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Die Geschichte des Universums auf einer Folie 
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Nuklidkarte, analog zum Periodensystem der Elemente 

Neutronenzahl N (Isotope eines Elements) 

Protonenzahl Z 
(Ordnungszahl im 
Periodensystem der 
Elemente) 

Schwarz= 
stabile Kerne 

Blau= β+/EC-
instabile Kerne 

Rosa= β-- 

instabile Kerne 

Gelb= α- 

instabile Kerne 
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Bindungsenergie und Entstehung der chemischen Elemente 

Entstehung der Elemente 
bis zum Eisen durch 
Fusion (“Brennen”) von 
leichten Kernen zu 
schwereren Kernen, im 
Urknall oder in Sternen. 

→ Energieproduktion 

Entstehung der Elemente jenseits von 
Eisen durch Prozesse vor und während 
Stern-explosionen, vor allem 
Neutroneneinfang. 

→  Energie wird benötigt 

→  Sie wird geliefert durch Gravitation und  
     durch Brennen leichter Kerne 
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Projektil Target Ejektil Restkern 

a + A → b + B Kurz: A(a,b)B 

Anfangszustand, „initial“, i Endzustand, „final“, f 

a, A, b, B:  Kurzform für beteiligte Kerne, z.B.  208Pb 
  Abkürzung für leichte Teilchen p, d, t, α 

Es gelten Energie- und Impulserhaltung, unter Berücksichtigung der Kernmassen m(a), m(A), m(b), m(B): 
 m(a) + m(A) = m(b) +  m(B) + Q 

 
 Q = sogenannter Q-Wert der Reaktion;  Q > 0 bedeutet Energiegewinn bei der Reaktion 
    Q < 0 bedeutet Energieverlust bei der Reaktion 

 
Rechne statt der Massen zur Vereinfachung mit dem Massenüberschuss (mass excess) Δ: 

  Δ(Kern) = m(Kern) - A * a.m.u.  (atomic mass unit, definiert als 1/12 der 12C-Masse), z.B. 
  Δ(12N) = 11195 MeV/c2 - 12 * 931.494 MeV/c2 = 17 MeV/c2  

Zur Notation von Zweikörper-Kernreaktionen 
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Kernreaktionen: Definition des Wirkungsquerschnitts 

•  Geometrische Vorstellung: Immer, wenn ein Projektil die am Target “angeheftete” 
Fläche σ trifft, findet die Reaktion A(a,b)B statt 
 
 
 

•  Praktisch messbar:   Targetatome pro Fläche  = Dicke * Dichte / 
Atommasse 

    Projektile pro Zeit       = Ionenstrom 

Reaktion A(a,b)B   a= Projektil  A = Target 

€ 

Reaktionen
Zeit

=σ ⋅ Targetatome Projektile
Fläche ⋅ Zeit

€ 

σ =

Reaktionen
Zeit

Targetatome
Fläche

⋅
Projektile
Zeit

Besonderheiten: 

-  Differentieller Wirkungsquerschnitt dσ/dΩ 

-  Partieller Wirkungsquerschnitt σtot=σelast+σinelast  
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Thermonukleare Reaktionsrate und Gamow-Peak 

•  Ergibt sich aus Integral über Maxwell-Boltzmann-Verteilung multipliziert mit dem 
Wirkungsquerschnitt und der Relativgeschwindigkeit. 
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Lebensdauer von gebundenem Neutron und Proton: Experiment 

http://www.sno.phy.queensu.ca/ 

SNO-Detektor, Sudbury/Kanada, 2000 m unter Tage 

1000 t D2O (schweres Wasser) 

Gesucht wird nach γ-Strahlen aus dem Zerfall 
angeregter Zustände von 15N und 15O (entstanden 
durch das Verschwinden eines Neutrons oder Protons 
aus dem im Wasser enthaltenen 16O-Kern). 

