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The ubiquity of turbulence in the primordial minihalos has been shown from cosmological hydro-

dynamical simulations of primordial star formation. This has strong implications on the subse-

quent evolution, in particular on the generation of magnetic fields via small-scale dynamo action.

Using high-resolution numerical simulations, we show thatin the presence of turbulence, initial

weak seed magnetic fields are exponentially amplified by the small-scale dynamo during the for-

mation of the first stars. The field amplification due to the dynamo is shown to provide additional

amplification over what is expected from pure gravitationalcompression of the field lines. We

find that the presence of the small-scale dynamo can only be identified in numerical simulations

where the turbulent motions in the central collapsing core are resolved by at least 32 grid cells.

We conclude that strong magnetic fields are generated duringthe birth of the first stars in the

universe and discuss implications for cosmic evolution.
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1. Motivation

Over the course of the last decade, a great deal of progress has been made in understanding
the physical processes governing the birth of the first starsand their influence on later epochs
of structure formation [1, 2, 3, 4, 5]. These studies have ignored the possible role of magnetic
fields primarily, because the initial field strengths obtained from either cosmological processes like
inflation and phase transition [6, 7] or astrophysical processes like the Biermann battery [8] or the
Weibel instability [9, 10] are highly uncertain. However, recent FERMI observations [11] provide a
lower limit of 10−15G for the magnetic field strength in the intergalactic medium(IGM), consistent
with the predicted field strength from Biermann battery mechanism at a redshift ofz∼ 10 [12].

Interestingly, hydrodynamical simulations starting fromcosmological initial conditions and
following the gravitational collapse of the primordial gasall the way down to protostellar densities,
reveal the presence of turbulence in the minihalos of the first star-forming cloud. This opens the
possibility of amplifying weak initial seed magnetic fieldsat the expense of the kinetic energy in the
turbulent fluid motions, to eventually generate strong seedfields by a process commonly referred
to assmall-scale dynamo action(see [13] for a review). In the context of the first stars and the
first galaxies, dynamo amplification of small seed fields has been previously addressed using semi-
analytic models [14]. In this contribution, we present the results obtained from three-dimensional
numerical simulations aimed at exploring the possibility of amplifying weak initial seed magnetic
fields through small-scale dynamo action during the formation of the first stars. We also discuss
the implications of the dynamo generated random magnetic field on the formation process of the
first stars and their subsequent evolution.

2. Generation of strong magnetic fields during the formationof the first stars

We focus on the gravitational collapse and magnetic field amplification of the baryon-dominated
inner parts of a collapsing primordial halo. The initial conditions of our simulations motivated from
the cosmological models of [1], [4] and [15] correspond to a turbulent, magnetized Bonnor-Ebert
sphere. For more details on the numerical setup and initial conditions, the readers are referred to
[16]. The efficiency of the dynamo process depends on the Reynolds number and is thus related to
how well the turbulent motions are resolved [17, 18]. Higherresolution yields larger field amplifi-
cation. We report results obtained from five numerical simulations where we resolveλJ by 8, 16,
32, 64 and 128 cells. Fig. 1 shows a snapshot of the central region of the collapsing core in our
highest-resolution simulation at a time when the central density has increased by a factor of∼ 106.
Starting from a weak 1 nG field, the magnetic field grows by a factor of 106, reaching a peak value
of about 1 mG in the central core atτ ∼ 12 as shown in Fig. 2.1a. Here,τ is a dimensionless time
coordinate normalized in terms of the local free-fall time (see Eq. 2 in [16]). As shown in Fig. 2.1b,
the field amplification is indeed stronger than what is expected from pure flux-freezing. This in-
dicates that the small-scale dynamo provides significant additional amplification over compression
during the birth of the first stars. Capturing the small-scale dynamo in these simulations requires a
minimum resolution of 32 cells per Jeans length (see Fig. 2.2b). The radial infall motions dominate
the total velocity in the envelope as shown in Fig. 2.2a. The turbulence is maintained on scales of
λJ and dominates the dynamics inside the core region as can be seen from Figs. 2.2b and 2.2c. The
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Figure 1: Two-dimensional slices through the center of the collapsing core at the time when the initial field
strength has increased by a factor of∼106, showing the central region of our highest-resolution simulation
(λJ resolved by 128 cells). The circle indicates the control volumeVJ centered on the position of the current
density peak. The left image shows the density and the velocity component in thexy-plane, indicating radial
infall in the outer regions and turbulent motions in the inner core. The right image depicts the total magnetic
field amplitude and the local magnetic field direction.

