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Recap of Lecture 4 ﬂ(IT

Karlsruhe Institute of Technology

B Friedmann equations for expanding universe

- cosmological constant A # 0 (3.6 GeV /m? vs. 101 GeV /m3)

at)) 8 kc?
- integration of acceleration eq.: Hubble param. H?(t)=| —2| ==zGp(t) -
) : " R (a(t)j 37" "3
- universe appears to be flat: curvature k = 0 (brief inflationary epoch?)
- three cosmological epochs: radiation / matter / vacuum

- total energy density 2,;,; = 2,,, + 2,. + 2y + 2, (= 1, if critical density)

- definition of Hubble time t, = (Hy)~' = 13.8-10° yr (uniform expansion)
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Recap: parameter a(t)Afor different models

B Cosmological models
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Scale parameter a(t) for different models

ﬂ(IT

k=0 Karlsruhe Institute of Technology
B Cosmological models ’
Can | use a 5o Qeor =
. = 2 \
cosmological clock 2 = N W7
S L
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Topology, scale paramAeter a(t) & the oldest stars &("’

B A famous paradox

3.0 [—
example: red giant
star HE 1523-0901
age: t =13.2-10% .0 L

scale parameter
a(t) [rel.units]
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Karlsruhe Institute of Technology

- a universe with (., = 1 or with
., = 0.3 only would be younger than
the oldest starts (age by "nuclear
clocks’), apparently a paradox

further hintfor4A+0

- very long-lived nuclear
decays can be used as
cosmo-chronometers
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Topology, scale parameter a(t) & the oldest stars A\‘(IT

Karlsruhe Institute of Technology

B A famous paradox due to nuclear clocks in star HE 1523-0901

- nuclear & particle
physics: very important
methods for cosmology

HE 1523-
0901

13.2 - 109y
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Evidences for A # 0 & expansion with a(t) > 0 QAT

Karlsruhe Institute of Technology
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Evidences for A + 0 & existence of dark energy A\‘(IT

M Observed brightness of SNae &

evolution of the scale
parameter a(t)

- SNae type la can be observed
up to redshift z =1 [ a(t) ~ 0.5 ]
via spectroscopy of atomic lines

- comparison of
absolute SN-brightness M
with apparent brightness m
= distance modulus m — M
= sensitivity to SN-distance r
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Analysis of data from SNae: a discrepancy? Q(IT

DARK MATTER AND ENERGY | RESEARCH UPDATE Karlsruhe Institute of Technology

B Dl fferent resu |tS (20 19) Of d ata sets frO m Dark energy debate reignited by controversial analysis of

supernovae data

SNlae: A. Riess vs. S. Sarkar

> 60 ewdence for a(t) >0

perform your own analysis

~ 1.4 o "evidence’ for a(t) > 0
~ 3.9 o evidence for local motion!

Fading candle: remnant of a type la supernova called SNR 0509-67 5. (Courtesy: NASA/CXC/SAO/) Hughes
etal/ ES VHubble Heritage Team)

The mysterious substance known as dark energy thought to be pushing the universe apart at
ever greater speeds may be nothing more than an artefact of our acceleration through a local
patch of the universe. That is the controversial claim of a group of physicists who reckon they
have found flaws in the evidence underpinning the Nobel-prize winning discovery of cosmic
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https://github.com/astrocatalogs/supernovae

Global data set for Q,,, & Qy

B Actual best fit values

- combining data sets for:

- SNla brightness
- CMB analyses
- galaxy clusters
- “orthogonal” methods:

- CMB analyses (3K):
sensitive to Q;,; = 2,,, + 2y

- SNae-brightness:
sensitive to value 2, — 2,
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Global data set for Q,,, & Qy

B ACDM concordance model
of cosmology

Dark
Maltter
26.8%

Dark Energy
68.3%

Ty = 13.73 - 10°yr
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Karlsruhe Institute of Technology

CHAPTER 3 - ; |
THERMAL UNIVERS skl
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Overview: thermal history of the universe &(IT

A Karlsruhe Institute of Technology

B An expanding universe is cooling down e

expansion

Cosmic Microwave Structure
Background radiation formation

- shortly after Big Bang: Accelerators s visble N . Dark Energy

b\e un'werse

t~10"3%¢
T ~ 10%° eV

- present universe: ~ ;
t~13.8- 10% yr y B T o\ T e
T ~1073 eV ; : e A N AR . -

- here: focus on radiation- | ' 4 | Dark Matter
dominated universe, ' °

\
uptot~47000yr radiation-dominated
universe
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Evolution of temperature T in expanding cOSMOS &("’

