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inv
. of wave equation
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interval
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Translations Rotations Galilean Lorentz

Mechanics V V V to be
discussed

CED V V X ~

Rotations: So(3)

-

R = Riz
is
Frs

cost sind o rotation

Riz = find cost ( in X1UX2

o 1 plane

E
,+) +Xe : (E) e 4-vector

ct = Xo
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Minkowski metric
, upper/lower indices

If we worked with Endidan time
,

four-rectors XE = (XE
,
XI would

work in exactly the same way as
three-vectors :

*T = x2 + x2 + x2

In reality we want to work with

the rea time
,
so every time the

zenith component appears , we have

to change sign (since it appears

squared due to Lorentz invariance)

Y - xm = XE" + y +y2+ X

hance
, how Lorentz-invariant product of

Lorentzian four-vectors we need

x . x1 = - x02 + xz +y2+ x = Xmx)
,

where

Xo-Xo ,
Xe = X 2

,
Xz =X , X = X

3



To raise and lower indices we deline
The Minhoushi metric :

10
=m = (3)

Yr = Yixi = ( - xi
,

x
,x ?x

H

noxo
TMates sometimes the opposite conventious

are used :

= (2)
I

Expressions with contracted upper/lower

indices are always Lorentz invariant

· we treatOn as an object with
lower index: Or
-



= 110111pu = Tr
dechcoshysinx) -sin =)
1013 = 1
x- y= 18x = 1rxi= xr
d (x) = & (X(X) Lets see how

derivative transform .

di(()).=

=10) =Ni
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↑

=-Me Lorentz inv

Lorentz transform : X = No XO
,
here

10 is the matrix 1
.
We can also

raise and lower its indices by yui.

Vector with lower indices transforms as

Xy = 10X
Usual multiplication of matrices
corresponds to contractingtensors with
one lower

,
one upper index

·
For example

composition of two horentz transformations:

1" 10 = 11
· More general 4-tensors with arbitrary number
of indices transform following the same

rules as rectors :



Aup
- 11 .* As

under Lorentz

Addition of velocities

ct' = c+ cosh X + X sinhy

&XI = XIsh + at sinkyxz = xz

Xz) = Xz

y =0 = c = -

x+=0 => c = - Y



↳
10

I .......
- I (t =0

X

-
-

>

y=0 = X = -c

-P rapidita

= (foost) 821

ct'= v(c+ -Bx)

x = ((X - Bct)



U

ct==p (particle

I
-

-
-

trajectory)

↑~
-

>

whatisthevelocityotheeenence frame?
xz
,

+
z + Xa

,
+z

Xa
,
+a Xy

,
te

=
=pU

[2
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vp = => up = c !

Interval

s = - Ext + (5)" = xx +Xr

I &a
-

>

· interval corresponds to the "internal :

or proper time of the object

· Time inside the objects moving with

some speed seems he be sloweddown

when observed from the outside
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so = time-like interval /signal
can reach (

530 = space-like internal (signal
cannot reach (

s0 = mull interval-lightcome

#
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Transformation of P and I
Lorentz inv

.
and Maxwell equations

First
,
let us study Galilean

transformations of the charge
density and current density: +H! ) , (H),x)

-

P( ,5) + p'(t) ,Y) = p(,z)

-( ,x) +5(t , x)+ (t
,x)

this looks like a 4-vector

transformation

+ - += t

* +X=+ t

(Cp ,5) = J"-n-vector-valued

dunction : 31(XM)
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It is natural to expect that
it transforms as alour-vector
under fill relativistic transformations :

51(x2) -> 158(X8))

Change conservation is Lorentz in :

& 34 = pap + 5 = 0

↳
To maintain Lorentz invariance

(P
,
CE) should also transform

as a n-vector : A"(x *)
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Lorengauge condition is also

Lorentz invariant :

Grt" =0 =-

Gange symmetry is Lorentz covariant :

Al = (PcA )
Ar-Ar + c Ord

+- - dis
So we demonstrated full Lorentz
invariance of Maxwell equations.

Next lecture we will derive the covariant

form of Maxwell equations also in terms

of E and i (it will be very nice !)


