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Physics complete in the XIX century?

From the XVII to the XIX centuries, extraordinary 
progress in our fundamental understanding of the universe 
➡ Newton’s Gravitation, Classical and Statistical Mechanics, Thermodynamics, 

Electromagnetism
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Figure 3: A particle with mass m near a spherical holographic screen. The energy is evenly
distributed over the occupied bits, and is equivalent to the mass M that would emerge in the
part of space surrounded by the screen.

is then determined by the equipartition rule

E =
1

2
NkBT (3.11)

as the average energy per bit. After this we need only one more equation:

E = Mc2. (3.12)

Here M represents the mass that would emerge in the part of space enclosed by the
screen, see figure 3. Even though the mass is not directly visible in the emerged space,
its presence is noticed though its energy.

The rest is straightforward: one eliminates E and inserts the expression for the
number of bits to determine T . Next one uses the postulate (3.6) for the change of
entropy to determine the force. Finally one inserts

A = 4⇡R2.

and one obtains the familiar law:

F = G
Mm

R2
. (3.13)

We have recovered Newton’s law of gravitation, practically from first principles!
These equations do not just come out by accident. It had to work, partly for

dimensional reasons, and also because the laws of Newton have been ingredients in the
steps that lead to black hole thermodynamics and the holographic principle. In a sense
we have reversed these arguments. But the logic is clearly di↵erent, and sheds new
light on the origin of gravity: it is an entropic force! That is the main statement, which
is new and has not been made before. If true, this should have profound consequences.
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“There is nothing new to be discovered in 
physics now, All that remains is more and 

more precise measurements.”
Feeling at the end of 

the XIX century
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Lord Kelvin’s clouds
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Michelson-
Morley 

Black-body 
spectrum

THE 

LONDON, EDINBURGH, ,~I} DUBLIN 
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AND 
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MAGAZINE 

SCIENCE 

[SIXTH SERIES . ]  

J U L  Y 1901. 

I..Nineteenth Century Clouds over the Dynamical Theory of 
Heat and Light *. By The Right. Hen. Lord KELVlS, 
G.C.V.O., D.C.L., LL.D., F.R.S., ~[.R.L t. 

[I~ the present article, the substance of the lecture is 
reproduced--with large additions, in which work com- 
menced at the beginning of last year and continued after 
the lecture, during thirteen months up to the present tim% 
is described--with results confirming the conclusions and 
largely extending the illustrations which were given in the 
lecture. [ desire to take this opportunity of expressing my 
obligations to Mr. William Anderson, my secretary and 
assistant, for the mathematical tact and skil!, the accuracy 
of geometrical drawing, and the unfailingly faithful per- 
severance in the long-continued and varied series of drawings 
and algebraic and arithmetical calculations, explained in the 
following pages. The whole of this work, invoh, ing the 
determination of results due to more than five thousand 
individual impacts~ has been performed by Mr. Anderson.-- 
K., Feb. 2~ 1901.] 

w 1. T H E  beauty and clearness of the dynamical theory, 
J _  which asserts heat and light to be modes of 

motion, is at present obscured by two clouds. I. The first 
came into existence with the undulatory theory of light, and 

~* Lectm'e delivered at the Royal Institution of Great Britain, o1~ 
Friday, April 27, 1900. 

t Communicated by the Author. 
Phil. Mag. S. 6. Vol. 2. :No. 7. July 1901. B 

“The beauty and clearness of the dynamical theory, 
which asserts heat and light to be modes of motion, is 

at present obscured by two clouds” 
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Michelson-Morley experiment
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∇2E −
1
c2

∂2

∂t2
E = 0

Maxwell equations predicted electromagnetic 
waves always traveling at speed 

Speed  with respect to what???

c = 1/ μ0ϵ0

c

Mirror

Mirror50% 
mirror

Screen

Light 
source

Michelson invented in 1881 
(Naval academy, Annapolis) 

an interferometer that 
could measure a difference 

of one part in c/v ≈ 104

If light moved at  with respect to Ether, beam would 
take different times when aligned with Earth’s speed 

versus transverse to it

c

30 km/s

Ether at rest

Hypothesis was that Earth was 
moving at least at 30 km/s 

with respect to Ether

No evidence for light 
traveling at different speeds 

in different directions
Albert Michelson would go onto win 
the Nobel prize for Physics in 1907, 

the first American to do so!
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Einstein’s postulates

