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Magnetic fields during high redshift structure formation
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‘We explore the amplification of magnetic fields in the high-redshift Universe. For this purpose, we perform high-resolution
cosmological simulations following the formation of primordial halos with ~ 107 M, revealing the presence of turbu-
lent structures and complex morphologies at resolutions of at least 32 cells per Jeans length. Employing a turbulence
subgrid-scale model, we quantify the amount of unresolved turbulence and show that the resulting turbulent viscosity has
a significant impact on the gas morphology, suppressing the formation of low-mass clumps. We further demonstrate that
such turbulence implies the efficient amplification of magnetic fields via the small-scale dynamo. We discuss the proper-

ties of the dynamo in the kinematic and non-linear regime, and explore the resulting magnetic field amplification during

primordial star formation. We show that field strengths of ~ 1075 G can be expected at number densities of ~5 cm 2.

1 Introduction

In the present-day Universe, magnetic fields have been de-
tected in galaxies (Beck 2004), galaxy clusters (Kim et al.
1990) and local dwarf galaxies (Chyzy et al. 2011; Heesen
et al. 2011; Kepley et al. 2011). Even for the intergalactic
medium, more speculative observations suggest the pres-
ence of magnetic fields (Broderick et al. 2012; Miniati &
Elyiv 2012; Neronov & Vovk 2010; Takahashi et al. 2012;
Tavecchio et al. 2011; Yiiksel et al. 2012). Magnetic fields
have further been inferred in high-redshift galaxies via the
observed correlation of quasar rotation measures with the
number of galaxies along the line-of-sight until z ~ 2 (Ber-
net et al. 2008; Kronberg et al. 2008), as well as through
the observed far-infrared - radio correlation, which is estab-
lished until z ~ 4 (Murphy 2009).

We propose here that strong magnetic fields are pro-
duced as a result of turbulent magnetic field amplification
already at high redshift. The small-scale dynamo efficiently
converts turbulent into magnetic energy, on timescales con-
siderably smaller than the dynamical time (Brandenburg &
Subramanian 2005; Kazantsev 1968; Schober et al. 2012b).
As a result, the dynamo process will likely produce strong
magnetic fields during the formation of the first stars and
galaxies (Federrath et al. 2011b; Peters et al. 2012; Schlei-
cher et al. 2010; Schober et al. 2012a; Sur et al. 2010, 2012;
Turk et al. 2012).
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A central condition for this scenario is the presence
of turbulence. The latter has been reported by Abel et al.
(2002) for the first star-forming minihalos, and Greif et al.
(2008) and Wise & Abel (2008) for larger primordial halos.
However, such massive halos were only explored with a res-
olution of ~ 16 cells per Jeans length, while Federrath et al.
(2011b) have shown that at least 32 cells per Jeans length
are required in order to obtain converged turbulent energies.

In this paper, we present a detailed study of the turbulent
properties of massive primordial halos, exploring the ef-
fects of resolved turbulence by systematically increasing the
numerical resolution per Jeans length, as well as the unre-
solved turbulence using the subgrid-scale turbulence model
by Schmidt & Federrath (2011). We then discuss the ampli-
fication of magnetic fields in the kinematic and non-linear
regime. Our results indicate the likely presence of strong
magnetic fields in the high-redshift Universe.

2 Turbulence during the formation of proto-
galaxies

To explore the generation of turbulence during the for-
mation of protogalaxies, we perform cosmological hydro-
dynamics simulations with the adaptive-mesh refinement
(AMR) code Enzo' (O’Shea et al. 2004). We explore the
evolution of a cosmological box of 1 Mpc/h with a root grid
resolution of 1283 and two initial nested 128> grids centered
on the most massive halo, each increasing the resolution by

