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ABSTRACT. After a summary of the observations of cosmic magnetic fields in the Introduction
I briefly discuss the status of dynamos in Section 2, the use of electric circuits in Section 3, the
physics of magnetic explosions in Section 4, the role of magnetic tension in Section 5 and our
strongest magnet known, the radio pulsar, in Section 6. In the Conclusion I mention a few problem
areas which may show a breakthrough in the near future.

1 Introduction

Magnetic fields play an important role in the cosmos in a variety of places, from galaxies
and the interstellar medium to planets and stars (spanning a range of field strengths from
below 10713 to 10° T, see Table 1), for a number of different reasons: from the transport
of angular momentum and energy to the containment of hot plasmas and the acceleration
of particles (Alfvén & Falthammar 1963; Parker 1979; Melrose 1980; Ginzburg 1989; for a
physicist’s introduction to the universe see Bowers & Deeming 1984 or Harwit 1991).

The presence of magnetic fields in various objects becomes immediately clear from
the filamentary or loop-like appearance of images taken at suitable wavelengths (which,
depending on the object, range from the radio domain to X-rays). What causes a spatially
smooth magnetic structure such as the hot and dilute outer solar atmosphere to show an
inhomogeneous distribution of threads and fibrils of gas (Priest 1982) is, however, unknown.

Apart from in situ detections by satellite, measurements of magnetic fields in the uni-
verse are indirect, mostly by their effect on the emission and propagation of radiation
(Zeeman splitting and polarization, Hanle effect, cyclotron lines and polarized continuum
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emission, linear synchrotron polarization, plasma masers and wave coupling, Faraday ro-
tation, polarization in the infrared by aligned dust particles) and sometimes on energetic
arguments (the observed agreement of rotational losses in radio pulsars with theoretical
estimates of magnetic dipole losses).

Since this review necessarily contains a selection of highlights of the magnetic cosmos, I
will just list here some of the important magnetic problems which are not even mentioned
later on: the origin of primeval magnetic fields in the interstellar medium; the origin of
bundles of magnetic fields or discrete flux tubes at the solar surface (and in many stars);
stellar magnetic cycles and their temporary interruption; mass loss driven by cyclotron line
radiation pressure in strongly magnetized white dwarfs (electron degenerate stars with a
typical radius of 10* km and a mass below 1.4 Mg; 1 Mg = 2-10%° kg is one solar mass) and
neutron stars (neutron degenerate stars below 1.4 Mg and with a typical radius of 10 km);
mass loss driven by the ponderomotive force of Alfvén waves; magnetic shaping of jets in
active galactic nuclei and protostars; magnetic extraction of rotational energy from massive
black holes in galactic nuclei: the origin of magnetic field filaments in the center of our
galaxy; coherent emission processes in radio pulsars, planetary magnetospheres, sun and
stars; particle acceleration in shocks, particle propagation and magnetic trapping; magnetic
monopoles.

Below I have selected the problems of dynamos (Section 2), the use of electric circuits
(Section 3), magnetic explosions (Section 4), the role of magnetic tension (Section 5), and
finally (Section 6) radio pulsars, which have the largest magnetic field strengths known to
man.

Plasma astrophysics (Sturrock 1994) and cosmic magnetohydrodynamics (MHD) ( Biskamp
1993) benefit greatly from terrestrial magnetospheric research and from laboratory plasma
physics (Galeev & Sudan 1983; Freidberg 1987) although the interest of fusion plasma
physicists usually is to keep the plasma quiet while the very existence of instabilities make
plasma astrophysics interesting. Another difference is that laboratory plasmas are pro-
duced for nuclear fusion while astrophysical plasmas result from fusion and ultimately from
gravity. Finally, the ratio between macroscopic and kinetic length scales in astrophysics
is far larger than in laboratory plasmas which make the latter much more complicated in
their description. Many of the unsolved problems in present-day plasma astrophysics and
in MHD are connected with the collisonless nature of the plasma: the magnetic Reynolds
number, defined as R,, = puglv/n, and the Lundquist number, defined as S = poLva/7,
reach extremely high values up to 10'3. Here L is the characteristic gradient scale, 7 the
electrical resistivity. v the characteristic (differential) speed, v4 = B(pop)~%° is the Alfvén
speed or propagation speed of magnetic perturbations along the magnetic field (named af-
ter the founder of magnetohvdrodvnamics and Nobel prize winner, Hannes Alfvén (born
1908)), B is the magnetic induction, H is the magnetic field (in astrophysical plasmas
usually B = jipH ), and p is the gas density. The present

