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Olbers’sches Paradoxon (1823)

Heinrich Wilhelm Matthias Olbers
(1758-1840):

Das Universum kann nicht unendlich groß,
zeitlich unveränderlich und gleichmäßig mit
unendlich vielen Sternen gefüllt sein.

Helligkeit in konstantem Raumwinkel bei
jedem Abstand dieselbe→ summiert sich
auf! 1/r2 vs. r2

(Staub→ Absorption? Würde durch
thermisches Gleichgewicht die gleiche
Flächenhelligkeit bekommen!)

Kosmologie: Das Universum als GanzesMarkus Pössel
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Ein Universum voll Galaxien

Bild: NASA/ESA/STScI/AURA

Kosmologie: Das Universum als GanzesMarkus Pössel
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Wie sind die Galaxien verteilt?
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Bild: 25231 Galaxien mit Abständen aus NED, Position aus 2MASX

Kosmologie: Das Universum als GanzesMarkus Pössel
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Wie sind die Galaxien verteilt?
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Bild: 25231 Galaxien mit Abständen aus NED, Position aus 2MASX (Untermenge)

Kosmologie: Das Universum als GanzesMarkus Pössel
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Sternalter
Nichts im Universum kann älter sein als das Universum als Ganzes.
Älteste Kugelsternhaufen (Entwicklungsdiagramme), individuelle
Sternalter (radioaktive Datierung) jeweils 13,2 Milliarden JahreNo. 2, 2007 U INr-PROCESS–ENHANCED STAR HE 1523�0901 L119

Fig. 2.—Spectral region around the Uii line in HE 1523�0901 (filled circles) and CS 31082-001 (crosses; right panel only). Overplotted are synthetic spectra with
different U abundances of p none,�1.96,�2.06, and�2.16 (HE 1523�0901) and p none,�2.05,�2.15, and�2.25 (CS 31082-001). The dottedlog e(U) log e(U)
line in the left panel corresponds to a scaled solarr-process U abundance present in the star if no U had decayed. Positions of other features are indicated.

TABLE 1
Ages Derived from Different Abundance Ratios

X/Y alog (PR) Ref. loge(X/Y)obs

Age
(Gyr)

Uncertaintiesb

(Gyr)

Th/Eu . . . . . . �0.377 1 �0.58 9.5 3.3/3.4/0.6/0.6/5.6
�0.33 2 �0.58 11.7 3.3/3.3/0.5/0.5/5.6
�0.295 3 �0.58 13.3 3.3/3.0/0.2/0.2/5.6

Th/Os . . . . . . �1.15 2 �1.38 10.7 3.3/2.8/5.6/0.0/5.6
Th/Ir . . . . . . . �1.18 2 �1.44 12.1 3.3/1.9/2.8/1.4/5.6

�1.058 1 �1.44 17.8 3.3/2.0/2.9/1.5/5.6
U/Eu . . . . . . . �0.55 2 �1.44 13.2 1.9/0.6/0.4/0.2/1.6
U/Os . . . . . . . �1.37 2 �2.24 12.9 1.9/0.6/1.2/0.3/1.6
U/Ir . . . . . . . . �1.40 2 �2.30 13.3 1.9/0.3/0.3/0.7/1.6

�1.298 3 �2.30 14.8 1.9/0.3/0.3/0.8/1.6
U/Th . . . . . . . �0.301 4 �0.86 12.2 2.8/0.4/0.9/0.4/2.2

�0.29 5 �0.86 12.4 2.8/0.4/0.9/0.4/2.2
�0.256 3 �0.86 13.1 2.8/0.5/1.0/0.5/2.2
�0.243 6 �0.86 13.4 2.8/0.4/0.8/0.4/2.2
�0.22 2 �0.86 13.9 2.8/0.4/0.9/0.4/2.2

References.—(1) Sneden et al. 2003; (2) Schatz et al. 2002; (3) Cowan et
al. 2002; (4) Goriely & Arnould 2001; (5) Wanajo et al. 2002; (6) Dauphas 2005.

a Initial production ratio.
b Age uncertainties arising from uncertainties in observed measurements/

Teff / / /PR.log g vmicr

abundance analysis will be given elsewhere (A. Frebel et al.
2007, in preparation).

To test our derived abundances, we measured Thii l 4019
and the U features in the spectrum of CS 31082-001 that was
used by Hill et al. (2002). Figure 2 shows the U region for CS
31082-001 (crosses). Despite differences in the employed
model atmospheres, we obtain a ratio of�0.93log e(U/Th)
for CS 31082-001. This is in very good agreement with the
published value of�0.89, as derived from these two lines.

