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I.) Motivation: The quest for a fundamental

theory
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The Principles of Modern Physics

Modern physics rests upon 2 mighty pillars:
e General Relativity (GR)
* Yang-Mills Theory as a Quantum Field Theory (YM)

GR describes gravitational physics at astronomical length scales:

e Carrier of the interactions is spacetime curvature itself:

* excellent experimental confirmation,
e.g. gravitational lenses, perihelium of Mercury, gravitational waves...

YM describes particle physics at (sub)atomic distances

* based on principle of gauge interaction

* Carrier of interactions are gauge bosons: spin 1 fields A4,
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Standard Model of Particle Physics

A description of Nature requires 3 different YM theories:
* electromagnetism <> gauge group U(1): v, photon
* strong interaction <> gauge group SU(3) : g;: gluons a=1,..., 8
* weak interaction <> gauge group SU(2): Wj[, Z,

Elementary Particles

* matter <> spin % fermions
= 3 families of matter

* mass via Higgs boson

Leptons Quarks

= Standard Model of elementary particles
* fundamental objects are point particles
* 19 empirical constants: masses, mixing angles...

* spectacular precision measurements at particle colliders
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Shortcomings of the SM

Despite this phenomenological success at large and small scales, the theory

suffers from severe fundamental shortcomings:

YM theory leads to
ultraviolet divergences in the
computation of elementary
scattering processes

* From pragmatic perspective:
no problem thanks to regularisation and renormalisation.

* From theoretical perspective:
theory cannot be valid at high energies = small distances.

* Renormalisation introduces dimensionful and dimensionless coupling

constants, masses etc. which cannot be computed from first principles.

YM theory/QFT is a low-energy effective theory

HISS - Particles, Strings and Cosmology



Criticism of GR

GR is well-defined only as a classical theory.
One can try to formulate GR as a perturbative gauge theory:

e Carrier of the interaction: spin 2 bosons <+ gravitons h,,,

* Unlike YM theory GR is not perturbatively renormalisable:
One needs infinitely many counter-terms.

— Not a fundamental quantum theory of gravitation!

Another hint for incompleteness of GR: Black Holes

e At the centre of the black hole there is a curvature singularity

* Interpretation similar to YM divergences:
beyond validity of effective theory
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Quest for a fundamental theory

If QFT and GR are really effective theories valid at low energies, what

would we call a fundamental theory?

Minimal requirements:

1. No ultraviolet divergences
< describe microscopic degrees of freedom correctly at all energies

2. No free dimensionless parameters
<> no 'hiding of ignorance’ in tunable parameters
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Search for unification

Possible Objection: All these issues are not a problem in practice.

However:
1) At least understanding early
time cosmology likely to require a

fundamental theory

Expansion infolge des Urknalls ‘

13,7 Milliarden Jahre

2) Many conceptual questions:

* Many energy scales in the SM are not technically natural.
Most important example: The Higgs mass lies in the TeV region, but
naive application of QFT yields O(10'° GeV) quantum corrections <+

hierarchy problem
e Dark Matter? Dark Energy?

* Why are gravitation and the 3 gauge interactions so different?
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Basic ideas of string theory

String theory ...
v’ solves the problem of UV divergences
v in a unified description of YM and GR

* Dynamical input: The
fundamental objects in Nature en"'f”“‘ o
are not pointlike, but S t
1-dimensional strings E.Ectmn_'l;_i, quTrk
* Kinematic input: 1
gtri.-.g_ﬁ?

Describe these strings via the fa-

. 'S
miliar rules of quantum theory |

string

and general covariance
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Consequences of string theory - |

* Interactions without UV divergences due to smoothening of interaction
vertex

There is only one kind of strings, ©

* but 2 possible topologies:

closed <+ open TN

open strings: spin 1 object <+ gauge boson
closed strings: spin 2 object <+ graviton
~+ predicts YM and GR as 2 fundamental interactions
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Consequences of string theory - |l

The theory's internal consistency conditions bear further consequences:

* Spacetime is not 4-dimensional, but 10-dimensional.

