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Dark Energy - Background

Discovered only in 1998

‘Cosmological constant’ added by Einstein
(1917) to his equations to allow for a static

solution
8nG

1
Ruv - EguvR - Aguv = 7Tuv

Alternatively one could add a (constant)
vacuum energy to the energy-momentum
tensor T,
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Dark Energy - Background

The corresponding Friedmann-Lemaitre equation is

12 8mG k
=m0 =""p1 -3

a
with the density summed over all components:

p(t) = py +pr + Prac
The vacuum density is related to the cosmological

constant through
A
pvac - 87TG
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Acceleration

The dynamics of the expansion is given by
(Lectures 3 and 4)

e
== ——>(pc* +3p)

(from the time part of the Einstein equations)
Acceleration (d > 0) means (pc? + 3p) < 0
— Negative pressure can lead to acceleration!
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Equation of state

Using the equation of state formalism for a
perfect fluid we have W:= % and the density

then relates to the scale parameter through
f = —3(1 + W), which leads to

p = const.x q~31+W)

For a cosmological constant: W= —1 and p = const.
a 4TG 2 4TG 2

= = _ >

- — (pc*+3p) =+ 2oz 2PC 0

TUM WS19/20 Cosmology 13 Wolfgang Hillebrandt and Bruno Leibundgut 5

Distances

For full generality allow for a changing equation of
state parameter W= const.
The distance then becomes

Dy
_c(1+2) dz'

= S1+/1Q
Ho 1% < | li;) S+ 22 + Qe(L+ 20 + Qe (L + 202 + Qpf(2)

sin(x) k>1
As before S =< «x k=1
sinh(x) k<1

3 z 1+Wx(Z,)
and fx(z) = e ’0 1+

dzr
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Distances today

- Radiation density very low Qp < 107°
» Curvature Q, = 0 (flat space - from CMB)
« Assume cosmological constant

— Mostly for simplicity

c(1+2z) fz dz'
L=
Ho Jo Oy +2)3+Q,
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Dark Energy (cosmological constant)

* Measure the expansion rate of the universe
to determine its content

» Luminosity distance (Lecture 4)

D =an(+2)=

c(1+2) S[ il az'
o LR

\/Qmaner(l+z')3 +Q ,(1+2)+Q, +Q (1+2'

sin X k>0
S=4X k=0
sinh X k<0

* Measure luminosity over several redshifts will
give the combination of the densities
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Measuring distances

» Type la Supernovae are the best
cosmological distance indicators

» Measure them over a range of redshifts (out
to z=1) and then plot the Hubble diagrams
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Measure acceleration
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Mean distance
between galaxies
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The Supernova Hubble diagram
» Two teams pursued this research
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Only way out is to allow an extra
component

« With only matter the data lead to an absurd
result

Riess @ sst.  Goldhaber
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Allow a cosmological constant
3 T T T T
. . No big bang
» Diagram with
cosmological
constant
* Thisis the
diagram i
requiring Dark
Energy
e
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Distance Modulus (mag)

Hubble Res. (mag)

Most recent results
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A

1.0

=~ 1000 spectroscop.
confirmed
type la supernovae!

Q,, =0.307+0.012

W = -1.026+0.041

(Scolnic et al., 2018)
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Equation of state parameter W
(from data)

y

4

SNela ‘g\
N

nM
Goobar & Leibundgut 2011
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Betoule et al. 2014
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Multi-parameter problem

Flat Universe

16

Best fit: -3.53
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Flat Universe

Best fit: ©,=0.74
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Flat Universe

w(a)=w, +w,(1-a)
Best fit: w,=0

1.0 1.5
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Ariel Goobar
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Confirmed by other methods

Baryonic acoustic oscillations
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Based on redshift surveys

Baryon Oscillations

Spectroscopic Survey

(BOSS, SDSS-II)

More than 1.8 10° galaxies e Blanton and SDSS
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Baryonic Acoustic Oscillations

