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David Gross (Strings 2008): 
“We all know that it is wrong”
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Anthropic Principle

What we observe is biased by 
our own existence.
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Criticisms

It is assumed that some things could be different then 
what we observe. But what can vary, and what do you 
keep fixed when you vary it?

Sunday, 2 May 2010



Criticisms

It is assumed that some things could be different then 
what we observe. But what can vary, and what do you 
keep fixed when you vary it?

What is intelligent life? (not just us)

Sunday, 2 May 2010



Criticisms

It is assumed that some things could be different then 
what we observe. But what can vary, and what do you 
keep fixed when you vary it?

What is intelligent life? (not just us)

So what?
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Hoyle: there should exist a carbon-12 resonance near 7.65 MeV.
This prediction was confirmed!

Example: The Beryllium Bottleneck
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One cannot vary a level of Carbon while keeping 
everything else fixed.

Carbon is essential for our kind of life. But the relevant 
question is: is it essential for any kind of intelligent life?
(In this case probably yes. 
But some anthropic arguments rely on special properties of water or DNA.)

So what? 
Hoyle: “A common sense interpretation of the facts su!ests 
that a superinte"ect has monkeyed with physics, as we" as 
with chemistry and biology”
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Theory of quarks and leptons and their electromagnetic, 
strong and weak interactions interactions.

The Standard Model

Sunday, 2 May 2010



Theory of quarks and leptons and their electromagnetic, 
strong and weak interactions interactions.

The Standard Model

SU(3)× SU(2)× U(1)  Lie-algebra:

Discrete choices:

Quark and lepton Representation:

3×
{

(3, 2,
1
6
) + (3̄, 1,−2

3
) + (3̄, 1,

1
3
) + (1, 2,−1

2
) + (1, 1, 1) + (1, 1, 0)

}
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Theory of quarks and leptons and their electromagnetic, 
strong and weak interactions interactions.

Continuous choices:  28 real parameters 
(coupling constants, quark and lepton masses, mixing angles)

The Standard Model

SU(3)× SU(2)× U(1)  Lie-algebra:

Discrete choices:

Quark and lepton Representation:

3×
{
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3
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Feynman about α

There is a most profound and beautiful question associated with the observed 
coupling constant, e the amplitude for a real electron to emit or absorb a real photon. 
It is a simple number that has been experimentally determined to be close to 
1/137.03597. It has been a mystery ever since it was discovered more than fifty years 
ago, and all good theoretical physicists put this number up on their wall and worry 
about it.

....

We know what kind of a dance to do experimentally to measure this number very 
accurately, but we don't know what kind of dance to do on the computer to make this 
number come out, without putting it in secretly!
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Most variations in Nuclear Physics are invalid because by now we know what really 
can be varied:  The QCD coupling constant and the quark masses. 
You can’t draw anthropic conclusions if you move “out of physics”.

But how can a theory ever be immune to what we do not know yet?

Sunday, 2 May 2010



Most variations in Nuclear Physics are invalid because by now we know what really 
can be varied:  The QCD coupling constant and the quark masses. 
You can’t draw anthropic conclusions if you move “out of physics”.

But how can a theory ever be immune to what we do not know yet?

e-

e+

Sunday, 2 May 2010



Most variations in Nuclear Physics are invalid because by now we know what really 
can be varied:  The QCD coupling constant and the quark masses. 
You can’t draw anthropic conclusions if you move “out of physics”.

But how can a theory ever be immune to what we do not know yet?

X-

X+

Sunday, 2 May 2010



Most variations in Nuclear Physics are invalid because by now we know what really 
can be varied:  The QCD coupling constant and the quark masses. 
You can’t draw anthropic conclusions if you move “out of physics”.

But how can a theory ever be immune to what we do not know yet?

Physics at shorter distances (space-time structure, new 
particles) gives rise to an infinity of unknowns....

X-

X+
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But:

In the Standard Model all these unknowns can be “packaged” together in a 
finite number of parameters (plus corrections of order E/MNew).

This makes the theory intrinsically insensistive to MNew

Experimentally MNew is at least about 1 TeV, well beyond the scale of 
Nuclear Physics.

Theoretically, the Standard Model can be extrapolated much further than 
that, perhaps until MPlanck=1019 GeV.

Furthermore this is equally true for the relatives of the Standard Model: 
other gauge theories, with other groups, representations and parameters.

This allows us to do the following:
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A “GEDANKEN” 
COMPUTATION
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Anthropic Features
of  the 

Standard Model

Structure: 
hard to analyse in general, but:
- Odd SU(N) “color” group seems essential.
- U(1) with massless photon seems essential.