* 10-dim. theory is supersymmetric:
Each boson has a fermionic superpartner.

11d SUGRA

Het E8

Compact.
onl

Compact.
onS'

* In 10 Dimensions there is
Type lIA

only one unified string the- T-Dualty
ory.

T-Duality

It has various formulations,
Het SO(32)

all related by dualities.

S—-Duality

mod out Type 1IB

ws parity

Type |
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String compactification

String theory is well-defined only if spacetime is 10 dimensional.
But we only observe 4 large spacetime dimensions!
However: Extra compact dimensions of size < 10~ °cm allowed by

experiment

e Compactify string theory
on a compact six
dimensional space with 4
large dimensions
remaining

M1,9 — ./\/11’3 x K
—> Realm of string compactifications and model building (see later)
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2.) Classical strings
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A symphony from 1 string

v' A string can vibrate just like the string of a violin does.

v" The different oscillation modes (tones) correspond to different particles.

= Maximal unification:

* only one kind of "stuff’ - the string

* all physics is buried in its excitations

Analogy: 6«
There is only one violin string, but many different _—_,, —
oscillations imply a full symphony of different S
tones. LN TRET ToeEn T
Program: L A e e e

* Describe classical string oscillations as =t
harmonic oscillator

* Quantise the system by standard techniques
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Classical Strings - Kinematics

Kinematics:

Point particle traces out worldline ~ ()
v(7)

> .
x1

String: Parametrise the position along string by 0 < o < /¢

r’\/ ,E:.'-"O
GC=0 g 4 :r:ﬂ-

Together with time 7 this gives the worldsheet coordinates (7, o)

Worldsheet >(7, 0 ): tracetory of string in ambient spacetime
w® P

o

X,‘_

f[ =fer) Tl =i (z,5)
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Classical Strings - Dynamics |

Equations of motion
* free point particle: (%)QX“(T) =0

* free string:

0 |2 0\ 2
— ) — (=) | XH*(7,0) = 0 <> wave equation in 2D
((52)° = (5)°)x*(r,0) q
Strings carry energy
° C.0.m. momentum
* oscillations along string

Strings carry spin
< polarisation of oscillation

Energy scale set by string length

l, = 2mva!

)
)
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Classical Strings - Dynamics |l
2D wave equation: ((%)2—({%)2)X“(7‘,0):O

* Ansatz: X#(r,0) = Xg(r—0o) + Xi(r+0)
right—m(:\r/ing wave left—mo:gng wave

e Boundary conditions for closed string
XH(r,0) = XH(1,0 +{) ¢ : circumference of string

Most general solution: Fourier expansion

1
X o= Lot T o) iy DY e )

nEZ;éO
XH* = lxﬂ + T‘-O/pﬂ(T + O') + 4 ﬁ Z l&ﬂe_%in(T—l—o)
b 2 ( V 2 n "
neZF#0
* Frequencies: 2Tn Amplitudes: o /n (Right) at /n (Left)

7 e T
* C.0.m momentum p and pOSItIOh L HISS - Particles, Strings and Cosmology — p.17



3.) Quantum strings
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String Quantisation - |

= quantisation of waves along the string

Each excitation mode ot , ok repre-

sents a harmonic oscillator:
1% 1%
[O‘ﬁm an] —m 5m+n,0 n*
States: et

* c.o.m. momentum p: |0, p)

» Excite each left/right oscillation

frequency 27”71 arbitrarily often:

[T @) 11 @) 0sp)

m>0,u m>0,u

(Special technicality here: equal number of left/rightmoving quanta)
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String Quantisation - ||

Tower of string excitiations - characterized by oscillation number N;, = Ny

e N =0 = Ng: |0,p): momentum eigenstate with zero oscillations

* Ny =1= Ng: (o @ ,]0;p): first mode excited

Mass of string excitations:  (for bosonic string)

M2:i(N—a,) a=1 N=N,=Ng

Oé,

o ~ (2 ls: string length <+ sets scale of oscillations

N;, =0 = Ng: tachyon - removed in superstring theory
N;, =1 = Npg: massless excitations

N = 2,3,.... massive states of mass-squared set by %

Each oscillation appears as object with mass and spin = particle.
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Gravitons from closed strings

Low-energy regime (FE << £;1): only massless modes relevant

Closed massless : (,,,a"” &% 1|0;p), (.. : polarisation tensor

* This object contains a spin-2 mode = 2-index symmetric tensor.

