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Übersicht

Supernovae

– Supernova Typen

• Supernovae von Massiven Sternen

• Thermonukleare Supernovae

Supernova Kosmologie

– Hubble Konstante

– Zeitdilatation

– Expansionsgeschichte
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Historische Supernovae

SN 1006 (in Lupus)

SN 1054 (Krebs Nebel in Taurus)

SN 1181 (in Cassiopeia)

De stella nova (Tycho Brahe) 1572

Keplers Supernova 1604 (in Ophiuchus)

Cassiopeia A (ungefähr 1680)

S Andromeda (SN 1885B)
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Vela Supernova Überrest

ca. 11000 Jahre alt
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SN 1006

Röntgenbild
NASA/Chandra
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HST/Chandra/VLT

SN 1054 - Krebsnebel
(Messier 1)

• Pulsar

– Neutronenstern

– Synchrotron-
strahlung (blau)

• Sternüberreste

– “Sterninneres“

• Sauerstoff (grün)

• Wasserstoff (rot)
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Der Röntgenhimmel

NASA/Fermi
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Tycho Brahes SN 1572

Chandra
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Keplers Supernova 1604

Chandra

HST
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Cassiopeia A

HSTChandra
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Supernovae
Historische Supernovae

SN 1006 (in Lupus)
SN 1054 (Krebs Nebel in Taurus)
SN 1181 (in Cassiopeia)
De stella nova (Tycho Brahe) 1572
Keplers Supernova 1604 (in Ophiuchus)
Cassiopeia A (ungefähr 1680)
S Andromeda (SN 1885B)

Supernova Namen
SN 1987A (erste Supernova im Jahre 1987)
SN 1994D (vierte Supernova im Jahre 1994)
SN 1999aa (28. Supernova im Jahre 1999)

SN 2002ic (219. Supernova im Jahre 2002)
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Supernovae

• Extrem helle Sternexplosionen

• Wichtig für die Produktion von 
schweren chemischen Elementen
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Supernovae

Urknall

Sterne

Supernovae
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SN 1993J
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SN 1994D

Pete Challis/HST
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Supernova Search

(High-z Supernova Team)
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(High-z Supernova Team)

Supernova Suche



30 April 2017 41. Edgar-Lüscher-Seminar© SDSSII

Supernovae!
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Supernovae!

Riess et al. 2007
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Supernovae

Walter Baade (1893-1960) Fritz Zwicky (1898-1974)

SN 1937C



30 April 2017 41. Edgar-Lüscher-Seminar

N. Suntzeff/CTIO/HST

SN 1987A
18Supernova

Beobachtungen

33

28

23

Virgo
Entfernung
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Supernova Beobachtungen

Suntzeff gap

24

26

28

30

22

32

z=0.5
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Supernova Klassifikation

Aufgrund der optischen 
spektroskopischen Erscheinung

Kernkollaps 
in massiven Sternen

SN II (Wasserstoff H)
SN Ib/c (kein H/He)
Hypernovae/GRBs Thermonukleare

Explosionen

SN Ia (kein H)
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Typ Ia

S. Blondin

bei maximaler Helligkeit zwei Wochen später

Supernova
Spektroskopie
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Supernova 
Spektroskopie

Typ II
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Supernova 
Klassifikation

Filippenko 1997
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SN Klassifikation
(noch einmal)
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Supernovae

• Extrem helle Sternexplosionen

• Wichtig für die Produktion von 
schweren chemischen Elementen

• Endprodukt der Sternentwicklung

– für massive Sterne als Kernkollaps mit 
nachfolgendem Neutronenstern oder 
Schwarzem Loch

– für kleine Sterne in engen 
Doppelsternsystemen

– (der Rest der Sterne erlischt langsam)
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Supernova Klassen

Thermonukleare SNe
– Vorgängersterne haben 

kleine Massen (<8M¤)

– weit entwickelte Sterne 
(Weiße Zwerge)

– Explosives C und O 
Brennen

– Doppelsternsysteme

– Vollständige Zerstörung

Kernkollaps SNe
– Vorgängersterne haben 

große Massen (>8M¤)

– große Sternhülle 
(Kernfusion noch im Gange)

– Brennen wegen der hohen 
Dichte und Kompression

– Einzelsterne (Doppelsterne 
für SNe Ib/c)

– Neutronenstern als Überrest
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Energie Quellen

• Gravitation →Typ II Supernovae

– Kollaps einer Sonnenmasse oder mehr in 
einen Neutronenstern

George Gamows Bild einer 
Kernkollaps Supernova
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Struktur eines Vorgängersternes 
von Kernkollaps Supernovae
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Energie Quellen
• Gravitation →Typ II Supernovae

– Kollaps einer Sonnenmasse der mehr in einen 
Neutronenstern

èFreisetzung von 1046 Joule
− vor allem Elektron Neutrinos νe

− 1044 Joule in kinetischer Energy (Expansion der Ejecta)

− 1042 Joule in Strahlung

• Nukleare (Bindungs-)Energie → Typ Ia
– explosives C and O Brennen von etwa 

einer Sonnemasse
èFreisetzung von 1042 Joule
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Radioaktivität

Nickel Isotope und 
anderer Elemente

Umwandlung von 
g-Strahlen und 
Positronen in 
Wärme und 
optische Photonen

Diehl and Timmes (1998)

Contardo (2001)



30 April 2017 41. Edgar-Lüscher-Seminar

Supernova Unbekannte

Die Explosionen sind noch nicht 
vollständig verstanden

– Umkehrung der Implosion bei den 
Kernkollaps Supernovae 

• Rolle der Neutrinos

• Magnetfelder

• Hydrodynamische Instabilitäten

– genaue Verbrennung in den 
thermonuklearen Supernovae und der 
Strahlungstransport
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Was wir über Typ Ia Supernovae 
gerne wissen würden?

