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/chaptw⇒ Introduction

11.1 What is string theory ?
( a few words about what string theory is
and some motivation)

11.2-7 Historical introduction



What is shingtheorym.tl
The starting point of string theory is that it is
a theory of fundamental quantum mechanical strings

In @FT : fundamental particles point like objects
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keyfeatuvb.amviolently incorporates gravity
⇒ a theory of quantum gravity

•

"

unique
"

theory

• incorporates many other interesting & phenomenologically
relevant ingredients from QFT & particle physics

-

• . non-Abelian gauge symmetries with chiral matter
• • spacetime supersymmetry
• .
"

unification "



This nurse :

• bonnie Thring theory
↳ mining some of the features mentioned
above and suffers from serious defects &
inconsistencies

↳ however illustrates key ideas & techniques
•

,

STI : learn superstring theory which has been
considered as a candidate to someday
describe our world .



If Historical motivation

SEELEY appeared first in the 60's as a theory of
strong interactions ( the dual resonance miles

•50's 4601 : QFT was unsatisfactory as a theory of
strong interactions because
① the experimental observation of the large
proliferation ofthe number of
hadrons with large masses & spins

② NV (bop /divergences in the computation of
perturbative scattering amplitudes
particularly for high spin particles



① One of the most important observations was
that trachoma verynames appeared in families
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• There where ohubts that all these particles where

fundamental .

• terrormahizable known QFTS : 5=0 , £ , 1

Instead people worked within the context of the

s-xpvsqramaatnimi.com.trnot the S-matrix using
a number of gmeval principles like unitary &

analyticity , together with experimental data



② UV difficulties bv high spin particles
consider 1hr example) the elastic scattering

signature 1-1,1-1,1-1 , - ) so M?= - p
'

P'
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Hi = flavour qu.am/-wmMmnbhsi--4H.y
PyP '

fim-e.com#:term in scattering amplitude & b- It ,Khin)
I cyclic symmetry
1234 → 234 I



Mandelstam variables

s= -(pith )
" I> 0 bv physical elastic scattering )

1- = - (Pitpu)
' ko "

g)u= - (Pitps)
"

I> 0 "

with si-t-u-ZM.it

Amplitude A- Is ,t ) depends only on two of
Mandelstam variables

AI : as cyclic rgmmeto of Ñ(kill]7u)
Bose statistics -→ AISIH must have a cyclic

symmetry RP2P>P4-1RP>Pub
i. Atsf) invariant under set



leading contributions

S -channel f- channel
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LEE exchange of a spin T particle T
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cubic coupling
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Alsitln - gits
' Ior t fixed

f-Mj s tu , large

Remarks i. if 5=0 cubic coupling ~ go /$+41T

⇒ Alsit) - -¥÷, → o as t → •

• J > 0 : A is more and more divergent for Imyw J
( A grows too rapidly at highs )



This UV behaviour is mt what was observed
in for example pion scattering !

Even worse in loop diagrams :

7 ~
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.

÷ .

- I:* :÷.

4¥. . 5=0 Safe for scalars
• 5--1 by divergence potentially removmatizabk

• J> I badly divergent ie hstreihormahzable



If there are particles of various spins exchanged
in t -channel

Jmax highevery behavior
Als ,f) ~

-I Go C-SIT ~
sJmax

J=o to -Mf s→ or
dominated by

b- fixed Particle with Tmax

Bad : • very distant worm obstructions

• no g-channel poles



The story might be different if there are nEEb many
exchange diagrams :

G SW eg e-
✗

smaller br ✗ → -

At /sit) = -É 9Tt than individual Guns
F- ☐ f-My

~ ?
in e-
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As the sum is infinite perhaps s - channel poles
arise automatically ?



/ Dolan - Horn -
•

Schmid duality / 11968)

EEF : need¥17s & t channel contributions
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together with Als ,t)= At 1st / + As /St) channel nntribuions



We have A
+
Is
,
f) = -[ 9J HI
i t - M;

'
As IS1H- § §¥¥T

due to the set symmetry
Infinite sums : A + (sit) might have dhewgmus at

some white values of S
⇒ poles in S-channel

⇒ mt obvious that Asls ,f) needs to be added

separately



Instead DHS proposed

Dual model

Als ,t ) = AI-1SH)= As /Sit]
A
×
dual description of
⇒ physics



In 1960 Veneziano :wring the channel dualitypostulated

Als , f)= P1-1SD
PH1H]

= B1-4GI , -✗ It])
PI- ✗ Is)- ✗ It) )

• dis) Pegge trajectory
: Veneziano motivated ✗ Is )=No) -14 's

• MA)= [ 1-"e-tdt, Metal > 0) Enter P- function
0

• Bmw ) = MHMWI-talwbeta-qndion.MG
-1W)



Consider the singularities :

Acs , f)= P 1- ✗ Is )) PH1H] = B1-4GI , -✗ It])
PI- ✗ Is)- ✗ It) )

•

playHPA) = [ t" e-tdt, left)so
xx

• P1A-1IJ = b- P1K)
.

simple poles
• P1H has no twos

Behaviour near singularities : near 1- =-n n non-negative

interview--*¥¥ÉÉ - ¥
.

"

#



Acs , f)= P1-1SD
PH1H]

= B1-4GI , -✗ It])
PI- ✗ Is)- ✗ It) )

has simple notes onlyBham "TI¥f→ ( at z= - n or w= -m

where him are +we integers )



STRING THEORY I
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so far we have :

Acs , f)= PI-dlsDN-tltD-B.tt/s1,dlsDPl-Xls)-dltI)

with dlt ) - No]td't

t - channel notes : £= f- C- ✗b) +n )
n - 011,2 , - -

S -Channel notes : s --£ 1-No)tn ) h - 0,42, - -



Does Als
, t ) satisfy the DHS duality ? Yes

ACS , f)= P 1- ✗ Is )) P1-9IH]
.

