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The Big Bang Theory in a Nutshell AT
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® geometrization of gravity:
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The Big Bang Theory in a Nutshell AT

Karlsruhe Institute of Technology

® geometrization of gravity:

Einstein Field Equations

1
R;u/ - §R9uv + Ag;u/ — 82-—4GT;J,V

N

~
G )
® R, : Ricci tensor (curvature of space-time)
® R :Ricciscalar (curvature of space-time)
® Juv : metric tensor (metric of space-time)
® (G, Einstein tensor (manifold)
® 7)., : energy-momentum tensor (“source” of the curvature of space-time)
® A :cosmological constant (vacuum state - dark energy)
m ( : gravitational constant
B ¢ :speed of light
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The Big Bang Theory in a Nutshell AT

eeeeeeeeeeeeeeeeeeeeeeeeeee

® important parameters for an expanding universe:

B scale factor
_ _ ( ) 4mmm proper (physical) distance
o 4mmm co-moving (reference) distance

(per definition, today we have a = 1)
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The Big Bang Theory in a Nutshell AT

eeeeeeeeeeeeeeeeeeeeeeeeeee

® important parameters for an expanding universe:

B scale factor
_ _ ( ) 4mmm proper (physical) distance
o 4mmm co-moving (reference) distance

(per definition, today we have a = 1)

® Hubble parameter

_ _a(t)
H=H(t) = () today: Hy ~ [67, 74] = Moc
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The Big Bang Theory in a Nutshell AT
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® important parameters for an expanding universe:

B scale factor

a=a(t) = d(t) 4mmm proper (physical) distance

do 4mmm co-moving (reference) distance

(per definition, today we have a = 1)

® Hubble parameter

H=H(t)=%9  today: Hy~ [67,74]

® normalized spatial curvature parameter

S- Mpc

r

L +1, closed 3-sphere
— =140, flat universe
a
_—1, open 3-hyperboloid
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The Big Bang Theory in a Nutshell AT
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B critical density for A =k =0:

2
Pe = % (today roughly 5 hydrogen atoms per m3)
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The Big Bang Theory in a Nutshell (T

B critical density for A =k =0:

Pe = % (today roughly 5 hydrogen atoms per m3)

B evolution of the universe:

Parametrized Friedmann Lemaitre Equations

H2 = Qrat + Qa2+ Qa2+ Qyp

m (). : energy densities of radiation (R), matter (M), curvature (k) and the
vacuum (A)
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The Big Bang Theory in a Nutshell (T

B critical density for A =k =0:

Pe = % (today roughly 5 hydrogen atoms per m3)

B evolution of the universe:

Parametrized Friedmann Lemaitre Equations

H2 = Qrat + Qa2+ Qa2+ Qyp

m (). : energy densities of radiation (R), matter (M), curvature (k) and the

vacuum (A) t

primordial nucleosynthesis!
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Primordial Nucleosynthesis - Overview T
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® also known as Big Bang nucleosynthesis (BBN)

May 13, 2019 M. Krause: Primordial Nucleosynthesis — The Origin of the Lightest Elements ITP, KIT
10



Primordial Nucleosynthesis - Overview T

ttttttttttttttttttt f Technology

® also known as Big Bang nucleosynthesis (BBN)

B explains the creation of the lightest elements (H, d, 3He, “He, ’Lli)
directly after the Big Bang

B temperature of the universe: between 10! K and 10° K
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Primordial Nucleosynthesis - Overview T

ttttttttttttttttttt f Technology

® also known as Big Bang nucleosynthesis (BBN)

B explains the creation of the lightest elements (H, d, 3He, “He, ’Lli)
directly after the Big Bang

B temperature of the universe: between 10! K and 10° K

B age of the universe: between 0.01 s and 3 min after the Big Bang
=) famous “first three minutes” of the universe (cf. Weinberg etc.)
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Primordial Nucleosynthesis - Overview

temperature
2.725K
10° K
10° K
1012 K
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Time Since Major Events
Big Bang Since Big Bang
present Humans
15 billion observe
the cosmos.
years stars,
galaxies
Era of and clusters
Galaxies (made of
atoms and
plasma)
Golbone 0 First galaxies
years form.
atoms and
plasma
Era of (stars begun
Atoms to form) Atoms form;
photons
300,000 fly free and
years become
background
plasma of radiation.
Era of hydrogen and -
Nuclei helium nuclei Fusion
plus electrons oease?;
. norma
S minutes protons, matter is
Era of neutrons 75%
Nucleosynthesis electrons, hydrogen,
neu}nnos Matter
0.001 seconds {CRmer o) annihilates
elementary antimatter.
Particle BE® " particles -
Era (antimatter common)  Electromagnetic and
(ISR, : weak forces become
Electroweak +3 elemlentary distinct.
Era 3% 5 particies Strong force becomes
10°35 seconds L KA b ) " distinct, perhaps causing
o — inflation of universe
GUT Era elementary
10-43 seconds paricies
Planck Era ?7?77?