Karlsruhe Institute of Technology

B What is the relation between the scale factor a(t) & temperature T ?

earlier (smaller & hotter) universe
a(to) — 10

T(ty) =7 \i H o a]+ ' expl. dat]a ]

i ‘T;_ black body |
v =
=
- photon wavelengths are =
blue-shifted for ¢ < t, =
3

- universe = perfect black body = S

= temperature T from Planck-distribution 2 4 6 8 10 12 14 16 18 20 22
frequency v [cm™1]
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Evolution of temperature T in expanding cOSMOS ﬂ("’

Karlsruhe Institute of Technology

B What is the relation between the scale factor a(t) & temperature T ?

a(to) — 10
T(ty) =2.7K
400 . | 1 — 1
Ll 5 - —+—  exp. data |
I:‘?, o0k - black body |
s
>
- universe = perfect black body < |
= temperature T from Planck-distribution P A A A A

2 4 6 8 10 12 14 16 18 20 22
frequency v [em™1]
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Evolution of temperature T in expanding cOSMOS &("’

Karlsruhe Institute of Technology

B Wien’'s displacement law and the Cosmic Microvave Background (CMB)

- relation between temperature T' &
maximum emittance A,,,, of 1084/

thermal radiation bath (Planck) Q
57
Amax T =2.8978 mm K E N:. 104
o
- adiabatic expansion of cosmos (z) "§ >
& CMB-photons of frequency v 5 g0
T,(z) =T,(z=0)-(1+ z) _ W/ [ | ek
0.1 1 10 100
hv(z) = hv(z=10)-(1+ 2) photon wavelength A [um]
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Evolution of temperature T in expanding cOSMOS A\‘(IT

Karlsruhe Institute of Technology

M Observational evidence for an increase in temperature T at earlier times t

- effect: thermal excitation of Cyan (CN) molecules due to earlier,
hotter CMB radiation (= stronger excitation)

14;' ]
E T increases . 1
~ [ s .
x 10F E _ L
— - . - Ay
6F L% ¢
: E I i N
_ b
2F ] Y e N AN AN
12 10 8 6 -4 o o radio-astronomical
t —ty (10° yr) observations of distant clouds
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http://upload.wikimedia.org/wikipedia/commons/1/1a/Cyanide-ion-3D-vdW.png

Evolution of temperature T & energy conservation &("’

Karlsruhe Institute of Technology

B Adiabatic expansion of the universe: a cornerstone of cosmology

T increases
T decreases

A. Einstein adiabatic cosmological expansion J. Stefan L. Boltzmann
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http://commons.wikimedia.org/wiki/File:Jozef_Stefan.jpg

Evolution of temperature T as function of t & a(t) &("’

Karlsruhe Institute of Technology

B Connecting two descriptions: photon bath & thermodynamical ensemble

time t temperature T
2
—_ —_ 72- 4
p,({t)=N (t)-E, (t) p,(T) = TS (kgT)

photon bath: ensemble:

photons as photons as

elementary thermodynamical

particles ensemble

A. Einstein J. Stefan L. Boltzmann
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http://commons.wikimedia.org/wiki/File:Jozef_Stefan.jpg

Evolution of temperature T as function of t & a(t) ﬂ("’

Karlsruhe Institute of Technology

B Connecting two descriptions: photon bath & thermodynamical ensemble

p,()=N (0)-a(t)”-E,(0)-a(t)”

p,(t)~a(t)™ p,(T)~T(t)*
| | T 1 1
Big S e, b T(t) ~ ~
Bang o Tob ( ) a(t) \/{

evolution of temperature T ina o
radiation-dominated universe
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Properties of the radiation-dominated universe ﬂ("’

Karlsruhe Institute of Technology

B Temperature scale T(t) and energy scale E(t) of CMB photons

- Important conversion factor: A ) Q,=Q,
. T(t)~— t ~50000
10*K & 1 eV 1010 F =~ ® Jt , 4
—~ - ; . matter-
(11605 K) 3 106 | . dominated
i ' universe
10°K > '
T(t)= 5 107} :
t[s] & - |
102} radiation-dominated
~ 1MeV i universe
JI[S] ' : ' ' —

1077 103 10* 10° 10° 1013
att=1s & T =1MeV time ¢ (s) Q,=6-107°
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Matter-dominated universe

AT

Karlsruhe Institute of Technology

W After t ~ 50 000 yr: evolution dominated by matter (dark matter, baryons)

- two key players today:

Dark Matter:
graviational attraction

Dark Energy:
anti-gravitation
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energy (eV)
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Radiation-dominated universe: Particle Zoo

