Relativitetsteori

Einstein’s tva postulat

Hur uppfor sig partiklar nir man narmar sig v~=c?
Hur kan tva observatorer uppfatta handelser olika:
- klockor 1 rorelse verkar ga saktare

- rorelse paverkar ocksa langd (verkar kortare)

II) Rakna med olika referenssystem, relativistisk
Doppler effekt, rorelsemangd och energi




Einstein’ s forsta postulat

(a) (b)

... same result




Einstein’ s andra postulat

(a) A spaceship (S") moves with A missile (M) is fired with
speed vgs = 1000 m/s relative  speed Vyfs: = 2000 m/s
to an observer on earth (S). relative to the spaceship.

«
-

(b)

A light beam (L) is emitted
from the spaceship at speed c.

Missile (M)
P —
Vs = 2000 m/s
Vs = 2000 m[s + 1000 m/s

Earth

Light beam (L)

NEWTONIAN MECHANICS HOLDS: Newtonian mechanics tells us
correctly that the missile moves with speed vy = 3000 m/s relative
to the observer on earth.

NEWTONIAN MECHANICS FAILS: Newtonian mechanics tells us
incorrectly that the light moves at a speed greater than c relative to the
observer on earth ... which would contradict Einstein’s second postulate.




Tanke-experiment : simultanhandelser

Lightning hits the front and back
of a train (points A" and B') and hits
the ground at points A and B.

B Inside the train, Mavis moves toward
the light coming from the front of the
train and away from the light coming
from the back of the train.

© A & [ B'
! i\ Mavis sees the light from the front of
% ; the train first, so she believes that the
- = )i lightning hit the front of the train first.
! Y T 1
A ~ = B

B' Stanley sees the lightning hit the two

(d) A’

'}

A = points at the same time: so he believes
%@ , that the lightning hit the two ends of
= ] )i the train simultaneously.

[ ¥ 1
(The light from the rear of the train
has not reached Mavis yel.)

{




Relativitet: tidsintervall

« Tva observatorer (Mavis & Stanley) mater olika tidsintervall p.g.a.
deras relativa rorelse. (Fig 37.6)

» Egentiden (proper time) ar den tid som maéts 1 det referenssystem dar
kroppen éar 1 vila.

(a)

Mirror mm x
~Oh
i
b )
SI

Source £ ¥ “ /‘;

O' Mavis measures
time interval A#,.

(b) Mavis observes a light pulse
emitted from a source at O' and
reflected back along the same line.

K u At >l

Stanley measures a longer time interval Az:
The light pulse travels at same speed as in S,
but travels a greater distance than in §'.

Stanley observes
the same light 0
pulse following a diagonal path.




Time Experiment

Atomic Clock : measure time interval for

certain atomic level transitions in Cesium

atom

» Two planes take off from DC, travel

east and west with the atomic clock

— Eastward trip took 41.2 hrs

— Westward trip took 48.6 o

« compared to similar clock kept in DC N @ o
Westward \

* Need to account for Earth’s rotation + GR

etc

Travel Predicted Measured S il

Westward  275+21ns 273+7ns (Washington, D.C)

Eastward -40+23ns -59%10ns

Flying clock ticked faster or slower than

reference clock. Slow or fast is due to Earth’s

rotation

Earth’s
rotation




Relativitet: langd-sammandragning

* Fig 37.10. Langden av en linjal mits av tva observatorer i relativ
rorelse gentemot varandra.

* Egenlangden dr den langd som mats 1 det referenssystem dér

kroppen éar 1 vila.
(a) ~ Mavis

The ruler is stationary in Mavis’s frame of reference §'.
The light pulse travels a distance [, from the light source
to the mirror.

(b)

Mav1s
‘ M u

The ruler moves at speed u in Stanley’s frame of reference S.
The light pulse travels a distance [/ (the length of the ruler
measured in S ) plus an additional distance u At from the
light source to the mirror.

Stanley
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Langder tvars emot rorelseriktningen

* Ingen langdsammandragning for langder tvirs emot
rorelseriktningen - Fig 37.12.

Mavis

—

Stanley

)i




Relativitet

« Tva observatorer (Mavis & Stanley) mater olika tidsintervall p.g.a.
deras relativa rorelse. (Fig 37.6)

* Notera att vi far samma resultat om kéllan ar 1 Stanleys system som
om det ar 1 Mavis system (bara byter variabler)

(a) (b) Mavis observes a light pulse
emitted from a source at O' and
reflected back along the same line.

