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Classical Physics

(+ friends ) explains all of physics up to ~1900

NewtonGalileo Maxwell





“The laws of physics are the same in all universally moving frames” 

Galilean relativity

Time is absolute (the same for every one)



Galilean relativity
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t = t′

!x ′ = !x+ !vt
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!v ′ = !v + !u

Change of frame:

Speeds add:



G.G:“The laws of physics are the same in all 
universally moving frames” 
I.N.: “Universally moving with respect to what?”

Newtonian relativity

i. A body remains at constant speed unless acted upon by 
an external force

ii. F=ma
iii. Every action has an equal and opposite reaction

Time and space are absolute (the same for every one)



Newtonian relativity

i. A body remains at constant speed unless acted upon by 
an external force

An inertial frame is one where Newton’s first law is 
true

Physics is the same in all inertial frames



Measuring the speed of light
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Galileo, c 1600

Ole Rømer, 1676

Armand Fizeau, 1849
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Measuring the speed of light

3miles

Galileo, c 1600 Newton, c 1686

Ole Rømer, 1676
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3.1⇥ 108 m/s



Maxwell’s Equations

1864

Speed of light is fixed 
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Maxwell’s Equations

Accelerating charges can produce EM waves
Travel at the speed of light



Maxwell’s Equations

Accelerating charges can produce EM waves
Travel at the speed of light



Maxwell’s Equations

•Water waves wiggle on water
•Sound waves move through air/material
•What is wiggling in EM radiation?

Luminiferous Aether





They (an
d others) fa

iled to find the aether!

Light alw
ays tr

avels at 
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c ⇡ 3⇥ 10
8 m/sec



Lorentz and Poincare and the symmetries of 
Maxwell’s Equations

Lorentz discovered that Maxwell’s equations are invariant 
under a strange transformation
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x′ = �(x� vt)
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2.Brownian motion
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2.Brownian motion
3.Special Relativity
4.E=mc2

Two postulates:
1. Physics is the same in all inertial frames (you cannot 
detect the aether)

2. Speed of light is the same for all observers.



Annus Mirabilis (1905)

1.Photoelectric effect
2.Brownian motion
3.Special Relativity
4.E=mc2

Two postulates:
1. Physics is the same in all inertial frames (you cannot 
detect the aether)

2. Speed of light is the same for all observers.

There is no absolute space or time, all motion is relative



The second postulate is very counter intuitive



Time dilation — Gedanken Experiment

View from train View from platform

Use light as a clock, we know that light always travels at c



View from train



View from train

<latexit sha1_base64="oIDplfRCVPdqmCfVzMTbPCA2ajA=">AAACFHicbZC7SgNBFIZnvRtvUQsLm8EgWIXd4K0RRC0sLCIYFbJLmJ2cTYbMzi4zZ4Ww7Gv4Arb6BnZia+8L+BxOLoUafxj4+c85nDNfmEph0HU/nanpmdm5+YXF0tLyyupaeX3j1iSZ5tDgiUz0fcgMSKGggQIl3KcaWBxKuAt754P63QNoIxJ1g/0Ugph1lIgEZ2ijVnnLvwCJjCI9oTU/0oznV0XOi1a54lbdoeik8camQsaqt8pffjvhWQwKuWTGND03xSBnGgWXUJT8zEDKeI91oGmtYjGYIB9+oKC7NmnTKNH2KaTD9OdEzmJj+nFoO2OGXfO3Ngj/qzUzjI6DXKg0Q1B8tCjKJMWEDmjQttDAUfatYVwLeyvlXWYpoGX2a0sEfRWnRcmC8f5imDS3tap3WD243q+cno0RLZBtskP2iEeOyCm5JHXSIJwU5Ik8kxfn0Xl13pz3UeuUM57ZJL/kfHwDPe6eOQ==</latexit>

�t = 2
L

c



View from platform

Distance traveled:
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View from platform

Distance traveled:
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View from platform

Distance traveled:
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View from platform

Distance traveled:
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Time dilation — Gedanken Experiment
Moving clocks “tick slower” 
c is a maximum speed for all things
Only really noticeable for v close to c

0.0 0.2 0.4 0.6 0.8 1.0

1

10

100

1000



Time dilation — Real Experiment
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c⌧ = 660m
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�c⌧ ! 660m

Frisch and Smith in 1962 
measured flux of muons at 
different altitudes.  

Rate, and energies, 
consistent with muons 
moving at 0.995c.  