5

Relativity principle: all laws of Physics have the 
same form in all inertial frames of reference

The speed of light in vacuum has the same value c in 
every direction in all inertial frames of reference

Einstein’s 1905 paper is considered the first complete account of Special relativity, 
but many elements had also been derived by Hendrik Lorentz and Henri Poincaré

ON THE ELECTRODYNAMICS OF MOVING
BODIES

By A. EINSTEIN

June 30, 1905

It is known that Maxwell’s electrodynamics—as usually understood at the
present time—when applied to moving bodies, leads to asymmetries which do
not appear to be inherent in the phenomena. Take, for example, the recipro-
cal electrodynamic action of a magnet and a conductor. The observable phe-
nomenon here depends only on the relative motion of the conductor and the
magnet, whereas the customary view draws a sharp distinction between the two
cases in which either the one or the other of these bodies is in motion. For if the
magnet is in motion and the conductor at rest, there arises in the neighbour-
hood of the magnet an electric field with a certain definite energy, producing
a current at the places where parts of the conductor are situated. But if the
magnet is stationary and the conductor in motion, no electric field arises in the
neighbourhood of the magnet. In the conductor, however, we find an electro-
motive force, to which in itself there is no corresponding energy, but which gives
rise—assuming equality of relative motion in the two cases discussed—to elec-
tric currents of the same path and intensity as those produced by the electric
forces in the former case.

Examples of this sort, together with the unsuccessful attempts to discover
any motion of the earth relatively to the “light medium,” suggest that the
phenomena of electrodynamics as well as of mechanics possess no properties
corresponding to the idea of absolute rest. They suggest rather that, as has
already been shown to the first order of small quantities, the same laws of
electrodynamics and optics will be valid for all frames of reference for which the
equations of mechanics hold good.1 We will raise this conjecture (the purport
of which will hereafter be called the “Principle of Relativity”) to the status
of a postulate, and also introduce another postulate, which is only apparently
irreconcilable with the former, namely, that light is always propagated in empty
space with a definite velocity c which is independent of the state of motion of the
emitting body. These two postulates su�ce for the attainment of a simple and
consistent theory of the electrodynamics of moving bodies based on Maxwell’s
theory for stationary bodies. The introduction of a “luminiferous ether” will
prove to be superfluous inasmuch as the view here to be developed will not
require an “absolutely stationary space” provided with special properties, nor

1
The preceding memoir by Lorentz was not at this time known to the author.

1

On the Electrodynamics of Moving Bodies; 
A. Einstein
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Time dilation
What’s the time passed between light is emitted and absorbed by the green clock?

6

vt /2

L
L
2 + v2 t2 /4

Total time between 
events is simply total 
distance covered by 

light divided by speed

v

t = 2
L2 + v2t2/4

c
⇒ t =

2L
c

1

1 − v2

c2

v v

t′￼=
2L
c

t = t′￼γ Based on Einstein postulates 
alone, time passes more 

slowly when moving

γ ≡
1

1 − v2

c2

We define a 
new quantity γ

Rest frame

L

Green clock frame
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Simultaneity is frame dependent

A light goes off in the middle of a moving train 
➡ Do the light rays reach the front/back of the train at the same time?

7

v

Rest frame Train frame

Light reaches the back of the train 
earlier than the front

Light reaches back and front 
simultaneously

v

Whether two events that occurred far apart are 
simultaneous or not depends on the frame of reference
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Length affected too?