! Enzo website: http://code.google.com/p/enzo/
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Fig.1 The density distribution in the central 500 AU with and without the turbulent subgrid model, and for different resolutions per
Jeans length (top to bottom: 16, 32, and 64 cells per Jeans length; left: standard hydro; right: hydro + subgrid-scale mode). We find that
increasing the resolution per Jeans length considerably changes the morphology of the halo, as we start resolving turbulent structures
at high resolution. The subgrid-scale model favors the formation of more compact structures and reduces the number of density peaks
(Latif et al. 2013).
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Fig.2 The radial profiles of our halo at z = 11.9 (fop left: gas
density, top right: gas temperature, bottom left: total energy, bot-
tom right: subgrid-scale energy) for different resolutions per Jeans
length, with and without the subgrid-scale model. Unlike the de-
tailed morphology, we find that the radial profiles already converge
for moderate resolutions per Jeans length (Latif et al. 2013).

afactor of 2 (Latif et al. 2013). We include primordial chem-
istry following the non-equilibrium evolution of H, H™, e,
H~, HJ and Ha, along with a photodissociating background
corresponding to Jo; = 1000, where J2; is given in units of
ergs~tecm ™2 Hz~!sr~L. Our version of the code includes a
subgrid-scale model for unresolved turbulence (Maier et al.
2009; Schmidt & Federrath 2011), accounting for turbulent
pressure, diffusion and including an explicit modeling of the
turbulent energy dissipation. Our main refinement criterion
is the number of cells per Jeans length, where we explore
values of 16, 32 and 64. We stop our simulations when the
highest refinement level 27 is reached.

The halo collapses at a redshift of 11.9 with a total
mass of 8.06x10% M,. The resulting density distributions
in the central 500 AU are given in Fig. 1 for different res-
olutions per Jeans length, comparing the results with and
without the subgrid-scale model. While the low-resolution
runs may give the impression of rather smooth density struc-
tures, a transition to turbulent, complex structures becomes
visible for a resolution of 32 cells per Jeans length, which
is more pronounced when 64 cells are adopted. This trend
occurs both in the runs with and without the subgrid-scale
model. The morphologies may however change consider-
ably in the presence of the subgrid model, especially for
the high-resolution results. The latter provides an indication
that turbulent structures are not converged even in the high-
est resolution runs. For the radial profiles of the halo, we do
however find convergence, as illustrated in Fig. 2.

We have examined the trends described here for a set
of three massive halos, as described in more detail by Latif
et al. (2013). For these halos, we calculated the properties
of gas clumps within the central 500 AU using the clump
finder of Williams et al. (1994). As shown in Fig. 3, the
latter exhibit a rather similar power-law behavior in all halos
considered. We further find that the formation of low-mass
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Fig.3  The properties of gas clumps in the central 500 AU for
three different halos, calculated with and without the subgrid-scale
model and for a resolution of 64 cells per Jeans length. At this
stage, the clumps are still unbound, and many of their proper-
ties follow characteristic power laws. We note that the number
of low-mass clumps is strongly reduced in the presence of the
subgrid-scale model (Latif et al. 2013). Colors correspond to dif-
ferent halos, triangles denote simulations with, diamonds without
the subgrid-scale model.

clumps is suppressed in the presence of the subgrid-scale
turbulence model.

3 Turbulent amplification of magnetic fields

The turbulence present in these halos may efficiently am-
plify even weak magnetic fields via the small-scale dy-
namo. Appropriate seeds may result from the Biermann bat-
tery (Biermann 1950), the Weibel instability (Lazar et al.
2009; Medvedev et al. 2004), thermal plasma fluctuations
(Schlickeiser 2012) or even the pre-recombination Universe
(Banerjee & Jedamzik 2003; Grasso & Rubinstein 2001).
The small-scale dynamo has been explored with nu-
merical simulations and analytical models (Brandenburg
& Subramanian 2005). An analytical treatment is possi-
ble in terms of the Kazantsev model (Boldyrev & Cattaneo
2004; Kazantsev 1968; Schober et al. 2012b; Subramanian
1998), describing the dynamo amplification as the advec-
tion of passive vectors in a velocity field consisting of ho-
mogeneous and isotropic turbulence. The model describes
magnetic field amplification in the kinematic regime, be-
fore backreactions occur. We note that two phases are rel-
evant for the origin of high-redshift magnetic fields: While
the kinematic phase leads to a fast exponential growth on

(© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1

The normalized growth rate of the small-scale dynamo I in the limit of infinite magnetic Prandtl number (Schober et al.

