? CPAZY. The Are LoTS oF borsT And Nowses
pnd OTher Thines Go INb OM buT More STRTTIING 1§ A verd Peviodic mAYIMumM
IM The fLocTUATIONS. 1T S€ems ThAT The moon of JuPiTéR Lo has n
MAdor Yoll in The obseruine of Twis mAy (mum DecBuse whentver 1T 45
G0° To The Liné of §1ehT e GeT A mMAX;mum, Also when
beTwoeeN us And 15 60" PAST (€  GeT finoTher PulSe, The
frdes As 1T Goes Away,

To 15 cLose enouehT YO JopiTer To ije M
VTS Yeetd  Limes And diRupT The fLow of Lar o}
ELECTTOMS ALONG A PAYNCOLATY LiINE, AT The i Q- —-
SUrThCE The MOTION 1S TANGENTIAL To The surhace
ANd AS The $retd rocks back ANd forTh we
GET STroNe Fuises when ThATe PLANE s observed
NOCHALLY ( 1.L., AT T1enT AN6LE T8 our Line of S;6hT).
The fLucruADon 5 Pecotifir IN ThAT The roTpmos
of JupiTer #s hc-n-sw&d by 4TS red spPoT 18 gluenN

A4S Qhr ss™m 3qSec which 15 MOT The Period of
oscittATION of The $ield Axss kby APOUT 7 Secs.

iT coes
IMTENSITY
e JheLd Line
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Joprers RoTATION

LAST TItE wE WERE TALRING AbodT JopiTER Amud The APPATenT
UNEQUAL  Perinds of TOTATOM Due 1 The Red SPoT And MAGNETIC PoLé
OSCILLATIONS. RecAL A JumiTer DAY (S 9F SS™W zqsec g The

MAGNETIC PoLe Pecrod 1S ST SS™N 37c¢c  which ¢ def,nTery MoT
FQuAL T The '?'Dr“eﬂ.

The Red SPoT 15 AN Observed ?thngMﬁ. O'F JuPiTen which IS
ALwALS There . AT LtAsT for

The tAST homdred Y€Ars ar so of
ObSEYVANONS, IT ChANGES IT ShApe AN cOlor A LITFLE poT FEMAINS
fixed, more o L£5s AT The SAME LATITUDE. 1£ we Preg
ANY Per1od whATever difterenT Svom A JupFer BAY And
PLOT 1T versvs The Red SPOT RATe , IT will APPEAT To

Be couSTAMTLY DRIFTING TO one Side, The Secminely DRIFTING
MUTION IS JusT A resotT of Beine off The Correcr
YOTATION At R ATE,

¥ we PLoT The MAGNeTic Pote PEriod As A Ffuscrion
ob coTATonAL ANGLE VS Time for The LAST

rundred
YEALY 1T LOOKS 2OMEThiMNG SCrewyY  Like
G5 3- - -—
Y 4~ —-~
iged
-Ti0 430

o There ISN'T & PecPeTVAL '.DR-I-FT Ard Oover The pasT <5 168168
The raTeé hAS been rATher STeAdy, |+ we Picked A dofferen
Pesiod The CUrve would TemAIN more Of LESS The sAte ShAPE
but— wovid bhe ShifTED (a0 SLOPE A UITLE, BEF SeverAL Theepeies
hhve beeny Propposed T ACCOUNT *or This Phenomen R Dne PLAces
The blAme oM  ATHMOSPheriC disTurbances of some Kind:
oVEr A VOLCAMO OR MOUATAIN, PR MY DE The MomeEnT ot

MEFTIA ts CchANeed SoMehow, weel, This 15 ANCTher MISTervw we
don'T  undersTANG.

