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IPERTURBATION THEORY
¥ FREE-PARTICLE STATES HAVE BEEN EIGENSTATES O0Ff HARMLTONIAN
WE HAVE SEEN NO INTERACTIONS AND NO SCATTERING

% THERE ¥ NO KNOWN RAETHOD ~OTHER THAN PERTURBATION THEORY-

THAT COULD BE USED TO INCLUDE NONLINEAR TERANS IN HARMLTONIAN
~= OR LAGRANGIAN -~
THAT wiLL COUPLE DIFFERENT +OURIER MODES TO ONE ANOTHER
~=AND THE PARTICLES THAT OCCUPY THEM~-

¥ ‘N ORDER TO OBTAIN CLOSER DECSCRHUPTION Of REAL wORLD
WE ARE FORCED TO RESORT TO APPROXIAMATION AMETHODS

Y IN PERTURBATION THEORY WE DIVIDE HARMLTONIAN INTO TWO PARTS

Hy w1 A HARMLTONIAN FOR WHICH WE KNOW HOW TO SOLVE EQUATIONS OF AMOTION

—*

V(Z,t) m 15 A PERTURBING INTERACTION
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NONRELATIVISTIC PERTURBATION THEORY
4 NORANALIZED <SOLUTION TO ONE PARTICLE IN A BOX OF VOLURME V/

4 <INCE ONLY SOLUBLE FIELD THEORY IS FREE-FIELD THEORY
TAKE FOR H SURN OF ALL FREE PARTICLE HARNILTONIANS
~WITH PHYSICAL AMASSES APPEARING IN THEM-

4 £012 SAKE OF SHAPLICITY CONSIDER THEORY WITH ONE SCALAR FIELD

4 OBJECTIVE IS TO SOLVE SCHRODINGER EQUATION

Ho + V(&1

IN PRESENCE OF AN INTERACTION POTENTIAL V (Z, 1)

4 ANY SOLUTION CAN BE EXPRESSED AS

\
~_ _
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NONRELATIVISTIC PERTURBATION THEORY
WHEN 4 1S SUBSTITUTED IN SCHRODINGER EQUATION
WE GET AN EQUATION FOR COEFFICIENTS Cr, (1) b

’ > ca()V (&, t)|nye Pt =

OR EQUIVALENTLY

n

A — ——

ANOLTIPLYING BY O
INTEGRATING OVER VOLURNE
AND USING ORTHOGONALITY RELATION #
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HINTS FOR THE CALCULATION




NONRELATIVKSTIC PERTURBATION THEORY

ASSUAME THAT BEFORE POTENTIAL V ACTS
PARTICLE 1S IN AN EIGENSTATE 7 OF UNPERTURBED HARMLTONIAN

WE THEREFORE SET AT TWAE ¢ = —T/2

EVERY ¢ (—T/2)=0 fOR nm#*i AND c(—T1/2)=1

SHOWS THAT SYSTEM STATE [1)) = i) AS DESHRED

REPLACING THE INITIAL CONDITION INTO YW wE GET
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NONRELATIVISTIC PERTURBATION THEORY
- PROVIDED THAT POTENTIAL IS SAMALL AND TRANSIENT
~~AS A FIRST APPROXIMAATION--
ASSUME THAT THESE INITIAL CONDITIONS REMAIN TRUE AT ALL TIMMES

1 TO FIND AMPLITUDE FOR SYSTEMA TO BE IN STATE |f) AT ¢
PROJECT OUT EIGENSTATE | ) £ROM [1)) BY CALCULATING

J EXPRESSION FOR C£ (1) 1S ONLY A GOOD APPROXMAATION ¥ (1) < 1
AS THIS HAS BEEN ASSURMED IN OBTAINING RESULT



I 1S TEMPTING TO DENTIEY |T'r;|° wITH PROBABILITY THAT PARTICLE

IS SCATTERED FROA AN INITIAL STATE |i) TO A FINAL STATE | f)