Es wurden keine solchen Ereignisse beobachtet, 
entsprechend einer unteren Grenze für die 
Lebensdauer des Protons von τ > 1029 a 
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Lebensdauer des freien Neutrons: Experiment 

Experiment mit Neutronenfalle (geschlossen durch Gravitation) 

A. Serebrov et al., Physics Letters B (2005), http://arxiv.org/abs/nucl-ex/0408009 

€ 

1
τ storage

=
1
τ n

+
1
τ loss€ 

t1/ 2 = τ n ln2

mn = 939.6 MeV/c2 > 938.3 MeV/c2 +0.5 MeV/c2 = mp+me    
Also Neutronen-Zerfall energetisch möglich! 
 

€ 

n→ p + e− + ν 

PDG 2012: 880.1±1.1 s  
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Entstehung von 4He 
•  Neutron und Proton nicht mehr im Gleichgewicht miteinander, nun können sie Kerne 

bilden 

•  Gewinn von Bindungsenergie durch Bildung von Kernen, größter Gewinn bei 4He 

•  Konzentration fast aller überlebenden Neutronen in 4He, n/p ~ 1/7 

•  Berechnung des Massenanteils von 4He an der  
Masse des  Nukleonen-Universums durch einfaches 
Abzählen: 
 

•  Der Rest der Masse bleibt im Element Wasserstoff, 
bis auf kleine Verunreinigungen 

€ 

m(4He)
mtot

=
2n
p + n

=
2n / p
1+ n / p

=
2 /7
8 /7

= 0.25
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Der Deuterium-Flaschenhals (deuterium bottleneck) 
•  Bindungsenergie von 2D ist sehr gering: 

1H(n,γ)2D Q-Wert = 2.225 MeV 

•  Photonen aus dem hochenergetischen Schwanz der Planck-Kurve können 
entstandenes Deuterium sehr effizient wieder dissoziieren 
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Zeitliche und thermische Entwicklung 

NS60CH21-Pospelov ARI 21 September 2010 19:28
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Figure 1
Time and temperature evolution of all standard big bang nucleosynthesis (SBBN)-relevant nuclear
abundances. The vertical arrow indicates the moment at T9 ≃ 0.85, when most of the He nuclei are
synthesized. The gray vertical bands indicate main BBN stages. (Left to right) Neutrino decoupling,
electron-positron annihilation and n/p freeze-out, D bottleneck, and freeze-out of all nuclear reactions.
Protons (H) and neutrons (N) are given relative to nb, whereas Yp denotes the 4He mass fraction. The
freeze-out abundances are given by the horizontal lines on the right-hand side of the graph.

1.1.1. O(0.1) abundances: 4He. The beauty of the SBBN prediction for 4He lies in its sim-
plicity: Only a few factors determine it. The rates for weak scattering processes that interconvert
n ↔ p at high plasma temperatures scale as G2

F T 5, where GF is the Fermi constant. As the
universe cools, these rates drop below the T 2-proportional Hubble rate H(T ) (Equation 6). The
neutron-to-proton transitions slow down, and the ratio of their respective number densities can-
not follow its chemical-equilibrium exponential dependence: n/p |eq ≃ exp(−!mnp/T ). Around
T ≃ 0.7 MeV, this dependence freezes out to n/p ≃ 1/6 but continues to decrease slowly due
to residual scattering and the β decays of neutrons. The formation of D during this intermission
period is delayed by the process of photodissociation, which occurs efficiently because of the over-
whelmingly large number of photons (Equation 4) with energies in excess of the deuteron-binding
energy Ed = 2.22 MeV. Once the temperature drops to T9 ≃ 0.85, the exponential Boltzmann
suppression of such photons is sufficient to build a number density in D that is large enough to
ignite other nuclear reactions. At these temperatures, the neutron-to-proton ratio drops to ap-
proximately 1/7, and very quickly, all neutrons are consumed and are incorporated into 4He nuclei
that have the highest binding energy per nucleon among all isotopes lighter than carbon. Thus,
to a rather good accuracy,

Y p ≃ 2n/p
1 + n/p

∣∣∣∣
T9≃0.85

. 8.

The 4He mass fraction Yp is very weakly dependent on ηb as well as on the precise values for
almost all nuclear reaction rates. Instead, Yp is sensitive to the timing of major BBN events, such
as the neutron-to-proton freeze-out and the end point of the D bottleneck. Consequently, the
prediction for Yp relies on such well-measured quantities as the Newton constant, the neutron-
proton mass difference, the Fermi constant, the neutron lifetime, and the deuteron-binding energy.

