on questions such as whether degeneration and dosage compensa-
tion usually evolve on a stepwise, gene-by-gene basis (21) or involve
large blocks of chromosomal material (13). Secondary sex chromo-
somes, in which neo-X and neo-Y chromosomes have been created
by centric fusions between old-established sex chromosomes and
autosomes, are also a rich potential source of new facts (27).
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Physics in Strong Magnetic Fields
Near Neutron Stars

ArL1icE K.

Electromagnetic phenomena occurring in the strong mag-
netic fields of neutron stars are currently of great interest
in high-energy astrophysics. Observations of rotation rate
changes and cyclotron lines in pulsars and vy-ray bursts
indicate that surface magnetic fields of neutron stars often
exceed 10'? gauss. In fields this strong, where electrons
behave much as if they were in bound atomic states,
familiar processes undergo profound changes, and exotic
processes become important. Strong magnetic fields affect
the physics in several fundamental ways: Energies perpen-
dicular to the field are quantized, transverse momentum
is not conserved, and electron-positron spin is important.
Neutron stars therefore provide a unique laboratory for
the study of physics in extremely high fields that cannot
be generated on Earth.

cal sources are often far outside the realm of conditions now
achievable in laboratories on Earth. The highest magnetic
fields in Earth-bound experiments, generated by implosive flux-
compression (1), are in the tens of megagauss. Some white dwarf
stars have fields that are about 10 times higher. The discovery of

PHYSICAL CONDITIONS INFERRED TO EXIST IN ASTROPHYSI-
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radio pulsars and then of x-ray binaries and -y-ray bursts revealed that
neutron stars have fields that are a million times higher (10'> G),
possibly the highest fields occurring in nature. In teragauss magnetic
fields the cyclotron energy approaches the electron rest mass, and
quantum effects become important. Many nettron stars emit radi-
ation at x-ray and +y-ray energies, requiring acceleration of particles
to at least tens of megaelectron volts. The combination of relativistic
particle energies and quantizing magnetic fields requires a quantum
electrodynamic (QED) description of the physical processes. By
observing the radiation emitted by neutron stars, we can study the
physical processes that are thought to occur only in these extremely
high magnetic fields. This article reviews some of the theoretical
work on the physics in strong magnetic fields as well as what
observations of neutron stars can tell us about the behavior of
radiative processes under these extreme conditions.

Neutron Star Magnetic Fields

There are presently two ways to measure neutron star magnetic
fields, and both independently indicate field strengths exceeding
102 G. The first method involves monitoring neutron star rotation
periods and determining their rate of change. The periods of radio
pulsars are observed to increase with time. It is now widely accepted
that these isolated neutron stars can be modeled as rotating magnetic
dipoles emitting electromagnetic dipole radiation that creates a
torque, causing them to spin down in a well-determined way.
Because this torque is related to the star’s magnetic dipole moment
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as well as to its moment of inertia I (~10*%g - cm?) and radius R,
( ~10° cm), the surface magnetic field strength B, can be expressed
in terms of the period derivative P as

313PP\12
By=|——] =3.2x10"G@Pp)”?
0 (811-2R8) (PP)

where ¢ is the speed of light.

Figure 1 shows the distribution of observed values of P and P of
308 radio pulsars and the range of surface magnetic fields as
computed from Eq. 1. Although there is a range in inferred field
strengths of nearly four decades, most pulsars have fields between
10 and 10*3 G, with a few even exceeding 10'® G. Magnetic fields
also have been measured indirectly from the period derivatives of
x-ray pulsars. These sources are neutron stars that radiate by
accreting material from a binary companion. The accretion torques
tend to spin up the neutron star, and the resulting P can be related
to the magnetic field strength (2). Observed values of P for a number
of x-ray pulsars also give magnetic fields around 10'? G.