Variation with altitude what 
expected from time dilation



Time dilation — Real Experiment

Speed of plane, relative to clocks on ground gave a 
0.1microsecond change, in agreement with relativity

Hafele and Keating





Length contraction
Let’s move to the muon’s frame.  It 
“knows” it lives for 2.2microseconds, and it 
“knows” it can only travel 100s metres in 
that time.  

How does it make it Earth?

Earth is rushing towards the muon.  Distance is “length 
contracted” from muon’s frame
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Twin Paradox But if all motion is 
relative why can’t I think 
about rocket staying still 
and Earth moving?  Then 
Earth twin is younger!?

Only Earth twin stays in 
an inertial frame, the 

situation is not 
symmetric.

Rocket twin will come 
back younger…relativity 

is weird!



Spacetime

Classically there was absolute space and absolute time

In relativity all times and distances are relative AND time 
and space are not separate
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Distance Proper distance
<latexit sha1_base64="PpfqQCYPJ/hN4uEGi5Zl6wkPI1s="></latexit>

�s2 = (c�t)2 ��x2 ��y2 ��z2



<latexit sha1_base64="6zRAue+0VwAFe4rapSo9IxXI3Tk=">AAACIHicbVDLSgMxFM34tr6qLt0EiygoZUZ8bQTRjUsFq4VOkUx6R0MzmSG5UyzDfIC/4Q+41T9wJy71A/wO03YWtnog5HDOudzkBIkUBl330xkbn5icmp6ZLc3NLywulZdXrk2cag41HstY1wNmQAoFNRQooZ5oYFEg4SZon/X8mw5oI2J1hd0EmhG7UyIUnKGVbssVPMZN3y/5HeDZQ+7vbB4XdLt/d3KKNuVW3T7oX+IVpEIKXNyWv/1WzNMIFHLJjGl4boLNjGkUXEJe8lMDCeNtdgcNSxWLwDSz/mdyumGVFg1jbY9C2ld/T2QsMqYbBTYZMbw3o15P/M9rpBgeNTOhkhRB8cGiMJUUY9prhraEBo6yawnjWti3Un7PNONo+xvaEkJXRUlessV4ozX8Jde7Ve+gun+5Vzk5LSqaIWtknWwRjxySE3JOLkiNcPJInskLeXWenDfn3fkYRMecYmaVDMH5+gH9AqNm</latexit>

t = t′

!x ′ = !x+ !vt

<latexit sha1_base64="bPj0B2IpP7+MsdGFz7e2EsdRA+M="></latexit>

t′ = �t� �
v

c2
x

x′ = �x� �vt
<latexit sha1_base64="I9A7yNtzgx9QkNwCV+F9BVsXV0o=">AAACHnicbVDLSsNAFJ3UV62vqEs3o0UUCiUpvjZC0Y3LCvYBbS2T6aQdOpmEmUkhhKz9DX/Arf6BO3GrP+B3OGmzsK0HBs49517uneMEjEplWd9Gbml5ZXUtv17Y2Nza3jF39xrSDwUmdewzX7QcJAmjnNQVVYy0AkGQ5zDSdEa3qd8cEyGpzx9UFJCuhwacuhQjpaWeeRhed1yBcDwuhSdJbJeyCqYVfqwkSc8sWmVrArhI7IwUQYZaz/zp9H0ceoQrzJCUbdsKVDdGQlHMSFLohJIECI/QgLQ15cgjshtPvpLAY630oesL/biCE/XvRIw8KSPP0Z0eUkM576Xif147VO5VN6Y8CBXheLrIDRlUPkxzgX0qCFYs0gRhQfWtEA+RzkLp9Ga2uCTiXpAUdDD2fAyLpFEp2xfl8/uzYvUmiygPDsAROAU2uARVcAdqoA4weAIv4BW8Gc/Gu/FhfE5bc0Y2sw9mYHz9ArWWor0=</latexit>

u =
v + u′

1 + vu′

c2

ClassicalRelativistic
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<latexit sha1_base64="+pRWadsKtxVMr49afDxCLK19srY=">AAACB3icbVBLSgNBEO2Jvxh/UZduGoPgKsyIv2XQjcsIJgYyQ+jp1CRNunuG7h5hGHIAL+BWb+BO3HoML+A57CSzMIkPCh7vVVFVL0w408Z1v53Syura+kZ5s7K1vbO7V90/aOs4VRRaNOax6oREA2cSWoYZDp1EAREhh8dwdDvxH59AaRbLB5MlEAgykCxilBgr+f6ACEGwb2Ls9ao1t+5OgZeJV5AaKtDsVX/8fkxTAdJQTrTuem5igpwowyiHccVPNSSEjsgAupZKIkAH+fTmMT6xSh9HsbIlDZ6qfydyIrTORGg7BTFDvehNxP+8bmqi6yBnMkkNSDpbFKUc2xcnAeA+U0ANzywhVDF7K6ZDogg1Nqa5LRFkUiTjig3GW4xhmbTP6t5l/eL+vNa4KSIqoyN0jE6Rh65QA92hJmohihL0gl7Rm/PsvDsfzuesteQUM4doDs7XL3Q+mYk=</latexit>

