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Recap of Lecture 6 ﬂ(IT

Karlsruhe Institute of Technology

® Primordial Nucleosynthesis: formation of light elements during first 3 min.

- thermodynamical equilibrium between p, n due weak interaction by v’s
- neutrino decoupling (freeze-out) at T = 1 MeV and t = 1 s (free-streaming v’s)

- (n,p) —ratio 1: 6 at t = 1 s, no element synthesis due to intense heat bath

- fusion only starts at t = 1 min. due to d — bottleneck, then (n,p) — ratio 1:7

- light element synthesis primarily to *He with traces of d, *He, "Li

2(n/p) _ 0.25

- BBN-prediction of primordial *He mass fraction Y, = )
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Recap of Lecture 6 ﬂ(IT

Karlsruhe Institute of Technology

B Primordial Nucleosynthesis: light element yield as a function of pg

1.0 ]
) L = ‘*He
£ — P
(08 \__t Li
10~ 10 ..:;:"i‘.-. 2
1072 rel. density p 1.0
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Preview of this Lecture: light element yields AUT

Karlsruhe Institute of Technology

B Determining the abundance of the light elements d, *He, "Lifor Q3 & N,

Helium-4

deuterium
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Light element yields as function of parameter g &("'

stitute of Technology

B Impact of baryon asymmetry n on abundance of primordial *He

- for increasing values of n we have more p,n relative to y’s from heat bath

= nucleosynthesis starts earlier at higher values of T g,

= larger (n, p) — ratio: more deuterium d is fused, which then
ends up as primordial *He and a larger value of Yp
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Light element yields as function of parameter g &("'

e Institute of Technology

B Impact of baryon asymmetry n on abundance of primordial deuterium d

- deuterium is THE bottleneck of light element synthesis (small Egz = 2.2 MeV)
thus it is most strongly affected by parameter n

- for increasing values of n we have more p, n relative to y’s from heat bath
= more baryons due to higher density pgz = less deuterium d (it ends up
more efficiently in primordial *He
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Light element yields as function of parameter g ﬁ("'

e Institute of Technology

B Impact of baryon asymmetry n on abundance of primordial deuterium d

- deuterium is THE bottleneck of light element synthesis (small £z = 2.2 MeV)
thus it is best suited to deduce the baryon density 25
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Light element yields as function of parameter g ﬂ("'

Karlsruhe Institute of Technology

B Impact of baryon asymmetry n on abundance of primordial lithium “Li

- lithium has a very small primoridal abundance & mass fraction < 1077

- major challenge in measuring baryon density (5

. . “*He
with the abundance of “Li arises due to two 3 - Py
reaction pathways: n Wy 75
W 0
a) for smaller values of n the EC reaction pathway S - \p d
'Be + e~ - ’Li + v, is dominant 3He v - a4 N
_ " EC
b) for larger values of n the (£, y)-capture process 714 & Y
“He + *H —» ’Li + y is dominant -
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Light element yields as function of parameter g &("'

Karlsruhe Institute of Technology

B Impact of baryon asymmetry n on abundance of primordial lithium “Li

- lithium has a very small primoridal abundance & mass fraction < 1077

- major challenge in measuring baryon density (5

I I I I I I ' F I3 lllllllllllllllllllllllllll:
4 *He+ °H -
"Li+y

'Be +e” -
"Li + v, B

C i
o ~ \ -
= l 1 1 1 1 1 1 1 1 l ; n

Dec 13, 2022 G. Drexlin — Cosmo #7 Exp. Teilchenphysik - ETP




Light element yields & future e-mobility AUT

Karlsruhe Institute of Technology

B Impact of baryon asymmetry n on abundance of primordial lithium “Li

- lithium has a very small primoridal abundance & mass fraction < 1077

- lithium is very important for the

powered

by BBN L %
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Light element yields: spectroscopic results A\‘(IT

Karlsruhe Institute of Technology

B We want to determine the light element yields of BBN in the universe today!
- each element is identified by its characteristic emission/absorption lines

Helium-4: o
N blue compact dwarf galaxies
Lithium-7: - ‘ ‘ ‘

/

Spite-plateau
(stars)
deuterium:

quasars
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Light element yields: results & systematics A\‘(IT

Karlsruhe Institute of Technology

B Do we determine the correct light element yields of BBN in the universe?