AT

Karlsruhe Institute of Technology

M Particle production during the Big Bang

= heat bath = ~ ~ - ‘:?\pr?tons
particle interactions ‘1*013 \—r"'iffj
via strong & electro- P
. . D ) g:&o
weak interactions \%_)/ 106 °
WA ¢ » . > .
o 10?2 . SM particles
-
)
102} radiation-dominated
i universe

107 103 101 10° 10° 1013
time t (s)
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Radiation-dominated universe: Particle Zoo &("'

Karlsruhe Institute of Technology

M Particle production during the Big Bang: thermal production

- heat bath: T~e hadrons
p_artlcle Interactions oD
via strong & electro-
weak interactions i 106
. > -
- thermal production > 1l hadrons
oy - . -
- annihilation @ " . _
102} radiation-dominated
i universe

107 103 101 10° 10° 1013
time t (s)
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Radiation-dominated universe: Particle Zoo ﬂ("'

Karlsruhe Institute of Technology

B Particle production during the Big Bang fermion bosons
‘ generatlon—\ { “
1 2 3
Leptons: 103 Higgs |
102 ©r® st
~ 101 cottom Y -
~ charm .
%—‘ 100 'Y Tau @
~ strange
@ 101 0®
© down/ |Mmuon
£ 102—@
103 i
o
electron
104 PR RN _- | massless
-~ U AN ag bosons
a |[® gluon
hot
Vs “_".)2 Vs ® photon
9
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Radiation-dominated universe: Particle Zoo &("'

Karlsruhe Institute of Technology

M Particle production during the Big Bang: annihilations

- heat bath: ~ S
p_artlcle Interactions 0T Y
via strong & electro-
weak interactions 3 108
) P
- (@)
thermal production S 10
“y . -
- annihilation O - .
102} radiation-dominated
i universe

107 103 101 10° 10° 1013
time t (s)

26 Dec 1, 2022 G. Drexlin — Cosmo #5 Exp. Teilchenphysik - ETP



27

Radiation-dominated universe: Particle Zoo

AT

Karlsruhe Institute of Technology

M Particle production during the Big Bang: annihilations

anti-matter

3 Sacharov-criteria

' matﬁer
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Radiation-dominated universe: Particle Zoo ﬂ("'

Karlsruhe Institute of Technology

B Particle production during the Big Bang: annihilations

ppnn

- In case of perfect CP N

symmetry: no matter left PREASCEREPITE I v
in universe DU B O RORESV R Rery I

—~ - |

> 108} CMB

\—r/

g i

(@))

5 102 Y

c

m i . . .

102} radiation-dominated
i universe

107 103 101 10° 10° 1013
time t (s)
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Radiation-dominated universe: Particle Zoo &(IT

stitute of Technology

M Particle production during the Big Bang: annihilations

- In case of perfect CP
symmetry: no matter left
INn universe

p
U U

p
<4 v

/ | You VIOLATE .
Cp SYMMETRY
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Radiation-dominated universe: Particle Zoo ﬂ("'

Karlsruhe Institute of Technology

M Particle production during the Big Bang: origin of baryon number violation?

- universe with a net
baryon asymmetry n

n=(6.14+0.24)-10"10 annihilation processes p + p
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Radiation-dominated universe: Particle Zoo &("'

Karlsruhe Institute of Technology

M Particle production during the Big Bang: decays

- heat bath: ~ S
p_artlcle Interactions oD
via strong & electro-
weak interactions i 108
) P
- (@)
thermal production 2 10
oy - . -
- annihilation v - .
102} radiation-dominated
i universe

107 103 101 10° 10° 1013
time t (s)
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Radiation-dominated universe: Particle Zoo ﬂ("'

Karlsruhe Institute of Technology

M Particle production during the Big Bang: WIMPs

- heat bath: R /@

particle interactions ~
generate dark matter R,

102 Y
‘*‘ _ft. Mt' 102 radiation-dominated
eptons

e e i universe
. i Antiprotons

N

Supersymmetric N ° ) }
neutralinos Bogls Mrotons 10 7 10 3 101 105 109 1013

Decay process m—) tlme t (S)

o
of
/

Low-energy photons Positrons
Quarks _  ~_~_

Medium-energy K
gamma rays

Dark Matter
dominated
universe

energy (eV)
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Radiation-dominated universe: Particle Zoo ﬂ("'

