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H Neut�nia Jewr�a

H Bar�thta �tan h pr�th d�namh pou apasq�lhse ton �njrwpo:

Poio e�nai to a�tio pou prokale� thn pt�sh twn swm�twn?

Ti krat� ta our�nia s�mata yhl� ston ouran�?

Diatup�jhkan poll�c �jewr�ec�, metax� aut�n h �fusik� k�nhsh�
twn swm�twn kai oi �our�niec gu�linec sfa�rec� (Aristot�lhc)
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H Neut�nia Jewr�a

M�qri thn Anag�nnhsh, h kat�stash e�qe g�nei pio xek�jarh:

H Gh �lkei proc to k�ntro thc �la ta s�mata pou
br�skontai kont� thc

'Oloi oi plan�tec peristr�fontai g�rw ap� ton 'Hlio

'Ara, up�rqei dr�sh ap� ap�stash (=mage�a?) � an�ptuxh tou
kin�matoc tou Ermhtismo� (opad�c thc �tan kai o Ne�twnac!)
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H Neut�nia Jewr�a

H pr�th majhmatik� jewr�a gia th barutik� d�namh diatup�jh-
ke ap� ton Isa�k Ne�twna (1686) � o pagk�smioc n�moc thc
bar�thtac �qei thn morf�:

F = GN
M1M2

r2

H jewr�a tou Ne�twna �tan
sumbat� me tic parathr�seic
tou T. Mpr�qe (1580) all� kai
touc treic empeiriko�c n�mouc
tou G. K�pler (1609)
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H Neut�nia Jewr�a

Ekt�c ... ap� aut� tou plan�th Erm�, o opo�oc ektele� mia
per�ergh troqi� ston ouran�: h troqi� tou Erm� g�rw ap� ton
'Hlio �metap�ptei�

H met�ptwsh br�jhke na e�nai �sh
me 0.164 mo�rec k�je 100 qr�nia!

H jewr�a tou Ne�twna pro�blepe
0.151 mo�rec k�je 100 qr�nia....(?)

Par�moiec anwmal�ec stic troqi�c
tou Ourano� kai tou Poseid�na od�ghsan sthn anak�luyh tou
Poseid�na (1840) kai tou Plo�twna (1930) � kai ed�, �nac n�oc
�afan�c� plan�thc, o Vulkan, prot�jhke all� den br�jhke ...
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H Genik� Jewr�a thc Sqetik�thtac

H jewr�a tou Ne�twna den �tan epom�nwc �so akrib�c ja
j�lame eidik� se perioq�c �ntonou barutiko� ped�ou

Poioc �mwc ja mporo�se na fti�xei mia
kaino�ria jewr�a gia th bar�thta?

O 'Almpert Aïnst�in (Albert Einstein,
1879-1955), o opo�oc metax� �llwn
diat�pwse:

thn Eidik� Jewr�a thc Sqetik�thtac,
to 1905

thn Genik� Jewr�a thc Sqetik�thtac,
to 1915
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H Eidik� Jewr�a thc Sqetik�thtac

H Neut�nia Mhqanik� ep�shc den perigr�fei swst� thn k�nhsh
swm�twn me meg�lec taq�thtec

• H basik� id�a thc E.J.S. e�nai �ti o q�roc kai o qr�noc
apotelo�n d�o di�krita, isod�nama komm�tia en�c enia�ou
upob�jrou, tou qwr�qronou (Minkowski)

'Etsi, ant� na mil�me gia ap�stash d�o shme�wn ston q�ro,

(∆s)2 = (∆x)2 + (∆y)2 + (∆z)2

mil�me gia �ap�stash� an�mesa se d�o gegon�ta m�sa ston
qwr�qrono

(∆s)2 = −c2(∆t)2 + (∆x)2 + (∆y)2 + (∆z)2



Dom� Neut�nia Jewr�a H GJS P�ra ap� th GJS Sumper�smata

H Eidik� Jewr�a thc Sqetik�thtac

H E.J.S. probl�pei poll� kaino�ria fain�mena (diastol� tou
qr�nou, sustol� tou m�kouc) pou parathro�ntai ston k�smo
twn stoiqeiwd�n swmatid�wn

T�so o Eukle�dioc q�roc �so kai o qwr�qronoc Minkowski
e�nai ep�pedoi � oi suntelest�c twn apeirost�n stoiqe�wn e�nai
mon�dec

ds2 = −dt2 + dx2 + dy2 + dz2 ,
↑ ↑ ↑ ↑
1 1 1 1

• Kamp�loc Qwr�qronoc : Prok�ptei e�n epitr�youme mh
tetrimm�nec sunart�seic mprost� ap� tic apeirost�c apost�seic
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H Genik� Jewr�a thc Sqetik�thtac

To ak�loujo stoiqe�o m�kouc perigr�fei kamp�lo qwr�qrono

ds2 = −A(xµ) dt2+B(xµ) dx2+C (xµ) dy2+D(xµ) dz2 = dxνgµνdx
µ

kai oi sunart�seic A,B,C ,D apotelo�n stoiqe�a tou metriko�
tanust� gµν , en�c tanust� 2hc t�xhc (me 16 sunist�sec)