- each element abundance is modified by 13.8 - 10° yrs of stellar processes!
Helium-4: o,
main sequence stars are ¢

Lithium-7: forging He-4 from the (pp, CNO) —

destroyed e ol chains
In stars e
W —— 3 i deuterium:

stars burn

Exp. Teilchenphysik - ETP

12 Dec 13, 2022 G. Drexlin — Cosmo #7


http://annesastronomynews.com/wp-content/uploads/2012/02/NGC-1427A-an-irregular-galaxy-in-Eridanus-is-speeding-through-the-Fornax-clusters-intergalactic-gas-at-around-600-kilometers-per-second.-Left-is-the-clusters-central-galaxy-NGC-1399.jpg
//upload.wikimedia.org/wikipedia/commons/6/6f/Earth_Eastern_Hemisphere.jpg
http://annesastronomynews.com/wp-content/uploads/2012/02/NGC-1427A-an-irregular-galaxy-in-Eridanus-is-speeding-through-the-Fornax-clusters-intergalactic-gas-at-around-600-kilometers-per-second.-Left-is-the-clusters-central-galaxy-NGC-1399.jpg
http://weblogs.marylandweather.com/Hubble.galaxies.jpg

Light element yields: atomic physics as basis &("'

Karlsruhe Institute of Technology

B Spectroscopy of the three light BBN elements d, *He, "Li

He: emission lines from recombination processes of He"- ions in galactic
H-II - regions* and in Blue Compact Dwarf (BCD) galaxies

°H: absorption lines of “H(Ly — a line) in extragalactic clouds along the
line-of-sight of distant quasars (which provide a “back-illumination”)

, o)

"Li: absorption lines of “Li in atmospheres of stars in halo (Spite plateau)
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Measuring the *He —abundance QAT

Karlsruhe Institute of Technology

B Using high-precision spectroscopy to measure the primordial *He yield

e (U

A=587.6 nm

- transition 3d — 2p: strongest optical transition
Ideally suited for high-precision spectrographs

1s 3d (23.07 eV) - 1s 2p (20.96 eV)

AE = 2.11 eV (A = 587.6 nm, yellow line)
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Measuring the *He —abundance QAT

Karlsruhe Institute of Technology

® Observing Blue Compact Dwarf galaxies at the VLT spectrograph

-"- - BCDs: rich in gas — large star-forming

regions = gas is ionised (He™) by
A=587.6 nm UV — light of very massive stars

- BCDs: small galaxies — poor in “metals’
= few stellar fusion reactions
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Measuring the *He —abundance QAT

Karlsruhe Institute of Technology

® Observing Blue Compact Dwarf galaxies at the VLT spectrograph
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Measuring the *He —abundance: systematics &("’

Karlsruhe Institute of Technology

B Abundance of *He in the universe continually increases due to fusion

- hydrogen burning: fusion cycles generate non-negligible amounts of “He

—

et

_pp_
L 4p+2e > ‘Het2v, PO -
po/ N @ f;i
. “He O p

P 3 Yo
" E p O / - QHB Op

= search for metal-poor* regions
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Measuring the *He —abundance: systematics ﬂ("’

Karlsruhe Institute of Technology

B Abundance of *He in the universe continually increases due to fusion

Y, (4He) +10stat Flosys Floter # systems
0.2453 0.0034 16
0.2451 0.0019  0.0018 0.0026 1
0.243 0.005 16
0.2462 0.0022 120
0.2436 0.0040 54
0.2448 0.0027  0.0018 0.0033 7

mass fraction of *He

Yp = 0.245 £+ 0.003
2022 values
. 027} | ) __ | data from *
>~ i e 1
C_G 026_ 1 - |
= ) 25- | - T T 4
5 025 | w1t | i
S 024 % e 1
o i o 1 - |
0.23+ | | |
ool o | metallicity