radial profile of the Mach number in Fig. 2.2d illustrates that the infalling velocities are supersonic,
while inside the core, the velocities are subsonic.

3. Conclusions and Discussions

In summary, we conclude that the ubiquity of turbulence in the primordial minihalo can lead to
the generation of strong magnetic fields by the small-scale turbulent dynamo action. We find in our
highest resolution simulation that a weak seed field of∼ 1 nG, is amplified to about 1mG strength
in the central collapsing core during the formation of the first stars. The small-scale dynamo only
works in simulations in which the turbulent motions within the local Jeans length are resolved by
at least 32 cells.

The generation of strong magnetic fields has interesting consequences for our understanding
of how the first stars form and how they influence subsequent cosmic evolution. Recent hydrody-
namical simulations [19] suggest that the primordial gas ishighly susceptible to fragmentation even
for subsonic turbulence. Magnetic fields can significantly influence this scenario provided they are
amplified to values close to equipartition. In particular, recent advances in the modeling of galactic
star-forming clouds imply that the presence of magnetic fields can reduce the level of fragmenta-
tion [20], and by doing so strongly influences the stellar mass spectrum. To investigate the role of
magnetic fields in influencing the fragmentation propertiesof the primordial cloud, it is necessary
to evolve our existing simulations beyond the exponential growth phase. This will help us to gain
an insight on the saturated field strengths to be expected in the protostellar core of the first stars.
Furthermore, small-scale dynamo generated fields can influence the dynamics in the protostellar
accretion disk via the magneto-rotational instability (MRI) [21, 22]. Self-gravitational instabilities
in concert with the MRI can effectively decrease the accretion rate and change the disk morphology
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Figure 2: Left (Fig. 2.1): Evolution of the dynamical quantities in the central Jeans volume as a function
of τ, for five runs with different number of cells to resolve the local Jeans length. Panel (a) shows the rms
magnetic field strengthBrms, (b) the evolution ofBrms/ρ2/3

m , showing the turbulent dynamo amplification by
dividing out the maximum possible amplification due to perfect flux freezing, (c) the evolution of the mean
densityρm and (d) the rms velocityvrms. The runaway collapse commences at aboutτ ∼ 4.
Right (Fig. 2.2): Time evolution of the the radial profile of the mean value of the infall velocity,vr (panel
a), the radial profile of the rms value ofvr together with the rms fluctuations of the lateral velocityvl , i.e.,
the component perpendicular tovr (panel b), the radial profile of the rms value of the total velocity (panel c)
and the Mach number (panel d). The vertical line indicates the Jeans radius atτ = 12. The data are taken
from our highest-resolution run.

[23]. The other interesting questions emanating from this study that merits a careful analysis are -
on what scales does the magnetic field grow during the gravitational collapse of a magnetized gas
cloud, - what is/are the characteristic driving scale(s) ofturbulence in a gravitationally collapsing
system and what is the ratio of solenoidal to compressible motions in a gravity-driven turbulent
core. Addressing these questions is crucial to develop an understanding of the complex interplay
of gravity, turbulence and magnetic fields not only in the context of the first stars but also applies to
any turbulent, magnetized collapsing system in general. Weaddress these questions in more detail
in [24].
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