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Einleitung

I Die Kosmologie ist die Beschreibung des Universums auf den grössten uns
zugänglichen Skalen.

I Die Newton’sche Gravitationstheorie erlaubt uns nicht wirklich die
Beschreibung eines unendlich grossen, mit Materie gefüllten Universums ...

I In einem Brief an Richard Bentley (master of Trinity College, Cambridge)
schreibt Newton (1692):
... if the Universe is finite...”it follows that all matter would fall down from
the outsides & convene in the middle. Yet the matter in falling might
concrete into many round masses like the bodies of the Planets & these by
attracting one another might acquire an obliquity of descent by means of
which they might fall not upon the great central body but on one side of it
& fetch a compass about it”· · ·



Einleitung

I Die allgemeine Relativitätstheorie (ART) hingegen scheint für eine
grossskalige Beschreibung wie geschaffen.
Gut ein Jahr nach den Feldgleichungen (Februar 1917) publiziert Einstein
eine kosmologische Lösung der Gleichungen.

I Einstein sucht nicht nur eine homogene und isotrope Lösung sondern auch
eine statische. Dies zwingt ihn zur Einführung einer ’kosmologischen
Konstante’ Λ.

I Interessanterweise bemerkt er nicht dass seine Lösung instabil ist.

I Wenige Jahre später (1922, 1924, 1927) finden Alexander Friedmann und
dann George Lemâıtre dynamische Lösungen eines expandierenden oder
kollabierenden, aber immer noch homogenen und isotropen Universums.

I 1929 bestätigt E. Hubble die schon von Lemâıtre postulierte Expansion
des beobachteten Universums.

I Aus den damals publizierten Daten leitet Lemâıtre schon um 1927 eine
Ausdehnungsrate von 625km/s/Mpc ab. Dies ist fast 10mal mehr als der
heute akzeptierte Wert.
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dann George Lemâıtre dynamische Lösungen eines expandierenden oder
kollabierenden, aber immer noch homogenen und isotropen Universums.

I 1929 bestätigt E. Hubble die schon von Lemâıtre postulierte Expansion
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Hubble’s Law

Um 1929 publiziert Edwin Hubble sein Distanz-Geschwindikeits-Gesetz
(Hubble’s law) für das expandierende Universum:

v = H0d

Hubble mit dem 48 inch Telescope
auf Mount Palomar

H0 ∼ 500 km/s/Mpc 1Mpc ' 3.26× 106 Lichtjahre



Hubble’s Law

Die neuesten Messungen bestätigen das expandierende Universum mit grosser
Genauigkeit.

M. Betoule et al.: Joint cosmological analysis of the SNLS and SDSS SNe Ia.

sample �coh

low-z 0.12
SDSS-II 0.11
SNLS 0.08
HST 0.11

Table 9. Values of �coh used in the cosmological fits. Those val-
ues correspond to the weighted mean per survey of the values
shown in Figure 7, except for HST sample for which we use the
average value of all samples. They do not depend on a specific
choice of cosmological model (see the discussion in §5.5).
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Fig. 7. Values of �coh determined for seven subsamples of the
Hubble residuals: low-z z < 0.03 and z > 0.03 (blue), SDSS
z < 0.2 and z > 0.2 (green), SNLS z < 0.5 and z > 0.5 (orange),
and HST (red).

may a↵ect our results including survey-dependent errors in es-
timating the measurement uncertainty, survey dependent errors
in calibration, and a redshift dependent tension in the SALT2
model which might arise because di↵erent redshifts sample dif-
ferent wavelength ranges of the model. In addition, the fit value
of �coh in the first redshift bin depends on the assumed value
of the peculiar velocity dispersion (here 150km · s�1) which is
somewhat uncertain.

We follow the approach of C11 which is to use one value of
�coh per survey. We consider the weighted mean per survey of
the values shown in Figure 7. Those values are listed in Table 9
and are consistent with previous analysis based on the SALT2
method (Conley et al. 2011; Campbell et al. 2013).