anuproton Mi antlelectronséi:.'i
e ¥4 -t

antineutron —

neutron — electron —_
proton —— neutrino ——
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Primordial Nucleosynthesis - Motivations T

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

® BBN is strongly supported by the Big Bang theory

® explanation of the origin of the lightest elements
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origin of the lightest elements (H, d, 3He, *He, "Li)
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origin of the lightest elements (H, d, 3He, *He, "Li)
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Primordial Nucleosynthesis - Motivations

® BBN is strongly supported by the Big Bang theory

® explanation of the origin of the lightest elements

® verifiable through experimental observations
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Primordial Nucleosynthesis - Motivations T
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® BBN is strongly supported by the Big Bang theory

® explanation of the origin of the lightest elements
® verifiable through experimental observations

® determination of the baryonic energy density

® determination of the ratio of baryons and photons e
_ \'DONT
Ratio of Baryons and Photons | \;OV\GBT
— MNbaryon ~_ —10 \ /_
n= et~ 0100 )
photon
May 13, 2019 M. Krause: Primordial Nucleosynthesis — The Origin of the Lightest Elements ITP, KIT
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Primordial Nucleosynthesis — Four Stages ~{IT

rrrrrrrrrrrrr itute of Technology

Stage 0: Quark Gluon Plasma

t=10"%s, T =10"%*K, E =100MeV

B quasi-free quarks and gluons (free of confinement)
® equilibrium state

B terminates in hadronization

# formation of protons and neutrons
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Primordial Nucleosynthesis — Four Stages ~{IT

rrrrrrrrrrrrr itute of Technology

Stage I: Thermodynamic Equilibrium

t=10"2%s, T=10""'K, FE=10MeV

® dominant particles: p, n, v, et

® equilibrium state between protons and neutrons
# continuous transformation via the weak interaction

O——0

p+e < n+r,
| O———0
pP+UlUe < n+e @ \ —
n < pt+e +1, H}LL<UC
e
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Primordial Nucleosynthesis — Four Stages ﬂ(lT

Stage I: Thermodynamic Equilibrium

t=10"2%s, T=10""'K, FE=10MeV

B My > My » difference in rest energy Amc? ~ 1.293 MeV
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Primordial Nucleosynthesis — Four Stages ~IT

stitute of Technology

Stage I: Thermodynamic Equilibrium

t=10"2%s, T=10""'K, FE=10MeV

B My > My # difference in rest energy Amc? ~ 1.293 MeV

® proton and neutron are two states of one isospin doublet

Boltzmann Distribution in Thermal Equilibrium

kp: Boltzmann

n o _ Amc® \ ~ _1.293 MeV constant
E_QXP(_ kBT)NeXp( k5T )

® connection between neutron-proton ratio and statistical physics

May 13, 2019 M. Krause: Primordial Nucleosynthesis — The Origin of the Lightest Elements ITP, KIT
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Primordial Nucleosynthesis — Four Stages ~IT

stitute of Technology

Stage I: Thermodynamic Equilibrium

t=10"2%s, T=10""'K, FE=10MeV

W reaction rate of the weak processes:
I(p+e < ve+n)~GLT? (G : Fermi constant)
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Primordial Nucleosynthesis — Four Stages ~IT

stitute of Technology

Stage I: Thermodynamic Equilibrium

t=10"2%s, T=10""'K, FE=10MeV

W reaction rate of the weak processes:

I(p+e < ve+n)~GLT? (G : Fermi constant)
B expansion rate of the universe:
H x T?
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Primordial Nucleosynthesis — Four Stages ~{IT

rrrrrrrrrrrrr itute of Technology

Stage I: Thermodynamic Equilibrium

t=10"2%s, T=10""'K, FE=10MeV

W reaction rate of the weak processes:
I(p+e < ve+n)~GLT? (G r : Fermi constant)
B expansion rate of the universe:
H x T?
B ratio of reaction and expansion rates:
"~ (o.Sql\;IeV)B

H ~
# weak processes freeze out at roughly 7' ~ 0.8 MeV

# neutron-proton ratio stabilizes and the equilibrium is broken

May 13, 2019 M. Krause: Primordial Nucleosynthesis — The Origin of the Lightest Elements ITP, KIT
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Primordial Nucleosynthesis — Four Stages ~IT

stitute of Technology

Stage Il: Freeze-Out of the Weak Processes

t=1s, T=101"K, E=1MeV

® thermodynamic equilibrium between neutrons and protons breaks
pte ¥ n+uve
p+v, ¥4 n+et
n — pt+e +v., 4@ decay of free neutrons