TO SEE WHETHER THIS IDENTWICATION IS POSSIBLE

CONSIDER CASE INWHICH V(Z,t) = V (Z) 1S TIME INDEPENDENT

] > |

e dq €' = §(p)
',_ 2T e

Tfi — —Z.sz' / dt 6i(Ef_Ei)t

— OO

— =27 sz' 5(Ef — Ez)

b s

i | Vii= [ @2 63@) V@) ailo) |
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TRANSITION PROBABIITY PER UNIT TIAM\E
J ~FUNTION IN " EXPRESSES THAT ENERGY OF PARTICLE IS CONSERVED
IN TRANSITION § — f
BY UNCERTAINTY PRINCIPLE
THIS REANS THAT INFINITE TIAME SEPARATES STATES 7 AND f
AND | T'¢;|* 1S THEREFORE NOT A RAEANINGFUL QUANTITY
DEFINE INSTEAD A TRANSITION PROBABILITY PER UNIT TIME

' W = 1

SQUARING ﬁ 8

12
W o= lim 2720

T'— o0

. Vil o
lim 27 T o(Es — E)

| 21| Vis|°6(E; — E;)

P — — e e ——

THIS EQUATION CAN ONLY BE GIVEN PHYSICAL AMAEANING
AFTER INTEGRATIONOVER A SET OF INITIAL AND FINAL STATES

Thursday, September 22, 2011




HINTS FOR THE CALCULATION
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TRANSITION IZATE

v IN PARTICLE PHYSICS WE DSUALLY DEAL WITH SITUATIONS WHERE WE BEGIN
WITH A SPECIFIED INITIAL STATE AND END UP IN ONE SET OF FINAL STATES

v WE DENOTE witH P(Lf) THE DENSITY OF FINAL STATES
LE. p(E¢)dEr 1S NUMBER OF STATES IN ENERGY INTERVAL (Ef, By + dEy)

v INTEGRATION OVER THIS DENSITY —— IMPOSING ENERGY CONSERVATION ~-
LEADS TO THE TRANSITION RATE

on [ dE; p(Eg) Vil 8~ E)

2
2| Vyi|™ p(Ei)
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CLEARLY WE CAN WAPROVE ON ABOVE APPROXIANATION
BY INSERTING RESULT FOR  Cp, (t) IN RIGHT-HAND SIDE OF W

Zvnz / dt/ ei(En_Ei)t/ an ei(Ef_En)t

T/2

WHERE DOTS REPRESENT FIRST ORDER RESULT

CORRECTION 70 L'¢; 1S

T“o N\N(E lNTEGPAL OVER dt M\EAN!NGFUL
ANDST INCLOUDE A TERAMN IN EXPONENT INVOLVING A SARMLL QUANTITY

WH?CH WE LET 6O TO ZERD AFTEP WT’EGPM’!ON
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HIGHER ORDER CORRECTIONS

3% SECOND ORDER CORRECTION T0 1'f; 1S GIVEN BY

RATE FOR 7 — [ TRANSITION IS GIVEN BY FERMI'S GOLDEN RULE

WITH REPLACEMENT

3% THIS EQUATION IS THE PERTURBATION <SERIES FOR THE AMPLITUDE
WITH TERMS TO FIRST, SECOND, . .. ORDERINT/

Thursday, September 22, 2011



SYRMAETRIES AND INVARIANTS
REAARKABLE CONNECTION BETWEEN SYRMNETRIES AND CONSERVATION LAWS
ARE SURANARIZED IN NOETHER'S THEORERMM:

ANY DIFFERENTIABLE SYRARMETRY OF THE ACTION OF A PHYSICAL SYSTEAM

HAS A CORRESIPONDING CONSERVATION LAW

THEOREA GRANTS OBSERVED SELECTION RULES IN NATURE TO BE EXPRESSED
DIRECTLY IN TERMS OF SYRAETRY REQUIREMENTS IN LAGRANGIAN DENSITY