* This must be the graviton £, .

9uv = Nuv + huy: fluctuation around background

Direct check:

* Compute interactions in string
perturbation theory

®* Find same interactions as for per-
turbative graviton

High energy regime (E > /;1):
Characteristic tower of massive, higher spin excitations visible
M2~ N/ J =20
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Photons from open strings

An open string has two endpoints at 0 =0 and o =/

Repeat program of classical solutions and quantisation with suitable
boundary conditions

Result: String endpoints can move freely along an object called a
Dp-brane = (p+1)-dimensional hypersurface of spacetime

Polchinski 1996

=

[N

Boundary conditions relate left /rightmoving waves

Massless level: ¢,a”{|0;p): spin-1 particle

Interpretation as vector boson responsible for a U(1) gauge theory
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Gravity in bulk - EM on brane

iy

.|.|
i

1

g7
i
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String Quantisation - |l

Technical complications:

* For u = 0 we get the wrong sign in the commutation relations:
[k, %] = M S0 1

—> negative norm states
(for experts: same as in QED cf. Gupta-Bleuler quantisation)

* These ghosts can be removed precisely if the number d of spacetime
dimensions takes a special value.

~» Superstring Theory: d= 9+1

(precursor theory: Bosonic String: d = 25+1)

Prediction of number of spacetime dimensions from straightforward

consistency condition of quantum theory!
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Brane worlds

Summary:
* String theory is well-defined within 10D spacetime.
e Within the full 10D bulk a graviton propagates.

* In 10D spacetime there are lower dimensional D-branes along which a

gauge boson propagates.

—> Braneworld idea:

Gauge interactions confined to branes - gravity propagates within bulk
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A crucial consistency check
In string theory, gauge theory implies gravity.
e Strings interact by joining and splitting.

> = D

e Open string endpoints can join to form a stable closed string.

(The converse is not always true)

v Behaviour consistent with universality of gravity:

photons = energy = gravity

v’ In string theory, gauge interactions and gravity are not independent.
They are linked by the internal consistency of the theory.

String theory is the only known theory with this property.

String theory goes beyond Einstein gravity:

Systematically compute higher order corrections to Einstein action.
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UV finiteness

General picture: String as intrinsic UV regulator

* High energy scattering probes string length <+ non-local behaviour

* Point-like interaction vertex is smoothened out.

Loop diagrams

1) Point particle

* Feynman diagram = circle S* @

* circle parameter: radius R

* UV region: R — 0
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UV finiteness

2) String:

Feynman diagram = Torus 7"

Torus parameter: " N
T = 711 + i1y (shape of T?) // /

UV region: 7 — 0 / A /

1

T

T? has symmetry 7 — —

= 7 takes values In

fundamental domain
»Re T

UV divergent region is absent.
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Why strings are special

Can a particle have even higher-dimensional substructure?

Model particle as a membrane -

2 spatial dimensions

Tubes of length L and radius R
have spatial volume ~ L x R.

Quantum fluctuations:

* Long, thin tubes can form
without energy cost.

* Membranes automatically de-
scribe multi-particle states.

No first quantisation of higher-branes a la strings possible.
[DeWit et al 1988; Banks et al. 1997]
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Take away

String theory is a maximally unifying theory:
All physics descends from 1 type of stuff - the string.

Its oscillation modes give different particles.

Closed strings: massless graviton — Einstein gravity + corrections
Open strings: massless vector boson — Yang-Mills interactions

Open strings end on D-branes.
Theory consistent in 10 dimensions.