Was explodiert?
Vorgängersterne, 
Entwicklung zur 
Explosion

Weiße Zwerge(?), 
mehrere Möglichkeiten

Wie ist die Explosion?
Explosions-
mechanismus

mehrere Möglichkeiten
Deflagration, 
Detonation, 
verzögerte Detonation, 
He Detonation,
Sternverschmelzung
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Was wir über Typ Ia Supernovae 
gerne wissen würden?

Was bleibt übrig?
– Überreste

• Tycho Brahes SN
• Keplers

– Kompakter Überrest
• keine, Begleitstern?

– Elementenanreicherung
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Was wissen wir über Typ Ia 
Supernovae?

Wo explodieren sie?
– Umgebung 

(lokal and global)
• einige mit CSM(?)
• alle Galaxientypen
• Abhängig vom 

Galaxientyp?

– Feedback
• wenig

Andere Anwendungs-
möglichkeiten

– “Leuchttürme”
– Entfernungs-

indikatoren
• H0, kosmologische 

Parameter

– Chemische Fabriken
• keine Stauberzeugung
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Vorgängersysteme der Typ Ia 
Supernovae unbekannt

Vorgängersterne der thermonuklearen 
Supernovae sind nicht wirklich bekannt

– Weiße Zwerge, aber …

• Doppel Weiße Zwerge oder ein Weißer Zwerg 
mit einem normalen Stern

NASA ESO
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Kosmologie mit Supernovae

Entfernungen sind im Universum nur sehr 
schwer zu messen. Sie sind aber 
essentiell, um die Expansionsrate und 
deren Geschichte bestimmen zu können.

Typ Ia Supernovae sind ausgezeichnete 
Entfernungsindikatoren, die im nahen 
Universum geeicht werden.
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Typ Ia SNe
sind nicht 
Standard-
kerzen

Normalisierung der 
Leuchtkräfte durch 
die Lichtkurvenform
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Leuchtkraft und Lichtkurvenform

Li et al. 2010
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Nickel- und Gesamtmassen

Stritzinger et al. 2006
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Die Expansion des 
Universums

Hubble 1936



30 April 2017 41. Edgar-Lüscher-Seminar

Das original Hubble Diagram

Entfernung
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Ein modernes Hubble Diagramm
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Germany et al. 2004

Die nahen SNe Ia
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Das Lokale Universum

Hubbles Expansiongesetz gilt im nahen 
Universum. 

Die Fluchtgeschwindigkeit (v) der 
Galaxien ist proportional zu deren 
Entfernung (D)

v = H ´ D.

H ist die Hubble Konstante.
Tonry et al. 2003
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Hubble Konstante
Hubble Gesetz
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Leuchtkraftentfernung
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Entfernungsmodul
.−0 = 5 log !( − 5

Entfernung in Einheiten von 10pc
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Hubble Diagramm

Entfernungsmodul  vs. Rotverschiebung

.−0 = 5 log
&'
$%

+ 25

. −0 = 5 log ' + 5 log & − 5 log $% + 25

$% = &' ⋅ 10:%.< =:> ?@

Tonry et al. 2003
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Jacoby et al. 1992

Eichung der SN Ia Leuchtkraft

Kalibrierung der SN absoluten Helligkeit

Distanzleiter

Eliminating sources of systematic error between anchor and calibrator:   

1) use same instrument 2) same Cepheid parameters (Period,Z)  3) better anchor 

HUBBLE CONSTANT: REBUILD DISTANCE LADDER 

3% Anchor: 

NGC4258 

Hubble Flow 

 4 % 

error 
____ ____ 

 1% 

 2% 

Calibrator 

NA 

NEW LADDER (100 Mpc) 

Hubble Flow 

5% Anchor: LMC  

3.5% SN Ia hosts,  

Metallicity change 

11% error 
____ ____ 

 1% # Modern, distant SNe Ia 

 3% # Modern, local hosts 

4% long to short Period Cepheids 

4.5% Ground to HST 

PAST DISTANCE LADDER (100 Mpc)   

Eliminating sources of systematic error between anchor and calibrator:   

1) use same instrument 2) same Cepheid parameters (Period,Z)  3) better anchor 

HUBBLE CONSTANT: REBUILD DISTANCE LADDER 

3% Anchor: 

NGC4258 

Hubble Flow 

 4 % 

error 
____ ____ 

 1% 

 2% 

Calibrator 

NA 

NEW LADDER (100 Mpc) 

Hubble Flow 

5% Anchor: LMC  

3.5% SN Ia hosts,  

Metallicity change 

11% error 
____ ____ 

 1% # Modern, distant SNe Ia 

 3% # Modern, local hosts 

4% long to short Period Cepheids 

4.5% Ground to HST 

PAST DISTANCE LADDER (100 Mpc)   

Riess et al. 2016
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Das SN Ia 
Hubble 
Diagramm

with blending higher than the inner region of NGC 4258 to the
remaining 13. The difference in the mean model residual
distances of these two subsamples is 0.02±0.07 mag,
providing no evidence of such a dependence.

