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Microgauss magnetic fields are observed in all galaxies at low and high redshifts. The origin of these

intense magnetic fields is a challenging question in astrophysics. We show here that the natural plasma

fluctuations in the primordial Universe (assumed to be random), predicted by the fluctuation -dissipation

theorem, predicts �0:034 �G fields over �0:3 kpc regions in galaxies. If the dipole magnetic fields

predicted by the fluctuation-dissipation theorem are not completely random, microgauss fields over

regions* 0:34 kpc are easily obtained. The model is thus a strong candidate for resolving the problem of

the origin of magnetic fields in & 109 years in high redshift galaxies.
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I. INTRODUCTION

The origin of large-scale cosmic magnetic fields in
galaxies and protogalaxies remains a challenging problem
in astrophysics [1–4]. There have been many attempts to
explain the origin of cosmic magnetic fields. One of the
first popular astrophysical theories to create seed fields was
the Biermann mechanism [5]. It has been suggested that
this mechanism acts in diverse astrophysical systems, such
as large-scale structure formation [6–8], cosmological io-
nizing fronts [9], star formation, and supernova explosions
[10,11]. Ryu et al. [12] made simulations showing that
cosmological shocks can create average magnetic fields of
a few �G inside cluster/groups,�0:1 �G around clusters/
groups, and �10 nG in filaments. Medvedev et al. [13]
showed that magnetic fields can be produced by collision-
less shocks in galaxy clusters and in the intercluster me-
dium during large-scale structure formation. Arshakian
et al. [14] studied the evolution of magnetic fields in
galaxies coupled with hierarchical structure formation.
Ichiki et al. [15] investigated second-order couplings
between photons and electrons as a possible origin of
magnetic fields on cosmological scales before the epoch
of recombination. The creation of early magnetic fields
generated by cosmological perturbations have also been
investigated [16–19].

In our Galaxy, the magnetic field is coherent over kpc
scales with alternating directions in the arm and inter-arm
regions (e.g., Kronberg [20], Han [21]). Such alternations
are expected for magnetic fields of primordial origin [22].

Various observations put upper limits on the intensity of
a homogeneous primordial magnetic field. Observations of
the small-scale cosmic microwave background anisotropy
yield an upper comoving limit of 4.7 nG for a homoge-
neous primordial field [23]. Reionization of the Universe
puts upper limits of 0.7–3 nG for a homogeneous
primordial field, depending on the assumptions of the

stellar population that is responsible for reionizing the
Universe [24]. Another upper limit for a homogenous
primordial magnetic field is the magnetic Jeans mass
�1010M�ðB=3 nGÞ3 [25,26]. Thus, if we are investigating
the collapse of a �107M� protogalaxy, the homogeneous
primordial magnetic field must be <0:3 nG in order for
collapse to occur.
Galactic magnetic fields have been suggested to have

evolved in three main stages. In the first stage, seed fields
were embedded in the protogalaxy. They may have had a
primordial origin, as suggested in this paper. Another
possibility is that the seed fields could have been injected
into the protogalaxies by active galactic nuclei jets, radio
lobes, supernovas, or a combination of the above. Still
another possibility is that the seed fields may have been
created by the Biermann battery during the formation of
the protogalaxy. In the second stage, the seed fields were
amplified by compression, shearing flows, turbulent flows,
magneto-rotational instabilities, dynamos or by a combi-
nation of the above. In the last stage magnetic fields were
ordered by a large-scale dynamo [27].
Ryu et al. [12] investigated the amplification of mag-

netic fields due to turbulent vorticity created at cosmologi-
cal shocks during the formation of large-scale structures. A
given vorticity ! can be characterized by a characteristic
velocity Vc over a characteristic distance Lc. Ryu et al.
found that ! typically is

!� 1–3� 10�16 s�1; (1)

which corresponds to 10–30 turnovers in the age of the
Universe. They investigated Lc > 1 Mpc h�1. We investi-
gate Lc ’ 200 kpc h�1 in protogalaxies for a similar
vorticity.
We show that a seed field 0.003 nG over a comoving

2 kpc region at z� 10, predicted by the fluctuation-
dissipation theorem (FDT) [3], amplified by the small-
scale dynamo is a good candidate for the origin of mag-
netic fields in galaxies. Subramanian [28,29][29] and
Brandenburg and Subramanian [30] derived the nonlinear
evolution equations for the magnetic correlations. We use
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their formulation for the small-scale dynamo and solve the
nonlinear equations numerically. In Sec. II, we review the
creation of magnetic fields due to electromagnetic fluctua-
tions in hot dense equilibrium primordial plasmas, as
described in our previous work [3]. In Sec. III, we discuss
the small-scale dynamo and in Sec. IV, the important
parameters of the plasma to be used in the calculations.
In Sec. V, we present our results and in Sec. VI our
conclusions.