We estimate a fitting uncertainty of 0.05 dex for the Eu, Os,
Ir, and Th abundances. The U abundance is driven by the fit
of the Fe line close to the U line. Changing the C abundance
by �0.1 dex results in only a�0.02 dex different U abundance.
Changing the Fe abundance by�0.1 dex changes the U abun-
dance by�0.12. We adopt a 0.12 dex uncertainty for U.

5. NUCLEOCHRONOMETRY

There are three types of chronometers that involve the abun-
dances of Th, U, and naturally occurringr-process elements
(Cayrel et al. 2001). The subscript “initial” refers to the initial

production ratio (PR), while the subscript “now” refers to the
observed value:

1. ;Dt p 46.7[log (Th/r) � log e(Th/r) ]initial now

2. ;Dt p 14.8[log (U/r) � log e(U/r) ]initial now

3. .Dt p 21.8[log (U/Th) � log e(U/Th) ]initial now

Using several different chronometers and PRs, we derive a set
of ages for HE 1523�0901. The results are given in Table 1.
Where available, we list several PRs for each chronometer to
illustrate the available range and the subsequent spread in the
derived ages. We take the weighted average of all the individual
ages to derive a final age of 13.2 Gyr for HE 1523�0910.

Forming an average based on weights obtained from the
uncorrelated observational uncertainties is an arbitrary choice
that only minimizes the observational (statistical) uncertainties
but not necessarily the systematic uncertainties. Using different
weights, for example by omitting the Th/r ratios, would lead
to slightly larger observational, but smaller systematic, uncer-
tainties. A weighted observational uncertainty in the abundance
ratios arising from the fitting procedure results in an 0.7 Gyr
weighted uncertainty for the final age. This value is driven by
the uncertainty of the uranium abundance measurement.

We also investigate the influence of variations of model atmo-
sphere parameters ( , , ) on the stellar age. AddingT log g veff micr

these three age uncertainties in quadrature yields a 1.5 Gyr
weighted uncertainty in the final age. Any correlations of the
different chronometers are thus automatically taken into account.
To obtain an age uncertainty arising from the uncertainties in
the PRs, we calculate (with ,2jt p � (w jt )/ � w w p 1/ji i i i ii i

where is the age uncertainty from the different PRs andjt ji i

the one from the observational uncertainty) as an upper bound,
assuming the worst possible correlation(s) of the uncertainties
in the PRs. We thus derive a 2.7 Gyr weighted uncertainty in
the final age. For the calculation of the PR uncertainties, we
followed Schatz et al. (2002), who list overall systematic un-
certainties for all three types of chronometers. In Table 1, we
list the five age uncertainties for all chronometers.

Due to the much shorter half-life of U, uncertainties in ages
derived from chronometers U/r are significantly smaller than for
those derived from Th/r. Excluding the Th/r chronometers yields
a weighted average of 13.4 Gyr. The observational uncertainty
then becomes 0.8 Gyr, and the combined model atmosphere un-
certainty is 0.9 Gyr, while the PR uncertainty is much reduced to

Beispiel für sehr alten Stern; HE 1523-0903 kaum Elemente außer Wasserstoff
und Helium (”metallarm“; Frebel, Christlieb et al. 2007): U- and Th-datiert

Buchtipp: Anna Frebel, Auf der Suche nach den ältesten Sternen, Fischer 2012

Kosmologie: Das Universum als GanzesMarkus Pössel

http://adsabs.harvard.edu/abs/2007ApJ...660L.117F
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Sterne: Chemische Zusammensetzung

Element relative Häufigkeit
Wasserstoff 92,1%
Helium 7,8%
Sauerstoff 0,5h
Kohlenstoff 0,23h

Daten: Lodders et al. 2009, Landolt-Börnstein

Erstmals Cecilia H. Payne 1925: fast nur Wasserstoff!

Caveat: Nur für obere Atmosphärenschichten

Massenprozent: H 75%, He 25% recht allgemein
Kosmologie: Das Universum als GanzesMarkus Pössel
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Dunkle Materie

Ableitung aus Keplerbewegung im Vergleich sichtbarer Masse:

0 20 40 60 80 100 120 140

kLj

40

60

80

100

120

140

160

180
km

/s

Erwartet aus sichtbarer Materie

Gemessen

Daten aus Karukes, Salucci, Gentile 2015

Kosmologie: Das Universum als GanzesMarkus Pössel

http://adsabs.harvard.edu/abs/2015A%26A...578A..13K
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Dunkle Materie