- good agreement with BBN theory

18
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https://arxiv.org/pdf/1503.08146.pdf

evaluation period — Dec. 5 — 16, 2022 QAT

Karlsruhe Institute of Technology

M Please take your time to evaluate the cosmo lectures & exercises/tutorials

lectures: QR-code & link exercises & tutorials: QR-code & link

4022021 4022022
https://onlineumfrage.kit.edu/evasys/public/online/index/in https://onlineumfrage.kit.edu/evasys/public/online/index/in
dex?online php=&p=AGFKD&ONLINEID=5805711167583455 dex?online php=&p=D6CZR&ONLINEID=6531479768302787
7075727718326824247031928 87680879409014532250250735
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deuterium—abundance: Ly — a absorption line ﬂ("’

Karlsruhe Institute of Technology

B We use the Lyman—a transition at A = 121.55 nm to observe d ( °H )

- Lyman—«a line fromn=2ton =1 - redshift z from distant source will shift
L Ly — a line from VUV to visible spectrum
9
%‘0&0
W
" Vacuum visible
&S uv uv
7 Y
& é} 65022 186 nm redshift z
~ o 434 nm
n= 410 nm ‘ C |B A
=2 S
s ihad)
n=3 X R e
/}0) Sy LA
n=4 b /
o 100 200 400 780
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deuterium—abundance: Ly — a absorption line ﬂ("’

Karlsruhe Institute of Technology

B Spectroscopic challenges to separate hydrogen isotope *H from 'H

- spectroscopic challenge #1: A absorption lines
the Ly — @ —lines of “H and 'H
lie very close together (only reduced
mass u = (my-m,)/(m;+m,) differs
= resolution AE/E ~ 2.7 - 10~* needed

L gy 1y

B

photon flux

- spectroscopic challenge #2:
the Ly — a —lines of 2H and H 4 == |
differ by a huge amount in their 122, |
intensity (flux ratio ~ 107°)
= 'H — line often saturated

! | | 5

121.5 121.6 121.7

wavelength A (nm)
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deuterium—abundance: Ly — a forest A\‘(IT

Karlsruhe Institute of Technology

M Observing the absorption lines of gas clouds illuminated by quasars

VLT spectrum

cloud #2. LB

Zy = 2.0 cloud #3

- quasar (supermassive black hole)
at center of a galaxy acts as very
bright beacon located far away,
illuminating gaseous clouds with ' ! VLT telescope

“H and 'H on the line-of-sight Ly — ¢ absorption lines A; of extragalactic clouds
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deuterium—abundance: Ly — a forest ﬂ("'

Karlsruhe Institute of Technology

M Observing the absorption lines of gas clouds illuminated by quasars

quasar |z, = 2.89
- each gas cloud absorbs quasar
light at ist individual cosmological

T
= the Lyman—a —forest | ~III” -.:]

¢
1

RN o ] /

M $ O
| o VLT telescope
Ly — a absorption lines A; of extragalactic clouds
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deuterium—abundance: Ly — a forest ﬂ("'

Karlsruhe Institute of Technology

M Observing the absorption lines of gas clouds illuminated by quasars
- Identify all lines that belong to a specific cloud at smaller redshifts* z;
Ly-—a z,=2.89
----- e

- line position (z =0) = 121.55nm
- line position (z, = 2.89) = 472.8 nm

Ly — a quasar: HE2347-4342
emission Zo= 2.89

Ly — a forest:
absorption

Intensity

LT Tl
340

mmlﬂl.u T

L TH
60 380 400 420 440 460 480 500 520 540 560 580 600
wavelength 1 (nm)

- . N . .
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deuterium—abundance: Ly — a forest systematics ﬁ("’

Karlsruhe Institute of Technology

B Deuterium is destroyed by fusion (pp—, CNO —chains) due to stars
- identify the largest value of “H/ *H along the line-of-sight