544 Pospelov · Pradler
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Entstehung von 2D, 3He, 7Be→7Li, vielleicht auch 6Li parallel zu 4He 
•  Reaktionsnetzwerk bestimmt Häufigkeiten 

•  Monte-Carlo-Rechnungen unter  
Verwendung von Eingabewerten aus  
Experiment und Theorie (Mikrokosmos) 

•  7Be (Halbwertszeit 53 d) wird zu 7Li 

•  Keine Entstehung von Kernen mit A > 7 

•  Barrieren bei Masse 5 und 8 behindern den 
Aufbau zu höheren Massen durch 
Protoneneinfang 

•  Neutroneneinfang unbedeutend, da quasi alle 
Neutronen bereits in 4He gebunden 

•  Coulombschwelle ~Z1Z2 behindert den Einfang 
von 4He 

•  Ende der Urknall-Nukleosynthese bei 7Li 
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Beobachtung von Nuklidhäufigkeiten: 2D 

•  Beobachtung von 2D-
Absorptionslinien in Gaswolken 

•  Häufigkeit als Funktion des 
Alters, ausgedrückt als 
Anreicherung der Gaswolke  
in Sauerstoff O/H 

•  Fit und Extrapolation zu Null 

The Astrophysical Journal, 781:31 (16pp), 2014 January 20 Cooke et al.

Figure 5. Values of D/H for the Precision Sample of DLA measurements analyzed in this paper. The orange point represents the new case reported here (J1358+6522).
The left and right panels show, respectively, the D/H measures as a function of the DLA oxygen abundance and H i column density. The dark and light green bands
are the 1σ and 2σ determinations of Ωb,0 h2 from the analysis of the CMB temperature fluctuations recorded by the Planck satellite (Planck Collaboration 2013)
assuming the standard model of physics. The conversion from D/H to Ωb,0 h2 is given by Equations (5) and (6).
(A color version of this figure is available in the online journal.)

Table 2
The Precision Sample of D/H Measurements in QSO Absorption Line Systems

Literature This Work

QSO zem zabs [O/H]a log N (H i) log (D/H) log N (H i) log (D/H) Ref.b

(cm−2) (cm−2)

HS 0105+1619 2.652 2.53651 −1.77 19.42 ± 0.01 −4.60 ± 0.04 19.426 ± 0.006 −4.589 ± 0.026 1, 2
Q0913+072 2.785 2.61829 −2.40 20.34 ± 0.04 −4.56 ± 0.04 20.312 ± 0.008 −4.597 ± 0.018 1, 3, 4
SDSS J1358+6522 3.173 3.06726 −2.33 . . . . . . 20.495 ± 0.008 −4.588 ± 0.012 1
SDSS J1419+0829 3.030 3.04973 −1.92 20.391 ± 0.008 −4.596 ± 0.009 20.392 ± 0.003 −4.601 ± 0.009 1, 5, 6
SDSS J1558−0031 2.823 2.70242 −1.55 20.67 ± 0.05 −4.48 ± 0.06 20.75 ± 0.03 −4.619 ± 0.026 1, 7

Notes.
a We adopt the solar value log(O/H)⊙ + 12 = 8.69 (Asplund et al. 2009).
b References: (1) This work; (2) O’Meara et al. 2001; (3) Pettini et al. 2008b; (4) Pettini et al. 2008a; (5) Pettini & Cooke 2012; (6) Cooke et al. 2011;
(7) O’Meara et al. 2006.

adopted the same blind analysis strategy and marginalized over
the important systematic uncertainties. We refer to this sample
of five high-quality measurements as the Precision Sample.

In Table 2, we provide a measure of the total H i column
density, along with the associated error. Many of our systems
contain more than one component in H i, and the column density
estimates for these multiple components are correlated with
one another. To calculate the error on the total H i column
density, we have drawn 10,000 realizations of the component
column densities from the covariance matrix. We then calculated
the total column density for each realization; in Table 2, we
provide the mean and 1σ error derived from this Monte Carlo
analysis.

