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Markus Pössel & Björn Malte Schäfer
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Abstände im Sonnensystem

Grundeinheit: Astronomische Einheit (mittlerer Abstand
Erde–Sonne); alle anderen Abstände ergeben sich aus 3.
Kepler-Gesetz, T2 ∼ a3.

Grundlage: Parallaxenmethode.

Je nach Position: Fernere Objekte ”springen“ vor noch fernerem
Hintergrund (Beispiel: Daumen am ausgestreckten Arm)

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Mondparallaxe

Bild: Martin Federspiel, Simone Bolzoni

Martin Federspiel, ”Beobachtungstipp: Wie ich die Mondentfernung bestimmte“ in
Sterne und Weltraum 2/2008, S. 76-79
Daniel Ahrens, ”Lippstadt und Kapstadt greifen zu den Sternen“, Wissenschaft in
die Schulen 2/2008. http://www.wissenschaft-schulen.de

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Abstände im Sonnensystem

Direkte Messungen
Sonnenparallaxe schwierig —
insbesondere: kein sichtbarer
Sternhintergrund!

Lösung: Venustransit — jeweils
zwei, 8 Jahre auseinander, dann
mehr als 100 Jahre Pause.

Vorteil: Direkte Messung ist
Zeitmessung
(Transitanfang/-ende). Ab 1769
gute, konsistente Ergebnisse,
1 AU ∼ 150 Mio. km, Parallaxe
8′′,57 ± 0′′,04 (5h)

Bild: Benutzer Sch via Wikimedia Commons

unter Lizenz CC BY-SA 3.0

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Asteroidenmessungen

Beobachtungen von (433) Eros
1900-1901, 1930-1931: 0,2h

Bilder rechts: Beobachtungen
des erdnahen Asteroiden
(99942) Apophis mit den
Faulkes-Teleskopen
(links: N, rechts S)

Oben: 12:46 MEZ, unten 12:56
MEZ

Parallaxe ≈ 2′,
Abstandsgenauigkeit 5h

M. Penselin, M. Metzendorf, C. Liefke 1/2013
Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Moderne Messungen

Moderne Messungen: Radarabstände
1960er Jahre

Radarmessungen ergeben

1 AU = (149.597.870 ± 1) km

Noch präziser: Telemetrie mit Sonden
(rechts: Cassini, 1997-heute). Abstände
präzise messbar (Bertotti et al. 2003 als
Tests der Allgemeinen
Relativitätstheorie).

Arecibo observatory

Cassini mission

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Bessels Heliometer

Parallaxe für Sterne?

Bild: Schweiger-Lerchenfeld 1898
Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Sternparallaxe

Bessel 1838:
Erste Parallaxe eines Sterns
(61 Cygni, 11,4 Lichtjahre,
17.-nächstes Sternensystem)

Rechts:
Kleineres Heliometer,
Utzschneider & Fraunhofer 1820,
jetzt im Deutschen Museum München

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Genauigkeiten in der Astronomie

• Bessel 61 Cygni: 0,02′′ (mit Statistik!), Parallaxe 0,3′′

• Zielgenauigkeit SOFIA-Teleskop: 0,5′′

• Hipparcos: 1mas

• Gaia: 1 Mia. Sterne 20 − 200µas, m=15-20

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Sternparallaxen

Beste Messungen: Satellitenmissionen!
Hipparcos 1989-1993, Gaia gestartet
Ende 2013
(Bild rechts: ESA)

Größe Hipparcos Gaia
Genauigkeit 1 mas 20 µas (bei 15 mag)
Entfernungen auf 10% 350 Lj 15.000 Lj

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Wie weit kommen wir mit Sternparallaxen?
Bild: NASA/JPL-Caltech

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Andere Arten von Parallaxe

• Sternstromparallaxe: Gemeinsame Bewegung (Sternhaufen) in
gleiche Richtung – Entfernung aus Eigenbewegung (an der
Himmelskugel) und Doppler

• Statistische Parallaxe: Sterne, die zusammengehören (d.h. im
wesentlichen gleiche Entfernung). Annahme: Zusammenhang
Dopplerverschiebung und Eigenbewegung

