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,QWURGXFWLRQ�WR�*HQHUDO�5HODWLYLW\

■ 7KH�(TXLYDOHQFH�SULQFLSOH
± ZKDW�LV�WKH�GLIIHUHQFH�EHWZHHQ�JUDYLW\�DQG
DFFHOHUDWLRQ"

■ 5RWDWLQJ�GLVNV
± ³$UWLILFLDO�JUDYLW\´�ILHOGV

± &XUYHG�VSDFH
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7KH�*HQHUDO�7KHRU\�RI�5HODWYLW\

■ *UDYLW\�	�$FFHOHUDWLRQ

■ *UDYLWDWLRQDO�FKDUJH�DQG�,QHUWLDO
0DVV

■ :HLJKWOHVVQHVV�ZKHQ�IDOOLQJ

■ 7KH�HTXLYDOHQFH�SULQFLSOH

■ )ODW�VSDFH

■ &XUYHG�VSDFH

■ ([SHULPHQWDO�WHVWV

■ %ODFN�+ROHV
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*HQHUDO�5HODWLYLW\

■ ³��������UHPDLQHG��IRU�IRUW\�\HDUV�DIWHU�LWV�GLVFRYHU\��E\
(LQVWHLQ���DQ�DXVWHUH�LQWHOOHFWXDO�PRQXPHQW���D�VRPHZKDW
VWHULOH�WRSLF�LVRODWHG�IURP�WKH�PDLQVWUHDP�RI�SK\VLFV�DQG
DVWURQRP\���ZKRVH�SUDFWLWLRQHUV�ZHUH�µPDJQLILFHQW�FXOWXUDO
RUQDPHQWV¶���´

■ ,Q�WKH�ODWH���WK&��*5�LV�DQ�HQJLQHHULQJ�VXEMHFW�
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*HQHUDO�5HODWLYLW\��6WHS�E\�VWHS

Forces of Nature

Inertia (pushing)

Inertia & Gravity

Weightless when falling

Equivalence Principle

Light and gravity
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*HQHUDO�5HODWLYLW\��6WHS�E\�VWHS

Curved space

Rotating disks

Stars during eclipse

Perihelion of Mercury

The Global Positioning System

The Cosmos

Massive objects (Black Holes)
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■ *UDYLW\

■ (OHFWURPDJQHWLVP

■ :HDN�1XFOHDU

■ 6WURQJ�1XFOHDU

6XPPDU\�RI�IRUFHV�LQ�QDWXUH

2r

KMm
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2r

kQq
FE =
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*UDYLW\�DQG�,QHUWLD��1HZWRQ

■ ,QHUWLD

■ *UDYLW\

Newton: F = mIa
“Force equals (inertial) mass times acceleration

a
FmI

Newton:
F = GMmG/r2

hence
F = mGg

“Gravitational force
law”

with acceleration due
to gravity

g = GM/r2=9.8m/s2

a F

r
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*UDYLW\�DQG�,QHUWLD��(|WY|V

■ 7KH�(|WY|V�H[SHULPHQW

■ 2Q�D�URWDWLQJ�(DUWK��WKH�GLUHFWLRQ�³GRZQ´�GHSHQGV�RQ
ODWLWXGH��mG�DQG�mI

mG = 0
mI ≠ 0

mG ≠  0
mI ≠ 0

mG ≠  0
mI = 0

Result: “Down” is the
same for all substances
to an accuracy of 5 in a

billion:
mG = mI
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(TXLYDOHQFH�3ULQFLSOH��,QWURGXFWLRQ

■ ,QHUWLDO�PDVV��F = mIa

■ *UDYLWDWLRQDO�PDVV��F = GMmG/r2

■ 1HZWRQ�NQHZ�mI = mG

■ (|WY|V�H[SHULPHQW�FRQILUPHG�WKLV�WR�KLJK�DFFXUDF\

■ :K\"

Arghhh!