We consider the five measures of D i/H i in these DLAs as
five independent determinations of the primordial abundance
of deuterium, (D/H)p, for the following reasons: (1) We are not
aware of any physical mechanism that would alter the ionization
balance of D compared to H. Thus, to our knowledge, D i/
H i ≡ D/H. (2) The degree of astration of D (i.e., its destruction
when gas is turned into stars) is expected to be negligible at the
low metallicities ([O/H] < −1.5) of the DLAs considered here
(e.g., see Figure 2 of Romano et al. 2006); thus, (D/H)DLA =
(D/H)p. (3) The lack of dust in metal-poor DLAs makes it
extremely unlikely that selective depletion of D onto grains
occurs in the cases considered here (it has been proposed that
such a mechanism may be responsible for the local variations in
(D/H)ISM—see Linsky et al. 2006). (4) The five DLAs sample
entirely independent sites in the distant universe.

As can be seen from Table 2 and Figure 5, the five measures of
D/H in the Precision Sample are in very good mutual agreement,
and the dispersion of the measurements is consistent with the
errors estimated with our improved analysis. A χ2 test indeed
confirms that the five measurements are consistent within 2σ
of being drawn from a single value of D/H. We can therefore
combine the five independent determinations of (D/H)DLA to
deduce the weighted mean value of the primordial abundance
of deuterium:

log (D/H)p = −4.597 ± 0.006 (3)

105 (D/H)p = 2.53 ± 0.04. (4)

This value of (D/H)p is not markedly different from other
recent estimates (Pettini et al. 2008a; Fumagalli et al. 2011;
Pettini & Cooke 2012), but its precision is significantly better
than achieved in earlier papers that considered a more hetero-
geneous set of (D/H)DLA determinations. For completeness, we
have recalculated the weighted mean for all the known D/H
measurements listed in Table 2 of Pettini & Cooke (2012), after
updating the D/H values of the systems we have reanalyzed
here. The resulting weighted mean value of the primordial deu-
terium abundance is (D/H)p = −4.596 ± 0.006. This compares
very well with the value derived from the Precision Sample
(Equations (3) and (4)). Perhaps this is not surprising, since the
literature systems that did not meet our selection criteria (see
Section 2.2.1) have larger uncertainties, and thus their contribu-
tion to the weighted mean value of D/H is relatively low.

9
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Figure 2. The top panel displays a portion of the flux-calibrated HIRES spectrum near the damped Lyα line at zabs = 3.06726 toward J1358+6522 (black histogram)
together with the error spectrum (continuous blue line). The dashed green line marks the best-fitting zero level of the data, and the dashed blue line shows the best-fitting
continuum level. The solid red line shows the overall best-fitting model to the DLA. The bottom panel shows a zoom-in of the data and model; the weak absorption
feature that we have modeled on the blue wing of Lyα is Si iii λ1206.5 at the redshift of the DLA (∼4907 Å in the observed frame).
(A color version of this figure is available in the online journal.)

difference in the χ2 between successive iterations was <0.01,
the parameter values were stored and the χ2 minimization
recommenced with a tolerance of 10−3. Once a successive
iteration reduced the χ2 by <10−3, the minimization was
terminated and the parameter values from the two convergence
criteria were compared. If all parameter values differed by
<0.2σ (i.e., 20% of the parameter error), then the model fit
has converged.

As a final step, we repeated the χ2 minimization process
20 times, perturbing the starting parameters of each run by
the covariance matrix. This exercise ensures that our choice
of starting parameters does not influence the final result. We
found that the choice of starting parameters has a negligible
contribution to the error on D i/H i (typically 0.002 dex), but
can introduce a small bias (again, typically 0.002 dex). We have
accounted for this small bias in all of the results quoted herein.

3.3. Component Structure

Most of the narrow, low-ionization metal lines of the
DLA toward J1358+6522 consist of a single component at
zabs = 3.067259. A second weaker component, blueshifted by
17.4 km s−1 (zabs = 3.06702), contributes to Si iii λ1206.5
and to the strongest C ii and Si ii lines. Evidently, this weaker
absorption arises in nearby ionized gas.

