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ABSTRACT

We examine the generation of infrared, optical, and ultraviolet flashes from single, magnetized neutron stars
that are experiencing a y-ray burst. Cyclotron reprocessing of energetic y-ray burst photons in the neutron star
magnetosphere is assumed to be the underlying mechanism responsible for the display at longer wavelengths,
and thermal equilibrium is assumed in order to calculate the electron distribution function. It is shown that
these are good approximations for a wide range of conditions expected in neutron star magnetospheres. The
thermal cyclotron model proves capable of generating optical outbursts similar to bright historical events,
although optical transients most likely would be much fainter. For a wide range of conditions the model pre-
dicts bright, nondelayed flashes, extending in some cases even beyond the ultraviolet. Since the emission at
long wavelengths is correlated with the y-rays down to time scales small compared with the burst duration,

time-averaged spectra are calculated corresponding to the time-averaged
do not exhibit a spectral turnover in the optical region, L, oc B; with o ~

y-ray burst spectrum. For flashes that

2, so that optical transients could

be used to constrain the magnetic field strength and distance of y-ray burst sources. The long-wavelength
fluxes for the recently discovered soft repeating source SGR 1806 —20 are also estimated.

Subject headings: gamma rays: bursts — radiation mechanisms — stars: neutron

1. INTRODUCTION

Since the discovery of cosmic y-ray bursts in 1967
(Klebesadel, Strong, and Olson 1973), the nature of these
events has remained an unsolved riddle. However, it is now
widely believed that they originate on or near the surface of
accreting neutron stars in the general vicinity of our own
Galaxy (e.g., Lamb 1984; Woosley 1984). Beyond this para-
digm there is still much uncertainty; typical source distances
are not known to a reasonable degree of accuracy, the question
of the neutron star membership in a binary system or the
possible presence of an accretion disk has not been answered
satisfactorily, and the presence of strong magnetic fields of
order 10'2 G as inferred from low-energy spectral features in
some burst spectra has been the subject of much debate.

Typical observations of y-ray bursters cover the photon
energy range between a few tens of keV and a few tens of MeV.
Ever since the discovery of these sources, it was realized that
identifying them with objects emitting at other wavelengths
would result in significant progress toward our understanding
of these mysterious events. Unfortunately, to this date no
object detected at any other wavelength has been unam-
biguously identified with a y-ray burster.

Low-energy y-ray burst counterparts might be identified
during their quiescent phases. However, in this work we
examine the transient emission at “optical ” wavelengths that
might accompany y-ray bursts, the so-called optical flashes (or
optical transients [OTs]). Here “optical” is defined in a

1 Iick Observatory Bulletin, No. 1105.
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general sense to include infrared and ultraviolet radiation. We
further consider only the emission originating at the source,
i.e., we exclude optical flashes produced in the Earth’s atmo-
sphere by fluorescence (Bhat et al. 1981) or Cerenkov emission
from relativistic electrons that are created in the air by the
primary y-ray burst photons (Zhemerev, Medvedev, and Ste-
panov 1974; Fegan et al. 1975; Gopalakrishnan et al. 1981;
Vzorov et al. 1985), and we seek an explanation that does not
necessarily require companion objects.

We first summarize the observational and theoretical status
of the research on transient optical flashes associated with
y-ray burst sources. For complementary reviews see Liang and
Petrosian (1986) and Hartmann and Woosley (1988).

