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Abstract Magnetic �elds are observed everywherein the universe. In this review,
we concentrate on the observational aspects of the magnetic �elds of Galactic and
extragalactic objects. Readerscan follow the milestonesin the observations of cos-
mic magnetic �elds obtained from the most important tracers of magnetic �elds,
namely, the star-light polarization, the Zeemane�ect, the rotation measures(RMs,
hereafter) of extragalactic radio sources,the pulsar RMs, radio polarization observa-
tions, as well as the newly implemented sub-mm and mm polarization capabilities.

The magnetic �eld of the Galaxy was �rst discovered in 1949 by optical polar-
ization observations. The local magnetic �elds within oneor two kpc have beenwell
delineated by starlight polarization data. The polarization observations of di�use
Galactic radio background emissionin 1962 con�rmed unequivocally the existence
of a Galactic magnetic �eld. The bulk of the present information about the mag-
netic �elds in the Galaxy comesfrom analysisof rotation measuresof extragalactic
radio sourcesand pulsars, which can be used to construct the 3-D magnetic �eld
structure in the Galactic halo and Galactic disk. Radio synchrotron spurs in the
Galactic center show a poloidal �eld, and the polarization mapping of dust emission
and Zeemanobservation in the central molecular zone reveal a toroidal magnetic
�eld parallel to the Galactic plane. For nearby galaxies, both optical polarization
and multifrequency radio polarization data clearly show the large-scalemagnetic
�eld following the spiral arms or dust lanes. For more distant objects, radio polar-
ization is the only approach available to show the magnetic �elds in the jets or lobes
of radio galaxies or quasars. Clusters of galaxies also contain widely distributed
magnetic �elds, which are re
ected by radio halos or the RM distribution of back-
ground objects. The intergalactic spacecould have beenmagnetizedby out
o ws or
galactic superwinds even in the early universe. The Zeemane�ect and polarization
of sub-mm and mm emissioncan be used for the study of magnetic �elds in some
Galactic molecular cloudsbut it is observed only at high intensity. Both approaches
together can clearly show the role that magnetic �elds play in star formation and
cloud structure, which in principle would be analogousto galaxy formation from
protogalactic clouds. The origin of the cosmic magnetic �elds is an active �eld of
research. A primordial magnetic �eld has not beenas yet directly detected, but its
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existencemust be consideredto give the seed�eld necessaryfor many ampli�cation
processesthat have beendeveloped. Possibly, the magnetic �elds weregeneratedin
protogalactic plasma clouds by the dynamo process,and maintained again by the
dynamo after galaxieswere formed.

Key words: magnetic �elds | polarization | ISM: magnetic �elds | galaxies:
magnetic �elds | pulsars

1 AT THE BEGINNING

Magnetic �elds havebeenobservedeverywherein the universe.Historically, the existenceof
the magnetic �eld of the Earth hasbeenknown in China for over 4000years. Chineseemperors
of the Han Dynasty used `magnetic carts' to point the way on the tours of their empire. The
Roman chronicler Plinius recorded that in ancient Greece,in the province called `Magnesia',
iron ore with magnetic properties had beenmined possibly for thousandsof years. The useof
the compassfor navigation was practised by Chinese,Arab, Portuguese,Spanish and English
seafarers. In England William Gilbert performed experiments with magnets around 1600. A
seriesof important discoveries of magnetic e�ects were made by Coulomb, Faraday, Oersted,
and Gauss.

The basicexperiment of Zeeman,the observation of the splitting of spectral lines by passage
through a magnetic �eld, opened the way to remote sensingof magnetic �elds. A few years
after Zeeman'sresult was published, in 1908, G. E. Hale observed magnetic �elds in the Sun.
The detection of magnetic �elds in Ap stars was made by Babcock (1947).

The �rst discussionabout the needof an interstellar magnetic �eld to explain the isotropy of
the cosmicradiation wasgiven by Alfv �en (1937), but Fermi (1949) stressedthat the �elds �lled
the vast expansesof interstellar space. The �rst observations of the polarization of starlight,
made by Hiltner (1949) and Hall (1949), were at �rst interpreted to be due to the scattering
by dust in the Galactic plane. An alternativ e explanation by Davis & Greenstein (1951) was
that magnetic �elds may align the dust grains.

A spectacular result was the study of the polarization of the Crab Nebula by Dombrovsky
(1954) who followed up the suggestionby Shklovskij (1953) that the light of the Crab nebula is
due to synchrotron emissionand is therefore polarized. Oort & Walraven (1956) and Woltjer
(1957) followed up these observations with two dimensional vector plots of the polarization
of the Crab nebula, proving that it was indeed optical synchrotron radiation. New optical
polarization observations and historical observations of this object can be found in Hickson &
van den Bergh (1990).

The advent of radio astronomy, starting in the 1950's,allowed the measurement of magnetic
�elds in a variety of cosmic objects. Data have been gathered on the magnetic �elds in the
Milky Way, nearby galaxies,clusters of galaxiesand distant radio galaxies. In this review, we
will not be dealing with the magnetic �elds of the Earth, the Sun and the planets. Instead, we
will concentrate on the many aspects of the Galactic and extra-galactic magnetic �elds.

The detection of radio polarization in the Galaxy (Westerhout et al. 1962; Wielebinski
et al. 1962) gave the �nal proof that magnetic �elds exist in the Milky Way. These early
observations showed that the radio polarization wassubject to ionosphericFaraday rotation at
lower radio frequencies.Polarization of the radio continuum emissionof discrete radio sources
was observed by Mayer et al. (1962). In the succeedingyears, both the Galactic polarized
emissionand the discrete radio sourceswere shown to be subject to Faraday rotation by the
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Galactic magnetic �elds along the line of sight. This discovery gives the secondradio method
of measuringmagnetic �elds.

The Zeemane�ect was used at optical wavelengths to measurethe magnetic �eld of the
Sun and of the magnetic stars. The radio Zeemane�ect waspredicted for the HI line by Bolton
and Wild (1957) but it took sometime to be detected. The radio Zeemane�ect was �nally
found by Verschuur (1968) in HI clouds in the Galaxy. Zeemane�ect studiesof other molecular
speciesthat probe magnetic �eld strengths in di�eren t molecular clouds were also successful.
The observations, however, are di�cult and data gathering during the past yearshasbeenslow.

Soon after the discovery of the �rst pulsar it wasrealizedthat theseobjects could be ideally
usedto measurethe magnetic �elds of the Galaxy. This waspointed out �rst by Lyne & Smith
(1968). In someways pulsar studies combined with Galactic polarization observations are the
best method to investigate the Galactic magnetic �eld.

The earliest mapsof radio galaxiesshowedthat considerablepolarization is present and that
magnetic �elds are involved in the emissionprocess(e.g., Cooper & Price 1964; Morris et al.
1964;H•ogbom & Carlsson1974). The advent of large synthesis radio telescopesin Westerbork,
Holland and the Very Large Array in Soccoro, New Mexico contributed signi�can tly to this
subject.

The search for radio polarization in normal galaxiesled to the �rst detection of the regular
magnetic �elds in M51 by Mathewson et al. (1972), the mapping of M31 by Beck et al. (1978)
followed. This �eld of research, which requires observations at several high frequencies,and
has been dominated by the observations with E�elsb erg radio telescope. More recently , the
combination of E�elsb erg singledish mapswith the VLA data greatly advancedour knowledge
of galactic magnetic �elds.

Di�use radio continuum emissionwas found to be present in clusters of galaxies(e.g., Ryle
& Windram 1968;Willson 1970;Wielebinski 1978). In particular, the investigation of the Coma
A cluster led to the conclusionthat magnetic �elds of B � 2� G are present in the intracluster
medium between the galaxies. This result came both from an equipartition argument for the
continuum data (e.g. Deiss et al. 1997) and Faraday rotation studies by Kim et al. (1990).
Certainly clusters of galaxiesrepresent the largest magnets in the Universe.

The existenceof magnetic �elds in the more distant Universehas beenthe subject of many
papers. We refer to the excellent review by Kronberg (1994) who showed that Lyman-� systems
with z = 2:0 � 3:0 possessmagnetic �elds. Additional reviews on magnetic �elds in galaxies
have beenmade by Zeldovich et al. (1983), Rees(1987), Wielebinski & Krause (1993), Beck et
al. (1996), Zweibel & Heiles (1997) and Beck (2001).

Note that Zeemansplitting and Faraday rotation can detect the magnetic �eld component
along the line of sight, i.e., B jj , and are sensitive to its sign, whereassynchrotron radiation and
polarimetry (of starlight or dust) mostly re
ect on the �eld component perpendicular to the
line of sight, B? .