• leuchtet nicht; verschärft: keine elektromagnetische
Wechselwirkung, nur Gravitation

• erstmals 1933 von Fritz Zwicky postuliert, um Bewegungen im
Coma-Haufen (Galaxienhaufen mit Geschwindigkeiten um die 7500
km/s) zu erklären

• Experimente zum direkten Nachweis von ”Dunkle-Materie-Teilchen“:
noch keine klaren (und z.T. widersprüchliche) Ergebnisse

• WIMPS – zusätzliche Teilchen außerhalb des Standardmodells der
Elementarteilchen⇒ LHC

• verschiedene unabhängige Hinweise auf Existenz:
• Rotationskurven von Galaxien
• Gravitationslinsen-Effekte (incl. Bullet Cluster)
• Kosmologie (später): Fluktuationen im primordialen Plasma

• (oder alternativ: modifizierte Dynamik, z.B. MOND?)

Kosmologie: Das Universum als GanzesMarkus Pössel
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Materieinhalt unseres Kosmos

• Sterne: einfach nachzuweisen! (man braucht freilich
Absorptionskarten)

• Staub in unserer Milchstraße: Infrarot-Beobachtungen

• Wasserstoffatome: 21 cm-Linie, Absorptionslinien

• Moleküle: IR und Radiowellen

• Sehr fernes, warmes Plasma: Schwierig nachzuweisen

Allgemeinere Massenbestimmung: Gravitations-Sonden (z.B.
Satelliten-Galaxien einer größeren Galaxie)
Virial-Messungen: Streuung der Sterngeschwindigkeiten σ hängen
mit anziehender Masse M bei charakteristischem Abstand R
zusammen wie

σ2 ∼
GM
R

.

Kosmologie: Das Universum als GanzesMarkus Pössel
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Materieinhalt: Gesamtdichte

– 9 –

Figure 1.The dependence of mass-to-light ratio, M/LB, on scale, R, for average spiral galaxies

(blue symbols), elliptical galaxies (green), and groups and clusters (red). (From Bahcall,

Lubin and Dorman 1995)(11). The large scale point at ∼ 15h−1 Mpc represents Virgo

cluster infall motion results (11). The location of Ωm = 1 and Ωm = 0.3 are indicated by the

horizontal lines. A flattening of M/LB is suggested at Ωm ≃ 0.2 ± 0.1.

Abb. 1 in N. Bahcall & X. Fang 1998

wobei Ω ≈ ρ/(10−26kg/m3). Leuchtende Materie ∼ 20 Massen-%

Kosmologie: Das Universum als GanzesMarkus Pössel
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Edwin Hubble am Mount Wilson

Vesto Slipher: Erstes
Galaxienspektrum M31 im Jahre
1912 (4 Stunden Belichtungszeit,
Lowell 24” Clark-Refraktor)

Ab 1927: Milton Humason (erst 100”
auf Mt. Wilson, später 200” auf Mt.
Palomar)

Edwin Hubble: Erstmals
Entfernungsbestimmung (Cepheiden
= variable Sterne) außerhalb
unserer Milchstraßengalaxie —
Entfernung zu anderen Galaxien!

Bild rechts: Ken Spencer via Wikimedia Commons unter Lizenz CC
BY-SA 3.0

Kosmologie: Das Universum als GanzesMarkus Pössel

https://commons.wikimedia.org/wiki/File:100_inch_Hooker_Telescope_900_px.jpg
https://creativecommons.org/licenses/by-sa/3.0/legalcode
https://creativecommons.org/licenses/by-sa/3.0/legalcode
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Galaxienbewegungen: Hubbles Beobachtung

ASTRONOMY: E. HUBBLE

corrected for solar motion. The result, 745 km./sec. for a distance of
1.4 X 106 parsecs, falls between the two previous solutions and indicates
a value for K of 530 as against the proposed value, 500 km./sec.

Secondly, the scatter of the individual nebulae can be examined by
assuming the relation between distances and velocities as previously
determined. Distances can then be calculated from the velocities cor-
rected for solar motion, and absolute magnitudes can be derived from the
apparent magnitudes. The results are given in table 2 and may be
compared with the distribution of absolute magnitudes among the nebulae
in table 1, whose distances are derived from other criteria. N. G. C. 404

o~~~~~~~~~~~~~~~~
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FIGURE 1

Velocity-Distance Relation among Extra-Galactic Nebulae.
Radial velocities, corrected for solar motion, are plotted against

distances estimated from involved stars and mean luminosities of
nebulae in a cluster. The black discs and full line represent the
solution for solar motion using the nebulae individually; the circles
and broken line represent the solution combining the nebulae into
groups; the cross represents the mean velocity corresponding to
the mean distance of 22 nebulae whose distances could not be esti-
mated individually.

