Cosmology, Galaxy Formation and Astroparti le Physi s
on the pathway to the SKA

Klo kner, H.-R., Jarvis, M. & Rawlings, S. (eds.)
April 10th-12th 2006, Oxford, United Kingdom

Magneti

elds in star-forming galaxies at low and high redshifts
Rainer Be k

Max-Plan k-Institut fur Radioastronomie, Auf dem Hugel 69, 53121 Bonn, Germany
Magneti elds in nearby galaxies are ampli ed and stru tured by ompressing and shearing gas ows and
by dynamo a tion. Large-s ale oherent elds an be expe ted in young galaxies after several 108 yr, while turbulent
ows and small-s ale dynamos an generate turbulent magneti elds on the times ale of the rst supernova
explosions. Frequent intera tions and ram pressure in the early Universe produ ed strong anisotropi elds. Distant,
unresolved galaxies are expe ted to be polarized in radio ontinuum and will be ideal sour es for the SKA all-sky
survey of Faraday rotation measures. Models of magneti eld evolution in galaxies are required to investigate the
relation of total radio ontinuum emission to the star-formation rate.

Abstra t.

1. Introdu tion
The Square Kilometre Array (SKA) will allow to dete t
radio ontinuum emission from star-forming galaxies out
to redshifts of at least 3. At frequen ies  10 GHz the
radio ontinuum from spiral galaxies is dominated by
syn hrotron emission. The SKA will provide information
about magneti eld generation and osmi -ray a eleration as a fun tion of galaxy age.
Polarized syn hrotron emission from young starforming galaxies may serve as ba kground sour es for measurements of Faraday rotation measures (RM) in the intervening media. The SKA Key S ien e Proje t \The origin
and evolution of osmi magnetism" will perform an allsky RM survey to model the three-dimensional stru ture
and strength of the magneti elds in the intergala ti
medium (IGM) and the interstellar medium (ISM) of intervening galaxies and of the Milky Way (Gaensler et al.
2004). Simulation of the polarized sky is one of the tasks of
the EU-funded SKA Design Study (SKADS) and will derive onstraints on the SKA design on erning sensitivity
and purity of polarization observations.
In this paper our present knowledge on magneti elds
in nearby star-forming galaxies is summarized and expe tations for distant, young galaxies are dis ussed.

2. Radio ontinuum and star formation
The orrelation between radio and far-infrared (FIR) luminosities of star-forming galaxies is one of the tightest
orrelations known in astrophysi s. It extends over more
than ve orders of magnitude (Bell 2003) and is valid
to redshifts of 1{3 (Garrett 2002, Appleton et al. 2004,
Kova s et al. 2006). The slope of this orrelation for pure
radio syn hrotron emission, at frequen ies below about
1 GHz, is 1.2{1.3 (Fitt et al. 1988, Pri e & Duri 1992,
Hughes et al. 2006) and slightly atter (1.1) for a mixture of syn hrotron and thermal emission at frequen ies
 10 GHz (Niklas 1997). The orrelation also holds for
blue ompa t and low-surfa e brightness galaxies (Chy_zy
et al. 2006b) for whi h thermal emission dominates at fre-

