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Abstract: Physics emerged from the twentieth century with two remarkably successful descriptions of nature which stand in striking contrast.
Quantum mechanics describes the subatomic realm with intrinsic uncertainties and probabilities. On the other hand, Einstein's general relativity
describe gravitational phenomena in an exacting geometric arena. Theoretical physicists have struggled for over fifty years trying to combine these
views in asingle unified framework. More recently, superstring theory has drawn a huge amount of interest as a leading contender to provide such a
unification. Superstring theory is a theory of strings, branes, extra spacetime dimensions and much more. In my lecture, | will try to give a flavour
for what superstring theory is all about and why physicists, like myself, continue to be so excited about this, perhaps the final theory.
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“At this point we notice that this equation is
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“It's all string theory to me.”
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Einstein:

Gravity: It's all just straight lines!

Special Relativity (1905):
Space and time are inextricably linked mmmp Spacetime

General Relativity (1915):
Gravity is a manifestation of spacetime curvature.
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General Relativity: a rich source of new ideas

Black holes

Gravitational waves
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General Relativity is rigorously tested!!

» Deflection of Light by the Sun

» Gravitational Redshift

* Precession of the Perihelion of Mercury
 Time Delay of Light, . . . ..
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General Relativity is rigorously tested!!

Global Positioning System (GPS):

Accurate positioning requires accounting for affects
of general relativity on clocks in orbit and on earth




General Relativity is rigorously tested!!

» Deflection of Light by the Sun

» Gravitational Redshift

* Precession of the Perihelion of Mercury
 Time Delay of Light, . . . ..

Hulse and Taylor:
Nobel Prize in 1993!!

Shift in Pentagron Time

1974 1975 1986 1977 1992 199% 1980 1981 1982

General Relativity Is the geometric arena of

physics on very large scales:
Nnlanate <tare aAaalaviee cnemnonloav
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Quantum Mechanics (or Quantum Field Theory) is the
probabilistic arena of physics on very small scales

Particles can act like waves! ]
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Quantum Feld Theory is the probabilistic arena of physics on
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Quantum theory is rigorously tested!!

Example: electrons are tiny magnets

i, =g eh/dm, with g=?2
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precise value of magnetic moment depends
on quantum fluctuations
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Quantum theory is rigorously tested!!

Example: electrons are tiny magnets
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Quantum theory is rigorously tested!!

Example: electrons are tiny magnets

i, =g eh/dm, with g=?2

precise value of magnetic moment depends
on quantum fluctuations

g =2.0023193043738
Uenes = 2.0023193043070

(neither answer absolutely correct)



Quantum theory is rigorously tested!!

eh

e.g., magnetic moment of the electron, «=2,",
Is modified by quantum fluctuations

Jutheor}' - exp erument

lu experiment

<107

e.g., Lamb shift: shift between 2S5, ,;, and 2P,
energy levels of hydrogen atom (f = 1057 MHz)

=)

theorv exp erument

-
Pirsa: 10070033 t

eXpenment

<10*
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Quantum Theory: a rich source of new ideas

* bz nqstr Cture in materials

superfluids, superconductors
e quantum Hall effect, neutron dlffractlon,
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Subatomic Physics

Flementary Particles ( 10 7' m)

Fermions: Bosons (Force Mediators):
electron, muon, tauon photon (electromagnetism)
neutrinos (3 flavors) gluon (strong)
quarks - up, down, strange, W, Z (weak)

charm, bottom, top Sl
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Subatomic Physics

Flementary Particles ( 10 7' m)

Fermions: Bosons (Force Mediators):
electron, muon, tauon photon (electromagnetism)
neutrinos (3 flavors) gluon (strong)
quarks - up, down, strange, W=, Z (weak)

charm, bottom, top
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Subatomic Physics ——— a theory of strings!

Elementary Particles ( 10 "m )

Fermions: Bosons (Force Mediators):
electron, muon, tauon photon (electromagnetism)
neutrinos (3 flavors) gluon (strong)
quarks - up, down, strange, W, Z (weak)

charm, bottom, top

ggs particl

= Strings tame
e 1O 1 the particle zoo!......

