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H
ow

 do w
e know

 that these ideas are correct and m
ake any sense at all ?

T
heoretical E

xperim
ents: C

onsistency C
hecks

B
esides grow

ing circum
stantial evidence w

ith varying degree of rigor,
there have been num

erous non-trivial quantitative tests  and
consistency checks.

N
ot a single test on the dualities has ever failed !

E
ven though string theory m

akes 
infinitely m

any predictions,
it is hard to verify w

ith present day experim
ents ............

Tests, A
pplications &

 R
ecent D

evelopm
ents

P
art  4

W
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E
R
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C
E

R
N

D
uality

 is an extrem
ely useful tool for analyzing in detail

m
any non-trivial string and field theories.

S
upersym

m
etry facilitates this by virtue of its non-ren. properties,

but is perhaps by itself not a fundam
entally im

portant feature.

A
part from

 aim
ing for grand unifications, there has also been a lot

of highly non-trivial results for gauge and other Q
F

T
’s !

F
ield theoretical applications

2

C
om

pute B
ekenstein-H

aw
king entropy (=

 area of B
H

 horizon)
of extrem

al N
=

4 supersym
m

etric black hole in D
=

5.

C
ounting B

lack H
ole M

icrostates w
ith D

-branes

F
or large circle, this m

aps to a 2d sigm
a m

odel
on the m

oduli space of a gas of D
0 branes on K

3

qf ,  qh  =
 electric and axionic charges

E
xam

ple:

Idea:

Large, sem
i-classical black hole

D
uality

S
trongly coupled string theory

W
eakly coupled string theory

T
ype IIB

 string on K
3xS 1

C
ounting states in this sigm

a m
odel,

indeed reproduces the above B
ekenstein-H

aw
king

entropy for large charges !

T
his does not only add credibility to the duality claim

s, but
also tells that there are no "m

issing" degrees of freedom
 !

S
tring theory seem

s to have exactly the right degrees of
freedom

 to m
ake sense of quantum

 black holes.....
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C
om

parison of Q
uantum

 C
orrections 

C
om

plicated perturbative corrections to effective actions can com
puted

in various different string m
odels, and alw

ays give the sam
e answ

er.

D
uality

E
xam

ple:  threshold corrections to gauge coupling in N
=

2 S
U

S
Y

 in D
=

4

  T
ype IIA

  on som
e C

alabi-Y
au X6  versus heterotic string on K3 xT

2

C
ounting spheres in the                            perturbative one-loop

C
alabi-Y

au via m
irror sym

m
etry             diagram

 (tree level)                                               ("B
orcherds integral")

T
hese very non-trivial functions, of com

pletely different origin,
m

atch com
pletely !

4

R
ecovering S

eiberg-W
itten T

heory from
 S

tring D
uality

N
on-perturbative equivalence of type IIB

 string, com
pactified on

C
alabi-Y

au m
anifold X6 ,  w

ith heterotic string com
pactified on K3 xT

2

T
ype IIA

/B
 S

tring
H

eterotic S
tring

d=
10

Identical N
=

2 S
U

S
Y

 theory in d=
4

3-branes w
rapping

3-cycles

3-branes w
rapping

dual 3-cycles

fundam
ental gauge

bosons

S
W

 m
onopoles

T
ree-level physics

in gauge sector
N

on-perturbative
quantum

 theory

w
orld-sheet

instanton effects
space-tim

e gauge
instanton effects

classical
com

putation

exact non-perturbative
S

W
 theory, incl gravity

corrections  !

K
3
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W
e thus have a natural dual reform

ulation of N
=

2 supersym
m

etric
Y

ang-M
ills theory !