Scales: 
- Strong scale (ΛQCD) determines proton mass.
- Weak scale determines quark, lepton masses
- Both must be much smaller than Mplank (1019 GeV)
  and not too different from each other.

Parameters: mu, md, me, α, αQCD are clearly important.
Less obvious: mt, mν
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t,c,u (charge 2/3) b,s,d (charge -1/3) e,μ,τ (charge -1)

173 4.2 1.777

1.25 0.095 0.106

0.002 0.005 0.0005

Quark and lepton masses (GeV)

Higgs mechanism: Mass = λ × (246 GeV)
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t,c,u (charge 2/3) b,s,d (charge -1/3) e,μ,τ (charge -1)

173 4.2 1.777

1.25 0.095 0.106

0.002 0.005 0.0005

625

138 44

19 206

16

Quark and lepton masses (GeV)

Higgs mechanism: Mass = λ × (246 GeV)
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Some constraints 

Larger pion mass reduces the range of the strong force, destabilizing nuclei.

The proton (uud) should be stable against decay to a neutron (ddu)

 

Electromagnetic forces lower the neutron mass with respect to the proton mass. This is 
solved by the fact that the up-quark is extremely light.

The neutron should be unstable, to prevent a neutron dominated universe. This limits the 
electron mass to 

mπ ∝
√

ΛQCD(mu + md)

p→ n + e+ + ν

mn −mp = 1.29 MeV
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A second “gedanken” computation

  Early String Theory Expectations: (≈ 1985)

thereby explicitly avoiding the field theory divergence. The spectrum of string theory
consists of an infinite “tower” of excited states, corresponding to quantized energy levels
of the various modes of the string. Any change in the spectrum of such a tower destroys
the crucial property of modular invariance.

5.2 Non-Uniqueness in String Theory

It is understandable that this rigidity of the spectrum fueled the hope that string theory
might lead us to a unique gauge theory, and perhaps a completely unambiguous derivation
of the Standard Model from first principles. This hope is very well described by the
following paragraph from the book “The Problems of Physics” by A.J. Legget, which
dates from 1987 [35].12 The author is not a string theorist (he received the Nobel Prize in
2003 for his work on superfluidity) but echoes very accurately the atmosphere in part of
the string community around that time:
The hope is that the constraints imposed on such theories solely by the need for mathe-
matical consistency are so strong that they essentially determine a single possible theory
uniquely, and that by working out the consequences of the theory in detail one might even-
tually be able to show that there must be particles with precisely the masses, interactions,
and so on, of the known elementary particles: in other words, that the world we live in is
the only possible one.

If this had been true, this would have led us to straight to the anthropic dilemma
explained in section (3). So how does string theory avoid this?

The answer to that question emerged during two periods of revolutionary change in
our understanding, one occurring around 1986, and the the other during the first years of
this century. I will refer to these periods as the first and second string vacuum revolution.
Although string theorists love revolutions, these two are usually not on their list.

It is important to distinguish two concepts of uniqueness: uniqueness of the theory
itself, or uniqueness of its “ground states” or “vacua”. I will use these notions in a loose
sense here, because one of the issues under dispute is even how they are defined (which is
especially problematic in a universe with a positive cosmological constant, as ours seems
to have). By “vacuum” I will simply mean anything that is suitable to describe our
universe, and anything that merely differs from it by being located in a different point
in the Gauge Theory Plane. I am not trying to argue that such vacua exist, but merely
that if they do exist there are likely to exist in huge quantities. The picture that seems to
emerge is that of a perhaps unique theory, but with a huge number of vacua. Although
this picture has started emerging more than twenty years ago, most people refused to
accept it as the final outcome, and instead were (and in surprisingly many cases still are)
hoping that one of the many candidate vacua would be singled out by some still to be

12This book also contains a remarkably prescient description of what might be called an “anthropic
landscape”, even with references to an important rôle for higher-dimensional theories, a notion that also
appeared in equally prescient work by Andrei Sakharov from 1984 [36] about a possible anthropic solution
to the cosmological constant problem. However, precisely because of the cited text about string theory,
this remained an overlooked link in the idea for more than a decade.
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A second “gedanken” computation

From “The Problems of Physics” by Antony Legget (1987)

  Early String Theory Expectations: (≈ 1985)

thereby explicitly avoiding the field theory divergence. The spectrum of string theory
consists of an infinite “tower” of excited states, corresponding to quantized energy levels
of the various modes of the string. Any change in the spectrum of such a tower destroys
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How many?
From the knowledge of one point, one 
cannot decide that.

Assuming a distribution one could compute 
a required minimum number.