In fitting the absorption lines, we tied the redshift, turbulent
Doppler parameter, and kinetic temperature of the gas to be the
same for the metal, D i, and H i absorption lines. We allowed
all of the cloud model parameters to vary, while simultaneously
fitting for the continuum near every absorption line. Relevant
parameters of the best-fitting cloud model so determined are
collected in Table 1. Figures 2, 3, and 4 compare the data and

model fits for, respectively, the damped Lyα line, the full Lyman
series, and selected metal lines. [Since the metal lines analyzed
here are the same as those shown in Figure 1 of Cooke et al.
(2012), albeit now with a higher S/N, we only present a small
selection of them in Figure 4 to avoid repetition]. The best-fitting
chi-squared value for this fit is also provided for completeness.14

Returning to Table 1, it can be seen that we found it necessary
to separate the main absorption into two separate components,
labeled 1a and 1b in the table. A statistically acceptable fit15 to
the metal, D i and H i lines could not be achieved with a single
absorbing cloud in which the turbulent broadening is the same
for all species and the thermal broadening is proportional to
the square root of the ion mass (i.e., b2

th = 2KT/m, where K
is the Boltzmann constant). The main absorption component
of this DLA appears to consist of two “clouds” with very
similar redshifts, temperatures, and H i column densities, but
with significantly different turbulence parameters (see Table 1).
The turbulent broadening for component 1a is bounded by
the metal lines, whereas the thermal broadening is bounded
by the relatively narrow H i line profiles. This combination of
turbulent and thermal broadening is unable to reproduce the
observed widths of the strongest D i lines, which require an
additional component with a larger contribution of turbulent
broadening. Surprisingly, metal absorption is only seen in the

14 We caution that the quoted chi-squared value is likely underestimated in our
analysis because: (1) there is some degree of correlation between neighboring
pixels that is not accounted for in the error spectrum, and (2) the continuum
regions selected tend to have lower fluctuations about the mean than average.
15 The addition of an extra absorption component (i.e., three components as
opposed to two, and four additional free parameters) reduces the minimum
chi-squared value by ∆χ2

min ≃ 660, which is highly significant (see, e.g.,
Lampton et al. 1976).

6

Cooke et al., ApJ 2014 
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790 Y. I. Izotov, T. X. Thuan and N. G. Guseva

Figure 8. (a) Y–O/H linear regression for the 75 spectra of 45 H II regions. Only the five He I optical emission lines λλ3889, 4471, 5876, 6678, and 7065
have been used for the χ2 minimization and determination of Y. Te(He+) was varied in the range 0.95–1.05 of the T̃e(He+) value. The equation of the linear
regression and the value of the χ2 are given at the bottom of each panel. (b) Same as (a), but all six He I emission lines λλ3889, 4471, 5876, 6678, 7065,
and 10830 have been used for the χ2 minimization and determination of Y. The points representing high-density H II regions, with Ne(He+) > 200 cm−3, are
encircled in (b).

Figure 9. (a) Same as Fig. 8(b), but high-density H II regions with Ne(He+) > 200 cm−3 have been excluded. (b) Same as (a), but while all six He I emission
lines λλ3889, 4471, 5876, 6678, 7065, and 10830 have been used for the χ2 minimization, only the four He I emission lines λλ4471, 5876, 6678, and 10830
have been used for the determination of Y.

uncertain because of its weakness. The parameters derived for the
sample shown in Fig. 9(b), with the additional inclusion of the high-
density H II regions, are presented in Table 3. The uncertainties of
these parameters are propagated in the derivation of errors of the
He mass fraction Y.