quen ies beyond ' 5 GHz. A radio ex ess is observed in
NGC 2276 (Hummel & Be k 1995) and for galaxies in the
inner part of the Virgo luster (Niklas et al. 1995) where
magneti elds are ompressed by ram pressure. A radio
de it was found in a few galaxies with very re ent starbursts (Roussel et al. 2003).
The radio{infrared orrelation also holds lo ally within
galaxies, between the radio intensity and mid-infrared intensity at 7m or 15m or the far{infrared intensity at
60m, with slopes of 0.7{0.9 (Walsh et al. 2002, Vogler et
al. 2005, Hughes et al. 2006). In NGC 6946 the wavelet
ross- orrelation oeÆ ient is high at all spatial s ales
down to 400 p (Fri k et al. 2001). In the LMC, where
the observations had suÆ iently high spatial resolution,
the orrelation breaks down below a s ale of about 50 p
(Hughes et al. 2006).
The physi al ba kground of the relation is hardly understood. Energeti photons from massive stars ause infrared and thermal radio emission. Cosmi rays, responsible for syn hrotron emission, are most probably a elerated in supernova remnants. To a hieve an almost linear
orrelation between the total nonthermal radio luminosity
and the supernova rate, the magneti eld strength either
has to be almost onstant between galaxies (e.g. Condon
1992), whi h is an unphysi al assumption, or the magneti elds plays no role due to strong syn hrotron losses
of the osmi -ray ele trons (as in the alorimeter model,
Volk 1989) whi h, however, annot explain the lo al orrelation observed within galaxies. Assuming opti ally thi k
dust, energy equipartition between magneti eld osmi
rays and that the magneti elds are oupled to the dense
gas louds, Niklas & Be k (1997) derived a nonlinear s aling of radio ontinuum emission with star-formation rate,
and global and lo al orrelations with a slope of about
1.3. Related models for opti ally thin dust were proposed
by Helou & Bi ay (1993) and Hoernes et al. (1998), where
the slope of the orrelation depends on several parameters
and an also be smaller than 1.
One of the main questions of osmology with the SKA
is whether the radio{infrared orrelation still holds for
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Total emission ( ontours) and B{ve tors of polarized
emission of the spiral galaxy M 51, ombined from data at
4.8 GHz observed with the VLA and E elsberg teles opes.
Ve tor lengths are proportional to the polarization intensity
(from Flet her et al., in prep.)

Fig. 1.

young galaxies in the early Universe, i.e. whether the radio ux of a distant galaxy an be used as a measure of
its star-formation rate. This question riti ally depends
on the evolution of gala ti magneti elds (see Se t. 6).

3. Magneti

elds in nearby galaxies

The average strength of the total eld in the plane of the
sky an be derived from the total radio syn hrotron intensity, the strength of the resolved oherent regular eld
and anisotropi random eld from the polarized intensity,
if energy-density equipartition between osmi rays and
magneti elds is assumed (Be k & Krause 2005). The
mean equipartition strength of the total eld for a sample of 74 spiral galaxies is ' 9 G (Niklas 1995). Radiofaint galaxies like M 31 and M 33 have ' 6 G, while
' 15 G is typi al for grand-design galaxies like M 51,
M 83 and NGC 6946. In the prominent spiral arms of M 51
the total eld strength is ' 30 G (Flet her et al. 2004)
along the prominent dust lanes (Fig. 1). The strongest
elds in spiral galaxies were found in starburst galaxies
like M 82 with ' 50 G strength (Klein et al. 1988)
and the \Antennae" (Chy_zy & Be k 2004), and in nu lear
starburst regions with 50-100 G (Be k et al. 2004). The
energy density of the magneti eld Emagn (assuming energy density equipartition) in spiral galaxies is generally
one order of magnitude larger than that of the ionized gas
Eth , but similar to that of the turbulent gas motions.
The strengths of the resolved regular and anisotropi
random elds in spiral galaxies (observed with a spatial
resolution of a few 100 p ) are typi ally 1{5 G. In most