2 OPTICAL POLARIZA TION

In retrospect, the earliest method of tracing the magnetic �elds of the Galaxy was actually
successful. The �rst reports (Hiltner 1949; Hall 1949) of the polarization of starlight came
simultaneously with the suggestionthat magnetic �elds may align the dust grains, and theo-
retical work by Davis & Greenstein(1951) implied that polarization was causedby dust grains
so lined-up. However, the problem of separatingsimple scattering e�ects from polarization due
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to dust grains aligned in magnetic �elds makes the interpretation ambiguous. This led to a
controversy that continued for many years. Many optical astronomerswereconvinced that only
scattering was responsible for all observed polarization, while onecan say that much of the po-
larization is in fact due to magnetic alignment. In fact, other possibilities exist as to the cause
of polarization of thermal dust emission, such as dust grains in an anisotropic radiation �eld
(e.g., Onaka 2000) or di�eren t populations of grains at di�eren t temperatures, seeGoodman
(1996) for a review on both the observational and theoretical aspects.

2.1 Polarization of Stars

Polarization of starlight can be used to detect magnetic �elds out to 1 or 2kpc from the
Sun. In the late 1950s,a substantial catalog of the polarization of stars in the northern hemi-
sphere was compiled by Behr (1959). This work was continued in the southern hemisphere
by Mathewson and Ford (1970a) who eventually presented an all-sky distribution of starlight
polarization. Their catalog includes polarization measurements by Hiltner (1956), Hall (1958),
Behr (1959), Loden (1961), Appenzeller (1968), and Visvanathan (1967). The general conclu-
sion of this work is still valid today that the magnetic �eld of the Galaxy is in generalaligned
along the Galactic plane. Someadditional e�ects were also noted that indicated irregularities
of the local �eld.

Fig. 1 Distribution of starlight polarization. Nearby stars show the local pertur-
bations, and distant stars show the larger-scale �eld parallel to the galactic plane
(courtesy P. Fosalba).

Using the data available at the time, Axon & Ellis (1976) compiled a catalog of 5070stars
with reliable distances. Recently , Heiles(2000) hascompiled a new catalog of starlight polariza-
tions of 9286stars, using all previously available data including 1800stars from Mathewson &
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Ford (1970a), 126 stars from Appenzeller (1974), 495 stars from Schroeder (1976), 1660south-
ern OB stars from Klare & Neckel (1977), 313nearby stars from Krutter (1980), 358+118 stars
from Korhonen & Reiz (1986), 1000nearby stars from Leroy (1993), 133 stars from Bel et al.
(1993), 51 stars at high Galactic latitudes from Berdyugin et al. (1995), 361 stars from Reiz
& Franco (1998), and 126 stars from Goodman (unpublished data). After the Heiles' catalog
was compiled, some new data from Berdyugin's group (Berdyugin & Teerikorpi 1997, 2001;
Berdyugin et al. 2001) and others (e.g., Serkowski & Shawl 2001) have beenpublished.

The starlight data show that the percentagepolarization increaseswith increasingextinction
and/or distance (Behr 1959; Appenzeller 1968; Fosalba et al. 2002), showing the Davis and
Greensteine�ect from interstellar dust grains. Many analyseshave reached the conclusionthat
the local regular magnetic �elds of our Galaxy point to the direction l � 82� , and seem to follow
the spiral pattern very closely (e.g., Heiles 1996; Andreasyan & Makarov 1989), although the
local distortions can be clearly seenin the nearby stars (seeFig. 1). The polarization \v ectors"
in the southern Galactic pole (eg. Berdyugin & Teerikorpi 2001) seemunperturb ed by any
other featuresand hencethe direction of local �elds can be seenclearly. Most recent analysisof
the polarization data (e.g., Fosalbaet al. 2002) shows that the regular magnetic �eld is about
39% to 62% of the total magnetic energy.

Starlight polarization wasmainly usedto study the local magnetic �elds (within 1 or 2kpc),
as stated above. However, it is worth noting someother applications of the data. For a long
time, the data were used to probe the intervening clouds (e.g., Markkanen 1979; Gomez de
Castro et al. 1997). The excesspolarization of Vega-like stars was used to statistically study
the circumstellar material (Bhatt & Manoj 2000). Angular power spectrum analysisof the data
may be usedto model the Galactic polarized continuum emissionat other wavelengths(Fosalba
et al. 2002).

2.2 Nearb y Galaxies

Optical polarization observations of nearby galaxies can reveal the magnetic �elds in the
galactic disk or dust lanes.

The observations of M31 by Hiltner (1958) were shown to require a magnetic �eld aligned
along the major axis. A discussionof the polarization producedby interstellar dust in external
galaxieswas given earlier by Elvius (1951, 1956). Polarimetric observations of several galaxies
by Appenzeller (1967) showed optical polarization vectors but were interpreted to be due to
re
ection aswell as interstellar absorption with a magnetic �eld directed along the spiral arms.
First polarization of stars, later photoelectric surfacephotometry in Magellanic Clouds (e.g.,
Mathewson& Ford 1970b,1970c;Schmidt 1970)gave us somereal insight of the magnetic �elds
in thesenearby galaxies.

The next important development in this �eld is creditted to S.M. Scarrott who for many
yearsdeliverednumerousresults on magnetic �elds using his electronographiccameramethods.
Up to 30% optical polarization in the halo region of M82 (Bingham et al. 1976) and strong
polarization along the dust lanes of M104 (Scarrott et al. 1977) were published. The optical
polarization in most casesindicated the presenceof large-scalemagnetic �elds in galaxies(Elvius
1978). The advent of the CCD has added more sensitivity to various polarimeter systems.
Scarrott et al. (1987) showed the perpendicularity between the radio and optical polarization
vectors, exactly as expected if magnetic dichroism and the synchrotron processare responsible
for the polarization at the shorter and longer wavelengthsrespectively. The polarization map
of NGC 1068 (Scarrott et al. 1991, seeFig. 2) is so impressive that apart from the immediate
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nuclear zone, the orientation of the polarization vectors form a spiral pattern in both the arm
and interarm regions, rather than a circular one expected from the scattering of bright nuclei.
The pattern can be explained in terms of a magnetic �eld with a spiral con�guration and by
polarization produced by dichroic extinction (see discussion by Wood 1997). Therefore, in
galaxies with low inclinations, the polarization vectors are coherent on kpc scale-lengthsand
follow spiral con�gurations. In galaxies with high inclinations, such as M104 and NGC 5128
(Scarrott et al. 1996), the polarization in the central regions is oriented parallel to the dust
lane. In NGC 1808(Scarrott et al. 1993), the polarization orientations follow the spiral arms
on kpc scales,indicativ e of a magnetic �eld coherent on a galactic scale(Scarrott 1996).

Fig. 2 Optical polarization vectors for NGC 1068 (courtesy Peter W.
Draper after Scarrott et al. 1991).

Meanwhile, other groups also contributed to the optical polarization of galaxies. King
(1986) found that the scattering of light from the bright nucleusof NGC 7331is predominant
along the major axis of the galaxy, elsewherethe polarization is consistent with being produced
by the transmissionof light through elongatedgrains partially aligned by the galactic magnetic
�eld and the Davis-Greensteinmechanism. Fendt et al. (1996) observed three edge-ongalaxies
(NGC 891,5907and 7331). Except the dominant orientation givenby the anisotropic scattering,
NGC 891 has polarization orientations indicating magnetic �elds perpendicular to the major
axis, and NGC 7331 has polarization indicating a toroidal �eld. These polarization maps are
understandable after the two e�ects are consideredand modelled (Wood & Jones1997). The
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polarization map of NGC 6946(Fendt et al. 1998) is a�ected by foreground galactic scattering
in one quadrant due to its low Galactic latitude (b � 11:7� ).

Optical polarization observations of more distant galaxies (e.g., Tadhunter et al. 1992;
Scarrott et al. 1990) or active galaxies (Draper et al. 1993; Cimatti et al. 1993) have been
used to investigate some interesting issues,such as the \uni�ed" scheme of AGNs, emission
mechanisms (Breeveld & Puchnarewicz 1998) and hot spots (L•ahteenm•aki & Valtaoja 1999).
One may have noticed that the Hubble SpaceTelescope is equipped with polarizers, which
provide high resolution polarization maps even at the ultra violet band (e.g., Kishimoto et al.
2002), that can be usedto study hidden galactic nuclei and the scattering grains.

