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Einfluss der ersten Sterne auf die kosmische Reionisation



Woher kennen wir die Anfangsbedingungen 
der kosmischen Strukturbildung?

Aus der Vermessung der Expansionsrate des 
Universums.

Aus der genauen Vermessung der kosmischen 
Hintergrundstrahlung.

Aus der kosmischen Nukleosynthese.



Energiedichte im Universum:

Dunkle Energie

Dunkle Materie

Baryonische (sichtbare)
Materie

-- Gas
-- Sterne

Sonstiges



Expansion des Universums



Planck Satellit: Gesamte Messung



Planck Satellit: Galaktische Vordergrund Emission



Planck Satellit: Kosmische Hintergrundstrahlung











Elementhäufigkeit im Galaktischen Gas in Sonnennähe

Alle diese chemischen Elemente sind in Sternen erzeugt worden!
Im Urknall 
entstanden





Potentialtopf eines Halos 
aus Dunkler Materie 

Schema der ersten Sternentstehung



Potentialtopf eines Halos 
aus Dunkler Materie 

Gas fließt ins Zentrum des Halos

Schema der ersten Sternentstehung



Gas fließt ins Zentrum des Halos.

Die ersten Sterne bilden 
sich im Zentrum des Halos.

Potentialtopf eines Halos 
aus Dunkler Materie 

Schema der ersten Sternentstehung



Sterne der Milchstraße folgen universaler Massenfunktion.

(Kroupa 2002)

Stellare Massenfunktion
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Logarithmus der Sternmasse (in Msun) 
10-1-2

Orion, NGC 3603, 30 Doradus 
(Zinnecker & Yorke 2007)



Sterne der Milchstraße folgen universaler Massenfunktion.

(Kroupa 2002)
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Logarithmus der Sternmasse (in Msun) 
210-1-2 3

Von den ersten 
Sternen nimmt 
man bisher an, 
dass sie sehr 
massereich waren 
und als Einzelsterne 
entstanden.



• Die meisten numerischen 
Simulationen und theo-
retischen Modelle der 
ersten Sternentstehung 
sagen isolierte Sterne mit 
großer Masse voraus 
(z. B.  Abel et al. 2002, Tan & McKee 

2004, Yoshida et al. 2008, Bromm et al. 

2009)

• Aber, stimmt das? 
(Turk et al. 2009, Stacy et al. 2010)

(so-called ‘minihaloes’; M8, solar mass). In the standard CDM
model, the minihaloes that were the first sites for star formation
are expected to be in place at redshift z< 20–30, when the age of
the Universe was just a few hundred million years14. These systems
correspond to (3–4)s peaks in the cosmic density field, which is
statistically described as a Gaussian random field. Such high-density
peaks are expected to be strongly clustered15, and thus feedback
effects from the first stars are important in determining the fate of
the surrounding primordial gas clouds. It is very likely that only one
star can be formed within a gas cloud, because the far-ultraviolet
radiation from a single massive star is sufficient to destroy all the
H2 in the parent gas cloud16,17. In principle, a cloud that formed one
of the first stars could fragment into a binary or multiple star sys-
tem18,19, but simulations based on self-consistent cosmological initial
conditions do not show this20. Although the exact number of stars per
cloud cannot be easily determined, the number is expected to be
small, so that minihaloes will not be galaxies (see Box 1).

Primordial gas clouds undergo runaway collapse when sufficient
mass is accumulated at the centre of a minihalo. The minimummass
at the onset of collapse is determined by the Jeans mass (more pre-
cisely, the Bonnor–Ebert mass), which can be written as:
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for an atomic gas with temperature T (in K) and particle number
density n (in cm23). The characteristic temperature is set by the
energy separation of the lowest-lying rotational levels of the trace
amounts of H2, and the characteristic density corresponds to the
thermalization of these levels, above which cooling becomes less
efficient12. A number of atomic andmolecular processes are involved
in the subsequent evolution of a gravitationally collapsing gas. It has
been suggested that a complex interplay between chemistry, radiative
cooling and hydrodynamics leads to fragmentation of the cloud21,
but vigorous fragmentation is not observed even in extremely high-
resolution cosmological simulations11–13,20,22. Interestingly, however,
simulations starting from non-cosmological initial conditions have
yielded multiple cloud cores19,23. It appears that a high initial degree
of spin in the gas eventually leads to the formation of a disk and its
subsequent break-up. It remains to be seen whether such conditions
occur from realistic cosmological initial conditions.