galaxies, the regular elds are strongest between the opti al arms, sometimes forming magneti spiral arms with
ridge lines between the opti al arms, like in NGC 6946
with ' 10 G strength (Be k & Hoernes 1996). Within
the spiral arms the regular elds are generally weak.
Compression by the strong density waves of M 51 at the
inner edge of the inner spiral arms generates anisotropi
elds of ' 15 G strength (Flet her et al. 2004, Fig. 1).
The B{ve tors of polarized emission form spiral patterns, in spiral galaxies, in o ulent and in several bright
irregular galaxies (see examples shown in Be k 2005). The
magneti elds in spiral galaxies run almost parallel to the
spiral arms. In M 51 (Fig. 1) the eld orientation varies
by 10Æ {20Æ around the pit h angles of the spiral arms as
tra ed by CO emission (Patrikeev et al. 2006).
In galaxies with massive bars the total radio intensity
is strongest in the region of the dust lanes by ompression in the bar's sho k. However, the ontrast in polarized
intensity is mu h smaller, probably the result of a de oupling of the regular eld from the dense mole ular louds
(Be k et al. 2005). The regular eld around bars is probably strong enough to resist to be sheared by the di use
gas, indi ating that magneti for es an ontrol the ow
of the di use interstellar gas at kiloparse s ales.
Edge-on galaxies possess thi k radio disks of about
2 kp s ale height (Krause 2003). The mean s ale height
of the total magneti eld is ' 8 kp (in ase of equipartition between the energy densities of magneti eld and
osmi rays). The eld's s ale height may even be larger
if osmi rays originate from star-forming regions in the
plane and are not re-a elerated in the halo, so that the
ele trons lose their energy beyond some height. The orientations of the eld near the midplane are mainly parallel
to the disk, but with in reasing verti al omponents with
in reasing distan e from the midplane (Tullmann et al.
2000, Krause et al.2006). If star formation in the disk is
very strong, the verti al eld an be dominant, as in the
entral part of NGC 4631 (Krause 2003). Several magneti
spurs are onne ted to star-forming regions in the disk of
NGC 4631 (Golla & Hummel 1994).
Present-day polarization observations are limited by
sensitivity at high resolution. The best available spatial
resolution is 10 p in the LMC (Gaensler et al. 2005).
The SKA will have mu h improved sensitivities and allow
to study magneti elds in galaxies at angular resolutions
more than 10 better than today (Be k & Gaensler 2004).

4. Faraday rotation and dynamo models
Faraday rotation is a signature of oherent regular elds,
and the sense of Faraday rotation reveals the dire tion
of the eld. Only dynamos are able to generate magneti
elds with large-s ale oheren e. Compression or shearing of turbulent elds by gas ows generates anisotropi
random elds. These are in oherent and reverse dire tion
frequently within the teles ope beam, so that Faraday rotation is small while the degree of polarization an still be
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high (polarization angles are insensitive to eld reversals
in the sky plane).
\Mean- eld" dynamos require turbulent heli al gas
ows and large-s ale di erential rotation. They generate
large-s ale oherent eld stru tures whi h are des ribed as
modes of di erent azimuthal, radial and verti al symmetries (Be k et al. 1996). Several modes an be ex ited. In
at disks with axisymmetri gas distribution and smooth
rotation, the strongest mode is the axisymmetri spiral
one (m = 0), followed by m = 1 (a bisymmetri spiral
eld), et . These modes an be identi ed by Fourier analysis of their spe i azimuthal patterns of Faraday rotation measures (RM) (Krause 1990). The SKA will allow
detailed tests of gala ti dynamo models (Be k 2006).
M 31 and possibly the LMC host dominating axisymmetri elds (Berkhuijsen et al. 2003, Gaensler et al.
2005). The magneti arms observed in NGC 6946 an be
des ribed as a superposition of an axisymmetri m = 0
and a quadrisymmetri m = 2 mode (Rohde et al. 1999).
However, for most of about 20 nearby galaxies for whi h
RM data are available, no dominating magneti modes
ould be reliably determined (Be k 2000). In M 51 the
anisotropi random eld is stronger than the oherent regular eld, due to shearing and ompressing in the strong
density wave ow (Flet her et al., in prep).

5. Magneti

elds in galaxies at large redshifts

Our present knowledge on magneti elds in distant starforming galaxies is very limited. Radio syn hrotron emission and hen e magneti elds are observed in galaxies
out to redshifts of 3 (Ivison et al. 2005). As the radio{
FIR orrelation holds to the same distan es, the magneti
elds in young galaxies are similarly strong with respe t
to their star-formation rate ompared to nearby galaxies.
Whether this holds still at larger redshifts has to be investigated (see Se t. 6).
The magneti eld stru ture annot be observed dire tly in distant galaxies due to the la k of resolution
with present-day teles opes. If a galaxy happens to be
on the line of sight towards an extended polarized ba kground sour e, Faraday rotation (RM) within its ISM an
be measured. Kronberg et al. (1992) derived a few RM
values of a galaxy at z = 0:395 towards the ba kground
quasar PKS1229-021 and proposed a bisymmetri stru ture in the galaxy with a regular eld strength of a few G.
A Faraday depolarization silhouette by the nearby spiral
galaxy NGC 1310 was found by Fomalont et al. (1989)
against the giant radio galaxy Fornax A. These results
indi ate the future possibilities with the SKA.
The magneti eld stru ture in galaxies depends on
the following pro esses: dynamo a tion (Se t. 6), shearing or ompressing gas ows (Se t. 6), star formation,
ram pressure by the surrounding IGM, and intera tions.
Galaxies in the early Universe were smaller, the IGM density was higher, and they were subje t to more frequent
intera tions and starbursts. Studying the polarized radio
emission from nearby galaxies with signs of intera tions or