The second method directly measures the magnetic field strength
from the energies of cyclotron absorption lines in high-energy x-ray
spectra of neutron stars. These line features appear as a result of
resonant scattering or absorption of radiation by electrons at
cyclotron harmonics, which should occur at roughly integral mul-
tiples of the cyclotron frequency. The cyclotron frequency wg is
directly related to the magnetic field strength B as

@

eB
wp=—= 12 kCV B12 (2)
e
where e is the electron change, m is the electron rest mass, and B,
= B/10"* G
Cyclotron lines were first observed in the spectra of x-ray pulsars,
with the strongest feature observed being from the source Hercules
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Fig. 1. Distribution of observed periods and period derivatives of 308 radio
pulsars (28). The circled dots indicate binary pulsars. The superimposed
diagonals are lines of constant surface magnetic field strength (in gauss).
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X-1 (3). Because it is a single feature on the steeply falling upper end
of the spectrum, the line can be interpreted as either emission or
absorption at the first harmonic. In the case of absorption, the
cyclotron energy is approximately 38 keV, giving a field strength of
3 X 10'? G; in the case of emission the cyclotron energy is
approximately 50 keV, implying that B = 4 X 10'* G. If multiple
features are observed, as they have been in several other x-ray pulsars
and most recently in three y-ray burst sources, then the cyclotron
frequency can be determined precisely. Figure 2 shows the spectrum
of a y-ray burst with two cyclotron harmonics at 20 and 40 keV,
implying a magnetic field of 1.7 x 10" G.

QED Processes in Strong Magnetic Fields

The strong magnetic fields near neutron stars affect physical
processes in several fundamental ways. First, momentum perpendic-
ular to the field direction is quantized, so that electrons and
positrons must occupy discrete Landau states with energy

E, = m[1 + (p/mc)* + 2nB']? 3)

where n = 0, 1, 2,. . . . In each state, particles may have a spin either
up or down along the field direction except in the ground state n =
0, where only the spin-down state is allowed. The momentum
component parallel to the field, p, is continuous, and B’ = B/B,, is
the magnetic field in units of the critical field (B, = m 23leh = 4.414
x 103 G, where # is Planck’s constant over 2w), in which the
cyclotron energy equals the electron rest mass. Because fwg =
mc®B’, the Landau states are separated by the cyclotron energy in the
nonrelativistic limit. The major manifestation of the discrete electron
states is strong resonant behavior of the various cross sections.

Second, transverse momentum is not strictly conserved in inter-
actions because the magnetic field can absorb or supply momentum
(parallel momentum and total energy are strictly conserved). Thus a
number of first-order processes are allowed that are forbidden in free
space. Among these are cyclotron radiation and absorption, which
are familiar as classical electromagnetic processes in weak fields, as
well as one-photon pair production and annihilation, which become
important only in strong fields approaching B,,.

Third, in very strong fields processes depend on the spin of the
electrons and positrons. One important effect is that transitions in
which particles change spin (spin-flip transitions) are less probable
than those in which the spin is unchanged.

In fields approaching the critical field strength, where the cyclotron
energy is near the electron rest mass, an accurate description of the
physics requires a fully relativistic treatment, that is, QED. This is true
even when particle energies are nonrelativistic. Transition probabilities
in QED can be derived from the square of the S-matrix element, in
which the electron and positron wave functions are eigenfunctions of
the Dirac equation in a static, homogeneous magnetic field and the
photon is treated as a plane-wave perturbation. In processes such as
bremsstrahlung and Coulomb scattering, potentials of the external
fields are also treated as perturbations. This article will not go into
details of the calculations but will concentrate on highlighting the
important and unusual characteristics of a few radiative processes that
are unique to strong fields. More detailed descriptions may be found
in reviews by Harding (4) and Meszaros (5).

Cyclotron Emission

Cyclotron radiation and its inverse, cyclotron absorption, are
first-order processes whose characteristics are familiar at low field
strengths (6, 7). In high fields approaching the critical field, the
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classical description breaks down in several ways, and a quantum
description is required to compute accurately the radiative rates and
photon spectrum, even for nonrelativistic electrons. In the quantum
description of cyclotron radiation, electrons emit photons by spon-
taneously decaying from higher to lower Landau states. The classical
picture of continuous emission by an electron executing smooth
orbital motion is no longer valid. Furthermore, the classical distinc-
tion between cyclotron radiation, emission at low harmonics, and
synchrotron radiation (in which the particle energy is relativistic and
emission occurs at very high harmonics) becomes blurred in fields
comparable to B, where even emission at low harmonics is
relativistic.