Although the mass triggering the first runaway collapse is well-
determined, it provides only a rough estimate of the mass of the star(s)
to be formed. Standard star-formation theory predicts that a tiny proto-
star forms first and subsequently grows by accreting the surrounding gas
to become a massive star. Indeed, the highest-resolution simulations of
first-star formation verify that this also occurs cosmologically20 (Fig. 1).
However, the ultimatemass of the star is determinedbothby themass of
the cloud out of which it forms and by a number of feedback processes
that occur during the evolution of the protostar. In numerical simula-
tions, the finalmass of a population III star is usually estimated from the
density distribution and velocity field of the surrounding gas when the
first protostellar fragment forms, but thismaywell be inaccurate even in
the absence of protostellar feedback. Whereas protostellar feedback
effects are well studied in the context of the formation of contemporary
stars24, they differ in several important respects in primordial stars25.

First, primordial gas does not contain dust grains. As a result,
radiative forces on the gas are much weaker. Second, it is generally
assumed that magnetic fields are not important in primordial gas
because, unless exotic mechanisms are invoked, the amplitudes of
magnetic fields generated in the early Universe are so small that they
never become dynamically significant in primordial star-forming
gas26. Magnetic fields have at least two important effects in contem-
porary star formation: they reduce the angular momentum of the gas
outofwhich stars form, and theydrive powerful outflows that disperse
a significant fraction of the parent cloud. It is likely that the pre-stellar
gas has more angular momentum in the primordial case, and this is
borne out by cosmological simulations. Third, primordial stars are

much hotter than contemporary stars of the same mass, resulting in
significantly greater ionizing luminosities27.

State-of-the-art numerical simulations of the formation of the first
(population III.1) stars represent a computational tour de force, in
which the collapse is followed from cosmological (comoving mega-
parsec) scales down to protostellar (sub-astronomical-unit) scales,
revealing the entire formationprocess of a protostar.However, further
growth of the protostar cannot be followed accurately without imple-
menting additional radiative physics. For now, inferring the sub-
sequent evolution of the protostar requires approximate analytic
calculations. By generalizing a theory for contemporary massive-star
formation28, it is possible to approximately reproduce the initial con-
ditions found in the simulations and to then predict the growth of the
accretion disk around the star29. Several feedback effects determine the
final mass of a first star25: photodissociation of H2 in the accreting gas
reduces the cooling rate, but does not stop accretion. Lyman-a radi-
ation pressure can reverse the infall in the polar regions when the
protostar grows to 20–30 M8, but cannot significantly reduce the
accretion rate. The expansion of the H II region produced by the large
flux of ionizing radiation can significantly reduce the accretion rate
when the protostar reaches 50–100M8, but accretion can continue in
the equatorial plane. Finally, photoevaporation-drivenmass loss from
the disk30 stops the accretion and fixes themass of the star (see Fig. 2).
The finalmass depends on the entropy and angularmomentumof the
pre-stellar gas; for reasonable conditions, themass spans 60–300M8.

A variety of physical processes can affect and possibly substantially
alter thepicture outlined above.Magnetic fields generated through the
magneto-rotational instability may become important in the proto-
stellar disk31, although their strength is uncertain, and may play an
important role in the accretion phase18. Cosmic rays and other
external ionization sources, if they existed in the early Universe, could
significantly affect the evolution of primordial gas32. A partially
ionized gas cools more efficiently because the abundant electrons
promoteH2 formation. Such a gas cools to slightly lower temperatures
than a neutral gas can, accentuating the fractionation of D into HD so
that cooling by HD molecules becomes important33–36.

300 pc 5 pc

10 AU

a  Cosmological halo b  Star-forming cloud

c  Fully molecular partd  New-born protostar

25 R .

Figure 1 | Projected gas distribution around a primordial protostar. Shown
is the gas density (colour-coded so that red denotes highest density) of a
single object on different spatial scales. a, The large-scale gas distribution
around the cosmological minihalo; b, a self-gravitating, star-forming cloud;
c, the central part of the fully molecular core; and d, the final protostar.
Reproduced by permission of the AAAS (from ref. 20).
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(Yoshida et al. 2008, Science, 321, 669) 

“Standardbild” der ersten Sternentstehung
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 (Greif et al. 2008) 



(Clark et al. 2011b, Science, 331, 1040)

Figure 1: Density evolution in a 120 AU region around the first protostar, showing the build-up
of the protostellar disk and its eventual fragmentation. We also see ‘wakes’ in the low-density
regions, produced by the previous passage of the spiral arms.
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 (Greif et al. 2011) 
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 (Clark et al. 2008) 



Erste Sternentstehung

Erste Sternentstehung ist ebenso komplex wie 
Sternbildung im heutigen Universum.

Paradigmenwechsel: Die ersten Sterne bilden 
sich in Mehrfachsystemen.

Vorhersage: Einige erste Sterne könnten bis 
heute überlebt haben.



... und kommende Woche:

Dienstag, 17. Mai 2011, Vortrag #25:

“Warum brauchen die Astronomen ein 
42m-Teleskop?”

Dr. Roland Gredel
(Zentrum für Astronomie der Universität Heidelberg)