6. ⇤CDM constraints from SNe Ia alone

The SN Ia sample presented in this paper covers the redshift
range 0.01 < z < 1.2. This lever-arm is su�cient to provide
a stringent constraint on a single parameter driving the evolu-
tion of the expansion rate. In particular, in a flat universe with
a cosmological constant (hereafter ⇤CDM), SNe Ia alone pro-
vide an accurate measurement of the reduced matter density
⌦m. However, SNe alone can only measure ratios of distances,
which are independent of the value of the Hubble constant today
(H0 = 100h km s�1 Mpc�1). In this section we discuss ⇤CDM
parameter constraints from SNe Ia alone. We also detail the rel-
ative influence of each incremental change relative to the C11
analysis.
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Fig. 8. Top: Hubble diagram of the combined sample. The dis-
tance modulus redshift relation of the best-fit ⇤CDM cosmol-
ogy for a fixed H0 = 70 km s�1 Mpc�1 is shown as the black
line. Bottom: Residuals from the best-fit ⇤CDM cosmology as
a function of redshift. The weighted average of the residuals in
logarithmic redshift bins of width �z/z ⇠ 0.24 are shown as
black dots.

6.1. ⇤CDM fit of the Hubble diagram

Using the distance estimator given in Eq. (4), we fit a ⇤CDM
cosmology to supernovae measurements by minimizing the fol-
lowing function:

�2 = (µ̂ � µ⇤CDM(z;⌦m))†C�1(µ̂ � µ⇤CDM(z;⌦m)) (15)

with C the covariance matrix of µ̂ described in Sect. 5.5 and
µ⇤CDM(z;⌦m) = 5 log10(dL(z;⌦m)/10pc) computed for a fixed
fiducial value of H0 = 70 km s�1 Mpc�1,13 assuming an unper-
turbed Friedmann-Lemaître-Robertson-Walker geometry, which
is an acceptable approximation (Ben-Dayan et al. 2013). The
free parameters in the fit are ⌦m and the four nuisance param-
eters ↵, �, M1

B and �M from Eq. (4). The Hubble diagram for
the JLA sample and the ⇤CDM fit are shown in Fig. 8. We find
a best fit value for ⌦m of 0.295 ± 0.034. The fit parameters are
given in the first row of Table 10.

For consistency checks, we fit our full sample excluding sys-
tematic uncertainties and we fit subsamples labeled according to
the data included: SDSS+SNLS, lowz+SDSS and lowz+SNLS.
Confidence contours for ⌦m and the nuisance parameters ↵, �
and �M are given in Fig. 9 for the JLA and the lowz+SNLS
sample fits. The correlation between ⌦m and any of the nuisance
parameters is less than 10% for the JLA sample.

The ⇤CDM model is already well constrained by the SNLS
and low-z data thanks to their large redshift lever-arm. However,
the addition of the numerous and well-calibrated SDSS-II data
to the C11 sample is interesting in several respects. Most impor-
tantly, cross-calibrated accurately with the SNLS, the SDSS-II
data provide an alternative low-z anchor to the Hubble diagram,
with better understood systematic uncertainties. This redundant

13 This value is assumed purely for convenience and using another
value would not a↵ect the cosmological fit (beyond changing accord-
ingly the recovered value of M1

B).
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Betoule et al. 2014

z = v/c für v � c
c ' 300’000km/s
ist die Lichtgeschwindigkeit

µ ist ein (log) Mass für die
Distanz



Ist das expandierende Universum eine experimentelle Bestätigung der
Einstein’schen Relativitätstheorie?

Auf den ersten Blick schon, aber...
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ρ = Materiedichte, K = Raumkrümmung,
Λ = Kosmologische Konstante, a = Skalenfaktor.

Um mit den Beobachungen übereinzustimmen brauchen wir

I Dunkle Materie: ρ ∼ 8ρB

I Dunkle Energie: Λ ∼ 20πGρ0
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Asymptotic Freedom and Quantum ChromoDynamics: the Key to the 
Understanding of the Strong Nuclear Forces 
 