� ! 1

Nothing can travel faster 
than the speed of light



Spacetime — four vectors

<latexit sha1_base64="4K6gemjfgWn+tNxE9aTWaviloWc="></latexit>

�d2 = �x2 +�y2 +�z2

Distance Proper distance
<latexit sha1_base64="PpfqQCYPJ/hN4uEGi5Zl6wkPI1s="></latexit>

�s2 = (c�t)2 ��x2 ��y2 ��z2

<latexit sha1_base64="Ur0lNeDnHqtuFezjpLiYmh/u068=">AAACLHicbVDLSsNAFJ34tr6iLt0MFsFVTcTXRii6calgH9CEMpne1MHJJMxMSmPIZ/gb/oBb/QM3Im79Dqc1iFoPXDiccy/33hMknCntOK/W1PTM7Nz8wmJlaXlldc1e32iqOJUUGjTmsWwHRAFnAhqaaQ7tRAKJAg6t4PZ85LcGIBWLxbXOEvAj0hcsZJRoI3XtPW8ANB8W+BR7AfSZyJOIaMmGxdDzcGbqzgPR+1a7dtWpOWPgSeKWpIpKXHbtD68X0zQCoSknSnVcJ9F+TqRmlENR8VIFCaG3pA8dQwWJQPn5+LEC7xilh8NYmhIaj9WfEzmJlMqiwHSa+27UX28k/ud1Uh2e+DkTSapB0K9FYcqxjvEoJdxjEqjmmSGESmZuxfSGSEK1yfLXlhAyESVFxQTj/o1hkjT3a+5R7fDqoFo/KyNaQFtoG+0iFx2jOrpAl6iBKLpHj+gJPVsP1ov1Zr1/tU5Z5cwm+gXr4xOv8amZ</latexit>

!x =

0

@
x
y
z

1

A

<latexit sha1_base64="UIzZjc/lq1lKXqZikW2kYdHTwsk=">AAACG3icbVDLSsNAFJ34rPUVdSnIYBEEoSTF10YounGpYFXoi8n0ph06mcSZiRhjdv6GP+BW/8CduHXhD/gdTmsXtvXAhcM593LvPV7EmdKO82VNTE5Nz8zm5vLzC4tLy/bK6qUKY0mhQkMeymuPKOBMQEUzzeE6kkACj8OV1z3p+Ve3IBULxYVOIqgHpC2YzyjRRmraGw+1W6DpXfaAj3BN3Uid3jVKO4mp+0Ypa9oFp+j0gc eJOyAFNMBZ0/6utUIaByA05USpqutEup4SqRnlkOVrsYKI0C5pQ9VQQQJQ9bT/R4a3jNLCfihNCY376t+JlARKJYFnOgOiO2rU64n/edVY+4f1lIko1iDo7yI/5liHuBcKbjEJVPPEEEIlM7di2iGSUG2iG9riQyKCKMubYNzRGMbJZano7hf3zncL5eNBRDm0jjbRNnLRASqjU3SGKoiiR/SMXtCr9WS9We/Wx2/rhDWYWUNDsD5/AENvoW0=</latexit>

|!x| =
p

x2 + y2 + z2
<latexit sha1_base64="Nzzn9krcWwMD2T/7STe8c6HsPgY=">AAACG3icbVDLSgMxFM34rPVVdSlIsAh1YZkZfG2EohuXFewD+iKTZtrQJDMkGenYdudv+ANu9Q/ciVsX/oDfYfpY2NYDBw7n3MtNjhcyqrRtf1sLi0vLK6uJteT6xubWdmpnt6iCSGJSwAELZNlDijAqSEFTzUg5lARxj5GS17kZ5qUHIhUNxL2OQ1LjqCWoTzHSxmqkDvrdepVH/boLr2AG6+O6e9I1jA0f624jlbaz9ghwXjgTkQYT5Bupn2ozwBEnQmOGlKo4dqhrPSQ1xYwMktVIkRDhDmqRipECcaJqvdE/BvDIOE3oB9JQaDhy/270EFcq5p6Z5Ei31Ww2NP/LKpH2L2s9KsJIE4HHh/yIQR3AYSmwSSXBmsVGICypeSvEbSQR1qa6qSs+iQUPB0lTjDNbw7woulnnPHt2d5rOXU8qSoB9cAgywAEXIAduQR4UAAZP4AW8gjfr2Xq3PqzP8eiCNdnZA1Owvn4BnaWf0g==</latexit>

