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Grundlagen Tests Gravitationslinsen Schwarze Löcher Gravitationswellen Kosmologie

Einsteins Relativitätstheorie(n)

In dieser Vorlesung: Bisherige Modelle für
Objekte, Lichtausbreitung auf Basis der
klassischen Physik (+Quantenmechanik)

Hier: Speziellen Relativitätstheorie (1905)
und Allgemeinen Relativitätstheorie (1915)
— deutlich anderes Verständnis von Raum,
Zeit und Gravitation!

Foto via Library of Congress

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel

http://www.loc.gov/pictures/item/2004671908/
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Allgemeine Relativitätstheorie

Gravitation ist keine Kraft, sondern
Eigenschaft der Raumzeit-Geometrie

”Die Raumzeit sagt der Materie, wie sie
sich bewegen soll; die Materie sagt der
Raumzeit, wie sie sich verzerren soll“
(nach John Wheeler)

Voraussetzung dafür: Universalität des
freien Falls! (Gravitation ist Teil der
Bühne, nicht der Akteure)

M

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel
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Systematische Tests: Lichtablenkung

R
ϑ

Rechnungen im Rahmen der ART ergeben (im Bogenmaß):

ϑ =
4GM
c2R

= 1.75′′ ·
(

M
M�

) (
R
R�

)−1

Newton’sche Rechnungen (geben nur den halben Wert) näherungsweise mit
einfachen Dimensionsbetrachtungen, exakt über Kepler’sche Hyperbelbahnen
herleiten.

Lichtlaufzeit-Verzögerung (Shapiro-Effekt) durch längere Wege

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel
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Systematische Tests: Lichtablenkung 1919

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel
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Systematische Tests: Lichtablenkung 1919

Heidelberger Kopie der Sobral-Platte Nr. 3

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel
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VLBI-Messungen an Quasaren

VLBI = Very Long Baseline
Interferometry: Radioteleskope
zusammenschalten

Geologischer Nutzen:
Kontinentaldrift, Erdvermessung

Lichtablenkung: Beobachtung von
Quasarpaaren, Genauigkeit bis

γ − 1 < 10−4

möglich (Lambert 2011)
Bild: user:Hajor via Wikimedia Commons unter Lizenz CC

BY-SA 2.0

Ende Vorlesung 12.1.2017

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel

http://adsabs.harvard.edu/abs/2011A&A...529A..70L
https://commons.wikimedia.org/wiki/File:USA.NM.VeryLargeArray.02.jpg
https://creativecommons.org/licenses/by-sa/2.0/deed.en
https://creativecommons.org/licenses/by-sa/2.0/deed.en
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Periheldrehung des Merkur

Ellipsenbahn (Kepler!) wird zur Rosette – sonnennächster Punkt
(Perihel) wandert.

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel
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Periheldrehung des Merkur

Messung: Urbain Le Verrier 1859:
Gesamt-Periheldrehung 530” pro
Jahrhundert (Venus 280”, Jupiter 150”,
andere Planeten 100”), davon 43” pro
Jahrhundert unverstanden.

Le Verrier postuliert Planeten innerhalb der
Merkurbahn (analoges Vorgehen wie bei
Neptun)

Einstein nutzt Daten bei Formulierung der
ART, insbes. Akademiepapier vom 18.
November 1915.

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel

http://adsabs.harvard.edu/abs/1915SPAW...47..831E
http://adsabs.harvard.edu/abs/1915SPAW...47..831E
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Moderne Tests

Binärpulsar PSR B1913+16
(1974) und Doppelpulsar PSR
J0737-3039 (2003)

Doppelpulsar: je 1,3
Sonnenmassen, Perioden 22 ms
(A) und 2,8 s (B)

Bahndrehung (entspricht
Periheldrehung): knapp 17◦/Jahr
vs. 1/100 Grad/Jh.

http://www.mpg.de/mpf 2013 3

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel

http://www.mpg.de/mpf_2013_3
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Doppelpulsar PSR J0737-3039
78 M. Kramer Séminaire Poincaré

Figure 9: ‘Mass–mass’ diagram showing the observational constraints on the masses
of the neutron stars in the double pulsar system J0737–3039 (Kramer et al. 2006).
The shaded regions are those that are excluded by the Keplerian mass functions of
the two pulsars. Further constraints are shown as pairs of lines enclosing permitted
regions as given by the observed mass ratio and PK parameters as predicted by general
relativity. Inset is an enlarged view of the small square encompassing the intersection
of these constraints (see text).

and 12). In the new model, called DDS (for DD-Shapiro, see [35]), we write

s = 1 − e−zs (14)

where zs replaces s as our new fit parameter. It follows that

zs = − ln(1 − s). (15)

The advantage becomes apparent when we compare this expression to the Shapiro de-
lay term, ∆s in the timing formula, in particular when comparing it to low-eccentricity
pulsars for which (e.g. [36])

∆s = −2r ln(1 − s sinΦ) (16)

where Φ is the orbital phase measured from the ascending node. At Φ = π/2, the
maximum delay is obtained

∆max
s = −2r ln(1 − s) (17)

Diagramm: Kramer et al. 2006

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel

http://adsabs.harvard.edu/abs/2006Sci...314...97K
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Planeten-Massenbestimmung mit Pulsaren

Verzögerungseffekte durch Planeten-Masseneffekte für vier
Pulsare (PSRs J0437-4715, J1744-1134, J1857+0943,
J1909-3744): Massen der Planeten des Sonnensystems
bestimmen!

