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THE VENEZIANO AMPLITUDE
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Behind the Veneziano amplitude there is
the mechanical model of a vibrating string

S, T — OO



RIGID RELATIVISTIC ROD

14 2 14 2
pc”dr 2 pcerodr T
M:/ :7TIOC€ J = :—6262 v/iec=r1/¥
01— 02/ gy 5P [c=r/
havs J 1 1
Regge behaviour M2 o o



OUTLINE

(CLOSED) SUPERSTRINGS IN D=10 1l
OPEN STRINGS AND D-BRANES 2
COMPACTIFICATION 3

SUPERSYMMETRY BREAKING




THE MECHANICAL MODEL OF A VIBRATING STRING
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Nambu-Goto Action



THE MECHANICAL MODEL OF A VIBRATING STRING

1
S — / dodTt \/Ehaﬁé’aX“ﬁgX” mn

4o

(Brink-Di Vecchia-Howe) Polyakov Action

SYMMETRIES
D-dimensional Poincaré SXH =AM XY + gH
2d diffeomorphism 5o = £%(o)

2d Weyl transtormation 6hag = w(0) ha.s



THE MECHANICAL MODEL OF A VIBRATING STRING
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Equations of motion

XH =0 TQBZO

(dynamics) (constraint)

Boundary conditions

X (o +m,717)=X¥(o,T) 0, X"=0 or 0, X! =0
(closed) (open)



CLOSED STRINGS

left and right waves decouple in 2 dimensions

XHt(o,1)=X{(T+0)+ Xg(T —0)

this is simple observation is essential in the

. . . hold on!
construction of the heterotic string ...



THE FERMIONIC STRING (SUPERSTRING)
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0X" = €eyph, oYr = —ip” Do X" € SUSY
Dirac equation decouples the two components
P2 Dbt = 0
V(T o) D
H —
¥Ho,7) (¢+(T + 0)) O+t =0

Independent supersymmetries for left and right moving modes
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QUANTISATION
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QUANTISATION
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How to impose the energy momentum constraint?

“Gupta-Bleuler” quantisation  T,|¢) =0



LIGHT-CONE QUANTISATION

The gauge choice
hap = Tap

does not fixes the gauge symmetry

(0aift + OWey1)Nap = 0 = conformal symmetry

This residual symmetry allows to solve the constraint
only the transverse oscillators are physical
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NS-NS
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THE SPECTRUM: THE NAIVE WAY

4 ~ -
M? = J {NX + Nx + N¢ -+ N¢ + Ay, + AR} mass-shell condition
Nx + Nw -+ AL — NX —+ N¢ —+ AR level matching
5 R-NS and NS-R
|070> 1 M2 < 0 :
b’ 120" 1 510,0)  Guws Buv, & M?*=0 IF D =10 b1 1510) @ (18) + |8c))
’ M? =0

0, Q) = (|85) +18.)) @ (18s) + [8.)) M2 =0 spacetime fermions



TOWARDS THE CORRECT SPECTRUM

Vacuum to vacuum amplitude in Quantum Field Theory

7 = /OOO %tr [e_ﬂ( +M2)}

In string theory ...



homeomorphism of the torus:

SL(2;7Z)

THE TORUS




GEOMETRICAL CONSTRAINT

The spectrum of closed-(super)string theory
must not depend

on the choice of elementary cell for the one-loop torus amplitude

tr {e_m( +M2)}

must be invariant under the action of the modular group SL(2;Z)



THE SPECTRUM: THE CORRECT WAY — MODULAR INVARIANCE
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Modular invariance highly constrains the way

left and right moving oscillators can be combined

In D=10 only two (supersymmetric solutions): IIA and IIB superstrings No SUSY: 0A and 0B



TYPE IIA SUPERSTRING

d’r 1 _ _

At low energy: N=(1,1) (type IIA) SUPERGRAVITY in D=10

SUGRA . {gNV7 ¢7 Buy; C,uy Cqu; ¢£L7 wﬁ7 )\L7 )\R}



TYPE 1IB SUPERSTRING

d’t 1 _ _

At low energy: N=(2,0) (type I1IB) SUPERGRAVITY in D=10

SUGRA : {9, ¢, By, C,C, CUF) 24 2 \g}

urpo?



BRANES IN TYPE II SUPERSTRINGS

Notice that type Il superstrings include (p+1)-forms

among the massless excitations

(p+1)-form potentials are probed by

p-dimensional extended objects: p-branes

String theory is not a theory of just strings!



THE HETEROTIC STRINGS

Recall the decoupling of left and right moving modes?

XHt(o,1)=X{(T+0)+ Xg(T —0)

This allows for generalisation of the previous construction



CLOSED STRINGS

left and right waves decouple in 2 dimensions

XHt(o,1)=X{(T+0)+ Xg(T —0)

this is simple observation is essential in the

. . . hold on!
construction of the heterotic string ...



THE FERMIONIC STRING (SUPERSTRING)
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SXH =t SiH = —ip®9y XM e

Dirac equation decouples the two components

o) = (G ea)

Independent supersymmetries for left and right moving modes

N = (1,1)

SUSY

0-1 =0
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0XR 1 = 1€+
0y = €10+ X



THE HETEROTIC STRINGS
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This two-dimensional action has only a right-moving supersymmetry,

while the left-moving waves provide extra degrees of freedom

The light spectrum (an example)

a1 b1 5]0,0) = gy s By » 6 MMl b7 5]0,0) — AFHP

N = (0,1)



THE HETEROTIC STRINGS
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This two-dimensional action has only a right-moving supersymmetry,

while the left-moving waves provide extra degrees of freedom

The light and heavy spectrum:

Again, modular invariance of the one-loop vacuum amplitude

highly constrains the spectrum

N = (0,1)



THE HETEROTIC STRINGS
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At low energy: N=(1,0) SUPERGRAVITY in D=10 with gauge group

SUGRA : {guv, ® Buw; V1, AR }
VECTOR : {A,; L}

G=S0(32) or EgxEg



THE STRING COUPLING CONSTANT

String perturbation theory is described by the path integral

A:Z/ DX Dhe JOX)=[oR® vy
g=0" >3

:Zggg—zf DX Dhe /O v, .. v,
g=0 g

The string couplings constantis g5 = e{?)



THE LOW-ENERGY EFFECTIVE ACTION

The Einstein frame
S = /dl%\/fg (R+ (09)° +...)

The string frame

S = /dlox V=g {e_% (R+4(0¢)° +...)




THE LEEA FOR THE HETEROTIC STRINGS

O

S = /dloaz V=g e **" (R(gn) + 4(0¢n)* — 5 Hfy — + TrF}; + fermions)
in the Einstein frame gt i — €72 gu

S = /dlom VvV —gH (R(gH) + (0gn)? — e MM HE — + e /2 TrE2 4 fermions)



SUMMARY PART ONE

CONSISTENT SUPERSTRING VACUA RESPECT MODULAR INVARIANCE

DECOUPLING OF WAVES ALLOWS EXOTIC CONSTRUCTIONS

STRING THEORY IS NOT ONLY A THEORY OF STRINGS

THE DILATON PLAYS THE ROLE OF STRING COUPLING CONSTANT



