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Abstract. The evolution and amplification of large-scale magnetic fields in galaxies is investi-
gated by means of high resolution simulations of interacting galaxies. The goal of our project
is to consider in detail the role of gravitational interaction of galaxies for the fate of magnetic
fields. Since the tidal interaction up to galaxy merging is a basic ingredient of cold-dark matter
(CDM) structure formation models we think that our simulations will give important clues for
the interplay of galactic dynamics and magnetic fields.
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1. Introduction
Radio observations reveal beyond any doubt that galaxies are permeated by ordered

large-scale and irregular small scale magnetic fields, with spatial scales ranging from sizes
of stars up to the spiral arm lengths, disk thickness and halo radii (e.g. Beck & Hoernes,
1996, Chyży et al., 2007, Beck, 2009, Vollmer et al., 2010). Typical field strengths are of
order of several µG, ranging from a few µG in dwarfs (e.g. Chyży et al., 2003) up to 30 µG
in the star-forming regions of grand-design spiral galaxies (Fletcher et al., 2004). Mag-
netic fields have also been observed at high red-shifts like e.g. in damped Ly-α systems
observed at red-shifts of z ≈ 0.4 − 2. These systems, which have often been interpreted
as large progenitors of present-day spirals (see Wolfe et al., 2005 for a review), seem
to host similar µG magnetic fields (e.g. Bernet et al., 2008), or even magnetic fields of
several tens of µG (Wolfe et al., 2008). The conversion of kinetic and turbulent energy
into magnetic energy is a well investigated process in plasma astrophysics. The general
term for this kind of energy transfer is “dynamo”. It is commonly believed that dynamo
processes like the turbulent dynamo and the αΩ-dynamo play a significant role in the
evolution of magnetic fields (e.g. Kulsrud, 1999, Arshakian et al., 2009, and references
therein). Those dynamo processes, however, rely on the presence of a “seed field” already
existing at the onset of dynamo action. Those seed fields may be primordial, or a conse-
quence of battery mechanisms in proto-galaxies or in the first stars. Primordial fields or
battery processes could account for seed fields of 10−21−10−18 G (see e.g. Rees, 1987 and
references therein), which would have to be amplified by more than ten orders of mag-
nitude to reach the observed present-day values in galaxies. Therefore, other scenarios
have been proposed. Within the most promising scenario, seed magnetic fields are built
up during the lifetime of stars and expelled via relativistic winds during supernovae (SN)
explosions (Rees, 1987). Those Crab-type SN remnants host magnetic fields of ≈ 10−4 G,
pervading a volume of several cubic parsecs. Given that we would expect a huge number
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of stars forming in a protogalaxy, the mean field strength that could permeate the galaxy
would be by orders of magnitude higher than that generated by the processes mentioned
before. The galactic dynamo process could then reorder and further amplify this stellar
seed field, while new born stars continue to seed magnetic fields into the galaxy. The
seeding, reordering and amplification of those stellar seed fields has been recently shown
by Hanasz (2009).

Since the evolution of large-scale magnetic fields is a part of galaxy evolution in general,
the observations of remarkably strong magnetic fields even in very young galaxies raise
the question about the origin and the evolution of the magnetic fields in our universe,
especially in the context of hierarchical structure formation models. In these scenarios
all present-day galaxies have undergone several major and minor mergers at early epochs
and thereafter continuous accretion of gas and smaller galactic subunits (White & Rees,
1978, White & Frenk 1991, see Benson (2010) for a recent review). In other words,
gravitational interactions are a key ingredient for the first phases of galaxy evolution.
We can crudely estimate the amount of free energy during an interaction of two galactic
subunits to be proportional to their relative velocity squared, i.e. Efree ∼ v2

rel . Obviously,
some of this energy released during the interaction is converted into thermal energy of hot
gas. High energy particles also carry away some of the energy. However, it is reasonable to
assume that at least some of this energy is converted into magnetic field energy during
the compression of gas and the formation of tidal structures. As the amount of Efree
can be very large during a major merger, the amount of energy converted into magnetic
energy can be significant. Moreover, burst of star formation driven by the interaction
(see e.g. Naab et al., 2006, Hopkins et al., 2008 and references therein) could continously
seed new magnetic field, thus intensifying the amplification of magnetic fields even more.

