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•Ύλη: µόνο 5% της µάζας του σύµπαντος      
Σκοτεινή ύλη (~25%)- Σκοτεινή ενέργεια (~70%) 

• Ιεραρχία των µαζών 

• Απουσία αντιύλης στο σύµπαν
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Εµπόδιο για την ενοποίηση
Αδυναµία της Βαρύτητας

πρωτόνιο ηλεκτρόνιο

Στο άτοµο του υδρογόνου

Δύναµη Ηλεκτροµαγνητισµού
Δύναµη Βαρύτητας
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Περίληψη

• Υπερσυµµετρία 

•Μεγάλες έξτρα διαστάσεις 

• Τα πολλά σύµπαντα της θεωρίας χορδών 

• Τι µαθαίνουµε από το Χιγκς
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•Κάθε φερµιόνιο αποκτά ένα µποζονικό 
“αδερφό” 
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Πειραµατικές ενδείξεις για ενοποίηση στις αρχές της δεκαετιάς του 1990



Επιτυχίες της Υπερσυµµετρίας

• Το πιο ελαφρύ υπερσυµµετρικό σωµατίδιο 
είναι σταθερό: Σκοτεινή ύλη 

• Large Hadron Collider: Παραγωγή 
υπερσυµµετρικών σωµατιδίων



Θεωρία των έξτρα διαστάσεων

the full higher-dimensional space. In high-energy particle col-
lisions, we expect to observe missing energy, the result of
gravitons escaping into the extra dimensions.

Although it may seem strange that some particles should be
confined to a wall, similar phenomena are quite familiar. For
instance, electrons in a copper wire can move only along the
one-dimensional space of the wire and do not travel into the
surrounding three-dimensional space. Likewise, water waves
travel primarily on the surface of the ocean, not throughout its
depth. The specific scenario we are describing, in which all par-
ticles except gravity are stuck to a wall, can arise naturally in
string theory. In fact, one of the major insights triggering recent
breakthroughs in string theory has been the recognition that
the theory contains such “walls,” known as D-branes, where
“brane” comes from the word “membrane” and “D” stands
for “Dirichlet,” which indicates a mathematical property of the
branes. D-branes have precisely the required features: particles
such as electrons and photons are represented by tiny lengths
of string that each have two endpoints that must be stuck to a
D-brane. Gravitons, on the other hand, are tiny closed loops of
string that can wander into all the dimensions because they
have no endpoints anchoring them to a D-brane.

Is It Alive?

One of the first things good theorists do when they have a
new theory is to try to kill it by finding an inconsistency

with known experimental results. The theory of large extra di-
mensions changes gravity at macroscopic distances and alters
other physics at high energies, so surely it is easy to kill. Re-
markably, however, despite its radical departure from our usu-
al picture of the universe, this theory does not contradict any
known experimental results. A few examples of the sorts of
tests that are passed shows how surprising this conclusion is.

One might initially worry that changing gravity would af-
fect objects held together by gravity, such as stars and galax-
ies. But they are not affected. Gravity changes only at dis-
tances shorter than a millimeter, whereas in a star, for exam-
ple, gravity acts across thousands of kilometers to hold distant
parts of the star together. More generally, even though the ex-

tra dimensions strengthen gravity much more quickly than
usual at short distances, it still only catches up with the other
forces near 10–19 meter and remains very feeble compared
with them at larger distances.

A much more serious concern relates to gravitons, the hy-
pothetical particles that transmit gravity in a quantum theo-
ry. In the theory with extra dimensions, gravitons interact
much more strongly with matter (which is equivalent to
gravity being stronger at short distances), so many more of
them should be produced in high-energy particle collisions.
In addition, they propagate in all the dimensions, thus taking
energy away from the wall, or membrane, that is the universe
where we live.

When a star collapses and then explodes as a supernova,
the high temperatures can readily boil off gravitons into extra
dimensions [see upper illustration on page 68]. From observa-
tions of the famous Supernova 1987A, however, we know
that a supernova explosion emits most of its energy as neutri-
nos, leaving little room for any energy leakage by gravitons.
Our understanding of supernovae therefore limits how
strongly gravitons can couple to matter. This constraint could
easily have killed the idea of large extra dimensions, but de-
tailed calculations show that the theory survives. The most se-
vere limit is for only two extra dimensions, in which case
gravitons cool supernovae too much if the fundamental
Planck scale is reduced below about 50 TeV. For three or
more extra dimensions, this scale can be as low as a few TeV
without causing supernovae to fizzle.

Theorists have examined many other possible constraints
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OUR UNIVERSE MAY EXIST ON A WALL,
or membrane, in the extra dimensions. The line along the
cylinder (below right) and the flat plane represent our three-di-
mensional universe, to which all the known particles and forces
except gravity are stuck. Gravity (red lines) propagates through
all the dimensions. The extra dimensions may be as large as one
millimeter without violating any existing observations. GRAVITY

OUR 3-D UNIVERSE

GRAVITY

EXTRA DIMENSIONS
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Η βαρύτητα είναι αδύναµη όταν διαδίδεται σε περισσότερες 
από 3 διαστάσεις

ΝΕΑ 
ΔΙΑΣΤΑΣΗ

ΒΑΡΥΤΗΤΑ

3-ΔΙΑΣΤΑΤΟ ΣΥΜΠΑΝ



extraordinary size of the Planck scale, accepted for a century
since Planck first introduced it, is based on an untested as-
sumption about how gravity behaves over short distances.