Neutron-Proton Ratio at the Freeze-Out Temperature

n __Amc

> 1
p  SXP\ T EsT ) T 6

May 13, 2019 M. Krause: Primordial Nucleosynthesis — The Origin of the Lightest Elements ITP, KIT
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Primordial Nucleosynthesis — Four Stages ~IT

stitute of Technology

Stage lll: Beta Decay of the Free Neutrons

t<lmin, T=10"K—-10°K, E=1MeV —0.1MeV

® mean lifetime of free neutrons: 7~ 14.7 min

Decay Process of Free Neutrons

n — pt+e +U

May 13, 2019 M. Krause: Primordial Nucleosynthesis — The Origin of the Lightest Elements ITP, KIT
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Primordial Nucleosynthesis — Four Stages ~IT

stitute of Technology

Stage lll: Beta Decay of the Free Neutrons

t<lmin, T=10"K—-10°K, E=1MeV —0.1MeV

® mean lifetime of free neutrons: 7~ 14.7 min

Decay Process of Free Neutrons

n — pt+e +U

”’:711< ;
® no light elements are produced yet e

- why?

May 13, 2019 M. Krause: Primordial Nucleosynthesis — The Origin of the Lightest Elements ITP, KIT
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Primordial Nucleosynthesis — Four Stages ~{IT
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B deuterium (d) is the next-to-lightest isotope to be produce -
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Primordial Nucleosynthesis — Four Stages ~{IT
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B deuterium (d) is the next-to-lightest isotope to be produce -

® binding energy of deuterium: Ej, ~ 2.2 MeV

® ratio of photons with the same energy at 7'~ 0.1 MeV (high-end tail):
> _
ny (E>Ep) — exp ( Eb(d)) ~ 10 10

N~ tot

kT
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Primordial Nucleosynthesis — Four Stages ~{IT
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B deuterium (d) is the next-to-lightest isotope to be produce -

e

® binding energy of deuterium: Ej, ~ 2.2 MeV

® ratio of photons with the same energy at 7'~ 0.1 MeV (high-end tail):
> _
ny (E>Ep) — exp ( Eb(d)) ~ 10 10

N~ tot

 kpT

® remember: baryon-to-photon ratio is n ~ 1071
# for each produced deuteron, one high-energy photon is present
# thermal equilibrium between deuteron production and spallation

# neither stable deuterium nor the other light elements can be produced yet

# stable deuterium is needed for other elements: “deuterium bottleneck”
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Primordial Nucleosynthesis — Four Stages ~IT
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Stage IV: Primordial Nucleosynthesis

t<3min, T=10"K, E =0.1MeV

® free neutrons continue to decay: O, > (D
n — p+e —+ U 8 L 8

Neutron-Proton Ratio at the Beginning of BBN
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Primordial Nucleosynthesis — Four Stages ~{IT
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equilibrium freeze-out freen decay BBN
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Primordial Nucleosynthesis — Processes (T
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Production of Deuterons
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Primordial Nucleosynthesis — Processes (T

stitute of Technology

Production of Deuterons

Production of Tritons

n+d — t+7v
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Primordial Nucleosynthesis — Processes (T

e of Technology

Production of Deuterons

Production of Tritons

n+d — t+7 ZHO G’H

PN

v

Production of Helium Isotopes
d+d < *He+n /

d+p < He+~
t+d < *He+n

>

‘He + 3.5 MeV

Y, n+141MeV
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Primordial Nucleosynthesis — Processes T
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’Be

W& 1 0 “Li

Nn— H+e +¥v

1
d, p)
3 ?H+1H — 3He +y
% B Ohis 0
"2 4 “H+%H —S3He+n
3| |@n 6]@n D, Bev ot
4 5 H+%H —3H+ 'H
(n, ¥) (d p) 6 2H+3H —*He+n
—_— —_— t
2 . 7 SH+%e — TLi+y
8 SHe+n — 3H+1H
1 9 3He+2H —> %He + H
10 3He + *He — "Be +y
. 11 "l + 1H — *He + *He
12 'Be +n — TLi+ IH
May 13, 2019 M. Krause: Primordial Nucleosynthesis — The Origin of the Lightest Elements ITP, KIT

37



Primordial Nucleosynthesis — Processes T
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'Be
7
B
12
R\
@z&‘ 10 Li
h\@ﬁ
deuterium fr——
+ -
bottleneck @ p 9 SR
— H+n — H+Y