can be excluded, since the observed velocity is so small that the peculiar
motion must be large in comparison with the distance effect. The object
is not necessarily an exception, however, since a distance can be assigned
for which the peculiar motion and the absolute magnitude are both within
the range previously determined. The two mean magnitudes, - 15.3
and - 15.5, the ranges, 4.9 and 5.0 mag., and the frequency distributions
are closely similar for these two entirely independent sets of data; and
even the slight difference in mean magnitudes can be attributed to the
selected, very bright, nebulae in the Virgo Cluster. This entirely unforced
agreement supports the validity of the velocity-distance relation in a very

PRoc. N. A. S.172

Hubble 1929: ”A Relation between Distance and Radial Velocity among

Extra-Galactic Nebulae“ in PNAS 15(3), S. 168ff.

Kosmologie: Das Universum als GanzesMarkus Pössel
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Galaxienbewegungen

ASTRONOMY: E. HUBBLE

corrected for solar motion. The result, 745 km./sec. for a distance of
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Secondly, the scatter of the individual nebulae can be examined by
assuming the relation between distances and velocities as previously
determined. Distances can then be calculated from the velocities cor-
rected for solar motion, and absolute magnitudes can be derived from the
apparent magnitudes. The results are given in table 2 and may be
compared with the distribution of absolute magnitudes among the nebulae
in table 1, whose distances are derived from other criteria. N. G. C. 404
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Velocity-Distance Relation among Extra-Galactic Nebulae.
Radial velocities, corrected for solar motion, are plotted against

distances estimated from involved stars and mean luminosities of
nebulae in a cluster. The black discs and full line represent the
solution for solar motion using the nebulae individually; the circles
and broken line represent the solution combining the nebulae into
groups; the cross represents the mean velocity corresponding to
the mean distance of 22 nebulae whose distances could not be esti-
mated individually.

can be excluded, since the observed velocity is so small that the peculiar
motion must be large in comparison with the distance effect. The object
is not necessarily an exception, however, since a distance can be assigned
for which the peculiar motion and the absolute magnitude are both within
the range previously determined. The two mean magnitudes, - 15.3
and - 15.5, the ranges, 4.9 and 5.0 mag., and the frequency distributions
are closely similar for these two entirely independent sets of data; and
even the slight difference in mean magnitudes can be attributed to the
selected, very bright, nebulae in the Virgo Cluster. This entirely unforced
agreement supports the validity of the velocity-distance relation in a very

PRoc. N. A. S.172

Hubble 1929: ”A Relation between Distance and Radial Velocity among

Extra-Galactic Nebulae“ in PNAS 15(3), S. 168ff.

. . . erste von vielen Messungen, spätere weit genauer!

Asymmetrie: Ab einer bestimmten Entfernung bewegen sich ferne
Galaxien alle von uns fort!

Proportionalität: v = H · d (Hubble-Relation, H Hubble-Konstante)
Kosmologie: Das Universum als GanzesMarkus Pössel
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Grundlegende Beobachtungsdaten
für die Kosmologie:

• Olbers-Beobachtung

• Gesamtdichte ∼ 0,3 · 10−26 kg/m3

• ∃ Dunkle Materie. Leuchtende Materie nur rund 20 Massenprozent

• Leuchtende Materie: Wasserstoff 92 Prozent, Helium 8 Prozent (25
Massenprozent)

• Älteste Objekte > 13 Milliarden Jahre

• Ausdehnung größer als Milliarden Lichtjahre

• Hierarchische Struktur (Haufen von Haufen von Haufen) bis zu 100
Mio. Lj. – darüber im Mittel homogen

• Großräumige Isotropie

• Hubble-Relation zwischen Rotverschiebungen/Entfernungen ferner
Galaxien

Kosmologie: Das Universum als GanzesMarkus Pössel
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Expansion mit Skalenfaktor

Modelluniversum: homogen und isotrop

Hilfsvorstellung: ”Momentaufnahme“ des Kosmos, das alle Galaxien dort
zeigt, wo sie sich jetzt, in diesem Moment, zur Zeit t1 befinden.

Skalenfaktor-Expansion: Alle Abstände ändern sich mit der Zeit ∼ a(t).

Kosmologie: Das Universum als GanzesMarkus Pössel
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Expansion

Verteilung (Muster) dasselbe — lediglich die Skala der Abstände
verändert sich!