And  ThAT'S AW ( chAre To sSAY Abodt The PLANET . The re
IS A toT 1 didn'T  SAY  boT

You cAN Sind ThAT 8 A Gool)
AsTron oMY bepk,

LIKE

196



The Son ANd The Sotar Winds

Now RETURMING TO The Sun | wWANT TO TRLK AbouT The SolATr
WINDS ANd olher YELATED FPheNOMENA pn €A7Th due T 1T, & TIING
T GAThey MATENAL PresenThb L MATEXAL, | 6aT INTD A (EAL horneTS$
NEST. IT Seems NO OnE KMODwS A DAMN Thing A for feal. There Afe
Theprees And Som & EXPETIEENTS which sorT o+ conFirM The Thepries -
t pou KNOW The Theoriés

The GemerAL (d €A 15 ThAT The SOIAT winds came from The corond
AS AN OUTSTREAM OF PLASMA ANd The €nrth  happens To be 1n The
WAY. IT Does noT BLow PEYTECTLY TEGULACLY, The cArThS MAGNETIC
f1eLd  Is raTher STTONG ANMd DEFLeCTS The PArMcLES. Thus T Serves
AS A Shictd And This 15 LALLed The MAGNETOSPheRE . The ouTer
MosT shell 1§ cALtléd The MAG NETOPAUSE., RETWEER The MAGNETS
PAuse ANd The SmMBdTh STrEAM of INCOMING PLASMA There 15
ArESULTIMNG  ShockK whaRVES And confused mess. Dorine SoLAr
busRTS The 3hook whAve PusShes hAarder on The mMAGMETO PAuUsE
which 1M TUrAlL CAOSES A dr8TOrTION 0F The €ArTh's MAGNET IC

freid., The resviT 1S MAGNETIC STorms or disTurbasces

IN ogY
prHosPhece,

SMO0Th

PLASMA
Shocld

whve t_':mtu'ar\ae-ro T
PRUSE

DUrG VIOLENT SOLAC TLACES or 3o0LAr PromINENCES A TProMguncéed

COSMIC TAY  INCreASE 1S recorded AT €frvh, WwWhen weé S5ee A fiare
LASTRMNG A CouPLe of MINUTES | A few #MinuTel LATErs wt GeT BN JNCTEASE
IN - tosmic £AR FLox, This 1S BECAUSE The PArTIclEs Are NOT COMPLeTELY
teLAanvisTic. AETer The 1NITAL rise or 5ud d€M QOMMENCEMENT There
foliows in A SAY Or Two ANOTher FLUR INCTEASE Due TO The
PLASMA ShocK IMDUCEdil A MAGNETIC STOTML. QOur recenwtT SATEUITES
have @ufirmed ThAT Tais PLasma €x18TS omdormiy AnNd 18 ConTinous.

The vetoar Ty of The womMING PATTICLES AT The eArTh 15 AbouT
oo Wm boT UAriES OVEr The ¢ANOGE 320-700 %{. The Fiuy
Séc
DENSITY 18 Gioen AS 4 x108 PrOTONS  ,p abouT 10 PCOTONS

cm*-S€C te.
The TEMPerAiTure OF The GAS 1S rEALLY NOT KNDWN kol NomMlALLY
[+
eiven AS 105-10%% K.
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The ™MAGMENC fietd OUTSIAE The E8rTh's MAGNETOSPhere 1S Gioem AS
Y-Sy

where Y= 10°° GAuUSS.

The flow vEteaTY 8 Hoch higher Thad The ThermAL Yetoc1y ANd
The €XTYA ENEroY coM€S from The mAGNeT( F1ELD . The ThermatL
EMETGY And tmaeNenc Field enere? Are

ffoouT The SAme
NKT ~

The hicher The veloiTES The mrecer The mpeweric figtd wotence Cor
mérvoosNEs Ky ) on EArm,,

The wwinds ArE LASICALLY GrooPed aTo Twree TYPES
U1 Gemer Al ooTitow ( from coromnAl
@) JeTs Yrom ST o Twe surbnce
(3} SwArp PutSe flAre

Theory ol; Gepnerat TMISSION

we constder The cocoma gx'PﬁN’Dm\'é hedrod VaiRmicALiy idTo The
Vacoum Atocomd 1T, The Curioos Thine IS HOW The coromh mMAINTRING

R TemaPérATure of 10°°K WHite The Llower SorTRCE TemPerATure is Aroend
000 °K {The Chromo sPhere), The corgm A

IS EmMITIING AMd KICKING ovT
PAYTICLES AT SUPErSOMC VeELoOITIES

Thos  whaT 1S tefT behind 1S
MeT AYFECTED by WhAT LEAVES. The meppn $ree PATh ofF These

PACTICLE (S LArser Thaw  Severatr youn rAdH

IT Thew 866mg  <OnTTAdICTOrY TO VSE The

tdea of A iNrerpcnve
GAS when 1N *ﬂﬂ'. we Are desceribing A OLLIS(pNLESS sPsTem.

How €v€r €eveal 1§ The PAMCLES Do NOT INTETRC(T TPhYsicALLY, They
CAN  be cooPted ELECTrO-mAG NETICAILY ANd | Therefore NoT comPLereeY
INdEPend enT OF omMe A OTher, TRyt Thit 1§ NOT woRKEd ool SATisFacTONLY,

so | sorTA OF Auod The guesiion of how WeE can TreAT This
GAS hydroRdYMAMICALLY

AT AN3 TRIE The 6A5 cfih be described by A Pressore, TemPerAtvre,
ANd VetoctIY | TO wriTE The e@uaTion 6 The GAS

WeE hnve
CONSEYVATNION 0{' MATTER Pvn"‘{n = Q conPuwoys Thow
To bALRMCE The ACCELErATING TOFCE S
-dP _ GMop - <4 -y o (v V)V
dﬂ- R T = at
- 4P _ eMep . (oi![ s
where ?‘{ - yate oF chanoe 0{‘ oME POINT = O
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CousidErme oN STEALY Flow

_éf_—c_?_ﬂé/l:\/dv

© A
Wt N INTroduce The 3Pecd of Soond S iNce 1T 1S FfeLATeEd To The
tate ofF ChAce ofF Pressore w(Th JdensiTy
A
el 4P
de
OR
' dP = Cs? J(-’
Thent X
~Cs'dp . &M da = vdy
™
@ N
RECALLING

4IIPU”/L7- = Q WE have

an vatde qnp/ﬁdv + 411/:\{2/:_:1/1: 0

J——

—

41‘!{311‘/’!-“‘* Q
e+ dv y2da =
(° v e
de _ _ dv _zda
P v Ju
Ord SuebsTITUNNG
-~ Qgtf- dv_tdn G dR = vdv
v N Rt
GY _rdv] L —20sda 4+ &M da
%[ L U VJ 2 Cs g — -

Voo dv o« (?.-%.’1)&_/_1-
Cs v Cgtn e
We see 11 v ¢ 0 (1€, The sobsonmtc rANGe)  The Patncie

CAN pNCre Se ITS veroaITY AS The rAdivul INCreASes uNTIL
IT Decomes SUPErSOMIC,

The cviticA L POINT where 1T becssmes
SOPErSOMIC 1§
A- == z)
Rewmy Cst
o 2 = oM or Remt oL oem
Rert OS5 Rsuwn son (5
T
Simce -‘-'U'e-;LcnPc- = Gn et = 1 (_*1!}_}
b e Ysow 4 sV B
. TransTION POINI
The Phewomens 1S LIKE A SUPETSONIC NOZj LE PP — TopectumIC
—
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we hve oNe 1MPOITANT Thine TD BFING IN And ThAT 15 “The

CoNSEfVATION oF EMETGY. jn The COfOMA The ThermAl eNErGY
corrESPONAS To OMLY o0,) Kilp volTS while oM

The effTh we GET
AbouT 3.1 KiLovoLTS. 50 why The diflerence’ Acmpiery 1 The

CotoMA 1T 13 0.2 KV constderine BoThew £ LECTronS And ProTONS.
. ¢

tf we vse &2 ¢ G 3 WE CRU'T cer more Thita 0.3 KV i The

eordM R, The gacTw Sees PATICLES GOtnNG AT YSo Cn  or AT LIKV.

RUT WE Rorcer AbooT The GrANTRTIONAL ENEroe Nsee(-dé-é TO LT

The ProTons AA? from The SumM. This CorvesrondS To A Grac manonal

ENgroYy ot T Kv

of To GIVE A ToTeL O Il Kv.

RoT The PLASHMA 15 counuvAllY berne heATEd Line A Npoz i€
Lith AN AbtTerburmer. There MWBT be Some mMechanism for e everaTe
NOISE 00T bevond The COroNA becpose There 15 A helluva gloT

ot EneroY 00T I ThAT SUPET SOMIC FAMGE, The EmiSSION from
The sun Obutosst? MmusT NOT be Pore AN TeosLAr.

Mgt otail

___Dafected sclar
wind partiches

- Incoming s=lar
wind particles

Plagmia shaat

Neutrsl sheet

Larth's atmasphens
B IS0 a

Borw ghack

Hagnetasheath
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Theory of The CoronNd

LAST Time we were d1ScussSing The MechANISM of coronAl eFfects
oM coSMICS RAYS. ONE€E MAjJoR ProbLer woAS how To ACCOOnT YoR The
LAtee AMounT of Thermal €NEr6Y PEr cobic fpoT AT disTumces of
Ison Radii. AT ThaT PoINT The SepArATION beTeen sob And
Supergonic veloaiTies occurs. BeYond Tws PomT Anid 00T RS $AR

AS 20 Ko There 1s proposed A ONSTANT ThermAL biANKeT of

NEAYLY 18 x10° °K. Why T This rewioM $0 iSoThermac ?

There HoST be A bte Thermfi cOnduchviT? In This RecionN
$och Thdt There 18 A very YAPid heaT FLOox from The surffce
oM s0T TO ZO R @G. Now To und ersTAMd why The coddonunity Lould
be sa hieh we MOST ANARLYZE The PLASHMA STreamMiNe ooT, IT ConsisTs
oF hieh €Enéfer ProTONS ANd ELECTRONMS. So we¢ have A Two
COoMPONCENT GAS n which The ProTons ATE MOViNG AbouT 160 Km/se
Throooh The subsomic 3 20NE. BT The ELECTRONS AYE 200d Timer
LiehTer AnMd  wedld Thus be  AccelerATed MeEATLY 40 (~T505 ) Trmes
YrsTer Than The SPeed of Soonid | So They i LiTerALLY LEAVE
The ProTonS STANdIMe STl ANG Travet Ahepd of The matn PLASHA
STrEAr . Thiey Thew SeRve AS A COHMUMICATION CAZTYING The hoT MNews
*¥om The boTTom oF The coronid ™ The fAr ouT rfesioms, So Thig
3o TrermAL PropoiMON 1S MO LOMGEr mpeSsible To beueve, There
Tis 15 The UmexPLANEd MelhansM of heAT Gemeration : wheTher
OF NoT 17 S 3ome whip LiKe PhenImenA reSUITING from Nois e AT
The toweér Lever 15 MOT wELL €5TAbUS hed,

10 DeTerming The €QUILibrium ComdiToN It The COoromA woe mosT
5Tudy The d€eree of tOMIZATION OF MOorC exPlicatey The proba biury
OF fe@mnbiNATION. IN The Low demsiTY oF ™e coromfA The vATe of

radiANVE capTure  of one elecrron by AN ION 1S Gruvend by
L TH

It + e — IE,, + Y

BuT A mMore ProbAabLe reAcTION 15 where The $irsT eLlECTrow €xaites
The 1ond TO A hiehey Lével Perrmimine The cAPTYrE oF Tweo -
ELECTYONS, This refcTiomw 15 Muf h morée MPOrTANT For T GIves

A cocrecTion TO The erpecTeéd TEMPerATUrE IN The coronf
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The CharAcTer 0\( The Mpaonmeric Fretd 1 The PLASMA

Ir 15 SAYE To SAY The SumM YOTATES ANd AS | T Go&S Coupd
T Turns The QoromfA wiTh 1T AS fAr ouT AS i0 R Y. Thrs
CorDMAL JUNK ACTS AS A perfecT comductOR ANd Thus Traes
The MAGNETK FIELd IN The MATER, This means The T1ELd 15 1N
TUyr N

FOTRATING WwiTh the whott SYRTEM. As These Liaes Rre PoLléd
ouT, Thet form A rAadial fiewd BuT Are ALTErNATELY PosiTive
And

MNeGATIVE — LiKe 7Pulied osT TRESY.