* Provides a standard ruler
— Angular size distance

T
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Consistent picture
* Planck 2015 results
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Currently all available determinations of
cosmological parameters converge to single
values
— Matter density Q,, = 0.3
* CMB, Galaxy clusters

— Cosmological constant Q, = 0.7
» Supernovae, CMB, baryonic acoustic oscillations

— No curvature Q; = 0.0
— Radiation negligible Qp ~ 107°

— No deviations from cosmological constantw = —1

TUM WS19/20 Cosmology 13 Wolfgang Hillebrandt and Bruno Leibundgut 25

2/1/2020

12



Total energy content of the universe

* Adding all densities relevant today together

Dark Matter

Dark Energy

Planck
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What is the Dark Energy?

» Cosmological constant/vacuum energy?
Consistent with data. But: Why is it so small?
« Some scalar field?
Use it for inflation. Why not for the DE also?
« Can we determine its nature?
In principle, yes, by mapping H(z) with very
high accuracy.
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The quantum vacuum acts like a gas of negative
pressure!
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Cosmology Recap: Timeline of the Universe

777 | | e—

I Backed by experi-

“ony,
e
N 0 I ment & observations
35 '3‘\\ 557 SS
10" PN 7 SO —"7)
30 \ / \ i’é,
10 : Sy
25 . =
10 r : &% &
e 8 B 5 N
210 | g N 9
3 3 = §
g 15 5 g N @
10 F g : & 3 &
g o 8 HNE : § &
wie. Hi | & &
9 : o — i~
LUN S : -
1 Ly L ! I gL L |
50 40 30 -20 -10 10 20
0 10 10 10 ho 1 10 10
Time (seconds)
TUM WS19/20 Cosmology 13 Wolfgang Hillebrandt and Bruno Leibundgut 30

Cosmology Recap

* Define the involved forces

— Gravity: General Relativity
Einstein’s Field equations

| &G
R,uv _Egva _Agyv =—0T

4 v
c

— requires metric g,, (RW) and sources T (IF)
Possible problems:

— is General Relativity the correct theory for
gravity? Other forces than gravity relevant?
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Cosmology Recap

* Translate into observables
— connect to parameters that can be measured today

— distances
c(l4—z) dz
DL: oh( \j
P(12)= Ho1Q I 0O, (1+2) +Q,(1+2)' +Q, +Q (1+2)
sin(x) k=1
with S()=1x k=0
sinh(x) k=-1

— Hubble constant, curvature, densities, redshift
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Cosmology Recap

+ Use homogeneity and isotropy (metric) and a
“perfect fluid” for the contents

— leads to the Friedmann equation
(&) i a0
a a 3
— encodes the scale parameter (a),

expansion (H), the curvature (k) and the
total energy density (o)

« Problem:
— do we know all ingredients?
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Cosmology Recap

- @ |- @

S
i@
el

« Contents of the universe

— standard model of particle el eta e
physics g o

* baryons (quarks, gluons),
electrons, neutrinos (and their anti-particles)

* Problem:

— Is the standard model complete?

» Other particles? Dark matter particles?
Neutrino masses?

» Extensions to the standard model?
— supersymmetry and others

TUM WS19/20 Cosmology 13 Wolfgang Hillebrandt and Bruno Leibundgut 34

Comoving Distance (Mpc)

Horizon

10-10 Hubble Radius

(aH)-!

Radiation

10-20 |- Inflation Dominated

\ \
1 O -40 1 O -20 1
Dodelson a

Ny = s
Galaxien "y

tnerhalb

ung in mitbewegten Koordinaten —s

itferns

En

Inflation

Zeit baw, Ausdehnung bzw. abnehmende Temperatur ——

Niemeyer & Schwayz 2015

TUM WS19/20 Cosmology 13 Wolfgang Hillebrandt and Bruno Leibundgut

17



Cosmology Recap

« Expansion history

— free expansion in a matter-dominated
universe

— no other physical interactions influencing
the metric on a global scale

 Additional contents of unknown origin
— Dark Matter
— Dark Energy
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Cosmic Inventory

| name | demity | __EOSw |

baryons 0.04 =
CDM 0.26 =
radiation 0.0001 1/3
Massive neutrinos <0.05 ~0
Cosm. const. 0.70 -1
curvature <0.03 -1/3
Other ? 2 ’
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Time and scale parameter