Given the importance of the formation process for the present-day appearance of galax-
ies, there is a growing interest in the evolution of magnetic fields in the early universe
(e.g. de Souza & Opher 2010) and during galaxy formation (e.g. Dubois & Teyssier,
2010, Wang & Abel, 2009, Schleicher et al., 2010)

The dramatic impact of mergers on the gas flows will directly affect the dynamics
of the magnetic fields of the systems. Since gas and magnetic field are tightly coupled,
the magnetic field traces the gas motion and will be amplified by shocks and radial gas
inflow. It is the aim of our work to shed light on the complicated nature of the evolution
of magnetic fields in interacting systems. Understanding those systems is the first step
towards a more complete understanding of the evolution of magnetic fields in the early
universe.

2. Simulations
The simulations presented here were performed with the N-body/SPH-code Gadget

(Springel, 2005). The dynamics of the Lagrangian fluid elements are followed using a
SPH formulation including the evolution of magnetic fields which was implemented and
tested by Dolag & Stasyszyn 2009. See Kotarba et al. (2009) and Kotarba et al. (2010)
for more details.

The Antennae galaxies.
A perfect example of the strong coupling of gas and magnetic fields is the interacting

system NGC4038/4039 (the “Antennae galaxies”). We have simulated this system includ-
ing magnetic fields for the first time (Kotarba et al., 2010a). The simulations demon-
strated that even an initial magnetic field as small as 10−9 G is efficiently amplified
during the interaction of two equal-mass spiral galaxies. The strength of the magnetic
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Figure 1. Artificial radio map of the simulated Antennae galaxies.

field thereby saturates at a value of 10 µG, independent of the initial magnetic field
strength. This value compares well with the observations.

Fig. 1 shows an artificial radio map calculated at time of best match between the
simulated gas and stellar distributions and observations. The radio map is in convincing
morphological agreement with synchrotron observations of the Antennae system. Thus,
the underlying numerics of the applied N -body/SPH code Gadget showed to be capable
of following the evolution of magnetic fields in a highly nonlinear environment.

Saturation phenomena like that seen in our simulations usually occur when some kind
of equipartition is reached. In case of the magnetic field, one usually assumes equipartition
between the magnetic field energy density, the energy density of cosmic rays (CRs) and
the energy density of the ionized gas. As we did not include CRs in our simulations,
we have considered the energy densities of the gas. We have found that the estimated
turbulent energy density of the gas is of the same order of magnitude as the magnetic
field energy density. In view of the turbulent dynamo models which assume turbulence to
be the main source of magnetic field amplification, this result seems reasonable. However,
as we do not resolve the turbulent spectra of the gas in our simulations, but, instead,
estimate the turbulence to be proportional to the rms velocity squared inside the SPH
smoothing kernels, more studies are needed to assess the reason for the saturation of the
magnetic field.

Ménage à trois.
We have performed simulations of three colliding galaxies to proof the saturation and

equipartition phenomena seen in Kotarba et al., 2010a on the basis of a more general
setup (Kotarba et al., 2010b). In these simulations, the magnetic field saturates at a
value of about 1 G - which is again consistent with observations -, independent of the
initial value. Again, we find equipartition between the magnetic and the turbulent energy
density.

Furthermore, the inclusion of the IGM in the simulations of colliding galaxies allows
also for studying the magnetization of the IGM itself. We find that the shocks driven into
the IGM by the interaction are the stronger, the higher the initial magnetic field within
the galaxies and the IGM, suggesting that the shocks are gaining higher Mach numbers
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due to magnetic pressure support. Moreover, we find that there exists also a saturation
magnetic field within the IGM, which has a mean value of 10−8 G. Again, this value
agrees with observations.

Movies of the evolution of the magnetic field, the gas density, the temperature and the
rms velocity als well as artificial radio maps for the “ménage à trois” can be found at
http://www.usm.uni-muenchen.de/people/kotarba/public.html.

3. Conclusion
More detailed studies of galaxy interactions are needed to gain stronger insight into

the nature of magnetic field saturation in interacting systems. However, on the basis of
the performed simulations, we are confident that we are close to solve this issue.

Summing up our simulations clearly show that galactic interactions are efficient drivers
of magnetic field amplification. All of the achieved saturation values agree with observa-
tions, thus indicating that these values develop naturally in real galaxies. On the basis of
this work, we conclude that any galactic encounter in the history of the universe should
have contributed to the magnetization of the universe. Within the CDM hierarchical
structure formation model all galaxies build up through several major and minor merg-
ers and the accretion of gas and smaller galactic subunits. Thus, within these models, the
magnetization of the universe should be a natural part of galaxy formation and evolution.
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