Table 1: Magnetic Fields in the Universe




Object Field strength (T) | Linear dimension (m)
intergalactic <1lg-13 3524
quasar 1-100 1g16
galaxy 28 - 10 120
extragalactic jets | 1g — 9 121
galactic centre 1g -7 317
molecular cloud 1g -7 316
sunspot 0.2 17
solar wind 3-9 111
comet 6 — 8 17
planet <lg -4 TE7
magnetic star 1 1£9
white dwarf 1g2 — 14 1g7
neutron star 15 - 19 14

capacity of computers, which can handle Lundqvist numbers up to 10°, sets limits to the
modelling of MHD turbulence and chaotic phenomena. Understanding the interplay between
macroscopic MIID and plasma kinetic effects is one of the important goals of research (van
den Oord 1994).

2 Dynamos

As magnetic fields have a positive pressure, B?(2u0)~!, they must be anchored in gravi-
tationally bound. electrically conducting objects. The amplification and maintanance or
periodic regeneration of magnetic fields by the action of conducting moving fluids is called
a dyn(zmo or generator. The field evolution is obtained from Maxwell’s induction equa-
tion ( 83/81 -V AE) supplemented with a suitable Ohm’s law for the conducting fluid
(E =nj—TA B — (nee)” Vp, ...) and after elimination of the current density j with
Ampere’s law (] = ,uOIV A B + ... neglecting the displacement current for low-frequency
phenomena):

88? VA (17/\B)+77AB/p0+V/\ [(nee)

“1¥pe] + .. (1)

The first term on the right-hand side, the "convection” term, expresses the advection of
magnetic field with the fluid flow. If only the convection term plays a role magnetic flux
f B -dS) is conserved for any comoving cross-section §. The magnetic field is then said
to be frozen-in. A seed field can now be amplified as is clear from Fig. 1. For example at
the solar surface differential rotation amplifies an initially purely meridional (poloidal) field
into a wound-up azimuthal (toroidal) field (Fig. 3 left). Another interesting example is the
theoretical rope dynamo construction (Fig. 2).

The second term is a diffusion term and represents Ohmic losses due to the resistivity
n. Under astrophysical conditions field diffusion is very slow: the Ohmic diffusion time
of a sunspot of 1000 km is 300 yr and this time increases quadratically with the linear
dimensions.
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Figure 1: Amplification of a seed field embedded inside a plasma by shearing motion.

-

Figure 2: Rope dynamo (Zeldovich et al. 1983)

Finally the third term in Eq. (1) represents a battery term. The battery term or thermo-
electric field requires a non-alignment of the gradients of electron density (or temperature)
and of electron pressure, which can happen under nonuniform rotation or for a nonspheri-
cally svmmetric chemical distribution in a star. Of the three terms discussed it is the only
one which can create a magnetic field.

For an asyvmptotic or periodic dynamo in general both the convection and the diffusion
terms are important. The reason is that, whereas the convection term leads to amplification
of the field in a direction perpendicular to the original field direction, this original field
component has to be restored at some stage, which can be done by diffusion of field amplified
in the correct direction elsewhere. It can be shown that a dvnamo can not be axially
symmetric and a breakthrough occurred when it was realized that the solar convection cells
below the surface are cvclonic: solar rotation (the Coriolis force) causes the turbulence on
the northern and southern solar hemispheres to have non-zero and opposite helicities. As
a result the turbulence can recreate a poloidal component out of the toroidal component
(Fig. 3). It should be added that this so-called ”af)”-dynamo is obtained from Eq. (1)
by substitution and averaging of a velocity field which has a small-scale fluctuating part
superposed on a large-scale mean flow pattern (and similarly for the magnetic field). As a
result an effective diffusion appears which is far larger than the astrophysically unimportant
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Figure 3: Illustration of a solar dynamo: a toroidal field component is created out of the
initial poloidal component by shearing motions; out of the toroidal component a poloidal
component can again be formed by helical turbulence (van Geffen 1993).

atomic diffusion.