II. CREATION OF MAGNETIC FIELDS DUE TO
ELECTROMAGNETIC FLUCTUATIONS IN HOT

DENSE PRIMORDIAL PLASMAS IN
EQUILIBRIUM

Thermal electromagnetic fluctuations are present in all
plasmas, including those in thermal equilibrium. The level
of the fluctuations is related to the dissipative character-
istics of the plasma, as described by the FDT [31] (see also
Akhiezer et al. [32], Dawson [33], Rostoker et al. [34],
Sitenko [35]).

de Souza and Opher [3] studied the evolution of these
bubbles as the Universe expanded and found that the
magnetic fields in the bubbles, created originally at
the quark-hadron phase transition, had a value �9 �G
and a size 0.1 pc at the redshift z� 10 (see Table 1
of [3]). Assuming that the fields are randomly oriented,

the average magnetic field over a region D is B ¼
9 �Gð0:1 pc=DÞ3=2. The theory thus predicts an average
magnetic field 0.003 nG over a 2 kpc region at z� 10. We
assume this seed field and examine its amplification in a
protogalaxy by the small-scale dynamo, discussed in the
next section.

III. SMALL-SCALE DYNAMO

In a partially ionized medium, the magnetic field evolu-
tion is governed by the induction equation

ð@B=@tÞ ¼ r� ðvi �B� �r� BÞ; (2)

where B is the magnetic field, vi the velocity of the ionic
component of the fluid, and � is the ohmic resistivity.

Let Lc be the coherence scale of the turbulence.
Consider a system whose size is >Lc where the mean
field, averaged over any scale, is negligible. We take B to
be a homogeneous, isotropic, Gaussian random field with a
negligible mean average value. For equal time, the two
point correlation of the magnetic field is

hBiðx; tÞBjðy; tÞi ¼ Mijðr; tÞ; (3)

where

Mij ¼ MN

�
�ij �

�
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[28–30]. MLðr; tÞ, and MNðr; tÞ are the longitudinal and
transverse correlation functions, respectively, of the mag-

netic field andHðr; tÞ is the helical term of the correlations.
Sincer � B ¼ 0we haveMN ¼ ð1=2rÞ@ðr2MLÞ=ð@rÞ [36].
The induction equation can be converted into evolution
equations for ML and H:
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where

�Nðr; tÞ ¼ �þ TLLð0Þ � TLLðrÞ þ 2aMLð0; tÞ; (7)

�Nðr; tÞ ¼ 2Cð0Þ � 2CðrÞ � 4aHð0; tÞ; (8)

and

GðrÞ ¼ �4

�
d

dr

�
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�
þ 1
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�
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[28,29]. TLLðrÞ and TNNðrÞ are the longitudinal and trans-
verse correlation functions for the velocity field. The func-
tions TNN and TLL are then related in the way described by
Subramanian [29], which we assume here. These equations
for ML and H, describing the evolution of magnetic corre-
lations at small and large scales. The effective diffusion
coefficient �N includes microscopic diffusion (�), a scale-
dependent turbulent diffusion [TLLð0Þ � TLLðrÞ], and a
ambipolar drift 2aMLð0; tÞ, which is proportional to the
energy density of the fluctuating fields. Similarly, �N is a
scale-dependent � effect, proportional to [2Cð0Þ � 2CðrÞ].
The nonlinear decrement of the � effect due to ambipolar
drift is 4aHð0; tÞ, proportional to the mean helicity of the
magnetic fluctuations. The GðrÞ term in Eq. (5) allows for
rapid generation of small-scale magnetic fluctuations due
to velocity shear [29,30,37,38].
This turbulent spectrum simulates Kolmogorov turbu-

lence [39]. As in the galactic interstellar medium, the
protogalactic plasma is expected to have Kolmogorov
turbulence, driven by the shockwaves originating from
the instabilities, associated with gravitational collapse.
In the galactic context, we can neglect the coupling term