An example of the striking differences between classical and
quantum descriptions of cyclotron radiation in strong magnetic
fields is illustrated in Fig. 3. When (B/B.)[v*/(y — 1)] > 1, the
energy of a photon at the classical value of the critical synchrotron
radiation frequency, y?wy, exceeds the electron kinetic energy (y —
1)mc?, where v is the electron Lorentz factor. The classical emissivity
therefore violates conservation of energy. The classical formula also
overestimates the spectral emissivity when I' = (B/B_.)y > 0.1.
There is a consequent reduction of the electron energy loss rate from
the classical formula, ¥ « T2, for large values of I' (8). The
overestimation of the emissivity by the classical formula is quite
obvious for the parameters of Fig. 3, which may be typical of
conditions in y-ray bursts and radio pulsars. The approximation to
the quantum formula for n >> 1, also shown in Fig. 3, incorporates
a kinematic cutoff at ® = ymc? [a relativistic approximation to the
true cutoff at @ = (y — 1)mc?] and provides a much better estimate,
except at the lowest harmonics. Because of electron recoil the
harmonic energies are not simple multiples of the cyclotron frequen-
cy, as in the nonrelativistic case. The effect of spin-flip suppression in
the transition rate is also apparent in Fig. 3. Because electrons with
initial spin-up must undergo a spin-flip to decay to the ground state,
their emissivity is less compared to that for electrons with initial
spin-down.

Pair Production and Annihilation

Because an electron-positron pair has less momentum than a
photon of the same energy, pair production by single photons is
usually forbidden. In a strong magnetic field, which is able to absorb
the extra momentum, electron-positron pairs can be produced by
one photon as well as by two photons. The attenuation rate for
conversion of a single photon into an electron-positron pair in the
presence of an external magnetic field (also referred to as magnetic
pair production) was first calculated in the early 1950s (9, 10), but
because this process is not possibly observable in laboratory fields it
did not receive much attention until the discovery of pulsars in the
late 1960s. In both processes, the electron and positron can be
produced only in the discrete Landau states that are kinematically
available. When the photon energy is near threshold there may be
only one or two of these states, and the cross sections will be
resonant at each of the pair state thresholds.

Figure 4 shows the attenuation coefficient R for one-photon pair
production as a function of photon energy for 6 = 90°, where 0 is
the angle of the photon direction with respect to the magnetic field.
The threshold for producing a pair in the ground state is 2mc*/sin .
Although this resonance structure is important very near threshold,
the increasing density of resonances with photon energy allows the
use of a more convenient asymptotic expression when the number of
available pair states becomes large (~10%). In this limit, the
probability of one-photon pair production rises exponentially with
increasing photon energy and transverse field strength. A quick rule
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of thumb is that magnetic pair production will be important when
(E,/2mc*)B’ sin 6 = 0.1, where E,, is the photon energy. Conse-
quently, the quantum structure of near-threshold pair production
becomes important when B = 4 x 10" G.

The strong angular dependence of the one-photon pair produc-
tion threshold has important consequences for photon transport
near neutron stars. For example, a 2-MeV photon propagating
perpendicular to a strong field sees a pair production threshold at
2mc* and will be absorbed, whereas the same photon propagating
along the field would escape. Thus we might expect to observe
high-energy cutoffs or turnovers in the spectra of neutron stars
above 1 MeV as a result of pair production by the magnetic field. An
even more exotic process that may attenuate photons in strong fields
is photon splitting (11), which occurs as a result of the interaction of
the photon virtual pairs with the magnetic field. When one member
of a virtual electron-positron pair radiates, the photon splits into
two photons of lower energy. The polarization of these pairs by the
magnetic field also causes the vacuum to behave as an anisotropic
medium, producing interesting propagation effects, such as birefrin-
gence, that might be observable in neutron star spectra (12).