Planet M/M� (Sonden etc.) M/M� (Pulsare) δi/σi

Merkur 1.66013(7) · 10−7 1.6584(17) · 10−7 1.02
Venus 2.44783824(4) · 10−6 2.44783(17) · 10−6 0.05
Mars 3.2271560(2) · 10−7 3.226(2) · 10−6 0.58
Jupiter 9.54791898(16) · 10−4 9.547921(2) · 10−4 1.01
Saturn 2.85885670 · 10−4 2.858872(8) · 10−4 1.91

Massenbestimmung mit Pulsaren: Champion et al. 2010

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel

http://adsabs.harvard.edu/abs/2010ApJ...720L.201C
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Moderne Tests

Längst geht es nicht mehr nur um
Tests der ART, sondern um
Werkzeuge oder Störeffekte.

Gravitationslinsen: z.B.
Massenbestimmung

Gaia-Parallaxenmessung: Für
genaueste Messungen der
Sternpositionen muss
Lichtablenkung berücksichtigt
werden!

Bild: ESA/ATG medialab

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel
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Gravitationslinsen

d

Lichtablenkung kann zu optischer Verstärkung/Vergrößerung bzw.
Verzerrung führen; Grundgleichung Ablenkungswinkel (im
Bogenmaß) von

ϑ =
4GM
c2d

für Lichtstrahlen, die um d vom ”Linsenzentrum“ parallelversetzt
sind.

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel
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Erste Gravitationslinse: Q0957+561

©          Nature Publishing Group1979

Walsh et al. 1979 Bild: Castles Survey

Walsh, Carswell, Weymann 1979:
Doppelquasar oder gelinster Quasar?

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel

http://adsabs.harvard.edu/abs/1979Natur.279..381W
http://www.cfa.harvard.edu/castles/Individual/Q0957.html
http://adsabs.harvard.edu/abs/1979Natur.279..381W
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Erste Gravitationslinse: Q0957+561

©          Nature Publishing Group1979

Walsh et al. 1979

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel

http://adsabs.harvard.edu/abs/1979Natur.279..381W
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Erste Gravitationslinse: Q0957+561: Zeitverzögerung

19
92
Ap
J.
..
38
4.
.4
53
L

Verzögerung 1.48 Jahre. Bild: Lehár et al. 1992

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel

http://adsabs.harvard.edu/abs/1992ApJ...384..453L
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Gravitationslinse in MACS J1149.6+2223

Bild: NASA, ESA, S. Rodney (John Hopkins University, USA) and the FrontierSN team; T. Treu (University of California Los
Angeles, USA), P. Kelly (University of California Berkeley, USA) and the GLASS team; J. Lotz (STScI) and the Frontier

Fields team; M. Postman (STScI) and the CLASH team; and Z. Levay (STScI)

Linse: Elliptische Galaxie MACS J1149.6+2223 (z = 0.544
entsprechend Lichtlaufzeit 5.4 Mia. Jahre), dahinter Supernova
(z = 1.491, Lichtlaufzeit 9.4 Mia. Jahre)

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel

http://hubblesite.org/news_release/news/2015-08/18-gravitational-lensing
http://hubblesite.org/news_release/news/2015-08/18-gravitational-lensing
http://hubblesite.org/news_release/news/2015-08/18-gravitational-lensing
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Gravitationslinse in MACS J1149.6+2223

Bild: NASA / ESA

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel

http://www.spacetelescope.org/news/heic1505/
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Gravitationslinse in MACS J1149.6+2223

Bild: NASA / ESA
Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel

http://www.spacetelescope.org/news/heic1505/
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Gravitationslinse in MACS J1149.6+2223

Bild: Patrick Kelly et al. mit dem Hubble Space Telescope

Dezember 2015 (nach Vorhersage im März 2015):
Erwartetes 5. Bild nachgewiesen!

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel

http://w.astro.berkeley.edu/~pkelly
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J1000+0221 und Massenbestimmung

Bild: MPIA / A. van der Wel

Linse bei z = 1.53 (9.4 Mia. Jahre Lichtlaufzeit)
Masse bestimmbar zu 7.6 · 1010 M�

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel

http://www.mpia.de/news/science/2013-10-gravitational_lens
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Massenverteilung in Galaxienhaufen: Abell 2218

Bild: NASA, Andrew Fruchter, ERO Team [Sylvia Baggett (STScI), Richard Hook (ST-ECF), Zoltan Levay (STScI)] (STScI)

Aus Linsen-Bögen: Massenverteilung in Galaxienhaufen rekonstruierbar
(incl. Dunkle Materie!)

