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Wat denken jullie is het verschil tussen donkere materie en donkere energie?




Wat zit er in het heelal ?

stars in galaxies
7%

cold gas in galaxies
1.8%

hot gas in galaxies
5%

hot gas in galaxy
clusters

4% e Straling

ordinary matter
5%

 Materie
coolintergalactic gas
28%

“dark matter
o 5% :
i, * Donkere materie

Dark sector

dark energy
70%

Y -intergatacticgas * Donkere energie
15%

ESA - The cosmic budget of ‘ordinary’ matter



https://www.esa.int/ESA_Multimedia/Images/2018/06/The_cosmic_budget_of_ordinary_matter

Hot big bang model

* Heetdicht begin (niet in evenwicht)

* Procesvan afkoeling (streven naar evenwicht) via
diverse overgangen.

* Afkoeling gaat gepaard met uitdijing

* In het begin inflatie = heelal is vlak

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

AT i 2 BT DAY B :

Inflation_ ) "‘*: &%ﬁyg

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

NASA/WMAP Science Team




Theorie huidige heelal model

isotroop & homogeen (bewegende) ideale ‘vloeistof’

®

Algemene relativiteitstheorie

Kosmologische constante
./ \ 1917

-t 0 0 0
0 plt) 0 0
0 0 pit) O
0 0 0 pt)

toestandsvergelijking
p(t) = wc?p(t)

r Schaal factor als functie v.d. tijd

dr?
ds? = —c2dt? + a(t)? +1r2(do? + sin20d¢2)>

1—kr?

/

Alg. krommingsparameter

Evolutie wordt ‘eenvoudig’beschreven door een
schaal parameter a(t) en energie dichtheden (;

-Qi _ pi(t) _ 87TGp12(t) Z 'Qi =1
pC 3I-IO i

Hubble parameter:

1 da(t) .
@) =20 a =H0jzﬂia S

Meten metroodverschuiving z+4+1= 2@
a

H(z) = HyE(z) E(z) = JZ Q;(z + 1)3@+wy)




Evolutie van de componenten

0,(t) = pi(t)
— 2 i\t) =
p(t) = wcp(t) Pe
1%
Radiatign
. densit
O, niet i ity
8. 8 g _ 107 —
relativistisch w=0 °
(materie) .
W 1010 Matter-radiation
C'JE crossover point DARK
Dalande Energiedichtheid > ENERGY-
Q 1.0 \{ -15 MAT]-ER_ DOMINATED
i e 27T RADIATION SRl D
P . 5“ = (] =
relativistisch o w=1/3 S DOMINATED Matter
(straling) ", O 02 density
} |, Constants Energiedichtheid 10—25 |
(), vacuum . S
. El‘l.&
(kosmologische jo w=-1 109 Dark energy |density
constante) " S o T R TR A M TN N SN W o -
a0 1.2 1.4“m1.s 15 20 1 02 1 04 _1 06 1 08 1 010

Time since Big Bang (yr)

©2011 Pearson Education, Inc.

‘vlak’ heelal: ()., +Q)...;+ Q=1
m rel A H(Z) _ HOE(Z)

E(Z) = z .Qi(Z I 1)3(1+Wi) ‘ E(Z) = \/Qrel,o(l + 2)4 + -Qm,O(l + 2)3 + -QA,O
i




Cosmic microwave background

CMB: ondersteuning vlak heelal

Plank satelliet (2009 -2013)

Kaart van de 3 Kelvin achtergrond straling (baby foto heelal)
8000r " 1 1

soor . t Planck best-fit 4

a

If universe is closed,
“hot spots” appear
larger than actual size

’ "
. ‘ ) v
v o 4
n ~

‘-
t".q,

t
»
o .

b If universe is flat,
“hot spots” appear
actual size

¥

¢ If universe is open,
“hot spots” appear
smaller than actual size

3000} I ] Positie grote piek

P
<«

£(£+1)Cy/2r  [uK?)