H+ 14 —> SHe +v
°H+2H —> 3He +n
/SO AR R 1
2H +34 —>4He +n
3H+%He — TLi+y
SHe+n — 3H+ 4
3He + 2H — %He + H

O 00 ~N O O & W N =

10 3He + *He — "Be +vy
11 'L + 'H — %He + *He
12 'Be+n — 7Li + H

May 13, 2019 M. Krause: Primordial Nucleosynthesis — The Origin of the Lightest Elements ITP, KIT

38



Primordial Nucleosynthesis — Processes T
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production of the lightest elements "Be
(H, d, *He, “He, "Li) 2,
12
D
& /10 gt

n— H+e +v
'Hen — 2H+y
H+1H — He +y
°H+2H —> 3He +n
/SO AR R 1
2H +34 —>4He +n
3H+%He — TLi+y
SHe+n — 3H+ 4
3He + 2H — %He + H

O 00 ~N O O & W N =

10 3He + *He — "Be +y

. 11 7Li + 'H — %He + %He

12 'Be+n — 7Li + H

May 13, 2019 M. Krause: Primordial Nucleosynthesis — The Origin of the Lightest Elements ITP, KIT
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Primordial Nucleosynthe

production of the lightest elements
(H, d, 3He, “He, "Li)

# what about the others?

Li

n— H+e +v
H+n — 2H+y
H+1H — He +y
°H+2H — 3He +n
H+2H —3H+ H
2H +34 —>4He +n
3H+%He — TLi+y
SHe+n — 3H+ 14
3He + 2H — %He + H

O 00 ~N O O & W N =

10 3He + *He — "Be +y
11 'L + 'H — %He + *He
12 'Be+n — 7Li + H
May 13, 2019
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# decays to “Li with
T~ 53.1d

Primordial Nucleosynthe

production of the lightest elements
(H, d, 3He, “He, "Li)

# what about the others?

Li

# decays to *He with
TR 12.3a

# decays to p with

7~ 14.7min

May 13, 2019
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Primordial Nucleosynthesis — Processes T
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® all dominant processes terminate in “He

» second most common atom in the universe

May 13, 2019 M. Krause: Primordial Nucleosynthesis — The Origin of the Lightest Elements ITP, KIT
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Primordial Nucleosynthesis — Processes T

Karlsruhe Institute of Technology

® all dominant processes terminate in “He

» second most common atom in the universe

n 1
® wehad - =~ =
P 7
Estimate of the Helium Abundance After the BBN
May 13, 2019 M. Krause: Primordial Nucleosynthesis — The Origin of the Lightest Elements ITP, KIT
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Primordial Nucleosynthesis — Processes T

® all dominant processes terminate in “He

» second most common atom in the universe

—/
—~

® we had

1
7

Estimate of the Helium Abundance After the BBN

T3

® approximate abundance of the two lightest stable elements:

75% H, 25% “He
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Primordial Nucleosynthesis — Processes T
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® what about heavier elements?

May 13, 2019 M. Krause: Primordial Nucleosynthesis — The Origin of the Lightest Elements ITP, KIT
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Primordial Nucleosynthesis — Processes

® what about heavier elements?

® production very unlikely:
B no stable elements with mass numbers 5 or 8

® Coulomb wall increases drastically with increasing mass number

'

380 keV

b Potential energy
(not to scale)

.."\ Tunneling at higher energy

Repulsion by Coulomb force

-

~1Ir

Frmin
1

-17.6 MeV -

I\

May 13, 2019
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distance between the nuclei, ro
r, =afew 10"°m
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Primordial Nucleosynthesis — Processes

Average binding energy per nucleon (MeV)
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U235

- UEEE

4 - -
He fission
fusion
Li®
H3
%He3
-
s =
0 30 &0 S0 120 150 180 210 240 270
Number of nucleons in nucleus
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Primordial Nucleosynthesis — Processes T
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e = | EII' - G LU U235
f S s w\ﬂﬁq/_}____uﬂﬂ
r fission

=

4 }]

=

—

D .
= I 7 fusion
E |_|E
= 5

[

=

= 4

—

4 }]

()]

5 °it
= %’HE3
i

o 2

[

G

1 })

=]
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Primordial Nucleosynthesis — Processes T

Karlsruhe Institute of Technology

® prediction of abundance of all light elements during/after the BBN
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Primordial Nucleosynthesis — Processes T

Karlsruhe Institute of Technology

® prediction of abundance of all light elements during/after the BBN
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Primordial Nucleosynthesis — Processes T

Karlsruhe Institute of Technology

® variation of the baryon-photon ratio 7
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Primordial Nucleosynthesis — Processes T