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel

http://hubblesite.org/image/942/news_release/2000-07
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Abell 2744: Gravitationslinse als Teleskop

Bild: NASA, ESA, A. Zitrin (California
Institute of Technology), and J. Lotz, M.
Mountain, A. Koekemoer, and the HFF
Team (STScI)

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel
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Microlensing

Animation: B. Scott Gaudi, Ohio State University

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel

http://www.astronomy.ohio-state.edu/~gaudi/movies.html
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Microlensing event: OGLE-2013-BLG-0723
2

FIG. 1.— Light curve of the microlensing event OGLE-2013-BLG-0723, including models with and without the planet. Left inset shows the planetary anomaly,
which includes not just the obvious spike, but also a more extended low level depression. Right inset shows dense coverage of caustic exit, which permitted
measurement of the Einstein radius θE.

modeling that accurately predicted the time of the exit, the
Wise Observatory 0.46m telescope at Mitzpe Ramon, Israel,
obtained dense coverage of this exit (Figure 1, right inset).
The principal data were taken in I band. In addition, OGLE

obtained some V -band data in order to characterize the mi-
crolensed source. Finally, µFUN obtained H-band observa-
tions from the 1.3m SMARTS telescope at Cerro Tololo In-
teramerican Observatory in Chile. These are not used in the
present analysis but will be important for the interpretation of
future follow-up observations to cross-check the lens system
parameters
The light curve of OGLE-2013-BLG-0723 shows a system-

atic decline in the baseline. A similar long term linear trend
(of opposite sign) was seen in OGLE-2013-BLG-0341 and
was eventually traced to a nearby bright star that was gradu-
ally moving toward (in that case) the source star, so that more
of its flux was being “captured” in the tapered aperture used
to estimate the source flux. We searched for such a moving
bright star by examining the difference of two images, from
2004 and 2012. We indeed find a dipole from a bright star
roughly 1.5′′ away, which is the characteristic signature of
such moving stars. Having identified the cause of this trend,
we fit for it and remove it.
Photometry of the event was done using a customized

pipeline based on the Difference Imaging Analysis method
(Alard & Lupton 1998; Woźniak 2000). Because the photo-
metric errors estimated by an automatic pipeline, e0, are often

underestimated, the error bars are readjusted by

e = k(e20 + e2min)1/2, (1)
where emin is a term used to make the cumulative distribution
function of χ2 as a function of lensing magnification becomes
linear and the other term k is a scaling factor used to make
χ2 per degree of freedom (dof) becomes unity. The former
process is needed in order to ensure that the dispersion of data
points is consistent with error bars of the source brightness
and the latter process is required to ensure that each data is
fairly weighted according to error bars.

3. LIGHT-CURVE ANALYSIS
The principal features of the light curve are a large double-

horned profile near the peak, which is a signature of binary
microlenses, and a short-lived spike two months earlier, which
is characteristic of planetary companions. Modeling these
features yields the mass ratios and instantaneous locations of
the three bodies relative to the source trajectory. See Figure 2.
However, by themselves, these features do not yield either the
physical or angular scale of the diagram, nor its orientation on
the sky. Rather, the diagram is scaled to the “Einstein radius”,
which can be expressed either as an angle θE, or as a physical
length r̃E projected on the observer plane.
The source star and the Earth’s orbit act as “rulers” to de-

termine these two quantities, as well as the angular orienta-
tion. The source angular radius θ∗ is known from its observed

Image: Udalski et al. 2015

Venusartiger Planet (0.69 M⊕) umkreist Braunen Zwerg (0.031 M⊕) in
Begleitung von Stern niedriger Masse (0.097 M⊕)

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel

http://adsabs.harvard.edu/cgi-bin/bib_query?arXiv:1507.02388
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Weak Lensing: Bullet Cluster
No. 2, 2006 DIRECT EMPIRICAL PROOF OF EXISTENCE OF DARK MATTER L111

Fig. 1.—Left panel: Color image from the Magellan images of the merging cluster 1E 0657!558, with the white bar indicating 200 kpc at the distance of the
cluster. Right panel: 500 ks Chandra image of the cluster. Shown in green contours in both panels are the weak-lensing k reconstructions, with the outer contour
levels at k p 0.16 and increasing in steps of 0.07. The white contours show the errors on the positions of the k peaks and correspond to 68.3%, 95.5%, and
99.7% confidence levels. The blue plus signs show the locations of the centers used to measure the masses of the plasma clouds in Table 2.

TABLE 2
Component Masses

Component
R.A.
(J2000)

Decl.
(J2000)

MX
(1012 M,)

M∗
(1012 M,) k̄

Main cluster BCG . . . . . . . . 06 58 35.3 !55 56 56.3 5.5 ! 0.6 0.54 ! 0.08 0.36 ! 0.06
Main cluster plasma . . . . . . 06 58 30.2 !55 56 35.9 6.6 ! 0.7 0.23 ! 0.02 0.05 ! 0.06
Subcluster BCG . . . . . . . . . . 06 58 16.0 !55 56 35.1 2.7 ! 0.3 0.58 ! 0.09 0.20 ! 0.05
Subcluster plasma . . . . . . . . 06 58 21.2 !55 56 30.0 5.8 ! 0.6 0.12 ! 0.01 0.02 ! 0.06

Notes.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees,
arcminutes, and arcseconds. All values are calculated by averaging over an aperture of 100 kpc radius
around the given position (marked with blue plus signs for the centers of the plasma clouds in Fig. 1);
measurements for the plasma clouds are the residuals left over after the subtraction of the circularlyk̄

symmetric profiles centered on the BCGs.