In 10 dimensions the theory is unique up to dualities and makes
definite predictions.
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Part ||

HISS - Particles, Strings and Cosmology — p.31



Previously on this show

String theory is a maximally unifying theory:
All physics descends from 1 type of stuff - the string.

Its oscillation modes give different particles.

Closed strings: massless graviton — Einstein gravity
Open strings: massless vector boson — Yang-Mills interactions

Open strings end on D-branes.
Theory consistent in 10 dimensions.

In 10 dimensions the theory is unique up to dualities and makes
definite predictions.
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4.) KK compactification and T-duality
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T-duality - |
String Theory is an example of a theory of extra dimensions.
Such theories are considered also in context of point particle framework.
e Extra dimensions are compact and very small.
e Characteristic feature: tower of Kaluza-Klein excitations

Toy example:

e Consider theory in 5 dimensions:

M M =0,1,...3,4
N——
v

e Compactify direction z* along circle
St of radius R

* Consider massless particle in 5D: pMpy =0

n

Momentum p? is now quantised: p* = %, n € N

(cf. quantum mechanics in a box)
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T-duality - II

4

Suppose radius R of S! along direction z* is very "small”

* Expect an effectively 4 dimensional theory in z#, 41 =0,1,...,3

 Compute effective mass in 4D MZ;:

0=—pMpy = —p*p, — (p*)?
2 n’

T R?

Experimental signatures of higher-dimensional point particle theory:

— M2 = —p"p, = —ppar + (p*)

1

* One would find KK tower with equidistant mass spacing in &

* As R — 0: first K K excitation disappears from low-energy spectrum
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T-duality - 111

In string theory, new stringy features appear related to extended/non-local

nature of string.
Compactify dimension D on a circle S' of radius R

2 consequences:
e Momentum pP” is quantised: p” = 5,n €N
<> typical point particle behaviour

 Can have winding strings looping w times around S

oc—so+l: XP 5 XPirorwR

Important:
A string has tension.
Winding a string costs extra energy - the string wants to contract.

= extra contribution to effective mass from winding
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T-duality - 1V
From string quantisation:

2 2 P2
n wR 2 ~
m T +a,(N+N—2a)

* n =w = 0 — familiar states present also for R — oo

2 _
Mg =

e w=0,n # 0: Kaluza-Klein tower of massive excitations characteristic
for extra dimensions
present also for point particle theory

* w # 0: winding states: truly stringy effect
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T-duality - V

n®  w?R? 2 ~
M2 = st T O/(N+N—2a)

Consider Ilimit B — 0:

2 .
« KK tower m2 .- = &, disappears from low-energy spectrum.
KK — R y

If this were the only effect, we would say the theory becomes
effectively a theory in only 1+ (D — 1) dimensions.

2 1 22
Wind_?wR'

e But the winding states become lighter m
There remains a memory of the Dth dimension in the low-energy spectrum.
Theory remains effectively 1 + D dimensional.

Oberve: The spectrum is invariant under the T-duality transformation
n < w, R+ o'/R

exchanging momentum and winding states
Physics at R < v/ o’ "dual to” Physics at R > v o/

R = v/a' is the minimal length of a compact dimension
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String compactification

String theory well-defined in d = 10 dimensions

To arrive at 4 large extra dimensions we need to compactify 6 dimensions.

e Simplest solution:

Each dimension is a circle S! internal space is a six-dimensional torus

=Sl x ... xSt
: ' . rolled T°
X0, T1, T2, T3: MACroSCOPIC T4,T5,...,%9: rolled up on
e More generally can think of /\ \
other six-dimensional manl— M,

folds. \/ﬁ -

e Each different compactifica-

tion manifold leads to different

physics in 4 dimensions.