- oldest objects: smaller systematics
- fusion: primordial d burned to *He

Ly — a quasar:
emission

Intensity

mm T

TH
340 60 380 400 420 440 460 480 500 520 540 560 580 600
wavelength 1 (nm)

- . N . .
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deuterium—abundance: results S(IT

Karlsruhe Ins fThIg;.r

B Analysis of line profiles and  — | ~ quasar
: i : I |
intensity ratios % 2 20f J\ HEZ?E‘Z”f;_’gS)__
- - i_ '
- further challenges: extragalactic % < 10 :_ ,.’ s ]
clouds can be rotating = lines s <= g MWW el m"'ﬁ‘*"‘*““‘“w d,/g
are Doppler-broadened 0 ,! g “. -
- further challenges: saturation .
of 1H — line = use of other lines X2 10fF D satulrated .
= N - ]
- present (2022) PDG-value: S C_CE ; -
5 % E 0.57 Ly — a‘
— = (25.47 +0.25)-107° =~ lines ]
H 0.0k e ]
nm
stat. + syst. 555.5. 566.0 (nm)
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abundance of “Li — Spite plateau A\‘(IT

Karlsruhe Institute of Technology

B Observation of absorption line from ’Li: select old, metal-poor stars

- absorption (doublet-) line of “Li at deep red wavelength 1 = 670.7 nm

- primordial “Li located in the atmosphere of the old, metal-poor star

Lithium-7:
destroyed
In stars

1.00 sz

0.95 | HD 84937

rel. intensity

0.90 ' : - - : A(nm)
670.74  670.78 670.82
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abundance of “Li — Spite plateau A\‘(IT

Karlsruhe Institute of Technology

B Observation of absorption line from ’Li: select old, metal-poor stars

- low-mass (m ~ 0.1 M) stars in the galactic halo: small fusion rates

- stars with high surface temperature T: minimum amount of surface convection

Lithium-7:
destroyed
In stars

Gliese 623b — example of a low-mass star
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abundance of “Li — Spite plateau ﬂ("'

Karlsruhe Institute of Technology

B Observation of absorption line from ’Li: select old, metal-poor stars

- BBN expectation

5 3

© — i

< Spite plateau

S 10-10 |- strong i

S - lithium-7- }

E - destruction

': = { convection only at
é r stellar surface

= f

=

5*

convection!

SN MOy SO | NN g S | N ROy M S | N S 1y SO |

4800 5200 5600 6000 6400
surface temperature (K)

Dec 13, 2022 G. Drexlin — Cosmo #7

- stars with high surface temperature T:
minimum surface convection

= reduces dangerous buring of “Li
which decreases the primordial yield

lithium-7
L
proton |

Exp. Teilchenphysik - ETP
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abundance of ’Li — the “anomaly’ QAT

Karlsruhe Institute of Technology

B Observation of absorption line from ’Li: a systematic effect unexplained

BBN expectation

Iemmin Ussissl

5

o e I

S Spite plateau

S 10-10 |- strong i

S - lithium-7- }

E - destruction

': r { convection only at
é i stellar surface

= f

=

ﬁ

convection!

4800 5200 5600 6000 6400
surface temperature (K)

Dec 13, 2022 G. Drexlin — Cosmo #7

- observed values of “Li below the BBN
expectation: the ’Li —anomaly manifests
even In stars with high surface temperature
("Spite plateau’) = missing lithium

Li
—=(1.6 £03)- 1071

- (wild?) speculations:
IS this due to time-varying

natural constants or decaying & ﬁ
dark matter??

