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Dom� th
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 :

�

Genik� Jewr�a th
 Sqetik�thta
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 Ma�rwn Op�n se Jewr�e
 me epipl�on

Qwrik�
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�
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Genik� Jewr�a th
 Sqetik�thta


� Diatup�jhke ap� ton Albert Einsteinse

t�ssera episthmonik� �rjra (1915)

� Enswmat�nei th Barutik� Jewr�a tou

Ne�twna. Perigr�fei �mw
 kai perioq�


�ntonou barutiko� ped�ou � eke� �pou h

jewr�a tou Ne�twna apotugq�nei

� Enswmat�nei thn Eidik� Jewr�a th
 Sqetik�thta
 (1905)

kai thn basik� th
 id�a �ti q�ro
 kai qr�no
 apotelo�n d�o

di�krita komm�tia en�
 enia�ou upob�jrou, tou qwr�qronou,

m�sa sto opo�o lamb�noun q�ra �la ta gegon�ta
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Genik� Jewr�a th
 Sqetik�thta


� Sund�ei thn kampul�thta tou qwr�qronou me thn �lh

� H G.J.S. epibebai�jhke peiramatik� ap� ton A. Eddington

(1919) m�sw th
 ektrop�
 akt�na
 fwt�
 ap� ton �lio
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Genik� Jewr�a th
 Sqetik�thta


� Eukle�dio
 Q�ro
 : Mia ap� ti
 basik�tere
 �nnoie
 e�nai

aut� th
 ap�stash
 metax� d�o

shme�wn P kai Q sto q�ro:

(�s)

2

= (�x)

2

+ (�y)

2

+ (�z)

2

Prok�ptei me dipl� efarmog� tou

Pujagore�ou Jewr�mato
 � isq�ei

m�no gia ep�pedh gewmetr�a

� Gia mikr�
 (apeirost�
) metabol�
, gr�foume isod�nama:

ds

2

= dx

2

+ dy

2

+ dz

2

kai kalo�me thn pos�thta ds

2

��stoiqe�o m�kou
�� sto q�ro
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Genik� Jewr�a th
 Sqetik�thta


� O Qwr�qrono
 th
 Eidik�
 Jewr�a
 th
 Sqetik�thta
 :

Oi suntetagm�ne
 tou qr�nou (t) kai tou q�rou (x; y; z)

sunj�toun mia n�a majhmatik� �nnoia, to tetra-di�nusma

x

�

= (t; x; y; z) ; � = 0; 1; 2; 3

� 'Opw
 to di�nusma j�sh
 dhl�nei th j�sh en�
 shme�ou

ston 3-di�stato Eukle�dio q�ro, �tsi kai to tetradi�nusma

j�sh
 dhl�nei thn �j�sh� en�
 gegon�to
 ston 4-di�stato

qwr�qrono Minkowski. P.q.

� d�o taut�qrona gegon�ta: (t; x

1

; y

1

; z

1

) kai (t; x

2

; y

2

; z

2

)

� d�o gegon�ta sto �dio shme�o tou q�rou: (t

1

; x; y; z)

kai (t

2

; x; y; z)
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Genik� Jewr�a th
 Sqetik�thta


� H ap�stash metax� d�o gegon�twn ston qwr�qrono e�nai

ds

2

= �dt

2

+ dx

2

+ dy

2

+ dz

2

;

me th diafor� pros�mou na diakr�nei thn qronik� ap� ti


qwrik�
 suntetagm�ne


O qwr�qrono
 Minkowski e�nai ep�pedo
 � oi suntelest�


twn apeirost�n stoiqe�wn e�nai mon�de


� Kamp�lo
 Qwr�qrono
 : Eis�goume mh tetrimm�ne


sunart�sei
 mprost� ap� ta apeirost� stoiqe�a. P.q.

ds

2

= �A(x

�

) dt

2

+B(x

�

) dx

2

+ C(x

�

) dy

2

+D(x

�

) dz

2
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Genik� Jewr�a th
 Sqetik�thta