4.2. Optical Wesenheit Period–Luminosity Relation

The SH0ES program was designed to identify Cepheids from
optical images and to observe them in the NIR with F160W to
reduce systematic uncertainties related to the reddening law, its
free parameters, sensitivity to metallicity, and breaks in the P–L

relation. However, some insights into these systematics may be
garnered by replacing the NIR-based Wesenheit magnitude, mH

W ,
with the optical version used in past studies (Freedman et al.
2001), ( )= - -m I R V II

W , where R≡AI/(AV− AI) and the
value of R here is ∼4 times larger than in the NIR. The
advantage of this change is the increase in the sample by a little
over 600 Cepheids in HST hosts owing to the greater FOV of
WFC3/UVIS. Of these additional Cepheids, 250 come from
M101, 94 from NGC 4258, and the rest from the other SN hosts.
In Table 8 we give results based on Cepheid measurements of
mI

W instead of mH
W for the primary fit variant with all four

Figure 10. Complete distance ladder. The simultaneous agreement of pairs of geometric and Cepheid-based distances (lower left), Cepheid and SN Ia-based distances
(middle panel) and SN and redshift-based distances provides the measurement of the Hubble constant. For each step, geometric or calibrated distances on the x-axis
serve to calibrate a relative distance indicator on the y-axis through the determination of M or H0. Results shown are an approximation to the global fit as discussed in
the text.

17

The Astrophysical Journal, 826:56 (31pp), 2016 July 20 Riess et al.

Riess et al. 2016
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Hubble Konstante
biases in identifying these we use current results from the four
SN-independent projects shown in Figure16 of Planck Colla-
boration et al. (2014): IR Tully–Fisher from Sorce et al. (2012), 2
strong lenses from Suyu et al. (2013), 4 distant maser systems
from Gao et al. (2016), and 38 SZ clusters from Bonamente et al.
(2006). These are plotted in Figure 13. A simple weighted average
of these SN-independent measurements gives H0=73.4±
2.6 km s−1Mpc−1, nearly the same as our primary fit though
with a 45% larger uncertainty. The most precise of these is from
the analysis of two strong gravitational lenses and yields
H0=75±4 km s−1Mpc−1 (Suyu et al. 2013), a result that is
both independent of ours and has been reaffirmed by an
independent lensing analysis (Birrer et al. 2015). However, we
note that while lensing provides an independent, absolute scale,
the transformation to H0 depends on knowledge of H(z) between
z=0 and the redshifts of the two lenses (z=0.295 and
z=0.631) which may be gathered from parameter constraints
from the CMB or from an empirical distance ladder across this
redshift range. Either approach will add significantly to the overall
uncertainty. Given the breadth of evidence that the local
measurement of H0 is higher than that inferred from the CMB
and ΛCDM it is worthwhile to explore possible cosmological
origins for the discrepancy.

We may consider the simplest extensions of ΛCDM which
could explain a difference between a local and cosmological
Hubble constant of ∼4–6 km s−1Mpc−1. We are not the first to
look for such a resolution, though the roster of datasets examined
has varied substantially and evolves as measurements improve
(Dvorkin et al. 2014; Leistedt et al. 2014; Wyman et al. 2014;
Aubourg et al. 2015; Cuesta et al. 2015). The simplest
parameterizations of dark energy with w0<−1 or with
w0>−1 and wa<0 can alleviate but not fully remove tension
with H0 (see Figure 13) due to support for w(z)∼−1 signal from
high-redshift SNe Ia and BAO (Aubourg et al. 2015; Cuesta et al.
2015, see Figure 14). A very recent (z<0.03) and dramatic
decrease in w or an episode of strong dark energy at
3<z<1000 may evade detection and still produce a high
value of H0. Whether such a model creates additional tensions will
depend on its prescription and still, if empirically motivated, is
likely to suffer from extreme fine-tuning.

A synthesis of the studies cited above indicates a more fruitful
avenue is found in the “dark radiation” sector. An increase in the
number of relativistic species (dark radiation; e.g., neutrinos) in
the early universe increases the radiation density and expansion
rate during the radiation-dominated era, shifting the epoch of
matter-radiation equality to earlier times. The resulting reduction
in size of the sound horizon (which is used as a standard ruler for
the CMB and BAO) by a few percent for one additional species
(Neff=4) increases H0 by about 7 km s−1Mpc−1 for a flat
universe, more than enough to bridge the divide between the local
and high-redshift scales. A fractional increase (i.e., less than unity)
is also quite plausible for neutrinos of differing temperatures or
massless bosons decoupling before muon annihilation in the early
universe (e.g., Goldstone bosons; Weinberg 2013), producing
ΔNeff=0.39 or 0.57 depending on the decoupling temperature.
An example of such a fit comes from Aubourg et al. (2015) using
a comprehensive set of BAO measurements and Planck data,
finding Neff=3.43±0.26 and H0=71±1.7 km s−1Mpc−1. A
similar result from WMAP9+SPT+ACT+SN+BAO gives
Neff=3.61±0.6 andH0=71.8±3.1 km s−1Mpc−1 (Hinshaw
et al. 2013). Thus, a value of ΔNeff in the range 0.4–1.0 would
relieve some or all of the tension. Although fits to the Planck

dataset (Planck Collaboration et al. 2015) do not indicate the
presence of such additional radiation, they do not exclude this full
range either.
Allowing the Neff degree of freedom triples the uncertainty in

the cosmological value of H0 from Planck Collaboration et al.