Much effort has been spent on these mean-field dynamos. Unfortunately thev cannot
reproduce the observed discrete flux tubes. Further in the case of the sun. to reproduce
the solar cvcle these dvnamos require an internal radial differential rotation in conflict with
the rigid rotation as determined from solar surface oscillations. which act as probes of the
solar interior. Presently for the sun a primordial toroidal field is assumed to reside at the
bottom of the convection zone which "feeds” the dynamo.

Moreover this description is not a dynamic but a kinetic one, as no account is taken of
feedback by the Lorentz force on the driving flow pattern. Interestingly, if one allows for
such a feedback a model system can be set up which shows chaotic properties and nonlinear
suppression of the periodic dynamo during certain periods (Torkelsson & Brandenburg
1994).

In fully convective stars and in the galaxy no place exists to store a stably stratified
primordial field as in the sun and therefore a different dynamo is required. Recently it
has been found that in such cases a so-called fast dynamo could operate. A fast dynamo
is a dynamo which persists in the limit of infinite magnetic Reynolds number (which is
not a bad approximation for astrophysical conditions). Such dvnamos can exist if the flow
pattern is sufficiently complex or chaotic (Galloway & Proctor 1992).

3 Electric circuits

The magnetic field amplification in a dynamo as described by Eq. (1) corresponds to the
generation of an electric current svstem (Alfvén 1981). It is often helpful to consider the
corresponding electric circuit by integration of Eq. (1) along a suitable. closed contour:

‘Z)—Tz—fﬁ-di:f(m\ﬁ—nj)-(wﬁ (2)
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or, when the current is confined to a thin tube:

d

E(LI)_V—IR, (3)
where @ is the total magnetic flux contained by the closed curve and we have defined the
total inductance of the circuit by ® = LI, I = jAS is the total current, the first term on
the right-hand side plays the role of an "electromotive force” (EMF) V = §(¥ A B)-di, R
is the total resistance defined by R = § 77 - df/I, and AS is the current cross-section.

As is the case for the common vacuum circuit equation, Eq. (3) implicitly assumes
that at arbitrary times the circuit carries the same current everywhere. It can therefore
only describe changes taking place on time scales longer than the circuit crossing time for
(low-frequency) electromagnetic signals. Since the circuit is embedded inside a plasma with
inertia the signal propagation speed is not now the speed of light but only the Alfvén speed
(see below).

Eq. (2) has a direct bearing on the acceleration of particles in magnetic atmospheres.
In astrophysics often differential motions set up a voltage source along a suitable, closed
curve. An example is given by the recent impact of fragments of the comet Shoemaker-
Levy 9 onto Jupiter: ultraviolet observations with the Hubble Space Telescope show an
increased auroral activity on the opposite Jovian hemisphere, possibly due to a new current
circuit driven by motion of the (conducting) fire ball across the field. In general the circuit
curve passes through a very inhomogeneous (because of gravitational stratification) gas
distribution consisting of well-conducting parts but at some places including near-vacuum
gaps. In such a case a current cannot at first be set up. However. the total voltage drop then
quickly condenses to such narrow vacuum gaps and can lead to the creation and acceleration
of charge carriers, so that eventually a current will flow. Probably, such a process occurs in
the atmosphere of a fast rotating magnetized neutron star or radio pulsar, and is responsible
for the observed intense radio and gamma ray emission. It may even play a role near black
holes (Thorne et al. 1988; van Oss 1994). Conversely it is a quite general observation that
magnetic fields in the universe often are associated with copious particle acceleration (IAU
coll. 142, 1994).