2012b). We show our results for different types of turbulence, which are characterized by the exponent ¥ of the slope of the turbulent
velocity spectrum, v(£) o £”. The extreme values of ¥ are 1/3 for Kolmogorov turbulence and 1/2 for Burgers turbulence.

Model and Reference Label ¥ ' (Pm — o0)
Kolmogorov 1941 K41 1/3 37 Re!/?
Intermittency of Kolmogorov turbulence (She & Leveque 1994) SLY94 0.35 0.94 Re%4®
Driven supersonic MHD-turbulence (Boldyrev et al. 2002) BNP02 0.37 0.84 Re16
Observation in molecular clouds (Larson 1981) L81 0.38 0.79 Re%°
Solenoidal forcing of the turbulence (Federrath et al. 2010) FRKSM10 0.43 0.54 Re’*°
Compressive forcing of the turbulence (Federrath et al. 2010) FRKSM10 0.47 0.34 Re38
Observations in molecular clouds (Ossenkopf & Mac Low 2002) OMO02 0.47 0.34 Re?-3¢
Burgers 1948 B48 1/2 U Re!/?

timescales comparable to the eddy-turnover time in the vis-
cous range, the non-linear growth leads to the formation of
larger-scale magnetic fields. The overall process is expected
to saturate within a few eddy-turnover times.

3.1 The kinematic regime

We start our considerations with the kinematic regime of
dynamo amplification. The latter is described in terms of
the induction equation, which is given as

0B

ot

where B is the magnetic field, v is the fluid velocity
and 7 the magnetic diffusivity. In the absence of helicity,
the correlation function of the magnetic fields, M;;(r) =
(Bi(0)Bj(r)), can be decomposed into a transversal and
longitudinal component:

=VxvxB-nVxVxB, (H

’r‘ﬂ'j

r—2) Mn(r) +

’r‘ﬂ'j

Ml(r) = (6” — ML(T)' )

r2
As a result of the constraint equation, V - B = (), it can be
shown that

3)

The same decomposition can be performed for the tur-
bulence correlation function T;;(r) = (v;(0)v;(r)). As de-
scribed by Schober et al. (2012b), we adopt the following
parametrizations for the longitudinal correlation function,

c (1= Ret=9)/(1+0) (%)2) 0<r<d,
Ti(r)=9c(1- (%)19“) b, <r<1L
0 L<r,
“)
and the transversal correlation function,
¢ (1= tyRelt=9)/(+0) (%)2) O<r<t,
In(r)=4qc(1- ty (%)ﬁﬂ) {,<r<L
0 L <,
(%)
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with ¢ = VL/3 and ty = (21 — 3819)/5. The turbulent
slope is given as ¢ = 1/3 for Kolmogorov and ¢ = 1/2 for
Burgers. The results for a larger set of models were derived
by Schober et al. (2012b) and Bovino et al. (2013) and are
given in Table 1.

The latter are obtained employing an ansatz

My(rt) = W(r)e*/(r*y/k(r)), (6)

where ¢ denotes the time coordinate, I' can be interpreted as
the growth rate of the correlation function, and x(r) a func-
tion describing the turbulent diffusion. From this ansatz, it
is possible to obtain the so-called Kazantsev equation,
d2W(r)
A s ™
which has the same form as the time-independent quantum-
mechanical Schrodinger equation with a potential U(r)
given as

+ UMY (r) =-TT(r),

k" (k)2 2T
— - — . 8
2 4Kk + r + ®)
It can thus be solved using quantum-mechanical meth-
ods, in particular the so-called WKB-approximation. Intro-

ducing the normalized growth rate I as

- L
I'=_-r

vl ©))
Schober et al. (2012b) have derived the resulting am-
plification rates in the limit of high magnetic Prandtl num-
bers Pm > 1, defined as the ratio of kinetic and magnetic
diffusivity. This limiting case is indeed appropriate for the
interstellar and intergalactic medium, while stars and plan-
ets typically have magnetic Prandtl numbers of Pm < 1.
The resulting normalized growth rates are given in Table 1.
The normalized growth rate is plotted as a function of the
Reynolds number in Fig. 4. We find that the type of turbu-
lence, and in particular its spectral slope has a major influ-
ence on the resulting amplification rate, which can be re-
duced by a few orders of magnitude. Nevertheless, we note
that these growth rates are still orders of magnitudes smaller
than the dynamical timescale of the system, implying that
magnetic field amplification may still proceed in a highly
efficient fashion in any of these cases (e.g. Federrath et al.
2011a).