4.3 Final NIR sample

We have further restricted the final NIR sample to those H II regions
with high EW(Hβ) and high-excitation parameters x = O2 +/O. Both
these parameters are higher in younger starbursts. In their analysis
of a large sample of several hundred galaxies, Izotov et al. (2013)
have found that the weighted mean Ywm increases with decreasing
EW(Hβ) and decreasing x (their figs 10a and 11). These trends are
unphysical and suggest that objects with low EW(Hβ) and low x
should not be used for the determination of Yp. The main reason
for not including objects with low EW(Hβ) is because of the larger
contribution of the light of the underlying galaxy to their optical
continuum, so that EW(Hβ) is no longer an accurate starburst age
indicator. The starburst age would then be overestimated, resulting

in overestimated values of ICF(He) and Yp. On the other hand, Izotov
et al. (2013) have shown that no trend is apparent for galaxies with
EW(Hβ) ≥ 150 Å and x ≥ 0.8, limits which we adopt for our
sample. Izotov et al. (2013) found that the ICF(He) derived for
these galaxies using starburst ages based on EW(Hβ) are consistent
with those derived using SED fitting (their fig. 12). There is a further
advantage in using only high-excitation H II regions: He abundances
for most objects with EW(Hβ) ≥ 150 Å and x ≥ 0.8 are derived
with an accuracy better than 3 per cent because of a stronger [O III]
λ4363 emission, resulting in more accurate electron temperatures
and derived abundances.

Therefore, our final sample (hereafter the NIR sample) consists
only of those H II regions that have EW(Hβ) ≥ 150 Å, excitation
ratios O2 +/O ≥ 0.8 and σ (Ywm)/Ywm ≤ 3 per cent. These selection
criteria give a total sample of 28 H II regions. The linear regression
for the NIR sample, excluding He I λλ3889 and 7065 from the deter-
mination of Ywm, is shown in Fig. 10. We derive a primordial helium
abundance mass fraction Yp = 0.2551 ± 0.0010 (statistical), with a
χ2 per degree of freedom of 1.43. Although the dispersion about the
regression line is considerably smaller than that, for example, of the
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•  Beobachtung von 4He-Emissionslinien 
in Gaswolken 

•  Häufigkeit als Funktion des Alters,  
ausgedrückt als Anreicherung der 
Gaswolke in Sauerstoff O/H 

•  Fit und Extrapolation zu Null 

Beobachtung von Nuklidhäufigkeiten: 4He Primordial helium and the He I 10830 line 781

Figure 1. Representative APO spectra of H II regions showing the He I λ10830 Å and Pγ 10940 Å emission lines. The spectrum in (a) is that of a high-density
H II region while the one in (b) is that of low-density H II region.

other references given in Table 1. The complementary optical data
are necessary to derive physical conditions and abundances in the
sample galaxies.

2.1.2 Reduction procedures

We have carried out the reduction of the data according to the fol-
lowing procedures. The two-dimensional spectra were first cleaned
for cosmic ray hits using the IRAF1 routine CRMEDIAN. Then all A
and B frames were separately co-added and the resulting B frame
was subtracted from the resulting A frame. Finally, the (negative)
spectrum at position B was adjusted to the (positive) spectrum at
position A and subtracted from it. The same reduction scheme was
applied to the standard stars. We then use the IRAF routines IDEN-
TIFY, REIDENTIFY, FITCOORD, and TRANSFORM to perform wavelength
calibration and correction for distortion and tilt for each frame. For
all galaxies, a one-dimensional spectrum was extracted from the
two-dimensional frames using the APALL IRAF routine.

Flux calibration and correction for telluric absorption were per-
formed by first multiplying the one-dimensional spectrum of each
galaxy by the synthetic absolute spectral distribution of the standard
star, smoothed to the same spectral resolution, and then by dividing
the result by the observed one-dimensional spectrum of the same
star. Since there does not exist published absolute spectral energy
distributions (SEDs) of the standard stars that were used, we have
simply scaled the synthetic absolute SED of the star Vega (α Lyrae),
also of A0V spectral type, to the brightness of the standard star.

The emission-line fluxes were measured using Gaussian fitting
with the IRAF SPLOT routine. The line flux errors were estimated by
Monte Carlo simulations in SPLOT, setting the number of trials to
200.

Two representative spectra, one of a high-density H II region (left)
and the other of a low-density one (right) are shown in Fig. 1. The
fluxes and equivalent widths (EW) of the He I λ10830 Å emission
line, needed for the Yp determination, and of the Pγ λ10940 Å emis-
sion line, needed to adjust NIR and optical spectra, are presented in
Table 2.

