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Sonnensystem Sternparallaxen und mehr Galaxien Großräumige Struktur Kosmische Expansion

Abstandsbestimmung und Karten

Grundproblem der Astronomie:

2D-Positionen am Himmel vergleichsweise genau bestimmbar

Abstände nötig, um physikalisch wichtige Größen zu bestimmen
(z.B. Leuchtkraft aus Helligkeit, Größe aus Winkelgröße)

Abstandsbestimmung schwierig!

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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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)

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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Alltagsbeispiel: Wolkenparallaxe

Zwei baugleiche Kameras,
beide senkrecht nach
oben gerichtet, gleichzeitig
Bilder aufnehmen,
Basislinie vermessen.
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Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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Alltagsbeispiel: Wolkenparallaxe
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Resultat: Wolkenhöhe

d = (2896 ± 155) m
Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel



Sonnensystem Sternparallaxen und mehr Galaxien Großräumige Struktur Kosmische Expansion

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

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel



Sonnensystem Sternparallaxen und mehr Galaxien Großräumige Struktur Kosmische Expansion

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

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel

https://commons.wikimedia.org/wiki/File:Venus_parallax_during_the_1769_transit_de.png
https://commons.wikimedia.org/wiki/File:Venus_parallax_during_the_1769_transit_de.png
https://creativecommons.org/licenses/by-sa/3.0/legalcode
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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
Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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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

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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Bessels Heliometer: Sternparallaxe

Bild: Schweiger-Lerchenfeld 1898 Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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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

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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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

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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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

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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Wie weit kommen wir mit Sternparallaxen?

Hintergrund: NASA/JPL (Spitzer) Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel

http://www.nasa.gov/mission_pages/spitzer/multimedia/20080603a.html
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Wie weit kommen wir mit Sternparallaxen? Gaia

Hintergrund: NASA/JPL (Spitzer) Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel

http://www.nasa.gov/mission_pages/spitzer/multimedia/20080603a.html
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Noch genauere Parallaxen: VLBI

VLBI=Very Long Baseline
Interferometry

Radioteleskope zum Interferometer
zusammenschalten

Rechts VERA (JAPAN), außerdem:
VLBA (USA)

Winkelgenauigkeiten bis zu 10 µas
(besser als Gaia!) Bild: NAOJ

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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Genau detektierbare Quellen: Maser

Maser: Laserähnliche Lichtquellen
mit scharfen, starken Linien

Genauer Mechanismus (Anregung)
nicht ganz verstanden

Treten typischerweise in
Sternentstehungsgebieten (in
unserer Milchstraße) Bild: NRAO

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel

https://science.nrao.edu/enews/4.12/index.shtml#8
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Wie weit kommen wir mit Sternparallaxen? Gaia

Hintergrund: NASA/JPL (Spitzer) Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel

http://www.nasa.gov/mission_pages/spitzer/multimedia/20080603a.html
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Wie weit kommen wir mit Sternparallaxen? Maser

Hintergrund: NASA/JPL (Spitzer), Daten: Reid et al. 2014
Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel

http://www.nasa.gov/mission_pages/spitzer/multimedia/20080603a.html
http://adsabs.harvard.edu/abs/2014ApJ...783..130R


Sonnensystem Sternparallaxen und mehr Galaxien Großräumige Struktur Kosmische Expansion

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

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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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?

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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Standardkerzen: Alltagsbeispiel Straßenlaternen

Aufnahme (in Heidelberg) mit herkömmlicher Digitalkamera:
Straßenlaternen entlang einer Straße

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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Standardkerzen: Alltagsbeispiel Straßenlaternen

Berechnete Entfernung aus
Foto-Helligkeitsmessung (im
Vergleich zur ersten Laterne) im
Vergleich mit Entfernungen aus
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Standardkerzen: Alltagsbeispiel Straßenlaternen

Berechnete Entfernung aus
Foto-Helligkeitsmessung (im
Vergleich zur ersten Laterne) im
Vergleich mit Entfernungen aus
Google Maps

