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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

- v — decoupling (freeze—out) atT =1 MeV &t = 1 s (X free—streaming of v’s)
-(n,p) —ratio 1: 6 at t = 1 s, no element synthesis due to intense heat bath

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

- light element synthesis primarily to *He with small traces of d, *He, "Li :
can be used to determine baryon density £,
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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
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Primordial nucleosynthesis & yield of *He AUT

Karlsruhe Institute of Technology

B Synthesis of light elements essentially stops at “He

- fusion beyond *He is difficult; this is a very stable (double magic) nucleus
-*He is difficult to destroy, also tiny cross—sections for capture of p,n, d
- almost all neutrons are incorporated into *He (= available n limits its formation)

- usual parameter in literature: primordial *He — mass fraction Y,

: n ;)\n )\‘P

one of many | t

BBN reaction \)’\Q_.Q_.;)‘)_,\)\)_.o")) -
pathwaysto  j_~~ & J J J

“He — formation . d 3He
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Primordial nucleosynthesis & yield of *He AUT

Karlsruhe Institute of Technology

B A quick estimate on the *He — mass fraction Y, as function of (n,p) ratio

- we start with the calculated (n, p) — ratio of 1 : 7 at the onset of BBN

- we then form *He via the initial ratio out of 2n +2p) + 12p = *He + 12 p
2n : 14p

- we now calculate the “He mass fraction ¥, = *He/(2 n+ 14 p)

with m, = m, = my,; we have =4my, /16 My = 0.25

- for the (n, p) — ratio of 1 : 7 we expect a “He mass fraction Y,=0.25
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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,

me e " : o N -
Tk W AT . B & L @ B N BN i SR
2 9% MR A \ER BRAE - Helium — 4 __
B rTER ) . s
N PSH v n ¥ EW k. | B SRR : %
i e 25 o AN W S i | G ERGEE S BN FEANE - : : N
: 4 1 ‘ }

Lithium — 7

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,

= larger (n,p) — ratio: more deuterium d is fused, which then
ends up as primordial *He, thus we have 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 Eg = 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 pp = less deuterium d
it ends up more efficiently in primordial *He
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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 Eg = 2.2 MeV) = thus it is best suited to deduce 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 < 107

- major challenge in measuring baryon density 25

4
. . He
with the abundance of 7Li arises due to Py 9 /‘ y
two reaction pathways: n oW\ 78
e
: X
a) for smaller values of n the EC reaction pathway %ﬂ @
"Be + e~ —» ’Li+ v, is dominant 3He v - e o
b) for larger values of n the (¢, y) — capture process 71 gj

‘He + 3H - "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 < 107

- major challenge in measuring baryon density 25

I I I T I I ' F 473 llllllllllllllllllllllllll:
{1 *He+ *H -
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"Be +e -
"Li + V,
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Light element yields & future e —mobility AUT

Karlsruhe Institute of Technology

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

- lithium: a very small primordial abundance & mass fraction < 10~

- lithium: very important for the

powered |
by BBN
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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

ANGe( " . Helium — 4: @

*’ o - blue compact dwarfgalaxies/

Lithium — 7 - ‘ ‘ ‘

Spite—plateau
(stars)
deuterium:

quasars

gas clouds
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Light element yields: spectroscopic results A\‘(IT

Karlsruhe Institute of Technology

B How can we determine the light element yields of BBN in the universe today?
- each element abundance is modified by 13.8 - 10° yrs of stellar processes!

N /-.,"‘Ti.-_. 7 O

B MARMMOMNMRIR B0 : ; I :
21C RAN gﬁ?ﬁz NIIN - A ~H e_lmm 4 ) %,
o main sequence stars are

Lithium — 7 & « forging He — 4 from the fusion

destroyed (pp,CNO) — chains*

In stars e
. ¢ - \
o ‘ . & @ deuterium:
] 48 | - | stars* burn
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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 “Liin atmospheres of stars in halo (Spite plateau)

15 Dec 5, 2023 G. Drexlin — Cosmo #7 *clouds of si ng |y ionised hyd rogen atoms Exp. Teilchenphysik - ETP



Measuring the *He — abundance with the VLT QAUT

Karlsruhe Institute of Technology

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

- 4

A=587.6 nmm

- 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 with the VLT QAUT

Karlsruhe Institute of Technology

B Observing Blue Compact Dwarf (BCD)—galaxies with the VLT spectrograph

-"- - BCDs: rich In gas = large star—forming

regions = gas isionised (He") by
A =587.6 nm UV — light of very massive stars

- BCDs: small galaxies — poor in “metals’
= small previous reaction rates of stellar fusion
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Measuring the *He — abundance QAT