111'
ﬂ\‘




Superstrings: the theory of subatomic physics

The essential idea:
with sufficient resolution, all elementary
particles are one-dimensional objects (strings)

electron

&) & allin photon

all particle types are the same kind of string
vibrating or rotating in different ways

Pirsa: 10070033
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The idea:
with sufficient resolution, all elementary

particles are one-dimensional objects (strings)

o=l

all particle types are the same kind of string
vibrating or rotating in different ways

the typical size of the strings is the fundamental
scale of the theory, ¢ =10 m
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Superstrings: the theory of subatomic physics

The idea:
with sufficient resolution, all elementary

particles are one-dimensional objects (strings)

(Dl L

all particle types are the same kind of string
vibrating or rotating in different ways

the typical size of the strings is the fundamental
scale of the theory, ¢ _—=10"m

9999999999

Interactions?

Pirsa: 10070033
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coupling constant, g,
determines probability
of interaction
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coupling constant, g,
of interaction

= determines probability




Superstrings: the theory of subatomic physics

with resolution, 7 =107"m, all elementary
particles are one-dimensional objects (strings)

Sihin ¢

interactions are geometric joining and splitting
governed by coupling constant, g

2t £

. Ja = 3

with mese simple rules get appropriate parﬁcle

Pirsa®10070033




Subatomic Physics ———— a theory of sirings!

Flementary Particles ( 10 7 m)

Fermions: Bosons (Force Mediators):
electron, muon, tauon photon (electromagnetism)
neutrinos (3 flavors) gluon (strong)
quarks - up, down, strange, w= , Z (weak)

charm, bottom, top

|

m=rtieie
|
Ol LIS

LN

W

What's missing here?
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Subatomic Physics ———— atheoryo

I strings!

Flementary Particles ( 10 7" m)

Fermions: Bosons (Force Mediators):
electron, muon, tauon photon (electromagnetism)
neutrinos (3 flavors) gluon (strong)
quarks - up, down, strange, w= , Z (weak)

charm, bottom, top

Hi

)]
D

" b |
- e |

i

]
(]

(

What's missing here?
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Superstrings: the theory of gravitational physics

consistency requires appearance of the graviton!

at long distances much greater than £, reproduces
Einstein’s gravitational equations

Superstrings naturally provides a unified framework
-fgF Quantum Field Theory and General Relativigy--
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Superstrings: the theory of gravitational physics

consistency requires appearance of the graviton!

at long distances much greater than £, reproduces
Einstein’s gravitational equations

1 = Jewton’
R#v _ER gﬁp = 87@:”? Newton's constant

sets the string length scale: ¢~ /G—Bh —10 "' m
c

Superstrings naturally provides a unified framework
-fgF Quantum Field Theory and General Relativigy-



i ECTROMAGNETISM

ERMODYNAMICS

GALILEAN
NVARIANCE

Pirsa: 10070033 Page 113/192




Superstring theory: The devil is in the “details”

* Predicts we live Iin 10 spacetime dimensions!!

Experimental update: we live in 4 dimensions!
(1 time and 3 space)
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Superstring theory: The devil is in the “details”

* Predicts we live In 10 spacetime dimensions!!

Experimental update: we live in 4 dimensions!

Big fix: Perhaps we haven't seen the extra

dimensions yet.

-~
- / b "
’ .
—_— -
g . L
- r o
e -
. .
:
e =
2 - '.-_. o

b Y : " - " .1:'
o \ AN AN L
..;i“., -.I i .|. i

¥
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Y /Wy .
¥ _‘i )
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(Supersymmetry: each fermion is accompanied by
a bosonic partner of the same mass)



Superstring theory: The devil is in the “details”

* Predicts we live in 10 spacetime dimensions!!
Experimental update: we live in 4 dimensions!/

* Predicts extra particles we haven't seen yet!

(Supersymmetry: each fermion is accompanied by
a bosonic partner of the same mass)

Big fix: Perhaps we should look harder.

Benefit: SUSY tames the short distance
(quantum) fluctuations of the theory

PRkt e = o == ) = e s s T e e e e s e e e e S REG[D AN



Superstring theory: Details, detalils, detalls, ....

» Have five consistent superstring theories:
Type |, Type lIA, Type IIB,
Heterotic E; X E5, Heterotic SO(32)

one universe —— four too many theories?!?
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Superstring theory: Details, details, detalls, ....