It is nothing but a "rigid rem
nant" of the type II/heterotic

string duality, that rem
ains after 

decoupling gravity:

T
ype IIA

/B
 S

tring
on C

alabi-Y
au X6

H
eterotic S

tring
on

S
tring duality

usual N
=

2 S
U

S
Y

gauge theory
S

elf-D
ual S

trings
on S

W
 curve

R
igid D

uality

E
lem

entary gauge bosons,
but solitonic m

onopoles
(or vice versa)

G
auge bosons and m

onopoles
are on equal footing !
T

hey sim
ply correspond to

self-dual strings w
rapping

and      cycles on the curve

C
an study non-perturbative properties of the N

=
2 gauge theory, that

are extrem
ely hard to get at in ordinary local Q

F
T

 !


�

"1-brane leftovers" of 3-branes
w

rap S
eiberg-W

itten curve !

S
tringy Interpretation of S

eiberg-W
itten C

urve

K
3

D
ecay of G

auge B
oson into M

onopoles

T
he self-dual string form

ulation allow
s to represent the

physical states in the gauge theory in term
s of hom

ology
cycles on the S

W
 R

iem
ann surface

R
epresent     best in term

s of branched com
plex plane;

for generic, large vacuum
 values, the basic states of the

theory w
ith (m

ag,ele) charges are then represented as follow
s:

G
auge boson w

ith
charges (0,1)

M
onopole w

ith
charges (1,0)

M
onopole w

ith
charges (-1,1)

H
ow

ever, for special values of V
E

V
, the string

representation degenerates:

T
he quantum

 state of the gauge boson becom
es indistinguishable

of the 2-particle state com
posed out of tw

o m
agnetic m

onopoles!

N
ot possible to see in ordinary Q

F
T

 !



7  D
-B

rane T
echnology

"D
-brane technology" can be used to m

odel local string geom
etries

w
hich realize, for exam

ple, gauge theories w
ith m

atter.

E
xam

ple: In T
ype IIA

 string theory, consider

T
his induces N

=
2 S

U
S

Y
 S

U
(n) S

Y
M

 theory on the
w

orld-volum
e of the D

4-branes, reproducing
S

eiberg-W
itten theory

n D
4-branes,

open strings betw
een them

give gauge fields

5-branes

N

D

R
ecall single D

-brane:    open strings can end

Localized degrees of freedom
:

D
:    U

(1)  gauge degrees of freedom
N

:    H
iggs field, V

E
V

           =
 brane position

U
(1) x U

(1) x U
(1) +

 m
assive

U
(3)  unbroken gauge sym

m
etry

H
iggs

U
(1)

D
ecouple gravity and irrelevant string m

odes:
get results from

 string duality also for 
ordinary Q

F
T

F
urther A

pplications:
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 G
eom

etric E
ngineering

In T
ype IIA

 string theory on K
3, consider

D
2-branes w

rapped around 2-cycles that intersect in a
certain pattern:

E
xam

ple:

P
hysically, this yields an E

6 gauge theory in D
=

6 !

6
E

α
1

α
2

α
3

α
4

α
6

α
5

Instead of flat D
-branes, w

e can also use 
curved D

-branes
w

rapped around p-cycles in som
e C

alabi-Y
au m

anifold.

T
he intersection topology determ

ines then gauge group and
m

atter content; it is a very system
atic construction w

hich
allow

s to design a huge class of gauge theories, as w
ell as

novel Q
F

T
.

2-cycle
intersection

G
roup theoretical

D
ynkin diagram

:
K

3

"Q
uiver" N

=
1 S

U
S

Y
 gauge theory in D

=
4

each node corresponds to som
e w

rapped D
 branes:

E
xam

ple:

P
hysically, this yields a gauge group

w
ith m

atter fields in the reps.

N
ot everything is allow

ed:
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S
tringy "B

rane W
orlds"

A
 very general class of N

=
1 supersym

m
etric backgrounds can be

obtained by placing extra D
-branes on a com

pactification space,
eg on a C

alabi-Y
au space in type II string theory:

D
-branes partically w

rapping cycles
or sitting at points on X

6

G
enerically, this picture is dual to strongly-coupled

heterotic strings on large com
pact dim

ensions
(as naturally suggested by S

U
S

Y
 breaking)

N
ote how

ever, that due to stringy geom
etry, a geom

etrical
interpretation is in general highly am

biguous ...

