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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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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" “Clearly these lecture topics have been superceded by tremendous theoretical and experimental work

T~"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.

7 e,
Wiki Logo £ ‘gf w A
used with insert & "1‘

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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Cosmolooy
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Throveh The simlanTY of All These Tioures some have Tried T
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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: i CROWAVE BACKEROUND
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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Back to the Feynman lectures in 1966: Prme Line

Consme\r we ARE AT Time , Lo and
AT SomeTime 10 The PAST The cALAXTE C: vetocTy of Lit WT
wAS A POINT | And Time T,

ThaT The, Tv s cwen by

t|= To"% T

where D= v

U = ouTwArd vewouTy

So E\Ther
D= To c,. -
[
l-"-'U' BEeinning
o
T, = -‘_l‘%r Y1¢.5
1+ e

The ved shifT s exPrRessep AS
é_-x = ZB_'_?S = -$’—' "\'}

)\eml'\T

>

for A MOVIN G, EMITT IN G [Lource we hfRve

o 14V
I+3 = ’1"71}\:, = (1t3) T
oY  y=  C1t3) -~

Q+y* +
D- o C - IoC[(""é)L"]
cfe+gy+i ] Crogye- | + ez’ +i]
(lfé)"—l

When we ASK how otd The UNIVETS € ot ThAT GALAXY 1§
AT The observiNe Timé T, , The Amnswer s NOT T, buT

T; = ZI\J"V%’- which 15 The Lokeu‘ré Tine
Thus The AGe T, = Lo {1-Vyn

11V

TATher,

where \V =V(3 cav be foond To eT The Ace
KNOWIN G T™he RED ShitT.

ProPer Ace AT EMITTER = ProPer AGe oF Recewver - ﬂ}je
ved ShifT I+



To check This Theory we MEeED M™MORE ThaN ONE wAY YU
MEASURE The DIsTANCE, D. There Are Three CurrewTLY,

l. Si12E - This METhoD ASsumes ALL The GALAeS obsérvep
ARE of The sAMe SI1ZE oN The AvErAGE  This
GALACTIC DIAMETET s of The order 100 mittion L.YR'S.
Thos BY The PArALLAX METhoD
. L L
DM)“ $o
wheve b
D;,p'— AN GULAY DIAMETER he
So = Avoele subTended by L
wé CAN  wnITE
l = IV = eV
Q+y) v 14V
SINCE 'Dz"D“) = VU
1+v
______|._. = | - 2Dy0o Bui, mosST ProbAbLY, L= k()
L (r 3t To and GeTS SMALLET or LAY Ger.
Z. Ls)muosw‘{- ConsiDer LominosiTY 1§ c,ous"rﬂNT‘ThCrg{ﬂN,

AT A GYeATEr TISTANCE The sAMe obiecT woold APPEAT wEAKET.

RrichTNEsSS observed = ofor L o 1
Dy 143

where
Lo = huminosTY

D = DistAnce on Thrs SchLé
The LiehT 1S observed TO shi+T TO The ved.

1+3 s T™en A TIiME ScALE v ATO

\§ L, depends ON AGE  Tws Theord 1s Shol.
Wiwoot AN EvoluTon oF GALAXY Theor? Wuown
T™Twis CANNOT be checKED.
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3. GALACTIC "DisTRIBUTION

How many GALAXIES Do wé see’

The number of GALAXIES EMITTED wWiTh MOMENTUM P W

The vanNee ds'P 's

4°p
2 E.

This fesolT 1s moT INTUITIVELY ObY¥e0US by resolTs fwom

A LorenTE Transtormamon which RiecessiTaTEs This

PARTICULAT FOrM T0 PRESErVE The DISTRI buNoN PRObBAbILITY

RuT d3p _ pidP

PP o 4an

AE 2E

whevre d 1s The soud AmGLE

BY RELATIWITY
EY =Pt4+mMmt

30 EdE= PdP
ANd
d>P . pdedl
A
SINCE P= Mmv E
(l-'_l_r:)lt
Hewnce PdE = ‘U‘/CLA\/
(\“"L/c‘—)‘-

Thos
The no. oF GALAXIES

hAvING recession AL veloctTy

ViN rAnGce dV

C

4ﬁg ~* du

et o l_u-'-
C‘L

1O

(Ve .
b\

- dE

1
41 o dv

| - "

CL

MV/adv

C l“_'_l_)")xh'

[0



Now we consiDER The cas€e of GrauTY AND how 1T
effecTS The recessionAl vetoumes. The conseguence
ot A curved sSPAce 1s derived from Twrs CASE.

FIRST off The curvature of SPACE 1s NOT ndependenT
of The observer ; The QuesTwon of wheTher space 15
Curved derendsPoho de-ﬁmes{t. AT A wwen Time

Twe sequemce of BOINTS of The WEbBOLAE I1UES riSE TO
A curved SPACE bouT T Is noT NECESSIsAariLY SPherical -

IT miewT BEe Parabollic.

Assume we stand aT
The cewTer oF ANY
BrbTrary sPhere of .
tadiwg R(T) which

The surroundin & .
Gﬁtﬁxlgimﬂrre mMmoviNG
cotw Ald "The v1m wiTh

A verLodtTY w it gMYS
CONSTANT IMITW TIME.,

Assome furTher The ¢ fie?7 T e

» ®

Jensn‘r\’ 1S The sAme ThrouvohodT
The svhere. Recause There are A LoT of GAlAYIES 12, A
LoT of mASS INSIDE | The 0uTwArd MoTWON 1S Stowed down
ANd The resolT 15 To curve BAWK. The webulpe.

FoR A GALAXY AT The riM MOVING wiTh v 22C The
ACCeler ATION IS

R\ (T) s - C’Ml ns1d €
RY% T

where M = e Ry (T 4q
3

-ror ff PATTCLE Cloger n«l‘sm’ AT Rau(T)

ﬁl (t) = - & Muwvsine
RICT)
where M2 wuside = (D %n R?LT)
M _ R?(T)
M RID

oY
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The specific vawe of U s very cruciAt 10 The concePT
ot The EvolLuTioN oOFf The UNIVETSE., DePeNDING oN ITS
VALUE Twere Afe 3 POSSIbLE UNIVETSES,

1. W& U 1S very LArce AN The reTRrdING GrAVITATIONAL
SLowdownN

2. The cvimicAl cASE IS § vV ApproAches O becAuse

The NET GrAVITATION AL Pull JosT3 PullS hard &noveh

TO PrevenT The GALAKIES From ESCAPIMG,

3. The cATasTrophic chse 1S 1f Vs (ess ThaN Ve, The

CriTCAL VELOCITY, ANd -The GALAXIES ATe SueKeDd
RACK To Their oviein.

< )

WEe miohT aswk What 1s The cniTical density ?
The vcloiTY JUST Needeéd TO €SCAPE | Vesc 1S eQunl

To The HubbLE VELOCITY of tecession Ve

VR&c = B_
Twn
TH = HUbblE CONSTANT = [0°yRrs =

= 3-\3 sec”’

Thus WE EQUATE The KIveTIC ANd PoTENTIARL gNEFGIES

._‘EV:‘C - G’M\NS\JQ
R
M= 4T R3
K
T™us 4T Gpe R \_!_ii‘z >
8 R 2 TH
p~_t
Th &

12,

IS NEGLI GIBLE |, The GARAXIES W LL CONTINUALLY
YACE ouT And The umiverse witl be foRever EXPANDING,



G ove BACK guer The woTES oF The LAST LeCTUre cermAIN POINTS Ne€eD
COrTecTING ANd Des€rve A ReTME! EXPLANATION. The Proldlém DEALS
wWhich The ted SMST from pebulae Recedive from vs wiT™ A
VELOCITY ProPorNMONAL TO The DISTANCE belWeenN us., We mosT Assom¢
The consTaNeY 0% The nebul AT deps(Ty TO Pursue The DISCuSSION.
FurTher, The RASIC COSMOLOGICAL PrémISE 1S USEd, 1LE., WhAT wE
3eec whepn L0oKING oOUT IS WhAT someope OUTThere sces whern

he LookS ooT. AGAIM we FiesT discoss The cRSE 6§ NO GTAVLTY

ANd Twen Add (T To odour #icTvure,

Red ShifT WITh PO GrANLTY

FiesT consTrucT A PICTUTE LIKE The omé omn PAGE 8&:

we ARE AT Time Fo; The L16hT waAS em(ITED ATIME
APOSIMON | And TiME P, Te
The Ace of The webulA AT- PosiTiON | 1S .
The ANGULAT DISTANCE DJ IS GIvEN by
= = - T,
jb{ T C(To |) T,
& T, = To
! 1t Vie

Mow we AdopT The NoTATION o1 C bewve
ONITY ThrooehooT The EMNSUING DiscusS SION.

Since Te ‘-"to"rhe Aboue becomes
T. -3 ’t’g S’\GB
ItV

From which we GeT
1]

Dy - LV = L
14V Jo

whevre L, WP Are Shown own Phoe 9.
Thos Twe ProPer Mime ok emission T = (). So cven & wetind
. The Timg T, 1§ A compuTed TIME which hAS No SitemibicAn e

The €1Twer éemiffer or YECEIVER, While S P IS AN ORSETVADLLE
QUANTITY N Twe STricTESY SCNCE. To Find T we use A LoTenTE

TIME TrAmS SOrm ATON,

’2"=—J|-\I"- T, = W To

jtv
: ll-v A
1tV
o = av T
Y% EMiISSION TIME

TeCEIvers
TiM

13



Now , WHhAT AbouT The ted ShidT. Well, The poppLer effecT of A
Yeceed ING sOUTCE IS,

O‘)REC - '\/ __... C&)E
M
""V !

Y
(W = FreQuemcy of eminen of REceived LGhT

SuPPosE The emimer ShoTs ouoT A LichT ReAm of A BIVEW SPECTTAL
LiNes, &, croen S‘—YeQuewcv-' we ASK WhAT 1S The ProPer Time
benoeew eAach Node * AS 1T 1S radiaTéEd TowArd OCvs), ThAT
AY IS Glven by

A’Z’ = l!—y A,t'r((.
-V

The red Shift 15 detined As on PAGe 8, 1€

l-+ = x__Y_CC = _'_i_v
—é AemtTT J -V
We shall henceformh sPedk 0f 2 where Z =113y Sivce 1T
1S STYicTiy AN ATBDITYArY UALue wheTher e Add | or moT ma,

ERIRVIEY
1~V

¢

Thevrefore, v Terms of  Hrequency,
- L Wen TED
Wrec Z !

We AN Now Finny ”‘b;_’

2t = Y ad - s 2N
=Y z v
SINCE | )
—D¥-= TV Then
LV
"-
Dy= B2
2 2t

LUM|NOS|TY

AT The ProPer AGE % The NEbuUlA had R CerTAIN LuminosITY Ko.
WhAT 13 The AnGULAT DISTAMCE AS 5€eN From Fhot N@buia?2

]
'Dq_: -tl v
|V
This 1S SI1MIlAY 40 The PrREVIOUS EXPRESSION foR 'D;,llf-,
-D4 = ’toV
1+V

Thus we se€e Tue Propey TIMES Are InTerchAnced ANd The MIINUS
SIGN 1IN The DengMIMATOR of ’D.‘} Shows DY (s Bleser.
These hoo DISTAMCES CAN be ReLATED

o TV .V * 7
Dy= — = Y2 = VT vy o D
1=V 1~-vt v VYV =v +2

Dy = Dy z

4




'
The vesulT "D = DL Z IS UMsUAL Sor \T TUrNS OUT T0 he The SAME
TGLM'\DN.SMVP

IN AN ACCELETATIN(, UNIVETGE Where The LINES dYe Curved.
NOw The INTENSITY S€em b9 Teceiver IS Gluen AS

A= ZLo . L.

- . —
CD‘.) > ‘Pb\sro
A$s \»? NS utf\k(—t‘, 1<,

ordivAry Do T
ENEYGY The oTher ppler & fec

oY sees {ading AwaY
There fore, The A P PAfENT LuminosITY 1S,

Dy 24
This cAN be Tied RBAcK T© The Fime Po by

Ty = Lo (z*-1)

A
X‘— 4 %,

sttt

P (- UI

NebulAR D)ISTRIbUTION

We PI1ScussSed This QueSTIoN LAST TIME AS SEeéN ON PAGE

BUT we ArPProAched T WYIONG. The QUueSTION 1S NOT HOW MANY
GALAXIES WE S€€  buT TEALLY how MANY The LiohT PRoTON PASSES
when GoINe From ProPer time ¥, To Po. Ir 1s PosSibLE TO MEASORE

disTAnce (nTeérmg of NeEbulAe PAST NOT mMeTeR. This IS UISUA LIzed
I+ Tre PhoTon Picked vp A PREE of DIRT fSvom ench Mebola

by And Thew dompéd ITS bAG 00T mwhew IT GoT To us ANd Said
I WENT by 40,000 NebolA€;KNOWING A UNIT SPACING we Coold deTermiNg DISTRMCE .

We Assume AGAIN The Nebulfre coere SPraved ouT EveNly ANd
LOOK L'KE Y’ﬁ?S’

o

T wWenT

SUPPOS € The SEPARATION heTroeeVy A DJIACENT NEbULAE
IS DENOTED by €(T),1e, SPACING VATIES LotTh TIMeE,
SPecicAlly 1T uATies LINERCLY,

€ct) = ex £

%

T
Where  €x was The spaciNG AT % '

Thos The Number of NebulRe PAST by

L16hT AS
I Goes ftom T — 1%

IS
y*" d#
% EC¥)

Therefore

* 2
Mo.. PASSED = €&x X"‘ ‘-tg. ) - Wex f16. 9

And ’l]() ts A meAsore of how AR AWAY The LiohT 15 from TS source

oA (F)

?
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WeLL  MenTION  mow ThAT Y= o= 6,

Tt
wheve B = /Qh (-3;).
AS 1T TouCNs oouT

IN The LAITET NoTANON © IS A Time 1M A

dISTO L TED SCALE. This wnLL,MPe’}uLLY,be more CLeAT (v The AccelerAtTep
cAse where 'le Also = Go-6, As Above.

Now The rATO 5 S+ of ’t"S,;.s_., 1‘/1', Is simpLY our ved
SMET $AcTOR Z So The Followine resolT LS ORTH INEd,

Y=Lnz

UPON SoluiNg for 2 we ceT

P
Z=e
Now 1 Ti= v Then V= E-1 _ - g
-\ 2
X -X -TlX
BuT TaAnh x= € -e e*(1-e )
x - ———————
€ 1€ exCH’C-u)
ANd SINCE v
\/ = | - E.l = l-e
L L+ e ¥
W€ MAKE The ASTONIShiING DISCOVErY TwaT
V=Tanhy

This resolT 1S STAMTUNG bechAvse 1T 1S IDENTICAL To The YELATIVITY

YeSULT §or TWo MOVING obJecT PosSsessiNG UELOCITIes UE V.
Thetr eHecTive vetoctTv V'

IS GQIVEN by The relAMNVISTIC EQUATION,
V't U+v

|+ov
TN
BY LeTTiNG V= Tanhw And

V= TANKh )\

V'= mrh w + TAnh ) TANK (w-y-)\)

| 4+ TAnhw TANA

To uUmdersTANd This resolT WE MUST T K of The uelocITY AS
The MME vATE of chANGe of The DISTANCE. ThaT IS, for s/impLe
Thiee DiMenSIONAL  SPACE we KNow dY/dx = TANG And (§
WEe voTATE Throveh A Twew we hane TANCO +ol).

The ANALoGY 1S Thed ThAT we hAvE MAdE A rOTATOM IN Yoor
DIMENSION AL SPACE. We Thus correlATe TANGenNTS Awd hypPer bouc

TANGENTS AS YePrésemTING The TrANSPOSITION $From A EucliDeAN
SPACE TO A CUrven SPACE.

we have Thus

ShowN A COMPLCATETD CoNCePT OF RELATIVITY withouT
HEMTIONIME The word ANd WITWOUT The MYSTETIOUS MAThe MATICS,

le



We now RETURN To The Qu&snou," How MANY MEDLULAE ARE There
n

ouT 1o B We mosT be carciul NOT TO JomMP TO ANY hASTY

COMCLUSION,LE | AS wé PAST Y of Them rAJIALLY  we Do MOT

COMPUTE The wolomMe AS 43T Y 1T (il Torn ouT The Mumber
ot NMebulae n d¢ s sinh Y,

The ANGOULAR sePARATION SP ThAT we see when we Look AT
The NebouLAe Is ProPormomaAtL To Their sePATANON ANd INVETSELY

ProPornowAaL Toe The DISTANCE AWAY T (S from us. The freuve 1S The
SAME AS oN PAce 9. OwnLy WE MUST be careful 1o Keep oor Times

RICKT; The seParaTon of Twoo Neboulne IS €(t) bvT €UALUATED
AT Time T 4. Thus
$¢ = €
Dy
Now e Numbeyr of PhoTous Boumecive

IN OM us Throuew The
SOl ANele I 1S GlveN AS

4n
(S9)
Now €(Y) ¢ % ANd “D,; 2tV
l+Vv
AccordiNG To our definmion of 2 on prce 13
. 2
2’ 1,.
SQ Y \/
P o« D = T°V2=_\Lliv)l=-—-
€ Z, % +v) ity U 1=V i=ve
SINCE V= TANh VY
Dy _ TANRY - sinh N QoskaJ = S’Mh'yj

* mq} coshy

SUC e whT (BT e et SR As A Propemoume
T
'g"@‘"é MeEASOUred wim™ odur vebolar YARd STICK .
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CHATTER R
GryAVITATIONAL ESfecT

We now erase everrMing e did before AN MAtle A Neéw CALcuLATION
becAusE wE AN POT 16MOre GrAVNITY ANd So WE MUST Do IT AL AGAIN.
TWiS TIME The recesSIONAL LelowTy oF The NebulRE U™ 1S SLOWED
DOWN bY The orarutTNoNAL Pol OF The mATTer ‘INSIDe' The SPhere
which TAKES IN The MNebULA I8 QUESTION. Thys Afe LiNnes Are corued
NOW ANd we ASK WhAT 13 The curve which deseribhes The momoN?

AGAIN we USe T™e TBASIC COSMOLOGICAL PremMiSE ThaAT WhAT hAPPENS
here nuppens There! WiTh Tais we CAN ProdecT TO ALL Nébulne
The Lochy strendine formolne wWhich wé obTAIN BY OuUT O hseruATIONS.
We peed €C¥) Twe SPACING AS A Fumcnon of TIMeE: This TUTNS ouv
TO be NONCLINEAR. Once we hve €(T) we can fhnd soMeTiInG
ouT AbouT ’l’l)-'-’YJ(ﬂ:,'t'.).

How Thewn does ect) VATY with TiME 2

RAGAIN wWe comsTrueT A SPhericAl PicTore Ay we did Previo o s (Paee W),
BY cemerny YELATIVITY We CAN 16N0re AL The MATIEY ouTSide The it
ANd comcerN Ouvselues onty wiTw The remrding e Due To

The MsIDes, The €QUATION for The ACCELErATION 15 RGEAIN
¥y = - ‘3‘-{'{

where Loe Thers would 1WTEGrATE From H — ¢

i M remains CONSTANT, we tudee The SoluTon

Y= vYe(Cosho -1) t=a(amhe-6) > e- e

For veasons of future bemwefiT we'tl define A ScrLe acTor Ret) To be
R(t) = Q(Coshe-z)

SlMCEl
dt = alshe-)) de

€ -

o Ccoshe-1)

n_‘cL
'

Now 1T qurns ooT The Hubble ComsTT H IS detived 1o be /v 3o

w:X 2 Sinhe = H(P)
A} a (coshe-1) "

SO VT TUYAS OUT ThAT The UELOCITY IS NOT ProporMonvAL TO The
DISTANCE OuT The NE€bulh «eTS.

BUT, CONTINUING ON W& wANT T L&, dF (T Turns ouT To be
dv
’.f. s - Tx = —— ‘.Xs
at(coshe 1)t oty

ANd Ths Thew 1S A SOLUTON To The €QuANon of MoMoN
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It foliows from Twis sotumon Them, That
3

rx = M- G v < 4 p
= G e G(Q_g-n Y(r)

o
R sz _

T dmee ™ (coshe-n?

Tkere‘-ofe

L - 4nm C,F(cos\ne-ﬂa
3

Q,"’
The Problem 1S pow TRAT we don'T KNow The densiTY 6) I+ we did
Weé could The Abgue TO The expresSion JosT Derwed For The

Houbble ONSTANT ANd Thew weT A So And Q.

So, we oo off o A DifferenT APProAch And look AT
The cONSTANTS oF The MOTO M. FITST we MAKE A CONVENIENT
YePre SENTATION, L&, Find The QuAnTITY T;}: and €OALUTE 1T AT 2o
rr 1 - %
v+ loe T l+ceshes
This 1S A Nice diMemsionless QUANTITY |

Comsiderive AMow The enerey As A CONSTANT of The MoTON for B
NE€bula AT T we hAave

« T -
E’JiV—C’M“C'TK

P - -

Za*
where GM = consTanTs X
Q.'l-
We see APOTher MICE TATIO- woutd be
GM = O

(—Z_E— Vi

WAVERN'T helPed OurSéELves Thovoh AN we mMusT STILL
PLAY SOméEeé mMorvre ¢ AMES.

we ST

The POTENTIAL ENETHLY - C.a{._“ cAn be expressed AS

If we TAKE E And SacTor ouT A L ¥5 And The motmipPLy A Nd
Divide by TF

YY) v,

we ENd VP wiTh

® T e
= Ay (X - 4avr
E-av(r)[l &_;1]
3
STrANGELY ENOUGH

T TUFNS OoUT TwiS EQUATION becomés

:_liTLHZ[-I_ Z%]
SINCE H= T nNd = ¥r
INC = A % o



Now weé KNow H buT NoT % becpavse 1T s ﬁ-‘uuchou o'ﬁ- .
BUT we cAN SPECULATE ON WhAT hApPPens T© The ENEFGY Yor
Different VALUES of 3e There ARE Three CASES IN QUESTION®

R e ,Then K.E > PE

1

.. _| _

w \§ q=4% , Twen KE = PE
L Then KE <& PE

% cb>

CASE L COrrespPoNDINGS To The conSTRNTLY EXPANDING UNIVGETSE

Theory where The UVELOLITIES CONTINUVALLY TNCrease And The
UNIVEYSE NEVEY QUITES.,

CASE Ll 1S Twe cASE where The Pull oFf GrAUITY 1S JUST FLGhT
To Pull The NEbulre UP And IN The ULMIT Their VELOUTY 1S
ZEro SO The Umverse QUITES EXPANDING buT nbumTely far ouT.

CASE I21L The CA$TESTroPhiC CASE where GrANTY PULLS EGuery Thid ¢
ToGETher AGAIN AN Wwe hAve A GLOrIOWS ENDING. Whew % TRKES

ON These VALUES The (1neS cemerAaTed ATE CYcloid wHich close
ToeeT her,

PDIAGrAMATICALLY CcASEZ §221 LOOK Like The FOdbowING:!

oo ';

T1

R(T)

tre. 1o i 11

A0



One of oor obuyecnues 1s 1o Yind % And %o, So we'll GeT craTy
ANd ASK whAT 1§ €(2) TooK The form,

€(t) = €x(coshe-i)

Now Twe disTamnce 1v nebolar uanrs 1s 42

Ch we Know 18P Yer we
MOST  INTEGRATE
,‘% d¢ - /Suﬁz
y ECE) €x
But d 2= a(coshe-1) do
Therebore S't"‘ a (wshe-1) de - & Ceo-Q->
T ex(oshe-1) €x

STrAanGely €woveh , our €ATLIEY defimiTign of 'tp,n.s.' 1P= 656, 1s
Proven ouoT. AnoTher wayv of CAPrESSING our resolTs (S

©

Yec = eemn +
o S disTANCE

1S+ v A distorTed schte.
1§ \T uenvs oo T AT

Ovec - 90»«-1‘!': KLP = ConSTANT
Thens Y will vempn ThAT VALue forevel, This MeANS ThAT AS we
LOOK AT Two MebULAE AND ©bSErvem Their SPACIN G Y witt have

R cevTRIN VALVE \ RuT Sinvce Thev Ceceed TAAIALLY The SEPATATION

1S F1XeD. Thus Y 1s uniQue For ANY o NebULAEe duT unchpneed
Svom Thern oOwn.

We sce Then ©

We would AlSo LiIke AM €xpression For Frec vs ¢ eruir.
S\NC&, .
Temrr = ’2‘. = Q ('OW\"\ e, -9:) = Q[/QV;\kceo*w)— (60‘1}))’]
AN d %o = a (Puh Oo-go)
™ew

1 we know G0 we oeT P ANd T,

ReTUrNING T0 Twhe red SWiET NOW Loe w AT To TIE Twe followinNe
YeLATMON Ship S 'TOC)CTV\C\“‘

A't' oK ﬂTo
46, x 46O
SiNCE At = a(coshe -1) 691
And

ATto= & (coshBGo-1)dEo
ATo . a (coshéo-r) _ R (%)

-

4t

o (coshe, - 1) R(Ta)
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(%)
The v A0 %(—;') 'S A YATI0 beTweeny our SCALE facror whic h we

defive d enrtier And Twis N £AcT 1S The red sh.h- Z or The
rATo  of e miir
W rec

Z = wewmint - "R(’t‘o) _ A_T_o

Wrec R(Y) A,
ANd AT LAST we CONNETT Z wITh Tue disSTANCE

. So we hAave Now

ThiS reS0lT 'S INTErESTING 10 ThAT IT - SAVS TWAT IN The PAST
The NeEbULAE were cLoSEr ToGeTher And Nowg They Are forTher
APATT IN EXACTLY The SAME YATO AS The wWAVELleN6TW emiTed
ISTo The WAVELENG™ Teceived., Tws s Trutbe INTEYeSTING.

SCE The oncePT of The ved Shift+ s so IMPorTANT LeT's

Go WACK OVEr IT, This Time we observe The Pho TON IS EMITIED

WiTh A CermriN TreQuecicy of erission We, . This $veguency € xperiences

R UTLE red SKMET AS T ArTIVES AT The F£irsT Neboulha  ALONG ITS wAY

T US. Thent we, 1s PASTED ON TO NEbolAC 3, €xPeriences ANOTher RED ShifT,
ANd Goes oON ETC. SO Phet PhoTDN €xPeriences INFiTELY m red
ShifTs by The Mme we See ITJ- Ther ALt Add up TO The Red ShdT we see.
S'MCE The NebulAe ARE So clLOSE wé CAN INTEerATE becguse There s
NO TELATIVISTIC VétociMes IVvOlved., :

Se we Mow Se¢ The PhoToN TPAST ALONG ITS PATH which s curved
AN This cAsSe. We visyuaLize 1T AS The SollowiING:
ey,

AT someé Time P The freouemncy (S Wn; when Cn we.,

/
6oiNG To Ty, W, Wnt;., We HAVE The relATIONShip

bewwee N These TwoO freQueNcies AS

Wney = WnUi-v)

Where V 15 The d fferemce N VeLocITIES from
GOING TO Whnaeie, RELATIVE velociTy, = €(T)
We cAV DhiffewenTiATE This To GeT,

Jw = —V(A)dn fie, 12
Now we wWANT TO know wWhAT V s for onve SPACING. Well , w e Do KMOW
V= €(?)
Thewn d .
- = € dt = _d_e
4E(T) €
This  follows  fvom our €Arlier resutt, dn= dt

et)
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SolVING This EBEQUATION wé GET

,!'n w-= ﬂne

Wemmmr _ €emrr

OR

I rec € rec

And AGAIN The SPACING AT EMISSION ANd recepnoN 1S Preserved
IN The SAME TATIO wE SEE The wAveleNoTh shlﬁ'.

How To DETErMINE The APPARENT DISTANCE Dy

To ANSweY This QUESNON we SEeK T FIND The ANGLE which we
Se€ The beTweenw Two DISTANT oObdecT. This TIME, however, W€ MUST

CONSIDET The LIehT 1S benT TO geTher becrouse OoF The eraviTATIONAL
PutL o The HAMEY bBeTweeN The PATWS,

FOR The CASE of AN CHPANBINGL UN|VETSE  LE., %7.!. The LiehT will
ColLLAPSING 2

be bewr BWACK $0 we FIrJT ASK how MANY NEBULAE There Are ouY
T our obseeT (N uMITS of Y. As menvmoned Before 1f we Know
The ANGULAR SePATATION ot TWO AdIACENT NebutfAe The A¢ s

UNChANGed wiTh T because The LY ouT TAJIALLY AS we whtch Them,
This MONON Preserves Ther® orien Al SPACING.

We orieimALLY DEFINED The PFOPER DisTAnCce tn The followin 6 MANNES

L

Dg =

$¢
This teLAMONShIP IS TePLACED wITh
49

Thus A(P = A‘P("P) which 1S comsT™NT Yor each "P nwd '\P depeuds
wHich MNebulAe YOU PicK,NOT ON TIME. Onve wAY To GET

AN €STIMATE ON A} 1s Then To cONSIDET vmiform EXPANSIoN ANd
TRKE our €xPresSioN s For v and ¢ . ¢,

R= O (Coshe-1)

t:s al(Huwmhe-6)

TETMS POMIMATE We CAN APProximATE A

ap = ..-—-e_‘D";' = SINhY

We comvctune Thed The APPARENT DISTANCE of The obiecT Dy 15
Dy = a(©sho,-1) SinhY

We cAN Tie Tais resultt Te The red shmiFT by our RrResul T
ON PAGE 21 e,

1 we LteT The expomenTinl

= R(?o) - coshec"l
R(t) cosh®o, -1
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RETUrNING To The LUMINOSITY ATGUMENT AGAIN we KNOw ThAT

D4 = P\(T\) SiNh (80-61)
becnvuse we JusT Proved 1T SiIMCE R(H) * qcosher-t) ANd Y= O0-6,

The oriematL IVTEN SITY 0<o ThAT The MebulA SENT ouT ITS LIGKT
SPrends ouT Throuvech SPAC 1 ALl DIRECTION. AS The e¢mITTEC Seens
The L1GhT FAde AwWAY AS The DISTANCE Grows, The APPATenT
PISTANCE which we Are AT AS he sees us 15 Dy, This DisTRNCE
we eAarlier foumd TV be, ;
"D“y_: R%) Dy = 2Da

R(%)
SINCE The ’1}1 1S The SAmMe our Sinh Y ATGUMENT 1S The SAME And

E(N) —> €(t), we CALCULATE The APPATCNT LuminosiTy A 15

A= Lo Loy
('D;) 2 T
This IS The SAME RESSULT oM PARGE IS.
And X“ PLo
————:—‘#
™y T

To clefAr up Some oF The ConfusioN wWHicH WAS Arnsen over The
PATTICULAr form of The webulAr SPACING 1.,

€ (t) = €&x -15:
where Ex 1S SOME STANDACY Nebotl AT SPACING AT Time Q.
The teASON why we chobge The a SUows From our Discussion
ON PARGE ZI. There we SAwW ThAT P conveNtenTly €XPressed

The difberence beTween Oemt ANd Scec.

Since we hnave T™TAT dn-= _Z:Aftl) ANG ’lP 1S lNdepe»ée»T of
X
The (NHINITESIMAL SPACING €(Z), FurTher we Aroved ThAT dn =32

€Ct)
Combining These drcTor woe hAve
4t o ady
ewy)  €r
or
dt | a ect)
dy €x
BuT ALSo oN PAGE 24 we hAd  €(T) = €x (coshe - 1)
Thewn,
dt - a (cosheo-1)
?
SIaCE = a(sinhe-0) => dv = a(coshe -1)de
&
we have de = | =5 P= Owrn - Orec
4y

2y



wo -6M
We coutd have choSen 1o solue Y (T)= v different (£ we
had TAXEN,

=Yy (l-cos0)
= & (O -pune)

CONTINUING A SimMILATY DeVELOPMENT AS STRfTED oN PhRGE 18 we have

dr= typwme dT = a(i1- cose)
.?. - é: - Yx v ©
dt a((-cose)
H:i - x Aun © = H(t)
Y acl-cose)t
t=d¥ . J¥ do
dT 46 4T
dr - &[(l—mse)ﬁtose - A © (Aume) = Yx (cOse-l)
de o ¢ 1-coso)t & (1-cos®) ™
“:3——‘:— = Z Tx T = — T)?
Tl —_—x
T A’ (l-cose) ot YT

WhAT we wootd rfeAuy Like out of ™S

CASE 1S The TYTCLAMONShiP
of The ved ShifT 2 74 The Oo.

Acan AMRLOGOUS TO The AreumMenT
on PAGe Zd,
Z= AL-_ a(i- Cosas) I~ Cosee
AT, a (1 -cose ) |- cos@o-V)
where ©= 90-1])
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The NexT LoslicAL cpuesnoN TO ASK AbouT The red SHET \s |+ouo doss
IT ChANGE wWiTh TIME? To STAIT This ToPIC we WTTEe DOWN,
Zz Ce°) L\)CM\\T - (10) cosh 6o~ |
wrec éf'to) coshei~|
where we& musT PuT 1M 6.2 8p-Y SINE WE are concerned A bouT

The PresenT obServable red SWiET for Ar Given '!/1 LE, Two AdipcenT
NebuLlAEe P ATChed.

o -1
cos h(60-Y) - |
So whAT we WANT 1S
dvle

whith chn be obTAined by

|
dz. _ dz. do. . — ' = <<=
d2. 9B dto a (Coshes-1) d6e

d 2(8o) _ [cosh(eo—w) —|]5mlneo - [cosheo-1] stnh (00 -¥)
49 [cosh (8o-W) —l]?‘

The o~
N d%:__________. XQOTL‘ (ec) _ooTk(e ):—l
1]

J T a [ cosh (Bo-P)-

From This resulT wWe caN deTermine The ved ShifT ALwAYS
hAS ANEGATIVE derivATive ANd RAPIDLY CLANGING AT The BeGINNING
Bur Stows DOwWN ANd CoASTS To © AT <0

This  YesSyulT €XPLAINS WwWhY The LINES on The

LefT fioure (PRGE 20) Are Curved IMITIALLY buT 6
become ASYMPTOTICALLY STralehT AfTer A LoNe oaThz-
TinE. This 1MPLIES A CONSTANTLY EXPANDING UNIVETSE

1}

]
A SimitAR ATGUMENT CAN be developPed —y—n
for 7. 1 COSSo " ‘

| - cos(@o-P) s

e
cort Se
0TZ.

Thid corresponds to ! - >0
v [+]

our COLLAPSING 94

UNIWErSe AS Shown

b¢ The oThey floure $16. 14

oY PAGe 20,

26



The €XACT form ot The rATe of ChANGe of The red sHIST MiehT be
A UITILE PULZZLING AS TO The MAThe MATICS SPecthicALLY |nUOLUVED. So
We will ATTeMPT T CLANEY T here,

As sTAtED, dz . | 4z
3t alcoshee-1) 46,

d [ Cosh 8ol | -_onhOo _ punh(oo-y)(cosh 1)

do cosh@e-¥) ! caSh (©o-Y)-1 [cosh(6o-¥) - N
dz _ { O h o _ awmh (eo-¥) (cosh 60"1)}
3T @ (wwshee-1) L sosh(€o-) -1 [eosh(Bo-¥) -1 T*

= ! AinhB . Aunh(Bo-V)
a[coshleo‘v) -1] cosh 6o - | cosh(Go-v)- L
Now cosh ®o-1 = 2wk G’—‘Z
Sinh 1(?—{) = Z.od»\\?{c,osk%s_’
Go (2]
So ThAT Ssinh6o Zomhe cosh T _  ¢oTh —7‘:’
— cosh G0~ 2 sinh' 2
MKEULNZS € _
sinh(eo®) _  coTh So- W
cosh (G0 -Y) -1
Finawy dz . | [@Tk% _ oTh eo;W]
dt alcoshiee-y)-1]
Formal¥ €xPArd ING  INTO EXPONENTIALS -e.,,,_ ogb - (00-W)
- €& =+€
e.w -eow ~°°h~ e T ¢
e e F

when ©Oe=p =Y Y=0

dz . Y = @
dtlig,=0 Q[L(L)—q

Qo = c0 P=consTANT
d__li"v = E\-ll O becnus e The deworminaTOr
dt a( oo+o) qoes To IMFiumy fAsTer

Thtw The diberence eoes O,
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The no. of Neboulre LonTh A red ShifT below ThaT CorresPonNd UL
To A CErTAIN Yn s simpLy,

ngSmh‘w dy

For The collAPSING UMIVerse The Mo. of NebulhRe below P 1s

S:M sy dy

Swce P 1% & foucnonN of ©o iTself we comclupe ThaT There Are
MANY  Alebuthe which we dow'T See, Le, AS TIME GoeS ON W€

sce MOre AN More NebulAt. This corresPonds 10 The $iesT INTELTAL.
We mipht Think of 1T This WAY = LichT mMusT UST ITSELE UP ANd 00T T
CeT AWAY feom 1TSS Source.Rs e TrAce BALK ALONG The AY wE

CANV GO SO £Ar Then Lose T bBecAUSE The densely PACKED MATTEr
DeflecTs The beAam. As TIME GoeS ON  ANd EUErtThiNG SPreAd §
OuT The dewsiTY decrcase , LiIGhT 1S AbLe ToO €SCAPE 50 wE 3ee
Move ARd MOCE AEholAe. 1E e WAIT INFIMITELY LoMe TheM, we

will see AL ofF Them,

With The LATIEr CASE Aboue The reSulTS ATE MOre SMGWTERING
becruse There 13 A FimiTe Time whew we Sce ALL The wmebulpe
ARd THAT'S whew Thel hAvE collAPsed TooeTher And Then we
doN!T cAYE ThaT we see Therm ALL.

We woutd pow  LIKE To TALK AbouT The relATivisTiIc deTerminAahoN
of LiehT beiNG benT by The SOM e, 1T s deflected Twice A3
MUCh AS WhAT NeWTONIAN MeChANICS PreDICTS. I T Turns ouT
LiGhT 13 bewT Twoice AS MuUch. We musT deTermine how 4ar
APATT TWO ADJIALNT Nebulre Are for A Grluen Y mnd Twen
Follow The LIGhT BACK To US Po T by PoiInT AS 1T 1S benT
by The sTuff beTween The ravs.

The APPAYEMT ANGULAT sSePArATION Ad 1S

A&-___\_.;_ S R R
—.D‘y_ ! L—cemrm BeAm ,unvbent
L = SCPArATION AT The proper TiMe
T tme
Dy= sinh Y €(H) As foond oNd PAGE 23
fi. 18

YePLACING L by Y The heiohT ANd O by ©o-Y
AQ = Y
Sinhy Q):cesk(eo-W)—\]

Tas differemwTtial caArm be SOLUED ANJ COMSEqQUENTLY we cAN deduce
bACK 0 The imiTIAL PoOINTS.
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Now we Rmnow The LishT Enverey E(?) becnuse we Kmow 1Ts
freQuemcy (CF P. 26). Thus The ANGULAT se PArATION IS~

L = P
E

Where P= Trans Verse MomenTUM

For sShorT disTHMGES The SloPES ATe SMALL 30 woe cALCULATESE The
OFdINARY YATE of ChANGe o Te helohT wiTh TiIME To find,
d__Y T - ‘PY
T E
ANd  \T shootd follows
dPy | GEctH’ E(t
Z

—ae.

dv
where The $orcte on Twe bernmn 1S Due To Twhe CYLinper of mATET
OWUTRINGD beTweeNM The LINE SEGMew TS ON The Previovus DIRGrAM.

It we ™MKe The ceuinder ™ have YAdIUS ¥ Awd demscTY(DﬂNd
IGrore- MRAITEr 6uT Side W€ hAVE by GARUssS' Theorem

G nY"€= Pireld 2y

WiTh The bouwbdAry comndimons Thar Y=L A1 T=0 And ?=0
At T =7 we sShould be AblLe To sotue The DIF-EQ's buT
we Fwd 1IN Dome So, we Are offF by Afactor of 2. We mMousT have

dPy . GpP(Z1 Y Ecr) « 2
2

d1v
where f(‘t’) o< €cr?

This resulT follow s From The realizanod ThAT The ewneroy Awnd
MomenTum combinve 1o Glue A McTor of T wice The pewToNIAN Enerey.
I Twis Prook we Assumed WwhTwE wanTéd T Prove HuT PID

SomE hand wAvIvG becAuse There 1S Mo SIMPLE LAY To GeT
ThAT 2 IV There,

Hovte’s TweorY
Rovté Prorosed A. STendy- STATE Model by ASBume our vAriAbLe
XX =-] N which The moTioN of MATTEr 1S KINEMATICALLY
A3

DeTermined. Every Thing LooKs The sAme To him BT At TIMes becpuse
AS The UNIVErse €XPANDS MATIET IS creATed, Nebulpe evo Lued,

AN The oniformiTy Preserved, Twis Theory Assomes The Y LS
EXPONENTIAL W ITW TiMe 30 There 15 Toom for The MNew

t
MATTET TO be DroPPed' iN . The Lominos Ty MusT rfemain UNChANoed
Since The otdey Nebulfée Ate woT briohTer,

The Trooble WITh Thg Theory S TWAT 1Y 1S Too Precise f\wd"l\cres\)ré’
NOT™ c¢redible, 1T desTrovs The comnservaTion of tmeroy for The
SAKE of eAPLAINING oSMOLOOY, IT requires, furTher matrer excced The
S5Peed of LeWT, By sAviNG The creAmen 15 so $LOw 1T 15

vever Observed The AtGumenT seem  vidicolous,
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OTher “eomes

When £instem SiesT discussed Cosmotow,ke tvTroduoced A
UMiform NEGATIVE Préssure which had MO cAuse. This

he did bechruse he had mo red Shi§T Avd The vebolne were
MO‘T\ONLGSS SO To PrevemnT The UNIUVErSE ‘F"OM CQLL*PS'NG }\e

Added A ‘cosmolocieat Term' T The eguanion 6F MoTIOM
AS A NEGATIVE Ppressure which PuShes €verYy Thin 6 ouT
Thus s AVING The DAY,

The MHubble fouwd The rccessiomnal RelAMopships ol welociTY
ANd Red ShifT And ENSTeIN waS hApPyY To See HIS Term Go.

Some STl CLinG To 1T Thoveh ANd deduce By T ThAT The

UNwerse S OSCWLM‘MY.W&T\S, The Pressore forces The vmIVErSe
ouT AfTer T COLLAPSES,

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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CHAPTER 3

The General Theorr ot Re(ATIWNY ANd Hows IT affecTS ASTromowy

I ACTVALITY The effecTs of YELATWITY Upow  ASTrONOIMY Ale (SALWLY  SmfLL despiTe
WhAT Some PEDPLE Betteve, BT WhAT 1S There (S Wery MPorTART IN CerTAIW
COSMOLOGICAL DISCUSSIONS Awd The |pTerPerm™non of Grave1y

The PATh Tv reLADUITY STARTEd  of COArSE  WITh NewTON ANd his LAwS
YeLATING Forces And Accerer ATIONS by MASSES 3 Thew The NEXT 1mPorTANT
CONTIIHoTIO M WAS The EXpLANATION oF ELECTTIULTY VIR MAXWELL | The
Michelsow Morley €xXPerimenT of The sPeed of LighT y ANd Fivauy Twe
YCLATINSTIC fELANOWShip beTween ACCELErATEd AdNd TEST MASSES,

This briegds A hisSToricAL oouTLINE.

It PAved The WHAY for AN AlLTerANon OF MNewToNs GFAVITY LAw (N

Such A wAY ThaT HAXweLL\S €QRUATNONS remfn mvnnﬂ“r,\.a_ The pew
GYAVITY LAW Wil be rel ATMIVISTICALLY [NVATIANT. The  Problem cAn be
Sotued LAboriousiyY NON-TeLAVISTICRLLY buT ewmgTen did T 80
EleQuen TLY ThAT peoPle did noT see The oTher Sotlomom For A lome lime

Whew Lookiwe BAcK On PAST PhYSICAL Discoveries we ottTen AS * wkft
Wwhy DION'T he TwinK of That? buT wiT™ é1msTelnw The Proper QuesTioN
1S How The hetl did he ThiwKof 1T so FASTZ" This Great AteomewT IS
SO PerfecT (T hg wever whecw used To Soluved oTher PhvysicAl Probilems,

This 1S PerhAPS due To The GeoMETFICAL INTey PeyTATION of GravTy which
NO® ONE c AN UPNTAUEL INTD pMON-GEOMETYICAL ATGOMENTS.

To S™MT The Theory $€T forTh by EmsTen by miscossine Fetds, The
fletd eMNerey due ™ Two Storces S And Si 1S Given by

- S S'L
E- 2%

tokere  Tiv 1s The SepavnTion d1sTANCE heTweemw Sy ANd S
Now Fietd ARe CLASSIFied IN The followine MANNER:

scaLar , @

VECTOR , A,
TEhfSoR ) T/»N

hicher Otder
Tensors

The vecror ‘f'lﬂd As we wAve A Good Knowtedee‘,"nnev Are Thives
LIN€ The vecTot PoTenTwal IN EléctyomaemnerTic Fietd Theory, Al

The other f1elds have heen Theorited boT we Mnow owly The onve
for cerTaw. 1

The ScALAT Foetd has nvo ExAmpLe Bs ménTioved ANd woutd NetesSITATE
R Chuse wiThooT AN effe T kechruse The vetoarTy of MmoTiow would
ber cqual ® The speed of LichT.
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The Temsors Are ALso TheoreNCAL concepTS «wohich have A Possible
INTECPETATION w Hich Wé will Go INTO. FirsT however, we
CAN €XPRESS The rclANUISTIC wNATure OF These felds (w The frllowine mAvVNer:

SCALAR Si= So'{l'%—i
VECT‘OK S‘ - Sé 01

TENSOR, S, = So

1=V

From These €QuANON 'S wonich we AssSome To be True boT cAw be derive The
vecror eld diSPLAYS The ABLYeAdY Known et ThAT LIKE ChAveoes rePel,

BY ThisS ProperTY ALDNE wé Throw ooT Tmis fretd AS describine
GYANTY Glherwise EvEvrThine wooultd he sTuck toeeTher.

While wWe cAM ATGoE ThAT A GAS IN hich MoTiow MOTION hAS A™ WElGhT
ProPorNop ALl TO ITS emero? CONTEN T wrich 1S A mensore of The
PACKIMG FrACTION wE copctode The fletd would <cALUSE The SysTem TO
Weleh MOre SINE € Exmct £TC. BY oObservine The ScAlar frerd

we Se€ The Feid will geT S MALLER (Wi INCTensSed  VELDULITY,

b mos T be Throwmn oOuT AS A PosSSIbLlE rePresenTATION of A SrAUITATIONAL

SrLEL.

We Are confronTed W T The fiesT Tensor Fied 'T'/u.y which GeTs
he@uier 1N JOSTThe rl6hT MRruNEr AS PreSCribed by The pbove
EQUANION. Thus e hAve AT6ved ThaT The Fretd seurce and  evere?
conTenT of The S¥STEM ARE EQUAL AN Llead To A eranTAnonAl freld
of The desired wnATVrE.

Wheree 1IN E-Mt Theory The charee 1s comserved avd which leads To
The tnvariance of The VeEcTOR POTENTIALLE,

A= An +V
where V 1s some 6radienT weé Add ANd Preserve conwservanow

We eéxpecT AN ANAlOocous CONSEY vATION of Source of emerey T be
(EPr €SENTED SomeThING LIKE

Ty = T/'ayf—vlukp. + Vv hy

Thuos The eneroy 1S A TemSOR,

BuT Ths 15 mo 1AL surpriSe becruse The €wereoY dewsiTy s
A Temsor of the 2% ratTe and The field source canv be relaTed
T The STress Tewsor,
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We Now come ™ AN INTeresmne QUESTION ThAT being The relANomnship
beTween The or A TMTIONAL Fletd And The ENErGY CONTRING® v The fretd.

IMAGINE A box WiTh A DomPbhell SvPPorTed QY A MASSLESS vod
wHICh 1S Then Pulled APATT, 1€, ENEFOY 1S PUT INTD The SYSTEM
0 1+ You (€ Go The RAILS would AP To6ETher 6ioive off heAT.

", LS m, me

—0 O——

before AfTer

Refore The STreTch (& You weieh The box Vou GeeT The wWeichT of The
BALLs ANd The weieht' of The GrAviTATON AL f1ELd Due TO The ArrrAcTion
of The WO RAWLS UPON ONEANVOTheR. Now wohen They Are sTreTche d
APART ENETGY 1S PUT INTO The SYSTEM ANd The SYSTEM should cocloh MoRE,
The €werey PUT IN MUST DO woRK on The GraviTAmonAL fretd So 1T
5 fAWr To ASK WhAT 1S 6ranTY ! ~ ENEGY or MATIEr ~ The AMSweR
T This & 1S NOT IMMEdIATE SO0 We'll hAve To Go ONE WE MIchT
SOomM bR This SECTOM by SAYING GrAviTY Produces ITs own effecT

E\NSTE\N‘S View §

IN GenerALlZING NEWTON'S Theor? of GrAUITY woe mMusT ASSomMe The effecT
AKS INSTANTANEDOSLY WiTh 1TS CAUSE. TUT The QUESTION 1MMEJIATELY ATSES
TAAT TS MEANS GYANTY erceeds The speed of LIGAT. RyT This cANNOT
be 30 we MuUST ALTer The GraviTATIONAL Fleld Theory to TAKE ON A
SIMILAY Lorm A3 TrAVELING ELECTYOMAGRETIC wAves which PropacATe
Throoch space AT The velociTy c.

The uvetoaTy of LIGhT C 1S A vert CrimcAl unDAMenTAL CcONSTANT
TelATMING SPACE ANA TIME., v Gwes  how: MANY  INChes p &SS by Per
Tite WWTErvAL. No MARTTET WhAT SYSTEM of UNITS Youore v The
INVANIANCE 1S PreS€rved. WAVE ProPRGATION 1S ownLY A ConseQuence
OF This 1nvArIANCE ANd Thus SAYS ThAT we won'T find ANOTher C.

tf LehT or 6rAvVITY TrAvete d less ThAan C, They woould Llogse Therr
wvaniance AMd 1§ You Shoké A SYsTem And observed 17 ST Ive
STILL And Then HLYIn By, YoU would 6eT Two resuTS .This CAN'T be.

The QuesToN  IMMediATELY ATises “WRAT Goes AT The speed of
”

Licht v The cASe of 67AVTY! How Do The forces depend on

The veloctTieS ¢ IN ELecTric fiend Theory we Kmnow The fForce

OB A ChAvGEe MOUING WiTh A uve(ouITy (v AM ELECTrIC ANd MAGNETIC
fleld 1S Gruen by,
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Where we MOsT Knowy Twe veloTy s we CAN fiud owe compenenwT AS
R Livear Som of The velociTY COMPONENTS, 1 £,,

Fx = Bx + vxBex + Wy Bxy +

Vi Bay

Now Twe GrAVITATIONAL ANALOGUE INVOLUES The usSunl NaSTON AN
Gr AUITY field PLUS some Livear Ter ms

IN The vetociTY PLUS Thew,
SomE Q UAAYATIC Term. Thg T™TMre S The ‘FDFM,

G x> Fx = Cx+ Uy By 4 U}(s,y+ ’\Yb(Sxa +’U':'Da T -I'“.alsuﬁ -—
Where AW TOW They

& would be NINE Terms AS A CONSEQUEemCE
6r AVLTY bewne

A TENSOR,
Whar EINSTGIN did The s w AS To SeT ouT To J-md The Laws
HMoTioN ANd The Laws deTermining The coefficienTs,

WELL, HOow BDID he Do IT? IN-STeAd of hiTor miss cuess work TvPe APPIOACK
he SeT OUT T ESTALLUSK SOME PRINCIPLES Which woold sey¥e AS 6uiDe PusTs
He Assumed FiesT retAnvisnc

INVARIANCE RNJ,SCCONJLY, The lhw mMusT
RlwaYs be True.

HE BEGAN woiTw The Theee wAvYS N which NewTon Debined MASS,

IS MeASOUred by INEITIA, 1.£, RESISTANCE To Momon
2. Mrss 15 The reacnon ® A Gr ALTATION AL fretd, L&, 1T 1S WelehT

3. How 1T Prodbuces A GrAVITATIONAL ‘Y’\(-LJ,I-E.,'ﬂ\e Techmoue of

Ménsore vTEracIng F1eld and hoy MERSOTE EMMTh MRASS wiTh
Avd ot moon.

l. MASS:

To NewTon These sSAID The sAME Thinte bot C1osTeIn QUESTIoNed Them ANd
Ased 1 1T 15 TRwe for ALL Times.

He #Assomed That Two Avd Three
WETE EQUIVALENT Since The CRos AL TelATonship beTween AMoN and
Réencnon $ellow $rom Them . He Then aAssumed ‘onve'was The SAME RS The oThers
AN INEIITELY  AccorATE  under €VETY chAse. Thos The Previpus Box ATeud-
MenT 1N wHiIch Mmore Enere?Y 1M plied more lNGT@?ﬂ lMleed Mo RE WElGhT
WAS A VALID ARGUEMENT. ALl red was Loreufrb INUVAr IANCE,

EwnsSTeEIN PRoceed €d TO ChAnGE HIS ATGUMENTATIO
Non-UNtform Momon . WhAT he did was To

he veQu,

N by considergdyc

IMiTATE GPrAvVITY by
NermA, WhAT Twis leads o 1S Wi Famous Principie of EQuivALence

of GranTATON ANd INEFTIA. This STATES ThAT There 18 o wWAY
To DSTINGUISh The moTion Probuced by INECTIAL Forces (AcceraTion,

recort, CenmTrifuoAL forces, €Te ) From moTon Produced b¢ eravitamonat
Force s,
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His AreoumMentT CenTered ATOUND AN ACCELETATING ELEVATOT
iIN whith A bov STAndS holdwwe A T3AL on The end of
ASPCiNG. The force oN kS Legs 1S ProPorlMonAlL To hig
MAAS

1f his lees Dow'T Giue IN. The ball on The

SPrING GoeS DownN

AS AN vPpwArd force 'V Tre
SPrING ELONGATES, Thus (T 1S Like The ball s ‘Pulled’
DVown when WWEACT The sYSTEM 1S AWE LEY ATING.

IN This wWAY GrauiTY ANd ACCELEr ATION Ave ShowN €QutanT
EQUIVALENT. TMAT 1S Tp S AY, MoTloN boTh uniform And

NONUMITORM AN ONLY be JudGed W LsiTh veSPeCT TO SoMe
SYSEem of referepce.— AbsoluTe MoTON DOES NOT EXIST.

AnoTher wav To

LooK AT The §AMe Thine 1S To PicTure A
™e eArTh IN wWhich The otcuPANTS DPON'T LooKk

OUT To se€ AL The ObyecTs 6o by, I+ There was A bawl of wATer
Nt The ship T Wonldw'T be A ball buT rMTher an ELLIPsoD . This

woultd be A resultT of The Tides Due TO The EATTW, ThAT 1S , The €ATTH
PoesSN'T W PuLl om The WATEr EQUALLY Euery where, 1T 15 Possible

T MAKE The orAviTATION AL feud oFf cArTh be zZero choosine

The riowWT AcCCelerATON BYT This 1S good for onk? ome PoinT. I wou
MovE AwAY A LiTTLE BIT from TwaT PoiuT o O G'S \n\e €ArT witl hAve
A SMALL ComponenT, IN 6-‘-‘6(:, A Terd STt €x15TS Around ThAT PoiuT,

SPaceshiP Aboue

SMALL Co nT
Hpone ResotTanwtT feld

LeoKS SomETMING LIKE
This AbouT The zere POINT.

— ——

¢ —— i

We have onty GoTTen vid of The Local tietd
BY s ArcomenT.
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Now we ASK  ANoTher QUESNION,“ LW AT hnpPens To LibhT 1 A unthorm Siewd?”
ThAT 15, we disSrecArd The SLIGKT Forces of The €enTer ANd Thus neolecT
hioher order E‘f-fEcT s. Therednce INETMA Ad  TeALTION  ATE €QUAL LiK¢.

WE 60 BACK TO The ELEVATOR And PUT A LIGKT ThAT emuts A definmte fre@uency

ON The CEILING ; Thenw we ASK WhAT we see If we're LYING on The fLoor

AS The €lev m\m MOUE UPwArd wiTh AN Acceler ATION, %,»

LeT The Elevator hrue side L. ____3_ R

SINCE 1T THKES A FINITE TIMe To veceive The PhgToN

AT The flooyr The FLOOT Mpues A SMALL DASTPANCE

TwArds The Source,or where T wAS. AT A L
GIVEN  INSTANT Lohew WE€ TAKE =0, The doppler

ShifT WLl be To The Purplé AS A resoLT ot The
AcCeteramo M.

The TiMe of TrAversAalLl s
L

T= —

c

The velociTy of The boTrom relATIVE 1o The Top 18 Glven b

Vrep = ca%

The &'\“equenc\» due To The duP?Ler e+leeT 19
= VryeL
w wemrr ( l ‘t —c—-' )

T\\erd—ere,
Wree =~ Wemr ( | + %L )
CL

where WE cAw CALL aL The GrAVTATIONAL PoTeNTIAL AT heiohTh L
oOR
vV - caL

Then, Mote EloguemTLy

Witee = Wemnr ( | + Vép)

VO WAS been soppoSedLly exPerimemTAULLY CALCOLATEd buT Sivce
T™e resutTs AT WwiThiv T The AmounwT They wANT NOT To ACCUrATE.

The fhovres ATE SomeThive laede Like Imm/iosec . This wuas bonve
IN A 7§ ™Y ElevatTor which WAS SO BJecTed T chAngest due T
TCHPerAIUre orAadienTs T IM Twhe TBUILdING.
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1§ A ChArce 1S Acceler ANNGE Then 1T MusT rad1ATE. So 1F we Throw
Electron or SoMeTNING IN ELevAT™ T Lo hAThAppens?

BY The Theort of rAdIATIVG BR Charces doe To OSULLATIONS , The raATe

ot énerecY YADIATION 1S
oy b
dw . LCL(X)
=

t 3 [e]

BUT whens T™e chAaree ts ACAEler ATMNG There 15 A ARAMPING force due ™
rAdiATION T ESISTANCGS Gloew by
F= Zety
3 ©3

The work. Bowe AGAINST This Yorce 15 FX  or

dWe - ze‘--;{ X = ae | d /eant
T 3en 3o | R(RAR

IN A Perobdic meToN XX AVErAGeS To Zero while The Second Term s
RLWAYS PosSITIVE beint SQuAred. So 1§ nTeeraTe X' with respeT
To Tite, 1T 15 Possible T Show ThAT The chArce TAJIATES ENETGLY

Whens T £1rST Aecetens STATTS And When 1T STops buT NOT whit€e 1T
RCCELer ATES.

AN Asid & here Alonve These Lines ,Acm. Wi The InermA coekficrenT
beive €EQUAL To The mech AN AL INETTIA. H WE CALCULATE The Forcce

o one PpArT of A baw of charee due ™ STher PAFTS we 6eT
The Self-force,

L . F . Ly oo
Fs- oS K- FST % + YemY 4 -
Yol c C‘-l

Yuz YAdivs charce
% £ ¥ coeflhaenTs dependine vpon The chiree disTreborows.

For a Sphere o = 1/3 ,'ﬂnereg'oref we hnue fden'ns-léd AN ELECTTOMAGNETIC
MASS Meec To be

- 2 et
Meree = T e

Which when mensure The MASS €xPerimenTAlLY MOST be added T
The MechAmic AL MASS, LE,

Mexp = Mmean + Meigc,

Thus we see That The wWelehT of The Field musT be considered.
NoTICEABLY Problems Arise 1§ To~20 Then F -2 ® and The chhree

Blows VP bot we debine Poincare Stress or Yobber bands T hotd
Every Thiwe T eeThwer,
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I we wANT To Know whAT The difterent 1w HreqQuenmcy IS SAY, AT
12,000 mileS Up ,we TIe To-GeTher A Mess of etevaTors of LeneTh
L Ad wiTh LiTTLE boles To LleT The LIGRT Throvoh. Thes we teNoTE
YelanuisTic VeroaiTies ANd JusT Sum 0s The LML 31'5- s The
FAL resotT  AQ/cr 1s sTILL S HMALL

BuT when LichT comes from The Sun The disTAmces beCome APPTeciable
ANd The $ve@uency Shilt moce poTiceablLe. 1+ The sum emirrs A
GWEN NA SoDium LINE ,The €EATTH SEEs A $H1IFT CorresdPonDING TO

\ — G Msew
’Rlsod C-L

whe
e G Msoe 2 | Km
C'\'
Reon >> 5 km
\
AN e The shisT 1S Fieured T be Abou‘rm,’f\\s (s Aty

TeASom AbLE VALV E DBUT 1T hAS beem SuccesstullY obServed YeTo Mainmly
DecALSE we Kmow M WhAT The NATUCAL freguency of SBdiom 15,

Now for white dwhrfs where Their MNASS X Mgy buT Their vadi  Are
AbouT TRAT of The €ArTh This ShibT |s much GreaTer, BT hard
To deTermime wheTher The ShidT 1S doe To GrAVITY or Fecession. Possibly

Dovble STATS Could help 31nCE The roTATE AbouT One AnoTher bJT

ofTer ome STAT hAs uiSible SpeaivAL LINES while The oTher 15 A CONTINUOOS
lLichT S0 mo '\eLP There.