Polarized emission ( ontours) and B{ve tors of the spiral galaxy NGC 4569, observed at 4.8 GHz with the E elsberg
100-m teles ope. Ve tor lengths are proportional to the polarization degree (from Chy_zy et al. 2006a)

Fig. 2.

starbursts may give some idea about galaxies in the early
Universe.
Ram pressure by a dense IGM ompresses the magneti eld and leads to a highly regular or anisotropi
elds, observable as strong polarized emission (Hummel
& Be k 1995, Vollmer et al. 2004). Intera tion-driven outows an generate polarized emission far away from the
galaxy disks (Fig. 2). Massive irregular galaxies host elds
of similar strength as spiral galaxies, but with less regular, asymmetri eld stru ture. Strongly intera ting galaxies like the \Antennae" reveal ompressed magneti elds
with strong polarized emission (Chy_zy & Be k 2004). At
a redshift of z=3, the Antennae would be unresolved with
the SKA, but still 2% polarized.
In on lusion, distant star-forming galaxies are expe ted to reveal signi ant polarization, even if they are
not resolved by the teles ope beam. Regular spiral eld
stru tures, whi h would yield weak polarization at large
distan es, were probably rare in the early Universe. This
means that a large number of polarized sour es will be
available for the planned SKA survey of Faraday rotation
measures (Gaensler et al. 2004).

6. Models of magneti

elds in young galaxies

Gala ti magnetism has probably evolved in subsequent
stages: primordial seed elds or eje tion of seed elds into
the protogalaxy by AGN jets or early supernova remnants;
eld ampli ation by ompressing or shearing ows, turbulent ows, magneto-rotational instability and dynamos;
and eld ordering by the large-s ale dynamo.
The strength and stru ture of gala ti magneti elds
an be the result of lo al ompression and shear by nonuniform gas ows, whi h were espe ially important in
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young galaxies. Otmianowska-Mazur et al. (2002) showed
that the gas ow in a barred galaxy an amplify elds
and generate spiral stru tures with oheren e lengths of a
few 100 p . However, the total magneti energy and total
magneti ux of the galaxy annot be in reased, so that
additional dynamo a tion is required.
In MHD models of turbulent gas ows in galaxies driven by supernova explosions (de Avillez &
Breits hwerdt 2005) the magneti eld is sheared and
ompressed by the ow. The strongest elds are lo ated
in the regions of old, dense gas. This agrees well with the
interpretation of the radio{infrared orrelation (Se t. 2).
The dynamo is the only known model whi h is able
to generate oherent magneti elds of spiral shape and
to in rease the magneti ux. The standard \mean- eld"
dynamo builds up large-s ale oherent elds within about
109 yr (Be k et al. 1994). Faster ampli ation of higher
dynamo modes an o ur for the gas ow in a bar potential
(Moss et al. 2001), or for gravitational intera tion with another galaxy (Moss 1995). Su h ases were more frequent
in early galaxies. A spe trum of dynamo modes an be expe ted after several 108 yr, to be dete ted with the SKA as
typi al Faraday rotation (RM) patterns. Younger galaxies, however, should not host large-s ale oherent elds
and hen e reveal no large-s ale Faraday rotation.
The small-s ale or u tuation dynamo (Be k et al.
1994, 1996, Brandenburg & Subramanian 2005) amplies turbulent, in oherent magneti elds. It does not rely
on di erential rotation and an also work in small galaxies. The typi al times ale is 106 {107 yr. Strong turbulent
magneti elds an be expe ted in young galaxies with
high supernova rates. Compression and shear by turbulent
ows, intera tions and ram pressure (Se t. 5) an further
amplify the eld and generate anisotropi random elds,
observable as polarized radio emission.
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