* But not every choice is admissable due to consistency conditions
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Remaining road map

Remaining tasks for us today

1. Understand which types of compactifications are interesting from a
particle physics perspective:
Intersecting Brane Worlds

2. Get an intuitive idea of what we mean by consistency conditions

3. Which is the right vacuum? The Landscape of String Vacua
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1.) The Standard Model from Intersecting

Branes
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Intersecting Brane Worlds - |

An interesting class of compactifications relies on Dp-branes:
(p+1)-dim. hypersurfaces on which open strings end

Recall:
String excitations with 2 endpoints along D
same single Dp-brane
— U(1) gauge boson A%, i =0,...p m

N\
N coincident Dp-branes / \ 0/ P4
— U(N) gauge symmetry -)

, . #1
[1,1}L\J 8[1,2] }[au /}[3,1]
. : #2

|
[2,2]\/ - 8[2,3] - ;[S,EJ -/[1,3]7

~ i - . : #3
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Intersecting Brane Worlds - |

Compare:

* Standard Model gauge group is SU(3) x SU(2) x U(1)y

* Ignoring for now difference between U(N) and SU(N) D-branes are just
right to give the SM gauge groups!

Matter

Claim:

At intersection of Dp-branes:

Chiral fermions in bifundamental
resprentation (N, Np)

Tasks:
1) Understand /Recall what this means

2) Provide more details on how it arises
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Intermezzo |: Chirality

Some facts from particle physics:

A

1) Massless fermions have definite helicity h = S p:
h = +1/2 'left-handed’ h = —1/2 'right-handed’

* left-handed particles f; <= right-handed anti-particles f

e right-handed particles fr <= left-handed anti-particles f;

2) Charge of f;, = - Charge of f

Consider electromagnetism: U(1)¢.,,. and neglect masses
left-handed electron: ¢., = —1 right-handed positron: ¢z, = +1

— suffices to specify charges of fr, and fgr
3) A theory is chiral if f; and fr do not have the same charges.

Example U(1)e. .

* left-handed electron: ¢., = —1 right-handed electron: ¢., = —1
— U(1)e¢.m. is non-chiral
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Intermezzo Il: Bifundamentals
Consider SU(3) - e.g. think of QCD

* Quarks are charged under SU(3) - they carry "colour”
e Each quark comes in 3 colours - it forms a triplet under SU(3)

* Represent quark as vector with 3 entries on which SU(3) matrices act
quark ~ 3 - fundamental under SU(3)

e Left-handed quarks are also charged under SU(2),,:
Qr ~ (3,2) - bifundamental

e SU(2), is a chiral theory:
Only lefthanded fermions interact weakly
e.g. Qp ~ (3,2) but ugp ~ (3, 1), dr ~ (3, 1)
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Matter from branes - |

Fundamental charge of fermions associated with endpoints of open strings
on D-branes

Consider 3 coincident branes D. — Gauge group U (3).
Recall: Open string is oriented <> 2 endpoints ¢ = 0 and o = 7

e Open string ending on D,. gives left-handed quark ()7, in 3
(plus right-handed anti-particle )

e Open string starting on D,. gives left-handed quark Qr, in 3
(plus right-handed anti-particle )

a { }_ red 41

% } blue 45
Lo !

d3 9 #3
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Matter from branes - |l

v' Strings between 2 different stacks of branes give bifundamental matter
v. Massless bifundamental matter localised at brane intersections

Simple example: Type |IA theory with intersecting D6-branes
e D6-brane fills 1 + 6 dimensions

* Consider 2 intersecting D6-branes: N, copies of D,, N, copies of D,

Lo 1 Wiy X3 L4 I5 9 9 by d I8 X9

D, | v. |V | V v v | - | V| - v | -

Dy | v |V | V v - V|-V -V
Common locus: zg,x1,x2, T3 - intersecting at x4 = 0= ... = x9
* U(N;) = SU(N;) x U(1); gauge bosons along D;, i=a,b

* massless fermions charged as (N4, Ny, ) under U(N,) x U(Np) at

Intersection locus, i.e. in xg, X1, X9, T3
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Intersecting branes