Both peaks are offset from their respective BCGs by ∼2 j but are
within 1 j of the luminosity centroid of the respective component’s
galaxies (both BCGs are slightly offset from the center of galaxy
concentrations). Both peaks are also offset at ∼8 j from the center
of mass of their respective plasma clouds. They are skewed toward
the plasma clouds, and this is expected because the plasma con-
tributes about one-tenth of the total cluster mass (Allen et al. 2002;
Vikhlinin et al. 2006) and a higher fraction in nonstandard gravity
models without dark matter. The skew in each k peak toward the
X-ray plasma is significant even after correcting for the overlap-
ping wings of the other peak, and the degree of skewness is
consistent with the X-ray plasma contributing of the ob-"9%14%!8%
served k in the main cluster and in the subcluster (see"12%10%!10%
Table 2). Because of the large size of the reconstruction (34! or
9Mpc on a side), the change in k due to themass-sheet degeneracy
should be less than 1%, and any systematic effects on the centroid
and skewness of the peaks are much smaller than the measured
error bars.
The projected cluster galaxy stellar mass and plasma mass

within 100 kpc apertures centered on the BCGs and X-ray
plasma peaks are shown in Table 2. This aperture size was
chosen because smaller apertures had significantly higher k
measurement errors and because larger apertures resulted in a
significant overlap of the apertures. Plasma masses were com-
puted from a multicomponent three-dimensional cluster model
fit to the Chandra X-ray image (details of this fit will be given
elsewhere). The emission in the Chandra energy band (mostly
optically thin thermal bremsstrahlung) is proportional to the
square of the plasma density, with a small correction for the

plasma temperature (also measured from the X-ray spectra),
which gives the plasma mass. Because of the simplicity of this
cluster’s geometry, especially at the location of the subcluster,
this mass estimate is quite robust (to a 10% accuracy).
Stellar masses are calculated from the I-band luminosity of

all galaxies equal in brightness or fainter than the component
BCG. The luminosities were converted into mass by assuming
(Kauffmann et al. 2003) . The assumed mass-to-lightM/L p 2I
ratio is highly uncertain (and can vary between 0.5 and 3) and
depends on the history of the recent star formation of the gal-
axies in the apertures; however, even in the case of an extreme
deviation, the X-ray plasma is still the dominant baryonic com-
ponent in all of the apertures. The quoted errors are only the
errors on measuring the luminosity and do not include the
uncertainty in the assumed mass-to-light ratio. Because we did
not apply a color selection to the galaxies, these measurements
are an upper limit on the stellar mass since they include con-
tributions from galaxies not affiliated with the cluster.
The mean k at each BCG was calculated by fitting a two-

peak model, each peak circularly symmetric, to the reconstruc-
tion and subtracting the contribution of the other peak at that
distance. The mean k for each plasma cloud is the excess k
after subtracting off the values for both peaks.
The total of the two visible mass components of the sub-

cluster is greater by a factor of 2 at the plasma peak than at
the BCG; however, the center of the lensing mass is located
near the BCG. The difference in the baryonic mass between
these two positions would be even greater if we excluded the
contribution of the nonpeaked plasma component between the

Image: Clowe et al. 2006

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel

http://adsabs.harvard.edu/abs/2006ApJ...648L.109C
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Stabilitätsbetrachtungen: Schwarzschild 1916

Sitzungsbericht Preussische Akademie der Wissenschaften – Schwarzschilds
erste Arbeit (Massepunkt) bereits zur Sitzung vom 13. Januar 1916!

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel
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Stabilitätsbetrachtungen: Schwarzschild 1916

”Über das Gravitationsfeld einer Kugel aus inkompressibler Flüssigkeit“, 24.2.1916

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel

https://de.wikisource.org/wiki/Gravitationsfeld_einer_Kugel_aus_inkompressibler_Fl%C3%BCssigkeit
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Schwarzschildradius

Allgemein (Ring-Kriterium, Thorne): Wird ein Körper so
zusammengepresst, dass er in allen Orientierungen durch einen
Ring mit dem Radius

R =
2GM

c2

(Schwarzschildradius) passt, handelt es sich um ein Schwarzes
Loch:

Eine Raumregion, in die Licht und Materie hineinfallen können,
aus der aber nichts, was einmal hineingefallen ist, wieder
herauskommen kann. Begrenzungsfläche heißt Horizont.

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel
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Stabilitätsrechnungen
Erst Oppenheimer, Volkoff u.a., hier genauere Rechnungen (Harrison, Wheeler,
Wakano, Thorne und andere 1950+):

Quelle: Abb. 5.5. in Kip Thorne, Black Holes and Time Warps, W.W. Norton 1994
Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel

http://adsabs.harvard.edu/abs/1994bhtw.book.....T
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Sternentwicklung

Stellare Schwarze Löcher als
Endzustand der
Sternentwicklung sehr
massereicher Sterne –
Supernovae (mit Endprodukt
Neutronenstern) vergleichsweise
gut bekannt, Entstehung
Schwarzer Löcher weniger gut.