� Qwr�qrono
 Schwarzschild(1916) : 'Eqei thn morf�:

ds

2

= �

�

1�

2M

r

�

dt

2

+

�

1�

2M

r

�

�1

dr

2

+r

2

(d�

2

+sin

2

� d'

2

)

H metrik� aut� perigr�fei ton qwr�qrono:

� g�rw (all� �xw) ap� sfairik� s�ma akt�na
 R

0

(�pw
 h Gh, o 'Hlio
, �na
 sfairik�
 Galax�a
 ktl)

� g�rw ap� s�ma pou, up� thn isq� th
 barutik�


d�namh
, �qei katarre�sei ap� thn arqik� tou akt�na

R

0

se �na kai monadik� shme�o, sto r = 0. 'Ena t�toio

s�ma onom�zetai Ma�rh Op�
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Genik� Jewr�a th
 Sqetik�thta


� Giat� katarr�ei �na
 ast�ra
 ? 'Otan oi jermopurhnik�


antidr�sei
 stamat�soun kai h m�za tou ast�ra e�nai:

� M � 1:4M

�

, o ast�ra
 metatr�petai se leuk� n�no

� 1:4 < M � 3:2M

�

, metatr�petai se ast�ra netron�wn,

� M > 3:2M

�

, metatr�petai se ma�rh op�

Qarakthr�zetai ap� th qwroqronik�

idiomorf�a sto r = 0 kai ton

or�zonta gegon�twn sto r = 2M pou

kal�ptei thn idiomorf�a ap� k�je

exwterik� parathrht�
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Genik� Jewr�a th
 Sqetik�thta


� Ti g�netai �mw
 m�sa ap� ton or�zonta ? 'Otan r < 2M ,

isq�ei 1� 2M=r < 0, op�te

ds

2

=

�
�
�
�

1�

2M

r

�
�
�
�

dt

2

�

�
�
�
�

1�

2M

r

�
�
�
�

�1

dr

2

+ r

2

(d�

2

+ sin

2

� d'

2

)

Oi suntetagm�ne
 (t; r) all�zoun r�lou
 - �na eiserq�meno

swmat�dio den mpore� na gur�sei p�sw giat� o ��qr�no
�� r

den antistr�fetai - t�pota den xefe�gei ap� mia ma�rh op�...

� Up�rqoun ma�re
 op�
 ? S�mera,

�qoume isqur�
 ende�xei
 pw
 nai!

'Eqoume �dei� ma�re
 op�
 sta k�ntra

galaxi�n kai astrik�n smhn�n kai

se sust�mata ast�rwn
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Genik� Jewr�a th
 Sqetik�thta


� 'Omw
, k�je l�sh ma�rh
 op�
 sunode�etai ap� mia l�sh

leuk�
 op�
 (mia qwroqronik� anwmal�a me �na or�zonta

gegon�twn pou epitr�pei m�no thn �xodo kai �qi thn e�sodo!)

M�lista, to s�sthma exel�ssetai me thn p�rodo tou

qr�nou: sto s�sthma ma�rh
-leuk�
 op�
 anapt�ssetai

�na
 �laim�
�, ft�nei sthn m�gisth akt�na tou r

max

= 2M

kai sth sun�qeia surrikn�netai kai exafan�zetai

A B C D E

r = 2GM

v
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Genik� Jewr�a th
 Sqetik�thta


To p�rasma aut� (Flamm, 1916; Weyl, 1920)onom�sthke g�fura
Einstein-Rosen(1935) � skoulhk�trupa (Wheeler, 1955)

Mporo�me na qrhsimopoi�soume mia g�fura Einstein-Rosen

gia diasthmik� tax�dia? Dustuq�
 �qi...

