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• Course largely based on C. Beens 's lecture notes from 2020
12010 lecture mty.us MI Hwa management pages

→ archive nurses tab ! )
I will upload the slides of the recorded lectures

. Problem sheets → course web pages CP51 I
, PS2 earlyW2)

• Recommended book list → string Theory 1 webpages

• Teams room for notifications 4 AA sessions
F-

You can put questions you have during a lecture
in this room .



/Gaptw Introduction

1%7 What is string theory ?
( a few words about what shfinytheay.us
and some motivation)

I Historical introduction



1171 What is shingtheory ?
-

,

The starting point of string theory is that it is
a theory of fundamental quantum mechanical strings

In IFT : fundamental particles point like objects

III.if:3 • No, woreda'm
t¥

. 3

strings I IH dim

world sheet
°

5 QFT on would sheet



Perturbative string theory is first quantized 5-matrix theoryc-
.

-

best developed formulation 2nd quantified
theory would be

8 string field theory
framework

non pwtnbatrve insights 9
post cart lasso 's not well

.

understood

May see some in STI



Key features-
• osmistmtty incorporates gravity
⇒ a theory of quantum gravity

•

"

unique
"

theory

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

.

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

unification "



This nurse :

• bonnie Thing theory
↳ misting some of the features mentioned
above and setters from serious defects &
inconsistencies

↳ however illustrates long ideas k techniques
✓

ST It : town mpws-hinjfhes.ro which has been
considered as a candidate to someday
describe our world .



IT2Y Historical motivation

¥zI↳ appeared first in the 60's as a theory of
strong interactions ( the dual resonance models)
50's 460't :@ FT was unsatisfactory as a theory of
strong interactions because
① the 4mi mental observation of the long
proliferation ofthe number of
hadrons with large masses 4 spins

② NV (lssplohlrvgmas in the commutation of
perturbative scattering amplitudes
particularly for high spin particles



① One of the most important observations was
that trachoma misnomers appeared in families

Beg.ge trajectories
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-
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-

•
. lightest scalar : ME-I

- LED d
'

J
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.

JIMY
Chew : Fravitsohi plot

.



• There where doubts that all these particles where

fundamental .

• rensrmahizabletnoww@FTsif-o.tg , 1

Instant people worked within the context of the

S-matrixpvsqrammi.comstrut the S-matrix using
a number of ymeval principles like unitary &

analyticity , together with experimental data



⑥ .mu difficulties bv high spin particles
bnridrr their example) the elastic scattering

p,\
. p,

signature HH4H , - ) so ME - p2

\
.

Ii = flavour quantum numbers i⇒,%y
\

,

Pi Pi,
time

bm¥ : term in scattering amplitude & hill , In)
I cyclic symmetry
1234 → 234 I



Mandelstam variables

s= -(pith )
" How physical elastic scattering )

f- = - fpitpu)
' ko " I

u= - Ip,tps5 ↳ o u )

with stttu -- 2mi

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

Aly : as cyclic rymmeto of htflihhsih)
Boa statistics⇒ AISIH must have a cyclic

symmetry Pipzppytpzpzpyp,
i. Als,t) invariant under s⇐t



leading contributions

S -channel t- channel

P1\ ' Ps p, p,

th B

\
'

s f- - .\
.

= + t
Pu

Pi Pu, p,
time →
⇒ time

PI → Ps
time



IN exchange of a spirit particle 5

pm
-MD

cubic coupling
-
.

& ¢
"% In, --8µg ) im -no

Alsitln - GEHT Ior t fixed
f-ME s tu , large

Remarks : . if J=o cubic osuphhy u go 18*0/10

⇒ Abit) - → o as t → no

-M

• Jso : A is more and more divergent for 1mW J
( A grows too rapidly at highs )



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

Even work in loop diagrams :

-

-7.
. . . .

.