Karlsruhe Institute of Technology

M Particle production during the Big Bang: WIMPs
~ -

- heat bath: S S le’

particle interactions S
1019 <
generate dark matter B
N\
N
<~ > 107 _ 7
g i
! @ 5 ol ,Y Dark Matter
5 Higgsino & dominated
(D) B .
SV, Y ~ 102} radiation-dominated HNIVETSE
Voo Vuo V| £ SUSY*. ) universe
'~ ._ - A & N | . | ! 1 |
e u T \ (W par“CIeS 1077 10-3 101 105 109 1013
squarks . sleptons ' gauginos time ¢ (S)
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Radiation-dominated universe: other processes &("’

Karlsruhe Institute of Technology

B Non-thermal processes: sterile neutrinos

~0.04 eV [/ ~GeV

- particles with no cou!oling N oV,
to heat bath: production Lok o Stml_ 3.3
via oscillations in case of B = peutring’ neditino

. . N\ |

sterile (RH) neutrinos E 106 | :

é ~ |

1

g 102 :

(b} [~ |

102} radiation-dominated
i universe

107 103 101 10° 10° 1013
time t (s)
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Radiation-dominated universe: other processes &("’

Karlsruhe Institute of Technology

i AXIONS
B Non-thermal processes: axions

- particles with no coupling N
,“\ ;
> axi ' &
tq heat b?.th axion pr_oducﬂon 1010 F~ b o
via breaking of specific | e
. . N\
(Peccei-Quinn) symmetry 3 108 |
= i
(@)
> 1o Y
-
q) ] . . .
LA 102} radiation-dominated
PARTICLE % v i universe
& T REGULAR MATTER. j ' ' ' '
e 107 103 10t 105 10° 1013

INTO PHOTONS IN
A MAGNETIC FIELD

NAMED BY ME, PHYSICIST \

time t (s)
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Radiation-dominated universe: Nucleosynthesis ﬂ("’

Karlsruhe Institute of Technology

M Nuclear reaction during the Big Bang: light elements

Y
"
-t=1..3min PG _— n
A I:;}\\ D
-T = 10°K 10«
10 e ¥ p J\‘z‘:} o ;
N ™~ /.-' D
-E =~ few keV K| -
f 3 106 He — 3
- fusion of light isotopes: > -
3 4 71 - o2
D, "He, "He, 'Li, ... o 102
c
= i
102} radiation-dominated
@ @ D i universe
G ﬁ’@@’ 107 10® 10! 105  10° = 10%
time t (s)
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Radiation-dominated universe: phase transistions ﬂ("’

Karlsruhe Institute of Technology

M During expansion & cooling of universe: phase transitions

- many examples:  ~< g !

A (e T Y=

100 f~<__ St .

Higgs mechanism ~ - “
- S, 10°)
QCD transition — !
| S 107}
plasma to atomic gas = I

102} radiation-dominated

universe

107 103 101 10° 10° 1013
time t (s)
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Radiation-dominated universe: phase transistions &("’

Karlsruhe Institute of Technology

® During expansion & cooling of universe: electroweak phase transition

~

- example: S S A
Higgs mechanlsm (TeV) 103 b=
= particles acquire _ e
noNn-zero masses E 106 |
g i
(@)
S 102}
-
q) i . . .
102} radiation-dominated
i universe

107 103 101 10° 10° 1013
time t (s)
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Radiation-dominated universe: phase transistions ﬂ("’

Karlsruhe Institute of Technology

B During expansion & cooling of universe: phase transition of QCD
guarks, gluons

- example: A
QCD at 150 MeV: 1010 k-
= quarks form hadrons: N
N\
T(MeV) o ~ 6l 3 |
<  QuarksandGluons | 2 " : hadrons
z Critical point? = 102f |
8, ' DGCO/',&:?“ : GC) :
| "‘%/ | o i ! L :
100-1 g Hadrons ’0"%; 102} | radiation-dominated
z o & i | universe
‘ ‘8% ?%di : | | |
/ Neutror.\ stars S:ll::tfég’g‘ 10 7 10 3 101 105 109 1013
Nuclei Net Baryon Density time t (S)
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Radiation-dominated universe: phase transistions &("’

Karlsruhe Institute of Technology

B During expansion & cooling of universe: phase transition of QCD

- example:
QCD at 150 MeV:.