|xµ|2 = (ct)2 � x2 � y2 � z2

<latexit sha1_base64="Q3QFepIpvQF8ZM4liJxyK3ap79I=">AAACLHicbVDLSgMxFM34rPVVdekmWARXdUZ8bYSiG5cVrApNLZn0Tg0mmSHJSMehn+Fv+ANu9Q/ciLj1O0xrEWs9cOFwzr3ce0+YCG6s7795E5NT0zOzhbni/MLi0nJpZfXCxKlmUGexiPVVSA0IrqBuuRVwlWigMhRwGd6e9P3LO9CGx+rcZgk0Je0oHnFGrZNape3uNZEpPsIkhA5XeSKp1bzbY5aQLiEZIfcEVPtHb5XKfsUfAI+TYEjKaIhaq/RJ2jFLJSjLBDWmEfiJbeZUW84E9IokNZBQdks70HBUUQmmmQ8e6+FNp7RxFGtXyuKB+nsip9KYTIau0913Y/56ffE/r5Ha6LCZc5WkFhT7XhSlAtsY91PCba6BWZE5Qpnm7lbMbqimzLosR7ZEkCmZ9IoumOBvDOPkYqcS7Ff2znbL1eNhRAW0jjbQFgrQAaqiU1RDdcTQA3pCz+jFe/RevXfv47t1whvOrKEReJ9fPsyp8g==</latexit>

xµ =

0

BB@

ct
x
y
z

1

CCA



Simultaneity 

Spacetime separation the same for both observers, but one 
sees them simultaneously, the other sees B first

<latexit sha1_base64="PpfqQCYPJ/hN4uEGi5Zl6wkPI1s="></latexit>

�s2 = (c�t)2 ��x2 ��y2 ��z2



Spacetime — four vectors
Momentum Four momentum

<latexit sha1_base64="wObtp7XTsI9AKYgV8rR2SnNRr6I="></latexit>

!p =

0

@
px
py
pz

1

A = m!v

<latexit sha1_base64="pDBs/Y25d9UL2KNE74tlKDUVKlc="></latexit>

pµ =

0

BB@

E/c
px
py
pz

1

CCA

<latexit sha1_base64="itl2aMjpsvG5g+zkZ+nw/aS0QNs="></latexit>

|pµ|2 =

✓
E

c

◆2

� !p 2



Spacetime — four vectors
Momentum Four momentum

<latexit sha1_base64="wObtp7XTsI9AKYgV8rR2SnNRr6I="></latexit>

!p =

0

@
px
py
pz

1

A = m!v

<latexit sha1_base64="pDBs/Y25d9UL2KNE74tlKDUVKlc="></latexit>

pµ =

0

BB@

E/c
px
py
pz

1

CCA

<latexit sha1_base64="itl2aMjpsvG5g+zkZ+nw/aS0QNs="></latexit>

|pµ|2 =

✓
E

c

◆2

� !p 2

Invariant under “boosts”



Spacetime — four vectors
Momentum Four momentum

<latexit sha1_base64="wObtp7XTsI9AKYgV8rR2SnNRr6I="></latexit>

!p =

0

@
px
py
pz

1

A = m!v

<latexit sha1_base64="pDBs/Y25d9UL2KNE74tlKDUVKlc="></latexit>

pµ =

0

BB@

E/c
px
py
pz

1

CCA

<latexit sha1_base64="itl2aMjpsvG5g+zkZ+nw/aS0QNs="></latexit>

|pµ|2 =

✓
E

c

◆2

� !p 2

Invariant under “boosts”

Always equal to 
<latexit sha1_base64="A0WG9CD9mGNvzTJDSBxpLdyPcDs=">AAACAXicdVDLSgMxFM34rPVVdekmWARXQ6a17bgrunFZwT6gLzJppo1NMkOSEUrpyh9wq3/gTtz6Jf6A32H6EKzogQuHc+7l3nuCmDNtEPpwVlbX1jc2U1vp7Z3dvf3MwWFNR4kitEoiHqlGgDXlTNKqYYbTRqwoFgGn9WB4NfXr91RpFslbM4ppW+C+ZCEj2FipJjo50sl1M1nklvJeDhUgclHR9/2LKckXkZeHnotmyIIFKt3MZ6sXkURQaQjHWjc9FJv2GCvDCKeTdCvRNMZkiPu0aanEgur2eHbtBJ5apQfDSNmSBs7UnxNjLLQeicB2CmwG+rc3Ff/ymokJ/faYyTgxVJL5ojDh0ERw+jrsMUWJ4SNLMFHM3grJACtMjA1oaUtIR1LEk7QN5vt7+D+p5Vyv6BZuzrPly0VEKXAMTsAZ8EAJlME1qIAqIOAOPIIn8Ow8OC/Oq/M2b11xFjNHYAnO+xeML5d0</latexit>

m2c2



Spacetime — four vectors
Momentum Four momentum

<latexit sha1_base64="wObtp7XTsI9AKYgV8rR2SnNRr6I="></latexit>

!p =

0

@
px
py
pz

1

A = m!v

<latexit sha1_base64="pDBs/Y25d9UL2KNE74tlKDUVKlc="></latexit>

pµ =

0

BB@

E/c
px
py
pz

1

CCA

<latexit sha1_base64="itl2aMjpsvG5g+zkZ+nw/aS0QNs="></latexit>

|pµ|2 =

✓
E

c

◆2

� !p 2

Invariant under “boosts”

Always equal to 
<latexit sha1_base64="A0WG9CD9mGNvzTJDSBxpLdyPcDs=">AAACAXicdVDLSgMxFM34rPVVdekmWARXQ6a17bgrunFZwT6gLzJppo1NMkOSEUrpyh9wq3/gTtz6Jf6A32H6EKzogQuHc+7l3nuCmDNtEPpwVlbX1jc2U1vp7Z3dvf3MwWFNR4kitEoiHqlGgDXlTNKqYYbTRqwoFgGn9WB4NfXr91RpFslbM4ppW+C+ZCEj2FipJjo50sl1M1nklvJeDhUgclHR9/2LKckXkZeHnotmyIIFKt3MZ6sXkURQaQjHWjc9FJv2GCvDCKeTdCvRNMZkiPu0aanEgur2eHbtBJ5apQfDSNmSBs7UnxNjLLQeicB2CmwG+rc3Ff/ymokJ/faYyTgxVJL5ojDh0ERw+jrsMUWJ4SNLMFHM3grJACtMjA1oaUtIR1LEk7QN5vt7+D+p5Vyv6BZuzrPly0VEKXAMTsAZ8EAJlME1qIAqIOAOPIIn8Ow8OC/Oq/M2b11xFjNHYAnO+xeML5d0</latexit>

m2c2

<latexit sha1_base64="CqGN7MHvmAj2yyufy47tRoz+Dwk="></latexit>

E2 = m2c4 + p2c2



Most Famous Physics formula of all time?

<latexit sha1_base64="CqGN7MHvmAj2yyufy47tRoz+Dwk="></latexit>

E2 = m2c4 + p2c2

Stationary particles
<latexit sha1_base64="jSFlNLQmmfm2jiGOgr4yuVDz99A=">AAACAXicdVDLSgMxFM3UV62vqks3wSK4Kpm+uxCKIrisYB/Q1pJJM21skhmSjFBKV/6AW/0Dd+LWL/EH/A7Th2BFD1w4nHMv997jhZxpg9CHE1tZXVvfiG8mtrZ3dveS+wd1HUSK0BoJeKCaHtaUM0lrhhlOm6GiWHicNrzhxdRv3FOlWSBvzCikHYH7kvmMYGOl+uWZILeZbjKF0uVSAeWKEKURKmWzWUvyyC1nstC1yhQpsEC1m/xs9wISCSoN4VjrlotC0xljZRjhdJJoR5qGmAxxn7YslVhQ3RnPrp3AE6v0oB8oW9LAmfpzYoyF1iPh2U6BzUD/9qbiX14rMn6pM2YyjAyVZL7Ijzg0AZy+DntMUWL4yBJMFLO3QjLAChNjA1ra4tORFOEkYYP5/h7+T+qZtFtI569zqcr5IqI4OALH4BS4oAgq4ApUQQ0QcAcewRN4dh6cF+fVeZu3xpzFzCFYgvP+BXcwl2c=</latexit>

E = mc2

Massless particles (light)
<latexit sha1_base64="YMhZ1qcoTNJPI+eoK3o/KOxF3Bc=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GjJ9dyEURXBZwT6gHUomzbShmcyQZIQydOMPuNU/cCdu/RN/wO8wfQhW9MCFwzn3cu89XsSZ0gh9WKm19Y3NrfR2Zmd3b/8ge3jUUmEsCW2SkIey42FFORO0qZnmtBNJigOP07Y3vpr57XsqFQvFnZ5E1A3wUDCfEayN1Ly+iCDpZ3PIrlXLqFiByEaoWigUDCkhp5YvQMcoM+TAEo1+9rM3CEkcUKEJx0p1HRRpN8FSM8LpNNOLFY0wGeMh7RoqcECVm8yPncIzowygH0pTQsO5+nMiwYFSk8AznQHWI/Xbm4l/ed1Y+1U3YSKKNRVksciPOdQhnH0OB0xSovnEEEwkM7dCMsISE23yWdni04kIomnGBPP9PfyftPK2U7ZLt8Vc/XIZURqcgFNwDhxQAXVwAxqgCQhg4BE8gWfrwXqxXq23RWvKWs4cgxVY71+ifJbw</latexit>

E = pc



E=mc2
<latexit sha1_base64="jSFlNLQmmfm2jiGOgr4yuVDz99A=">AAACAXicdVDLSgMxFM3UV62vqks3wSK4Kpm+uxCKIrisYB/Q1pJJM21skhmSjFBKV/6AW/0Dd+LWL/EH/A7Th2BFD1w4nHMv997jhZxpg9CHE1tZXVvfiG8mtrZ3dveS+wd1HUSK0BoJeKCaHtaUM0lrhhlOm6GiWHicNrzhxdRv3FOlWSBvzCikHYH7kvmMYGOl+uWZILeZbjKF0uVSAeWKEKURKmWzWUvyyC1nstC1yhQpsEC1m/xs9wISCSoN4VjrlotC0xljZRjhdJJoR5qGmAxxn7YslVhQ3RnPrp3AE6v0oB8oW9LAmfpzYoyF1iPh2U6BzUD/9qbiX14rMn6pM2YyjAyVZL7Ijzg0AZy+DntMUWL4yBJMFLO3QjLAChNjA1ra4tORFOEkYYP5/h7+T+qZtFtI569zqcr5IqI4OALH4BS4oAgq4ApUQQ0QcAcewRN4dh6cF+fVeZu3xpzFzCFYgvP+BXcwl2c=</latexit>

E = mc2
Turn mass into energy
c is a big number
1kg results in 9E16 Joule
All US energy usage in a year is 1E20 Joule





General Relativity

How to deal with acceleration, non-inertial frames?
Took Einstein 10 years, but in 1915 he published his 
General Theory…a tour de force in physics.
A relativistic theory of gravity.

Newtonian Gravity

<latexit sha1_base64="2SFK8kk5HhvJ4UXhnpcHmIrquUw="></latexit>

F = GN
m1m2

r2

Does not obey rules of special relativity!



Principle of Equivalence

<latexit sha1_base64="2SFK8kk5HhvJ4UXhnpcHmIrquUw="></latexit>

F = GN
m1m2

r2
<latexit sha1_base64="BGruhrOcIMqr7c6CRzQKntuJuzo=">AAACAHicbVDLSgNBEJz1GeMr6tHLYBA8hV3xdRGCgniM4CaBZAmzk95kyMzsMjMrhCUXf8Cr/oE38eqf+AN+h5NkDyaxoKGo6qa7K0w408Z1v52l5ZXVtfXCRnFza3tnt7S3X9dxqij4NOaxaoZEA2cSfMMMh2aigIiQQyMc3I79xhMozWL5aIYJBIL0JIsYJcZK/t21wKRTKrsVdwK8SLyclFGOWqf00+7GNBUgDeVE65bnJibIiDKMchgV26mGhNAB6UHLUkkE6CCbHDvCx1bp4ihWtqTBE/XvREaE1kMR2k5BTF/Pe2PxP6+VmugqyJhMUgOSThdFKccmxuPPcZcpoIYPLSFUMXsrpn2iCDU2n5ktEQylSEZFG4w3H8MiqZ9WvIvK+cNZuXqTR1RAh+gInSAPXaIqukc15COKGHpBr+jNeXbenQ/nc9q65OQzB2gGztcvL0yWpQ==</latexit>

F = ma



Principle of Equivalence

<latexit sha1_base64="2SFK8kk5HhvJ4UXhnpcHmIrquUw="></latexit>

F = GN
m1m2

r2
<latexit sha1_base64="BGruhrOcIMqr7c6CRzQKntuJuzo=">AAACAHicbVDLSgNBEJz1GeMr6tHLYBA8hV3xdRGCgniM4CaBZAmzk95kyMzsMjMrhCUXf8Cr/oE38eqf+AN+h5NkDyaxoKGo6qa7K0w408Z1v52l5ZXVtfXCRnFza3tnt7S3X9dxqij4NOaxaoZEA2cSfMMMh2aigIiQQyMc3I79xhMozWL5aIYJBIL0JIsYJcZK/t21wKRTKrsVdwK8SLyclFGOWqf00+7GNBUgDeVE65bnJibIiDKMchgV26mGhNAB6UHLUkkE6CCbHDvCx1bp4ihWtqTBE/XvREaE1kMR2k5BTF/Pe2PxP6+VmugqyJhMUgOSThdFKccmxuPPcZcpoIYPLSFUMXsrpn2iCDU2n5ktEQylSEZFG4w3H8MiqZ9WvIvK+cNZuXqTR1RAh+gInSAPXaIqukc15COKGHpBr+jNeXbenQ/nc9q65OQzB2gGztcvL0yWpQ==</latexit>

F = ma

Gravitational mass



Principle of Equivalence

<latexit sha1_base64="2SFK8kk5HhvJ4UXhnpcHmIrquUw="></latexit>

F = GN
m1m2

r2
<latexit sha1_base64="BGruhrOcIMqr7c6CRzQKntuJuzo=">AAACAHicbVDLSgNBEJz1GeMr6tHLYBA8hV3xdRGCgniM4CaBZAmzk95kyMzsMjMrhCUXf8Cr/oE38eqf+AN+h5NkDyaxoKGo6qa7K0w408Z1v52l5ZXVtfXCRnFza3tnt7S3X9dxqij4NOaxaoZEA2cSfMMMh2aigIiQQyMc3I79xhMozWL5aIYJBIL0JIsYJcZK/t21wKRTKrsVdwK8SLyclFGOWqf00+7GNBUgDeVE65bnJibIiDKMchgV26mGhNAB6UHLUkkE6CCbHDvCx1bp4ihWtqTBE/XvREaE1kMR2k5BTF/Pe2PxP6+VmugqyJhMUgOSThdFKccmxuPPcZcpoIYPLSFUMXsrpn2iCDU2n5ktEQylSEZFG4w3H8MiqZ9WvIvK+cNZuXqTR1RAh+gInSAPXaIqukc15COKGHpBr+jNeXbenQ/nc9q65OQzB2gGztcvL0yWpQ==</latexit>

F = ma

Inertial mass Gravitational mass



Principle of Equivalence

<latexit sha1_base64="2SFK8kk5HhvJ4UXhnpcHmIrquUw="></latexit>

F = GN
m1m2

r2
<latexit sha1_base64="BGruhrOcIMqr7c6CRzQKntuJuzo=">AAACAHicbVDLSgNBEJz1GeMr6tHLYBA8hV3xdRGCgniM4CaBZAmzk95kyMzsMjMrhCUXf8Cr/oE38eqf+AN+h5NkDyaxoKGo6qa7K0w408Z1v52l5ZXVtfXCRnFza3tnt7S3X9dxqij4NOaxaoZEA2cSfMMMh2aigIiQQyMc3I79xhMozWL5aIYJBIL0JIsYJcZK/t21wKRTKrsVdwK8SLyclFGOWqf00+7GNBUgDeVE65bnJibIiDKMchgV26mGhNAB6UHLUkkE6CCbHDvCx1bp4ihWtqTBE/XvREaE1kMR2k5BTF/Pe2PxP6+VmugqyJhMUgOSThdFKccmxuPPcZcpoIYPLSFUMXsrpn2iCDU2n5ktEQylSEZFG4w3H8MiqZ9WvIvK+cNZuXqTR1RAh+gInSAPXaIqukc15COKGHpBr+jNeXbenQ/nc9q65OQzB2gGztcvL0yWpQ==</latexit>

F = ma

Inertial mass Gravitational mass
<latexit sha1_base64="m+AsHkJFEGpHA8GK30guKXQlFZE=">AAAB/HicdVDLSgNBEJz1GeMr6tHLYBA8hc3m6UEIevGYgHlAEsLspDcZMju7zMwKYYk/4FX/wJt49V/8Ab/D2SSCES1oKKq66e5yQ86Utu0Pa219Y3NrO7WT3t3bPzjMHB23VBBJCk0a8EB2XKKAMwFNzTSHTiiB+C6Htju5Sfz2PUjFAnGnpyH0fTISzGOUaCM1rgaZrJ27rJadkoPtnG1XnEI5IU6l6BRw3igJsmiJ+iDz2RsGNPJBaMqJUt28Hep+TKRmlMMs3YsUhIROyAi6hgrig+rH80Nn+NwoQ+wF0pTQeK7+nIiJr9TUd02nT/RY/fYS8S+vG2mv2o+ZCCMNgi4WeRHHOsDJ13jIJFDNp4YQKpm5FdMxkYRqk83KFg+mwg9naRPM9/f4f9JycvlyrtQoZmvXy4hS6BSdoQuURxVUQ7eojpqIIkCP6Ak9Ww/Wi/VqvS1a16zlzAlagfX+BRXSlY0=</latexit>=