O
ne and the sam

e effective action m
ay have m

any
different dual interpretations:

T
his represents a  "

brane w
orld

" w
here w

e live on the
3+

1 dim
ensional "left-over" of the D

-branes

N
=

1 S
U

S
Y

 theory
in 3+

1 dim
ensions

10

Low
-S

cale S
trings ?

T
his setup m

ay be phenom
enologically very interesting:

Standard Modell

S
tandard-m

odel localizes on the brane volum
e

(gauge interactions and m
atter fields: open strings)

G
ravity propagates also in the "bulk"

off the brane (closed strings)

T
he gravity field lines spread out to m

ore than 4
dim

ensions, and are "diluted" : gravity appears
in the brane w

orld weaker than in the bulk !

T
his m

eans the scale of gravity (hitherto 10
19G

eV
)

can be m
uch sm

aller, in fact as low
 as the scale of the

w
eak interactions, or even sm

aller..

If true,  this could be tested at the LH
C

 !
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M
odel B

uilding w
ith "W

arped" G
eom

etries

A
 related approach rests on the fact that branes can induce

a "w
arped" space tim

e, w
hich is not a direct product of

R
4 and an internal space; rather a fiber product w

ith m
etric:

V
isualize as a cone:

O
ur 3+

1dim
 w

orld
r

m
oving along the 5th dim

ension changes energy in 3+
1dim

A
 w

arp factor corresponding to a large 5th dim
ension

can m
ake gravity appear m

uch w
eaker in our 3+

1 dim
ensional

w
orld than it is in the "bulk" 5th dim

ension.

H
orava-W

itten scenario

S
trong coupling lim

it of 10dim
 heterotic string gives 11dim

M
-theory "com

pactified" on a line interval, bounded by
tw

o "end-of-the-w
orld" branes.

3+
1dim

 spacetim
e

large 5th (11th )
dim

ension

C
om

pact space

10
10

10
12

15
18

10

10

0-2

G
eV

α
α

α
1

2

3

α
G

10
-4

10
-6
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S
upersym

m
etry B

reaking

In general, there w
ill be com

plicated non-perturbative
corrections to the superpotential....

S
U

S
Y

 breaking can be achieved in various w
ays, e.g., by

putting non-supersym
m

etric brane configurations on X
6:

O
ne w

ould need a reliable com
putational fram

ew
ork to

determ
ine the effective superpotential, and finally to

determ
ine the ground state of the system

.

O
pen string is a tachyon,

w
hich m

eans an unstable vacuum

eff P
otential V

S
ystem

 w
ill collapse to new

vacuum
 state, w

hich m
ay or m

ay
not be supersym

m
etric:

D
-brane

A
nti-D

-brane

 V
 V

S
U

S
Y

 unbroken       broken
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Q
uantum

 G
eom

etry of D
-B

ranes

T
o m

eaningfully address such questions, w
e need to have 

full
analytical control of functions like the superpotential, or gauge
coupling

C
lassical geom

etry ("branes w
rapping p-cycles") m

akes sense only in
lim

ited regim
es of the param

ater space, nam
ely at w

eak coupling or
large radius:

?       Q
uantum

 geom
etry:

       (instanton) corrections w
ipe out

        concepts of classical geom
etry

E
xam

ple:"quantum
 volum

e"

       6-cycle ->
 zero size

       how
ever: "em

bedded" 
2,4 cycles

       have non-zero size !