2000

1000 -

y . ‘ J
1 10 50 500 1000 1500 2000 2500

Multipole moment £

Piek 1: totale energie dichtheid
Piek 2: verhouding piek 2 en piek 3: baryonische materie
Piek 3: dichtheid (donkere) materie

Vlak heelal: evenwijdige lichtbanen blijven evenwijdig

Shape of the universe - Wikipedia



https://en.wikipedia.org/wiki/Shape_of_the_universe

Heropleving kosmologische constante A 2> Q,

A terzijde geschoven want expanderend heelal = Einstein-De Sitter heelal (vlak heelal met alleen materie, 1932)

SUPERNOVA HUBBLE DIAGRAM " Dark Fnergy Survey (DES)
Jaren 60/70: Q,, =1 & Q,,~0.2-0.3 = heelal vlak dus ‘missing mass’

Zoeken naar deze massa met preciezere waarnemingen § " feingUniverse

(terugkijken met hogere roodverschuiving z) fFavoted byjihe

Dark Energy Survey
supernova data
(35% matter,
65% dark energy)

The high-z team (Adam Riess) Qo = ——
meten Type la supernovae

Non-accelerating Universe
(100% matter)

Q
Q
Supernova Distances (Gigaparsecs)

0.6

Redshift = Supernova

Riess mat een negatieve massa
- Q, weer een optie

| has been picked to lead analysis of all data (16 SNe) to date....

“Eureka Moment” came when calculating the mass of Universe implied by
the deceleration (q,>0) of our supernovae, assuming no cosmological constant (Q,=0)

1
do =Eﬂm_-QA

Q, werkt tegen (w=-1). Tegendruk

Microsoft Word - shawlecture.doc

An interview with Nobel Laureate Adam Riess | EP News l S il This negative sign represents 70% of Universe!

Dec.1998



https://www.stsci.edu/~ariess/documents/Shaw%20Prize%20Lecture_web.pdf
https://ep-news.web.cern.ch/content/interview-nobel-laureate-adam-riess

Interpretatie A als Dark energy

1. Static Vacuum Energy, (the cosmological constant)
A constant energy of empty space, expected in QM, 5 | e

RADIATION-

consequence in GR--repulsive gravity, now Qg 2 Q, ;| mowmon o
(but the coincidence problem & the 10'2° problem) v

2. Dynamical dark energy =
N Time since Big Bang (yr)

A field with energy pervades space, changes with time

(e.g., “inflation-lite”) o |
T |
3. Modification to GR—Ilong range A

Maybe GR fails at long range, modification as scale approaches
present horizon

Tests of all 3: is DE strength constant, evolving, scale-dependent?

Adam Riess Nobelprijs presentatie



Donkere energie als vacuum energie (een echte kosmologische constante)?

Vacuum energie als nulpuntsenergie van ‘alle’ kwantumvelden.

Kwantumveld met hoogste energie meeste impact pe /*"
- Planck of GUT schaal ’\ 2 ‘ﬁ/

Cammw}’ Vacuum/

plies fluctuations

Nulpuntsenergie door onzekerheid

E h The Casimir effect, aantrekkende werking
p=- C
ApAr~h —— AE~—
Ar = lpl lpl
Vaculum energie 120 orde groter dan waargenomen Q,
Vacuum energiedichtheid
AE hc hG
~ ~ & s —_—

Archimedes experiment

Heeft deze ‘energie’ wel invloed op de gravitatie?

Cosmological constant problem - Wikipedia

The Cosmological Constant - Sean M. Carroll How Much Does 'Nothing' Weigh? | Scientific American



https://en.wikipedia.org/wiki/Cosmological_constant_problem
https://www.scientificamerican.com/article/how-much-does-nothing-weigh/
https://ned.ipac.caltech.edu/level5/Carroll2/Carroll1_3.html

Hoe zouden we DE en eventuele verandering dan kunnen waarnemen, wat zouden we dan moeten doen?




~

NRC10april2024: - -

\“Opwindend nieuws voor sti;i: donkere energie gédraagt zich mogelijk anders dan verwacht”

N N
~

~ N ~
N ~ ~ -




Dark Energy Sp_e_c:trvo\sc,Q;|,3{i_c:-,~ Instrument (DESI):




The DESI instrument is equipped with thousands of robotic
fibers to dramatically speed up data collection

I | DARK ENERGY
SPECTROSCOPIC

' INSTRUMENT

5000 robotic positioners




Baryon Acoustic Oscillations (BAO) and type-la supernovae

B DARK ENERGY - H i
/s | Baryon Acoustic Oscillations (BAO)

us f),,.(_.;,‘..,.-- of E.,‘,‘.'.' Ofice of Science

The distance-redshift relation can tell us about the nature of Dark Energy

Standard Candles Standard Rulers
(Supernovae, SNe)

Image credic: NASAIPL-Caltech




Wat zijn de verschillen tussen een Standard Candle en een Standard Ruler?