Figure 13. Local measurements of H0 compared to values predicted by CMB
data in conjunction with ΛCDM. We show 4 SN Ia-independent values
selected for comparison by Planck Collaboration et al. (2014) and their
average, the primary fit from R11, its reanalysis by Efstathiou (2014) and the
results presented here. The 3.4σ difference between Planck+ΛCDM (Planck
Collaboration et al. 2016) and our result motivates the exploration of
extensions to ΛCDM.

Figure 14. Confidence regions determined with CosmoMC based on the data
from Planck (TT+TEB+lensing), BAO including Lyα QSOs, the JLA SN
sample (Betoule et al. 2014) and with and without our determination of H0 for
the wCDM cosmological model. As shown there is a degeneracy between w
and H0 and the local measurement of H0 pulls the solution to a lower value of w
though it is still consistent with −1.

27

The Astrophysical Journal, 826:56 (31pp), 2016 July 20 Riess et al.

Riess et al. 2016
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SN 1995K bei z=0.479

Erste SN des 
High-z SN Search 
Teams

Schmidt et al. 1998
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SN 1995K

“SN 1995K ist die am weiteste entfernte Supernova (ja, der am 
weitesten entfernte Stern!) der jemals beobachtet wurde.”
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Einschub: Zeitdilatation

Vorhersage für ein expandierendes Universum

Uhren im entfernten Universum sollten 
langsamer laufen

Problem: Geeignete ‘Uhr‘ zu finden
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more importance to brighter peak magnitudes and larger
uncertainties to the fainter parts of the light curve. This is the
reason for the higher x

2 of this fit and the much shallower
minimum in the x

2 distribution. This method also indicates a
solution for b 5 1.020.25

10.5 and also clearly excludes small values
of b.

In a static universe, time dilation is not expected to act on
the light curve. Redshift in this case is caused by tired light or
an equivalent theory (e.g., the variable mass hypothesis;
Narlikar & Arp 1993) and is linked to distance through
analyses such as the expanding photospheres in Type II
supernovae (Schmidt et al. 1994) and gravitational lenses (Dar
1991). Another manifestation is the redshift–apparent magni-
tude diagram of brightest cluster galaxies (see, e.g., Postman &
Lauer 1995) and SN Ia’s. The small scatter in the Hubble
diagram of Hamuy et al. (1995) supports this redshift-distance
relation. Table 2 lists the fit parameters for the nondilated
light-curve shapes. The global x

2 values clearly exclude these
fits. None of the known light curves of local SN Ia’s is slow
enough to match the photometry of SN 1995K (Fig. 2). In
particular, the maximum magnitude is far from the observed
one because of the attempt of the fits to match the premaxi-
mum point. The formal errors of the fit parameters are not
valid, as can be judged from large x

2 .
If we take a static universe literally, then SN 1995K was

observed at an earlier phase (16 days before maximum) than
any nearby supernova. In that case, we are depending on
extrapolated premaximum points in the template light curves,
which may not be correct. Therefore, we have removed the
premaximum point from the SN 1995K photometry and
compared it again with light curves of local SN Ia’s. The
quality of the fits improves dramatically (Fig. 2). The maxi-
mum date and magnitude agree much better with the obser-
vations. Slower light curves are clearly favored in this picture.
Nevertheless, even the slowest local templates are qualitatively
worse than dilated light curves; the evolution of SN 1995K was
considerably slower than any of the comparison curves.

3. DISCUSSION

Figure 2 shows the rest-frame B light curve of SN 1995K
compared to the best fits of light curves stretched by the
expected factor (1 1 z) for universal expansion and for non-
dilated templates. Two fits for the nondilated case are shown
that emphasize the importance of the premaximum observa-
tion. The figure demonstrates that without time dilation
effects, SN 1995K must be a unique event unrelated to the
observational data of local SN Ia’s. When we assume universal
expansion, SN 1995K appears as a rather normal SN Ia. The
spectrum shows great similarities to local events that are
regarded as nonpeculiar, the color at maximum (0.0 ,
B 2 V , 0.1) is similar to unreddened nearby SN Ia’s, indi-
cating little if any absorption, and the luminosity is in the range
expected from expanding cosmologies (Schmidt et al. 1996).
The light curve in itself indicates a redshift that is close to the
spectroscopic redshift. Complicating the analysis is the variety
of light-curve shapes observed for nearby SN Ia’s. This effect
has been interpreted as an apparent stretching of an underly-
ing basic template (Perlmutter et al. 1996). However, we know
from detailed analysis that the light-curve behavior is more
complicated (Riess et al. 1995a). The data of SN 1995K,
unfortunately, cannot distinguish which local supernova pro-
vides the best match. We find the formally best fits to indicate
a slightly lower redshift or, equivalently, a slightly retarded
cosmological expansion. All fits are determined very strongly
by the premaximum observation and the latest data points.
This highlights the importance for extended coverage of SN Ia
events to perform this time dilation test. In addition, the
photometric accuracy of the data critically determines the
goodness of the fits.