/
UNDER INFINITESINAL DISPLACERENT L), = Ty T €

—CEE e e e

w LAGRANGIAN CHANGES BY THE ARNOUNT ’ oL=L" —L

i L 1S TRANSLATIONALLY INVARIANT

e 1T HAS NO EXPLICIT COORDINATE DEPENDENCE Q(
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TPAN'EZLAT!ONAL *QVMMET“PV

RECALLING

WE HAVE r—ﬁ = 0.C00 +aau¢£ 5((‘9%) )

| = DL+ Dousl O(0) |
| = 0,£00 + DusL 0(,09) |
'NTEGPAT"ON BY PARTS LEADS 10
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ENERGY MMORMNENTUM 4-VECTOR

DEFINE w ENEPGY"‘MOMENTUM STRESS TEN’QOP
J,ul/ — _g,uv »C _|_ a@“¢£ 8y§b

FROAN THIS DlFFEPENﬂAL CON’QEP‘VAT!ON LAW ONE F!ND‘G;

‘ PI/ :/d3$3OV :/dgxﬂ-av¢_901/ E

AND $0 ' P, = ()
WE HAVE ALREADY SEEN THAT J00 1S HAMILTONIAN DENSITY

J ()() = ¢ ,C H '

. >
of ST S T AL T B o bt Saaiis i D SAg D o TS AP T SR A R A B e
j 3
. y
B N
- i\

THEREFORE w WE CAN IDENTIFY OPERATOR P,
AS CONSERVED ENERGY-RNOAMENTUM 4-VECTOR



GAUGE INVARIANCE

v WNPORTANCE OF CONNECTION BETWEEN SYRAMMMETRY PROPERTIES
AND INVARIANCE OF PHYSICAL QUANTITIES CAN HARDLY BE OVEREANPHASIZED

v HOMMOGENEITY AND ISOTROPY OF SPACETIANE IANPLY
LAGRANGIAN 1S INVARIANT UNDER TWAE DISPLACERNENTS
1S UNAFFECTED BY TRANSLATION OF ENTHRE SYSTEARA
AND DOES NOT CHANGE W SYSTEM IS ROTATED AN INFINITESHAAL ANGLE

v/ THESE PARTICULAR AMEASURABLE PROPERTIES OF SPPACETIAME
LEAD TO CONSERVATION OF ENERGY, ANOAMENTUM, AND ANGULAR AMOMENTUM

v HOWEVER THESE ARE ONLY 3 OF VARIOUS INVARIANT SYRMMAETRIES IN NATURE
WHICH ARE REGARDED AS CORNERSTONES OF PARTICLE PHYSICS

v/ WE WILL FOCDS ATTENTION ON CONSERVATION LAWS
ASSOCIATED WITH “INTERNAL” SYRMMMETRY TRANSFORANATIONS
THAT DO NOT aMIX FIELDS WITH INTERNAL SPACETIAME PROPERTIES
LE. /e TRANSFORMATIONS THAT COMMUTE
WITH SPACETIAME CORPONENTS OF WAVE FUNCTION
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CHARGE CONSERVATION
FREE FERRMON OF AMASS 110 1S DESCRIBED BY A CORPLEX FIELD Y (T)

INSPECTION OF DIRAC'S LAGRANGIAN LDpirac = Y(17"0,, — m)y
SHOWS THAT 9 () 1S INVARIANT UNDER GLOBAL PHASE TRANSFORANATION

WHERE SINGLE PARARMMETER (v COULD RUN CONTINUOUSLY OVER REAL NURBERS
NOETHER'S THEOREM WAPLIES THE EXISTENCE OF A CONSERVED CURRENT

T0 SEE w THIS WE NEED TO STUDY INVARIANCE OF L _

UNDER INFINITESIAAL U (1) TRANSFORAATIONS o) — (1 + dcv)1)
INVARIANCE REQUIRES THE LAGRANGIAN TO BE UNCHANGED w THAT IS
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CHARGE CONSERVATION

TERAN IN SQUARE BRACKETS VANISHES BY VIRTUE OF EULER-LAGRANGE EQ.
-~ FOR Y AND SIWLARLY FOR ¢ --
& REDUCES TO EQ. FOR A CONSERVED CURRENT 0, 7" = (