• Pulsierende Cepheiden: Vergleich Winkelgröße (Interferometrie)
und Änderung in Radialgeschwindigkeit (Doppler) bis 1300 Lj oder
so (Lane et al. 2000, Kervella et al. 2004)

• Umlaufbahnen um Zentralmasse: Eigenbewegung vs.
Dopplerverschiebung gibt Entfernung. Beispiel: Sterne um zentrales
Schwarzes Loch in der Milchstraße

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Olbers’sches Paradoxon (1823)

Heinrich Wilhelm Matthias Olbers (1758-1840):

Das Universum kann nicht unendlich groß und
zeitlich unveränderlich sein.

Ad absurdum geführt: Jede Sichtlinie würde an
einer Sternoberfläche enden – konstante
Flächenhelligkeit, weil Helligkeit wie 1/r2 geht,
scheinbare Fläche am Himmel wie r2.

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

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Inhomogenität des Universums auf Stern-Skalen

Sterndichten ∼ 103 kg/m3 auf Größenskalen von 106 m

vs.

Interstellares Medium: ∼ 10−21 kg/m3,
typische interstellare Abstände 1016 . . . 1017 m

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Altersbestimmung für Sterne

Trivial: Nichts im Universum kann älter sein als das Universum als
Ganzes.

(Es gab Zeiten, wo das problematisch war!)

z.B. radioaktive Altersbestimmung. Einige Halbwertzeiten:

235U 7 · 108 a
232Th 1.4 · 1010 a

⇒ Schwere Elemente, die bei Sternexplosionen (Supernovae;
Kern kollabiert, im r-Prozess lagern sich schnell Neutronen an)
entstehen. Caveat: Hier spielen Modelle eine Rolle!

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

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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HE 1523-0903

Beispiel für sehr alten Stern; kaum Elemente außer Wasserstoff
und Helium (”metallarm“; Frebel, Christlieb et al. 2007): U- and
Th-datiert auf 13,2 Milliarden Jahre!
No. 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

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Sternalter

Systematische
Zusammenhänge von
Helligkeit/Temperatur von
Sternen im Hertzsprung-
Russell-Diagramm; Sterne
bewegen sich darin
während ihrer Entwicklung

Lebenszeit τ ∼ L−2/3,
L ∼ M3 und τ ∼ T−1.

Älteste Kugelsternhaufen:
13.2 ± 2 Gyr
(Carretta et al. 2000).
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Fig. 1. A color-magnitude diagram of a typical globular cluster, M15 [10]. The
vertical axis plots the magnitude (luminosity) of the stars in the V wavelength
region, with brighter stars having smaller magnitudes. The horizontal axis plots the
color (surface temperature) of the stars, with cooler stars towards the right. All of
the stars in a globular cluster have the same age and chemical composition. Their
location in the color-magnitude diagram is determined by their mass. Higher mass
stars have shorter lifetimes and evolve more quickly than low mass stars. The various
evolutionary sequence have been labeled. Most stars are on the main sequence (MS),
fusing hydrogen into helium in their cores (for clarity, only about 10% of the stars on
the MS have been plotted). Slighter higher mass stars have exhausted their supply
of hydrogen in the core, and are in the main sequence turn-off region (MSTO).
After the MSTO, the stars quickly expand, become brighter and are referred to as
red giant branch stars (RGB). These stars are burning hydrogen in a shell about a
helium core. Still higher mass stars have developed a helium core which is so hot
and dense that helium fusion is ignited. This evolutionary phase is referred to as
the horizontal branch (HB). Some stars on the horizontal branch are unstable to
radial pulsations. These radially pulsating variable stars are called RR Lyrae stars,
and are important distance indicators.

can be important in a star, one must have a theory of convection which deter-
mines when a region of a star is unstable to convective motions, and if so, the
efficiency of the resulting heat transport. Once all of the above information
has been determined a stellar model may be constructed. The evolution of a
star may be followed by computing a static stellar structure model, updating
the composition profile to reflect the changes due to nuclear reactions and/or
mixing due to convection, and then re-computing the stellar structure model.