a) Optical Flashes: Present Observational Status

Early attempts to detect optical flashes from y-ray burst
locations (Grindlay, Wright, and McCrosky 1974), utilizing
meteor patrol pictures of the prairie network, gave only lower
limits for the ratio of energy emitted in the y-range to the
energy emitted in the optical band (R,, = E,/E, ~ 100), consis-
tent with more recent studies of similar nature (Halliday,
Blackwell, and Griffin 1978; Hudec 1985; Hudec et al. 1984,
1986, 1987a). The intriguing discovery of three historical
optical flashes within modern y-ray burst error boxes on a
subset of the archival photographs at Harvard (Schaefer 1981;
Schaefer et al. 1984b) was the first indication that optical emis-
sion does indeed accompany y-ray bursts. R,, was found to be
of order 103. Other archival searches stimulated by Schaefer’s
discovery continue to turn up further OT candidates (e.g.,
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Moskalenko et al. 1987), but the findings are not yet com-
pelling. However, it should be kept in mind that the identifica-
tion of historical optical transients with more recently
observed y-ray bursts (GRBs) is by no means guaranteed. Sub-
sequent deep CCD surveys of the 1928 OT/1978 GRB field
(Schaefer, Seitzer, and Bradt 1983; Pedersen et al. 1983)
revealed no quiescent counterpart brighter than about 23d
magnitude, and a recent search of about 1500 hr of archival
plates covering 10 y-ray burst error boxes (Atteia et al. 1985)
did not reveal optical flashes of similar type to the ones report-
ed by Schaefer and his coworkers. Perhaps the most convinc-
ing candidate for a truly cosmic optical flash source was
recently discovered by Hudec et al. (1987b) on three archival
plates of the Sonneberg Observatory collection (see also
Bignami 1987). However, the association of this optical source
with the nearby y-ray burst GB 790325b appears to be unlikely
(Hartmann et al. 1988; Laros 1988).

Several optical flashes were reported from the site of the
famous 1979 March 5 event (Pedersen et al. 1984). The absence
of simultaneous y-ray bursts on these occasions places an
upper limit of about 10* on R, . However, of all the transient
events observed, only the optical flash of 1984 February 8
remains a strong candidate for a true optical flash from a y-ray
burst source (Schaefer et al. 1987a). This conclusion is consis-
tent with a recent study by Maley (1987), who did not find
coincidences between the optical flashes and known satellite
positions. A possible periodicity of 164 days suggested for this
source (Rothschild and Lingenfelter 1984) led to the worldwide
“Multifrequency March 5, 1979, Burst Watch” program. So
far, this program has resulted in the detection of two radio and
two optical transients, but none has been confirmed by simul-
taneous observations with two or more instruments (see
Hurley 1987 for a summary of the watch campaign).

Following Schaefer’s original work, an increasing number of
optical flash candidates have been suggested. In particular, the
recently discovered “Perseus Flasher” (MacRobert 1985a, b;
Katz et al. 1986) drew the attention of many workers in the
field. However, despite considerable effort, no confirmation of
the reality of this source was obtained. A near-Earth origin of
these flashes, e.g., reflection of sunlight off tumbling satellites,
was made plausible in several recent publications (Maley 1987;
Schaefer et al. 1987c; Vanderspek, Zachary, and Ricker 1986).
In fact, ground-based searches for optical flashes, archival as
well as direct wide field of view (FOV) monitoring (ETC/RMT
[Ricker et al. 1984; Teegarden et al. 1984] and GMS [Pedersen
1987]), are heavily contaminated by high background rates of
satellite glints and meteors (Schaefer 1985; Schaefer et al.
1987a). A promising new approach to perform simultaneous
multi-wavelengths wide-FOV monitoring from space is the
High Energy Transient Experiment (HETE) that has been pro-
posed to NASA by G. Ricker and collaborators. This experi-
ment is designed to provide for the first time simultaneous
burst observations in the UV, X-ray, and y-ray bands.

As of this writing, we have to consider bright optical flashes
accompanying all y-ray bursts as a possibility but not an estab-
lished fact. Simultaneous observations of y-ray bursts and
accompanying optical emission are needed to provide evidence
for or against this paradigm. For additional details of major
searches for optical flashes we refer the reader to the pro-
ceedings of the 1984 Stanford University Workshop on
Gamma-Ray Bursts (Liang and Petrosian 1986) and the 1987
Los Alamos Laboratory Workshop on Multiwavelength
Astrophysics (Hartmann and Woosley 1988).