PROBLEN ¢ Comsider VYoo aAre ony The €ArTw ANA MAN SAYS SE€€ hiw h
hieht You cAN Go IN oNe hour by MY Clock.
The TrAVELING GUY CAYYIES A wWATch which Tuns
faster T™RAN The MAw on The eroonvd. When he 15 AT
“w\x.ke looiKS Porpie 10 The GuY ON The Grouwd for
The Above refsoms, Thus We waNT T MAXIMIZE

The deecvree T wwhich he s Akend,n.c_ ,The hig her The beTrer,

max ==

We worst LeT him GeT To C bur
The follow 1w Time correcTion

t:2°'\j"—‘§; ~ n( __'v'")

T3

[
Thos The 'TYﬁUGLC—Vk MUST 60 fAST DUT NOT Too FAST or €lSe heltlL
GeT o A red shifr, So (e USE o= Weme (1= Qc—‘& y 6eT

The arrect Times And PATHh of MoTioN

1nSTend mpAake EA'TR  FLAT

ProbLem 3 R phoTom ShooTs op T A box which1s 10 TurN
CATrIEd bHA(K DOWN ANd The ewers? Thew released
AS \T coes uvp AGAIN. AT The end ot The cvcle
1t There 1S NO NET WorK EnNEeErey Shoutd be
Comserved — 1S IT?
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LAST 7M€ we menTioned AN INTeresTIMe ProbLEM - The ided of A
PEFPETUAL MOTION. [T Goes SOMETHING LIKE ThIS! we hAave A box
which A EMits A PhoToN of eNerey Eo which Goes To A lteuvel
AT A hicher GrAVITANONAL POIENTIAL ThAM be.'foté;'ﬂuerc 1Y
hAS AN Cnerey L = Eo (l-ﬂb) becAuse of The work IT did TO
GET Up The PoTewTiAl . Now we carry The Bor bAack done

And Do workK E, d>/<;’- To QrinG The PhoTon To Groowd Llevel
AeniN. 1T Thep +hAs Enerey E, bRCAUVSE we GoT worK ouT
of 1T AS we ower T, Thus The cngrey spended wAS Eo and whAT
we fecemwed bACK wWAS £, + workKdome v Lowering, hE,, E__d?.
Do€s The $wAl ENere? €QUAL WhAT we hAd TO BE6IN wiSu.
The followiNG 1S A DiAGraAm ot ONE& such BYcCle:

eeT o1 K ‘p

—

where Eg= EnNerey OMiNG BACK
= 4 .
E+Ed - E(11d)

dhe Quesmon 1s:
S EG+E)
CL

Betore ©oOIMG O TO SoMeThine mes}as,'ﬂ\e oTher QuesTION | AsKéd
AT The end MIGhT deserve A LITTL€ More ATTENTION. We wanted To
MAXIMIZE The Tine ON The TraveLers WATCh by Going Opwnrds
T eeT To A Mélohborine PoINT of where he STHrTEd,

The TrAveicr observes Two MOMenTs oM hig clock SePArATed by A
Tine d¢, We relaTe This Tire TO The Proper Time om €ArTW, dt
Smce The GuY IS hicher he LooksS POrpPLe becavse ot Gravuay So,

dt= d¢(1+4)

Also beccAvs€ he 1s MOOING AT A Good CLIP,The TiMée dilATION
ATISING fTom Oor APPrOXIMATION 1S

LYY T
dt = dt=+ T - d¢
rd s
So The proper Time oV €ATTW for The nTervaLl IS

dt=dz+9%9 - vtde
Cw ZC'L

InteerATE d  ouer oeT<e T
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Our Problém AGAIN IS To 6€T The TrAveline ClocK To be AS LATE
AS PosstblE. The Time INTETVAL SeeN oN The wrisT wWATCh 1S Thew

t-T, = g Llf¢L-VL]dfé,

(R

= T ¢ J_S [ 9(xen) - z']df

SO WhAT WE WANT 1S TO MAKE The BRTACKRET TErm AN EXTreMuUm
swmce Q@ = Ca(Xtt)) we hAve

r
At-= T + Yo [30{«,) - —7':;‘(;2)] d¢

We (AN Solue This Problém by The PrinciPLe of LEAST AcChon.
K we Ller X(t] be Twe or biT For which The PATR 1S €XTYeMUM
ANd nm be AvaniATon on TwAT PATh Svch ThAT The uATianon
AT The ewd POINTS IS 2E10 , TheN

X(t) = X(t) +Nit)

1S The vAarlied orbaT And for FirsT order Chaneocs 10 T\ This 1S Zero.
Twerefore, we hnve,

bl LY 450 4 gnen — 2474

ACVAL PATH VAClEd PATRW
INT¢ar ATING T3Y PARTS

S:[ FRIGR i’l’[] dt -'7:(7(_ l:

i
. N
FINAUY we mosT reQure, O AT ENd POINTS
:70(‘-'- “a or The wTeGrAL TO be 2¢€rd

Thus we sS€e The orbiT 1S A PATADOLA JosT AS 1T woud be

for A fvee MMUING BoDY. This orbiT MAKES The Time on The
TrAVELING cLocK The GreAaTesT.

The (ONSEQuUewce oF This UTILE €EXxerciSe WAS VERY IMPOTTANT
To EINSTEIN who SE1Bed 1T aAnd concluded ThaT sinvce Locnal

CLocKs Alw AYS MEASUrE ’Ike LomeesT Time, (LocK witl uvAry vnder
diffcreny CIFCUMSTANCES There 15 m0 AbSoLoTe Timé. The

YATE of Time Proere SSION Jtpends ON  Where you Mmre 1n SPACE
ANd Whese clocK You USe.
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£ Twere 1s wno dehite TME, Then becAuse o} The SPACE-TIMe relATIONS hip
There 15 MosST' LIKELY No  S€T DISTANCE, LE., IT chAnees wiTh PosiMow.
ThAT 'S TOo SAY A Tulér would ShrinK AS (T comes Towhrd The earTh
White 1T would €EX PANd GOING The oTher w@Y. We mosT hpve f
CoordiNATE SISTEM ESTALLIShed which s WUARYIANT TO PosiTiONn

ONLY TWAT The Proper TIME remAINSg A MAXINUM. Thesy Ci1wsTEIN SBV6hT
To TEPIACE MNEWTON'S SiMPLe F=mAa AW,

Thus T 1S TWAT SCALE LENGTHS ChANGE wWiTw GravtTATionAE Sieud As
WELL AS The USUAL TELATIVISTIC GomFEARMTHON CONTYACTION. We
cAV RepresenT The USUAL SPACe-TiMe INTeruAlL by The kor—uecTorzl

dt* = dT*-dx‘-dy*-dz?
dt*(1-V¥)
dt = d? (1-v*)"*

wher e we hAVE omITIED The Ct sIVNCE WE chose T T0 be oI TY

»

Now 1N A GrAVITATIONAL feld This INTerval ot Time would be
T * + LP(X.‘I’,}) — J T_ 1_ b
d+ d¥ (l 10 L dx*- ady*- ¥dy

This TELATIOM 1S Good To The firsTorder becAuse of The APProx imATION
Us€d 1N The GrAvITATIONAL POTENTIAL., We NoTe ThAT 1N The

fiest e@uaToN The Sour Pecror exPliciTiy relATed The Twe Time
INTETUAL S. NOW WE ArE SAYING There mMIchT be some undeTerminved
cocfficients which have moT heen found ANd vAre from PLACE
To PLACE v SPACE, [v order To deTerminve These o ethicienTs ACcorATELY
T woold be WecesSAYY TO be mou it AT Twe or NEAr The 595-5(1 ot
Ukt v order To MAKE A Stemiftlc ANT comTrivoTioN TO dT.
EinsTeln Proposed To specit? The coethicients As A Fumenonw of
TOSIMON IN AN INGeniooS MANNEr bY Je$c»gb|nc. Twe poTenTIAL oY
rAVITY. He Assomed, in #ACT, ThAT The coefficienTs Differ wiTh
PosIMoN. In The MOST GenveRAL CASE WE AN LOTITE The Time nTervAL As,

dt*- d+'( 1t Q(‘l‘f:},)) - ‘axxdxl- ‘a‘w 4?1483}46‘- -13,,»:‘&4;»-— oo
where AT MOST we AN hAve A TeNSor Lo\Th 10 Te@RMS.
¥ we LeT  Gpr = (]rqxx,f,%))."n,e” we CAN expresSs Tms Time As
dt* = %':;.’ %,&u]clx/ucb‘v
ATR!
The TewSor €LeMeENT S v Aepenémb ow where You Are, N

Newmnmu' wortd § ‘}Av = é/uv.
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Soe we hAve A reAlL mess on our hand wiTh 10 PETENTIALS ALL covpted
TeeTher, 50 WE MoST TrY To PUT SOME Order To Them., FEYST we
Areoe(?) The guy's FORM A sPMMETTIC Tensor » 1f T were ANTI-
SYMMETTIC, T waookd N'T be Awt difetewT Thaw A LoT Ol STher Tewsors.

We Née€d SOME GEOMETTICAL INTEr perTATION IN Ofder T  uNdersTANd
These My 's . ThAT 1S becpose TheY Areé tumcnom ot Space AN 1ncrense
IN (MporTANCE AS The dewsiTY oF MATIer iNncremses. SAID ANoTher wAY,
The Yuy woold be Much GréaTEr Aroumd The cenTér o A GALAXY

Than T would be Sar for ANy ob')ecT.

WhAT EmsTern Areued wWAS TWAT as A comsequence of dt:= 3#1&/‘4“
SPACE Mime Could NoT be -Y-LAT boT vATHer represemed AS A

curved SPA-TIME. IN Such A WORLE MmaTTer wovld Move on

ShorTes T-DISTANCE PATRS (1€, dt 1S A HINIMURN AS Quy 1S A
foncTion of posimoN. This s eiNSTEINS MOTION LAW of GraliTY or someTmwe
TIKE ThaT, ThiS curved SPACE 1S som e WhAT vpderstood 1f we
VISVALIR &€ A LIGhT RenAm ShodT\w o 00T And soower of LATEr

IT woold reTvrN To TS SIARTING Pom‘l‘.""ﬂi‘we tbwor€e The Obutous
QuesTiod of how FAr Around 15T we Are sATE The PoINT beine The
TrAlecTorY %Llows A 6reAT CIRCLE TOOTE,

WhAT Then 1S The 6co METTIC INTEfPErTATION of SPACE . LeT's
LiMIT ocur DISCUSSION, for The MOMENT, TO Turved SpAce ow h’l’
We won'T d15cusS TIME, FuorTher LeTs ASSOME R Two diMensionAL
RNd ASK WhAT MEANING WE CAN ASSIGN To COTVATUrE.

Imacine A oo of bues Live on The bLACKboArd 5 CALL Them “AY
50?9056 AnoTher c-rou?"B” Live on A bALL, W& can have oFher

‘worldd Like cylmpers, S Addles, dowoTs, €TC  Assomive Twe bues

Are A curious LoT, TheY MIGAhT LiKé To KNDBW whAT The Share
ot Thewr wokld 1$~ 1S 1T fLAT, & bAlL, WhAT: They cANNGT Circum-
NAVIG ATE because The? MIGKT be ow A SAddlé;A TechniQue mMmusT
hotd for ALL CAses, There Turns 00T To be Scver AL wAYS They
coutd @G0 AbouT T,
METhod |. They covld mArth ouT A Giluew MNomber of
EQUAL STEPS; mATK OfF A TIGKT ANGLE, Go UP The SAME
disTANC € ; TAKE ArNOTher FlehT; ANd SE€ 1§ FiwAwLy They

COME BACK PrecisélyY 70 Their OFTi6IN,
For A FLAT SOrfAcé we U\SVALIZE IMMEdIATELY A SQUARE,

No -
overl A}PING
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WhAT woul d hAppen f The boo Tried The sAMe EXPeriMENT
ON A BALW; wALKING EQUAL DISTANCES And MAXING 3 TIGWT ANGLES
Which Are defmed on $Pheres.

IN TS CASE The UG STARTS AT 0 wAlks on PATR | AN
ENdS AT PoINT B lg, 13 he 7w K ‘PATk 2 he would hAve
Crossed PATh | AT P pedfore EnNdiNne AT 2¢. CleArty The bue
MusT LIvE IN A curved wiortd.

MeThod 2 ¢ BY LAYING 00T TeSPECTIVE TrIANGLE ON The Sur+ace Awd
MEASUT ING” The Sum of The ANGLES. For A PuANe
Thet TOTAL 1B0° ¢ for sphere Ther Are More ThAn
120° ANd for A saAddle less.

METhad 3 : A rore INTEFESTING wAY CALS Up ALARGE NUMber o+
BUGS To MArch OuT €QuiDisTANCES from A PoinT AN
Jowine hAMdS 1o form A Carclée. 1§ ANOTher RBue Then
WALKEd Around MEABURING The Periheler, he would
Sind The Circumberence Qwarys Gluen IN INTEGYALS of PC LE,

Circom = 2TIR
where R = N0, STEPs 00T , commonlY The rAdivs

For & SpPhere weé hAVE SomeTmine DifferenT:

IN This cASEe The circumferemce

IS GIveN by s —R

&= radius of Sphere
Cir= 278 .ome

= w B
20 R.oom a.

EXpANdING The SINE 1nTO
A Series TofirsT 7 Terms

c.r= (a_g}_)

(s % 3&3

>
¢r o= R{1- R )
27 30t
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The vesuiT we hAve obrTAIINed 1S Nice be cpuse 1T Gives

us an idea of how The CurvuATUre R4SecTS The Circumferemwce.

We have The Term R hich shows The effecT of A spatl
o

sphere ThAT beine A LAreer CorrecTion fACTOR. Fevn man LIKes
To PICTUre CurvATure AS A YuncTion of PosiToN AS A Pimpled

Mee where W cerTAIM TeGIONS The Pumps CreATe A
GreATEr CurVARTUCE,

LeT's be more spearfic And “Dehine Precisely WhAT we MEAN by

CUrVATUTE | IN ODY USEAGE 1T WILL MEAN-EXCESS fTom The TheoreMch LLY
€xpeeTed resulT. wWe CAN be MOTE  SUCCINCT  mMAThe nedimamATICALLY

AcTtupl CiRcumterence
27 R

= l—- Curviture X AREA

Where we tpve M KEN (l— 3&;1.) R$- RewroTe IT AS
1
Ci- T:s"&’-) ) specitied MR ps Te Area ANd The curvimyre

RS VYzgz. StemiPicANTLY The curviTure s INversely ProporTionAL

™ The vAdius SQUATEd

\
Curv o “a"L

We need now some Form ofF sestemaATcall s 1denTiivine PoinTs
IN our SPRCE. IN Two dimensSions The Xx-v AKIS  worK wWetls
IN Three we cAN LAY ooT A NeTwork ot evenly Spaced lLines

LKE The lammude and loneiTudinal Lives ow The eArTh. These Fr Lines
Need NOT MEET AT CLGWT AMGLES , L€,

k3
ds*- e dx® 4 deéf‘ t 2 9uy. dxdy
IN TWwo DiMenwSItons weé CARN Pk

The coordiwATES JuST riewl SO
ds? = dxt +dyr

1 we had sTArTed wi™  X= X(u,v) And Y=‘r’(u,v)‘ The N
we coould hrave had T™we eewerpar CASE IN wWhich of The 3
coethicients nuo wovtd hAve beey \Nch(,deeuT‘l.E, correSPoNdme

T The WO deore€es og' freedom PermiTted. LT Twe 3%‘5 Thewn
T 15 Pessible To deTermine The curvAaTure
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AnoTher wAY of ThinkiNe of This curved space I1s To LeT The Bues
LVe o A hoT PLATE which oers hoTTer AS y4® TYOU M™MOUE NEACTER
The CénTer. ThuS rulers woutd e€xpand AS You Go: ouT PNd we
ShALL Assumé Thev ALL €xpand €RQUALLY ; €UEN  The RueS Themse LUES.
SAY he TAKES wWhAT he ThiuKS Are U EQUAL STeps LIKE he did
on The biatkboard And See v he cAn end AT The SAME POINT:

A

I P > e
{

cooler T I

v

hot

.
o

cooler ——
We Coutd deuise The PerfecT TemMper ATVrE LAW W HICh would Gioe EXACTLY
The SAME EffecT AS beiNG ow A BALL AS ThIS DIRGrAM Seems To INDICATE.

Thus even Thovoh e ATE ON A TLAT PLATE The EHIECT 1S The SAMe

AS beiNe v A Curved SpAce; The LemoTh of The ruler sTILL
VRMIES wokeel woiTh where vou Are. So space 15 curved fuuny becpuse
T has A wiard effeT o our mERSUTEMeEnT.

We woutd cxpecT Lleme™s on The kol PLATE T 1haKe The form :

dst = Temp (%) [dx‘”{-]

Wwhere T(X,Y) 1S The Temper ATVrE funvcTioN which correspond s T
Twe WO <a‘s And The Thard beine €QUAL.

White 1n Two diMmensions The curvATure could be MeASure buT The
Twoe CASES menTwomed Above Colld MOT be sepAraTe. IN Three
DIMENSIONS Theve coold be 3 direcmons ot MAYIMUM CurvATUCE

which wootd describe The shApe. Now we TALK A bouT The
ACTU AL YAdius beine

vy = R+ foersee yx Voryme
ACTUAL MERSUTEd vrvaTvre
Y Adws Y Adivs

For The MOMENT ALl Welll SAY 1S ThAT The AVErA6 € CurvATUrE,
The Fevyn™AN teAM CUrVATYrE, IS AN ARUErAGE of The 3 mAXIMA.
Wettt sPpend more on Thas LaTTer.
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Now we LeT Time Join  sPAce ANd TALK Abodl FooR “DimenSIONS.,
IMAGINE NOw You STAND (M owe SpeT for An hour; Move one $ fooT)
WATT AN haur ANd Jdo TRE SAME €xper IMENT AS before. WhAT witl
hAPPEN IS THAT The TIMHES wWON'T be The SAME - , The Proper TIMES

Aare difterenT. This MISHATCh 13 Twe SAMe ﬂ~5 before.
The Problem Now 1S cuen rmore- comPoouNded T? *
becAvs & There Ate FORTY CUrvATUre COMPONEWTS. |
EINSTEIN SOUGKRT TO SOLVE TO QUESTIONS!
1) Gilver The @'S WhHAT 1S The mMoMON TO MAKE
The \Mme AN EXTYEM UM
2). WhAT deTermines The PoTenNTIAL

- — t—

He sovahT AN ANALOGUE of Aweléranon=-V(

And for A ood TiT M ‘

vig= ‘In,ﬂto

where J = UNIVErSAL  GrAVITATION CORNSTANT
P = dedsit of m Amer

e did moT waANT TOo phAave The a s de Pend oN Ane Cholce

of Coord WATE So He hAd The 1de'n of Lerrme Them equfit
MmATIEr densiTY. To speify The Ay 'S ‘whck represewT The CurVATUrE,
we o To A Bl Tewsor Comp nseda ot uvnarious derivaTivesS o{-a“a
Previous wor Ked OuT be RnGMAMN.

3 *
Bovee = Cgh v (&) — 3%

IN NewToNrAN Physics TPwueroy dewsity was mTerperted AS The
Soorce ofF GTAVITY. The ENERGY denSITY heinG PART of The
four TensoR which compLeTELY describes €LECTro MAGNETIC

Theory,

The ANALOcuE ofF The AVETYARGE curntTure becarme , IN 4 Dimensions,
1O MeaN W cwmwresl'l:a . This TAKES The form of A
ATenmsor of S€comnd order 4 Henmrnms £ msTeIn G UESSed
Tavs LAW
’R/uv = 8n 67,-«11 = EiNsTein's LAw ot Gravry

Here he gmored ANY NONLINEATITIES (N R)ch.

Gravity Probe B
Verifying "frame-
dragging”




A worp here NoT from The Lectore bot +rom The Book Gewerat
RELATIVITY ANd A GrAUTATIONAL WAVES by J.Weber (10T6CSCence
PULLISherS ),

EINSTEWS IdeA TWAT GemerAL LAWS of NATUTE Shoutd be expressed
bt cQuATION S which hotd 6ood for ALL sesTems ot coordimATES
Eollowed +From A Discovery of MINKowsk:. He fobnd TwAT
TrANSSormiING from ONE INEYTIAL Frame TO ANOThEr mMovirde wiTh
YELATIVE VeELoC\TY T corfesPonDs TOo The roTATION ol AX¢es 18 A
FOUr- DIMENSIONAL SPACE-TIME cOOrdINATE SYSTEM. “Thes AN €venT
hecomes A POLINT 1M S?Ace—TIHG'Foor Dinension AL SPACE.

The SePArATION beTweeM TWO €VEMTS ouver The dlS"{'CTCN‘Tlﬂl INTeT VAL
1S EXPressed AS we Alrend? hAve dome,

@ kR kN kS
ds': dx’—dyx ~dxr - dyg
dSl= AIL" dx* - d‘l’L - d'at
1f we RewriTe The FirsT €XPréssionN RS,

-dsta %’}“)J X'“clxv
Then The ctements of -V AR

-

-1 0 o0
= O(OOJ

ThAT 19

1’“"— 0010
O 0 o0

Mv 1S cALLEd The Herric TENsor ANd The MATrix YeTAINS VTS Jorm
under Lloventz TrANsSformMATION.

As AN EXAMPLE , The Corved TWO DIMENSIOM AL SPACE on The surfrce
of Asphere 15 described by The soWtred LiINE €lemeNT,
L = L [
‘a',uw dx“dyxy = rd8" + T oawe qu.
| e |
v = .
%M o romle

'SINce E'MSTE 1M €STADLIShed The €cQUIVALENCE ot A orANTATION AL Field

to AN AccelerpTed frame, he Needd d Cvrved- SpAce METrIC TO ExTRND
YELATIVATY TO recioNS wWhere GrAVITATIONAL Filetds ATE PreSEMT.

Thus corvaliRwAS TeAalLIZEd AS AN INTTINSIC ProperTy. 1.&,, AT
AN POINT The SAME VALVUE 1S ObTRINE D IN ever! CoordimATe SYSTEM.

EINSTEéIN'S Theory of GrAvVIT A TION TELATES The Corv ATure
of spAce To The DisTribuTmoNn Ot sTress ANd ENeroy.

He




The ProPer T IMe-SPACE INTErUAL which WE hrue beew dtsc()ssme, A

T
ds = ‘a,u\vdx,ud?w
hAs The Pro;;er'r‘(&. THWAT 1T (AN ALWAYS be RewnTEN A,

ds"s Suy dyudry + huyduadyy
where 8 uv = KrownecKer deliA

WhAT This €QUATTON represenTs 15 WHhAT we diScussed earLier on
PAGe 34, Thert we TALKED AbosT Tid Al -Forcc-s, NOMN-uviform Moo
And CoMCluded by The proper AcCcelér ATION we coold MAKE ONE POINT
€xhib it unilorm MOMONM boT ALl The SurROMNDING SpAce had

A New POTENTIAL GYAdIeNT, We hAVE SALd The sAME Thisie Above.

The Suv con‘t&pouds To our ACCELErATION ANd The huv Are
The pew poTeNTmL Or AVITY SUITOUNdIM @ "The PoINT, Thus EiINSTéIN S
Prmc»pu: of EQUIVALENCE TeEALLY MERNS ThAT A& GravITY EQuUALS
- SoMéE NeWw 6rAVITY PLus AN AJJdITMONAL ACELET ATION.

SchwArzschild found A soLoTioN for dS Sor The case ot
Time INdePendenT 3,“\,'5 ANd 1IN SphericAL SpACE

The STATMING PoINT 1S The gphericAlly SYMMeTric SQuAred Live
ELEMENT M of FLAT SPACE-TIMeE:

ds* =cto(nlo0) dt* - },(d,0) da® -+ b o),tf(cle‘m»u ed?)
BY choosiNe A New coordiNATE 4 ouch ThAT Fol, o)t = At
ds*:CF o) dT" - Sun)dat & = A (det+ sul o d¢*)
1f we seT $o= e , ho= et

°{155=/L"Am . , Them ‘aoo - 13“=e ’,ta“_:‘-l‘

dst: + € etdT ¢—erdat ¢ - nt(dot+0ut o d\-f")

IT Turns ouT (see weber vef. PP 5S¢ -6o) 1o SATISEY The resotTine diFferemTinL
OQuATIONS of The tormgy oM PAGe 4S

etev: 1t K

i
Where K 1s A comSTANT which 15 deTerpmined from The reguirem enT
™AT NewTon's LAw oF GraniTATION pe APProfAthed AT LAree
disTANCes fvom The MASS. To Accompush This

K= -AE6n
T\'\QYQ.'Fore) ct ‘)
- (1- Z&ﬂ)dt vt A (detrantedd
" ner 7.6M
ey
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If The LliNe €LEMeNT beTweeN TWO POINTS 1S GIVEN by The
Previous EXPressioN OmMiTTING ALL BuT,

ds = an

v 1-3en
T

C
Then e coutd Find The rAdIAL dISTANCE beTWEEN TO of circutAr
DrbiTs SAY Yi Yo ATouNd The SuM., Weé would sinpLy hAve

T
YAdiAL Sep, = S t dr
Y, >

f1-288

This however, 1S A horrible 1NTEGrAL TO EVALUATE so To The hirsT
ordEy,

Af N

YAd. Sep = (|+}en+,,_)ar
T Ctry

%

= No-v, + 2en In T
cr '

Thus we See A ¢orrechon APPEATING TO Twhe PreviooslyY Kpdwn
YESOLT oF JUST Yie-Tf,. The ofher Term s A CONSEQuénce OF
The cufvATUre OF SPACE.

Fov The SUM AS A CeNTTAL MASS,

-t kS 30
GMsuw = GeTrl0 N-M  x T XIO Kgm x |
Hawme Axi0®en”
ct . s Kgm IX10°°tm
= LS5RI0O M NT = Kam~h1) sect
Sect

So The corvectons T YAdil of The order of The eATTh'S SAY
10" m The €ffecT of The corvATUrE 1S SMALL
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The: wAY 1N which we define SPace-TiMe 1S confusine To Som e
So leéT's o TRACK OVeRr T A GAIN.

The werld 1s chArAcTerized by €VenTS s, FlAShes  €TC. TO LlocATE
Such EUENTS 1 TAKES Foor NUmMbers X,9,%,T iathich cAn be menasored
IN ANY SYSTEM, WwWe ASSume ThAT sSimilar Mumbers FepreBres RERRESENT
€VENTS 1N SUCCESSION 97 1N close pProximiTy, We Thew musT be precise
N €STABLShING The dISTANCE peTweent Two €venTs, The way we
debined SPACLE~TIME IS Such TwAT The ElemMmenTAl dISTARANCE 1% Gluen

AS,

Where The coetficrients Are Sunctwns of where vou Aare.
Mow Wwe coutd hnrnve JusST AS well ChoSEM SOME OTher COO'leﬂTC

sYSTeMIl.E.,
¢ [}
X'= 500030 ¥ ROwg, ) B ERAngT TS )
And SobseuenTiY foumd
' 13 .
4517— 3Mde,quV
AS we did Above

We observe Them The |AbeLING 1S Purel?y Arbitrary. Bom 1+ we
P A PATTWWVLIAR SYSTeEm The 3 ,uv‘-S MIGET THRKE ONM SIMPpLe
¥orms so wem\fpgeC(dé To chose |T. For INSTHRWNCE, 1§ There weren'T
ANY GrAVITATONAL ‘hetd'we would Fintd A sysTem for which

dst: d1 = dxtady - 431

This 1S A FLAT SPAcCe -Timé, Thas FEPreSEnNTATION 15 NOT UNIQUe
SIMCE oOur OrVeIN MIGKT Move;‘rhcre miehT be roTHATONS Lor We
MiehT MAKE A LOrenT?) TrawSTrMATION which woeuld Preserve The
form oF The Above, ¢,

Z': r-vX x‘:;\-vl'
‘\-VL rT‘__T.T:

I+ we Twen Thpve A world v which The ay'S Are wWoT ALl owg,
Thenw There 1S JosT MO beST wAY To Pic K The coordm&’res,;.s., NO
SPecint INEYTIAL FrAMe Apnd we Are L6HT Lloose AS 1o our SCALEL

In Ths descripmon of space-Time T The TiMe, oniy orders evenTs,
T WAS No  OTher S1eMISICANCE, Time vAriesS from Place To pince
JusST LIKE AYC LenGTh wWew whenw Pou TrY To meASuré (T, ThaT IS,
To find  dE we MusST KNOow The Arele 40 BoT more we mMoST
be €XPUCIT wihere you ﬂré,
s

ds*= y*de
SO0 The AYc SeEMS LONGer AT GTEATET T dor The sAMe d6.
Tive s LIKE This, In anAL oGy,
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Let's examine The foltowineg siTuATION:
Suppose we are A Fiked disTAMCE T from The s vMd; Time rums
VErTICALLY, we hAave A STANDArd CLOCK  MAY be Cestum, whith
hds A Tine ¥ beTweeN Soccessive CLILKS. We hauve twoPoInTs
a Anb b wrHich €mTT LIBRT To A retelver who 1S oM ANOTher
TiMme LINE AT AwcTher TDISTANCE To svch ThAT Yo Y,., We
WAPT TOo Sind The TrAJecTorY of LiGhT AS 1S Goes From Yy T Y.

We HAve The fotlow ine PicTure,
Time

Te€Ceve

SUN T. T

WithooT SOLVING Sotv For wltl wéeE CAN esTrbLISh A TelATION-
ShiP beTWEEN The INTErVAL EpmiTred ATE ANd The INTErvAL
Yecewed AT?‘ We renasod ThAT The Time emm AT o | Ta Plus
Some conSTANT TIME T €EQuARLls The TIMe recetvedst Tef)h&.

ta=TE+ T
Likewise AT b,
n E
To =T +T
S50 we cAN FINd IMMmEd IATELY
£
Tbk“ TQR = To —Tf

atR = a1k
Ths Thew reLATeS The d bderence IN The Time coordINATES
How far ApArT Are a anvd b, 4T emssion? How Lene Does IT
TAKE To 6o From Tf To TE. To sOWE Twis woe MUST use our
formol A For dS which we dcueLoP(—d LARsT Tlﬂf‘,l.e,‘

z_ - [N E . T LS
dss (1- 3Dt - _dat | b (eite d9T +d8%)

Y
("R

oyr

GM

where M= X

50



WhAT we have To Do1s sotve ds™ Sor TS minimMom and ThaT
witl be The MoTON. Thus The TiMe ON The TrAVELING ClockK woutd
ALWAYS teAd A MAXIMUM AS wWe AfGued PrevioovstLy,

If we fIRsT LooK AT The Time Difderence OMLY ThAT 1S we Are AT
& fixed PoINT IN SPpACe Such ThAT drzde: d@ =0, Then The
Time dibberence ANd Coordmpre dibberence Are Giveny by
Y.
ds = 15 = (/- zm)* p¢t

Y,
where TEF 1s mMmeRsSuUred by The ::LOgK AT E.

SimiLar LY v
3 ) R
TK = (- _!‘?'L AT
Thus m 1
L A A
t
T - m
T\

For smALL m AVd LATGE T we cpn) APProX imATE This WY,

™ L -2, m

TE Y. Y.
= l—mfg"l' = \*‘&L-&?‘%
C%¥a e, c* c

This resolT correspands 1 WhAT we discovered earlier WhEN TRALKING
AboUT The GrAVITANOMAL ved ShifT,

Our TASK MOW 1S To $IMD A WAY To describe The ~oTion ot The
LehT; Thew Discuss The PATTICULAT MOTION which MAKES The Tine A
MINIM UM, FilrsT we  Give A=) ) 0= o) ANd P= P(t) |N TETmS
of our coordINATES. Thus woe woANT TO § EXAMINE The (AW of MoTiON
IN A GrAVITATIONAL T$1a1d.

1= The reAl MOTMON 1S GIVEN by
/T,_é,q) Then we musT hAave Fuug
r*.-'ls,ee,q);
dS = €xTremum
< n. INITIRC
|I/l,'e“,¢i

This S GINSTEH\I\S LAw O“' MoeTion 1M G r AVTY,
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We CAN wriTé This ouT More €Xx pPuciTty Aas

N |
« T kR 2 -
_m : ) 4 &
‘ [( ') - nz_nn - ) (gitewm gt ) | T g ¢
INmig, )

This INTeerAL 1s yaLd f8R our cASE oF Freely FALLING bodiés.
FOT NOM-YELATIVISTIC VELOCITIES And wWerK 6raviTATIONAL Field

we cAN APPIOXIMATE This N TEGral AS

GL T
- M AT 2N g 3 ]
S L1 e~ T T E(emitg re7) [ dt
¥ we LeT - }il_g, }Lléz'f/l.l,o\:\»\ze <-‘P

we FinaL S€EE ThAaT Twe orbiT MusT SATIS §Y
L S
il S S ] dt
ALT) T
where we hrve obTAINed The vSUAL NEWTONIAN Orb T pluvs A
COTrecTIoM TEFYM. SiM(E The Bracker Term (N The Top €QuATION

Does NOT €xpucITLY CONTAINED T (v ANy coefficienT, 1T 1S Possibie
To Add A CONSTANT T WIThouT ChANGEN G The resolTs. This we Alveady did,

Ir 1s chAarAacTer 18 TIc of Twhe ~oToN ot UG kT for JS=O. ¥ we owty
CoMCETM OUYSeLVES wiITh LiohT Traveline rﬁdtﬂLL‘.’, c‘s-“—o 1M PLIES

1 Y
(1- \d‘t - d =,
ner) (l__z_,!
alt
or
daw - (1- 2
dt AULT)
Then
d/l(.t) _ (Jt
(1-m
ALt)
For Laree QUB'S Awd SmALlL GrAurTATIONAL ebfecTs
To A N
L 8
JT'::S (|+7;'2" )d/ut) = /L:.—/L-+‘LmX'n—/{'
nN /ll't') [
T

N
AT =0.-0, = (/2-7.’/1! ) T ’LW‘/{“ T
Thus eur Ide€AL ClocK hAS MeASured dS which 1S NOT wWhAT
we €xpecTed boT YATher has f correcTion Term. This rTesoLT
1S god oMLY fot cor PATTICULAT Choice of The coedbicten (- 2m )
W& MUST rfeAllte€ There wAaS NoThine UNIQUE AbouT This
choice oWy TWAT 1T Simpufied cALCULATIONM.
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We oot d hAve Picked gome oTwer T To be r =%(r). RoT Now ouR
debiimoN of ¥ AS beine The Circumberewce divided bt zw s

NO LoNGeyr VALID., FurTher we could have vedefined coedbiciemTs
(N dst by MAKING A SuUDSTiTUTOM LIKE

BY This chotce we would hAve Mmade Gy =L boT comPLIcATed The
oTwer q's softhicienmy To deade noOT SELECT This. So Mww€ mosT
dectde'WhAT We WAMT because were ALWAYS SAcr NG SOMEThING.

Now LETS SE€ how To CALCOLATED The 0rb\T AS besT we CAN.
WE witl MAKE uSE 0+ The VATIATIONAL PrINCIPLE TO DO S0 , LE
WE will Add A SMALL correcTioN 7o . and @ so ThaT ‘n-e
HrsT order chanee v dS 1S 2€ro. we witt vary A And q
ONLY becAavse we will BicK The oreiT T0 be 1V # PLANE Soch ThAT
© = 907 This 15 ArbiTRAYY HoT 1T StMpufies 0or CALCULATIONS.
we will LeT,

R +{o
¢ =9 re
And §
- LS * . LY R
S- \[(l- ﬂm) -f-;“ - R(D (nuk’-equel) d+
1y l”—(-t)
becomeg ;
* L o * - -
S - \m m) L m _ (,”(o) (q +z$¢+e‘) dt
flf(o | - v
e .
Fer SimpliciTY we'tt vefine AS The old sTuft , S 10 be
otd sTuftf = \/I-— ___,—E_: -7LLZ§L = :é

Pi'?

¥ we -g\rST UVAYY (? S INCE 1T LooKS GASQGr, Tl\gupzo ANd we eeT

+ RS I Sor HirsT order
\/'(l %"-‘ —_/_L -(AQ )-27"q¢€ dt e3SecTs 1IN The
_%‘ VAYIATION

¥

Sdt -\ @&Tq€ dT

INTEGFATING The LATer By TParTS )

, 1 E.
LeT dv = de - Fr g
?‘t’ a9t U= R-'—-Lp .
V= e c_!.s.4=si_<ﬁ‘a)
T dT i'_—



we obTAIN

Avd Sor B MINIWM we MOST reQuire

d Ff?b] s
dt ——

which Yieuds

This (S Then 7ne conSErvATION O0f ANGULAT MOMENTUM And GIUES
one oF The comn sTARTS 0F The moTioN.

Now ¥ we vary n AS 7+p Then 1§ ExpAND Sor SMALL p

.;
> &- V-8 BEEEE T (gt I

m AT - .
ds = ﬁ‘P ¥ ﬂ?ﬁz,—f’p i dt - epmdt
v 1

INTEGrATING The L(AST Térm by PArTs ANd SETTING The
oo INTeor Ands €QuAl SO DS =0 WE e,

- n 0 . ev
a7 q (‘“‘/dr)/(-ae] L -EReRTR g

~———— e (l*':_,_/_\'v!\)?._
i
d9s/4r |l
Thew v 4@ \*
Sl—‘: = mds t T /v S )
s r(5%)
~
d9\2 h
“ 4s Az d5 n
h
FinAalLy d}l - - m 1+ ’\'}_
..——-L - zm /;L /L-L‘:?) /L3
‘"__ - -
s AR
Pa™
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To UNDERSTAND REeTER HMOw The UArATIONAL PRIMCIPLE WORKS, The
MISSING  STEPS IM The Préviovs cALCULATIONS witt bé PuT DowN:

STAITING WwWI\TH

¥
— S:S L m e © L sl s2
‘_\/(I —,-‘-_)f__’f;- - (Suueq).;e) dt

M
/L

For A variATion 1IN @ wiTh 8 =90°, 1.¢,

P= §t+e€

Whe-"c $ IS The ACTUAL Pﬂrh ANd € 1S The Vﬂr|€A 'PﬂTk

1§ we define § to be

Then ‘
Js- - - R -AtG -ent§é dt To The firsT ovder
L = 1~ IN €
A

Yf‘{ $&- eargé dt = .{J_sz—;'('l* z.ﬁ_‘;é) e

ExpANdING The SQuare 18 Terms of € RND he

f L~ e
$s- \ [§%dt - S"jr T 2€ dr

a
z
o
e
n
P
-l
t
—1
o
ﬂ
0
(84
q
&
-
X
17}

L

| § L e s
- - § Sdt - V AtQ €y

[

And we require Firgt oRdEY UVATIATIONS TO vuAuish So 1 we
INTEGrATE The SecoNd NTEGrANd bY pART W€ eeT The condiTion

2
d ﬂ&]:o
atl 73

which  vieLd A consTANT of The moTiON

A9 _ | = AdY

/4t
The I1MTEGTATION BY PARTS IS «Arrjed ouT by LeTTeNe
dv= €dTt Aand u= ¢
which oiIiveES v= € RNdéﬁ‘-—iﬁb .
R -1 + 9T a7 4 ‘_}Ll ‘PI-’O
-;Aig‘?e‘h' ’__’f;LPel_ - é__gpedr which cive S F
> s ¢ g )4t

sSiMCe eil) = €(Ff) =0 Aawd The VATATION pmMusT be 2€70.
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CoNSIDERING The vAaR aTION IN none,
N = /\--rp
we follow The same deveLopMeMT AS before ONLy NOw We have,

- "' - 2%
l- l.m
]i"'f’
BN} e.we RewrniT €

RolDine oMby T0 HiRsT or der Yakiarions
—l .

Zm('+%) - ?-_L_v_:(n-f;)

o Vs

.
-

l_ im = l__ im -
ﬂ*ﬁ /T'('f,e_)
S
= - ump
n~ Rt
Fromt This APProx IMATION we Are Led To The NEXT APPrOXiMATION
= = T ‘_zm
| - 2m _}r{ f (,_Zm) |+ 2mp |..'L_/L_‘_‘» (l i
- l _ ’Lm
VA (1 -mypRt
n ﬁ-
N s
RLSo we LeT (/—L'rf’) = A"+ Rp
ANd 1F we disTeonAad 4 we FinAaly ObTAIN For The Term uwder
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The @uesTiod Arose how The CLASSICAL

shoul d be.

l'@ Wwe Cconsider AN ObJect oF mASS M ,ENev(ﬂ' E Aawd TeloiTY VU MOuING
IN A TrAJECTOrY which will be cowsidered essemTIALLY A STrAaighT Lipe
Avd Sockh ThAT TS closesT ApPPRoAch T The Sumw IS &', Then There
DowN wArd omponenT of Harce TeEndine T

Se weE hAvE SomeTwinG ThAT LOORS

WILL CONSTANTLY be A
bend 1T Towfrd The Sum , SAY,

LlKC,lTh\s, o

bendine of LIGhT wAS
CALCOLATED ANd LATIEr ShowmMm by €INsSTen to be Twice whaT 1T

The force downN -WARS woutd be
4 PL = EMsa /E
3T e cr

n
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Now 1§ v = ¢, This cALCOLATION 1S off by A fAcToR. o Two; Where
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Here is where Feynman starts in on "black stars(aka black holes) as he called them.

RefoRE GoiMe oM To A N&w TOPIc There Ave A Coupte dF PAartodoxes ThaAT

Arise when diScusSING GIRUITY. So wel Spend A LTTLE Time TARLKINVG
AbouT Them.

In ALL CASE S

of GrAUTTATIONAL Fieids we TALKed INTErMS ot The elemenThL
LeneTn beTween Mo €rénNTS being

T k3 anv d
dslz (!'zﬁ)dtl- _‘.i.i:_m n (o &3¢ +)
(1'71)

So FAR we have LimTed ourscives To 6&vau iTATion €ffect of The

firsT order g, - T s very mearty | for €uen WhiTe dwarts
where AN observed OGravimnonAl Red shfT s PerhAps owntly Tew PercenT:
So wie BOM'T hAVE ANY MYSTefy AbouT our Theory VYeT.

M
Wh AT Thov ek, happems when The radivus A 15 OF The order Tm or 'ZG_;Q—L?
SpectficAlLY wWhen The vAAWS eQuUALS Tm,

WhAT TroubleS Does
This cAvsS€Ee 1IN The APPArenT

INFINITE Term IN dS’.’

FIRST e  mMusST RECALL The Above Cxpressiont 15 Good ouTside of A STATIC
SPheritAlly SYHMMETriICc MASS which Thus
The MATIEY INSIDE ITS bouwDAfY., So
J¥ST Like

HAS OonmLY Y AdiAl ~OoTION of

WE ENCLoSE The resioM of MATTER

6AuUsS Theorem TDoes IN  ELECTYOMAGRETIC Theory ANd SAY
ouTsSIDEe There 15 N0 MASS. However, By

locicAl 3S€eQuemce we rvYerlize
TWAT d38* of Above 1S VST A BOLUTON

INSIde Dur Qi ™ALL,

To Our curerenT underSTANDING OF ASTrONOMY TO SAY WhAT happews w hew
L CLm SEEMS ONLY A resutT oF AleeRrmc
STACS hAve theew ©Observed

rAdivs For e sod woutld
A4S KiLomeTers N TAdIVS,
sQueezed LiKe This ¢

M ANIPULATION S SINCE NO
wWiTh  tadii oF This order. For jnsTAwce, This
correspornd ®

SMAShive Down /n7d A baLL
Se we

ASK  WhAT happewms when MATTEr (S

IMhcine we TooK & LAree AmoumT of DosT SAY cotd Iton Filines
AMG 3preAd Them ouvT over A bie SpAce soch ThaT Them ™ASS of
1o B 5085 woold be sSphericaily SYMMETrICAL. For

A BDi €NOUVG R
TAdIWS W& hAuge NO Trouble y NITUALLY Thent

weée  fre Iv The sAmMe
have Alrendy QOMS!dercd‘LE‘, firss order etfecTs.

Now 1§ The MASS beeins To ML T ceTher
OWN Gr AVITY There MusT be

PosiTioN AS we

vnder The Puil of TS

Some CTITICAL dens Ty when Trhe
rAdivy €qQuals 2Zm = 26M., ov wa= GM/cr | SincE Rarirical 13
rtelaYed To f’cn’ncm,"nr\e dews 1Ty by

M: 4 —-/La =7 -

—3 { ay Fcr - %“
]
Rer = (3 M )’3
4n Gcr
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VBUT we wonT worfY AbouT Such densiTies boT rATher PICK A NiCe QREPIESENTRTIVE

deps ity of ovr 1ront FilliNg uUNIVErSE TO be may be 16rAm Jee., WiTwh This
We cAN Themn Find The Mass M of The baw., BeT 1F we teT TwiS baw
STACT To SALL IN ON ITSELE 1T WHL Gewer ATE heAT ANd Thos radtATE Energy,

Thas radiATed mMASS however docs NOT Solue our APParenT INFimiTy, Mg
POSSbILITY Boes MICKT $06LesT SOme UnKmowm

Force Jer 1§ SUbSEQUENTLY
GeperATed To DucKk The GrAVITATION AL CO LLAPSE.

If we rode one oF These IRoM Hflines IN W€ Coold N'T DisTiNGuIsh when
we PASsEd The CrimTcAl RADIUS. CerTAIN TidnaL Forces would be &xerTed ow
US buT Wwe cootd LocalLy femMoue These AS we hrve discusSed . BoT wiTh

The volome we Are deAlinGg R wiTh These Are hioher order effects So we

Are SAFe TO SAY No EGPPATENT JOLT OR TymblLiMes Ar & f<LT AT ThaT criTicAL
POINT — evert ThiING KEEPS riehi™ ON GOING DOWM,

AS Twhe BALL ShriNKS 1T will €MiT LIohT Tvom TS Surfpce ANd Traveds
cAd1BLLY buT T GeTS Stowed Down ANd benT Around. Thus The Li6hT
Looks vedder And redder, We UISUAIRTRe rAYS (DOKING LIKE,
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Wwe would Then EXPECT ThAT €VENTUALLY LIGKT would be benT back
TO The surface N Soch A wAY ThaT &S we Look AT The RALL IT would

RPPERY TO be GETTING bigoer AN dIeoer Whité 1T opT redder Awd redder.
A SKETCh MBhT MAK € This CleArer,

. imee
~

AT Some Proper TiIME TO The M AN oN
The tron SiliNG he will CEASE TO
eiTt L1ehYT becAus € 1T wiil L
Al fALll BACK TO The sork Ace.

So The obsServer AT O sAYS he
DISAPPEATS. BoT From The 1nstde

he WAS A HiniTE Time AT which
he $sToPs EmITTING. More Proper
Tht® SAY ING The MASS drsappears
Ac, O Llooks ouT There s AN

€XPONENTIAL CollApse over AN Fubdi /

infinite Time Period. imee_

10 AL S‘-\ueut..'ro O The &uyY DANCES
VMTIL €Atk MOTION TRKES ALMOST AN INFINITE IM € TO EXECUTE.
FiNAlly when LiIGhT INVErTS ITSeLS ; 1T Looks TO O Like
Frogzen In An

IMAGIME our tRIEME DANCIMG oN The
SLower AN sLOwEr

The cuvy W AS
ENd LESS MOVEMENT. Thus ONMY To The mAw AT @ P 1y There

At ThiNnG umigue fRbouT TIME, $PeciSwchALLY whew he PASS €3 INTO The T€GION
oF A< M, Since (1ghT From The PAST mpy SriL Rench rMwm AT Py he
IS unforruwATELY Trapped T H1S Doem Since he <nN'T Stoewal for help.
Mow our trow Siline friend mMosT 31 fAce The progiem of A Approachine
Tero AT whnich PoinT The TdaL Forces would become InFinviTe And

he would he smashed To deaT soppesine he eoT ThAT $plln The dfirsT place.
This, indeed | Is

A Problemuwhich we Mmu3T Some how reARSon QurSetLves
et of,

Ther's refitly MOT To hAard To Solve s 1 f we mAke B TransformmTion whicl
remoues The SINGULArITY AT A =0. BUT we're 3)UST GOINMEG TO (1VE
ourdetves heAd aches some where €LS@ s© ThaATS NOT A Good Ideh, Some
drEAMER S hAve comvceived A SduAashe d batl So ThAT The emerecy AriSING
from  The GrAVITATIONAL CONTYACTION wWould be SPiT ouT AT The € ouaATOR
IN somMe  cemivifue AL Force MANmEr. ThaT teguires~ A LoT of emereop
for A SQUIrT To SAVE The DAY ANd So This 1SN'T Toe pmuch oF & Theory,

There 'S  AwvoTher Theorv UNIQUELY CALLED The ALRIGKT “JACK Theory, This
STATES ThAT SINCE The observer O cAn'T PredicT  w hAT heppens bevyoud
B Cermmin PoINT why worry AbooT The 0Ther Guv's Problem AS Llong

AS  1'm CAltiohT - Jack !’ Well |, This AreoumenT sorT oF  benATs Arovnd
The bush by NOT ANSWErING  ANY Th N (.

The QuesTion ofF wheTher There IS f Proper TiMe jnside The 5p here
1S A Tricky ONE Awd Boes NMeed Some ThooohT.,
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I would be Possible TO "Pc-rkﬂys, verify The exisTence ot ome of

These 'BLACK STATS' 1§ 1T weryr a compAnvion To ANITher STAY which
N 1S Usible And which ToeceTher MAKES op A bivARY SYSTEMm, I+ A bLAK

STAr were €ftecTine The romATON of AnvoTwer WISt bLE sTAr, we

MGKT F10d 1T by ObsServiNe The perTurbed orbiT ANd CALCWATING The
MASS Meeded TO ACOuUnT Sor The €rrovs. See figure below

OF courge Amn EARASIEr wWAY would be T use The BrAVITATON Lewns
effecr TWAT EinsTein described. BoT To find AnvoTher LlowT
source behind The dARK STArX ©o ITs LiehT PASSed Close by

The UNSeen MASS Enovech To be bewT IS hichly jmprobable boT
NMOT 1MpossihLE,

Note: Lensing has been observed by Hubble-see below
RBriohT ThiNKING ASTrono mers hAve cLAtMed ThAT 1§ A bLACK STRYy
RAS A MASS GreATEr ThAN SOMEThinG LIKE LYY Sun mMAssSES | Then uwder
NOTMAL PreSSores NOThinG would PrevenT The collapse ot The sTAT.
The Super wooRE And  UATIADLE STArs APPeAr T Throw oFf MASS In WhAT
These TheoriST CLA 1A 13 AN ATIEMPT TO GeT down ™ The 1.4V €Quilibriom
CONdITOM. BuT AGAIN Ths AreomenT IS Poor hecause IT $AYS The efo

EXplosions Aré cavsed by Twhe MASS bewe GreaTer ThAN LYY In oTver
wotds God 1S CAVSING The EXAPLOSION BB 50  wi¢

Some

won'T be worried.
Wetll |, TwAT'S ALl | WART To SAY AboyT erAaviTY And

cosMOoL06Y which 1S
More ThaN WhAT 1| INTepd buT —

TO Go bACK To The ouTLINE | GALRXIES
fre To be disScuSscd NEXT, Since, however, Very LIKE 1S vndersTood A bouT

GALACTIC The oY  WE witl puT This Topic Aside APRD Go To The

discussion of $TArs And TALK Aboyut The Theory ot The INTEry AL
consSTITuTioN OF  STATS,

xrays come from the
region of the dark

\ i i companion.
Hubbble image Blue
supergiant star
of about 30 solar xrays
masses orbiting an
unseen companion
which is emitting
Xrays.

/ \ 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




Charrer 4

INTEXIOR STRUCTURE 0F STARS

There AREe ALL SORTS ot STARS: PulS ATING | SuPer NovAE, MAIN SeQouence,
red GIANTS  wWhiTe dwArYs, erc. As 1T Turws ouT we Know More

A BouT WhAT'S INSIDe These ThinGeS ThaM we do RbouT The
STrucTre oF The eArTh And The mooN.

So how Do we hope To sTupvy AbouT The INSIde of So ThemSu M
When ALL WE see 1S 1Ts surface. We aanw SMRT by Usine The
Theory oF  MATIEr CONTYACTING | GENCr ATING heaT | ANd TADIATING
ENEfGY SIMILAYLY AS WE JUST DIp, SiNCe AbooT 1860 The
ANALY SIS hASs be CArried ooT WKWk A 6AS bALL ANALOGY. ThAT
\S, TO STUDY The STADLE contiguraTioN Which PrevAailg because
of SomE beAUTIEUL TemPeErAaTUre T™ISTRIBURNON INSIde 1T. SO
we witl STUDY The Sun by ConNStderine AT €UEYY DEPTh
e MATTEr be hAaves LiIKE A PertecT GAS. We Then musT
have R rElANONShip beTween Pressure ,densiTY ANd TemperATURE,
Such AN €QUATION EXISTG 1N The ForRMm,

R RT
B p
¢

where 1S The molecupr WelehT .T 1S TQMPernTUIéI ()lS

The dewstiTY, AMd P The PresSsure, bue To G ASES,

1t we  consider The Sun  APProximATELY SPhericALLY SYMMETTICAL
Then we Mos T hAve

dP - G- () M) where P= Feast Peadiation
da At

so The forces bAlnwce ooeT on Twod LATErS ANd where
Mery 1§ The MASS uside of A and 18 JoST The NewTomiAN

GrAuTY €FFecT, So we don!T BoTher wWiTh ANnY relATIVISTIC
MASS €5S.

Also we Know,

dM _ =
dn - ‘-lnfm.

I we could copmwect P AN P, we woutd be done buT

we hAvE The TempPerATure depemdemcYr Conming 1M which
i (S ALLO heiehT dependepnT

We cAn find  The €NErey GenerATon pue 7o TADIATION N TRrms
of The Luminous flux  fowine out of n,ie, LeT

L{r)= €éNeEYey (eAVING AT L
where LCRY=zLo = ToTAL LurinmosiTy of The staAR
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WéE CAN NEXT CALCULATE,

dLdl o agpt eny P
dn
where €wn)

The rATE ot €NErEY GeNErAYIION Per UMIT MASS AT NAdIVS N

GeNeralLY  €CR) s A YumcTion of demsiTY, TEMPERATUCE ANd cOmpPoSITION,
€= €W, T u)

ThiS &NefeY GeneraTION

1S from The Theory of NUCLEAr Enercy 6ENEFATION,
We wilk consitderR The chemicg L coMposiTion To b€ COMSTANT And NOT vArYy
WiITh The radivs Frem The CEMTER,

Thevre myst

ALSO be A TeEmMPerATUure G6rAadienT
Flocwu 30 we

resutTing From The hear
ReLATE The TemperATure 7o The Lluminovs FLux by

d Prag - KQ Lea)
dr 4matc
where

?ﬂ\d = %Q.Tq

And 15 The préssoce due TO rAdIATION
And

K 1s The opAcITY AMd MeASures how hard T 15 for The heaT
To worw 1Ts wayY ouT oF The bawl, Generar,

K= KeT,p, &)

The inTrodocTion o This TErmM  NECESS(TATES ANOTher Theory ot YAd1aTed hefT Tmuscﬂ‘

Now we ASK 1§ sor formutAe pre serhicienT To SoLve The € QUAT IONS ANd
TheN COMPLETELY Describe The DehAVIOR oN The ours of The STAr. So we
WANT To XMOw how The hepgt 18 Transtered, LWihepever A TeMPﬂﬁTure
orfAdiest €X13TS 1N A body There 15 A neT Transfer ot hear &r Thermar

ENETLY fRom The waArmer to The (Otder resions as The body SE€KS € QUILIBRIVM,
We have yosT described heaT Transter

ALso  There s

A Transfer of henaT Throveh The AcTion of Movime
fLUID or CASEOULS
COMVECTION 1§

by CONDUCTioN.

MATerIAL, TWis 13 convecTions ANd  Free or N ATV AL

where The MOTION S PRINCIPRILY DUE To GrAVMTY ACTING

oM The densiTy diferemces doe to Lo expANSION.

Whil€E <omMDUCTION S wNoOtv stentFCANT IN STEWGR  ProcessSes, coNvecT/ON
MOST CETVTAINLY (1S, ON ThiS conCludion we mMusT reAlizte we hAue aoT
CONSTrUCTEd A SATISTACTOrY Theory

of cowvecTion To Allow US To
sSoLvée The € QuATIONMNS,

WeE Witk have To TAKE A crLoser LooK AT These
€xAriNe Their NATure ARd INTErdepemdentiEs, wWe Metd 10 XKNOw
Svch Tings A5 how The OphciTY depends om The COMPOSITION
how €wr)

VATIeS wiTh TeMPerﬂTUY‘G.GN-
NEXT TiMe,

Processges TO

we'tL STAr There

60



LAST TiMé wE WERE DISCUSSING The sTu 6 iNside The STARS ANd how 1T

oT ouT. We gaaw

The Pressore GrAadient wWAS GIVEN AS
d 'P(/L) - - G M(/\—) f(n’)
dn Y R

where

P= Peas t PradiaTion = TOTAL PRESSUrE

NOow e cAN find The Peas From The was € QuATION

Pv=NRT
where V= voLvme R=owmwiversAL consT™n T TemPperATYrE
REALITING TR AT  The momber of motecutes N =j-“ne Pressore 1S
Gluoen AS
P= RTe
A
where P dewsity = /v  And T = Menn mMOLECUAR welonT

Now 1§ we have R MiXTure of Two etemenTS sAY, U, ANd Uz, Thew
teY x APd I-x be The respecTive FricTion PresenT IN IMote, Thys

PV = XRT
P.v =(1-X) RT

Bt The lAw of pacTiAL Pressores, Ther The pyumbder of erams s

So ThaT |

X Uy + (1=-X) 0

X U & (1-410U%

e

Se our Mean moteculaR werehT, i, 1s dehned To be,

The

W= XU+ Li=x)Yuz

MEAN MOLEcUL AR STuft IN The STARS 1S Grouped 1WTO Three porTs

HYDroeen, Helium , AMNd ALl The oTher CleémenTs (O,UR.MQ.S‘; K,Ca, Fel.
We caM Then ASSOcIATE A TMASS ¥rncT|ou,LnLe we did Adove, To €Ach ot
These pArTs Such ThAT

we
ANd

X= fractiom ot Hevroeen
Y- " n  Helium

‘_x-\f - " " other STUH

choose Twis SpectficATION becAuse There 1S Soe much hydroeen

helwm ThAT The dTher PArT CONSTITUTES yeALLY A SMALL
1Pt TANT

SRACTION oF The STAR'S MASS, Thus FracTion will bhecome Y LATTER
AS e discuss The creaTion Throue h fusion oF The hiohey €LleMENTS.

6l
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SINCE | elecTroM ANd ONE Nucleus mAKE VP A hydrocew ATOM,
we SAY VT hMds A MEAN MOLECULAY wetehT ot 2. For hetivm whackh

hAS 2 €LECTYONS | nvcleus [ ANd 4 mAass o TS | we SAY IT twhAas
A U=34. Then for The hGRhER ELEMENTS The MASS 13 rovehlry

Twite The chiree 50 & have U= Y2 The usoar waAY To dewoTe
A 1s by \ Z
M= 3 - =
‘ZX*_‘T‘ffJi(l x-v) l+3x-Ly

This TOTAL McAD MOLECLULAR WEIhT 1§ A Good APpro X iMATION

White T 14 SLiehTLY TemPerATufe dePenbenT.

The cAdiaTiON Pressore Prad 15 GIoeM AS ANSING from bLAtk body

rad ATION which, of coorse , 1S NOT The cASE
“Prag = -‘5 aTH
where ©B. \S someE cowsSTANT

LAST Time we STATED ThAT wiTh The Twd €EQ@UATIONS of
dPn) | _ G MW PM\ and  dH@a) L Lan.}P(/L)
dn At dn
wé
i we hid A velaTionshiP beTween Pressure And DensiTY *would

be Throveh. BuT we Mow hwve The Temperptore enTeride (nTO
ouor defiviTion oF @ SO we MUST KNow The MeTrod 6F The heaT Flow.

