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

Vorhersage und Beobachtung 
stimmen einigermaßen überein für 
diese drei Nuklide! 
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Vorhersage und Messung:  
4He, 2H, 7Li 

NS61CH03-Fields ARI 14 September 2011 11:45

experiments pin down the baryon density. The most recent seven-year WMAP data release gives

η = (6.19 ± 0.15) × 10−10 11.

—a 2.4% measurement!

2.4. Assessing Standard Big Bang Nucleosynthesis: the Lithium
Problem(s) Revealed
Prior to WMAP, BBN was the premier means of determining the cosmic baryon density.
Standard BBN has one free parameter, η, but three light elements—deuterium, 4He, and 7Li—have
well-measured primordial abundances. Thus, the problem is overdetermined: Each element ideally
selects a given value of η but, allowing for uncertainties, actually selects a range of η. If the different
ranges are concordant, then BBN and cosmology are judged successful, and the cosmic baryon den-
sity is measured. This method typically specifies η to within a factor of approximately two (61, 62).

The exquisite precision of the CMB-based cosmic baryon density suggests a new way of as-
sessing BBN (9, 10). We exploit the CMB precision by using ηWMAP as an input to BBN. Doing
so removes the only free parameter in the standard theory. Propagating errors, we compute like-
lihoods for all of the light elements. Figure 5 shows these likelihoods (30), which are based on
WMAP data (63). Also shown are measured primordial abundances (discussed above).
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Figure 5
Comparison of big bang nucleosynthesis (BBN)+WMAP predictions and observations. Shown are the
likelihood distributions for light-element abundances. The blue curves represent the theory likelihoods
predicted for standard BBN through the use of the cosmic baryon density determined by WMAP (63). The
yellow curves represent the observational likelihoods based on primordial abundances (see Section 2.2). The
dotted curves represent the observational likelihoods for different analyses of abundance data; the difference
between these and the yellow curves gives a sense of the systematic errors. Note the spectacular agreement of
the ratio of deuterium to hydrogen and, in contrast, the strong mismatch between 7Li theory and data,
which constitutes the lithium problem. Reproduced from Reference 30.
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Blau = Vorhersage, basierend auf CMB 
 
Geld = Messung 
 
Gepunktet = Messung, mit anderem 
Auswerteverfahren 

(B. Fields, Annu. Rev. 
Nucl. Part. Sci. 2011) 

Lithium-(7-) 
Problem der 
Kosmologie 
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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 

7Li 

6Li 

(relativ zur Sonne) 
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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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Lebensdauer und Halbwertszeit 
•  Differentialgleichung des radioaktiven Zerfalls, und ihre Lösung: 

•  Lebensdauer τ, Zerfallskonstante λ und Halbwertszeit t1/2 

•  Bei verschiedenen Zerfallsmöglichkeiten ein- und desselben Kerns addieren sich die λ1,2: 
 
 λ =  λ1 +  λ2 +  λ3 ... 

•  Es kann auch konkurrierend zu einem radioaktiven Zerfall die Zerstörung desselben Kerns 
durch eine Kernreaktion auftreten:  
 
 
 

 
Gerechnet wird analog (Beispiel Hot-CNO-Zyklus) 

€ 

N(t) = N0e
−λt = N0e

− t /τ

€ 

τ =
1
λ

=
t1/ 2
ln2

€ 

λReaktion =σ
Projektile
Fläche ⋅ Zeit

€ 

dN
dt

= −λN
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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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Messung zur Urknall-Nukleosynthese: 3He(α,γ)7Be an LUNA, 7Be-Spektren 

Gemessene 7Be-Aktivität: 0.8 - 600 
mBq 
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3He(α,γ)7Be-Aktivierungsmessung an LUNA, Ergebnisse 
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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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Entdeckung der Mikrowellen-Hintergrundstrahlung 1965: Penzias, Wilson (1) 

•  Radioantenne zur 
Untersuchung der 
Mikrowellenemission 
der Galaxis 

•  Messung bei λ = 7 cm 
•  Nobelpreis 1978 
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Entdeckung der Mikrowellen-Hintergrundstrahlung 1965: Penzias, Wilson (2) 
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Isotropie und Anisotropie, gesehen mit COBE 1992: Smoot, Mather (1) 