Cosmic Ruler (BAO)
“BAO bubbles”

Angular scale
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Cosmic web




Cosmic Ruler (BAO)

Mass Profile of Perturbation

Mass Profile of Perturbation

Cosmology Research
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What is the Acoustic Peak?

Temperature power spectrum

6000 |

5000

4000

3000

2000

1000

Angular scale

18° 1° 0.2° 0.1° 0.07°
f *\
‘ 1000 1500 2000 2500

Mu|t| pole moment, /

BAO piek

¥

>
(%)
[
[7]
=
&
&=
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Correlation function (astronomy) - Wikipedia



https://lweb.cfa.harvard.edu/~deisenst/acousticpeak/acoustic_physics.html
https://scholar.harvard.edu/deisenstein/book/export/html/28634
https://en.wikipedia.org/wiki/Correlation_function_%28astronomy%29

BAO bubbles: hoe te meten?

>
Q
[ =4
Q
=)
o
@
—
w“

|
separation

5 @ Z dz’'
M(Z)—H—Ofom

H(z) = HyE(z)

E(Z) = J .Qm,o(l + 2)3 + QA,O

H{ INSTRUMENT

. DARK ENERGY ° . .
alisaesere | Baryon Acoustic Oscillations (BAO)

Opao = Ta/Dy(2)

‘s:B:\() = rd,I(:)/(.

Dy4(z) and H(z) encode expansion history of the Universe




Invloed donkere energie is alleen ‘recentelijk’ te merken

Planck waarneming CMB:

* gevoeligvoor inflatie en materie versus straling, BAO
* niet zozeer donkere energie (wel late time SW effect) \_Y_}
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Sachs—Wolfe effect - Wikipedia



https://en.wikipedia.org/wiki/Sachs%E2%80%93Wolfe_effect

Waarneembereik supernovae techniek en BAO techniek

Evolutie energie dichtheden materie (Q),) en donkere energie (Q2,)
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Waarom zijn BAO en SNe complementair?




“Vereenvoudigd” overzicht resultaten van de eerste data release DESI

1.3

1.1 1

1.0

BGS: Bright Galaxy Sample (0.1 <z<0.4)

LRG: Luminous Red Galaxy Sample (0.4 <z < 0.6)

LRG: The Luminous Red Galaxy Sample (0.6 <z < 0.8)
LRG+ELG: The combined LRG and ELG Sample (0.8 <z<1.1)
ELG: Emission Line Galaxy Sample (1.1 <z < 1.6)

QSO: Quasar Sample (0.8 <z< 2.1)

Lya: Lyman-a Forest Sample (1.77 <z < 4.16)

0.9 1

0.8 4

Distance measurement relative to ACDM

=
-
- ———
s —-————— -

==== DESI wgw,CDM

Yl

o0

7 8 9 10
lookback time [billions of years|

DESI’s Hubble diagram plots a characteristic pattern — baryon
acoustic oscillations, or BAO “bubbles” — at different ages of the
universe. The amount of dark energy determines how fast the
universe grows, and therefore the size of the bubbles. The solid line
is how big Lambda CDM predicts the bubbles will be, while the
dashed line shows the prediction from a different model where dark
energy evolves with time. DESI will gather more data to determine
which model is a better description of the universe. (Credit: Arnaud
de Mattia/DESI collaboration)




Hint van afzwakkende donkere energy
CPL parametrisatie om verandering te testen,
niet om een fysische verklaring te geven

0 "M DARK ENERGY

§/ s | DESI BAO and Dark Energy w(@) = wo + w1~ @) = wo + wy = —
a6 Z

oo of Science

ACDM is here Chevallier-Polarski-Linder (CPL) parametrization (20017)

Level of discrepancy with
ACDM cosmological H(z) = HyE(z)
constant DE from

DESI BAO + CMB + * E(z) = J O o(1 4+ 2)°

Pantheon+: 2.56

- : 3.90
DES-SNSYR: . Hl DESI BAO + CMB + PantheonPlus

*Bayes factors and other metrics i DESI BAO + CMB + Union3 Evoluerende donkere energie?
I r metncs In paper
2 e BN DESI BAO + CMB + DESY3

