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*HRPHWU\�RI
6SDFH�WLPH

Flat

C < 2πr

C > 2πr
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$SSO\�HTXLYDOHQFH�SULQFLSOH

■ &RQFOXVLRQ�

■ 6SDFH�LV�FXUYHG��LQWR�KLJKHU�GLPHQVLRQV��E\�JUDYLW\

■ +RZ�FDQ�WKLV�HIIHFW�EH�WHVWHG"

■ %\�GUDZLQJ�FLUFOHV"

■ 7R�GLIILFXOW�

■ 8VH�SDWK�RI�OLJKW�LQVWHDG

■ $UWKXU�(GGLQJWRQ�VHQW�WR�VRXWK�VHDV�LQ������WR�REVHUYH
HFOLSVH�RI�WKH�6XQ

■ &RQILUPHG�WKDW�WKH�6XQ¶V�JUDYLW\�FXUYHV�VSDFH

■ (LQVWHLQ�FDQQRQLVHG�
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([DPSOHV�RI�&XUYHG�6SDFH

■ 6SDFH�DURXQG�WKH�6XQ
± 6WDUOLJKW�GXULQJ�VRODU�HFOLSVH

± 5DGDU�HFKR�IURP�9HQXV

± 5DGLR�VLJQDOV�IURP�GLVWDQW�VSDFH�FUDIW

■ $GYDQFH�LQ�WKH�SHULKHOLRQ�RI�0HUFXU\

■ %ODFN�+ROHV

■ *UDYLWDWLRQDO�:DYH�$VWURQRP\
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&XUYHG�VSDFH��*UDYLW\�RI�6XQ

■ 6WHS��
2EVHUYH
VWDUV�DW
QLJKW�
PHDVXUH
VHSDUDWLRQ

■ 6WHS���
2EVHUYH
VWDUV�GXULQJ
HFOLSVH�ZLWK
6XQ
EHWZHHQ�
PHDVXUH
VHSDUDWLRQ
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&XUYHG�VSDFH��*UDYLW\�RI�6XQ

Sun
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&XUYHG�VSDFH��*UDYLW\�RI�6XQ

■ 5DGLR�VLJQDOV�IURP�GLVWDQW�VSDFH�FUDIW�DUH�GHOD\HG�ZKHQ
6XQ�LV�QHDU�WKH�SDWK

■ 7KHUH�LV�PRUH�VSDFH�LQ�EHWZHHQ�

Earth
Sun
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&XUYHG�6SDFH��5DGDU�HFKR�IURP�9HQXV

■ 5DGDU�HFKR�IURP�9HQXV�WDNHV�ORQJHU�ZKHQ�6XQ�LV�QHDUE\
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&XUYHG�6SDFH��$GYDQFH�LQ�3HULKHOLRQ�RI�0HUFXU\

■ 3HULKHOLRQ��FORVHVW�DSSURDFK�WR�6XQ��DGYDQFHV�RZLQJ�WR�JUDYLWDWLRQDO
LQIOXHQFH�IURP�UHVW�RI�VRODU�V\VWHP�E\����´�HYHU\�����\HDUV

■ +RZHYHU�WKLV�LV�LQVXIILFLHQW�WR�DFFRXQW�IRU�WKH�REVHUYHG�DGYDQFH�RI����´
HYHU\�����\HDUV

■ 5HVLGXDO�����±����� ���´�LV�GXH�WR�*HQHUDO�5HODWLYLW\

Mercury

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

*HQHUDO�5HODWLYLW\��6WHS�E\�VWHS

Curved space

Rotating disks

Stars during eclipse

Perihelion of Mercury

The Global Positioning System

The Cosmos

You are here

Massive objects (Black Holes)
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+RZ�GRHV�LW�ZRUN"

“The time is 10:15”

“The time is 10:15”

“The time is 10:15”
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+RZ�GRHV�LW�ZRUN"

“The time is 10:15”

“The time is 10:15”