Hier: Korrigiert für individuelle
Helligkeiten der Laternen und
Verdeckung
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Standardkerzen: Alltagsbeispiel Straßenlaternen

Berechnete Entfernung aus
Foto-Helligkeitsmessung (im
Vergleich zur ersten Laterne) im
Vergleich mit Entfernungen aus
Google Maps

Hier: Korrigiert für individuelle
Helligkeiten der Laternen
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Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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Extinktionskarten: Pan-STARRS 1

Animation: Gregory Green using Pan-STARRS1 data unter Lizenz CC BY-SA 4.0

Animation hier wegen Größe (171 MB) nicht eingebunden, bitte bei
Interesse selbst auf http://argonaut.skymaps.info ansehen!

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel

http://argonaut.skymaps.info/
https://creativecommons.org/licenses/by-sa/4.0/legalcode
http://argonaut.skymaps.info
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Cepheiden: Eine Sorte variabler Sterne

Henrietta Leavitt

Henrietta Leavitt

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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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

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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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

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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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 22.12.16

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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Galaxien

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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Nebel aus dem Messier-Katalog

Messier 1 Messier 8 Messier 16 Messier 20

Messier 31 Messier 51 Messier 82 Messier 100

Bild jeweils Deep Sky Survey 2. Bildausschnitt jeweils 1◦ × 1◦

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel

http://archive.eso.org/dss/dss
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Die große Debatte

The Great Debate
26. April 1920

Heber Curtis vs. Harlow Shapley

Sind Spiralnebel eigene Galaxien?

Zum Nachlesen: Shapley & Curtis 1921

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel

http://adsabs.harvard.edu/abs/1921BuNRC...2..171S
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Die große Debatte

Aus heutiger Sicht:

• Shapley bessere Werte Lage
Sonnensystem in Milchstraße, Größe
der Milchstraße

• Curtis richtige Identifizierung:
Galaxien = Sternensysteme analog
zur Milchstraße

Auflösung zugunsten der Galaxien als
Inseluniversen (Begriff: Kant):
Cepheiden in M31 (Hubble)

Bild: K. Birkle / MPIA

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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Struktur der Milchstraße

Eigenes Bild Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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Struktur der Milchstraße, hier: NGC 1232

Bild: ESO Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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Struktur der Milchstraße: Künstlerische Darstellung

Hintergrund: NASA/JPL (Spitzer)
Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel

http://www.nasa.gov/mission_pages/spitzer/multimedia/20080603a.html
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Struktur der Milchstraße: Objekte

Hintergrund: NASA/JPL (Spitzer)
Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel

http://www.nasa.gov/mission_pages/spitzer/multimedia/20080603a.html
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Struktur der Milchstraße: Fachveröffentlichung

Hintergrund: NASA/JPL (Spitzer), Vordergrund: Benjamin 2008
Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel

http://www.nasa.gov/mission_pages/spitzer/multimedia/20080603a.html
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Struktur der Milchstraße: Fachveröffentlichung
376 Benjamin

Figure 1. Schematic face-on map of the inner Galaxy. The Sun is located
at (X,Y)=(0,-8.5 kpc) at the center of circles drawn every 2 kpc. Galactic
longitude is indicated with dotted diagonal lines spaced every 10◦, with thin
solid diagonal lines every 30◦. The labeled contours, spaced every 20 km s−1,
show the radial velocity as a function of position in the Galaxy, using the
rotation curve of Clemens (1985). The putative location of four spiral arms
(Norma, Scutum-Crux, Sagittarius-Carina, and Perseus) are taken from the
Taylor & Cordes (1993) compilation, and are based principally on HII regions
distances from Georgelin & Georgelin (1976). The Perseus and Scutum-Crux
arm are emphasized for reasons given in the text. The tangency directions
for these two arms have been claimed in the area between two diagonal bold
lines at l = 46 − 50.5o and l = 302 − 313o. The length and orientation of the
two stellar bars shown are explained in the text.