- thi

4¥. . J=o safe for scalars
• F-I lsg divergence potentially Mnsvmahizabk

• J> I badly divergent ie hot rumormahizable



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

Jmx gJma× highway behavior
Abit) n -I Go

HIT
- dominated by

to t
-MI ¥ particle with Tmax

Bad : . very different from obstructions

. no s-ohanmlps.ly



The story might be different if there are Infinitely manymo

exchange diagrams :

GSW eg e-
×

Atls ,D= - I go f-
DJ smaller br x → a

<
f¥

~ ? than individual Guns
Fo in = II. ¥ txt

"

As the sum is infinite perhaps s - channel tries
win automatically ?



I Dolen - Horn -
'

Schmid duality 11968)

In AFT : need s h t channel contributions
- -

Pish . 13,13
\
i n AIsitttothkubwt.roX.

Pi
,}, Pyily

together with AIsitt-AtlsitltAslsbonbaotheisisn%1a.ms



We have
Ads ,H= 8¥

.

,
Aslsitk I 8I¥¥

"

due to the seat symmetry
Infinite sums : Atlsit) might have dhewgmas at

some whit values of s
⇒ poles in S-channel

⇒ mt obvious that As Is ,H needs to be added

separately



Instead DHS Proposed

Dual model

Abit ) = Attsit )= Aslsit)
*
\
dual description of
same phyn.is



In 1968 Venetians :wring the channel dualitypostulated

Acs ,t)= It dis ))
THAD

= BH44-4HD
PI- dis)- alt) )

• dis) Reggie trajectory
: Venetians motivated NS5-4OI -14 's

• ma)= [ the-tdt, Hecht > o) Enter f- function

• BIG ,w1= NH1X

"

Enter beta function
Math)



Consider the singularities :

Acs ,t)= It dis ))
THAD

= B1-4SI , -DAD
PI- dis)- alt) )

PG) = [ the- tdt theft)so
NH Its

1

xxx xxxx X
• Platt ) = AMA) -

.

simple poles
• Nt) has no twos

Behaviour now singularities : new t=-n n non-negative
integer

Nath -11 ) ft )
"

Nt) =EI.tn#IzenT~nT.anT



Acs ,t)= PtdlsDN-9471=131-443 ,
-DIED

ptals)- alt) )

Bthiw)=NA)Mw) has simple poles only
p¥ ( at z= - n or w= -m

where him are tue integers )



STRING THEORY I

Lecture 2

so far we have :

Acs ,t)= PTDISDN-91×1=131-41,41)
Ptals)- alt) )

with dtt) = No) ta't

t - channel notes : £= f- No)tn) n - 011,2 , - -

S -channel notes : staff-Ho)th ) A- 0,42, - -



Does Als
, t ) satisfy the DHS duality ? Yes

Als , f)= P t dis )) PH1H)
= BH61 , -alt))

.

PI- dis)- alt) )

oomridw BIG ,
w) = TCAIPIWIPIATW)

Then near a singularity at W= -n

BL4W) n zf-n.tn#nlWtIlW-4--IW-n)

claim : BIA , w) = n€o In tn-nlwtllw-yr.tw- n)-

z

• turn reproduces In the ningnlanihis of B but it precisely B !

[ from the fact that Bttiw ) = fo'dx x
"
II-xF

'

)
( see GSW )



Hence .

-
•

Als ,f) =
-n[ ¥ KISHI )lNs)t4

-- INS ) th ) y§→ htt

=D

& DHS duality means

* Als , t ) -- Act, s ) =
-II # HAITI ) KH42) - Idltlth) to- alstn



For the t - channel exchange
•

Als ,f) =
- [ ¥ last -1111%44--1415 )th ) 1-
n=o

-alt)-n

( a IH = Not t alt )

• singularities are simple poles *ftp.n-tchanrel exchange
of particles with
mass the = at 1- No) th)

• residue at the pole alt) = n : h- th order polynomial ins

→ particles of man M4 #C-No)tn)
& max spin J -

- n



High www.behaviourofAIsittdsesthisb/vethehV problem?