The two-photon pair production cross section in a strong mag-
netic field also has resonances near threshold because of the discrete-
ness, of the pair states (13). The threshold depends on photon
polarization direction with respect to the field, with the lowest
threshold condition taking the form (14)

(E1 sin 0y + E, sin 0,)? + 2E1E, [1 — cos (8; — 0,)] = 4m?c*
4)
where E, and E, refer to the energies of the photons and 6, and 6,
are their angles with respect to the field. The second term is the same
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Fig. 2. Count spectra of the y-ray burst GB880205 detected by the Ginga
satellite at three successive times during the burst time history (29).
Spectrum b shows absorption features near 20 and 40 keV.
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Fig. 3. Cyclotron emis-
sion spectra [power per
frequency interval, I(»),
in units of the cyclotron
energy] from electrons at
energy E. The histo-
grams are Monte Carlo
calculations of the quan-
tum  emissivity from
electrons having initial
spin-up  (light histo-
gram) or spin-down
(bold histogram). The
dashed curve is the clas-
sical emissivity, and the

solid line is the asymp- 10_160—3 1(5-2 1()‘-1 1‘ 10
totic quantum emissivity
( 30)' o (MeV)

as the free-space threshold condition, and the first term appears as a
result of nonconservation of perpendicular momentum. Thus it is
possible for photons traveling parallel to each other (6, = 0, = 0°)
to produce a pair, an event that is not permitted in free space.

In a strong magnetic field, electrons and positrons may annihilate
into one or two photons through the inverse of the pair production
processes discussed above. Because the synchrotron decay time in
fields of about 10" G (~10® s) is much shorter than either
collisional or annihilation time scales, pairs are expected to cool to
the ground state before being annihilated. One-photon annihilation
from the ground state results in a line at 2mc* that is broadened
asymmetrically by the paralle]l momenta of the pairs. Unlike the case
in two-photon annihilation, Doppler broadening of the one-photon
annihilation line results only in a blue shift because the photon must
take all the kinetic energy of the pair in addition to the rest mass.
The one-photon annihilation rate for pairs in the ground state
increases exponentially with field strength but does not overtake the
two-photon rate until around 10'® G (14, 15). Pairs annihilating
from excited states would produce additional lines above 1 MeV,
which at high energies blend together into a continuum (16).

Annihilation of electron-positron pairs into two photons pro-
duces a line at 511 keV, as in free space, but the relaxation of
transverse momentum conservation in a high magnetic field causes
an additional broadening of the line. For the case of annihilation of
pairs at rest, the line is broadened by roughly AE ~ mc® B'/2 for
emission parallel to B and by

AE ~mc*(B'/2)2sin®  (sin 0 > V2B) (5)

for emission at angle 6 to B (74). In fact, there is an increasing
tendency in very high fields for one of the photons to be produced
with almost all the pair’s energy, so that two-photon annihilation
behaves more like one-photon annihilation. Widths of observed
two-photon annihilation lines in +y-ray burst spectra (17) could in
principle put an upper limit on the magnetic field strength. The
widths of even the narrowest emission features observed, however,
are too large (probably as a result of thermal broadening) seriously
to constrain the magnetic fields by the above relations.

Cyclotron Scattering and Absorption

Scattering and absorption of photons at cyclotron resonance
energies are closely related processes, and both may result in spectral
line features. Cyclotron absorption, the inverse of cyclotron emis-
sion, is a first-order process whereby photons at cyclotron-resonant
frequencies induce upward transitions of electrons between Landau
states. In the relativistic description, the resonant energies
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@, = mc[(1 + 2nB’ sin? 0)12 — 1]/sin? 0 (6)
are not exact multiples of the cyclotron energy oz = mc®B’ because
the electron recoils on absorbing the photon. Cyclotron scattering is
really resonant Compton scattering, a second-order process that is
strongly resonant at the cyclotron harmonics. Because the second-
order scattering description includes a virtual intermediate state,
there are no kinematic constraints on the incident photon, as in
absorption. Use of the first-order or second-order descriptions
depends on whether the density is high enough that collisional
deexcitation dominates over radiative deexcitation of electrons in
excited Landau states. Even in the relatively dense accreted material
that forms the hot emission region near the poles of x-ray pulsars,
radiative deexcitation is expected to dominate as a result of the high
magnetic field strength (18). Under these conditions, absorption of
a cyclotron photon is always followed by the emission of another
photon, so that resonant scattering is more important than resonant
absorption near strongly magnetized neutron stars (19).