The Basic Forces in Nature 
 
We know of two fundamental forces on the macroscopic scale that we experience in daily life: 
the gravitational force that binds our solar system together and keeps us on earth, and the 
electromagnetic force between electrically charged objects. Both are mediated over a distance 
and the force is proportional to the inverse square of the distance between the objects. Isaac 
Newton described the gravitational force in his Principia in 1687, and in 1915 Albert Einstein 
(Nobel Prize, 1921 for the photoelectric effect) presented his General Theory of Relativity for 
the gravitational force, which generalized Newton’s theory. Einstein’s theory is perhaps the 
greatest achievement in the history of science and the most celebrated one. The laws for the 
electromagnetic force were formulated by James Clark Maxwell in 1873, also a great leap 
forward in human endeavour. With the advent of quantum mechanics in the first decades of 
the 20th century it was realized that the electromagnetic field, including light, is quantized and 
can be seen as a stream of particles, photons. In this picture, the electromagnetic force can be 
thought of as a bombardment of photons, as when one object is thrown to another to transmit 
a force. In a similar way the gravitational force is believed to be transmitted by particles 
called gravitons, but since the gravitational force is some 1040 times weaker than the 
electromagnetic force, they have not yet been detected. 
 
The electromagnetic force holds the atom together since the nucleus and the electrons carry 
electric charges. The composition of the nucleus was, however, not understood in the early 
days of the quantum era, but there was a common belief that it consisted of protons and 
electrons. In 1932 James Chadwick (Nobel Prize, 1935) discovered electrically neutral 
radiation from the nucleus and could establish that it consisted of a new type of elementary 
particle called the neutron. Two years later, Eugene Wigner (Nobel Prize, 1963) showed that 
there must be two distinct nuclear forces at play within the nucleus, a weak force that is 
responsible for the radioactivity and a strong one that binds the protons and the neutrons 
together. Both of them act only over a very short range, of the size of the nucleus, hence they 
have no macroscopic analogue. Only a year after Wigner’s work, the young Japanese student 
Hideki Yukawa (Nobel Prize, 1949) proposed that the strong nuclear force is mediated by a 
new particle in analogy with the electromagnetic force. However, the electromagnetic force 
has a long range while the strong force has a short range. Yukawa realized that, while the 
electromagnetic force is mediated by massless particles, photons, the strong interactions must 
be mediated by massive particles. The mass then gives a natural scale for the range of the 
force. (In quantum physics length is conjugated to mass or energy, in the sense that the 
fundamental parameters, Planck’s constant η and the velocity of light c, can be used to 
convert a mass to a length scale.) Knowing the approximate range of the strong force, 10-15 m, 

Die Existenz dieser beiden Komponenten ist nötig für die Übereinstimmung mit
den Einstein’schen Gleichungen.

Interessanterweise war das Universum einfacher zu früheren Zeiten...
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Ist das expandierende Universum eine experimentelle Bestätigung der
Einstein’schen Relativitätstheorie?

Auf den ersten Blick schon, aber...
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ρ = Materiedichte, K = Raumkrümmung,
Λ = Kosmologische Konstante, a = Skalenfaktor.

Um mit den Beobachungen übereinzustimmen brauchen wir

I Dunkle Materie: ρ ∼ 8ρB

I Dunkle Energie: Λ ∼ 20πGρ0
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Asymptotic Freedom and Quantum ChromoDynamics: the Key to the 
Understanding of the Strong Nuclear Forces 
 
The Basic Forces in Nature 
 
We know of two fundamental forces on the macroscopic scale that we experience in daily life: 
the gravitational force that binds our solar system together and keeps us on earth, and the 
electromagnetic force between electrically charged objects. Both are mediated over a distance 
and the force is proportional to the inverse square of the distance between the objects. Isaac 
Newton described the gravitational force in his Principia in 1687, and in 1915 Albert Einstein 
(Nobel Prize, 1921 for the photoelectric effect) presented his General Theory of Relativity for 
the gravitational force, which generalized Newton’s theory. Einstein’s theory is perhaps the 
greatest achievement in the history of science and the most celebrated one. The laws for the 
electromagnetic force were formulated by James Clark Maxwell in 1873, also a great leap 
forward in human endeavour. With the advent of quantum mechanics in the first decades of 
the 20th century it was realized that the electromagnetic field, including light, is quantized and 
can be seen as a stream of particles, photons. In this picture, the electromagnetic force can be 
thought of as a bombardment of photons, as when one object is thrown to another to transmit 
a force. In a similar way the gravitational force is believed to be transmitted by particles 
called gravitons, but since the gravitational force is some 1040 times weaker than the 
electromagnetic force, they have not yet been detected. 
 