Vol. 332

b) Optical Flashes: Current Theory

Lucretius (De rerum natura bk. 4 [55 BC)]) said: “ There are
some phenomena to which it is not enough to assign one
cause: we must enumerate several, though in fact there is only
one.” Even with a marginal data base at hand, a variety of
theoretical models have been suggested for the optical flash
phenomenon. London and Cominsky (1983) modeled the 1928
OT/1978 GRB event as the reprocessing of a small fraction of
the hard radiation by a companion main-sequence star, a
degenerate dwarf, or an accretion disk (see also Epstein 1985).
Reprocessing of X-rays into optical light is a well-known phe-
nomenon in X-ray burst sources (London and Cominsky 1983;
London 1984; Cominsky, London, and Klein 1987). London
and Cominsky (1983) concluded that the particular event 1928
OT/1978 GRB could not be explained within the binary repro-
cessing scenario. The problem stems from the fact that one has
to explain both the bright optical display during outburst (R,,
is only of order 10%) and the extremely low emission during
quiescent times, as inferred from the deep CCD surveys.

Rappaport and Joss (1985) reconsidered the work of London
and Cominsky and concluded that this model might be viable
after all. The new twist in their work was the consideration of
nearby binary systems with H-rich secondaries of mass less
than about 0.06 M, (dark dwarfs). A detailed investigation of
the reprocessing of hard photons in the atmospheres of such
low-mass stars was subsequently carried out by Melia,
Rappaport, and Joss (1986), who found marginal agreement
between the observed and calculated ratios of y-ray fluence to
optical fluence at the Earth for source distances near 25 pc.
This result was also found in independent calculations of Co-
minsky, London, and Klein (1987). However, if the systems are
that close, the nondetection of quiescent counterparts becomes
a severe problem. More recently, Melia (1988) modeled the
reprocessing of y-ray burst photons in an accretion disk sur-
rounding a neutron star. For the “standard ” accretion disk the
same dilemma emerges. As a possible solution Melia con-
sidered nearby “cold” disks in which the viscosity stems
mainly from degenerate electrons (see also Epstein 1985;
Michel 1985). That way one can generate sufficient optical
fluence at Earth without generating a large quiescent flux of
the disk. Melia found that optical/UV events similar to those
discovered by Schaefer could be produced for burst distances
between ~ 15 pc and ~250 pc. At these distances, a detection
of the cold disk in the infrared should be possible for K-band
sensitivities below ~2 uJy (see also Epstein 1985). Existing
K-magnitude limits on a few y-ray burst error boxes (Schaefer
et al. 1987b), though already posing severe limits on this model,
are not yet sufficient to test this prediction. However, improved
IR observations with a limiting magnitude of K ~ 22 that can
do so are in progress (B. E. Schaefer 1987, private
comunication).

A different scenario involving a binary system has been sug-
gested by Tremaine and Zytkow (1986). Reconsidering the
model of Harwitt and Salpeter (1973) and Colgate and Pets-
chek (1981), in which a comet impact on a neutron star causes
the y-ray burst, the authors propose that optical flashes might
be generated uncorrelated with the y-burst, by a comet impact
on a white dwarf companion. However, the observational con-
straints from the ratio of transient to quiescent brightness
appear to rule this out (Katz 1986; Schaefer et al. 1987b).