2.3 Polarization Observ ations at Infrared, Far-infrared, Millimeter, Submillimeter
Ranges

Recently a return to the dust polarization method of measuring magnetic �elds has been
madepossibleby the advent of polarization measurements in the infrared, far-infrared, sub-mm
and mm (e.g., Cudlip et al. 1982; Dowell et al. 1998; Hildebrand et al. 2000). We expect no
scattering at these wavelengths and hencethe polarization originates in the emissionof dust
particles aligned by the magnetic �eld. Observations of linear polarization from the thermal
emissionof magnetically aligned dust grains provide a relatively easymeansof exploring the
magnetic �eld morphology (Heiles et al. 1993). Polarization observations of molecular clouds
have beenusedto study the role of magnetic �elds in the formation and evolution of the clouds
and in the processof star formation.

With greatly improved sensitivity and increased number of measuring pixels, it is now
possible to use polarimetry to trace magnetic �elds not only in the prestellar coresof bright
molecular clouds (e.g., Ward-Thompson et al. 2000), but also in thermal streamers, in the
accretion disk around T Tauri stars (e.g., Tamura et al. 1999), in the envelopesof young stellar
objects (Holland et al. 1996), and in other sourcesof dust emission(e.g., Vall�eeet al. 2000).
Magnetic �elds around protostars (Greaves& Holland 1998) are banded and there is probably
a centrally contracted �eld, which collimates the bipolar out
o wing gas (Greaveset al. 2001;
Momoseet al. 2001). The �elds are most likely to be toroidal in the circumstellar disk (Tamura
et al. 1999).

On the global scale, polarization maps at di�eren t wave bands reveal the emission from
dust grains orientated by the samemagnetic �elds, giving roughly consistent results, e.g., the
polarization maps of the Orion clouds at 1.3 mm and 3.3 mm by Rao et al. (1998) and 350� m
by Hildebrand et al. (2000). However, oneshould note that the emissionat longer wavelengths
comesfrom colder dust and that at shorter wavelengths, from warmer dust. As these clouds
havea temperature gradient from the a hot coreto a cold ambient envelopeor even colder large-
scaleclumpy ridges, sooneshould be careful when interpreting the polarization observations in
terms of predominant magnetic �elds in given regions. Sometimesseparation is possible(e.g.,
Schleuning et al. 2000). Near the hot coresor HI I regionsthe �elds tend to be distorted by star
formation or expansionsso that they have smaller length scalesor vary rapidly in space. The
inclination or 3D structure of the magnetic �eld in somecasescan be obtained by comparison
of the Zeemansplitting measurements (seeSchleuning et al. 2000;Hildebrand et al. 2000).

Due to limited sensitivity and resolution, it is still too early to observe the dust polarization
at thesebands in nearby Galaxies,although Greaveset al. (2000) have reported results on M82
and Siebenmorgenet al. (2001) on NGC 1808. The integral FIR polarization observed for the
�rst time from the core of the quasar 3C 279, is a completely di�eren t story, being related to
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synchrotron radiation (Klaas et al. 1999). However, in our Galaxy, there is a \central molecular
zone" at the Galactic center, with a size as large as 400 � 75 pc (Pierce-Price et al. 2000).
The thermal dust continuum emissiontraces the temperature-weighted column density of dust
grains and wide-ranging network of dusty �lamen ts, which can be observed at mm, sub-mm,
far-infrared bands. Werner et al. (1988) �rst detectedthe polarization in the far-infrared band,
and concluded that the �eld was predominantly azimuthal. Afterwards, more and better data
wereaccumulated for the circumnuclear disk (or the so-calleddust ring) in a few pc from Sgr A*
(Hildebrand et al. 1990,1993;Novak et al. 2000), the giant molecular cloud Sgr B2 at 100pc
from the center as well as someother clouds near the center (Novak et al. 1997,2000), and for
thermal �lamen ts (Morris et al. 1992). All results are consistent with a large-scaleazimuthal
�eld with respect to the Galaxy. Evidently the gravitational force dominates the magnetic
force within the neutral gaslayer and then the di�eren tial rotation shearsthe �eld out into the
azimuthal con�guration (Morris 1998). Recent polarization observations at 450 � m in a large
area revealed the toroidal magnetic �elds probably permeating most of the molecular zones
(> 170pc � 30pc) and the �elds are parallel to the Galactic plane (see Fig.6, Novak et al.
2002,2000). This is complementary to the dipole �eld delineatedby the non-thermal �lamen ts
(seenext Section).

3 THE ZEEMAN EFFECT

Zeemanmeasurements are used mainly to detect the magnetic �elds in molecular clouds
and provide information about the direction of the �eld along the line of sight (seeCrutcher
1999),which is a key step to understanding the processof star formation in cloud cores(e.g., Li
1998). Combination of results from both polarimetry of dust emissionand Zeemanobservations
can provide a three-dimensionalview of the magnetic �elds in the clouds (Houde et al. 2002).

As mentioned in the Intro duction, the optical Zeemane�ect was usedby G.E. Hale at the
turn of the 20th century to measurethe magnetic �eld of the Sun and by Babcock (1947) to
measurethe magnetic �elds in peculiar magnetic stars. A very important use of the Zeeman
splitting is the measurements of spectral lines at radio frequencies. The detection of the HI
line in 1951led to the suggestionby Bolton and Wild (1957) to search for the Zeemane�ect at
radio frequencies.This observation has turned out to be rather di�cult, becausethe side-lobe
e�ect and other instrumental corrections have to be considered. Finally Verschuur (1968) and
Devies et al. (1968) gave a de�nite proof of the Zeemane�ect in the Perseusspiral arm by
observing HI in absorption against Cassiopea A. Meanwhile, observation of the Zeemane�ect
in HI emission pro�les has been always very di�cult: the inherently weak e�ect due to the
weak magnetic �elds (a few � G along the line of sight) is di�cult to pick up against strong
instrumental e�ects (e.g., Verschuur 1995a),and such observations rarely produced consistent
results (e.g., Verschuur 1995b;Troland & Heiles1982;Myers et al. 1995).

OH maseroccursin much denserclouds(107cm� 3) than di�use HI emissionridges(103cm� 3),
where the �elds are also much stronger which helps the detection of Zeemansplitting. Early
attempts to identify Zeemanpairs in OH maser spectra were generally not successful. Once
interferometric mapsbecameavailable, oneusually �nds that the proposedZeemancomponents
camefrom widely separatedregions in a samemasersource. Veri�cation of OH masersources
camefrom VLBI observations (Reid et al. 1980; Zheng et al. 2000) which showed somepairs
to come from the sameposition within the size of a maser spot. OH masershave now been
detected in the prestellar coresof clouds, L1544 (Crutc her & Troland 2000). Up till now, the
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number of detections is not very large. All previous detections of the OH lines (and other
lines or absorptions) with Zeemane�ect have been summarized by Crutcher (1999) and new
observations made by, for example,Bourke et al. (2001).

The �rst attempt to use the Zeemandata to derive the large-scalemagnetic �eld of the
Milky Way was made by Reid & Silverstein (1990), and later extended by Caswell & Vaile
(1995). It was not possibleto determine the large-scalemagnetic �eld of the Galaxy in view of
the small number of sources,so a survey of a large number of OH masersis needed(seeArgon
et al. 2000). However, one should note that the star-formation activit y may have changedthe
initial geometry of the magnetic �eld preserved during the contraction from interstellar density
(1 cm� 3), through the density of giant molecularclouds(103 cm� 3), to the density of OH masers
near newly formed OB stars (107 cm� 3).

Magnetic �elds of several tens of mG in interstellar H2O maserclumps (� 1010 cm� 3) were
�rst detected by Fiebig and G•usten (1989). The VLA and VLBA have been used to study
the Zeemane�ect in water masers(Sarma et al. 2001). More recently attempts to detect the
Zeemane�ect in a variety of lines have beenmade: the H30� recombination line by Thum and
Morris (1999), the CN line by Crutcher et al. (1999), and the CCS line by Levin et al. (2001).
Note that OH and H2O masersarise in very small regions in high-density clouds under special
conditions. New detections of CN Zeemane�ects o�er a good chanceto measurethe magnetic
�elds in clouds with densitiesof 105 to 106 cm� 3 (Crutc her et al. 1999).

Note that observation of HI absorption towards the nuclear region of other (preferably edge-
on) galaxiescan provide information of magnetic �elds in the redshifted cloudsor circumnuclear
ring around the nuclear region (e.g., Sarma et al. 2002). This seemsto be useful but is limited
to just a few lines of sight.