But let us have a look at the other side of 
the argument...
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H. Georgi,
Fourth workshop on Grand Unification, Philadelphia,1983
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Arguments in favor of  
uniqueness
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Grand Unification?

SU(3)× SU(2)× U(1)
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Grand Unification?

SU(3)× SU(2)× U(1)

SU(5)

SU(4)× U(1)
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Uniqueness?
The Standard model is just one point in a huge discrete and continuous set.
We can observe only one point in this set anyway.
There is no argument why the “fundamental equations” should have a 
unique “solution”.
The one we observe does not look mathematically unique.
The one we observe seems tuned to allow us to exist: 
uniqueness would be a disaster!
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Uniqueness?
The Standard model is just one point in a huge discrete and continuous set.
We can observe only one point in this set anyway.
There is no argument why the “fundamental equations” should have a 
unique “solution”.
The one we observe does not look mathematically unique.
The one we observe seems tuned to allow us to exist: 
uniqueness would be a disaster!

We have no principle to tell us how many 
solutions there should be.

If not unique, then how many?
“I never believed it had to be absolutely unique”
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Giving up?
To some people this sounds like:
“The laws of physics are the way they are, because otherwise we would not exist. 
Therefore physics stops here.”

If parameters like the light quark and lepton masses have a distribution of 
possible values, this is likely to be true for all standard model parameters.

But this does NOT imply that the Standard Model is nothing more than a 
bunch of random numbers. There is structure requiring an explanation, but 
we cannot expect to derive the entire set of choices.

All this does is define reasonable expectations for a “fundamental theory”.
I am not giving up on that.

In fact, I am aiming for something much better than uniqueness: a theory 
that contributes to the explanation of our existence, rather than converting 
that into an eternal mysterious coincidence. 
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SO WHAT?
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The Ideal Theory
Example: 1030 discrete points
The Standard Model provides about 80 digits of data.

This leaves about 50 digits worth of postdictions
 (plus an infinity of predictions).

This is more than enough to accept the correctness of such a theory, together 
with the existence of the 1030-1 other “solutions”.

It would be obvious that what we observe is biased by our existence (unless all 
1030 points allow observers).

This anthropic principle would be equally unquestionable as the one for planets.

The difference is that for planetary properties we already have good theories and 
models, and we can observe alternatives. In such a situation an anthropic 
principle is only of secundary importance.
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Requirements for an Ideal Theory
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Requirements for an Ideal Theory

All parameters should be fixed to some discrete set.

- We must control all virtual processes (“infinities” of QFT)
- Including those of quantum gravity.
- Including all particles we have not observed yet, and all interactions
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Requirements for an Ideal Theory

All parameters should be fixed to some discrete set.

- We must control all virtual processes (“infinities” of QFT)
- Including those of quantum gravity.
- Including all particles we have not observed yet, and all interactions

There must be a way to end up with a large set of choices of groups and 
representations.

For each such discrete choice, there must be set of allowed parameter values.

Distinct solutions must be connected: we must be able to get to the standard 
model.
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Dynamical Parameters
If we ignore the problems of quantum gravity, perhaps 28 continuous parameters is 
all we need. This will certainly contain the Standard Model.

However, in QFT there is no relation between QED with α=1/137.039 or α=1/140.

Possible solution: make all parameters dynamical (functions of space-time 
satisfying equations of motion).

This forces us to think about vacuum energy: changes in parameters will create 
changes in the energy of the vacuum.

This is irrelevant in QFT, but also uncalculable (sum over the ground state energy 
of an inifinite number of oscillators). We may regulate it and subtract it for a given 
value of α, but this is not likely to be correct for a different value of α. 

In the presence of gravity, it is no longer irrelevant. However, in the theory we are 
aiming at, it would be calculable. 

Unfortunately, the answer is not likely to be correct.
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the Einstein equations for gravity via the cosmological constant Λ, that appears in the
following way

Rµν −
1

2
gµνR + Λgµν = 8πGNTµν , (3)

where GN is Newton’s constant and Tµν the energy momentum tensor of matter. The left-
hand side contains the Ricci tensor Rµν and the curvature scalar R, both related to the
curvature tensor Rµνρσ. The physical principle behind the precise form of the left-hand
side is general coordinate invariance. If one arbitrarily imposes an additional requirement,
namely that the left-hand side should be linear in R, one gets the standard form of the
Einstein equations, with Λ = 0. But there is no physical reason for such a constraint,
and on general grounds one should therefore expect the left-hand side to contain terms
of higher order in R (which are irrelevant in normal circumstances) as well as a term of
zeroth order, Λ.