. l -
7 = =5 (Do,L ¥ = gL

DS = . = ——

= PyHep

USING - L£Dirac — Wity 0 i 1@

T FOLLOWS THAT THE CHARGE () — / d°z 3"

AUST BE A CONSERVED QUANTITY
BECAUSE OF [J (1) PHASE INVARIANCE
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RAAXWELL-DWRAC LAGRANGIAN
A GLOBAL PHASE TRANSFORAMATION 1S SURELY NOT AROST GENERAL INVARIANCE
AMORE CONVENIENT TO HAVE INDEPENDENT PHASE CHANGES AT EACH POINT

WE THUS GENEPAL!ZE @ 10 !NCLUDE LOCAL PHA‘QE TPAN’QFOPMAT!ONQ

Ji

DERIVATIVE O a( ) BREAKS INVARIANCE OF DIRAC, LAGRANGIAN
WHICH ACRUIRES AN ADDITIONAL PHASE CHANGEAT”EACH POINT

l 5£D1rac w 27

——

DIRAC, LACRANGIAN - EDia. & w(W“ 5’ m)y

IS NOT INVARIANT UNDER .
BUT I WE SEEK A MODIFIED DERWATIVE O, — D, = 0,, + 1A,
WHICH TRANFORAS COVARIANTLY UNDER PHASE TRANSFORMATIONS

D, — 9D (1) m THEN LOCAL GAUGE INVARIANCE CAN BE RESTORED
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ANAXWELL-DIRAC LAGRANGIAN

NARNELY w W 1) — )" AND A — A’ WE HAVE

_ — — S —

V(@9 —m) ¥ - T

(i1 —m) Y — ¢ [Po(z)] v —ep A

—— — = e E—

WE CAN ENSURE L = L/ \¢ WE DEAMAND

VECTOR POTENTIAL A, TO CHANGE BY A TOTAL DIVERGENCE

‘ A ()

S~

WHICH DOES NOT CHANGE THE ELECTROMAGNETIC FIELD STRENGTH [,
IN OTHER WORDS  BY DERMANDING LOCAL PHASE INVARIANCE IN U

WE RAUST INTRODUCE A GAUGE FIELD A,

THAT COUPLES TO FERMIONS OF CHARGE €

IN EXACTLY SARME WAY AS PHOTON FIELD
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WALSON LINE

ALTERNATIVE APPROACH TO VISUALIZE CONSEQUENCES OF LOCAL GAUGE INVARIANCE

AS PARTICLE OF CHARGE € RMOVES IN SPACETIAME FROM POINT A 10 POINT B
WAVE FUONCTION UNDERGOES A PHASE CHANGE

= B - - 2 = 0% - g 2 = GIthde
: T T P R D O O R I D PR TP RN DIl Srr NP VT R R
3
B ]
o

®Ap = exp —ie/ A, (z)dx" '_ v
A

—eA, () PARAMETRIZES INFINITESIAAL PHASE CHANGE IN (2", 2" + dz')

INTEGRAL IN @ FOR POINTS AT FINITE SEPARATION 1S KNOWN AS A WILSON LINE
A CRUCIAL PROPERTY OF WILSON LINE 1S THAT IT DEPENDS ON PATH TAKEN

AND THEREFORE P A B 1S NOT UNIQUELY DEFINED
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WILSON LOOP

v I (1S A CLOSED PATH THAT RETURNS T0 A4 -~ LE. A WILSON LOOP -~

o i f i) |

PHASE BECOMES A NONTRIVIAL FUNCTION OF A,
THAT 1S BY CONSTRUCTION LOCALLY GAUGE INVARIANT

V' NOTE THAT FOR A WILSON LOOP
ANY CHANGE IN CONTRIBUTION TOD - FROAN INTEGRAL UP TO GIVEN POINT I
WILL BE CORMPENSATED BY AND EQUALOAND OPPOSITE CONTRIBUTION
FROAN INTEGRAL DEPARTING FROM T, |
vV T0O VERIY THIS CLAIWN = WE EXPRESS CLOSED PATH INTEGRAL -o-
AS A SURFACE INTEGRAL VIA STOKES' THEORERMN