Einstein: 1912

“The effects of a gravitational field are
equivalent to those of an upward
acceleration”

This is the Equivalence Principle
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(TXLYDOHQFH�3ULQFLSOH��)DOOLQJ

■ &DQ�HOLPLQDWH�JUDYLW\�E\�DSSURSULDWH�FKDQJH�RI�UHIHUHQFH
IUDPH�

On Earth In outer
space

Falling

g

These two are the same!
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6XPPDU\

■ 8QLTXH�DPRQJ�WKH�IRUFHV�RI
QDWXUH���*UDYLW\�LV�FRQQHFWHG�WR
LQHUWLD

■ +HQFH�\RX�DUH�ZHLJKWOHVV�ZKHQ
\RX�IDOO

■ +DV�SURIRXQG�LPSOLFDWLRQV�IRU�WKH
FRVPRV�

Forces of Nature

Inertia (pushing)

Inertia & Gravity

Weightless when falling

Equivalence Principle

Light and gravity

We are here
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$VLGH��:K\�DUH�DVWURQDXWV�ZHLJKWOHVV"

■ 5DGLXV�RI�(DUWK
������NP

■ +HLJKW�RI�WRZHU����
NP

■ *UDYLW\�DW�WRS�RI
WRZHU�
± DOPRVW�VDPH�DV�RQ

VXUIDFH�

■ :K\�DUH�DVWURQDXWV
ZHLJKWOHVV"

■ $QVZHU��%HFDXVH
WKH\�DUH�IDOOLQJ�
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(TXLYDOHQFH�3ULQFLSOH

What’s the difference?
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(TXLYDOHQFH�3ULQFLSOH��/LJKW�DQG�JUDYLW\

In deep space (no gravity)In orbit around Earth
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(TXLYDOHQFH�3ULQFLSOH��/LJKW�DQG�JUDYLW\

In orbit around Earth In deep space (no gravity)
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(TXLYDOHQFH�3ULQFLSOH��/LJKW�DQG�JUDYLW\

In orbit around Earth In deep space (no gravity)

DIFFERENT RESULTS!

But both are weightless, so
must be the same!
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(TXLYDOHQFH�3ULQFLSOH��/LJKW�DQG�JUDYLW\

In orbit around Earth In deep space (no gravity)

SAME RESULTS!

But both are weightless, so
must be the same!

Light must follow a curved
path.
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(TXLYDOHQFH�3ULQFLSOH

Since mI = mG these are equivalent

(same laws of Physics, everything)
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(TXLYDOHQFH�3ULQFLSOH��+RZ�WR�PRGHO�LW"

6XPPDU\��FRQWLQXHG

■ <RX�DUH�ZHLJKWOHVV�ZKHQ�\RX�IDOO

■ ,QHUWLDO�PDVV�DQG�JUDYLWDWLRQDO�PDVV�DUH�WKH�VDPH�WKLQJ

■ *UDYLW\�FDQ�FDQFHOOHG�E\�IDOOLQJ��DFFHOHUDWLQJ�

■ 7KHUHIRUH�JUDYLW\�DQG�DFFHOHUDWLRQ�DUH�HTXLYDOHQW

■ ,Q�RUELW��IDOOLQJ���OLJKW�PXVW�IROORZ�D�FXUYHG�SDWK�WR�EH
HTXLYDOHQW�WR�GHHS�VSDFH��QR�JUDYLW\�

■ :KDW�GRHV�WKLV�LPSO\�DERXW�WKH�VWUXFWXUH�RI�VSDFH�ZLWK
JUDYLW\"

■ $QVZHU��&XUYHG�VSDFH�
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([SHULPHQWDO�WHVW�RI�& �πU

5DGLXV��U 0HDVXUHG
&LUFXPIUHQFH��&

&�U

���FP �����FP ����

���FP ������FP ����

����FP ������FP ����

���P ������P ����

�������NP ��������NP ����

r

C
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([SHULPHQWDO�WHVW�RI�& �πU

5DGLXV��U 0HDVXUHG
&LUFXPIUHQFH��&

&�U

���FP �����FP ����

���FP ������FP ����

����FP ������FP ����

���P ������P ����

�������NP ��������NP ����

Yikes!!