8

Is the length of the train the same at rest and moving?

vL
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Lorentz contraction
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v

Rest frame

v

vt1

v

v(t1+t2)

L

Train frame

L′￼

t1 = (L + vt1)/c → t1 =
L

c − v

t2 = (L − vt2)/c → t2 =
L

c + v

t = t1 + t2 =
2L
c

1
1 − v2/c2} t′￼=

2L′￼

c

L =
L′￼

γ
Moving objects are contracted 

along the direction of movementUsing time dilation t = t′￼γ



Lorentz 
transformations 
and 4-vectors
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Lorentz transformations
Galilean transformations do not account for time 
dilation or space contraction 

Lorentz transformations do 

➡ Where we defined

11

t′￼= t x′￼= x − vt y′￼= y z′￼= z v

y′￼

x′￼

z′￼

z

y

x

t′￼= γt − βγx/c y′￼= y
x′￼= γx − βγct z′￼= z

Space and time are 
intimately intertwined 

Normalized velocity , 

unitless number between 0 and 1

β =
v
c

Lorentz factor , 

unitless number between 1 and 

γ =
1

1 − β2

∞
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4-vectors
Instead of describing positions with 3D vectors, we                                       
use 4-vectors that combine time and space

12

v

y′￼

x′￼

z′￼

z

y

xct′￼

x′￼

y′￼

z′￼

=

γ −βγ 0 0
−βγ γ 0 0

0 0 1 0
0 0 0 1

ct
x
y
z

Normalized velocity , 

unitless number between 0 and 1

β =
v
c

Lorentz factor , 

unitless number between 1 and 

γ =
1

1 − β2

∞

Lorentz 
transformation 
in matrix form
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Norm of 4-vectors

In Euclidean space, norm of vector found adding                  
up the squares of all the components 

4-vectors live in Minkowski space, and the norm adds 
the time and spatial components with different signs 
➡ This norm is the same in all frames (invariant) 

For the space-time 4-vector, the norm is the          
proper time  times  
➡ The proper time is the time that passed for a traveler that followed the 

space-time trajectory given by 

τ c

rμ

13

| ⃗r |2 = x2 + y2 + z2

∑ rμrμ = c2t2 − x2 − y2 − z2 = c2τ2
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Twin paradox: what’s Roberto’s age?

14

ALBERTO 
30 Y.O.

ROBERTO 
30 Y.O.
? ?ALBERTO 

45 Y.O.
ALBERTO 

60 Y.O.ROBERTO 
50 Y.O.

 [light-years]x

ct Alberto’s trajectory
Roberto’s trajectory

9 5

ctE = c × 15 years

A

α

−3

5

α

3

5

E

B

vR =
5c
3

≈ 0.75c

From B to E, the norm of the vector is 

|rBE |2 = (ctE)2 − ( 3

5
ctE)

2

= c2 (10 years)2

vR =
− 5c

3
≈ − 0.75c

rBE = [
ctE

3ctE / 5]

rEA = [
ctE

−3ctE / 5]

|rEA |2 = |rBE |2 = c2 (10 years)2
Roberto is 
50 when he 
comes back!

c
×

30
 y

ea
rs
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Example: lifetime of the muon

Atmospheric muons typically 
come from  decays 
➡ Then decay as  

What is the lifetime of a muon 
➡ produced at 25,000 m altitude 
➡ traveled vertically towards the Earth 
➡ decayed at 5,000 m after 66.7 

π± → μ±νμ
μ± → e±νeνμ

μs

15

c2τ2 = c2t2 − x2 − y2 − z2

=
c2(66.7 × 10−6)2 − 20,0002

c
= 2.2 μs

τ =
c2t2 − x2

c



Relativistic kinematics: 
conservation of 4-momentum

⌫̄⌧

⌧�

p
p

D0,*B
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The 4-velocity

4-velocity defined as  

➡ Greek indices like  refer to the 0, 1, 2, 3 components 
✦ , , ,  

Like all 4-vectors 
➡ Lorentz transforms into other reference frames 

➡ Its norm is frame invariant

ημ ≡
dxμ

dτ
= γ

dxμ

dt
= γ(c, vx, vy, vz)

μ
x0 = ct x1 = x x2 = y x3 = z

17

∑ ημημ = (γc)2 − (γvx)2 − (γvy)
2

− (γvz)2 = γ2 (c2 − v2) = c2

η′￼μ =

γ(v′￼)c
γ(v′￼)v′￼x

γ(v′￼)v′￼y

γ(v′￼)v′￼z

γ(v) =
1

1 − v2 /c2

u

y′￼

x′￼

z′￼

z

y

x

v

=

γ(u) −β(u)γ(u) 0 0
−β(u)γ(u) γ(u) 0 0

0 0 1 0
0 0 0 1

γ(v)c
γ(v)vx

γ(v)vy

γ(v)vz
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4-momentum

4-momentum defined as  
➡ This is for a particle of mass  
➡ Also defined for a set of particles as the sum of individual 4-momenta 