Kinematic mapping of spiral structure suffers from a ”catch-22”. Distances
to spiral arms rely on a model of the velocity field, but the velocity field depends
on the positions of the spiral arms. It has been suggested by many that perhaps
we are being too ambitious in demanding a face-on map, and should stick to
defining ”spiral arms” as coherent features in a velocity-longitude diagram, using
different mapping functions to convert this into spatial information. Simonson
(1970) reports that Harold Weaver suggested that l-v plots should be published

Bild: Benjamin 2008 Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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Struktur der Milchstraße

Bild: Kevin Jardine, www.galaxymap.org

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel

http://www.galaxymap.org/
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Struktur der Milchstraße

Bild: Kevin Jardine, www.galaxymap.org

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel

http://www.galaxymap.org/
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Struktur der Milchstraße

Bild: Kevin Jardine, www.galaxymap.org

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel

http://www.galaxymap.org/
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Struktur der Milchstraße
376 Benjamin

Figure 1. Schematic face-on map of the inner Galaxy. The Sun is located
at (X,Y)=(0,-8.5 kpc) at the center of circles drawn every 2 kpc. Galactic
longitude is indicated with dotted diagonal lines spaced every 10◦, with thin
solid diagonal lines every 30◦. The labeled contours, spaced every 20 km s−1,
show the radial velocity as a function of position in the Galaxy, using the
rotation curve of Clemens (1985). The putative location of four spiral arms
(Norma, Scutum-Crux, Sagittarius-Carina, and Perseus) are taken from the
Taylor & Cordes (1993) compilation, and are based principally on HII regions
distances from Georgelin & Georgelin (1976). The Perseus and Scutum-Crux
arm are emphasized for reasons given in the text. The tangency directions
for these two arms have been claimed in the area between two diagonal bold
lines at l = 46 − 50.5o and l = 302 − 313o. The length and orientation of the
two stellar bars shown are explained in the text.

Kinematic mapping of spiral structure suffers from a ”catch-22”. Distances
to spiral arms rely on a model of the velocity field, but the velocity field depends
on the positions of the spiral arms. It has been suggested by many that perhaps
we are being too ambitious in demanding a face-on map, and should stick to
defining ”spiral arms” as coherent features in a velocity-longitude diagram, using
different mapping functions to convert this into spatial information. Simonson
(1970) reports that Harold Weaver suggested that l-v plots should be published

Bild: Benjamin 2008 Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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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

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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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

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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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)

Abstandsbestimmung und KartenBjörn Malte Schäfer & Markus Pössel
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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

2003 in Physics

Today
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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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Hubble-Beziehung und 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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Hubble-Beziehung

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.

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.
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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.)
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H0 Key Project results
62 FREEDMAN ET AL. Vol. 553

FIG. 4.ÈTop : Hubble diagram of distance vs. velocity for secondary
distance indicators calibrated by Cepheids. Velocities in this plot are cor-
rected for the nearby Ñow model of Mould et al. (2000a). Squares : Type Ia
supernovae ; Ðlled circles : Tully-Fisher clusters (I-band observations) ; tri-
angles : fundamental plane clusters ; diamonds : surface brightness Ñuctua-
tion galaxies ; open squares : Type II supernovae. A slope of isH0\ 72
shown, Ñanked by ^10% lines. Beyond 5000 km s~1 (vertical line), both
numerical simulations and observations suggest that the e†ects of peculiar
motions are small. The Type Ia supernovae extend to about 30,000 km s~1,
and the Tully-Fisher and fundamental plane clusters extend to velocities of
about 9000 and 15,000 km s~1, respectively. However, the current limit for
surface brightness Ñuctuations is about 5000 km s~1. Bottom : Value of H0as a function of distance.