Bild: NASA, ESA, J. Hester and A. Loll (Arizona State
University)

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel
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Flussmodell für Schwarze Löcher

1968ff Theorie Schwarzer Löcher (Wheeler, Penrose, . . . )

Flussmodell: Fische schwimmen mit konstanter Geschwindigkeit
(”Fischgeschwindigkeit“); Fluss fließt je nach Profil schneller oder
langsamer

Flussgeschwindigkeit > Fischgeschwindigkeit: Horizont

Flussmodell ist sogar exakt formulierbar, cf.
http://arxiv.org/abs/gr-qc/0411060

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel

http://arxiv.org/abs/gr-qc/0411060
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Der erste Quasar: 3C 273
Maarten Schmidt 1963: Untersucht Radioquelle 3C 273

Mg II HεHδ Hγ Hβ [O III]

200 250 300 350 400 450 500 550 600

Wellenlänge λ [nm]

Objekt sieht aus wie Stern
(d.h. strukturlos): Schmidt
benennt es “Quasistellare
Radioquelle”, kurz Quasar.
Aber: so hell wie 1012

Sonnen, und kurzfristige
Schwankungen (=kompakt!)

Bild: NASA/ESA Hubble
Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel

http://adsabs.harvard.edu/abs/1963Natur.197.1040S
http://www.spacetelescope.org/images/potw1346a
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Schwarze Löcher

Kernregionen aktiver Gaxien:

Bild: ESO/WFI (Optical); MPIfR/ESO/APEX/A.Weiss et al. (Submillimetre); NASA/CXC/CfA/R.Kraft et al. (X-ray)

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel
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Energiegewinn

Körper der Masse m, der aus dem Unendlichen auf einen
kompakten Körper mit Masse M und Radius R fällt, hat beim
Aufprall die Bewegungsenergie

Ekin = m
GM
R
.

Definiere die (massenbezogene) Energieeffizienz einer Reaktion
als

η ≡
freigesetzte Energie

Ruheenergie der beteiligten Teilchen

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel
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Einige Werte für die Energieeffizienz

Brennwert einiger Stoffe als Maß für Energieeffizienz chemischer
Reaktionen:

Material Brennwert in MJ/kg η

Wasserstoff H2 141.8 1.8 · 10−10

Ethanol C2H6O 29.7 1.1 · 10−10

Propan C3H8 50.4 1.2 · 10−10

Steinkohle (50% C) 30 1.4 · 10−10

Vorsicht: Brennwert ist auf Brennstoff bezogen;

für η-Berechnung auch Sauerstoff miteinbeziehen!

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel
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Einige Werte für die Energieeffizienz

Kernspaltung (hier: U-235):

ηks =
200 MeV

235 · 938 MeV
= 0,9 Promille

Kernfusion: pp I (Sonne):

ηkf =
26 MeV

4 · 938 MeV
= 0,7%

Akkretion von Materie auf einen kompakten Körper (theoretische
Obergrenzen):

η =
GM
c2R

=


0,2 Promille Weißer Zwerg

20% Neutronenstern

50% Schwarzes Loch

Ende Vorlesung 19.1.2017
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Schwarzes Loch im Zentrum der Milchstraße

Bild: ESO/S. Guisard (www.eso.org/ sguisard)

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel
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Schwarzes Loch im Zentrum der Milchstraße

Animation: Ghez et al. / UCLA

In den 1990er Jahren dank
Adaptiver Optik an
Großteleskopen:

Reinhard Genzel (MPI
Extraterrestrische Physik,
VLT der ESO)

und

Andrea Ghez (UCLA,
Keck-Teleskope)

nehmen das Zentrum der
Milchstraße auf’s Korn:
Sagittarius A*
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Schwarzes Loch im Zentrum der Milchstraße
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Schwarzes Loch im Zentrum der Milchstraße

Sterne seit mittlerweile 20 Jahren verfolgt – Massenbestimmung
via Kepler: 2,6 Millionen Sonnenmassen

nuclei with a single physical model. Because of the finite size (,0.9 00

diameter) of a non-relativistic, 3 £ 106M( ball of around 16 keV
fermions, themaximum (escape) velocity is about 1,700 km s21 and
the shortest possible orbital period for S2 in such a fermion ball
model would be about 37 yr (ref. 18), clearly inconsistent with the
orbit of S2. The enclosed mass at perinigricon would require a
neutrino mass of over 50 keV, a value which can safely be excluded
for neutrino ball models trying to explain the entire range of
observed masses in galactic nuclei17,18. The only ‘dark particle
matter’ explanation that cannot be ruled out by the present data
is a ball of bosons, because such a configuration would have a radius
only a few times greater than the Schwarzschild radius of a black
hole16,19. However, it would be very hard to understand how the
bosons first manage to reach such a high concentration, and then
avoid forming a black hole by baryonic accretion16,19. The data on
the Galactic Centre thus show that the central mass distribution is
remarkably well described by the potential of a point mass over
three orders in magnitude in spatial scale, from 0.8 light days to 2
light years. The contribution of the extended stellar cluster around
SgrA* to the total mass cannot be more than a few hundred solar
masses within the pericentre distance of the orbit of S2.