4 Magnetic explosions

Upon their amplification by a dynamo inside the stellar interior or inside a gaseous disk,
magnetic fields are buoyant and have a tendency to rise. The reason is that a magnetic
field with the same pressure as plasma at a given particle density n and temperature T
(B?(2u0)~! = nKT) has a much lower equivalent matter density than the plasma. As a
result the scale height of the magnetic field at the surface of a star or disk is much larger
than the scale height of the gas density (Fig. 4). An atmosphere with magnetic fields is
therefore dominated by magnetic effects. In particular the equation of motion for such
coronal gas (named after the hot. dilute. magnetized envelope of the sun which becomes
visible as a radiant ring during a solar eclipse) reduces to

pdﬁ/(lt:—pﬁ—ep-{rf/\ﬁzj/‘\g. (4)




Figure 4: Magnetic fields are buovant and often have a much larger scale height than the
gas density above the stellar surface.

which shows that static equilibria in a corona satisfy

j=ab. (5)

where « is constant along a field line (since V - J = 0 for low-frequency phenomena). Such
fields are called force free and a whole industry exists to find force free field solutions for
specified boundary conditions. It should be stressed that a magnetic atmosphere can only
be partially force free and must be anchored in the stellar or disk gas where by necessity it
is not force free.

As the subsurface dvnamo continues to operate and the motion of dense stellar or disk
plasma reshuffles the footpoints of coronal magnetic fields, the electric currents running
into and out of the corona increase. Now, since coronal fields are nearly force free (the
Alfvén crossing time is much less than the variation time in boundary conditions) they
must expand to redistribute the extra magnetic stresses so as to remain force free. In the
presence of neighbouring magnetic structures (Fig. 5) arbitrarily thin sheets can develop
over which the magnetic field direction changes abruptly. In such a thin sheet resistivity
cannot be neglected any longer and the field line topology changes by field line reconnection,
whereby magnetic energy is explosively released on a few Alfvén crossing time scales. In the
lower solar atmosphere such a reconnection event leads to spectacular optical, UV, X-ray,
gamma and radio emissions and is known as a solar flare. Similar explosions are now known
to occur in magnetic atmospheres of many stars including white dwarfs, neutron stars and
in plasma disks around black holes (Kuijpers 1992; Volwerk et al. 1993) in galactic binaries
and in nuclei of active galaxies.

Note that, despite the high Lundqvist number the localized effect of resistivity in only
a thin sheet suffices for a global release of magnetic energy stored in a force free structure.
The reconnection process breaks the force free state and allows a number of processes to
develop simultaneously: the action of strong Lorentz forces leading to bulk motion and
supersonic expulsion of plasmoids, the onset of localized strong electric fields and of shocks
leading to particle acceleration (Achterberg 1992), the excitation of magnetic fluctuations
and plasma waves. and the onset of turbulent resistivity leading to sudden heating. At
present it is an unsolved but important question what determines the energy partitioning
between these various forms of energy release. It is this interplay between large scale
magnetohvdrodvnamics and kinetic plasma theory where much of the present research is
focussed on.
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Figure 5: Shown is the evolution of field line projections of a triple magnetic arcade onto
the vertical plane under the action of shearing motion at the footpoints perpendicular to
this plane (Biskamp & Welter 1989; see also Miki¢ & Linker 1994).

5 Magnetic Tension

In the previous section we have considered the energetic aspects of magnetic fields based
on the associated energy density B?(2u)~!. We will now consider direct dynamic effects
of magnetic fields in astrophysics. Apart from an isotropic pressure B2(2u0)™' a magnetic
field also exerts a local tension B?/ug along its direction.

This property allows the transport of angular momentum along field lines. An important
example is star formation. Stars with magnetic fields on their surface are observed to rotate
relatively slowly. For instance in the solar system the total angular momentum is 3.1 x 10>
kg m~2 s7! of which the sun contains only half a per cent. It is thought that magnetic
fields play a dominant role during the contraction of a protostellar cloud as it condenses to
a thin Keplerian disk. by braking the relatively fast rotating inner parts while speeding up
a small amount of material in the outer regions (Fig. 6a).