�

O laim�
 ano�gei kai kle�nei t�so gr�gora pou o�te

�na fwt�nio den prolaba�nei na per�sei

�

O or�zonta
 th
 leuk�
 op�
 � to shme�o ex�dou �

e�nai astaj�
 (Eardley, 1974)

�

Oi barutik�
 dun�mei
 ston or�zonta e�nai ter�stie


'Ara, h skoulhk�trupa Schwarzschild, kai �le
 oi ant�stoi-

qe
 l�sei
 sta pla�sia th
 G.J.S., den e�nai �diasq�sime
�
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P�ra ap� th G.J.S.

� Mia Endiaf�rousa Istor�a: Sth dekaet�a tou �80, o Carl

Sagan�graye to bibl�o episthmonik�
 fantas�a
 Contact.

Se aut�, h hrw�da, m�sw mia
 skoulhk�trupa
, metaf�retai

se apomakrusm�no shme�o tou s�mpanto
 ki epistr�fei s�a

Met� ap� par�klhsh tou Carl Sagan, o Kip Thornean�labe

na diereun�sei ek n�ou thn pijan�thta na sumbe� k�ti t�toio

To Contactkuklof�rhse to 1985, kai h episthmonik�

ergas�a twn Morris-Thorneto 1987 me pol� endiaf�ronta

apotel�smata...
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P�ra ap� th G.J.S.

� To Basik� Sump�rasma: ��Mia diasq�simh skoulhk�trupa

den pr�pei na �qei o�te or�zonta o�te idiomorf�a � dhlad�,

na mhn sqet�zetai kaj�lou me mia ma�rh op���

Oi Morris & Thorneapa�thsan:

� thn �parxh d�o apomakrusm�nwn perioq�n kai tou laimo�

� thn apous�a or�zonta � idiomorf�a


'Omw
 o laim�
 param�nei anoiqt�


m�no an upoj�soume �ti g�rw tou

up�rqei mia exwtik� katanom� �lh


(parab�ash th
 sunj�kh
 p � �)

Adi�xodo kai p�li...?
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P�ra ap� th G.J.S.

� Genikeum�ne
 Jewr�e
 Bar�thta
: H jewr�a twn uper-

qord�n e�nai mia gewmetrik� jewr�a se an�tero (D = 10)

arijm� diast�sewn

Br�jhkan l�sei
 skoulhk�trupwn pou (Kanti, Kleihaus & Kunz, 2011):

�

den apaito�n exwtik� �lh

�

e�nai �so meg�le
 j�loume

�

e�nai diasq�sime
 ap� swmat�dia

�

e�nai eustaje�
 se diataraq�


Thn j�sh th
 exwtik�
 �lh
 thn pa�rnoun

di�foroi gewmetriko� �roi pou e�nai

sun�jei
 sthn jewr�a twn uperqord�n
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P�ra ap� th G.J.S.

� H �parxh, ekt�
 twn 3+1 diast�sewn, kai �llwn qwrik�n

diast�sewn all�zei �lh th gewmetr�a tou qwr�qronou

� Basik� Id�a : Zo�me p�nw se m�a

(3+1)-di�stath uper-epif�neia (brane)

h opo�a br�sketai embaptism�nh se

�na poludi�stato q�ro pou m�no h

bar�thta �bl�pei�

Sun�peie
: Poll�
 ... se Bar�thta,

Swmatidiak� & Efarmosm�nh Fusik�
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P�ra ap� th G.J.S.

� Oi Ma�re
 Op�
? An up�rqoun epipl�on qwrik�
 diast�-

sei
, aut�
 dieukol�noun th dhmiourg�a twn ma�rwn op�n:

� Gia mia ma�rh op� me M ' 5000m

p

sti
 D = 3 + 1, h

akt�na tou or�zonta e�nai r

h

' 10

�50

m

� Gia mia ma�rh op� me M ' 5000m

p

sti
 D > 3 + 1,

isq�ei �ti r

h

' 10

�19

m - megal�terh kat� 10

31

!