Precisely such a term is generated by the the energy density ρΛ of the empty universe,
namely Λ = 8πGNρΛ. This is a quantity of no relevance in the absence of gravity, which
is why it is legitimate to adjust the zero-point of the energy scale in non-gravitational
physics. But gravity sees everything.

The coefficient Λ, if present, has important implications for the fate of the universe.
If it is negative, the universe collapses, whereas if it is positive the universe undergoes
accelerated expansion. The energy density ρΛ has dimension [length]−4, which in the
standard units of particle physics (with ! = c = 1) is equivalent to [mass]4. In a theory of
quantum gravity, where the only fundamental mass scale is the Planck mass, its natural
value would seem to be of order M4

Planck. More precisely, ρΛ receives quantum corrections
due to virtual particle creation and annihilation which diverge with the energy of the
virtual particles. If we assume that quantum gravity provides a natural cut-off for these
divergences, one would indeed expect a result of order M4

Planck. But even if we plead
ignorance about the cutoff mechanism and the scale at which they occur, we cannot put
that scale lower than the energy scale we have explored experimentally, because then we
would have discovered the mechanism already. Known physics, cut off just above the
Standard Model scale still contributes about 10−56M4

Planck (see [15], [16] and [17], and
references therein for recent discussions of this issue).

Furthermore, as noted above, ρΛ receives contributions from any re-adjustment of the
zero-point of the energy scale. The most notorious example is the Higgs mechanism. In
the standard classical picture, this involves a shift in the value of a scalar field from a
local maximum to a local minimum of a potential density. The difference of the values
of the potential density at the maximum and the minimum is a contribution to ρΛ. This
contribution is also of order 10−60M4

Planck.The problem is that the observed value is about
+10−123M4

Planck. The first way in which this was observed, around 1998, was from the fact
that we appear to be accelerating away from distant supernovae.

27

The Cosmological Constant
Vacuum energy contributes to the infamous cosmological constant Λ

Expected contribution from quantum gravity: ≈ (Mplanck)4

Expected contribution from known physics: ≈ 10-56(Mplanck)4

Observed: ≈ .37 x 10-121(Mplanck)4

Gravity couples to it:

Its effect is to make the universe expand (Λ> 0) or collapse  (Λ< 0)
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Λ

0

Anthropic Bounds
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Excluded
 (universe collapses too fast)
Barrows and Tipler, 1987

Λ

0

Anthropic Bounds
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Excluded
 (universe collapses too fast)
Barrows and Tipler, 1987

Excluded 
(universe expands too rapidly
 for galaxies to form)
Weinberg, 1987

Λ

0

Anthropic Bounds
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Excluded
 (universe collapses too fast)
Barrows and Tipler, 1987

Excluded 
(universe expands too rapidly
 for galaxies to form)
Weinberg, 1987

Λ

0

Anthropic Bounds

We are here
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C.C. versus S.M.
An anthropic explanation requires more than 10120 points, assuming a flat 
distribution.

But:
Λ is less obviously a true variable of the laws of physics than the 28 
standard model parameters.

The latter are clearly decoupled from what we do not know yet: gravity.

But Λ only makes sense in the presence of gravity.  

So if in the true theory of gravity of our universe Λ≡0 (or if gravity does not 
couple to vacuum energy), we are “out of physics” if we consider  Λ≠0.

Of course, in that case we still have to find a way to explain the current 
observations.
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STRING THEORY

Sunday, 2 May 2010



Disclaimer
String theory is “work in progress”.
It slowly being discovered using an amazing web of perturbative an non-
perturbative methods.

Some of the perturbative methods involve splitting and joining of strings, 
hence the name.

What follows is the picture that seems to be emerging.
There are plenty of things we do not know yet!

H0 εH1
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What is string theory?
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What is string theory?

A perturbative expansion in search of a theory.
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What is string theory?

A perturbative expansion in search of a theory.

H0
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What is string theory?

A perturbative expansion in search of a theory.

H0 εH1
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What is string theory?

A perturbative expansion in search of a theory.

H0 εH1+ + ..... ⇒   ?
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Green, Schwarz and Witten (1987)

What is string theory?

Sunday, 2 May 2010



What is string theory?

Heterotic
E8 × E8

Heterotic
O(32)

IIB

11D
Supergravity

I

IIA

M-Theory
???