Finally as the protostar forms. a stellar wind develops which consists of supersonically,
outward moving plasma. The stellar magnetic field acts as a lever arm which enforces
corotation of the stellar wind up to the Alfvén radius r 4, defined as the distance where the
dynamic wind pressure pv® surpasses the poloidal field pressure B,zml(Q/.Lo)_l (Fig. 6b). The

loss rate of angular momentum by the star J is given by

dJ/dt = rav4dM/dL. (6)

and is even for a loss rate as small as —10~2 Mg, yr~! sufficient to slow down the star during

its formation to the observed rotation speeds at the surface of order 50 km/s.
Magnetic transport of angular momentum plays also an important role in the rotational
or spin history of white dwarfs and neutron stars. As is true for 50 % of the stars, many of
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Figure 6: Figure a shows magnetic connections transporting angular momentum outward
in a differentially moving. Keplerian. protostellar disk; Figure b illustrates braking of a
protostar by a stellar wind (arrows) in the rotating archimedean magnetic spiral pattern.

these compact stars occur in double stars or binaries. At some stage during the evolution
of such a binary the nuclear fusion inside the ordinary star causes it to expand and shed
its outer gas layers onto the compact companion which can be spun up, depending on its
magnetic field strength (Frank et al. 1992). The infalling gas assembles in a Keplerian
accretion disk in which magnetic fields can transport angular momentum outward and
enhance the inward mass accretion rate (Schramkowski 1994). During the infall of gas
down the deep potential well of the compact object the gas is heated up considerably and
gravitational energy is radiated away, mainly in X-rays with a total power Lyx

Lx = GMR™dA/dt. (7)

where M is the mass of the compact object, R its surface radius and dM/dt > 0 the mass
accretion rate. The double star shows up as an X-ray binary. If the neutron star has a
high magnetic field strength (10% — 10% T at the surface) plasma is canalized along the field
onto the magnetic poles and the X-rays are beamed as in a lighthouse. Such objects are
X-ray pulsars (Fig. 7). Weaker field stars are spun up to considerably faster rotation rates
by the incoming plasma than strong field stars because the star strives to corotation with
the Keplerian gas at the Alfvén radius. In this way it is now thought that the progenitors
of millisecond pulsars. neutron stars rotating close to their break-up speed, are produced
in X-ray binaries. When eventually the binary breaks up due to a supernova explosion of
the ordinary component. the fast-spinning neutron star leaves its dense environment and
starts to radiate as a radio pulsar (Bhattacharya & van den Heuvel 1992).

Magnetic suspension of gas above a stellar surface is another spectacular effect of mag-
netic tension. On the sun huge amounts of plasma (about one Mont-Blanc mass) can be
seen to stand against the solar disk in absorption in the form of beautiful cathedral-like
structures (up to 10° km) or towering above the limb in emission. These so-called filaments
or prominences are held-up by magnetic fields (Fig. 8) (Kuperus & Raadu 1974).
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Figure 7: The strong magnetic field of a rotating X-ray pulsar canalizes infalling matter
(hatched) from an accretion disk onto the magnetic poles. The gravitational energy is
released in the form of beams of X-ray emission illuminating a fortunate observer at the

rotation frequency.

Figure 8: Sketch of two ways to suspend plasma magnetically in a stellar atmosphere. The
electric currents in hoth cases are oppositely directed.
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Finally the elastic property of a magnetic field sustains Alfvén waves, transverse oscil-
lations in a plasma of density p with a propagation speed equal to the so-called Alfvén
speed

va = (¢7? + pop/B*)™"" = B(uop)™*®, (8)

where the last equality applies to non-relativistic speeds. The latter expression can be easily
understood if one realizes that a magnetic field has a tension B?/uo while the plasma has
an inertial density p. Alfvén waves are thought to heat stellar coronae to temperatures of
108 — 107 K (cf. temperatures at the stellar surface of only 10° — 10* K). The waves are
excited in the convective mantles of stars when the footpoints of magnetic fields are being
reshuffled. The wave energv is dumped by resonant absorption in coronal loops for which
the wave frequency w(27)~! coincides with the inverse of the Alfvén transit time of the
particular loop of length L: w = 2mv4/L (Halberstadt & Goedbloed 1993).