To do This we SAw wE were led To Two mMore € QUATIONS INVOLVING
The OpAcITY ANd ENEfGY GenerATION, L&,

d™a . - Klgp)p L) dLlcr) = ypntew pen)
d y I’;}'Ll ¢ da P

where The Téerm dlca)
9Lt Apises From Th
Yand ridr. dA Ses e Eneroy Produchowmn beTween

We cAN €STADLISh Some vATher Loosely tmTerperTed Boowd ATY
condiTion AT The cewTer And AT The Surbpce pe.,
AT CenNTeR P=Pe T=Te 0=(e L=Llc.=0
AT sucface PRoJ= 0 HURe)ETo Q=)0 L(Ro)=Lo
where Lo= TOTAL AMounT 0F €NEroy YASIATION From The STAR

ANd  To sAY (’J(Ro) =0 Jcptnds on how sSerovs we TRARE The LAWS
AS we ShAll <ee becAvse \T 1S wARd To defibe The sorface And

CONSEQUEWTLY The Surffmce From The ATMOIpPhere

The oPAcity Is defined To be bieeer Yor more oPAQUE MATERIAL which
WMpLIES A GFEATER TEMP EYATLE GrAadipNT, The cnered GemerATion

€cry 1S A resutT of mMoucleAar GewmermATION.
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The wWhote QuesTion of definineG The sorface leads To A GreAT
deay of confusion. The ATmosphere 15 defined 1N Terms of The

Mmeand Free PATh of A photon And hew far 1T MAkes 1T Throve h
The Lapers of GAS.

The feASont WhY we see SPeCTIAL LINES YoM The STHr AT1SES S’Y’OMme
AT ThaT MThvoowhooT The wAseous AFTMmosphere There Are ISoTl\chs)
Levers oF OSTANT TeMPerATure, whem A LiohT oF CerTRIN whoe lewern
PENETYATES These Levels | EXCITATION Bcecurs whew The TeMmperature

1S JusT TI6hT To CAuSe AdSorpTioMs. SO we ACTu ALLY S&€ UArious
LAYErsS |n The ATm 03P here,

However | for The mMAIN SEQuemce STARS W& don'T WORRY Too mMuch AbouT

The eAct PosiTiont of The sorface bechvse The Flux whicth we cAlculnTed

lo To tAhATE From The STAC WAS INTEGrAGEL ovel The rawee of AL Siwmce
we obTAIN, SAY, 9% of Lo Afew hundred mMeTers or so from The surs-nct—,
The ToTMAL comTribumon TO The nNeT-Flux DOUT 1S SO SMALL ThaAT We

lenote IT. So we shootd reAlly TALK fbouT Somé

Eftecmive Temper-
ATure of The

sur’;-nce whith From The RLAcK bady radiaTion SAYS,
Lo - O 1-q

This TeH 15 whAT The ASTrONOMERS MEASure And wiTh A CALCULATION

of Lo And The disTance To The obgecT AS W& deTermine EATLIET 1IN

The course we cAn Find Ry, Se The effecnue TemperaTure 1S Josi
A Mensure of how mMuch STuHF Comes OuT be umiF AreA.

Thevre ACE A CLASS oFf STACS which ThiS APProx im ATION uoout.d“‘"t:ot\\(
for A Thats The Red GiAMTS. For
hetivm burwers Apnd condensed To A hard demse core  boT w The
Process biew o©uT A LAYGe AMoLnT OFT MATIER., Siwce 1Ts TOTAL
rAdius Re MiohT be A 1oco Times That o The sum, ITS Tetf 13
lower bechv s &« OFThe Abose relATIONShip. AT ANY rATE we Could
st CARRY ooT The differemTinmnon And Jimd sTiLL perhaps 9%

ok e wmAsSS 10 The hard core boT The €3Tra S°o rs so Sprend
OUT TWAT we repltYy wiSS The rAdivs N This CASE.

Rs anw Aside , The QuesTion of W HhAT hAappews AfTer The helivm is
GONE 1§ AN INTECESTING OmE. TO born The hioher

'oNIZATION POTERT IALS They hAve To GeT

hAppens 1S whew The helivm IS 6OWE S ThAT chhos S€TS IN our

befler YeT L6NOFANCE. ThaT 15, we dON'T Kpow wWhAT happens.
White dwarfs Ace so

These STArS ThaT have become

Cltemen] wATw hic her
hoTrer Amd hoTreR, WhaT

densSe ThaT They ACE WhiTe €0ew Thovoh
They Are CooLiMG uH,ne., The rAadius 18 SOSMALL sAy ofF The order 04—
The emtTh And mMAsS of The so¥, ThAT They putT ouT A LoT OF ewerey

Per vl a(efA. The AMSwWeEr 8% how The Red @i ANTS TOFN 1MTD
WhiTe dwarss s A $Aty TALE Lol Tell LATE Mw
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Mow whAT ABouT cONUECTION? (f The sTAR WAs A hoWTer cewTer
and A cooler surffAce 80 ThAT The Temperature FAULS AS The

MATECIAL MOVES ©UT K DoesmT ThiS mean we have To HAve convecTion
The SoluTion of aNswer To This s NOoT A S Simple As  The

case of ot AIr TISING ANd cool AIT FALLING.

Suppose we have A box of maTera AT  level Py, 1.&, consTAnT

Pressure Awd we cArre (7 To Llevel Po, As The pressore 1S reduced

The MATerr EXPANDS. The iMporrance QuesTion (5 how The TemperATure

\IT hAs There compAr e wWiTh The mMATTer ThAT 1S ALYchdy There.
IS IT cooler or hoiTer Than The petohborine sTu ¥+ AT Pt A6 a7 s
Lo\'rer‘ IT wrll FloaT There And
SO The QuesTiont oOF comwvecTion
locA\ TemMmperATUures,

tF 1T s Less denvSe 1T witl 60 onvop,
IS cowsidered by EXPMINIMG The

¥ we consider Ppad. T O ,Then The pressore of The ©AS Sor AdiAbATIC
ExpPANS oN |S Glued by

¥
P=p
where ¥Y=73 Jor & MonATOMIC MON-TELATINISTIC 6#/S

To DeTérming how Much The TeMPerATUre will ¢hANGE WITh PR €55u e
we Tind
P k"l

-1
__:(-’ %T’*—Fl?

Comsider AGAIN cuor TWO TPressuft LeueLS'
There witt PE A criTicAL ConDiTion AT

Which convecTioN Will o ccue ANd ThAT s,
P (ﬁ;)\‘_ Tv !i:—'
P e' - T,

Difterentintiy,

B—=
o
G

e . ¥ dT "
P T
oR 1dP
T:¢ < y-1 AS The (ONVECTION CON UKTION.
R 1

When The Less Thar ineguat™ hotds The comdimon 8 '“'éb"'ﬁ‘-”‘ﬂr

'S, 1 T 1S hiewer Than Ty There won'T be CONVECTION.

ComvecTioN Thew occurs |1n ALL The mAlN SEQUENCE STARS . IyuT
EVEN A LITILE CONVECTION MeANS The heaT disTribomTion 1S drasTicALLy
ChANGEdD. WE witt ASsome For convexTiue (6€6IONS where The force
Needed TO puer comé The uviscous drae of The MaTer 1AL
To0 ereaT, The MAchenery nooLVEd M cnfrY NG
mMporTANT.

ts Mo T
T™Te hedT 1s naT
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The Stanpard MoDEL

As we menmTioned be’?oke , if we had A re LRTuo:\«sh.P beTween The

pressore And demsiTY, our TASK wovid be essenTiAllY, Al Need be
——

CALCULATED woutd be The First pasR of equarions om pAce o2

WELL, WiTh SOME ©UESS WORK €., USING SOMEOmNE €L1SEs SupposiTIOM LET,

v
P=A(J"* w) where A s some comsTANT

Ad LeT Ths disTrigyrion hotd ThrovokeoT The STAR. This witl be
OUr mad €L wHIth we cAN  use 1o examiNe e diffetenTiAL EQuaTIONS
This €QUATION witl hold i For The comvecTive reeions And €uew

4ot ohiTe dwﬂr{'s tT 1s ALMoST A Good uessS: This s CALLED The

€dd INeTOM  MOd el To (AY praise O0F biame 1f Need be.

S0 TO beGiN wnTh fvom,

d?P . . oM
av T e
we Fing M) s - 2 dP
G—-_é(/l-) d

Then from d My . qnn,"ét—ea{?c«.) we GeT
dn

- where The Pressure 1s The Aboue €X pre3Sion,
(ot )
P-= A()
The consTRNT A beme The dehned as The uve of /ol
AT The CENTET, L g,
A‘ _ Pe
- QT m)

(Jc.

If we Now Assume  for StmpLraiT?  The denssTY uATIES /S

(3= (-’c. o" where ©:= ()
Thewn
Ml
P= APQ@ v
AL e  obhTAIM = N
A APe dOm - o YyunRtepE.®
d [ = e
dn f’cen G d A
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This cAn be simpufienp To,

Pe (man) d n_"g‘_g): - e“

If we iNTroDoce The New LATIABLES,

: _
- T - Petnr)
N
Pe (NTY) 4‘"(% 4
where ' hAas The demension oOf LENGTh

2 . an
T %g<€42) °

ThisS €QUATION IS CAWED The (AME-EMDEN €QUATION oF INDex 7.
The EQUATION Govet NS The demSITY DISTrHiboTioN (M ANY TeoloN where A
And ‘A’ ARE GI0EN by  The Above UVALves, The €QUATION MoST hotd

ThrovehooT The MASS ANd be 5ubjecTED To The followiNnGe bovND ARY
CONDITIONS ,

1]
|
e

So we Now hAve,

a.

e=1 ;3

J 6 O ﬁT §=o

Once N ,The Index, ts +1xeD  The SoLuTion To The DifterenTIAL € QUATION
1S ObTAINED. The resuiTS hold for MANY STArS Where The STAVDARD
#1ONer holds ot 1S A GodD APProxiMATION.

\

o

The LANG-eMDeN FOMCTION CAN be COMSTruiTeD £rom A SEFIES X PANSION

NEAR The or16wM 1€, A series of The form,

T
®: 1+ &S +dS"+
This 6@ series mModT sSATISFY The Aboue boynDNTY CONDITION; S0 There
15 No § Term s imMce “e/dg =0 AT The origin. Thos we omlY 6T eUeEN &

Powers of g. Upow 30),31-\‘01‘\014 INTO The LB €QUATION §#Nd €@ vATING
c.oe-‘r(-\ueuTS'

Tz
-4 RA .
e = l bg + 'zog L [

M AL This discussion  of The curs of The sTars There are Three
QUANTITIES W& AfE MoST INTETesTED N : The radius, MASS, And
tormimostTY. We caN  eastty Defwe The radivs R To be Simpey
R= aSe = | Teine) “
IG gb
where &, dehuts The 4"RST e-p-d-e-r Z2E€CO of ©On. and Thus
1S ASSOCIATED woitTh The tAdIVS of The STAR,

R CepreSENTATIVE GrAPh of © vs. & MienT be:
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£
5 > £

r

© vs § dor The Lane-€mpen funcTion

To $mun The mMAsSs MCR) we use The ditfereamiAl €QuaTion for
Fiia) expressed AS A fumncTon ot § 1.8, M(E)

M(S) = g:g, anatpouda

- L3 N 8 "
= go inag pco adsg

Since m__ 1 d tde
© §‘ds(§ dg)
MCS) = — anatpc (o d (£v42)ds
C), &5 s
Then, iy
M(S)= - 4n03(3¢ §. %_ggo

SUbSTITUTING bACK Our ToTAL expressioN fOoR QA

Mg = - anpe [ T ]g do

BRE T
And ncgé\) = - [(M“) 3 §:- <_\___9
(< _é:,. d§n

We mnow see The mass oF The sTAR 1S onNl® depeNdenT upon The
cemTrAL Pressore Po AND gdependenT 0RThe criTichl pressore, oc.
~MUST KNOW The stope of © vs §¢ At S..

fLso we
For A GILEN M w& CAN define some Aver Age demsiTy g ot The
SIAR To be (5 - M (R)
1 R
oR. 3
()Lgo) = m(ge) 3
ﬂianga

P = -2 (3],
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FRom The L(AST exPression (O cAn be expressed \u Terms of This meaw
dens T | 1. &.,

U ———

per -2

&
d6
3 d¢ )
( 1€

DeviATING A HOMENMT fpomM oor  MASS ,tAd10S , LomMinosSITY STUDY, we
Shoutd MOTE hAT A MESS WE'VE GoT. IT's A MeSS because of ALL
The INTerdependencles  If we choos € To elimuRTE ANY OMe ufrifbtie,
whieh we cAM Do ,There S sTILL A DithiculT TASK To vmTwine The
DibferepuT Al €EQUATIONS. We hRven'T reALLY DeALT wWiITW The opAc Ty
ANd EPETGY GENETATION FACTORS wHich furTher wompucATe MATTECS

becAvse& of Thew dependencies oN TEMperATuUre Pressure DISTAMIE €TC.
1 we eLirinATE for 1nSTANCE Pe , we Then bDon'T Know Pe.

looKime INTS The CemTrAl Pressore A LITILE DePer | we rECALL fRom Phee
6V ThAT P= RTP/, AT The CeNTEr we have Some cenTrAl Temperature

Te se TNAT 1§ we constder mosT of The pressure (N The STAR
ANSES fRom The GAS AT The CenTER, k&, PradiaTion 18 Néeoliaible,

The our uAriable ‘A’ becomes,
Y
Q= RTc(T‘\‘H)] *
‘U!G/AP(.

Since €, 138 JusT Some NumMEritAl FACTOR resulTiNG Yrom The L-E

EQuATION for A GIVEN N, we cAM Sock AL The CONSTANTS UP INTO Thys
Term and N, Te Yh'
caw (X
R AP&.
SIMILARLY we can ObTAIN, s
t,
Te
‘a ,, 2
er. 1'/0(.
ELIMINAT VNG ()C from The Above Two CXPreESSIONS
T
N« ¢
R AL

MR) X

This  MASS- Tt Adivy rATIO IS USE‘FUL be cAause observaTwNALLY (T AN
be determine ANd Thous cive The cenTraL TemPerdTure oF The Juice.

EddineTion wAs Ths AT, Abbe T Pred(cT The iMTenior ot The sun
had & Te o 20,000000°
From This rATio

we SEE SOMEThING INTETESTING |§ we SiMapLy

MULTIPLY by G’,The VAMIVETSAL GrAwnTATION CR/NTA CONSTQN—)-,
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ThAT 1S, we GeT,

M o L

R AL
Where we RecAll GMIR To be The GrAWTATIONAL PoTENT 1AL of
The STAR., f we Do This Then we cAN say ThAT The GrAnTATIONAL
POTENTIAL ENERGY €@uAlS The ThemrmAat EnNceroy. 11 The sTAR 1S N
€ EQUIUBRIVM)ILE., The €eNEret GENERATION €(R) IS Zero And The opAuTY
Kois INFIMITE So NOTh ING LEAKS OUT we ¢An APPLY The viriAL Theorem
oF ThermobYNAMKS, TS Theorem s coNcer NeD wiTh The AverAGe KiNeTIC
eNerey of The PAYTICLES 1M A SYSTEM, When The @AS bAL 15 1M eQuilidrivm
AND The Pressuré 1S boe To KRINETIC €éNefe? AND Prag. 18 MeGlLIGIbLE,
There 1S OMLY A LOT of tolecules ATMTACTING €AchoTher ANd hotd ng Themserues
ToGeTher. Sinmce The forces AFISING Are oMLY ffom INTErACT ING PAIRS of
PACTICLES, we cAM RIRVTE This ferce AS A GrAadienT of Somé PoTenNTIAL ENEr6Y.
We hAVE Then wiEN The ATrAcTion omiy depends o8 The separario s
DISTANCE Y,

K.E = < z Yoo l_\‘/j(ﬂ-ﬁ')>,we.
where T 1S The posiTION VECTOR o} The (@ PARTICLE And vﬂ{j The
Torcé ANSING on The P ParTicle From ALl The oTher PAFTICLES.

When The PoTeNTIAL Is ot The i form , The wradienT of This erues™
— Y 3
So N ¢ ’_/_'-3 flerd -1 wrich 15 AGAIN The POIENTIAL eMerey V. ~
n o
We Now KMow ThaAT
KE = — 4&V2>

This Gives US some 1deA how MUCh WORK IT TAKES To coMPRESS
The GAS compAted To how much 1T TAKeS To Pe compress T,

Returninvg Now To The MASS-TAd 10S-LOMIMOSITY DISCUSSION , WE wANT

To S€T" vp some PrelliINARY EVALURTIOA ot The LumINOSITY, Ir 1S [ehLLY
PreLimINARY DecAuse oF AL The vncerTAIMTIES IMVLveD IN The €uRIVATION.
If we hAd The TemperATure DISTribomon N The sTar ANd KNew The opAciTy,

The LumimosiTY couvid be Foumd From
d Py o L K ph)

P et

RecAltine ThAT The opAaTY wAS A funcmon of The demsiTy, TemperaTors
ANd CREMICAL COMPOSITION | €VErYThING LookS 1mPessibLe. [udeed | f (T
weren'T ke A mitAcle TWAT ©Ave The pressore The vhtve of,

—P_ (3‘+ m

ALl voould be LosT,

e



WhTh This model eddincton wAD Able To {-md,somchow, A telLaTiow

for The opACTY,
tep 3

where The 1S Som € facror  Abour €QUAL TO OME TWAT 1S INSEITed
be cAvSE THe formultA 1S MNOT RiohT waiThouT T,

For YAdIATIVE €QuUILIBRIpM we hAd The €QuATion

dPrad = _ A K?
dn anntc

SiNce  Prad = —:;o.T“ we GeT
IS

(< d T4 = - KQP} -l:"_
dn T3S ~

For out PrelirmATY EVALVATION W€ ASSUMe ThAT L s ProPorTION AL YO

The TaT AL LUmMIMOSITY  And The TeHPGrﬁTRN‘ Tq IS PrOPOCTIONAL TU The

rer-\?efﬂ‘l'kfe AT The cemTer ch FrOM These ASSOMPTIONS we - nd
4

To' ~ Kop' L

35 L8
RecAlLiNG from PAGE &8 ThAT R ~ ( Te )"’- oR P~ Ig-l
Then, /“loc AL
LS
To‘ ~ Ko TQ L ~ l:(_o __l:' 1
MRS TP At Tk RS
ovr
5.5
L~ &L -,: RS
Ko

We cAM MOwW &LiMiInATE Te becAuse we showed %N e ANd we
fiMd GET AS AM APPrOoKIMATE expPression for L

L = ,UZS M 5.5
Ko

This exPression Teus vS ThAT The LurminosiT? s VERY SemsiTive

To The chemicAl CoMPOSITION. Alse \T Then follows 1T s farrt ¥
SENMSITIVE To The MASS. This EXPrésSioN 1S NoT- To bad Jor A Roveh
CAlCULATION. EMmpiricALLY The Lumines iTY GoeS AS The fourTn poweER
of The mass while ofcourse, The meanw MOLECVIAr WEILWT IS NOT
KMOwHN, ANYwAy Our’ cvess ThAT STArS ATE bire @ASy bmils LlooKs
YiwhT,

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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FDpoINGTON  hAd 4

UTILE TrUK he dewsed To sotuved The dour differenTiAL
EQUATIONS e have been Tiscuss (NG, The THicK (NVOLVEd AN ANSATZE,
€., AN ASSUMPTION ThAT'S okAy. CollecTiMe The Four funbDAmenTAL
EQUATIONS of STELLAR STRUCTUTE we fpve,

(l:). The €EQUATION O“' h\’bros“-ﬂ”'lc eau‘l\BT\UM,
AP_ - Gﬂ(}ﬂe wherte ?=?6hsf ?MA
dn nt

2%_8-Tf Jx-a,Tq
(ii). The ecq@uATton for comsServATON of MASS,
dM) _
dn

(i), The lUMINOSITY €QUATION,

4 wnffmu

dln) - Huntecn)
dn

(iv). The eouation for TAIATIVE EQUILIBRIVMKM,

dPrad = - KE Lea)
dn qupt

WhaT €dd \netom DiD  wAS To observe

The obviovs SYmmeTRYy 0+ These
€QUATIONS. IT would be mice £ Leri ~ M) Then EQuATions it And
Y (NTroduciMe The

would be ANALOGOUS. AS would & And V. By
QUANTITY N (R AsS,

o ken)
’n(&) _M(ﬂ-) /L°/t'lo

where Lo And Me  Are The LummosiTe And MASS ofF The LTAR

WE CAN GET SOME INTETESTING TESULT, 71(/:.) AN be INTerpPerTed AS The
ENETGY GEMEr ATION Pel GrAM o% GooP

INSi1de vAdws T AS compared TO
The wWhote STAR. From This reltATONsS hip €QuATIon iV becomes,

dPrad _ _ M NA) KufLo
dn e

annt k”"

¥ by AnoTher

stireak of Good vuck N Kea) = cONSTANT  we ¢ AN
MAKE A beTTer

OMPATISON «iTh (). FirsT we

LeT B equmt The Number FracTiom
of matt The ToTAL Pressore Due To GAS ANY 1-3 The pressore from
radiATION 1€

BP="Tens
(I—‘@)P = Paad

for mMosT STARS.

r

where (3 |
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Now diviDing (2} bY v,

- K L) - KN

3 P
dP 4Tc & MW 4nc &

L.
M.
INTEerATING From A 10 R And re@uitiNe Pazo AT v=R

Pa- KR Lop
4nc G My
where KW S The AVErRGE OUET The STAR
Now ULSIM G Pa = (l-(s\) P -
(‘—(3) - KN Lo
4ncG Mo

oRrR
Kn = @(-p)ince Mo
ko
The QUANTITY H(n) hAs been defined So 7(R) =1 And  Thus
decrenses As Yea Move ouT FromM The CenTER, While The opnc.w
GEeTS BV6eer " AS Yoo o OUT bechost There's More Goop IN The
WAY for The EnmErct ™ GET Throubh. So our €xercise hAS been

reasoNAble M TRAT 1T TEWS oS ThAT MosT of The €nerGY comeés
fpom The Juice AT The CeNTER,

GoNe A LITTLE ForTher ALONG This SAME (iIne wE AN wmTE

P@AS = ——é ?rad
-3

RecAlLNGe ThAT  Pepas = PRT  And Prag = .3a7« Se ThAT
AL

eRT =(.f_’: Lot
AA .-(5 3“
oR

- M —E e T3
P R (1-(5)3Q
AN d e~ T? we can Find A pressore denNSITY

._E ~ 4l3 = P~ b
R P e

it we recAatL our sTAN Ard mModel formuin of P = weé
see Yor 7= 3 tThe Two reiaTions Are The SAME, Thus for n=2
weé (AN LOoR vP The TAbres Aad Thus oeT The LUMINOIITY,

In This wAY we succeed In euntvaTinG L. v addition §rom Te
we cAN FinaD  Prad. aT The CeNTEr The w€ CAN Guess AT - From
M/R3 Pc <N be founvd  and Then To Absolurely.

Since P~ TH
TELATIONS hap,

a3 )
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Now LeT us Suppese,

s where S ~

K= K°(> T-s-
Also LET
€y~ €o 'rv(o“

Sotuine The €QuATIONS AGAIN we GeT,

7+
MS‘I’S
L= (coMsTﬂNT) L —
Ke R
where The CONST ANT 15 A FoncTion of «,¥,S

The QuesTion woultd AnSe Mow 1§ 1T hasn'T mvmdr,“whm' ATE WE
bowe 2T We jof Coucse  are NMOT ooT To TesT Theories I1n AsTronomy hoT
YAThEe ¢ To unNderSTAMY WhAT 1S G0INL OM oUT Thefe., BY GaThering
EMPITICAL DATA ON  STArS MeARDY we AN MEASUré ThetR mASS
And rAdivg ety wedl | Especitly 1§ The STRP 1S b ARy, From

This DATA The LuMmINOS\TY CALL be deTermimMed ANd SubSequenNTLY
ANE iden A bOUT The MOLECULAL CoOM PpoSITION clM be Guessed uTEL-
licenTLlY. BY haviNe Some PhvsSICAL Theori€s To COFrelATE wiTh This
DATA FueTher STATS c AN be MeAsored ANd ANALYzed by A Pfocess
SiMilAr TO MATRe MRTICAL INDUCTION ve. we prove our formurne OOT

fof The SIMPLEST C ASeS Them PFOJECT TS VALDITY TO LATGe mMumbeRrs.
Thus we hope TO exXplLAIM 0Ul ObServAVIONS.

Indeed, 1T 15 A ereAT ACCompuShMenT oFf mankimd To hAve such A
fiem eri? oM The JNTeTI0c OMposiTION oF STAPS mMillions ANd  bittions
ot mites from LS when [N FACT, we KNOW PrACTICALLY NOT hine A bouT
The orovnd beneATh us,




The white Duwarts

ERTLIET 1IN OuYr (COUrSEé (o€ SMD Wée WANTED To FiMD ouT how Red
GIANTS becAame wHITE dwAarss, To do This ANALYSIS we MOST KaAaow
WhAT S GoNe anN  INStde These hoT STATS. We menTioned ThAT They
Are ACTUALLY DY IMG  STATS (ohich have beem compressed To RAdiL

oM The ofder oF The garTh buT hRve A mMAss compARAbLLE To The
Son. For These STATS Any vesidual heAT escapiuc From The sorface
YAdIATES ouT OUEY Such A SmAaw. ATEA ThAT The Thine LooKs hoiler Thav
hetl, BoT temenber TS buorner has beent exthRusTed And 1T 1S ACTUALLY
cooline off!

SiMCe The TemperATUFE (5 So hich L&, of The order of 107 dewRees,

The Pressure 1s 5o hielh  ThAT ’P=F""~\ 1S MO LONGer A SATISTACTOrY

Mod 6L, WESTIL hAVE € QUATIONS & Amd 1 buT we musT Fiud AN
expressiom for Thiy hiechiy cOMmPpressed MATTER. Simce The rveal
ThermAL vAdIATION 1S MERC The SQPHCQ’wf cAN discusS The dwarts
AS consiSTING of deeenerATE GAS AT 2ero deerees Seueezed by
iTsectf ANd held TOGETher by 1TS cwm GrauviTY. The 1MporTANT <ONCepT
w€ MOST describe 15 ThisS QUANTUM Se62€ SQueeie rATher Tha™
tAndom mMoTiont of  The parTicle As in 00r eASeous Theorr.

The MATECIAL e AYE NOW DEARLIMG wWITh (NUoLues The heavier etémenTs
becAvse TO be A whiTe dwart ALL The heorosers And helivpm mosT
be boenT up. For The Weher ELEM EMTS we cad SAY There Are Two
MASS UNITS Per ELECTION. WE wanT To CALCULATE The eputTioNn of STATE
vMbDer Thig bia S Quéeeze.

ficcordine To The excilusiod PrINCIPLE OMLY TWO €LeCTrons CAN be poT
INTO THRE SAME STATE corfes PONDING TO The Twd PosSibie SPINsS. Once
The sTATe 1S f1Lled  The elecTrons GO To The hibher LevelS vamit The
VATIovs Shells ATE compleTeé, BuT The sTrucTure of The ATOM 1S
LITerty  DesTroted MY The pressure And cueryThING |5 joNraed N7T0
free €LecTrons And NUCLETD.

WeE MUST consSider The @UAMT UM -MechAnics ofF JAMMING AN € LECTron
INto A box of dimemsions Q,b And ¢, ASSoCIATEd wiTh The whve
ProPerTies of This PAMcle 13 A& mMomenTUum P

P= KK

where Kl is The WwAveNumber | 27 And A 1 The wnhoeleneTh
A

SiNCE Twhe PArTICLE 1S free AS The €NEFGY IS KINMETIC SO
E: _f_t— - ’v\L KL

Zm Zm

4

M~1.0M
R ~ 5800 km

sun

Voo » 0.02¢

esc ”




we ®on'T woortY AbouT The NocteAr forces because The ELECTIONS GCNerATE
Al o The Pressufé Since The mNocleos ¢ AnmoT be compressed. ONLY AT
ENDY N\OUS Pressures coouvld puctedr forces be SientFicanT.

For A SPACE cCube A whve FuncTion CAN be comsTrucTed of The

Theee componeMT whve Fowcmons (n The X, ¥, And JIrECTIONS .

We TeQuite The wave To vAMISh AT The waLlsS so

Y= siNK, X SivKy ¥ SINKy 3

where Kx &= n, g
Kt b =nyg
Kb C = h} i ‘ )
This wnve funcoN 18 Then A SoluTION To schridiNgers €9 yATON,
v v
-R vy= eV
im
ThAT 1135
1 ! L
E= b (KirKy'TKRy) = P
Zm am
And we chose To debines €Cp) TO "be The TOTAL ENETOY,
Ecp) = P*
im

Thos efch mMode €QURLS A SINGLE STATE, To H1lL ALL The Mod€S Yeguires
Lot oF etecTrons InfacT N of TheMm, WhAT enerot Do we hAvE TO

Go To? AlL The modes Are occupied when The LAST One To be SQueeed
iN has The SAme P as ITS soccesso .

LeT Po be This FINAL MomenTum.
Thew,

N = mumber o modes whose: PR g Pot or €(P) & €alho)
WiTh ench POIMNT correSpondme To A P. These PoinTs form A TETANGULAr
LATIICE wiThinmt Twg spherc SINCE only CerTAIN MUMENTA or ENérotes

Ate Permissibile. The PoINTS Are sepArATed by ""?L‘l, “\-’GT, ANd KT wWhaT
we My & IS TEPreSeNTeEd IN The followiNGg drawiNeg: ¢

'] ?%

15



The ToTAL MNUMbER ot MoDES |1n ome O€TemT of The sSphere 1S,

N = -L ﬁ n?bs l = i T P°3 \_/_o-k
SZ 8 3 hu- ko -ka 3 (2n%)3
A"CCOOMTS -s-or a,b_c
Two Spimg
Therekore,
No. ot = N
0. DY €Lle«Trons = R v

LUMIT VOLumME

Under The €xTreme comPressiomns N The whiTe dwarfs M MiewT Tise
10° Times wwnich MeANs Po inCcrease b9 AbouT 100 or The eneroy
bt 10,000 vetTs  which 1S comctuswe €vid ence ThART cuertThine 1S lomized,
How Do wé GET The ¢QuATiod of sTATE! WE Need The TOTAL AmounT

oF eNeroy OF The €LecTrOoNS IN The BRox for €ACh mode ECR).
Po
ToT AL ENG!‘(,Y' U - S €CP) QW?LAP .__\LS.Z.
2 : (z7h)
SiNceE €cp) = PP
Zm

Pos- Pol .V .2

. a1 ~
U 5tm (zuh)’?
< __o‘._'s_[@_n P2V .z]
m 5 3 (zu %)}

There{oré, .
Ps
u- (k)N

ThIS SIMPLY GivEs of 3¥g rimes 7The AVeRAGe cnercy. From Above we
-t
See Po ~» V'8 s0oThaT

U~ V

SiINCE we  wovld LIKE 1 $1nD The PreESSOre ,We cnN Do SO SINCE

Po _dU[ . 20
dVin 3 V

...l./3

where  The Pressure 15 €vALUATEd over A consSTANT Mumber of parTicLes.

Thus we +ind,

2
. 2 /3 P ),
P 3(5 zm) n
bT !{
” ’?°=[3@~""‘)3 3?173
81
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Now To GeT from i To The nucletr densiTY we vse

= (aMeIn
where Mp 13 The mass o b The ProToN

Soe we GeT ThAT,
SNEI TSI
- b lﬂ')
eclline our rmodel = otTRY g n: ¥ Thevwe hmve AmALocouS
'P
Pressove d eNSITY TELATIONSh ) pS And we Ccoold took vp 1M The TRbLES
n=3%% To D oot Wh AT WAPPemS,

wWhen The éneree becomes !‘ItLATlumTuc';,z.l The pmomenT A DOES wéE

E =
INSEYT € (P) ‘-[(hc.")"-f P"C.‘] -me? IN The uTeerdl ot U And
when E s of The order 6% wiel Then The pressove coes fAs f‘”s’

The cAse whenN 'P=(ou”’ 1S (NTeresTiNG becpause Then The STAT 1S

NEUTY ALLY ST ADLLE. ThaT 15, when T 5 soueeczed To ome-hALt TS

SiNce The emnefory rise ANd GrAVITATIONAL PoTemTiAL ATTR ACTION
BALANCE €¢AchOTher 50 The STAR JosST SITS There. When _szs;s’

The Pressvre v1ses Too FAST And The bALL wiitl boumces ooT.

Thus for Powers Hicher ThAan 3 The sTuft s sTiFf. we'LL TAKE

A LlooK AT The cAwse of The Power beTween Y3 And 53 Moré
Closely. ThiS 1S Mbre <r(TicAL KecAoSE The STAr CAN'T MAYNT AL

Tseld  onder TS OWN  GrAVMITATIONAL ATIRACTION wIThooT breaAKInNG up.

SiNce e ARE defAlING wii T hlcompleTery De6GENCIrATE ¢ LecTrom GAS IN
The discussiomn of White Pwarts we mMusT use The followime

deneiTY (el ATIONS hep,
C=MeMNe

where Ue 1S The meAn HMOLECULAR wEIGRKT Per 4ree EleTron ANd

.ss_rn..\or The same M AS we used v The Theory af GAsS¢ovsS
rS.

AlSe  Me 15 The Number 0F €LecTrONS PER vaIT voLvme ThAT weE
fov om The ?Previcos PAGE, 1<,

'ne= %T‘P“s

3 @ w)’
The momenTOUM Po 15 The Threshold value we used enrler

i The SIAR 1S TelATIVISTIC So ?«{o‘”-'i wiTh The Above ovAlLue For P' iIT
Turms oul ( ChAMDYA SERWAT P Yy22) ThaT The mass ASSumé 4 LimiTe LimT,
nc.:' 5.75!‘
(Me)

wWheere Mg 5 The MASS oFf The son,
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4 A Dwart had This mass 17 would reALlL?y he vm A ceiTicA L STATE.
For ¥ someoNMe sPIT on The ™MASS, The Added wEichT would CAuUSE

~— The STAY To COLLAPSE VYNDEr 1TSS Own welbhT AMd Mever STBP. Some

Theormes cLAIMN ThAT 1T Goes bhevoumn The relATIVISTIC LimiT And
FALLs Throve h A hole 1IN SPACE buT we won'T o waTe Th gt/ See below

For Less CVITICRL CASES we AN DISCUSS for A MOMENT WhAT hAppews
when e STACT TO Pite up A bumch of cotd MATErtAL LIKE The €ArTh,

\§F we KePT PILIMG OM rO0CKS | The Added WelchT would cAus € COMpression
ot WhAT wWAS under 1T, AS IT coT More MA8s51ve, The rAdivs would NoT

Grow TDrASTICALLY becnose oFf The comPressiont. This  happens when The
Si12e 1S tompArAble To JupTer which 15 AbooT The MmAxium rAJIAL Size

A Cotd obJecT AN GET wiThooT EMITIIMG heAT from NUCLEAY GewerATION,
There Are or Coutd be, heAvier ones woT NOT biceer,

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

White L Accretion

Dwarf Disk
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OPACITY

Se $Ar we hAve PeT obf An €xpLANATION ot how The opACITY IS deTermined.
AtoNe wiTh  The deTerminamon of The €EnNerey GénmeraTON FRAOR, This

15 The MosT IMparTANT And mosT JighcutT parT of STertar Theory. We
TETUTN To The m AN SEQUeNCE ITRY To fiesT fiud The opaaTt For A 6As,

RecAUINGe A AN Poas = ‘;_TF ) Praq = —éacT" we remember Prnd
1S MechANIKCALLY NOT (MPOYTANT byl T 15 (N The deTerminamoN 0F The

LurminesITY Lend, (1.€.,

d Prad - - Kpkwy
dn qunt

' ur) =+ ﬂl_lz(__d_l’)
Kf d

Thus There 15 A certaid vraTe of heAT flowine ool of The STAT becpuse

ot The TemperAaTure erAdienT (- 4___"_325_7‘) exisTING between The

inTerior and The sor frce. dr

Therefore, we musT comstder The MeEThod of Photon difdusion As The

heAT Tries To €SCAPe Throoeh The MATEFVIAL of CerTAIN PIA, Aand T,

ThAT 15, whAT Afe The mechANISMS That  LiMiT The phoTon From

TosmiMG Throoe W RT The 8 peed oF LiGhT LIKE A MeoTrino cAn do.

The Two Processes wa€& wilki DISCUSS Are

(i) SCATETNING

(i) A bsecpTiom~ re-ermissionN

ok

FIRST  ELECTRON SCATTERIMG, The hoT SIArS ug T~lo’°»<, €LECTYON SCATTEYING

1S AuEre M POFTANT f‘rbsorPTwe ?voeess.Accodme To <lLASSICAL Theory
OF €LecTro MAGMIETIC WAVES, AN RCCELETATEd €LECTrON emiTs rAdiATION ofF

INTENS I TY

2et(x). 2e' g sn( et \/ ¢ g

S Y
The €LECTYOM DrAwS Twhiy ¢NEvYaY Fram The 1ncidenT va dtATION. !N The
INGAENT E-M wAvEs (e, vAdiATION D, hALE oF The emere? (S elécTric AN
hAaL$ MABNETIC, And The elécTric Nd pmAaGneric Frewds Are 4T richT

AMGLES 50 TWAT The PoYmTiMe flux For The wAve 15 55 ES Therefore
The SCATTEr (M(C Per €LELTron 1§ Gluent by

L, -25 2
o = 8n e") 2 105 em
3 (\MQ.‘

2

—

Since The mAss of The PAITICLE 18 yn The dervominATOY, O tor aw
oTher PACTICLES ThaN €LecTTon 1S MOch €SS 30 WE CONKERN OorsetLuves
wiTh oMLY eLecTron durimne SCATTETING
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S€EONDLY, AbSUCPTION - Ye-emiSSiod | DUrING This Process The ATOM

'S NOT compleTELY IJoMized So TwAT T hAS Some eMeret Levets (efT

A PhoTom ts AbSorbed To PoT The ATOM 1M ome oF These hbher STATES.
LATET The ATomMm TUFNS Avound ANd emTls The Abssrbed P hoTON

IMAGINE wWE have AN ATOM IN TS GrouMD STATE SAY Llevel or STATE M.,
The probabiliTY ThAT The ATOM woold Absoch A QuAanTum of rAd 1 ATION Ny,
ThAT wauild poT The ATM 1N The hicher STATE M 1S denoTed BY Bmn.
The probabitiTY Bwma 15 cALéd The Einsten coethicienT of muduced
emissS(oN. Thos The NMumber o} ATomS coine T Twis hicher leuvel per
CENTIMETEr penETYATEON oF The ploTon ,or Throus h (TS mMenn ‘FV&&'pA’T'k i3
GILUEN bq‘

NO. CGOIN G up = an Nm
¢ m

where  Mw (s The yumber of ATOMg Per vmiT volome IN The STATE ™
BuT Then The prob AbiLiTY THAT AN ELECTrON IN The exciTed STATE M
€MTS The SAME QUANTUM of €NeRoY hV., And FALLS Doww To LEVEL M
IS Given by Anm. Anw\ ts cALLEd The EinsTaln coedfrcieny afor
SPONTANMEOULUS €MISSION. When The Noum ber of ATOMS Gorne DOWM LS
LESS TMAN The mumber come vp, The condimon for MeT AbsocpTion s
SATISHIed. The rdTIon bemwoeen The poPviATions of STATES m And n
s
IS civen by N e..El\/&T e_(eh_em,/&r —M’"”‘/}zT

Nm e‘E"‘/xltT - c

Expressine Them The AbSorpTion ot cadiATION AS

B‘m'n, Nm - Bhn Nh
buT N = Nwm e.-'w““'
S5© TwmaT

~hVy
Bw\\( 11— € hT)

It we NTErPerT BmuNm A5 The opAGITY AYISING Yrom ditecr AdsorpTions
we ASAS MAY wav\Te The To1AL OpACITY AS

“hy/y =
K’: K%(l— c 1 ) + K&ﬁfrernq(,

Thus, we see That TEF The renL AbsorpTioN 1S made vp of Two PACTS
PrimATIiLY Due TO DivecT AbsorpTioN. We have ocor resouT upside-Doww,
however, ComvenTipuAtlY To OpAOVTY 138 detined As

LI e '

K = b
Kaw (1-€ ‘“)H(s

Where we Find The MEAN - opAcITY And Thus have A vAlue
To PUT 1m The €cxpression,
1
k)= 40% (-d&u)

o (-

A~
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AnoTher wayY To detwe opACITY IS N Teves ot The %muemr v. This
TIME we define The MeAN mAsS OPACTY  coefhicienT As
1 3IwT dv

A - o K(V) “aT
L} [+4] T
K S‘ 3 Iy, ’av
0 T

where IWT) = zhy? !
cx ek\’/kr

-1
The NTeerATION bene cuer ALL TOSSIbLE Freguencies.

WiThin The STELLAR PMASS There ATE Three MeTheds bt which radiATiON
1s Absorbed:

(). The bound -free TrANSITION oOr PhoTo elecTRIc eHfecT. Here A
QUANTUM of FAJEATION ot eNerer ThAT 1S areater Thanw The
BINDING eNEFGY OF AN cLecTronN sers The etecTRon Free, Theve
IS conTINULOOLS ﬂbsar?TmN in The B-F TYAWSITION; W hen The
ENereY 1S GreATER ThAM The bindine enerol.

(i3). The Ytree- free TrANS\TION. B frec ertecTront mouiNG IN A
he Pec bolic orbiT UNder The force of ATTrRcTION of AN 10M
MmAY Absorh A QuAnNTum ot eNeroy ANd be Acceter ATEd.
SINCE A QUANTUM pY ANY ENERGY AN be Absorbed, in F-F TrAnsiTion,
coMTIMuOuS &m Absorpmon RESULTS

(21). The boumd- bound TTANSITION OR bFreMsSSTrAhLoNG. This 1S
where SolIAYY ELELTRONS tAM  INTETACT wnTh rAdiaTiON by
chanGiNGe The direcTion And $requency ot The  uadent beam of
TAATION;] This 1% SCATIET ING.

?* 4
Q
% V‘j

N

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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ChapTd 5

Enerey GenerATION

WE'LL Now mMove oM TO The Area ot where The sTars GeT The
ENETGY TO KEEP GOING., We witl Then TALKERY The emeroy
GENEYATION FRCTOr nTreduced earuer And which we Techll was
ECP, T, M), ThAT 15, T 15 A Hactor of dens TV, Tempernture, AN
CcoNSTITUTION, The ANSwer To The Quiry 1S obuiogsly — NUCLEART
reACTION,

AN EXAMPLE of A PosSSIbLE TEACTION  would be The conse®Len(E
of A Proton SMAShING INTO A CArhonN ATOM, L&,
e !
P+*rC — ¥ + N3 —= e,y + "

¥ = @AMMA [ AdIATION
¥ = NUTYINO

where

AN INTETESTING reSULT fOLLOWS 1§ we cALculATE The €nerey A
ProToN woutd hAve AT The Soals IMTET10F, (&, AT @fbouT 129,000 000 °K.
AT This TemperdTore R T wootd be AbouT A000 eV since VeV
15 AbooT €QUAL TO 11,000 °K. We cAN NOw Show Yor Enereies
of This order ThAT NucCLEeAT TeACTIONS CANNOT Occur ) SoLely becAuSE
The proTom cANNDT GeT Close €ENOVeh To The CArbon Due To The
Tepulsive forces. The emnerey AT closesT APproAch s

E= Zet

T
fle 3 The crmTicAl CcAdius or closesT AP?rOﬁ"k
If we Do The MATh noGWT Ae TUFNS QUT To be AbouT
Ne = 3.5xX :o-ow

Now for A mucteus The radws 18 of The order of
! ‘13 -13
n= A 1.6%10 ° ¢wm
where A s A fomucTON 0oF The sTufd inside, e, The Arormc WEILh]

BuT ANYWAY wWe seeThAT Nle S About 1000 S0 The reputsionN
IS S0 GrveAT ThAT The reAcTion coutd NEver 6T STARTEd.

w\\ere

So Jor SOmMeTIMe The eArLY STfLLﬁr1t':o'ci?e teary of describine nvetear
reACTION buY were CerTAIN The Phenomen A MUST occur, IT WAS onLy
WiTh The AdvenT oF QuanTUM Mechanics That AN ANMS W Er w AS

foumd. Throuech GQ-H 1T wAS realTed ThaT "There 1s A F1nTe
PRoBABILITY | 1.&., The BotTzMAN DisTribomon e AT ThatT R ProTou
would hAve The MehT ENETGY To GeT €VErYTh)ne GOING.
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Onege The PATrTICLE APPrOAcChes The NuUcle Vs, 1T MUST Overcome Or
PENETYATE The POTeNTIAL RBArrier due T The Cootombic reputSion.
This PoTENTIAL TiSes sharpliis wiTh decrerse radvs, dowm T
The puctear rAdivs where T Drops T A CONSTANT NeGATVEe VALug,

v

There will Thus be some ProbabiLiTY FAcTOR eiveN be The renction
cross -secTion for The collisiONS. We cAN GeT AM lden of The

Cross - secmon , T, AS A funcTion of ENerey AN oM The sAme

GrAph cve The MAXwELL -RBolTTMAN ENercy DisTriboTion e'E”"T

\
“YE
- e
£,
= &t
e
‘,S /

i
!
]
|
)
E, e

=

WhAT we cAMN gee From This DrAW ING, wWhich 1§ NOT TOo CLEAT, IS
TWAT mMosT oF The reAclioN Occurs fi16hT Around sSome Eo 1.5, The
Two cufves Are mviTiPucd ToceTher, Fovr €nNercies OT The ocder
ot 1000 fF we Are To £pr ooT ON The e ¥XT 1o Give ANY
ConTYibuTion. AT Much Low er €NeTqies, SAY  §-10 AT wWe rvenrch p
Yench of resoNANCE OF SiepnifICANT CONTTIbuTIONS TO TefcTion.

WhAT we MusT DO IS T See how The whve YuncTion oF The
ProTon TRILs ofF EXPONENTIALLY AS IT cOomMeir (MNTO The pecion
ot The MVCLEUS 1s., AS T Goes bevomd The cviricat radous.
To hetp vndersTaMd The NEXT PrifwiNe MichT helP,
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vegion of
ExponNENTIRL

f
|
|
{
DECAY '

|
i1t
I WwWAve ‘;chT|0N
{
M~ /\e
L
|
|
|
|
|
2y,

A Y%

Pv?

|

|

|
Re

So we wriTE dowonl Schfﬁdluc,e"s EQUﬁTiON,
5 vy VY <EY
m

The LAPLACIAN OPErATOr <AN be werilTeN for A SphericALLY SYMmeTTIC
obiecT AS n é_ /Lli )
R* dn dn
or AS A MoOre co~vemen1‘ form

14t
L4 . (A Y)
Thus we have,
& 4° (ay) = (V-E)(2Y)
Tm da
where V-E = ?___ - Z’__
N Re
S0 we wnTe dl (n,‘t))) 2m i‘el( I _l \(/L‘LP)
an* A L Ne
Now HMAKE The SObSTITUTION,
-g(r
e qr) - /L.q)
so ThaT - T -Qcw

g_u(mp) z - L?'(/L) e ¢ And :@_;;(M/l)= q?“(/z.l + ({)'m; e

Thent Schrsdincer's EQ. becomes
z
@'+ @l = amEet (L) )
at . Sfe
We cAN Go ONE STEP furTher and  LeT
ut = @'

—u' +ut: zmzet 1L -1t )
Tz. A ANe

Then

So we have (NTrodduced A SULIGWT NON-LINEATITY 1M The
EQuATIOM by vedvaiMe T From B Secomnd To #firsT order
differenTi Al EQ UATION.
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Over The rANGE O\: R wker‘e. we BAre coucefuc—d,l

G6ood APProx(MATION wWE MAY USE

whete .
U=- famZer, |
T

~u'+0 = tmzet

so ThAT (L _}L ) becomes
/L <

+ 'KMZQL 1 | " ZM%CL _ Lmiel
% /L /lc

RecAllING MOwW ©0f SURSTTWTIO N

dg(_/u = LP(IL)
dN
We cAN wniTe The sfuN(.TloM AS

nyY exP‘_—S J"""*CL L

FINAULY| Ther PeneTrATION cAN be expressed

(V) o n \’-
() ne

£

Ra

For very

I

]

AS The PcobARILITY

of The AriPLITude sQuared AT Am puer ThAT AT Re OF

The A vhdiws | h&S A PLACe IN The AMmplLITUdE becAuse 1T 1S A MERSUTE

oF PemeTraTION dISTANCE, SiMPLY eNouoh Then,

Ne
( T« -ZS 1.‘.‘%¢L |
Ay exri . i/‘-

]

RccordingG To The WHKR  ApproximATON We can express The whve

foncTiond  AS

Y= ex?(is)

where S s adopcTion oF X ANd S A phase -Lﬂc‘rok

The phvsichl Stomificance of S IS Thar 1ITS rATe ot chANce of

WiTh PosiTIOM 35/3, 1S €QuAL To The meAN MOMENTUM

X
S = Sio Pd X where P

Then

Y= elp[—;‘,—\g Tm (E-V) c\x]

S 1S more GEMEFALLY  ADProximATEd be A Powser SeTiEd N R,

S = Sex) + h Sx) + ﬁg SCR) + -=»

This APProxX tmMATION IS cood ONLY Sor

by ASSumING ThaT The waAve foncTioN
The form 1T would have

or

?-M (E-v)

(1)

Stow iy CchANGING WAVELEN(GTAS
IS NOT chANGed much fron
f V. were consT ANT. Thus we hpve

siMmitAr teSULTS \F we MAd e The SUBSTITUTION S Sowe- ATE AbodT TlohT-
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The

INTERPAL INVOLVING The ®he Fhetor {4 -%  Shows AS . Approfches
zerd The %_ Tertm dom INATES IN Such 4 WAY ThAT ONCLE You MAKEe
- T AS f#he AS TD Tw
Go A

1T DOeSN'T TAKE ThAT Much mopre ENEroY TO
UTTLe vy FurTher., So we wANT TO €vALYATE

I= Y°[¢-: d
0 o Ne r

HMAKE The sSubSTyTUTION

= e Aonte and  dn-
Then

'Ih_
So Re 20w © cOsO ],_L -1 dé
e lowa?e
e
Sb ARe A @ cos®

<098 [entorals —onte do
“/?. Awe u
go Ale COSge de

ZNe A ©cOosO dO
I-=

I-

anc[e DRINETR Th (—cn

So ouc TeNeTCATION FACTOR A Y NOw TAKES The form

42, e
€xp [‘ Tiemzetfle | . PeneTraTION FACTOr
A
We coutd chose TO wri1Te This 1IN Tetms O0F ENErey by vecaLLY
[N
= E or nc, = %e'
re

\J Then

EX?[- m-l

If we expressed The emerey AS

- T
E~%M‘U’
ThenM

S *—;E‘}
EXP -:E ~

where U 15 The vrelrTive veroa™ oF The Twd Thines ComiMe TOGeThe ¢,
“DitMensiNALLY  WE CAN ChecK due YCSOLT by w RewriTEN6 T AS
.zntel ¢ _z.n?.-(S_)
e Rrc =S e 37 C

1T 15 werTh wiILE NOTING TWAT

1F ’E&E;_ 1S MOch GreATEr ThANONE
CLASStcAL. Mechrmicg s su-f—¥\c\eNTm descnbe The YeAcmom buT 1+

IT S Much Less Thaw ONE, We MUST &0 Th QVANTUM MethANICS

To described The s:ﬂ—rl‘ermc, A hsToricAat NoTeé Rohr JosT
hAPPen To hAve Wworked wiTh The cASe where The facTor wWRS Moch
oreATeEr Than ONE ANd MITACUloUsS LY 66T The richT SCATTETING TESOLTS
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FinAlLY woe cAN tormiTE A SCRTTENING CroSs-SecTioN Yor The Te AcTION AS
. -mzz.et
O (E)=e ®V | ;). F(E)
where FLE) 18 some smooTh fumemnon of ENéEroy ANd T §CE)
1S The rate ot The rfenctTioNn Modihied by The PeweTraTION
fACTOC TAKING INTD cONSIdEr ATION Thosé wiTh Proper ENerey,

This FacTor 18 SOSMALL ThAT woe cAnNOT O0bSETVE IT exPerimenThLLY,
Durwmie The Like of The son for iInsTANCE, The reAcTION OCcuTS ot Ten
for \T T be S1entHCANT, In The 146 The

scATlerING Cross-SecTION
15 meAsured AT hioh BMercies And by

TAKING OUT The AtoonT rveduced
by The PemeTrATOMN fcTor iIT \$ Posgible To GeT AN Ideh ot whaT s
happeNING. There Are some vresonAnces AT cerTIN hiGher €MEreles
but 1M The ranv e of Lower gnere16s which we cAn!T diar ecTLy

LNOTK tOiTh T §66 The SCATTSr There MiehT ALSO be A MESOMANCE.

16 There 3 Then FCE) 1s NOT vaArYiNG AS we Fleured And we hAve
TO correcT wiTh ANOTher APProxiMATE. A GrAph MIGKT LooK LIKE,

~
p= e’ E€SONANTS
) 3¢
L >
'] S
LW t
EXTrAPOLATON |
1
! -
\ooK vgL1$

EnNergy
We are AT B LIMTLE Loss AT This POINT becAvse The Theory of Nuclepr

YeACTION Does MOT Suffice o expltAIM how The fumction FCE) behpues.
We MOST KMOW More AS T which TEACTION PredominaTe DecAVS € IM The

SUN WE KMOWw A proTum -ProTom INTErACTion Giue TNy FCE) 'S gk e
ProToN-~ (AThon TweELVE GIVE big Fee),

Considerin e A Mixture pf Thegse
FeATON COMPLICATES The Theory.

FRoMm KIWNETIWC Theory
OCCUYING AS,

we CAN wriTE The TYATE of REACTION

- E
YATE ot teAcTioN = U O (E) € kr

wheve WU 1S The mMutufAL VeLoaTY ot The COLLIDING PAFTICLES ;

OCE) 1s The TEACTNION (roSs- SECTION ©OCcurTIMG AT The Given
-E

ENetoY VALE ANd e Ty eilves The PercenT AGe of PAITIcLES

wiTh The YiehT ENerfey 1 uNdereo YEACTION.
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This reACTION YATE CAN be ALso wniTTEN IN Terms ot BN INTEGTAL
over The TTeQUENCIES Or ENEYoY ANd simplified by collecrine ALL
The CONSTANT AN oTher AT bAce N A Nice fomcTion FLE), e,

~E/hr
vATE = ($actors)\ v ocE) e ydy

INSEYT'IN G The vALue Yor ocg) ,we CAN LWnTE

BE -1
TATE = EFLE)GP e T¢ de

w»»e,fg' = -l—
C~ &T
Since The TEACTION PriMAcilY occurs ATOUND The bump, e, AT Eo

AS Seen ON PAce 83, we woultd LIK & TO KMow Where Twis s,

Thus The ProbLEm 1S To Find The mMAX iMom of The IMTEGrAnd. 1§

TO be Nice ANd SMO0Th we will JUST EVALUATE T
AT Eo To GeT The WONSTAMT F(Es) which we NOw TAKE ouTside. So
We AR E LEFT WITh MAXIMIZeNG The EXpPoNENTIAL FhcTOR,

RE + 5

E
This AfeurmenT WS A miniMum AT Bo which mAKeS The €xpoNenT

MAXIMU M, We cAN APProxiMATE Eo by A GAUSSIAN Curve Near The
MiNiMA And Then pre%rm The IMTEOGTrAL,

e comnsider F(E)

Thug we differenTIATE The AteumenT wiTh TesPecT TO € ANd S€T €QuAL

To ZERO,
de T
Which G1lues ypon EVALVATING AT Eo

(3'.-_ ._EL 3
2 (E0)"™
Since we WANT The ProdocT BEo we AN wriTE,

(2

pEs = B @™

oK
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SINCE we AfE OMLY comncerned AbOUT FirsT order YLUCcTUATION S
From The PoINT EBo wé& WTUI\TE

E= Eo(1+X)

INSEYTING Twig 1MTo g + BE ' ANd ExpandiNe (1+X) /% we $ind
BE.(1tX) + b

2
(l—-fzxa-ix +)
{Eo 8

SiNce =5 ,we See ThAT FIRST oRder Evrors cancel To LEAve
3b 3 X

Z V&, 8 1E,
RETUTNING NOw TO The INTEGrAL wIiTh The Above €STIMATION ON
The €XPONENTLIAL TERM AbooT Eo

we SEe

"'%_E_’. -_3_2 1"
YATE = F(E,) e E‘S e ST Eodx
where dE=Eodx

This INTEGTAL 1S NOw IN The GAUSSIAN FOrm ANd CAN be EvALuATEd TO
"3 Eo
Bric. T S(e-ke)
3b
Where The SelTA FuncTION SCE-E0) SWowWs ThaT EVEryThiNe
happens A Eo

The ENerey PoinT EBo 1§ 61ueN by
Eo = b )‘5
ap
or AS OTheys wWRITE

* Eoz
A': AIAL

The redoced ATO Mmic WEIGWTS
A."’AL

. N
122 (202, ATY) © Kev
where

Tk\s T\\eu

13 The LAW Used To AMARLN 2¢ The reAcNoN YATE $for SThRes,
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Here starts two important topics that Feynman tore into as only he could

There Ave Two CLASSIC QUESTIONS cohich Are ASKed AbooT STELLAT
STruciure;

. LAR
(i) WhAT 1S The OriGIN of The Soweec EeNETGY

(i) WhAT 1S The orieid of The ProporTioM of The ELEmMenTS
ANd 1SoTOPES

EiTher ALL The curremT ProPorTIONS TesSULTEd BUFING SOME

G4 ANTIC EXPLOSION AT The TiMe oF The uNVerse's creATiod or ¥The
ProporTions Afe Bewe MAINTAined by The formAmon ot New STRTS.

There (S EVIDENCE The meAvier EIEMeNTS AfeE being SYNThesized

bt Some sTAFS, For A CerTAIN cLASS oF STRrs | cRUled The GiIfANT S-TYPE

S‘rﬁrsi show AMounTS o % TechueTivm 1N ITS ATMOSPhere. SiNce The

LoNG ST Lived 1sot0P¢ oF TechneTivm has A hALE-LIF¢ Tim € o

2r10° YEArS which 15 LESS The Ace of The STRTS 1T MusT be
MANVFACTUred by The STAN The AcTupL Processes for This SYNThesizine

Are ‘;'Or-’ for The ghove Process T 1S ThE MEUTION CAPTUrt Proceéss.

We witt beeN The diScUsSION of These pProcesses by TRLKING
AbouT The HYDroGeN BUrNING Process $Sipce mosT ot The STAT sTuff
1S hidroceN (N The STArS YouTh. We cAll This The ProTON- ProTon
(PP) chAIN. This 1s, Per hAPs, The MOST IMPorTANT CEACTION for pAIN
SeQuenNce sSTRTS or STATS WiTh The TEMPeraTUre AbouT ThAT of The SuM.

The cvele STRRTS QUT AS Two ProTons hiTTiING ERch oTher,

(1 P+P — D + (5" + Ve, deuTriom + PosiTron + NUTTIND
The NMUTTINO IS LOST ENETGY DecRUSE 1T 1S Shol Our wiThouT losINe ITS
ENETGY DUCING ANOThEr cOLLISION. The TheoreTical rATe o This reACTION

IS GIVEN by ]

tATe = App H
. A

where H =Ny
And A= < ovy Thus A= A(Temp)

Since & 18 So smAall dor This reAcTioM, IT 1S NOT observed €XperimenT
buT IN The SUN The stAMmiNe ATround % ProTon IS 8° +Te®ue~2‘ ThAT
The reAcTion CYoSS~SECTION 1S THMPOrTANMT,

The Above YeACTION (S MOT VETY STADLE because IT IS hichly M probAbLe
ThAT The ProTon f4mdS iTSelk I1n The GrouNd STArTe of deoTerivm,

ALSo‘ IF This were The oMLy vYeaceTIoON , The STAr woul d SooM burpy
up ANd Turn INTD A deuvTerium mASS.
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SINCE we observe NO deuTrium we ASSOME eiTher

(3), There MuST be A TINY MATrIX€LeMeNT of beTA decay
[@i). There 16 A chance ot Nuclear PENETrATION

WhAT @1 MeanNs 1S ThaT There S A sSMAW ProbABILITY ThaT The
deutron |je., The decuTERIUM NUCLEUS UNder 606$ TYANSYOrMATION INTO

STAbLE sPecies by erission of €!Ther ELECTTONS or PosiTrons,
Thes e Two Processes defive beTa DechY.