PI- ✗ Is]- ✗ (f) )
= BH6Y-4HD

common BH-iwl-F.EE?jf-
Then near a singularity at W= -n

BH1W) - zf-n.tn#lW-illW-D--lW-n)
•

Claim : BC4W) = n¥
,

zf-n.tn#lw-illw-D--lw-n)-

• turn reproduces In the singularities of ☐ but it precisely B !

[ from the fact that BC4W ) = f.
"

dx ×
"
ll-xj
"

]
( see GSW I



Here :

Als ,f) =
- É ¥ WISH 1) HIS)tH --HIS )th ) atj-n.CH
h=D

.

& DHS dhoti means

* A-E-Altsf-n-E.nl?-HltHHKltlta)--I&lt)tnjl9IsI-n



For the f- channel exchange
a

AG1H = - I n't
.
kE" Én

h=D

( ✗ 11-1=407 + ✗It )

• singularities are simple poles ✗ftp.nns 1-channel exchange
of particles with
mass M2 = £ 1- ✗to] th)

• residue at the pole ✗ It] = n : n- th order polynomial ins

→ particles of man M? f-C-✗to +n)
& Max spin J -

- no



Highwww.behaviourofAls.tjdsesthisbluethehv problem?

Al 's ,t1 in the Pegge limit is >> 1 , too fixed)

wing Stirling formula P1A)~✓nTz
""
e-
Z

✗ It)
Acs

,f) = P1-4DJ
M -"t) )
- P1-9HD 1- ✗ is ])

""

NC11-1SQ ,
Plas) -✗It )) -

. IH7-4OI-12't
suppressed like 5×11-1

Compare with Ajlsit) = &¥~ SJ
,

f- ✗ It) (large sfixed t)

Ama : infinite number of ← like a single particle
particle exchanges with negahnJ= ✗ It)
in t- channel

"

Pegge -on
"



common mw the Venetians amplitude at high energies SD1
for a fixed scattering angle In tls fixed .

-

Alf f) ~ [ f-( Os )]
- %)

-

l function of the scattering angle 0s
so falls off exponentially fast with s !

* Venetians model

• rostro UV behaviour than any @FT

• incorporates - particles of high spin without UV divergences



common mw the Venetians amplitude at high energies
for a fixed scattering angle
and ss> 1 with § fixed

AC9 f) ~ [ f-( Os )]
- %)

Ignition of the scattering angle 0s
falls off exponentially fast w.im s !

* Venetians model has rostro UV behaviour than any
QFT and in armsrated particles of high spin
without UV divergences



Viiarsro tag) , Shapiro 170) model

Als ,t , a) =
P1-4IS ) ) P1-4IH ) Ptah ) )

P1-4IS) -4411N -tilt ) -4cal ) P1-4HI-41s))

dclx)= No)tfdx ✗
' Is -11-+41=-16×10)

g- channel poles 5--41 - No)tn) ,
n - 91,2 , -

t -channel poles t= u

u -channel pshs u=
"

duality between aH3thannels_
Max spin @ MH41-4IO)tnl is F- 2h



Various gmwahitation
Venetians model

Virabvo - Shapiro model 1969-1970
.

i.

These included

• external particles other than the lightest scalar
• loop amplitudes

@

:



I

Atheayofs-winyslgt.seNambu + Nielsen-15msshind realized that

↳ Veneziano & Vivasoro +Shapiro models land their

generalizations can be Cre) interpreted in terms

ofa theory where elementary particles
are replaced by

vubratinjrelati.u.mistics-h-inp.ro
pm strings 1)

'

-F
closed strings

0¥µ



quantized fluctuations ofspectrum : FC a relativistic strings

interactions :

For example 30mn -string
vertex

↳ or

+
3 closed-Hiring

+point tiddthnvetiie
me

vertex
particle vertex



This gives a heuristic justification for the various
good properties

duality : •
•

•
.

y,
I

f- channel {
rob

•

•
•

•

s-ihinwl.MG

1-<



high energy behaviour :

¥*
→ ÉFÉ

.

1- ¥0



PZ
]

Venetians Alsit) : [[
"

I

* 7pm thing"\P "

Vivassro -Shapiro
.

Abitur) :
" "

up.
P'

about strings



Problems

⇒ predicted massless particles
spin 1 Venetians model

spin② Viranro-Shapiro (done Things]

* required more space-time dimensions

Veneziano model of bosons ⇒ D= as

Ramond - Neveau - Schwarz

model of bosons & fermions 1707
⇒ D-to

* uni tariff of the amplitude mt manifest

Dual resonance models¥El inthe 70's in favour of QCD

④ CD solves UV differently



Gravity and the string scale

Venetians & Uranus -Shapiro amplitudes depend
on two parameters : ✗ to] & Q

'
dimension full

← [✗
' ] = CM52

2EI idea in dual resonance models
✗
I
~ 11GW)

-2
( nuclear physics energy scale)

- £0,3 . masihot lightest scalar
= ME

Howeuw
'

: the fact that all closed strings
contain a massless spin 2 particle suggested the
idea that perhaps the theory strings was a theory of
gravity as long as

&
'
- ( 1019 Gev)

-2
'



J Schenk & J Schwarz 1974

#ÉÑvons"

reinterpreted the theory of strings as a unified

theory of (quantum) gravity (& other
fundamental interactions?

Swain =
- fd"✗ ✓Ñ / iÉqR 1- f- g

"

anton )
limit

[ with VOIGT = gstr VÑ

two slope limit IN 'É<all of the US model gives the

the level Einstein
-

gravity + scalar theory .



Next : Chaplin → classical theory of strings