‘ 7{ A (z)dz" = / Fo(2)dot

0
7

do" e ELEAMENT OF SURFACE AREA
v ONE CAN NOW CHECK BY INSPECTION THAT WILSON LOOP
IS INVARIANT UNDER CHANGES OF A (1) BY A TOTAL DIVERGENCE



ABELIAN GAVGE THEORY

TO OBTAIN QED LAGRANGIAN WE NEED TO INCLUDE KINETIC TERM w

1 :
EMaxwell i _Z F,uVF'LW o eA/L]'u

THAT ACCOUNTS FOR ENERGY AND AMNORMENTURN OF FREE ELECTROMAGNETIC FIELDS
1

L= —SFuF™ + (i) —m) — e A

¥ ELECTROAMAGNETIC CURRENT 1S DEFINED AS we €], = €17y, 1)

THIS LAGRANGIAN LEADS TO AMAXWELL'S EQUATIONS — '
M0 O P P O e

LOCAL PHASE CHANGES ~ £ORM A U (1) 6ROUP OF TRANSFORAMATIONS

SINCE SUCH TRANSFORAATIONS CORMMUTE WITH ONE ANOTHER
GROUP IS SAID TO BE ABELIAN
ELECTRODYNAMICS IS THUS AN ABELIAN GAUGE THEDRY



YANG-RAWLS THEORIES
IF BY MAPOSING LOCAL PHASE INVARIANCE ON DIRAC’S LAGRANGIAN WE ARE
WE ARE LEAD TO INTERACTING THEORY OF QED w THEN IN AN ANALOGOUS WAY
ONE CAN HOPE TO INFER STRUCTURE OF OTHER INTERESTING THEORIES
BY STARTING FROAN ANORE GENERAL FUNDAMENTAL SYRMRMETRIES
PIONEER wORK BY YANG AND RMILLS CONSIDERED THAT A CHARGED PARTICLE

fNOVING ALONG IN SPACETIME COULD UNDERGDO NOT ONLY PHASE CHANGES
BUT ALSO CHANGES OF IDENTITY --A QUARK CAN CHANGE ITS COLOR

FROAN RED TO BLUE OR CHANGE TS FLAVOR FROM U TO d -~

SUCH A KIND OF TRANSFORAMATION REQUWRES A GENERALIZATION

OF LOCAL PHASE ROTATION INVARIANCE

TO INVARIANCE UNDER ANY CONTINUOUS SYRMAETRY GROUP

COEFFICIENT e A ,,OF INFINITESINAL DISPLACEMENT dx,, SHOULD BE REPLACED
SHOULD BE REPLACED BY A 10 X 1 MATRIX —9(X) = —8A7 (X)t,

ACTING IN 71 -DIRAENSIONAL SPACE OF PARTICLE'S DEGREES OF FREEDOAMN
™ g 1S COUPLING CONSTANT

w £, DEFINE A LINEARLY INDEPENDENT BASIS SET OF AMMATRICES

- AZ ARE THEWR COEFFICIENTS



PATH-ORDERING

4 : 1 dX'u )
Prp =P {exp (1g/ dSAM(X)) >
0 ds y

\\

NON-ABELIAN



REQUIREAENTS
TO ENSURE THAT CHANGES IN PHASE OR IDENTITY CONSERVE PROBABILITY
wE DEMAND P A BE A UNITARY MATRIK e BT, & 4 5 =T
TO SEPARATE OUT PURE PHASE CHANGES FROM REMAINING TRANSFORRATIONS
~=INWHICH A (x) 1S AMULTIPLE OF UNIT MATRIX —~
CONSIDER ONLY TRANSFORMATIONS SUCH THAT DET (P 4p) = 1
THIS BECORNES EVIDENT I WE NOTE THAT NEAR IDENTITY ANY UNITARY AMATRIX
CAN BE EXPANDED IN TERMS OF HERAMTIAN GENERATORS OF SU(N)
HENCE £OR INFINITESHAAL SEPARATION BETWEEN A AND B