4 THE RM of EXTRA GALA CTIC SOUR CES

Following the detection of the polarization of extra-galactic sources,the Faraday rotation
e�ect wasfound by Cooper & Price (1962)from the wavelengthdependant emissionin the source
Centaurus A. Soon afterwards, it was noticed that the rotation measureswere dependant on
both Galactic latitudes (Garder & Whiteoak 1963)and longitudes (Morris & Berge1964). From
the emissionsourceto the observer, the Faraday rotation can be expressedas

RM = 0:810
Z Sun

source
neB � dl ; (1)

where the rotation measure,RM, is in rad m� 2, ne is the electron density (in cm� 3), B is
the vector magnetic �eld (in � G), and dl is the line element vector of the line of sight (in pc)
pointing towards us. The dependenceimplies that most RMs originate from (the local arm of)
our Galaxy (seeBerge & Seielstad1967).

Studies of the Faraday rotation acrossthe Galaxy were �rst made by Gardner & Davies
(1966) and later by Gardner et al. (1969). Many observers continued to gather data on the
polarization of discrete sources(e.g., Kronberg and his students: Vallee & Kronberg 1975;
Kronberg & Wardle 1977), however the processof collecting (reliable?) data in early days is
slow (e.g., Tabara & Inoue 1980). The successfulpolarization observation of radio sourceled to
RM catalogsacrossthe sky (e.g., Ellis & Axon 1978;Simrad-Normandin et al. 1981;Broten et
al. 1988). A �t of RMs to a model that included a longitudinal (azimuthal) magnetic �eld with
a local anomaly wasmadeby Vallee& Kronberg (1975). Many papers with a re-analysisof the
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existing data followed (e.g., Ruzmaikin & Sokolo�, 1977; Sofue et al. 1979; Inoue & Tabara
1981). Simard-Normandin & Kronberg (1980) took the averageRM of a cone 15� radius to
represent the Galactic RM sky and for the �rst time identi�ed several large features related to
loop I I, loop I, etc. They showed that the RM at high latitudes is well correlated with, and
in
uenced by the large scaleprevailing magnetic �elds. This eventually becamea standard for
discussing\the Galactic Rotation Measure".

Fig. 3 Antisymmetric RM sky, shown by extragalactic radio sources.
Filled symbols represent positive RMs, and open symbols, negative
RMs (after Han et al. 1997).

The antisymmetric RM sky (seeFig. 3) was �rst noticed by Berge & Seielstad(1967) who
even interpreted that as a result of magnetic �elds directed toward l = 260� for b > 0� and
toward l = 80� for b < 0� . The antisymmetric feature wascon�rmed later by Vallee& Kronberg
(1975) and Simard-Normandin & Kronberg (1980) with much more data, but was interpreted
as the local perturbations of loop I. Andreasyan (1980) attributed the antisymmetry to the
local disk �eld with reverseddirections above and below the plane, asBerge& Seielstad(1967)
suggested,while Han et al. (1997) argued that the antisymmetry is the result of the magnetic
�eld in the thick disk or halo on the Galactic scale. Coincident with the vertical �elds in the
Galactic center, they suggestedthat A0 dynamo is responsible for the �eld structure.

Reliable RMs are now available for some1000 sourcesin the literature. The sourcesare
not well distributed on the sky. The main weaknessis that very few sourceswith known RM
are available within jbj < 10� where the Galactic magnetic �eld is concentrated. Only a few
observations at low latitudes (Clegg et al. 1992) produced good measurements. The situation
will soon be improved signi�can tly by the newly determined RMs of point sourcesfrom the
Galactic Plane polarization surveys in the Southern and Northern skies(Gaensleret al. 2001;
Brown & Taylor 2001). Nevertheless, Simard-Normandin & Kronberg (1980) and Sofue &
Fujimoto (1983) compared the RM data at low latitudes with model predictions and found
that the spiral �elds with direction reversalsare more suitable for our Galaxy. Concentrating
on selectedGalactic regions, Broten et al. (1988) have con�rmed the existenceof magnetic
�eld reversalsin the Milky Way. The most recent analysis by Frick et al. (2001) using wavelet
method basically con�rmed the previous conclusionson �eld reversalsand the antisymmetry.
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The RMs of extragalactic radio sourceshave also been used to investigate the small-scale
(200pc { 0.01pc) structures of interstellar media and magnetic �elds. This was mostly done
by Cordes' group (Simonetti et al. 1984;Simonetti & Cordes1986;Lazio et al. 1990;Clegg et
al. 1992). They computed the structure function of RM spatial variations and found that the
variation of (ne, B ) can be described by a power-law spectrum of turbulence, which is enhanced
near the Galactic plane. Both the turbulent 
uctuations of electron density (seeArmstrong et
al. 1995)and random magnetic �elds are responsible for the variations (seeMinter & Spangler
1996). For most directions the � RM is lessthan 10 rad m� 2 in a few arcminutes for background
sources,but the RM di�erence can be up to a few tens of rad m� 2 near the Galactic plane, and
small anomalousregionsare possibly associated with somelocal Galactic features (e.g., Clegg
et al. 1992).

Within the scope of the Canadian Galactic Plane Survey (Landecker et al. 2000), the RMs
of some 380 sourceswere determined (Brown & Taylor 2001). All these sourcesare in the
b = � 4� range of the Galactic plane. This is in contrast to the data of Simard-Normandin &
Kronberg (1980) where the sourcesare mostly away from the Galactic plane. In particular, the
region of l = 92:0� ; b = 0:5� , investigated in detail by Brown & Taylor (2001), shows that most
of the extra-galactic sourceshave negative rotation measures.

5 MA GNETIC FIELDS FR OM OBSER VATIONS OF PULSARS

The discovery of pulsars gave us a new method of measuring magnetic �eld. Since, for
a pulsar, both the RM and the dispersion measure (DM) can be determined, the average
magnetic �eld can be directly obtained, if the electron density and the magnetic �eld B are
not correlated (Beck 2001). This was pointed out by Lyne & Smith (1968) and taken up by
several investigators. A signi�can t collection of observations of pulsar RMs was presented by
Manchester (1972, 1974), who revealedthe local uniform magnetic �eld of about 2.2� 0.4 � G,
and directed towards about l � 90� . Thomson & Nelson (1980) re-analyzed 48 pulsar RMs
listed by Manchester & Taylor (1977) and found �eld reversal near the �rst inner spiral arm,
i.e., the Carina-Sagittarius arm.

The acquisition of RMs and DMs hasbecomean important \industry" in pulsar astronomy.
A signi�can t step herewasmadeby Hamilton & Lyne (1987), who measuredthe Faraday rota-
tion of 163 pulsars, so increasingthe total number of pulsar RM measuredto 185. Afterwards,
Costa et al. (1991), Rand & Lyne (1994), Qiao et al. (1995), van Ommen et al. (1997) and Han
et al. (1999) contributed a number of new RMs, providing RM data for some320objects. Note
that pulsar observations are more concentrated in the Galactic plane than the observations of
extragalactic sources,so pulsars are mostly used to probe the magnetic �elds in the Galactic
disk.

The interpretation of the pulsar RMs as a signature of galactic magnetic �elds goes back
to the papers of Simard-Normandin & Kronberg (1980) and Lyne & Graham Smith (1989).
The latter authors con�rmed the local �eld strength and direction found by Manchester (1974)
and the reversal near the Carina-Sagittarius arm. They also suggestedanother �eld reversal
outside the Perseusarm from a comparison of the pulsar RMs with the RMs of extragalactic
radio sources.

Re-analysesof pulsar RM data mostly gave more detailed modeling of the structure of
Galactic magnetic �elds. Rand and Kulkarni (1989) noticed the signi�can t e�ect of the North
Polar Spur on pulsar RMs and suggesteda concentric-ring model for the reversed�elds. This
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wascontinued by Rand & Lyne (1994). Sincethe �eld reversalsare expected in a bi-symmetric
�eld structure on large scales,the model of bi-symmetric spiral �eld was �tted by Han & Qiao
(1994) and Indrani & Deshpande(1998) after de-projecting all RMs onto the Galactic plane.
This proved to be very successfulfor the local region (< 3kpc). New RMs of distant pulsars
by Rand and Lyne (1994) and Han et al. (1999, 2002)suggestedthe secondand the third �eld
reversalsnear the Crux-Sctum arm and the Norma arm. The most recent status in this �eld,
described using much more new data wasgiven by Han et al. (2002) who reported the detection
of counterclockwise magnetic �eld near the Norma arm (seeFig. 4).

Fig. 4 RMs of pulsars in the Galactic disk reveal the large-scale magnetic
�elds and the �eld reversals from arm to arm (after Han et al. 2002).