» Have five consistent superstring theories:
Type |, Type lIA, Type IIB,
Heterotic E; X E5, Heterotic SO(32)

* New perspective: all known string theories are
different phases of single fundamental theory

— M-theory

Rirsafl00700335=0 e e e e e e e e T e R e e Pager1i23/192



Essential ingredients for M-theory conjecture:

e Dualites: two mathematical descriptions describe
identical physical phenomena
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O

de Broglie wavelength: 2=
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Essential ingredients for M-theory conjecture:

e Dualites: two mathematical descriptions describe
identical physical phenomena

Eg, T-duality relates large and small circle compactifications

CI = 2”R 27;_52
: 2x C’-‘l = :
de Broglie wavelength: 1= = R

E
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Essential ingredients for M-theory conjecture:

e Dualites: two mathematical descriptions describe
identical physical phenomena

Eg, T-duality relates large and small circle compactifications

C,=2xR 27 £
C,=——
R

de Broglie wavelength: 4=
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Essential ingredients for M-theory conjecture:
e Dualites: two mathematical descriptions describe
identical physical phenomena

Eg, T-duality relates large and small circle compactifications

. —I=i 2
1 61:271'53

String winding modes!! R

E,=mTC O
3
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Essential ingredients for M-theory conjecture:

e Dualites: two mathematical descriptions describe
identical physical phenomena

Eg, T-duality relates large and small circle compactifications
— 2
1 V— 2x €

String winding modes!! R
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Essential ingredients for M-theory conjecture:

e Dualites: two mathematical descriptions describe
identical physical phenomena

Eg, T-duality relates large and small circle compactifications
. —Ixl 2
1 C, = 2=f

String winding modes!! R

E —mwmiC ©
=m - - 2x R
2xé
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Essential ingredients for M-theory conjecture:
e Dualites: two mathematical descriptions describe
identical physical phenomena

Eg, T-duality relates large and small circle compactifications

C.—Z=R 27 £
C,=——
R
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String theory is more than a theory of strings!

» D-branes: string theory contains other kinds of
objects extended in 0, 1, 2, . . . dimensions

particles / / \ \ p-branes

strings membranes

2
T = = = z
Pzt P g extremely heavy in weak coupling
extremely important in strong coupling
{\. -
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Superstring theory: Unique theory of everything

» M-theory Conjecture: all known string theories are
different solutions of single fundamental theory
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Superstring theory: Unique theory of everything

» M-theory Conjecture: all known string theories are
different solutions of single fundamental theory

Pirsa®10070033 Page 136/192
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String/M-theory is a rich source of new ideas

ERMODYNAMICS
NEWTONIAN a o
RELA
i MECHANICS
GENERAL QUANTUM
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String/M-theory is a rich source of new ideas

ERMODYNAMICS
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String/M-theory is a rich source of new ideas

ERMODYNAMICS

Pirsa: 10070033 Page 141/192




String/M-theory is a rich source of new ideas

ROMAGNETISM

=ERMODYNAMICS
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String/M-theory is a rich source of new ideas

2?Physics a\Pfanck scale??

e
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GTRING THEORY GUMMAR IZED:

| JUST HAD AN AWESOME |DEA.

SUPPOSE ALL MATTER AND ENERGY
IS MADE OF TINY VIBRATING STRINGS.

THAT IMPLY?

| ouNO, /
£}

\ OKAY. WHAT WouLD

Pirsa: 10070033



Superstring theory: a theory looking for a
good experiment

accelerator experiments: probe 102 eV and beyond
Tevatron, Large Hadron Collider, ....




gravitational field
can propagate into all dimensions
including extra dimensions

(Some) Extra dimensions may be very large!
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gravitational field
can propagate into all dimensions
including extra dimensions




Superstring theory: a theory looking for a
good experiment

accelerator experiments: probe 10'2 eV and beyond
Tevatron, Large Hadron Collider, ....
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Superstring theory: a theory looking for a
good experiment

accelerator experiments: probe 10'2 eV and beyond
Tevatron, Large Hadron Collider, ....
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Cosmology: extreme conditions of early universe
give a window on small scales and high energies

Stringy relics or
imprints now?