Karlsruhe Institute of Technology

B Observing Blue Compact Dwarf (BCD)—galaxies with the VLT spectrograph
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Measuring the *He — abundance: systematics &("’

Karlsruhe Institute of Technology

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

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

—

_pp_

: p )
= search for metal—poor* regions et
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Measuring the *He — abundance: systematics

AT

Karlsruhe Institute of Technology

m 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

2022 values
\:-s*;"* r B

llllll le dota group

primordial Y p

- good agreement with BBN theory

20
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mass fraction of *He

Yp = 0.245 + 0.003
0.27 1 I 1 data from *
0.26 T |
0.25 | Tl =T
0.24F /| 4 -
0.23 - | 1 I
0221 1 1 o | metallicity

0 2 4 6 8 10 1

* 1503.08146.pdf (arxiv.orqg)

2 (105 - 0/H)
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deuterium—abundance: Ly — a absorption lines ﬂ("’

Karlsruhe Institute of Technology

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

-Lyman—alinefromn=2ton =1 - redshift z from a distant source is shifting

NS> Ly — a line from VUV to visible spectrum
S s>
S) Vacuum visible

d & uv uv
&

QY 6“ 1

":w 65022 186 nm 34 X — rays ‘ redshift z
n = 410 nm C B A

— { 875 )= ) \
n=2 ” L) W
n=3 > Yo\
n=4 &
100 200 400 780 nm
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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 — a — lines of *H & 'H <
I - 2H lH
lie very close together (only reduced = [
mass u = (my- my)/(m;+m,) differs E
= need resolution AE/E =~ 2.7 - 10~% % -

- spectroscopic challenge #2:
the Ly — a — lines of “H & 'H
differ by a huge amount in their
intensity (flux ratio ~ 107°)
= 1H — line is often saturated

| | ! S

121.4 121.5 121.6 121.7

wavelength 4 (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 spectra

cloud #2. LB

Z; = 2.0 cloud #3

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

2 1 - - : : :
H and "H atthe line—of—sight [y — g absorption lines 4; 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 | zg = 2.89
- each gas cloud absorbs quasar

light at its specific, individual H IM Hw Hm VLT spectra
cosmological distance z; | N -
= the Lyman—a —forest ~III” .:]
il
0 P06 I
A o0 O 00 Q
$ O

flux
|

VLT array

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

Zz='2.6

Ly — a quasar:
emission

Ly — aforest:

absorption HE2347 — 4342

zo = 2.89

l.mmm'.uu. i Al ulll |

340 360 380 400 420 440 460 480 500 520 540 560 580 600
wavelength A (nm)

Intensity

—— * _ _ i ik -
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deuterium—abundance: Ly — a forest systematics &("’

Karlsruhe Institute of Technology

B Deuterium is destroyed by fusion (pp—, CNO — chains) inside sellar cores

- Identify the largest value of 2H/ 1H along the line—of—sight
- oldest objects: smaller systematics
- fusion; primordial d burned to *He

2 _ .
H e\ A Ly. qquasar.
"He emission

HE 2347 — 4342
zo = 2.89

ol VT uill |

340 360 380 400 420 440 460 480 500 520 540 560 580 600
wavelength A (nm)

Intensity
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Karlsruhe Institute fThIg;.r

deuterium—abundance: results S(IT

B Analysis of line profiles and o~ | | quasar
. . . : | o
intensity ratios: challenges = *g 20k \ HE:;:; ]
_ I _

- ' c > 3 [\ (z = 2.89)
extragalactic clouds can be 53 106 't -
rotating = lines are s L Wh'\“*”'“ X ﬁ;ﬁ \“w*mm ﬂ

- i 'rﬂ '“M“\;“’”; Y A
Doppler—broadened 1) A A A I B
| o _ 500~ 600 _ 700

- saturation of main "H — line .
= rely on other (weaker) lines X § 1.0 m - |

- present (2023) PDG — value* : C G B

E % 0.5 I
D o £ -
— =(25.47 +0.25) - 107° =
H oh . Nee— A
stat. + syst. 555.5 556.0 (nm)
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abundance of ’“Li — the Spite plateau QAT

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 A = 670.7 nm

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

Lithium — 7
destroyed
In stars
HD 84937 .
2 1.00 | I
(7))}
-
(D)
c 095
T,; |
= 0.90 : : : A(nm)

670.74 670.78 670.82
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abundance of ’“Li — the Spite plateau QAT

Karlsruhe Institute of Technology

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

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

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

Lithium — 7

destroyed
In stars

Gliese 623b — example of a low—mass star
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abundance of ’“Li — the Spite plateau QAT

Karlsruhe Institute of Technology

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

" BBN expectation - stars with high surface temperature T:

S i minimum surface convection

3 Spite plateau ° = reduces dangerous burning of “Li

~ . . . i

| 10710 | >rond I ¢ which decreases the primordial yield
- lithium-7-

) - destruction v

i [

~— [ { convection only ~ lithium-7

N % at stellar surface $

= .