Al's
, tl in the tkgge limit Is⇒ 1 , too fixed)

bring Stirling formula Ma)nvu7zt
-*
e-
Z

A'sittin ' -Math 1- also)"
"
nuts!

"

- I 1

alt) lotta't

suppressed like g-a
' Itt

compare with Arts ,H = of¥ - SJ, F- alt) flag,Iedsf)
Ama : infinite number of µ like a single particle

particle exchanges with reign f- alt)
in t- channel

" the gege -on
"



consider mw the Venetians amplitude at high energies sat
for a fixed scattering angle In Hs fixed .

-

AC9H ~ ( FC41)
- %)

-

i. function of the scattering angle Os
so falls off exponentially fast with s !

* Venetians model

• isftw hV behaviour than any GET
• incorporates - particles of high spin without UU divergences



consider mw the Venetians amplitude at high energies
for a fixed scattering angle
and sssl with ¥ fixed

AC9H ~ ( FC41)
- %)

-

i. function of the scattering angle Os
falls off exponentially fast w.im s !

* Venetians model has toftw UV behaviour than any°

QFT and in annotated particles of high spin
without UV divergences



Viriusro lag) , Shapiro AD model

A- Is ,t , a) =
P1-4IS) ) P1-4IH ) P1-4KI )

N-dels) -4411N -ddtl-dcluDN-dclutklsbdcly-doltufdlxdksttthf-k.NO)

S - channel notes 5=41 - No)tn) ,
h - 91,2 , - -

t -channel poles t= a

u -channel pls u=
"

duality between aH3thanMsm
Max spin @ MH41-4IO)tn1 is F- 2h



Various gmwahitations
Venetians model

Vivant - Shapiro model 1969-1970
.

!

These included

• external particles other than the lightest scalar
• loop amplitudes

①

:



I

Atheayof5hin
Isto Nambu -1 Nielsen-1µshind realized that

↳ Veneziano d Vivassro +Shapiro models land their

generalizations can be Cre) interpreted in Terms

ofa theory where elementary particles
are replaced by v. bratinj relativistic thingsi'm-

0pm things 17
h÷

closed strings
OT0E
→ time



quantized fluctuations ofspectrum : FT a relativistic Things

interactions :

For example
) 3%fkind

}-
↳ or

11

3-point hiddthsveh't §¥ 3. closed-Hiring
11 vertex

particle vertex time



This gives a heuristic justification for the various
good properties

•
a

duality : •
•

y
'

If- channel
Arob

•
•

•

①
.

-

s- channel
notes .

H



high energy behaviour :

µ

⇒
.
.

*←
to Do



Venetians Abit) :

. ~
p, I }p ,
0pm Things

they 1ps
Vivarsro-Shapiro

.

Abitibi

I
① Xp,
"

about strings



Problems

⇒ predicted massless particles
spin 1 Venetians

msddhpinz@viraisro-Shapiroldsndthrinopj.tt
required more space-time dimensions

Venetians model of bosons ⇒ D= as

Ramond - Neveau - Sihwowt ⇒ D=,
model of batons & fermions AD

* uni tariff of the amplitude mt manifest

Dual resonance models III.hthe 70's in favour of QCD

CD solves UV differently



Gravity and the string scale

Venetians 4 Uranus -Shapiro amplitudes depend
on two parameters : do) & d

'
dimension full

← (d
' ] = CM52

Original idea in dual resonance models
-

d
'
n out

' luncheon physics energy scale)
-ftp.masfoteightatscnlow-mIHoweuw'

: 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

d
' -11019 few)

-2
.



J Schenk 4 J Schwarz 1974
-

"Dual models for non -hadrons
"

reinterpreted the theory of strings as a unified

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

S%±¥m=
- fd"×V8fqR + f g

"

and out )

[ with VOIGT = gstr VI

two slope limit E'call of the US model gives the

wee level Einstein Gravity + scalar theory .



Next : Chaplin ②→ Classical theory of strings