^ 7 km s~1 Mpc~1. The random uncertainty is deÐned at
the ^34% points of the cumulative distribution. The sys-
tematic uncertainty is discussed below. For our Bayesian
analysis, we assume that the priors on and on the prob-H0ability of any single measurement being correct are uniform
and compute the project of the probability distributions. In
this case, we Ðnd km s~1 Mpc~1. TheH0\ 72 ^ 2^ 7
formal uncertainty on this result is very small, and simply
reÑects the fact that four of the values are clustered very
closely, while the uncertainties in the FP method are large.
Adjusting for the di†erences in calibration, these results are
also in excellent agreement with the weighting based on
numerical simulations of the errors by Mould et al. (2000a),
which yielded 71^ 6 km s~1 Mpc~1, similar to an earlier
frequentist and Bayesian analysis of Key Project data
(Madore et al. 1999) giving km s~1H0\ 72 ^ 5^ 7
Mpc~1, based on a smaller subset of available Cepheid
calibrators.

As is evident from Figure 3, the value of based on theH0fundamental plane is an outlier. However, both the random
and systematic errors for this method are larger than for the
other methods, and hence the contribution to the combined
value of is relatively low, whether the results areH0weighted by the random or systematic errors. We recall also
from Table 1 and ° 6 that the calibration of the fundamental
plane currently rests on the distances to only three clusters.
If we weight the fundamental-plane results factoring in the
small number of calibrators and the observed variance of
this method, then the fundamental plane has a weight that

ranges from 5 to 8 times smaller than any of the other four
methods, and results in a combined, metallicity-corrected
value for of 71^ 4 (random) km s~1 Mpc~1.H0Figure 4 displays the results graphically in a composite
Hubble diagram of velocity versus distance for Type Ia
supernovae ( Ðlled squares), the Tully-Fisher relation ( Ðlled
circles), surface-brightness Ñuctuations ( Ðlled diamonds), the
fundamental plane ( Ðlled triangles), and Type II supernovae
(open squares). In the bottom panel, the values of areH0shown as a function of distance. The Cepheid distances have
been corrected for metallicity, as given in Table 4. The
Hubble line plotted in this Ðgure has a slope of 72 km s~1
Mpc~1, and the adopted distance to the LMC is taken to be
50 kpc.

8. OVERALL SYSTEMATIC UNCERTAINTIES

There are a number of systematic uncertainties that a†ect
the determination of for all the relative distance indica-H0tors discussed in the previous sections. These errors di†er
from the statistical and systematic errors associated with
each of the individual secondary methods, and they cannot
be reduced by simply combining the results from di†erent
methods. SigniÐcant sources of overall systematic error
include the uncertainty in the zero point of the Cepheid PL
relation, the e†ect of reddening and metallicity on the
observed PL relations, the e†ects of incompleteness bias
and crowding on the Cepheid distances, and velocity per-
turbations about the Hubble Ñow on scales comparable to,
or larger than, the volumes being sampled. Since the overall
accuracy in the determination of is constrained by theseH0factors, we discuss each one of these e†ects in turn below.
For readers who may wish to skip the details of this part of
the discussion, we refer them directly to ° 8.7 for a summary.

8.1. Zero Point of the PL Relation
It has become standard for extragalactic Cepheid dis-

tance determinations to use the slopes of the LMC period-
luminosity relations as Ðducial, with the zero point of the
Cepheid period-luminosity relation tied to the LMC at an
adopted distance modulus of 18.50 mag (e.g., Freedman
1988). However, over the past decade, even with more accu-
rate and sensitive detectors, with many new methods for
measuring distances, and with many individuals involved in
this e†ort, the full range of the most of distance moduli to
the LMC remains at approximately 18.1È18.7 mag (e.g.,
Westerlund 1997 ; Walker 1999 ; Freedman 2000a ; Gibson
2000), corresponding to a range of 42È55 kpc.