The e�ects of HI I regions on pulsar DM have been investigated by Walmsley & Grewing
(1971). More recently , Mitra et al. (2002) have studied in detail several �elds along the Galactic
planeand showedthat not only do the DMs increasebut the RMs arealsoa�ected. In particular,
someHI I regionswere shown to possessmagnetic �elds that are reversedin direction relative
to the surrounding (regular) magnetic �eld.

6 RADIO POLARIZA TION OF DIFFUSE EMISSION

The prediction of Shklovsky (1953) that synchrotron emissionwould be linearly polarized
led to a number of attempts at its detection. The earliest attempts to observe linearly polarized
radio emissionweremadeby Thomson (1957), Razin (1958) and Pawsey& Harting (1960). All
theseearly observers usedsmall antennas at lower radio frequenciesthat, in retrospect, makes
polarization detection hardly possible.
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6.1 The Galactic Disk

Di�use radio emissioncomesfrom the thin disk and thick disk of our Galaxy (Beuermann
et al. 1985), with many spurs emerging from the disk (Haslam et al. 1982). The polarized
emissionat a few hundred MHz mainly comesfrom regionswithin a few hundred parsecsfrom
the Sun (e.g., Spoelstra 1984) while the polarized emission at higher frequenciesfrom more
distant regions(Junkeset al. 1987;Gaensleret al. 2001).

The �rst de�nite detections of polarized Galactic emission in our Galaxy at 408MHz re-
ported by Westerhout et al. (1962) and Wielebinski et al. (1962). Both groups had to under-
stand and correct the instrumental polarization of their radio telescopeswhich producede�ects
larger than the observed radio polarization signalsand showed the \fan" structure of polariza-
tion anglesaround l = 140� , b = 8� . Soon after this pioneering work several groups took up
the challengeto investigate the distribution of polarized emissionin the Galaxy. The variation
in the position angle of the observed polarization along with the ionosphericdata (Wielebinski
& Shakeshaft 1962) revealedthat Faraday rotation was taking place in the Earth's ionosphere.

The observation of polarizedemissionat higher radio frequencies(Muller et al. 1963)showed
additional Faraday rotation due to the magnetic �elds in the interstellar medium of the Milky
Way. Surveys of larger areas of linearly polarized radio emission were continued at several
frequencies(e.g., Berkhuijsen & Brouw 1963; Wielebinski & Shakeshaft 1964; Mathewson &
Milne 1965; Berkhuijsen et al. 1964; Mathewson et al. 1966; Baker & Smith 1971; Wilkinson
1973;Baker & Wilkinson 1974). Someobservations were dedicated to the large radio features
such as the North Polar Spur or other loops (Berkhuijsen 1971; Spoelstra 1971, 1972a,b, c).
Early observations at 1400MHz by Bingham (1966) showed that polarized emissionwaswidely
distributed in the Galaxy. A milestone in the observation of Galactic radio polarization is the
map of the northern sky at �v efrequenciesbetween408MHz and 1411MHz, presented by Brouw
& Spoelstra (1976). After this, mapping of Galactic polarization ceasedand the attention of
the observers turned to external galaxies(seethe next Section) or large-scalecontinuum high-
resolution surveys of the Galactic plane at 11cm (Reich et al. 1984,1990;F•urst et al. 1990a,
b) and to 21 cm observations. However, recently , there is a renaissancein the polarization
measurement (Reich et al. 1990,1997,2001;Dickey et al. 1999;McClure-Gri�ths et al. 2001).

An early all-sky map at 150MHz was published by Landecker & Wielebinski (1970). The
all-sky map at 408MHz (Haslam et al. 1982) has been available since 1982 after combining
the survey data of both northern and southern hemispheres(Haslam et al. 1974,1981). Radio
mapsof large areasof the sky at other frequenciesare alsoavailable now (e.g., 22MHz by Roger
et al. 1999;0.2 to 13.8MHz by Manning & Dulk 2001;45MHz by Maeda et al. 1999;2.3GHz
by Jonaset al. 1998).

The \Return to the Galaxy" was heralded by the analysis of the polarization data in the
� 11cm Galactic planesurveyby Junkeset al. (1987). This higher frequencysurveyshowedthat,
although most of the emissionis local, somepolarized radio wavesmust have comefrom some
more distant features in the inner Galaxy. This agreedwith the observations of the Galactic
center by Seiradakiset al. (1985) at � 2.8cm which showed a complex vertical magnetic �eld
pattern and by Duncan et al. (1998) on the kpc polarized plume. A polarization survey of the
southern Galaxy was made at 2.4GHz by Duncan et al. (1995, 1997) using the Parkes radio
telescope. The reduction of the jbj < 5� strip of the 2.7GHz northern survey was made by
Duncan et al. (1999). All the evidencefrom both these surveys reveals a decreasedpolarized
intensity in the inner plane due to Faraday depolarization.

The mapping of a wide strip of the Galactic plane at 1.4GHz, called the \medium latitude
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survey", was started in E�elsb erg by Uyaniker et al. (1998, 1999,seeFig. 5). As of date, large
sectionsof the Galactic plane have beenobserved. The aim of this project is to map the whole
Galactic plane visible from E�elsb erg within b = � 20� . In fact, amazing structures are seenin
polarized intensity in the anticenter regions, implying very turbulent and quite deep Faraday
depolarization e�ects.

Fig. 5 Polarized intensity map of the outer Galaxy observed by E�elsb erg telescope
(courtesy W. Reich after Uyan�ker et al. 2001).

The observed polarized emission is a modulation of an intrinsically highly polarized syn-
chrotron background by Faraday rotation in the di�use ionized gasin foregroundmaterial, such
asH II regionsin which the magnetic �eld is disorderedon scalesof 0.1{0.2pc (Gaensleret al.
2001). In the Canadian Galactic plane survey, Gray et al. (1999) have identi�ed several new
remarkable phenomenaaround the W3/W4/W5/HB3 H II region/SNR complex in the Perseus
Arm. The regular features detected in the polarization angle are superposed on the linearly
polarized Galactic synchrotron background emissionby Faraday rotation arising in foreground
ionized gashaving an emissionmeasureas low as 1 cm� 6 pc. The `mottled' polarization arises
from random 
uctuations in a magneto-ionic screenof a medium in the vicinit y of the H II
regions themselves. At low frequencies,very complicated patterns are often observed in the
polarized intensity and polarization angles on scalesdown to a few arcmin (Wieringa et al.
1993;Haverkorn et al. 2000). Obviously complete depolarization occurs in a very small depth
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of the local magnetoionic medium.
The comparison of high-frequency polarization maps of Galactic regionssuggeststhat the

RMs may be up to > 200 rad m� 2. The polarization observations with arcminute resolution at
20cm by Gaensleret al. (2001) in a large section of the southern sky show that the RMs vary
between� 150rad m� 2. Someareasshow considerablepositive RMs while others have negative
RMs on scalesof up to a degree.Comparing the RM valueswith those of pulsars, someof the
polarized features at 1.4GHz probably originate in the spiral arm at a distance of a few kpc
from the Sun (Dickey 1997). Theselatest results are of great signi�cance becausethe rest of the
Galaxy as well as the cosmologicalsky are observed through this foreground magnetic screen.

6.2 The Galactic Cen ter

The Galactic center is the �rst radio sourcediscoveredby Carl Guthe Jansky in 1933. In the
center there are the strong poloidal (dipole) �elds (e.g., Reich 1994) and toroidal �eld (Novak
et al. 2002,seeFig. 6). The best illustration of the poloidal �elds is provided by the �ne, highly
polarized radio structures.