ZASRIVEU RS D 45 = [ + ic(gAlt,) + O(&)

@LB@AB
[ ige[AM(x)Jr SoA (0w O

CORRESPONDING TO TRACELESS A ()
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U(N) = SU(N) x U(1)
SU(N) s A CORMPACT 6ROUP
E6. SU(2) 6IVES ROTATIONS ON SPHERE OF RADIVS |

U(1) 1 NON-CORMPACT
LEADS TO CHANGES ON THE ARMPLITUDE OF A VECTOR

TO SEPARATE PURE PHASE CHANGES FROM THE REAMAINING TRANSFORMATIONS
wE asT TAKE SU (N ) 6ROUPS
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v THE 1 X 1 BASIS MATRICES to anust BE HERANITIAN AND TRACELESS
THERE ARE n° — 1  OF THEM
CORRESPONDING TO NURMBER Of INDEPENDENT SU (IN') GENERATORS

BASIS AMATRICES SATISFY CORMMUTATION RELATIONS

WHERE THE Cijk ARE STRUCTURE CONSTANTS CHARACTERIZING GROUP
v IN FUNDARMENTAL REPRESENTATION OF SU (2)

GENERATORS ARE PROPORTIONAL TO PAULI mATRICES (t; = 0, /2)
STRUCTURE CONSTANTS ARE DEFINED BY LEVI-CIMITA sYmBOL (Ci ik = €k )
v IN FUNDARMENTAL REPRESENTATION 0F SU (3 )
GENERATORS OF ARE GELL-FAANN AMMATRICES t; = ), /2
NORMMALIZED  SUCH THAT ™ @ — 20, ;
STRUCTURE CONSTANTS Ciik = fijk
ARE FULLY ANTISYRMWNETRIC UNDER INTERCHANGE OF ANY PAIR OF INDICES

V3 1

fr2s =1,  Jass = Jors = mui Jian==ies = J2d6 = J257 = J345'= fare =
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NON-ABELIAN FIELD STRENGTH
BY CONSIDERING AN INFINITESIAMMAL CLOSED-PATH TRANSFORMATION
ANALOGOUS TO ¢ BUT FOR MATRICES A, () THAT DO NOT COMMUTE

YL D)= SENLTL > o T
WE WRITE FIELD-STRENGTH TENSOR R = ijt 3

FOR A NON-ABELIAN TRANSFORMATION:

OR EQUIVALENTLY
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YANG-ANILLS LAGRANGIAN
ALTERNATIVE wAY TO INTRODUCE NON-ABELIAN GAUGE FIELDS
BY ANALOGY WITH @&  DERMAND THAT THEORY INVOLVING FERMIONS
BE INVARIANT UNDER LOCAL TRANSFORMATIONS, 1)

4 )

p(x) = ¢ () = V()Y (x) = exp [ioa (2)t°] ¢ ()

\. J

WHERE 1/ 1S AN ARBITRARY UNITARY MATRIX (VTV = 1)

WHICH WE SHOW PARARMETRIZED BY 1TSS GENERAL FORAMN

A SURMAMATION OVER REPEATED SUFFIX @ IS IAAPLIED
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YANG-RMLLS LAGRANGIAN

DUPLICATING PRECEDING DISCUSSION FOR U (1) GAVGE GROUP

WE DEAMAND
L =8

WHERE | — . .
s V(i@ —m)p +ipViy (0, V) |
LAST TERR —-AS IN ABELIAN CASE-- SPOWILS INVARIANCE OF L
AS BEFORE 1T CAN BE COAMPENSATED ¥ WE REPLACE
0, — D, =07 Hen () 5
UNDER TRANSFORMATION ® LAGRANGIAN |