Newton’s inverse square law of gravity—which says the
force between two masses falls as the square of the distance
between them—works extremely well over macroscopic dis-
tances, explaining the earth’s orbit around the sun, the moon’s
around the earth, and so on. But because gravity is so weak,
the law has been experimentally tested down to distances of
only about a millimeter, and we must extrapolate across 32
orders of magnitude to conclude that gravity only becomes
strong at a Planck scale of 10–35 meter.

The inverse square law is natural in three-dimensional space
[see upper illustration on opposite page]. Consider lines of
gravitational force emanating uniformly from the earth. Far-
ther from the earth, the lines are spread over a spherical shell
of greater area. The surface area increases as the square of
the distance, and so the force is diluted at that rate. Suppose
there were one more dimension, making space four-dimen-
sional. Then the field lines emanating from a point would get
spread over a four-dimensional shell whose surface would in-
crease as the cube of the distance, and gravity would follow
an inverse cube law.

The inverse cube law certainly doesn’t describe our uni-

verse, but now imagine that the extra dimension is curled up
into a small circle of radius R and that we’re looking at field
lines coming from a tiny point mass [see lower illustration on
opposite page]. When the field lines are much closer to the
mass than the distance R, they can spread uniformly in all
four dimensions, and so the force of gravity falls as the in-
verse cube of distance. Once the lines have spread fully
around the circle, however, only three dimensions remain for
them to continue spreading through, and so for distances
much greater than R the force varies as the inverse square of
the distance.

The same effect occurs if there are many extra dimensions,
all curled up into circles of radius R. For n extra spatial di-
mensions at distances smaller than R, the force of gravity will
follow an inverse 2 + n power law. Because we have mea-
sured gravity only down to a millimeter, we would be oblivi-
ous to changes in gravity caused by extra dimensions whose
size R is smaller than a millimeter. Furthermore, the 2 + n
power law would cause gravity to reach “Planck-scale
strength” well above 10–35 meter. That is, the Planck length
(defined by where gravity becomes strong) would not be that
small, and the hierarchy problem would be reduced.

One can solve the hierarchy problem completely by postu-
lating enough extra dimensions to move the Planck scale very
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IN A NUTSHELL
Dimensions. Our universe seems to have four dimensions:
three of space (up-down, left-right, forward-backward) and
one of time. Although we can barely imagine additional di-
mensions,mathematicians and physicists have long analyzed
the properties of theoretical spaces that have any number of
dimensions.

Size of dimensions. The four known space-time dimensions
of our universe are vast.The dimension of time extends back
at least 13 billion years into the past and may extend infinite-
ly into the future. The three spatial dimensions may be infi-
nite; our telescopes have detected objects more than 12 bil-
lion light-years away.Dimensions can also be finite.For exam-

ple, the two dimensions of the surface of the earth extend
only about 40,000 kilometers—the length of a great circle.

Small extra dimensions. Some modern physics theories pos-
tulate additional real dimensions that are wrapped up in cir-
cles so small (perhaps 10–35-meter radius) that we have not
detected them.Think of a thread of cotton: to a good approx-
imation, it is one-dimensional. A single number can specify
where an ant stands on the thread. But using a microscope,
we see dust mites crawling on the thread’s two-dimensional
surface: along the large length dimension and around the
short circumference dimension.

Large extra dimensions. Recently physicists realized that ex-
tra dimensions as “big”as a millimeter could exist and remain

invisible to us. Surprisingly, no known experimen-
tal data rule out the theory, and it could explain
several mysteries of particle physics and cosmolo-
gy.We and all the contents of our known three-di-
mensional universe (except for gravity) would be
stuck on a “membrane,” like pool balls moving on
the two-dimensional green baize of a pool table.

Dimensions and gravity. The behavior of
gravity—particularly its strength—is intimately re-
lated to how many dimensions it pervades. Stud-
ies of gravity acting over distances smaller than a
millimeter could thus reveal large extra dimen-
sions to us. Such experiments are under way.
These dimensions would also enhance the pro-
duction of bizarre quantum gravity objects such
as micro black holes, graviton particles and super-
strings, all of which could be detected sometime
this decade at high-energy particle accelerators.