The �rst non-thermal �lamen ts in the Galactic center werediscoveredby Yuzef-Zadehet al.
(1984) with VLA observations. This giant polarized radio arc is very striking, extending more
than 1� on each side of the Galactic plane (Seiradakis et al. 1985;Tsuboi et al. 1986;Haynes
et al. 1992). Later, radio observations using both singledish radio telescopes(E�elsb erg 100m,
Nobeyama 45m) and large synthesis telescopes (VLA, MOST, ATCA), have revealed many
�lamen ts, arcs or loops, threads (e.g., Anantharamaiah et al. 1991;LaRosa et al. 2000,2001;
Lang et al. 1999a,b), plumes (e.g., Duncan et al. 1998) and lobes(Sofue1985). Most of these
have beenstudied in great detail regarding the �ne structure, polarization at several frequencies
and hencethe RMs and spectral indicesexamined. Thesestrongly polarizednonthermal features
are very narrow, with lengths of tens of pc but widths of lessthan 0.5pc � (e.g., Inoue et al.
1984; Seiradakis et al. 1985; Tsuboi et al. 1986; Haynes et al. 1992). All but one are
perpendicular to the Galactic plane (Lang et al. 1999b). The intrinsic magnetic �eld in the
�lamen ts or threads is predominantly aligned parallel to the �lamen t (e.g., Lang et al. 1999a,
b; Sofue et al. 1987). They are believed to be manifestations of strong vertical �eld lines
(mG strength), i.e., they are illuminated 
ux tubes in large-scalepervasive �elds (Yusef-Zadeh
& Morris 1987a; Uchida et al. 1996). A consensusreached now is that these must be the
consequenceof a substantial poloidal magnetic �eld which pervadesthe central � 100pc of our
Galaxy (Yusef-Zadeh& Morris 1987a; Morris & Yusef-Zadeh1989). A primordial origin is
suggestedfor the poloidal �eld. Equipartition magnetic �eld values in the magnetic tubes are
at least 70 � G, perhaps about 0.4mG (Bicknell & Li 2001) or even several mG (Yusef-Zadeh
& Morris 1987b).

Large RMs have been observed with irregular variations along the �lamen ts (Inoue et al.
1984; Seiradakis et al. 1985; Sofue et al. 1987). The Faraday screenis very probably close
to the Galactic center. Within a few arcminutes, the RM value can vary from 500 to � 500
rad m� 2 in \the Pelican" (Lang et al. 1999a), from 100 to 2300 rad m� 2 in the Northern
Threads (Lang et al. 1999b), from 2000to 5500rad m� 2 along \the Snake" (Gray et al. 1995),
or from � 4200 to � 370 rad m� 2 in the �lamen t G359.54+0.18(Yusef-Zadehet al. 1997). In
the southern plume of the largest �lamen t, the RM valuesare all negative with a maximum up
to � 2500rad m� 2, but in the northern plume the RMs are mostly positive with somenegative

� The fractional polarization can be arti�cially high (90%) in the VLA observations, due to the missing
total 
ux at short spacelines by VLA measurements (see Lang et al. 1999).
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holes, the positive values up to 1000 rad m� 2 (Tsuboi et al. 1986). No coherent structure in
the RMs can be found. However, Novak et al. (2001) noticed that the dominant RM values in
the di�eren t (l ; b) quadrants have an antisymmetric distribution, which probably indicates that
in the whole Galactic halo from the Galactic center, the toroidal �elds have di�eren t directions
above and below the Galactic plane (seeHan 2002).

Fig. 6 Radio structure of the Galactic center at 90cm and the toroidal magnetic �elds
in the central molecular zone revealed by the polarization at a submillimeter band
(courtesy N.E. Kassim & D.T. Chuss. SeeNovak et al. (2002) for other information).

Though the connection of the �lamen ts and the molecular clouds or HI I regions can be
identi�ed in the observations (e.g., Uchida et al. 1996; Yusef-Zadehet al. 1997; Reich et al.
2000), and magnetic �elds can be anchored in the molecular clouds (Bicknell & Li 2001), the
detailed processfor particle acceleration is still a puzzle. It is not clear where the relativistic
particles comefrom for the synchrotron emissionsand why theseparticular �eld lines are picked
out for illumination.

The observations of the Galactic center at mm, sub-mmand far-infrared bandshaverevealed
the toroidal magnetic �elds in the central molecular cloud-zones(Novak et al. 2000, 2002)
parallel to the Galactic plane, as discussedearlier.
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6.3 Nearb y Galaxies

The �rst report of the presenceof polarized radio emission (and hence magnetic �elds)
in an external galaxy came from Mathewson et al. (1972) using the then newly completed
Westerbork Synthesis Radio Telescope. In this early work, the orientation of the E vectors
could be shown to be in agreement with the optical observations of Appenzeller(1967) for M51.
This work was followed up by Segalovitz et al. (1976) who mapped M51 at a secondfrequency
as well as tried to observe M31.

Observations by Beck et al. (1978, 1980) of M31 using the 100m E�elsb erg dish at � =
11cm allowed a de�nite detection of magnetic �eld, which showed a surprisingly homogenous
distribution. From that time onwardspractically all largenearby galaxieshavebeenmapped, at
ever higher frequencies,�rst in E�elsb erg and later with the VLA (seereviewsby: Wielebinski
& Krause 1993;Beck et al. 1996;Beck 2000). An MPIfR polarimeter was taken to the Parkes
radio telescope and led to the observations at several frequenciesof the Magellanic Clouds
(Haynes et al. 1986, 1991). The magnetic �eld in the Large Magellanic Cloud resembles a
trailing spiral pattern around the kinematical center (Klein et al. 1993).

Multi-frequency maps, when madewith identical angular resolution, allow a determination
of the Faraday rotation in the spiral arms of the galaxy aswell as the orientation of the original
E vector and hence of the inherent magnetic �eld. The magnetic �elds were found to be
orientated with the spiral arms on a very large scale(kiloparsecs) and con�ned to the galactic
plane in most nearby grand-designedspiral galaxies,such asM51 (Neininger & Horellou 1996),
M81 (Krause et al. 1989b), M83 (Neininger et al. 1993) and NGC 2997(Han et al. 1997).

A long discussionwas begun, pushed by the theoretical considerations, on the origin of
the cosmic magnetic �elds (e.g., Tosa & Fujimoto 1978; Beck et al. 1996), with the aim of
determining if the magnetic �elds in galaxies are bi-symmetrical (BSS) or axi-symmetrical
(ASS). The question of �eld con�gurations was repeatedly asked by the two diverging factions
of theoreticians, the dynamo communit y wanting to seerings or ASS�elds, while the primordial
origin peoplewanting to seeBSS�elds. The variation of the RM asa function of the azimuthal
angleshas beenused to distinguish between the BSS �eld and the ASS or ring �eld structure
(seee.g.,Krause 1989a,b). Detailed analysisof the RM distribution of several galaxies,though
with large measuringuncertainties, showed that many galaxieshave a strong ASS �eld as well
as a BSS �eld. In some galaxies, the ASS �eld dominates (Krause & Beck 1999), while in
others a BSS �eld seemsto be dominant (M81, M51, seedetailed situations in Table 1 of Beck
2000). Multi-mo de �ts to BSS and ASS patterns becamenecessaryto interpret the detailed
observational data. One should note, however, that the observed polarized emission mainly
comesfrom a thinner disk, while the RMs are causedby the electronsand magnetic �elds in the
closerlayer of a thicker disk or halo (plus the thinner disk). In somecasesthe halo contribution
may be signi�can t (e.g., Soida et al. 2001). Observations of irregular dwarf galaxieswithout
systematicgasmotions (Chyzy et al. 2000)and 
o cculent galaxieswith only rudimentary spiral
arms (Knapik et al. 2000) also revealed well-organized magnetic �elds, indicating that some
non-standard dynamo or other mechanismsare responsible for the regular magnetic �elds.

Higher resolution observations of somegalaxies(e.g., IC342: Krause 1993;M83: Beck 2000;
NGC 2997: Han et al. 1999,seeFig. 7; NGC 1097: Beck et al. 1999;M51: Neininger & Horellou
1996) revealed that the polarized emission is strongest in the inner edgeof the optical spiral
arms or along the dust lanes, clearly associated with local compressione�ects by shock. This
mostly happensin the inner disk (< 2=3 optical radius). However, an important result was the
discovery of \magnetic arms" in the outer disk. Thesealigned magnetic �elds exist betweenthe
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optical spiral arms or extend independently from optical arms in somegalaxies,e.g.,NGC 6946
(Beck & Hoernes1996), NGC 2997(Han et al. 1999) and IC342 (Krause et al. 1989).

Recent developments comingfrom the polarization observations of barred galaxies,NGC 1097
(Beck et al. 1999), showed the magnetic �elds following the gas streamlines and aligned with
shearing
o w. The observations also probed the magnetic �eld near the circumnuclear disk { a
new area to explore in the future.

Fig. 7 Polarization observation of the grand-design spiral galaxy NGC 2997 at 6cm
by VLA (after Han et al. 1999). The polarization vectors E were rotated by 90� to
show the B orientations.