•  COBE = COsmic Background Explorer 
•  Satellit, schaltet atmosphärische Absorption 

aus 
•  Perfektes Schwarzkörper-Spektrum  

(besser als z.B. Sonne) CMB 

Sonne, zum 
Vergleich 
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Isotropie und Anisotropie, gesehen mit COBE 1992: Smoot, Mather (2) 

10-3 Dipol-Anisotropie 

10-5 kosmische 
Anisotropie 

Doppler-Effekt aus der Bewegung von 
COBE relativ zum Mikrowellen-
Hintergrund 

Nobelpreis 2006 
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Planck-Satellit 2013: Power-Spektrum des Mikrowellen-Hintergrunds 
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Planck-Satellit 2013: Power-Spektrum des Mikrowellen-Hintergrunds 

Planck Collaboration: The Planck mission
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Fig. 19. The temperature angular power spectrum of the primary CMB from Planck, showing a precise measurement of seven acoustic peaks, that
are well fit by a simple six-parameter⇤CDM theoretical model (the model plotted is the one labelled [Planck+WP+highL] in Planck Collaboration
XVI (2013)). The shaded area around the best-fit curve represents cosmic variance, including the sky cut used. The error bars on individual points
also include cosmic variance. The horizontal axis is logarithmic up to ` = 50, and linear beyond. The vertical scale is `(`+ 1)Cl/2⇡. The measured
spectrum shown here is exactly the same as the one shown in Fig. 1 of Planck Collaboration XVI (2013), but it has been rebinned to show better
the low-` region.
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Fig. 20. The temperature angular power spectrum of the CMB, esti-
mated from the SMICA Planck map. The model plotted is the one la-
belled [Planck+WP+highL] in Planck Collaboration XVI (2013). The
shaded area around the best-fit curve represents cosmic variance, in-
cluding the sky cut used. The error bars on individual points do not in-
clude cosmic variance. The horizontal axis is logarithmic up to ` = 50,
and linear beyond. The vertical scale is `(` + 1)Cl/2⇡. The binning
scheme is the same as in Fig. 19.

8.1.1. Main catalogue

The Planck Catalogue of Compact Sources (PCCS, Planck
Collaboration XXVIII (2013)) is a list of compact sources de-

tected by Planck over the entire sky, and which therefore con-
tains both Galactic and extragalactic objects. No polarization in-
formation is provided for the sources at this time. The PCCS
di↵ers from the ERCSC in its extraction philosophy: more e↵ort
has been made on the completeness of the catalogue, without re-
ducing notably the reliability of the detected sources, whereas
the ERCSC was built in the spirit of releasing a reliable catalog
suitable for quick follow-up (in particular with the short-lived
Herschel telescope). The greater amount of data, di↵erent selec-
tion process and the improvements in the calibration and map-
making processing (references) help the PCCS to improve the
performance (in depth and numbers) with respect to the previ-
ous ERCSC.

The sources were extracted from the 2013 Planck frequency
maps (Sect. 6), which include data acquired over more than two
sky coverages. This implies that the flux densities of most of
the sources are an average of three or more di↵erent observa-
tions over a period of 15.5 months. The Mexican Hat Wavelet
algorithm (López-Caniego et al. 2006) has been selected as the
baseline method for the production of the PCCS. However, one
additional methods, MTXF (González-Nuevo et al. 2006) was
implemented in order to support the validation and characteriza-
tion of the PCCS.

The source selection for the PCCS is made on the basis of
Signal-to-Noise Ratio (SNR). However, the properties of the
background in the Planck maps vary substantially depending on
frequency and part of the sky. Up to 217 GHz, the CMB is the

27
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Zur Interpretation des ersten Peaks im Power-Spektrum 



Slide 19 
Daniel Bemmerer | 8. Vorlesung 03.06.2013 | Kosmologie und Astroteilchenphysik | http://www.hzdr.de 

Planck-Satellit 2013: Kosmologische Schlussfolgerungen Planck Collaboration: Cosmological parameters

Table 8. Approximate constraints with 68% errors on ⌦m and
H0 (in units of km s�1 Mpc�1) from BAO, with !m and !b fixed
to the best-fit Planck+WP+highL values for the base ⇤CDM
cosmology.