Ar

i

HISS - Particles, Strings and Cosmology — p.48



Matter from branes - |l

Depending on relative orientation of branes at each intersection point:
e either a left-handed f7 in (N1, N3) + antiparticle f in (N, No)
e or a left-handed f7, in (N1, Ny) + antiparticle f in (N1, N3)
View R® = RY x RZ x R3
* Define topological intersection number Iéb in each factor of R?:
y' y!
oA

AT 1

b a

* Total intersection number is the product of three different:
e I, > 0: fr in (N1, N3) + anti-particle
I.p, <0: fr, in (N1, Ny) + anti-particle
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Intersecting Brane Models

— Simple realisation of gauge groups of the type [[. U(V;)
with chiral matter in bifundamental representations
— Basic ingredients of the Standard Model
SU3) x SU(2) xU(1)y

Direct implementations of Standard Model gauge interactions and matter
via "Intersecting Brane Worlds”

// /
L/ /
/ /
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Intersecting Brane Worlds
Compactify RV = M3 x Mg Mg: Calabi-Yau manifold

 Our 4 dimensions M3 are filled by all the branes.

* The remaining 3 dimensions of the D6-branes are wrapped along a

3-cycle II,,.

What is a cycle?
Toy example:
torus 7% — 1-cycles a,b

Generalisation to Mjg:

3-cycle = 3-dimensional subspace
with no boundary and that is not
a boundary itself

— brane cannot slip off




Intersecting Brane Models

Two 3-cycles I, and II; intersect in points
Each intersection point hosts a chiral fermion in (N, N})
# of generations = # of intersections

— Geometric rationale for family replication
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Toroidal modaels

Simplest example (again): Mg = T% x T? x T?

e Special class of 3-cycles wrap 1-cycle on each T2

e Specified by wrapping numbers (ny,my), (n2, ma), (ng, ms)

b b

* Intersection number I, = nim; — n;my

y! y2 y3
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2.) Consistency conditions
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D-branes are dynamical

Things are not quite so simple:

Severe consistency conditions, partly related to the fact that a D-brane is a
dynamical object: Polchinski 1996

e gravitates and

e acts as charge for certain (generalised) gauge potentials
Some more background information:

Closed string sector contains massless higher form potentials
Cp = %Cm...up dxH*r N ... N\ dxtr
e natural generalisation of Yang-Mills 1-form gauge potential
A=A,dz*
e field strength: F}, 1 = dC, propagates in entire 10 dim space

 kinetic terms: S = —# fMlO Fpr1 ANxFppq k2= 1(2m)7a
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IBM: Consistency Conditions

1) Gauss’ law:

e D6-branes charged under antisymmetric tensor field

QED: String Theory:
c A=A, dxH © C7 =Cloy.a)dz® N ANdx®
Scoup — QIAudxu c S= 246 f./\/ll’3><Ha Cr

e total charge under C7 has to
vanish on compact internal space

< Analogy: no single point
charge on S?!

— Need to introduce objects of negative charge

Simplest option: orientifold 6-planes O6 on cycle I1pg

arise as fix-poined set of discrete Zy symmetry o of Mg
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IBM: Consistency Conditions

Type IIA/QG orientifold:
e mod out by (2: symmetry of the string worldsheet
e include image branes on 11, subject to Gauss' law:

> No([a + [Mar) = 4{Iog

M 1,3

D6 06 D6
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IBM: Consistency Conditions

2) Supersymmetry at string scale:

guarantees stability and is phenomenologically attractive

e Compactification on Calabi-Yau = N = 2 SUSY
e D-brane on II, preserves at best N/ = 1 subalgebra

— cycles 11, must be volume minimizing = special Lagrangian
— all IT, must preserve the same N = 1 supersymmetry <+ D-term
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IBM: Consistency Conditions

Tadpole condition: ) N, (II], + [II]4/) = 4[I1o¢]
Ng: # of D-branes along 3-cycle [II,] <+ rank of gauge group U(Ng)
* It implies anomaly cancellation in 4D, but it is much stronger.