6-cycle =
w

hole C
alabi-Y

au
is large

E
xam

ple:"m
onodrom

y"

Looping around singularieties
returns "totally different" brane
configurations

A
 brane-anti brane pair w

ith
apparent S

U
S

Y
 breaking, turns into a

S
U

S
Y

 preserving brane-brane pair

14

M
irror S

ym
m

etry for O
pen S

trings

D
6-brane

R
ecently, new

 techniques have been developed to obtain
exact non-perturbative superpotentials in N

=
1 theories

T
ype IIB

 string on m
irror X6 ’

3+
1dim

3-cycle

D
5-brane

3+
1dim

2-cycle

m
irror duality

T
ype IIA

 string on X6

com
plicated corrections due to open

and closed string instantons
exact result at tree level !

S
uch expressions can be extrapolated (analytically continued) and

so allow
, for exam

ple, to find exact vacuum
 states (m

inim
a of the

potential) in the strongly coupled, non-perturbative regim
e.
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D
uality betw

een O
pen and C

losed S
trings

A
n old idea by t’H

ooft:

C
losed string (T

ype II)
p-brane solitons

O
pen string (T

ype I)
elem

entary D
-p-branes

non-perturbative;
involves gravity

perturbative;
U

(n) gauge theory

R
ecall:

Is there a deeper relationship betw
een the closed string

(gravity) sector, and the open string (gauge theory) sector ?

C
onsider a U

(n) gauge theory, and take the lim
it

T
hen only "planar" F

eynm
an digram

s dom
inate, and in fact

build up R
iem

ann surfaces !

T
he conjecture w

as that for large n, the gauge theory turns
into som

e sort of string theory - but exactly w
hich one

w
asn’t clear at all, for a long tim

e.

n

16

T
ype IIB

 string theory

T
he A

dS
 C

orrespondence:  A
n exact duality

U
sing this correspondence, m

any interesting results about Y
ang-M

ills
theory w

ere obtained, including theories w
ith less or no S

U
S

Y
....

like quark-antiquark potential

  C
orrelators of gauge invariant operators in the N

=
4 gauge theory

are 1:1 to the G
reen’s functions of the type IIB

 string... m
any tests !

G
eom

etry effectively becom
es

C
laim

 (M
aldacena):

T
his corresponds to a w

eak-strong coupling S
-duality:

betw
een G

auge and S
tring T

heory

n D
3-branes

yield U
(n) N

=
4 S

U
S

Y
 on the

3+
1 dim

ensional brane volum
es

"anti de S
itter space"

 S
tring theory w

eakly coupled for:
G

auge theory w
eakly coupled for:

sm
all

sm
all

sm
all

large

T
he large-n lim

it of the U
(n) N

=
4 S

U
S

Y
 gauge theory is exactly

dual to the type IIB
 string on



17

T
he H

olographic P
rinciple

G
eom

etry of the A
dS

-space:

N
=

4 gauge theory on the
3+

1 dim
ensional boundary

=
M

inkow
ski space

H
ow

 can a theory be equivalent to "another" theory on the
boundary ?
It seem

s to have too m
any degrees of freedom

 !

T
he "H

olographic P
rinciple:"

A
 theory of quantum

 gravity is non-local and carries the sam
e

num
ber of degrees of freedom

 as a theory on the boundary !
(inspired by black holes)

H
olographic projection at w

ork:

G
ravity in

5dim
 "bulk"

projection
on 3+

1 dim
boundary

5th dim
ension

(energy)

string in the bulk m
aps to

Q
C

D
 string betw

een
quarks on the boundary

(sim
ilar features seen in w

arped string
com

pactification m
odels)

C
ould it be that these ideas apply also to our universe as a w

hole ?
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A
 H

olographic U
niverse ?

T
he gauge/gravity correspondence for N

=
4 gauge

theory has been the first exam
ple in w

hich the
holographic principle is realized, and this has been
checked thoroughly.

T
hus, another exam

ple w
here an investigation

of string or brane physics had a unexpected,
stunning outcom

e....

T
here are som

e indications for this, but no clearcut
conclusions so far - som

e, very speculative, ideas
are very interesting; for exam

ple, that the evolution of
our universe betw

een big bang and big crunch m
ay be

som
ething like a renorm

alization group flow
 betw

een
tw

o conform
al fixed points.......