In a static universe, the Hubble constant is time indepen-
dent and just measures the redshift-distance proportionality.
For a conventional Hubble constant of H0 5 50 km s21 Mpc21 ,
one unit in redshift corresponds to 6000 Mpc. The same
number for H0 5 80 km s21 Mpc21 is 3750 Mpc. The luminos-
ity of SN 1995K in such a static universe is MB 5 219.3 1
5 log (H /50). Our best estimate for the absolute magnitude
that SN 1995K should have when we use the decline rate
relation of Hamuy et al. (1995), however, is MB 5 220.4 H
0.2 1 5 log (H /50), with Dm15 2 0.5 and the most conserva-
tive estimate of the decline-luminosity relation (eq. [11] of
Hamuy et al. 1995). This means SN 1995K should be about
1 mag more luminous than what would be observed in a static
universe model. Note that the extrapolation goes well beyond
the set of objects on which the method is based (0.8 , Dm15

, 1.5). Even compared to the average absolute magnitude
of local supernovae [MB 5 219.7 H 0.25 1 5 log (H /50)],
SN 1995K appears underluminous. In a static universe, SN

TABLE 2
FIT PARAMETERS FOR NONDILATED LIGHT CURVES ( z 5 0)

Comparison Template t max
B a

s(t max
B ) Bmax s(Bmax) Vmax s(Vmax) x

2 b

Average template . . . . . . . 799.1 0.5 22.27 0.06 22.54 0.05 137.7
SN 1990N. . . . . . . . . . . . . . . . 798.9 0.5 22.32 0.06 22.54 0.05 129.0
SN 1991T . . . . . . . . . . . . . . . . 799.4 0.6 22.38 0.06 22.58 0.05 90.1
SN 1992bc . . . . . . . . . . . . . . . 797.5 0.5 22.36 0.05 22.39 0.05 74.7

a JD 22,449,000.
b Degrees of freedom: 21.

FIG. 2.—Comparison of the SN 1995K photometry with B light curves of
local supernovae. The lines correspond to the best fits assuming a (1 1 z)
stretching as expected from universal expansion. The short-dashed lines
represent the best fit of nondilated light curves to the data, and the long-dashed
lines are the best fits excluding the premaximum observation of SN 1995K.

No. 1, 1996 SN 1995K L23

Leibundgut et al. 1996

Zeitdilatation
Lichtkurven von Typ Ia Supernovae sind 
homogen

Vergleich einer 
entfernten (SN 1995K 
mit z=0.479) mit einer 
nahen SN Ia sollte 
den Effekt deutlich 
zeigen

ABCD = 1 + ' AEFDG
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Zeitdilatation
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Starke Gravitationslinsen6.6 Clusters of galaxies as gravitational lenses 321

Fig. 6.52 The cluster of galaxies
Abell 1689 has one of the richest
system of arcs and multiple
images found to date. In a deep
ACS exposure of this cluster,
shown on top with the X-ray
emission superimposed in blue,
more than a hundred such lensed
images were detected. Six
zoomed sections of this ACS
image are shown in the bottom
part, in which various arcs are
visible, some with an extreme
length-to-width ratio, indicating
very high magnification factors.
Credit: X-ray:
NASA/CXC/MIT/E.-H. Peng
et al.; optical: NASA, N.
Benitez/JHU, T.
Broadhurst/Racah Institute of
Physics/The Hebrew University,
H. Ford/JHU, M. Clampin/STScI,
G. Hartig/STScI, G.
Illingworth/UCO/Lick
Observatory, the ACS Science
Team and ESA
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Ein extremes Beispiel

SN Refsdal

– mehrfach abgebildete 
Supernova

– unterschiedliche 
Weglängen der 
einzelnen Bilder 
à Bilder erscheinen 
zu unterschiedlichen 
Zeiten
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SN Refsdal

Erschien im 
November 2014

Galaxienhaufen 
Rotverschiebung
'HIJDGFE = 0.54
SN Rotverschiebung
'KL = 1.49

Based on the available data, we can attempt
a first preliminary classification of the SN. All
known type Ia SNe reach their peak brightness
in fewer than 20 rest-frame days (21). The light
curve for image S3 of SNRefsdal (fig. S1) through
>30 days in the rest frame shows that its bright-
ness continued to rise for a longer period than
could be expected for a SN Ia, suggesting that it
belongs to a different spectroscopic class.
Archival HST imaging and the configuration

of the multiple images demonstrate that the
source is not an active galactic nucleus (AGN)
behind the galaxy and cluster lenses. A search
of WFC3 F105W, F110W, F140W, and F160W
images of MACS J1149.6+2223, acquired across
10 separate HST visits beginning on 4 December
2010, finds no evidence for previous variability.
Several epochs of registered and coadded F140W
imaging exhibit no significant variation (fig. S4);
seven archival epochs of F160W imaging likewise