The electromagnetic force holds the atom together since the nucleus and the electrons carry 
electric charges. The composition of the nucleus was, however, not understood in the early 
days of the quantum era, but there was a common belief that it consisted of protons and 
electrons. In 1932 James Chadwick (Nobel Prize, 1935) discovered electrically neutral 
radiation from the nucleus and could establish that it consisted of a new type of elementary 
particle called the neutron. Two years later, Eugene Wigner (Nobel Prize, 1963) showed that 
there must be two distinct nuclear forces at play within the nucleus, a weak force that is 
responsible for the radioactivity and a strong one that binds the protons and the neutrons 
together. Both of them act only over a very short range, of the size of the nucleus, hence they 
have no macroscopic analogue. Only a year after Wigner’s work, the young Japanese student 
Hideki Yukawa (Nobel Prize, 1949) proposed that the strong nuclear force is mediated by a 
new particle in analogy with the electromagnetic force. However, the electromagnetic force 
has a long range while the strong force has a short range. Yukawa realized that, while the 
electromagnetic force is mediated by massless particles, photons, the strong interactions must 
be mediated by massive particles. The mass then gives a natural scale for the range of the 
force. (In quantum physics length is conjugated to mass or energy, in the sense that the 
fundamental parameters, Planck’s constant η and the velocity of light c, can be used to 
convert a mass to a length scale.) Knowing the approximate range of the strong force, 10-15 m, 

Die Existenz dieser beiden Komponenten ist nötig für die Übereinstimmung mit
den Einstein’schen Gleichungen.

Interessanterweise war das Universum einfacher zu früheren Zeiten...



Ein expandierendes Universum muss nicht endlich sein

Wir beobachten die Distanz zwischen zwei Objekten (Galaxien):

d(t) = a(t)x ḋ = Hd H =
ȧ

a
.



Thermische Geschichte des Universums

I Das Universum expandiert. Extrapoliert man diese Expansion in die
Vergangenheit, so findet man vor etwa t0 = 1.38× 1010 Jahren eine
Singularität, den Urknall oder ’Big Bang’. Wir nennen t0 ’das Alter des
Universums’.

I Die Expansion ist adiabatisch. In der Vergangenheit war das Universum
deshalb nicht nur viel dichter sondern auch viel heisser.

I Vor trec ∼ 4× 105 Jahren, war der Wasserstoff (das dominierende Element
im Universum, etwa 75%), ionisiert. Die Elektronen/Protonen und die
Photonen waren im thermischen Gleichgewicht.

I Nach trec gibt es nicht mehr genügend Photonen mit einer Energie > 1Ry
um den Wasserstoff ionisiert zu halten.

I In diesem Zeitpunkt der Rekombination werden die Photonen frei und sie
propagieren praktisch ohne Streuung bis in unsere Teleskope.

I Die Rekombination passiert zu einer Zeit als die Distanzen im Universum
etwa 1090 mal kleiner sind als heute, adec = 1/(1 + zdec) , zdec ' 1090.
Die Temperatur der Photonen ist zu dieser Zeit Tdec ' 3000K.
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Thermische Geschichte des Universums

Bevor der Rekombination haben vermutlich folgende andere wichtige Ereignisse
stattgefunden:

I Nukleosynthese, Tnuc ' 0.1MeV.

I Confinement von Quarks in Baryonen, Tqcd ' 100MeV.

I Der elektroschwache Übergang , Tew ' 200GeV.

I Inflation ...
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Thermische Geschichte des Universums



Nukleosynthese

Die Einstein’schen Feldgleichungen verbinden den Materie-Inhalt des
Universums mit seiner Expansionsrate und seiner räumlichen Krümmung.

H2 =
8πG

3
ρ+

1

3
Λ− K

a2

a(t) = Skalenfaktor des Universums
H(t) = ȧ/a = Hubble parameter

ρ(t) ∝
{

a−4 (Radiation)
a−3 (massive Teilchen)

Zu frühen Zeiten dominiert die ’Strahlung’ (relativistische Teilchen).