Thus we have presented the first step in a new phase of near-
infrared observations of the immediate surroundings of the central
dark mass in the centre of the Milky Way. The observation of orbits
of stars surrounding the central dark object offers a clean new way
of constraining its mass distribution and testing the supermassive
black hole model with the simple assumption of keplerian orbits.
Within the next years we hope to observe the accelerations and
orbits of several faint stars near SgrA* that have become observable
with the increased resolution and sensitivity of the NAOS/CON-
ICA camera/adaptive optics system at the VLT. Even more detailed
observations of the SgrA* environment will become possible with
infrared interferometry at the Large Binocular Telescope, the ESO
Very Large Telescope Interferometer and the Keck interferometer,
which will provide resolution of a few to 10mas (a few light hours).
These offer exciting prospects for the exploration of relativistic
motions at 10–100 Schwarzschild radii from the central black
hole20. A

Received 12 August; accepted 17 September 2002; doi:10.1038/nature01121.
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Figure 3Mass distribution in the Galactic Centre. Mass distribution in the Galactic Centre
(for an 8 kpc distance21). The filled circle denotes the mass derived from the orbit of S2.

The error bar combines the orbital fit and astrometry errors (Table 1). Filled downward-

pointing triangles denote Leonard–Merritt projected mass estimators from a new NTT

proper motion data set (T.O., R.S., R.G. and A.E., manuscript in preparation), separating

late and early type stars, and correcting for the volume bias in those mass estimators by

scaling with correction factors (0.88–0.95) determined from Monte Carlo modelling of

theoretical clusters5. An upward-pointing rectangle denotes the Bahcall–Tremaine mass

estimate obtained from Keck proper motions4. Grey filled rectangles are mass estimates

from a parameterized Jeans-equation model from ref. 5, including anisotropy and

differentiating between late and early type stars. Open circles are mass estimates from a

parameterized Jeans-equation model of the radial velocities of late type stars, assuming

isotropy5. Open rectangles denote mass estimates from a non-parametric, maximum

likelihood model, assuming isotropy and combining late and early type stars22. The

different statistical estimates (in part using the same or similar data) agree within their

uncertainties but the variations show the sensitivity to the input assumptions. In contrast,

the new orbital technique for S2 is much simpler and less affected by the assumptions.

The continuous curve is the overall best-fit model to all data. It is a sum of a

(2.6 ^ 0.2) £ 106M ( point mass, plus a stellar cluster of central density

3.9 £ 106M ( pc23, core radius 0.34 pc and power-law index a ¼ 1.8. The ‘long dash,

short dash’ curve shows the same stellar cluster separately, but for an infinitely small core

(that is, a ‘cusp’). The thick dashed curve is the sum of the visible cluster, plus a Plummer

model of a hypothetical concentrated (a ¼ 5), very compact (R o ¼ 0.00019 pc) dark

cluster of central density 1 £ 1017M ( pc23.
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Reichte das zum Nachweis

Ausschlussprinzip: Was kann es sonst sein? Aber: Bei ganz
starker Gravitation war ART noch nicht getestet!

Nachweis Horizont durch direkte Abbildung – Ablenkungseffekte
plus Schwarzes Loch?⇒ Event Horizon Telescope

Bild: Falcke et al. 2001

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel
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Gravitationswellen

Wellenartige Störungen, breiten sich mit Lichtgeschwindigkeit aus;
Analogie zu elektromagnetischen Wellen (aber: nicht Dipol,
sondern Quadrupol)

Erstmals Einstein 1916, aber lange Zeit unklar, ob
Koordinateneffekt oder real.

Nobelpreis 1993 für indirekten Nachweis (Effekte auf Bahn eines
Binärpulsars)

Entstehen bei gewaltigen, systematischen Massenbewegungen:
astronomischer Informationsträger,

”Gravitationswellen-Astronomie“, Signale von Prozessen, die man
sonst nicht beobachten kann

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel



Grundlagen Tests Gravitationslinsen Schwarze Löcher Gravitationswellen Kosmologie

Wirkung von Gravitationswellen

Wirkung auf kräftefrei im Weltraum schwebende Teilchen (extrem
stark übertrieben, tatsächliche Größenordnung relative
Abstandsänderungen h ∼ 10−21):

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel
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Nachweis mit interferometrischem Detektor
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Nachweis mit interferometrischem Detektor
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Gravitationswellen

18.9.2015 –
12.1.2016: Advanced
LIGO erster

”observing run“ (O1),
vorher ”engineering
run“ für die
verbesserte Technik
u.a. aus Deutschland
(MPI für
Gravitationsphysik)

Bild: Caltech/MIT/LIGO Lab
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Störquellen limitieren die Messung

Bild: Caltech/MIT/LIGO Lab

Bild: Abb. 6 in Pitkin et al. 2011
Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel
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Advanced LIGO-Detektor-Layout

Abb. 1 in LIGO Scientific Collaboration 2014

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel

http://arxiv.org/abs/1411.4547


Grundlagen Tests Gravitationslinsen Schwarze Löcher Gravitationswellen Kosmologie

Suchen nach bekannten Signalen

Suche nach bekannten Signalen: Verschmelzende
Neutronensterne und/oder Schwarze Löcher. Problem:
Vollständige Raumzeitsimulationen nötig, numerische
Relativitätstheorie 11
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FIG. 12: Numerical simulation results for gravitational wave strain compared with post-Newtonian estimates. The waveform
shown is from the high resolution numerical simulation presented in Sec. II overlaid here with a PN waveform with 3.5PN order
phasing and 2.5PN order amplitude accuracy. The combined waveform, joined at t = −328M (circle) is applied in Sec. IV to
calculate signal-to-noise ratios for iLIGO, adLIGO, and LISA.

predicted frequency at a time in the simulation where
the accuracy of the numerical data first surpasses the
accuracy of the PN approximation, as estimated in [23].
Specifically, [23] predicts this point of equivalent accuracy
to occur at Mω ∼ 0.08, which corresponds to t = −328M
(shown by the circle in Fig. 12). It is worth noting that
there was no need to adjust the PN amplitude for con-
tinuity. The amplitude agreement with the numerical
simulation is so good, and hence the resulting amplitude
is so nearly continuous, that the small discontinuity fails
to produce any discernible artifacts in the Fourier trans-
form h̃(f) of the resulting waveform.