Like all 4-vectors 
➡ Lorentz transforms into other reference frames 

➡ Its norm is frame invariant

pμ = mημ = (mγc, mγ v )
m

18

p′￼μ =

mγ(v′￼)c
mγ(v′￼)v′￼x

mγ(v′￼)v′￼y

mγ(v′￼)v′￼z

=

E′￼/c
p′￼x

p′￼y

p′￼z

=

γ(u) −β(u)γ(u) 0 0
−β(u)γ(u) γ(u) 0 0

0 0 1 0
0 0 0 1

E/c
px
py
pz

u

y′￼

x′￼

z′￼

z

y

x

v

∑ pμpμ = E2/c2 − p2
x − p2

y − p2
z = m2c2 → E = m2c4 − p2c2

p2 = p2
x + p2

y + p2
z
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4-momentum for v ≪ c
Spatial part looks like standard momentum 

Time part is  constant plus kinetic energymc2

19

mγ v =
m v

1 − v2

c2

= m v + m v
v2

2c2
+ 𝒪 ( v4

c4 )

E
c

= mγc =
mc

1 − v2

c2

=
1
c

mc2 + m
v2

2
+ 𝒪 ( v4

c2 )

pμ =

mγc
mγvx
mγvy
mγvz

=

E/c
px
py
pz

Einsteins brilliant insight 
 (at rest)E = mc2

When not at rest, 

E = m2c4 − p2c2
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Units in particle physics

20

Typically use electronvolts (eV) to measure energy 
➡ Energy of an electron accelerated by a 1 V potential 
➡ Very useful in the original experiments 
➡ 1 eV = 1.602×10-19 J 

Use eV/c for momentum 

Use eV/c2 for mass 

What is the energy of an electron (me = 511 keV/c2) 
that has a momentum of 1 MeV/c? 

Very often, we just set c = 1, so energy, mass, and 
momentum are measured in eV

Ee = p2
e c2 + m2

e c4 = (1 MeV/c)2 c2 + (0.511 MeV/c2)
2

c4 = 1.12 MeV
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Particle masses

21

Elementary particles masses 
cover a large range 
➡ Photon/gluon are massless 
➡ Neutrinos ~ meV 
➡ 1st generation fermions ~1 MeV 
➡ 2nd generation fermions ~ 0.1 - 1 GeV 
➡ 3rd generation fermions ~ 1 - 173 GeV 
➡ W, Z bosons ~ 90 GeV 
➡ Higgs boson ~ 125 GeV 

Masses of non-elementary 
particles heavily determined 
by binding energy 
➡ eg, m(u) = 2.3 MeV, m(d) = 4.8 MeV 

✦ Mass of proton (uud) is 938 MeV

M
as

s 
(G

eV
)

511 keV

105.7 MeV

125 GeV

173 GeV
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4-momentum conservation

In SR, it is 4-momentum that is conserved 
➡ Generalization of energy and 3-momentum conservation  

For a closed system of  particlesn

22

E1,ini

c

p1,ini
x

p1,ini
y

p1,ini
z

+

E2,ini

c

p2,ini
x

p2,ini
y

p2,ini
z

+ ⋯ +

En,ini

c

pn,ini
x

pn,ini
y

pn,ini
z

=

E1, fin

c

p1, fin
x

p1, fin
y

p1, fin
z

+

E2, fin

c

p2, fin
x

p2, fin
y

p2, fin
z

+ ⋯ +

En, fin

c

pn, fin
x

pn, fin
y

pn, fin
z

n

∑
i

pi,ini
μ =

n

∑
i

pi, fin
μ  for each coordinate μ
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Degrees of freedom in particle decay

23

A particle α decays into two other particles λ and ω: α → λ ω  

p2
α + m2

αc2

pα,x
pα,y
pα,z

=

p2
λ + m2

λ c2

pλ,x
pλ,y
pλ,z

+

p2
ω + m2

ωc2

pω,x
pω,y
pω,z

General conservation of 4-momentum

pν
α pν

ωpν
λ

Cannot know λ and ω direction (isotropic decay), but we know that they will both 
travel along the same line in opposite directions by conservation of momentum 
→ Choose x axis along the direction of the decay