Interpreting the observation that no y-ray burst source is
associated with a luminous quiescent counterpart as an indica-
tion that they are in fact isolated objects, Katz (1985) proposed
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nonthermal processes in the neutron star magnetosphere as
origin of the optical emission. Ruderman (1987) suggested that
curvature radiation from electron-positron pairs that rapidly
fill plasma-starved regions in the magnetosphere could
produce transient optical emission. Collective processes for
burst emission at wavelengths other than y-rays were invoked
recently by Liang (1985), who considered emission in the EUV
region resulting from enhanced plasma line radiation at w, and
2w, and Sturrock (1986), who discussed IR, optical, and UV
emission resulting from plasma oscillations driven by a two-
stream instability as in some models of radio pulsar emission.
Unfortunately, no detailed calculations of the expected spec-
trum have been performed for the proposals of this paragraph.
Alternatively, Woosley and Arons considered the formation
of optical flashes far above the surface of strongly magnetized
neutron stars undergoing either a thermonuclear explosion of
plasma accreted over long periods of time (nuclear model) or
equivalently, a sudden impact of a large amount of plasma
(gravity model), be it a solid body or plasma from an accretion
disk (Woosley 1984). Strong surface fields are indicated in y-ray
burst sources by the observed low-energy features in the
spectra of a small fraction of y-ray bursts (e.g., Mazets et al.
1981) if these features can in fact be interpreted as cyclotron
resonances (see Mészaros, Bussard, and Hartmann 1986 for a
discussion of this interpretation). In Woosley and Aron’s
model the mechanism for the optical emission is cyclotron
radiation from thermal electrons far above (r ~ 10® cm) the
surface of the neutron star. The radiation is self-absorbed for
about the first 100 harmonics, and the electrons are radiatively
excited by Compton collisions with photons of the y-ray burst.
A schematic view of this thermal cyclotron reprocessing (TCR)
model is shown in Figure 1. It is to the elucidating, expanding,
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and development of this model that the present paper is dedi-
cated. We present the basic theory of the TCR model and give
model spectra. The remainder of the paper is organized as
follows: in § II we discuss the physical conditions that might be
expected in the magnetosphere of a strongly magnetized
neutron star that undergoes a y-ray burst and present the basic
physics of the TCR model. Specific predictions of the TCR
model and a number of theoretical spectra obtained for differ-
ent parameters are presented in § III. Finally, in § IV, we
compare our spectra with observations and discuss the impli-
cations of our results for the development of new instrumen-
tation.

1. THE THERMAL CYCLOTRON REPROCESSING MODEL

Following the earlier work of Woosley and Arons (Woosley
1984), we conjecture that the observed optical flashes are gen-
erated by reprocessing of y-ray burst photons in the magneto-
spheres of strongly magnetic neutron stars. The
magnetospheric plasma is heated by Compton interactions
with the y-ray burst to temperatures of the order of several
hundred keV and emits photons at energies small compared
with typical y-ray energies (~1 MeV) as a result of cyclotron
transitions in a strong magnetic field. With the additional
assumption that the particle distribution functions are thermal,
we shall call this scenario thermal cyclotron reprocessing.
Although hot, magnetized plasma is a copious source of cyclo-
tron photons, the emission at low frequencies is heavily sup-
pressed if the plasma is optically thick to its own radiation.
This self-absorption up to a limiting frequency w, = m, @,
leads to the formation of a spectrum that is approximately that
of a blackbody up to the frequency of the “last ” optically thick
cyclotron harmonic number m,, and drops rapidly to zero for

FiG. 1.—Schematic view of the thermal cyclotron reprocessing model. The y-ray burst source region is assumed to be inside a plasma-filled magnetosphere
around a strongly magnetized neutron star. The burst of hard photons energizes the plasma electrons through Compton scattering, and low-energy photons are then
generated by cyclotron emission in the strong magnetic field. The bulk of the reprocessed “ optical ” radiation originates at a distance from the neutron star surface
where the cyclotron fundamental frequency falls near the optical wavelength band. A plasma-deficient inner cavity with radius r, is indicated.
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FiG. 2—Thermal cyclotron spectrum (normalized to the blackbody flux) as a function of photon energy. Assumed temperature, magnetic field strength, and the
dimensionless plasma parameter are given in the figure. Self-absorption results in an actually emitted flux that is blackbody-limited up to a “critical” energy E,
above which the plasma becomes optically thin. In the TCR model emission above E, is neglected. The resulting spectrum is indicated by the bold solid line.

frequencies above this value (Fig. 2). If the emission site is
at a distance r,, from the neutron star surface such that
m, o, [B(r,p,)] falls near optical frequencies, the possibility for
the generation of optical flashes arises.