Figure 5 shows the relativistic cross section for scattering of an
electron from the ground state to an arbitrary Landau state. The
nonrelativistic magnetic scattering cross section (20) is resonant only
at the fundamental cyclotron frequency, whereas the relativistic cross
section is resonant at all higher harmonics. Excitation of electrons to
excited Landau states through scattering is most important near the
resonance energies. In fields B << B,,, a photon with energy near
o, will probably scatter an electron to state n — 1, resulting in a
scattered photon at the cyclotron frequency with subsequent spon-
taneous emission of one or more cyclotron photons. This process is
analogous to Raman scattering in atomic physics. The fact that
resonant scattering is strongly dependent on harmonic number, field
strength, and angle makes it an excellent diagnostic in the study of
emission from neutron stars.

Cyclotron Resonant Scattering Models

A prime example of what we can learn about the behavior of
radiative processes in strong magnetic fields from observations of
neutron stars is the study of cyclotron line features in y-ray bursts.
These mysterious, transient sources emit bursts of emission almost
exclusively in y-rays, and although they are generally believed to be
neutron stars the source of energy powering the bursts is not known
[see (4) for review]. Single absorption features have been detected in
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Fig. 4. Attenuation coeflicient for one-photon pair production as a function
of photon energy for propagation at 90° to the magnetic field (31).
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about 20% of y-ray burst spectra at energies between 30 and 60
keV. Their interpretation as cyclotron lines had for many years been
controversial until the detection of double absorption features in the
spectra of three y-ray bursts by the Ginga satellite in 1988 (the
spectrum of one of these bursts is shown in Fig. 2) laid to rest any
doubt that the features were indeed cyclotron lines. More compel-
ling is that detailed theoretical models (21, 22) have confirmed that
cyclotron scattering physics can provide a completely consistent
explanation for the line energies, widths, and depths.

The line at the first harmonic results from scattering of an electron
in the ground state by a photon at the cyclotron frequency through
a resonance at the first excited state. Because the incident and
scattered photons are both at the cyclotron frequency, resonant
photons are not destroyed, and the first harmonic is not a true
absorption feature. An absorption-like feature can only form
through multiple resonant scatterings in which the photon’s energy
gradually shifts out of the resonance as a result of the recoil of the
electron. Because the cross section drops away from the resonance,
there is a much lower chance of scattering back into the resonance,
causing a net depletion of photons in the line core. The line at the
second harmonic results from resonant scattering of photons with
twice the cyclotron frequency. In most cases, however, the scattered
photon appears at the first harmonic (leaving the electron in the first
excited state) rather than at the second harmonic (leaving the
electron in the ground state). Thus most second-harmonic photons
leave the line core in a single scattering, approximating true absorp-
tion. An initially surprising feature of the observed lines, that the
first and second harmonics are of similar strength even though the
resonant scattering cross section decreases rapidly with harmonic
number, can be explained naturally by this spawning of cyclotron
photons through scattering events at higher harmonics, which
partially fill in the first harmonic dip.
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Fig. 5. Compton scattering cross section o (in units of the Thomson cross
section o) at an incident angle of 60° as a function of incident photon
frequency (in units of the cyclotron frcquency“) for electrons at rest in the
ground state in a magnetic field of 1.7 X 10°* G. Labels refer to the final
electron Landau state (32).
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Fig. 6. Cyclotron line
scattering profiles ¢ at
different incident pho-
ton angles in a magnetic
field of 1.7 x l?)%‘ G.
These profiles are the
scattering cross section
convolved with a one-

dimensional thermal
electron distribution at a
temperature of 5 keV
100
(25) : 00.6 0.8 1.0 12 1.4
wlmcyc

Another surprising feature of the observed lines is their narrow
widths, which require a temperature of only about 5 keV, much
cooler than that of the continuum (which is ~1 MeV). The low
temperature can also be naturally explained with resonant scattering
(23), which dominates the thermal balance of electrons in the
scattering layer. The electrons will reach an equilibrium tempera-
ture, characterizing their parallel momentum -distribution in the
ground state, at which energy gains equal energy losses through
scattering. The predicted equilibrium temperature is one quarter of
the cyclotron frequency, which for a field strength of 1.7 x 10*2 G
is about 5 keV.