We iNTecPert (i3) TO HeAn TWAT A PrOTOM CAM PeneTrATE INTo The
deurron ANd CcAUSEe A NUCLEAT YeRcTion,

3
() D+ p —> He + Y
This ¢Process hrppens very €ARSILY ANd The rATE 1S Gluen by
YATE = App H* T
where \( 1S A 6cArma of rh’Dlﬁ'noN,]-E.' heAT
The Above Two ProcessSSAre commond To The 4ollow IN G POsst ble
Subse QueNnT REACTIONS,
We coutd hAv e The reacnion oF The Ue’ 'S
3)

ANd we Sce

Co “'D“%, &,
4
He'+ He} —> He TPtpP

we ATE bAcK T0 The Moo ProToN TeACTION. The qycle

€NdS here wnTh T HMeV ’s ot everey being Yeleased woiT™ The NEeUTT 1D
CRYYY ING AWAY AbouT 1.9 % of ThaT h@ure. This pProcess has Thys
been cAlLED PROTON- PROTON 1 Ard 1g SuMmArized AS

Pr+p — p"'fv-f D = D-‘-‘P —_— He3+y=>Hc3+ HQS"“> H€Q+P+P

This Process 1S Stow AN Thus deTeérmines €$senTIALLY The COMPLETE

vATE oF TEACTION. ThAT 1S, The oTher Processes, To be discussed happen

Very FAST, For Those INTeresTed | The FeynmAN mMeThod of ThINKING ACOUSTICALLY
WILL helP To GeT A Feel oM whaT 1S coine oN. This Process eoes -
blurp- bluyp - biurP  while The subse@uenT ONES Go Yuvr-r-r-r-r! \F
Thmuf"ﬁnm WAY CcAN GeT FEYNMAM To hiy PFOMINGMC(-'IT CAN GeT YOU
Twouih NUucleAfr TREACTIONS,

There Are A SeT of DifferenTifL EQuATIONS wHICh CAM be wriTen

For The vATE of ChANGE of The ditterent 3ubsTAwces, For DeuTerium,

%—% = App _"_g - ANwp H*D

where HAud T repeesenT The coOMCeNTrATONS PreSENT,
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ForR STEADY RUrNING |.t

where The deuTeriom chAMeE IS ESSENTIALLY
2éY0 w3 we caMl Solve For The raTI0 oF DJH
- )\P._.P = D,
ZXPD H

SINCE A= NTemp) AT The 20,000,000 °K ot The SUN  Th5 wumber
'S AbouT 107'8,

WeE cAM SAfely SAY TAT There
Precise Ness owne PAYT

1S NO Devieriom IN The sun op for
IN 107'8
Dl For Seft wWATEr

. We shall NoTe ThAT The vaAmo ot
1S AbeuT Yo xio" The NATure of This

MISMATCh 1S NOT KNOWNM, SiNce The violANopn 1% here ON eATTh

we musT hAve LOosT A LoT oF hydrocen Some wAy

WwWe NMow Go oM To COMSIDER AMOThey PosSIbLE veACTION T‘\ﬁT beiNe
WITh The ProdocTion OF He The POSS|b|L|T“’ ot c.oLllDINb wiTh AN He_
)

He. t He —_— Be +Y%
RecALLING'

our £IrST TWwo STEPS INCLUDe (1) ANd &) we See: ANnOTher
eAamm A oF ENeErct 1S LosT, AS The comcencTrAmon of He' buuds
reacTioN U) 1S more Probabie Than (3)

wo Hel's T0 hind EAcCh oTher

I
because 17 1S hArder “For

ThaAn for 4 He?® To find A He
BUT BerviLium Seven

1ISN'T verYy sTRblLE ANd UNDEr coes bema dechyY 10 Glue
.1

(5) "Bc_’-r-e — Li +y

This reAcTIiON

1S wenaK bur

LiThium SevenN INTETACTS coiTh A PTOTOM,
.7
(6) Li

+ He"

+P —7 He'
This 1s Auery TAST TERACTION CONSIderiNG The hibh CONCEMTTATION of
PeoON 1 The STAR.

If we co bAck To sTEP (M) ANd comMsidéer A PFOTON colliDiING wITh
A Be?, we sec ThaT, - 8
(1) Be + P — B T Y
BuT Boron €16WT 1MMed ATELY UNdersoes decay,
(-7183eq)
(8) RE 5 Re ¢ gt Vv
Then, FiuAwLy
8
©) Be® —= A Hc“
This 3

cAll€d Protomn- Proton [ Process Wwhit€ The sTeps
describe The P-P 1L Process.

H~¢
P-P I Lloses 27.3°% ot The emervey
Produced T The NUTTIND which hAS Soch A SMALL (AbouT 2evo)
Cross-secTon ThAT T ESCAPES,
IS MOST IMPOFTANT,

AMoN These Processes P-P I
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So $Ar we hAave omty Discusséd The Proion- Proton chAIN which
Occurs M YOUNG STArS.DUrING This PToCESS NuTYINOES Are Liber ATED
Whichh CRITE AWAY & SMALL AMooNT of ENerey, we woold LIKE To hAVE
A Good MOTTiNG DeTeCTOr Them wé cootd “see The cenTer ot The SThY
SInce The ShedT TiehT Thyouveh The mASS.

The rATe of LIBEFATION of NMEUTTINOS 1S 30 hieh ThaT AT The CAFThY
surdnce The SLux of INCOMING MeuTrinoS From The Be’ DELAY 1S

t
Cb(‘367) = 10 pec emlcec
And for The RBoron decay
(OYAL) z210’ Peremfsec
Which 5 AN @ ENormous dfeounT of NMEUTTINOS.

Some PeoPLe h Ave SVGLESTEd ObSevuING These MeoTYINOS by Oob3evvuiwe
The ve¥erse TeTh DECAY cAused by LOw ENErGY NEUTTINGG from The
SuN WiTTingG A bArrel of cArbon TeTrachloride wWiTh A LITTLE chloviNg
ONITING LoiTh & NEUTYINO To Sorm Areont 37 + AN €LecTrOM,

AT eV A ke
MosT of The mneuTrinos would be observed or come fvom The P-P 0L
YERCTON bechuse TheY hAVE The hichedT ENEr6Y EVEN Thoveh The
Above FLOX TATO® SAYS The P-P T rencnoN Produces mBour A 1000
NMes AS MANY AT The €nrTh, €Yén wiTh This LATGE fLox omly Aboul

4%1073% Atoms of CA37 Per s€c/per amym  would vndercoe This dech v,
We would MVEEd Twen pbout 100,000 ©ALllons of CAfbon TerraA thilonde

™ SUenMIFVANTLY MeaSure This bombarHmenT

Ao
NoT oMLY woould This ExPevimenT be EXTremely COITLY RUT 1TSS vreSoLTS
would be hiehily ProbAbLIsTic bécause we wootd oNlY GeT oNE resulT
30 1T could n'T he checKeéd. Suck spPurioos etfects AS GAmmAp RAYS And
6Ther Such Thwmes could 1NTrodoce LArce €vTOTS,

The Problém o The ceNTUrY 15 v Devise A NeuTYINO DeTECTOY CARPAbLE
OFf GYERAT ACLUrfcIes.

NuclefR SynThesis

IN The Above rEACTION we STATF wiTh hibrocen And GeT duT helivm,
WiTh Twis FEACTION 1T 1S 1MPOSSIKLE TOo (eT ouT oF This cyYclé becnuse
There 15 Mo STRble €tEMENT Mumber 5. IT 15 Possible for Hed And
He' 7o combine T L;? bur ThAT 15 very vnsThble And QuiceKkLy
CoLLAPSES bAcK TO He' Mavbe He' +He' vield Be? buT Be® Quickly
DecAts 7o 2 Hel So There 18 LITTLE PossibLiTy of GeTTiNG OVt of
The cvcle 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 ProblEm ot kow The hicher €LEMEMTS coerve Yo rmgp WAS A Tru¢ mMysTerRY
5o APRoTMENT TO© The TheorisT. The Theory of hydrocen burnine
JUST cAR'T expAiN how These ELEMENTS WETE Formed. If coe CRIcULATE

The YATI0 of These WIermedATE FlememnenmwTs of 1SOTOPES L® “'r, Re,
B8 ™ The comcenTraATom of heDrocen we Find Dot To The ExTremed ¥
QUICK fercTion The vATIO 1S VITTUALLY 2 €10,

TS A MITACLE TAAT They ExILST AT AU AS rATE AS They Are There
S€EMS TO be Moreé IN These ProporToNS Thwan cAN be undersTood.
The CuvrenT belied 1N The lAvce” ProporNoNg 6F The eLemenTs Found on
€MTW Seemg TO be Due T bambardment o GAMMA cAYS Such TWAT

bg And Preces of maTer hre kKnocked OFP of hioher elemenTs (Tais
POCESS 18 cALLEd SPALLATION ). Where Thosehiche 1 ElemenTs cAme Scom
IS QuESTIoONAbLe Awnd The ﬁrgufne-ﬁr 1S NON-SEQUITAT (e, 1T bees The
QUESTON ) UnLess we AccepT HOYLes Theory - To be DISCUsSED,

¥ The P-P reAcNon wWARS The ONLY ONE& we woultd be tn A LoT of
Trodble., Miivbe The JuNK oM EArThw IS The resolT of Some STAY TWAT

Ex PLonéD ANd SPiT The hepuier crAP ouT TO Giue US The ProPormons
We MO Se€. BuT evert €lemenT PTESENTS 11s owN PRObLEM ANd
The? Seem TO form A TEAL ChALLENGE TO F160re 0UT how Theywere Formed.

WE'LL come baAcK To The @uesTion 0F SYNTMESIS A LITTILE LAprer.
Now (oe TUrN To ANOTheY AUCLEAT TERCNON—

CArRbon- NiTrROcEN Cyele

As A S\d"& 'reﬁc'nom To The (- N cvcle oe will Discuss The C-N-O
)
evcte or bi'- evclé AS Some TATher COrNHY SAY, We consider A collision
OF CATboN 1T NoOcLewS wiTh B ProTON To forn NiTrocen 13 PLES A GAmnmf my,
C'*+p — N3+Y
N R ShorThANd NOTATION we shALL UsE,
"
CHeRYINT = Chip n ey
TO MEAN The sAMe Thing,

The re€fACTION ONCe STATTed CONTINUES ONM IN The FollowiNe MANNER,
Cer N (@Y, VICB P, Y) NY( P X) O (% VIN'S(P ) C'

The resorT oF This whot& C¥ele 1S To Prodbuce bAcK The cAfbon

Nucteus € Plus Hour Protons wHich combive To borm A helium
NMucteus, Thus C'" sServes AS A CATALYST FOR The ProducTion
of helivm. Rieny NMowWw we won'T worry where Twe (A cAme ‘Y’TQM-

This reAcTiON WAS ProPosed before The Promym - ProTom cyeclé So
IT LWAS MOT KMOWN where The ENEre? chme from To GET 1T STRrTEd.
ALso T 1s diFfcuT To cALCULATE which CeERCTION 1S 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.

While we ArE WANDETING ASIDE )T MIGKT be A POINT of INTeresT To
PoiNT ouT The CLUE TO UNDEVSTRNDING EvervThiMG, IMEVITADLLY
whend A maAn oF COMPETENCE enTers IMTO ALINE oF busiNEsS There IS
SOME brock hepd Above him Who wet hfis To be AN IMcomPeTenT
1D1oT. WHouDID he GeT There ¢ 1F The o Lesser MAN exhibiTs hts
SKILLS he SOom wittl be PromoTed TO A Pos IMoN 0F hicher STATUrE

And TESPONSIBUITY, AS hig comPETENCE INCTERASES So Does his IMPOYTRNTE €
UNTIL he Too 1S PromoTed ouT of his cwM LikTS And he becomes
The bubeliNG feo Ll he once $cOrNed by Then, however, he doesn'T
LooK Arvound ANd s Less cnTicAL of Wis Peers And SgPer brs.

COMTINUING ON wiTh The CArbon- NITroGen CTCLE we musT NOTE ThAT
For Thiy cYele TO beEGIMNS YEQUITES The Presence 0F carhon. Where
DID (T come From? (T (SU'T A STAbLe ProDUCT 0F The P-P Cvcle YeT

T IS PresenT,

Afrer The kﬂ)gooem 1S exhAusTep The STAY GoES Throveh A eraviTATIONAL
CONTrACTION which resoitTs IN A MYch hicher Temperfru(e AN DENSITY, e,
Aboutr 1p8°KK And 105 6m/ce nesPecnuery. These Are The Red Gi1ANTS.

AT These exTreme comMTioN S hetium S Fused wiTh  Tserd TO form
cArbor. The reAciom LOAS ProPOSED by SALPeTER

He%t He + 95 Kev — Ees +tY

NoT onNLY DoeS Twis reACTION CSONSuUME A LoT 0% €mveroy NRuT ALSo The
Pevgilivm 1S UErY UNSTRbLE M 1TSS @round STATE ANd DISINTEGrATES
BACK InTo Two helium ATOMS IN fibouT 10 ¥ SeC. So how Do coe GET
CAtbon 2

There 15 A STrome TESONANCE |m The He'!' + He' reAcmon AT AbouT 310 KeV
soch ThaT The helivm Piddles AtoumDd LoNe €nvouvch for The Rel comcew-
TrATIiON TO BuUuiLtd v? ENOUoh S0 THAT

Be? = o

Het
White 107 of SomeThing ISN'T mMuch of ANYThinG 1T 15 MoT NOThing.
So, There 1s The PossibiuTY of The hillow IMG reRCMON,

13
Heq‘rBe& —> C "+ Y t 7Y Mey
SALPETEr eSTIMATED AbouT 1In 10 mocler 1 A STAY 1S A Bel 1n
DYNAMICAL €@uiliBrium 1IN The dboue Process,

To SAY A [€ACTION CONSUMES ENEFGY OF 1S ENDOThermic MEANS, IN The
Chse Above, ThAT The bounp STATE 0F The TReryilivm ATO™M 1S — 99 KeV
betow The lonteaTioN POTENTIAL wheve The €lEcTroNd would be tree.
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Hovle  iM ProPoSING hi S STEADY STATE TheoRY Arcved ThAT The WNITIAL

STEWAr MATIEr WAS hyDroceN. AS Such |T would be EXTremely UNLIKELY
THAT The YESUTING TEMPErATUrES coutd moT POSSIbLY CreATeé ENousch

Be8 To umMiTe LwiTh He' 10 crenTe C't And Thus 6eT The hicher €LEMEnTS

GoING. HOYLE ProPosed ThAT There mMusT be AN ENETGY LEvel AT T1.360

Mev of even Parity And SPIN O dor A DecAy To €'t + Y. His Theory
Tested vPon This POINT OTherwise he couldn'T ExpLAIN how The oTher EleménTs
were tormed. HAume ANNOuNCed This To The MucléAr PhYSICISTS w ho would MT
betieve EThey hd MiSsed Such A Llevel IN SPECTTOXOPIC €XRMINATION

of thrbon, They Senarche B AND foud @ Level AT 162 S MeV of The

FlehT SPIN AND PARITY, This Thed  exPLAived how The heaT KePT buitawme
IN The red GIANMT.

Hovle HAd Theortzéd ThAT Durint MUCLEAT TEAMoM of The firsT GenveraTion
STRY L&, The heprocem burMers 3omE of The heAvier eLements™ where stuThesized.
Seconn GemeraTion sTrs which coneented from The rempains DY A firsT ceneraqon
CONTRINED These hicher ELEMEMTS bur buraT Primprity helivm. BuT The

Cvcte 1S repeATeD ANd The hepuler €LEMENTS GeT more PLEMTIRUL, BuT

Hovite hWAd T GeT The heAT Hrom soMewhere T Pre @€t The C' formed

ANd he waAS corvecT IN hiS PredicTion.

However, he UNfor UNATELY Abpnboned his Theory when €xpeeer A Ted
YESULTS CONCEYNING QUASATS LeD hiMm To bellevé HIS Theory wAS
INCONSISTENT, WiTh A More cAreful STUDY He wishes Now ThAT he hAdn'T™
MAdE his STRTEMEMT For MOT OMLY Does his Theory STHND AS A MILESTONE
IN ASTrOo-PhvsSicS buT T tePresenTS The Power of cAaretul ThinkiNe and
refblecnNG The ProPermTes OF The unverse 1MTo The ATOM.
Feynman on an accidental universe?

WhAT we reRLLY NeéeD TO STuUdDY Are The MIRACLES of The MySTeries
IN The UMIVErSE, The CharAcTEr oF The uNiVerse dePenns oM Too MANY
“Aecroents! 1 seens UNMLIKELY Thar God Gave Hovie AN eMerey Lleved
4, So his Theort worK ouT. OTher “ACaiDenTs" LIKE The mass of The ProTon
Q a beine A TINY 1T SuALLEr Tant The MevTroM HAVE FAR Refiching
j CONSEQUENCES AS To The MRTUrE of our universe Just how mouch of

WhAT Loe S€€ dePeNDS on ACiTOeNTS ¢
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 Q7
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.

v
*-x

\q
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Muclear buming occu ; :
boundaries bef | Exampla of nuclaar ra
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T
IT TurnNs ouT The YERCTION, He""t-\see - ! +T, IS A dATM HArd wAY To

MAKE C'" buT 1T 1S MAde ANYWAY. PErhAps There 1s ANOThe WAY \T CAN
- e Goind nud, INdeed | There 13

3 He'—» C"4y

ThaT 1S, IN The wre of Red GiANTS Three helivms Getv ToeeTher
ASTEr TaaN A helivm cAN find A Scarce Rervilivm ATOM TO SMAJK
APATT AN Ffor C This reAcTion TENdS 7o PromoTe The ProducTion

of ¢ hich cAN Then undero A whaole STriNG of svccess
reAchon s,

b/ 36
C'(x,¥) 0", ¥) Ne (&) Ma“’m;,\s.‘%(oc,ns“(o(,nA
And A“( “nK)OCa.“

Yo -~ ProcCess,
So coe hAVE TUN The wAmMuT From ¢'t To CA b9 This R-P

i The STAY BourNs T heltum UP T MGhT underco ANoTher GrAviTATIONAL
coltaPse ANd heaT sTite hicher. | § T “boesn'T blew UP, CATbhon
Nuclei cAM cortine And form,
Ctye't Haw+2{
or — Nelo + He"
) ¢

OTher rencMONS wITh oxy eewfn:xis :x:}:u Nvcler wiTh CrRboN could
form AL The €lemenTsS Up To

ITON. 1§ The sThrr becAme unsTARbLE
IN The INTerim 1T could €xplod & A Moy Le PredicTs And SprAy

The spAce w1 The hemuvier elémenT which coutd cotleeT T

form
The hicher GENETATION STATS AS he CAlLS Them.

For A ttPicAl STAr of relaTve sun MAss, I The emeroey consumprion

TATE (S MG) Y WETGS
%ml&t—c
Then ;T s PrimATIIY A ProTon- ProTON TEACTON.

£, The rate 1S Hicher boT of StMilAT MASS

Mo ~ lo3eres o ~ lo%s T m 108
g ™/sec

The rATes ot reaciod woltl be 6REATLY Wcceler aTed.
White for A mAss ANd raTe o4

IlOM@ ~ 107 €re F ~ 10%5 . T~ 2.Sxi08
GMISEC

eiANT Phhse.

we ArTeE IN The helivm - Red
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ChArPTERG
PrororTions o} The Elements N A STAR

The NeEXT @UESTIOM To ASK 15 ¥ The hiGhey €LEMEMTS Are prgbugeg' IN
whAT ProPOrTIONS Do They APPEAR. To show The empirrcAL D15TY1 buT 10N
Q
We witt PLoT  C'* 0™ gnd Ne™® AGAINST The helium cOMCENMTTATION, THAT 13,
We witl €xhibiT how The YHlocTunnon 0F The hiwher €lémenTs vun!
As The helivm 1S Slow LY COM SumeD,
I
Curves ShOowING YELATIVE coMcenTrATION
of 't 0" And Ne*® g5 A

Produc - ftuncrion oF The hevium consumpTion.

I
|
CONCENTYAT 100 }
|
|
1

{3
oy
Nf:

1 [)
HelLium -

COMCEMT TATION

The Above GrAPh 1S AT besST AN INTELGENT Guess AS 7o The AcTus L
ProfortioNs . One ProblLean AS Discussep A LITTLE EAruer, 1S AT Low TempPerATufeS
The C'z(d'\() YATE 1S Aot u'ueLL-KNDwN;So we DON'T reALlY KNOow how

‘HST IT GeTS GOING, Also The hioher etemenTs ATE Formed very stowl? Due
To ThetR CONCENTPATION AND AS The helivm burNs oyl IF 1S hard TO
Prepict whAT ProPormoNs The oTher cremenTs will ASsume AS They STATT

To rEACT wiTh €ACh oTher - ProviDen The STAT YEMAINS STADbLE.

of & LiTLe mMORe INTETEST. The pProporTionm of The clements tN The
Sum ATe AbouT

' Ne o N&& MM

5.5 .o 9.6 5 0.3

The PrororTion of Ne“To Q' PresenTs A Probiem LN €XPLAIN why we
sect SO0 much Neon:. Imorder To GeT esseNTIALLY A TVl YATio The
Temper ATure mMusT be very hieh To have 0O oo over TH Ne?° BuT
Ne* has A LAYGE CroSS-SECTION And would 6o rGhT ON To MAGN €S1UM
which 0ddLy eNouch IS ¥Fwoe AbouT 7% tess cONCENTTATEd ThATd Net®
ONe source ot The INCONSIsTENCY MIGhT be ThAT The Ne?® Abomd Ane
rte s hAard TO deTerminge TELATIVE To The oThers becduse 1T has A
hioh lontzATIOM ANd hard T® S€e SPecTroscopicAlly,

So we hope The Ne*® CONCENTTATIOM 1S WIDNG OF €lSe We hAve
A loT oF cxPLAINING TO Do,

We hAve PrelY  (ell COveren The €LeMenT ProPorTiONS oOF PIODUCTION.

WiTh The reAcTONs MENTIONED ON The Previods PAGE AS The helive burms
OuT AMd The TemPerATure APPAAches 107 "W The hioher eLemenTs become
FOSSlbléll,g_, uP To ITON. Buil As The TemPerAtTure TIS€S , The NeuTrmo
Producon BREwmMEy More IMPOrTANMT And We NOw Turn TO 1T,
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FIRST, however we MiGkT MENTION ThAT we hAve become enerossed 1M A
Side TrACK §TOM our MAIN o AL, We SeT ouT To soLve The piflerenTiaL €quAnons
ot A STAT AS €ATLItr Described by se€ekING To Find €xPressions for The
- OPAUTY ANd eNercy GeNErATION. To This €Nd We hAve beécome boeger Down
IN The Nvclear reAcTIONS AND SYNThests nstde STArs, We will GeT bacK To

The Problem of S0LVING Those €e@UATIONS IN A wWhite buT MOw wé wiitl STHY
OoN our Si10eTrAcCK,

As AN oulTLime To DATE WeE CAM collecT The NucléAr SYNTwests AS Fotlgws
(1). He' (hetivm) wAs ObTAined by The hybrocen bormine Process white
He® wWAS AN INCOMPLETE Process of The P-P ch AN

(2). DevTeriom, LiThum, Berviivm, AND BoreN we BY-PASSED DurinG This

P-P Process And wé so UNSTADLLE ThAT They could noT hAve resulTeDd
from The INTernAL COOKING of A STAT W

€ ProPose some NON“TkthﬁL
Process 15 iNVOLUED which sTIRS The Gogp VP TO The surface : per hAPS
The sotar flares or €xPtoSIONS GeperaTe hich ENErGY PArTlCILG.kau.i\
bombATH helivm and cremte soch Tinves A

S U'Thivm,
(3).C"’l0"' The VEIT Two MosT Abuw

DANT E LememTs come from hevvm
burnine, From This Process we cAN Also 6er O'B & Ne™
f

Theseé CONMVENTIANAL NUCLEAT DPrOCESS Are

P-P —= hetlivom
CNO —=> heLium

3He —> c¢'t 3 helium burners
Qll+c|1 —7”9:“'
O'*+ro'* _, g3 S

"Horoc,e,u burner ; The CATbON CoMES {ron
Previous SymThesises

C burners
O bourners

We TECALL e OMLe TRIKED AbooT PoPuLATION L1 And 1L STA!S where
The I'S we clAss $ied AS Those n The ArMs oF SPITAL GALAXIES ANG
The I s were 1M The GobulAr CLUSTErS. The TL'S ATE very Pure of

The heavier ¢LEMEMTS AND were mAade when hydrocen was PrEVALENT. white

The L's ATE YouNMGER ANd Tichey IN The hibher ELEMENT. Tere s S0me

SuPPorT 1N HovYie's X PIANATION Thar The B I'S were A resoT ot
A CONDEMSATION LowinGg AN €ex PiosioN of A IL, BuT The Spirac
ArmMs MICKT hAve beenN foRmep DIffFerenTly or The Core of The
SPIFAC covld hAVE SQUITTED ouT The DusT ANd CrAP IN Some
UNbeKNOwN FAShioN, There Are NOThIN & buy PUESTIONS here |, We

10ST Don'T UNdersTANd how The sTufE ooT ooT Fwmom The INSIDe& of
The sTaRS.

We missen STePs 4 AN S ANd Thev Are
20 Tty Ly 3 b URN
) Ne®, Na” Mq", AL, S from catbon buRmiNG

& ”%- AL; Si ' P, SBL $rom OXRYGEN bUTNING
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So ohfAT NexT?

WheT AbovT The Abundance of €leMenTs Arownd 1RONT CAn The Abundance

be ExPLAINED by SoMme INTErNAL STELLAr ProCeSS or Perhaps 15 I1T Due
~— To AN ExXPLOSION. Atter hetlivm hAS besn bBUTrNT we Are LT wiTh

PamanLy S, and s* WITh  Si beine very AbondAnT A4TEr The O XY¥6eN

burNiNG. We hAave To STudy SOM € NucCleAr ProPeRTIES.

W
€ WANT To PLOT The PACKING §rAcTioN AS A funchion of A To eive
The vAriATIoN 0 The Averfoe bindine ENETOY Per NUCLEON.

Enéver oF MucLevs 1S A MeASure of how Mue h umpt
IT (MTO ProTONS ANd NéuTrons. This biudiNG enerey

The T3 ndine
IT TAKes To KMoOCK

IS rel ATED TO
The Differemce of MASS 0% The PUCLEVS AN The sum ot The NeuvTrO S

And PromwmMs, 1L, , The mASS defect AM. This, by €insTeIN |, roes US
The Enverey z
B=4AMc

ExpAnded out N Teems of The MAss of 4 NeUTrAL ATom MC%,N) where
2 €QUALS The ProToNS AN N The MEUTIONS And ProTon ANd
NeoTron MASSES Mp And m,y, TESPECTIVELY,

T
BEZ,N)=[mpZ + mnN - M('i:N)]C
The PACKRING FrAcTiON IS Then

NMuctleong, The wvaLves Mp ANd m,
To MAKE The PLOT wWe GeT

B/A where A 15 The Mumber of

Are 1.DO0TSY And 100898 resPecTivery
SOME ThiMe  LiNg,

ENeérey
Per
NUCLeON

(l"le\/)

8

[
BindinG v

2

°

10 Yo 6o 80 loo 120 iyo 160

A —

So how Do we EXPAIN ALl These DOTS] AS WeE MIGKT expPecT AS helium

Yuns ouT ANd The burner TurRMg off There 1s Mo Pressure To hotd The
STAT VP ANd 1T tarlL OULLAPSE which cpvsSe The TEMPErATUre TOTISEe TO
The POINT ThAT MAeNeSIUM AN SILICOM CAR REAT wiTh ThemSELves ToO
form STHL hicher elememTs. BuT The coutomb POTEMT I1ALS OF These
NUcCléie Are so hich  ThAT SOMETRING else MusT S WRELY happen before
The TemPeraTure ¢ €TS  hoT €NOVeh 50 The reAcTIONS CAM Go.

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 INFRCT, hoT G AMMA YAY TeAcTions 6€T GOING To cause The fotowme,
3% SasT 31
¥ £ S, P

Y + S;m———-’ww A;v

ENErGETIC GAMMAS

perfeFed PeePeal QUILKLY €ATS The PhosPhorous And
we eveuTuRL GET bacK STAbie Siticon &8,

32 3 . 8 29 2
ST, R)PTOY, R) S () sy m) 58
We Thus 6ENErATE A LoT ot ProtTonus ANd MEUTRONS whiclh cAan HBANG INTO
other Nuclel ANd eVENTUAL FoRM heliom

Where upon The

PtPtm+n — He'

The TemPerATure 1S Around 2.3 X 107 °K  for eAmma TAY reAcTioNs.

O
I+ The TemPerATure soes on uP To 3xi07

K. Then AlL These chArins
LIKE

8( Y P) A,( GeT ENOYMOUSLY COMPUCATED. The NMeT resulT

15 The DecnAy Peri0D of NeuTroMs bein G 3x10° sec. or AbouT ONME houry

SAYS Thines hAPPeN Premmy ST, I we Go oM uP IN TEMPETATUrES,

FurTher TeAcTiONS become €NAO-Thermic or Thev Absorb eNereyY As Shown
by A decreAse IN biNdIaG ENEY OV,

BuT The reacTion rates Are so #+asT AN furious PRTONS caAm exisT
IN €Quiti brivm wiTh The Mt Nuctedr. S0 we have ™o shit our
ANALYSIS To oMe of STATISTICAL MechaNics To €APLAIN how The ProTow
Goes @round TrYinG To FIND ITS LOWEST ENErcy Level.

ThaT 15, To GET The Mumber of Nuclei with A2 AT A Gived TéMPerATure T

= 3 a3y ~EAl MR 4, (A2
N(Az2) = G(A,z)(zm:\ir) AV G R

where M = MAsSS O'F- NUCLEVS

Mp, Mw > MRt of protonm a NEUTron
E(A,2) = NUCleAr EMEYGY

G(AL) = Spin frcioR

Wwhere we cAn Find The concenTrAamon of ProTon To be,

MNp= 2 (27 HMp kT)™ o ~Melht
AT

The NULEAr ENEroy 1S whAT we discussed errtieR And cALED B(MN2)
E(AZ)= C[MAZ) +2Mp + (A-2)M ]
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AausLiy The BoTom of our PACKING Plor 15 NOT Too well DeFines And
IT 15 A Trade off AS To which €léemenT AMOUNT such ThiMGs AS
Fesq, Fe“l Ni®C DUOPIES ThAT MINIMUMVALUE, This mINIMUM UALUE IS
NOT TemPer ATUré DePENDENT AS would be ANTICIPATED buT rATher oocs
wiTh The CoNtéNTrATION of €roToONS ANd NEUTTONS  Np,Mp -

Ve, mpzn, Then The Tenmdency 15 Towards NicKel, We €xpecT 1O
TeAch This €quAl coNCenTTATION 1§ we STATT wiTh 5:*% (Ghe? Recause

¥ reactions Do NoOT chAnce The charce Nor Do we lose ANYThing boT
SomeEe enNero DuriNG [b-becﬁv.

We Do MOT UNDerSTAND wt where The ELEMENTS TO The richT of The MURD Mum
tome trom. They hAave A PosiTive binding eénerey ANG could NOT hAve
hAave been formed by STAT CooKeRy.

AnMDTher Problem 1S for IMCreasecd ENETGY or TEMPETATUTE Fe ¢ collapses
back To hetium 30 whaT happens RETeY The hour ? 1S €very ThinG ThaT
15 30 well CONSTrucTED desTroven by A CATACLYsmic explosion ?

To Add furTher MisApprehension To This whote confusedp ANd ProbLem
Yiddled Theory TO Guys NAMeD FeynmAN ANd GeUMANN 'NTYoduced A
NEw Theory ON NeVTrIMO Processes which Threw A NonKéy wrench N
This ASTroPhysicisTs Theory,

BETA -DECAY
The firsT Process we will menTioN 1S ONE we hAve been DISCUSSING
buT witl defiNe ANd MAKE A UTTLE cleArer here, Most  f The arri Fiennty
Produce d rAd10ACTIVE Nucléi undérco TrANSTOr MATION INTD STAbLe SPecIeS
by €mission of €Ther €LECTronms or POSITFrOMS -~ COLLECTIVELY Twis 15 (5~decﬁ\’.
H A NUCLET 1SuNSTADE DECALSE T hAS Too mAnY NeUTTONS | T witl €JecT AN
clectron. I+ T hrs T00 MANY ProTonS, IT €1ecTs A PositRoN. The former
Ave sTAbILITED dY comversion of A NeuTreN INTo AN ELecTTON (Which LEAVES
the nucteus ) AANd A ProTON. The LATTer UNderoo Comversios ¢f fi pProTon
INTo A neuTrom PLUS A 2051TTON , which 18 eMTT€d from The NUCLEUS.
BoTh €jecTed PostTrom AND €1€¢tTronS hAave ALIL PosStblée vetocrTIes,

IT 1S PoSSibLle 1o Achitve STALILITY ANOTher wAY ANd TWAT 15 bR hAVING AN
ELECTYON €NTEf YO The Nuclévs ANd rEAT wiTh A ProTonN To $OrM A NeoTrOM .

The emercy formed 1n s Process 1s Liberared by 4 NEVTTING which hAS
A Teto resT MASS. Decay oF This Rind s cpited elecTrom or K - caprure
SINCe The €16 CTRON CAPTUred by The NOCLELS geNETALLY COMES from The
INMET-MOST €LecTron orb)T, The K -Level,

AN exAmpe oF elLe(TRON CcAPTUTE,
Be + € — L' +V
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u RCR - Process

The second Process which we atscuss 1S ThAT Theomzed by Feymman fnd
Gell-MANN 1N 1957 The Procesg tg chtled The

The ?Process Goes LIKE This
Some eLemen]

U—u-ur', Ka Process.

- INWISE 5~ DecAy
e + (%,A) — (Z-1,A) + ¥
(2-0,8) —0 5 oy tz,A)+ Y

€ +RA) —u (2A)1 € +V1Y
This Process SAYs A ELECTroN S Driven nTo The Nucléug

ANd (T 1S CAlled The URCA ( The AmbLe CAPITAL of The wortd SN Brazin, AT
The Time ofF The wWriTiNG ) Process bechuse eiher wARY The Process Goes
IT tosses A LITLE enercy, BT 1T 15 A4 wav To GENErATE NEUTTING S
AN ANTI - NEUTY INOS  wWiThouT ANY Funditment At Chanees occurrine

BuT The NeuTrines cArry AWAY A cerTIN AMounT of EMETON  ALAIN The
CAME GOES TRAT The GUTS CAN'T hotd up The STAT ; IT beoiNs To collAPse
AMd GeT homrerR. This ¢eTs The PhoTONS GoIM G heTTEr y more €LEcTroNs

€T Driven INTO The Nueleus and Poof There Go€S A Superaovnc oR
SOMeThiNG. T“oweuer, This Process 1s overshadowed by AN ALTECNATIVE ONE.

B This wiioet Process e + et —n Yty Produces A strance eHecr Aaud
ThAT 13 To LiriT The Time which 1T cevuld occvr, Thar 15, The cross Secfion

- - S L -
bor This resemas 5o wmawt o= Mot (& )( @ 1) Cm J ThAT
Cemler of ' £

v:.u-mnuc
The PosiTrong GENETATED by

The ProToN s As M(—uTmmJS;DG”gQ,L e Previovy
PAGE AT A cioen Temperature 5 Possess f hiow rate of
CNErey loss 1o The Ne€uTrinos, 1e.,
dMy . L{.(-;X‘O'S(TXIOQ')&« for T > 3xi0°°
At . c‘l'slseg
= sxjo'8¢(

At TeMPerRTUreS of The orderod 3x10Y °K The [ime TV &MPTY The
mess of 1TSS ThermnAatu ENETOY 1S,

Therm AL ENERGY

rate ot Y emission

There MusT be an IMPLOSION or chAoS or someThiING Screwy
GotNG o, ThiS ProCess has ShooK up 4 Few ASTro~ TheorisTs
buT wenT UNNOTIced for A white, We haue To CoT FurTher Mhougl
TO Seek OMe sorT of credible ex PLANA TION. There Ate A couple

Fore Processes which we CAN STHL DISCUSS f#s PATT ot Thig
URCA PROCESS,

2 hours

it

10Y
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The Process jnmuvoLuiNG A

StMiLAr \}1-\7
A PLASMON Decay ;g

ProducTion vresulTs from

Y — V+V

NOTE: o€ h Ave PreviduslY usSed ¥ To DenoTe A GAMMA TAY; here we

@\Ve 1T The MEANING o A -?'UNDAM&MML PATICLLE The ‘PLﬁSMOM
This Process wontl Go AT The nehT PLASMA Sfeequency

Atso There 1s The PossibiiTy oF The PLrsmon INTETACTING w)Th AN
ELECTTON IN The followiNG wWAS

Yte —~— e +y+5

The Two0 COMPONENT MEUTYIMOS ATe MOT INVvAriANT umder SPATIAL Refléexion
ThAT 1S, The MeuTrinO SPIM 1S ANTI-PATALLEL TO TS Momentum ANd whiLe

The Som or ANGULAY MOMENTUM FEMAINS UNChANGED Under A SPATIAL REFLEXION
The monenTum chaMGes S16N, The

ri
MEUTYIMD 8 REMAINS UNChANGED
ONLY |} we PreFORM  SimuLTANECOUS sPATIAL veflenon And chARre
conduGanon. Thus

The PATTY CONVErSATION LAW 1S VIOLATED by These
‘P&rTches.

A chARGe coNJUGATION SIMPLY MEANS PARTICLE -~ ANTT -PACTICLE

ILiPPING oF NOTATION. LIKE A PosiTron To AN €léctron. INTETESTING
TO NoTEe The MeuTrIMO WAS ND el tcTricAL c\r\ny(,e Will noT INTEY AT
WiTh AN eLecTro-MAGNETIC Fletd | A SPin of Ve

ﬁNd ResT mMAss of Tero.
BuT ;T 5Tl Does A LOT

r TS NoThmo:uess
SuMMATIZING our PAIR ProbducTons

() e +et —s vty
) Y > Y+Y

(3) Yte —> e +VtY

WE AN PLoT The rATES of PAIT ProducTiod To Se& which 18
DomiNANT ANd WE oeT
W

1 T
koo Tenp.

PAIR  ANNTRWLATION

. SMON

PLA /xecrrou
A : 57 + & Y
G

7 ) q 10 1
Lo densiTy ( @M
cC

L)

e
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e

Qur Problem 15 To €xPLAIN why Process () 1T SAvored Since &xPerimen TALLY

The CroSS-SECTION 13 SO SMALL WE cANNOT OBSEYVE T Howeuer BeTR-DeAY

IS $R Understoad T A hich deoree TodAY SiINce The CP Chirce And PACITY,

VioLtAT1IoN WAS been STIALGWTEMED ouT. RBuT The 6XIST,€NC(- of NormAL

BeTA DECAY 1S NOT CleAr. ThAT 1S To SAY The diréction of BETA DecAy
Pte = M+y

DePends ond The eneroy of The seSTemM, hore expuia Ty Fermi oneinnLLY

PosTULATE D (:5-0«6*.' WAS ANALOGOUS To ELECTrOmMAGAETIC TAMATION ANd AS

Such The fes Z-M rA\ATION 1S DUE TO A TiME-DEPENdENT TRTET ACTION

between The rAd(ATION svsTem (The ATOM) Aud 1S SUYround NG E-M fiend.
The MTEACTION LEAd S TO AN ExchANGe of ENEroy betwees The SisTem
And The flecd.

The Above TEACTION CAN De RewrTTEN

ot ecenTLY 1M TETMS 0 The ANTI-PAITICLES
BuT The (eRLTIOM (3 The SAM¢

N+et — Pty
Thas we ¢cAN ThinK ot The

rEACTION AS 0CCUrriNG [N The followinG SChemATIC
DificrAmM,

ThAT IS There 1S A TYANSITION Trom A NEUTTON To A PrOTON whilé S/MULTAMNEOUS LY

There 1s B TrANSITION Of A PosiTroN 1NTO AN Nes  ANTI-NEUTRINDG, Whit €
we Don'T KMOW wWhy The reACMOM Goes we CAN déscribe TS ExSTeEMCE

INTermg of A TYANSITON AMmPlLTude O0F The Two reacmons JuST MERTION €D,

To €xpress ThiS TATE of BeTA DecAyY ArSiNG by A CerThiN TYANSITION AMPLITUI €
beTiueeN These PATTICLE WweE will ADOPT A S horThAND NOTATION. } ¥ The
BeThA DecAY WAS TawriiTen STILL AMOTher wAY, TEMEMDErING To MAKE

R chArGe CONJUGANON WhEN we TaKe The PAFMICLE from ome side TO
T)\QaO'rheT“,g.,

N+P s—>e + VY

', - —
o (€ v)( P n)
& 1S A coefbicienT whith we WILL DISCUSS 1IN A MINUTE. The

Terms IN PATENThe SIS vEPrESENT D\el‘\-MPuTUd(-S(uuﬁh ufrte facrors

oM TTED Which TELL wheTher The Spin oF The NevTron ghd ProTon 1S e P
OR DOWN buT spiN IN BOTh Are The sAME ) of B -Detny And This

AMPLITUdE To€s DePend oM The SPin DiRecTOM. HOwever The wortd
IS 50 COMSTrucTED ThAT The HAMuTOMMAN of This TeactioN would
have ANRMPUTUdE sSuch ThAT IT SdeScribes A unidirécTIoNAL TYANSITION

S8 we mMusT ADD The herm i TiAN ¢conJv6ATE of The Above refcTioN
To PertT TEAL €XPecTATION VALVES TO be obmAMed,

WeE wWriTé

The
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We Thus Preserve The hermimiary oF The HAMILTONIAN by wriTiNG T AS
, - o begnd —
d[ (V) (FN) + (NP)(Ve)]

Where The CoefficienT 15 The SAme 1N BoTh Processes.

At The Time 0F The URCA Process PUbLICATION There weRe OTher wenk

DecAY Processes which hAd T be considéred tor A COMPLETE DeseripTion
of The fumda menTAL Processes. uusrorTuNATc-wl The exisTence of oTher
WEAK INTEFACTION Led T AN INherenT (ONPLING be Tween The ProOCESSES
Wwhich COMBEFHEA COMPULCATED The MAThem ATICAL DescripTION.

There 1s PreseNT A MW MU- MESONM Of MUON DecAY which ooes AS,

100 %sec -—
e + Yty

The NeuTrine AMd ANTI- NEUTFIMD EVOLVED ARE ASSOCIATED WITh The Mu-méSoON
ANd € LECTrOM TeSPECTIVELY, 1§,
1

M 7 € + Wy + Ve
Wwe cAN RewtITE The EQUATIONM AS -
- hund . /{( \';
A *'e —7VM1‘VQ /M \,\,M”wal‘,fl'}/q
The combineD HAMILTONIAN ANALOGOUSLY TO The Ahove e Ye
YEACTION

a[(e'v)(\—ju/t) + (/‘IV/W)(VC)K

Ir1s NOTED ThAT The NeuTrinos Are NoT The same And Some how They
“YermEMber" where They C(Ame from, ThaT s The NEUTrinO “KNOows ™ 1T IS

A Mu-mesoN NEUINO And The ANTI -NeuTriNO  KNOWS |T 1S AN €LECTrON ANT!-N.

We have STILL ANOTher mMod e Of TYANSITION ANd TWAT 15 for A MEGATIve

MUON. 1T 1s cALLen Muon CAPTUrE; The A7 IS CAPTUrED by A NVCLEVS Like
The K-(APTUrE. This Process s,

M P — Nt Yy
The TrANSITION AMPLITUd & CAN bE woriTFeEN AS

ot [ (Y)Y (FN) + (NP)(Vu )]

where AGAIN The ANTI-NeuTTrON FeMmeEmMmbers 1T 1S A MU - ANTI NEUTTINO,
Mote ThAT ALl The coedhrarens A’ a,a" Are different So HAr buT
We witt Soo M Discuss There INTEr retATONShPS,

ST ANGTher SE€T pt DECAY MODE hAs been PredcT €D MUOLVING The
Lambda (A) ParTicle, One Such DecAy 1S AS follows:

N — pP+e +V
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SUMMAYIZING Those TERCTION rATES

b{_ (ev)(PA) + (KP)(VG)]
. BLGEWI(RA) + (RP) (Vu w)]
BLINP)(FA) + (AP) (P N)]

These €QuATIoN S ptus The OTher- Three CONSTITUTE ALL oF ReTA DecAY,
The Probl&m 1S There Are ALL CooPLED TO GETher, This covpline

come
Some from The coefficients which ARe NoT Al €Qual buT found T bels
Q' =.97a
oM = o' within T lor 2%
b = («24)a T 10%
v~ b £ 10%
B = b’ Prefy well

So whAT Do we Do?

Wetl, we see we CAN  expRess ALL The HAMILTON 1ANS IN TErMS of QJ,,E_’
wriTing The £irsT PATT of The hAMILTONIAN,

Q[ (e'w(\?u,q;] (1
97a.[ (€V)(PN)] (2)
Ata [ (V) (PN) ] (3)
(2400 (€v)(PA) ] (M)
(24a) [ (V)P A) ] (s)
(-24) L (NP)(PA)] (6)

Now we see where The Probrem reAwy IS ANd ThaT 1S Fhe couPuN G
Between The reActons . Covpting such AS €QuATion (1) ANd (2)
And R)AND B) €TC. To UNCOUPLE These €QUATIONS We Guess AT A form
someThing  LIKE The folLowine for The TranNsiTioN AMPLITUde PropormionAL To I%J

,‘;;,_‘, st anet

Q.{ (e'v) + (VL) 1-tﬁ(.qnvf.Zq/\)]}{(ve')i-v,;ﬂ +L( 41N + ZW\\P]}

To see why This whAS chosen LETS &xPANd 1T LIKE Wwe would
(a+br c)(dte+ ¥§)

where = S (BAR) = (ev) t(NP) + (V) + (STRANGE PARTICLE)
The (ross Term (PNI(EV) 6ives Mdemu (V) (€ V) wivés pu dechy,
ANd (/V/A)(NPJMUGS/“ CAPTUTrE,
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The Products LOOR SOMEThING LIKe,

aley)(Ve') +ale V) (Vaun) + -97a (e Y)(N P)

+ .2ua (€V)(AP)
QA Va) (Ve) +a(dvag (Jupu) + A1 (AW)(NP)

4+ -’LqQ(’:{'V‘h\)(,-\ P)
ATa (PN)(Je) + .24a (PAN(TE) + A7 (PNI(Vma) 12420 PN Vu M)
Q (9TPN +.2PA) (ATINDP 4 .294P)

(Do (FN) (R Py (1T (2q)(BN)(AP) + a (a1)c.2y) (PA)(NP) + q(.ltl)l(ﬁf\)(lTP)

So we hAve A reAl NesSs — well, 4es To The €xTent we have jmPLED The
CxisTence of some YCACTION couPLING bY TrYING To SIMPUe The decay
HAMilroNn (N our iMITIAL form. Such veacTioNs

- g A Qe Y)lye)
ANd A (M Yu) (Y k) ATE Mow TMPLIED TO 6o dependepe” on The
AmpuTud & “‘a', Expervence Teus us (%)

WE CAN
PERCTION MY whenever we hhve

SubstTiruTe The
€ Y. BuT This DOEsSn'T $0Lve our Problem.

BY MRV ING such reAciloNs As a (€ y ) (Y €) MuST occur IN ASTAR 1T 1S
wiTh A BenicdN DISLIKE £or 3o curtent STELLAy ANd MucleAr Processes
ThAT we Do 50. The Problem 15 - how Do we KNow The MONKEY wrenc h
15 1IN The STAT AS wWE hAvE JOST Thrown 1T Theve, The ASTroNOMEr
Yeirs To FEYNHAN TO GO bAK TO his cRAZY ThinkiNGe aNd (CAave HI1S world
ALone. BuT cvent TS Doesn'T Digcournee A coNeepiAl Gut LIKE fey N MAN

so he Go€s bACK T© his PaAper And SAYS, AL RIGhT You 6vvd fou DpoN'T
KNow WhAT You See bvr |

do . I+ You don!T S€€ MY FeATMoO M, weLL
1T MieWT NOT VEALLY €xiST buT ThAT ONLY MMEANS The StmMpLIaTY oF

BEh wriTiste The HAMILTONIAN 1S imPAITED . So M'LL TYY SomeThiNne
DifberenT.

The Processes PreDicTed Are MOT  Admissible AS They STAND because

PATITY ANd chAfGe Are mOT CONServed. While ToeeTher ¢P s CONSErved,
The whole scheme looks bad. I we oot jnvenT A WAY which The Charoe
S1en coutd FuP ArouMd we wooutd be Eo ALviohT, 1§ we reble T The

whote Progess 1n i chAYGE-PATITY ~TiMe (CPT) MITIOr w e MGKT hAve
SoMeThine. The CANSTAMT Phase TACTOr We INSEMT Need moT be refl So

for eAch Process we INSerT fr correspond ING Phase, .o,
. 16 - i .
a,{ (ev)+e (,‘*Y»)f[P(-‘i'?elANr.Z.qe.Lw/\)]} {(;

o - e r
et)+e” (VA/A)‘PB-‘TIQ.‘AN + .zqe“'})\)P]}
BuT we culd JusT AS we 60 Throuoh ANA ch ANGE The PhASe ret

N ANd A

ATION ON/q,
To Nuit ouT The effecTs of ©) A, respecTively SO we donir
Do ANY ThiNe.
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Suppose we leT loose o The i1deA That we waANT A ProducT of These
reacTioN for Sur HYMMILTONIAN pAud €xAMINE W hAT would HAPPEN T
ChmeiNe The PhAse on JusTONE €QUATION SAY (3). We coutd wriTé

o | ! CAVLIFN) + € (FP) (Tum)]

Well , what did we Do ? We essentimty chameoed The wave funciion
of The ANTI - MUuON , L by A TAcTor 8. BuT This messes uP EQuAnoN(l)

al(eV)I(Vam) + (&) (Ven ] “
ANd e sTILL PON'T hAve mMuch S0 ITS TMe To PuT ANd Think mMore AbouT
Thys.

\AIELL_‘ There 1S AM UMhAPPY ENJING To The TAle | WAS TELWLING LAST week
TRATL MEANS | hAve Beemn unAble how TO GeT A SATISIACTORY resulT.

We Theorizsd The exisTence of A (<V) INTErAction 1M (>-DecAY buT
we hAve fOreoTEN To MENTION A couPte 0F Thimes. We Triedp To wriTe

The comPLeTe PROBADLILTY cufrenT AS The Prooverof The Sum ot The
Two TraAwsiNoN AMPLITUDES, 1€, The whave FupcTION And 1TS coneaTe AnNd

GoT SomeThiNe ThAT oo ks LIK e
a(ev +uy +PN+ PA) (Ve «Tu + NP +AP)
T A simpLifienD RPProximATION.
We Trieo Yarious HPhase COrTECTIONS ; ThAT DIDW'T o ANt ThiNG. TheM w¢€

looKen AT The Sin INdIVIdUAL Processes AN Tried Tv chANGE THINGS SO
The cOUPLING 1S TEDUCEd by INSErTING SOMe complex 'S or someoBher

sTu ff,

AN OTher fipep APProAch (wuich | YoreoT TO MENTION, hAS TO Do wiTh The Theorizine
of A PAMIclE DenOTED by W Which coubLlése ALL The CorrenTs ANA €xpLAINS

Their behtvior, 6. we wriTe
(evray ri—wrﬁl\)\/\/

where we BEPICT The INTErACTION 1IN A FeYNMAN Difieram,

S W h el

INCe

o B ASYbeen obgerven OR ANY JUubSTANTIAL eu:dence Discovered 1o
ot 1 CRISTENCE, we DON'T Finp MUch hel?P hepe
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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. f ”ﬂ;}

Ros

From Wikipedia: oV

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.

udd



ALso wheN We wroTe€ The (PN) INTETACTION We IMPLX SOME S MALL

SCATTerING éHfedT DuriNg (5>-DecAY. Because PArITY IS VbLATED 1IN

@‘bétﬁ‘{ Wt MusT EXAMINE NMUCLEAr TrAMSITIOMS i which A very SMALL

PATT 0% The Nucleon forces Are MOT PArITY comServed. ThaT 15, we
looK AT The Nucle

Ltevel For TrANSITIONS which AréE IMPossible ¢
PACTY IS CoNServeD.

-
As &N exAmPie comgider A STATe of R SPIN 2 €UEN PANTY buT Is NoT A

Pure sTATE ANd I PART IN 10 1S sPIM L Odd PariTv. 1§ The PAriTY IS
A LiTTle cockeyed B GAMMA AY Wil be EMTIED AS 1T MAKES A TTANSITION
To A SPiN Téro EveEN PACTY STATE. 14 PAGYY

LS VioLATED we s hovwt d be
Able T deTe(T Which way The GAMMA

IS CircutRrtY POLANIZTED . The whote
Thine 15 MOT cler ANd even (F ™is Thine €xisTS (FS NoT CLEAT how SteNtHLANT
1T 15 ™ {PN) TraAnsiTion,

I Trieo To: DueE, esTHbLSK some bedTifully SIMPL or VAVEAL Form of The
TrAns Mo sl AMPUTUL & And two, To checK Thes € sMALL MATTIX ELEMENTS .

l coutd NetTmer #ind A SINPLE form Or @ Nomerichl check. Thus € Conclobe
There MoST be A Crass Ter M,
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CHAPeR. T

NEUTRINDO PROCESSES
H-X. CRIW

NEUTRINOS AfEc IMPOFTANY becAUSE They ACT- AS ENEreY SInNKS becAuse Their
meAam Free PATh 1S AbouT 1000 LichT YEARS. Thus The STAT 1S TrANSPATENT
To The NEUTRINDG,

The UftA Process
The Loss of enerey due To ord MARY (B decAY 1§ CAlLed The URCA PROCESS.

(z,AYt e = (Z-1,A) + V¥
The €lemenTs wohich cONTTIDOTE MOST o The UFCA Process Pre Ce35 and s3°

NeuTRINO BREMSSTRAhLUN G
The Theorv of FeYMMAN AMd Geul- FIANN  describes The wWeAK INTETACTIONS
AS PRoduced by A curvemT which INTEFACTS WITh 1Tself. THE currenT,

J= (eVe) + (PN} + (uvu)
INTEFACTIMG wWiTh |TSELY ProducéS The TreACTIONS,

n—Pre + Ve
M @'t Ve + Y

(P,m) (p,m¥

fA,VM(,«,V,u]*

(P, m) (,u,»/,u)*

Le vel(e, V)T

The SQUATe Term Process (e, Vel(eVe) becoméS 1MPorTANT when The Thermat
enere? KT 15 of The orderod The e(ecrron MaAss 1€, M™ 0.8 Mev, T~ 7x10%°K.,
ALso (/“VM)(/“-VM)f 1S I1MPOrTANT when KT 18 AbouT ThaT ot MUDNI/A""'W}.AN'O‘ Hev
Ad T ~I0''°R becAvSEe The PAITS ATE (M €EqQUiLIRRIUM wWiTh The PhoToN

Fieid.
PHOTO -~ NEUTRINQ PROCESS

For A TeAl PhoTON,
Y t+te —s e t Vet Ve

PAR ANNIhILATION PROCESS (TEMPErATUresS > 109 °K)
The ANNIRLATION of AN ELECTRON-POSITRON PAIR WWTO MEUTRINOS.

THE PAIRS Afe 1M ThermodyYNAMIC EQUILIBEIUM WITH The PhoTONS ‘/’/
BeCAVSE The Time ScALe ot PAr ProdocnoM ANd AMNchilgmoN TO e” //’
PROTOMS 15 Moch ShorTer Tham ThAT D ANY NegTTiMO PO CESS “o -
~<Y
-
e N

PLASMA  PROCESS (Hlb\nfl ,Temp £ TO?°K)
Afree Photon CANNMOT decAy INTO NEOTTIMOS because The decat ofF A zero
MAss PATTICLE (70 TLOO0 PArTICLES IS forbiddem by emeree—+oMenNTUM ConservATon,
IN AM ELECTRON GAS PhoTOMS MMAY APPEAr TO hRve ACeST MASS, The reLATIOM
beTweeN The Freguemcy w ANd The WAVE MUMBER K 13 Yor W > Wo (The PlAsmAa Sreg,)
Arw? * hlwe + Kot
IM This cASE A PhoToM tMAY dECAY INTO A NEOTING - ANTL NEUTRIND PAIR,

The PAIF Process 1S iMPOrTANT 1N STELAr COLLAPSE ANJ PLASMA Process iN The
creamion of white dwarts,

ha



EvoLurTion of STARS

We feturn, once AGAIN, To our MAIN LiNe 0F Discuss oM And ThAT wAS IO
solue The Foor DifferenTiAl €QuAToMSs we FITST TOK UP o N PAeES §9. Awd 6o.

We Needed A KNOWIEDGE OF The o0PACITY K amd ENETeY GEN ETATION €(R)
IN order 70 SDMPLETE OUR DISCUSS ION

So To STAYT off IN AM UNCErTRIN WAY AS TO how The GAS COLLETS wt
MAKE Two ASSUMPTIONS!

(2). The sTAr DOEs MNOT ROTATE

(31). The STAr Does Mor Losé MASS
The firs T ASSVMPTION  <outd LeAd TO QUITE AN IMPOCTANT O Mmission becAuséE
A roTATENG STAT CANNOT be EQUILLRRIVM . ThiS MEANS CONVECTIVE TEGIOMS
EXi1ST- Which gTIrS The GoopP VP From The cenTer ANd M AKES A mess ovT of
OA(l CALCULATIONS,

We BEGN Thed wiTh A SPRericALLY SYMMETTIC GloP of 6AS wWhith fays
iN unNder erAUTATONAL Force ANd heAts u? under The compressine For, The
HrsT Probrem ISTRAT This  CONTTACTION IS very TIME DePendenT @Nd how Lone
The sTuft FloATs ArduNd 1S ANV bodY'S GueSS, FurTher, we excupe fvom

our constderATION DYNAMICALLY VARYING STATES, )&, AT A GIVEN TIME WE ONS | der
The STAr T be M AYDPOSTATIC €QUiLI RRIUM,

The STAT COLLAPSES UNTIL The COMPression STOPS becAvSe of & The TemPerpmrure
Tise ANd The MASS bownces ANd SeTiLes DOWN INTO The Pre-MAIN SeQuence
STAhGe. The TEMPErATUrE 1S TOO Low FOR  NUCLEAr TEACTION SO0 1T flodt)
Rround butT Afrer # While heAT LeAKS OUT, The. cONSEQUENCE, 15 TO ALLOW
The STAT To COLLAPSE CASING A heATING AND A hioh Thermal GrAdienT
And OPACITY fesulT. IT 1S Now Above AJIABATIC condiTIONS And , There fore,

WILL cONV €CT ThrovohooT The STAL RBRyT A SATISFACTORY ConvecTION
Theorv 1S NoY KNOWN To &XPLAIN This Pre- MAIN SeQUence sTAGE Where

NO reACTIONS hAVE YeT bewunN. The FirsT sTABE ot The STRF cad be
depicTeEDd IN The FOLUOW MG H-R (HErTE-3Prune Russeit DiAGrAm).

PRE-MAIN SeQuemce
TEMPErATUrE ToO Low To
1 L L«ﬂ. SUSTAIN NVCLEe Ar YERCTION.

) Glops coltecT ANd +inALly
SETILER AloNG The red

LINE with The LliohT ONE¢S
AT The be Trom.
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As The cenTer GeTS hOoTIER Due To The CONTRACTION or ComPressive Forces,
1S becomes TrANSPArenNT, The Rie TEMPERATURE GrAdIENT NQ LOMGET EXISTS

ANd The comMvecToN CEAses. The TEMPerfiTure AT The SvrtRce, however,
Tises be cAuse The rAdivs shriNKS,

NUCLERr FEACTIONS beein AND The LATbon  PRESENT betins To burn, C (P YIS
ANd The NITrOGenN PATT ALSO Goe€s | N'™(P,%)0" The Nirrocen bormine IS
VErY Stow, The (vcle G©ETS STUCK. BUT AS The C'* burNs the 0pACITY Lowers,
MOfE heAT €SCAPES, The cenNTEr becomes MOVE <ONVECTIVE And will burn

WhAT C2remaing AT A fRSTer And FASTEN FATE, The TemPerATUre (1SES.
And we STRET The hYDdrocen (P-P) cYCle ANd The sTT bdecomes A

MAIN SEQUENCE STRR, This occurs Abogdl S0 Yenrs And Abour 99 %c bf

The €nereY 1S From This Nuclesr REACTION ANd The o r AVITHNONAL

etfeTr 1S €SSeNTIRLLY GoNeg. This 1S for & STAT of MASS AbouT ThwAT of
The SuM. The Se@uegice of eVeNTS CAN be ShowN IN The fOLLOWING DifGrAm :

hoo, Lum.