Several perturbative expansions in search of a theory.
(one of them does not even correspond to strings, and in all cases higher dimensional membranes are involved in addition to strings)
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Fundamental Theory Wish List

Discrete choices

Finiteness and completeness

Dynamical parameters

Fixed at discrete values

Small Cosmological Constant

Sunday, 2 May 2010



Fundamental Theory Wish List

Discrete choices

Finiteness and completeness

Dynamical parameters

Fixed at discrete values

Small Cosmological Constant

Extra Dimensions:
Huge number of possibilities
Including the Standard Model
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Fundamental Theory Wish List

Discrete choices

Finiteness and completeness

Dynamical parameters

Fixed at discrete values

Small Cosmological Constant

Finiteness: related to “Modular Invariance”
Tr eiτH invariant under τ → −1

τ
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Fundamental Theory Wish List

Discrete choices

Finiteness and completeness

Dynamical parameters

Fixed at discrete values

Small Cosmological Constant

Moduli: 
hundreds or thousands
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Fundamental Theory Wish List

Discrete choices

Finiteness and completeness

Dynamical parameters

Fixed at discrete values

Small Cosmological Constant

Quantized tensor fields 
winding around the handles (“fluxes”)

(Bousso-Polchinski, 2000)
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Fundamental Theory Wish List

Discrete choices

Finiteness and completeness

Dynamical parameters

Fixed at discrete values

Small Cosmological Constant

Four-dimensional components of those fields
F i

µνρσ = ∂[σAi
µνρ] = niyiεµνρσ

Λ =Λ 0 +
∑

i

n2
i y

2
i

(Bousso-Polchinski, 2000)
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Fundamental Theory Requirements 
I: Discrete choices 

String theory lives naturally in 10 (or 11) dimensions.

But there is a choice of space-time backgrounds.

This choice includes 4D Minkowski times a compact manifold.

There is a huge choice of compact backgrounds.

This apparent “embarrassment of choices” is precisely what is needed to get 
the required richness of choices for the 4D gauge theory.
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But so are many alternatives.
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Fundamental Theory Requirements 
II: Finiteness and Completeness 
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The set of such transformations of the torus forms a group, called the modular group. We
have identified two elements of that group, namely

T : τ → τ + 1

S : τ → −1

τ

It turns out that these two transformations generate the entire group. The most general
modular transformation has the form

τ → aτ + b

cτ + d
, a, b, c, d ∈ Z; ad − bc = 1 .

This group is isomorphic to SL2(Z)/Z2. The group SL2 can be defined by the set of 2 × 2
matrices

(

a b

c d

)

with determinant 1. The group SL2 contains the element −1. In the modular transfor-
mation this is indistinguishable from the identity, and for this reason the modular group is
actually isomorphic to SL2(Z)/Z2 rather than SL2(Z). One may check that the modular
transformations satisfy

(ST )3 = S2 = 1 .

We see thus that not all parameters τ give different tori.

Must be invariant under

− 83 −

1

!

rotated

rescaled
- 1
!

The set of such transformations of the torus forms a group, called the modular group. We
have identified two elements of that group, namely

T : τ → τ + 1

S : τ → −1

τ

It turns out that these two transformations generate the entire group. The most general
modular transformation has the form

τ → aτ + b

cτ + d
, a, b, c, d ∈ Z; ad − bc = 1 .

This group is isomorphic to SL2(Z)/Z2. The group SL2 can be defined by the set of 2 × 2
matrices

(

a b

c d

)

with determinant 1. The group SL2 contains the element −1. In the modular transfor-
mation this is indistinguishable from the identity, and for this reason the modular group is
actually isomorphic to SL2(Z)/Z2 rather than SL2(Z). One may check that the modular
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We see thus that not all parameters τ give different tori.

Strong constraint on H!
These constraints imply that one cannot add particles or remove particles.
They are strongest in the maximal dimension of string theory.

Modular Invariance
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HOW MANY?
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Lerche, Lüst, Schellekens
“Chiral, Four-dimensional Heterotic Strings From Self-Dual Lattices”, 1986
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Solutions to these constraints can be obtained from the partition functions of 
even self-dual lattices (all norms even, equal to its own dual (reciprocal) lattice).

In 1986 we* showed how a class of 10 dimensional strings could be derived from 
the even self-dual lattices of dimension 24.

Later that year we** showed how a class of 4-dimensional strings could be 
derived from the even self-dual lattices of dimension 88.

∑

v∈L

eiπτv2

(*)Ten-Dimensional Heterotic Strings From Niemeier Lattices, W. Lerche, D. Lüst and A.N. Schellekens (1986)

(**)Chiral Four-Dimensional Heterotic Strings from Selfdual Lattices, W. Lerche, D. Lüst and A.N. Schellekens, (1986)

Even Self-dual lattices
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2.8× 10−9

4.9× 10−18

15.8× 10−15

8.0× 107

≈ 101500

Dimension Estimate Total
8 1
16 2
24 24

32 ?
...
88 ?