6 Radio Pulsars

Radio pulsars are strongly magnetized (10 — 10° T), fast-rotating (0.002 — 4 s) neutron
stars (mass 1.4 Mg,. radius R =10 km) of which the magnetic dipole axis is not aligned with
respect to the rotation axis (Blandford et al. 1993; Michel 1990). Let us first assume that
the star is placed in vacuum and can be approximated by an obliquely rotating magnetic
dipole of strength m = Ep R327 /1o and rotation frequency 2. Then the star emits magnetic
dipole radiation at a rate

1 Idzﬁi|2
T 6meged ' di? '

(9)

where we can put d?i/dt2 = QA (2 A ). Note that this radiation is emitted at the,
very small. rotation frequency (500 — 0.25 Hz) and cannot be observed near the earth due
to intervening plasma which has an electron plasma frequency of at least 20 kHz. The
received radio pulses (in the band 100 MHz - 30 GHZ) are due to a different but badly
known process. operating at the magnetic poles in the form of search lights.

These magnetic dipole losses cause the neutron star to slow down at a rate

IQdQ/dt = —27?603,2)RGQ4S‘i112x(3C)_1, (10)

where the inertia I of the neutron star can be estimated both from theory and from ob-
servations (the mass from e.g. the Hulse-Taylor binary pulsar and the radius from X-ray
black-body power in nuclear fusion bursts at the stellar surface). 2 and dQ/dt < 0 can be
directly determined from the observations. The observed energy loss rate can be as high
as 8 - 103! Watt, more than 10° solar luminosities! With Eq. (10) the field strength then
follows if the obliquity \ is known. The fields turn out to be in the range 10* - 10° T in
agreement with field determinations in other neutron stars from X-ray cyclotron lines.
Similar computations have been done for a realistic magnetized ordinary star in vacuo in
1955 by A.J. Deutsch. long before the discovery of radio pulsars in 1967. Not surprisingly,
in view of the non-inertial frame, he found that strong electric fields exist in the vacuum
magnetosphere of a rotating star with components along the magnetic field of order £ =
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Figure 9: Current svstem in the magnetosphere of a rotating neutron star. Shown are the
meridional projections of field lines and currents. Their toroidal components show a relative
increase with increasing distance from the star.

QRB,. For a neutron star electric fields of order 10!? — 10** V/m are found. sufficiently
strong to pull charges out of the star so that the vacuum assumption above is violated.
Instead it is more realistic to consider the magnetosphere as a good electric conductor.
The accelerated primary electrons follow the curved magnetic field lines and emit curvature
radiation in the form of gamma rays at a frequency w = 73¢/R.. In the strong magnetic
field these photons can create electron positron pairs by a single photon process when
hwsin(8) > 2m.c? and momentum need not be conserved in the presence of the magnetic
field. Thereafter these processes repeat and an avalanche of pairs results if the field is strong
enough with respect to the critical field strength B, = (mec)?(eh)™! = 4.4-10° T and leads
to a well-conducting plasma. Here % is the Lorentz factor of the primary electrons. R,
the radius of curvature of the field lines, and @ is the angle between the photon and the
magnetic field direction.

As a result an electric current system (cf. Eq. (2)) is set up between the star and
plasma near the light cvlinder (at a distance ¢/Q where corotation must break down). At
those places where the current closes across the field, plasma is accelerated outward to
form a relativistic wind (Fig. 9). Altogether a realistic pulsar looses its rotational energy
partly in the form of a Poynting flux and partly in the form of a relativistic particle wind.
As the wind flows out Poynting flux is gradually converted into wind energy by magnetic

annihilation in current sheets (Fig. 10). The Crab nebula is thought to be powered by such
a relativistic wind.

