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1) A brief Introduction: Why string theory!?
2)Quantizing a particle
3)Quantizing a string
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Vel S TRING FTHEORTS

- Most compelling and powerful theoretical framework we
have for addressing key Issues in high energy physics and
quantum gravity

- Unification of gravity and gauge theory in a single guantum
picture

- Source of many new and exciting ideas with a big impact on
particle physics, gravity and mathematics

- In honesty no direct link to experiment any time soon

- But 1t works (theoretically)!



QUANTIZING A PARTICLE
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- Here 71s any coordinate along the worldline
- XY=t is what we'd call time




-The action Is just the length of the worldline

dX*

- A dot denotes differentiation wrt. 7; Xx*# = =

- We could choose 7 = t then we'd fing
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- This Is just a low velocity expansion of the usual Lagrangian:
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- [he equations of motion just correspond to straight lines with
some velocity |v| <



-Now we want to quantize. This Is difficult as the action Is non-
inear. But there Is a trick:

- Introduce a new field e(7) and consider
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- e(7) IS non-dynamical
- We can solve the equation of motion for e(7) to find

e = m‘l\/—XﬂX’/nW

- The rest of the equations of motion are the same as before



- For the experts one can think of e(7) as determining a
worldline metric:

ds® = —e(7)drdr

- But now we can quantize more easily

- FIrst we construct the conjugate momentum:
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- And next the Hamiltonian:
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- Note that e(7) has no conjugate momentum and instead
Imposes a constraint:
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-To quantize we consider wavefunctions ¥(X*,7)and promote X*
and p,, to operators that satisty
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- But recall that we have the constraint

g i =10

- In the quantum theory we implement this by requiring that all
wavefunctions are annihilated by the corresponding operator:

0*W

KV | 2\{p —
S or

- This gives the Klein-Gordon equation for a scalar field In
spacetime.

- Note that It has arisen as a constraint from the point of view
of the worldline theory.

- Note also that we have a spacetime boson. [o get fermions we
need more: supersymmetry on the worldline.



- Something interesting has happened: from the Schrodinger

equat
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ion we have must have, for physical states,
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he wavefunctions are independent of the coordinate 7
the worldline

arises because the theory has general covariance: any

choice of parameterization 7 Is a good as any other

- i)

ther words we have worldline gravity and this Is an
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ble of the problem of time In quantum gravity.



QUANTIZING A STRING

- Next we do the same for a string In spacetime
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-The action Is taken to be the area of the worldvolume

1
Sutring = 5— / o/ — det (0o X#O5 X )



- Again horribly non-linear but again there Is a trick:
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- Where we have introduced an auxiliary two-dimensional
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- [ts equation of motion iImposes the constraint:
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- Which states that there Is no energy-momentum that could
act as a source for gravity (because gravity I1s non-dynamical in
two dimensions)



- First String miracle: There I1s an additional symmetry in two-

dimensions: =
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- The theory I1s now just that of D free scalar fields but with a
constraint:

Hom = 10 Virasoro constraints

- [ he constraint implies that the worldsheet theory Is a
quantum conformal theory (has no mass or length scales).

- Consistency of the quantum theory requires D=10 (with
supersymmetry and fermions)



- Quantization is conceptually similar (each fourier mode acts
ike a point particle).

- So there Is an infinrte tower of states with their spacetime
mass? = fourier mode number

-Second String Miracle: The states obtained from lightest
(massless) fourier modes are:

Dy oravity (closed string)

A, gauge fields (open string)

(along with other ‘stuff’ such as matter fields)



- Third String Miracle: A single string knows about interactions
without adding any new information:

N S AT
\/ \ \/"/

' -

>”< & —\\

- unlike particles, anywhere you cut the worldsheet you see a
smooth string, the worldsheet topology tells you the physics.

- leads to a finite quantum theory of gravity and gauge forces



THE BIG PICTURE

-We now think that strings are just an (important) part of
String Theory'. There are also ‘branes’ with higher dimensional

worldvolumes living In a ten dimensional space with
complicated topology:

Mig =R* x Vg

. worldsheet  world volume
worldline .

7

time

SPp3ce

9&

)

string \bran o

/
particle




- D-branes can be obtained as end-points of open strings

- [ he open strings give rise to gauge dynamics
- Closed strings give rise to gravity

- In addition the whole structure i1s actually eleven dimensional
and Is known as M-theory



- bven more remarkable Is that gravity and gauge theory are not

just unified within string theory but also we learn that they are
two aspects of the same thing:

AdS/CFT: quantum gravity in d+ 1| dimensions is the same as a
conformal field theory without gravity in d dimensions

gravity

AdSICFT String Theory

no gravity
Particle Theory

- [hese ideas are now finding applications in Quark-Gluon
Plasmas and Condensed Matter Theory
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