Key problems in fundamental physics

Title:

Key problems in fundamental physics

Lectures:

(1) Physical time and the beginning Universe  11.11. (2) What is quantum gravity?  25.11.
- Fields and symmetries
- General coordinate invariance as a gauge symmetry
- Quantum field theory for metric or vierbein
- The role of metric fluctuations
- Asymptotic safety
- Lattice approaches and string theory
- Can one observe quantum gravity effects?

- Clocks and the vacuum
- Time coordinates in general relativity and cosmology
( proper time, conformal time, cosmic time )
- Field transformations and frame invariance:
Is the age of the Universe 13.8 billion years?
- Physical time for the beginning Universe
- What is the meaning of expanding space and slowing time?




Key problems in fundamental physics

(4) Quantum field theory from classical probabilities 20.1.

(3) Origin of wave functions and operators for quantum - Functional integral approach to quantum field theory
mechanics 9.12. - Generalized Ising models as "functional integrals”

- Minkowski and euclidean time
- Evolution in classical probabilistic systems - Fermions as Ising spins
- Wave functions and time local probabilities in classical statistics - Simple probabilistic cellular automaton for fermionic quantum

- Transfer matrix and step evolution operator field theory

- The non-commuting structures in classical statistics in one time and one space dimension

- Unitary evolution and quantum mechanics - Vacuum, operators and correlation functions
- Probabilistic cellular automata as simple quantum systems

(5) Cosmological constant and dynamical dark energy
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Inflationary Universe

Only fields and

their fluctuations

Exponential

expansion of space
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Inflationary Universe

m Singularity

m Exponential expansion lasts ca 10 =Y - 10 *’ seconds
after singularity

m Has happened 13.8 billion years before our time

m Observations possible : CMB
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CMB anisotropies




Temperature
in dependence on size of fluctuations ( angle )
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Eternal light-vacuum
or singularity ?

Everywhere almost nothing
only fields and their fluctuations

Very few particles:
all move with light velocity,

similar to photons

Only very slow expansion

Eternal light vacuum valid
to infinite past
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Eternal light-vacuum is unstable

m Slow increase of particle masses
m Only slow change of space-time geometry

m Creation of particles and entropy

m Consequence for observation : primordial fluctuations become
visible in cosmic background radiation

m We see fluctuations in a stage 5000 billion years ago, or similar
number depending on model
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What is physical time ?

Bild : pm-
magazin




What is space-time ?

m describes relations between observables

m not something independent of matter and fields,

into which matter and fields are placed



»,Construction of space with light




GPS uses electromagnetic waves,

with time differences used to
construct distances

r &

@ Each satellite broadcast radio
signals with their location,
statuses and precise time

5 . information.
o )
Q GPS radio signal travels at
- = speed of light ~ 300,000 km/h.
£ "

GPS device receives radio signals,
noting their exact time of arrival
and uses these to calculate its
distance from each satellite it can
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@) Once a GPS receiver knows its distance from at least 4 satellites,
it uses geometry to determine its exact location on Earth in 3D. 4



Spacetime

light + clock
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Physical time

count oscillations ....




Spacetime depends on ,,vacuum*



Maxwell equations in medium




Propagation of light

is influenced by medium




and also by empty space
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Gravitational lenses




V acuum is not nothing

Physical laws depend on vacuum






Metric field

m Vacuum is characterized by fields and their
fluctuations

m Magnetic field : at each location and time three
real numbers

m Metric field : at each location and time ten real
numbers



Metric : ten numbetrs

9+ Goos Jo1+ Jo2s Joz» 911> G125 G13+ oo Go3s Gs3)

matrix :

One of the components is
Newton's gravitational potential



Metric influences
propagation of light

VRS
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Distances in space depend on metric



Metric defines a geometry

Z Z q/”,n’l

(=0 =0




The gravitational field defines a
metric for spacetime

Geometry of curved space




General coordinate invariance

Metric and electromagnetic fields depend on
coordinates

Symmetry principle : invariance under general
coordinate transformations
( diffeomorphism symmetry)

Fixes the coupling of the two fields
Fixes how light propagates in a given metric

Inversely: propagation of light can be used to construct
metric ? Is metric unique ?