� Dhmiourg�a Ma�rwn Op�n se Epitaqunt� : Prot�jhke to

1999 kai apotele� ak�ma antike�meno entatik�
 �reuna


r (s)
i

j

3-brane

h

)

3-brane

Black hole
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P�ra ap� th G.J.S.

� Aktinobol�a Hawking: S�mfwna me th kbantik�

fusik�, ze�gh swmatid�wn-antiswmatid�wn dhmiour-

go�ntai auj�rmhta � �tan to anti-swmat�dio p�sei

m�sa sth ma�rh op�, to swmat�dio diafe�gei kai

aniqne�etai san aktinobol�a Hawking

Mia ma�rh op� aktinobole� san �na m�lan

s�ma me jermokras�a T = 1=4�M

�

Æ

�

Æ

�

Æ

Aut� shma�nei �ti:

� M = 5M

�

) T ' 10

�8

C (d�skolo!)

� M = 10

15

gr ) � ' 100MeV (ap�jano...)

� M = 5000m

p

) � ' 200GeV (pijan� ston LHC?)

P. Kanti˜–˜p.18



Sumper�smata

� H Genik� Jewr�a th
 Sqetik�thta
 e�nai h plhr�sterh

jewr�a Bar�thta
 pou diaj�toume

� Probl�pei thn �parxh l�sewn Ma�rwn Op�n all� kai

Skoulhk�trupwn, pou param�noun ak�ma anexere�nhte


� S�mera diaj�toume Genikeum�ne
 Jewr�e
 Bar�thta
 pou

perilamb�noun kai epekte�noun thn G.J.S.

� Oi periss�tere
 probl�poun thn �parxh epipl�on qwrik�n

diast�sewn sth f�sh me shmantik�
 sun�peie
 sthn morf�

kai ti
 idi�thte
 twn l�sewn (ma�re
 op�
, skoulhk�trupe
,

kosmologik�
 l�sei
 ktl) pou aut�
 probl�poun
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Genik� Jewr�a th
 Sqetik�thta


� Exis�sei
 Ped�ou tou Einstein: Kajor�zoun th morf� tou

barutiko� ped�ou sunart�sei th
 katanom�
 en�rgeia
 kai

m�za


R

��

�

1
2

g

��

R = 8�GT

��

�pou:

� T

��

: o tanust�
 en�rgeia
-orm�
 (ton upoj�toume)

� g

��

: o metrik�
 tanust�
 - sun�rthsh twn A;B;C;D:::

� R

��

: o tanust�
 Ricci pou ekfr�zei kampul�thta -

or�zetai ap� ton g

��

kai ti
 parag�gou
 tou

� R = g

��

R

��

: to bajmwt� Ricci

Oi exis�sei
 ped�ou tou Einsteine�nai Diaforik�
 Exis�sei


twn �gnwstwn sunart�sewn kai twn parag�gwn tou
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Genik� Jewr�a th
 Sqetik�thta


En g�nei, oi epilog�
 gia to T

��

, kai oi morf�
 tou g

��

, e�nai

�peire
 � l�ge
 �mw
 ap� aut�
 �qoun fusik� shmas�a

� Qwr�qrono
 Schwarzschild: 'Estw �na sfairik� kai

ak�nhto s�ma m�za
 M kai akt�na
 R

0

(p.q. o 'Hlio
). E�n

to k�ntro tou e�nai sth j�sh r = 0, anam�noume to stoiqe�o

m�kou
 sthn perioq� g�rw tou na �qei th morf�

ds

2

= �A(r) dt

2

+B(r) dr

2

+ r

2

(d�

2

+ sin

2

� d'

2

)

Gia r > R

0

, o q�ro
 e�nai ken�
 kai epom�nw
 T

��

= 0. Oi

�gnwste
 sunart�sei
 A(r) kai B(r) kajor�zontai ap� ti


exis�sei
 ped�ou tou Einsteinpou, metatr�pontai se apl�


diaforik�
 exis�sei
 w
 pro
 r.
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Genik� Jewr�a th
 Sqetik�thta


Den telei�same �mw
 ak�ma....