Exp. Teilchenphysik - ETP



Observed light element yields & baryon density &("’

Karlsruhe Institute of Technology

B Combining results for *He, ?H, "Li and comparison with Qg from the CMB

- deriving 25 from - deriving 25 from
< —>
measurements of light measurement* of matter-photon

element yields (3 min.) oscillations (380 000 yrs)

p

baryon
density
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Observed light element yields & baryon density &("’

Karlsruhe Institute of Technology

B Combining results for *He, ?H, "Li and comparison with Qg from the CMB

- deriving 25 from - deriving 25 from
1.0
L \\4He 10 | 7]
1072 = :
5 - s
S 107 [ y -
O B ] =+
S 106 |- = =
S L | 7Li e A
1070 - ol Q 'F
) \ o
10—10 _/\_/_//d B QB — 0.04‘4 -I__ 0-004' \\\ L“u1
1072 1.0 baryon T T
baryon density Qg density CMB multipole ¢
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Schramm plot for BBN 0.084]

0.078}

B Comparison of BBN & CMB 0072
- observed BBN light element -
yields are broadly consistent E 04
with precise CMB results, L
but systematics remains E
Q.
- with N(y) from CMB we have* §

and thus (h? = 0.5)

10-10 |
0.021 < Qph? < 0.024 (95% CL)

33 Dec 13, 2022 G. Drexiin — Cosmo #7 ¥ M1 = baryon-asymmetry in units of 10719

10'5:
S Y

109 ¢

10.25
10.24
1023~
1022

AT

Q.,thlttt of Technology
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Schramm plot for BBN 0.084]

0.078!

B Comparison of BBN & CMB 0072k
- observed BBN light element -
yields are broadly consistent E 04
. . cC :
with precise CMB results, | :
but systematics remains E
Q.
5
- accuracy, trueness, precision =

109 |

10-10
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T

109 ¢
prdeipuey

0.25

10.24
0.23
. 10.22

AT

Q., Karlsruhe Institute of Technology

Do You HAVE
SHEHIFICANT
RESULTS ol YOUR
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BBN & MISSINg baryons 0054 025 ‘(IT
0.07 | 1024 o e e oo
TS , i /JZI -------------------------- 0.23
B Case of ‘'missing baryons 00720 4ge/n -
- observed, luminous baryons = =
: - i N O !
(galaxies & stars, cold gas, S 1os \.\
. . . (- E ~ 3
plasma, intergalactic medium) | Y :
T e Ol
30% less than expected from N e =
8 \"'\
the BBN value s 105¢ —
5 e - bt 1] missing
-
= 109 £ /’fi:
\7Li/H /’/
yd
e P
10-10 | == 1 |
1 2 3 4567
baryon density (10731g cm™3)

wheve have the baryons gone:.. 2\)
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Schramm’s idea: BBN as tool for particle physics &("’

stitute of Technology

W Freeze-out temperature T, of v's
may be changed by novel physics!

A
- RECAP: an important
: . 1010~
time stamp for BBN is B ™
when v’s decouple at % qgef--------
t=1sandT =1 MeV g : |
S 102} |
| D) = H(t) s :
- @ - | 102 :
. _ N ‘ I :
|
|

idea: the number N, of 107 10° g0t 105  10°  10%®
v — generations impacts H(t) time t (s)
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Karlsruhe Institute of Technology

BBN as tool for novel particle physicsatt=1s &("’

W Freeze-out temperature T, depends on the

# of relativistic degrees-of-freedom!
A

sterile vg from
the Big Bang
via v —mixing?
= v would add

- relativistic particles .
10~
atE=1MeV &t=1s 107 Maan,

T S 108FTTTTTOC ,
CACACA| - N - to value of N,,!
OOD| ! 5

A 2 A i | o 102 |
LD 5|

)

A A A il 10-2 B |

4 ar ar i |

é g é " 107 108 0t 105 109 1013

O O | time t (s)
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BBN as tool for novel particle physicsatt=1s ﬂ("’

Karlsruhe Institute of Technology

W Freeze-out temperature T, depends on the

# of relativistic degrees-of-freedom! , 2
L . A H*(t) =
- relativistic particles .
1
atE=1MeV &t=1s 10
S
1068
v: M boson i/
factor =1 aE; 102
c
—_ (b
v,v, v, ¥ _ 10-2
crTt _ fermions, E
factor 7/8 !
e: v 107  10% ot 105 10° 1013

time t (s)
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BBN as tool for extra neutrino generations &(IT