For the purposes of the present discussion, we can
compare our adopted LMC zero point with other published
values. We show in Figure 5 published LMC distance
moduli expressed as probability density distributions, pri-
marily for the period 1998È1999, as compiled by Gibson
(2000). Only the single most recent revision from a given
author and method is plotted. Each determination is rep-
resented by a Gaussian of unit area, with dispersions given
by the published errors. To facilitate viewing the individual
distributions (Fig. 5, light dotted lines), these have been
scaled up by a factor of 3. The thicker solid line shows the
cumulative distribution.

It is clear from the wide range of moduli compared to the
quoted internal errors in Figure 5 that systematic errors
a†ecting individual methods are still dominating the deter-
minations of LMC distances. Some of the values at either
end of the distribution have error bars that do not overlap

From Freedman 2001 et al. (HST Key Project)
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Expansion mit Skalenfaktor

Verteilung (Muster) der Galaxienverteilung im Raum dasselbe —
Skala der Abstände verändert sich!
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Der kosmische Skalenfaktor

Kosmischer Skalenfaktor a(t) bestimmt, wie sich Abstände von
Galaxien (z.B. GA, GB) verändern:

dAB(t2)︸ ︷︷ ︸
Abstand GA und GB zur Zeit t2

=
a(t2)
a(t1)

· dAB(t1)︸ ︷︷ ︸
Abstand GA und GB zur Zeit t1
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Sonnensystem Sternparallaxen und mehr Galaxien Großräumige Struktur Kosmische Expansion

Abstände zwischen Galaxien

Skalenfaktor-Änderung von Abständen:

t = t1

d(t1)

Alle Abstände ändern sich wie d(t) =
a(t)
a(t1) · d(t1).
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Abstände zwischen Galaxien

Skalenfaktor-Änderung von Abständen:

t = t2

d(t2)

Alle Abstände ändern sich wie d(t) =
a(t)
a(t1) · d(t1).
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Konsequenzen der Skalenfaktor-Expansion

Wie ändern sich Entfernungen bei Skalenfaktor-Expansion?

Entfernung zur Zeit t + ∆t:

d(t + ∆t) =
a(t + ∆t)

a(t)
d(t).

Entfernungsänderung während des Zeitintervalls ∆t:

d(t + ∆t) − d(t) =

[
a(t + ∆t) − a(t)

a(t)

]
d(t).

(Mittlere) Geschwindigkeit während des Zeitintervalls ∆t:

v(t) =
d(t + ∆t) − d(t)

∆t
=

[
a(t + ∆t) − a(t)

∆t

]
1

a(t)
d(t).
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Konsequenzen der Skalenfaktor-Expansion

Wenn
v(t) =

d(t + ∆t) − d(t)
∆t

die Änderungsrate des Ortes (= Geschwindigkeit) ist, dann ist

ȧ(t) =
a(t + ∆t) − a(t)

∆t

die Änderungsrate des Skalenfaktors — die Änderung von a(t) mit
der Zeit (Ableitung von a(t) nach der Zeit).
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Konsequenzen der Skalenfaktor-Expansion

Demnach:

v(t) =
ȧ(t)
a(t)

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

mit Hubble-Parameter

H(t) ≡
ȧ(t)
a(t)

Beobachtungen zur heutigen Zeit
t0, mit Hubblekonstante
H0 ≡ H(t0):

v = H0 · d.
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FIG. 4.ÈTop : Hubble diagram of distance vs. velocity for secondary
distance indicators calibrated by Cepheids. Velocities in this plot are cor-
rected for the nearby Ñow model of Mould et al. (2000a). Squares : Type Ia
supernovae ; Ðlled circles : Tully-Fisher clusters (I-band observations) ; tri-
angles : fundamental plane clusters ; diamonds : surface brightness Ñuctua-
tion galaxies ; open squares : Type II supernovae. A slope of isH0\ 72
shown, Ñanked by ^10% lines. Beyond 5000 km s~1 (vertical line), both
numerical simulations and observations suggest that the e†ects of peculiar
motions are small. The Type Ia supernovae extend to about 30,000 km s~1,
and the Tully-Fisher and fundamental plane clusters extend to velocities of
about 9000 and 15,000 km s~1, respectively. However, the current limit for
surface brightness Ñuctuations is about 5000 km s~1. Bottom : Value of H0as a function of distance.