/’/ / / I i —— g | v
i - [
Mirror x [ “, '
/—()§ | |
Y (f | ‘ ‘ ‘ d\
d |1 l"
A r/# 3\; ‘\ l' ‘\ '
| | \ ' .\ 0,
\j_ _ﬁ SI \ \\‘ I',' = = l
)l 4B — ) ) f,i\,f\ \ » - —
A\
Source § e le—u At >l
O’ Mavis measures . o
R Y < Stanley measures a longer time interval Ar:
‘al-Qip. . g
The light pulse travels at same speed as in S,
Stanley observes but travels a greater distance than in S".

the same light 0
pulse following a diagonal path.




Lorentz transformationer

[ ] . .
Lorentz Frame S’ moves relative to frame S with constant

transf ormationer — velocity u along the common x-x’-axis.
relationer mellan ,

rumstids-koordinater : 4
och hastigheter 1 tva
olika referenssystem.

O O’ P,
;'w ut > '
Origins O and O'

coincide attime ¢t = 0 = ¢'.

The Lorentz coordinate transformation relates
the spacetime coordinates of an event as
measured in the two frames: (x, y, z, 7) in frame S
and (x', y', 7/, ¢') in frame S’.




Doppler eftekt : ljud

Emitter motion 2

S AW Av ' N
| s ]
& e LI Z
f

s OKAR om kallan ror sig mot observatoren v =
Mne MINSKAR om kallan ror sig mot observatoren




Doppler effect for electromagnetic waves

» Viktig effekt for astrofysik

 Observatoren ser f > f, nér
kéllan ror sig mot honom

Moving source emits waves Source emits  Position of first wave
of frequency f,. First wave second wave  crest at the instant that the

crest emitted here. crest here. second crest is emitted.

Stationary observer

.. ‘
% »*.} i detects waves of
@

frequency f > f,.

uT Si< A—>  Stanley S




Doppler effekt harledning — alt. exempel

S

* Ljushastighetc=fA, f=1/T

« Ljuskalla/system S i vila

* QObservator S’ narmar sig S med
hastighet v

« S'materf eller N, c=fN\

* Forvantar f' > f eftersom S’ korsar -~
fler vagtoppar nar han narmar sig

S an om han varit stilla 3 f v N




Doppler effekt harledning — alt. exempel

N T
v BN 2
e l<—>) a
s | T

9 Y& 7

() G () e ()

Studera tva ljusvagor som sands ut av S vid punkterna 1&2

| S’ : T’ = tiden mellan tva ljusvagor
Under tiden T, flyttar sig forsta ljusvagen cT’ fran punkten 1
Under samma tid har kallan flyttat sig ett avstand vT’

=> Avstandet mellan féljande ljusvagor:
N=cl'=vl'=(cv) T




Doppler effekt

The observer sees blueshift The observer sees redshift
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Doppler effekt

Objcct at rest

Observed

wavclength

Frequency of signal

Spectrum
of source - -
Listener - -

Moving object
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Red shift for A Blue shift for B




Doppler effekt
Laboratory Spectrum, lines at --
rest wavelengths
Lines Redshifted, Object moving --

away from me

Larger Redshift, object moving

away even faster

Lines blueshifted, Object -

moving towards me

Larger blueshift, object

approaching me faster




Hubble & Expanding Universe




Hubble & Expanding Universe

V = H *d => Mer avlagsna objekt ror sig snabbare bort fran oss
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Relativistisk rorelsemangd

* p =y mv, generalisering av
klassisk rorelsemangd

p=mvniarv<<c(y=>1)

 Relativistisk kinetisk energi

for en partikel med massa m:

—_ S mudu mc?
J 32 , U2
0 "
1—— 1-L
c? c

W =K = (y-1) mc?

Smc
4mc
3mc
2mc

mc

Relativistic momentum becomes
infinite as v approaches c.

HAPPENS! >

DOESN'T
HAPPEN

A

| | |
0.2¢ 0.4c¢ 0.6¢ 0.8¢

_ X

Newtonian mechanics incorrectly
predicts that momentum becomes
infinite only if v becomes infinite.




PET Imaging

Particles can have p>0, also

§§P G % when m=0...
3 /9

) @®
'\;\—’J X \.l:‘#/ lz‘::? PET SCAN
\%!"-——-l , !-:*IL};SS'




Example 37.11 : calculation

p+p + energi -> p+p + &t (vila). Vilken hastighet kravs
for de kolliderande protonerna?

1.67 X 102" kg

v v
BEFORE

Proton Proton

V

AFTER @Q@

Pion (2.40 X 1028 kg)