The internal state of a neutron star of 1.4 Mg is formed by a liquid core of 10 km radius
probably consisting mainly of neutrons, surrounded by a crystalline crust of 2 km thickness
consisting mainly of nuclei with Z = 40 and 50 and a pervading neutron liquid (Baym and
Epstein 1992). The internal density estimate is around 3 - 4 p, where p, = 0.16 fm~3 is the
saturation density of nuclear matter. At these densities the Fermi energy for the neutrons is
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Figure 10: A pulsar wind streams out along open field lines starting from the magnetic poles:
at high rotational latitudes a helical wind goes out; in the equatorial regions a striped wind
flows consisting of plasma and magnetic fields of alternating polarity, separated by current
sheets. In the Crab Nebula the typical number of current sheets between light cylinder and
interstellar shock is 3- 108, o is the local ratio of Poynting to kinetic energy flux (Coroniti
1991).

100 MeV and since the stellar temperature is of order 10® K, far below 10'? K, the neutrons
in the core are completely degenerate. The neutrons attract each other and form a BCS
type superfluid with a superfluid transition temperature of 10!° K. At the high internal
densities the pairing is in the 3P, state: at the lower densities near the stellar surface the
16y attraction dominates. The protons (and electrons) are in beta equilibrium with the
neutrons and have a density of a few up to ten percent of the neutrons, and are therefore
also degenerate. The protons are superconducting (see Gould (1994) for the present status

of exotic superconductors). At these densities the electrons are extremely relativistically
degenerate.

In a neutral superfluid the velocity field ¥ satisfies V A7 = 0 and the circulation is
quantized in a paraxial array of vorter lines each of magnitude ¢ 7-df = +7h/m,, where m,
is the neutron mass. Averaged over many vortex lines one has < VAT >= 2Qand 7 = QAT
It follows that the vortex lines have an area number density ny = 2m,Q(rh)~! = 107/P
m~2 for a rotation period P = 27/ in seconds.

Similar to the the quantization of momentum m,¥ in the neutron superfluid also the
electromagnetic momentum eA of the superconductor is quantized. The magnetic flux
through the type II superconducting proton interior is made up of elementary quantized
fluz tubes &g = § A-dl = wh/e = 2- 1075 weber. A typical pulsar magnetic flux of 10'°
weber then consists of over 103° elementary flux tubes compared to 10° vortex lines. As
the vortex lines carry a strong magnetic field of their own ( 10!! T over the short distance
of a proton skin depth ¢/w,, = 107! m. due to entrainment of superconducting proton
neighbours by superfluid rotating neutrons around each vortex line) the stellar magnetic

13




flux is locked in between the vortex lines. The magnetic flux distribution and the field
decay at the surface are then determined by the spin history of the star. Coupling with
the crystal lattice of the crust. vortez pinning, is thought to lead to huge stresses and plate
tectonics (Chen and Ruderman 1993).

Both magnetic solid state physics of the interior of a neutron star and electrodynamics
of its fast revolving magnetosphere belong to the most fascinating fields of research in
present-day high-energy astrophysics.

7 Future work

In the past decade research of cosmic magnetic fields has grown into an interdisciplinary field
of study, in particular because the fundamental questions are of interest to the theoretical
physicist and at the same time because of detailed observations which make laboratory
experiments with high magnetic fields extremely useful: e.g. radiation pressure by cyclotron
resonance in fields of 102 T as occur in some white dwarfs; coherent plasma radiation from
localized intense electric fields in strongly magnetized plasmas in relation to radio pulsars;
experimental study of hydrogen and helium spectra in strong fields.

Our knowledge of the superconducting interior of neutron stars is very poor, in particu-
lar because of the uncertainty in the equation of state at these high densities (perhaps a pion
condensate or a quark plasma exists in the center). Much work is needed to understand the
physics of the interactions between elementary magnetic fluxoids and quantized vortices of
the superfluid neutrons. A second major theme of research in years to come will be the
development of dynamos with discrete flux tubes. Finally research in particle acceleration
in magnetospheres. both of planets and of compact objects is expected to receive a boost,
the former from in situ satellite observations, the latter from the discovery of TeV and PeV
gamma rays.
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