~1.0 —0.8 —0.6 —0.4 Qpo— Qpo(1 + 2)3MHWetW,) o=3w,2/(z+1)

wo

Hints of “thawing” dark energy

SNe la surveys: PantheonPlus, Union3 and DESY5




Nauwkeuriger bepaling QQ, door combineren diverse waarneembronnen

Qp
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1.2 5

(=]
Sy

a5
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Union3 and UNITY1.5 paper (2024)
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Inverse cosmic distance ladder (redshift drifti.p.v. BOA)

K1D-11 T T T T T T
Directe meting van H(z) 25| m————
— ACDM
2r 52.":1.[] ]
e [ =025
1.5 m 1
E_?'“=D.35
-I-F':I _
= S U SO WU S, N
N 1.92
. . 0.5 -
Redshift drift:
z=Hy(z+ 1) — H(2) ll 1
15 -
H(2) = HoE(2) |
E(Z) == \/Qm,o(l -+ Z)3 == QA,O 25 ]
0 0.5 1 1.5 2 25 3

Zy

Standard rulers, however, use a reverse distance ladder which does not directly measure HO. Instead, measurements are
made of H(z) (the Hubble parameter at redshift z), and a cosmological model is used to infer the value of HO.




Toekomstige waarnemingen

* DESI

* EUCLID
*  Rubin

* Roman
* ELT

DESI with combined efforts of Euclid, = 5
ELT. R d Rubin will usher i Extremely Large Telescope (ELT)
e nivimeiisminh (redshift drift, SNe, BAO, weak lensing,

new “golden age” of Cosmology DESI (survey, BAO, 2019) 2028)

Nancy Grace Roman Space Telescope
(survey, weak lensing, BOA, SNe, 2027)

EUCLID (survey, weak lensing,
BAO, 2023)

Vera C. Rubin Observatory
(survey, SNe, BAO, weak lensing,
2025)




Is donkere energie een idee of werkelijkheid?

Wat vinden jullie?

Welke fysische verklaringen zouden er kunnen zijn voor DE denken jullie?




Mogelijkheden voor DE

Scalaire velden, Quintessence

Interacting (decaying) dark energy/dark matter
Early dark energy (EDE)

Modifications to General Relativity

Timescape/inhomogeneous cosmology (loslaten
homogeniteit/isotropie)

Non singular BH coupling to DE (cosmologically
coupled black holes - CCBH)

Rekening houdend met de ruimte die de waarnemingen
(CMB, BOA, SNe, etc) bieden

Dark sector
(boeket van componenten en interacties)

Inhomogeneous cosmology - Wikipedia

New supernova analysis reframes dark energy debate

Nonsingular black hole models - Wikipedia

Black holes that form in 'reverse Big Bang replays' could account for dark energy | Space



https://en.wikipedia.org/wiki/Nonsingular_black_hole_models
https://en.wikipedia.org/wiki/Inhomogeneous_cosmology#Timescape_cosmology
https://phys.org/news/2017-09-supernova-analysis-reframes-dark-energy.html
https://www.space.com/dark-energy-black-hole-connection

Changing DE, fysische interpretatie An Introduction to Cosmological Inflation - A.R. Liddle

Quintessence (physics) - Wikipedia

-t

: 1.
Scalaire velden, p  Eun—Epot 79> —V(®)

* Quintessence W=—=
- Inflatie P BT EPOL 242 4y (g)
* Higgs

The kosmologische constante heeft een constante w=-1
terwijl quintessence een dynamische w heeft

. w<-1 geeft negatieve kinetische energy, ook fantoom energie
] genoemd. Omhoog rollen in het diagram

1] &l &2
|4 ] ,.
(@) : V(o) inflaton
ol A 56
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] 02 _?)_>

; 63 (¢

: —r1 r 1 11 "t 1t 1 r 1 r T 1 r T Tt 1] 'q)'

Quintenessence voorbeeld potentiaal U
—— i : > ¢
inflation reheating

end
Phantom energy — Sean Carroll



https://en.wikipedia.org/wiki/Quintessence_(physics)
https://www.preposterousuniverse.com/blog/2004/09/13/phantom-energy/
https://ned.ipac.caltech.edu/level5/Liddle/Liddle5_1.html
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