� Suntetagm�ne
 Schwarzschild(t; r) : Perigr�foun m�no

thn mis� gewmetr�a: thn perioq� �xw (I) kai m�sa (II) ap�

ton or�zonta th
 ma�rh
 op�


� Suntetagm�ne
 Kruskal (v; u) : En� 0 < r <1, t�ra

�1 < u <1 (m�gisth ep�ktash tou qwr�qronou). H

pl�rh
 gewmetr�a t�ra perilamb�nei:

� Thn exwterik� (I) kai eswterik� (II)

perioq� th
 ma�rh
 op�


� Thn exwterik� (III) kai eswterik� (IV)

perioq� th
 leuk�
 op�
 (epitr�pei

m�no thn �xodo kai �qi thn e�sodo)

u

v

r=2Mr=2M
r=0

r=0

HIL

HIIL

HIIIL

HIVL
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Genik� Jewr�a th
 Sqetik�thta


Up�rqoun �mw
 d�o �lla e�dh

ma�rwn op�n, oi fortism�ne


Reissner-Nordstromkai oi peri-

stref�mene
 Kerr-Newman

� H parous�a tou eswteriko�

or�zonta Cauchyepitr�pei

thn di�sqish tou �to�nel�

� H idiomorf�a me sq�ma dakt�liou

epitr�pei tax�dia sto qr�no

� 'Omw
, o or�zonta
 Cauchye�nai

kai aut�
 astaj�
 kai ta ant�stoiqa

�to�nel� mh diasq�sima...

r = 0

r = 0

r = 0

r = 0

r-r-

+r

i
0

i
0

i
0

i
0

I -

I -I -

I
+

+r
+r

+r +r

r-r-

+r +r

I
+

I
+

I -

I
+

I -

I
+

I
+

I -

(r = +    )8

(r = -    )8

(r = +    )8

(r = +    )8

(r = +    )8

(r = -    )8 (r = -    )

-

8
8

(r = +    )8

(r = +    )8

(r = +    )8

(r = +    )8

r- timelike

G  M   > a2 22

Kerr:

trajectoriesr

r

(r = -    )

+
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P�ra ap� th G.J.S.

� S�gqronh pros�ggish: Sth jewr�a up�rqei m�no fusik�

apodekt� �lh me p

��

� �

��

, �mw
 isq�ei �ti

p

o�

= p

��

+ p

extra

; �

o�

= �

��

+ �

extra

me ti
 ���xtra�� suneisfor�
 na ofe�lontai se gewmetriko�


par�gonte
 kai na prokalo�n thn parab�ash th
 p

o�

� �

o�

� Genikeum�ne
 Jewr�e
 Bar�thta
: H jewr�a twn uper-

qord�n e�nai mia gewmetrik� jewr�a se an�tero arijm�

diast�sewn

Sti
 qamhl�
 en�rgeie
, an�getai se mia barutik� jewr�a

pou perilamb�nei thn G.J.S. all� kai mia plhj�ra �llwn

ped�wn kai an�terwn barutik�n �rwn
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P�ra ap� th G.J.S.

Sta pla�sia mia
 t�toia
 genikeum�nh
 jewr�a
 pou, sti


exis�sei
 ped�ou, peri�qei ton gewmetrik� �ro Gauss-Bonnet

R

2

GB

= R

����

R

����

� 4R

��

R

��

+ R

2

;

br�kame l�sei
 skoulhk�trupwn pou (Kanti, Kleihaus & Kunz, 2011):

�

den apaito�n exwtik� �lh

�

e�nai �so meg�le
 j�loume

�

e�nai diasq�sime
 ap� swmat�dia

�

e�nai eustaje�
 se diataraq�


Perait�rw di�basma: New Scientist,

te�qo
 10h
 Mart�ou 2012
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