* Depending on the dominant density the scale

parameter evolves differently

o 1 1 —~
5 0.1 1o =
-2' lO"e : Rndiauo:‘l:::nlnauon 102 g
= 10-3 100 =
v o, Matter Dominationd 104 &
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1 10 10%10%10410510°10710°10°10'°

Figure 1.2. Evolution of the scale factor of the universe with cosmic time. When the universe
was very young, radiation was the dominant component, and the scale factor increased as t'/?.
At later times, when matter came to dominate, this dependence switched to 123 The right

axis shows the corresponding temperature, today equal to 3K
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Thermal history of the universe

* A theorist plot!
— left 2/3 is the first second of the universe

Inflation

10

Targe
Scale
Log(kgT/GeV)
0

Structure

~ Radiation Era

Log(t/sec)

Dark Matter Cosmic
Production Microwave
Dodelson ‘Background

Figure 1.15. A history of the universe. Any epoch can be associated with either temperature
(top scale) or time (bottom scale)
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Cosmology Recap

« Thermal history of the universe
— interplay between expansion and reaction rates
* Boltzmann equations

mc?
k.T

B

* involves terms with

mc?

— thermal equilibrium <<1

B

mc?

KgT

— “freeze-out”

>1
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Cosmology Recap

* Relevant physics
— weak interaction for neutrino decoupling

e*e” annihilation, photon reheating
nucleosynthesis

* neutron decay (weak interaction)

* nucleon binding energies (strong interaction)

* H, D, He, Li
radiation-matter equality

« influences metric (a* vs. a3)
recombination

 atomic physics (Saha equation)

TUM WS19/20 Cosmology 13 Wolfgang Hillebrandt and Bruno Leibundgut
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. Event time ¢t  redshift z temperature T'
Ove IeW Inflation 1073 5 (7) - -
» Metric/expansion define  Buvogenesis ? ? ?
the Coohng EW phase transition 20 ps 10" 100 GeV
H QCD phase transition 20 pis 102 150 MeV
* Interactions modulate
: HH Dark matter freeze-out ? ? ?
the different transitions
. . Neutrino decoupling 1s 6 x 107 1 MeV
— weak interaction for
. Electron-positron annihilation 6s 2% 10° 500 keV/
the neutrino
. Big Bang nucleosynthesis 3 min 4% 108 100 keV
decoupling
Matter-radiation equality 60 kyr 3400 0.75 eV
— scattering between -
Recombination 260-380 kyr  1100-1400 0.26-0.33 eV
baryons and photons ,
Photon decoupling 380 kyr  1000-1200  0.23-0.28 eV
Reionization 100-400 Myr 11-30 2.6-7.0 meV
Dark energy-matter equality 9 Gyr 0.4 0.33 meV
Present 13.8 Gyr 0 0.24 meV

Daniel Baumann, Cambridge

Table 3.1: Key events in the thermal history of the universe.
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Cosmological Recap

» Metric perturbations
— creation?
« inflation is a good candidate
* spectral index ng possible signature
— Perturbations are required for
» temperature variations in the CMB

+ density fluctuations setting the growth of large
scale structure
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Cosmology Recap

» Some problems of the standard model of
cosmology

— Why is there more matter than anti-matter in the
universe?