C<2πr

Why??
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'UDZLQJ�WKH�%LJ�&LUFOH��RQ�(DUWK�

C<2πr
for circles drawn

on curved
surfaces
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'UDZLQJ�WKH�%LJ�&LUFOH��RII�(DUWK�
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&XUYHG�VSDFH

■ 7KH�JHRPHWU\�RI�FXUYHG�VXUIDFHV��OLNH�WKH�VXUIDFH�RI�WKH
(DUWK��LV�GLIIHUHQW�WR�IODW�VXUIDFHV

■ 2Q�D�IODW�VXUIDFHV�&� ��πU
■ 2Q�D�VSKHULFDO�FXUYHG�VXUIDFH�&����πU
■ +RZ�FDQ�ZH�XVH�WKLV�WR�LQWURGXFH�JUDYLW\"

■ $QVZHU��8VH�WKH�HTXLYDOHQFH�SULQFLSOH�DQG�LQWURGXFH
DFFHOHUDWLRQ�LQVWHDG�

■ $OVR�XVH�VSHFLDO�UHODWLYLW\����

© Assoc Prof D.N. Jamieson and Dr R.E. Scholten 1999

■ 6LGH�YLHZ�RI
URWDWLQJ�F\OLQGHU

■ 7ZHOYH���PHWUH
UXOHUV�ODLG�GRZQ
DURXQG�ULP�E\
REVHUYHU�RQ
JURXQG

■ &LUFXPIUHQFH�
&� ��πU� ����P

$SSO\�(TXLYDOHQFH�3ULQFLSOH

Velocity of rim

r
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$SSO\�(TXLYDOHQFH�3ULQFLSOH

“Artificial gravity” in the control
room of the “Discovery” (2001-
A space Odyssey)

■ $�URWDWLQJ�F\OLQGHU
SURYLGHV�³DUWLILFDO�JUDYLW\´

Observer held onto
wall by centripetal
force
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$SSO\�(TXLYDOHQFH�3ULQFLSOH

■ 2EVHUYHU�RQ�ULP
VHHV�UXOHUV�JRLQJ
SDVW�DW�KLJK
VSHHG

■ 7KH\�DUH
VKUXQNHQ�WR�OHVV
WKDQ���P�E\
/RUHQW]
FRQWUDFWLRQ�

I am standing on
the bottom of a

stationary cylinder
watching lots of
rulers go past

Fast moving
shrunken ruler
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Down

Lorentz contraction
makes observer on
ground thin, observer
on cylinder fat
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$SSO\�(TXLYDOHQFH�3ULQFLSOH

■ &LUFXPIUHQFH
QRZ�PHDVXHG�E\
FRQWUDFWHG�UXOHUV

■ 6DPH�QXPEHU�DV
EHIRUH��EXW
VKRUWHU

■ &LUFXPIUHQFH�LV
OHVV�WKDQ��πU�

I am standing on
the bottom of a

stationary cylinder
watching lots of
rulers go past
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$SSO\�(TXLYDOHQFH�3ULQFLSOH

■ ³*UDYLW\´�SRLQWV�RXWZDUGV
RQ�ULP�RI�URWDWLQJ�GLVN

■ &����π5�WKHUH

■ *UDYLW\�SRLQWV�LQZDUGV�RQ
(DUWK

■ &�!��πU�WKHUH
■ (DUWK¶V�JUDYLW\�PDNHV
PRUH�VSDFH�

■ :HOO�WHVWHG�E\
H[SHULPHQWV�DQG�GDLO\�XVH
RI�WKH�*36