Time signal speed=c
(the speed of light)
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+RZ�GRHV�LW�ZRUN"

“The time is 10:15”

“The time is 10:15”

“The time is 10:15 +ε”
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:KDW�DFFXUDF\"

■ 1HHG�VLJQDOV�IURP��
VDWHOOLWHV�WR�ILQG�
± ODWLWXGH

± ORQJLWXGH

± DOWLWXGH

± WLPH

■ 7LPH�(UURU�RI���PLOOLRQWK�RI
D�VHFRQG�OHDGV�WR

■ 3RVLWLRQ�(UURU�RI�����P

δ x = cδ t
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$SSO\�(TXLYDOHQFH�3ULQFLSOH

Centripetal
acceleration
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$SSO\�(TXLYDOHQFH�3ULQFLSOH

Centripetal
acceleration

Direction ground
pushes on feet
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$SSO\�(TXLYDOHQFH�3ULQFLSOH

Low clocks
run slow

High clocks
run fast
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3UREOHP�IRU�WKH�*36

■ *36�VDWHOOLWHV�UXQ�IDVW�FRPSDUHG�WR�VXUIDFH�FORFNV

High clocks
run fast
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6XPPDU\�RI�3UREOHPV�IRU�WKH�*36

■ ���*36�VDWHOOLWHV�FORFNV�UXQ�VORZ�E\���PLOOLRQWKV�RI�D�VHFRQG
SHU�GD\��65���WLPH�GLODWLRQ�

■ ���&DQQRW�V\QFKURQLVH�E\�H[FKDQJH�RI�VLJQDOV

■ ���*36�VDWHOOLWH�FORFNV�UXQ�IDVW�E\����PLOOLRQWKV�RI�D�VHFRQG
SHU�GD\��*5���JUDYLWDWLRQDO�EOXH�VKLIW�

■ 1HW�HIIHFW��5XQ�IDVW�E\����PLOOLRQWKV�RI�D�VHFRQG�SHU�GD\
� HUURU�RI����NLORPHWUHV��

■ 62/87,21��0DNH�WKH�FORFNV�UXQ�VORZ�WR�FRPSHQVDWH�
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&XUYHG�6SDFH��0DVVLYH�2EMHFWV

■ *UDYLW\���5HYLVLRQ

■ 0DVVLYH�REMHFWV
± :KDW�GHWHUPLQHV�WKHLU�VL]H"

■ %ODFN�KROHV�DQG�WKH�HYHQW�KRUL]RQ

■ *UDYLWDWLRQDO�UHG�VKLIW

■ 'HWHFWLQJ�EODFN�KROHV
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0DVVLYH�REMHFWV�DQG�OLJKW

■ )LVK�LQ�ULYHU�DQDORJ\

Speed of sound in
water relative to
ground is vs – vwater

Point where
 vwater > vs

?

“Help”
“Help”

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

$SSOLFDWLRQV

■ *OREDO�SRVLWLRQLQJ�V\VWHP
± 6DWHOOLWH�FORFNV�UXQ�IDVW�E\����µV�GD\

■ %ODFN�+ROHV
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%ODFN�+ROHV��6XPPDU\

■ 1R�IRUFH�FDQ�SUHYHQW�JUDYLWDWLRQDO�FROODSVH�RI�DQ�REMHFW�JUHDWHU
WKDQ�DERXW���VRODU�PDVVHV

■ 2EMHFW�ZLOO�FROODSVH�WR�D�³VLQJXODULW\´��LQILQLWHO\�VPDOO�

■ *UDYLW\�LV�YHU\�VWURQJ�QHDU�WKH�VLQJXODULW\��EXW�RWKHUZLVH
XQFKDQJHG�E\�WKH�FROODSVH

■ *UDYLW\�FDXVHV�OLJKW�WR�RUELW�DW�WKH�UDGLXV�RI�WKH�SKRWRVSKHUH

■ $W�WKH�UDGLXV�RI�WKH�³HYHQW�KRUL]RQ´�
± 9ROXPH�RI�VSDFH�JRHV�WR�LQILQLW\

± &ORFNV�VWRS

± 5HGVKLIW�JRHV�WR�LQILQLW\

± 5DGLXV�RI�HYHQW
KRUL]RQ�LV��*0�F�

³7KH�6FKZDW]FKLOG
UDGLXV´

Horizon is
point where
lines
become
vertical
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6L]H�RI�(YHQW�+RUL]RQ

