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 Frames of reference

- The coordinate system in which you observe eventsThe coordinate system in which you observe events

- e.g. The room around youe.g. The room around you

- You judge how fast a thrown ball goes by its velocityYou judge how fast a thrown ball goes by its velocity         
relative to some stationary object in the room

- You judge how fast you are moving by looking at  
objects around you  j y
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 Einstein’s principle of relativity

• Principle of relativity
- All the laws of physics are identical in all inertial referenceAll the laws of physics are identical in all inertial reference     

frames. 

• Constancy of speed of light 
S d f li ht i i ll i ti l f- Speed of light is same in all inertial frames
(e.g. independent of velocity of observer, velocity of source 

i i li h )emitting light)

These two postulates are the basis of the 
special theory of relativity ! 
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아인슈타인의 가설

가정 1 : 모든 관성계에서의 물리 법칙은 동일하다가정 1 : 모든 관성계에서의 물리 법칙은 동일하다. 
(상대성 원리)

가정 2 : 모든 관성계에서의 빛의 속력은 일정하다. 
(광속불변의 원리)
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 Consequences of Einstein’s relativity

- Events simultaneous for observer in one referenceEvents simultaneous for observer in one reference     
frame no necessarily simultaneous in different 
reference frames.reference frames.

- The distance between two objects is not absolute.The distance between two objects is not absolute. 
Different for observers in different reference frames.

- The time interval between events is not absolute. 
Different for observers in different inertial frames.
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 Lorentz Transformation

- Named after the Dutch Physcist Hendrik Lorentz, 
describes how, according to the theory of special , g y p
relativity, two observers' varying measurements of 
space and time can be converted into each other's p
frames of reference
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 Length contraction

Rod AB of length L' fixed in F' at x'A, x'B. What is its length measured in F?

Must measure positions of ends in F at the same time, so events in F are (t,xA) 
and (t,xB).  From Lorentz:

   
  LLzzzzL

vtzzvtzz BBAA







''
''

Moving objects appear contracted in the direction of the motionMoving objects appear contracted in the direction of the motion

  LLzzzzL ABAB  
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 Time dilation

- Clock in frame F at point with coordinates (x,y,z) at 
different times t and tdifferent times tA and tB

I fI f FF'' i ith di ith d L tL t t f tit f ti-- In frame In frame FF'' moving with speed moving with speed v, v, LorentzLorentz transformationtransformation
givesgives
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•• SoSo

Moving clocks appear to run slowMoving clocks appear to run slow
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 Space-time

- Unlike classical physics, Einstein realized that spaceUnlike classical physics, Einstein realized that space  
and time were intertwined with the laws of physics,  
not just an absolute grid on which the laws were laid.not just an absolute grid on which the laws were laid.

- It helps to stop thinking in terms of 3D space alone andIt helps to stop thinking in terms of 3D space alone and 
adding the 4th dimension of time.  Time is just treated 
as an additional dimension much like space.as a add t o a d e s o uc e space.
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 Four-Vectors



The Lorentz transformation can be written in matrix form as
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A bj d f 4 l Position 4-vector  xct ,An object made up of 4 elements 
which transforms like X is called 
a 4-vectora 4-vector

(analogous to the 3-vector of 
classical mechanics)
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 Four-Vectors
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 Four-Vectors

The contravariant and covariant vectors are related to each 
other by a Minkowski metric tensor gother by a Minkowski metric tensor 

or 
uvg

v
uvu xgx  v

uvu xgx 

Where,             
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 Four-Vectors

- To be a four-vector, the four-components must follow the 
same transformation as the space time four vector uxsame transformation as the space-time four vector             

E ) f

x

)( PEP u


Ex )  four-momentum ),( P
C

P u 


four-current ),( JcJ u




four vector potential ),( AcA u
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 Ex : four-momentum

- If four momentum      of a Paricle measured in S frame is
seen as in S’ frame then Vuu PP '

uP
uP'seen as      in S  frame, then 

If i i h

v PP P

)00(u E )'00'('u E- If                             is given, then 
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 Ex : four-momentum, cont’d

- If the particle of mass m is at rest in the frame S, 
Then and0P )0(


mcPu Then             and 

- In     frame,  
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 Scalar product of four-vector => invariant

- If       and       are four-vectors, then the scalar product
is Lorentz invariant i eubaba

ua ub
'' baba is  Lorentz invariant. i.e. 

(                         , where       can be represented as 4x4
id i i )

ubaba  baba 
uvu

v g 
ug

identity matrix ) 

- In the four-momenta example, we find
22 ' 2 2 2 2' ' ( )u u EP P P P P P P m c       


( )u uP P P P P P P m c

C

      AAgAAAgLLALbgLaba TTTT  ''
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Example



Example

Accelerator design

• Shapes

– Linacs (SLAC)

– Synchrotrons (Fermilab)Synchrotrons (Fermilab)

C lli i• Collision types

– Fixed target (E687, FOCUS)

– Colliding beams (CDF, Belle, BTeV)

=> CM = 1TeV+1TeV => 2TeV=> CM = 1TeV+1TeV => 2TeV



Belle II (2014~)
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양성자-양성자 충돌 가속기 실험
(Large Hadron Collider)(Large Hadron Collider)

LHCbLHCb
CERNCERN

ATLASATLAS
LHCbLHCb

CMSCMS ALICEALICE

LHC at 
CERN
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양성자-반양성자 충돌 가속기 실험
( )(Tevatron)

)kHz! 15(~ TeV 2at  150)( bbbpp  
0Zt7)( bbb 0Zat  7)( nbbbee 

(4S)at  1)(  nbBBee
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Example

High Energy Experimentg gy p



Example



Example



Example

Fixed target vs Colliding beams
(total energy)2-(total momentum)2 = invariant in all frames of reference
A th t 800G V(E ) t llid i fi d t t( t )Assume that 800GeV(Ebeam) proton collides in a fixed target(proton).

Center of mom. frame    Laboraroty frame
Total energy: E E +mTotal energy:           ECM Ebeam+mp

Total momentum:              0                              Pbeam                                                      

Invariant: ECM
2 (Eb +m )2-Pb

2           Invariant:           ECM (Ebeam+mp ) Pbeam

E = [ 2(mp
2+Ebeammp) ]1/2   = 38.8GeV[ ( p beam p) ]

We are enough to 19.4GeV+19.4GeV proton beams in collider !!!

Question: What’s the advantage of a fixed target experiment?Question: What s the advantage of a fixed target experiment?



 ex) inelastic collision problem
Example

m m
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- The four-momenta of two particles are given by
1

1 1( , ) ( , 0 , 0 , )u EP P m c m v
c
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2
2 2( , ) ( , 0 , 0 , )u EP P m c m v
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Af h lli i l f i i b- After the collision, total four-momentum is given by 

1 2 ( 2 , 0 , 0 , 0 )u u uP P P m c  
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 ex) inelastic collision problem, cont’d

- The total mass M is given by

2

22 2
1

mM m m
v

  

21
c



In relativistic understanding, the generationIn relativistic understanding, the generation
f h t i li d b th if h t i li d b th iof heat energy is realized by the mass increaseof heat energy is realized by the mass increase
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