There are a number of uncertainties associated with stellar evolution models,

4

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Chemische Zusammensetzung

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

aus Lodders et al. 2009, Landolt-Börnstein

Caveat: Nur für obere Atmosphärenschichten.

Wasserstoff 92 Prozent, Helium 8 Prozent (25 Massenprozent)
kommt recht allgemein hin

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Standardkerzen

Ist die Leuchtkraft L bekannt und die scheinbare Helligkeit am
Himmel F (Energie pro Zeiteinheit pro Detektorfläche) gemessen,
kann man über

F =
L

4πd2

den Abstand d erschließen.

Problem: Bei welchen Objekten kennt man die Leuchtkraft, oder
kann sie aus anderen Objekteigenschaften erschließen?

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Cepheiden: Eine Sorte variabler Sterne

Henrietta Leavitt

Henrietta Leavitt

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Lichtkurven von Cepheiden

Cepheiden: Sterne, die pulsieren (werden größer und kleiner;
sogar Grundschwingung und Oberschwingungen lassen sich

auseinanderhalten!) – Helligkeitsveränderungen!
Bild aus Joshi et al. 2010

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Perioden-Leuchkraft-Relation für Cepheiden

Vol. 49 213
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Fig. 3. Upper panel: V-band P–L relation of the LMC Cepheids. Darker and lighter dots indicate FU
and FO mode Cepheids, respectively. Lower panel: P–L relation for the FU Cepheids. Solid line
indicates adopted approximation (Table 2). Dark and light dots correspond to stars used and rejected
in the final fit, respectively.
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Fig. 4. Upper panel: WI index P–L relation of the LMC Cepheids. Darker and lighter dots indicate
FU and FO mode Cepheids, respectively. Lower panel: P–L relation for the FU Cepheids. Solid line
indicates adopted approximation (Table 2). Dark and light dots correspond to stars used and rejected
in the final fit, respectively.

Perioden-Leuchtkraft-Relation m = −2,76 · log(P/d) + 17,042 für
Große Magellan’sche Wolke

Teil von Abb. 3 in Udalski 1999 in Acta Astronomica 49, 201

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Andere Helligkeits-Entfernungen

• RR Lyrae: Veränderliche Sterne mit kürzerer Periode (1/10 bis 1
Tag) mit Perioden-Helligkeitsrelation

• Hauptreihe: Form und Größe durch physikalische Größen
bestimmt; kalibriere mit Parallaxenmessungen; betrachte ferne
Sternhaufen. (Damit zusammenhängend: rote Haufensterne in
Farben-Helligkeits-Diagrammen)

• Bedeckungsveränderliche mit kleinerem Begleiter: Transitzeit des
Begleiters hängt von Durchmesser des Hauptsterns ab;
Spektroskopie gibt Temperatur; Fläche und
Stefan-Boltzmann-Gesetz gibt Helligkeit

Ende Vorlesung 20.11.2014

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Galaxien

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Die große Debatte

The Great Debate
26. April 1920

Heber Curtis vs. Harlow Shapley

Sind Spiralnebel eigene Galaxien?

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Die große Debatte

Aus heutiger Sicht: Shapley lag bei Lage des Sonnensystems in
der Milchstraße und Größe der Milchstraße näher an heutigem
Wissen; Curtis hatte insgesamt Recht mit Galaxien als eigenen
Sternensystemen analog zur Milchstraße.

Auflösung zugunsten der Galaxien als Inseluniversen (Begriff:
Kant): Edwin Hubble identifiziert Cepheiden in M31; Abstand ist
deutlich größer als Shapleys Vorschlag für Größe der Milchstraße.

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Wieviel Materie enthalten Galaxien?

Zum Teil direkt aus Sternen (und damit aus Galaxienhelligkeit)
ableitbar — Milchstraße (relativ groß): 200-300 Milliarden Sterne.

Zusätzlich: Interstellares Medium – trägt knapp 20% soviel Masse
bei wie Sterne.