2EMHFW (YHQW�+RUL]RQ�5DGLXV


■ $VWHURLG �������P��GLDP�RI�QXFOHXV�

■ (DUWK ��FP

■ 6XQ ��NP

■ *OREXODU�&OXVWHU�������VWDUV ��������NP

■ (QWLUH�*DOD[\ �����NP

*Size object would have to be
compressed to become a black hole
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■ )URP�REVHUYDWLRQ�RI�RUELW�RI�³QRUPDO´�VWDU�FDQ�GHGXFH�PDVV
RI�XQVHHQ�FRPSDQLRQ

%HVW�FDQGLGDWHV�

2EMHFW 0DVV��VRODU�PDVVHV�
■ &\JQXV�;�� ���

■ /0&�;�� ���

■ $1������� ���

■ /0&�;�� ���

■ 66��� ���

■ 6DJLWWDULXV�$ ���[���

■ 4XDVDU�(QJLQHV ����������

1%��0DVV�OHVV�WKDQ���VRODU�PDVVHV�LPSOLHV�QHXWURQ�VWDU
�WRR�OLJKW�WR�EH�D�EODFN�KROH�

'HWHFWLQJ�%ODFN�+ROHV
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0DVVLYH�*DODFWLF�&HQWUH�%ODFN�+ROH

accretion
disk

jet

globular star
clusters

From Sky & Telescope June 1996
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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

You are here Massive objects (Black Holes)
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%ODFN�+ROH�LQ�;�UD\V

■ 6HH�LQWHQVH�[�UD\V�IURP�DFFUHWLRQ
GLVN

■ +XJH�JUDYLWDWLRQDO�ILHOG�GLVWRUWV
YLHZ��DQG�LQWURGXFHV�PDVVLYH�UHG�
VKLIW�RI�OLJKW
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/LIH�DURXQG�D�%ODFN�+ROH

■ 6WUDQJH�SHUVSHFWLYH
LQ�D�VSDFH�VWDWLRQ
FRQVWUXFWHG�DURXQG
D�%ODFN�+ROH
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*UDYLWDWLRQDO�:DYH�$VWURQRP\

■ *UDYLWDWLRQDO�ZDYHV�DUH�SURGXFHG�E\�ODUJH�PDVVHV�PRYLQJ�DERXW

■ (IIHFW�RI�JUDYLWDWLRQDO�ZDYH�RQ�D�VSKHUH

■ *UDYLW\�ZDYH�DQWHQQDV
± ����6XSHU�FRROHG�EDUV

RVFLOODWLRQV�LQ�OHQJWK�
GLDPHWHU�RI�QXFOHXV�LQ���P

± ����6XSHU�DFFXUDWH�LQWHUIHURPHWHUV

Neutron stars in close
orbit

Later times
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/,*2

■ $�JLDQW�0LFKHOVRQ�0RUHO\�LQWHUIHURPHWHU�

■ 0DVVLYH�HQJLQHHULQJ�WR�GHWHFW�VXEWOH�ZDUSV�LQ�VSDFH�WLPH
FDXVHG�E\�SDVVLQJ�JUDYLW\�ZDYHV
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6RXUFH�RI�JUDYLW\�ZDYHV