Kosmologie: Das Universum als GanzesMarkus Pössel
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Grundannahmen der Expansionsmodelle

Das Modelluniversum, das wir im folgenden betrachten:

• Kosmologisches Prinzip: Das Universum sieht für jeden Beobachter
im Mittel (große Größenskalen) gleich aus (homogen, isotrop)

• Einfachstes Modell: Exakt homogenes und isotropes Universum

• Vorgehen: Erst homogene/isotrope Modelle rechnen, später
Inhomogenitäten als Störungen hinzufügen

. . . diese Annahmen muss man anschließend nachprüfen! Liefern
die Modelle die richtige Antwort?

Kosmologie: Das Universum als GanzesMarkus Pössel
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”Galaxienstaub“ im homogenen Universum

Wir springen zwischen zwei Ansichten hin und her.

1 Kontinuum mit räumlich konstanter Dichte ρ(t)

2 Einzelne Galaxien im Hubble-Fluss senden/empfangen Licht
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“Galaxienstaub” aus
separaten Galaxien

ρ

Kontinuum mit konstanter
Dichte ρ

Wirkliche Bewegung = Hubble-Bewegung plus Pekuliargeschwindigkeiten

Kosmologie: Das Universum als GanzesMarkus Pössel
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Kosmische Zeit

Definition einer kosmischen Zeitkoordinate t :

1 Gleichzeitigkeit so gewählt, dass Homogenität deutlich wird (bei
Expansion: gleiche Dichtewerte zeigen gleiche Zeitpunkte an)

2 Verlauf der Zeit: Eigenzeit auf Galaxien, die sich mit dem
Hubble-Fluss bewegen.

3 Zeitnullpunkt: Wird später so gewählt, dass Form von a(t) möglichst
einfach. (Läuft heraus auf: Urknall war bei t = 0)

Kosmologie: Das Universum als GanzesMarkus Pössel
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Ein statisches Universum

Galaxien durchnummerieren:

1
2

3
4

5

6

7

8

Kosmologie: Das Universum als GanzesMarkus Pössel
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Ein statisches Universum

Anordnung vollständig beschrieben durch paarweise Abstände dij :

1
2

3
4

5

6

7

8

d12

dij : Abstand zwischen Galaxie i und Galaxie j.

Abstände dij verändern sich nicht.

Kosmologie: Das Universum als GanzesMarkus Pössel
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Abstände zwischen Galaxien

Galaxien ”im Hubble-Fluss“:

1
2

3
4

5

6

7

8

t = t0

d12(t0)

Alle Abstände ändern sich wie dij(t) =
a(t)
a(t0)

· dij(t0).

Kosmologie: Das Universum als GanzesMarkus Pössel
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Abstände zwischen Galaxien

Galaxien ”im Hubble-Fluss“:

1
2

3
4

5

6

7

8

t = t1

d12(t1)

Alle Abstände ändern sich wie dij(t) =
a(t)
a(t0)

· dij(t0).

Kosmologie: Das Universum als GanzesMarkus Pössel
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Abstände zwischen Galaxien

Galaxien ”im Hubble-Fluss“:

1

2

3

4

5

6

7

8

t = t2

d12(t2)

Alle Abstände ändern sich wie dij(t) =
a(t)
a(t0)

· dij(t0).

Kosmologie: Das Universum als GanzesMarkus Pössel
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Abstände zwischen Galaxien

Galaxien ”im Hubble-Fluss“:

1

2

3

4

5

6

7

8

t = t3

d12(t3)

Alle Abstände ändern sich wie dij(t) =
a(t)
a(t0)

· dij(t0).

Kosmologie: Das Universum als GanzesMarkus Pössel
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Konsequenzen der Skalenfaktor-Expansion

Wenn d(t) = a(t)
a(t0)

d(t0) und mit v(t) ≡ ḋ(t):

v(t) =
ȧ(t)
a(t)

d(t) = H(t) d(t)

mit

H(t) ≡
ȧ(t)
a(t)

dem Hubble-Parameter.

Heutiger Wert heißt Hubble-Konstante H0

Kosmologie: Das Universum als GanzesMarkus Pössel
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Hubble-Relation

Abstandsänderung mit Skalenfaktor: Faktor 1.1 in 1 Million Jahren

Abstand vorher Abstand nachher Abstandszuwachs
1 Mio. Lj 1.1 Mio. Lj. 0.1 Mio. Lj
2 Mio. Lj 2.2 Mio. Lj. 0.2 Mio. Lj
3 Mio. Lj 3.3 Mio. Lj. 0.3 Mio. Lj
4 Mio. Lj 4.4 Mio. Lj. 0.4 Mio. Lj
5 Mio. Lj 5.5 Mio. Lj. 0.5 Mio. Lj

⇒ je größer der Abstand, desto größer der Abstandszuwachs!