¢t N purnooT

|

. /H YOO G e

RurNing —

13.0 13.5 1.0 4.5 15.0 15.5
A
koo, Tine ¢secn 3x10" veArs

The NATure of The Surface depends To A LArGe Deoree OM The CONVECTIVE
feGioNs below And This becormes vely COMPLICATED, The chANGES In chemcny
COMPOS ITION (om:nv), TEMPerATUrE GrAdIeniTS  €7C PLAY AN IMPORT ANT PArT
tN This Process buT we JusT Don'T KNow ThAT Much AbouT Them. We

Po KkMow ThAT whenM COMVECTION STMRTS The YEAdI VST MENT o-'» The MATTEC
REQUITES GTAVITATION WOTK SO ThE STAT cools ASSeEN Durinie 2 bornoul™
The P-P reanod The commences a4Ter The ConvecNow STOPS j.t., whew
There ATe MO hioh TemPer ATUre oF Ad1enTS (efT,

For more MASSIVE STARS The ' byurnine CONTINUVES AN The COré reMmiNs
CONVECTIVE So ThaT The DistribuTion of sTArS FALLING INTO The

MAIN SEQUENCE .DePeNDS ON 1TSS MASS AMd The reconsTrifion of The

Process AMd AcTUAL Observed And PLDOTTED MAIN SEQUENCE STRTS (S
AMAZINGLY close,
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Evolutionary Tracks off the Main Sequence
Effective Temperature, K

Hpw 10000 s S
-10- E
SUPERGIANTS (I}
-8+ He—C + 0O,
-6
H—He
-4-10Mg He—C+ 0~
star
\ -2 cSH—>HE §
IS L 5 Mg
06. £ star s
i o GIANTS (I1,1iry 10‘2
{] ]
i |
2 1
6
o RGB - Red Giant Branch
HB - Horizontal Branch
- AGB - Asymptotic Giant Branch
12+
Lo, TEMP 4 Colour Index (B - V)
3 05 00 +03 +06
= T T T T T
05 Bo A0 Fo

G0
Spectral Class
The DisTriboTion of STATS AloNe The MAIN SEQUENCE 1S NOT SENSITIvE To COMPOSITION
AwAY From The LINe AS (T IS ALONG IT &, SmAw

wopld Move The sTAY VP or down The Ling A
of T very +ar

FLUCTVATION IN COMPOSITIONS
LoT buT T won'T GeT ot

ONEE The STAr LANDS ON The ™MAN SEQUENCE 1T IS (ELATIVELY CALM AS 1T
burns ITs hvbrocen ANd 31TS There for AbouT 10'° YEATS UNLESS 1T oo
R very MASSIVE STAT. Mow we Discuss The Differemce,

MAN Se@uence STARS
We SEPATATE These STAFS INTO Tw O &rouPs °

M. UPPer MAIN SeQueENCE ~ ChArbon- 0xveen - NiTrosen CYcle PrevALEnT

(2) Lower MAIWN SEQUENCE ~ PROTOM - ProTON  Cv¥cLe 1MPOrTANT

STRUCTUY ALY TheS€e STRtS ATE DifheremT AS Seenm by The TEACTIONS OCCurin G,

The Lower MAIN SecQuence sSTAYS Liké The SuM have A Much Lower core

temPer ATUre AMd HMuch hicher cemTrAl dens iTies wniTh The <Ore 1 at rAdiATIVE
€QUILIBHIVM IN The P-P PROCESS. There 15 AlS0 AN QuUTET COMVecTIive Shetl
UTSIDEe The core. The ChemMicrL cOm poﬁTlou wily VArY wiTh Time ANd ALSD

TAdIALLY OuTwATd 3iNce The TaTe of burninp he proéen ché—ud.s o TEMPerATUTE
Whieh decreases ouvTward.

The vPPEr MAIM SeQuence STATS, oM The oTher hand, hAave 4 Genbduer convecTIVE
oré DUMIMG The CMO CYCLE SO JT 15 wELLE STITPED UP, The ouTSibe 1§ 1IN
TAIATIVE €QUILIRFIVUM. These sTArg have hicher luminosiTY Than The LowerS 30

IT burn hyDroecen tmsTer ANd Thus DpN'T 1AST AS LONG.

A oood Theory of COMVECTION |5 Meeped T UNJdErSTAND The mMixiNe

AcTion. A Paramerer CALLED The MixiNnG LeNGTh has be CoMCérveD To €xplAv
htw Deep emtch LITILE OMuecnve c€LL 1s and hopefully €xplaim how

Such Thines AS LiThwim 6eT To The Surfnce of The som. Presvmabry

The coolér sTATS hAve ThicKer CONVECTIVe core s, BuT an ‘A" TemPerature
STAT Mi6hT have A fAST roTATION ANd ANGULAT MOMENTUM SPITS ouT

HATEr wiTh hicih ANGULAr vetoaiTy AND ALL sorTs of sTu ff,

HY
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WE CAN GIvE A T0Ueh IdEA how MUCh enereY The (OMVECTIVE Lor€
Produces M ProPOrimONS 1o The reST o+ The STRr AN ALWSD
Show The vAT0 of The €nerey ProDuchon ot The ChArbon cYcLe T

The ProToN - PrOTON CYCLE,

¥ 5.0
‘OOolo—— . . - et e £ ... —_—

i LuMINoSlTi‘

10 2.0 3.0
Sun MASSES

The corve Lec/L Shows The core 1s responsible for Nearty Q0% of The
ENERGY ProDucTion while The CArban ANd ProTod CW(le Are Ate

€QUAL 'N én€ercy POWES GENETATED AT Z2M@., For stars of mASs 1Sno
NeArty hAatt The MASS IS IN Thé CoMvecnve core.,

The HYDrocen (5 coNsumen ANd i helium core 15 Formen, The eneroy
ENETMON IN The core STOPS | The TEMmPeraTure 6rAJIENT cANMOT be MAMTAINED,
AN ouTér hyproecen shewl forms buT The rAPId chANGE N STTUCTUrE
C(AUSES The STAT T0 MOVE AWAY from The MmN SeQuenice ANd IT ENTETS

The RED GIANT PhASE AS A heltum burNer.

The next lecture begins with population I and II stars.

Population | stars: ordered motion.
Circular orhits in the disk plane;
yvounger, more metal-rich,

Population Il stars: random maotion,
Eccentric arhits passing through disk
plane; older, more metal-poor.



TodA¥ w¢ Are GOoMG To TAKE A LoNe Tour ot The lhenrvens ANd déscribe
The charAcTer ob The sTATS As séenN by ObsServers todAy. This follows
Srom A discussion | hAd wiTh Jesse GréeNSTEN This MOoYMING 56 The mATenaL
IS NOT Weil PIeesTed bur I'lL LearN MOre AbouT T AS TIME GOES ON.

we Dwipe The STars

IMTO TWO CATEGories ~ PoPUlATION T And T
Porut A Tlont I

CONSIST of These sThrs N The SPITAL ATM S They ATE
Younber ANd hepvier IN The hitoher MeMLS. They Are

S€toud 6 eMErANON AN Surrdund us and Providée A Good

Source of MATENAL for ObserveraToMS .

POPULATION Il  Thest Are The STRTS COMPASING The GbObULAT CLuSTERS.
They PAss LerTiAILY " Tharovsh The ALRCTIC PLANE AN
ARe cALLED Weh veroaity Fietd sTMRS. These move by
BS ANd &4x #Ar€ Dur source of DATH.

We Rttt BeGIN WITh The Pop. I'S ANd  CATEGorize Them 1M The foldowine
WAY .

(1). MTAIN SEQUENCE - TheS€E We hRVe PremTyY Well DiscusSED ALIEADY.
(4. Red GIANTS ~ These Ave MARSSIWE STArS whichh hnave BrokKes ©

The ™MAIN Se Quencé AND SPreAd oul UVerncAWLY (S€e mnexT PRet)
ANd The SPreAd 1N LVMINOSITY Depend OM The SPLUT IN

COMPOS(TION :
@y.

The M STArS Afe Mormal ANd Hfollow ING The STEUAT €voluTion
T© The richT

b)e S STARS have hepuy clementTs ;v odd Proporprons LiKe

LANThANUM TO IRON 1S A bouT A (00 TMeS ThAT IN The SON-
We comé HACK To ExplAiN Thasg (ATTER.

(L The C sTITS Aré The carbon Tich s,rrrrs,p.s.lc:'3 N

PhcTicurnr And B2 (¢ ahouT Y2 for The hiohesT
CONCenTrATION AND Yo for The oTher bBur Yoo 15 ST
f LoT of C' To hAvE AToumd. ON €ArTh 13 Abour Y0000,
The S-STATS #Cé¢ UNVUSURL 1IN ThAT f CerTMN AMOuNT 04 Tethu eFron
hAs been obServed M The ATMOSPhere, Siuce Te has a4 haf-

Life of 10% YeArS T MusT be made 1M The coRe NOw Awd DE
cAtriED TO The sur-F-ﬁce' IN Some ynKNOwWwN FAShION.
The mMASses * oF  The STATS Are Aboyut Yyme

€3). Super- GIANTS These hAve MmAsS

I0- 20 ThaT of Twhe Soun

(4). WHhTE DwARFS -1F These Are remuANTS of borned our STATS
Thenwe mMIGhT ERPECT SomMe B(‘ikm'r(-d ém berS bowna below
v
The H-R DiporAnm AS coolk -si~ sTnrs,
(5)

ONe odd bALL clAss of STArS Are The MAonenc STAPS . Thes ¢

have strone MAGNETIC Frerds wwhich €XxciTé or AceleraTe PArMcles
TO veloetTieS MNECessAry for NVCLEAr YeacTON.

=



10°
soper Red GianTs
10'p
0 b '=
oL Red GIANTS ;i 5
loG. ol : €votiluTion
Luminos 11§ NG MRGNETC STATS
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. - Twhire pwarts
IR o
50 .40 .30 - 7:0 »I;) :94 8 .7 ; 5 ;f 3 i }l
BA FBEK M 5
redder—>

e hlUue R
TEMP
NOw we wANnT TO

ruN Down of The hapPy sTACS

ThAT 1S A Bred
TScuss The rear odd bALLS ~The VAT AbLES, We classifY Them INTO
IN Therr fFlucTvanon

The followiNG &TOVPS :
(N. CePhe;d VAriAbLES - These ARE& ver? Periodic
And OSCILLATION IN Peripds from 12 - 70 dAYS . Mo MAss 15 KNoww

for Sure buT 1T 1S believe To be fyrom 3-10 MO, The Period of
1S GilueN by
Q ctonMSTANT

These OSCILLATIONS
P, Peciod =
'i(o,deﬂsn"i

Be A DimeNsOM AL ANALYSIS WE CAN AToue Thig YelAMONShip.
¥ The sTAY 1S un‘%ﬂ:me A SPhericAL Mpd e of oSCILLATION The
NorMAL Mod e of uibraTion hAS A fvequency AbouT equal TO
The SPeesd 0F LIGKRT wOITh

P = R, Radius
Velociry oF Sound

buT The veloctTY can de ¢STIMATEd From The RINETMC ENETOY

EQUALLING The GrAuITATIONMAL POTENT AL €MErGY SO

vt &M
R

Thus, 3y
-P = E__:" = — - ——
! i/ i C

A



(6). The OLd Novie

AnoTher ¢ LASS

We DoN'T MeAN The whole STHY

IS PULSATING buT rATher The ouTer
Shells ATe MAKRIN G The reAl MovemMenT. IT 1S LIKe SNAPPING A

WhiP; The SACTION 1S (NVATANT AlONG The radias so The Tp
MUST Move A LOT SINCe There 1S SO LITILE MASS TD DISTURD.

The sTArs ATe Thoue kT To bE burnine helium

IN LAveren Shells,
ANd S€em TO be well observed byr ONE CepPherd ST‘DPPed COMPLETELY

AbouT four YeArS AGD AnNd hASN'T Kicked UP YET. So Do The

STATT ANd SToP? IS There A4 dribrT (N frequencies of osertianon

W ey uvary 1IN The direcnion of An expAnd Ine UNIVETSE, 1.6, TOTAL
hicher VelociTies,

(2). Dwart CePheids - These Are 1Cnsn-r PUlsATIMG | 0.2 DAYS. IT 1S
NOT KMOwN where They FALL €vo LUTIONATY wiSe, 1§ Thev Are—more
dense ,They would hive ShorT Period s for The Above ReASQN:

(3). The long-period VATIABLES ThKe 150- HSo DAYS Per cvcle gnd
These Are noT PerdecTly reGulAr 1IN Their PULSATING.

M. RV TRurii - These Are Semi-reculfr or QuUITE IYreGULAT wi Th

§0-150 DAYS IN A Pevion, These have Shock osciilAnOns JI-E,
The ouTer Shell comes down oM The inwer sTuH RNd seTop
Shock WAVES, ThAT ruUN VP Md DOWN Thwroueh THe STRR.

W.URSA MINOR - These Are
STAS

(5). & wours In PerindicY And A te binpry
IN CONTRCT TOLLNG AbouT €AchoTwer,

are stars ThAT FLATE UP TD MAY be 10° TIMe The
Luminos 1TY of The SuN Then PETEr 0uT. They Are understood To be
old douhle or bINArY STATS IM conTRET voTATING AT Very hioh
freQuencies; im FACT They are JusT AT ING. The Periods 4re A
Few minuTes e, Therr rAdivATe S0 SMil The fveuencies Are very
fRsT. While MENTIOM 1M DINATY STATS There Ar e binAry whiTe

dwarts ~ONE wiTh A Period of Yhogrs 3% MINgTE S. AnoThe r LiTh
AN ERCEPTIONRLEY YEGULAY (1 PACT N 10°7) Perod of

tMINMOTE
MEASOred oveEY SEVEr A YEArS. 1T 1S Beticved ! To hoe A SUG T

bumd on TS surfAce ANd O0S CILLATES AbouT The PerfurbaNOn
L\WKe A PEnDuLum.

(7). FLATE STATES -simiiar To NovAe L are vp 0 A 4meTor oF SO

betore PERTING our 1M A MATTET 0+ Y houvs. Acrupiiy Trey
Are chlled M-Flare sTars AnNd why cool STATS 4o This 1S
MOT KMOWNM.

AS The PIAMETATY Nebulfie which have very hoT centers
LIKE A LaTLe whiTe dward Surround €d by 6AS, The freQuencies Are

dubferenT M Thig sThr ANd 1T MIGKT be A PLAce 0 < heck for The
€X1sSTENCe oF The Cev) (ev) TETHM IN The @-decny.
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The doublLiNg IN LUMINOSITY &, Two VALUES AT AbouT K° 1N TeMPerATUrE

1SrNTher COMMON  byT MYSTETIOUS AS ™ WRAT The evoluTioN ProCcess 1S
Throueh Thiy PhAdE,

The red GANTS burn oM The MARIN Sequence @& nd MOore or Less AL REGATe
IN A ClugTer. These STArg Are METAL deticient; The vATIO of HMeraLs To
hvdrocen 18 A 100 Times Less Than The SuN. They are GevErpLLy

low rorATION ANd There Are NO close binARY sSTARS, €uen DINATLES
ot LAtce SEPACATION ARE CATe,

IT 1S €STIMATED FhAT Bo% of Twe STACS fce Pop. I wWhileé IN Suy VICINTY
(T 1S The oTher whv (Nfavor of The Po?P. 1's Sice we Ate 1N A SPIrAL Arm,

The S5STATS ON The Previovs diAerAt  Are ciassified IN The f1l0WwING GTYOUPS:
I. The carbon fich ANd Thereforé  vich 1n heAvy €LemMENTS.

2 W. VireinIS STAYS  Aeg TE€ALLY Pop T CePheids . Thet fAre Periodic €x cePY

ThAT They fre A FACTOr oF 3 or sq LESS INTENSE ThAN POP 1's of The
SAMe period.

3. RR.LYPAE - The comMPLETE dinAmIc CALculANoNs o4 Their Puls ATioM Are
KNowN. They hve beem workéd oyt on A wmPyter AN They fall cloge
To The MAThemATICAL VALUES. (T 1S NoT KNOWN Thouoh I They Are

INCOMING o OUT GoiNb he Liwvar borners, There 1s & CAP which we anT
ExPLMAL Ay YET,

H' The Red Moufte fre rAre And Thex MIeWT coNSIST Of Somée old Pop I's,
S. LPVANALLES htve different disTribimons 45 A FumcTion of Period.

FINALLY oMby ONE PIANETRIY NEDULA IS KNOWN IN Po?. 1T. See below

ALl hasses Are 6F The order ot 1- .75 Mo becavse The hepoy oNEY have
Buarned ouT. The 7S M@ sTArS Are The MO3T NMUmMerpus $TRTS IN [he

UNWErs € They Just $1IT Thewre pnd Born And burn And burN. IN This Group

There Are No Knuwn)s STATS Above 10°Lo Where Pop. T Novae can flre
UPTo A5 hieh AS 107706t | o

Super Nov A¢

The LAST 6YOUR WE WANT To MENTIOM AfE The SUPErNOVAE, These Blow Yp T
AbouTt 1d® Lo. They hAarpen AbouT omce Buvery H00 vears And we Are dye
SINCE T LAST OME OCCUrfeDd AbodT 1550 which Tycho Brahe obsevved.

Thete Mo ATE NO PP SuPET-nNGUAe obsevved UKe Pop. L NouAE ThAT oNLy
TeAch 10° Lo And ALL BACK IN A CLusTER.

There Are Two TYPes oF SuPErNOvdE *

TePE | which occur 1N Pop. IT STAYS
TPE 2 Which occur 1n Yop T sTARs

120

"Cat's Eye" Planetary Nebula-Hubble image




TYPe 2

SUPErNOVAE Aré NOT (1deNTIFIGd w1Tw ANt TEGION ON The H-R drReram
Their oG iN 1S UN KNOWN. Therwt rance from

1085 10" Lo whew The blow uP
And LAST AbouT A el MONTh . The Power LIReTATED 1n The Form of LlehT
1S ok The order of 105° Eres . The AmericAn EXPETTS CLAIM ThAT 103 -10%Y erus
pre LiberATed N The ACTUAL €xPLoS!oM TO GET ALL THAT LleWwT OuT boT The
Russ(ans ANd Fevnman d(SAGTEE DeCAUSE Thet TRLUK A bouT (ollecTrve
ElecTroN MoTION AND dow' T NEES The €xTrA POEFr (N EXPLAINING SYNChoTTON
rhdiATION . BuT 1 e ASSUME sAY 0% €ros of Power soes UP TN SmoKe,
This 18 EQUIVALENT To  IMoch 1e. Convernne The sud INTO rAw &wérey.

TYPE | PoP I SoPerwovhe

reach 10" Lo which corresponds To The
order oF MAGNITUde oFf The TOTAL wMmiNosITY oF DOr GALARSY  This LAfeE

MASS 1IN The Form of rAdiATION cAuvseS The LIGhT TO be benT ANd 1T TARE
AbooT S4 dArs for 1T TO blow Tself OUT. There Are EMISSiON LIMES which
discloses Some UNMKMOWN SubsThnce cAlted X which saose T hWidroseN.

The YEMMANTS OF A SUPErMOVAE CAN be Seen IN The form o The crab
NEbulae which blew VP IN 1054 And vecorded be The chinese. BuT

The EUrOpeANS WETE sofar INTo The DATR ARGes NOT OME SCTibe recovded I

Multiwavelength X-ray, infrared, and optical compilation image of Kepler's
supernova remnant, SN 1604.
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One 1den PresuPPoses The €xiISTence of i1ron

Then Some o Ther” Process ProDuces MEUTroMs
Are very Stow. BuT

IN The STELLAY AT moSPhere,
CsAy CRP(K, M) O hick
A LT oF Them hiT The i1ron. They Are Absorbed
ANd The ATOMIC mumber S TAFTS To Climb wWILL BETH- Decay INSures The

(hAree MUHber (orrespondence, T 1S ReaSowAbleE To ASSUME Thew AdTer

Rlone ermdvehh Perigd of MiMe we could builtd uP TO UrANium. 1T
1S betieve d ThAT collAPSinG cores Produce Jitlions oF NeoTrows awd

Thus Pro?ides Twe mecess Aty SuPPLY.

However, The elemenT EuroPium h s A hioh Cross section Area for
NEUTronS ANG WEe WANT To SAY ThAt we wovld hrve Few of This
ELEMENT T CAPTUre S MeuTronsS So fAST 1T 1S coNSTANTLY ChAnGING T
SOMETMING ELSE. The rATE AT which This Processs TAKes PLACe 1S

bven Ay R: 3-7(N

N ts ™e Numberof NeVTroNs CrosSSING A umT Aren each S€wnd
AT 15, 1T 15 A4 veutron Frux And Thos ProPorMonAL TO /o, The
Cross sectionN of The AbBorbinG sPecies while 7{ IS A NUMbeTr
demaeTING The Bt NMUMber v+ NUCLEl of AbSor bine elemenT Per <C.

where

IT IS (LLuSTrATIVE TOo Show This dAamine 0P AFecT 1§ Ne 8
PlofTed AGRINST The ATOMIC NMuUmber:

I
Y

8o o 4o

There 3 de—(-mﬁew A bumP AT M0 g where The neldrons Pibe o P Anvd
WiIT f White befure Thew Go  ArounNd. Thes The ElemenTs BEYORNd The
PoinT FAL off 1N No. AT 1o There Are TiohTlr bound NUCLeC which
cAuses Twis Phenvomen s, Thus A locical dedvenoN Twat difberenT
PLACES IN The UMIVETSE would Show diiferewt " deoregs of bomp.
Wit The old SecTioNs SPWING A SMALL buomp SIMCe They hnd

A lon6 MMe TO wWOrK Thoueh. [Ndeed, This 18 The cAse Theredore,
The NELTrON RombATIMENT |den SeemS To hold WATER.
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TodAY RePreSENTS ESSENTINLLY The LAST L€CTUre OM STeLLAT STrvcTUTES. ThAT 1S
To SAY me FINITE (APRCITY To DicesT AN NFINITE ANINT of MATEr AL hAS
— Reen TeAched. White | fm (v The Process of -f‘”d'ws D UT whAT Some of
The reAlLY ENThUSIASTIc Theori€S AbouT STELLAT €vaLuTnRN ATe, | il Procesd
Rlone our PATh orieivaily ouTtined wiTh # few ~odificAT ION due TO Some
UP dATed KNOowlédo e which | will ACQuITé
Nuclear synthesis of elements higher than iron
ONe (AST AreA we would (IKE TO diScusS dealS wiTh NUCLEAr SYNThests AnNd
how The hepvier ™aAn ITON ElemenTS ATe formed. We TAIKEd AbouT
The CNO cvcle AN How IT is difficult +o mepsore These YATIOS .
Also now some STATS have Too Much or T LITTLE €% Afrom The Three
hoDrocen burnie Process. How LiThiom 6 And 7 ,Bervihivm And
Roron coold NOT TEMAIN 1IN EQUILIBriom fANd T€T Thet Are observed In
The sTeunr sPecTrA, Also how The [fON PeAK Seems T be in cQuiLiBrivm
ANd PerhaPs A PredicTéd ey — ey reacTion d155tPATES EMErGY TO
MAWTRIN The €QUILIBriIvM. WE Shw The mAXIMom AbuyndAnce of ANY

€lemenT IS /RON bechuse m hAs The hibhesT binde enerey Per
MUCLEON. Since we hAave cLenred uP ALL of Thes & CriTitcAl ProbLems

weé witt mennon hdw The hepgvier eLem enTs Ate formed because The
€xperTs LA ThAT  IroN would NATUrALLY decar BRACK To heliva.

Spallation The Processed believed To be The cAuse 0% The hiGher €LEmenTS
1S SPALLATIOM. This iNuvowvesy hio h e ErGY PrOTONS or NEVUTYONS Bombardine
The erements AND KNOCKING or ChiPPING off LiTTLe Pleces. Thans Lixe

— B 100 Nev ProTon MTRING AM 0X6YGEN ATBM To form L«"',L.7 Ptos oTher
deébeis, Thig 1S NoT A F1SSION Process boT cATher LIKe (TS NAMES ¢
PLes A wkNockiNG oFE This s reauy cosmie rAY bombard mMenT
Exper iMenTALLY we cAr Produce # SpPALLATION effecT And GeT A
MEASUre RbLE QUANTITY of Li* L', Be . The ramo of L% 1"/ Re IS AT
besT AveuT 20:1 wWiTh hieh Mev Prorons, Sinvce v A STAr L.* would
be €ATEN FLohT AwARY by AN A LPhA PATTICLE | (T (5 ExPeeTe d ThaT The
De¢TECTAbLE FATIO N STATS Would Never exceed 201, BuT Two STATS
hAave beenw observed wrich CONTTEDICT This sTHTemenT. Do-—

ITisvery hArd To MCEARSUre The QUANTITIES of ¢ And U; 1 Since
Their SPecTrAl ALINES Lic 50 ELDS€E TO ONE Awotmer,

Bul where Does The urAntum come From? We Use The €nerey NecessAry
TO bING 1T TOeeTher baT how WAS 1T Yormed 2 From A Voleano mAy bel

CerTRINLY LohAT €ver The Pro ceéss IT could NAT HAVE beeN AN EQUILIRrIUmM
DNC‘, was
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Since ThAT AboUT TAKES CAre of My curreNT KMNOwleDoe we wilt hAave
0 600 TO0 SOMEThiNG €LSe AnNd STAIT by ASKING For ANY QuESTION.

WE MiohT BrieflY MENTION The PATR WE OFt6iN ALLY SET For OUISELUES
AS TOWhAT WE Are GOING TO COver YET. The ATEARS Are

{(1). GALACTIC DYNAMLCS

(z) rAdIO EMISSION  how Thet fAre EMITED , SLNChroTroa TAd (Ao
@®) cosmic rAYS
M). RAdio BALAXIES ANd QUASARS

(5). SoLAr SYSTEM, PLANET, SoM, AN The ‘NOTh MoNess” of SPALE

Torcs 2,3 ANd U will be defliNe WiTh PLASMAS or AcTuAlly A
MAGNRETO WYDroDYWAMICS d1SCUSSION,

SoneoNE  braGhT OP The QuesTion OF CosmoloGicAl Theories which
Temings Me OF ONE  |nNTeresTING POINT hich tfaiLen To mAKer AT
The Timé, We TALKED Aboul The COsmMoloGic AL €xPANSION fRom Som €
EACLIEr Time AND NOW evert ThRIMG 1S FLYiInG APAYT. This PresupPPosSE s
SomMEe TiMe Period when The U MIVETSE wAS PACKED S0 TMbhTLy TwWwaTiT
would be Possibie for PhoToms TO EXIST IN EQUILIBriUM, |§ we
Bece?T The RANC COSMOLOGICAL ASSOMPTION ThAT EVETrYThiNG LooKS
The SAMe here AS IT Does ANY where €LS€ we wovid LIKe 1O Show
ThAT There remaIiNs A residvAal DisSTribuTioN of PhoToNs IN The €xnAcT
SAME PrororToN MANow AS There WAS AT A Previovl ProPeR TIME.
ThAT 15 1O SAY, AfTEr The €XPLOSION ThAT SQUITTED €VErY Thine ovf]
AS The densiTY REDUCED ANd The TémMPerATUre coolED ANd The PhoTond
STOPPED INTErACTING WE esTAbLIShed SOMEe BLACK body rAdIATION
TemPerATUre Ts aAnd ProPer Time €5, The sPACENG belween The
NEXT MNERTeST GALARY IS Given Dy RS- AT Time To Now There s
A corresPond it Temper ATURE To Given by The raTIwO,

._—I_—g- = Ro
Ts Rs

This €EQUATION Does NOT SAY ANYThING Prolound bl 1T Does exPress

IN & CHTher SocCINCT FAShIon A VErY COMPLICATED Phenomenft. 1T STOPS
how The €xPANSION OF The UMIverse tS TELATED T The overv il PhotoN

INTEr ¢TION  TENDING TO cAuse A vNiform RACKGround of WBLALK-
body TAJd1ATION ThrovehouT ALL SPACE. "'CBR"

We MGhT PicTUure ThiS PheNOMeNA AS WE DID EATLIER IN The course
BY DrAwING A ProPer TIME Curve showine The nNebulgr momiod from
SOME PrESOUPPOSED SINGULANTY OF OTIGIM, TWY DelNING our reference
PoinT AT Fs we avaid The d L uLT Probiem of €APLAIN The reAl
INTIA L cONd ITMON. TodAY WE MIthT ThinK ofF Ro AS The DISTANCe

from Us To ANdromedfi, The NEXT orAPh MIGh T he L P
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The DisTANCe Re AT ProPer Time To NOw, Shooltd be €QuAL Across The
ADJOINING GALACTIC SPACINGS A" B —2C —?D ---
PopDenee AT s IS Thar O -> A or Ro
As s - R' or Rs

T°/Ts.

SuPPoS € we ONLY CONSIdEr A LocAL

While The corves-
1S The SAM¢ ProPorMoNALLY
AS The Decreise 10 over ALL RBLACK Bod v rAd1ATIN

k< PhenomENA., SVPPosc we had

A mMirror AT T PLACED O ANDFOoMEDA,, The PhoTons mMoviNG Throvo h
ThaT POINT com E IN ALL DITECTIONS wWiTh € Q VAL ﬁﬁ&aﬁbluﬁ.-ﬂ\s
MeANS ThrT 1F A mirror wAS There €Ach reflecTioNn would corres-
PoND TO A LoST PhoTiON, I.E.,

Mirror
CEFLETED)

PhoTonN
_-~7unimpmrep PATh

INCOMIMLG -

PholTon
¥ The nirror 1S Then Altowen To Ex?ﬁnol‘n\e Phenvomen ft 1S ANALOGOLS
To A STANDING WAVE PATTEr N IN AN €x PANDING BOX. ThAT 15, 1§ we
consider The number of QUANTR IN The Dox ONLY The T mModes chNee
The wave number _k chANGES bY A sSchALle FACTOPr TO A Neéw UALUE

k= ok

The DisTriboNom ot PhoTons Per GiuenN wWhAVE number k15 srven by

The BetFimfa DISTHILUTION,
FErm. - DITAC

= | |
Nk = o=
E

e™r 4 e /KT 4+

wWher g The €nverey of The PhoToN = hy = hke
Thus AT The pNew WAVE NUMber
{
m -
" e MRe/KT
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The Mirror 1S NOW ASSUME TO be A bLACK bodY AT AN esTamATED TEMPEY ATV &

o
OfF §°. AT TS Low TEMPErRTUre The ENercy IS ProforTiomAL TO V*.
WeE Rssume

A umifor M backeroond Noise corresPoNDING TO NbodT A I°KBLACKLOLY
rALIATION. ThAT 15, A 3* BLACK BodY disTribgnon. As Par AS our Crudé€
MERSOremMenNTS Go This

Seems T AT The belief TWAT This Is The
TEMPETATUNE OQvér ALL 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 @y Red hot Earth
surface -3'“ object
6000K = 1800K

Visible

400 70O 1000 nm 500 2500 4500 5 10 15 20

Wavelength A in nm Wavelength A in pm

E--

T Cosmic background
radiation

27K

Infrared
Microwave

s

Power density (w/m® )

5 1.0 1.5 20 25
Wavelength & in mm
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CHAPTER &
Nuclear ?jnﬂnesb
Today |

AM coNMe To BACK To Nuclear SYMThesis L\ope--FuLLv To fimshk
aP Thas

DiscussioN beéfore Goime on. This (S The tecwre t ShouLJ hauve
PrepAred C(AsT Tine.

kS P04 FECALL The PROBLEM 15 TO €xPLAIN HOow The elemenTs REvOND
IRoM gRE Hormed. There Afe A NVMber ofF Theortés which Seem TO
ProPorT 7o unNdersTANd The Process, we coitl ontLy Describée Two Theories.

The (deA, As we BrieflY menTioned, hAS To Do woiTh NEOTTO M bom baArd -
tenT, l# The bend Ard MenT 3 StOw ENOVG W The ELemMENTS wWiTh ADD
NeuTrons owarit TheY vadérco A (b-décAY ANd Thus JumP TO The NeyT
Z-Numbey, |§+ The Process coes

tor A lLomg Period cue CAN SPNThe si2é
MMosT of The EleméENTS,

We  SKETCh A SMALL PAYT of The ISOTOPE TAbLLES

ANd EXAmMINEGE how
MovemenT cAN occur oP The TRbLe

IN ATOMIC WEIGKT,

N= nuMmber oF NevuTrons —>
st | N 123
Sb <= S
57% Y3
50 | uy Wy | ns e | n7 | s _| n9 | o [y | 122
Sxn < —f-srr= |- = mpsrr— |~ == | =
l-oz 69 | 38 | 143N 76 | ° 8.5 | 32.5 |zzhrs | 48
3 B3 {3 5 us \\
" fﬂ- -+
4.2 9s.8\| 135¢C
g | no | ug ng | ny s |y
Cé e | —— L sl
(2590 | 12.8 | 288 12.3 | 28.8 |S7hrs] 7.¢
The ved

NUmbers INdICATE The PercenTAGE of The STAbILITER (SOTOPE.

LeTs HoLlow  (CAdmMiom 1S Bombarded by A SLOwW
NEUTTOM flux AMd T KeeP AddING A NEVTTON UNTIL 1T Téhchesy Cg''s
which 1S vusTAbLE, The dewsiTY of MEUTTONS TDourine This Stow S -Process
IS ESTIMATED TLu Re AbouT 107 cmd . This 1s A toT oFf NEoTroNs ANd
The toic AL QUESTION To ASK (S «wheve They <omé from,

IT SEeEMs LIKELY TRAT They Are (6T oWer from The cArbon cycte
ARNVd hicher rE€ACMONS LIKE

C'¥(x, m)o'* 0"k, n)Ne™® or Neu(o(m)r‘\alr
The oriein of These reacTions APPeArs 70 be occurrime I N
The inTerior 0F Red GIANTS becAvse v A SPeciAL GrooP of These
STRTS which Are MeTAL rich WE S€& TechneTiuom ANd OTher hicher

ELEMENT . 50 A DenwsiTY of 107 Does NOT Seem Too high for
The Procésses 7o Prodvce /NSIdE Te&d GIANTS

1o , SoprPose 1T
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This Process Goes ML T TéAChes AN UvSTAblLe IsoToPe. AT ThAT Tineé
(s—dem‘f will occur dMsTer ThAN ANOTher NeVTTON cAN bé cRPTUrED
SO W€ JumP To The NexT €LEMENT, SAY  Indium (1S . The Process ComTInvES,
A NEOTTON (S cAPTOreD » B-decAy Follows ; NeTron CAPTUre 4o LTS

US Go ThrouvGeh TIN 121 which d€cAYS 7o ANTIMONY L1 €TC. €TC .

WE Are QuItK TO NOTE ThAT There Are A oT of BLANK SPAces
ON €iTher side oF This DolTED LIN¢, ThAT IS, S0ME ,or Peli hAps
MANY  ELEMENTS CANNOT be mMade (v This w0 AY. We would TEQuIre
AN e XTremelY LONG TiMe TD LeéT NEuTromMS Trickie PAST Cqg''e TO
STATT hicher ¢Ycles. RuT 1+ The densiTY ofF NeuTrons was hie h
ENove h SO TWAT A-decAy Occurs betore CAPTUre, The whot€ Process
IS ALTered. There €exISTS Thed Two Procésses which Occur TO
CreQATE The mMAaJortTY oF The hioher €LEMENTS!

(n Stow or S-Process where AL The B-d€CAYS o AS €XPecTeD

(2). vARid or t “Processy where The nautron FLOX s So-‘-ﬁST(ZS-clecﬂP
©oes wOT hAve TiMe TO ©Ccur AT AL,

The €LEMENTS Are LALELED AS TO Their MEANS pt ProducTion And
we se6 ThAT The Y-pProcess LS 1IN The Llower PoRTwON of OUR
TRALLE, The Nevivon fich Sidé. Some elemenT CAN be SINThesized by
-bo‘n\‘x.z., The TOTAL ProPORTONM hAs PATTS fmom BOTh The rfS Proc ess,
On The ProeToM rvich Sidée or uPPer POTTMON The PercenTAGES PTe very
low,

The exhcT Tefison For ThESE ProTON fich €LEMENTS Seems TO BE T
UP IN ANOTher ProcesS CALLETD The P-Process which 15 MOT very
wel vndersTood. These ELEM enTS SubgecT TO HAMMA TAYS LodsS e A

NeoTron ANd LEAVE Dehind €xcesses of ProToNS. We have Mo tdep
Wherée This ProCés s occurs or When,

However, The 3-Process will NoT teT US reACh UrANIUM HECAUSE whe N IT
GETS uP To LEAd ANd GETS CAVGRT IN A CY¥Cle, IT will cONTINVE Throve
BisMuTh 209 buT BiSAUTh witl wnderco ALPhA €emissiont +ollowed
by Meufrom cAPTUre @-decAv And Rrouwd AGAM. MNismuTh 15 The
MosT MASSIVE STADLE €LEMENT,

To furTher UNderSTANMD ThiS NEUTroON CAPTUrE Process wé wootd LKE
To TRLK IN Terms of The NeuTroM Cross-SEcFION . The cross~Se€cTioON
ot A Process 1S defwed AS The PedbAbitiTy ThaT The Process
cccurs v The INCGIdenT beams CONSISTS O0F A sinelE PArTicléE
AMd The TAYGeT CONTAINS onNe NULLLELS Per upuT Aren.
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we an define A QuANTITY

On N = CONSTANT

Then AS A LocAL YULE for pNeuTron CAPIURE becAuse T 15 NoOT

Trve for A LING Peviod of Time. INHFRCF we S howed (AST Tme
how 4 ernPh of o N versus “A" (00KS Awd PoINTS B ouT
VArious PoiNTs of HUCTUATIONS. it would be nice To hAve
SeverAL ISToPes of oONE €LEMENT g formed by The S-Process so
WE (AN ChecK To s6€ Hwe uNder STAND WhAT 1S corme on . IT
TUrns ouT  SAmMAriom 148 ANd (SO Rre Precesse Proboceo
This wAY ANd 18 FACT T Turns ovT  Thar The Produer NOox for
Nevrons of Temperarre 3o KILOVoLTS Are fRIrL

¥ cloSe , &,
2,930 % 540 aAwd 2,770 535S

T E€SPECTIVELY.

Howeveér | The ProBAbILITY of cAPTUre VAries (u & ChharAcTeris TIC
MANNEY wiTh The ditterence petween The enerey E of The collipin e
S¥STéms ANd The €nerey Ea of The resonANCE Leved,
FlocruAaTe As A foncmon: of ENereY And hiTs & resoma
€NErey maaTches A level of The M©cléus . fls The ATOM becomes more
EXATED 0w The AverAGE, The SEPArATON between LEVELS decreases
WITh 1NCrEnsS NG EVEreY OF EXOTAMNON. The TIGhTEr The bindeéN
The eSS The SPACING. While AT The SAME Tipme The léveél wWiIDThS

PECTEASE WITh INCreASING MAGNITUD € of The CLECTroSTATIC bATTrieR.
The €LECTOSTIMC bArvier INhibITS The €mISSION OF ProTONS,

That s, o
NC&when 1TSS

R- Process
TUrNING MOW To The R- ProC €SS wE £irsST congider The AbuNDAcice of
Nucter formed by The R-Process. A PLoT ot Z vus.
LooKS someThiNG LIKE

ATOMIC NOmber

8. 4
RAvon

krypron 3¢ |
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The DelAYS AT The Numbers B2 And 126 Are direcriy retATen To The
NeuTrons BRBomMbArd menT, These NUMbé’fS ACE TEWGNIZED AS The MAGIC Numbers
for clo3eD ShellS. AT Apmic mumber B2 The mexT INOMING  MEUTION 1S
KNOCKED ouT by A GAMMA. ﬂ~ DECAY Occurs To INCreAsSe The Z Number, 1.,
The ProTOM  MUmber buT The wucleus STAYS AT 827, This ProcesS INCréases
The ProToN CounT NOT The MeuTYON TOTAL UNTIL [T réAches A POINT where The
NEXT NEUTFOoM AN bE held ANd Whe Process 6o€S on, This Process Goes
oM PAST  XENON buT The NUCLEL Are Pro6ésSIvELY LOCARLY BOND AN
finaLLY AT The uppér €md saY mround RAdon FSsSion occors And

The PArTICLES SPUT ANd beoin The Climb AemiN. The eNeRey Giuen UP
br These UNSTADLE €LEMENTS TIYING TO GET Down To A STHbLe con FiGuramon
For \NSTANCE LEAD 1S The STUre ENErpy rELEASED IN bombs ,Nuctenr power
PLANTS, €TC. The @uesTion t1s whereé The enere? O GmALLY cAME From
TO CreATE These oNSTA blé FSoTOPES, PerhApPs, The MosT LIKELy PLACE
IS B DURING The €xPiosions OF SuPer Novae, We JusT DON'T KNO w where

A MeoTron flux of The densTy ( About 10%%cm?) could ExisT TO Probne

This NUCLEAr SYNThests.

RADIOACTIVE E LEMENTS

AN INTETESTING ProbleMm AriSES CONCErMING TheSE ELEMENTS wiTh LONG
hau Lives. For insTwNce | BoTh  Todine 126 with hAf -Life 17 mullion
YeAars AN PlLutomivm Z4Y of 8L miiilion véfrs AND Virtuawy €XTIMT OM
€ATTh. BUT lodiNe JEAYS INTO ZE€ON AnNd  Zeon 119 1S Foom D

IN focks conTAINING L*? Since AlmosT ALL The 1odine 15 Gone IT

Cootd MoT have been Fform rmuch More Than 3x 17 MILLION ¥ EATS

before The meqsorement, FE MOW. WhAT wé Mow CAN €STIMATE 1S whea
This NuclLeATr SYNThe sis SToppen AnNd 'fernn'hcm of Souipg beean.

BY MeAsureng Xem‘/I"“ direcTiY now (NOT" O EATTR buT 1IN METEOTS , wi€

Arrive AT A +eure oF 4.6 x10% verrs ps A Time of solip formaTIoN.

WiTh some mumbiling A Petiod of 108 vears hAsS been GUESSED A5 TO
The PoinT of SvMThesis CessATiON. A TiMe PLOT of The Abouvé SPATEMENTS
would Lloor LIKE:

lend of
: S¢MThesig

— o —

Te Ts Now
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The oTher vAdIOATTIVE €ELEMENT AN Giue mMoré clues 1o AfIxiING The
ProPer TIMES TO Our SCALE buT The QuesTion IS wide opeN ANd veéry
Confused. ELemenTs ke U5 (Tag) , U (4.5lg)  Thorwnm (1439),

ANd Rhentium (H0g) would be (MTEresTING TO sTODY ANd Sée wWhAT
CONCENTIATIONS TheY ©CCUr YELATIVE To éeAchoTwer. For insTiNCe, The
formation ofF U™ and U™P |5 by The R-Process. Bur UY® will underso
ALPhA €risSloN T GeT bAck To 238. BY GUESSING The many DifferewT
WAS Thes decat Cootd o©ccur , T 1S believen ThaT The raTio of The
COMCENMTT ATIONS IS 23§

u/u233 =~ l.BS ro3

white Thorium to U™™® |5 AbouT The SAHE
Tk/uzas ~ 165 £ .3

W hAT CAN W€ Do wiTh These Fioores? Wetl ,wé know The rAT0 Now
T be AboqT,

U uzsal i .00723

. NOwW
LeTs worik BACKwWArd over 4o BiLLion YEATS AT The Timé The SoliDS WEre
forMING. ATrivinG 47 A $1ouRe oF

u“s/utss ) = .31
'i-‘,

This s moT .65 AS WE GUESS Above bul 1T CerTAIMLY 1S MOT pMore.
I (T wAS This woutd Hess cEvertThineg UP,

we cAn AT LEAST SAY This wAS AbouT The LAST MOMENT wrenM SOMEThiING
coultd by SYMThesizen buT T ;S NOT where 1T 1d 70 be hAJE,
U® coutd hApve beew MADE Lonot betore This. The €xAcT ProPormows
of The ProducTioN SAY AT The NSTANT of HIrsT formnaTiod ANd The
LAST FLEETING MomenT when The condinNoNS wWeEre FAVOrabLE could vAry
A GreAT DeAL, MAYbe B0%o of uV® oas made 3¢ vearys Aoor And
The nems- res T Yoo vears fAGo, We Are (&IT AT A pifbiculT Amd
CoNfUSING  PoINT To Try ANd GET informATION.

Since Thorium hAS A LoNGEr Period The contriboTions IN The LAST
tew minuTes of Probocnon Would NOT MATEr mMoch, BuT The ration
of Th/U wMow 15 NOT KMOWNVETY Wetl. ON EATTh 1T IS €STIMATED
T be 3.8 which 6ives A Tine of L3y When The SoUDS weTE
formepa ’
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A More INTETESTING CASE STILL IS The DecAt of Rhenivm 187
INTO OShwm 1BT becAuse T TAKES YO bitlion YeArs which IS
beLieveéD TD be Older ThAN The uNiVerse, I+ we had The raTi0

OS./Re we could CALCULATE! BACK To when IT WAS MAde And beE
Fawrty cerTN ThAT we had ALL The Production AT ThAT TIME,

The problem HEré 1S ThRT somé of The osmium s Formep by The
S-Proc€ss. JSo TRAT we MOST SobTRACT Thig s§-Process €ormed
OSHIM From The Ostuum WE KNow (v e RAvE, Thus we cnn Find
The ©smivm DUE TO DISINTEGr ATION

81 187 t
Os = Qs -~ ( o (18¢)
o135 & (182

18¢ (BY somiy)
) o

SiMge There 1S mnot Rheniom 1SeTope MAde by The S-Process wé havend
WA TO CALIRFATE The osMivm Process. So we hiue T Measore Milions
oF &5 4oc each 1s0Tope ANG CALCULATE EXACTIY how mock Osmivas 1S

form€D by The S-Process.
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C FAPTER 9
FEYWMAN ON —
DicKE on The oblAtTeness of The Suw

Since The demAnd 1S Do Discuss Dicke ANd AS | PromiseD LAST week bul
ToTALLY ‘Gbrr.oT, l cottl Proceed T TeW wWhAT | Kaow AbouT hiy Theoey.
Sigce | didntT ATTEMD s FirsT  LecTore AT cAL Tech when ke €xpPlAmeo
his €xpenmenT | CANNGT CriTiCtze ThAT And For ThaT t APolOGIZE,

The CLAM S ThAT The Sum PoSSESS AN  O0bLATNESS PerPenDICUtAr TO TS

Axs oF RoTAToN. The AsYHMeTRY OFf | PART IN 10,000 MEANS 1TS IS
SQuashed Too Moch, EXPECIMENTRLLY (T IS very DIFFICOIT To LOOK AT The Suw
ANG Fee THIS obLATENESS becavse of sotar Fiare Difftcury v Discernme
Twe repat surFAce, €TC, WhAT Dicke DID wAS To TechvicAallY Obscore The
SUN wiTh A citevlar mRSK, Then To 6o Aroond The edoe AMd LlooK for

ANy Second hATMONMICS (m DriohTNESS, ANY ASymMeTry IN DRIGRTMESS

would be FELATED To €Qui- POTENTIAL BYAUITY Teoion ANd Twus 7O The ODLATENESS.

The resuttTing consSe@uemce oF This SQuAshed Sun 1S ThAT Mercory, IN
MAKING A $Qou SwWiNG Around The SUN Do€sn'T Come RACK TO The OrtenaL
POINT, when ALL The PreTurbine forces oM Mercury Are convsidered, e.q.,
VENUS, EARTh ( €TC. | A TESULT of YL 7 scconds of AN AfC remAIN UNEXPLANAbLE
IN  ANSWETING WhY Mercury  Precesses AbouT (T PerhelioN Some S$39 'Arc-JecenTury,
The Number LT 15 The Fetnman number SINCE | rémEMber TS From 25 YERYS

Ao ANd CANT Vende 1T RenT Mow. AT ANY ATE  The Gewernt Theory of
ReLAMWITY , AS EINSTEIM  PROPOSES PrepicTep n VAN ATION IN MASS wnhTh vétodTy

+or Mercury TART GAVE A correcTwnN facTor oF 93% ecopd s of Arc. Thusg
AsTromers mMumbered A LITILE ANd SAID 1.3 Arc-Sec 1S A 600D AGREEMENT

BuT Now DICKE SAYS ThAT AS A FESuLT of The Sun's OBLATENESS A QuAdre-
PoLE 15 €STRAbUSh €D which cruSes A 3em  corregTioN of Y Arc-sec SO
ThAT The vemaiNING Perrhetiond ShifT s 327"  This 15 6eTING To be
A° NoT So GO ﬂ-P-‘P AGreEment  ANd "Pe-thnrs’sone‘lhme IS wroN6 Somewhere-
CiTher 1N €INSTEINS Thegry Or 1N DickE'S,

Now A coupre of RemArKs — FirsT, 1T 18 very D ifficulT TO TAKE A MEASore-
MEMT of  brichTMess AMd OBLATENESS . The QuesTion of wheFher € Qui- brichTaegs
corresPoud§ To €EQUI-PreSsure or- €QUI-POTENTIAL 1S hArd To ANSweTs.
Secomndly  The QuesTion of how The €MRRT PreTvrbamons Doue to enc h
PLANET AS COrfecTONS TO The TOTAL EYYor 1S in DoubT. ThAT 15, how nccuraTeLy
1S 1.7 WKMOWM SiNCE T WAE DPoNE Some ForTy yvears, This ""QU!‘E of 5§39
seconds of AYC 1S A TYP(CAL ASTTONOMICAL MUMbéR”.s., There ISNT ANY
$39 % somE €rror . ASTrOMO Mérs ATE MOT USE TO wWorKine wiTh Errors

And If vou AS me This whot€é SubiecT STINKS, To DIScusS DeviATioNSs of:

4 Aarc-seconds when S39 hAs Mo error vpve |s DOwWM FlhT INSANE, H?-’

‘N FACT The suy hAs This effeécT ON Mercury Then The ObLATENEss effecT™
ON all The oThey PLANETS mMUST be cArefullyY CR{cOLATED. | would recheci
ALL These CALCULATIOMS VErY carefolly firST before makiue A4 Theory
T EXPLAIM SomeThiNG which youre MoOT SUrE IS IN €Tror 1N The FirsT PLfice,
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DiKE , however, 15 1N The unusu AL sITuATION ot ExPerimenTAuY Cheucimve
A Theor? he himself, has e WrNITENM DownN, |

have f Good DenL of
ReLADILITY M Dicke AS A very cAretul

EXPEVIMENTALIST AMd TheorniTicign,
HE LooKS AT EvertThine And (S NOT Foolép by whaT hAS cone before.
IT 1s (S dwn hpard LucK & ne

130 R WILD goose chAase LIKE
ThiNKk he 1s.
So DICKE worKED ON A New Theort of GraviTY ANd TO ExPLAIN Why
he ThinKS GrAvITY IS MADE 0P ot A MiXTure of TENSor ANd 3ScALAR
FieLds i AnPorTION of -5 ¢+ § reE3PecTIVELY WE Go RBRACK A UTILE ToO

EINSTEINS TheotY. IN ThAT Theory EIMSTEIN PosTufl ATED ThAT GrAvITA-

TIONAL ANd INERTIAL MASSES ARE & STRiCTLY PROPORTION AL, RemEmber our

DiScusscon oF The ELEVATOR ANALOGUE IN which wE EXPLAINGD his PRIN-
ciPle of- EQuUIVALENCE., The force o¥ GrAviTRTION 1§ Then ProTORTIONAL
T The MASS , The QUANTITY which 15 FUNDAMENTALLY A mensore ot

INEYTI, It 15 A méenSure ot how hard T 13 To holtd SomeThinG which 1S
GOING ATOUNMd 1M A CITcLE, This force 15 €xacTLy ProPorNoN AL 7o The

MASS wiTh GYreAT Precision Y \F T woere OOT exAcTLY ProPorTion AL There
would bée some G‘F+$(T by whiclh tnErTIA AN WEIGhT wouti bl‘i’(‘ﬁk ,Tke
Rbsemce of Soch An €ffecT has beem checkep wirh GreéeAT Recurpcy by

AN ExPerimentT DonE FirsgT by E6Tvos wn 1909 And  MOTAbLY, bY Dicke
MOYeE TECEMTLY, The Accurdcy of This ex Periment AN €QuUIVALE NCE s
AbouT | PArT N 10",

The €oTVvds EXPEriMENT INVOLUES A SwinNG MASS ANd MEASUres The rATO

of erAuTATONAL T CeNTrIfucAL Force 4or And wompAres Thew ramo
for vidferenT MATErIAL The guesTion IS¢

M The eqrty CYENING BS The Sul
19 SE€ITING ANd woere

ON rollER SKATES WhY Don'T we JuST CoAST off
TOWARDS The Sun. weu,«r‘s Sinple — The eArTh 1S fALLIMG WITh o8 AND
IN R PRoPormonNAL AmMouNT. SiNce rollér SKATEs Rre hArd To MAKe lers
PuT 8 Two obsecTs of &Quat INEFTIA QL Che end of A Lone QuArTz

vod HUNG on A Perfect PiveT. 14 The iNerTigs are €QUAL ANd

The er AVITATIWON A L ATracTIONS UN€QUAL, The rvod would TwiST Aroymud
UNTIL 1T LiNeD UP POINTING TowdArd The Suds RYT The centrifvsatl
force bBALANCES The GTrAVITATION AL ATTYACTION S0 weétl ThAT we siy
They Are €QuAL Hfor AL (NTENT ANd PurPose. ‘

l€ Gravity comsisTs of Two Parts o field

N B MixTure of -3
where 3 ts A

S

S could be as rMmuch AS

couTriburon of Thar *Much. Bur 1+ S

EXPLAIN. ThAT Y Arc-Sec by The rELATION,
C’HLG_CT

Reomon: ProPormoM A LiTy £RcTOr,
A0°%o 1e., A ScaLar fiedd
IS PickKeD RieohT W& AN

(1-%5s)

il

43 Arc-secony

LTk, gy whick cAsSeE S s AbouT 0l0O.
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However, The peflecnon o LiehT by The Son i ProPorMoNAL oNLY TO
The TEMSOR FIELD CoMTRiIbuTiO N (=S ). The pPrecise AmounwT of deftecmon
IS AN ATER of eXPeriMeNTAMON wOhiCh woitt have 1o recheck, Bule ('L

beT bhe doesn'T F1e4d ANy soch $icug CONTRILUTION AWd ''mM LA hel ow
The chASeE NOT Mg,

MACh'S PRINCIPLE IS AISO IMVOLVED IN This DISC USSION DecAosE 1T ASSEVTS
ThAT® The IMEFTIAL ProPErTIES 0f MATIER Ar € JETErMIMED BN The ProPermies
of MATER N The UMVErsE. This 1mPLIES TWAT There 1S MO Rb3oLuTe frAame
ot reterence SiNCe TWO UNIVErSES oNE wiTh A LoT oF Nebuipe And
The oTher wiTh A tew would show difterenT Rmouwts of cenTrifusnt
force on AN obJ€cT roTAMNG. locAllY The Sum ANd The GALAXY AYE Sources
oF ANiSoTropy 0F MATIET 4T po EHFECT WAS Memsured berrer Than one PAIT
IN 10'2 ThaT 1S TO SAY INEFTIA IS GENETATED or (AUSED b¥ SOMETMING €L3E, I+
we could Find The density of This bAcKerpund mMATIEr cAVSING ALl The INErTIA
we would FiINd S. DicKE ASSErts TWAT MACK'S PriNc|PLE TEQUIrES ThAT
ANIS OTroPIeS be unobserpable becAus e ALl INSTTUMENTS hAVE The 5AME
(SoTroPy,

The Problem velATED To TTACh'S PRINCIPLE IS (uheTher or NOT The mMoTiON of
The whATEr IMSide A SPINNING PALE DePenDs oM The MoTION of The
CELATIVE Mumber of nembulae, We know T™he waTer spinshes vp AGAINS T The
Sidé  buT WhAT hAPEens IN A SpAce VoD of MATTEr ; does 1T STILL Fi3€
IM A PAcAbolic shnpe!

To ANSwer This (PuesTion wé CONSIdET A COSMOLlosichl Theort IM which Theve
Are mo pebulhe, IM Ths Speciatl cASE EINSTEINS Theory of GrpuiTaToN
which he wroTe #As
Ray = Tuy
where  Reyy (s # funTion of T™e eraviTaAnowaL PoTERNTIAL And ALLITS

derivATive s Y, YHY 3Quv . O FJarv
% ! %E; "'3% I :%'x" ) T
fnd Tur 15 The STress Temsov ot The MRTTEr ouTsideé The reciom of
INTEYES T

o Wwe& CAM wrTe
2
O ¢ = Pmnrrer

where  [%= The D' AlembernAn operfATor = JE  _ \Ve

2

~

d) IS The G6raviTATION POTEMTIAL

Atso WE recAlL The ELENMEMTAL LeNGTR N Four - vector noTAMoOM 13

ds*-= Iy dxud xy
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1 we hAVE No MATTER S0 ThAT

1;‘“’ =0 ,Then The solution TO Ruy
TRAKES The form

loeop
avs (35783)
009 -1
or dst= dT°- dit-dy - 43
This nE ELEMEMT Describes A FLAT
This form mMamTer has
IMEYTIA,

SPACE Aud AS A conseq@uence ot
INErTIA ThuS WE EXPECT The PALE TO EXPERIEMCE

I we comnsider # PALE AT The CenTER of A shell mMmave WP of mebulne

TAAT Are YOTATING AT gt SOME AMGULAY VElOLITY Q  Then iM ordér

for The waATEr To STAY £ ULAT IT MUST TUrn wiTh The sAme —=. RuT

The PALE Turmns AT A TATe (€8S Thaw LT s AN W which 5

Proformon AL TO L wWiTh SOMéE ”_;_‘ fremors redvane 1T, The centrifuoa

forcer Then dePends onN The retnrTive ANGUIAR VELoUTY ReTween The
Two SYSTEMS,

The vidficulTy N UMA €ErSTAMDING Thi$ ProbLEm IS N

FINDING A SoluTion To The EINSTEIN EQUATIOM
for Tuy =0 ANd SATISFYING The(ORRECT BOUNDARY
couDiTION. TREYONd The shetl o MATER The
METYrICAL TEMSOR %Mv 1S ASSVmMED TV
t
APProach .0
(S-S

) or simpty | buT This s
WroNG,

Tav should 6o To O,

To 5€¢€ This we CoNSIdEr AN ANALOGUE IM
ELEcTToMAGNETIC Theory., From The mAzrweELL
EQUATIONS WE KNow V’E=F ANd VIE =0 €Tc,
If There ArenN'T ANY chArges so Thar Vs & =0

We& hAVE A SoluTiON N wHich wée hAve A cONSTANT
ElecTric FIELd 1nt The 2-dirécTion, SAY, BuT T0 hAavée A uniform

FIEtd IN The Z-dirécnoN (MPLIES we MusT hAve chRroes fAYTher ouT or betew

cAUSENG The Fietd. If we hAve A SoLuTion Then for which Ay does NOT

VANISh  The Nebulte MuST b€ chArped SiNce we  CANNNT AT ribute The Fieud
To €mpTY sPACE, WhAT N Hcr. MmienT BE The cpge

Is A lArTGe Shell fArTher
ourT cAus MG The inerfip effecr,

WhaT we Are mMiISSING

1S A WAY To PredicT inerttA From PhYSICRL ProPermies,
So FAY we haven'T

STATED OUR LAW RIGKT. ThAT 15 TO 3RY The eQuaATioN
T E —_(a boeS NOT comTAIN The STATEMEMT ThAT ALl FIELDS COME TROM
MAMER 50 we <An'T Arcoe from The mifferenTIAL EQUATIONS ALONE.
Whilg EIMSTEIN PErmTS INErTIA To €x1ST wheN MATER (3 MNOT PRESENT,
MAXWeElL Permts A fietd TO EXIST when MO chAYGE 1S ATOUNd omlLy 1f
The PosTutATE ThAT The FIELD <OMES ¥Tom SOME chATeES
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The 3Tress enerey TENSOR Tuy 18 The source of GrawTATION tield.

Thig TEMSOr ConsisTS ot AN 6MErc? onTribuTion whith wecAll P
Plus T which 1s The deformpnon STYesS, ~=7 , Tiy The flow MOMENTUM,ETC.
We CAN Show The M AIN CONTTribuTwOM To The GrAviTY fietd comes
from Tyy ov

DL?M ~ Tuy
Yeduces To

El"ﬂ.” ~ Tyy

Sutpese ThAT
[1‘¢ = tietd Prodoucen by The Trace of Tvy

ov u"¢ = Tyy - Tuw — Tz =Ty

If we conTRIMN A SMALL 6lod of stuff 1M A vorume AMd Permr
ALl sorTs of sTress ComTﬂbunoN, SQUCERING, SQUARShING, TWwisTIM b,
ETC Loe cAMNM YEPLACE The COMTrIbOTIONS BY VOoLumé IMTErerALs

]
To deTermINe The TEALIZE STTENGTh of The enerev comTenT, g,

§ Tyyd vor — ST.. dvor. - YTudVot. - ST33¢|VoL

wheve  § Tyydvol 15 Due To The mnasS

T witt sofbice ™ To show STudVoL =0 And The reST ¢AM be

worked ouT SiMiILATYLY,
Perpenbicul By
If we mAKE A T Throuah The Glob PAeAEEEL TO The X-Axs,

Then Ty corvesponms to The FOFce PErumT Afeh X W
M The X-direcrion. S (NCe The ohldecT 1§ STANDING ’ (_\?'F,,\/\

There The ToTAL uyPPer force =0, So weé hrve U
Y F! d Aren

=0
INTECYATING AGHIN Over The heElohT d
S FudAren dx =0
WE STILL GeT O . Now wie hAvE The volome InTeoraL =0 For T,

So we comclude ThAT Tyy (5 The omiy source or 6raviTy ANd There
\§ MO IMTErnNAL conTTibuTion, | Think | hRvE Proved Twis N GENEYAL.

Ir 13 PossibLte even ThAr The GrAvVITATION coMsSTH NT 1S VATYIN G
wiTh The AGE of The UNIVErSE IM Which CASE wé hAVE MORETO woryy

AbouT. ThAT 13, DicKE DOES . HIS worK IS A Go0D Id6A becAuse T
T checkK some of our otd 'Flguges MENTIONED Above, So whue
Thinll he 5 wrone Admire his eonviCTION.
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For reference what stimulated Feynman's talk and response above

Dicke's Theory

(sScientisic AMeRIAN
MARCH 1967 )

i§ PACT (8%0) of The AdVANCE of Mercury s PeRuUTELION (AN be
ATIRIbuTEd TO The OLLATENEYS 0+ The Son, IT will be MECESS ARY
To MAKe AsPecdic moditicATion TN THEe oenMerdAl Theorey of Ret-
ATive AS Proresed be EINSTEIN. To €INMSTEIN GrAoiTY 1S woT A Yorce
but a- comseqQuence ot The curvATUre of SPRce, @raony (s AS-
SOCIATEd WiTh The Presence ot A TENSOR FIELD, Which 1S The
MeTrIC TenSor OF The RieMANNIAN GeomerrY of curved SPAce.

DCKE ProPosed T1o AAdd A force LOMPONENT ASSOCIATED wITh A SCALPAR
FIELd 1.g., A Frecd which €ACh PoinT IM SPACE hAs A sPeahic Physical
QUALITY To which A SINGLE YALOE CAM be ASSIGNEd. IN THIDS Twheory The

AdvaAnce oF Mercury's PertheliON 1S LESS ThAN 1M €IMSTEINTS by AbooT
TeN PercenT or by The facTOR 1- 45/3 where S 15 The fFracTion
ofF A bod?'S WEIhT due To The ALAT INTErACTION.

As A FesuLT oF DICKE'S WORK , he  conCLudeéS The core ot The sum MysT
be roTATIMNG MUCh $as5Ter ThAM The Sun's SurliAce. To et The desifed
SLATTENING T MUST FOTATE oNCE Inm ADOUT |8 dAYS

r'mme} PrincipLe
«thu A hod? reTATes reLATIVELY To The tixed STARS ,cem*n{-ucam. fopces
Arec Produced j When T rTATES FELATIVELY to sime ditterenT boldy woT

TelATIVE To The Fixed STARS, MO cenTrifLeAL Forces pre Prodoed,” That
13, coTATION oF A badY felnTIve TO The Tixed- sTRr SYsTem 1S €QuivALenT
To A foTATIOM oF fixed STArs AbodT The body,
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PERTURBATION o MERCUrY'S ORLIT - H.¢. Chiu

The ro1ATIon of A SPherfe witl MAKE IT BOLGE IN The cenTEr

w=0

Ih order ThAT A SPhere (N roTATION be &Y AVITATIONALLY bom\ld, The
GravuiTATIONAL FOrce Per UMIT MASS AT A rAdius musT be ercATer ThAN
The centrifuent force

V" < G M
R T R
V= WR ~ R3w'<cam
WEr<e¢e GM - (7xto'3)(?.m0”) = Yo x 10”8
- R? (1x10°)3
for sun

W ¢ ¢.3x10' rad [sec for The sun T be rorATONALLY STALLE, For
The sovAr roTRTON Period

@y W oo W = TS X107 rad [sec
Lf 26x%x103
W ~
-J""ﬂl 5o

The so(Ar roTATION fREQUENCY 1S NOT very Much SMALLET Tham The
MAXIMOM FreQuemcy AT which The Sun could 10T ATE ANd remniM
CrAVITATIONA LY bound.

EXPANCdIMG The GraAvITATIONAL POTENTIAL of A MOM-SYMMETYIC or oblATe
obvlecT InTerms of The Levewdre PFNIMIALS

i('ﬂ,e) = ¢(A) + P;(Ccsejv-‘(n) PO

where © s defined AS The Poiar GnotLe.
Such AN obLATE obJecT has 1S Perihelion TroTATE AT A 'g'réQuemcv

6 R \¢
We = ‘g € (TI.) X (G§OHeTrtan FAcTOR )
(T\Ms work 1S ATYviboTen TO Rrouwer )

The Perihetion 18 The PoiuT om The orbiT which i1s closesT 7o The
ATTRACNON CENMTER ANd € = b%f sthe eccemnTricity of The Cewrrad body
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The tActors which contribute 10 The rorATion of Th
Perithetion ot mercory Are A3 fotlows

tomtriborion from Mercury
Arc-second

PMERCUYY 0.0t5 t o000
VENUS 277.856 Lo.68

EArTh 90.038 to.08

MArs A.%536 % 000
JUPMTER 153,584 t oo
SATUrM 7.30% ¥ 0.01
URAMUS o4l T oo
MEPTUNE 0. 0OML t 0.00
Moo N —_

GaemerAl PrecessonN

S07.5.648 L 0.5
oF T™he eQuUiNOX 5.6

TOtAL 5§557.1 to.8
ExPenr curauy §599.7 T 0.4
Difference 4y2.6 * 0.9

The Llower vALue Y2.6- 0.9 = YL7 youtd ©E The Fevnmpn Nunber.

EINSTEIN'S Theory of GENErAL RELATWITY PredicTs AN AdYANCE (N
Perihetion N AddITIOM To Those JdusT GIveN  of,

en&M ' - 43032 ool
RPLANGT R@ |-e"
orb,r

e 1S The eccentriciry of The PLANETRIrY OY bsT,

The GrAVI TATWONAL Perihelion AJVAMCE mav
wa = LUNXxZx08

be wrirren AS

white The Advarnce crLcutaten From W' due 1o The Sum beng
ASYMMETrICAL 13

e = 6TixextoVle

To AccePT cemeraL YelAllviTr Thenw € <107 despire The

RELATWELY hich vALUE of The FOTAT(OM AL Frequency,

So 1F Dweke ClAmMs To hAve Youmd AN obLATENEss of 109 he

15 forced ™ AbAndom GenErAL TELATIVITY TO ExplLmin This Perturbanoag

rRoOM LEcTures +M TheoreTicfL
PhYgics - ASTroPhysics
And WEARK (NTErACTIONS
19%3 v.2  QBrinders
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CHAPTER |0

RADIO G ALAXIES

WE Mow MOVE TO A New TOPIC And discusst The
I The UNIVERSE. FirsT wE woilL

ANd Then discuss

sources of rAdio emission
ViscussS The courrenT EXPETIMENTA L SITuATION
SO0ME Theortes Alomeo LT @ TRLK AbouT coSmic TAYS.

UnforTunATELY our ATMOS Phere (S oPAQUE TO EVeryThiNG excepT Visibie

LiehT 1.&, ThAT MinuTe PorNoal ofF The SPECTYrYM wohich our €ves ATE
SeNStITIVE TO. This 15 indeed, SoME€EThiMG T® be eraTeful For And Sod Di1d A

Goed Job here. So we Jon'T hAve A CLEAr ‘view' of These radio TrANSMSSIoNS

PAEY TO  Twis blecK A6E. There ATe  however, Some ‘Wikdow'In The SPecTRUM

which #ALows S To LooK Throveh ANd See WhATS GoIne oM ouT Twere
One s8ch winddw (N The RAdIO wAvE recioM Lies  between kMTo 30 am,
SmAer TrANSPAGENCIES IN The SKY EXIST AT oaTher wWAVELENGThS byl 4OrTUNATELY
They Afe NOT  wiDe. OTherwiSe we outd hear Turopean TAd10 bHecAuse The
loNoSPhere would be: A ledky reflecTog,

Soe whAT do we see or hegy ? Where Are The sourtes o} rAdio emission?

<
U. FirsT The sun AcTs As A ‘MoISY source of rAdio €missiON. The PATIErNS
Are Uer? COMPLICATED And Aften'T uvery IMTEYES TN (o
@ . The MooM; NOT Mmoch To SAY herte
G) . PAarg ANd JuPiTér, JupiTer

IN PATTCOLAr becpuse There ATe Som¢€
Very

INTEFESTING ThyndersTorMs GO G OM  UNdér (TS m\nogpkere.‘ (AYY
TrY 1o TAK AbouT This (ATTEr IN The course. BuT Thes€ Are sources
of BlAkbodw raAdiATION And TEARLLY Aren'T juTEresST TO QuUit TOPiIC

«). NexT, Thouph, 18 The GALAXY Y ITSELf. This we will devoTe more Time To
IN A MuNuTE,

&J. FinaiLy, The AL INCOMPRSSING GrouP ~The EXTrA GALACTIC SOATCES,

RETUrNIMG TO The GALAXY There Are A CouPLE of ToPic here ThaT we Nveed TO
diScuss. There Are, SCATEren Throuo houT The GALAXY, SMALL SPLoTches

or PoinT SIZE Sources of rAdI0 €missIon . White AT The SAme Time There
IS A GemerAl backeroumd YAdiATON Which vAres Al
SITY VATIES GreATEY which The coldesT TeGion
body AT 80°KELuint AN The hoTTEST 1g
The cALAXY of Near (000° K. IN AddiTioN To These Sourcés There Are Thermal
ANd MOM - Therm AL Sources, Oriom (s A €5 AmPle 0t The Former And The

YemuanT ©F SoPer movAE (K € The crab NebutAé fovr Twe LATTER. ALso FiAre

STAYS LiIKé solAr ouTbursT oF The Sun which send oft Pulses of gtecrro-
MAeMETIC TAAIATION hAVE béecn Observed.

over The SKY. The inTgpn-
S corresSpoNdiNG TO A bilAck-
-, IN The Area near The cenTer of

There 4re SPecTrAL L 1ne Observen

IN ClooDS of hvdroeen. These €mMisSioN
Are Dué To SPIN-FLIPS

IN The htdroceai AToMSs which ¢AN occour IMATUrA LY,
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SPEciAL UNPREPARED TALK ON The LUMPIMESS
of The uNIversE

...or where does does the anisotrophic (I.e. Lumpiness) come from?
This ToPic wWAS IOVCRT by omé of The ATENDEE by eQUEST of Feon MAN

who WAs beeM hAVING Troubie LEAYMING AbouT S YNchroTron rndidTION.
Se off AN A TANGENT — BUT A VElY INTEFESTING ON — w & 6O.

The Questiont wAs BrooohT UPp N fekATdS To A SPeXiAL LecTure AT cAL Teh
IN Wwhichh The  Lumpiness Proprertfam of The ovwiverse (&, The closTerine
Of GALAXIES <nNN De CONNECTED wiTh A Cos5mMOlOGIcAL Theory, 1§ The
UNIVErS e oo IS LumPy NOow | WAS IT LVMPY DuriNe The Qi BMie T ,ancT,
There wWAS A Rie BANG! WILL 1T geT More (UMPY AS TIME Goes on @

To Beoid (o1Th AW Moders of The uNvIVETSE SEEM TO AGree om OME POINT -
JoMe TiMe IN The PAST The UNIVErSE wAS closer foeeTher angd (T 13
COrYENTLY SPrEAdINGOUT. WE ACcerTED The CoSHMOloeIcAl ASSOmMPTION ThAT
The vUmnIveErsE S FAIr Ly cONSTANT So ThAT 1§ we were 4 Thousand LiohT
YeArs from here we wovtd Sec The SAME ThiNGS = DuST, sThrs, GALAX(es,
he0ro Ge N, helium, eTc, SINCE Thew we DISCUSSED The wAY STRIS GEMErATE
NEw ELEMENTS by STATNING wiTh JosT A MASS of 6AS. Twe QOESTION AriSes
AS T® WhAT The MATUre WAS AT The TMe OF CreATioN (usine ThAT woRd
arefuil¥ ) To €106 The currenT d15TriboTONn of k‘tdroc,ew,*\ctlUH,C-TC-
JUST To ASSUME AN EXPANDIMEe UNIVETSE Model Does NOT NECESSARLY Fix The
INTAL ixTure bechuse of AL The muclepr refcDons, S-Processes, €T
which we NAVE menNoned And whichk @AMl Chance The consTITUTIOM of
The vuaverse il The TIME, We coud MAKE A rATwer armficiatl ASsumpnon -
IN The Beoionine There wAS heDroceny bHoT This «S NG A welt-Founded
ASSUMDPTON fAilTWooeh 1T Ml hT be Trve.

The problem we A€ Then 15 WhAT ASSUMPTION DO wWe STAT wiTh? |fwe
@o AtoNe wiTh The MAJor Iy AMd ASSUME BVETtTRING (WAS MOre TiehTlY
PACKED TO oeTher IM The PAST, WhAT CAM we SAYZ The rea DifheolTy 1S
ThaT we cAm onlY PAK MATEOAL SO TIGKT ThAT 1T witll EVENTUALLY
EXPLODE . WhAT Ocwurs before ThAT PoINT 5 The rel QUESTION. The
ONLY SAtE ASSUMPTION 15 Thermy TRAT We ' 4UST STATT wiTh AN ASSUMPTION.
ALrienT, WE'VE DOUKLE “TALKED €N OUGK ¢ LET'S ASSUME ThAT we Can STATT
wiTh  hoMoceneovs MIXTure AT Some VeEry hiow TempPerture T,
GotlG FurTher BACK IN TiMe OMLY THISES ThAT Temper ATUCE, WE <N
DIAGrAMATI\C ALLY reépre€senT This 10 The fOLLowiING wAY!?

u"e of bie BANG

Ch
- u:‘KW -
\ TimE
+ NEbuigr
T" REGIOMS oF TrAJ&KToNnES
' CONSTRAIT TEMPer ATUTE

T"T‘ < Ts
4\



This homo ceneiTY AlLLOwS ys T0 uNdersTnnd The ExpaAndIMG rAdiaTion
As Th AT From A DLACKBOdY S0Urcé, AT ANY GIveEM INSTAMTIWE CAN speafy
The followiING Three <omdiNONS:

TEMPErATUré | nNumber of MuCLEONS WhAT The MEUTrON yarig s
Per g, ! PROTON

I# we Know The FirsT Two NumMbers weé could cALCUVIATE The POINT
oF ThermodyYyMAMIC EQUILIBRIVM helore The TeMpPerATUre Oes Too low,
Le., AtTer €xPANSION STARTS. So LET'S suppPose AT TenPerATUTrE T,

The Goop IS IN ThermAl &k@ GQUILIBrIVM, AS EXPANSION ProGresses The
MIXTUrE coots ANd LUMPS form. BT The reAl BeRoTY of This PicTure 1S
ThAT we KNow The TemPerdTure ANd densiTy of MeuTrons we can find
OUT™ how MUch HyYDrocenm ANd HKELlWM There «wAS, From A cALCULATION OF
This KiNnd (T &8 has been tound That The rATI0 F heDroecw TO hetium s
ot The order of wo- Yo %

H - 20-90% inTrALLY
He

The iwmmiaL Conpitiont !s‘eogo AGreemMeMT Sor POPULATION [T STARS; Thil we
htve checkep wiTh The R.R. L¥rAe VArIADLE STARS. The AGree mesmT tor
oTwer ElEments Soch AS  CArbom, NITTOeen, ANd DXYGENM LS NOT S0 GooD
BuT These COMCEnNTIANMON ATE e¢AS(LY ALTEred be NociLéAr rCACNONS.

For MOsST ASTromomMerS A 30°%0 comncenTrATION FAT 10 (S fiNe-excerT

For Some SMALL BLve STATS which d1SPLAY A SPecTrA +rom Ther ATHMOSPhere
which hASN'T ANY helivM. The Sceoesmon hAs been mAde T™har Twig s

Do To A GOrAVITATIONAL SENLENG OvT of hellum BUT This SCemS Wrone,
However, (sTuiMod IS NOT ALWARS The 86T 601DE wWhen Discussine The

size And  Time Periodg (NVOLVED,

There. Af1SES A ProbiLem when TrY NG TO wOrK with The Three QuanTIFSES
eNVMErNTED Abowe. ThAT beiMe , The PossIbiLTY of PARITS €XISTING IN
EQUILIBRIVM IN The SuPer GooP. By PAIFS wWe MEAN POMTYOM -ELECTYON,
MEUTFINO ~ ANTINEUTIMD , €TC. Thos we HAVE The TWO WAY ReTA dechY
N + _v- e ?f-é-
Which shows More clearty ThAT N/p is NoT such A coop TATO To
PreK SINCE €x¢esS€S oF ¥ or € would TeENd To ®rive The repacTioN
IN The ChARCACTENISTIC SErecTION. tlore FunpAamenTAl TheN would be 1o
CALCULATE The Mumbeér or BArYONS Per €C And  how maAnyY P LePTONMS
To ANTI-LEPTOMS There Afe, Where. BArYONS Are The CLASS of PArTICLES
CONIISTING ot NUCLEONS AND hyPeRONS ( uNSTADLE PARTICLES wuiTh MASS X181
TimeS ThAT of A ELECTRON). And The ceneric Terms LePTonss And  ANTI-{6PTONS

Febuce Ave vsed TOr  muons, ELECTIONS, MU NEUTTIMO S, €LECTFON NEUTFINGS

ANd Their ANTI- PARTICLES.
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So our mMew QUANT\TIES ATE

TENPETATUrE)  MUmber o% RArvons rAme of LEFTOMS
“Per C.¢ ! AT, -LePTOMS

The IATTE f MATI0 beiNe eQUAL when The Number of electrong = The NVMber
of POSITYONS ANd The Smqé For NEuTvwINOs And ANTI - NevarINOS, ForTumATELY
There exisTs ANMuMber BRAYIONS duer f\-n’h-lahrvousl,,,;l MeYeteons over
ANTI - NUCLEOMS, FOrTUNATELY , TWAT 13, be(Avse |F IT were The ouTher w AY

There woutd &' be ANY MATEY 1M The UNIverse, JoST PropRoeATING lie hT!
Thus W€ reAlIze AnOTher FUNDAMENTAL MIrAcle of DESIoM. Tduts

Therefore 1T 15 The choves umber of LepTONS which deTermines The

vANO M/ P . 14 The mumber of LePTONS = Nunber of ANTI- LEPTONS W€ ocT
The To0-40%c tioure.

Well GeTTING BACK TO The LUMPIMESS PPOBLEM | SUPPOSE ONE TeGlon ON The
Ehoe oF This PrimordiAl bALWL ool A LITLE FASTEr ThAT The SurroundiMe
Junk. Then GLObULAY r6LIOMS would form And become more dewse. The resulT
beine A lower expAnsion FATE . Sivce GrAvITY would Tend TO mAGNIEY These
LUMPS e €xpecT The UNIVETS € TO beE mMore LumPY ToDAY, ONE o} The Probiems
we- Are- confronTeéd wilh here 1s how To deTermine The oALAxY Size And
wheTher or NOT Therc 15 A LUMPINESS AT ALL. WE hAwn'T AMALYZED The
PhemomenA 0  GAS CONPENSATION Very WELL, 1§ The GAS NEVEr becomeS
UnSTADLE G ALAXIES would Never form. WhAT 15 NecesSATY IS €NOUGh NOISE
or bAckaround FLUCTUATION To DisTHrb This €xpANSION ANd CAUSE 6raviTATonAl
Condens ATod To beqaN. Whilte The Specdfw nowse PATTEIN MIGhT deTerminé The

form of condemsAZion 1T DoOES NOT Sk The si1ze And ChAracrer oF The
TESULTING MASSES,

AN AnALoey 19 A wATErfALL IN which woe ook UP AT ANd waTch The
WATEr cOmiNG over. Tefore The edeoc of The ctiff The 1niTIAL
COMDITIONS CAN be wetl STATED AS To Flow VeLoaTY, dePTh of warer, evc.

S The wATEr STAYTS over The Break PoimT

NOIS&
NOSE 1S GENECrATED which €VENTUALLY Breaks Sy @cNerAf€Dd
ANd shakes ¥ The smooTh Flow UP INTO A CONDITIONS
GlobuiAr flow And finALLY A MIST. 1§ wE were Know ¥
ASK. Pme WIhAT The chances Are 0 having A
PACTICLIr Drop &Nd up ON Our MOSE 6Glueal ITS “oms dnd
INIHIAL CONDITION W€ 1MMEDIATELRE TEALLEED The forming

INTEYr MedIATE Notse hAS LIME TO o WITh A PAIMCLLAr
VIOP LANDING ON usS, So &ven Specifvine The TNMAL
COND ITIONS would MOT <learlY Define The ANSwéEr AS TO

hwo The carrent structure of The umverse, SAv, GoT from The
PAST,
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As The TemperATure cools and  The helium remcmon occurs wiTh high
emeror GAMMA- TAYS beiMe EmiTed . ¢

¥
He &«— an+p

There 15 A spedic concenTraTiON AT €QoILIBRIVM,

[He] - —M\m;
R

AT
ThiS EYAMPLE BreAKS Dowa AT LOW TeMPerATures bul For €@ uiliBrivm
There 15 Poure welium AT Zero de.c,veeS. Which ‘ AdTer eXPANSION'
freezes helivm IN ITS OrIGINAL PROPOTTIONS. ALSO , There 1s A €-TAY

decoupliNg occufine AS  The MATCSrIAL becomes TrANSPArenT TO These
¥-vrays, (NOTE: 1f This SecTion 1S confusiNe TOYOu |, ITS becAuSe T whS

Confusing To Hed.

15 The UNIVErXSE OSKILLATING ¢

ANoThey IMTEFESTING Q@ UESTION INUOLVES The OXILLATING UNIVErSE And
wheTher T witt Ever END 12, DAMP iTsert ouT, A Fellow wAMED TOLMA N
Believes bechuse entrop? 1S ALWAYS INcreAsinGe The rAds As A FoncnoN
of Bime smows A KINEMATIC DEPENDENCE. TRoT INFACT, The radios of The
UNiverse (5 deTermmmed be relMvity AMd | wooold buess (T would Stow
UP ANd evenTumLY STOP OSCILLATIMG, IT Scems ThaT The radiation Dis-
SIPATION foLLowin e COMPYESSION IS A dynamic comdITION LiKe A PiSTON
PushinGe ©OM SoME GAS,NOoT A KINCHMATIC ONe AS TolLmAM bDEUCEVeES.

The Problem INUVOLVES AN ICrEVeErstble Process «ohere €NEreY CONSEr-
VATION Do€s MoT hold. Consider The BrAiM-TeEaser for sophomer€
Phsics sTudewTs of The chAiM Droppide oN A TeAwe TARLE, WhAT I5
The force on The TABLE Due To The PEriodic. POOND ING MGTIOM of Oe
Chan LINKS AS They Sucessivelt T The ™Tble AN tMPAIT A SMALL
ArouNT ©f MomenTum TO T, (f The ChAIN Drops wiih vetoaiTY v IN
Aeravay ¥rece rceion,whnr 1S The resulTING Speed oF The TAbLe?
As we€ HMecuNONEDd ENErey CONSErvATION DOES MOT WOr K. because " The LinKS
bounce back A LITILE biT ANd Ths Rcon MusT be cousiderede

A picTure ot Our OSCILLATING HMODEL MiohT LOOK LIKE:®

TUME
frsT

Bie BANG \\ 8o Bﬂuss§

oF hicher order
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We  comncLuDE or reAsomn, The HoTiod of The rADIvs NE&D NOT be 5Mo0Th,
GrAvITY cAN ACT TO CAuse NOIS¢ ANd DISTUrd Twe 6As. AS The wAUES
ProPAGATE Throveh The MeDIA, Lochl -AreaS oF CONDEMSATION CAN resulT
which AT AS COLLECTING <enTeRs, AfTer The firsT or PrimAary Rie
TDANG The whoLe SeSTeEMm cound become ShAKY, Spurious GrAvITATIONAL
WAVE YIBRATIONS STir UP The meniA AN A8 TiMm€E Proeress stow VNCDUPLE
WiTh MATEY, ThAT 15, To DAY  GrAVITY wAVES PENETCATE (ehT Throve h
MATEr. However, The €xACT POIMT IM TiME when LiehT ANd GrAvITl becomes

decoopLED Ne€ed NoT Comnctde.

The CosmoloeicAL MirroR
We hAVE HenTioned before A ver? NdTY ANALoeY For umdersTAnd The
CompPlex PhemomemA Occorrmde IN The unverSe. It 1s EASY To GeT LlosT
IN The PhYSIcST underltine The UNMIWerse. Such AreAS of inTeresT of
RELATIVITY, METric TENSORS |, dchwarz chitd diNeulArITY, G@raviTONS, AMTI- NedTrNGS,
NoUeAr FEACTIONS, YADIATION ProPAeATION €R, €Tc, becoMe G Thicre ness
IN MO TiIMe AT ALL.

Lers mAKe use ob our homocemeous Model of The uNerse And See
WhAT W& CAM Do wWiTh IT, F:rsT‘ns WE tECALL, 14 we B WENT ouT

To A MEAr-BY GALAXY AND PASTED A Rufror on 1T, The Nomber ot
Parneles incdenT oM eiTwer Side would STANsTicaLly be The sAane,
AlERIGKT Then, LeT's NMOT 0o 00T Too fAr sAY To A radivs of Ten
NebutfAr umTI, B This we SIMPLY MEAM' Ten Times The RUEr AGE SPALENG
ReTween Nebulnre. PuT A oreAT Bie sPhericnl mirroR There,

WhAT we hAave n eftecT 15 someThing Like The DrAwine
here - wWiTh A LiTLe 1mAGINATION Add TO PuT IR | Four
DiMeS JOMS.

Time

BY NOT ANMTEMPTING TO TAKE SOCh R MONSTSrously lATeE
VOLUME The relATIvisTic etfecrs of erAviTY ¢Am be
IGNOYED, However , AS we recalled for A SimiLfr
AreumeNT for A Sphere of mATier And ASKED whaT
happens AN SAId wWe Lould lemere The sTutt ouTsid € The
bounp ATy, whATS INSide MoST be considered. So we sTL
MUST EXAMINEG  The 6raAvITATION AL WAVES ZIPPING AbouT
buT™ YeALIZING YelAHWSTIC €ftecTS become Smawy
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BY Thus MAKING CuriTure AM UM MPOrTANT PArT of our understamndine
ol WhAT Goes oN INSide The Sphere we cAN resorT TOo A NEWTONIAN &x-
PLANATION O The S¥3TEM. ONE wé ASSUmMe A homocencous MixTure of Juvk,
The enTire history of ThAT MATErIAL s reflected In WhAT ehrPPENS

INSIde The SPhere. It tS 1MPOrTANT To Yixe The boownAry condiMons of The

Pressure RTT The wAl.L'h:_., Does The Pressore juside €xerT AN ACELETATING

force 1o The walL To cnuse c—x’P&uswu? The ANSwer beine -Yes hoT because
of The FINITE MechANICAL TDENSITY INSIdé The €x PANSION CANNOT ProcEED
AT AN INMINITE PATE.

IN This WAY we hAVE ComMPressed The whol€ undersTandine of The unverse
To A SiMPLe ANd worKAbLe ANMALoeY OV The nATUTE of A hoT G6AS IM A box.
(1§ some of The hoT €45 blowine Around 11 COSMOLOGICAL Circles would be
DIverTen T A UNUtEd Purpose oF undersTindide This SinpLe CAS€, perhnfs

we would vnder STAWE More AbodT where we (hme From And howd.
BY cAvefully examinvine The in homooeneiTies which Occur 1IN The €xpANSION
we 5> hovtd be Led T0 A beffer ea NNowLEDGE ot The umiverse,

Since The Pressure ANd Votume of The GAS Are reLATED by The SMPLE LAW

pv Y = consTAnT
we Find ThaT
V““'H

TEMPETATUrg -2
For A ProTOM GAS X =43 so0 The TemPerATure Goes AS '/Lcuu'rk ot A
SIdE. SinPLe emOUGh. For INTEFSTEUWAr GAS A Good euess for ¥ IS 3,
So Thai

-t -
T’L = Va ¥ = Va. s
T V¥ VAL

To see how Good This APPrOxIMATION 13 AT The cArTh rAdiATION dewsity IS
iven AS AbouT 300°. For A STAr AT The disTAMCE OF ONE LiohT YERR or 37
SEC winilb—eri TS Which §ers The liehT 'GTOH ouy Sunt Whick 1T 5¢€5

AT A bLAK body AT TemperRTUIE T EMITNING A densSiTY ot LIenT ~T4 The
Pourer 60tS AS  Yr2 The radiws 70 IT. From which Yeasomine TSYNMmAM
esTMATES About A 1° radiamon demsiTy.
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Radio ErissSioN

WEe WANT To TALK MOre Techn(cAUY AbouT The ACTUAL Sources Aud oriern
of rAdio EMiSsION. We WILL fipsT discuss brigfly  Thermpt or bLacKbedy
emssioN ANd More ErrensivetyY Sychrorron FASIATION,

FROM ThermAL Sources LIKE OTION NebulAe The sSPectrom ot LichT emTm €0

hAS The Distribution Y34V . AT Lew frequemcies we seT A dSTribuTioN

corresrordinie ! To RTvidVv. lnstead of Flux vpirs we ASSOCIATE A TeHPEraTure
ThAT The ANTENNA "Sees’ wiTh The rAdIATION, |§ we PLOT The LowAriThm of
Power Per UNIT FreQuemMcyY Uersus FreqQuency, we ceT The followiNe chAar-
ACTENSTIC cUrve;

[v\ (Power
Pery )

Frequenguency v —

The expt ANATION of The shAPe oF The curve ISThAT The @S cAN boTh
cadiTe And Gbsorb. Since There #Ave A LoT of EIETTONS VUNNING Around
which Are ACCELErATED  Thcv NATUFALLY €MiTT TAdIAMION. The flosorPrion Cross
SecTion Per ATONN TiMes The Mumber of ATOM  €QUALS one Ouer The memn Tec
PATH. (5 The materiAL 15 MaAn? mean Free PATRS Lome | sAY L ,-which
correspowds T The opTicAL depTh P (TAU) . Where we demoTe The opTicat
depTh To hennt The Mumbher of dbsorbeny wAVELEMGTRS The Twine s deceb.

WhaT hAPPens For Difterent 2's? 1f * = oo ,Then The rADIATION from
The wAlL 'S ProrormodAL 1o hTVHdP, 1.6, The 6AS AT TeMPErATuce T €m7TS
LIKE A biackbody. for Fiuite % The RLACKROEIY vAdiaTioM 1s redoce® by

AN AmoumMT et s

o 1

ATvidy (1) —e'*)

FollOwiNG This furiher we CAN deFme A Source TQMPe(ﬂTufe‘w\uc.k 'S NOT
TeALLY AL TEMPErATUrE AT ALL bur TATher umiTs of sTremomns of S MISsiOM,
As A funcrion of The €lecTran PATR TemPerature ¢2)

Ts - Tm(“‘e'*)
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Our |MMEDIATE ProbLEM IS To Find ouT wAAT ¥ 1S. To Do This weé wANT
To DETETMINE haw mMuch EMISSION COmMes Fvrom A very Thig LAYer o @AS,
AFTET ThAT (ALCOLATED we cAN Thew FiInd AL A TmcK LAYer, The
EMISSION (i ThiS SMALL LAY Er 1S Thus Gived by

AT v dviat]
Inorder To sPectiicAlLY CRLCULATE how Moch B8t Theve 1S for A 6lueN
AMOUNT 0% MATERIAL W€ MUST CALCULATE The AbSORPTION coefficIENTL
Y USING The €ussioN PheuomenA, Remember we TRLReD fAbouT B StMuAr
Process when Discussine OPACTY EINSTEIN coetticients, erc.

Wht Does The eLeciroN cMill rAd'ATION. FOor our discussion CLASSICAL Theory witl
suffice, We ASSume A CouLomb POTENTIAL 1N which A MOVING ChARGE
(S AccelerATED by The ATYrACTION INTO A PhArAkolLiC OrbiT;

{
fewion of AcgelerATiION

te
ClecTron

We (AN GeT AN ANSwer which 1S About 95%0 riuwT by A SimPLItied
cpse of The Above ACCelerATION. \% The chiree Ze ANd elecTvon Are So {ar
AWAY TAAT The PATW of The ctectrol tem RIS ESSERTIARLLY A STRAIGWT (INE.
If we ASSUME A SEPARATION DISTANCE of b for The POINT oF Mmiminum
APproicth Then The ACCELErATION (AN bBE GIVEN AS

b‘m b * b
irb
!
te
The rATE o AccelerATon Of The ChARGE 1S civeN by
(3 z (S ch t
vare of cadiaTIoN = _Z_f._ o = &e ("‘i‘ )
N unTs of ENeroY/sec 3cd 3¢ bm

AssumiNG The MAJOR  Acceley fTION oCcurs wiTh A 2b diAmerer of The
POWT oF MAYInUM ACCLETATION, The Time of colliSion (s GIOENM by

Tine = Z;_b_ ~ _‘-
vV!‘:t. v#rca
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The AWELErATION Then cAuSses A GAussiAn LIKe TAdIATION curve Around
Ths mAx iMuM "PonNT‘;,E, , 1T forms A LITTLE bomp. SiMce The freQuemcy
o} €MISSION 1S wversety ProPORTIONAL To The TIME of EMISSION ([ wE S'Md

adb . 4V — dv= ¥ db
Bt éV* At

The €MiSsSton SccurriNne IN dV €quAlS The ProbabiLiTY ok of b beine in
db Times The eneroy €MITED,Lg., The AteA which hAS To be T
Emeroy 8 DY = Znbdby l:z‘_lE X e_‘_i_l :} -sne’ 2% dvy
v mted b4 ;1_‘53 ‘;;_
We Afe TrYING To 66T The sPecTaum (NJEPEMEENMT ofF y The freguenct . To o
ThS we witl hAve & To 6o SurTher, ACTuALLY The Number of cotlisions rer
seC Per ONIT wolvme Per dY (s oruenw AS A Fumcnon of ctectrow, jon
Nunbers And eleadrON vVeloiryY
Mo. cottisions per Sec = N Ny, VU, =Tibdb
For neorraL mATErML  Nion* 2 = Ne. And we oeT
enerey 1N dV N:L e" 2 dv
. Sec- vol m"c31f
ReALIZING THAT MANY ElectroNS harve di HerenT veloaimies wée Averdec

To 6ive A MEAN veloctiTY T
- T

WhAT™ This LhoLE ThiNb 1S ALL AkooT 45 THAT I Am TTYINe TO UNdersTANd
The AbsorpTiom CoeFHCLIENT for Z2] m Found IN The Kraus Book, 1.,
'3 —H =T - i -
K= 9‘8)t10"3N‘,er le. ¥ Ll9.8rﬂ'n(T /v)j
SR MeTEr

We WANT To comPAre This to kTvidy [ 4%1 where 8t K AX,
IT is Possibie TheN TO cQUATE Our €NEFGY €MSSIONY] FormulAe A nd Sotve

for K to ,hon—*fv‘-“f, GeT SoMmeThine Like The Above, 1,

Accofdide TO FeymmAN!
AnkividY 2 = Ney ez dv
(1‘1)3 mic3 V

(€1Ther THIS 15 copi€D LofoMb OF €15¢ 1T ;S NOT IMMEDIATELY OBVIoUS
whar K 15).
IN $ACT, wer Areu'T QUTE Throuoh,
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IN gur CcASe The FreQuemcy CAMMOT Go Too hicoh or else b eevs
So SHAWL ThAT The whot€é Thine IS NO 600D ANY MORE, We cAN,
howéVe\" CALCULATE The MiNiMv M B T8 Glue us The MAX iMum "'ret?uz:«uef
B €QUATENG  KineTIC And POTEMTIAL ENMEroy AT b aun,

k hT= Zet -2 AT
‘bmwl ter bmnN
buT b- E or v = X
rAY e Tbhbwmin

Vmay= AT U
ZEte*

RecAlliNG U = ﬂj)}_:.l' wWe eeT= A < haradersTic cuT-oft poinT
L g

Low evik offF = v
T-"I‘L

v
T'sh.

While A UPPer cuTt off YeSulTS 4v0M A bmpay ©1ven by The Shietdine
disTANCE of The Ngucleus

b = (AT )"‘

4ne*N
Thevefore
Vs 2 = L J&T /lmew _ [fgme*N\ '
2 bmnax 27 m _;ﬁ"" - T

Which & few MIGhT fEwooMIzE AS The PLASMA freQuency We.. So
Oour APProx 1MATION ISN'TT ANY GooD below The PLASMA FTreQuency,

For A TYPCAL  TYPICAL RecAVSE €VErvoMé hfs Abrced TO ACCEPT-IT AS
TYPICAL, 6AS e = (09 °K  we eeT VYV~ 103Me S0 ThAT The
LocATiinm 1L The BQuANoN For K IS AkouT =7 ANd Thus 19.8-1712.8,
So YIMALLY we cAN deTermine K, ANd for MOST mMATErIALS This OPTICAL
DePTh TheM depft depeands om ‘/v‘- .

FinAlty Then for A Given ThicKness o @AS rAdIiATION GaoeS AS

-t
yi( - e ) dy
For Llow witues ofF ¥ we oeT AN OPTIALLY Thick Mcdlﬂ,a.{'.‘ rAdiATION ~

Vidv, White Afhich frcQueNchlg IES IT Gocs As A ComnsTANT Times d V.
See our PreviousS SiAeram Lor OFION. The fereemenT 'S PretTY GooD,
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IT 1S INTEREST l:m T0 LooK A LITTLE ™MORE closELy AT The Curve we
RO

sKetched {—org'n: S0 OTher refAiSon ThAT TO 3Show how ASITONOMIcAL DATA

15 sTreTched T H1T TheorcTicAL PREDICNION. :

10 4 q
}/”_—? Power SPecTrym
y for Ovrion

Xm Power

oMe 300MC 3;ooﬂc

freqQ uency
WhAT hAPPENS AT POINT 2 15 SOMEWhAT conFusSineg? wWhY poes (T DIP bellw
PoINT 1?7 WE CAN MENTION Thoueh , The SLATENESS IS PLOe To The
INCYEASING TYAMSPATENCY . WE (AN €H6€F¥  ESTIMATE The eL&TroN DeMsITY
KNOoWiINGe The TeMPerATUrE SAY IO“' And Thickness A observen by The
From soch CALCUOLATIONS CThey Arfive AT A Fieure of A few

TELESCOPE.
Ce NEAR The CenNTER To AbeoT TeM Per 8C. AT The €boc.

Thous And  Per
Frem This denNsITyY wE GCT YAdI EMISSIOMS

As A ShorT PhiLeSOPhic AL ASIDE IN e A4S To The QuesTioM o} ExPLAMNING

ThaT curve Above, IT SCEMS ThAT PhISKS Chppe—SAip—F0 IS A PerreTuAl
DISCUSSION INVOLVING The MAsT UNreliAblE POINTS.

To ,MORE or LESS, WP AP ThiIS SECTION uP we LisT Somne suPer NOVAE remmuANTS
GiviIMG (ome OF The ASTroNoMiICAL DATA COLLECTED

oblecT ‘6"‘,&‘:“_“,‘_"5 '?:‘eg DIsTANCE s‘z\'Pré_ Ree specremt SY.
CASStoPEA A Cw cPs < PAT-SeC Sovae  TRS- IMpexXn vy
: Iy 178 34, o 265 —_
urPIs A 75 loo I3 iy — 2
¢RAb I3 1000 Lig T qi -
HB 2! .53 100 2.
e mooomowox T g
T\(::\os o 33 100 1 I .28
3, 178 50,000 H-.5
KEPLERS 08, 100 363 ) 3a3 6
'3 T 36| .1

AWl These STAFS Are TrANSPATENT AN €MT A LITILE LIGKT,
chssioPen A 1S The STroNeesT source M The Sky, oursde oF The sun.
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CHAYTERL |

- N
Theory of SvchroTron “RAdiATION
(see  Lgcrures oM Physics voi i | FegmmAM)

Te Mewin Di1sCwsSING The Theort of EMISSION wE SeeK. To fivd The s PecTrAl
DIsTribuTion oF AN OBJIECT GOING Aroumd (M A  Circle. To ACCOMPLISKh This
WE MUST S0LVE MAX WELL'Y EQUATIONS byl The QuESTION IS where To STRIT,

The ELecnc #ieid Produced bY A4 movine chAree seem From Far Awny
PAS TLwo CoMPONENTS onE GoiNG AS ONE 0ver ThAT DISTANCE SqQufire AND
The OTher GO0ING AS oONe over The DISTANCE Y we eelr $Ar enoveh AwAY
from The chiree, The LAST dyiNe Piec€é 15 4ADING AS 7R. PhYs€CALLY TheN The
STuANION 1S €ASY TO Describe.

IMAGINE The, ELecTrom CArries A LMLe LIehT which hAs Mo Doppiey ShuiTiNe,
Ler's PANT A PucTure o how 1T Loows To US. AS our DoT mMoves ATOUND, The #C-
CELErATION 0of The 1MAce PosNT Them €QUALS The STreneTh of The 16D, if we Are
LooKING Direcniy 1M The TDifecTioN TOTATION k., weé Look AT The e€due of A hoor
ANd CAN'T TEIL \TS A CITCLE  WhAT Do we SEE? To Us The ELECTroN APPEATS TO
MOVE TOWArDs ug AN The n AwAY. IF WE TILT The Piane of The Circle So w €
LooK AT AN ANGle we InFACT S€e AN €tuPse. To uS (T 1S like The charse
60ES SLow COMIML TOWAYDS US OONG The Romom of The circie AN Thent
©O€S Like€ MAD Over The TOp - ThiMK of A rowy - coAsTER. The Tremenpous
Acceléranons Are SIMILAR, The reAsSomn we See This VATIATION IN MOTION

INDOLVES The veTAtded TiIMe IMvoLven /M TECEIVIMG The SieNALs. This we MosT
Go INTO nOré De€PLY,

IMAGINE The FoUOwING  PICTUrE :

t‘

¥ The Tirection o observaTion from AN Observer AT POINT P (S denoTeED

oY € n sphericAL cooTDINATE, Then &LecTrODYNAMICS SAYS A MOVING chAree
ProDuces AN ELECTRIC FIELD GiveN bY

IMAGINEG A PLAME SOME UNIT DISTANCE §fom The €ve where The coordiNATES
‘IN ThAT SPoT Ar€E GivéM by

X'ty | v'e)
AS W€ See 1T,

To DetermiNEg The Ex* AnNd Ev' ELeTric FietD cOMPONENTS we musT

L XY
DVETEY MIN E Ex‘ —_— ALX‘ E\(" -e A_! .
e*Ro dT ¢ ¢tRo dT

where Ro 1S The DisTANCE T The SoufcE,
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We MoST he very carebul To sPeAK AbouT The

correcT TIME relATIONIhiIPS
becavse T 1S very

IMPORTANT IN DeTerMiNING wWhAT wE See., We shall
DENOTE The Profer Time of The €rmisSION, L&, The PoINT The chArce SPITS ouT
ITS YASIATION AS P (TAu). AT The mMomenT % The compovents ol The chrroes
POSIMOM  ATE Givem bY X(¢) , V¥ ,ANd T(E), So we MUST CONNKT Our
Lime of observATioN T wiTh The MOMenT of €russion € ANd when WE DD
S0 The comPoNEMT Z(?) Do€s &we effecT The reTArdATION. The Detldy IM
TIME occurs oveR The DISTANCE Ro Which means A Time of Rojc To
GeT The LIGKT 4vrot PoiMT O TO POINTP bul This (SN'T Too INTEresTING
becAvse IT SusT shifTs The ofteiy ot T by A CONSTAMT. The 1M POrTANT
CoNTTIbuTIOM comes 1§ Z(E) 15 A LTTLE farTher beYond 0" So The Time
DelAY For The slenAL TO verch O 1S 2(¢)/c . PROPERLY Then - wt hAve

t= ¢+ Re | Z(2)
c ¢
AN fememberine we AfEe 1 The PLANe 03 mMoTioN

X(t)= xc#t) and Y1) = Y(¥)
FINAWLY TDDRoPPIMG Ro/c ANd wWOrKiNG IN Umers of C=1I
t= %+ z(t)

To wornk ouT The APPARENT MOTION Ot The €lecTroM we Sece from our

EQUATION TWAT ¥ The HMOTION of The cLecTron 1S circulAR Then The

APPArent™ MoTION (S A TrANSIATION ALONG our LINe of SiehT A DisTAnce
¢t WhAT We “see” Then s A

curve CRLLED A hYPOCNCLOID wutTh CUSPS
OcCveEriIMN G Whewn

1T APPeArs ThAT iThe chAroe 1S MOVING TOwATdS US.
i'm X

P Q
ct 7

So our PICTUIE reDUCES TO A MAChINEMG UM SpraviNe ouT bulleTs

N
AlLL DirecTION  buT WweE oeT 7

INOrse when They Are Comimé PIchT AT
uUs! ThAT s, The eLecTric fletd APPEArs TO PulsSATE

ONLY whey The
ChAftGe Mmoves

TOWATdS us, WE see 1T oveR A LonNe Peried ot TS Time

IM A ShorTer Period of our Time do€ To This reTArdATION. The NET
CESULT 13 A COMPFESSIQN IN TIME,

FRoM HERE w€ WANT To €STAbLISh how mMuch ol ENErey There
1S IN The LiohT ; where The éwersy 1S ProPorTIONAL TO E". For smPLicITY
weE will worK WiTh ONE PULSE 1M which The TTAL eNereY IS

§ 4 EF

Py

4n
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WEe wAMT 1o Yiud The Founer TRANSForm ot This EQUATION  L¢.,

dw E7w)
&M 4

where E(w) 3 S Bty e “tde

For CirculAr MOTION And observATioms TAKEN Faom ThAT PLANE The POweEr

. ]
PeR dw 15 L [€w]® = w* [lxlwﬂ + lY(w)\t]
h au 4T

Where we hAVE TD SPecify The TWo BIRECTIONS oF PoLARIZATION.
INITh The moT'oN IN The %X ,2 PLANE And vefining P20 To be The Po)ur
AT which The vAdivaTION 1S SPIT ouT  1.&, AT The ToP ot The circre,

A(t): Q cosv?

Y(¥) =0
Z(E) = asinvV?

where O Is The rAdius And ¥ The fre@uency AnoulAr VELOLITY,

So we Thent have
X'¢t)s acosv¥
ANd t= % tasiny? - dt =d2(/+aveosve)

The Fourier Transtorm of Xt) bene

iwt
X(w)= §e" % xgdt
SURSTITUTING ,

X _ iw(Ptasinvt)
(w) = g e atosv ¥ d¥U+avcosvT)

The exAT SOLUTION To This INTEGTAL , which conTAINS The Sude bAand o The
freQuency HMODULATION | IS very DFHIcULT To GET RND INVOLVES Ressel FuncTiONS,
NoTicinG, howeveR, ThAT The differenrial 1s ThaT of The EXPoNenT wt
TRY INTEGrATING by PARTS

cw(¥ta sinvt)

LeT u= aQecos VT dv = dtciraveosvt

dur -~avsVT dt | Cwerasmve)
‘w
w (Etasiv cwittrasinv?)
X(w) = & cosvl e INVT) + S e asinvet d?
LW f—u)
since  QcosVt =0, AfTer ome CYCLE 1T COTS OUT | we have

- ‘wittasivyy)

X(w) = g ¢ asinv ¢ d¥

Which we coud hAvE obTAINED by differenTIATING wiTh VESPECT TO “q:'
d FWttasinyt

xew) = AV (e e
(¢w)” ) da
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S

WE woN'T wWaoRK ouT The oPPoSITE Fourier TrAMSFORM RiohT mnow buT 4T ¢S
av d -lw (P-aSiuve)
X(w)= ¥ S e d
(sw)* dal g ¥
SiINCE we onLY 6eT A MAJOR CONTRIDUTION Durine A VERY ShorT mHomenT,
The INTEGYAL (AN be APProxiMATED by

. 3 43
-(‘wll'qv)"[' - cwal ’f
3 e ¢ d#

Remember we QRE LIMITING OUrSELVES To oNé Pulse oTherwise wé waouvtd
GeT M Trovble wiTh bikarmonicss,

IN Our CoMSiderATION The velociTY ofF The €LECTRUON AbouT The cenTer

\S Close To The 3Peed of LiehT or
av~ C
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SNYNChroTRON RadiATioN

LAST Time we were TRUNG To Find ooT WhAT The frequency SPecTRUM
of RAJIAMON €MIITED by A RelATIVISTIC ChArGen PAFTICLE 1M INSTAN -
TANEOUS LY CIYCULAT MOTION (IS, TovAR | (sANT TO TRY TO develoPe The sAme
eQuATon Sor The eneret disTribomon tm A OifferenT why. We witl STAYY
wiTh CLASSICAL ELECTrODYNARMICS 14, MAXWELL'S EQUATIONS ;use A LITTLE Kmnoww
PropecTy of vecTors And fiwAL emPLoY fooner TrANsforms To 6o INTO The K- sPAce
represem'rkﬂw.

The FToor MAXWELL EQUATIONS ATE

V.E = P/e. (2)
VB= o0 (i
VXE =-3B/3¢ (iid)
XB_DE - i

VIB-2E = dlpo (iv)

NOow we use ThAT ANY VECTOR 1M GENERAL CAN be WHITEN ASThe sum of
Twe PAYTS - A LonciTudiNAl ANd TRANSVERSE ON€, 1.6, LeT A denoTé A VecTor Then

AX t 7\1‘&.
Such That,

A =
VA And VX Ag=0
T? of

We emMPhASIS The cenerAL Tks Procedure. SiNCe The etecTric fietd 1S A
E

Pet + eCTLY GOOD VecTOV,

— ——

E = 1 Ete

FROM (i) we see
VeE = Ve Ex t+ V'ETK = F/eb

OR v. E_X = /e
A COMPLIMENTARY €QUATION NEcesSARY To uMiQue deTermne The LoMeindivaL
COMPONEMT oF E 1S

V‘Eg = Q

Thos £ s deTerMINED MY The GrAdient of Some POTENMTIAL which
dEPeENdS direcTly OM The chArpe CONCENTYATION AS PER ELECTroSTATICS
ANd mversely AS Twe disTANCE From The chArec

Ex ‘-'VVCP

¢ = Chifees by € lE&TYosTATIKCS
R

where

K we extmine The Lone rmudingl PaArT of the mAaenenc fietd, we discover
fi VELY UNUSAL ThiNG, NAmMeLy, There (ISN'T ANY LOnetTVdIMAL ’PﬂRT; The
MAGNETIC Fletd S ALL Tr ANSVERSE,
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To show This we use &EQuATion (23)
VeB=20= VeBa + V- Brr °

buT Vs Q®rr=o IN eeNEr AL Thus
Veidg =0
SINCE Vv x g,& 20 )T 1S NECesSSARY ThAT E& =0. Thevetore
B = B'rg,

Now LeTs S6€ whAT haPPens wiTh EQuATON (i) | VXE = 3B/ar

VXET& + Vx E-J. = BET\»‘/ar
o Vx Err = 3Brr/ar
From EQ. (Cv) we see That

VxBre v 3ETr "351 t*jAfjm
- ot F3
If we WANT we ould comPARE LoneiTudinAL AN TrAMSVErse compPoNeENTS
ANd  EQUATE Then. TRuUT LeTs TAKe The dcrn)n'nve ANd eeT

v"aBrrfBETr«f ) E¢ (£ 4 94T
9T arTt 3tk "37 Ys
USING OUf JosT derived +ACT ThAT aBm/“ = Ux Egr And separamne ool
we find

—

VX(VXxEr)+ O Err _ 3 Jor
qT*
RecAWING The vecror 1dentiry

- —
_ VxVxA= V(VRA)- VA

but VeArr =0 Thus .

VeWx Ep )= -V Er
We Are LeEFT wunTh The very

sewves Of ELecTroSTATICS
TrANSVERS & curreuT.

INTETESTING YesSulT ThAT AfTer we Yid our-
The ELecTRIC Fleld 1S GENEVATED ENTIPELY bY The

~V*Ep + 9_:&,. - 34“"
ott T

Now i1 s Afso TRUE for ANY veaor described IN PosiTioN sPACE There
cocresPonds A fovcier TrausSform ot ThAT vecror IN WK or wWAve- Number

SPACE,
AlR 1) = f A(IKt)e‘”“RcP'K

&) 3

Tre ATion oF differentiaTinG A(R,t) wiTh respecT TO R IS The
SAMe AS MULTIPLYING The INTEGFAT RBY K ¢€hdch TiME,
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TAKINe The LAPLAciAN of E (K1) v The KB mode we et

UK Eg - REL 4 g

aTL dt
or K e* ET, + 3 En _ _3_.(31« droppine The K™ pode nommow
ATt

Thus $AR WE hAve MAdE no SIMPLICATIONS ; we hAve Fhdew TALKED IN
GeNerfil Terms if You LET Me 6€T by wiTh The INSTANTANEOUS loMeiTud -
INAL ELECTYIC Freld .  which NOOME QUESTIONET 50' L Go oM. We can
NoTE  however ThAT The soluTon To The FinAL Sorm The eQuAhon Above
15 ST ThAT of A hArmonic OSULLATIOR DRIVEN bY A Jorce corresSPONDIAG
To0 The TIME derivATWE oF The TrOMSVerse CurrearT.

We cAN TAKE The foucier TeAnsform of 47'm 15 we AN TAKE 7 of § e
iK-/R J3/7('
(=1)°

- o 7
(Rt) = S (Kt) e
d¢ o I

Now ffr s PerpeNDICULAR ToO d—j} RBuT d‘“ CAM be wrimeN 1IN The funNy
NOTAT (0N ry s

- Koy
I g K
or 4, TOWT S IN The SAMe direcmor  AS K, This wpLies {re 18 PerPen-
dicotar TR K

The sowlion of The driven )\Mnomc osGL AT Yor The K™ mude cr?’ The
TraNsverse erecmc frend v The K-SPACE g, The LOMPONENT AIWAYS
NOCMAL To The direcnNon of ProPAGATION S Giuen AS

— e t e
& (K, t) = [ui g_» siNw(t-t') j-t,;gK(M(,t) dt'

ThaT 15 | we us€D The GenerAl soluTION To The €QUATION

X +w'x =v(t)
WITH . t
X(t)= L'Jg SiNw (t-7') v de!
Where The Time T 1S The Time wa: WANT The ‘FleLd, Since The obsevrvAaTION
Gccors AT A Much LATEr Time ThAT The evenT (Tse(f SiMce IT TAKes too's of
LIGhT YeArs To reach us, we can, for ALl PRACTICAL Purposes TAKE ThAT Time
To D€ INFINITY  §o our INTEGrATION YuMS From ~® TO teo.

I we mAKe The SObSTIUTION,

Lw(t-TY -dw -z
Sle(T—t') = e -e
——
= 2 . -y Ae =
byl [ 1 5 . it
E(Kt)= 2:‘7:'_( L"- - gewet ”j Yie) dt!

-
het = d 4
whete Y J‘-t‘m“(‘“
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. cwl - LT T-'

RewnTing E(/K,ﬂ = & 1, + e . A
Acw Ziw

In This form we clearty see we have bome SomMeThineg WroNe

Power which goes As E*

Bechuse The
CONTAINS INTEfTering Terms Like TiLr which

MEANS WE RAve out eoiNe And (NCOMIMG W Rves InTErfer g,

[}
few £ACTOrS ™MUSPLACED

® -cwt' LT '
- ‘Wt d
E (D)= e-———L S-cb € dt gkl dr

oW
WHRAT Thew s The corrent tor NoviING ElecTron GlWeM b3 The PosiTiON

VECTOR  @L{T) And ecomPomenTs XK/, Yai, it). We NOTe The correnmT IS
ZETD E€KCEPT Where The €lelTron IS, he,

wWe hAave A SetTA FoncTION.
The Chafee deNgITY 1M K SPACE 5 -
- _ @ PN LK"R 3~
QUK = {"oRne” "d’R
but f)cu’{,ﬂ =g 8 (R~ @Lav))
560 we€ simpLy hAave ,
P (‘K‘t) = Z

1o find The correnT dewsiTy which (s S1MPLE The chAree densitt Times
The veroaT? oF The charo e

o, T (K- @it
JKTY = 9ame

JIK °mt)
e

T 15 AMAZING how SIMPe EpecTrod?NAmcs <AN be made

ik ONLY i€ woutd
TeAth Foorer TrANSTorM Theory firsT

. Bxause once we o To K -~3PACE
we ELIMITMATE The Need TO TRLIL AbouT rerard ed Whve ANd AL ThAT juuk,

~—

I we now INTEETATE Eg(T) by PART by LEWNG y = g ‘=7

o T YT ol I T X _ar,
EolT = & . L (Ktl e / tiw N . ‘
Cin W §t -2 -2 ¢ J ) dt
'Nr w -“wl._:, . 1
e\ e Jktldt
L -0

Since g:"c 1S Just A ThAse 4&(702.‘ we€ chose To (eNOVvE LT,
2

we fmawy end uP with AN wreerA( o Thg_gogn
- ® wg e . cKs &(t'] d ‘
Exlt) > S.m e e e T

The vetocilY VECoe beine norMAL To The direction of TropeATION K,
This Is The sAne TR of WWTE6raL As we had betore,
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we Mow hAve The

€Lectric f1etd As A Jumncrion ot K, 1+ we Fix The
orbh 1T ANd vAryY IK, wé ASK whAT The rAdiaToN 'S, F»rsr/we WwANT To deEscribe
¢yrcul Ar .

FoTioN ; ThAT MEANS The PosiTioN cOMPONENTS IN The
recnoNs ATE GlueNM by

X, & di-
0—1‘ = QAOM-V'C
ax = Q. cos VT
The direction o ProPAGATION TK 1S eiven by
K~ (Kz, Kx Ky  t)
SINCE The morioN IS YE3TricTED To The X, % Piane Ky =0 4And The
TAdIATION goccurs AT T=0. we have Then,
K = ( ,K?,- , |Kx‘ 010)
Such ThAT 2z 1
VR & wl - ‘K* + 'Kz

It we TILT The PLANE of MoTion Throveh A VerY SMALL ANele O, TheN
Kz = weose

Kx = wsine
To A cood APPROUXIMANION

= _ 0% . - WO
Kz = w(i-2)= w-“2

2 And Ky= we
The com PoNENTS of K become (W“"—?_l) we, o, é)).
SiNce we MUST hAave The +acror
B K-+ Qr)
wéE see -
K-@m =

Kz aom?T + |y a8OSVT
The ELecTric F1ELD for A PArTICULAR wAve Number g, 1M The K™ mode s
GlveN by

EdV= S‘weﬂ.wtemzqsmvr ¢ Kx acosvT
]

QVSINVT dT
c““’PP"% The 7' NoTATION. Also where we used The vecfor VeLloci1v
COmpoNEmNT IN The x direcnON ONLY.

However, The MAIN CONTYIBUTION T2 The INT€6rAL Occurs when O=o0 And
under ThaT CONdITION Kz =w , Ky=0. So we oeT
0wt riwasinyT
Extt) = S-N € e aVvsINYT dT
For very hich 4re¢ue~cu—slwl The EXPONENTIAL OSCILLATES SO FAPIDLY

TRAT The INTErAL DOeSN'T GIVE ys much. When The circutAr fre@ouencY vV
1S verY hiohh Then we have This LAf6e W,
The oscill ATTONS be SHMALL

S50 WeE MUST reQuil€ ThAT
buT AT The SAMe TIME 6eT A hieh . To
do This LeTs €xPANd SINVT for SMALW vALues of 'T, e,
SINYT = vt - ¥¥?
(3
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So ThAT

@ L(w-wavlt o33
Ex (t) = 5; e c cwadit Yasinyt 4T

BUT AV = VELOCITY oN The orbn-,v which IS ALmosT The SPEed o¥ LUehTQ,
The verocity CAN be wWrinEM (n rerms 3 O Y where E= Yme® AS

ve 1= 2

vyt
Thus W-way = w-wy = Ww- w+ W = W _I1f we
Much SMALLEr €XPOMENMTIAL , w e Sce ay*

Laroe

laNnore The OTher

S vt
2Y" ThAT even when ¥ 15 very
MAtbe 2000 Yor I RBev, tJ CAN be vevy LArge so ThaT™ The osciAtions

ArcsMALL ANd ThUuS weT A conTribuTioN oM The nTeorfiL.