■ 3XOVDU�365���������LV�VORZLQJ�GRZQ
± FRQVLVWV�RI�D�QHXWURQ�VWDU�DQG�D�ZKLWH�GZDUI�LQ�FORVH�RUELW

± RUELWDO�VSHHG�LV�DERXW�����NP�V� �������VSHHG�RI�OLJKW

± ORFDWHG��������O�\��IURP�(DUWK

± RUELWDO�SHULRG���KRXUV

± DV�HQHUJ\�LV�UDGLDWHG�LQ
WKH�IRUP�RI�JUDYLW\�ZDYHV
WKH�SHULRG�VKRUWHQV

± 7RR�ZHDN�WR�EH�GHWHFWHG�GLUHFWO\

19761974 19841978 1980 1982

Expected for no gravity
waves

Observed and theory
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*UDYLWDWLRQDO�/HQVLQJ��,QWURGXFWLRQ

■ *UDYLW\�FDQ�EHQG�OLJKW
± VR�VWURQJ�JUDYLWDWLRQDO�ILHOGV�FDQ�IRUP�LPDJHV

± *UDYLWDWLRQDO�OHQVHV�ILUVW�SUHGLFWHG�E\�(LQVWHLQ

To virtual image

To virtual image

Distant star near star

Telescope view from
Earth

Virtual image of
distant star

Called an “Einstein Ring”

•Very rare because close
alignment of two stars
improbable

•Observed instead with galaxies! © Assoc Prof D.N. Jamieson and Dr R.E. Scholten 1999

*UDYLWDWLRQDO�/HQVLQJ��:LQH�JODVV

D
ot

D
ot

Einstein Ring
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D
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*UDYLWDWLRQDO�/HQVLQJ��(LQVWHLQ�%LOERDUG

EINSTEIN

Bilboard

Heavy
object

Observer
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*UDYLWDWLRQDO�/HQVLQJ��(LQVWHLQ�5LQJ

■ 6HHQ�KHUH�LQ�UDGLR�ZDYHOHJWKV

■ 'LVWDQW�JDOD[\�LPDJHG�E\�LQWHUPHGLDWH�JDOD[\

■ $OLJQPHQW�LV�QRW�SHUIHFW
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Original Caustic

Image
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(LQVWHLQ�&URVV
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/HQVLQJ�E\�JDOD[\�FOXVWHU
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3UHGLFWLRQV�RI�*HQHUDO�5HODWLYLW\

■ *UDYLWDWLRQDO�UHG�VKLIW
± 7HVWHG�RQ�(DUWK�ZLWK�WKH�0|VVEDXHU�HIIHFW�RYHU�D���P�WDOO�WRZHU

■ %HQGLQJ�RI�VWDUOLJKW�E\�WKH�6XQ
± 7HVWHG�E\�REHUYDWLRQV�RI�VWDUV�GXULQJ�D�VRODU�HFOLSVH

■ $GYDQFH�LQ�WKH�SHULKHOLRQ�RI�0HUFXU\
± 7HVWHG�E\�REVHUYDWLRQ

■ *UDYLW\�ZDYHV
± 7HVWHG�E\�REVHUYDWLRQV�RI�SXOVDUV�LQ�ELQDU\�V\VWHPV

± 2WKHU�H[SHULPHQWV�VRRQ�WR�FRPH�RQ�OLQH

■ 0DQ\�RWKHUV

■ 6WDWXV��$OO�RN�
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5HIHUHQFHV

■ *UDYLW\¶V�IDWDO�DWWUDFWLRQ���%ODFN�KROHV�DQG�WKH�XQLYHUVH��0�
%HJHOPDQ�DQG�0��5HHV��6FLHQWLILF�$PHUFLDQ�/LEUDU\�������
)UHHPDQ�

■ *UDYLW\�DQG�VSDFHWLPH��-�$��:KHHOHU��6FLHQWLILF�$PHUFLDQ
/LEUDU\��������)UHHPDQ�

■ 6FRXWLQJ�EODFN�KROHV��([SORULQJ�JHQHUDO�UHODWLYLW\�ZLWK
FDOFXOXV��(�)��7D\ORU�	�-�$��:KHHOHU��)UHHPDQ������


