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Introduction
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Fundamental physics is the search for laws which govern all physical observations (within some class) to date. Thus it has evolved
with time:
• 1800 – celestial mechanics, Newton’s equations
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• 1865 – electromagnetism, Maxwell’s equations
• 1900 – statistical mechanics, the Boltzmann distribution
• 1915 – general relativity.
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• 1930 – quantum mechanics, the Schrödinger equation
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• 1970 – quantum field theory, the Standard Model of quarks,
leptons and their interactions.
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With one notable exception (GR), this progress came with
the study of shorter distances, from the Solar System, through
the phenomena which govern the everyday world, to the atomic
and then subatomic.
Many expected this to be a progression from complexity to
simplicity, that the complexity of the everyday world would follow
from simple underlying laws.
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But, as we will review shortly, there is abundant evidence that
this is not so. Now the Maxwell equations,
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∂ µ Fµν = 0
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the Schrödinger equation of atomic physics,
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and the equations of general relativity,
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1
Rµν − Rgµν = 8πGN Tµν
2
are beautifully simple.
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and the equations of general relativity,
Title Page

1
Rµν − Rgµν = 8πGN Tµν
2
are beautifully simple.
But this simplicity started to evaporate in particle physics
experiments of the 1930’s. The muon is an analog of the electron
with the same charge, but 207 times its mass. Its discovery
was a complete surprise; when the physicist I. I. Rabi heard,
he famously commented, “Who ordered that?” Einstein was
only the most prominent of the physicists who turned away from
such complicated and arbitrary seeming discoveries. Nature was
supposed to be simple.
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Baryon Summary Table
This short table gives the name, the quantum numbers (where known), and the status of baryons in the Review. Only the baryons with 3-

4-star status are included in the main Baryon Summary Table. Due to insucient data or uncertain interpretation, the other entries in
short table
are not established as baryons. zoo
The names with
are of baryons that decay
strongly. For
N, , and  resonances, the
Soonorthe
a
bewildering
ofmasses
particles
was
discovered.
partial wave is indicated by the symbol L , where L is the orbital angular momuntum (S, P, D, . . .), I is the isospin, and J is the total
2I,2J

angular momentum. For  and  resonances, the symbol is LI ,2J .

p
n
N (1440)
N (1520)
N (1535)
N (1650)
N (1675)
N (1680)
N (1700)
N (1710)
N (1720)
N (1900)
N (1990)
N (2000)
N (2080)
N (2090)
N (2100)
N (2190)
N (2200)
N (2220)
N (2250)
N (2600)
N (2700)

P11
P11
P11
D13
S11
S11
D15
F15
D13
P11
P13
P13
F17
F15
D13
S11
P11
G17
D15
H19
G19
I1,11
K1,13

****
****
****
****
****
****
****
****
***
***
****
**
**
**
**
*
*
****
**
****
****
***
**

(1232)
(1600)
(1620)
(1700)
(1750)
(1900)
(1905)
(1910)
(1920)
(1930)
(1940)
(1950)
(2000)
(2150)
(2200)
(2300)
(2350)
(2390)
(2400)
(2420)
(2750)
(2950)
 (1540)+
 (1860)

P33
P33
S31
D33
P31
S31
F35
P31
P33
D35
D33
F37
F35
S31
G37
H39
D35
F37
G39
H3,11
I3,13
K3,15

****
***
****
****
*
**
****
****
***
***
*
****
**
*
*
**
*
*
**
****
**
**
***
*


(1405)
(1520)
(1600)
(1670)
(1690)
(1800)
(1810)
(1820)
(1830)
(1890)
(2000)
(2020)
(2100)
(2110)
(2325)
(2350)
(2585)

P01
S01
D03
P01
S01
D03
S01
P01
F05
D05
P03
F07
G07
F05
D03
H09

****
****
****
***
****
****
***
***
****
****
****
*
*
****
***
*
***
**

+
0
−
 (1385)
 (1480)
 (1560)
 (1580)
 (1620)
 (1660)
 (1670)
 (1690)
 (1750)
 (1770)
 (1775)
 (1840)
 (1880)
 (1915)
 (1940)
 (2000)
 (2030)
 (2070)
 (2080)
 (2100)
 (2250)
 (2455)
 (2620)
 (3000)
 (3170)

P11
P11
P11
P13
D13
S11
P11
D13
S11
P11
D15
P13
P11
F15
D13
S11
F17
F15
P13
G17

****
****
****
****
*
**
**
**
***
****
**
***
*
****
*
**
****
***
*
****
*
**
*
***
**
**
*
*

0
−
 (1530)
 (1620)
 (1690)
 (1820)
 (1950)
 (2030)
 (2120)
 (2250)
 (2370)
 (2500)
−

(2250)−
(2380)−
(2470)−

+c
c (2593)+
c (2625)+
c (2765)+
c (2880)+
c (2455)
c (2520)
 +c
 0c
 c0+
 c00
c (2645)
c (2790)
c (2815)
0
c

P11
P11
P13
D13
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****
****
****
*
***
***
***
***
*
**
**
*
****
***
**
**
****
***
***
*
**
****
***
***
***
***
***
***
***
***
***

 +cc

*

0b
 0b ,  −b

***
*

**** Existence is certain, and properties are at least fairly well explored.
*** Existence ranges from very likely to certain, but further con rmation is desirable and/or
quantum numbers, branching fractions, etc. are not well determined.
** Evidence of existence is only fair.
* Evidence of existence is poor.
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Order began to emerge in the sixties, and the Standard Model
was complete by 1974.
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Introduction

While the Standard Model, formulated from 1967–73, provided a beautiful and simple explanation of a wealth of data, for
a fundamental theory it is surprisingly complicated.
Its equations of motion, comparable to the Maxwell or Schrödinger
equations, take about a page to write out.
It involves 19 seemingly arbitrary parameters, such as
α−1
1

= 137.03599911(46)

(the inverse fine structure constant), and about 100 species of
particle (counting color and flavor) – most completely irrelevant
to physics on earth, and even in most astrophysics.
Of course, this theory is still very simple compared with the
emergent complexity of chemistry or biology. Nevertheless, it is
evidently not the simplest theory in its class; we will quantify its
complexity later in this talk. Where does this complexity come
from?
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Introduction

While the Standard Model, formulated from 1967–73, provided a beautiful and simple explanation of a wealth of data, for
a fundamental theory it is surprisingly complicated.
Its equations of motion, comparable to the Maxwell or Schrödinger
equations, take about a page to write out.
It involves 19 seemingly arbitrary parameters, such as
α−1
1 = 137.03599911(46)
(the inverse fine structure constant), and about 100 species of
particle (counting color and flavor) – most completely irrelevant
to physics on earth, and even in most astrophysics.
Of course, this theory is still very simple compared with the
emergent complexity of chemistry or biology. Nevertheless, it is
evidently not the simplest theory in its class; we will quantify its
complexity later in this talk. Where does this complexity come
from?
There are two ways we might try to answer this question:
1. The complexity of the SM emerges from some simpler underlying framework.
2. The complexity of the SM is required in order to produce a
universe sufficiently complex to support structure and life.
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2.

String/M theory

String/M theory
The Λ problem

The best clue we have towards an underlying framework is the
difficulty of reconciling quantum field theory and general relativity. While this was long mysterious, it is now believed that this
is not a deep issue of principle (analogous to passing from classical to quantum mechanics), but rather a problem which can be
addresed using the known concepts of quantum theory.
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One piece of evidence for this is that given only two dimensions (one of space and one of time), one can construct sensible
theories of quantum gravity. A theory of quantum gravity is defined to be a theory in which the metric on space-time, defining
distances between any pair of points, is not fixed a priori, but
fluctuates; we can think of each possible metric as appearing
with some quantum amplitude. Thus we need to represent all
surfaces with metric, in order to define the theory.
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This can be done combinatorially, by approximating each surface by a triangulation. While the natural triangulation of a flat
surface has six edges meeting at each vertex, here we allow any
coordination number – the deviation from six represents curvature. A sum over such triangulations defines discrete quantum
gravity. Then, taking the limit of a large number of triangles,
defines two-dimensional continuum quantum gravity. Finally,
we can take the “double scaling limit” to sum over topologies
(Brezin-Kazakov, Douglas-Shenker, Gross-Migdal, 1989).
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Introduction

Similar definitions in four dimensions do not work, for a reason which can be seen by comparing the interactions between
a pair of particles in electromagnetism and in gravity – say, the
interaction energies
electricity : V = e1 e2 /r;

gravity : V = m1 m2 /r.
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Now suppose we consider the interaction between a particle and
itself. Of course, as r → 0, this is singular, and leads to an infinite
self-energy which somehow must be subtracted (renormalized)
to make sense of the theory.
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It turns out that this is just possible for electromagnetism
in four dimensions, and the details of this procedure lead to a
slow (logarithmic) weakening of the electric charge with distance
(only at distances less than the size of the electron – so invisible
in everyday circumstances).
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But, thanks to the uncertainty between mass/energy and
time/distance, the extra m1 m2 in the gravitational force law
means that the self energy in gravity is far more singular. It
becomes of order one for distances r = lP lanck ∼ 10−33 cm, the
Planck length. At this distance, something about the structure
of particles, of space-time, or both, must change in order to get
a sensible theory.
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Over the years, there have been many proposals to discretize
space-time, or replace it with a loop or spin network. While
interesting, most physicists still await convincing evidence that
basic processes such as graviton scattering can be described in
such frameworks. Moreover, they have not yet led to any constraints on matter and other forces.
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String theory is based on a different idea for eliminating the
point-like interactions which led to infinities.
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As two strings approach to within the “string length,” all
forces, including gravity, become weak, avoiding the problem of
nonrenormalizability. String theory has been shown to lead to
finite graviton scattering amplitudes to all orders in perturbation
theory, and sensible nonperturbative completions of these amplitudes seem to exist (Veneziano; Gross-Mende; Banks-Fischler).
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Introduction

The problem is solved, but at a price: strings only contain
gravity if space-time has ten dimensions. Why should this be? It
seems to follow from various coincidences within group theory,
and other areas of mathematics (especially, modular forms). For
example, we have the “aequatio identica satis abstrusa” (Jacobi,
1829):
" ∞ 
8 #

∞ 
∞ 
Y
Y 1 + wm−1/2 8 Y
1 − wm−1/2
1 + wm 8
1
−
=8
√
2 w m=1
1 − wm
1 − wm
1 − wm
m=1
m=1
which turned out (150 years later) to express the supersymmetry
of the string spectrum (equal numbers of bosons and fermions).
The power 8 in this identity is the space-time dimension 10 − 2.
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Introduction

While when first discovered this fact seemed to make the
theory utterly useless, by now we are familiar with the idea (first
proposed by Kaluza and Klein in 1925!) that extra dimensions of
space (not of time) might not be inconsistent with observation,
if they are very small, of diameter R << 10−17 cm.

String/M theory
The Λ problem
Bousso- . . .
The landscape
Finding the right . . .
Computational . . .
Conclusions

Home Page

Title Page

JJ

II

J

I

Page 12 of 59

Go Back

Full Screen

Close

Quit

Introduction

While when first discovered this fact seemed to make the
theory utterly useless, by now we are familiar with the idea (first
proposed by Kaluza and Klein in 1925!) that extra dimensions of
space (not of time) might not be inconsistent with observation,
if they are very small, of diameter R << 10−17 cm.
If we are brave and continue, we soon realize that this provides
a possible explanation for the structure we see in the Standard
Model. We begin by postulating that space-time is the direct
product of four-dimensional Minkowski space-time with a six dimensional manifold K. To make this work, we need to find
K which solves Einstein’s equations. We then study the small
fluctuations of the Einstein and other wave operators on this
space-time, and find that each eigenvalue of a Laplacian on K,
is the energy (squared) required to create a particular particle.
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While when first discovered this fact seemed to make the
theory utterly useless, by now we are familiar with the idea (first
proposed by Kaluza and Klein in 1925!) that extra dimensions of
space (not of time) might not be inconsistent with observation,
if they are very small, of diameter R << 10−17 cm.
If we are brave and continue, we soon realize that this provides
a possible explanation for the structure we see in the Standard
Model. We begin by postulating that space-time is the direct
product of four-dimensional Minkowski space-time with a six dimensional manifold K. To make this work, we need to find
K which solves Einstein’s equations. We then study the small
fluctuations of the Einstein and other wave operators on this
space-time, and find that each eigenvalue of a Laplacian on K,
is the energy (squared) required to create a particular particle.
Now all particles observed to date are light and must correspond to small eigenvalues, much less than 1/R2 . In general, the
scalar Laplacian has only one of these. But Laplacians acting
on tensors, spinors and so forth can have more. These generally
appear for topological reasons. For example, the Laplacian on
differential p-forms,
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will have bp (K) zero modes, where bp (K) = dim H p (M, R) is the
p’th Betti number of K.
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Thus, the multiplicity of particles in the SM, arises because
of the non-trivial topology of K. In the original analysis of the
heterotic string, it was found that the number of generations of
quarks and leptons was determined by the Euler number of K,
Ngen =

1
χ(K).
2
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Thus the observed three generations would follow if χ(K) = 6.
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Thus, the multiplicity of particles in the SM, arises because
of the non-trivial topology of K. In the original analysis of the
heterotic string, it was found that the number of generations of
quarks and leptons was determined by the Euler number of K,
Ngen =

1
χ(K).
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Thus the observed three generations would follow if χ(K) = 6.
Home Page

But are there any six-dimensional manifolds K which solve
Einstein’s equations? The simplest candidate, the torus, has
χ = 0 and is too simple. But it turns out that a wide variety of
solutions can be found by methods of algebraic geometry. As
conjectured by E. Calabi and proven by S.-T. Yau, for any complex Kähler manifold with zero first Chern class, there exists a
Ricci-flat metric. The simplest example is the quintic hypersurface in CP4 ,
0 = z15 + z25 + z35 + z45 + z55 .
While this one has χ = 200, a few exist with χ = 6.
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Introduction

When this was realized in 1985, physicists became very excited. Indeed, an (in)famous quote in the Argonne conference
proceedings from that year, reads,
Thus, it appears that there is no obstacle in principle to deriving all of known physics from the E8 × E8
heterotic string.
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The Λ problem

Introduction
String/M theory
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So why haven’t we done it? Of course various problems soon
arose. But the deepest of these goes back to Einstein’s work on
cosmology. and his discovery that his equations predicted that a
static universe is unstable – it will tend to either expand or contract. To prevent this, he added another term, the cosmological
constant (or “c.c.”) Λ:
1
Rij − Rgij = 8πGN Tij + Λgij .
2
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When Hubble discovered the red shift of distant galaxies, and
thus the expansion of the universe, Einstein realized that he had
missed making one of the greatest predictions of all time – his
“greatest blunder.”
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So why haven’t we done it? Of course various problems soon
arose. But the deepest of these goes back to Einstein’s work on
cosmology. and his discovery that his equations predicted that a
static universe is unstable – it will tend to either expand or contract. To prevent this, he added another term, the cosmological
constant (or “c.c.”) Λ:
1
Rij − Rgij = 8πGN Tij + Λgij .
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When Hubble discovered the red shift of distant galaxies, and
thus the expansion of the universe, Einstein realized that he had
missed making one of the greatest predictions of all time – his
“greatest blunder.”
But to present-day thinking, Einstein did not make a blunder.
In quantum theory, the vacuum has energy, coming from the
zero-point fluctuations of all of the fields. There is no a priori
reason this energy density, which is Λ, should be zero. Indeed, we
can observe vacuum energy in the lab, in the form of the Casimir
force between conducting plates. So we need to parameterize
it, and ultimately compute it from the underlying fundamental
theory.
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Introduction

Can we estimate this energy density? There are various estimates:
• In a generic theory of quantum gravity, we expect about
one Planck energy per Planck length 10−33 cm cubed.

String/M theory
The Λ problem
Bousso- . . .
The landscape
Finding the right . . .

• String theory might substitute the “string length” for the
Planck length. However, since we have not observed strings,
this length must be shorter than 10−18 cm
• Exact supersymmetry would guarantee that the vacuum energy from bosons is cancelled by the fermions, so would be
exactly zero. However we do not have exact supersymmetry;
it must be broken at distances less than 10−17 cm, and these
effects also create vacuum energy.
All of these estimates are far above even the weak limit |Λ| <
(10−2 cm)−4 which follows from the fact that the universe is more
than ten billion years old and has not blown apart or recollapsed.
And, nobody has ever thought of a way around them, which
would make the expected value zero.
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Still, most physicists thought the correct theory should provide such a way. Since string theory had not, either it was wrong,
or at best we did not understand it well enough to have much
confidence in its other predictions.
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This changed in the late 1990’s thanks to astronomical observation, more specifically the study of distant supernovae, which
established that the expansion of the universe is slowly accelerating, in a way which is most simply explained by assuming that
Λ > 0.
This was dramatically confirmed in 2003 by the WMAP satellite, whose precision measurements
of the microwave background
– 47 –
allowed fitting cosmological parameters with unprecedented accuracy. We now believe that Λ = (0.71 ± 0.02)Ω, where Ω is the
“critical density” beyond which the universe would eventually
recollapse.
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Fig. 13.— Constraints on the geometry of the universe: Ω − Ω plane. This figure shows the two
From
D.N.Spergel, L.Verde et al, Astrophys.J. 148 (2003).
dimensional likelihood surface for various combinations of data: (upper left) WMAP (upper right)
m

Λ

WMAPext(lower left) WMAPext+ HST Key Project (supernova data (Riess et al. 1998, 2001) is
shown but not used in the likelihood in this part of the panel; (lower right) WMAPext+ HST Key
Project + supernova
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Evidently, there is no hidden mechanism or symmetry in the
correct theory which sets Λ = 0. Rather, we face the problem of
explaining a non-zero but incredibly small value,
4
Λ ∼ 10−122 MP4 lanck ∼ 10−60 Msusy
.
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Introduction

Evidently, there is no hidden mechanism or symmetry in the
correct theory which sets Λ = 0. Rather, we face the problem of
explaining a non-zero but incredibly small value,
4
Λ ∼ 10−122 MP4 lanck ∼ 10−60 Msusy
.

What determines the value of Λ? In string theory, this is tied
up with the problem of determining all of the coupling constants:
the fine structure constant, the masses of the particles, and so
on, as none of these constants appear in the underlying tendimensional theory.
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Evidently, there is no hidden mechanism or symmetry in the
correct theory which sets Λ = 0. Rather, we face the problem of
explaining a non-zero but incredibly small value,
4
Λ ∼ 10−122 MP4 lanck ∼ 10−60 Msusy
.

What determines the value of Λ? In string theory, this is tied
up with the problem of determining all of the coupling constants:
the fine structure constant, the masses of the particles, and so
on, as none of these constants appear in the underlying tendimensional theory.
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The key idea is that all of the other constants are determined
by the expectation values of fields, analogous to the electric
and magnetic field (though these fields are scalars in space-time,
so more analogous to the electric potential, temperature, etc.)
While the Standard Model contains only one scalar field, the
Higgs field corresponding to the (still unobserved) Higgs particle, string compactifications typically contain hundreds of scalar
fields, for example those parameterizing the size and shape of
the Calabi-Yau. A configuration in which this size and shape
changes with time, is described by taking these fields to vary in
time.
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The dependence of masses and couplings on fields, while complicated, can be understood from the example of a string “winding” a closed loop L in K. In four dimensions, such a string
looks like a particle, with
mass = string tension × length(L).
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Thus, varying the length of the loop, a field, varies this mass.
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Introduction

Now, the energy of a configuration depends on the fields,
through a function called the “effective potential,” denote this
~
V (φ).
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A vacuum configuration is then a local minimum of V . This is
because if V is not at a local minimum, there is potential energy
available to turn into radiation, which is favored entropically.
The value of V at the minimum is the vacuum energy Λ.
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Now, in a realistic compactification, the vacuum energy must
depend on all of the scalar fields. We know this because any
scalar field which did not affect the vacuum energy, would be
free to vary (in particle physics terms, it would be massless),
and would lead to long-range corrections to the gravitational inverse square law, which are not observed.
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Thus, an important element in the problem of showing that a
string vacuum can describe the real world, is to show that all the
fields enter into in the vacuum energy (the “moduli stabilization
problem”), and to find their vacuum expectation values.
The first step in this problem is to compute V , after which
the problem of finding vacua becomes an optimization problem.
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So what does the effective potential V look like in a typical string compactification? Around 2000, people started to
find simple and tractable models for this. The simplest models
assume that within the Calabi-Yau manifold, we have a “generalized magnetic field,” and the vacuum energy is simply the
B 2 energy of this magnetic field. (The generalization is simply
that the usual two-form magnetic field of Maxwell’s equations
becomes a p-form, as is possible in higher dimensions).
Now, on a manifold K with non-trivial topology, there is a law
of flux quantization due to Dirac: the (generalized) magnetic
field B must satisfy
Z
N =
B ∼ Vol(Σ)B ∈ Z,
Σ

where Σ is a cycle K (in Dirac’s original argument, K was a
two-sphere surrounding a magnetic monopole).
R √
This law implies that as the volume of a cycle Σ g grows,
the magnetic field per unit volume must decrease inversely. On
the other hand, the energy in the magnetic field is
Z
N2
V =
B 2 ∼ Vol(Σ)B 2 ∼
.
Vol(Σ)
Σ
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Thus, the magnetic field energy depends on the size of the
Calabi-Yau. By taking combinations of fluxes, one can get a
combination of terms in V such that V depends on all of the
fields,
X
~ i N j − V0 ,
V =
cij (φ)N
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generalizing the expression B 2 ∼ N 2 to the case of many components (many non-trivial cycles). We also added a constant term
V0 , which often appears in examples.
Such potentials typically have one or several minima, and thus
we have a candidate solution to the moduli stabilization problem.

Conclusions

Home Page

Title Page

JJ

II

J

I

Page 23 of 59

Go Back

Full Screen

Close

Quit

Introduction

Thus, the magnetic field energy depends on the size of the
Calabi-Yau. By taking combinations of fluxes, one can get a
combination of terms in V such that V depends on all of the
fields,
X
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generalizing the expression B 2 ∼ N 2 to the case of many components (many non-trivial cycles). We also added a constant term
V0 , which often appears in examples.
Such potentials typically have one or several minima, and thus
we have a candidate solution to the moduli stabilization problem.
But what about the cosmological constant problem? There
is no reason for the negative V0 term to cancel the positive terms
to produce a total V = 0, and in examples it does not. The point
is that, by the time we add all the features of a realistic model,
we have so many contributions to V0 , that there is no hope of
such a cancellation.
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Introduction

The currently accepted resolution of this problem is strange
and troubling. Around 1988, Steven Weinberg suggested that
the cosmological constant problem might be solved by the following “anthropic” argument.
Suppose there were a large number of vacua N , all candidates
to describe our universe, but with different values of Λ, roughly
uniformly distributed over a range (−Λmax , Λmax ). Since we have
a finite set, we do not realize all values of Λ, but it is reasonable
to expect to find vacua which realize values as small as 2Λmax /N .
Thus, even if Λmax ∼ MP4 lanck , as long as N > 10122 , it is not
unreasonable to expect that a vacuum exists with the observed
small value Λ ∼ 10−122 MP4 lanck .
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The currently accepted resolution of this problem is strange
and troubling. Around 1988, Steven Weinberg suggested that
the cosmological constant problem might be solved by the following “anthropic” argument.
Suppose there were a large number of vacua N , all candidates
to describe our universe, but with different values of Λ, roughly
uniformly distributed over a range (−Λmax , Λmax ). Since we have
a finite set, we do not realize all values of Λ, but it is reasonable
to expect to find vacua which realize values as small as 2Λmax /N .
Thus, even if Λmax ∼ MP4 lanck , as long as N > 10122 , it is not
unreasonable to expect that a vacuum exists with the observed
small value Λ ∼ 10−122 MP4 lanck .
Now this might not sound like an explanation as one might
naturally ask: why do we find ourselves in a vacuum with small
Λ, when the overwhelming majority of vacua have large Λ ?
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This is where the anthropic argument comes in. The “anthropic principle” is simply the statement that, even if some parameter of nature could in principle have taken a different value,
it is not necessarily the case that an observer could have seen
this other value. Clearly, if a value X were incompatible with the
existence of that observer, X would never be observed.
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it is not necessarily the case that an observer could have seen
this other value. Clearly, if a value X were incompatible with the
existence of that observer, X would never be observed.
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This near-tautology attains significance in the present context
as it is not hard to come up with modifications of the laws of
nature which would prevent the existence of life as we know it,
and even chemistry, stars, or other structure. One basic example
is that the stability of the proton depends on the relation

Conclusions

mass(proton) < mass(neutron) + mass(positron) + mass(neutrino)

JJ

II

as otherwise the proton would decay into the three particles on
the right. This relation follows fairly directly from the relation

J

I

mass(up quark) < mass(down quark).
However, in the Standard Model, the quark masses are free
parameters, and nothing requires this relation to hold. Suppose
we found a microscopic theory which gave rise to a SM-like theory, but in which this relation failed. Clearly this theory would
not fit the data; the anthropic principle makes the further statement that one needs no other explanation for the fact that we
do not observe this world instead of “our” SM.
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Now, granting the anthropic principle, the key point, which
requires a bit of astrophysics to check, is that, if Λ were much
larger than what we observe (say Λ > 100Ω), the accelerated expansion of the universe would start so early in its history, that
galaxies, stars and planets would not form. This seems clearly
incompatible with the existence of observers and thus we need
no further explanation for the fact that we do not live in one of
the multitude of universes with large Λ. Indeed, some take the
agreement of the bound here (up to a small factor of 100) with
the observed value, as support for this explanation.
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galaxies, stars and planets would not form. This seems clearly
incompatible with the existence of observers and thus we need
no further explanation for the fact that we do not live in one of
the multitude of universes with large Λ. Indeed, some take the
agreement of the bound here (up to a small factor of 100) with
the observed value, as support for this explanation.
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The anthropic principle smacks of metaphysics and another
attitude one can take (now that Λ has been measured) is that our
job as scientists is simply to find out whether our theory can fit
the data we observe, in this case small Λ. Either way, the upshot
is, in a theory with more than N ∼ 10122 different candidate
vacua with uniformly distributed cosmological constant, there is
no cosmological constant problem.
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Bousso-Polchinski model
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As we discussed in the first lecture, it was first realized by Bousso
and Polchinski (2000) that the “anthropic” solution to the cosmological constant problem (Weinberg 1988, Linde, Banks, etc.)
could be realized in string theory.
By turning on flux in the extra dimensions, one would find an
effective potential of the form we discussed,
V =

k
X
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cij N N − V0 .

i,j=1

They furthermore simplified the problem by taking cij a generic
constant matrix with O(1) coefficients, independent of the fields.
Thus, the set of flux vacua they considered is parameterized
by a vector of integers N i , 1 ≤ i ≤ k. What is the set of possible
cosmological constants?, Clearly it will be discrete – but does it
contain values near zero?
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Yes, if there are enough flux vacua. In this figure (from Bousso
and Polchinski 2000), the lattice points represent quantized values of the flux, while the red circle is the region with Λ ∼ 0.
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V =

k
X

String/M theory

cij N i N j − V0 .

i,j=1

The basic estimate for the spacing between values of V near
V ∼ 0 is
1
∆V ∼
(k−1)/2
Vol(S k−1 )V0
det c
from the intuition that a shell around zero of volume det c ∼ 1
will be expected to contain one vacuum. The dominant factor
here is simply V0 . and (taking into account the factor VolS k−1 )
for V0 ∼ 10 and k ∼ 100 we find ∆V ∼ 10−122 as desired.
Here k is the number of distinct cycles which can carry flux, a
Betti number of the Calabi-Yau. As we discussed, this can range
up to 960 in the known examples, and k > 100 is fairly common.
Thus string theory can solve the cosmological constant problem.
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5.

The landscape
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While Bousso and Polchinski’s arguments somewhat oversimplified the real situation, this type of analysis was carried out for
the real problem of flux vacua in string theory in a series of my
papers with Sujay Ashok, Frederik Denef, Bernard Shiffman and
Steve Zelditch. The results justified the claim that there are
many flux vacua, of order ck where k is a Betti number. The
final numbers which came out of our analyses are more like 10300 –
10500 . The good news is that this is clearly larger than 10122 , while
the bad news is ...
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While Bousso and Polchinski’s arguments somewhat oversimplified the real situation, this type of analysis was carried out for
the real problem of flux vacua in string theory in a series of my
papers with Sujay Ashok, Frederik Denef, Bernard Shiffman and
Steve Zelditch. The results justified the claim that there are
many flux vacua, of order ck where k is a Betti number. The
final numbers which came out of our analyses are more like 10300 –
10500 . The good news is that this is clearly larger than 10122 , while
the bad news is ...
While at first a number like 10500 seems totally outlandish, it
is not totally out of keeping with the underlying nature of the
problem. We should compare this to the inverse of the probability that a randomly chosen effective field theory would match
the Standard Model, to experimental accuracy. If we draw the
19 parameters from uniform distributions (on (−1, 1) in dimensionless terms), we find a volume of around 10−80 . Combining
this with the c.c., we have the “volume of the Standard Model,”
about 10−200 .
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Introduction

Defining natural distributions for the discrete data (number
of generations, rank and factors of the gauge group, etc.) to
judge how common is 3 generations and SU (3) × SU (2) × U (1)
(etc.) requires more detailed string theory input, i.e. a rough
picture of the actual origins of this structure from string theory.
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Defining natural distributions for the discrete data (number
of generations, rank and factors of the gauge group, etc.) to
judge how common is 3 generations and SU (3) × SU (2) × U (1)
(etc.) requires more detailed string theory input, i.e. a rough
picture of the actual origins of this structure from string theory.
The starting point for many (not all) string constructions is a
choice of a three complex dimensional Calabi-Yau manifold, such
as the quintic. What are the choices here?
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Introduction

Defining natural distributions for the discrete data (number
of generations, rank and factors of the gauge group, etc.) to
judge how common is 3 generations and SU (3) × SU (2) × U (1)
(etc.) requires more detailed string theory input, i.e. a rough
picture of the actual origins of this structure from string theory.
The starting point for many (not all) string constructions is a
choice of a three complex dimensional Calabi-Yau manifold, such
as the quintic. What are the choices here?
Although the general classification is not known, a significant
part of it, the classification of hypersurfaces in toric varieties,
has been reduced to a combinatorial problem, and solved. The
basic result (Batyrev 1993) is that a class of such d-dimensional
manifolds can be defined given a reflexive polytope in d + 1 dimensions, i.e. a lattice polytope L such that L and its dual Ľ
each contain one interior point.
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The reflexive polyhedra in two dimensions:
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Note that all of these fall into dual pairs, or are self-dual.
Mathematically, such a pair describes a pair of mirror Calabi-Yau
manifolds. This mirror symmetry is of central importance in the
mathematical and physical analysis and was in part discovered
by computer-aided classification of examples.
Kreuzer and Skarke carried out this classification for d + 1 = 4
and found 4 × 108 reflexive polyhedra, providing an upper bound
on the number of toric hypersurface threefolds. A lower bound of
30, 000 is given by the number of distinct pairs of Betti numbers
(b1,1 , b2,1 ) which appear.
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From Kreutzer and Skarke, hep-th/0002240.
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Listing CY’s is just a first step. The subsequent steps are
1. combinatorial – enumerating bundles and brane configurations on the CY manifolds, satisfying various physical constraints.
2. semi-numerical – deriving PDE’s (Picard-Fuchs equations,
GKZ systems, etc.) for CY periods and solving them, and
the same for similar nonlinear recursion relations defining
instanton coefficients, etc.
3. joint combinatorial/numerical optimization – finding vacua
which minimize the effective potential and satisfy other required properties.
As an example of (2), the potential for compactification on
the mirror quintic is derived from solutions of the PDE (Candelas
et al 1990)







d 4
d
d
d
d
5
1
2
3
4
z
Φ−5 z z
+5
z
+5
z
+5
z
+ 5 Φ = 0.
dz
dz
dz
dz
dz
In a more general example, this would be a linear matrix PDE
in b3 /2 − 1 ∼ 100 variables. While a straightforward numerical
approach is hopeless, to some extent exact solutions for these
equations can be written down (they are hypergeometric functions with integral representations) and qualitative understanding
of these is a reasonable short term goal.
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Here is the distribution of flux vacua in a simple (one parameter) model problem (the rigid CY):
This graph was obtained by enumerating one solution of a1 b2 −a2 b1 =
L in each SL(2, Z) orbit, taking the
solution τ = −(b1 − ib2 )/(a1 − ia2 ) and
mapping it back to the fundamental
region.
The total number of vacua is N =
2σ(L), where σ(L) is the sum of the
divisors of L. Its large L asymptotics are N ∼ π 2 L/6.
From Denef and Douglas, 2004.
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A similar enumeration for a Calabi-Yau with n complex structure moduli, would produce a similar plot in n + 1 complex dimensions, the distribution of flux vacua. It could in principle
be mapped into the distribution of possible values of coupling
constants in a physical theory.
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One can get simple asymptotic formulae for such distributions, in terms of the geometry of the underlying configuration
space, for example the “index density” formula
ρI (z, τ ) =

(2πL)b3
det(−R − ω · 1).
b3 !π n+1
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Here ω is the Kähler form and R is the matrix of curvature twoforms.
Here is a one dimensional slice of the resulting distribution in
a two-parameter example (the mirror quintic, from Denef and
Douglas 2004):
πρ g /12
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Introduction

Note the singularity at z = 1. While in this case and in great
generality, the distribution is integrable and the total number of
vacua is finite, this is not known in general, and is clearly an
outstanding question. It is only true if certain “cuts” are placed
eliminating obviously non-physical vacua (say, with extra dimensions visible to the naked eye), but in all examples considered so
far is true under this definition.
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Granting this, to continue our discussion of numbers, the combination of such results suggests that the Standard Model spectrum appears in 10−10 –10−20 of the vacua, while other structure
required to obtain the Standard Model (supersymmetry breaking, realistic inflationary cosmology) is similarly constraining.
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Introduction

Note the singularity at z = 1. While in this case and in great
generality, the distribution is integrable and the total number of
vacua is finite, this is not known in general, and is clearly an
outstanding question. It is only true if certain “cuts” are placed
eliminating obviously non-physical vacua (say, with extra dimensions visible to the naked eye), but in all examples considered so
far is true under this definition.
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Granting this, to continue our discussion of numbers, the combination of such results suggests that the Standard Model spectrum appears in 10−10 –10−20 of the vacua, while other structure
required to obtain the Standard Model (supersymmetry breaking, realistic inflationary cosmology) is similarly constraining.
There are many other consistency conditions which have to
do with stability of the vacuum, physics yet to be seen such as
dark matter, and early cosmology. In certain cosmological frameworks, one also obtains a “measure factor” which can weigh different vacua with a “probability” or “amplitude.” It is not known
how constraining any of these factors are.
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Introduction

Suppose they were constraining on (say) the 10−200 level, then
even 10400 vacua would not be enough to make it a priori likely
that string theory reproduced the data, unless the distribution
has more structure. Thus, the theory will be testable in principle: even if we do not find direct evidence for strings, extra
dimensions or other truly novel physics, just matching the data
will be significant evidence.
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Suppose they were constraining on (say) the 10−200 level, then
even 10400 vacua would not be enough to make it a priori likely
that string theory reproduced the data, unless the distribution
has more structure. Thus, the theory will be testable in principle: even if we do not find direct evidence for strings, extra
dimensions or other truly novel physics, just matching the data
will be significant evidence.
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Of course all this is a drastic oversimplification of the real
problem, but is intended to make the point that these seemingly
outlandish numbers are not in immediate conflict with the claim
that string theory will someday produce concrete and falsifiable
predictions. This could have failed, say if there were 105000 instead
of 10500 candidate vacua.
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Introduction

The upshot is that string theory seems to have more than
enough complexity to lead to theories like the SM, indeed a bit
too much. Of course, it is far less than the complexity which
emerges from Schrödinger’s equations – besides atoms, one has
molecules, crystals, chemistry, etc. For example, the molecular
dynamics of a 20 residue amino acid chain is described by a potential landscape with ∼ 500 variables, about the same number.
And this would be a small protein, accessible to computer simulation. But the idea that any comparable degree of complexity
is emerging from a fundamental theory, is astonishing.
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emerges from Schrödinger’s equations – besides atoms, one has
molecules, crystals, chemistry, etc. For example, the molecular
dynamics of a 20 residue amino acid chain is described by a potential landscape with ∼ 500 variables, about the same number.
And this would be a small protein, accessible to computer simulation. But the idea that any comparable degree of complexity
is emerging from a fundamental theory, is astonishing.
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Of course, the situation might again turn out analogous to
the periodic table before quantum mechanics, particle physics
before the SM, etc. We might reasonably hope and search for
a far simpler description or mathematical framework from which
this complexity emerges. But, according to string theory as we
understand it now, these distinct vacua would remain possibilities
within the theory, and we would still face the problem of finding
the right one(s).
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Finding the right vacuum

Introduction
String/M theory
The Λ problem

Let us grant that the picture remains as we have described and
ask: suppose we had an algorithm for enumerating and computing the exact predictions of each vacuum. We just outlined an
analysis of testability in principle – but can we ever carry this out
in practice?
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Finding the right vacuum
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Let us grant that the picture remains as we have described and
ask: suppose we had an algorithm for enumerating and computing the exact predictions of each vacuum. We just outlined an
analysis of testability in principle – but can we ever carry this out
in practice?
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While we do not have an exact formulation to work from, let
us consider our present-day approximations to the problem, and
see what they suggest.
As we discussed, a basic element of the problem of describing
our universe, is to match the small observed value of the cosmological constant, roughly Λ = 10−122 in Planck units. Our present
belief is that this can be done in string theory, only by finding
a particular vacuum with this energy, i.e. a minimum of the effective potential V at which V = Λ. Thus, to identify candidate
vacua and test the theory, we should try to find such vacua.
Of course, matching the precise value we observe is perhaps
asking too much, but bounding the cosmological constant above
by 100Ω ∼ 10−120 (and below by −5Ω or so), is a requirement for
any reasonable vacuum.
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Introduction

Now, let us consider the Bousso-Polchinski model for the effective potential,
k
X
V =
cij N i N j − V0 ,
i,j=1

where N i ∈ Zk , cij is a symmetric real matrix with known generic
order one coefficients, and V0 is a known positive number of order 100k. Earlier, we gave a simple statistical argument that for
k ≥ 100, it is plausible that a satisfactory vacuum should exist.
But suppose we wanted to prove this statement, and go on to
find such a vacuum?
A naive approach would be sequential search: try each candidate vacuum (in some order), compute its vacuum energy, and
check. While the problem is finite, we need to search through
of order 10120 candidates to make it likely to find one which works.
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where N i ∈ Zk , cij is a symmetric real matrix with known generic
order one coefficients, and V0 is a known positive number of order 100k. Earlier, we gave a simple statistical argument that for
k ≥ 100, it is plausible that a satisfactory vacuum should exist.
But suppose we wanted to prove this statement, and go on to
find such a vacuum?
A naive approach would be sequential search: try each candidate vacuum (in some order), compute its vacuum energy, and
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A practical supercomputer computation might be able to check
22
10 or so candidates. To see how far short we fall, suppose we
had one computer for each atom in the Earth (1050 ), and each
one could check one candidate every Planck time (10−43 second).
We still cannot do it.
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Computational complexity theory
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Just because a problem appears hard to us now, that does not
mean it is hard in principle.
Example: factoring numbers,
say 15 = 3 · 5. A naive approach:
√
try all p · q = n. Time O( n). Can get up to 1050 or so.
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Conclusions

But, clever algorithms can do it in O(n1/3 ) time. This has enabled people to factor 200 digit numbers (see the RSA challenge
numbers).
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mean it is hard in principle.
Example: factoring numbers,
say 15 = 3 · 5. A naive approach:
√
try all p · q = n. Time O( n). Can get up to 1050 or so.
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But, clever algorithms can do it in O(n1/3 ) time. This has enabled people to factor 200 digit numbers (see the RSA challenge
numbers).
Outstanding mathematical problems give more extreme examples.
Example: find all solutions of X n + Y n = Z n up to a maximum
Zmax . Naive approach could take time Zmax .
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Just because a problem appears hard to us now, that does not
mean it is hard in principle.
Example: factoring numbers,
say 15 = 3 · 5. A naive approach:
√
try all p · q = n. Time O( n). Can get up to 1050 or so.
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But, clever algorithms can do it in O(n1/3 ) time. This has enabled people to factor 200 digit numbers (see the RSA challenge
numbers).
Outstanding mathematical problems give more extreme examples.
Example: find all solutions of X n + Y n = Z n up to a maximum
Zmax . Naive approach could take time Zmax .
Wiles (1995): no solutions exist.
Perhaps a clever algorithm could find a suitable vacuum, or
show that none exist, far more quickly than our naive approach.
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Introduction

A basic version of this question: the naive algorithm takes
time exponential in the Betti number (number of cycles) N .
Can it be improved to give a solution in some time polynomial
in N ? This is a question studied in computational complexity
theory.
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Introduction

A basic version of this question: the naive algorithm takes
time exponential in the Betti number (number of cycles) N .
Can it be improved to give a solution in some time polynomial
in N ? This is a question studied in computational complexity
theory.
This theory defines complexity classes of problems:
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• P (Polynomial time): Decision (yes/no) problems solvable
by an computer in a number of steps polynomial in the input
size. For example the decision problem “Is N = N1 · N2 ?”
is in P, since the time needed to multiply two integers is
polynomial in the number of digits.

Conclusions
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A basic version of this question: the naive algorithm takes
time exponential in the Betti number (number of cycles) N .
Can it be improved to give a solution in some time polynomial
in N ? This is a question studied in computational complexity
theory.
This theory defines complexity classes of problems:
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• P (Polynomial time): Decision (yes/no) problems solvable
by an computer in a number of steps polynomial in the input
size. For example the decision problem “Is N = N1 · N2 ?”
is in P, since the time needed to multiply two integers is
polynomial in the number of digits.

Conclusions

• NP (Non-deterministic Polynomial time): Decision problems for which a candidate solution can be verified in polynomial time. More precisely, if the answer is yes, there
should exist a proof of this verifiable in polynomial time.
Typically an NP problem is of the form “Does there exist
an x such that p(x) is true?”, where “p(x) is true” can be
verified in polynomial time for any given x.
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Equivalently, these are the problems that can be solved in
polynomial time on a non-deterministic Turing machine.
Obviously P ⊆ NP.
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Introduction

• NP-hard: Loosely speaking, this is the class of problems at
least as hard as any NP problem. More precisely this means
that any NP problem can be reduced to it in polynomial
time, in a sense we will explain in an example shortly.
• NP-complete: An NP-hard problem that is in NP itself
is called NP-complete. In this sense they are the hardest
problems in the class NP.
A large collection of such problems is known: the travelling salesman problem, the SAT (satisfiability) problem, the
subset-sum problem...

NP
hard
NP
complete
P

NP

red. in pol.
time
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Introduction

Examples of NP-complete problems.
• Travelling salesman problem. Suppose there are N cities,
and we are given the distances Lij from city i to city j.
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Does there exist a tour which visits each city once, of total
length L ≤ Lmax ?
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Examples of NP-complete problems.
• Travelling salesman problem. Suppose there are N cities,
and we are given the distances Lij from city i to city j.
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Does there exist a tour which visits each city once, of total
length L ≤ Lmax ?
• The subset sum problem: We are given a finite list of integers xi , and a target integer t.
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Examples of NP-complete problems.
• Travelling salesman problem. Suppose there are N cities,
and we are given the distances Lij from city i to city j.
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Does there exist a tour which visits each city once, of total
length L ≤ Lmax ?
• The subset sum problem: We are given a finite list of integers xi , and a target integer t.
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Does there exist a subset that sums up to t?
• The SAT problem. We are given a finite list of Boolean
clauses constructed from OR and NOT.
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x1 ∨ x¯3 ∨ x4
x1 ∨ x2 ∨ x¯3
x̄1 ∨ x2 ∨ x4 ,
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Introduction

All of these problems have a number of candidate solutions
which grows exponentially in the size of the input data. Thus
the naive algorithms, which simply try them all, take exponential
time. In no case is it known how to do much better.
But suppose we could find a way to solve one of them, say
subset sum, in polynomial time?
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All of these problems have a number of candidate solutions
which grows exponentially in the size of the input data. Thus
the naive algorithms, which simply try them all, take exponential
time. In no case is it known how to do much better.
But suppose we could find a way to solve one of them, say
subset sum, in polynomial time?
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By definition, if any NP-hard problem can be solved in polynomial time, all NP problems can be solved in polynomial time,
and therefore we would have P=NP. In particular, the SAT problem would be solvable in polynomial time.
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All of these problems have a number of candidate solutions
which grows exponentially in the size of the input data. Thus
the naive algorithms, which simply try them all, take exponential
time. In no case is it known how to do much better.
But suppose we could find a way to solve one of them, say
subset sum, in polynomial time?
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By definition, if any NP-hard problem can be solved in polynomial time, all NP problems can be solved in polynomial time,
and therefore we would have P=NP. In particular, the SAT problem would be solvable in polynomial time.
This would allow us to solve most (if not all) open problems
in mathematics, and many other fields. For example, we can
state the Riemann hypothesis as a fairly short list of logical expressions (including the axioms which define the real numbers).
We could feed this list to the SAT solver, and find out whether
it is true.
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All of these problems have a number of candidate solutions
which grows exponentially in the size of the input data. Thus
the naive algorithms, which simply try them all, take exponential
time. In no case is it known how to do much better.
But suppose we could find a way to solve one of them, say
subset sum, in polynomial time?
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By definition, if any NP-hard problem can be solved in polynomial time, all NP problems can be solved in polynomial time,
and therefore we would have P=NP. In particular, the SAT problem would be solvable in polynomial time.
This would allow us to solve most (if not all) open problems
in mathematics, and many other fields. For example, we can
state the Riemann hypothesis as a fairly short list of logical expressions (including the axioms which define the real numbers).
We could feed this list to the SAT solver, and find out whether
it is true.
It is widely believed that P 6= NP, although there is no proof,
and the P versus NP problem is considered to be the biggest
open question in theoretical computer science. It is one of the
seven Clay Millennium Prize problems.
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Introduction

How does one prove that a problem is NP-complete? This
theory was created in the early 1970’s by Cook, Levin, Karp and
others.
For definiteness, let us consider the subset sum problem. So,
given integers xi and t, we want to know if there exists mi ∈ {0, 1}
so that
X
mi xi = t.
This problem is clearly in NP, but is it NP-complete?
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How does one prove that a problem is NP-complete? This
theory was created in the early 1970’s by Cook, Levin, Karp and
others.
For definiteness, let us consider the subset sum problem. So,
given integers xi and t, we want to know if there exists mi ∈ {0, 1}
so that
X
mi xi = t.
This problem is clearly in NP, but is it NP-complete?
We show this as follows:
• We choose a known NP-complete problem, for example the
SAT problem. We will shortly explain why we know this one
is NP-complete.
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Introduction

How does one prove that a problem is NP-complete? This
theory was created in the early 1970’s by Cook, Levin, Karp and
others.
For definiteness, let us consider the subset sum problem. So,
given integers xi and t, we want to know if there exists mi ∈ {0, 1}
so that
X
mi xi = t.
This problem is clearly in NP, but is it NP-complete?
We show this as follows:
• We choose a known NP-complete problem, for example the
SAT problem. We will shortly explain why we know this one
is NP-complete.
• Then, we show that for any instance of that problem, we
can construct a subset sum problem whose solution could
be translated back into a solution of the original problem.
This is referred to as a “reduction” of our original problem
to subset sum.
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Introduction

How does one prove that a problem is NP-complete? This
theory was created in the early 1970’s by Cook, Levin, Karp and
others.
For definiteness, let us consider the subset sum problem. So,
given integers xi and t, we want to know if there exists mi ∈ {0, 1}
so that
X
mi xi = t.
This problem is clearly in NP, but is it NP-complete?
We show this as follows:
• We choose a known NP-complete problem, for example the
SAT problem. We will shortly explain why we know this one
is NP-complete.
• Then, we show that for any instance of that problem, we
can construct a subset sum problem whose solution could
be translated back into a solution of the original problem.
This is referred to as a “reduction” of our original problem
to subset sum.
• The reduction must be doable in a polynomial number of
elementary operations.
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Introduction

Having shown this, we now have an explicit way to feed an instance of the SAT problem to a hypothetical subset sum solver,
and solve the SAT problem in polynomial time. Furthermore, we
can feed any other NP problem to this SAT solver. Thus if SAT
is NP-complete, so is subset sum.
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Introduction

Having shown this, we now have an explicit way to feed an instance of the SAT problem to a hypothetical subset sum solver,
and solve the SAT problem in polynomial time. Furthermore, we
can feed any other NP problem to this SAT solver. Thus if SAT
is NP-complete, so is subset sum.
The SAT problem was shown to be NP-complete (Cook 1973)
as follows. Suppose problem X is in NP, then by definition there
exists a computer program (say for a Turing machine), which
verifies a solution to problem X in polynomial time. If we can
translate any such verification program into a SAT problem, then
any NP problem can be reduced to SAT.
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Introduction

Having shown this, we now have an explicit way to feed an instance of the SAT problem to a hypothetical subset sum solver,
and solve the SAT problem in polynomial time. Furthermore, we
can feed any other NP problem to this SAT solver. Thus if SAT
is NP-complete, so is subset sum.
The SAT problem was shown to be NP-complete (Cook 1973)
as follows. Suppose problem X is in NP, then by definition there
exists a computer program (say for a Turing machine), which
verifies a solution to problem X in polynomial time. If we can
translate any such verification program into a SAT problem, then
any NP problem can be reduced to SAT.
This is done by considering a “tableau” which is simply the
runtime history of a Turing machine computation, step by step.
Now, any valid history will satisfy a set of logical relations between subsequent steps, whose simultaneous truth implies that
some particular run of the program results in the machine deciding that the original problem has a solution.
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Introduction

Having shown this, we now have an explicit way to feed an instance of the SAT problem to a hypothetical subset sum solver,
and solve the SAT problem in polynomial time. Furthermore, we
can feed any other NP problem to this SAT solver. Thus if SAT
is NP-complete, so is subset sum.
The SAT problem was shown to be NP-complete (Cook 1973)
as follows. Suppose problem X is in NP, then by definition there
exists a computer program (say for a Turing machine), which
verifies a solution to problem X in polynomial time. If we can
translate any such verification program into a SAT problem, then
any NP problem can be reduced to SAT.
This is done by considering a “tableau” which is simply the
runtime history of a Turing machine computation, step by step.
Now, any valid history will satisfy a set of logical relations between subsequent steps, whose simultaneous truth implies that
some particular run of the program results in the machine deciding that the original problem has a solution.
These relations give us a SAT problem with a polynomial
number of clauses, whose solution amounts to the verification
of a solution to our original problem. By feeding this to a hypothetical polynomial time SAT solver, we could solve the original
decision problem in polynomial time.
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Introduction

The reduction of SAT to subset sum is analogous although of
course the details are different. Given a set of Boolean clauses,
one needs to construct a set of numbers which will sum to a given
number only if the SAT problem has a satisfying assignment.
This can bePdone by the trick of using
P “base b” numbers of the
k
form N =
ck b , so an equation
Ni = t implies that many
different (small) ck ’s sum to specified numbers simultaneously.
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Introduction

An example: the SAT problem

String/M theory

∃ (σ1 , σ2 , σ3 , σ4 ) : (σ1 ∨ σ¯2 ∨ σ3 ) ∧ (σ¯1 ∨ σ2 ∨ σ¯4 ) ∧ (σ¯1 ∨ σ¯2 ∨ σ¯3 ) ,
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with
c3
c2
c1
σ4
σ3
σ2
σ1

Bousso- . . .
The landscape

translates into the subset sum problem
X
X
∃ ki , k̄i , ra , sa ∈ {0, 1} :
ki xi + k̄i x̄i +
r a ua + s a v a = t ?
i

The Λ problem

Home Page

x1 x2 x3 x4 x̄1 x̄2 x̄3 x̄4 u1 u2 u3 v1 v2 v3
0 0 0 0 1 1 1 0 0 0 1 0 0 1
0 1 0 0 1 0 0 1 0 1 0 0 1 0
1 0 1 0 0 1 0 0 1 0 0 1 0 0
0 0 0 1 0 0 0 1 0 0 0 0 0 0
0 0 1 0 0 0 1 0 0 0 0 0 0 0
0 1 0 0 0 1 0 0 0 0 0 0 0 0
1 0 0 0 1 0 0 0 0 0 0 0 0 0

t
3
3
3
1
1
1
1
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Physics and computational complexity
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As Denef and I have shown and as we will argue in the final
lecture, the problem of finding out whether or not there exists
a vacuum in the BP model with energy in a specified range is
NP-complete. Thus, assuming P 6= NP, we cannot expect to
find an algorithm to do it much faster than the naive approach
of checking all the candidates. Since we expect to need to check
10120 candidates to find one, this is infeasible.
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Similar problems arise in other toy models of the landscape.
For example, there is a model suggested by Arkani-Hamed, Dimopoulos and Kachru (2005), in which (as we pointed out)
matching the cosmological constant reduces to the subset sum
problem. This was already known to be NP-complete.
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Similarly, more realistic models than the BP model, such as
the problem of finding IIb flux vacua with small Λ, share the
essential features which lead to NP completeness.
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The NP-hardness of the problem of finding the minima of realistic potential energy functionals in high dimensional landscapes
was well-known in other areas of physics. It is a central aspect of
the theory of spin glasses, materials in which randomness in the
lattice structure leads to a complicated, quasi-random arrangement of interactions.
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Consider the Sherrington-Kirkpatrick model,
X
V =
Jab σa σb

Conclusions

Home Page

1≤ij≤N
Title Page

with σa = ±1, and interaction strengths Jab drawn from a random
distribution which contains both signs. Note the similarity to
Bousso-Polchinski. This model has an exponentially large number of local minima (under flipping single spins), and the problem
of finding the global minimum (for a chosen Jab ) is NP-complete.
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So, the problem of finding the “right” vacua might be intractable. This does not in itself imply that string theory is not
testable. But we need to come to grips with it.
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Cosmological implications
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But do we believe it? Is it not paradoxical? After all, if we
cannot find such a vacuum, how did the universe itself find one?
Indeed, it has only a few seconds after the Big Bang (more precisely, the end of inflation) to settle into the correct minimum,
if we are to reproduce the standard physics of cosmology. This
problem is much like the spin glass, which essentially never finds
its global minimum.
In the final lecture, we will consider some ways out.
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Introduction

1. Of course, the early universe is a quantum system. Could
a quantum computer find a candidate vacuum more quickly?
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1. Of course, the early universe is a quantum system. Could
a quantum computer find a candidate vacuum more quickly?

String/M theory
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2. Early cosmology probably does not populate different candidate vacua with equal probability. One usually models this
possibility with a measure factor, which gives the probability P (i) of populating vacuum type i.
An example (rather controversial) is the Hartle-Hawking
measure,
24πMP4 lanck
Λ>0
P (i) = exp
Λi
and P (i) = 0 for Λi ≤ 0.
This measure overwhelmingly prefers the vacuum with the
smallest positive Λ. Could this be our vacuum? Could we
use this information to find it?
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3. Could we be using the wrong variables? Perhaps physics
provides some reformulation of the problem which is much
more efficient. The main reason to suspect this is the idea
of “duality,” according to which two very different quantum
systems, say one at weak coupling and one at strong coupling, can be quantum equivalent.
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One well known example is the N = 4 super Yang-Mills
theory, which is invariant under the duality transformation
~ → 1/~, and an exchange of electric and magnetic charge.
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Another is AdS/CFT duality (Maldacena, 1997), according
to which the N = 4 theory is also equivalent to string theory
on the space AdS5 × S5 .
It has been suggested that the problem of finding flux vacua
has dual realizations, in terms of gauge theories on domain
walls (Silverstein, 2003), or more general classes of gauge
theories.
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4. There is a similar paradox in protein folding (Levinthal 1969).
Consider a typical protein, with 100 amino acids. If its potential landscape were random, then even if we imagine that
statistical motion samples minima at a rate of one/10−12 sec
(the vibrational timescale), the time required to find the
ground state is far greater than the observed T ∼ 1 sec.
Indeed, this appears correct for a random sequence of amino
acids. But of course, the proteins created by living organisms are not random sequences. Evolution selects for functionality, and this includes the ability of a protein to fold in
a timely fashion. Thus, we should find that energy landscapes of real proteins are structured to make this happen,
e.g. in a series of “funnels” which guide the folding process
to the minimum. By now there is considerable evidence for
this hypothesis.
Bizarre as it may sound, it has been suggested that evolutionary concepts are relevant in cosmology (Smolin 1999).
While not going this far here, we might take from the analogy the idea that the relative difficulty of finding minima is
an essential aspect of the problem, that the structure of the
landscape makes some vacua easy to find, and that these
will be the preferred candidates for our universe.
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5. The most “straightforward,” yet again bizarre and troubling explanation, is the anthropic hypothesis. We accept
that indeed, the universe is not particularly good at finding vacua which solve the cosmological constant problem.
On the other hand, the likelihood that we will observe a
vacuum which does not work is clearly zero. Thus, given
that the universe has sufficient computational resources to
try enough of the possibilities that some can be found, we
do not need to worry about the large number of failed attempts, or the unimaginably huge resources implicit in the
idea of a “multiverse” of co-existing cosmologies.
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Introduction

This idea has even been formalized in “anthropic computing” (Aaronson, 2004). Suppose we grant a computer the
power of “postselection,” namely we discard all runs in
which some event X is not true. Such a computer can
clearly solve NP problems, as we can make random choices,
and discard all runs in which we do not find the correct result.
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Aaronson shows that an anthropic computer can solve problem in the complexity class PP. This class is larger than NP,
but it does not contain all problems. In this sense, even the
multiverse cannot solve all problems in polynomial time.
On the other hand, some cosmological models implicitly
do claim to solve such problems. Is this an even bigger
paradox?
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To be continued ...
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