Sample ⌦m H0

6dF . . . . . . . . . . . . . . . . . . . . . . . . . 0.305+0.032
�0.026 68.3+3.2

�3.2
SDSS . . . . . . . . . . . . . . . . . . . . . . . 0.295+0.019

�0.017 69.5+2.2
�2.1

SDSS(R) . . . . . . . . . . . . . . . . . . . . . 0.293+0.015
�0.013 69.6+1.7

�1.5
WiggleZ . . . . . . . . . . . . . . . . . . . . . 0.309+0.041

�0.035 67.8+4.1
�2.8

BOSS . . . . . . . . . . . . . . . . . . . . . . . 0.315+0.015
�0.015 67.2+1.6

�1.5
6dF+SDSS+BOSS+WiggleZ . . . . . . 0.307+0.010

�0.011 68.1+1.1
�1.1

6dF+SDSS(R)+BOSS . . . . . . . . . . . 0.305+0.009
�0.010 68.4+1.0

�1.0
6dF+SDSS(R)+BOSS+WiggleZ . . . . 0.305+0.009

�0.008 68.4+1.0
�1.0

surements constrain parameters in the base ⇤CDM model, we
form �2,

�2
BAO = (x � x

⇤CDM)T C�1
BAO(x � x

⇤CDM), (50)

where x is the data vector, x

⇤CDM denotes the theoretical pre-
diction for the ⇤CDM model and C�1

BAO is the inverse covari-
ance matrix for the data vector x. The data vector is as fol-
lows: DV(0.106) = (457 ± 27) Mpc (6dF); rs/DV(0.20) =
0.1905 ± 0.0061, rs/DV(0.35) = 0.1097 ± 0.0036 (SDSS);
A(0.44) = 0.474 ± 0.034, A(0.60) = 0.442 ± 0.020, A(0.73) =
0.424±0.021 (WiggleZ); DV(0.35)/rs = 8.88±0.17 (SDSS(R));
and DV(0.57)/rs = 13.67±0.22, (BOSS). The o↵-diagonal com-
ponents of C�1

BAO for the SDSS and WiggleZ results are given
in Percival et al. (2010) and Blake et al. (2011). We ignore any
covariances between surveys. Since the SDSS and SDSS(R) re-
sults are based on the same survey, we include either one set of
results or the other in the analysis described below, but not both
together.

The Eisenstein-Hu values of rs for the Planck and WMAP-9
base ⇤CDM parameters di↵er by only 0.9%, significantly
smaller than the errors in the BAO measurements. We can obtain
an approximate idea of the complementary information provided
by BAO measurements by minimizing Eq. (50) with respect to
either ⌦m or H0, fixing !m and !b to the CMB best-fit parame-
ters. (We use the Planck+WP+highL parameters from Table 5.)
The results are listed in Table 819.

As can be seen, the results are very stable from survey to
survey and are in excellent agreement with the base ⇤CDM
parameters listed in Tables 2 and 5. The values of �2

BAO are
also reasonable. For example, for the six data points of the
6dF+SDSS(R)+BOSS+WiggleZ combination, we find �2

BAO =
4.3, evaluated for the Planck+WP+highL best-fit⇤CDM param-
eters.

The high value of ⌦m is consistent with the parameter anal-
ysis described by Blake et al. (2011) and with the “tension” dis-
cussed by Anderson et al. (2013) between BAO distance mea-
surements and direct determinations of H0 (Riess et al. 2011;
Freedman et al. 2012). Furthermore, if the errors on the BAO
measurements are accurate, the constraints on ⌦m and H0 (for
fixed !m and !b) are of comparable accuracy to those from
Planck.

19As an indication of the accuracy of Table 8, the full likelihood
results for the Planck+WP+6dF+SDSS(R)+BOSS BAO data sets give
⌦m = 0.308 ± 0.010 and H0 = 67.8 ± 0.8 km s�1 Mpc�1, for the base
⇤CDM model.