Dynamische Messungen legen nahe, dass es noch mehr Masse
gibt: Dunkle Materie

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Dunkle Materie

Ableitung aus Keplerbewegung im Vergleich mit der sichtbaren
Masse (hier van Albada et al. 1985):
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Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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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?)

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Inhomogenität des Universums: galaktische Skalen

Galaktische Dichten (inklusive Dunkler Materie) ∼ 10−24 kg/m3

auf Längenskalen von 1022 m (schließt den Halo mit ein)
(nach arXiv:0801.1232v5 p. 16 - Virial-Radius)

vs.

Intergalaktische Dichte (Gas + DM) ∼ 10−27 kg/m3,
intergalaktische Distanzen 1022 . . . 1023 m

Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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Sekundäre Entfernungsindikatoren I

Beziehungen, die anhand der primären Indikatoren (Cepheiden
etc.) kalibriert wurden; betreffen typischerweise ganze Galaxien

• Tully-Fisher-Relation: (heuristische) Beziehung für Spiralgalaxien:
Verbreiterung der 21 cm-Linie→ maximale
Rotationsgeschwindigkeit→ korreliert mit Masse der Galaxie→
korreliert mit Leuchtkraft der Galaxie

• Faber-Jackson-Relation: Heuristik für elliptische Galaxien:
Streuung der Sterngeschwindigkeiten→ Galaxienmasse
(Virialsatz)→ Leuchtkraft

• Fundamental-Ebene: Flächenhelligkeit als weitere Größe (plus
Radius und Streuung der Geschwindigkeitsstreuung) ergibt
dreidimensionalen Raum; elliptische Galaxien liegen auf
zweidimensionaler Ebene darin
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Sekundäre Entfernungsindikatoren II

• Fluktuationen der Flächenhelligkeit: Flächenhelligkeit selbst
unabhängig von der Entfernung (vgl. Olbers!), aber Fluktuationen
nicht (Poisson-Statistik)

. . . und am wichtigsten:

• Supernovae vom Typ Ia
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Supernovae vom Typ Ia

Standardmodell (es gibt andere Möglichkeiten): Akkretion von
Materie auf einen Weißen Zwerg (Sternrest für Sterne wie unsere
Sonne; stabilisiert durch Pauli-Prinzip (Materieteilchen können
nicht unendlich dicht zusammenrücken).

Stabilitätsgrenze: Chandrasekhar-Masse bei 1,44 M� – ist dieses
Limit erreicht, thermonukleare Explosion (Fusion).

Charakteristische Helligkeitsentwicklung (Lichtkurve), dominiert
durch radioaktiven Zerfall von Ni-56 zu Co-56 und Fe-56

Darauf basieren später die Bestimmungen größter Entfernungen
(Milliarden von Lichtjahre)
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Lichtkurven für Supernovae vom Typ Ia

clear that essentially the same physical processes are oc-
curring in all of these explosions.

The detailed uniformity of the type Ia supernovae im-
plies that they must have some common triggering mech-
anism (see the box on page 56). Equally important, this
uniformity provides standard spectral and light-curve
templates that offer the possibility of singling out those su-
pernovae that deviate slightly from the norm. The complex
natural histories of galaxies had made them difficult to
standardize. With type Ia supernovae, however, we saw
the chance to avoid such problems. We could examine the
rich stream of observational data from each individual ex-
plosion and match spectral and light-curve fingerprints to
recognize those that had the same peak brightness.

Within a few years of their classification, type Ia su-
pernovae began to bear out that expectation. First, David
Branch and coworkers at the University of Oklahoma
showed that the few type Ia outliers—those with peak
brightness significantly different from the norm—could
generally be identified and screened out.4 Either their
spectra or their “colors” (the ratios of intensity seen
through two broadband filters) deviated from the tem-
plates. The anomalously fainter supernovae were typically
redder or found in highly inclined spiral galaxies (or both).
Many of these were presumably dimmed by dust, which
absorbs more blue light than red. 

Soon after Branch’s work, Mark Phillips at the Cerro
Tololo Interamerican Observatory in Chile showed that
the type Ia brightness outliers also deviated from the tem-
plate light curve—and in a very predictable way.5 The su-
pernovae that faded faster than the norm were fainter at
their peak, and the slower ones were brighter (see figure
1). In fact, one could use the light curve’s time scale to pre-
dict peak brightness and thus slightly recalibrate each su-
pernova. But the great majority of type Ia supernovae, as
Branch’s group showed, passed the screening tests and
were, in fact, excellent standard candles that needed no
such recalibration.6

Cosmological distances
When the veteran Swiss researcher Gustav Tammann and
his student Bruno Leibengut first reported the amazing
uniformity of type Ia supernovae, there was immediate in-
terest in trying to use them to determine the Hubble con-
stant, H0, which measures the present expansion rate of
the cosmos. That could be done by finding and measuring
a few type Ia supernovae just beyond the nearest clusters
of galaxies, that is, explosions that occurred some 100 mil-
lion years ago. An even more challenging goal lay in the

tantalizing prospect that we could find such standard-
candle supernovae more than ten times farther away and
thus sample the expansion of the universe several billion
years ago. Measurements using such remote supernovae
might actually show the expected slowing of the expansion
rate by gravity. Because that deceleration rate would de-
pend on the cosmic mean mass density rm, we would, in ef-
fect, be weighing the universe.

If mass density is, as was generally supposed a decade
ago, the primary energy constituent of the universe, then
the measurement of the changing expansion rate would
also determine the curvature of space and tell us about
whether the cosmos is finite or infinite. Furthermore, the
fate of the universe might be said to hang in the balance:
If, for example, we measured a cosmic deceleration big
enough to imply a rm exceeding the “critical density” rc
(roughly 10–29 gm/cm3), that would indicate that the uni-
verse will someday stop expanding and collapse toward an
apocalyptic “Big Crunch.”

All this sounded enticing: fundamental measure-
ments made with a new distance standard bright enough
to be seen at cosmological distances. The problem was that
type Ia supernovae are a pain in the neck, to be avoided if
anything else would do. At the time, a brief catalog of rea-
sons not to pursue cosmological measurement with type Ia
supernovae might have begun like this: 
� They are rare. A typical galaxy hosts only a couple of
type Ia explosions per millennium.
� They are random, giving no advance warning of where
to look. But the scarce observing time at the world’s largest
telescopes, the only tools powerful enough to measure
these most distant supernovae adequately, is allocated on
the basis of research proposals written more than six
months in advance. Even the few successful proposals are
granted only a few nights per semester. The possible oc-
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Figure 1. Light curves of nearby, low-redshift type Ia super-
novae measured by Mario Hamuy and coworkers.7 (a) Ab-

solute magnitude, an inverse logarithmic measure of intrinsic
brightness, is plotted against time (in the star’s rest frame) be-

fore and after peak brightness. The great majority (not all of
them shown) fall neatly onto the yellow band. The figure

emphasizes the relatively rare outliers whose peak brightness
or duration differs noticeably from the norm. The nesting of

the light curves suggests that one can deduce the intrinsic
brightness of an outlier from its time scale. The brightest

supernovae wax and wane more slowly than the faintest. (b)
Simply by stretching the time scales of individual light

curves to fit the norm, and then scaling the brightness by an
amount determined by the required time stretch, one gets all

the type Ia light curves to match.5,8

und

Bild: Perlmutter
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Großräumige Verteilung der Galaxien

2dF-Durchmusterung von Galaxien; Problem: Vorgriff, da hier Distanzen bereits
über Rotverschiebungen bestimmt werden
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Großräumige Verteilung der Galaxien

Großräumig und im Durchschnitt:

• Homogenität (Massendichte)

• Isotropie (Verteilung der Objekte)
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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
.
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Materieinhalt: Gesamtdichte

Abb. 2 in Bahcall et al. 2000, arXiv:astro-ph/0002310

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

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)
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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
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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.
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Galaxienbewegungen

ASTRONOMY: E. HUBBLE
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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)
Astronomische Beobachtungen: Größenskalen, Objekte, EigenschaftenMarkus Pössel & Björn Malte Schäfer
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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 (aber: modellabhängig)

• 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
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