———= } PosiTiv &

1_5_‘:%-} NMEeATIvE
} POSITIV €

The

ALTErnATING  $i1ELd LiNe BUSINESS 1S MOT PLEASING To mé. Ths
MeEANS OuT6oiNG ANd INeoMiNG LiNes wiTh opposiTH Charce Ace
COMING YEfY CLOSe

TO CACh OTher — el come bAtK TO This, WE Yealize
Now ThAT MMATEFI AL SQuUivT OuT Trom The
iT

surface fotiows These Lipes.,
looKsS Uike ome ot The LAwn sPrinkied TRT Spins ATounid AS The
WATES Cames 50T, The oATEr coméEs ouT N A NIt L06ATIThM¢ SPIRAL
We Do gAY, see This Gfrden Sprinkier €ffecT As verified
P The 1P ANd MArINEr SPAce ProBes, So TWiS (S A Gooed Theory TO
Guide Us N UNIESTANG 1N The dATA. BoT T hns NoT beént Checked
Too CﬁNFJtLY fed chN -n\g? W e TRY (NG TO MmeASUre A f-ew GAMMAS
ob Sotar ticud s The? GoT contosed by jmduced $re1d wrThin The
SPﬂ-ce(l’ﬁ'{'T ITSeef. ey hnd A RepL PCODLEM 15 cCoMPenSATING For
These errors,
MAriner hAS  showd ThaT There €xisTS A MAGNETIC HiELd ComponienT

IM A PLANE PAFALLEL TS The ecliPhic ANd IT RLWAYS hAS The SAME
S{eMS . ThAT 13, The MNOrm AL OMPONENT whith S houtd be TEvo :sui;-;

LY
TS AbouT 10 1M STIEMGTH wiTh The sSAme SN,

400 Kimjgee
—

| i Sous t_l

v U i

These "DowM

]
PoimTmilb LiNES
Goed VELOCTITI €S

MOVE OUTwArd 1IN A rAadial FAshion wiTh
And YePresenT A helluvA LoT oF Flux ~ pmuch more
ThAM 13 IN The DIPOtLE oFf The suns. This

weorld we

5 A FERL DIRTY
LINE 1N ; every bodies <razy/

A0Z



WE  CEVTAWILY  NEEd SOME

sorT o Theory To unsdersTand why 70-80%
of The hieLd LiMe Are

Obsevrved GoiNg DownN. AS T Turay ouT Thooeh,
we wrootd expecT pmosT oF The fretd LiMes T© be diTecTEd PowNwhHTdly

becAusE when we discussed The hiewds from The sum SPOTS wé
S5Aw how oME

sPol dormed 4 Lnie Behind AnNd norThly  from The
Lerndinge SPoT.

AS The SPOTS diffuse Avd SPread Therr PoLATIRATION
The f16td of The sum IS NOT A veAlL DiPol €. In acT, The Averfcing
edfect OF The MNorThern And SouTherm hepisPheres pMiohT STiLL
LeAve Am NeT PosiTive
svnt As These
ELLIPTIC

ch ArGce OVeEr

Lines Ave SQuirTed
INn A doropNwArd

More ThAN T haAatt The

CUT They CFoSS The
IR ECT IONS

]
U Wy

By Mo MeANS 1S This Theor¥

camPMEeTE  JusT
A

AS T 15 IMcoMPLETE To Judee
IMTEGPrAL e omMEe POINT,

THEORY ot PETSchek
(The foltows NG 1S A Poor (eProduchiom of TeYNMAN'S TALK)

ReTOFNIMNG TO This

Probiém ot oProsine tHiEld Lines | | wANT TD
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