1 IRAF is distributed by National Optical Astronomical Observatory, which
is operated by the Association of Universities for Research in Astronomy,
Inc., under cooperative agreement with the National Science Foundation.

2.2 Physical conditions and heavy-element abundances

We derived element abundances from the narrow emission-line
fluxes, using the so-called direct method. This method is based
on the determination of the electron temperature within the O2 +

zone from the [O III] λ4363/(λ4959 + λ5007) line ratio. The fluxes
in all optical spectra were corrected for both extinction, using the
reddening curve of Cardelli, Clayton & Mathis (1989), and un-
derlying hydrogen stellar absorption, derived simultaneously by an
iterative procedure described by Izotov et al. (1994) and using the
observed decrements of the narrow hydrogen Balmer lines. The
extinction coefficient C(Hβ) and EW of hydrogen absorption lines
EW(abs) are derived in such a way to obtain the closest agreement
between the extinction-corrected and theoretical recombination hy-
drogen emission-line fluxes normalized to the Hβ flux. It is assumed
that EW(abs) is the same for all hydrogen lines. This assumption is
justified by the evolutionary stellar population synthesis models of
González Delgado et al. (2005).

The physical conditions, and the ionic and total heavy-element
abundances in the H II regions were derived following Izotov et al.
(2006). In particular, for O2 +, Ne2 +, and Ar3 + abundances, we
adopt the temperature Te(O III) directly derived from the [O III]
λ4363/(λ4959 + λ5007) emission-line ratio. The electron tempera-
tures Te(O II) and Te(S III) were derived from the empirical relations
by Izotov et al. (2006). Te(O II) was used for the calculation of O+,
N+, S+, and Fe2 + abundances and Te(S III) for the calculation of
S2 +, Cl2 +, and Ar2 + abundances. The electron number densities
Ne(S II) were obtained from the [S II] λ6717/λ6731 emission-line
ratios. The low-density limit holds for the H II regions that exhibit
the emission lines considered here. The element abundances then
do not depend sensitively on Ne. We use the ionization correction
factors (ICFs) from Izotov et al. (2006) to correct for unseen stages
of ionization and to derive the total O, N, Ne, S, Cl, Ar, and Fe
abundances.

The physical conditions and heavy-element abundances for most
of the objects in our sample were derived in several previous studies
by our group. The references to these studies are shown in Table 1.
We have listed the main physical parameters along with their un-
certainties in Table 3. These uncertainties were derived from the
uncertainties of the optical line intensities given in our previous pa-
pers (references in Table 1), and from the uncertainties of the NIR
line intensities given in Table 2. They were propagated to derive the
oxygen and helium abundances.
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Beobachtung von Nuklidhäufigkeiten: Das Lithium-”Plateau” 
•  Beobachtung von Absorptionslinien in sehr alten Sternen 
•  Darstellung als Funktion der Anreicherung in Kernen mit A>7 
•  Fitten und Extrapolation zu Alter Null 
•  Spite-Plateau  

7Li 

6Li 

(relativ zur Sonne) 



Slide 17 
Daniel Bemmerer | 6. Vorlesung 11.05.2016 | Kosmologie und Astroteilchenphysik | http://www.hzdr.de 

Gesamtschau der Nuklidhäufigkeiten: 
4He, 2H, 7Li 

Vorhersage und Beobachtung 
stimmen einigermaßen überein für 
diese drei Nuklide! 

23. Big-Bang nucleosynthesis 3

Figure 23.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted by
the standard model of Big-Bang nucleosynthesis—the bands show the 95% CL range
[5]. Boxes indicate the observed light element abundances. The narrow vertical
band indicates the CMB measure of the cosmic baryon density, while the wider
band indicates the BBN concordance range (both at 95% CL).