Hubbles Messung (und ähnliche Messungen):
Hinweis auf Skalenfaktor-Expansion des Kosmos!

Kosmologie: Das Universum als GanzesMarkus Pössel
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Konsequenzen der Skalenfaktor-Expansion

Wellenlänge

klassischer Dopplereffekt für Radialgeschwindigkeit v:

z =
v
c

mit z =
λ − λ0

λ0

für Licht, das von der Galaxie zu uns ausgesandt wird (ausgesandt
bei Wellenlänge λ0, empfangen bei Wellenlänge λ), also

cz(t) = H(t) d(t).

Diagnostik anhand von Spektrallinien:

Kosmologie: Das Universum als GanzesMarkus Pössel
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Hubble-Beziehung

ASTRONOMY: E. HUBBLE

corrected for solar motion. The result, 745 km./sec. for a distance of
1.4 X 106 parsecs, falls between the two previous solutions and indicates
a value for K of 530 as against the proposed value, 500 km./sec.

Secondly, the scatter of the individual nebulae can be examined by
assuming the relation between distances and velocities as previously
determined. Distances can then be calculated from the velocities cor-
rected for solar motion, and absolute magnitudes can be derived from the
apparent magnitudes. The results are given in table 2 and may be
compared with the distribution of absolute magnitudes among the nebulae
in table 1, whose distances are derived from other criteria. N. G. C. 404

o~~~~~~~~~~~~~~~~

0.

S0OKM

0

DISTANCE
0 IDPARSEC S 2 ,10 PARSECS

FIGURE 1

Velocity-Distance Relation among Extra-Galactic Nebulae.
Radial velocities, corrected for solar motion, are plotted against

distances estimated from involved stars and mean luminosities of
nebulae in a cluster. The black discs and full line represent the
solution for solar motion using the nebulae individually; the circles
and broken line represent the solution combining the nebulae into
groups; the cross represents the mean velocity corresponding to
the mean distance of 22 nebulae whose distances could not be esti-
mated individually.

can be excluded, since the observed velocity is so small that the peculiar
motion must be large in comparison with the distance effect. The object
is not necessarily an exception, however, since a distance can be assigned
for which the peculiar motion and the absolute magnitude are both within
the range previously determined. The two mean magnitudes, - 15.3
and - 15.5, the ranges, 4.9 and 5.0 mag., and the frequency distributions
are closely similar for these two entirely independent sets of data; and
even the slight difference in mean magnitudes can be attributed to the
selected, very bright, nebulae in the Virgo Cluster. This entirely unforced
agreement supports the validity of the velocity-distance relation in a very

PRoc. N. A. S.172

Hubble 1929: ”A Relation between Distance and Radial Velocity among

Extra-Galactic Nebulae“ in PNAS 15(3), S. 168ff.

cz = H0 · d erklärt, warum (bis auf nahe Galaxien) alle Werte für z
positiv sind und warum die Werte (mit beachtlicher Streuung!) auf
einer Geraden liegen.
Verschiedene Vorläufer für die betreffenden Messungen – vgl. Virginia Trimble,

”Anybody but Hubble!“ (2013)
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Hubble Space Telescope

Bild: STScI und NASA

H0 Key Project (Marc Aaronson, Wendy Freedman et al.):
Cepheiden kalibrieren; darauf aufbauend sekundäre
Entfernungsbestimmung (SN Ia, Tully-Fisher, Fundamentalebene,
Fluktuationen der Oberflächenhelligkeit etc.)

Kosmologie: Das Universum als GanzesMarkus Pössel
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H0 Key Project results
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Daten aus Freedman 2001 et al. (HST Key Project)
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Die Dynamik der kosmischen Expansion

Grundfrage in diesem Abschnitt: Was bestimmt die Form a(t) des
kosmischen Skalenfaktors?

In der Physik: Bewegungen ergeben sich aus dem Einfluss von
Kräften

Welche Einflüsse bestimmen, wie der Kosmos expandiert?

Kosmologie: Das Universum als GanzesMarkus Pössel



Bestandsaufnahme Expansion Dynamik Materieverhalten Geschichte unseres Universums

Modellsituation zur Dynamik

Testteilchen

0

r(t)

Wie verändert sich

r(t) =
a(t)
a0

r0

mit der Zeit?

Newton: Nur Masse im Kugelinneren
trägt bei. Gravitationsgesetz:

r̈ = −
GM
r2 .