Q(TL — TN — /i)
r2

U(r) =

www.an-journal.org
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Fig.4 The normalized growth rates of the small-scale dynamo
for different turbulence models as a function of the Reynolds num-
ber (Schober et al. 2012b). The labels are defined in Table 1.

3.2 The non-linear regime

After saturation has occurred on the viscous scale, where
amplification originally is fastest, the magnetic field will be
strong enough to prevent further growth on that scale. How-
ever, as described by Schekochihin et al. (2002), magnetic
field amplification will continue on larger scales ¢, with the
typical eddy-turnover time v; o< ¢’ on that scale. For Kol-
mogorov turbulence, the latter leads to a phase of linear
growth of the magnetic energy, and one can show that Burg-
ers turbulence leads to a quadratic increase of magnetic en-
ergy with time (Schleicher et al. 2013). During that phase,
the length scale of the peak magnetic fluctuations increases
considerably, from the viscous scale up to the injection scale
of turbulence. At that point, the system is saturated. At low
to moderate Mach numbers, the magnetic energy consists of
30-60 % of the turbulent energy, while at high Mach num-
bers, smaller saturation values of ~ 5 % are possible (Fed-
errath et al. 2011a).

The time estimates required to reach saturation in the
non-linear regime range from a few to a few dozen eddy-
turnover times (Beresnyak 2012; Schekochihin et al. 2002).
As a result, strong magnetic fields can be expected shortly
after the formation of the first virialized objects due to tur-
bulent amplification.

3.3 Magnetic fields during primordial star formation

In order to explore the consequences of turbulent magnetic
field amplification for primordial star formation, Schober
et al. (2012a) have implemented a magnetic field amplifi-
cation model within the one-zone framework for primordial
collapse developed by Glover & Savin (2009). Their model
assumes gravitational collapse on the free-fall timescale,
solves the rate equations for primordial species along with
the cooling/heating balance for the gas temperature (see
Fig. 5 for the thermal evolution). For the initial magnetic
field, we adopted a typical value of 10~2° G, correspond-
ing to the magnetic field strength from a Biermann bat-

www.an-journal.org
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Fig.5 The thermal evolution in primordial gas during gravita-

tional collapse, as calculated by Schober et al. (2012a) with the
one-zone model of Glover & Savin (2009).

tery. For the initial growth of the field during the kinematic
regime, we employ the growth rates derived by Schober
et al. (2012b). In this calculation, we assumed that turbu-
lence is injected on the Jeans scale as a result of gravi-
tational collapse (Federrath et al. 2011b; Klessen & Hen-
nebelle 2010), with typical turbulent velocities correspond-
ing to the typical sound speed of the gas. After saturation
occurs on the viscous scale, the evolution of the magnetic
field is calculated employing the model of Schekochihin
et al. (2002). We assume that the magnetic field is saturated
when equipartition with turbulent energy is reached.

We find that the magnetic field strength rises quickly
during the kinematic regime, as the characteristic time
scales are considerably smaller than the dynamical time. In
the non-linear regime, the growth rate decreases when the
saturation level is approached, which occurs after only a
modest increase in density. The resulting field strength at
densities of a few atoms per cm?® is thus of the order of
10~° G. The evolution of the field strength both for Kol-
mogorov and Burgers type turbulence is illustrated in Fig. 6.

Overall, we conclude that magnetic field amplification
is highly efficient in the early Universe, resulting from the
ubiquity of turbulence and the efficient amplification via
the small-scale dynamo. We expect that such turbulent field
structures can be probed in high-redshift starbursts with the
Square Kilometre Array?.
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