^ 7 km s~1 Mpc~1. The random uncertainty is deÐned at
the ^34% points of the cumulative distribution. The sys-
tematic uncertainty is discussed below. For our Bayesian
analysis, we assume that the priors on and on the prob-H0ability of any single measurement being correct are uniform
and compute the project of the probability distributions. In
this case, we Ðnd km s~1 Mpc~1. TheH0\ 72 ^ 2^ 7
formal uncertainty on this result is very small, and simply
reÑects the fact that four of the values are clustered very
closely, while the uncertainties in the FP method are large.
Adjusting for the di†erences in calibration, these results are
also in excellent agreement with the weighting based on
numerical simulations of the errors by Mould et al. (2000a),
which yielded 71^ 6 km s~1 Mpc~1, similar to an earlier
frequentist and Bayesian analysis of Key Project data
(Madore et al. 1999) giving km s~1H0\ 72 ^ 5^ 7
Mpc~1, based on a smaller subset of available Cepheid
calibrators.

As is evident from Figure 3, the value of based on theH0fundamental plane is an outlier. However, both the random
and systematic errors for this method are larger than for the
other methods, and hence the contribution to the combined
value of is relatively low, whether the results areH0weighted by the random or systematic errors. We recall also
from Table 1 and ° 6 that the calibration of the fundamental
plane currently rests on the distances to only three clusters.
If we weight the fundamental-plane results factoring in the
small number of calibrators and the observed variance of
this method, then the fundamental plane has a weight that

ranges from 5 to 8 times smaller than any of the other four
methods, and results in a combined, metallicity-corrected
value for of 71^ 4 (random) km s~1 Mpc~1.H0Figure 4 displays the results graphically in a composite
Hubble diagram of velocity versus distance for Type Ia
supernovae ( Ðlled squares), the Tully-Fisher relation ( Ðlled
circles), surface-brightness Ñuctuations ( Ðlled diamonds), the
fundamental plane ( Ðlled triangles), and Type II supernovae
(open squares). In the bottom panel, the values of areH0shown as a function of distance. The Cepheid distances have
been corrected for metallicity, as given in Table 4. The
Hubble line plotted in this Ðgure has a slope of 72 km s~1
Mpc~1, and the adopted distance to the LMC is taken to be
50 kpc.

8. OVERALL SYSTEMATIC UNCERTAINTIES

There are a number of systematic uncertainties that a†ect
the determination of for all the relative distance indica-H0tors discussed in the previous sections. These errors di†er
from the statistical and systematic errors associated with
each of the individual secondary methods, and they cannot
be reduced by simply combining the results from di†erent
methods. SigniÐcant sources of overall systematic error
include the uncertainty in the zero point of the Cepheid PL
relation, the e†ect of reddening and metallicity on the
observed PL relations, the e†ects of incompleteness bias
and crowding on the Cepheid distances, and velocity per-
turbations about the Hubble Ñow on scales comparable to,
or larger than, the volumes being sampled. Since the overall
accuracy in the determination of is constrained by theseH0factors, we discuss each one of these e†ects in turn below.
For readers who may wish to skip the details of this part of
the discussion, we refer them directly to ° 8.7 for a summary.

8.1. Zero Point of the PL Relation
It has become standard for extragalactic Cepheid dis-

tance determinations to use the slopes of the LMC period-
luminosity relations as Ðducial, with the zero point of the
Cepheid period-luminosity relation tied to the LMC at an
adopted distance modulus of 18.50 mag (e.g., Freedman
1988). However, over the past decade, even with more accu-
rate and sensitive detectors, with many new methods for
measuring distances, and with many individuals involved in
this e†ort, the full range of the most of distance moduli to
the LMC remains at approximately 18.1È18.7 mag (e.g.,
Westerlund 1997 ; Walker 1999 ; Freedman 2000a ; Gibson
2000), corresponding to a range of 42È55 kpc.