Fig. 16. Comparison of H0 measurements, with estimates of
±1� errors, from a number of techniques (see text for details).
These are compared with the spatially-flat ⇤CDM model con-
straints from Planck and WMAP-9.

The results of this section show that BAO measurements are
an extremely valuable complementary data set to Planck. The
measurements are basically geometrical and free from complex
systematic e↵ects that plague many other types of astrophysical
measurements. The results are consistent from survey to survey
and are of comparable precision to Planck. In addition, BAO
measurements can be used to break parameter degeneracies that
limit analyses based purely on CMB data. For example, from
the excellent agreement with the base ⇤CDM model evident in
Fig. 15, we can infer that the combination of Planck and BAO
measurements will lead to tight constraints favouring ⌦K = 0
(Sect. 6.2) and a dark energy equation-of-state parameter, w =
�1 (Sect. 6.5).

Finally, we note that we choose to use the
6dF+SDSS(R)+BOSS data combination in the likelihood
analysis of Sect. 6. This choice includes the two most accu-
rate BAO measurements and, since the e↵ective redshifts of
these samples are widely separated, it should be a very good
approximation to neglect correlations between the surveys.

5.3. The Hubble constant

A striking result from the fits of the base⇤CDM model to Planck
power spectra is the low value of the Hubble constant, which is
tightly constrained by CMB data alone in this model. From the
Planck+WP+highL analysis we find

H0 = (67.3±1.2) km s�1 Mpc�1 (68%; Planck+WP+highL).(51)

A low value of H0 has been found in other CMB experi-
ments, most notably from the recent WMAP-9 analysis. Fitting
the base ⇤CDM model, Hinshaw et al. (2012) find

H0 = (70.0 ± 2.2) km s�1 Mpc�1 (68%; WMAP-9), (52)

consistent with Eq. (51) to within 1�. We emphasize here that
the CMB estimates are highly model dependent. It is important

30
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Fig. 25. The Planck+WP+highL data combination (samples; colour-coded by the value of H0) partially breaks the geometric degen-
eracy between ⌦m and ⌦⇤ due to the e↵ect of lensing in the temperature power spectrum. These limits are significantly improved
by the inclusion of the Planck lensing reconstruction (black contours). Combining also with BAO (right; solid blue contours) tightly
constrains the geometry to be nearly flat.

In summary, there is no evidence from Planck for any depar-
ture from a spatially flat geometry. The results of Eqs. (68a) and
(68b) suggest that our Universe is spatially flat to an accuracy of
better than a percent.

6.3. Neutrino physics and constraints on relativistic
components

A striking illustration of the interplay between cosmology and
particle physics is the potential of CMB observations to con-
strain the properties of relic neutrinos, and possibly of additional
light relic particles in the Universe (see e.g., Dodelson et al.
1996; Hu et al. 1995; Bashinsky & Seljak 2004; Ichikawa et al.
2005; Lesgourgues & Pastor 2006; Hannestad 2010). In the fol-
lowing subsections, we present Planck constraints on the mass of
ordinary (active) neutrinos assuming no extra relics, on the den-
sity of light relics assuming they all have negligible masses, and
finally on models with both light massive and massless relics.

6.3.1. Constraints on the total mass of active neutrinos

The detection of solar and atmospheric neutrino oscillations
proves that neutrinos are massive, with at least two species being
non-relativistic today. The measurement of the absolute neutrino
mass scale is a challenge for both experimental particle physics
and observational cosmology. The combination of CMB, large-
scale structure and distance measurements already excludes a
large range of masses compared to beta-decay experiments.
Current limits on the total neutrino mass

P
m⌫ (summed over the

three neutrino families) from cosmology are rather model depen-
dent and vary strongly with the data combination adopted. The
tightest constraints for flat models with three families of neutri-
nos are typically around 0.3 eV (95% CL; e.g., de Putter et al.
2012). Since

P
m⌫ must be greater than approximately 0.06 eV

in the normal hierarchy scenario and 0.1 eV in the degener-
ate hierarchy (Gonzalez-Garcia et al. 2012), the allowed neu-
trino mass window is already quite tight and could be closed
further by current or forthcoming observations (Jimenez et al.
2010; Lesgourgues et al. 2013).