Ta stoiqe�a tou metriko� tanust� exart�ntai ap� thn katanom�
m�zac kai en�rgeiac (Tµν) ston qwr�qrono, kai prosdior�zontai
m�sw twn exis�sewn ped�ou tou Aïnst�in

Rµν − 1
2 gµν R = 8πGN Tµν

�pou Rµν e�nai o tanust�c tou Ricci, pou d�netai sunart�sei
parag�gwn tou gµν , en� R = gµν Rµν
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H Genik� Jewr�a thc Sqetik�thtac

H prohgo�menh ex�swsh mac l�ei �ti:

Kampul�thta = En�rgeia � M�za

H G.J.S. kataf�rnei:

• na exhg�sei thn met�ptwsh tou perihl�ou tou Erm�

• na probl�yei thn ektrop� twn akt�nwn fwt�c ap� ton 'Hlio

• na probl�yei thn barutik� exasj�nhsh tou fwt�c

• na probl�yei thn barutik� diastol� tou qr�nou



Dom� Neut�nia Jewr�a H GJS P�ra ap� th GJS Sumper�smata

Barutik�c L�seic

Ep�shc, probl�pei thn �parxh gnwst�n kai �gnwstwn barutik�n
antikeim�nwn. P.q. to stoiqe�o m�kouc

ds2 = −
(

1− 2M

r

)
dt2 +

(
1− 2M

r

)−1
dr2 + r2 (dθ2 + sin2 ϕ2)

perigr�fei:

Ast�ra Ma�rh Tr�pa Skoulhk�trupa
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Kosmologik�c L�seic

Epipl�on, perigr�fei thn qronik� ex�lixh tou s�mpantoc e�n
j�soume

ds2 = −dt2 + a2(t)
[
dr2 + r2 (dθ2 + sin2 ϕ2)

]
�pou a(t) o suntelest�c kl�makac (� �akt�na�) tou s�mpantoc �
en�c s�mpantoc pou genn�jhke prin ap� 14 disekatomm�ria
qr�nia kai ap� t�te diast�lletai suneq�c (kai gia p�nta)
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Epituq�ec thc G.J.S. !

Sth Barutik� Pleur� thc:

probl�pei fain�mena kai barutik�c
l�seic pou sqed�n �la �qoun
epibebaiwje�

probl�pei barutik� k�mata ta
opo�a parathr�jhkan to 2015

Sth Kosmologik� Pleur� thc:

enswmat�nei thn diastol� tou
s�mpantoc

probl�pei thn sugk�ntrwsh twn
arq�gonwn stoiqe�wn

probl�pei thn Kosmik� Aktinobol�a
Upob�jrou (CMB)
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Probl�mata ...

Sth Barutik� Pleur� thc:

probl�pei m�no 3 oikog�neiec l�sewn ma�rwn trup�n �
giat�? =⇒ pr�blhma ap�leiac thc plhrofor�ac

oi l�seic skoulhk�trupwn pou probl�pei e�nai p�nta
astaje�c kai mh diasq�simec (kr�ma ...)

Sthn Kosmologik� Pleur� thc:

probl�pei mia Arqik� Anwmal�a (to gnwst� Big Bang) gia
to s�mpan mac

probl�pei thn �parxh �skotein�c �lhc� pou den aktinobole�

apaite� thn �parxh thc �skotein�c en�rgeiac� gia thn
epitaqun�menh diastol� tou s�mpantoc

ta d�o aut� �skotein� sustatik�� fa�netai na apotelo�n to
95% thc sunolik�c en�rgeiac tou s�mpantoc!
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P�ra ap� th G.J.S.

Ta �skotein�� aut� sustatik� mac jum�zoun �swc ton afan�
plan�th Vulkan pou epino�jhke sta 1900 gia na kal�yei tic
adunam�ec thc Neut�niac Jewr�ac ...

M�pwc brisk�maste se �na kombik� shme�o �pou apaite�tai pia
mia kaino�ria Jewr�a gia th Bar�thta?

'Allwste, h G.J.S.:

e�nai mia klasik� jewr�a pou isq�ei gia mikr�c en�rgeiec

den enopoie�tai me tic up�loipec dun�meic

Mia Kbantik� Jewr�a Bar�thtac ja �tan apallagm�nh ap� ta
parap�nw d�o probl�mata kai �swc �dine aut�mata l�sh kai sta
prohgo�mena
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H top-down pros�ggish

Proupoj�tei thn diat�pwsh thc Kbantik�c Jewr�ac Bar�thtac
me austhr�, majhmatik� tr�po apeuje�ac stic uyhl�c en�rgeiec
kai thn mel�th twn sunepei�n thc sto �rio twn qamhl�n
energei�n pou zo�me (top =⇒ down)

Dustuq�c, aut� ak�ma den �qei epiteuqje�... Sto parelj�n,
pist�yame �ti e�qame �rjei pol� kont� se aut� me thn ...