We need to understand the
optics of our "microscope”

String physics is manmifest



Superstring theory: a theory looking for a
good experiment

accelerator experiments: probe 102 eV and beyond
Tevatron, Large Hadron Collider, ....
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Superstrings:
a mathematical model of our physical universe

Studies of string theory draw upon an
enormous range of modern mathematics:

complex analysis, group theory, fibre bundles, gerbes,
topology, differential geometry, mirror symmetry,
{-theory, derived categories, noncommutative geometry
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enormous range of modern mathematics:
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Superstrings:
a mathematical model of our physical universe

: We are still searching for
5 the full picture! .



early 1900's —
Ernst Mach: “atoms are physically unverifiable entities”

early 1990's —

Individual atoms are
manipulated using
atomic force microscopy




early 1900's —
Ernst Mach: “atoms are physically unverifiable entities”

early 1990's —
individual atoms are

manipulated using
atomic force microscopy

For supers{nngs

the_ adventure Is-still onfy beglnnlng'

"""‘"--.Ll

.



More strings on the web:

“The Elegant Universe”
Brian Greene
http:/ /www.pbs.org/wgbh/nova/elegant/

Superstrings!
http:/ /www.sukidog.com/ jpierre/strings/

The Official String Theory Web Site:
http:/ /superstringtheory.com/

“It’s the 21t century —
time to feed your brain!”
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Superstrings:
a mathematical model of our physical universe

Studies of string theory draw upon an
enormous range of modern mathematics:

complex analysis, group theory, fibre bundles, gerbes,
topology, differential geometry, mirror symmetry,
{-theory, derived categories, noncommutative geometry
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Cosmology: extreme conditions of early universe
give a window on small scales and high energies

Stringy relics or
imprints now?

We need to understand the
optics of our "microscope”

String physics is manmifest



STRING THEORY GUMMARIZED:

| JUST HAD AN AWESOME |DEA.

SUPPOSE ALL MATTER AND ENERGY
IS MADE OF TINY VIBRATING STRINGS.

THAT IMPLY?

| DUNNO. /
\

£ R
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Superstring theory: Unique theory of everything

» M-theory Conjecture: all known string theories are
different solutions of single fundamental theory
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String theory is more than a theory of strings!

» D-branes: string theory contains other kinds of
objects extended in 0, 1, 2, . . . dimensions

particles / / \ \ p-branes

strings membranes

2
I,= P g — extremely heavy in weak coupling

o \ extremely important in strong coupling




Essential ingredients for M-theory conjecture:
e Dualites: two mathematical descriptions describe
identical physical phenomena

Eg, T-duality relates large and small circle compactifications
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Essential ingredients for M-theory conjecture:

e Dualites: two mathematical descriptions describe
identical physical phenomena

Eg, T-duality relates large and small circle compactifications
C—2=R 2
1 e - 2m €

String winding modes!! R

E =mTC O
1
:mzﬂ = 2x R
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Superstring theory: The devil is in the “details”

* Predicts we live in 10 spacetime dimensions!!
Experimental update: we hive in 4 dimensions!/

* Predicts extra particles we haven't seen yet!

(Supersymmetry: each fermion is accompanied by
a bosonic partner of the same mass)



Subatomic Physics ——— a theory of sirings!

Flementary Particles ( 10 7 m)

Fermions: Bosons (Force Mediators):
electron, muon, tauon photon (electromagnetism)
neutrinos (3 flavors) gluon (strong)
quarks - up, down, strange, W=, Z (weak)

charm, bottom, top

-

)]

';r_lf-l
b e | -

i)

Hig

(]
(]

What's missing here?
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Superstrings: the theory of subatomic physics

with resolution, ¢ =10""m, all elementary
particles are one-dimensional objects (strings)

a2

Interactions are geometric joining and splitting
governed by coupling constant, g

’o
) - o

with ﬂ1ese simple rules get appropriate parlicle
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Superstrings: the theory of gravitational physics

consistency requires appearance of the graviton!

at long distances much greater than £, reproduces
Einstein’s gravitational equations

1 = Jlew :
R#V — ER gﬁp = 87@;1? Newton’s constant

sets the string length scale: 7 = \@ —10 "m
c

Superstrings naturally provides a unified framework
-fgF Quantum Field Theory and General Relativigy~-