In order to explain the observations of archival events,
Schaefer (1981) and Schaefer et al. (1984b) infer that a total
optical luminosity of

Lo~ 5 % 1036R;,1Df00<£’1><i> ergs s ! 1)
F 0 topt

needs to be extracted from a y-ray burst at a distance 100D, 4,
pc that has a total observed flux in units of F, = 4 x 107 ergs
cm~? s™* above 30 keV, and a duration of ¢, and tope in the
y-ray and optical regimes respectively. In the thermal cyclotron
reprocessing model this occurs first by pumping energy into
magnetospheric electrons by Compton scattering of hard y-ray
burst photons generated above the stellar surface and then by
consequent reprocessing of this energy into lower energy chan-
nels by the process of thermal cyclotron emission. Because of
substantial uncertainties in the values of R,,, Do, and the
ratio of burst durations at optical and y-ray energies, optical
luminosities at least an order of magnitude different from the

“canonical ” value 1036 ergs s ™! are possible.
Electron cyclotron radiation has been extensively studied in
connection with laboratory fusion plasmas (Trubnikov 1958;
Drummond and Rosenbluth 1960, 1963; Lam, Scharer, and

Audenaerde 1985) and has been invoked for the X-ray emission
from accreting neutron stars (Triimper et al. 1978; Voges et al.
1982) and active galactic nuclei (e.g., Takahara and Tsuruta
1982). It is the standard model for optical emission of AM
Herculis cataclysmic variables, where it is assumed that an
accreting magnetic white dwarf generates the observed strong-
ly polarized light by this process (Chanmugam and Wagner
1979; Lamb and Masters 1979; Wada et al. 1980; Wick-
ramasinghe and Meggit 1982; Langer, Chanmugam, and
Shaviv 1982; Thompson and Cawthorne 1987). We note, in
fact, that the physical conditions inferred for the AM Her
systems are similar to the conditions in the neutron star mag-
netosphere at the distances we shall be considering, although
the temperatures are of course much higher here.

a) Magnetospheric Conditions

It is generally believed that most, if not all, neutron stars are
born with surface dipole magnetic field strengths of order of
10'2 G. On the other hand, the consequent temporal evolution
of the field is not very well understood. Radio pulsar observa-
tions indicate that the torques on rotating neutron stars decay
(implying dipole moment decay or field alignment; cf. Michel
1986, 1987; Kundt, Ozel, and Ercan 1987) on e-folding time
scales as short as 107 yr (Lyne, Manchester, and Taylor 1985).
However, recent work on neutron stars in binary systems indi-
cates that such a rapid decay does not continue indefinitely,
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but rather that torque decay slows down after some 10
e-folding times, perhaps leaving the neutron star with a
residual torque corresponding to a dipole moment with a
surface field of order of 10° G (Taam and van den Heuvel 1986;
van den Heuvel, van Paradijs, and Taam 1986; Kulkarni 1986).
Also, the observation of cyclotron line features in y-ray burst
spectra itself indicates that field decay may not occur for many
neutron stars.

Our ignorance regarding the multipole geometry is even
greater. Flowers and Ruderman (1977) have argued that old
neutron stars can have strong core-supported fields, but that
the field geometry becomes highly disordered on time scales of
~107 yr due to ohmic dissipation in the crust (see also Wang
and Eichler 1987). Here we assume for simplicity an axisym-
metric dipole field