Metric is influenced
by matter

m Diffeomophism symmetry also fixes coupling of
metric to matter (atoms etc. )

m Metric is influenced by matter — matter distorts
space geometry



Light propagation influenced

by matter
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m Metric field g, (t, x ) is central ingredient for
oravity

m similar to electric or magnetic fields

m ocneralizes gravitational field in Newtonian

oravity

NI

=N f:\/\”‘-/\x/\/\x\i P &5 <
B e
\ \ 2 _\“/‘\/A\T'\.-’\'.\r’)\- X v . \>/
ES \ < =
XN o 5 AN
\ ‘ \‘. -\' \ \ ;\:’_\ g ’\_ 7_\/\7 \//\,,)\/\/X

\ A4 . A
e T NSO



Time 1in the Universe



metric of the Universe
homogenous and isotropic

1.2 E » 1,2 ;o iy 9c
ds? = g defde” = —dt? + a*(t)dx’da? 6;;

Space distances are proportional
Expansion of space if Increases



Expansion of space

m [Field changes its value

m [ hat’s all

mnot: “space is created” etc.



Beginning as a point?

o.=0 : all distances are zero

33
ds” = E E guvdat'da”

1]

=0 =0

a=0 : singularity ?




Conformal time




Cosmic time and proper time

t : CosmIC ds 2 — Guv d;.i[.-"t ! {ZI;L:U
time = —dt® + a?(t)dx'da? 5y,

Proper time counts oscillations for a clock moving
with an observer

Proper time does not depend on choice of
coordinates

Cosmic time is proper time for comoving observer



Eternal Universe ?

For typical models of inflation:

Both conformal time and cosmic time can be
extended to - infinity.

Scale factor a(t) goes to zero in the infinite past.




Physical time

count oscillations ....




Photon clock

Radiation dominated Universe : no observers with clocks

Oscillating electromagnetic waves are present
and can be used as clocks

wave function in momentum space
(02 + 2H8, + k*)p(k) =0

solution

counting

Physical time = conformal time



Physical time

field equation for scalar field mode

(... 0-5 +2Had, + k™ +a"m”)p,. =0

¢ ¢ ¢ ¢ R
{05 + k4 a? (77'2,2 i

determine physical
time by counting
number of oscillations




Geodesic incompleteness

m Proper time for observer with non-vanishing
( pecular )velocity:

remains finite 1n inflationary models for

m Geodesics for such observers are “incomplete”

m Singularity reached at finite time ?

m Which time should one take ?



Frame transformations



Cosmology with metric and
scalar field

different possible choices for the metric field




Field relativity :
different pictures of cosmology

same physical content can be described by different
pictutres

related by field — redefinitions ,
observables cannot depend on choice of fields

different fields: different variables in differential
equations

metric 1s one of the fields



Field relativity

Weyl scaling :

changes geometry,
not a coordinate transformation




Relativity of geometry

m Fuclid ... Newton : space and time

are absolute and observable

/)
m Special relativity : space and time depend on observer
m General relativity : space-time 1s

influenced by matter ( including radiation )

geometry 1s independent of coordinates
geometry is observable

m [ield relativity : geometry is relative



Metric frames

different choices of metric :

different metric frames

Primordial flat frame can be constructed:
Flat spacetime for beginning Universe

geodesically complete



Physical time

m counting : discrete
B invariant under field transformations
B same 1n all frames

m physical time towards the past: infinite number
of oscillations



Time completeness

m Geodesic completeness depends on metric
frame

m Generaliztion : time completeness

Geodesic (in)completeness

in general metric frames

V. A. Rubakov®, C. Wetteri

tute | wlear Research of the Ru
6ith Oc

b Institute for Theoretic
Heidelberg, Germany

Abstract

field or *
completene

s and the clated notion o ess. Time complet
of particle physics and is no lon metri ept.




Beginning of the Universe



Beginning of Universe

Zu Anfang war die Welt od und leer und wabrte ewig.

In the beginning the Universe was empty and lasted since ever.