10~ 11 | I[
: . ¢
convection!
[ | | | | proton
4800 5200 5600 6000 6400 " i

surface temperature T (K)
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abundance of “Li — the "anomaly’

AT

Karlsruhe Institute of Technology

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

E BBN expectation

Spite plateau
—10 |- strong

10 - lithium-7-

- destruction

%

|

- convection!
|

’Li/ 'H — ratio

10—11

; |

}

convection only
at stellar surface

4800

5200 5600 6000

6400

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

Li
= (1.6 +0.3)-10710

- (wild?) speculations:
IS this due to time—varying
natural constants or even
due to decaying 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
i 410 S 10 ]
o 1072 F B -
O g +
S 107* - s N
'8 B . . !
2 107° - ‘ = . > - - 0. ,,__:.ﬁ_.'--i"'; '
E - | "Li
1078 - =1 Q 1 L
| - \
10_10 _/-\/;/d B .QB _ O. 044 i O_ 004 \\\ L‘E
10-2 1.0 baryon ~ 10 100 1000
baryon density 2p density CMB multipole ¢
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Schramm plot for BBN lo2e ﬂ(".
0.23

B Comparison of BBN & CMB _
_10.22

>~

- observed BBN light element
yields are broadly consistent
with precise CMB results,
but systematics remains

nuclei per H — nuclei

- with N(y) from CMB we have*

5.8 <1110 < 6.5 (95% CL)

and thus (h? = 0.5)

David Schramm

0.021 < 2zh? < 0.024 (95% CL) 1 2 3 4567
baryon density pg (1031 g/cm3)
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Schramm plot for BBN

B Comparison of BBN & CMB

- observed BBN light element
yields are broadly consistent
with precise CMB results,
but systematics remains

- keywords for observations:
accuracy, trueness, precision
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o KT

Karlsruhe Institute of Technology

d0.22

nuclei per H — nuclei

: | 1 |
1 2 3 4567

baryon density pg (1031 g/cm3)
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BBN & missing baryons 008+ | o AT
0 078 — E — '7 | 0 24 mstitute of Technology
fe , . i o — e R U —0.23
B Case of ‘missing baryons 0.072 4Heym 0
- observed, luminous baryons § ) m
(galaxies & stars, cold gas, T o4k S )
plasma, intergalactic medium) GE)  3ye/m =<4 ;
30% less than expected from o e 00 = :
the BBN value S 1075 T
E 1 !
107%F e
. 7Li/H ,/
i (\'ﬁ“‘:..\} ',,y"f'
o-ol T
1 2 3 4567

where have the baryons gone:.. 2\) baryon density pg(10731 g/cm?)
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Schramm’s idea: BBN as tool for particle physics S("’

of Technology

W Freeze—out temperature T, of v's

may be changed by novel physics! "':gwr‘!lgws
A
- RECAP: an importar_nt 1010~ ﬁ T =1MeV UJ!]V RSE t ‘
time stamp for BBN Is _ B T -
when v’s decouple at 3 106 F~~—~~~—-
t=1sandT =1MeV |
> 2 :
g o 10 '
s~~~ | I'y(t) =H(t '
. @ . V( ) . ( ) () 10_2 B :
# N |
- | : | | |
idea: the number N, of 1077 107% j0' 10> 10° 10"

v — generations impacts H(t) time ¢ (s)
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BBN as tool for novel particle physicsatt=1s &("’

Karlsruhe Institute of Technology

W Freeze—out temperature Ty, depends on the

# of relativistic degrees—of—freedom!
A

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

- relativistic particles .
atE=1MeV&t=1s 1077 [ nas

af 7 106~~~ """ 7" to value of N.,,!
® X0 v!
@
1l 102 [

-<
energy (eV)

L L 4o
V‘“ } y&ﬁ’; YE‘/
/\i i/\i 2
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BBN as tool for novel particle physicsatt=1s ﬂ("’

Karlsruhe Institute of Technology

W Freeze—out temperature Ty, depends on the

o Cn | | -~
# of relativistic degrees—of—freedom! M) a(t))z I‘i{ :
A = | —7= Sy
- relativistic particles a(t) f
= =1s* 1017 =~ 1 A
atE=1MeV &t=1s B A
N\ [~ ) A
Sy :
&)/ 106 =
y: M boson > -
factor = 1 GE; 102 |
= i
_ (D) 10_2 i
v, v, vV, v .
ert fermions - .
o 7 factor=7/8 107 103 10! 105 10° 103