For €Ase of haANdLING LETS conSider The INTEGrAL
W -dw N
_I: S e ¢t t‘*L’KzaSlNV't dr
-

whete we chose TO 1e6u0re The Term e)'”(*qo'os“. bechose for vt=o

weontt havg e M kol is JusT A Phase difference,
WITh This INTEGTAL we CAN define The ElecTRic field AS

Extt) = v I
K5

Thus we aNLY hAVE TO WOrrY AbooT WhAT I TUNS 00T T0 be Then TAKE The
derivATive WiTh respect1o Kz,

AcAin HOr smaLe AnoLes VT . . 343
—_ @ cfw-Kgayt -cKgav’t
L= (., e e ¢ dt
N bt
Let P:= uqzw ANd Az w-~Kzay Sockh ThAT
~tAT -CPT3
I-= S e e /3 dt
This nTeorAl 5 A Tesser tumction of Order 3 or someTini, Like ThAT
Since The MAThc MATICS cAN be worken ouT trom TAbLES, | woud Like 70
woeK OUT AN ASYMPTOTIC APProxiM ATION TO UNDERSTAND The meanine of
The INTEGrAL,

wie woud Like To KMow where The Phnse VAries The SLOWwEST, 1§, where Does

TS MINIMUM @cCVT, Thos LeTs DiHterenT ATE The EXPONENT WITh reSPECT TO
Time To 6eT

)\ “”P—Eol =0
To"- Z:-I—A;P = l-'t’

OR

where Y= {Ne

So wé LEArN A VETY ANNOYING Th}Nb‘hg.l The PhASE NEVER VATIES Slowly
over T! We JusT 60T Throoveh TrPiNG 10 FIND This POIMT ANd NOw W€

LEATN LT LiesS ON The coMPlex TIME AN, BT ¢ AIEN'T Throveh YeT,

16|



SupPose wé TAKE A comnTour So ThAT we TrAaveL AloNG The TIMeE AXIS

And TS od®oP TO INclude The QowT i'él €. G
X

o

T

let me cheaT AGAIN ANd TAKE A DifferenT CONTOUY : This Time wWe have
The POINT where The oSCILLATON oLeurs AT -2 ANd we follow The

PATW

t= - +s -7 dt =ds
.l S 't
where The DISTANCE v .
MEASUTED ALONG The LAdY 4
+aTr 15 S.
WeNEED TheN The Term =-CAt -'1‘131"’
3
~INT = ~iA(~ctts) = = AE-CAS
"CP_g_’ = -c_‘s_P (-ctrs)® = -%P[(—¢‘+;3+ 3EH)s 4 3¢cHst v S3 |
+ P 3, ipts - wPsT -<Ps3
3 - 3
Therefore, o -OE-CcAs + P, pets - 4Psto.ps3
¢ I-= S—a) e 3 3T Jds

: = JA wh Tz X - ptls =
NOTE : 5|‘NCe + .} Vp ich impues  F /P, we Find ~LAsSHIPEs =
“IAS + IAS =0 ; or The £ysT Order Term iy S CANCELS ouT.
th we NeGLECT The $3 Term, The TeMAINING Second Ordey Term 1S A GAUSSIAN.
ForR t770 weé GeT AN ASYMPTOTIC soiuTioN of The form

I- -J-_le ‘)‘*e" Pf}/S

e
ree 3
A S
o I._ E e 3 Tpr
X'/q P'/‘l

The €eeT 1t fierd E CAN Mow b€ deTermmen reAutine ThAT A And P
are fuamcnonms of Kz The Answer FeynMAN GoT was

3,
E_ vi ﬁ“ “Is.tlz
= _&_3;_ y P
AYapia
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JTN Note: I don't recall this attempt to help Feynman and don't know if this correct-treat it accordingly

Know iINe  The ouTcome oF The DAY'S L ecture anvd ThAT pr. Fe?NMAN wAS
NoT GeTTING The ANSWERS heE WANT | MiohT SP«ulATe ThAT here 15 A

TrovbLe sPoT. Accordine TO ocor formotAe Yor E, e,

Ew = V4
d Kz
ANd remennbenNeg A= w-iKyay P= lKéCW’/z, 1¥f we PoT ThosSe
INTo The gxPression for T we oeT
1= exp [-2 (@ Kav)*=
Cwomiay)™ (KaVy, )4 3 oCKavy)'

This Then MUST be differenewTIATEd wiTh fesPec 7o K. I'tL cheek
T LATET BoT 1T Moesn'T LooK LIKE IT Gloes The E foumd by DR FevnmAN,

Atrer A shorT recate , | Thaink | have 1T. since The oscitLATIONS MusT

be SMALL, AS STATED, 7o 6€T A StentFLCANT CONTRIboTION TO The NTeoral
w€ reQuire® Thar A= w- KAV = 0. so we onty dibferenTinTE

AN i respecT To Kz becavse A Gives The bigeesT conTrboTion. So

-2 \¥a _Yyo\ Y. \
4_1- = ~.!._E_-_;! e %.Lrl.t. é_—)_ = +9_\_’_ﬁ1 e ISAL/P""
diKq 4 )\Slq PYa diKz 4 A¥4pYy

Thus obTAINING fOR &

¥
g = aqy* m e_'f)‘ I/P"I.
K 9 NStu Py
L TRY To €xAMINE The efhectT of The &xtra FacTor ay own The finav
fesulT DR.FEYMMAN ORTAINED,

ConTIMUING wo1Th The LECTVIE NOTES, wé CAN GET AN APPYOX IMATE
€qQuATION Yor A 1n The followiNk wAY,

)\=w~u<§w
where “‘(b: w-(‘-?_l) and ay = V= |- —
S
- - y-XS - _ -1 _eL QL
)"WWU—.:)(I—Z—'-\,L)-W w (1 Tt )
NEGLECTING O 4yt wé ecT

= wW-w+ WL +6°
A + ’i(r" o)
oY
= W e L.
M ow(etr g )
To €STIMATE P Sor (nTeresTING TreQuencits whee av=zl
P = Kyavvs o K ¥-
A T

buT 1o A Goon APPrRXIMATION [K3= w(I-2%) = w

Theretore Px 09_?_1'
z
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Since The Power 60eS AS EY we have

2 T 34T
Ey = v©an exp L ; At J
16 N2 P P
UPON SD svbsrnunou 3 /
~ w L fgty LY Y
EL . 4ny? exp]:‘ TS (O y y /(%.’} "VJ
K

16 (U'sth.(e.,, )511. W)'/z_

Which Si1MPLIES TO ‘ e w (6"*]';)3/1
ey . 21V exe[- 55071y
w?3 (el+ l/?‘r’l‘l.

Torid The €QUATION Of V weé MuLTIPLY by Q/q so ThART ay

CAM be reP(AceD by | ANd USE The 1dentiTy
Jf = 06 The radivus of The orbiT
(s o2 w 1 3/1.—
B~ LY L exe]-5 % (o ]

wid (p*+L L)

When 80 The pPower 1S Giuem by
- .

oL w R "t W
iy exe[-3 ] = EIT exl iR
e 2rrls v T I
DR. FeyNm AN choce To wriTE w/xy AS Aw So ThAT w/y4 = “’o‘/Xs

From whickh AN WeryT wAS definen As
Wenvr 2 13 . st
o
Where The Y AJIATION cud 00T, IT 15 The RreQuéncy w¢ dbserve. This

MEANS ThAT A 1S ¥3 ShorTer ThAn The diAmeTer of The orbiT, For A
I Bev EIeTrOoN YW = 2000 So ¥ 1S PrefTy SMALL. ConsiderinG wWa- 44

- 3
Then The Poweér RALIATEd woot d 60 ,Accordine To FevmmAnN AS, ¥
f‘l
w3 L lwa
And whew Q& 531 T wootd TENd Te oo A3 X4 e 3 Fs3 .
¥ w3
As 1T Turned ouT DR. FepnMAN decdeép we mAade The wronNe R PRROXimATION
SiNce The ANSwEr WASN'T OMIN OOT,
The €rror Go0€S bAcK TO The |[NTEerAl R
- k! ) 3
2 ¢ % —xp-cas+PE adptls - EPs-les
r-=9. > 3 d¥

IN €STIMATING The FCiATIVE JMPOrTANGE OF The LAST TWo Terms
‘ ‘('tPSLi-LPSS)

3 —
Theve musT' be A CrMTICAL S VALVE Ddxwrrine AT The inflecTiond tow
of The curve JOIMING The T AxiS AND The LiNne S.

leY



: 3 P P
i+ PS¢y =1 Then PScr %€ | RewriTiNe A4S — . <41 —2 << |

(¢p)* Vep3
3 - fpst- s psd *P
o, P 4% AU The mTeerdL Se > "P'g Is AN ATt INT¢orAL . The

- - psY
onTribulé To The Power of €™ s simot A num ber AR 13 Theredore
lenored for Tws ANALYSIS, I&

H _ixd e N
I
?l
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1

The question which has sime meamng 1s WhAT 15 The SPecTrem we see. This
DependS o The SPECTTom oF The €Le(TrON ANd WhAT we hAVE Done Sodry

Do€S NOT Give VS The ANSWEr, WE NEeD The eNerey DisTribuonon for The
eLecTy oM,

The specTrum of stMChroTRON TASIATION eoes A4S dw £ we reverse our
0.7

AToUMENT ANd ASK WhAT The disTribunioNn @D oF €LecTroN €Merey

MUST be To Gioe This, We MIGhT GET 00T of our ENTANGLEMENT WITh The

MAThe MATICS. HAd w € wOrKThis Theor? 00T FiehT The ENERLY SPeLTrum of
The ELECTYONS Shovld Go AS

From whicth we exPecr
w("")/l- A w

This means we need AN ol o 24 To ceT 0.7, AMARINGLY €NOVGh W€

Se¢ IN cosmic YAYS AN K oF LB whick s moT DAd 30 WE AT6uE The ShAme
Process which TENdS TO ACCELErATE £lecTron To SYNChVeTroM FReQuencies
witl LIKewISE ACEeLerdATe ProTONS. IT Seemg Theat wé Are oM The riehT TTACKK
To UNderSTANDING This Proceéss.

However, To Tell whAT The énerfey SPecTrum of AN ELECTroM INR GAS, &
or more SPECFICALLY /u A beAm of GenerATed by ThAT 6As, 15 very difficulT
becAvse WE musT Know The ProbAbiliy ot €ScaPe AR Some emerey, BuT
The Theort of €scAPE of 1S NOT indepPendenT Ot The eneres disTriboTioN
A cube of GRS S | consider The vawve of «=2.¢ wor A AL britLiguT
FACT YET. AT The sAme TIME T 15 worTh €EMPAASIZING ThAT ALL TAdiIO
Soorces 4 Show NearlY The saAame Ndex. Whatever 15 cposine This
YAIATION. APPEArS To Proereéss AT A FAIFLY €QUAL PACE. | Propose AS A

Probrem of~ The FIrsT IMPorTANCE TO COMPUTE o8 TO S€€ IF IT IS replly A
UNMWErSAL COMSTANT.

The medeL Is A cAs of churmiNG, SLOPING |, sturpin e fields, < hfirees, dirT,
And oTher o JUNK ALL IM TurpulenT moTioN And Ths Repoiring WhAT
The elecTroMs Do IN TWATMESS, 1f we STATT wWiTh LONG wAavEs witl The
GAS Churn Doww TO ShOrT WAVES OF VIce VErsSA. This 1s ACTURLLY
STATISTICAL MAGNETORYDRODYN AMICS, WOrKING wiTh ScALAbLE Models

LIKE The mAGNENC Fietd vAriBNons, Perthids we AN fleure ooT The
redl nNATUre of SYnchrorTron vAdiAroN.

The Power CONTHIN of releAteD ThAT IS DuriMe Thiy vWAEI1ATION 1S
stzenble, IN FACT The TomAL €meRGy 1M The mponene Flerd oand 1w

The €LecTron dENSITY 1S S0 6reAT ThaT SoMeThinG Séems To be
The MATTER., The Thvece 8 PRIMATrY Soorces O{' SYNchroTromM rﬂdmnw
Méed more em€ér ey ThAan wWhAT we Se€.

IN QUASAFS ,6ALACTICCENTErS ANd A SPoT (M ThecrAb NEbolA€ AL
Possess EXTTemELY Wibh Power OUT PUTS .even FLATE STArs eenerATe
enOrMous AmounTs OF ENeroy wWhich we Pon!T gndersTARY SiTher

lee



N

PurRNGe This WholE DIScUSSION e ASSUMeD The el&cTRoM rAJdIATED by
ITSEWF 1.L, NOT INTEFACTING wiTh ANY of 1T SurroondiNG el ecTromMs.
Suppose wE& PUT Two ELECTRONS close TOGETher | 80 CLose w +AcT one 1§

o ToP of The oTher aAnd 6065 Arounmd A CIrcle JoST [IKE before, Then
Twe MAGNeTIC et d 1S Twice AS STEONG Which MEANS The emISSIOM becomes
four TiMes AS oveAT Them 1F A LumP of M elecTrons were ALL IN PhAse
The Sieltd would be MY IT seems Possibie ThAT These STToMe TrAdIATIONS Are
The veésulT of coherenT MOTIONS oF LumpPs of elecTrons which Are
ACCELEYr ATEd b? The mhApneTic Fletd. The LuvmPiNes S wooltd De enhpoiced
AS The LumpPs Are PuShed MeeTher,
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EXTRAGALACTIC Sources
ot RAadio EmissioM

TopAY | WANT TOo TALK AbowT EXTrA GALACTIC sovrces o radio eMISSION S
which fAll InTo Two, CLASSES which | cqu'T vemember The Difterence
CAUSE TS been Three weeKS sivce | PrePAred This STudE AN My MeAn
Lte for rememberive This STuff 1S JusT AbooT ThaT tope. In FACT, 1'm
TRYING TO MAKE This PreSENTATION APPEAr 5D PooR Thar eiTher Il el
Yvred or El3€ CARNGe To ANEW TOPIC; MY AbiliTY TO d1e6eST This mMmATerfL
And PrESENT T i AN ndersTANAbLe FASHN 15 dwindlin.

AT ANY (ATE  The TWO CLASSES Afe PresomAbLY, () (AdI0 6 ALAXIES ANd (2)
QUASATS, IT (S CUrreNTLY BELIevEd, Of Arbued More STYONGLY  ThAT QuAsArs
are very £r hof? From Yeceedine AT Tremendous uetoaTies, The
INTErESTING QUESTION CAN The be so big - ATE They closer by?2 ¥ They
ATE Then There Are SoMe very ‘F‘O&)dﬂmeml‘mt Problens resulTiNe From

ANd €XPLAINATION of The Presomed Tremendous red shifT. 1T 8 INTerestve
To WoTe ALSo ThAT No blue ShifTs fAre Observed, 1.e, None of These
QUASATS Are headine TOWARAS US Thwey seemed T have ALL
PAsSed DS BY A LiKe A SPeed e coP on The wAY TO A wreck,

RAdIo GALAXIes
Considerine FirsT rAadio GALAKIES e cAM EXPLAIN 1IN SomE deTRIL Therr
PhesicAl MATUYrE., UsoAllY ( Because 1N ASTromomy There are AlwAYS Per-
PLERING €XCEPTIONS ) radi 0 GALAXIES consisT of double reciong of
STToNb rAdie sources €Quid iSTANTLY SPAced, more DrLEsS, fuwAY From
fiNd INTENSE by SMALL oPTICAL ORJECT, FOr A PArTIculAr 6IANT D
TIPe & ALAXY® There 15 From A Very TRePOMInANT DUST LANE or
Line exTemdING Across The CEnNTrAL ObJECT whickh 1s RASICALLY AN
ELLIPTICAL G ALAXeY. A PicTure OF A TYPIKAL TAJI0O GALAXY MIGKT be AS
FoLLowsS

¥Ad10
€MISSion s

OPTICAL -
€MISSION Lines

The Two OUTER TeGIoNS of rAdIO EMISSIONS Are AMAZINGLY SIMIAY
IN oVErAll STrucTure Apnd emMISSION Nn'rure,-;.z.l Theit SPETrAL PATIETMs ATE
esSeNTIALLY The sfiMe, TheSe (cwions Are umerLy TRANSPARTEMT ; There
Are NO sSources oF VISibige [I6hT There OMLY oF rAdio EMISSIONS.

There Are, howWever, STroMe emisSION " LINES (N The OPTICAL SPRECTTUM
fTom The cenNTrAL ObJecT. There 1S AN Ob3lerved PoiarizATION of A few
PErCEMTS B (M The OUTEr TréGionS Which S€Em To (end Some credi bilery
To The beliet ThAT S¥chroTrom rAdIATION 1S GOING ON There, ALSo
The rAdio INTENSITIES of Thes€ OUTETr recions Are of The order Over
The WAVELENGT W rANGE oF AboJdT 100,
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AbouT The OMLY wWAY TO describe These Sources s TO LST Them one
AT A MMe ANd  eive Some oF The viTAL STATISTICS AbouT IT. There witl
APPEAT SOME NUMETICAL [N CONSISTENCIES AMSiNG (N The rePorted DATA AS
tecorded by A\Q—&'ereNT PeoPle. This however, StmPLY TETLECTS The curvenT
STATE OF The ArT ot ASTroMOMIAL MENSUrEMENTS And ToGEThernedS 1M TePOITING

The dATA. | Shatt LST The LArGer more cAtetollt INvesTIoATEd ObJeTs which
SALL INTO ThiS CATEGOTY,

The red ST Z 15 ThAT recorded by The AMTENNAE And G10€ES A TELATIOM for
The recession AL veLoctTY V [§ we ASSUME Mo orAVTATIONAL TETATdATIONM of

Z+1 = _‘/ 1 +V/c = Aobserved

1= V/c Aemimed

The site a\nenscousﬂ.al The diAmMeTEr AMd SEpPATATION of The Twoo ouTér
obuects Afe Are GloeM (N 1000 'S PArsecs ( IPC = 3.2 L.y ). The loo ot

The AbSOLUTE LumMINGITY IS GIVER N €ros [Sec., The OPTICAL MIR6NITUdE
measOred AbsoluTELY 1.t 1§ The Li6hT from The obiecr wWAS brove hT TO
f ISTANCE o8 30 LiGWT VEATS fyom u§ 13 GLUEM | The LATEr TwWo JUANTITIES

BE\NG rAThEr NOMINAL QUANTITIES OF beMer The¥e're NOT MECESSATILY TIGT
for The w AY we Cheose TO meASUrE Them, we ASUME ThAT

Vrecess. = H + disTance
Meon PC.

where H:= Hubble'S CONSTANT
fis A smandArd

100 Km/sec [Mpe = Hubbles ConwsTMT

For SMALL V'S “The red sHET 1S ProPORTIONAL TO The veloary. When

wt 6T @ rRed ShdTs ofF A YL or hioher WeE STATT eeTTING INTO SDME
TrovblLe.

{000PC ) Lo6 IL) oPTIC AL
tAdio Sourcé DISJ';:CGS z Dtsfli:%:é\{ (O‘fScPhrﬂmm} €res/sed Ag::\'qe Le‘:*;-‘s_éc
Cenus A 170 -057 17 % 100 4y.8 -2l 6x 1043
ceENTAUrys A y .003 §3.5(x8.3) Hi. -213 U XIg¥3
ForNAX A ' .006 gllﬂlxzq(ﬂ Y. _ 6
L L X tyg) 418 rAR.) ww
3¢ 33 -060 10 (X100) uig -20.9 ¢ (043
3c298 el 5(x1S) yso -20.1 !
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SomE PecullariTies oF These Sourc€S Are The followiNG:
For (ENTAUTruS A 1T (DOKS LIKE,

The LUTTLE SPLoTChes i\sfﬂdm SourEES

Look LiKe PLALEY where L ,

The oALAXY shobpur Someé

crA? AN MIGhT be
EATIR IN 1T develoPMENT,

STroMe DusST LiINE



FOrNA X A Loox$

Like T hAs some__comeT TAILS comiMe ouT of T

t

3¢33 IS STramce or ATYPICAL
ESSEMTIALLY POINT

iN TWAT The vAdio SourceS Are
Sourcés DirecTed T 18 beueved, rAdLALLY dLONG
The Axis oF RoTATIONM,

Axis of roTaATION
| j00 KPC @
3C T 95 I3 The

MOST dISTINT KNOwN  rAdio GALARXY recorded excludiwe
QUASATS. The dISTAMCE ouT DePendsS on Which cosmoloclicAL Model
Nou PICK. .

VIPTGiMIS A hAd Two SmALL OPTICAL GALANIES inside A CQoud of
YAd 10 €MISS (ON. “I

Q® LIKPC
This cootd be A wnormAL FRdio GALAXY which we Are viewine from The
end bur AT doesnT consder The Twd

obJecTs (NSUdE,
3¢ 338 1S SIMILAr TO Vireus A e

reclonS oF rAdio EmMISSIONS
C’\_@

Hilo

(T 1S A soufCe wiTh no doublé

The QuesTion ot obscorAnon ANSES 1N & (NTErPerTine wWhAT WE SE€€ oM
The PhoToGrA Phic PLATES . PerhAPs, A Bl Cloud Lo ATS Around CuTTIMe
DOWN The INTENMSITY £r0M These Sources . TROT T 1S INTETEST IMe TO

NOTE ThAT The OpTWAL PEFCISION OF deTeTine These Sourcé 1S Much
beTTElN ThAN wiTh rAdIO WAVES

boT A4Ter TindiNe The regioNs
of rAdio €misSoNd The

RSTrOMOMENS  were INSTYVCTEd TO FEEXRAMINE
The PLATES MOre CLoSELY. The whole ProblEM SEEMS To be asme of
SELE CTION 1 g, whAT ATE The SERSIMVITIES ot The receiving RTTENNE,
SeppPoSE IT WAS SeRSITIVE To A CEXrTMIN IMTENSITIES ANd A ScATTENNG
ot A 100 STATS WiAs

90 wiTh LUMINOSITY MAGNREE I |, © wiTh YY¢
ANd | WwiTh Y6, Since The TrTher WE G0 The WEAKET The INTENSET P

so AFT ALl oF Twest obuecTs mioWT be (LASSEd The same,
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NOW wé€ MEUTION A/ couPle o} QUASATS

Radio Soufce
z TIST  RAdio 0pTICA LS neer >
, {@}
3¢ 7 5 .ISS uy 3,,0‘“’ \‘Y’O\(S HG/SE(_ Sty ﬁ )
3c iy 0.361 itoo SxigtY | X164 - =~

S
So sPray
kpc

\/
The NAME QUASARS or QQUASI- STel(Ar TADID S0UrCeS SEEM T refer TO

Those obJIECTS M Which The @ rAdio Sources Are ESSENTIALLY PoOluT
SourCES ANGA betond The resoluTion of The ANTENNA, while, on The oTher-
hAnd [YAdio GALAx(es hAve uvervy CLArce ATERs of rAdic €MISS(ONMS.

SoHe Qumars hhuve been observed wiM A red shdr of .2 oR

211= 3.1 = ¥ =5 yi9¢z .8LcC

vy T

These OB JECTS SEEM TO hAVE More blue LIchWT Than NMOTMAL GALAXIES, SOME
Are weAk ANd hAve Low rAdio INTENSITIES TO The POINT we cAN'T record
ANY €misSIONS, Some oF The crait estimaTes of The sre of These obyeas
6o Daon To i LUGKT LOEEKR wrich (5 PreTiy dAmM SMALL puheM You
oNSIder The POWEY Twese Thwos ATE PUTTIN G OUT. ITs Possibie , perhQrs,
The SynchroTrom T rocess 1S NOT undersSToad (el EMOVGh ANd ThaT T
IS nore €XRicient ThaN PredicTed. Or marbe someTwing ELse 1S CruSivg
These TYEMEnDOOS TeEd SWETS~- GrAvITY, PerhaPs 3 RuT There 15 No correwi
Mod€eL which Could ACLOUNT T These LAree ShiET. MATbE SuPernovAe 6o ot
ANd Then decAY downN wilh OO APPATENT FEGULATITY, Some rumor wWEnT
firoordd  FAdio WAVE YATYING buoT Twis IS belleved Duoe TO STMTILATIOMS
IN The waues Due T® ATMOS PheriC o'rm'PLnMeer < InNTevrteremce. ANY Crpazy
Wep 1S ThAT AS The GALAXY SPINS ATOUNd IT WINDS v The mAGMETIC 16U
LINES UNTIL They SNAP ANd releAse ALTherr eNerot 1IN SOME ff witd MANNER

TO MeASUrE These red SWETS observed AbSorpTioM LiNes from These obJéds
hAve been COrveLATEd wWiTh The KNOWN €LEMENTS, CONSIderiNg The TANTASTIC

red ShbT 1T WO0Ld be exceed el DifficuLT TO CLAM A CerTaid LIMES
G LAY The MAbNesiom L Linew ShifTed Twroveh 2956.58 £ or swmeThive
STUPId LIKE ThAT. The (den GeETS worsewhen oul¥ Three Two Dr matbe
EveN ONLY ONE LiNG 1S recorded from which we cL M TO KMow The red ShiT,
fris BIrST NECESSATY TO ASCErTHIN WheTher Tre coMdITION WiThIM
The ObJe(T , TEMPEMATUrE ,(0MPOSITION, ETC ATE Such TwAT The ProducTion
of Mgb or WhATEVEY 1S €ven Possible ANA Ths i rTsert, 1S ALMST
mpefsible TO Do AS we SevekT CATLIEr 10 The course. The HrTher
Auofrl The Obyea 15 ™e fewer The Mmessureable LiINes because The
INTENSITIES ATe Less; ANCTRer Problem To Thee, So inFACT, The very \dentiry
oF QUASAIS IS QUESTIONAKLE, PernAps They e NOrMAL rAdio enLANIEs

i different smees of evolumony MAvbe, Tie Are FAST Receed e eaLAne

o} very PecoLiAr NATure.
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C HAPTERU 1L

. !
ONE MAN'S ELECTRON (S ANOTHER MANS POSITRON

A LECTURE OM  ANTI-PARTICLES
here is a fascinating side trip down one of Feynman's favorite topics

Tris LECTUYE 1S AbouT ANTI - PArTICLES - whY They exisT Avd w hAT Thev Are,
The PArTICLES FOLLOW AS A CONSEQUENCE, 4 NEESSATY ONe, when combinine

A discussion  of QuantuM MechANICS AN RelATIVITIES PLus some OTheY
ThiNeS which WE'LL SOON DIscuss. The ontY Theor®s which evolve From
T Line of v‘eﬁsovaui MAKE ANY SenNSE  ALL hAvE v (0MMON The followwe
ChATACTErISTICS ¢

0). There 1S vo wAY TO Avord PRIT-ProducTioN, ke, The € xrsTewCE

(z).

(3).

of ANTI- PArTICLES

The reLATION beTween SPIN ANd STATISTICS ; ThAT beiMe | SPINS
of Vo Are AssociATed WiTh Bose STATISTICS ANd WholE INTErpt
SPIN req@uire fermi STATISTICS

The reSulTING ANTI -PAFTICLES SATISTY CerTAIN LAWS which CoMpLETELY
deTer MINE mc}g be hAVIOR  more iMporTANT The LAwS Are The sAME
Yor The fertll PAFTICLES. We cALl This, SuCanTLY  The C=PT
iINvVAriANCe. To Thipk of ANTI- PArTICLES wWE AN (MAGINEG A SITUATION
where we TAKE A MOTMON PicTure of some ordiwAry PACTIcLE AN €LecTron,
PErhAPS Then reverse The movi€ ANd LooK AT 1R Twhroveh A Mirrof.
WhAT WE SEE 1S EXACTIW how AN ANTI- €LecTros OF POSITYoM woutd

behAve.

@. There Are no ArbiTrary foscTions APPEArING 1M The HAMILTONION.

FOr INSTANCE  NON-TELATIVISTIALLY The HAMILTONIAN 1S Given by
H= "V 4 V(R)

where The AddiTon %.7131%. o V(r) 1s The porenTiAl YunxTion of
The ProblEéM. This ho wWevEr 1S MOT QUiTe Troé ANd we (AN ADD
A daatn funcTion oF The PARTICLEY PosiToN, €6, a$3R, SO
we hAve N €HFECT A LocAL  INTErAcTION RS Opposed ToO

The USUAL POTENTIAL. This hAs ANOTher MEANING AN T INVOLVES
The world “LING SEPATATING The PAST ANd The fulidre. The i1den
AssociATEd wiTh AN AddiTive foneTion hns The effecr of
ShETING ThAT LINE A LITILE 50 THAT The TrAnSITION beERoEew
The PAYTICLE'S PAST ANd FUTUME Now hAs A Finate, boT
SMALL, WwidTh wWhith MUST be tonsidered A3 B reoion 0F
Pojsible evenTS,

(5) LASTLY , we run INTo ALL sorTS of DivercenT Difficuimes

where ANSWErS Tend To Crop up ThAT o0 TO nfFainoTy,

Ths 13 QUITE A STrAIGKT U ACWKET To hAve Around VS boT, AS veT,

MO OnMé

RAS (OME UP WiTh A SeNSIBLE Thegry which did!T hRve

These ProblemsS Cropptto—oP. FOoLLOW LO GICALLY,
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There WAS been 4 loT of ATTENTIOM GIVEN TO ProviMe ThaT These are
The ONLY YESTPMCTIONS wWhich PLAGUE US S e w€E CAN'T Stem To C T
AtouNd Them. The CLAIM 15 TMAT we cAN, in FacT, Show ThaT The FirsT
Sour diHCULTL €S reSULT from The combiMATON ot QUANTUM MEChANICS,
R&tﬂ'ﬁ\)ir?, PLos somée oThey JUnK. The C=PT INVArIANCE hAY beEEN
EXPErIMENTALLY Proven AfTEc havinG Showa The vieltATIOM of CP

INVATI ANCE could De Overcome be The womBINATNOM CPT Thus DISProviveg,
AS IT Pre LAY The ErroneEows iden ThAT Time wAS INVATIANT IN The (P
Pucture.

wWe would LIKE TO KNow how To Prove Thal These STATEMENT €x18T
AS \ hAve wriTEN Them . The Proot 18 reAllY So obScure ThAT 15
Ternbly hard T read. | would LIKE TO AT LeAST Show The €sSence
ot The Proohl-t. why we cnn Prove ANY Thanoe AT ALL.

TO RewiN The discusSION we mMUST Add TO our BRASIKC STNTTING POINT,
@™ t+ RelATWVITY A very Yer rerchine hiPoThesis = The 1den o¥
CAUSALITY. IN AddiTON wé have Some PASSIVE ASSUMPTIONS whith
resotT Yvom (P-M which (nTroduces The 1dén of Associamine AN
AMPLITUDA E wWiITh AN EVENT, Thus we sAY The Sum ot ALl The ProbAbiuTIES,
Le., The sQuare oF The AmpuTudes mosT €QuAL 1. FurTher, ALl The

€NEYLY STRTES MUST be ereATér ThAN ThaT In VAcUuo ( The LOweEST eNErey STATE),
TS we ndd 'CAvse SoME bomeheAd will rAISE A STINK (F we don'T LiKe
AN Axiom of Euclid wwhevre he FrAlLed TO MAKE CLEATr Twa ProFounmd
SMTEMENT ThAT A ULINE JOINING TwO POINTS LYING oN OpposSITe SIdES

of ANDTWey LINE bisecT ThAT LINE! So we MIGhT SummArize our bAsic
INGYedIENTS witl be ;

QuAnTum Mechanics + RELATIVITY + {cnusmm’, . {i ProbabiLaes of AlL ATErNATIVES = )
LocAl NesS ALL ENEYLY STATES 7 VACUUM
+ somé dTher Thines Which DoM'T hel? Much = § PRObLemMS

CASuALITY

The 1d¢A of CAUSALITY MEANS TwAT wWhAT hApPPeNS 1n The PAST cAN NoT be
chANGEd bt WhAT WAPPENS 1n The Future . The CondIMOM KNOWNRS The
PresenT CArries The informAnom $Yom The PAST 1nTo The FuTure. In Quanivm
MEChANKS The meSsenber of Thig INFOFrMATION 1S The presenT STATE

of The y¥sTem demoted be Imy (The amPLiTUd e ) ; The d epenvdéenNce 15

OM WhAT haPPenéd AT AN EArLier Time. 1f The pameliTude of some

Foture evenT 1S denoOTed by 3 <A1 ,SAY, TheyThe pProbahLiTY of
ThAT €ven T oCcurrING 15 deNoted by

<™in>

where <\ 1S ¥rec To chanee buT Imy (S NOT becAVSE T AlLreAdy
hitppeNéd. ThAT 1S CAVS ALITY,
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Wwe CAM TEPreSeMT The TrAnsiTION of €vents From The PAST To The forure
RY DFAWING A4 SPACE-TIME DIRGrAM wWhere The STATE 1Q7 TEPresemwTs

T, e 8
The Presend, TIME <Xl @ Sotvre

PresenT c IR

> SPAce

vy ® PAST

The FarmulA which relATeEs ALL PhenomerA oF The world ot PAST To The
future vina The TPreseNT s

<X1Tme phsses| Py = Ty <X|BIP><LPIAIYY

where A AN B rePreseNt The 10 €venTs ANMD L 1P 7 And €I Tharr
AMPLITUd €3 (ES PECTIVELY,

This expPresses The combiwATION ot cauvsSAUTY ANd QuANTUM MechnMics,
WeE MUST Y USE This TELATIONSWIP.

Now wh¥ 1S 1T PossibLe To deduce A Lot of sTuht from Twis seeminoly
INNDCENMT €QUATION. WELL, TS DECAUSE The TPrESENT MOMENT 1S MOT A
TELATIVISTICALLY hAPPY [deA. For Some obServer IM A MIOVIN(G SYSTeM
The 1den oF PAST- Furw PResenT And fuTure are MOT The SAME AS

ovrs., The EVENTS ATE NOT SIMULTANCEOUSLY Obserued bt The wo wuYS.
BUT SiINce The evenTS A€ The SAME TheY muST Seel or% Twhe SAME
CESULTS. How AT E These Mu0 obSevuers relATED ? LETS Drmw ANoTher
SPACETIME dIRGrAM 18 Which The Moo GuUYS Follow:” 'DnHereNT world-Lwes,;

1
{MA/ foTure LiINgs o} Observer I
PresenT for i

fixed obgeruer, >3

Suture LINES

ok obseruul ~
Present for obscrverz_noumfa TELNTIVE
7 tixed ouy

The 8bove DrAwING PErRAPS M AKES (T (LeArer WhAT | AM SAVING. EvenT

A occurs i1n Observerf 's PAST whiLé observer, WASM'T €xPerienced
ITYET SINCe TS IN his fuTure. Simce The evemT 1S The SAME 1.5 AT IS
UNCHANGED They MUST 3€€ The SAME ThiMG 0ccUl T IS A CONSEQUENCE
ot TheS€ INTErs€ECTING woRld LINES ThAT ANTIV-PATTIKLE €VOLVE AS The
§ ONW mcThod of SALVAGENG A SATISIMCTORY €XPLANATION of

WhAT The Two GuUVYS SEE.
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To MAKe The Prook AS EASY AS POSSIbLE Wé witl AsSuvme TWAT v The

World The ONLY €VEMT OwUrriNG Are PArTICLES beING ScaTered by A
PolemTIAL, furThermore, The PAFNCLES ATE Conserverd So for EUETYONE GETTING
ScAMEred we don'T el 2 OF § or |0 ovT] e will ASsume, Then, NO
PV Producnon ANd Show This LEAdS T AN INLONSISTENT ANswer AN

wE MUST ULTIMATELY AccePT The reAaliTY of PAIr Production. Also we witl
LeAve ouT SPIN Yor The discossion.

1f we hAVE 30MEc SCAMETING BENTEr Heid AT Some POTENTIAL Which 1s
LoCATed In SPACE TIME by X T such TuAT IdcoMinG PATICLES of
specttic MomenTun Pu Are SCATIEred AN RAVE FeSOLTIMG MomenTum B, The
whAY They Are SCAaTTEred 1S described by

o e’i.(*&,_r—ﬁ-i) e-(e.t-F.-i)

e —’ M ———
OUTGoING whVE INCcOMING WAVE

kS
where E =-JP"+/u"- or specibunily Eaq= T97 rut And oK 1S
ChAVACTENSTIC of The SCATTENING EEnTer where Yor SHMALL Cemters 1T
1SINAEPERETOF The momenTUM AND PoTENTIAL ( 1F IT 1S The SAME AS
S€eN bi The Two obSevvers,

Our PicTure oF TwWoO Such SCAITErING EVENTS OCCUr riNG IN The PAST
AT Ta, %o which " MomenTvm T And AmPLITUd € 1Yy And 1 The future
AT To, Xn ot momenTurm Fo gud AMPLITUdE | X> AFE CONMECTE

bY The PreSeENT wiTh A MEASUrEABLE MomeNTUM Wy And AMPLITULE @)

Z""&E.\ﬁ [OE S
?’,}// fPs ) ICP>

- 7 LIME
Vd
LQJX°~$ TP ,”,D7
The comMmbined SCATELING AMPLITUdE 1S Thus Given by
SCATIECING AMP, =Z’W *@3 e':(EJ""Pl'X(b) e'ZEES(tb‘rﬁ) B W’(x”'x"-)]ej"(f'r“'m')"‘)
3

) If we reQuire This evenT TO be reLATIVISTICALLY INVATIANT The ProducT
wh?e K@, which 15 1ndependent of PoSITION, MUST be NORMALIZED To |
PAYTICLE Per UNIT VOLUME, However | IN The MOVING SYSTEM The VOLume
becomes compPressed AMd The wmormALIZATION INCreAases by A TAcTor of
. The SQuare root ot The Thine RBeines SQuAshed VP, The udlume elémenT
d3iP 18 NOT invderendenT of The facor And 1S NormALIzed by dividine
by ZE,Twe L ENTETING by force of WABIT, SummiING rELIDWMSTICALLY Then

WE reQuive
Zl . d3§’>
(en)?2E
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The SCANERING AMPLITUdE beco mes

v WP
px e " NOw-xa) e

where Twe Fowcnon N is A Fovcmon of The disTAnce AMd Time seppraTine
$p (Pt - P-ox))
(in) & [t

The SoLUTION To Tis INTEGrAL IS vert compLicnTed AN 1S of The form
of A Ressel FuncmonN which bettAves 1N The followiNe LimimiMeG

CASE IN SPACe Time Tme A -iut

"“Pn ' Ke

The TwWo EVENTS

N(Xt) = §

e tuR e
“ -» SPAL

This FUNCTION 1S INVARANT undéer

A LorenTz TrAanstormATION. .
e-l.,«(.

\ 4

So kAr Wwe hrue ’oe(-hkd\Sc_u_SS\u(y Twe (ASE where The second evend
occurred ARTer The firsT, Lb > Ta. 1¥ The Sewond €venT B, happeved

carLer ThAN A we moST STArT ALL Oover AGAIN

« 0

ed
IN  ThiS $CASE The SCATERING AMPLITVAE TARES Tho torn
dIR  Ka -i R My
PX e : N(Xbo-Xa) e
wheve we hnd T shidT The Ya And Xu  Around
BUT This move MAKES Twe Fumcnion disconTIMuDus, To uddersTrad
WRAT hAPPENS we'llL omlt considér The PioXa Term for The case of

CobvTa And Tev ¢Ta. LiehT
coME

L1°

= i
[+

We consder The scAMerne AreA bt Llie ouTside oF The lLienT
wrne oF G . BUT, 0ddLY, enooch There 1S A SCATIENING AMPLITUL €
of A PAYTILLE Temrthine b while AT The SAmME TIME FESTIKTING The
thE-Fo PATTICLE To The speed of LiehT, Setms STTANGE ThAT This
could nAPPEN APPATENTLY SiMuiTHNEoosLY, |§ The Funemon N
wAS O ' T CASE 1T W auld be ALL TIghT buT \¥S NOT,
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How ¢AM This be? LETs call UP our SecoNd obsevver AND Tell him

To come by ANd observe The sAME ERSE we JuST DrewsHeres Whtts
we would hAave,

iis
~ end
~
~ ~ 5
~ D Tine pr(SeMT,ObS&V‘UE\"
T~

D ™~ -

& \ \ : -!. bL
\ \

crver &
FirsT, 1F we had A SCATTEY $rom G To by :no ~ Tine Present obs

Probiem ; This1s The ASE we deseribed be{—ore BoThe hAve A 1IN Thewr TAST
And b, m Twheir fuTure BUT WhAT AbodT & —7 b. To obsevver & b 15
oV rrinG SIMULTNNEQUSI WITh evewT Q@ YeT how (ad The pParncle 6eT
There IN O TIME! WELL, Dhsevuery SEE3 MO dikbicoity LWWATSOEVET. BoTw a
AMd b Are v The Bt hiS PAST AnNd fuTure And he HAS Ho Problem
WITh (MSTANTANEOVS ACTION. EveM §or The CASE Q-7 b. obsSevuer 2

sttt has No iUl TY 1IN EXPLAINING The €V EMT ReT TO Observuer

1
cuenT bu 15 N his PAST! Who 1s RleWT ?

Well, we MOST TecALlL A Theorem from Ma™ which sats ANY fowcriod
§Ly can be represemTed by o
_“,(t)-. S e-owt (P(W)éw

-

IS diScoMTINUOUS LIK €

>T
We CAN STILL exPress £(r) 1IN Twis InTeéerAl form. AlSo boTw § And
§ AN be compiex Funcnows,

Even 1§ Feu)

(€ we LimiT OurSELVES To JousT POSIMUE

w's (freQuewci€s ) we ONLY COT DOWN The Mumber oF fumcmions. RuT
The Trouhle

LieS IM TWAT WE AN'T hAVE boTw The ReAl ANd TMAGINATY
PACT €QUAL To Tero oveér A Fimite Period of Time

Tkef&%f&, To find N )K,t)'*'o OvVEéEr A {'INIT(- TMe Period we have ND

WA ouT. ORServer & mMusT rewrd The €xPeCTEd reSulT SO wE conclude
we LedT SomeThme puT For Observer |

30 ThAT he CAN ExPLAIM whm‘
harpens when Th 4 Ta.

we Need Some wAd TO €XP AN
i e R Xe N(xp-Xa) e P
INTerMed) ATE STATE ( AS observer 2 sees 17) of The form
CXIRIY Y ALY

for Te

l7'}



WRTING oUT CxPLIGTLY AGAIN The €xpPressSioN for The SCATIENING HMPU‘JTUJEI

(6.0, - Xo) - i[EzL To-Ta)- T";'be-\(o.)] -0 (EtTa-P %)
xX@3 ¢ e e
we see when Ih e« Ta The Vorm ot This €QuATIOM CAN ONLY be

KepT 1t EvL IS NEGATIVE TUriMG The INTEYr medIATE STATE.

Bul, ALAS, w e Arec SAVED bECALSE IN A SPRCE-LIKE FewiON The
fomerion N (Xb-Xa) = N¥ (15 compiex (oNJUGATE ANd we Thus
CAN wniTe et (B (To-Tal popin. BUT M S0 DoING we hAVE CréfTed
ANEW PAITILLE B wiITh eper6et By = o o

AUty
Q OuTEOIM
¥3
INCOMING
- b
NEW
MOMENTUM

PAIR ProDUCTION 1S ThuS NESSARY YoR RELATIVISTIC INVATYIANCE.

If we LooK ONLe ALAIN AT our @OTheR obServers PoINT of view
we rEALITe ThAT HE CAN QUITE E€ASILY \\
WrTE DOWN The usudl And €x PecTe TS N I

Qa
SCATTEriNG AMPUTUAE. We AN Thous EP\
MAKE A very Protound sTATEMENT N
THE AMPUTURE of PARIR PRODUCTION 1S N b

EXACTLY The SAME As The AMPuLTVd ¢ of AN
SCATTErIMG AS SEEN by The MoOuIMG observer

The SCAMERING LAWS TuS LontPLETELY deTerMiMe PAIR PRODUCTION.

AvoTrer waY oF WrITIMG This 13 To definve AN operATOr ASSOCIATEd
wiTh The ctbecr oF scamEr 1M 5 50 The Product of The Two evenwTs

1S S IMPLY 4 e, Ta) § (xs,Tb) :J.(Q)j(b,
IM The oTher Coordin ATE SYSTEM wE hAVE ﬁtbldcal so TWAT The
EQVUALLY Above (AN be wniiTEN
‘(b\ﬁ(q) = i(&)a‘(b)
Provided G ANd b Are SepArAaTed by A SPACE € wION.
Which WE (AN mre-wriTe 18l COMMUTATOP HoTH

L e ,dtb)] =0
This Thew ConSTITUTES The bASIc ASSVM pTION of- cAUSAUITY ThAT The
OPErATES COMMUVTE ouTSid& The L6 hT coM€, IN @-HM The coMMUTATOr

ot Two observables vAMIShes ONLY 1§ Twey ARE KNOWN SYMOLTAM €0USLY
ThATS 0ur ANALOGUE.
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FEYnNMAN’S Theory

CLASS) CALLY AM ELECTRON cAN MOVE IN €Ther DirecrioN AloNe The
X AXIS buT 1T MoveS ONLY IM The DIReCTION of INcreAsING TIMG.

ForR A ¥ree cLELTRON,
Pzt {mzE

CLASSICALLY we OMLY coNS(dEr The + sioM
The mMoTioN CAN be d€gicTer 1M The followme Diforam,

<

BuUT = =VAME s ANGTher vALue o+ MomMenTuUM boT WhHAT do€s IT mean (T
hAve A NEGATIVE velociTY, We cAN describe The moTion by SAYING The
ELECTION 1S MOVING BDACLWATD 1IN Time. A DIAAGrAm oF The siTvATION I§

i
I l
| |
f !

X X ~ l/~

7R
| |
l |
f |
% T T, T
1
EtecTron MoviNG bAcKwArd in TiMe ELecTron-PosiTrou ANNIH{LATION

IN 1 The €Lectron APPears Twice For T ¢ To buT Mever Appemrs tor T > 7o,
The Process looKs veéry Much LIRe Two PAYTICLES comiMbe TogeTher

ANd ANMIRLATING. The @LecTroM MoviN e bAcRwWArd [N Time dehAves
ExACTLY RS A 30S1TROM MoOVING forwdrd 'Hm-

WhAT Do€s This ALL MEAN?

wWhen There 1S PAIr-CreATION of AN €LECTRoN ANd TS ANT: PARTICLE The
POSITRON wihich 1$ exTre MELY ShorT LI1veD. ITHMAEDIATELY OLLID €5 wWiTh ANOTwer
ELECTYON boTh ATE ANNIRILATED ANd OF660Es A GAMMA TAY. 3 Separate PACTICLES,
A PosiTron AN TWO €lecTroNS Scem T be uvoLveb. FEVMMAN'S Theory clAms
There s omly one,The €leTron. '
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WhAT e observe AS # PoSITRoA 1S SIMPLY AN ELECTRON MOMENTATILY bick 1N
TiME, BecAuse oor TIME 1IN which we observe The cvenr runs unmirormiy forwhrd
WeE S The Time- REVEISED £LEcTYON AS A POSITRON. W€ Thipik The PoSITTOM
VANISheS when 1T hiTs ANOTher €LECTYON, AS—A—ReetPROMbUT This 1s JusT The
ori6INAL Electron resumineg 1TSS forwprd Time direcTiON.
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Reverse Be1 A DECAY woold eNTAIL cotlisiod of AN €lecTroM, ProTON AMd
ANTI NEUTYIMO Shol From $AY The Far ReAches of s PAce TO oNe PoINT

+ ONLY (N huMgN CONSLIOUS NESS (N The cuhv wAY Process of @% 09v mMiNdS
cAM Time hrve A UNIDITECTIONAL MOTION.

e STATISTICAL LAWS ProviDe The mosT FUNDAMENTAL whY To define The dirécnon
0f Time, 1.8

reversible Processes which decrense enTropy Are exPLAINGD STATISTICALLY,
This, how ever, Is moT STricTLy True

CEVT AN WEAK - INTEFACTIONS Areé APPAventtlty NoOT TiMé-revERsible,
« CPT Theorem:

(3} Reverse chArge AMd MATTEr Becomées AN -

(ii] Reverse Paray
STitL ExtsT.

MATTEr &,G. A STONE 1S AM ANTI- STONE
fiNd The wWhoie STrucTUre wodld GEMErATE ITS MITTOr IMPA6E buT

YANG And Le€ ,however, found A VIOLATION here in wWeAk® INTErAcTIONSS.
Haweuer'SYMheTr\’ restTored by rf'FlﬂTlN(, The €venT M A CP mirroR

BuT, Too, oTher weAK INTErACTION VIOLATE CP. SYMMETRY, 1.C., NOT ALL DopucaTes ExIST,
(23t} Reverse Time ANd CP VIOLATOrS Are SYMMETTIZED 1t A CPT MITYOR.
TiMe revers AL IN AN INTEGrAL PATT 0 F retATIVITY.
Some pARTICLE €VENTS fire RElLICVE D GO° OMLY N ONE TimME direcmoN
o To PreSErve ThermAL €EQUILIBRIUM (EGIONS Of POCKETS exIST wher e ENTYOPY 1S INCYEASIV G

And oThers WwWheve 1T 18 decre&smG(}& $vom dicorder To order ), The '5"’ BAnG"

whs A momenT OF ColossAL €NMTroPy dEreASE. Bul more To TIHE YeveraL Thiy
ENTPrOPY DecreASsE.

» TiMe 15 RELATIONAL of RELATIVE LIKE UP ANd DownN RIGKT And LEFT. LOITh wo ABSOLUTE
Time Arrow ouvTSide AN EUENT WE cANnoT Fi1x TS Direchosk

« A Times-reversen GALAXY would NoT be Seen SINCE LIKe woutd be radATING

TowArdS 1T, The MeMOries oF Dbservers (N Two GRIAYIES woutd be RunNiNg ke OpposITE,
1f You TAK TO A Guv, he would INSTANTLY foreeT 1T bechvse The CvenT woudd
INSTANTLY become pArT of his foTore rATher ThAN his pAST:
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Sein ANGD STATISTICS

I£ The TWo PArAmeTers Q( 4 ARe NOT Pure ScALArS buT rAThenr ﬁumnous
of By ANd Py Then we hAve To I4ENTMTY Talo SETS ®', ' And %03,
As AN €xAnPLE  1F K= FE3 Then

N();(’-t)s S d ? Es
(2m)? 2 [giepe
we CAN 6eT Around TwiS (NTEGYAL 1§ weée TAKE
. . -C + P
%N(Xﬁt) = L%‘ts d3p e " (EsT+P-R)
(7-1']311/“21?1
WIThOUT GOING \NTO A LOT of DETRIL The Oblheyr PATAMETEY k' IS Ged
by The NEGATIVE 0f & OF 0 Tws CASE - E3, More Gewermly K= K(-E5-R)

e

The Problem menTigned AT The RDEGINNING ¥ Z Does NOT follow
(MMediATELY YoM our €@uAnow fOr The SCATIErING AMPLTUdE. In HACT,

The EXPLANATION IS very €LADOrATE boT 1 have worked o Ty Problem
AN This IS The hesT 1cAN dO — far TWAT | APOLOGITE. AN wE
Choose& A MeGATIVE APProffich To 35how ThAT Thines won!T work ouT
UMLESS w& use Bose STATISTICS for SPiM ', 1.£, The sum of The
ProbabiwiTi€d 1S NoT lrarns ouT TO be The reAl ProblEM.

-t (Etr P ¥

SINCE we& NOw hAVE PAIT Prodv(noN €STAbLIShed J1E, IN The SENSE
of UIrTuAL ProducoN we MmusST ALLOW {'OR 'n\e. ‘Posubn.n? of
YEAL PAIr ProducTIiOM where AN €LETYoM ANd PosiTron ARE PrOYUCER

We witl denoTE The AMPUTUdE To SCAMEr bY o RNJ The ProbAbilITY
of ScATTEriNG by Clal® Siwce we cAN'T ALlow The fuTure 7o dePend
o The PAST The Sum of The ProbAkiLITPES MusT be onme. Herew,
The TroubLE LIES. IT POESN'T AWAYS €QUAL OME.

Considering -;\rs’l' AN €lLedTroN STArTING OuT N SOME (NITIAL STATE z.
ANd ENdiING 0P 1IN The SAMe .s‘mrc— we hve To cONSIdEr Three Possible

chAsSES AL 4. i
NO T -
SeATErmG U Pene mnm{j
' AMPUTUdE Ai(ch'clﬂ-
: . .
) )
zero order SCATROMG first order sccond order

ProbAbILITY TO

SCATORS omiiTed ProbAbiLITY MOT T
clal* SchTER
|- clal®

We SE€ IMMed IATELY The ProbAbiLiTy wiltl omty Add To ome 1+ The
COMSTANTY ATE The §S AMe,
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IN The RelATIVISTIC CASE IT witL ontt be wit™ The helP of STATMsTICS ThAT
eVErY ThiNnG WORKS OuT FOR US. TO bewiN weE ONSIdEr A VACUUM N WHICh
wé hAve reAL PAW Produclos. The ameuiTude TO crenTé
A PAIC 1S ProPOrTIONAL TO The POTenNTIAL & SO The

ProbAiLITY To MAKE A Pair 1S X1QlY where X
IS SOME CONSTANT,

P._ P,

Qa
We STAYT wiTH NOThiNe ANd 6O INTO MOThiMe, ThAT IS Phir ANNI hil ANoON

LEAdY vS BACK INTO AVA(UUM . The AmPLTUdE for NOThiwe TO haPPen mMosT

Be . The AwmputTude for This Prodocnod ~ANNhLATION 1S |- L (x+iX')a
s0 The ProbAabiliTy 10 GET NoTmING 1S | — Xtaly

We MUST coMSIder ALL PoSSIbLE €UENTS ; Thetd Are The followiMG for AN
€ELecTrod 1N STATE ¢ To first order SCATTETING
N
ProbAbILITY TO ScATiEr = clald
ProvAbsLirt To PAIT

Prodouce *la|t

Now CoNSIDETING The CASE when

NOThine hAPpeNs we hrve Four PossibiLITIES:
5‘/5 T\‘l |
l
.

i
AMPLITUdE

-3 Ceric)alt -1 (d+0dodt

. L
SSATTCNN(; '%_(X"'LK) lal

ProbAbITY NOThWinG hAPPENS =

PLLUS RAboue CASE

I- clait - 4ol - xial®

tclalt + X lalt

" - dlat*
BRBur d *0 S0 we hAVE A Pr‘th(-_-M d 17selLf = PaAwr producnon
iM STATE i, RoS€ STATISTICS STrAIGKTENS This Problem ool becnose

IT STATES ThAT The e Le(Tron 1S NOT Ne(ess ATILY The SAME IN STATE ¢ N
The ACTUAL Proof of how This STYARIGKTEMS oUT The Problem 1S Z-p*

Quite dithiclT And | rrologiel Aot For IOT have AN €ASY Proot

WE WANT To EMPRASIS n CLoSING ThAT for PosiTive freQuencies we
\

CAN'T hAve sPreadine fAsTer Than The sPeed of LIGKT so OME MANS
ELELTTON 1S ANOTRer Mawn'S PoSiTroN And ThATS

ALL There 3§ TO T,
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CHAPTER 135
A LecTure on The Solar SwsTém And
oTher uNrelATed PhenomentA.

Todad | Am GoNGe To TALK AbouT The SolL AT S¢sTem, DBelMer YeT, JosT wuTs

ands preces of Thines | hAve Dicked ouT op The seeminoty iwhinre
AMOUNMT 0% M™MATeriAL oN The SubhlecT To boil 1T Down TO A LECTure,
WhAT The hetl Am | SuPPose To Do? AloThine Seems OrGANIEADbLE, CAch

Week 1T GeTS hArder Apd harder To MAKE A senstble LECTUrE so NEXT weel
we'tt hAve A MOVIE -on The SuN v A Good OWE NEVerTheless Avd PerhAPs
Twitl give me A chANce To QeT Alend of You cuvs,

Cosmic RAYS

A white bAk we brieflY Discussed Cosmic RAYS ( Those NoTES have NOT been
TrANSLATEd YeT IN ANTICPATION of This LecTure ; however, Durine The INTETIM
They Setem To hAvEe been hidden AMd MAY Nevér be recovered). They hAve bheed
Se€EM TO COoNTAIN Svch ThiMGS AS Lmnum‘ Reryitium And Boron ProbAbLy

by The SPALLATION Process MewmoNeéd betore, |1+ APPEArS To oor besT Mmeasore-
Ments ThAT The Cosmic rAY BombArdH enT (s CompleTery I1SoTroPic AT The
EATTR’S SurfACE, FurTher we Are MoT Movine Throve h The cosmic TAYS
becAvse There Is No ohserved THAIN effecT (1, A PooNdiMG Srom The freonT
AS we (oM (INTO Them ), 1§ Theve Are (Clouds of cosmic TAYS Then They

ATe Mouie wiTh The SAME RELATIVE MOTION wiTh The whole GALAXY,

The €xsTeNCE OF UATIOUS MATEMALS |N Thes€ cCosmic TAY clovds 1s deTermined
by The ScADEriMG of STATLIGKAT Throveh Them. IN FACT The cnsTence ot
MAGNETIC f1etd 1IN The GALAXY 1Leads T A PolATITATION of The liowT AS 1T
Passes Throveh. This € A resulT o troN ANd oTher dusT PATYTICLES

wiTh Thevr  IMTriNgie PN CrefTING  LITNE eddy correnTS Such TWART Thev Line
UP And CYEATE SCAMErING CENTERS, |T hAas been meASured (In TYPIKAL  ASTronowm-
AL fAshian) ThAT The Swtd Lns A STremoTw of AbouT 107® GAUSS. For
The obsevved FArAdAY €HfecT To occur 1T 15 SpecutATed TWAT A hioher fredd,
SAY smo“’enuss 1S Mecded, So mMAtYbe TS 10° ;o MAY be 7X10°®  who Kuows,
The €SSEMTIAL £cATUrE of ThiS MCASUTING SE€EMS TO be LACKING . ThAT 1S,
They onty tind This eHecT W here The CitcutAr PolArIZ ATIOM 1S The ereATésT,
This MEANS we Se€ The STromeesT T1etds Fr1eld . BuT how (AN we compare
YESULTS When OME GUY LooKs AT ome STAY A CerTAIN wav ANd ANoTher oY
looks AT ANOTher STAF AMd GseS ANOTher meThod 2 ITS ALl ridicotovs! There
1S Mo CoMSISTENT PaATIErn Followed wohen This dATA IS bEING Tecore e d.
Wwe don'T VeALLy wnow 1F The Fretd 1S, o FACET, ALL ovér o7 NOT,

The vecorded eneret of These rAYS AT Twe €ArTh 1s o} The order of
A biLlioN elecTron wolTS And 6réATer. This meANS The orbiT of The
PArMICLES 1S VETY SMALL €ven For A fietd oN The order of 107 o AvsS.

T 1s AbouT (07 ReTErS M diaMerer. Thos The mMoTion 1S very TIehTLY
wovnd Around The fietd LiMeS AMA 1S sobseQu enTLY boomd To The

LINES YESTrIcTIMNG The MoTON — They dONIT €ScAPE vErY €ASILY,
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WiTh The VALWES JosT MEMTIONEd Wwe Afé AbLe TO CALCULATE Thre€e ThiNGS:
). The TOTAL EMNERGY M The coSmic TAYS

T
@). The TorARL EMErsY (N The mMAeNeTic fieed (3/an)
(3]. The TOTAL ENETHY "M The CLovud MOTION AS T churns ArOUNG,

IT Turns ouT ALL Three Ave nMhovT The same order of MAcMITude which
has LeRd Some T CONCLUdE spme MEchANIsSm of €QuUIPAMTION To AT
or This, One what 10 Think of The Mechanism 78 TO PIKK A UNIT® Cube
of SPAce €NClosiNG Some MAGNETIC Fretd fines. f The cube IS SQuAShed

LATETALLY The LINES GeT closer ANd The Field GeETS bioserR., when The
Cube (5 compressed from The ToP ANd BoTTOM The fieid eeTs
WEAKEr AS The Lineés Are forceénD ouTwrrd. There Are

Thus, Two ouT oF Twree Possible MOTIONS which TEND
To INCreASE The enereY. Howéver The coNTrACTION \\\ //
CANNOT Proceéd umnched(e d becAvse €UeNTUALLY The

EMeroY 1M The Fieid cruseS The comeresscon To SToP
RNd USUALLY veverse. The windine op of These F1ELd

LINES IS LIKe PUuliING Somée red food CoLoriING 1M

A BATLH of TAHY And Then Pulling 1T ouT. The
LiNes of R€d wWiLL become

CLtoser And CloSeR AS \
The MixiNG cmhuusi's. AngTher ANALAGY 1S POTTING B
PAINT IN A bDuckeT And STIrriNe IT IN.

The cneroy IN The cosmic rAys AN be dISSIPATED ovér LONG Periods
of TimE. IT 1S CALCULATEd, or €STIMATES, ThAT The rAYS hiT  AbouT

3 emfcmt of MATIER betore Thex Yeach US. AT soch A co}LlSIOH-
cATe 1T woutd omlY TRKE MbouT A few mMuLioN  YEAYS before 1T
Loses ALL ITS €NETGY. Therefore, The rAYS coudn'T  hAve been eoino
tonNe before They veached us. ThiIS MEANS There musT be A Source

of CosMIc FAYS wWiThiM The GALAXY, IT 1S SPECULATED ThAT The SuPér-
NOVAE Coold %e A PosSIbLE (O0cATION of The oriein of wshHic raYS Since
The? GeMEYATE SUuch TEEMENDOUS Power AS The BlLow VP €uen Considerime
Their OCCUrVEN C& 1S AbouT DME& every hunmdred YeAr Thew STILL GEnErAaTE
AbewT Fub1y Times AS Moch enerpy Necdéd To AccouMT for The cosmic
PA? ENeEre?., We don'T Know how Twey Are Produced

ANMd  Twus don'T
undersTAnd Much AT Them,

These cosmic rAt ctoud ThAT WeE'VE been
obserfved ALl OVEr The GALAXY., They fre
30 PACSECS APART. The mMASS of crAP
5000M 0@, Thery Pose A Probiem To v

TALKING AROUuT hhve bdeen

10 PArsecs Across ANd AbooT
IN & TYPICAL CLOVD 1§ AbouT
IN Terms o f €XPLAINING how They
CAN hpve 1such A bie MmASS ANd STAY LUMPY. GrAwITY ALoNne woN'T
subbice. IT 15 speculATE ThAT AT The Low MELd INTENSITIES |NUOLVED
The ouevall INSTADILITY ot The G6rAP  GemnerAtes Yorces which Add 1O

ThAT of GrAvITY. ALso They Move MoOre or LESS TANdomlY AT A
sPeed of S Km [sec.
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THE EARTHS MAGNeTiC fiEL

Whiteé 1'M oM MAGNeTic Flelds Twhe €AYTh HAS A very INTECESTIMNG ONE.
The fierd ts observed To Ckﬁu’ee FrAPiIdiY dve To CUrreMTs IN The
OUTEY réGioM SUYTouMDIMG EARTH, There 15 NO KNOwN
tietd INside The EAPTHh, Now ™osT of The fLucTUATIONS /
1IN The fietd Are biamed oM The SJuMd ,As 100 ALL Know, B
SolAr FLATES, The Sun SPOTS And oTher Freak Phenomena , O\
: \
\

MMSFruPT The Charge disTriboTion IN The SorroondinNG
SPACE Thus CAUSING The CWANGES, We Are Alse Aware j
ThAT The True MAGHETIC Pole 15 NOT AT The TRVE i &\‘
NOorTh POLE buT 15 AbeoT 10° OF & somewhere |N CANRCA. '[\ Q

INPIINCIPLE, ye Shootd be ABble To Tell 1 The Souvrces

of The FleLd Are INSIDE OR ouTSId € The EATTH, ThatT s,

BY workiNe wiTH The MAXwell eQuaTions, RuT A STranee [
Th-m,, white 1§ keePs The GeneraAtl NorTH - SO0UTh ort ENTATION, S
IT Teverses 1T DitéctioN AbouT  ONCEeVETY 100,000 YEATS or $0.

They can Find This ouT STUDIMG UVArwos rvock fOrMATIONS ANd  observime how They
Sgrr}ed, The Fretd 1S PerpeTUALLY CAVGAT UP IN The €ATrThs CoriottsS ~MOTION
ANd  oTher TWISTING up effecTs of The €AtTh. The fietd 15 ALwAYS
INCYERSING ANd IS LIKE A Setf-exciTed DYNAMO. ThAT 15, 1T 1S NATUTES
SN DYNAMO,

BUT T 1S AN Irt€écut AR DYNAMO AT besT, The Problém of reversiNe The
PotATITY of The Potes reAtlY Destro¥S The Theort | whs Worik oN. The
Modet | Arrived AT Doesn!T WOrK becAvse 1T 15 Too STHMMETTICAL, The Problemg
INTroduced BY The LiQuiD core ( 11 T 15 UQUID), The ASYMMETTICAL Share ot
The PLRNET, And ALl The rocK MoTioNS, €ETC  mMAKe (T verd Dy Fficott T0
Mbricate A Good workin e Modéel. White { Tunk my Theort IS TIGAT,
| cANIT Work (T 0OuT. The cifcolATIONS of correnTs WITHIN The eArTh

AtE UNSTEAdY, AS They Add MTeeTher The Hierd buitds T The POINT when
The currents veach The surface ANd Somehow CAUsSe The $LP (N Porarity.
The randomness of The disTriboTioM OF currénTs s whAT MAKES The
Probiem so DIFFICOLT. YT, The Stmmerry And PerfecTness of The mipore frend
OvTSIdE The R EArTh PresSenNTs A réAl MPSTErY AS To ftow ALl The
INYErNAL  DiPoLe s ~ 0¢cTOPOLES MOCKOTOPLES | SMocKTOPOLES APD UP.

The PursoiT oF A SoLoTiON oF The a@nMdersTANDING of The earTh's hiedd
§&61 1S A CLear EXAMPLE of wWhAT Scremce 13, ThaT 1S, where we
STArT OUT TO Sowve A PROBLEM Never Do, buT MAKE TremMeNDOUS
CONTHBVTIONS 1O our WEeRLTh ot KMOWLELGE ON The wAaY,
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THE SOLAR SYSTEM

FINALLY € GeT DOWMN To The ToRic oF The DAY And Discuss some ok
The ProPerTiEs OF The SOLAR SYSTEM. | witl be eroppine Tor ThiNes To SAY
ThAT Are INTEresTING RECAUSE T wovtd STArTle To MANY PeoPle wHemM |
TELL You There 1S A SunN AbooT which The PLANETS TUrM. The PLANETS \YIMG
ESSEMTIRLLY IN A PLANE wWITh SUGWT DEVIATIONS,

The PLANETS Are LOocATed b9 A Thine CALLED Rode's RetAarioN which AsSSIONS
The errThS duSTRNCE from The SuN  AS UNITY The oTher disTANces Are found

BY  The retAnOnN 0.4 + (03,‘_‘:\)

PLANET RBode's RetAnoN
tieccury oy + (o.3x 2™ =05
VENUS 0.4 ¢+ (0.3% 2°, 0.7
GAYTH 04 4+ (03x2') = Lo
MARS 04 + (03«2} = ILg
NsTeroi05 oM + (03x2%) - 2.8
JUPITER 0.4+ {p3e24) = 5.2
SATury oM+ (03x 29) - 100
UrAnvs oM + (03=2%) = 194
NePTUNE 0.4 + (03« 27) = 38.8
PLuTo 0t (03x28) = T2

Pluro 15 A UTLE odd IN ThAT TS orbiT comes INSide ThAT of NePTuNE.
PLUTO wAS Tnscovered AFTer cAareFul  PerTurbAMoNs oF NEPTUNES OFbiT which
Lehd To The PredicTioN of PLUTD 1T wAS Foond IN 1938, 1T wAS AT oME¢
MMe A SATELUTE Whic oF NeépTuNe -~ MAY be.

We once MenTioned TWAT AbooT 98°c ot The TOTAL ANGULAr MOMENTVM oF
The SOLAT SPSTEM 1S WONCENTIATE) IN The PLANETS ; IN $ACT, 60% 1S IN
JURITEr ALoN €. AL The PLANETS ATEe GOINe ATIWNE The SOM IN The SAMe
DIRECTION AN €Ach SPINS AbouT ITS owN AXIS. Thi§ 1MCludes mercory
AMA VENDS Which we OMCE Thouo hTm TO ALWAYS hAvE The same +Ace ok
ThwArd The SuN. ThAT 1S, The roTATE AkouT Their AXKIS ONCe EVEryTIME
They revoive AbooT The SoN. UrAnus IS UNUSUAL n ThAT ITS AXIS of
roTATION \s TitTed 95 ° To The ecliPTIC ANd, IN FACT, IS SPINNING The wioNe
whA? ( ReTroerAd direcnon). More TeenNTLY 1T hAS been obsevved ThAT
Venvsy ?;OSSC:SS&S A TETroerAde MOTION ANd 1TS AXIS 15 AT A LATITUD & ANGLE
of ~85*2° Y. Meccury rOTATES AbooT TS A¥IS ONCe €VETY 5§59 DAYS
White rEYOLVING AbeoT The SUN N BB d AYS,

Then There Are The ASTEr0IDS ANd MeTeors, The mMeTeofS benNe LetT pver
craP from ComeTs, whenever we PASS Throveh These Thines w &
CALL I A MeTeOf shower ANd f A reck SurviveS The ATMOSPhere
we€ ALl (T A  McTeoriTe,
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ComeTs

MosT 0F The comMeTs we observe hAvE  highlY €LLIPTIC orbiTs which Chrry
Them DUT betoNd JopiTER. Some of Them, however, Go odT So HAr ThaT

IT TAKES Them ALMOST A MILLION YEArS of SO TO come WACK. IN FACT, 1Tas
hard To SAY wheTher or MOT They Are ALTUALLY decenerATe PArAbLoLAS,

IT S Theorizeéd ThAT AS They ome 1N TowArd The Sum They ATE detlecred
by A PlANeT (MOST LIKELY JuPITeEr) ANd Los@e ENETGY TESOLTING INM A CAPTUrE,
CuvreNTLY There Are NO KMNOQwWN COMETS WwWITH A hyYPerbo Lic ortaT.

The Comer hAs A SoLiD Nucleus “uP FrouMT” which verdy SMALL, oNLY AlbouT

R KILOMETET IN DIAMETER, AT A densiiy of  About Sxio PAYTIcLes Por am?
SurroundiNg The Nuclevs w A Mfss of 6AS cAlle d The comA, INn whichk
NeATLY A Thoos And  differenT AbsorpNomM Lines of UATIOUS MoLecuL €S RN
Aroms hAVE been Observed, LIGAT 1S emimed by A fFlogescemce reradiATioN
where The bands resulT $rom A TESONANT of VIDrATION INTO AN UPPEr LEVEL,
ThAT 1S, SUNUGhT hiTS The MOLECULES ANd EXCITES Them TO hicher ENERGIES
Levels which im TurM re rAdiATe The ENEYGY AS Thet "fALL" back T Thetr
@EUND STRTE. However The Suon has CEYTAMN Fravn hofer Lines which lead
TO GAPS IN The SPecTrA ghrom The coMeTS, These Lines ArTe Prodvced by

The Absorpnon of rAdIANT €NErer when The ouTer eLecTrons of The Aroms
CoMPoSIN b The ATMOSPheric GfASes ot The SuN Jump To hicher ENEfe? Levels,
So The MISSIMG LINES CAN be expLAINEd. Even To The poInT ThAT ALL

The preces of The Puzzie )T So wetl ToeeTher And have reproduced The

COMET SPECTCA ON COMPUTETS ThAT wée ThinK we Kow whiaT™ we ATE
TRING AbeuT +or dMce.

MOST oF The MATERIAL $0uND (N COMETS Areé NOT Uery STAbLE ; Th)s
IS whyt SUNLIGRT EASILY decomposes Them. Some of The more PrevdieaiT
ThiMes observed Are: OH, NH, CN, CH ,Ce, C3, CHY, NHz, Ma, Fe, CO* (ot
The vAdIATION Pressureé of The SONLIGKT IS BELiCuenTo The e refson
lhe The € molecol€eS Are drived INTD The TAIL AS we cAhwe 1T,

185



Radar  AstroNOMY

A more recent TechNj@ue for MRAKING ASTTONOMICAL MEASUMEMENT 15 bY
SEUDING A PUulse of YAJATION TO AN 0bJecT AMd  MEASUTING MoT ONLY

The DeLAy INVOLVEd IN GETTING IT BACK bol Also The  Frequengy ShifT (Dopprer
SWET), Thus we CAN MeAsUre botw The distance To The obietr ANd ITS
TELATIVE TetodTY, This MeThod hAS beem RPPLIEd TD Venus, The mODM, MATS,
Mercury And JUPITET, T3esT SUCCESs hAS beer obThined from VEnus AN The MooN,

This Techpigue CAN €Vven beused TO '€xPLore”’ The PLANET bY SCANNING The
suckAce ANd recordind The ToTAL ReflecTioN INTENSITY. CerTin surffice
SeATvrEs cAN be obstrved N This waY. ROIATONAL MOTION CAN be checked
USING The DoPPLer ShifT ArisiNG FromM The PLANETS MOTION TOowArds ANd
Rwat from us CAUSING DifferenT delars over The surtfice.

We AN Check The pLAnveTATY OrbiTs And  MeASUre The ScALE ot The SoiAr
SNSTEM. The BSTYONOMICAL UNIT 15 The €ATrThS orbT vrAdus which 1s Mow
fixed AT 149,596,000t 1000 Km or 99.005 UGhT Sec.
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ROTATION of MeRCuURY

LAST TiMe we were TALRING Aboul RAJAr ASTTONOMY ANd  how ' T wAS
USEd To TIAKE TOTRTIONAL MEASUCEMENTS oF Mercory AN UEewoS. TodAY
SINCE | don'T hAve The movie | Promised YOU | WilL cONTINVE This discussion
becAVSE [T IS VEYY INTEFEST IMG.

We recALl Th AT The ®eriod of revolomMon ATOUNY The Sun
CoTANON A BOUT |TS AKS Oceurs

$9 s ALMosT %/3 oF 88 dav.

1S 88 dAvs whité
ONLE EVErY ST JdAYS. IT TurNs OouT ThaT

So ctose INFACT TwAT 1T nAs LeAd To A Theoyy
which geems To €XPLAIN HercorVls  sTraNce Behnwog

Mercury 'S ofBiT 1S VerY e€cceniTIic MORh More So ThAN ﬁNY "PLnNET Theve 1§
Thug A Pericee ANd APOGEE B hich 1S QUITE ProNwWACed, FurTher Mercury
ITSEL: s LoPsided ANd Assumes AN €lLIPsotdAl ShAPE w) Th Three
UNEQUAL AYES. There 1S Thus TidAL forces creATEd (N The Body which
Are pewerATed by The SUN TendiNG TOB TURN Thwe QuadrupPoLe momenT
TowArd The suN. AssumMe The PpPLANET STACTS ouT AT ITS PERGEE
ON The side diAGrAM wiTh TS Lows AxtS PONTING TPwArd The Sun
If we FoLlow The PRTh we see by The TiME Mercury
Tefches 1T RPOGee IT hAs GONE Throue h §V4 Rev-
oLUNONS And hAsS 1Ts Lone Axls PerPerdiculAr
TO The TidNAL §orce directed rAdIALLY Toward The
SUN, T3 scems TO conTTAdILT whim we smid AbouT
The LONG ANS ALWAYS poinTIive TOWATd The spN —
BUT NOT FEALLY, Whité The Minimum R éroy 1§ Whey
The LONG AXIS POINTS TOWArd The sunv The Mend TWAL
force ov The QuAdruPoLe 5 sTitL POSITIVE, BY The
TIMe 1T omes bACK To PosiTMON 4 The
GONE Throuch 1 vOTRTIONS wiTh
POINTIMG TOWACd The Su,
DYNAMICAL SENSIBLE.,

POSITION O

PLANET hAS (?4
TS LONG AXIS STiLL

More over The MOTION IS STAbLE ANd
How cAN This be?

We KNOW These TiI8AL fricnon forces Tend 7o Slow The PLANET

PeeF DowN, BuT There 15 pomnlY A SLIGhT STAbLE €QUILIRRIVM

AT S9 DAYs So The TidAL force RACMNG LIKE A cOoNSTANT Force

PUshidGe 1T OM PAST ThiS e@uibibrivm §rom  hicher frequemvcies.

How 15 T STopped ’From GOING Over The OTher Side ¢ F:r'gf&‘
IT SO hAPPeNs whe n The PLANET 1S MOVING FAST

Throveh 1TSS PeviceE The Sun APRPEANS TO IT TO beé
GoING bACKWATd 10 The SKY ANd The Tidal Force

CEVErSES ITS SlN JUusST €nooveh TO CAPIIte The PLAPET
ANd START TS §9 ©AY ROTHMOM,

vée1on of
SThAbLE
ThiS 1S very NEAT AMd Seems To T PreTTY wett  wiTh MOTTON
CbLSETVATION,
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RoTATION oF VEN Us

RecALLIMG AGAIN LAST TIMEe we SAId The Perod ot Vedus' Year wAs
225 dAYS white T roTATEd once Every ZAS TS davs. But There s

IS SoMe Thive B verY STYrANGE AbouT VENUS TwhAT wé& have diSclosed
WiTth our radAar ASTRONOMY, ONe Si1de of Venus IS ALWAYS Towards
Us when The PLANET IS The Mear€ST TO vS - which hAPPen €veéry
584 dAYS., There 1§ AN “obserm bite" SPOT oON The PLAMET wWhich

SCATIETS A LoT OF The radar SIenALS, This sPoTS 1S RLWAYS 1IN The same
POSITION Durive This close A pproach.

FIrST wWe prove SOMeTwiNG 1S Twe MATIET WITh The INSTRUMGNT or TwaT
SoMe EXPLAINATION CAn be fownd oTher ThAN The ASTroLoGICAL EXPLANATION
ThaT €ATTh “conmrots™ The monom of vewnvs. So The Theorv ThAT Seems
To €YPLAIM Mercury WAS APPLIEd TO VENUS., The PossibLe TdAL force
Generated by The earTh could NOT be ProPerly used TO €EXPuAin The
CAPTUre MechANISM. ApoTher Yorce wAS Needed | A FriclioNAL one,which

woutd ACT AS A dAMPENING Mechanism which would BE 03T rehT
To dAampeny The PredicT 30,000 YR, Period. This force wAS expuained by
ASSUME vemus has A LIQuid CORe which (MPLES INTernRAL $yicTION,

This  €xPLANATON hAS NOT MEANT wWITh A GreAT deAl OF SuccesSs and The

whote (SSUE remAINS AN OPen QUESTION YET AS NEW BATR IS
CoLLECTEd OM The rOTATIONAL MOTON T SE€EEMS TO fiT More And more,

<
$0,IN fACT, IT MIGAT TURN OUT PeT ThAT W€ Are cONTYOLLING
VENUS AN (AM hAVE wild ASTrovoGichL OVErTOMES. BuT AT The

SAME TiME Twis Does NOT EXPLAIM The TETroorAde MoTion AT ALL

MAYbEe There 1S SOMEThING PecuLiar 1N The MeASOreMemT which

we hpve tound YET. Perharg , The LimLe PeoPLeé uP There Ate PeePiNG
bAcK T uS Some€ form ol DATR ( LiKe our Period of FEVOLUTION] 1IN AN
efforr 1O COMMUNICATE wWiTh Faida AND here we're ThiINKNG VP

ALL These CrAEY Twheories hoPefully Lookwe for LoGicAal expLanvATonl
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THE SvunN

WHL’ MOw weltt TALK AkbouT The Sunl. As Some ot Yoo KMNow 1T 15 A
bre bALL of hOoT oAs TOTATING AbouT TS AXIS AVMD spiTS ouT ALl SorTs
ok CrAP IN The covrse ot revotoTION ( IT SPIMS FASTEr AT ITS €eQUATOR ThAN

AT TS RoLeS. The ANGutAY yeociTY IS FIMED TO The FollowivG EGUATION,

W= [4.38° - 2.7705 IN? @ deorees
dAy
where @ 1S The LANITUL € ANGLE,

The (uTeresTiNG QUESTION To ASK IS whY The bALL roTATes LIKE This IN The
FirsT PlAce. The earm does boT TS A Solid MASS - 0F PresvmAbLY So. BuT A
BALL oF LIQuUID LIKEe A TAIW Drop wevtd spiw forever ANd The ANGULAT
Velo 1Tt wonld be The SAMe ALL over The Sphere. The wholé baw oF ¢ AS
(S ObuowstY MOT 1v EQUILIbriumM OF €LS€ 1T would & Throw off ALL The sTu{é

\TDOES. IT DoegnT WANT ITS LOwesT enercy STATE, ApparenTiY. ALl of This 15
MOT well vpdersTood

Strocfuve of The surfice and ATmosphere

The ettecnve surfhce 1S Jermed The PhoTosPhere. Betow Thig LAYEr The oPAaTY
iIBEGINS TD INIFreASe YAPIdLY ANd oObservAnons STOP AbrupTiY, This LAY EY IS

seen AS A hoT emiITING LAYEr where MOST of The uisible LIGKT comes From,
Above The Photos Phere 1S The chromosPhere where ALl The JupK IS SPIT ool

From. There Are & L0T OF €MISS10M LINES SEEN Iv The specTrum. These Are JosT

reversaLs oF The Fraun hofer AbserPTON LINES, geyond Twe chromosphere
IS The CoroMA which Boes ooT As FAY As -3 gown YAdir.

IT exhibits cONTINOOUS eMISSION LiNeg from The $cATENNG oF Sun LiehT by

MANY FREE ELECTRONS. There 1s A vert STTOMG Liwe AT $303 A which
whS nor idenTihied WiTh ANy epementr

:«?:mt:”h—::: NAned AS A forbidden LiNe ofF IroN wiTh ThirTeen CLecTTO NS

. (ONITATION TemperAure of Felq corresponds ro A TemperATUrE
of OME mMuLioN derceS. BuT The dewsift of The coronA 1S Verd Low §0 1T
IS Theorr 26d THAT Nuises Are ceneraTed be The Sun which Shakes The
toroMd TO helt  SuPPLYIN G The PoweR TO MAINTRIN This job °
Gers Twinner And TRINMER. LINE CrACKING A whiP

for SevenTv YeArs, IN 193q r

As The denusiTY -

There are A LoT of €MPiricAl ThiNGS Seéen wWhen Obséervide The SuN: There
ATEe SPOT, SPIcUlEs, rANULES K IploTches, FilAmenTS, eTc, €TC, 1T IS verY
difticuLT 70 Produce A Theor? for fememberine ALl These ThiNeg.

{ ShAW TrY TO Give A Guid e for rememberANce AS WE 6o ALONG.

R\Ce G rAiNg
The fiCe GFAIN STruCcTUTE Are POLYB6ONAL LeUsS or SploTches Inl The
ProTosPhere, (T 1S Theorited ThAT TheY Are coMvecTioN CELLS IN
which JUNK 1S com NG Up From Their CewTet ANd SPILLING 00T, They
ONLY LAST A few miMUTES buT Are Aoyt 1000 Xt ACROSS

ANOTher &rAWM STrULTURE, NOT The rice GrAIN, 1S chtied The super

CIANUVLATION where They have A diAMeTer o4 1SO000KM ANd
LAST Awoutr 7000 Secs.

189



SUNSPOTS

The SPaTs APPEAC DLACK because Their TEMPECRTURE 1S LOWER ThAN The

Surrovndineg PhaToS Phere . The cOME IN CYCLES of AbouT ELEVEN ¥ EATS.
The sTAT AT A LATITOd e of AbouT 38 ° And wor K TOWATd The EQUATOR,
They TEud To oissoLve ANd bréak uP  byT The do drifT WHEH The rarpmon
And Some LAST Throveh A CouPLE OF TOTATIONS, The SPeT GewErATE A
Sweld of AbouT 1000 GAUSS AT Their CENTER . They Show A diSTINCT
LeAdinG AND FOLLOWING Ed6e | tohich The PreceedinG SPOT 1S ALwARYS
Lower Than The FollowiNe opMé. The #relds are different for The

Two SPoT And The NorTh ALwAys LEADS The souTh PoLe, BoT Dorwe
The NEXT CPCLE The PolparITY LIS reverSed

A SPECTTO he L106rAM |3 Used « TO O0bserve ONME PATTICULAr WAVELEN 6T
ANd The MosT— PrONOUNCEd A emisSION LIME 1S The K LN of CALcIuM.

WITH Thig K LINE The SUN SpoTs canN be seew ™ pedfore And BiTer
The die ouT

, Funﬂél\ﬂ’\i"'\-)
o o

1dAY LdATS 8§ dAis W dAtSS
® e ok P
sS4 dAYS 8‘ ““‘ 109 days 138 dm s | 62 davs

There ALSO deveioPes A dipoe MOMENT MEAT The Tolé wWHickh wilt

S00N diSAPPEAR. The streneTh of The Fletd reaches A MmAXIMUM
AtTEr ElLeven] ¢€ATS Then (everSes POLATITY,

A Tweorv oF The SunspoTs was por torTh by T3aARCock. The sdid
ThAT INSIde The sun or riehT under The SurfAce There Are More or
LesS weAK maeneNc Fletd LINES PuonNING ALONG The MeridiANs, DYE T
The differemce v roramoN sPecd of The Sun ANd The FrcT ThAT The

Lines ATe TNed TO The Sud Twe 6eT Potied or botced ovT.

AiTEr Gome Around for sever AL hondred Fears, the fieud —_
eVENTVUALLY hAS SO ™MUch €MereyY Storéd NV IT ThAT IT TTIES

TO exPANG Awnd “FLoAT" UP 0 The Surfice. FinAlLy T

reAches Twe

surface AN The hum? buleed oguTof The
sorface VLAY ER, Thus 1T APPGATS AS AN norTh And SOUTH

veoion  dePemn dins o8 w hich WAY The fietd Liwes FUM, CALeUATCNG

The AreéA mosT LIKELY For The bulbed T0 beo!N from The difference
IM reTTION §OYMULA | The LINES GeT The MoST dewnse AT AbouT 30°

WE STILL Wwould LIKE To KNOW Why The F(AMENTS Tend To Move TO

The worTh 1 LeIGHTON tlms ThAT SoPErOrrmyLesS exisY AS ed conjuecmon
ctteer Avd Serves AS 115 ownN PUMPING SOUTCE, ANY LINE COMING ouT

0F Twe SUN 15 cATrléd TO ANY oTher PLACe IN A rANdOMm WRLK MAANMER,

H The TAAILING SPOT hAS A SoUTh PoLAMTY ANd SICE IT 15 A LITLE Closer To

The MovrTh Poté JIT witl dcHhuse There fasTer AND 10 This wAY IT 1§
POSSIhLEe 90 PrediCT WhAT The PotAriTy Should be. rori

Poce
s
L)
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CHAPTETL 1Y

A LECTURE ON PLANETARY
ATMOSPHERES

TodA?Y | wANT TO TALK AbouT The recenT informaAmonN we hAve collecTed
oM The ATMOS PheriC emPOSITMON ot The NeArby PLANETS - MATS, venrs,
ANd JUPITER. The oLd MATERIAL 1\ HAVEN'T lopKed ANd SuscesT ANY Good
ASTroN oMY boew If rov so desiRE,

M ARS

FIRST we ook AT MARS., AS vou PerhAPS KNowe Mars hAs onLY
ONE TeENTh The mMASS of €ArTh  ANd one-half  The rAdIVUS Ls., AbouT
Z000 MILES, |T YOTATES AbouT TS AXIS IN AbaoT 25 hours much (K& The
CAcTh., MACMS 1S A Teddish -orANGe PLANET AnNd ThATS fLL — NO, 'L Tewl
Mou MORE, -

Durine The recenT FLv-by ot The MARINER SPAKECRAST wWE WERE
Able To MeAsure A Phhase ShifT IN The rAdio TRANSMISSION AS IT
PAsSed by The edee oOF The PLAMET., ThAT 1S, KNOWING ALL The reLATIvE
MOTIONS INVOLVvEd Like The vehicle's SPEED'MM‘S FOTION | The €ArThS MOTION,
ETC. 1T whAS POSSibLE To PredicT T he FreQuenct of &miSsion RECEPTION,
Howe€ver AS IT PASSED behind The PLANET, There wAS A bRIEF Period
N which The rAdio TRAMS MISSIONS WAd To PENETFATE The MARTIAN
ATMos Phere. The resutTiING PhAse ShifFT oAve A reLATIVE MeAsore of
The MARTIAN ATMOSPheRE,

IT wAs discovered ThAT AbooT 120 KM §rom The sorbAce There s
AN onoSsPhere SiHILATY T The EArTR'S, IT WAS AN ELECTRON Dens)TY of
AbouT 9 xiD" etecTRONS /em, The Pressore AT The SurfAc WAS eSTIMATED
AT AkouT § FUILIBATS, HoweveR , This Fficore 1S MOT Acreed vPon by The
ASTrONOMICAL COMMUMITY, OTher ATIEMPTS USIMG INFrated LIGKT hAve iNd(cATEd
hMeher PresSurRe Like 10-~20 Mb, While They Are ATGUING , WE'LL SAY (TS
AbooT 10Mb, The mPorTANT POIMT 1S ThAET The PLANET CAN RETAIN AN
RTmosPheRE, FurTher, The PhAase ST  Firs very Ndcely AN ExPonenTIALLY
decaviNG FONCNON  oF heiphT,

The Tem PErATURE ON The SorfACe 1S rATheR (ow AbouT 230° K.
There Are SPOTS NEAR The EQUATOR. ThAT OGET WArMeRr, |T S
To S€€ whAT hAS been tdenTified IN The ATMOSPhere

Fof MANY YeARs COr hAS been ophserved by AbSorPTION LINES IN The
INFrAted FrEeion oF The SPecTRUM, MAvYbe There 15 NOThiMG €LSe. RUT PeorLe
hAve conTrived VArious todel ATMOSPhereS [p ExPLAIN ALL The observed
Pheromen A, A STANAARA ATMOSPhere MOWALAYS <ONSKSTS ot 4o%o COv
Ard  60°lo NITroGeN. BUT The MITroGEN s NOT EASILY Seen And, 1M fncT,

There MmAY NO& pe ANY AT ALL, MAYhe (TS AYGON,; MAYbe we don'T
Wwnow for Sure.

INTEFEST MG
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1718 NOw  GenerALLY RevLieved TO  (EALLY ExiST.
The observaATMONS Of Mhe POLAr cAPS JdiISAPPEAT MG
15 believed T be Hio vAPOR | The
ThAaT 1T cautd Mever

Than

SMALL  AMOUNTS oF WATER VAPOR hfve been obsecrved Near The POLES-
bt some PgoPLE, QuT

(N The MAITMIAN SPRING
CONCENTOATON ofF Hro s SO amALL

det AMOUNT 1S GivenN AS moch LESS
The dePTh" of The waTer 1§ 1T

condenNsed ALL over
The surfce. IN ogTher wordsln,,qr‘s how deer Their oceANM ooULd be.
IT AN'T Mmoch WATER !

In AddimonN CO  has Now beenw (denTified UsiNe A bemer  INTErferomeTer
which s even capable of detecT

ISOTOPES of The VArious ELEMENTS, QNCE
METHANE W AS Observers bot Never found AGAIN. This (s very STATANGE bechuse
MeThANE could NoT €XisT IM €Quilibrium WwWiTh €0x AMd Hio bechuse The

CH molecule would be e€RTeN RIGKT UP LY OKYeoen ATOMS, So mATbe Theve
ATe LiM LE CREATURES ARE MANUVFACTVRING (T
There. nAvE BRBEEN

PREQIPITATE., The
M mcront s or

ProroSed VAFIOUS TheoRIEs AbauT The MARTIAN
wieénaTher, COr 1s A <o0d Absorver And YALATOR oF |R LI6hT which Some€how
EARECTS The Time DurAnon ofF sorffce STorRms which TENDS TO MAKE Them
YETY oM@, S0 They miohT LRST A MoNTh oR SO AT A Time,

WhAT Do we see ON The SurfAce? WeLL, There Are The POLAR cAPS which
erow AMd  dimiish v A SEASOINAL MANNER. BASICALLY The TPLANET IS

reddish-orAnee Wil DArK ATEAS (overing AbouT ome - Fowrty ofF 13 serffice,
These DACK AfedS Underoo ChAnees

YeAr, DArKs “canaLs”

N S12€ And COLOR durin & The MATTIAV
They were

Observed by Plowett who SvesesTed
The doipnes 6F I1MTELLIGE NT DEINGS. He WAS g UETY MISGUIDed (Nd1und oAL
BUT AT The Time he had The besT TelescoPé ANd besT obServATIONG condiTioN
tin AnizonAl 80 ThAT ANY one who di8N'T See Them JUST DIDNIT have

The RiIGhT coNdiTions. [T 15 The SAmMéE P lowell who 'SAw" vAST ARmMies

of ANTS MoviNg ACROSS The cRATER ot The MOQAL.

However TS ANTIQUATEL |Deh

IS GIVING WAY TO A MORe SoPhisTICATEd
INTErPErTATION Of wWhAT we sSee. Now weé CLAM we donT KNOw whAT T
IS we se€e,

WETE ONCE

The MARINEF AlSO Took PICTURES Of ORATERS DN The surface wWhich APPeAR
LIKE The omMES we see OM The MOON. This 1§ MUT A STARTLING DiscovERY
becAvse The MAMAN AR 1S ThiNn €nM006Rh ThAT RETEOrS (O 0ld dombAard 1T

WiThooT boraiNe 0P, The? APRar Tv hAve FTLATTER Do TOMS |, fire SMALLER Thaw
The Moom's ANd LESS Are@uenT, There seems TO bBe fewer Per sguare

$ooT ThAN  The woon. The renson for This 1S betieved T pe bdue TO
The €rosiol of The cvater cdoegd which

FiiLs uoP The bLoTTOMS.SINCE MArS
1S CLoSEr TO The ASTEToid belT weé wovltd €ExPeCT MOFE So we NEed
A mMechamism of obUITErATIioNn To ExPLAIN wWhY TheRe

Are fewer
ThAN The MOOM. BUT KNOW There

ATe TOO MANY  UNCERTAINTIES To
ive AN ACCUrATE Theory RIGhT &nMow.
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IN one of MArINer's Picture of The MArTIAN WORIZON The APPcAred A
SMALL hAalo of SCAMERED LIGhT JusT Above The surfmce.
WAS ThouehT TO beg A spPoT~ O The CAmerA

decided ThAT T wAS A Cloud., Beueved To be
subtimiNe NOT ice

AT FIWRST T
\T wWAS LATER

A COv Cloud of DRY ice
CLOUPS AS MOre commonLY beiteued,

The MArKiMGS oN The surface
PolAr CAPS o This, MAYbe Ther &
blowS over The Surface
The 1ce. LATECr

Lens  boT

SoMETIMES DISAPPEAr . Evers The

1S A bie DuST sTorM PLANET wide which
LEAVING behind A LAver of JIRT ALL over INClODING
The tce covid tedepos T ovel The dIRT. More |IMPOrTAMT 13
The suddenm chAnoe 1M CONBTRAST of The vArious REGIONS. The suddenty
APPeAr And Gvaduatlr fRDe ouT. The DArker AreAs MAY be hioher
And The dusT BLows off mTo The UVALLEYS beTween ridoes. MATINER
Could Discern The ChANGE IN DRIGRTNESS BuT 1T ddN!'T TELL Vs The
QualitY of Twhe surtpce.

The FeYNMAN TheoRY 1S Big f1erds of DARK BROWN POPPIES eeT
Covered wiTh dusT ANd CrAP ANd TheN ARE bLOWN CLEAN by The GenTLE
MAYTIAN winds.

When ™e POLAR CAPS MELTS  which 1S reALLY SubLlirn ATION G?'COz’

The surfAce FeATUres d4ATKEN 1y A oeNerfAl direcrion downwhArd From
The POLE, Some PEOPLE LIKE Vob LeiohTON don'T Thain K This

tS A ReRl
Phenoment = This  wfve of DATKENING | White [hey CLAIM TO See QOLORS

Soch Ads bive Awd ereen, T ThinK Theyre wrone Here, Color JodomenT
IS NOT AN ObJecTIVE Process boT depends

ON The bAckcround ANd
how oMe INTETPerTs The bAckGround.

VEnvs
WE KMow VERY LITLE AbouT This PLANET ¢veM Thoooh T S The (losesT
OME TO US Lue CAN'T SEE€ ANY MACKINGS doe To The ThikK CLOUDS Coverine
The wholt PLANET., We see (Avers of clouds
Which we believe s hich

AT A TemPerature of Z24o°k
idenTifieDd AS

1CE . ThaT 1S, T s ALMOST CerTAINLY
(Ce bechauvse IT hAas been Fimed woiTh curves ON €ArT
TAKEN from DATA ON our ATMOSPheERE. CO. hAs ALSO been

wdenTifieD
IN Tre ATMOSPhere,
If we observe Venus AT Microwave Frequencies  3-3ocm, we chM
MEASURE

he TEMPErATURE ©0F The surfAce Doe To rAd:) ATION. The dATH
INdicATed A SurfAce TemPerTure of Around 700 °K . ThATs A DAmu
hoT surtAce! WAAT We Seec wheny we Use H4TO lem s 28S°K or
The TemPerATUre AT hioher (€VELS SINGE The ShorTer WAVELENGTR
TON'T PeNeTrATe AS FAC, We Are Thew Look ING AT The TP of The
ctoud LAYER, \nlhY 1S (T SO hoT? How ¢AN The ATMOS Phere be
Adiabanic ALty STAbLE

WiITh A TeMPerATOrEé GrAadienT 6F NeAriy S00°K.2

193



A Theort SueeesTS The ATMOSPheRE IS verd deeP, Per hAPS A hundred
TiIMES The Thickness of OuRs, H T 15 Thack ENOUGK,T)\CN T euvod be
AdiAbATICALLY STADBLE AS YOO GO h\qher 0P, Some Expe SUSPecT SpoMe Kind of

surfAce Nowise |s Addine To The radianoN ANd Thus The Surfnce IS AcwALLy

cooleér ThAN we ThinK. MAvbe There Are A LoT ot RAdio And T v. sTATIONS
TRANSMITNIMNG ALL This enNereY !

BuT MOST PeoPLe NOW ACcePT This hich
TEMPECATVrE AN SeeK TO eEXPLAINM T,

AS A ThermfL S00fCE 1T €MITS A PretT Nice bLAK bod? SPECTRUM
WiTh The INTENSITY GoiNe AS kT yrdv., ForTuuATeLY The Sordfice DOES MoT cool
off purmve g MEehT (123 dAYS) or ElSe we would be n REAL TTrovple TRY NG
TO explAIN Twe mMechAnNIsM RESPoNSIbLe. As

(T sTANdS NOwW, ThE Thick
ATMOs Pheve Mmodel Seéems To be A PRETTY

Good onNe,

JupiTer
MOw Here comMes A VeRY [NTERESTING STORY And There Are MANY ThiNeS To SAY.
CAM be scPArAaTEd (MTO TwoO TeGioms : The decqs md deci-

METEr reojons . The decgmeTer fecion 1S below Mel/sec And The deaimerer
15 Above %00 Melsec.

The rAdio emissIONS

The decpmeTer recion S chardcTerited by STormdic emisSion s, ITS

ELUPTIEALLY (NOT LineArty OF CITCULATLY | PoLArized, IS €xTremely INTENSEC

ATTIMES) and The Soorce 15 smALlL comPATed To The qiameTer of oThe

PLAMET ( fboor §-15 Sec of ANC “white The PLANET SubTénds A mMIMUTE ). The

decimerer féaioN 1S characTerized by

ANd covers An ATEA SeverAal
T WAS beenm

PoL€e cohich

A STEACY €Mmission | Lineariy PolArized,
TiMes The PLANETS SIz€.

S066esTed  ThAT JupTeER hAS AN (NTrINSIC MAGNETIC
IS MOT AXIAL wiTh The SPIN AXIS buT Lies Some 10° o

™ oNe side. AS A resolT seNchroTroN rAdIATION Occurs IN The ouTER
TEGIONS When € LECTIONS 6E€T JrAPPed

IN The fietd UNES, The Axts of The
fierd 15 PertodicALLY TIPPING RAWK AN ForTh wiTh A hiohly reootar
Period of 9”5 55™M 24.37 sec, There (5 A stiehT vATIATION (N The
INTEMSITY O'f' The -f-)c-l.d beine More INTENSE iN The PLANE ot The €QUATUR,

co‘}k\




However, The USOAL EMEreY SPecTrom Srom SYNChvoTYON Goss - AS
dE/gS where S 1s 7.7 or .8, fopm JomTer 531, So T IS

NoT AS rAPdLY decA?ING which SoceesT IT MIGhT be occurrine 1N
some ChAoTIC clovds.

AT ANY rATe) SYNchroTroN rAdIATION (8 bellieveéd TO be The Source
of The decimeTer eémission And T’here"'orc-l Premly well understoéd.

THE DeCANETEr €EMISSIONS,

Now This s Crh%P; AbsSoluTelY CTAZY. The Are LoTS o borsT And MNoises
And OoTher Thines Go N6 ON  buT Mofe STATTLUING 1S A verd Peviodic MAYIMUM
IN The $LOCTUATIONS. 1T S€ems ThAT The moon of JuPiTéR Io has n
MAor Yoll IN The observiNe of This mAx (mum bechuse whenever 1T S
G0° ™ The LINE ot StehT we 6eT A mMAX Mum, ALSo when IT coes
beTweeN us Amnd 15 60° PAST weé GeT ANoTher PuLSE, The
fades As 1T goes AwAy,

Io (S ClLosE enNOuGhT YO 1oPiTér To tje IN
VTS Yeetd LiNes ANd digRUPT The flow of

INTENSITY

/

/ fierd LiNe
/ ,/”//‘\2\.,
" \\

Lot of 4
ELECTroNS ALONG A PAYTNCOLAY LINE, AT The JUICE Q- — - \
Surthce The MOTION 1S TANGENTIAL To The SurFAce PN
ANd AS The Fretd rocks back ANd forTh we N0 \\j
GET STrONG PulS€s when ThARe PLANE )

1S observed
NOCMALLY ( 1.L., AT rI6hT ANGLE T8 our LiNg o’} S:bAT}.

The fLucrvANoN (S PecuttAr In ThAT The roTemon
of JupiTer #5 MeAsored bP TS red SPST 1S 6IWEN

AS ORT ss™Mm 37Pec chich 1§ MOT The Period of + carrh
osciLLATION of The $ield Axis by AbOUT T Secs.
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Jopmers RoTATION

LAST TIME WFE WeERE TALR 1NG AbouT JuPiITER And The ApPArenT
UNEQUAL  pertods of TOTATOM Due To The

OSCILLATIONS . RecALL A Jupiter DAY (S SN ssmw

MAGNeTIC PoLe Period s ShT 5§ ™N 375¢c which
FQUAL T The fprmeR,

Red SPoT And MAGNETIC PoLE

29%¢¢ And The
t defynuTely NoT

The Red S PoT 1S AN observed ?hCNOHEMﬂ- o—f JuPiTen which I's
ALWAYS There

; AT LEAST for The (AST hondred v€Ars or so of
observd’nws. IT ChANGes IT ShApe ANd color A LITTLE pyT TEMAINS
fived, more or LESS AT The SAMME LATITUDE. 1£ we Pk
ANY Period whaTever differenT $vom A JopFer DAY And

PLOT IT Versvs The Red SPoT

Be codSTANTLY DRIFTING TO omne side, The Seeminol?Y DRIFTING
MUTON 1S JUST A resotT o Beine ofFf The Correcr
TOTATIONA L RATE,

¥ we& PLOT The [MAGNeTIC Pote PEriod As A FumcTioN
ot roTATNoNAL ANGLE Vs Time for The LAST rundred
YEACS 1T LOOKS SOMEThiING SCrewyY Like

196S 1

RATe | IT will APPEAT TO coLored BANS

1860

-720 Ygo

o There ISN'T ft pecPeTvAL PRIFT AND OVer Twhe (AST 25 Yéafs
The rATe€ hAsS beeN TrATher STeAdy., I+ we Pircked A dfFerenT
Pefiod The Curve would FemAIN pmore Of LESS The sAme ShAPE
but— would be shifTedp (v SLOPE A UMLE BT SeverAL Theories
hAve been Proposed T ACCOUNT %for This Phenomen A. One PLAcesS
The blAme oN  ATMOSPheric disTurbAnces of Some Kind:
OVEr A VOLCANO OR MOUMTAIN, PR MAYDE The MOMENT o

INETTIA (s chANeed soMehow., wetl, This 1S ANOTher MISTery we
don'T  uwndersTAN.

And  ThAT'S AW [ chAre To SAY AbodTt The PLANET . The re
IS A oT  JddNT  SAY  boT

Y00 cAN HiNd ThAT 1N A Gool)
AsTronomY  bepk,

LiIKE
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The Sun ANd The Sotar Winds

Now RETURNING To The SunN | | WANT TO TALK AbOUT The Solar

WINDS ANd oOTher YeLATED PheNOMENA onN €ArTh due T (T, IM TrOING
L

™ 6AThey MATENAL presenThb L€ MATErIAL, | eoT INTD & (EAL horNeTsS

NEST. IT Seems NoO one KMOwS A DAMN ThiNg A for rfeal. Twere Are
Theorées ANd Som € EXPETIMENTS which

¥ vou KNOW The Theortés

The GemerAl (d €A 15 ThAT The SOIAT WINdS come From The corond
AS AN OUTSTREAM OF PLASMA ANd The €Ar™h  happens To bE 1u The
WAY. IT Does NoT BLow PEYFECTLY C(EGULACLY, The €ArThS MAGNeTIC
41ELd IS rATwer STrONG ANd DeflécTs The PArmMcLES. Thus 1T Sérues
AS A Shicld And This 1s fALLed The MAGNETOSPheRE. The ovuTér
MosT shell s cALléd The MAG NETOPAUSE., RETWEERD The MBAGAIETO
Phuse ANd The SMOOTh STrEAM of INCOoMIMG PLASMA There 1§
presolTme  Shock waves And comfused mess. Dorive soLar
busRTs The shock whAve PuShes harder oN The mMABMETO PAUsE
which 1M TUrA CAavses A drsTOFrTION 0 The eArTh'S MmAGNEeT IC

fretd., Twe reduiT 1S MAscNenc Storms or disTurbamces
pTMos Phere,

sorT ot conbirm The Thepries —

{IN OuY

\ Trﬂ’L or wﬁl(e

» MAGREeTOSPher ¢

SMOUTh

PLASMA
Shoc i

whAve k—'—MAéNETO-
PAUSE
DuUurine VIOLENT SoLAc  fLares

or SOLAr PromMINENCES A PloMounced
CosMIC FAY  JNLreASE 1S recorded

AT €ArTh, When we see A SLare
LASTENG A couPLE ot MINUTES A few #MInOTES LATErs w€ oeT AN INCreAse

IN CosMiC (MY Flox, This (S BECAUSE The PArTICLES ATE NOT COMPLETELY
teLAnnsTic . AfTer The 1MiTAL rise or Sud d€M QOMMENCEMENT, There
follows 1M A dAY Or TWo ANOTher fLUX INCTeéASE Due TO The
PLASMA S hOocK INDUCENL A MAOGNETC STOTM. Qur recewt SATEWITES
have nfirmed ™AT This pLasma €x18TS odiformiy And 1S CONTINOUS.

The verociTY oF The INOMING PATTICLES AT The €ArTh 1S AbouT
oo Km boT VAriesS oOver The V(ANGE 320-700 "(s%'c' The fLuy
S€C
DENSITY 1S GioeN AS 4 X108 PROTONS 1 ghouT 10 ProTONS

CML-SCC ag.
The TEMPerATUrE oF The GAS 1S rEALLY NOT KNOWN hoT NoMIAIALLY
[o]
Given AS 105-105% °K.
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The MAGNETIC fietd OUTSIAE The EArTh's MAGNETOSPhere
Y-Sy
where Y= 1070 Gauss.
The fLow vELOATY

1S Gen AS

15 Mmuch higher Than The ThermAL yelociry and
The EXTYA ENErGY coMES FTom The MAGNETIC F1ELd . The Thermat

{
EMET6Y ANd mMaeNneTc FlELd enere? Are fbodT The SAmMe
NKT ~

The hicher The veLoaTIES The piecer The mpcvetic fietd viotence Cor
mervousmes Ky ) on EArm,,

The windsS Ace bAasicALLY GrooPed vTo Three TYPES .
) Gewer Al ooTflow C from coronA)

@) JeTs from sTobt onw The sorfpce
(3) SwArp PutSe flAare

Theory o’} GeNeErAat EMISSION
we constd €6 The corona ExPANDIN hvdrodYaAmicALLY IMTO The
VACUUM AfoumMd IT, The Curjoos Thine IS HOW The coroNA MMINTRING
R TemPérATUCe of 10°°K WHILe The Llower socthrce TemPeramre s Armd
4000 °K (The ThromosPhere), The coromA IS EMITING ANd KICKING OvT
PArTILLES AT SupersSomc VELoa TIES Thus whaT 1S LEFT be hind 18

o7 ﬁ"""E‘CT&d b‘(' WhAT LEhVES The MEAM -f—re& PAETR D'F These
PaACTICLE 1S LArcer Than  Severar son rAdI,

IT Then S€emg  cOnTTAdICTORY To UsE The tdea of AN iNTerfcnve

GAS when (1IN FAT wWe fAire describing A ColLtS (onL €S sPSTEM.
How €VET  €Eved 1§ The PAIMCLES Do NOT

INTETARCT PhesicALlY, They

CAM bé couPled ELECTIO-MAG NETICALLY ANd T"\f'anLﬁre NOT COMPLeTELY
INdEPend enT OF ONME  AmOTher, TauT This ns NOT wom(c-d ouT SATISFRCTONLY
so |

sorTh OF Avold The Quesion of how we can TreAT This
GAS YT oRYNAMICALLY,

At AMY TRTE Twe GAS cAN be described by A Pressore, TemPerATure,
ANd VelociTY | TO WAITE Twhe eounnon ot The 6AS we hnve

conservANON oF MATTER

(J’U’ll tyn = Q coNNwvous TLow
TO bALRANCE The ACCELErATING ForceE s

-dP _ eMep - 4T o (v V)V
dr R* T = 31

- dP - GMop . pdv v
a4 Rt an

where z%r - vate oF chanoe o% OME POINT = O

T
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Cousiderine oM STEAA? flLow

dP _ oM dp - vdv
- & =

we cAN INTroducée The 3Peed of Sound S iNce T (S reLATed To The
tATe oF ChAmce of Pressore w Th densiTy

‘. 4P
Cs de
OR
' dP = Cs* JF
Then X
~es'de oM dn = vy
S
ReCALLING
411()1)’/7_7- = Q we hnve
4n vﬁ_‘-Jf; t 4r.P/L’-chr t 4ﬂpv endn =0
4npv'/l—l Q
de + dv 424 =5
° v J*
df o _ dv _zda
dp v A
OM SubsSTITUNANG
- Qg[- dv -t dn _ Gwm dR = vdv
£t N Rt
rGrdu T - —2cstda + €M da
%L 34 U’JVJ 2 0stda + &8

We see 1§ v ¢ Cs (L€ The sobsonic YANGE) ,The paAmce
CAN IMcYe AS€ ITS veroctTY A3 The rAdivs INCreASes UNTIL

IT bewres SUPErsomMic. The cyaTicA L PoINT wheve 1T becomes
¢ \
SOPETIONL S 2 - C_r_ﬂ |

z |
Revs Cst
or 2 - GM or Rxnmm 6M .
Rert C5° Rsom son T (s
1
SinCe L “Te;nr’c— = &n et =1 (—L-c)

* Le Ysuw 4 Ccs v o
? TraNSTION PoiN |
The Phevomens 1S LIKE A SoPErsoniC No3zj Le sozsg,\,,x SoperivNIC

J\
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We hve oNe 1MPOTANT Thine TO BEING 1N And ThAT 15 The

CONSETVATION oF EMETGY. |n The COrfONA The TherMAl ENEFGY
corrESPONAS TO OMLY o0,) Kilp volLTS$

while ouN The efrTh weE GET
AbouT 3.1 KILOVOLTS. g0 Why The A(Herence? ACTUﬁLL‘( IV The

CoronfA 1T 1S 0.2 KV considerine BoThes E LECTronS ANd ProTONS.
F we vse A ¥ %5= 5/3 WE ch
coroN R, The

N'T GeT MOre ThitM 0.3 KV 1M The
EAC(Th Sees PAITICLES GO I1NG AT YSo

&'s""ec or AT lIKV.
RUT WE Roreor AbooT The GrAVNTATIONAL ENerov

Need €d To LT
The Protows AwA? from The sun, This CorvesPONdS To A Grac MATIONAL
Engroer ot T Ku

of To GIVE A ToTaL oF 3.1 Ky.

BoT The PLASMA 1S conTiuvALLY belne heATEd LikE A No2zLE
WiTh AN AtTerburner, There MBST be Some MechANISM Jor 6 eperaTnG

NOISE& 00T bevond The CoroMA becpose There 1§ A hettuva ¢loT

of ENErGY 00T IN ThAT SUPET SONIC FAMGE, The EmMISSION From
The sup ObulossL?Y MuST NOT be Pore And veooLAr,

Magnetotail

~____Deflected solar
wind particles

Incoming solar
wind particles

Plasma sheet

Neutral sheet

Earth's atmosphere
0-100km

Bow shock

Magnetosheath
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Theory ot The CoronNA

LAST TiM€Ee we were di1ScussiNg The

OM cOSMICS RAYS. ONE MAJoR ProbLeEM (oAS how To ACCOUNT HoR The
LtAtee AMOUNT of  ThermAlL enerey Per cobic fooT AT disThmces of
Ison RAdii. AT ThAT PoINT The SepArATIOM beTeen sobh And
SupergoNic velLociTies occurs. ReY¥ond Tms PomnT And 00T RS AR

AS 20 RO There 1s Proposed A ONSTANT ThermALl biANKeT of
NEArLY |8 x10® °K. Why ;T This rewioM so (SoThermaL ¢

There MUST be A bie ThermAl cOnduchwiT? IN This RecionN
soch TaAT™ There 18 A Very rAPid  heaT FLOox from The surfAce
OM 00T TO ZO R@. Now To unNdersTAnd why The coddocnuiT? Could
be ss hioh we MUST ANALYZTE The PLASMA STreAMIMG ouT, IT ConSISTS
of hieh enéfet ProTONS ANMd ELECTRONS. So we have A Two
CoMPONENT GAS N which The ProTons AYe MOVING RbouT 160 Km/sec
Throoch The svbsomnic 3 20ne. BuT The €ElecTRonSs ATe 2000 Times
LichTer AMd  woultd Thus be AccelerATed NeArlY 40 (~{Zoso ) Times
YhoTer ThAN The SPeed of Soumd ., So They e LiTerALlY LEAve
The ProToNS STANdINe STIWL ANA Travel RAhepd of The MAIN PLASHA
STreAM . Twiey Thew Serve AS A COMMUNICATION CArrYiNG The hoT News

Yvom The boTTom oF The corondA ™ The fAr ouT recions, So This
190 Therm AL Propo HiTON

mechanisM o corongl eFfects

IS MO LONGEr (mposstble To belleve. There
Ts 15 The UnexPLAINEd MelhAnsM of heaT GEMETATION ; wheTher
Or NoT 1Y 1S some whip LIKe PhemnmomenA re€SULTING FfYom Noise AT
The Lower Lever 1S MOT wELL €5TAbUS hed,

10 DeTerminge The @QUILIbrium condiMoN 1M TWE COrOMA o€ musT

5STudy The desree of tomizATIoON ©OF MOre €xPlichTiy The Proba biury
OF re@ombiNATION. IN The Low density oF ™e coromA  The rATe of
rhadiANVE caPTure of ome elecrroN by AN ION 1S GIUENM by
of by T
- +
BuT A More ProbAbLe reAcTION
T™he 1od TO A hiehey Léevel
ELecTronsg, This

15 where The FirsT eLlECTroN €xaiTes
Permimineg The caprTure ot Two -
FEACTION 1S MULh More MPOrTANT for (T GIVES

R correction TO The expecTed TEMPerATOrE IN The COrONA .,

2.0\



The CharacTer o-? The MaoneTic FiEtd 1N The PlAshA

I 1S sAtE To sAY The

SuNM YvoTATES AMNd  AS
T Turpns  The

IT GoeS found
CoroMA wiTh 1T AS e o0uT AS 10RQ@. This
COrDMAL JDYUNK ACTS AS A 7er{—ecT COMdUCTOR ANd Thus Traes
The MAGNeTIc F16Ld IN The MATIER. This means The HELd 15 1w
TUFN  rOTATING wiTh The whote SYeTEM., As These

Linles Are Polléd
ouT Thet form A radial field BUT Are ALTETNATELY PosiTive
ANd NEGATIVE — 1LIKE 7PuLled osT TAFEY.

> - }'Posn‘w(-

o — ,,‘} NeGATIV E

/"—-‘__\\

}vosmve
$i16d Line .j '

The

ATEerNATING FiELd LINE RBUSINES 1S MOT PLEASING To ME., Ths
MEANS OUT6OING ANd

COMING vErY close

INCOMING LINES wWiTh OpPPOSITER ChAfee Ace

TO éAChOTher — we'tl come bAcK TO Thg, WE YeRlize

NOW ThAT MATErIAL SQuUivT ouT From The surfrce foliows These Lines.

IT looKs Like one of The LAwN SPrinkied TRT SpiNS ATounmd AS The

- WATES Comes ouT. The (OATEr comes OuT (M A NICE LOGATIThM. ¢ SPIRAL
We Do jMIACT, see This GARcden Sprinkier effec<T As verificd

b9 The 1P ANd MArINEr SPAce ProBEes, So IMiS 1S A Good Theorv 7O

Guide Us IN UNDErSTAMG 1N The SATAR. BOT T hnis NoT beén checked

Too cAcefolly And whey They WEHETRY ING TO M EASUre A few GAMMAS

of Solar +icud  The Y GoT cond fused by Induced £ietd wnThiat The
SphcecrAtT Tseit. he?

htd A RCAL ProbléM |5 compemnsATING For
These errors,

MAriner  hAS

shown ThAT There €xiSTs A MAGNETIC HIELd CompomenT

IM A PLAME PArALLEL TO The €cliPhic AN IT RVWAYS hAS The SAmMe
SteMS . ThAT 1S, The Norm AL
\

OMPINENT whith Shoutd be TETO \SN‘r;
\TS AbooT 1T 1M STrEnMeTh w'Th The sAme Sien,

400 Kwjsec
—
i Sow 1
vy u ve

These DowN

[
PoimuTmG  Linés
Gooed VELOCITI €S

MOVE O00TwaArd 1N ATAdAL FAshion wiTh
And YePresenT A heltuvA LoT of FLUXK — much move
ThAM 13 IN The

DiPoLEe ot The sun. This IS A rEAL DIRTY
world we LiME N ; every bodies <razy.

A0Z



We CeVTAWLY

need some sort ot Theory ToO
of The fieLd LiNe

unidersTAnN d why T70-80%
Are

Observed GOoING DOowN. AS T TUrng OuT Thoueh,
we woold expecT pmosT of The fietd Lines T© be dITECTEd DownNwhTdLY

becnuse when we discussed The HieELds from The sun SPOTS wé
sAw how one Spol fortred 4 Linte Behind ANd NMorTwiy  from The
Lerdivo e SPOT.

As T™he spPoTs diffuse Awnd SPPread Therr PoLATIZTATION
The fictd of The sun IS NOT A vedlL DiPol €. In facT, The Averieineg
ehfecT OF The MNorThern And Souiherm hemis?Pheres pichT sTiul
LeAVE Am NeT PosiTive chArce OVer
5 QuirTed
"B IRECT ON

Sunt As
ELLIPTIC

These Lines Are

more TWAN T hatk The
IN A downNw Aard

OuUT They CroSs The

A
AL
By MO MEANMS 1S This Theory

s

COMPLETE JOST AS IT 15 1McomPLETE To Judée
INTEGrAL by oME POINT,

THeorY ot PETScheK
( The follow iNG 1S A Poor reProducnom ot FeYNMAN'S TALK)

ReTUFNING TO This Problem ot oOPPosing tiIELd Lines , | whANT TO

DiScuss A very INTEreSTING Theory deveitored by A fellow NANMEd
PeTschek, !f we hAave Two oprosine F1Etd Lines ruNNING close
To €Aclh OTher |, AN UNSTVbLe SITVATION will resulT 1f The Lipes ATE
SQueeted ToGeTher., PeTscheK ProPoses ThAT The SQueerINe
TeAches A POINT of & baeaKdown where
whicih ACTS

A “hote" 1s formed
as A fietd SINK PuLLING IN MOr€ ANd mMoré LINES
GENECFATING TYeméndovs

JouLE hepaTIN ¢ AT The PoINT ol BReAK down.

;Mé NEwLY? formed Fretd ULiNes

OUT wArd MOV IN G

Bm\(bowu PonT
The PerscheK Process

OME where
LiNes,

IS ACTVAILY AN ANNIhAIATION -RECONSTRVCTION
PAcKed Fietd Lines break obf ANd Horm nNew
It ThanK he hAS JusT discovered

SOMETRING VErY YMPOYTAMT,
IT could very wetl €xPiin sotfr flLAres And effeer soLfir inds,
BUT

cLosety

more TwhAapnd ThAT

1T could bx cONTAIN someThiING |MPOrTANT TO
ovr undersTANdin e of tMfieNeTe $ieLds IM genmerAL,
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There iS5 A lijie more t

WANTED TD SAY A bouT SOLAY winds.

It we Look AT Solhr flare RCTIWITIES WE refLize ThAT Thed Throw
ouT JUuNK AT "DitterenT vATES. Some Kick wacder ThAN 0@l hers,

~— Owiple T© Tne $O0LAr TOTATION , 1T 18 hieh PrabAbILERW TwaT Twd
CLOSELY occurrinte SOLAr fLAres could overlAP ANd 6enevATE A
sthock W fve,

-7 caalsion ot PLASMA
SLow P
FLAVE //

T

FAST FLACE

Wwhen The gecond LUMP of PLASMA pyvermakes The -f'\rsT, There 15 A
detmite Shock resutTine Wwhich we hAve NOT ExPLained To ANY LENGTW.

ThAT more or LesS wraPs ThiNes uP for Ths vears
FRANKLY |

L&cTure,
I'M GLAd To see The €nd come * Thas
SWwAMPed Me And

’ MATErI AL hAS COMPLETELY
Il CAN'T GI1ve comPrehemnsible AN INTECES MNG
TALKS ANYMOVE
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