show no significant changes. Evidence for pre-
vious variability would have suggested that the
source is a flare from an AGN instead of a SN.
The transients detected in November 2014 are
additionally several magnitudes above the upper
limits of ~28.5 obtained at previous epochs (all
magnitudes are in the AB system). Such a large
increase in brightness would be very unusual for
an AGN, whose light curves typically vary at the
level of a few tenths of a magnitude over several-
month time scales (22–24). Finally, the positions
of themultiple images also constrain the redshift
of the source to 1.1 to 1.7 with 95% confidence,
consistent with the z = 1.49 redshift of the spiral
galaxy lensed into the observed configuration
(fig. S2).
The four images of SNRefsdal form anEinstein

cross configuration around the massive elliptical
galaxy at z = 0.54, which adds onto and locally
perturbs the cluster potential. Because the ellip-
tical galaxy is located close to the critical lines
of the cluster lens (25), the contribution of the
galaxy cluster to the gravitational potential needs
to be taken into account. As a first, simple ap-
proximation of the lensing system, we construct
a single isothermal ellipsoid embedded in a strong
external shear (26). This yields time delays on
the order of several to tens of days. S1 is general-
ly the leading image, typically followed by S2,
S3, and then S4. Magnifications are ~2 for the
least magnified image S4 and ~10 for the other

images. These magnifications, however, do not
include the additional contribution from the
cluster, which is expected to be very substan-
tial, especially because earliermodeling has found
a relatively flat, nearly convergent central mass
distribution, which is evident from the rela-
tively undistorted shape of the magnified spiral
images (25).
To account more completely for the effects of

the cluster potential, we have constructed a de-
tailed set of lens models of the entire cluster po-
tential, including the elliptical galaxy, for several
different prior probability distributions and sets
of constraints. These models, which are also con-
strained by the positions of the SN images, gen-
erally yield magnifications of ~10 to 30 at the
positions of the four images, and time delays on
the order of days to months, in agreement with
independent models (27, 28). The typical arrival
sequence is consistent with the predictions of the
simpler galaxy-lens model (S1, S2, and then ei-
ther S3 or S4), although some models also pre-
dict different arrival orders. These time delays are
also in accord with our identification of the four
newly detected sources as a multiply imaged SN,
because the luminosity of a SN is not expected
to vary dramatically over the time scale of less
than a week in the rest frame. The spiral host
galaxy itself is multiply imaged by the galaxy
cluster (20, 25). Consequently, ourmodels predict
both that the SN could be detected at future
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Fig. 1. HST WFC3-IR images showing the simultaneous appearance of
four point sources around a cluster member galaxy. From left to right, the
columns show imaging in the F105W filter (Y band), F125W (J), and F140W
(JH). From top to bottom, the rows show archival imaging from the Cluster
Lensing And Supernova survey with Hubble (CLASH, GO-12068; PI M.P.)
program, discovery epoch images from GLASS and the Hubble Frontier Fields
programs, and the difference images. The template images in the top row
comprise all available archival WFC3-IR imaging in these filters, collected from

5December 2010 through 10March 2011.The images in themiddle roware the
composite of all available HST imaging collected between 3 November and
11 November 2014 (for F105W, left), on 20 November 2014 (F125W, middle),
and between 10November and 20November 2014 (F140W, right).The sources
S1, S2, S3, and S4, which form an Einstein cross, are absent from all images
obtained at earlier epochs but are clearly detected in the difference images
along the bottom row.The line segments belowS4 and in the lower right corner
are diffraction spikes from a nearby bright star in the foreground.

Table 1. Coordinates of the transient point sources
detected around the cluster galaxy lens, in
J2000 right ascension and declination.

Name a (J2000) d (J2000)

S1 11h49m35.57s +22°23′44.26′′
S2 11h49m35.451s +22°23′44.84′′
S3 11h49m35.369s +22°23′43.95′′
S4 11h49m35.472s +22°23′42.62′′
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Kelly et al. 2015
epochs in a different image of the spiral host
galaxy and that it has already appeared else-
where in yet another image of the spiral. A
search of archival HST imaging in both the op-
tical (F606W, F814W, and F850LP) and infrared
(F105W, F125W, F140W, and F160W) at the loca-
tions of the multiple images of the presumed host
galaxy has revealed no evidence for SN Refsdal
when these data were taken. Our set of cluster
lens models predicts that the SN will appear in
the central image of the spiral host galaxy, at
an approximate position of a = 11h49m36.01s, d =
+22°23′48.13′′ (J2000.0) at a future time, within

a year to a decade fromnow (2015 to 2025). This
is in broad agreement with independent model
predictions (27, 28). The uncertainties highlight the
power of a time-delay measurement to constrain
lens models.
The archival HST imaging and the configura-

tion show that this is a multiply imaged SN. This
discovery demonstrates in principle the feasibility
of the experiment suggested five decades ago by
Refsdal (1), consisting of using the time delays
between the multiple images of the SN to con-
strain the foregroundmass distribution and even-
tually the geometry and content of the universe.
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Fig. 2. Color-composite
image of the galaxy cluster
MACSJ1149.6+2223, with
critical curves for sources
at the z = 1.49 redshift of
the host galaxy overlaid.
Three images of the host
galaxy formed by the cluster
are marked with white labels
(1.1, 1.2, and 1.3) in the left
panel, and each is enlarged at
right.The four current images
of SN Refsdal that we
detected (labeled S1 to S4 in
red) appear as red point
sources in image 1.1. Our
model indicates that an
image of the SN appeared in
the past in image 1.3 and that
one will appear in the near
future in image 1.2. The
extreme red hue of the SN
may be somewhat exagger-
ated, because the blue and
green channels include only
data taken before the SN
erupted. In image 1.1, both a
single bright blue knot (cyan
circles) and SN Refsdal are
multiply imaged into four dis-
tinct locations. The image combines infrared and optical HST imaging data from the Frontier Fields and GLASS programs, along with images from the
CLASH and the FrontierSN programs (GO-13790, PI S.A.R.).