Karlsruhe Institute of Technology

W Freeze-out temperature T, depends on the

# of relativistic degrees-of-freedom! 7
A Pt (1) = [1+§'(2+3)],0y (t)

- Impact of extra relativ.
1010 =~
= (43/8)- p, (t)

degrees of freedom:

new v —generations AN, % 106fF—=——=----
- i
Ht)) 7AN 5 102}
——=| ~1+ . = i
H (t) 43 o
102f

- each additional v —generation 157  1q3
will increase H(t) & modify T,

101 10° 10° 1013
time t (s)
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BBN as tool for extra neutrino generations Q(IT

Karlsruhe Institute of Technology

W Freeze-out temperature T, depends on the

# of relativistic degrees-of-freedom! ﬁ

- Impact of AN,
= |arger value of H(t)
= Increase of T,

- more n’s are available

- primordial *He mass
fraction Yp increases

40 Dec 13, 2022 G. Drexlin — Cosmo #7

energy (eV)

A

1010 3s~~

106 =~

102}

102

-
S

HO) _,, 7AN,
H (1) 43

107

time t (s)
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BBN results need to be combined with CMB data &("’

Karlsruhe Institute of Technology

B Primordial *He mass yield Y» combined with baryon density Oz from CMB
0.01 0.02 0.05 Qp

= 0.255 [ . /
- BBN: c - model calculation y

Ypvalueis 2 (50l ’ 4
dependent 8 ’
on N, 2 ////

o 0.245 ‘
2p value = 0.240 //
Independent ~ E -

: o " . :

baryon density pg (10731 g/cm?3)
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BBN results need to be combined with CMB data ﬂ("’

Karlsruhe Institute of Technology

B Primordial *He mass yield ¥, combined with baryon density Q3 from CMB

- cetailed calculation gives SM-expectation of N,, = 3.045 for 3 generations,
resulting from the finite time interval for v-decoupling

- if observation prowdes N, > 3.045 : there are eV ...keV — scale extra-v’s or
dark radiation NS '
(MeV)

THE STANDARD g OUEL

N, = 3.045
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BBN results need to be combined with CMB data &("’

Karlsruhe Institute of Technology

B Primordial *He mass yield ¥» combined with baryon density Qp from CMB

8 P ! ' 1 ' | ' ' ' |
- latest data from BBN & CMB g | o ]
(Planck 2018) give a result of L= Trmm - @oesa (Zy) panac cmabses S
OF | __
20N i
N,=2.92+0.36 = 3 !
v T 8 5 ]
QO v L 1
- no evidence of light vg or o8 4r e !
. . . . — O - 1
other dark radiation (gravitinos,...) < 2 3 F @ y
. or metastable (Z°) 29 2| ,
| . g : 203 M) :
‘ i ‘3\' K ]
1 Fcoo¥® © ]
THE STANDARU MOUVEL : ]

N, = 3.045 0.018 0.020 0022 0.02421 0.026
baryon density 25h
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INSERTION: compare N, to measurements at LEP ﬂ("’

Karlsruhe Institute of Technology

B How do these results relate to the much earlier results at CERN’'s LEP?

- LEP experiments performed FORC Toregaee ey ], B R MR
a precision measurement of the —
invisible width Iy, of the Z°

IHUEDC D © ¢
0 e 0 0 0
DI B » ¢

]
o
» |
0
»

Large

Electron
Positron
Collider
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INSERTION: investigating the Z? invisible width AUT

Karlsruhe Institute of Technology

B The invisible width TI;,,, of the Z° 35 _ .
'[" :F —th—S-I'l ch — ZNVZZ %
S R v DELPH

hadronic  leptonic e 8 - NNy —
P S 25__
- SM fits to entire LEP-data: S oo b N,
O [
(D) B
N, =2.994 1+ 0.012 g 15:
? -
@)
O

Breit-Wigner

Q00 -

Large resonance curve

Electron -but:ZO—bosonsonlycoupIeto 5—_....|..|.|...||..|||.|.|.||.|..|.|

Positron : . 88 89 90 91 92 93 94 95
LH, active neutrinos (not to vg!)

Collider cms-energy /s (Gel)
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