Karlsruhe Institute of Technology

® variation of the baryon-photon ratio 7
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Primordial Nucleosynthesis — Processes T

Karlsruhe Institute of Technology

® variation of the baryon-photon ratio 7
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025 E 3 _ _ _
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Primordial Nucleosynthesis — Processes T

Karlsruhe Institute of Technology

| va

0.27

0.26

025 E
0.24

023 E

relative abundance

May 13, 2019
54

1073 E
1074 |

1075 L

riation of the baryon-photon ratio 7

‘ Effect on “He Production

higher 7): higher n/p ratio
# earlier production due to more n

Effect on d Production

higher 7): fewer high-energy photons
# earlier synthesis but dense universe

Effect on “Li Production

lower 77: more frequent decay to “He

higher 77: earlier synthesis
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Primordial Nucleosynthesis — Processes T
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Karlsruhe Institute of Technology

asuring the abundance of the elements fixes 7

Motivations:
® confirms the Big Bang theory

® determines 7) and () 5

® indicates consistency of the BBN
over ten orders of magnitude
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Primordial Nucleosynthesis — Processes T

Karlsruhe Institute of Technology

® measuring the abundance of the elements fixes 7

0.27 E I
0.26 é— —2
0.25 . .
Motivations:
0.24 E : :
® confirms the Big Bang theory
023 E )
e ® determines 7) and () 5
e ® indicates consistency of the BBN
[T over ten orders of magnitude
% =
[}
E 0= | Methodology:
L ® measurements yield the
109 horizontals in the plots
s B point(s) of intersection indicate
TLiH |,
. the measured value of 7]
1010 -
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Measurements of 4He AT

Karlsruhe Institute of Technology

® stellar nucleosynthesis: amount of “He increases compared to the
abundance after the BBN

- entanglement of primordial and stellar “He production

‘He *He
'H@ @
Y Gamma Ray 4 O Proton
V  Neutrino He@ O Neutron
(O Posiron
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Measurements of 4He AT

Karlsruhe Institute of Technology

® stellar nucleosynthesis: amount of “He increases compared to the
abundance after the BBN

» entanglement of primordial and stellar “He production

® idea: search for stars with very low metallicity

Definition of Metallicity

. 1 — O _ amount of oxygen
metalhclty — H — amount of hydrogen

- prime candidate: “Blue Compact Dwarf Galaxies”
(low metallicity, gas-rich, H-Il region)
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Measurements of 4He AT

Karlsruhe Institute of Technology

® stellar nucleosynthesis: amount of “He increases compared to the
abundance after the BBN

» entanglement of primordial and stellar “He production

® idea: search for stars with very low metallicity

Definition of Metallicity

. 1 — O _ amount of oxygen
metallicity = 7 = -~ hydrogen

- prime candidate: “Blue Compact Dwarf Galaxies”
(low metallicity, gas-rich, H-Il region)

W spectral analysis of the H-1l regions reveals the approximate
primordial amount of 4He

May 13, 2019 M. Krause: Primordial Nucleosynthesis — The Origin of the Lightest Elements ITP, KIT
59



Measurements of 4He
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Measurements of 4He AT

Karlsruhe Institute of Technology

B relative amount Y of 4He is higher in stars with higher metallicity
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Measurements of 4He AT

Karlsruhe Institute of Technology

B relative amount Y of 4He is higher in stars with higher metallicity
® measure the He-l recombination line at A = 587.6 nm

W spectral analysis yields Y over metallicity O/H
0.30 : ' .

= L~ pe—
>~ —— = — ]
i ) | A A A ! A A N | i ) A i
0 50 100 150 200
106 - (O/H)
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Measurements of 4He AT

Karlsruhe Institute of Technology

B relative amount Y of 4He is higher in stars with higher metallicity
® measure the He-l recombination line at A = 587.6 nm

W spectral analysis yields Y over metallicity O/H

0.30 ————— :
# extrapolation to zero metallicity 55 '
T
- primordial amount of “He |

S| -
|

0 50 100 150 200
106 - (O/H)
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Measurements of 4He AT

Karlsruhe Institute of Technology
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Measurements of d ﬂ("

Karlsruhe Institute of Technology

® no significant deuterium production after the BBN

» BBN is the main source of deuterium
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Measurements of d ﬂ("

Karlsruhe Institute of Technology

® no significant deuterium production after the BBN

» BBN is the main source of deuterium

® deuterium is converted in stellar nucleosynthesis processes:

p+d — SHe -+~
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Measurements of d ﬂ("