—Graham P. Collins, staff writer
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BALLS ON A POOL TABLE
are analogous to fundamental particles
on the membrane that is our known universe. 
Billiard-ball collisions radiate energy into three dimensions as sound
waves (red), analogous to gravitons. Precise studies of the balls’ motions
could detect the “missing” energy and thus the higher dimensions.
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Υχητικά κύµατα Βαρύτητα

Τραπέζι του µπιλιάρδου Το δικό µας 3-διάστατο σύµπαν�

�
Μπάλλες του µπιλιάρδου Στοιχιώδη Σωµατίδια�
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Σήµατα στο LHC

Γραβιτόνια διαφεύγουν στην έξτρα διάσταση 
Χαµένη Ενέργεια

Παραγωγή εξωτικών σωµατιδίων και χορδών

ΓΡΑΒΙΤΟΝΙΑ

ΣΩΜΑΤΙΔΙΑ

ΤΟ ΣΥΜΠΑΝ ΜΑΣ
ΠΡΩΤΟΝΙΟ



Σήµατα στο LHC

Συγκρούσεις πρωτονίων παράγουν µαύρες τρύπες

ΜΙΚΡΗ ΜΑΥΡΗ 
ΤΡΥΠΑ

ΠΡΩΤΟΝΙΟ
ΤΟ ΣΥΜΠΑΝ ΜΑΣ



LHC: Μηχανή Καταστροφής



LHC: Μηχανή Καταστροφής



LHC: Μηχανή Καταστροφής

Οι µαύρες τρύπες παράγονται σε συγκρούσεις κοσµικής ακτινοβολίας
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“entia non sunt multiplicanda 
praeter necessitatem” 

τίποτα δεν πρέπει να 
πολλαπλασιάζεται πέρα από το 
αναγκαίο

William of Ockham

Μινιµαλισµός



“entia non sunt multiplicanda 
praeter necessitatem” 

τίποτα δεν πρέπει να 
πολλαπλασιάζεται πέρα από το 
αναγκαίο

William of Ockham Gottfried Wilhelm Leibniz

Ο τελειότερος από όλους τους 
πιθανούς κόσµους πρέπει να 
περιέχει όλες τις περιπτώσεις

Μινιµαλισµός Πληθώρα



Για το ηλιακό σύστηµα

Μινιµαλισµός
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Για το ηλιακό σύστηµα

Μινιµαλισµός Πληθώρα

Ο Giordano Bruno καίγεται,  
17 Φεβρουαρίου, 1600



Πληθώρα Ηλιακών Συστηµάτων

• Αλλάζει τον τρόπο που σκεφτόµαστε για το 
ηλιακό σύστηµα                                                               
π.χ. απόσταση Ήλιου-Γης 

• Δείχνει προς περιβαλλοντική επιλογή στο 
σύµπαν µας



Μινιµαλισµός

Ένα σύµπαν



Μινιµαλισµός Πληθώρα

Ένα σύµπαν Πολλά σύµπαντα
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Θεωρία Χορδών

Μινιµαλισµός Πληθώρα

Οι νόµοι της φύσης εξαρτώνται από το σχήµα των έξτρα διαστάσεων



Θεωρία Χορδών

Μινιµαλισµός Πληθώρα

Οι έξτρα διαστάσεις της θεωρίας Χορδών  
υπονοούν την ύπαρξη πολλών συµπάντων

Οι νόµοι της φύσης εξαρτώνται από το σχήµα των έξτρα διαστάσεων



Η ενέργεια του σύµπαντος

Στα περισσότερα σύµπαντα η ενέργεια είναι τόσο µεγάλη που 
διασπά τους γαλαξίες 

“Το πρόβληµα της Κοσµολογικής Σταθεράς”



Μινιµαλισµός Πληθώρα

“Θεϊκή” παρέµβαση Επιλογή περιβάλλοντος

Η ύπαρξη γαλαξιών



Πώς ψάχνουµε για αυτά τα σύµπαντα;



Επιπτώσεις της πληθώρας στη 
θεωρία Χορδών

•Πληθώρα συµπάντων 

•Πληθώρα σωµατιδίων στο σύµπαν µας

Ύπαρξη γαλαξιών 

Διχασµένη Υπερσυµµετρία



Μετασταθή σωµατίδια στο LHC
Σωµατίδια που διασπούνται µακριά από το σηµείο παραγωγής τους 
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•Φως από το Big Bang 

•Κατανοµή της ύλης στο σύµπαν 

•Μετασταθή σωµάτια στο LHC 

• Εξέλιξη των περιστρεφόµενων µαύρων τρυπών

Σήµατα της πληθώρας σωµατιδίων



Βαρυτικά κύµατα από µαύρες τρύπες
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Βαρυτικά κύµατα από µαύρες τρύπες



Τι µαθαίνουµε από το Χιγκς;

•Η µάζα του είναι 125 GeV 

•Παράγεται µε περίπου το ρυθµό πού προβλέπεται από το 
Καθιερωµένο Πρότυπο



Τι µαθαίνουµε από το Χιγκς;

• Οι ιδιότητες του εχουν πληροφορίες 
για καινούργια σωµάτια



Μινιµαλισµός και Πληθώρα



Πείραµα
Δεκαετία πειραµατικών δεδοµένων

Advanced LIGO

Planck

LHCFermi (GLAST)

Xenon 100 Atom Interferometry



Φιλοσοφία εναντίον Επιστήµης

• 16ος αιώνας: Πληθώρα ηλιακών 
συστηµάτων εν. τηλεσκοπίου 

• 21ος αιώνας: Πληθώρα συµπάντων εν. 
πειραµατικής εξακρίβωσης