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

Karlsruhe Institute of Technology

W Freeze—out temperature Ty, depends on the

# of relativistic degrees—of—freedom! a(t) 2
A H?(t) = _>
- relativistic particles .
with contributions from 10
bosons: fermions: 3 106
. =
7 s 10
Prei(t) = [1 +5(2+ 3)] 5
8 o _2
10
Y's ‘
1 generation 3 generations 10-7 1073 10! 10> 10° 1013
ofe” (LH+ RH :
e” (LH + RH) of v's (LH only) time t (s)

40 Dec 5, 2023 G. Drexlin — Cosmo #7 Exp. Teilchenphysik - ETP



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

Karlsruhe Institute of Technology

W Freeze—out temperature Ty, depends on the

# of relativistic degrees—of—freedom! : 2
. HA(2) = (@)
- relativistic particles . a(t)
normalized to p,,(t) 10
S
43 QR 10°
Prel(t) = — - py(t) )
8 o 5
= 10
3
- each additional v — 102
generation would lead to
an increase of H(t) & thus 10-7 10-3 10 105 10° 1013

modify T g, via py.;(t)
time t (s)
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BBN as tool for novel particle physicsatt=1s &("’

Karlsruhe Institute of Technology

W Freeze—out temperature Ty, depends on the

# of relativistic degrees—of—freedom! 10 2
A H%(t) = (F)
- Impact of AN,: 1010 (t)
= |arger value of H(t) .
= Increase of T, o 106
>
O 2
) _ s 10
- more n’s are available =
1072
- primordial *He mass 107 1073 10! 10° 10° 1013

fraction Y, Increases .
P time t (s)
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BBN results can be combined with CMB data ﬂ("'

Karlsruhe Institute of Technology

B Primordial *He mass yield Y» combined with baryon density QO from CMB

0.01 0.02 0.05
- BBN: 5 0.255 — : i
- model calculation
Yp value is 5
dependent S 0.250 | N, =: .
on N, =
n
7))
T 0.245
- CMB: f
Qg value is © /
. %
independent & 0.240; _
of N .
’ B B 1
% 1 2 5

baryon density pg (10731 g/cm?)
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BBN results can be combined with CMB data ﬂ("'

Karlsruhe Institute of Technology

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

- detailed calculation gives SM — expectation of N,, = 3. 045 for 3 v — generations
(non—integer value due to finite time interval for v — decoupling)

- should observations provide conclusive values of N > 3 045
evidence for eV ... keV — scale ‘
extra—v’s or other forms of socalled
dark radiation (MeV)

-

THE STANDARU MOUEL

N, = 3.045
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BBN results can be combined with CMB data

AT

Karlsruhe Institute of Technology

B Primordial *He mass vyield Yp» combined with baryon density Qp from CMB

- latest data from BBN & CMB
(Planck 2018) give a result of

N, =2.92 +0.36

- no evidence of light v or
other dark radiation
(gravitinos,...)
or metastable (Z9)”
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neutrino relativistic
=freedom N,

degrees—of

8 ; > : T T T T T T T T T
vi 5 N

- = planck analyses
6 [
5 |
4_ =,
3 =
2 ‘ )

e‘a\ QQX

1 tc’oo\l‘e

F 1 R R R
0.018 0.020 0.022 0.024

baryon density 2, h*
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Let’s compare N, to older measurements at LEP &("’

Karlsruhe Institute of Technology

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

- LEP experiments performed VT s eree ), B 2 LRSS
a precision measurement of the = e
invisible width Iy, of the Z°

]
o
» |
0
»

Gt
______
S S b g W

Electron

Positron
Collider
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LEP: investigating the Z° invisible width ﬂ("‘

B The invisible width T;,,, of the Z°

-TI'iny = Lot = Thaar — 3 - l-‘lept,ch
| |
hadronic  leptonic e

- SM fits to entire LEP — data:

N, =2.994 + 0.012

Q0O

- but: Z° — bosons only couple to
LH, active neutrinos (& not to vg!)
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Cross section o;,; (nb)

Karlsruhe Institute fThIg;.r

N,

‘N,

i Nv

- Breit—Wigner
“resonance curve’ <

_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

88 89 90 91 92 93 94 95
cms — energy /s (GeV)
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evaluation period - Dec.4 - 16,2023 QAT

Karlsruhe Institute of Technology

B Please evaluate the cosmo lectures & exercises/tutorials

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

https://onlineumfrage.kit.edu/evasys/ https://onlineumfrage.kit.edu/evasys/
online.php?p=34SFX online.php?p=L45YG
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