Karlsruhe Institute of Technology

® no significant deuterium production after the BBN

» BBN is the main source of deuterium

® deuterium is converted in stellar nucleosynthesis processes:

p+d — SHe -+~

® measure the primordial d abundance through
Lyman-a absorption lines

[ 2p(n=21=1)  2p . (j=3/2)
2s (n=2,1=0) 2P, (j=1/2) i
discrete energy levels
of deuterium Ly-a
1s (n=1,1=0)
\ Yy
\ Bohr Dirac
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Measurements of d ﬂ("

Karlsruhe Institute of Technology

® no significant deuterium production after the BBN

» BBN is the main source of deuterium

® deuterium is converted in stellar nucleosynthesis processes:

p+d — SHe -+~

® measure the primordial d abundance through
Lyman-a absorption lines

[ 2p(n=21=1)  2p . (j=3/2)
2 =2,1=0 :
s ' N2pyp (i=12) |
discrete energy levels
of deuterium Ly-a
1s (n=1,1=0)
# Ly-aline at Ap,y, &~ 121.5nm \ I
(UV regime) \ Bohr Dirac
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Measurements of d ﬁ("

Karlsruhe Institute of Technology

® measure the primordial d abundance through
Lyman-a absorption lines

- prime candidates: Quasar Absorption Systems (QAS)
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Measurements of d ﬂ("

® measure the primordial d abundance through
Lyman-a absorption lines

» prime candidates: Quasar Absorption Systems (QAS)
® radiation emitted from quasars travels through interstellar clouds

® increasing redshift z with increasing distance from the quasar:

ALy-o & 121.5(1 4+ z) nm
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Measurements of d ﬂ("

® measure the primordial d abundance through
Lyman-a absorption lines

» prime candidates: Quasar Absorption Systems (QAS)
® radiation emitted from quasars travels through interstellar clouds

® increasing redshift z with increasing distance from the quasar:

ALy-o & 121.5(1 4+ z) nm

B the spectrum shows different Ly-a lines due to different redshifts z

® the redshift is necessary since optical instruments are not
sensitive enough in the UV regime
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Measurements of d .\l‘("

Karlsruhe Institute of Technology
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Measurements of d

B actual spectral analysis shows the Lyman-a forest

AT

Karlsruhe Institute of Technology

relative flux [arbitrary units]
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HS 0105+1619 4@m QAS object
z~2.536 - distance
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Measurements of d

B actual spectral analysis shows the Lyman-a forest

AT

Karlsruhe Institute of Technology

relative flux [arbitrary units]
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z~2.536 - distance
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Measurements of d ﬂ("

Karlsruhe Institute of Technology

— T 1 T v T T T T T T ]

T A s | m consider a single absorption line
= - abs : -
S 20
z\ L
S
s
E. 10 =
o s
=

O . 1 1 1 1 l 1 1 1 L I 1 1 1 1 I 1 l-

5000 6000 7000
T l T 1
1

&
o

relative flux [arbitrary units]

0

5555 5560
wave length [Angstroms]

May 13, 2019 M. Krause: Primordial Nucleosynthesis — The Origin of the Lightest Elements ITP, KIT
76



Measurements of d ﬂ("

Karlsruhe Institute of Technology

| RN TE A TR A UEUST B |
7 | % ® consider a single absorption line
3 “ ® split the flux into the normalized
% flux of d and H
~ 10
= W ratio yields the relative abundance
g LD e L L of d compared to H
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v |
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wave length [Angstroms]
May 13, 2019 M. Krause: Primordial Nucleosynthesis — The Origin of the Lightest Elements ITP, KIT

77



Measurements of d
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AT

Karlsruhe Institute of Technology

consider a single absorption line

split the flux into the normalized
flux of d and H

ratio yields the relative abundance
of d compared to H

caveats:

® due to the dominance of H, the
difference in intensities is huge

®m the flux at the absorption line of H
Is practically vanishing

ITP, KIT



Measurements of d

AT

Karlsruhe Institute of Technology

E 2 & & 7 1 T

—_ QSO 1937-1009 ; i : i

T [ g, - 3572 ® consider a single absorption line
S 20 -

5 ' ® split the flux into the normalized
2 _ flux of d and H

<10 +

= ® ratio yields the relative abundance

o LS L L of d compared to H
5000 6000 7000
@ caveats:

= 1I ‘ ' ® due to the dominance of H, the

E ll) I|{ difference in intensities is huge
3 ® the flux at the absorption line of H
5 i is practically vanishin

£ 05 P y g

< =
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Measurements of d ﬂ("‘
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Measurements of d

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

IOYM Ly-14 i [Ly-24 Ly-23 Ly22 Ly21  Ly20 ]

A\

® more caveats for the measurements:

May 13, 2019
81

the Ly-a lines for d and H are close to each other: A\, , ~ 34pm

Doppler shift of the Ly-a lines through rotation of the clouds reduces
the resolution of the Ly-a forest

guasars are required to be at a suitable distance in order to avoid
overlaps of red-shifted Ly-a lines from d and H

many quasars yield results with huge standard deviations
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Measurements of d ﬂ("

Karlsruhe Institute of Technology
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T ® many quasars yield results with
huge standard deviations
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for the current best-fit analysis

N ® experimental value (PDG):
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Measurements of SHe AT

Karlsruhe Institute of Technology

® SHeis constantly produced and converted in stellar nucleosynthesis
processes
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Measurements of SHe AT

Karlsruhe Institute of Technology

® SHeis constantly produced and converted in stellar nucleosynthesis
processes

® the only available measurements of the 3He abundance stem from
® regions within the solar system
® regions with very high metallicity

# not suitable for determining the primordial abundance of 3He
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Measurements of SHe AT

Karlsruhe Institute of Technology

® SHeis constantly produced and converted in stellar nucleosynthesis
processes

® the only available measurements of the 3He abundance stem from
® regions within the solar system
® regions with very high metallicity

# not suitable for determining the primordial abundance of 3He

® distinguishing 3He and “He is technically very difficult

abundance of 3He is not considered a suitable observable
for the analysis of the BBN

May 13, 2019 M. Krause: Primordial Nucleosynthesis — The Origin of the Lightest Elements ITP, KIT
85



Measurements of ’Li AT

Karlsruhe Institute of Technology

® most suitable objects for measuring ‘Li:
population Il stars (very old, low metallicity, thin convection layer)
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Measurements of ’Li AT

ttttttttttttttttttt f Technology

® most suitable objects for measuring ‘Li:
population Il stars (very old, low metallicity, thin convection layer)

W spectroscopy of the stellar atmosphere:
’Li resonance doublets at \ ~ 670.7 nm

® observation: “linear” dependence between ’Li and Fe abundance

» extrapolation yields the primordial ‘Li abundance
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Measurements of ’Li AT

Karlsruhe Institute of Technology
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Measurements of ’Li AT

Karlsruhe Institute of Technology
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Measurements of ’Li AT

Karlsruhe Institute of Technology

B caveat for the measurements: ’Li is converted for T > 2.5-10°K

Lithium Burning

'H4+71i — ®Be
Be — “He +% He
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Measurements of ’Li AT

Karlsruhe Institute of Technology

B caveat for the measurements: ’Li is converted for T > 2.5-10°K

Lithium Burning C expectation from WMAP
'H+"Li — ®Be ;
8B 4 4 e
e — "He -+~ He pite Plateau
-10 |-
108 strong
C 7Li burning
I L = .
= B expected:
= | } approx. primordial “Li
10—11 s %
[ strong weak
- convection convection
Ay SO v N [T T | I I i vl |
4800 5200 5600 6000 6400
surface temperature [K]
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Measurements of ’Li AT

Karlsruhe Institute of Technology

B caveat for the measurements: ’Li is converted for T > 2.5-10°K

Lithium Burning L expectation from WMAP
'H4+"Li — ®Be :
Be — “He +* He Spite Plateau
-10 -
108 strong
® conversion dominantly happens - [ 'Liburning
in the convection layer of the star 5 | SAPEIEE
= approx. primordial ‘Li
# consider population Il stars with - %
weak surface convection y
10
[ strong weak
- convection convection
Ay SO v N [T T | I I i vl |
4800 5200 5600 6000 6400
surface temperature [K]
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Measurements of ’Li AT

relative abundance
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Karlsruhe Institute of Technology

] - ®m experimental value (PDG):
= 71
E : E ﬂ ~ . —10
=" Y, 3 P
E-\D/HI { ®m uncertainties in the measurements
i P \ _ are very high
[ SHe/H[p —d 1 m experimental results are at odds
with predictions from BBN
# ,cosmological lithium problem*

Baryon-to-photon ration - 1
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Measurements of ’Li AT

Karlsruhe Institute of Technology

® the cosmological lithium problem is unsolved as of today
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Measurements of ’Li AT

Karlsruhe Institute of Technology

® the cosmological lithium problem is unsolved as of today

® possible explanations for the “lithium gap” within the Standard Model
(SM) are inconclusive [A. cocetal JCAP10(2014)050, arXiv:1403.6694 (astro-ph.CO) ]

# portal for beyond the SM (BSM) physics
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Measurements of ’Li AT

Karlsruhe Institute of Technology

® the cosmological lithium problem is unsolved as of today

® possible explanations for the “lithium gap” within the Standard Model
(SM) are inconclusive [A. cocetal JCAP10(2014)050, arXiv:1403.6694 (astro-ph.CO) ]