Degrees of freedom Equations
α λ ω Total (constraints)

Original 4 4 4 12 4
Masses 3 3 3 9 4
α at rest 0 3 3 6 4

Symmetry 0 1 1 2 2

mαc
0
0
0

=

p2
λ + m2

λ c2

pλ

0
0

+

p2
ω + m2

ωc2

pω

0
0

Conservation of 4-momentum 
in two-body decay

pα = p2
α,x + p2

α,y + pz
α,x

pλ = p2
λ,x + p2

λ,y + pz
λ,x

pω = p2
ω,x + p2

ω,y + pz
ω,x



SlideManuel Franco Sevilla Introduction to Special Relativity

(Forbidden) decay of a muon

24

What is the energy of the (massless) photon γ emitted 
in the decay µ− → e− + γ assuming the muon is initially 
at rest?

λ [cm]f [Hz] Eγ [eV]

p2
μ + m2

μc2

pμ

= p2
e + m2

e c2

pe

+ p2
γ + m2

γ c2

pγ

Conservation of 4-momentumpν
μ pν

epν
γ

Cannot know γ and e- direction (isotropic decay), but we 
know that they will both travel along the same line in 
opposite directions by conservation of momentum

[mμc
0 ] = p2

e + m2
e c2

pe

+
pγ

pγ

⇒
p2

e + m2
e c2 = mμc − pγ

0 = pe + pγ

Since the muon is at rest, pµ = 0, the photon is massless, mγ = 0

p2
γ + m2

e c2 = m2
μc2 − 2mμcpγ + p2

γ ⇒ pγ =
m2

μc − m2
e c

2mμ

Solve for positive pγ

Eγ = pγc =
m2

μc2 − m2
e c2

2mμ
= 52.83 MeV
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Reconstructing a particle

How do you discover a new particle? 
➡ Look for particles decaying from a common vertex

25

pp → XbB0
s X

B0
s → μ+μ−

B0
s

µ+

µ-B0
s → μ+μ−

The  is invisible, but we 
see the muons and 

reconstruct its momentum

B0
s
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Reconstruct invariant mass

How do you discover a new particle? 
➡ Look for particles decaying from a common vertex 
➡ Add up the momenta of the daughter particles 

➡ Calculate invariant mass 

➡ Plot histogram and find peak!

26

Marco Santimaria /22LHC seminar 03/2021

5000 5500 6000
]2c [MeV/−µ+µm

0

10

20

30

40

)2 c
Ca

nd
id

at
es

 / 
( 2

7.
5 

M
eV

/ Data
Total

−µ+µ→s
0B

−µ+µ→0B
γ−µ+µ→s

0B
−'h+h→B

µνµh→bX
−µ+µ)+0(π→

0(+)B
Combinatorial

LHCb
1−9 fb

 0.5≥BDT 

Figure 1: Mass distribution of the selected B0
(s)! µ+µ� candidates (black dots) with BDT > 0.5.

The result of the fit is overlaid and the di↵erent components are detailed: B0
s ! µ+µ� (red solid

line), B0! µ+µ� (green solid line), B0
s ! µ+µ�� (violet solid line), combinatorial background

(blue dashed line), B0
(s) ! h+h0� (magenta dashed line), B0 ! ⇡�µ+⌫µ, B0

s ! K�µ+⌫µ,

B+
c ! J/ µ+⌫µ and ⇤0

b ! pµ�⌫µ (orange dashed line), and B0(+)! ⇡0(+)µ+µ� (cyan dashed
line).