Nukleosynthese

Vor der Bildung von He-4 (und Deuterium, Helium-3, Lithium),
Tnuc ' 0.1MeV, ist die Dichte des Universums dominiert von relativistischen
Teilchen: Photonen und Neutrinos (3 Familien).

Die Heliumhäufigkeit hängt stark
von der Ausdehnungsrate H ab.
Diese stimmt gut mit 3 Neutrino-
familien überein.

Neff = 3.04± 0.33

(Planck collaboration, 2015)
Dies bestätigt die Einstein’schen
Gleichungen mit einer Präzision von
etwa 5%

Figur von
Nollett & Holder ’12



Nach der Rekombination



Das Spektrum der kosmischen Mikrowellenstrahlung (CMB)

Die Photonen im Universum die bei z ' 1090 frei wurden, sind um 1965 als
’kosmische Mikrowellenstrahlung’ (CMB) entdeckt worden. Sie haben heute
eine Temperatur T = Tdec/1090 ' 2.7K und gehorchen mit grösster Präzision
einer Planck Verteilung.



Fluktuationen im kosmischen Mikrowellenhintergrund

Planckdaten 2015
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Die grossen Strukturen im Universum

M. Blanton and the Sloan Digital Sky Survey Team.



Galaxien Potenz-Spektrum
14 L. Anderson et al.

Figure 8. The CMASS DR9 power spectra before (left) and after (right) reconstruction with the best-fit models overplotted. The vertical dotted lines show
the range of scales fitted (0.02 < k < 0.3 h Mpc�1), and the inset shows the BAO within this k-range, determined by dividing both model and data by the
best-fit model calculated (including window function convolution) with no BAO. Error bars indicate

p
Cii for the power spectrum and the rms error calculated

from fitting BAO to the 600 mocks in the inset (see Section 4.2 for details).

an estimate of the “redshift-space” power, binned into bins in k of
width 0.04 h Mpc�1.

6.2 Fitting the power spectrum

We fit the observed redshift-space power spectrum, calculated as
described in Section 6, with a two component model comprising a
smooth cubic spline multiplied by a model for the BAO, following
the procedure developed by Percival et al. (2007a,c, 2010). The
model power spectrum is given by

P (k)m = P (k)smooth ⇥ Bm(k/↵), (32)

where P (k)smooth is a smooth model that fits the overall shape
of the power spectrum, and the BAO model Bm(k), calculated for
our fiducial cosmology, is scaled by the dilation parameter ↵ as
defined in Eq. 21. The calculation of the BAO model is described
in detail below. This scaling of the acoustic signal is identical to
that used in the correlation function fits, although the differing non-
linear prescriptions in (Eqns 23 & 32) means that the non-linear
BAO damping is treated in a subtly different way.

Each power spectrum model to be fitted is convolved with the
survey window function, giving our final model power spectrum to
be compared with the data. The window function for this convolu-
tion is the normalised power in a Fourier transform of the weighted
survey coverage, as defined by the random catalogue, and is calcu-
lated using the same Fourier procedure described in Section 6 (e.g.
Percival et al. 2007c). This is then fitted to express the window
function as a matrix relating the model power spectrum evaluated
at 1000 wavenumbers, kn, equally spaced in 0 < k < 2 h Mpc�1,
to the central wavenumbers of the observed bandpowers ki:

P (ki)fit =
X

n

W (ki, kn)P (kn)m � W (ki, 0). (33)

The final term W (ki, 0) arises because we estimate the average
galaxy density from the sample, and is related to the integral con-
straint in the correlation function. In fact this term is smooth (as

the power of the window function is smooth), and so can be ab-
sorbed into the smooth component of the fit, and we therefore do
not explicitly include this term in our fits.

To model the overall shape of the galaxy clustering power
spectrum we use a cubic spline (Press et al. 1992), with nine nodes
fixed empirically at k = 0.001, and 0.02 < k < 0.4 with
�k = 0.05, matching that adopted in Percival et al. (2007c, 2010).
This model was tested in these papers, but we show in Section B3
that it also provides an excellent fit to the overall shape of the DR9
CMASS mock catalogues, and that there is no evidence for devia-
tions for the fits to the data.