* Given a specific geometric background, not every gauge group can be

constructed on it!

Comparison with bottom-up QFT:
* In 4D we can write down every anomaly-free gauge theory.

e String theory is more restrictive due to consistent coupling to gravity.

Insight:
A consistent compactification manifold with a consistent set of D-branes is
a solution to the string equations of motion.

Terminology:
Such a solution is called a string vacuum.

HISS - Particles, Strings and Cosmology — p.59



IBM: Effective action

v Given specific string vacuum, can compute details of effective action
v Turns out: All couplings/interactions depend on details of the geometry

Example 1: Planck scale vs. string scale

e 10D effective action: Sigp = %—g le,Q V—ge 2*R + ...
¢: dilaton (= massless scalar field from t,,, = hy + Buw + ¢ )

* Planck scale in 10d: Mg, ,, = 1@8 Te2%: depends on scalar field VEV!

(4)
ifi . 1 1% 0
» Compactification ansatz for metric g\ = <gﬂ(‘) (6)>
7'.7

* Result: S4D,eff = %—g f]RLS \/ —9(4)R(4) X fMG \/—9(6)6_2925
= Mgy s = F [, V9@ e = dnM2e2Nol (M)

M, = ¢;1: string scale Vol(Mg) : volume in units of £
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IBM: Effective action

Example 1: Planck scale vs. string scale

Mg, 4 = 4 M2e=29Vol(Ms)
M, = (1 string scale Vol(Mg) : volume in units of
Perturbatively controlled setups:

For Vol(Mg) > 1, at weak coupling e72¢ = L, > 1:

g2 —

MS < Mp1 = 1019G6V

Large extra dimensions:
Vol(Mg) > 1 gives hierarchically small My < Mp,
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IBM: Effective action

Example 2: Gauge coupling

* Know from fundamental theory:
_ —¢ _ 2w, -
Spe = —T6 [pg €2/ det(gu + Fuu), T = %% brane tension

S

(4)
) v 0
e Evaluate for metric gf}VO) — (g’g (6)>, D6 =RD3 x 11
gij

and expand square root

* Result: fous g —Fu P with ' = e “Vol(II)

Y M

— volume of II sets strength of gauge interactions

Similarly can show that strength of Yukawa interactions depend on certain

cycle volumes.
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IBM: Effective action

Important implication: All 4D physical couplings are dynamical!

* Gauge coupling <+ volume of cycle I': fF \/det(gg-j))

e Metric is itself dynamical and can be viewed as a string field.
v' In GR, fluctuations around flat metric = graviton

v Graviton = massless spin 2 excitation of closed string

v curved metric = coherent state of such excitations

Analogy from QED:
v' photon v = excitation of electrodynamic vacuum

v’ laser field = coherent state of such photons

* Suggested interpretation:
4D coupling <> cycle volume = expectation value of string states
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Moduli stabilisation

e Each 2-cycle volume is a dynamical 4D scalar field ¢,.

* In presence of certain gauge fluxes and/or by non-perturbative effects,
these receive a potential V' (¢;)

e The string vacuum corresponds to a minimum of V(¢;)

This is what one means by dynamical generation of couplings.

The study of such string solutions is an active area of research.

Preliminary state of art:

There is not just a single, but a
multitude of consistent 4D string
vacua = the Landscape of String

Vacua.

Is there a well-controlled vacuum with or quasi-vacuum with positive

cosmological constant?
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3.) The landscape of string vacua
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The landscape of string vacua

The existence of a multitude of solutions is a common phenomenon:

Example: Einstein gravity - One theory with many solutions.

The theory does not tell us a priori
* the distance of the earth - sun or

the number of planets.

* In fact, a multitude of solar systems exists as consistent solutions

(many of them even realized).
* To make predictions we must first specify the relevant solution.