CTROMAGNETISM

ERMCDYNAMICS
GALILEAN
INVARIANCE
NEWTONIAN a e
RELA
GRAVITY MECHANICS
QUANTUM
SE] A FIELD THEORY
. O
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ERMCDYNAMICS

NEWTONIAN a QUANTUM
RELA
GRAVITY MECHANICS

RELATIVITY FIELD THEORY
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ERMODYNAMICS
GALILEAN

INVARIANCE

QUANTUM
s FIELD THEORY
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ERMCDYNAMICS

QUANTUM
MECHANICS

FIELD THEORY
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Superstrings: the theory of gravitational physics

consistency requires appearance of the graviton!

at long distances much greater than £, reproduces
Einstein’s gravitational equations

1 = Jewton'’
R#v = ER gﬁp = 87@;“’ Newton's constant

sets the string length scale: /¢, ~ [— =10"m
c

Superstrings naturally provides a unified framework
-fgF Quantum Field Theory and General Relativitgy--
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(1 time and 3 space)



Superstring theory: The devil is in the “details”

* Predicts we live In 10 spacetime dimensions!!
Experimental update: we live in 4 dimensions!

Big fix: Perhaps we haven't seen the extra
dimensions yet.

g PO }
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Essential ingredients for M-theory conjecture:

e Dualites: two mathematical descriptions describe
identical physical phenomena

Eg, T-duality relates large and small circle compactifications
C— il 27 £

2o CZ
de Broglie wavelength: 1= é_ R

O
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Essential ingredients for M-theory conjecture:

e Dualites: two mathematical descriptions describe
identical physical phenomena

Eg, T-duality relates large and small circle compactifications

C,—Z=i 27 £
C,=——
R

de Broglie wavelength: 2=
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GTRING THEORY GUMMAR IZED:

| JUST HAD AN AWESOME |DEA.

SUPPOSE ALL MATTER AND ENERGY
IS MADE OF TINY VIBRATING STRINGS.

THAT MPLY?

| DUNNO. /
\

£ R

\ OKAY. WHAT WouLd
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gravitational field
can propagate into all dimensions
including extra dimensions

(Some) Extra dimensions may be very large!
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Superstring theory: a theory looking for a
good experiment

accelerator experiments: probe 10'2 eV and beyond
Tevatron, Large Hadron Collider, ....
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Cosmology: extreme conditions of early universe
give a window on small scales and high energies

Stringy relics or
imprints now?

Bl
e bl | e

We need to understand the
optics of our “microscope”

String physics is manifest



Superstring theory: a theory looking for a
good experiment

accelerator experiments: probe 102 eV and beyond
Tevatron, Large Hadron Collider, ....
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gravitational field
can propagate into all dimensions
including extra dimensions

(Some) Extra dimensions may be very large!
Adentane-Gs—Go Ve = = ...



Superstring theory: Unique theory of everything

» M-theory Conjecture: all known string theories are
different solutions of single fundamental theory
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Essential ingredients for M-theory conjecture:

e Dualites: two mathematical descriptions describe
identical physical phenomena

Eg, T-duality relates large and small circle compactifications
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Superstring theory: The devil is in the “details”

* Predicts we live in 10 spacetime dimensions!!
Experimental update: we live in 4 dimensions!/

* Predicts extra particles we haven't seen yet!

(Supersymmetry: each fermion is accompanied by
a bosonic partner of the same mass)



Superstring theory: The devil is in the “details”

* Predicts we live In 10 spacetime dimensions!!
Experimental update: we live in 4 dimensions!

Big fix: Perhaps we haven't seen the extra
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Superstring theory: The devil is in the “details”

» Predicts we live In 10 spacetime dimensions!!
Experimental update: we live in 4 dimensions!
Big fix: Perhaps we haven't seen the extra
dimensions vet.

Rescue and Recovery |

<2 Fesoue and Recovery is scheduled to badk up your swstaem nows.  You can modify this schedule by using Resoue and
\E‘J Recovery from the Thinkiantage opon in the Start Mermy, Do vou want to badk up now?
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Superstring theory: The devil is in the “details”

» Predicts we live in 10 spacetime dimensions!!
Experimental update: we live in 4 dimensions!

Big fix: Perhaps we haven't seen the extra
dimensions yet.
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