To calculate our fiducial BAO model, we start with a linear
matter power spectrum P (k)lin, calculated using CAMB (Lewis et
al. 2000), which numerically solves the Boltzman equation describ-
ing the physical processes in the Universe before the baryon-drag
epoch. We then evolve using the HALOFIT prescription (Smith
et al. 2003), giving an approximation to the evolved power spec-
trum at the effective redshift of the survey. To extract the BAO, this
power spectrum is fitted with a model as given by Eq. 32, where we
adopt a fixed BAO model (BEH) calculated using the Eisenstein &
Hu (1998) fitting formulae at the same fiducial cosmology. Divid-
ing P (k)lin by the best-fit smooth power spectrum component from
this fit produces our BAO model, which we denote BCAMB.

We damp the acoustic oscillations to allow for non-linear ef-
fects

Bm = (BCAMB � 1)e�k2⌃2
nl/2 + 1, (34)

where the damping scale ⌃nl is a fitted parameter. We assume
a Gaussian prior on ⌃nl with width ±2 h�1 Mpc, centred on
8.24 h�1 Mpc for pre-reconstruction fits and 4.47 h�1 Mpc for
post-reconstruction fits, matching the average recovered values
from fits to the 600 mock catalogs with no prior. The exact width of
the prior is not important, but if we do not include such a prior, then
the fit can become unstable with respect to local minima at extreme
values.

c� 2011 RAS, MNRAS 000, 2–33

von
Anderson et al. ’12

SDSS-III (BOSS)
power spectrum.

Galaxienverteilung '
Fluktuationen in der
Materiedichte



Verzerrung der Rotverschiebung in BOSS

(BOSS= Baryon Oscillation Spectroscopic Survey)

Reid et al. ’12
Anisotropic clustering in CMASS galaxies 5
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Figure 3. Left panel: Two-dimensional correlation function of CMASS galaxies (color) compared with the best fit model described in Section 6.1 (black lines).
Contours of equal ξ are shown at [0.6, 0.2, 0.1, 0.05, 0.02, 0]. Right panel: Smaller-scale two-dimensional clustering. We show model contours at [0.14, 0.05,
0.01, 0]. The value of ξ0 at the minimum separation bin in our analysis is shown as the innermost contour. The µ ≈ 1 “finger-of-god” effects are small on the
scales we use in this analysis.

in Figure 4. The effective redshift of weighted pairs of galaxies in
our sample is z = 0.57, with negligible scale dependence for the
range of interest in this paper. For the purposes of constraining cos-
mological models, we will interpret our measurements as being at
z = 0.57.

3.2 Covariance Matrices

The matrix describing the expected covariance of our measure-
ments of ξ"(s) in bins of redshift space separation depends in linear
theory only on the underlying linear matter power spectrum, the
bias of the galaxies, the shot-noise (often assumed Poisson) and the
geometry of the survey. We use 600 mock galaxy catalogs, based
on Lagrangian perturbation theory (LPT) and described in detail in
Manera et al. (2012), to estimate the covariance matrix of our mea-
surements. We compute ξ"(si) for each mock in exactly the same
way as from the data (Sec. 3.1) and estimate the covariance matrix
as

C"1"2i j =
1

599

600∑

k=1

(
ξk"1 (si) −  ξ"1 (si)

) (
ξk"2 (s j) −  ξ"2 (s j)

)
, (7)

where ξk" (si) is the monopole (" = 0) or quadrupole (" = 2) correla-
tion function for pairs in the ith separation bin in the kth mock.  ξ"(s)
is the mean value over all 600 mocks. The shape and amplitude of
the average two-dimensional correlation function computed from
the mocks is a good match to the measured correlation function
of the CMASS galaxies; see Manera et al. (2012) and Ross et al.
(2012) for more detailed comparisons. The square roots of the di-
agonal elements of our covariance matrix are shown as the error-
bars accompanying our measurements in Fig. 4. We will examine
the off-diagonal terms in the covariance matrix via the correlation

matrix, or “reduced covariance matrix”, defined as

C"1"2,red
i j = C"1"2i j /

√
C"1"1ii C"2"2j j , (8)

where the division sign denotes a term by term division.
In Figure 5 we compare selected slices of our mock covari-

ance matrix (points) to a simplified prediction from linear theory
(solid lines) that assumes a constant number density  n = 3 × 10−4