Principle of Equivalence

<latexit sha1_base64="2SFK8kk5HhvJ4UXhnpcHmIrquUw="></latexit>

F = GN
m1m2

r2
<latexit sha1_base64="BGruhrOcIMqr7c6CRzQKntuJuzo=">AAACAHicbVDLSgNBEJz1GeMr6tHLYBA8hV3xdRGCgniM4CaBZAmzk95kyMzsMjMrhCUXf8Cr/oE38eqf+AN+h5NkDyaxoKGo6qa7K0w408Z1v52l5ZXVtfXCRnFza3tnt7S3X9dxqij4NOaxaoZEA2cSfMMMh2aigIiQQyMc3I79xhMozWL5aIYJBIL0JIsYJcZK/t21wKRTKrsVdwK8SLyclFGOWqf00+7GNBUgDeVE65bnJibIiDKMchgV26mGhNAB6UHLUkkE6CCbHDvCx1bp4ihWtqTBE/XvREaE1kMR2k5BTF/Pe2PxP6+VmugqyJhMUgOSThdFKccmxuPPcZcpoIYPLSFUMXsrpn2iCDU2n5ktEQylSEZFG4w3H8MiqZ9WvIvK+cNZuXqTR1RAh+gInSAPXaIqukc15COKGHpBr+jNeXbenQ/nc9q65OQzB2gGztcvL0yWpQ==</latexit>

F = ma

Inertial mass Gravitational mass
<latexit sha1_base64="m+AsHkJFEGpHA8GK30guKXQlFZE=">AAAB/HicdVDLSgNBEJz1GeMr6tHLYBA8hc3m6UEIevGYgHlAEsLspDcZMju7zMwKYYk/4FX/wJt49V/8Ab/D2SSCES1oKKq66e5yQ86Utu0Pa219Y3NrO7WT3t3bPzjMHB23VBBJCk0a8EB2XKKAMwFNzTSHTiiB+C6Htju5Sfz2PUjFAnGnpyH0fTISzGOUaCM1rgaZrJ27rJadkoPtnG1XnEI5IU6l6BRw3igJsmiJ+iDz2RsGNPJBaMqJUt28Hep+TKRmlMMs3YsUhIROyAi6hgrig+rH80Nn+NwoQ+wF0pTQeK7+nIiJr9TUd02nT/RY/fYS8S+vG2mv2o+ZCCMNgi4WeRHHOsDJ13jIJFDNp4YQKpm5FdMxkYRqk83KFg+mwg9naRPM9/f4f9JycvlyrtQoZmvXy4hS6BSdoQuURxVUQ7eojpqIIkCP6Ak9Ww/Wi/VqvS1a16zlzAlagfX+BRXSlY0=</latexit>=

Universality of free fall



General Relativity 
Freely falling particles move along “geodesics” in the 
curved spacetime, responding to mass/energy

curvature mass/energy
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•Perihelion advance of Mercury
•Gravitational waves
•Black Holes
•Strong lensing
•Gravitational redshift
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Perihelion advance of Mercury

Closest approach of Mercury 
to Sun changes with time

Not predicted to happen in 
Newtonian gravity (closed 
elliptical orbits)

Explained unaccounted for 
observed effect

Urbain Le Verrier (1859)



Bending of light

Solar eclipse, 1919

Light follows “null” 
geodesics, and bends 
when close to heavy 
object.

Effect is small (but GR 
prediction is twice 
Newtonian)

Eddington observed this 
effect in 1919









Black Holes

With enough mass in a small enough space escape velocity 
can reach the speed of light producing a black hole



Andrea Ghez, 
2020



Gravitational Waves

Like shaking charges produce light, shaking mass can 
produce propagating gravitational waves



Gravitational Waves

Like shaking charges produce light, shaking mass can 
produce propagating gravitational waves



Hulse-Taylor Binary Pulsar

Indirect observation of gravitational waves



LIGO-Laser Interferometer Gravitational-wave Observatory
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LIGO-Laser Interferometer Gravitational-wave Observatory

A new way to “listen” to the universe



Relativity into the future

Relativity predicts its own downfall-spacetime singularities

Quantum Mechanics General Relativity/Gravity

String Theory/Quantum Gravity





Many things still to understand….
over to you!


