Review again: special relativity

Einstein’s postulates:

1. The laws of physics are the same in all inertial refereramés.

2. The speed of light in free space has the same vatuel /., /ugeg in all inertial reference

frames.

Net transformation between coordinate systems is

(1) x2 = y(xr1 —vty) [alsox; = y(x2 + vit2)]
(2) Y2 =
(3) zo = 21
(4) to = v (tl — gml) [alsot1 = (tQ —+ ng)]
with 3 = v/c and
1

(5)
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More relativity

We learned about time dilation! = ~to.
We learned about distance contractiéh= [y /7.

We learned about velocity transformations:

Vig — U
(6) vQ,ZU — 1 w’U'U]_,a;
_ >
_ Ul,y
(7) v2,y = [1_?)@1,1
8 2
U1,z
(8) /UQ,Z — 1 /Uv]_,x
v[1- =57

We learned about the relativistic Doppler shift, with= 0 corresponding to moving directly

away from us:

r_ Lo
v(1 + Bcosb)
We learned about the Hubble constant, and estimates of thefdge universe.
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Relativistic momentum

Conservation of momentum involves constant center of mawsne external forces, and

bookkeeping on how this changes between different indraates.
Special relativity tells us to be more careful in shiftingween different inertial frames.

Let’s pick our frameS; to havev; , = 0 andp; , = 0. The frameSs moves at velocity in

thez direction relative to frame .

Orthogonal taz: use velocity transformation of Eq. 6 0% ,, = v1 ,/v[1 —vv1 ,/c?] to

give

Ul,y
(9) P2,y = MOV2,y = M :
Y
giving p1,y = mu1,y = Yp2,y OF

(10) Pl,y = YMOV2,y-

Inertial massng of particle in frameSs looks to us inS; as if it has increased by factor

If we brought particle to rest in our frame we would measusesaime “rest masshy.
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Relativistic forcesF | ©

e Force is defined as the change in momentum per time:
- d(mofyv) dv _dvy _dmg
11 F=2—'— — - ==
(1) dt thervdtJr7 dt

Rest mass is the rest massdng /dt = 0.

e Consider case when force is always perpendicular to vglficit example, charged particle in
a magnetic field). Now? L @. No velocity and therefore no motion alogdirection so no

work!

e Direction of v changes but magnitude does notdsg'dt = 0. We are therefore left with

4 B}
(12) P = m()’yd—: —moyd@  (for F 1 )
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Particle in a magnetic field

Consider a charged particle moving perpendicular to a ntagied, orv L B.

We end up with circular motion! To have circular motion, sdinieg must provide a

centripetal acceleration af = v /7

2

— N v
(13) F| =ymopa = —ymo -
so we have have
2
(14) quB = moy—  or =107
r qB

which was verified experimentally back in 1909.

=

The Lorentz force is" = ¢ x B, so the force is perpendicular to the direction of motion.
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Finding~

Again, we haver = ymgv/(qB) or v6 = qrB/(mgc). What if we knowg, r, mg, andB, and

want to findg? Let

B

T = w:—ﬁ—ﬂ

R = (1-p% =5
1— 32

w2 = [%(1+42?)

T _ 8L
Visa? /1T (B

(15) giving 58 =

so we can find3 if we know (. In this case we knows = qrB/(mgc) . ..

o -
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e Now particle speed and thuswill not be constant. Return to Eq./11 withing /dt = O:

= d(mo~y?) dv _dy
(16) o moy— + mov pn

Again,dv/dt = a. Calculated~y /dt:

d 1 _ v dv U
a7 S Q—v?/) TV = (1 0¥/ (<2) 5 2 = 9P
t 2 C C

because it's only when we have the square of velocity thabae information on its direction.

e Returning to Eg. 16 we now have

- 2
(18) Fy = movyd+mov A3 — a4 = moYa <1 + ~2 —2>
c c

(14 K L[ —? n v2
=  moYa = mo7ya
2 — 02 2 — 02 | 2 2

2
C 1
19 =  moYa = moYya — moy°a.
L (19) 078 53 Ly 0Y
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Kinetic energy

e Torepeat, we havé’, = ymga (Eq.12), andF| = v*moa (Eq. 19).

done to move particle:

(20) Ej = / F dx = / movy’a dz.
0 0
Now
d d
(21) adx:—vdx:—xdv:vdv,
dt dt

So we can write the kinetic energy as

(22) Ey :/ vdmov dv = mg / Y
0 0

(1 _ v2/02)3/2 dv.

=

e We now know force along direction of frame shift|| #. Calculate kinetic energy from work
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Kinetic energy Il

e Again we had from Eq. 22

/

v v
Fle=mo /0 (1—v?/c2)3/2

DefineA = ¢2(1 — v?/c?)~1/2 so that

(23)  dA =c2(=1/2)(1 —v? /) 73/2(—2v/c?) dv =

e Therefore, we can recognize Eq. 22jagA = A and obtain

moc?

(24) Ek — (1 . ’1)2/C2)1/2 |0

— 2 1
= mgcC 1 02/2)i2
= (v —1)moc?.

dv.

v

(1 — v2/c2)3/2

)

dv.
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Correspondence principle and kinetic energy

. .. 2
In classical limitv < ¢, we found foundy ~ 1 + % "C’—Q

Therefore the classical limit of relativistic kinetic eggris
1 v? 1
(25) Ey ~ (1 + §v_ — 1) moc? = §m0v2

as expectedcprrespondence principle).

In the highly relativistic limit ofy > 1, we instead obtain

(26) Ej, ~ ymgoc?.

=
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Particles in motion

L .

e Assume that a particle at rest has some enéfgassociated with it:

v — 1)moc? suggests a new interpretation of the total energy of a paitianotion.

(27) E = Eo + Ey.

e Forvy > 1, we foundE ~ E; ~ ymgc?. Therefore, we make the associatiBy = moc?

which allows us to write the total energy as
(28) E = Eg + E;, = moc® + (v — 1)moc?

or the sum of rest and kinetic energy. We can also wiite- ymqc? for the total energy.
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Rest energy and electron-\olts

-

e Ey = moc? is probably the best-known result of modern physics. “Wejggrticles in

natural units for atomic and nuclear physics calculations.

e The electron-\olt, or eV: energy gained by an electron agpeeences an electrostatic

potential change of one volt. Work & = ¢V, giving

019 Coulomb

(29) leV=1.6x1 .1 Volt = 1.6 x 10~ 1° Joule
e~ charge
e Proton massin eV:
(30) Eg = mopc2 =1.67x10"2"kg- (3 x 10® m/sed?

1eV

= 1.5 x 10719 Joules
1.6 x 10— 19 Joules

— 939 x 10% eV.

The massng = Ey/c? can then be written asg = 939 MeV/c?. Sloppy version: “the
proton mass is 939 MeV” or “the electron mass is 511 keV.”
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Chemical reactions

Some chemical bond energies: H-C bond 80.9 kcal/mol, C-Nlld&@4 kcal/mol, C-O 257

kcal/mol.

Convert H-C to kdJ/mol:

kcal kJ
80.9 — -4.184 —— = 338 kd/mol
mol kcal

Convert to eV/atom:

k] 103 J 1eV 1 mol

338 - :
mol kJ 1.602 x 10—19J 6.02 x 1023

= 3.50 eV/bond

Equating tomgc? gives a fractional mass change for electron of

3.50 eV
511 x 103 eV

—7x 106

Difficult to detect any mass change due to chemical bondia espondence principlein

action again.
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