The assumption of a one-dimensional momentum distribution of
scattering electrons in the ground state leads to extremely angle-
dependent and asymmetric line profiles. The asymmetry results from
the relativistic kinematics of one-dimensional Doppler broadening
and is important in this case even when the electrons are nonrela-
tivistic (24, 25). In the nonrelativistic limit, the width of line profiles
due to Doppler broadening by a one-dimensional thermal electron
distribution at temperature T is

Awp = 0,(2kTImc*)? cos 0 (7)

(where k is Boltzmann’s constant), and the lines would be symmet-
ric. Figure 6, however, shows that in a relativistic calculation of the
scattering profile this is not the case. The relativistic correction is
especially evident in the profile at angles near 90° to the field
direction, where there would be almost no Doppler broadening in
the nonrelativistic case. There is substantial transverse (second-
order) Doppler broadening in the relativistic case, and it is exclu-
sively a redshift.

Figure 7 shows the results of computer simulation of the cyclo-
tron scattering process. In these codes, an assumed continuum
spectrum is incident on a layer of constant electron density, parallel
temperature, and magnetic field strength, and the resonant scatter-
ing of photons is computed as they propagate through the layer. The
calculations show that the relative depths and shape of the harmon-
ics are sensitive to viewing angle as well as to the optical depth of the
layer. When the theoretical output spectrum at different angles is
compared to data from one of the Ginga bursts, a magnetic field of
1.7 x 10" G, an electron column depth (density X thickness) of 1.2
x 102! electrons per square centimeter in the scattering layer, and an
observation angle of 72° to the magpnetic field provide the best fit to
the data (21). At least in this particular burst, we are looking
through a thin scattering layer and at a large angle to the field
direction.

Future Possibilities

Anticipated observations at x-ray and +y-ray energies by planned
space-based detectors have the potential to reveal much more about
physics in strong magnetic fields. The four instruments on board the
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Fig. 7. (A) Model photon number spectra for cyclotron resonant scattering
in a thin sheet with magnetic field B = 1.7 x 10 G, Thomson optical depth
0.02, and one-dimensional electron temperature 5. 2 keV at three different
anglcs [Adapted from (22) with permission of the author.] The light line is
the incident photon spectrum. (B) Fit of cyclotron scattering model photon
spectrum to data from Ginga burst GB880205 (21). Best-fit parameters are
given in the text.

gamma-ray observatory (GRO), due to be launched in April 1991,
will be capable of detecting radiation from neutron stars at energies
between 10 keV and 10 GeV (26). Theoretically, high-energy
cutoffs above 1 MeV in the spectra of y-ray bursts and radio pulsars
are expected from magnetic pair production. So far no definite
cutoffs have been observed in spectra of these sources, but detectors
on GRO will have the ability to search for pair-production turnovers
at higher energies. The energies of any detected cutoffs will provide
information about the origin and angular distribution of the emitted
photons. Although there is evidence for two-photon pair annihila-
tion lines in some vy-ray burst spectra, no evidence for a one-photon
annihilation line has been seen. The burst and transient source
experiment on GRO will have a much improved sensitivity around
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1 MeV, where such lines would be expected. Detection of a
one-photon annihilation line would indicate the presence of a
magnetic field above 10'® G, and the ratio of one-photon to
two-photon annihilation line flux would give a measure of the field
strength. The improved energy resolution of other planned instru-
ments (27) will make possible more detailed studies of cyclotron line
shapes, from which we may be able to explore relativistic effects in
resonant scattering as well as probe the emission regions of y-ray
burst sources. Future measurements of polarization at x-ray and
y-ray energies may even detect propagation effects due to the
magnetic polarization of the vacuum.
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