= quarks form hadrons:

T(MeV)

200 Lgt ¥
5_ ~ Quarks and Gluons
%. Critical pqinf?;'
@~

. .
e,
Hadrons % -

4 —

100} 2
o) 5
(o) 5 d& -
& 2
- 2 %
A %
" ColorSupgr«
Neutronstars  conductor?
b 4 yyl
0 1 7/
Nuclei

Net Baryon Density
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Radiation-dominated universe: phase transistions ﬂ("’

Karlsruhe Institute of Technology

M During expansion & cooling of universe several phase transitions took place

- example: S S
plasma — atoms 100k =
= neutral atoms from, _ B s
different opacity fory’s = 108}
-/
> i
@ S
® - @ ‘W' T © - o |
% %%@ @ @ 102} radiation-dominated
. W % R s - i universe
- ® s A H H ! ! ! !
R el . O% 107 10 10! 105 109 103
*
+ . .
N @ time t (s)
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Radiation-dominated universe: freeze-out A\‘(IT

Karlsruhe Institute of Technology

W During expansion of universe: freeze-out processes are important

particles
Interact: propagate
(decay, annh.)| in expanding
| universe

— Big Bang

- characteristic phases:

- thermodynamical equilibrium:

Boltzmann-distribution
thermo-

_ _ _ _ dynamical
- Interactions with neighbours equilibrium

- freeze-out & de-coupling particle

freeze-out

- free propagation Hubble-

expansion
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Radiation-dominated universe: equilibrium AUT

Karlsruhe Institute of Technology

B During expansion of universe: phase 1 —thermal equilibrium

- all particle number densities Iin

comoving coordinates X = =t [ns] |
= density decrease due to the =) thermodynamical
expansion of the universe taken  § equilibrium
Into account -
a8
; =
po = p(t) - a°(t) g)
-
>
@) a
& - !
S % T [GeV]
r(t) =a(t) - x

cold
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Radiation-dominated universe: particle ensemble &("’

Karlsruhe Institute of Technology

B During expansion of universe: phase 1 — Boltzmann distribution

- particle species: production &

annihilation (thermal heat bath) = Tt [ns]
=2 thermodynamical
% equilibrium
@]
©
O
- particle number density N; defined %
by 2 free parameters: >
>
particle energy (mass) E; = M; - c* CEJ | j
Temperature heat bath £, = k- T O ! . ®r [GeV]
cold
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Radiation-dominated universe: particle ensemble &("’

Karlsruhe Institute of Technology

B During expansion of universe: phase 1 — Boltzmann distribution

- evolution of number density

—E; /kgT

Ny: primary particle number density

N;: actual particle (energy E;) number
density at temperature T

g;: intrinsic degree of degeneracy

(fermions, bosons)

E>forT—>Owehave1Vj—>O
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3 ¢ [ns]

= thermodynamical

7p A

C equilibrium

©

) oups, no

‘é’ massive

- particles!!

o

=

> |

o v

c -

O N———— e
cold
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Radiation-dominated universe: particle ensemble &("’

stitute of Technology

® During expansion of universe: phase 2 — breaking of thermal equilibrium

- evolution of number density

—E; /kgT

- finite number density N; # 0
requires breaking of thermal
equilibrium
("decoupling from heat bath”)
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¢t [n5]

thermodynamical
equilibrium

comoving umber density N;
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Radiation-dominated universe: particle ensemble &("’
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® During expansion of universe: phase 2 — breaking of thermal equilibrium

- expansion of the universe takes

- exchange particles W, Z, g with
finite range d,. (or lifetime)
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- Increasing distance d,, of particles
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Radiation-dominated universe: particle ensemble &("’
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W During expansion of universe: phase 3 — freeze-out of particles

- decoupling from heat bath at
specific time t / temperature T

t [ns]

['(t) = H(t)

particles freeze
out at specific
number density

Hubble expansion rate H(t)

comoving umber density N;

particle interaction rate I'(t)

- e T [GeV]
hot cold
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Radiation-dominated universe: neutrino freeze-outﬂ("’
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B During expansion of universe: freeze-out processes of v's are important

- example:
neutrinos from Big Bang
decouple if
FV (t) — H(t)

weak Iinteraction
Cross section

BIG FREEZE OUT
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Radiation-dominated universe: neutrino freeze-outﬂ("’
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B During expansion of universe: freeze-out processes of v's are important

A
T(t=1s)=1MeV
1010 3s~~

t=1s = b ™
S, 108fTTTTTTC .
Fy(t) = H(t) > - i
| o 102f I
c i |
weak interaction | :
Cross section i :
|

BIG FREEZE OUT 107 103 1101 105 10° 1013
. time t (s)
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Radiation-dominated universe: neutrino freeze-outﬂ("’
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B During expansion of universe: freeze-out processes of v's are important

- since t = 1 s neutrinos A
from the Blg_Bang are 1010 P
“free-streaming’ = | R
. ’, . YN > 6FT T T T T T T~
- detection of ‘relicv's” & 10
allows to take a picture & Lol
of the universe att = 1's % I

- goal of project KATRIN++ 107

- |

BIG FREEZE OUT 107 103 101 10° 109 1013
. time t (s)
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