Fig. 3. Light curve of the images
S1 to S4 of the strongly lensed
SN taken from 3 November
2014 through 20 November
2014. Rest-frame days assume
that the SN is at the redshift of the
multiply imaged spiral galaxy
(z = 1.49).We plotted the fluxes
measured in the WFC3 F105W,
F125W, and F140W images of the
MACS J1149.6+2223 galaxy
cluster field.The expected time
delays between images of days to
weeks suggest that the transient
must evolve over a time scale
similar to that of a SN. Our lens models generally predict that image S3 is delayed relative to S1 and S2, which is consistent with the early photometry. Flux
uncertainties are calculated by injecting a thousand point sources into the difference images and comparing the fluxes recovered using point-spread-function
fitting with the input fluxes. Error bars throughout correspond to the standard deviation of a normal distribution fitted to the histogram of the difference in flux.
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SN Refsdal
Nächste “Erscheinung” wurde für 
Dezember 2015 vorhergesagt
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Erste Typ Ia SN hinter einer Linse
(SN iPTF16geu)

63
Goobar et al. 2016
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Fundamente der Kosmologie

Gravitationstheorie
– Einsteins Allgemeine Relativitätstheorie

Isotropie
– Es gibt keine bevorzugte Richtung im Universum

Homogeneität
– Es gibt keine bevorzugte Region

– (e.g. es gibt kein Zentrum des Universums)

Anthropisches Prinzip
– Das Universum hat uns erzeugt
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Friedmann Kosmologie
Annahme

ein homogenes und isotropes Universum

Nullgeodesie in der Friedmann-Robertson-Walker Metrik:
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Spektroskopie der entfernten 
Typ Ia Supernovae
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Das vollständige Hubble Diagramm
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Das SN Hubble 
Diagramm
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Mittlerer Abstand 
der Galaxien

Heute

Schwächer

Rotverschiebung

WM = 1

Zeit

Geschlossen WM > 1

Offen WM < 1

WM = 0

- 14 - 9 - 7
Milliarden Jahre
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Kosmologische Implikation

• Leeres Universum

• Einstein – de Sitter

• Lambda-dominiertes
Universum

• Konkordanz-
kosmologie
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Supernova Kosmologie
560 SNe Ia
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Der Zustandsgleichungsparameter w
Allgemeine Leuchtkraft Entfernung

– mit und

wM= 0 (Materie) 

wR= ⅓ (Strahlung) 

wL= -1 (kosmologische Konstante)
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Goobar & Leibundgut 2011

15 Jahre Fortschritt
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Neuste Messungen
M. Betoule et al.: Improved cosmological constraints from a joint analysis of the SDSS-II and SNLS supernova samples.
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Fig. 7. Values of �coh determined for seven sub-samples of the
Hubble residuals: low-z z < 0.03 and z > 0.03, SDSS z < 0.2
and z > 0.2, SNLS z < 0.5 and z > 0.5, and HST.

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.

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�1,12 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 4 nuisance parameters
↵, �, 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.

12 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).

10�2 10�1 100

z

�0.4
�0.2

0.0
0.2
0.4

µ
�
µ
⇤

C
D

M

34

36

38

40

42

44

46

µ
=

m
? B
�
M

(G
)+
↵

X 1
�
�C

Low-z

SDSS

SNLS

HST

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.

Fig. 9. 68% and 95% confidence contours for the ⇤CDM fit pa-
rameters. Filled gray contours result from the fit of the full JLA
sample; red dashed contours from the fit of a subsample exclud-
ing SDSS-II data (lowz+SNLS).

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
anchor adds some weight in the global ⇤CDM fit, thanks to high
statistics, and helps in the determination of ⌦m with a 25% re-
duction in the total uncertainty.

The complete redshift coverage makes it possible to assess
the overall consistency of the SN data with the ⇤CDM model.
Residuals from the ⇤CDM fit can be seen for the entire redshift

15
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M. Betoule et al.: Improved cosmological constraints from a joint analysis of the SDSS-II and SNLS supernova samples.

Fig. 14. 68% and 95% confidence contours (including system-
atic uncertainty) for the⌦m and⌦⇤ cosmological parameters for
the o-⇤CDM model. Labels for the various data sets correspond
to the present SN Ia compilation (JLA), the Conley et al. (2011)
SN Ia compilation (C11), the combination of Planck tempera-
ture and WMAP polarization measurements of the CMB fluctu-
ation (PLANCK+WP), and a combination of measurements of
the BAO scale (BAO). See Sect. 7.1 for details. The black dashed
line corresponds to a flat universe.

7.2. Constraints on cosmological parameters for various dark
energy models

We consider three alternatives to the base ⇤CDM model:

– the one-parameter extension allowing for non-zero spatial
curvature ⌦k, labeled o-⇤CDM.