March 7, 2016 13:42

Particle Data Group 2015 
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Experiment zu 7Be→7Li an LUNA, Gran Sasso (Italien) 

Labor unter 1400 m Fels 
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Experiment zu 3He(α,γ)7Be:  
Der Beschleunigerraum von LUNA 

EStrahl = 50 - 400 keV 

0.5 mA 1H+ 

0.3 mA 4He+ 
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3He(α,γ)7Be experiment at LUNA (activation and prompt-γ technique) 

Windowless 3He gas target,  
with 3He recirculation 
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Messung zur Urknall-Nukleosynthese: 3He(α,γ)7Be an LUNA, 7Be-Spektren 

Gemessene 7Be-Aktivität: 0.8 - 600 
mBq 
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γ-Nachweiswahrscheinlichkeit 1.8% 

Strahlintensität 1.5% 

Gasdichte 1.5% 
7Be-Verluste 0.7% 

Systematische Unsicherheit 3.0% 

3He(α,γ)7Be-Aktivierungsmessung an LUNA 
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3He(α,γ)7Be-Aktivierungsmessung an LUNA, Ergebnisse 
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Experiment zu 2H(α,γ)6Li bei LUNA: Versuchsaufbau 

2H(α,α)2H 
Rutherford scattering 

2H(2H,n)3He 
d+d - reaction  

Untergrund durch Prozess 2. Ordnung: 

as a possible explanation for the reported 6Li detections. Pre-galactic 6Li production mechanisms

have been ruled previously 4. As a result, the only remaining scenarios explaining a global 6Li/7Li

level of a few percent as reported 1–3, 22 involve non-standard physics 13, 18. Cosmic 6Li is clearly a

highly interesting probe of physics beyond the standard model.

The authors are indebted to F.L. Villante (INFN-LNGS) for informative conversations on

BBN calculations, and to the mechanical and electronic workshops of LNGS for technical sup-

port. Financial support by INFN, FAI, DFG (BE 4100-2/1), NAVI (HGF VH-VI-417), and OTKA

(K101328) is gratefully acknowledged.
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Figure 1: (Colour online) Sketch of experimental set-up.

1. Smith, V. V., Lambert, D. L. & Nissen, P. E. The 6Li/7Li ratio in the metal-poor halo dwarfs

HD 19445 and HD 84937. Astrophys. J. 408, 262–276 (1993).
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2H(α,γ)6Li, Gammaspektren (a) Run 1
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2H(α,γ)6Li, LUNA-Ergebnisse und die 6Li-Häufigkeit 

u  6Li/7Li aus dem Urknall = (1.7± 0.3) * 10-5 direkt aus Messdaten bestimmt 

u  Vergleiche mit 6Li/7Li ~ 10-2  

Michael Anders (HZDR 
und TU Dresden),  
Doktorarbeit 2013 
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Gesamtschau der Nuklidhäufigkeiten: 
4He, 2H, 7Li 

Vorhersage und Beobachtung 
stimmen einigermaßen überein für 
diese drei Nuklide! 
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Entstehung von Nukliden durch Spallation: 9Be, 10Be, 10B, 11B, (6Li) 

•  Sukzessive Anreicherung als Funktion der Zeit, 
hier [Fe/H] 
 
[Fe/H] = log [ (nFe / nH) / (nFe,Sonne / nH,Sonne) ] 
 
Sonne: [Fe/H] = log 1 = 0 

•   Erklärung: hochenergetische Teilchen  
(“cosmic rays”) stoßen auf interstellare Materie 
(Spallation) 

•  Erzeugung von Be, B, (6Li) 

•  keine schwereren Elemente 
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Zusammenfassung 

•  Die Nuklide 1H, 2H, 3He, 4He und 7Li der drei 
leichtesten Elemente entstanden in den ersten drei 
Minuten nach dem Urknall. 

•  Die makroskopisch beobachtbaren Häufigkeiten 
der leichten Elemente im Universum sind aufs 
Engste mit ihren mikroskopischen Eigenschaften 
verknüpft. 

•  Die Nuklide 9Be, 10Be, 10B, 11B und wahrscheinlich 
6Li entstanden durch Stöße von kosmischer 
Strahlung mit dem interstellaren Medium 
(“Spallation”). 

•  Alle weiteren bekannten Nuklide entstanden in 
Sternen und deren Explosionen. 