* Lucky case for astronomy:
Telescopes probe exactly the length scales at which Einstein gravity
operates.
<> Measurements available to fix the boundary conditions of solution.
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One theory with many solutions

e A plethora of different 4d string vacua exists.

e Each solution makes definite predictions for physics all the way up to

the Planck scale.

Practical difficulty:

e String theory becomes directly testable at energies E ~ M, = ¢ 1.
e String scale My is the only parameter of the theory.
e Current LHC constraints M, > 7 x 103GeV.

If M, is much higher direct probes of string theory in colliders hard

(never say never, but at least not next year or so)

This is a problem of every theory of quantum gravity - it really kicks in at
the scale of quantum gravity and this can be as high as 1019GeV
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Lessons from the Landscape

At least in two instances scales of observed physics appears "fine-tuned”.

e Cosmological Constant

* Higgs mass

Concerning Higgs mass:
* Many dynamical solutions have been suggested.

e The vast majority involves new physics at TeV scale (SUSY, Large
Extra Dimensions, Technicolour,...)

e [f LHC finds no new physics beyond the Higgs, then the Higgs mass
might just be fine-tuned. (Controversial)

Then the string landscape offers a huge set of solutions - each with a
different Higgs mass.

Fine-tuning is ok as long as Higgs mass scans in the landscape.

In string theory such considerations can be made within a theoretically

sound framework.
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4.) The Swampland Idea
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The Swampland idea

Which constraints arise for an EFT from the fact that it is the low-energy
approximation of a Quantum Gravity (QG) theory?

Terminology: [Vafa 2005]

Swampland Landscape
EFT consistent as EFT fully consistent
a local Quantum Field Theory as a Quantum Gravity

but not as a Quantum Gravity

Energy scale

Set of consistent low-
energy effective
Quantum Field Theories

Pic from review by [Palti'19]
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Swampland Surprises

Surprise 1 (Conjecture):
The true cutoff of the EFT in QG may lie parameterically below
Anauive ~ MPI-

Example: U(1) gauge theory coupled to gravity as EFT from a QG

2
du) q192 My Mo
FU(l) = — i 2 Fgrav — G!N 2
A
Mp
Conjecture: 1,
1 AqrT
QG imposes cutoff for EFT parametrically 1
below nawve cutoff Mp: (s ndueed tover
A = gU(l)MPl < Mpy if gu@1) — 0 gynMp + Aqc
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Swampland Surprises - Teaser
A

Mpy 4

Conjecture: |
QG imposes cutoff for EFT parametrically T Aarr

below naive cutoff Mpy: QG induced tower

Ly

A= gU(l)MPl < MPI if Jgu(1) — 0 gyaMpr —+ Aoc

Consequences:
* If the EFT has states above gy(1)Mpi, then it is inconsistent as an

EFT and hence in the Swampland.
° In the limit gu(1) — 0, the EFT breaks down since Agg — 0.
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Swampland Surprises - Teaser

Surprise 2 (Conjecture):
Not all types of matter and interactions consistent in absence of gravity

can be coupled to Quantum Gravity.
More precisely:

Not all anomaly free gauge groups and matter are consistent in
presence of gravity.

Example:

Matter content in many higher-dimensional theories with gravity indeed
bounded.
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Quantum Gravity Conjectures

Try to find general principles which every hypothetical QG should
encompass.

Broad in scope, but speculative and oftentimes only heuristic:

—> Web of Conjectures with many logical connections

Completeness
Conjecture
No free
Parameters
AdS Distance
Conjecture

Transplanckian
Censorship

No Global
Symmetries

Distance
Conjecture

Emergent String
Conjecture

dS Conjecture

Cobordism
Conjecture

Weak Gravity

Conjecture
Non-Susy AdS
Instability Conj
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Quantum Gravity Conjectures

Try to find general principles which every hypothetical QG should
encompass.

Broad in scope, but speculative and oftentimes only heuristic:

—> Web of Conjectures with many logical connections

Within string theory:

Conjectures can be tested rigorously and refined.

Long-term goal:

Find generic properties of quantum gravity.
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