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Units in this class are "natural units":b =c= 1. In the SI

system of units, there are three dimensionful quantities

(mass, length, time), butrelativitymixes length and time, and QM

mixes energy and time
from E- two so natural unitsmake these

conversions easy by having only one dimensionful quantity,

mass (or every, by E =mat. Dimensions will be computed in

powers of mass, and devoted C...]
=d.

Ex. [n7 =1
->

An example in practice.
-

[ET =( rc2] =(n) =1
F =q(E + xB),(q) =[v7 =0,

and IFT:(ma] =[E7 =2,so

[T] =[ E) =(E = - 1 [EI:(BT =2.

2L] =[cT] =2T] = - 1

t =6..58x10-22MeV.sTwo useful conversion factors to get back toSI.
tc =197 MeV. Fm

Recall thatLorentz transformations are the setof linear

coordinate transformations thatleave the spacetime metric

invariant. In this course, metric is mar
=

or:diag(1,-1-1-1)
so timelike I-rectors have positive invariant mass.

ALoretz "boost"along the Eraxis by velocity(1) can be

writtenas a matrix

Ivo
V

I v=A I O 0 where
C 0 I

uso

O

ov

In this class, all transformations
will be attire, so acting on

theA-monation of a particle atrest, p*= (m,0,0,0), gives
pr - (Um, 0,0,VB m). FF $30, p- is boosted to have p">0.



We can extracta couple useful facts from this ↳
Calculation:

· E =Um, so to find the Lorentz factor for a massive

particle, just divide its eners by itsmass.

· P= UBr, so B
=. In this course we will almost

never care about , and will use & exclusively.

Recall 2 = p-p =(p0)"-(p)-(py"-(pi)
"

is incut: same in

any frame. Comparing rest-fence p= (m, o) to some other
Fame =CE, P) gives Ft+m2 which we will use

all the time.

Massless particles (e.g. photons) are described by lightlike
Arvectors withpr=0, thus E= IP) (and B=1).

An easy way to immediately see thata quantityis Lorentz-

invariant is to use indentation. ALoratz transformation

A is a 4x4 matrixwith entries XV, m, v =0,1,2,3
iVo, 2 a labels row, Vlabels columB0 vo or

Ex, O I O 0 n =0 =VB, etc.
! C 0 I

3
I
US O O 8 I Greek indices run from 0 to 3

/

Latin indices i,j, k, etc. run from 1 to 3

Contravaintvectors (transform by matrixmultiplication:
a

V
M

-> NYLVI=AV, matrixmultiplication is "northeast"contraction)

NoteEinstein summation convention: sun over repeatedupper/lower indices.

Covariantvectors We transform with the tose of1.

A

No- WAY (=W.AT, contractbottom matrixindex =column)

can wise and lower indices (i.e. convertcovariantto contravaint)

by using the
metric:V*=Morvo, W: YerNY. This is nice

because we never have to keep track of transposes explicitly.



3Lorate transformations are definedtobe those hat L
preserve the metric.inyou, or equivalently,

yo:N*A*** for the inverse metric.
If we want to use matrixnotation.

You: N400NY. Now Flipp and m totake a transpose:

y=(y)ya no, so thinking of my as a diagonal matrix
:, we havetrya

The metric preservation condition implies thatany expression with
10 Free indices is a Lorentz sar, or ivint under Lorentz.

Example:VnW=YarkwV=WyV
=

vyW

Perform Covents transformation A on 60th and W:

WyV-> (wa) y(av)
=w(atya)V =wyV

=wyV

Transposes and inverses are related by the metric preservation equi

diy =

y
=> (yTy)A

=

yy
=1, so a
=

YATy
with indices, (A)*

=Mavy**A's, but by the index raising/lowering

rules, the RHS gets the same symbol A, so we don'thave to

keep track of inverses either.

To be clear, this is justnotational simplicity:if we
wanted

to evaluatecomponentsofthe inverse transformation for our

borst, we could do so explicitly:(A**: Yau***:Mx4N=-VB.
But our notation means we don'thave tokeep track of Mr vs. A."
Check Lorentz invariance withindex

rotation:

rew -> a:Vam=(avi=vw-vewor



↑L
Tensors have more than one index:each upper index transforms
-

T

with a factor ofA, each love index w/A

2.1. TwoAn ? Tas
So - NYNN SY

With index notation, we know thata quantity like

Truth is invariantunder Lovent transformations justby looking atit.

One lastpiece of notation!

G = =(60,6,62,5,) is "naturally"a covariant vector,

While X is "naturally"contravariant.

6
-

b
=

y-6b =(60) -1!- (_)"- (69)" is called the diAlembertion

and is often devoted 1.
↑