– the one-parameter extension allowing for dark energy in a
spatially flat universe with an arbitrary constant equation of
state parameter w, labeled w-CDM.

– the two-parameter extension allowing for dark energy in a
spatially flat universe with a time varying equation of state
parameter parameterized as w(a) = w0 + wa(1 � a) with a =
1/(1 + z) (Linder 2003) and labeled wz-CDM.

We follow the assumptions of Planck Collaboration XVI (2013)
to achieve consistency with our prior. In particular we assume
massive neutrinos can be approximated as a single massive
eigenstate with m⌫ = 0.06 eV and an e↵ective energy density
when relativistic:

⇢⌫ = Ne↵
7
8

 
4

11

!4/3

⇢� (26)

with ⇢� the radiation energy density and Ne↵ = 3.046. We use
Tcmb = 2.7255 K for the CMB temperature today.

Best-fit parameters for di↵erent probe combinations are
given in Tables 14, 15 and 16. Errors quoted in the ta-
bles are 1-� Cramér-Rao lower bounds from the approximate
Fisher Information Matrix. Confidence contours corresponding
to ��2 = 2.28 (68%) and ��2 = 6 (95%) are shown in
Figs. 14, 15 and 16. For all studies involving SNe Ia, we used
likelihood functions similar to Eq. (15), with both statistical and
systematic uncertainties included in the computation of C. We
also performed fits involving the SNLS+SDSS subsample and
the C11 “SALT2” sample for comparison (see Sect. 6).

In all cases the combination of our supernova sample with
the two other probes is compatible with the cosmological con-
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Fig. 15. Confidence contours at 68% and 95% (including sys-
tematic uncertainty) for the ⌦m and w cosmological parameters
for the flat w-⇤CDM model. The black dashed line corresponds
to the cosmological constant hypothesis.

Fig. 16. Confidence contours at 68% and 95% (including sys-
tematic uncertainty) for the w and wa cosmological parameters
for the flat w-⇤CDM model.

stant solution in a flat universe, which could have been antic-
ipated from the agreement between CMB and SN Ia measure-
ments of ⇤CDM parameters (see Sect. 6.6). This concordance is
the main result of the present paper. We note that this conclusion
still holds if we use the WMAP CMB temperature measurement
in place of the Planck measurement (see Table 15).

For the w-CDM model, in combination with Planck, we
measure w =�1.018 ± 0.057. This represents a substan-
tial improvement in uncertainty (30%) over the combination
PLANCK+WP+C11 (w = �1.093±0.078 ). The ⇠ 1� (stat+sys)
change in w is caused primarily by the recalibration of the SNLS
sample as discussed in detail in Sect. 6. The improvement in er-
rors is due to the inclusion of the full SDSS-II spectroscopic
sample and to the reduction in systematic errors due to the joint
re-calibration of the SDSS-II and SNLS surveys. As an illustra-
tion of the relative influence of those two changes, using the C11
calibration uncertainties would increase the uncertainty of w to
6.5%.

Interestingly, the CMB+SNLS+SDSS combination delivers
a competitive measurement of w with an accuracy of 6.9%, de-

21
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Was bedeutet das?
Entfernte Supernovae sind weiter entfernt 
als in einem frei expandierenden, 
ungebremsten Universum. 
Dies kann nur durch eine abstoßende 
Komponente erzeugt werden.

Mittlerer Abstand 
der Galaxien

Heute

Schwächer

Rotverschiebung

!M =#1

Zeit

geschlossen
!M >#1

offen !M <#1

ΩM =#0

( 14 ( 9 ( 7
Milliarden Jahre
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Einstein zur 
Kosmologischen Konstante

Einstein (1917)

[Die Kosmologische Konstante] haben wir nur nötig, um eine 
quasi-statische Verteilung der Materie zu ermöglichen, wie es 
der Tatsache der kleinen Sterngeschwindigkeiten entspricht.
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Der Inhalt des Universums

Dunkle Materie und Dunkle Energie sind 
die bestimmenden Energiebeiträge des 
Universums.

Was sind sie?
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Was bedeutet das?

Das Universum besteht im wesentlichen aus 
nichts.

Das Universum expandiert für immer.

Im Moment existiert keine überzeugende 
physikalische Interpretation der 
Vakuumsenergie (Dunkle Energie).

Nur 4% des Universums sind aus 
demselben „Stoff“ wie wir (und alles, das 
wir kennen).
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Interpretationen/Spekulationen

Einsteins Kosmologische Konstante
Bisher kein “Platz” im Standard Model der 
Teilchenphysik

Quintessence
Quantenmechanisches Teilchenfeld, dass Energie in 
das Universum entlässt 

Anzeichen einer höheren Dimension
Gravitation ist am besten beschrieben in einer 
Theorie mit mehr als vier Dimensionen

Phantom Energie
Die Dunkle Energie ist so stark, dass das Universum 
auseinander fällt (Big Rip)
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Zusammenfassung

95% der Energie im Universum unverstanden

Baryonische Materie einzige die klumpt

Vergangene Entwicklung des Universums 
erklärbar

Dynamisches Alter des Universums größer als 
die ältesten bekannten Objekte

Neue Zweifel …

Wie konstant sind die Naturkonstanten?

G, a, h, c