The correlation between the B0! µ+µ� and B0
s ! µ+µ�� branching fractions is �23%,183

while the correlations with B0
s ! µ+µ� are below 10%. The mass distribution of the184

B0
(s)! µ+µ� candidates with BDT > 0.5 is shown in Fig. 1, together with the fit result.185

An excess of B0
s ! µ+µ� candidates with respect to the expectation from background186

is observed with a significance of 10 standard deviations (�), while the significance of the187

B0! µ+µ� signal is 1.7 �, as determined using Wilks’ theorem [45] from the di↵erence188

in likelihood between fits with and without the specific signal component.189

Since the B0! µ+µ� and B0
s ! µ+µ�� signals are not significant, an upper limit on190

each branching fractions is set using the CLs method [46] with a profile likelihood ratio as191

a one-sided test statistic [47]. The likelihoods are computed with the nuisance parameters192

Gaussian-constrained to their nominal values. The test statistic is then evaluated on193

an ensemble of pseudo-experiments where the nuisance parameters are floated according194

to their uncertainties. The resulting upper limit on B(B0 ! µ+µ�) is 2.6⇥ 10�10 at195

95% CL, obtained without constraining the B0
s ! µ+µ�� yield. Similarly, the upper limit196

on B(B0
s ! µ+µ��)mµµ>4.9GeV/c2 is evaluated to be 2.0⇥ 10�9 at 95% CL.197

The e�ciency of B0
s ! µ+µ� decays depends on the lifetime, introducing a model-198

dependence in the measured time-integrated branching fraction. In the fit the SM value199

for ⌧µ+µ� is assumed, corresponding to Aµµ
��s

= 1. The model dependence is evaluated200

5

Mass fit result

18

ℬ(B0
s → μ+μ−) = (3.09+0.46+0.15

−0.43−0.11) × 10−9 (10.8σ)

[LHCB-PAPER-2021-007]

Preliminary

•  and  compatible with background only at  and B0 → μ+μ− B0
s → μ+μ−γ 1.7σ 1.5σ

p2
1 + m2

μc2

p1

+ p2
2 + m2

μc2

p2

= [EB
pB]

mB = E2
B − p2

B
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Particle accelerator types

27

Lepton collider
Positron-Electron 
Project II (PEP-II)

Hadron collider
Large Hadron 
Collider (LHC)

Type of 
particle vs

Linear collider
Stanford Linear 
Collider (SLC)

Circular collider
Large Electron-

Positron collider (LEP)
Geometry vs

Fixed target
NA62

Collider
Tevatron

Type of 
collision vs
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Linear vs Circular colliders
Circular geometry has key advantages as particles circle around 
➡ Can have higher energies as particles are accelerated at each cycle 
➡ Can have higher collision rates as particle bunches have more opportunities to 

collide 

However, charged particles emit synchrotron radiation when 
changing direction 
➡ Power loss grows very quickly with energy 
➡ Circular geometry not feasible for light particles (eg, electrons) for √s ≥ ~250 GeV 

✦ Use protons (mp ~ 2000me) for higher energies

28

Ploss
sync ∝

E4

m4R2
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Fixed target vs Colliders
In Fixed target 
experiments a 
beam of high-
energy particles 
collides against a 
large and 
stationary target

29

Ep1 pp1 = E2
p1 − m2

p

p2
1 + m2

1c2

p1

+ p2
2 + m2

2c2

p2

= p2
3 + m2

3c2

p3

Conservation of 4-momentum

pν
3 pν

2pν
1

[p1
p1] + [mp

0 ] = p2
3 + m2

3c2

p3

p3 = p1

m2
3c2 = (p1 + mpc)

2
− p2

1 = 2p1mpc → m3 = 0.14 TeV/c2

m3 = 0.14 TeV/c2pp1 = (10 TeV/c, 10 TeV/c, 0, 0)

pp2 = (1 GeV/c, 0, 0, 0)
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Fixed target vs Colliders
In Fixed target 
experiments a 
beam of high-
energy particles 
collides against a 
large and 
stationary target 
➡ Easy, cheap 
➡ Inefficient → difficult to 

reach high energies 

Colliders crash two 
narrow beams of 
particles 
➡ Difficult but efficient

30

pp1 = (10 TeV/c, 10 TeV/c, 0, 0)

pp2 = (1 GeV/c, 0, 0, 0)

pp1 = (10 TeV/c, 10 TeV/c, 0, 0) pp2 = (10 TeV/c, -10 TeV/c, 0, 0)

Ep1 pp1 = E2
p1 − m2

p

m3 = 0.14 TeV/c2

m3 = 20 TeV/c2

p2
1 + m2

1c2

p1

+ p2
2 + m2

2c2

p2

= p2
3 + m2

3c2

p3

Conservation of 4-momentum
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Summary of 4-momentum conservation