W —my
@VT(zﬂ +gK —m)Vi

L4+ Y[gVIKV — K)+ VT

wHICH 15 EQUAL T0 £ 1F wE Tace ~ ENNRVINRR ARt
| |
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oLt YANG-AAILLS LAGRANGIAN

v COVARIANT DERIVATIVE ACTING ON ) TRANSFORMS IN SARNE WAY AS W ITSELF
v/ UNDER A GAUGE TRANSFORMATION w D i) — D"y’ = VD 1)
v Fled stReNGTH B teanseorms as Fp,, — F/ = VF,, VT
AS IN ABELIAN CASE IT CAN BE comPuted VIA (D, D, | = —igF',,,
BoTH <IDES TRANSFORM AS V () V TUNDER A LOCAL GAUGE TRANSFORMATION
TO OBTAIN PROPAGATING GAUGE FIELDS WE FOLLOW STEPS OF QED
ADD KINETIC TERM  —(1/4) ), F''" T0 LAGRANGIAN
FULL LAGRANGIAN FOR GAUGE FIELDS INTERACTING WITH AMATTER FIELDS

4 )

L=—2Tv(F, F*")+ 46D —m)y

. J

3L A G
Recat = V), =1,

WRITTEN FOR GAUGE GROUP GENERATORS NORANALIZED SUCH THAT
Tr (tzt]) e 523/2



NON-ABELIAN SELF INTERACTIONS

INTERACTION OF A GAUGE FIELD WITH FERAMONS "
CORRESPONDS TO INTERACTION LAGRANGIAN AL = gip(z)v"' A, (z)yY(z)
A, A, TERMIN F,, LEADS TO SELF-INTERACTIONS OF NON-ABELIAN FIELDS
ARISING SOLELY FROM THE KINETIC TERAM
THEY HAVE NO ANALOGUE IN QED
ARISE ON ACCOUNT OF NON-ABELIAN CHARACTER OF GAUGE GROUP
YIELDING THREE~-AND FOUR-FIELD VERTICES

Of FOIRAA |}

AND RESPECTIVELY

THESE SELF-INTERACTIONS
ARE A PARARMOUNT PROPERTY OF NON-ABELIAN GAVGE THEORIES
DRIVE REAARKABLE ASYMPTOTIC FREEDOM OF QCD,
WHICH LEADS TO TS BECOMING WEAKER AT SHORT DISTANCES
ALLOWING APPLICATION OF PERTURBATION THEORY



ISOSPIN

ISOSPIN ARISES BECAUSE NUCLEON AAAY BE VIEW AS HAVING
INTERNAL DEGREE OF FREEDOAN WITH TWO ALLOWED STATES m= PROTON AND NEUTRON
WHICH NUCLEAR INTERACTION DOES NOT DISTINGUISH

CONSIDER DESCRIPTION OF TWO-NUCLEON SYSTEM

EACH NUCLEON HAS SPIN % ~~ WITH SPIN STATES T AND 4 --
FOLLOWING RULES FOR ADDITION OF ANGULAR RAORAENTA
CORMPOSITE SYSTERMN RAAY HAVE TOTALSPINS =10 S =0
CORNPOSITION OF THESE SPIN TRIPLET AND SPIN SINGLET STATES IS

|S =1, M, = 1> =TT
S =1,M, =0) = \/L(t + I1)

S =0, Ms = 0) = /3 (1} - 11)
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ISOSPIN

1
EACH NUCLEON 1S SIAILARLY POSTULATED TO HAVE ISOSPIN ' = —
1
witd 13 = & 5 FOR PROTONS AND NEUTRONS RESPECTIVELY

T'=1 AND I' = () STATES OF NUCLEON-NUCLEON SYSTERN

CAN BE CONSTRUCTED IN EXACT ANALOGY TO SPIN

= R
—

>
T = 0,75 = 0) = /(@9 — wDyi)

—1
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ISOSPIN

AROST POSITIVELY CHARGED PARTICLE 1S CHOSEN TO HAVE AMAXIAUAR VALUE OF 13
NUCLEON FIELD OPERATORS WILL TRANSFORM ACCORDING TO