* baryogenesis/leptogenesis
— flatness
— horizon
— topological defects (“monopoles”)
— Why is there a hot start to the universe?
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Density evolution

 Evolution of the density with time

Weigert, Wendker &
Wisotzki T STV A T TR S T o
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Time evolution

The same in English
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Coincidence problem 10 L ]
is shown here & D
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Scale Factor a(t)
Figure 1.3. Energy density vs scale factor for different constituents of a flat universe. Shown
are nonrelativistic matter, radiation, and a cosmological constant. All are in units of the critical

density today. Even though matter and cosmological constant dominate today, at early times,
the radiation density was largest. The epoch at which matter and radiation are equal is acq
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Coincidence Problem

* Theorists claim that we have a problem
« Today: Q, 03 1
Q, 07 2
* There is no good reason why it should be so
close to 1
— see curves in the previous figures
* However

TUM WS19/20 Cosmology 13

QM _(Q_MJ [(1+Z)3j e g [%] ZS*(QM] ~4
Q/\ QA 7=0 1 e QA z=1 QA z=0
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Topics not covered
* Polarisation in the CMB

y
— Planck results Quadrupole
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Topics not covered
« Weak shear/weak gravitational lensing

— distortion of background images by
foreground structure

— used to get distances to billions of galaxies

TUM WS16/17 Cosmology 14

Wolfgang Hillebrandt and Bruno Leibundgut
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Topics not covered

» Redshift distortions
— redshift do not fully reflect the spatial distribution

00
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Topics not covered

» Redshift distortion
— Finger of God effect

CfAZ2 First 8 Slices
B5 £ 4< 425

<myg < 166
Copyright SAD 1938
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Topics not covered

« Redshift distortion
— Finger of God effect

— compression on the
outside

-20 0
<22 0600 i = 2dFGRS Nature 2001 o / h™"Mpe
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Topics not covered

+ Unification of quantum theories with GR

— fundamental difference between the
quantized description of the world and the
field theory as represented by GR

—requires higher dimensional theories

* supersymmetry
— every fermion has a corresponding boson
» e.g. squarks, selectron, sneutrino
— every boson has a corresponding fermion
» photino, Zino, Wino, gravitino
* LHC is searching for these

TUM WS19/20 Cosmology 13 Wolfgang Hillebrandt and Bruno Leibundgut
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Multiverses

» Attempt to avoid the Anthropic Principle

— “The universe has the right attributes to
allow (human) life”
« this applies e.g. to physical constants

— If there is a single universe, why would it
be made to sustain life?

» Invoke a statistical principle

— If our universe is just one out a large
number then it is not surprising that we are
living in one that allows life
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Multiverses

« Difficult (impossible?) to prove wrong?
— how would we observe another universe?

» our horizon much smaller than the universe
(inflation!)

* imprints of other universes in our?
— causality issues

 Philosophical argument
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Future cosmology

* Main problems
— Dark Energy

» cosmological constant or decaying particle field?
— equation of state parameter, deviations from w=-1"7?

— Dark Matter

« direct detection of the dark matter particle
— LHC, underground experiments, annihilation signals

— Testing inflation
« gravitational waves

* signature in CMB polarisation
— tensor to scalar ratio
— awaiting future Planck analysis
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Future cosmology

» Constrain Dark Energy
— search for

W
— large surveys
» Type la Supernovae
— sample size > 103
» weak lensing
— >10° galaxies
* baryonic acoustic oscillation
— a few 105 redshifts
* redshift distortions
— a few 105 redshifts
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Future cosmology

* Dark Energy

— large surveys
» Dark Energy Survey

» Large Synoptic
Survey Telescope
(LSST)
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EUCLID

 ESA satellite

— Investigate 15000 square -
degree oAk
* ~half the sky o

— Use weak lensing and acoustic ba'r'yohic
oscillations to determine w (and a possible
time dependent w(t)

— Determine growth of structure
— Test General Relativity

TUM WS16/17 Cosmology 14 Wolfgang Hillebrandt and Bruno Leibundgut
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Future cosmology

» Astroparticle physics
* Fundamental constants
— changing with time?

. 1 €
* fine-structure constant a=

4me, e
* e.g. variable speed of light ¢

» changes in Newton’s constant G
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There is a theory which states that if ever anyone
discovers exactly what the Universe is for, and why
it is here, it will instantly disappear and be replaced
by something even more bizarrely inexplicable.

There is another theory which states that this has
already happened.

Douglas Adams
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