N8k >
∑

Λ

1
|Aut(Λ)| =

|B4k|
8k

4k−1∏

j=1

|B2j |
4j
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A. Strominger (1986)
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A.N. Schellekens,
Contribution to the proceedings of the EPS conference, Uppsala, June 1987

.

A. Strominger (1986)
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A.N. Schellekens,
Contribution to the proceedings of the EPS conference, Uppsala, June 1987

.

A. Strominger (1986)

(Similar text including “anthropic 
principle”: 1998, R.U. Nijmegen)
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Fundamental Theory Requirements 
III: Dynamical Parameters 
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Fundamental Theory Requirements 
III: Dynamical Parameters 

Shapes and size of the handles of internal manifolds give rise to dynamical parameters 
in the resulting four-dimensional gauge theory: moduli.
(“String theory has no parameters”)
Often there are hundreds or thousands of moduli.

To first approximation (supersymmetry) these have flat potentials.

It has been a long-standing problem to show that supersymmetry can be broken and that   
potentials with local minima can be generated (“moduli stabilization”)
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Fundamental Theory Requirements 
IV: The Cosmological Constant 

Bousso and Polchinski (2000)

Quantized generalizations of electric & magnetic fields (“fluxes”) living in 
Minkowski and internal dimensions:

• May wind N times around closed cycles of the internal manifold to help 
stabilizing some moduli
•  Have space-time components that contribute to the cosmological constant.

Aµνρ → Fµνρσ = ∂[σAµνρ]
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S =
∫

d4x
√
−g

(
1

2κ2
R− Λbare −

Z

48
F 2

4

)

Ignoring the brane sources (we will consider them shortly), the four-form
equation of motion is ∂µ (

√
−g F µνρσ) = 0, with solution

F µνρσ = cεµνρσ , (2.4)

where εµνρσ is the totally antisymmetric tensor and c is any constant. Thus
there is no local dynamics. One has F 2

4 = −24c2, and so the on-shell effect
of the four-form is indistinguishable from a cosmological constant term. The
Hamiltonian density is given by

λ = λbare −
Z

48
F 2

4 = λbare +
Zc2

2
. (2.5)

Only λ is observable: λbare and the four-form cannot be observed sepa-
rately in the four-dimensional theory. Therefore, the bare cosmological con-
stant can be quite large. For example, it might be on the Planck scale or on
the supersymmetry breaking scale. In order to explain the observed value of
the cosmological constant, λbare must be very nearly cancelled by the four-
form contribution.

2.2 Four-form quantization

In the original work [5], and in many recent applications, it as assumed that
the constant c can take any real value, thus cancelling the bare cosmological
constant to arbitrary accuracy. However, we are asserting that the value of c
is quantized. Since this is somewhat counterintuitive, let us first discuss two
things that the reader might think we are saying, but are not.

First, if there is a gravitational instanton, a Euclidean four-manifold X,
then it is natural to expect that the integral of the Euclidean four-form over
X is quantized,

∫

X

F4 =
2πn

e
, n ∈ Z . (2.6)

This is the generalized Dirac quantization condition [19–22]. It arises from
considering the quantum mechanics of membranes, which are the natural
objects to couple to the potential A3,

S = e

∫

W

A3 (2.7)

5

Λ = Λbare +
1
2

Zc2

2

Action with four-form contribution

Solution to equations of motion

Contribution to the cosmological constant
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In String Theory:

The constant  c is quantized
There are many such four-form fields

Λ = Λbare +
1
2

Nflux∑

i

n2
i y

2
i

If the values of yi are incommensurate and Nflux

sufficiently large, Λ can be tuned to a very small value
(starting with negative Λbare of natural size).

Douglas, Denef: 10500Nvacua ≈ [Nvalues]
Nflux
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~ 2003

interest into subsets, such that correlations are possible
only within each subset, we can hope to divide up the
problem into manageable pieces.

These arguments and examples illustrate how, under
certain possible outcomes for the actual number and
distribution of vacua, we could make well motivated
predictions. Of course the actual numbers and distri-
bution are not up to us to chose, and one can equally
well imagine scenarios in which this type of predictiv-
ity is not possible. For example, Nvac ∼ 101000 would
probably not lead to predictions, unless the distribu-
tion were very sharply peaked, or unless we make fur-
ther assumptions which drastically cut down the num-
ber of vacua.