Kosmologie: Das Universum als GanzesMarkus Pössel
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Welche Masse trägt bei?

r̈ = −
GM
r2 .

In der Allgemeinen Relativitätstheorie gibt es mehr
Gravitationsladungen als nur die Masse!

1 Energie und Masse sind äquivalent, E = mc2

2 Druck trägt bei (wichtig z.B. bei Gravitationskollaps von Sternen)

In der Situation, um die es hier geht, ist effektiv

M = ME + MP = U/c2 + V
3p
c2 = V(ρ+ 3p/c2)

mit U der Gesamtenergie, V dem Volumen der Massenkugel, ρ der
Massendichte (= Energiedichte/c2) und p dem Druck darin.

Kosmologie: Das Universum als GanzesMarkus Pössel
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Gleichungen für a(t): Newton’sche Näherung

Newton’sche Ableitung (siehe Handreichung) führt auf korrekte
Form der Friedmann-Gleichung 2. Ordnung

ä(t)
a(t)

= −
4πG

3

(
ρ+ 3

p
c2

)
,

zur zeitlichen Änderung der Dichte

ρ̇+ 3
ȧ(t)
a(t)

(ρ+ p/c2) = 0

und zur Friedmann-Gleichung erster Ordnung

ȧ2 + Kc2

a2 =
8πG

3
ρ.

Kosmologie: Das Universum als GanzesMarkus Pössel
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Friedmann-Gleichungen und Raumgeometrie

Kritische Dichte, abhängig von der Hubble-Konstante:

ρc0 ≡
3H2

0

8πG
bestimmt Geometrie: ρ > ρc0 kugelartig, ρ = ρc0 euklidisch,
ρ < ρc0 sattelartig

Kosmologie: Das Universum als GanzesMarkus Pössel
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Unterschiedliche Arten von Materie

Friedmann-Gleichungen enthalten Information über die
Eigenschaften von Raum, Zeit und Gravitation. Um sie zu lösen,
benötigen wir aber noch mehr: Eigenschaften der im Kosmos
enthaltenen Materie!

Schlüssel: Zustandsgleichung

p = p(ρ)

Entwicklungsgleichung:

ρ̇+ 3
ȧ(t)
a(t)

(ρ+ p/c2) = 0

nicht so schwer zu lösen. Vereinfachungen je nach
Zustandsgleichung möglich.

Kosmologie: Das Universum als GanzesMarkus Pössel
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Staub/Materie

Staub (kosmologischer Sprachgebrauch für Materie, deren Druck
man vernachlässigen kann — z.B. Galaxien im Hubble-Flow):

Zustandsgleichung p = 0.

Lösung:

ρ = ρ0 ·

(
a(t0)
a(t)

)3

.

Wie erwartet bei konstanter Teilchenzahl, Volumen geht mit a3.

Kosmologie: Das Universum als GanzesMarkus Pössel
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Strahlung

Strahlungsdruck (Maxwell) p = ρc2/3, entspricht Lösung

ρ = ρ0 ·

(
a(t0)
a(t)

)4

.

Wie erwartet bei konstanter Photonenzahl, Volumen geht mit a3;
zusätzlich Energieverlust jedes Photons proportional zu a−1.

Kosmologie: Das Universum als GanzesMarkus Pössel
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Dunkle Energie

Zunächst rein als Gedankenspiel (obwohl es in der Teilchenphysik
solche Gleichungen gibt): Was ist mit einer Zustandsgleichung

p = −ρc2?

Das entspricht
ρ̇ = 0

Lösung:
ρ = const .

Bei Einstein: entsprechende Gleichungen durch kosmologische
Konstante, hier durch besondere Zustandsgleichung. Die
Beobachtungen von a(t) zeigen, dass man solch eine ”Materie“
benötigt, insbesondere in

ä
a
= −

4πG
3

(ρ+ 3p/c2)

die bislang einzige Möglichkeit für ä > 0!
Kosmologie: Das Universum als GanzesMarkus Pössel
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Dichte: Unterschiedliche Dominanz-Epochen
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Erweiterung der Hubble-Relation
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Bester Fit: ΩM=0.268 ± 0.025, ΩΛ=0.732 ± 0.025 

Aus fernen Supernovae vom Typ Ia (hier: Union-Katalog) Rückschlüsse auf
beschleunigte Expansion der Universums!

Kosmologie: Das Universum als GanzesMarkus Pössel
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Erweiterung der Hubble-Relation

cosmological models, the expansion history of the cosmos
is determined entirely by its mass density. The greater the
density, the more the expansion is slowed by gravity. Thus,
in the past, a high-mass-density universe would have been
expanding much faster than it does today. So one should-
n’t have to look far back in time to especially distant (faint)
supernovae to find a given integrated expansion (redshift). 