Cosmological models, with and without neutrino mass, have
di↵erent primary CMB power spectra. For observationally-
relevant masses, neutrinos are still relativistic at recombina-
tion and the unique e↵ects of masses in the primary power
spectra are small. The main e↵ect is around the first acoustic
peak and is due to the early integrated Sachs-Wolfe (ISW) ef-
fect; neutrino masses have an impact here even for a fixed red-
shift of matter–radiation equality (Lesgourgues & Pastor 2012;
Hall & Challinor 2012; Hou et al. 2012; Lesgourgues et al.
2013). To date, this e↵ect has been the dominant one in con-
straining the neutrino mass from CMB data, as demonstrated in
Hou et al. (2012). As we shall see here, the Planck data move
us into a new regime where the dominant e↵ect is from gravi-
tational lensing. Increasing neutrino mass, while adjusting other
parameters to remain in a high-probability region of parameter
space, increases the expansion rate at z >⇠ 1 and so suppresses
clustering on scales smaller than the horizon size at the non-
relativistic transition (Kaplinghat et al. 2003; Lesgourgues et al.
2006). The net e↵ect for lensing is a suppression of the CMB
lensing potential and, for orientation, by ` = 1000 the suppres-
sion is around 10% in power for

P
m⌫ = 0.66 eV.

Here we report constraints assuming three species of degen-
erate massive neutrinos. At the level of sensitivity of Planck, the
e↵ect of mass splittings is negligible, and the degenerate model
can be assumed without loss of generality.

Combining the Planck+WP+highL data, we obtain an upper
limit on the summed neutrino mass of

X
m⌫ < 0.66 eV (95%; Planck+WP+highL). (69)

The posterior distribution is shown by the solid black curve in
Fig. 26. To demonstrate that the dominant e↵ect leading to the
constraint is gravitational lensing, we remove the lensing infor-

41

Planck Collaboration: Cosmological parameters

which favour higher values. Increasing the neutrino mass will
only make this tension worse and drive us to artificially tight
constraints on

P
m⌫. If we relax spatial flatness, the CMB ge-

ometric degeneracy becomes three-dimensional in models with
massive neutrinos and the constraints on

P
m⌫ weaken consider-

ably to

X
m⌫ <

8>><
>>:

0.98 eV (95%; Planck+WP+highL)
0.32 eV (95%; Planck+WP+highL+BAO).

(73)

6.3.2. Constraints on Ne↵

As discussed in Sect. 2, the density of radiation in the Universe
(besides photons) is usually parameterized by the e↵ective neu-
trino number Ne↵ . This parameter specifies the energy density
when the species are relativistic in terms of the neutrino tem-
perature assuming exactly three flavours and instantaneous de-
coupling. In the Standard Model, Ne↵ = 3.046, due to non-
instantaneous decoupling corrections (Mangano et al. 2005).

However, there has been some mild preference for
Ne↵ > 3.046 from recent CMB anisotropy measurements
(Komatsu et al. 2011; Dunkley et al. 2011; Keisler et al. 2011;
Archidiacono et al. 2011; Hinshaw et al. 2012; Hou et al. 2012).
This is potentially interesting, since an excess could be caused
by a neutrino/anti-neutrino asymmetry, sterile neutrinos, and/or
any other light relics in the Universe. In this subsection we dis-
cuss the constraints on Ne↵ from Planck in scenarios where the
extra relativistic degrees of freedom are e↵ectively massless.

The physics of how Ne↵ is constrained by CMB anisotropies
is explained in Bashinsky & Seljak (2004), Hou et al. (2011)
and Lesgourgues et al. (2013). The main e↵ect is that increasing
the radiation density at fixed ✓⇤ (to preserve the angular scales of
the acoustic peaks) and fixed zeq (to preserve the early-ISW ef-
fect and so first-peak height) increases the expansion rate before
recombination and reduces the age of the Universe at recombi-
nation. Since the di↵usion length scales approximately as the
square root of the age, while the sound horizon varies propor-
tionately with the age, the angular scale of the photon di↵usion
length, ✓D, increases, thereby reducing power in the damping tail
at a given multipole. Combining Planck, WMAP polarization and
the high-` experiments gives

Ne↵ = 3.36+0.68
�0.64 (95%; Planck+WP+highL). (74)

The marginalized posterior distribution is given in Fig. 27 (black
curve).