Having generated a waveform, it is informative to esti-
mate the waveform’s phasing accuracy over the course of
the BBH evolution. Note in Fig. 11 that for the portion
of our M/32 simulation that is used in the waveform,
we estimate ∼ 0.5 radians of phase error. If we take
the difference between 3 and 3.5 PN terms to be an es-
timate of the phase error as in [23], we can assess the
error for the PN portion of the waveform. It was shown
in [42] that the analytic PN phase expression accumu-
lates very little error, on the order of 0.1 radians, until
Mω ∼ 1 × 10−4. Beginning our numerical phase integra-
tion at this point and evaluating up to Mω = 0.08 yields
a gravitational wave phase error of ∼ 3.6 radians, such
that the total accumulated phase error over the entire
waveform is ∼ 4 radians. As stated previously, an ac-
cumulated waveform phasing error of less than π radians
is the threshold below which wave-matching comparisons
may be used for matched-filtering applications. We es-
timate that our combined waveform meets this criterion
after a frequency of about Mω ∼ 0.01 up to the ringdown
frequency, Mω ∼ 0.5. We therefore have a waveform with
sufficient accuracy to be useful as a template for gravi-
tational wave detection. While templates will ultimately
be needed for cases of greater astrophysical interest, and

still greater accuracy will be required for the template
to be useful for the purpose of parameter estimation, the
construction of this waveform illustrates that the field of
numerical relativity has matured to the point of being
capable of producing results that are useful for gravita-
tional wave data analysis.

The calculated waveform that we have just described
is actually the total strain on the equatorial plane, where
h× vanishes and therefore h+ provides the only contri-
bution. To get the optimally-oriented strain amplitude
(which is the total strain passing an observer on the equa-

torial axis), we multiply this result by 2
√

2, which is the
ratio of peak total gravitational wave amplitude to the
amplitude of h+ alone in the quadrupole approximation.
We then simply divide by

√
5 in order to convert to an

orientation-averaged waveform for our subsequent anal-
yses. This factor can be understood by observing that
orientation-averaging is fully equivalent to averaging over
all sky positions of the detector from the perspective of
the BBH, and such sky-averaging results in a factor 1/

√
5

in sensitivity [1].
The SNR is calculated assuming matched-filtering is

performed on the data, and that the waveforms are per-
fect copies of the embedded signal. In this case, the sky-
and waveform-polarization-averaged SNR is given by

< (SNR)2 >=

∫
d(ln f)

(
hchar(f)

hn(f)

)2

, (3)

where hchar(f) ≡ 2f
∣∣∣h̃(f)

∣∣∣ is the characteristic signal

strain and hn(f) ≡
√

5hrms(f) =
√

5fSn(f) is the rms

of the detector noise fluctuations multiplied by
√

5 for
sky-averaging, with h̃(f) and Sn(f) being the Fourier
transform of the signal strain and the power spectral den-
sity of the detector noise, respectively [1].

Bild: Baker et al.
2006

Simulationen erst ab 2005 stabil! (Frans Pretorius)
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Gravitationswellen-Nachweis

Signal vom 14.9.2015, veröffentlicht 11.2.2016.

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-2
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Gravitationswellen-Nachweis

Interpretation (Vergleich mit Modellen): Verschmelzung zweier
Schwarzer Löcher

Schwarzloch-Masse 1 32 − 41 M�

Schwarzloch-Masse 2 25 − 33 M�

Endmasse 58 − 67 M�

Energie Gravitationswellen 2.5 − 3.5 M�c2

Abstand von uns 0.75 − 1.9 GLj

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel
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Expandierendes Universum

Aus Hubble-Diagramm (original und später): Expansion mit
Skalenfaktor a(t) erklärt Beobachtungen.

Dynamik von a(t)? Annahme: Homogenität, Isotropie

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel
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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 .

Relativistische AstrophysikBjörn Malte Schäfer & Markus 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.

Relativistische AstrophysikBjörn Malte Schäfer & Markus 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.

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel
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Kosmologische Modelle

Bisher haben wir vor allem Modelle für isolierte Objekte behandelt.
Jetzt: kosmologische Modelle = Universum als Ganzes

Isolierte Objekte Universum

Vereinfachung: Kugelsymmetrie Homogenität und Isotropie

Materie: Zustandsgleichung Zustandsgleichung

Dynamik: Druck/Gravitation Friedmann-Gleichung

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel
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Unterschiedliche Arten von Materie

Zustandsgleichung beschreibt Materieeigenschaften:

p = p(ρ).

Sobald definiert, wird

ρ̇ + 3
ȧ(t)
a(t)

(ρ + p/c2) = 0

direkt lösbar.