The great emptiness story

[n the beginning was light-like empiiness.



Physical properties during
inflationary epoch

m All particles get effectively massless as
singularity is approached

m Relevant quantity : mass /momentum
m Momentum diverges

m Ratio goes to zetro



Eternal light-vacuum

Everywhere almost nothing Aa
only fields and their fluctuations |

All particles move
with light velocity,
similar to photons
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The big bang story

dramatic hot big bang
started 13.8 billion years ago

at the beginning extremely short period of cosmic
inflation with almost exponential expansion of the
Universe, duration around 10-*" seconds

start with singularity : our whole observable Universe
evolves from one point

Cosmic First Stars, Expansion Today
i Ac es




Field relativity

m Both stories are equivalent

m related by field transformation of the metric

m different metrics related by Weyl transtormation,
which depends on scalar field (inflaton )



Field - singularity

m Big Bang is field - singularity

m similar ( but not identical with )

coordinate - singularity




Big bang is not wrong,

but alternative pictures exist !



Conclusion

m There are equivalent pictures of the Universe
with different geometry

m Singularity free choice of fields is preferable for
the description of the beginning



No scales in the infinite past

m No time scale : time 1s infinite and no change of
properties as time goes to minus infinity

m No length scale : Universe is infinite

®m No mass scale : all particles are massless
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Scale transformation

m Scale all lengths and time with constant factor

m Scale all masses with inverse factor




Quantum scale symmetry

No parameter with dimension of
length or mass is present in the
quantum effective action.

Then invariance under
dilatations or global scale transformations
IS realized.

Continuous global symmetry






Quantum scale symmetry

m quantum fluctuations can violate scale symmetry
m running dimensionless couplings

m fixed point : no running of couplings

m at fixed points , scale symmetry is exact !

® quantum fluctuations can generate scale
symmetty |



Have we observed
scale symimetry in cosnology ¢



Approximate scale symmetry neat
fixed points

m UV : approximate scale invariance of primordial
fluctuation spectrum from inflation

m [R : cosmon 1s pseudo Goldstone boson of
spontaneously broken scale symmetry,
tiny mass,

responsible for dynamical Dark Energy



Almost scale invariant primordial fluctuation
spectrum seeds all structure in the universe
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Conclusion

The beginning of the Universe is the reign of

quantum scale symmetry
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Expansion of the Universe

m What does expansion of space mean ?

m A field changes its value

that's all

m Propagation of particles and photons depend on the
value of the metric field

m Frame transformation changes metric and expansion
history



Particle masses can
change with time ?

m Particle masses are proportional to scalar field y .
Similar to Higgs field.

m Scalar field varies with time.

m Ratios of particle masses are independent of y
and therefore remain constant.

m Compatibility with observational bounds on time
dependence of particle mass ratios.

m Dimensionless couplings are independent of y .



Do we know that the
Universe expands ?

instead of redshift due to expansion :

smaller frequencies have been emitted in the past,
because electron mass was smaller !

Absorption Lines from our Sun

L

Absorption Lines from a supercluster of galaxies, BASI1
v=0.07¢, d=1 billion light years



Why do we see redshift of
photons emitted in the distant past ?

photons are more red because they have been
emitted with longer wavelength

Absorption Lines from our Sun

Jl.. frequency ~ mass

Absorption Lines from a supercluster of galaxies, BASI1

v=0.07¢, d =1 billion light years Wavelength ~

Il.l atomsize



What is increasing ?

Ratio of distance between galaxies
over size of atoms !

atom size constant : expanding geometry
alternative : shrinking size of atoms

ratio 1s frame invariant



Inhomogeneities

B certain inhomogeneous cosmological
solutions diverge towards the past

B relative inhomogeneities 1in metric increase
towards the past in inflationary cosmology

m relative inhomogeneities are frame invariant

B which metric ? vierbein or metric ?




Conclusions

Quantum scale symmetry crucial for understanding the
beginning of the Universe

Simple ”scaling frame” for the choice of the metric
field gives simple description without any singularities

Big bang singularity 1s a field singularity

Universe can be eternal in the past
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