# portal for beyond the SM (BSM) physics

® BSM explanations for the lithium gap are also inconclusive

[ C. A. Bertulani et al EPJ Web of Conferences 184, 01002 (2018), arXiv:1802.03469 (nulc-th) ]

# remains an open problem to be solved
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Combination of the Results ﬁ("

Karlsruhe Institute of Technology

027 g T T T B .
0.26 E— —E
0.24 _ _i
023 — -------- — B experimental best fit (PDG):
103 E =
L OTF 3 1n-10 10-10
3 N~ ] 5.8 10 < Nexp < 6.6-10
_(g B p Z _
E 10—45_ \Eg 3 (95% CL)
© C 3
o = 3He/H]| = .
= I p\ .
s TF } ® with 77, also the baryonic energy
- density ()pg is determined

1 2 3 4 5 6 7 8 910
Baryon-to-photon ratio - 10'°
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Determination of Q5 — Method 1 viaBBN NIT

ttttttttttttttttttt f Technology

® photon density at T = 2.725K from black body radiation:
py ~4.11-103m™3
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Determination of Q5 — Method 1 viaBBN NIT

ttttttttttttttttttt f Technology

® photon density at T = 2.725K from black body radiation:
py ~4.11-103m™3

® the baryonic energy density can now be calculated:

0 m 02”’7 0 52 reduced Hubble constant:
Qph* = 22— ~ (.02 — H,
Pc — 100kms—! Mpc—!
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Determination of Q5 — Method 1 viaBBN NIT

ttttttttttttttttttt f Technology

® photon density at T = 2.725K from black body radiation:
py ~4.11-103m™3

® the baryonic energy density can now be calculated:

9 M ¢ Nexep Py B> reduced Hubble constant:
Oph? = T eeln? ()02 i 1,
pe — 100kms—! Mpc—!

B current best-fit value (PDG) at 95% CL.:
0.021 < Qph* < 0.0245

# baryons account for roughly 4% to 5% of the total energy density
of the universe
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Determination of Q5 — Method 2 viaCMB  NIIT

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

® measurements of the Cosmic Microwave Background (CMB)
through Planck 2015 data directly yield:

Qph? = 0.0223 £ 0.0002
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Determination of Q5 — Method 2 viaCMB  NIIT

ttttttttttttttttttt f Technology

® measurements of the Cosmic Microwave Background (CMB)
through Planck 2015 data directly yield:

Qph? = 0.0223 £ 0.0002

® from this, the baryon-photon ratio is calculated:
neme = (6.09 £ 0.06) - 10710

# the CMB yields an independent cross-check of the results
gained by analyzing the BBN

# good agreement between the BBN and the CMB results
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Combination of the Results

May 13, 2019

103

027 g
0.26
0.25
0.24

023 E

,_
=)
&

| JIIIIlI|

1 lJIIII|

1

1 1 1 1
2 3 4 5 6 7 8 910
Baryon-to-photon ratio - 10'°

M. Krause: Primordial Nucleosynthesis — The Origin of the Lightest Elements

AT

Karlsruhe Institute of Technology

---------- ® experimental value through BBN:

0.021 < Qph? < 0.0245

B experimental value through CMB:

QO ph? =0.0223 4+ 0.0002

» good agreement between
BBN and CMB results

ITP, KIT



Hints of Dark Matter ﬁ("

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

® measurements through BBN yield:

0.021 < Qph? < 0.0245
® measurements through CMB yield: I independent measurements

QO ph? =0.0223 + 0.0002
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Hints of Dark Matter ﬁ("

® measurements through BBN yield:

0.021 < Qph? < 0.0245
® measurements through CMB yield: I independent measurements

QO ph? =0.0223 + 0.0002

® on the other hand, measuring the full matter density yields:

QM}LQ ~ (.14

» most of the matter content of the universe is non-baryonic “dark” matter
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Hints of Dark Matter ﬂ("‘

Atoms
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Conclusion AT

ttttttttttttttttttt f Technology

the BBN describes the first three minutes of the universe

the relative abundance of the lightest elements is not arbitrary
but can be calculated

theoretical predictions gained by the BBN are consistent over
ten orders of magnitude

through spectral observations, the baryonic matter density can
be measured in the framework of the BBN

independent measurements through the CMB provide a cross-check
of the results gained by the BBN - excellent agreement

the measured baryonic matter density is a hint towards dark matter

open guestions with respect to the cosmological lithium problem
(portal to BSM physics?)
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Thanks!
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