�NH as a very good approximation since it is very small
and consider only the evolution of ML [29].
For turbulent motions on a scale L and a velocity scale v,

the magnetic Reynolds number is Rm ¼ vL=�. There is a
critical MRN, Rc � 60, so that for Rm > Rc [29], modes of
the small-scale dynamo can be excited. The fluctuating
field, correlated on a scale L, grows exponentially with a
growth rate �L � v=L [29].
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IV. THE PARAMETERS OF THE TURBULENT
PLASMA

We use the fiducial parameters, suggested in the litera-
ture for the plasma that was present in the protogalaxy
[40,41]: total mass M� 1012M�, temperature T � 106 K,
and size Lc � 200 kpc. The ion kinematic viscosity is

�5� 1026 cm2=s, the Spitzer resistivity �s ¼ 6:53�
1012T�3=2 ln� cm2 s�1 � 8� 104 cm2 s�1, and the typi-
cal eddy velocity Vc � 107 cm=s.

V. RESULTS

In Fig. 1, we evaluate ML for various values of r and in
Fig. 2 for various values of Vc, solving numerically Eq. (5).
In Fig. 3, we evaluate the mean value of the magnetic field
as a function of r and t. Our previous work [3] showed that
the natural fluctuations of the primordial plasma predicted

by the FDT produces a cosmic web of randomly oriented
dipole magnetic fields. The average field over a region
�2 kpc is predicted to be 0.003 nG. We assume this seed
field and examine its amplification by the small-scale
dynamo in a protogalaxy. This seed field corresponds to
an MLð�B2Þ ’ 10�23 G2. Of particular interest is thus the
growth of ML with an initial value ML0 � 10�23 G2 in

Figs. 1 and 2, for initial magnetic fields B0 � 3�
10�12ð2 kpc=rÞ3=2 G of size r in Fig. 3.

VI. CONCLUSIONS AND DISCUSSION

It was shown previously that the magnetic fields, created
immediately after the quark-hadron transition, produce
relatively intense magnetic dipole fields on small scales
at z� 10 [3]. We show here that the predicted seed fields of
size �2 kpc and intensity 0.003 nG at z� 10 can be
amplified by a small-scale dynamo in protogalaxies to
intensities close to observed values. In the small-scale
dynamo studied, we use the turbulent spectrum given by
Subramanian [29]. The characteristic velocity Vc and
length Lc, used in the expression for the vorticity Vc=Lc,
are Vc ’ 107 cm=s and Lc ’ 200 kpc. This vorticity is
comparable to that found by Ryu et al. [12], studying
the formation of large-scale structures. The length Lc ’
200 kpc used is a characteristic size of a protogalactic
cloud. The turbulent spectrum used simulates
Kolmogorov turbulence [39]. From our Figs. 1 and 2, we
find that MLð�B2Þ increases from �10�23 G2 (corre-
sponding to a magnetic field B� 3� 10�12 G over a
region L� 2 kpc) to ML � 1018 G2 (corresponding to a
field�10�9 G over a region L� 2 kpc) in 109 years. This
corresponds to a �6 e-fold amplification of B in a rela-
tively short time. Collapsing to form galaxies at redshift
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FIG. 1 (color online). Values of ML ðG2Þ as a function of t
(years) and r. Solid black line has the reference values:
MLðr; 0Þ ¼ 10�11ð0:1 pc=rÞ3 G2, Lc ¼ 200 kpc, r ¼ 3 kpc,
and Vc ¼ 107 cm=s in Eqs. (36)–(38). Dashed red line is for r ¼
4 kpc, and the dotted blue line for r ¼ 5 kpc.
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FIG. 2 (color online). Values of ML ðG2Þ as a function of t
(years), varying Vc. Solid black line has the reference values in
Fig. 1. Dashed red line is for Vc ¼ 8� 106 cm=s. Dotted blue
line is for Vc ¼ 6� 106 cm=s.
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FIG. 3 (color online). Values of B (G) as a function of t (years)
and r (kpc) for reference values of Fig. 1.
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z� 10, the density increases by a factor of �200 and the
magnetic fields are amplified by a factor of �34. This
predicts 0:03 �G fields over 0.34 kpc regions in galaxies.
If the dipole magnetic fields predicted by the fluctuation-
dissipation theorem are not completely random, micro-
gauss fields over regions >0:34 kpc are easily obtained.
The model studied is thus a strong candidate to explain the
�G fields observed in high redshift galaxies.
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