Increasing Ne↵ at fixed ✓⇤ and zeq necessarily raises the ex-
pansion rate at low redshifts too. Combining CMB with distance
measurements can therefore improve constraints (see Fig. 27) al-
though for the BAO observable rdrag/DV(z) the reduction in both
rdrag and DV(z) with increasing Ne↵ partly cancel. With the BAO
data of Sect. 5.2, the Ne↵ constraint is tightened to

Ne↵ = 3.30+0.54
�0.51 (95%; Planck+WP+highL+BAO). (75)

Our constraints from CMB alone and CMB+BAO are compati-
ble with the standard value Ne↵ = 3.046 at the 1� level, giving
no evidence for extra relativistic degrees of freedom.

Since Ne↵ is positively correlated with H0, the tension be-
tween the Planck data and direct measurements of H0 in the base
⇤CDM model (Sect. 5.3) can be reduced at the expense of high
Ne↵ . The marginalized constraint is

Ne↵ = 3.62+0.50
�0.48 (95%; Planck+WP+highL+H0). (76)
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Fig. 27. Marginalized posterior distribution of Ne↵ for
Planck+WP+highL (black) and additionally BAO (blue),
the H0 measurement (red), and both BAO and H0 (green).

For this data combination, the �2 for the best-fitting model al-
lowing Ne↵ to vary is lower by 5.0 than for the base Ne↵ = 3.046
model. The H0 fit is much better, with ��2 = �4.0, but there
is no strong preference either way from the CMB. The low-`
temperature power spectrum does mildly favour the high Ne↵
model (��2 = �1.6) since Ne↵ is positively correlated with ns
(see Fig. 24) and increasing ns reduces power on large scales.
The rest of the Planck power spectrum is agnostic (��2 = �0.5),
while the high-` experiments mildly disfavour high Ne↵ in our
fits (��2 = 1.3). Further including the BAO data pulls the cen-
tral value downwards by around 0.5� (see Fig. 27):

Ne↵ = 3.52+0.48
�0.45 (95%; Planck+WP+highL+H0+BAO). (77)

The �2 at the best-fit for this data combination (Ne↵ = 3.37)
is lower by 3.6 than the best-fitting Ne↵ = 3.046 model. While
the high Ne↵ best-fit is preferred by Planck+WP (��2 = �3.3)
and the H0 data (��2 = �2.8 giving an acceptable �2 = 2.4
for this data point), it is disfavoured by the high-` CMB data
(��2 = 2.0) and slightly by BAO (��2 = 0.4). We conclude
that the tension between direct H0 measurements and the CMB
and BAO data in the base ⇤CDM can be relieved at the cost of
additional neutrino-like physics, but there is no strong preference
for this extension from the CMB damping tail.

Throughout this subsection, we have assumed that all the
relativistic components parameterized by Ne↵ consist of ordi-
nary free-streaming relativistic particles. Extra radiation com-
ponents with a di↵erent sound speed or viscosity parame-
ter (Hu 1998) can provide a good fit to pre-Planck CMB
data (Archidiacono et al. 2013), but are not investigated in this
paper.

6.3.3. Simultaneous constraints on Ne↵ and either
P

m⌫ or
me↵
⌫, sterile

It is interesting to investigate simultaneous contraints on Ne↵ andP
m⌫, since extra relics could coexist with neutrinos of size-

able mass, or could themselves have a mass in the eV range.
Joint constraints on Ne↵ and

P
m⌫ have been explored sev-

eral times in the literature. These two parameters are known
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Zusammenfassung 

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

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

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

u  Genaue Beobachtungen der Winkelverteilung der 
kosmischen Hintergrundstrahlung erlauben die 
Bestimmung des Baryonen-zu-Photonen-
Verhältnisses und daraus auf einem zweiten, 
unabhängigen Weg, die Bestimmung der 
primordialen Nuklidhäufigkeiten. 