5. Absolute numbers

The basic estimate for numbers of flux vacua [4] is

Nvac ∼ (2πL)K/2

(K/2)!
[cn]

where K is the number of distinct fluxes (K = 2b3 for
IIb on CY3) and L is a “tadpole charge” (L = χ/24 in
terms of the related CY4). The “geometric factor” [cn]
does not change this much, while other multiplicities
are probably subdominant to this one.

Typical K ∼ 100− 400 and L ∼ 500− 5000, leading
to Nvac ∼ 10500. This is probably too large for statis-
tical selection to work.

On the other hand, this estimate did not put in all the
consistency conditions. Here are two ideas, still rather
speculative.
– Perhaps stabilizing the moduli not yet considered

in detail (e.g. brane moduli) is highly non-generic,
or perhaps most of the flux vacua become unstable
after supersymmetry breaking due to KK or stringy
modes becoming tachyonic. At present there is no
evidence for these ideas, but neither have they been
ruled out.

– Perhaps cosmological selection is important: almost
all vacua have negligible probability to come from
the “preferred initial conditions.” Negligible means
P <<< 1/Nvac, and almost all existing proposals for
wave functions or probabilty factors are not so highly
peaked, but eternal inflation has been claimed to
be (as reviewed in [26]), and it is important to know
if this is relevant for string theory (see for example
[20]).
Such considerations might drastically cut the num-

ber of vacua. While we would then need to incorpo-
rate these effects in the distribution, it is conceivable
that to a good approximation these effects are statisti-
cally independent of the properties of the distribution
which concern us, so that the statistics we are com-

puting now are the relevant ones. Even if not, it seems
very unlikely to us that cosmology will select a unique
vacuum a priori; rather we believe the problem with
these considerations taken into account will not look so
different formally (and perhaps even physically) from
the problem without them, and thus we proceed.

6. Stringy naturalness

The upshot of the previous discussion is that in this
picture, either string theory is not predictive because
there are too many vacua, or else the key to making
predictions is to count vacua, find their distributions,
and apply the principles of statistical selection.

To summarize this, we again oversimplify and de-
scribe statistical selection as follows: we propose to
show that a property X̄ cannot come out of string the-
ory by arguing that no vacuum realizing X̄ reproduces
the observed small c.c. (actually, we are considering all
properties along with the c.c.). One might ask how we
can hope to do this, given that computing the c.c. in a
specific vacuum to the required accuracy is far beyond
our abilities. The point is that it should be far easier to
characterize the distribution of c.c.’s than to compute
the c.c. in any specific vacuum. To illustrate, suppose
we can compute it at tree level, but that these results
receive complicated perturbative and non-perturbative
corrections. Rather than compute these exactly in each
vacuum, we could try to show that they are uncorre-
lated with the tree level c.c.; if true and if the tree level
distribution is simple (say uniform), the final distribu-
tion will also be simple.

If so, tractable approximations to the true distri-
bution of vacua can estimate how much unexplained
fine tuning is required to achieve the desired EFT, and
this is the underlying significance of the definition of
“stringy naturalness” we gave above.

Thus, we need to establish that vacua satisfying the
various requirements exist, and estimate their distri-
bution. We now discuss results on these two problems,
and finally return to the question of the distribution of
supersymmetry breaking scales.

7. Constructing KKLT vacua

The problem of stabilizing all moduli in a concrete
way in string compactification has been studied for al-
most 20 years. One of the early approaches was to de-
rive an effective Lagrangian by KK reduction, find a
limit in which nonperturbative effects are small, and
add sufficiently many nonperturbative corrections to
produce a generic effective potential. Such a generic

4

(M. Douglas)
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The Anthropic Landscape
of String Theory

L. Susskind

Department of Physics
Stanford University

Stanford, CA 94305-4060

Abstract

In this lecture I make some educated guesses, about the landscape of string theory

vacua. Based on the recent work of a number of authors, it seems plausible that the

lanscape is unimaginably large and diverse. Whether we like it or not, this is the kind

of behavior that gives credence to the Anthropic Principle. I discuss the theoretical

and conceptual issues that arise in developing a cosmology based on the diversity of

environments implicit in string theory.
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terms of classical space-time. A most natural 

initial value of the field 9 at the Planck time is 

9 -  k-V4?dp. Then the universe infinitdy repro- 

duces itself due to generation of iongowave 

fluctuations of the fletd % TNs process occurs in 

domains with k-"-/6Mp < 9 ~ X-V4Mp (with t00 

x /~4p ~< p ~< t000/~p., for ~. ~ 10-12). tn domains 

with ~<~k-"/e'Mp this process becomes ineffi- 

cient, and each such domain after inflation looks 

like a Friedmann mini-universe of a size Mp ~ ! 

exp(k -V~) - 1 0  ~°" cm. Formation of each mini- 

universe can be described either by eqs. (10, (11) 

or by eq. (12). in this model the universe has a 

beginning but no end. 