Extended radio halos have been observed in several galaxiesbut only a few of them have
ordered polarization re
ecting ordered magnetic �elds (e.g., Dumke et al. 1995). In some
galaxies,like NGC 4631,M82 and the Milky Way, vertical or poloidal magnetic �elds shown by
polarized spursare observed in the nuclear area(e.g Golla & Hummel 1994;Reuter et al. 1994).
The magnetic �elds in the halo probably result from out
o ws of gasfrom the disk into the halo
and the cosmic rays for the radiation probably come from somecentral starburst. NGC 4666
may be another exampleof such starburst-driv en superwinds (Dahlem et al. 1997).
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6.4 Radio Galaxies and Quasars

Radio galaxies and quasars in the distant universe are most intensively illuminated by
synchrotron emissionof the relativistic particles in magnetic �elds, both in the energeticjets of
the central blackhole or in the outer lobeswhich are producedby the interaction of the jets with
the intergalactic medium. The central core component is physically associated with galactic
nuclei but can be resolved into �ner structures when observed with VLBI.

Polarization studies of radio galaxies and quasarsstarted with the detection of extended
polarized components and their rotation measuresin the nearest radio galaxy { Centaurus
A (Cooper & Price 1962). Already at that time it was shown that the radio polarization
observations of Centaurus A agreedwell with the optical polarization studiesby Elvius and Hall
(1964). Radio polarization studies afterwards have demonstrated that the projected magnetic
�elds can appear uniform on scalesexceedinga hundred kpc, or sometimesover several hundred
kpc!

In the intervening years, hundreds of polarization maps of radio galaxieshave been pub-
lished, �rst at lower frequenciesand now at higher frequenciesand with better resolutions
mostly by VLA and WSRT observations (e.g., H•ogbom & Carlsson 1974; Klein et al. 1994;
Ishwara-Chandra et al. 1998). Many objects have multifrequency polarization data that have
beenanalysedfor magnetic �elds (e.g., Johnsonet al. 1995;Murgia et al. 2001). The �elds are
re
ected by the polarized radio emissionand their intrinsic direction (orientation). If corrected
by foreground RMs, the �elds are generally circumferential (seeFig. 8), either parallel with (for
FR-I I and one-sidejets in FR-I sources)or perpendicular to (for two-sidedjets of FR-I sources)
the elongatedjet or bridge component; in the lobesit wraps around the sourceedgesor strong
intensity gradients (seereviews by Miley 1980;Bridle & Perley 1984;Saikia & Salter 1988).

The magnetic �eld is irregular but shearedand compressedto a preferred direction so that
the polarized radio emissionis observed following the jets or the bandsof jets. The deceleration
or transverseshocks lead to compressionand an orthogonal �eld. Due to the high intensity,
radio mapping at arcsecresolution scalehas beenpossible. A result of great signi�cance is the
\jump" of polarization vectors (and henceof magnetic �eld) by 90� from the center to the end
of jets in somesources(seeBridle & Perley 1984). This seemsto be a method of stabilizing the
radio emission. It could be due to the action of a helical magnetic �eld in thesecases.

Many objects (or even core components) have been studied using high resolution mul-
tifrequency VLBI/VLBA polarization data (e.g., Venturi & Taylor 1999). The most recent
development is the parsec-scaleRM project using the VLBA (Taylor 2000) to test the uni�ed
models for AGN by looking for orientation e�ects in the RM distribution of the quasar core.
Probably the cloudsentrained by jets and magnetic �elds are responsible for the observed large
variations of the RMs at pc or sub-pc scales(Zavala & Taylor 2002).

Detection of ordered magnetic �elds at scaleof hundreds to thousand pc in high redshift
objects of z > 2 (Udomprasert et al. 1997; Athreya et al. 1998) posesa sti� challenge to
the dynamo mechanism for generating magnetic �elds, primarily due to the very short time
available for ampli�cation of the initial seed�eld.

Recently , the detection of circular polarization in AGN coresand nearby galaxy nuclei by
the VLBA and ATCA (Homan et al. 2001; Rayner et al. 2000; Bower et al. 1999; Brun-
thaler et al. 2001) re-opened a window on the physical conditions and magnetic �elds in the
core regions. Typically, the mean degree of circular polarization is less than 1%. Its ori-
gin is not yet understood. However, a few possibilities exist such as synchrotron emission,
cyclotron emission, coherent emission mechanisms, Faraday conversion in relativistic plasma
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and Scintillation-induced circular polarization (e.g., Macquart 2002). The radiation transfer
processesseemto be the most promising.

Fig. 8 Magnetic �eld vectors in the radio galaxies3C 129 in the 3C 129cluster
(8.4 GHz observations, RM-corrected). (after Taylor et al. 2001).

6.5 Clusters of Galaxies

Di�use radio emission in clusters of galaxies is due to intracluster magnetic �elds. The
estimation of the magnetic �elds were mostly made through observations of radio halos and
variable RMs of the sourcesin the clusters or the RMs of the background sources,though the
lower limit of the �eld strength can be estimated from the hard X-ray detection. The most
recent review on this topic by Carilli & Taylor (2002) has included a very good summary of
recent progressin all respects.

A report of a halo in the Perseuscluster of galaxieswas made by Ryle & Windram (1968),
but the �rst clear detection was actually made by Large et al. (1959) in the Coma cluster.
This was con�rmed by the many studies that followed (e.g., Willson 1970; Wielebinski 1978).
Further halos were found in the A754 (Wielebinski et al. 1977), A1367 (Gavazzi 1978) and
other clusters A2255, A2256 and A2319 (e.g., Harris et al. 1980; Bridle et al. 1979; Harris &
Miley 1978) though many candidateswerereported (seethe status presented by Hanisch 1982).
Using recent radio survey data which cover most of the known clusters, a large sampleof halo
candidates has been found (e.g., Kempner & Sarazin 2001; Giovannini et al. 1999) and some
of them have been con�rmed already (e.g., Govoni et al. 2001a). Up to now, more than a
dozenof halosare certainly detectedand the number is increasing,maybe up to more than two
dozen soon. Evidently , almost all halo clusters present clear features of recent mergers (e.g.,



Milestones in the Observations of Cosmic Magnetic Fields 313

Markevitch & Vikhlinin 2001;Feretti et al. 2001), indicating that the nonrelaxed state in the
cluster is related to the radio emission. A strong correlation betweenthe X-ray luminosity and
halo radio power has beenfound (Liang et al. 2000;Govoni et al. 2001a).

The spectrum of the Coma halo emission has been a subject of numerous studies (e.g.,
Schlickeiseret al. 1987;Giovannini et al. 1993)which con�rmed the non-thermal nature of the
halo and henceits magnetic origin. The spectrum of the halos is very steep,often about � 1.5
(Deiss et al. 1997;Liang et al. 2000), seethe list in Henriksen (1998).

Not much radio polarization has beendetected from the halo, except for somepolarization
associated with the halo-`G' in A2256 (Bridle et al. 1979), while multifrequency polarization
observations revealedthe polarization of many cluster objects (e.g., Feretti et al. 1995;Taylor
et al. 2001;Govoni et al. 2001;Eilek & Owen 2002). Analysesof both the distribution and the
varianceof RMs of extendedradio galaxiesin the cluster (e.g., Dreher et al. 1987;Taylor et al.
2001;Govoni et al. 2001b;Eilek & Owen 2002) or the background sources(Vallee et al. 1987;
Kim et al. 1991;Clarke et al. 2001) have almost reached the following consensus:the random
magnetic �eld in the intracluster gashas a strength of 5 � G at a length scaleof about 10kpc,
within a factor of 2 or 3 for di�eren t authors or di�eren t objects/regions. The magnetic �eld
could be stronger towards the cluster center (e.g., Govoni et al. 2001b) and very high RMs (of
radio galaxies) have been found near the center of the cooling 
o w clusters (e.g., Ge & Owen
1993). Recently , it has beenfound that X-ray emissionis well correlated with the rms value of
the cluster rotation measures(Dolag et al. 2001), implying that the the �eld strength decreases
with the radius according to B � N 0:9

e for A119. The central density-enhanced\co oling 
o w"
regionscan have magnetic �elds up to � 40� G with coherencescalesup to � 50kpc (Taylor &
Perley 1993).

Radio relic sourceshave beendetected in or betweenclusters of galaxies,for example, the
bridge emissionbetweenComa and A1367 (Kim et al. 1989),and the extendedsourceadjacent
to three Abell clusters of galaxies of Rood Group #27 (Harris et al. 1993). All relic sources
have low surfacebrightnessand obviously re
ect the magnetic �elds betweenthe clusters. Some
relic sourcesare signi�can tly polarized.