Conservation of 4-momentum allows us to solve 
particle physics problems

31

pν
B+ pν

K*0pν
π+

Conservation of 4-momentum in a 
particle decay

[cmB+

0 ] = p2
K*0 + c2m2

K*0

pK*0

+ p2
π+ + c2m2

π+

pπ+

p2
1 + m2

1c2

p1

+ p2
2 + m2

2c2

p2

= p2
3 + m2

3c2

p3

Conservation of 4-momentum in a 
head on particle collision

pν
3 pν

2pν
1

2-body decays are always collinear
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Horse-barn paradox

33

0.75 m

3c
2

Barn frame Horse frame

2 m1.5 m

3c
2

1 m

How can the 2 m horse both fit in the 
1.5 m barn in the rest frame and not fit 

in the barn in its own frame?

Lack of simultaneity is what leads to many of SR’s paradoxes

2 m 1.5 m

Could we fit a 2 m horse into 
a 1.5 m barn using relativity?

Yes! Accelerate the horse to 

vhorse =
3c
2

→ γ =
1

1 −
v2
horse

c2

= 2
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Horse-barn paradox resolution

It is simply a problem of simultaneity 
➡ The tail and head of the horse being inside the barn at the same time 

depends on the speed that you are going

34

x [m]

ct

1 3.5 5

t2
t1

α = atan (β)T

H

In the barn rest frame, the horse is (2m)/
γ = 1m long, and the slopes of  the head 
and tail of  the horse are  Since 

the barn is at rest in this frame, its doors 
have infinite slope.  

Between t1 and t2 the horse is fully 
enclosed inside the barn because both 
its tail and head are inside.

1
β

≈ 1.15

1
β

=
2

3

β =
3

2

Head
Tail
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Quantum mechanics in a nutshell

35

+ many other experiments 
(photoelectric effect…)

Black body radiation
Ultraviolet catastrophe Energy quantization

E = hν

+ work from many others (Einstein, 
Schrödinger, Heisenberg…)

Deeper understanding 
of the Universe’s 

fundamental 
constituents 
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Relativity in a nutshell

36

+ experiments from many 
others (ether dragging…)

Mirror

Mirror50% 
mirror

Screen

Light 
source

Michelson-Morley 
experiment

Could not find ether, the 
medium light travels 

with respect to

The laws of Physics have the 
same form in all inertial 

frames of reference

The speed of light in vacuum has 
the same value c in every direction 
in all inertial frames of reference

Einstein’s postulates

+ work from many others 
(Poincaré, Lorentz…)

E = mc2

Deeper 
understanding of the 
Universe’s spacetime, 

mass, and energy

Δt′￼=
Δt

1 − v2

c2
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Galilean relativity
Not obvious whether Earth’s laws of physics should 
apply elsewhere 

37

30,000 m/s

Should we 
obey the 

same laws?

The laws of Motion have the 
same form in all inertial 

frames of reference

Postulate from 
Galileo Galilei 
(1564 - 1642)

Inertial frames of reference 
are those that move at 

constant relative velocities

30,000 m/s

How 
should the 
apple fall?

30,000 m/s
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Galilean transformations
The Galilean transformations rely on two axioms 
➡ There exists an absolute space 
➡ All inertial frames share a universal time 

Thus, the coordinate transformation between two 
inertial frames where the origins are the same at 

 and the velocity  is aligned with the  axist = 0 u x

38

t′￼ = t x′￼ = x − ut
y′￼ = y z′￼ = zu

y′￼

x′￼

z′￼

z

y

x
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Galilean example

For two frames of references S and S’ with the same 
origin at t = 0 and aligned

39

S

x

y

60 mi/h

S’

x’

y’

t′￼= t x′￼= x − (60 mi/h) t
y′￼= y z′￼= z

L′￼train = 20 m

Ltrain = 20 m

xtrain = 10 + (200 mi/h)t − (10 mi/h2)t2

vtrain = 200 mi/h − (20 mi/h2)t

atrain = − 20 mi/h2

x′￼train = 10 + (140 mi/h)t − (10 mi/h2)t2

v′￼train = 140 mi/h − (20 mi/h2)t

a′￼train = − 20 mi/h2

200 mi/h