(ii) The possibility that the universe has a global 

singular spacedike hypersurface seems rather im- 

probable unless the universe is compact and its 

initial size is O(Mp-1): There is no reason for 

different causally disconnected regions of the uni- 

verse to start their expansion simultaneously, tf  

the universe is not compact, there should be no 

global beginning of its evolution. A model which 

illustrates this possibility was suggested above: 

The inflat iona~ universe may infinitely reproduce 

itself, and it may have no beginning and no end. 

Note, that the main problem of the standard 

Friedmann cosmology was " the  existenc, e of time 

when there was no space-time at all". In our case 

such a problem may not appear. For  a more 

detailed discussion of this possibility and of the 

associated problems see ref. [27]. 

It is worth noting that the process of self-repro- 

duction of the universe occurs not only at the 

Planck density, but at much. smMter densities as 

- ~/3 4 ~0 Mp for h ~  welh e.g. at V ( 9 ) > k  M ~ - "  -4 4 

!0-~2° Therefore to prove the very existence of the 

regime of self-reproduction of inflationary ~5ni~ 

universes in our scenario there is no need * to 

appeal to unknown physical processes at p >~ Mp. 

On the other hand, it is very important that 

independently of the origin of the universe in our 

scenario (either the universe was created as a 

whole at t = tp or it exists eternally) it now con.. 

talus an exponentially large (or even infinite) 

number of mini-universes, and a considerab!e part 

of these mini-universes was created when the field 

~2 was O(k-*'/~Mp) and its energy density was 

O(M~). (Note, that this is true in the chaotieoin~ 

fiation scenario only, in which inflation may occur 

even at V( .~ ) -  M~.) At such densities, fiucma- 

"dons of all fields and fluctuations of metric are 

very large at a typical scale ~ H-~ ~M~. ! This 

may lead to the generation of different classical 

scalar fields gh, corresponding to different local 

minima of V(~,, 9)  in different domains of the 

universe and to processes of compactificadon or 

decompactificadon wMch occur independentfy in 

each of the causaliy disconnected mini~universes 

of 1..r_,t,.ai size 1> H - ~  M~ -~. As a result, our 

universe at present should contain an exponen- 

tially large number of mSni-universes with el! pos- 

sible types of compactification and in all possible 

(metastabie) vacuum states consistent with the 

existence of the earlier stage of inflation, tf  our 

universe would consist of one domain only (as it 

was believed several years ago), it wo~ld be neces- 

sary to understand why Nature has chosen just 

this one type of eompacdficat}on: just this type of 

symmetry breaking, etc. At present it seems ab~ 

solutely improbable that all domains contained in 

our exponentially large universe are of ,'he same 

type. On the contrary, aY types of mSni~universes 

in which inflation is possible should be produced 

during the expansion of the universe, and it is 

unreasonable to expect that our domain is the 

only possibIe one or the best one, From this point 

of view, an enormously large number of possible 

types of compactification which exist e.g. in the 

theories of superstrings should be considered not 

as a difficulty but as a virtue of these theories, 

since it increases the proba:~ility of the existence 

of mini-universes in wNch life of our type may 

appear. The old question why our universe is the 

only possible one is now replaced by the question 

in which theories the existence of rrA, ni-universes 

of our type is possible. TNs question is still very 

difficult, but it is much. easier than the pre'~.ous 

one. In our opinion, ~ e  modification of the poim 

of ~ew on the giobal structure of the universe and 

on our place in the world is one of the most 

important consequences of the development of the 

inflationary-universe scenario° 

The author is grateful to A.S. Goneharov, G. 

Gelmini, D.A. Kirzhnits, L.A. Kofman, M.A° 

Markov, V.F. Mukhanov, t.L. Rozental, A.A. 
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Eternally Existing Selfreproducing Chaotic Inflationary Universe.    Phys.Lett.B175:395-400,1986
A. Linde
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Conclusions

The Standard Model is not the unique solution of anything.

String Theory does not have a unique “vacuum”.

Premature?
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Conclusions

The Standard Model is not the unique solution of anything.

String Theory does not have a unique “vacuum”.

Premature?

Is string theory the “fundamental theory”?
Plenty of things can still go wrong, both within the theory or from observations 
and experiment (e.g varying constants of nature!)

If it turns out to be wrong, it would look as if some 
superintellect has been monkeying with mathematics.

Can we please discuss the “anthropic principle” 
without all the hysteria?
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