Conversely, in a low-mass-density universe one would
have to look farther back. But there is a limit to how low
the mean mass density could be. After all, we are here, and
the stars and galaxies are here. All that mass surely puts
a lower limit on how far—that is, to what level of faint-
ness—we must look to find a given redshift. The high-
redshift supernovae in figure 3 are, however, fainter than
would be expected even for an empty cosmos.

If these data are correct, the obvious implication is
that the simplest cosmological model must be too simple.
The next simplest model might be one that Einstein en-
tertained for a time. Believing the universe to be static, he
tentatively introduced into the equations of general rela-
tivity an expansionary term he called the “cosmological
constant” (L) that would compete against gravitational col-
lapse. After Hubble’s discovery of the cosmic expansion,
Einstein famously rejected L as his “greatest blunder.” In
later years, L came to be identified with the zero-point
vacuum energy of all quantum fields.

It turns out that invoking a cosmological constant al-
lows us to fit the supernova data quite well. (Perhaps there
was more insight in Einstein’s blunder than in the best ef-
forts of ordinary mortals.) In 1995, my SCP colleague Ariel
Goobar and I had found that, with a sample of type Ia su-
pernovae spread over a sufficiently wide range of dis-
tances, it would be possible to separate out the competing
effects of the mean mass density and the vacuum-energy
density.14

The best fit to the 1998 supernova data (see figures 3
and 4) implies that, in the present epoch, the vacuum en-
ergy density rL is larger than the energy density attribut-
able to mass (rmc2). Therefore, the cosmic expansion is now
accelerating. If the universe has no large-scale curvature,

as the recent measurements of the cosmic microwave back-
ground strongly indicate, we can say quantitatively that
about 70% of the total energy density is vacuum energy
and 30% is mass. In units of the critical density rc, one
usually writes this result as

WL � rL/rc � 0.7 and Wm � rm/rc � 0.3.

Why not a cosmological constant?
The story might stop right here with a happy ending—a
complete physics model of the cosmic expansion—were it
not for a chorus of complaints from the particle theorists.
The standard model of particle physics has no natural
place for a vacuum energy density of the modest magni-
tude required by the astrophysical data. The simplest es-
timates would predict a vacuum energy 10120 times greater.
(In supersymmetric models, it’s “only” 1055 times greater.)
So enormous a L would have engendered an acceleration
so rapid that stars and galaxies could never have formed.
Therefore it has long been assumed that there must be
some underlying symmetry that precisely cancels the vac-
uum energy. Now, however, the supernova data appear to
require that such a cancellation would have to leave a re-
mainder of about one part in 10120. That degree of fine tun-
ing is most unappealing.

The cosmological constant model requires yet another
fine tuning. In the cosmic expansion, mass density be-
comes ever more dilute. Since the end of inflation, it has
fallen by very many orders of magnitude. But the vacuum
energy density rL, a property of empty space itself, stays
constant. It seems a remarkable and implausible coinci-
dence that the mass density, just in the present epoch, is
within a factor of 2 of the vacuum energy density.

Given these two fine-tuning coincidences, it seems
likely that the standard model is missing some funda-
mental physics. Perhaps we need some new kind of accel-
erating energy—a “dark energy” that, unlike L, is not con-
stant. Borrowing from the example of the putative
“inflaton” field that is thought to have triggered inflation,
theorists are proposing dynamical scalar-field models and
other even more exotic alternatives to a cosmological con-

http://www.physicstoday.org April 2003    Physics Today 57
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Figure 4. The history of cosmic 
expansion, as measured by the
high-redshift supernovae (the black
data points), assuming flat cosmic
geometry. The scale factor R of the
universe is taken to be 1 at pres-
ent, so it equals 1/(1 + z). The
curves in the blue shaded region
represent cosmological models in
which the accelerating effect of
vacuum energy eventually over-
comes the decelerating effect of
the mass density. These curves as-
sume vacuum energy densities
ranging from 0.95 rc (top curve)
down to 0.4 rc. In the yellow
shaded region, the curves repre-
sent models in which the cosmic
expansion is always decelerating
due to high mass density. They as-
sume mass densities ranging (left to
right) from 0.8 rc up to 1.4 rc. In
fact, for the last two curves, the ex-
pansion eventually halts and re-
verses into a cosmic collapse.

Bild: Perlmutter 2003 in Physics Today
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Skalenfaktor-Geschichte des Universums
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