• Jewr�a Uperqord�n: Mia gewmetrik� jewr�a se an�tero
arijm� diast�sewn (D = 10 = 1 + 9) pou ta domik� thc stoiqe�a
e�nai, �qi shmeiak� swmat�dia, all� qord�c
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H top-down pros�ggish

Mia apl� morf� thc jewr�ac twn qord�n d�netai ap� thn dr�sh

S =
1

4πα′

∫
d2σ
√
hhαβ ∂αX

µ ∂βX
ν gµν

�pou Xµ e�nai to di�nusma j�shc ston 10D qwr�qrono en�c
tuqa�ou shme�ou ep�nw sto �kosmik� sent�ni�

Sto �rio twn qamhl�n energei�n, h jewr�a twn uperqord�n
an�getai se mia plo�sia all� per�plokh barutik� jewr�a

S4 =

∫
d4x

[
R + (∂µφ)2 + e−2φ(∂µa)2 + α′eφ

(
R2
GB − FµνF

µν
)

+ α′a
(
RR̃ − F F̃

)
+O(α′2) + . . .

]√
−g

�pou: R2
GB = RµνρσR

µνρσ − 4RµνR
µν + R2, Fµν = ∂µAν − ∂νAµ
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H top-down pros�ggish

H energ�c jewr�a twn uperqord�n stic qamhl�c en�rgeiec odhge�
se mia plhj�ra l�sewn me fusik� endiaf�ron

Ma�rec Tr�pec me bajmwt� ped�o Kosm. L�seic qwr�c
Arqik� Anwmal�a

Oi epilog�c �mwc e�nai pol� l�gec kai exantlo�ntai gr�gora ...
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H bottom-up pros�ggish

Enallaktik�, mporo�me na �qt�soume� mia energ� jewr�a stic
qamhl�c en�rgeiec, antl�ntac �mpneush ap� thn jewr�a twn
uperqord�n, pou ja odhge� se endiaf�rousec l�seic

Upoj�toume �ti mia t�toia energ�c jewr�a ja e�nai to �rio miac
pl�rouc, jemeli�douc jewr�ac gia thn Bar�thta se uyhl�c
en�rgeiec (bottom =⇒ up)

T�toiec tropopoihm�nec jewr�ec Bar�thtac melet�ntai entatik�
ed� kai treic dekaet�ec ap� touc epist�monec me thn morf�

thc energo� jewr�ac twn uperqord�n

thc energo� jewr�ac Lovelock (G.J.S. se D > 4)

twn jewri�n Horndeski-Galileon (Bar�thta kai φ)
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H bottom-up pros�ggish

Ac jewr�soume p.q. thn apl� jewr�a

S4 =

∫
d4x
√
−g
[
R + (∂µφ)2 + α′f (φ)R2

GB

]
�pou f (φ) mia tuqa�a sun�rthsh s�zeuxhc � an f (φ) = eφ,
epistr�fw sthn energ� jewr�a twn uperqord�n

Gia f (φ) = φ2n, br�kame kosm. l�seic qwr�c Arqik� Anwmal�a:
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H bottom-up pros�ggish

Apodeikn�etai �ti h apl� aut� jewr�a e�nai idia�tera plo�sia se
l�seic! Pr�sfata br�kame plhj�ra l�sewn ma�rwn trup�n me
scalar hair kai eustaj�n skoulhk�trupwn gia tuqa�a f (φ):
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... parous�a tou tetragwniko� gewmetriko� �rou Gauss-Bonnet

R2
GB = RµνρσR

µνρσ − 4RµνR
µν + R2 ,
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Sumper�smata

• Ap� tic arq�c tou 20ou ai�na, �lec (sqed�n) oi probl�yeic thc
G.J.S. �qoun epibebaiwje�

• 'Omwc, kai h Genik� Jewr�a thc Sqetik�thtac den fa�netai na
e�nai h pio jemeli�dhc jewr�a gia th Bar�thta

• Gia na breje� h telik� aut� jewr�a �qoun qrhsimopoihje� t�so
h top-down �so kai h bottom-up pros�ggish

• Sta pla�sia thc bottom-up pros�ggishc, h jewr�a tou
Ainst�in pou plaisi�netai ap� �na bajmwt� ped�o kai ton �ro
Gauss-Bonnet odhge� se exairetik� endiaf�ronta apotel�smata

• E�nai o �roc Gauss-Bonnet komm�ti thc telik�c jewr�ac thc
Bar�thtac? Apom�nei na to do�me...
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H Genik� Jewr�a thc Sqetik�thtac

'Estw �na aeropl�no pou pet� se uy�metro H = 10000 m me
taq�thta v = 700Km/�ra. T�te to rol�i tou ja de�qnei:

• L�gw thc k�nhs�c tou, ap� thn E.J.S.:

∆t ′ ' ∆t

(
1− v2

2c2

)
= ∆t

(
1− 2× 10−11

)
• L�gw tou uyom�trou tou, ap� thn G.J.S:

∆t ′ ' ∆t

(
1 +

gH

c2

)
= ∆t

(
1 + 1× 10−12

)
Apokat�stash tou �taut�qronou� metax� en�c ak�nhtou kai en�c
ipt�menou rologio� e�n v2 = 2gH, dhlad� v = 1600Km/�ra
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