{ - N D | __\
€9

o )v=Com e ) (0 ) =u(

SUCH 2 X 2 UNITARY AMATRIX IS CHARACTERIZED BY FOUR PARAMETERS
WHEN CORARNON PHASE FACTOR IS TAKEN OUT —— WE HAVE 3 PARAMETERS -~
CONVENTIONAL WAY OF WRITING GENERAL FORM FOR U 1k

~= DAMNITING PHASE FACTOR ~- U = e

WHERE THREE TRACELESS HERAMTIAN CANONICAL 2 X 2 AAATRICES

/m< — S— = y p— e — — =< —— \

(0 1 (0 —i (1 0
7-1_ 1 O y 7-2_ Z O y 7-3_

R e ——— = = = e — — — ——  —  —— —

w- ARE JUST PAULI SPIN AMATRICES
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ISOSPIN
CLOSE SIMMILARITY BETWEEN 58 AND WAY WE EXPRESS ROTATIONAL INVARIANCE
SUGGESTS A WAY OF CHARACTERIZING INVARIANCE
WE wiLL SPEAK OF AN INVARIANCE UNDER ROTATIONS IN AN lT“EPNAL SPACE

1SOSPIN 17 1S ANALOG OF ANGULAR ANORMENTUM F{ - ewé T

IROTATIONAL INVARIANCE WRAPLIES THAT ISOSPIN !§ CON*QEPVED
FOP AN PNFWWE’Q!MAL ROTATION 525 PEADQ

0(a) ol 9] =

I

N

WHERE WE REPRESENT wp(( )) BY (1)
’I’L

1T 1S EASILY SEEN T“HAT m&ga PELAT!ON% APE *§Aﬂ*§FlED BY
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NOTE THAT |

EXTRRA TEP‘M’Q -= NOT WP‘WTEN DOWN -~ ARE ‘QM!LAP CONTPlBUﬂON’Q *
FROM OTHER FIELDS CARRYING BARYON NUMBER (_ e

¥ WE CONSIDER ONLY PROTONS AND NEUTRONS | ¢ —
W FOLLOWS FROAN EASILY DERIVED COMAMUTATION RELATIONS

THAT

SO THAT CHARGE VIOLATES ISOSPIN CONSERVATION
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ANTIPARTICLE ISOSPIN AMMOULTHPLETS

CONSTRUCTION OF ANTIPARTICLE ISOSPIN AMULTIPLETS REQUIRES CARE

1T 1S WELL WLUSTRATED BY A SINPLE EXARMPLE

CONSIDER A PARTICULAR ISOSPIN TRANSFORMATION OF NUCLEON DOUBLET
A ROTATION THROUGH T ABOUT THE 2-AXIS LEADS TO

WE DEFINE ANTINUCLEON STATES USING PARTICLE-ANTIPARTICLE
CONJUGATION OPERATOR C, Cpy, = 5, Ctbyy = iy
APPLYING O TO %
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WE WANT ANTIPARTICLE DOUBLET
TO TRANSFORAMN IN EXACTLY SARME WAY AS PARTICLE DOUBLET
WE AUST THEREFORE AMAKE TWO CHANGES

1
REORDER DOUBLET SO THAT MOST POSITIVELY CHARGED PARTICLE HAS Th =+

INTRODUCE AMNUS SIGN TO KEEP AMATRIX TRANSFORAMATION IDENTICAL TO i

WE OBTAIN

(o )=(0 ) ()

THAT 1S ANTIPARTICLE DOUBLET (—Ua, Up)

TRANSFORMS EXACTLY AS PARTICLE DOUBLET (1), Un, )
THIS IS A SPECIAL PROPERTY OF SUJ(2)
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ISOSPIN OF NUCLEON ANTINUCLEON PAIR

A composite system of a nucleon-antinucleon pair
has E,sospm states

T=1T;=1 = —¢,0n }

‘ T =1,Ts = 0) = \/ 3 (4t — Yntln)
f

T=1,T5=—1) = ¢ty

' |
| Tm%m¢aww+%%>i
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