For the purposes of the present discussion, we can
compare our adopted LMC zero point with other published
values. We show in Figure 5 published LMC distance
moduli expressed as probability density distributions, pri-
marily for the period 1998È1999, as compiled by Gibson
(2000). Only the single most recent revision from a given
author and method is plotted. Each determination is rep-
resented by a Gaussian of unit area, with dispersions given
by the published errors. To facilitate viewing the individual
distributions (Fig. 5, light dotted lines), these have been
scaled up by a factor of 3. The thicker solid line shows the
cumulative distribution.

It is clear from the wide range of moduli compared to the
quoted internal errors in Figure 5 that systematic errors
a†ecting individual methods are still dominating the deter-
minations of LMC distances. Some of the values at either
end of the distribution have error bars that do not overlap

Diagramm: Freedman 2001 et al. (HST Key Project)
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Rotverschiebung als Abstandsmaß

Extragalaktische Skalen:
kosmologische Modelle
voraussetzen

z (leicht messbar!) als
Abstandsmaß verwenden
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brighter limit, which more closely represents the sample of galaxies actually observed in the study,
is significantly larger than for the extrapolation—nearly two times larger for the Reddy & Steidel
(2009) samples and by a lesser factor for the more distant objects from Bouwens et al. (2012a). In
our analysis of the SFRDs, we have adopted the mean extinction factors inferred by each survey
to correct the corresponding FUV luminosity densities.

Adopting a different approach, Burgarella et al. (2013) measured total UV attenuation from
the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a function of
redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from Gruppioni et al.
(2013). At z < 2, these estimates agree reasonably well with the measurements inferred from the
UV slope or from SED fitting. At z > 2, the FIR/FUV estimates have large uncertainties owing to
the similarly large uncertainties required to extrapolate the observed FIRLFs to a total luminosity
density. The values are larger than those for the UV-selected surveys, particularly when compared
with the UV values extrapolated to very faint luminosities. Although galaxies with lower SFRs may
have reduced extinction, purely UV-selected samples at high redshift may also be biased against
dusty star-forming galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2
selected on the basis of dust emission alone does not exist, owing to the sensitivity limits of past
and present FIR and submillimeter observatories. Accordingly, the total amount of star formation
that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions as
well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6 M⊙ year−1 Mpc−3. (15)
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Figure 9
The history of cosmic star formation from (a) FUV, (b) IR, and (c) FUV+IR rest-frame measurements. The data points with symbols
are given in Table 1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV = 1.15 × 10−28

(see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000 µm) have been converted to instantaneous SFRs using the factor
KIR = 4.5 × 10−44 (see Equation 11), also valid for a Salpeter IMF. The solid curve in the three panels plots the best-fit SFR density in
Equation 15. Abbreviations: FIR, far-infrared; FUV, far-UV; IMF, initial mass function; IR, infrared; SFR, star-formation rate.
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Figure 9 in Madau & Dickinson 2014
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Rotverschiebung als Abstandsmaß

In der Praxis: Wenn z gegeben ist, kann man mit Ned Wright’s
Cosmology Calculator Abstand (vorsicht, mehrere Definitionen!),
Lichtlaufzeit etc. berechnen:

http://www.astro.ucla.edu/ wright/CosmoCalc.html
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Zusammenfassung

• Enge Kopplung: Entfernungs- und Strukturbestimmung

• Entfernungsleiter mit aufeinander aufbauenden Methoden

• Struktur-Hierarchie: Sonnensystem, Milchstraße, Galaxienhaufen /
großräumige Struktur

Für kosmische Expansion: neuer Rahmen nötig→ Allgemeine
Relativitätstheorie!
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