(h−1 Mpc)−3 and neglects the effects of survey geometry (see, e.g.,
Tegmark 1997). Xu et al. (2012) performed a detailed compari-
son of linear theory predictions with measurements from the Las
Damas SDSS-II LRG mock catalogs (McBride et al. prep), and
showed that a modified version of the linear theory covariance with
a few extra parameters provides a good description of the N-body
based covariances for ξ0(s). The same seems to be true here as
well. The mock catalogs show a deviation from the naive linear
theory prediction for ξ2(s) on small scales; a direct consequence is
that our errors on quantities dependent on the quadrupole are larger
than a simple Fisher analysis would indicate. We verify that the
same qualitative behavior is seen for the diagonal elements of the
quadrupole covariance matrix in our smaller set of N-body simu-
lations used to calibrate the model correlation function. This com-
parison suggests that the LPT-based mocks are not underestimating
the errors on ξ2, though more N-body simulations (and an account-
ing of survey geometry) would be required for a detailed check of
the LPT-based mocks.

The lower panels of Figure 5 compare the reduced covari-
ance matrix to linear theory, where we have scaled the Cred

i j pre-
diction from linear theory down by a constant, ci. This compar-
ison demonstrates that the scale dependences of the off-diagonal
terms in the covariance matrix are described well by linear the-
ory, but that the nonlinear evolution captured by the LPT mocks
can be parametrized simply as an additional diagonal term. Finally,

c© 0000 RAS, MNRAS 000, 1–1



Verzerrung der Rotverschiebung in BOSS

Alam et al. ’15

Mit der Analyse der Rotverschiebungsverzerrung können wir messen wie schnell
Strukturen anwachsen und dies mit den Vorhersagen der Relativitätstheorie
vergleichen.



Messung des Gravitationslinsen Potentials

RD & F. Montanari ’15
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Durch die Korrelation von Vordergrund- und Hintergrund-Galaxien kann in
Galaxien ’surveys’ das die Ablenkung des Lichts im Gravitationspotential der
Vordergrund-Galaxien gemessen werden.



Zum Schluss

I Ohne die Relativitätstheorie ist eine konsistente Theorie des Universums
als ganzes nicht wirklich möglich.

I Die beobachtete Expansion des Universums benötigt dunkle Materie
(26%) und dunkle Energie (70%).

I Diese Komponenten, welche nur durch ihre gravitative Wechselwirkung
beobachtet sind, stimmen auch mit Messungen der Fluktuationen überein
(CMB, großskalige Struktur).

I Zur Zeit der Nuklosynthese, T ' 109K ' 0.1MeV, t ∼ 100sec, erlaubt die
Heliumhäufigkeit eine indirekte Messung der Expansionsrate. Diese stimmt
exzellent mit den Einstein’schen Gleichungen überein.

I Bedeutet die Entdeckung der ’dunklen Energie’ (beschleunigte
Ausdehnung) eine Abweichung von der Relativitätstheorie auf sehr grossen
Skalen?

I Weitere Tests der ART auf grossen Skalen sind möglich und nötig.
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Heliumhäufigkeit eine indirekte Messung der Expansionsrate. Diese stimmt
exzellent mit den Einstein’schen Gleichungen überein.
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beobachtet sind, stimmen auch mit Messungen der Fluktuationen überein
(CMB, großskalige Struktur).

I Zur Zeit der Nuklosynthese, T ' 109K ' 0.1MeV, t ∼ 100sec, erlaubt die
Heliumhäufigkeit eine indirekte Messung der Expansionsrate. Diese stimmt
exzellent mit den Einstein’schen Gleichungen überein.

I Bedeutet die Entdeckung der ’dunklen Energie’ (beschleunigte
Ausdehnung) eine Abweichung von der Relativitätstheorie auf sehr grossen
Skalen?

I Weitere Tests der ART auf grossen Skalen sind möglich und nötig.
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