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel
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Einfache Arten von Materie

Zustandsgleichung Dichte

Staub p = 0 ρ(t) ∼ 1/a(t)3

Strahlung p = ρc2/3 ρ(t) ∼ 1/a(t)4

Dunkle Energie p = −ρc2 ρ(t) = const.

Alternativ: Anstatt Dunkler Energie kosmologische Konstante Λ
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Grenzfälle: Epochen des Universums
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Unterschiedliche Epochen in Abhängigkeit von a(t)
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Je nach Epoche dominiert ein
unterschiedlicher Anteil —
betrachte Lösungen mit nur einer
Sorte Ω , 0.

Zweimal Vorsicht:

• Noch keine Aussage zur zeitlichen Entwicklung — möglicherweise
einige a-Werte gar nicht erreicht!

• In Wirklichkeit kann sich Materie verändern — Teilchen benehmen
sich erst wie Staub (nicht-relativistisch), bei kleinerem a dann wie
Strahlung (relativistisch)

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel
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FLRW-Raumzeit mit K = 0, ΩΛ > 0

Daraus unser eigenes Universum:
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Aktuelle Werte:
t0 = 13.8 · 109 a; Hubblekonstante H0 = 67.9 km/s Mpc−1;
ΩΛ = 0.69; Ωm = 0.31 (davon Ωb = 0.05 und Ωcdm = 0.26).
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Die Expansionsgeschichte rekonstruieren

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.

Perlmutter, Physics Today 2003
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Urknallphase: Das frühe, heiße Universum

In der Vergangenheit war das Universum sehr viel kleiner als heute
— zumindest in dem Sinne, dass a(t) deutlich kleiner war als a0.

Kosmische Geschichte zurückverfolgen: Vergangenheit war dicht
und heiß⇒ Urknallphase

Schlüsselelement zum Verständnis des frühen Universums:
kosmische Hintergrundstrahlung!
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Entdeckung Hintergrundstrahlung: Penzias & Wilson

Bild: NASA

Relativistische AstrophysikBjörn Malte Schäfer & Markus Pössel
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Planck-Kurve: COBE-FIRAS (Mather et al.)
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Data from Fixsen et al. 1996

Best Planck fit: T = 2.728 K

Range shown: spectrum ±3 σ

Daten aus Fixsen et al. 1996 via http://lambda.gsfc.nasa.gov
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Planck-Kurve: COBE-FIRAS (Mather et al.)

0 5 10 15 20
Frequency in 1/cm

0

50

100

150

200

250

300

350

400

In
te

ns
ity

in
M

Jy
/s

r

Data from Fixsen et al. 1996

Best Planck fit: T = 2.728 K

Range shown: spectrum ±100 σ

Daten aus Fixsen et al. 1996 via http://lambda.gsfc.nasa.gov
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Verhältnis Materieteilchenzahl vs. Lichtteilchenzahl

Aus Thermodynamik:

η ≡
nb

nγ
= (0,6 . . . 3,6) · 10−9

Photonenzahl� Baryonenzahl!

• nγ und nb skalieren in gleicher Weise mit a(t); ihr Verhältnis η bleibt
konstant

• winziger η-Wert zeigt: alles findet in einem Photonen-Bad statt, das
durch Reaktionen mit den Baryonen kaum beeinflusst wird

• Temperatur wächst wie T(t) ∼ 1/a(t)
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Entwicklung Photonenenergie mit Skalenfaktor
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Ionisierung H bei 13,6 eV

Ionisierung Pu bei 120 keV

E = 2,7 kT

E = 27 kT

2,7 kT ist durchschnittliche Photonenenergie, 27 kT die Mindestenergie des
hochenergetischsten Bruchteils η – Ausgangspunkt heutiger Wert: kT = 0,2 meV
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Grundlagen Tests Gravitationslinsen Schwarze Löcher Gravitationswellen Kosmologie

Entwicklung Photonenenergie mit Skalenfaktor
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2,7 kT ist durchschnittliche Photonenenergie, 27 kT die Mindestenergie des
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Die kosmische Geschichte

Urknall

10−33 s
Inflation

Strahlungsära Materieära

1 Millionstel s
Quark-Confinement

1 s bis 3 min
leichte Elemente 380.000 a

Hintergrundstrahlung

100e Mio. a
Galaxien

Jetzt
13,8 Mia. a
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Inhomogenitäten in der Hintergrundstrahlung

Bild: ESA/Planck Collaboration
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Grundlagen Tests Gravitationslinsen Schwarze Löcher Gravitationswellen Kosmologie

Parameterbestimmung aus der Hintergrundstrahlung

Spektrum der Inhomogenitäten hängt von den Parametern ab, z.B.
Ωm,Ωb,ΩΛ (insbes. Höhe und Ausprägung der Maxima)
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Bild: ESA/Planck Collaboration, A&A 571, A15 (2014)
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Parameterbestimmung

Ωm =

{
Ωb = 4,9%
Ωcdm = 26,8%

}
= 31,7%

Ωγ = 0,005%

ΩΛ = 68,3%

Bild: ESA/Planck Collaboration

Wobei Ωb = normale (baryonische) Materie (Protonen, Neutronen, . . . )

Ωcdm = dunkle Materie (keine Wechselwirkung mit Licht),

ΩΛ = (beschleunigende) Dunkle Energie
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Mehr als nur Parameterbestimmung

Suzuki et al. 2011
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