7 THE ORIGIN OF MA GNETIC FIELDS

We have no direct observational evidencefor the �rst cosmologicalmagnetic �elds. The
�elds, with observed intensities of B � 2 � 10� Gauss today must have started at a lower
level and becomeampli�ed by somemechanism at somecosmologicalstage(cf. Kulsrud 1999).
The \battery e�ect", proposedby Biermann (1952), generatesmagnetic �elds of B � 10� 20 G
at the most (e.g., Lesch & Chiba 1995). Several mechanisms to produce the seed�elds at
di�eren t epochs of the universe have been proposed, for example, Harrison (1973) aregued
that turbublence in the radiation-dominated era produces the weak seed �elds of presently
10� 8 G; Hogan (1983) gave a basic argument for considering phase transition as a potential
mechanismfor the generationof primordial magnetic �elds; Turner and Widrow (1988)proposed
an in
ation scenario for the creation of primordial magnetic �elds; Quashnock et al. (1989)
consideredthe thermoelectric e�ect in QCD phase transition to generate the magnetic �eld
of 2 � 10� 17 G in the early universe; Wiechan et al. (1998) showed that the plasma-neutral
gas friction in a weakly ionized rotating protogalactic system createsthe seedmagnetic �elds.
The Biermann battery in ionization fronts can in principle producereasonablystrong magnetic
�elds (seeSubramanian et al. 1994;Gnedin et al. 2000). Magnetic �elds could originate deep
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in the early phasesof the universe(seeGrasso& Rubinstein 2001 for a review). The role of
magnetic �elds in the very early Universe, the symmetry braking during phasetransitions or
at the time of recombination (e.g., Sicitte 1997), structure formation (e.g., Totani 1999; De
Araujo & Opher 1997;Battaner et al. 1997)even the big-bang nucleosynthesis, should be fully
investigated (SeeRees1987).

Someprogresshas been made recently in the studies of the evolution of such primordial
magnetic �elds (e.g., Kulsrud et al. 1997; Howard & Kulsrud 1997). Someearly papers (e.g.,
Piddington 1964,1978)consideredthat if an intergalactic magnetic �eld existswith B � 10� 8 G,
it could becompressedby galactic rotation to B � 10� 5 G, intensities that areactually observed
in galaxies. This was supported by some papers (e.g., Sofue et al. 1979; Anchordoqui &
Goldberg 2002) that claimed the detection of a lower limit of intergalactic magnetic �eld with
B above 3� 10� 9 G. However, these results contradict others (e.g., Blasi et al. 1999). Such a
primordial magnetic �eld could in principle be detected by the Faraday rotation of microwave
background polarization (Kosowsky & Loeb 1996) or by the correlation of the Faraday sky
(Kolatt 1998).

If only a small seedmagnetic �eld was generatedin the early universe,then a rather large
ampli�cation, by a dynamo, for example, is neededto reach the observed values in cosmic
objects (e.g., Parker 1979). However, magnetic �elds in high redshift (z � 2.0 { 3.0) objects
with Lyman-� damped systemshave been found to be as strong as in nearby galaxiesand in
someclusters of galaxies (e.g., Kronberg et al. 1990, 1992; Athreya et al. 1998). This poses
somechallengeto galactic dynamo, since,at that time, galaxiesshould have rotated only a few
times. The studies on the variance of residual RM (observed RM minus foreground Galactic
RM) versussourceredshift z (e.g., Oren & Wolfe 1995;Perry et al. 1993), mainly due to data
quality, have produced controversial results on the cosmologicalevolution of the magnetic �eld
(in the intervening clouds). At present, evidencehas been accumulated for magnetic �elds in
the intergalactic space. In fact, magnetic �elds can be easily-developed in the vicinit y of an
accreting disk of the black hole in the galaxy or quasar center (e.g., Contopoulos & Kazanas
1998),and then their out
o ws can magnetizea large fraction of the entire intergalactic medium
(e.g., Daly & Loeb 1990; Furlanetto & Loeb 2001; Kronberg et al. 2001). Furthermore, the
superwinds of primeval galaxiescan also e�ectiv ely seedmagnetic �elds into the intergalactic
medium (Kron berg et al. 1999;Birk et al. 2000).

The explanation of the origin of Earth's magnetic �eld was the triumph of the mean �eld
dynamo theory as developed by Parker (1955) and Steenbeck & Krause (1969a). This theory
could be applied to planets (Steenbeck & Krause 1969b), to magnetic stars , and more recently
to spiral galaxies(Ruzmaikin et al. 1988). Good reviews of the dynamo theory can be found
in Parker (1979) and Krause & R•adler (1980). In the dynamo theory, Maxwell's equations
are solved by intro ducing an � term that describes \lo oping" of the magnetic �eld in the z
direction relative to the ! rotation. The solution for the \ � � ! dynamo" has been very
successfulin explaining many observational results. Stix (1975) applied the dynamo theory to
an oblate spheroid, representing an edge-ongalaxy. A seriesof papersby Ruzmaikin, Shukurov
and Sokolov (seethe 1988book) have developed the mean dynamo theory to be applicable to
magnetic �elds in galaxies. In particular, the multi-mo de solution (e.g., Baryshnikova et al.
1987)hasshown that spiral magnetic �elds seemto be possiblewithin the frame of the dynamo
theory. Most recently detailed discussionon kinematic dynamo and small-scale�eld weremade
by Schekochihin et al. (2002). The time evolution of a dynamo has been actively studied by,
e.g., Brandenburg et al. (1989). In fact, a turbulent dynamo probably could produce strong
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magnetic rope-likestructure but is di�cult to generatelarge-scalemagnetic �elds (Subramanian
1998). A large-scalekinetic helicity is probably a necessaryingredient for a large-scalemagnetic
�eld (Blackman & Chou 1997) and helical turbulence may provide the key to the generation
of large-scalemagnetic �elds (Blackman 2000;Brandenburg 2001). The density wave in spiral
galaxies can provide a spiral shock wave and the subsequent � -e�ect which may alter the
�eld con�guration of the dynamo (Mestel & Subramanian 1991;Subramanian & Mestel 1993).
Kulsrud (1999) looked into the many limitations of the dynamo theory. However, the current
opinion is that most of the phenomena that are observed can be explained by a modi�ed
dynamo theory. A review of very recent developments in the magnetic dynamo theory, most
impressively on the magnetic helicity and the evolution of kinetic and magnetic energyspectra,
can be found in Blackman (2002). Many groups have added di�eren t physical considerations
into the dynamo and usedcomputer simulations to show possibleconsequencescomparableto
observational results, e.g., the bar-e�ect by Mosset al. (2001) and Otmianowska et al. (2002),
the swing-excitation by Rohde et al. (1999), the very detailed considerations of supernova
and superbubble-driven dynamo by Ferri�ere & Schmitt (2000) and the � -e�ect by magnetic
buoyancy by Moss et al. (1999).

To explain the magnetic �elds in young, high redshift galaxies,the evolution of protogalactic
clouds and electrodynamic processes(Lesch & Chiba 1995) or the cross-helicity e�ect (Bran-
denburg & Urpin 1998)should be considered. It seemsquite possiblethat large-scalemagnetic
�elds in galaxies are the residue of dynamo processesin the plasma before the protogalactic
plasmacloud collapsedand the galaxy formed. At that time all the conditions are very suitable
for the dynamo operations and a seed�eld can be easily produced by the Biermann battery
{ the large-scale�elds is then of primordial origin (Kulsrud et al. 1997, seealso discussionin
Schekochihin et al. 2002). Such a �eld, however, has to be maintained by the dynamo process
in galaxiesafter the galaxy was formed.

8 CLOSING REMARKS

The subject of magnetic �elds is in its infancy. While gravit y (density wave theory) or star
formation have received considerableattention, with large groups working in theseareas,only
a few workers have struggled to reveal the importance of magnetic �elds in the cosmos. Very
often the question is asked if magnetic �elds are a basic parameter of our universeor only a
consequenceof rotation. An argument often usedis that the energydensity in magnetic �elds is
much lessthan in gravitational e�ects and is henceunimportant. However, magnetic �elds have
a unique directional e�ect on matter, if coupled. The coupling of magnetic �elds to matter is
poorly understood. The traditional description of \frozen-in magnetic �elds" must give way to
studies of the magnetic properties of interstellar matter at di�eren t temperatures. For instance
recent sub-mm observations (Wielebinski et al. 1999) have shown that CO gas in galaxiescan
be seenwith temperatures of 50K or more. Now that we know that ionization in warm parts
of molecular clouds is possible,we can imagine that magnetic �elds could exert su�cien t force
to be of dynamic consequence.A quotation of Lou Woltjer that is often cited runs: \the poorer
our knowledge the stronger the magnetic �eld". However, in view of the fact that magnetic
�elds are found everywhere in the universe,they deserve appropriate treatment and study.
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