B(r, ) = B(r)[(cos 6)é, + % (sin 6)&,] , V)]

where 0 is the angle between the radial vector r and the axis of
symmetry 2. We parameterize the magnitude of the field by

s =5(7) . ®

where the surface field strength B, and the power m are free
parameters. This prescription, though apparently inconsistent
for m different from 3, is useful to study the sensitivity of the
thermal cyclotron reprocessing model to assumptions on the
magnetic field configuration. We have also studied radial fields.
In the following we will adopt a standard neutron star radius
R, of 10° cm. For the magnetospheric plasma electron density
a similar scaling law,

ndr) = ne(rb)(;’;>_" : @

is adopted, where r > r, > R, allows for a plasma-free sphere
of radius r, around the neutron star. There is no reason to
expect the inner magnetospheric boundary to be spherically
symmetric; this assumption was made merely for numerical
convenience. Furthermore, since it is not a priori clear where
this boundary should be located, we treat r, as a free param-
eter. To estimate the expected range of the introduced param-
eters, we consider in the following a number of scenarios for
loading the magnetosphere with plasma. Optical depth con-
siderations are used below to determine roughly the “surface”
value of the electron density, n,(r,). If the magnetic field is
sufficiently strong, a substantial amount of plasma might pile
up at the magnetospheric radius (Arons et al. 1984 and refer-
ences therein)

T'm~35x10"°u3 M~ 2"M?" cm > R, , )

where u3o = B, R} in units of 10*° G cm?®, M is the neutron
star mass in solar units, and M, is the mass accretion rate in
units of 10!! g s™1. In that case r, would be of order r,,. In the
limit of large mass accretion rates the matter eventually
descends to the surface of the neutron star at the polar caps,
being confined to an area of order 1 km2. However, for
extremely small accretion rates (as invoked for y-ray burst
sources) the polar “cap” may extend over the entire surface of
the neutron star (Arons and Lea 1976, 1980; Arons et al. 1984;
Arons, Klein, and Lea 1987; Arons 1986, 1987), corresponding
to the case r, = R,.. The density profile in that case is expected
to have approximately n = 2. The same situation would occur

CYCLOTRON REPROCESSING OF GAMMA-RAY BURSTS 781

if the field geometry is highly disordered (m > 3). On the other
hand, in a thermonuclear explosion at or near the polar cap(s),
proposed to be the cause of a substantial fraction of all y-ray
bursts (Woosley and Taam 1976), it is likely that a strong
radiatively driven wind will be generated by the explosion.
This impulsively loads the magnetosphere. Plasma streaming
along magnetic field lines will fill magnetic shells beyond a
radius that depends on the extent of the original polar cap and
is of order 10% cm for a 1 km? cap. The flow geometry in that
case may be approximated by n = m, and simple mass conser-
vation arguments lead to an estimated surface density (at R,,)
of about 102! cm™3 (Woosley 1984). The plasma flow,
however, would not be stationary beyond the radius r, given by
B? (r,)/8n ~ pv*(ry). Considering outflow at the escape velocity
(v ~ 10*° cm s~ 1), inflow in free fall, and rotation with a period
P ~ 15, we estimate r, ~ 108, 10°, and 10'° cm, respectively. In
this paper we consider several different model magnetospheres.
We assume that the magnetospheric plasma is optically thin to
the photons from the y-ray burst, so that local Compton equi-
librium will lead to a temperature distribution in the magneto-
sphere that depends on the y-ray burst photon spectrum. The
determination of the equilibrium temperature is described
below. A typical value is 10° K or, equivalently, 100 keV (we
use energy units throughout this paper), and we find that a
constant temperature is established on short time scales. With
a prescription of the magnetospheric conditions in hand, we
now consider the question of the suitable “site” for the gener-
ation of the “ optical ” radiation.

b) The “ Optical ”-Flash Site

Schaefer and Ricker (1983) showed that the optical flashes
must originate from a region orders of magnitude larger than a
neutron star if thermal processes are to be responsible for the
optical emission. Furthermore, for our model to work we need
to consider locations at a distance above the neutron star
surface such that the product of the local cyclotron frequency
and the critical harmonic number m, is of the order of optical
frequencies. For the assumed neutron star radius of 10 cm, a
surface field strength of 10!% G, and dipole geometry this leads
to typical distances of r ~ 108 cm, consistent with the con-
straint of Schaefer and Ricker. In addition, in order to get
photons with energies of a few electron volts out of the flash
site, we require that the plasma frequency be less than about
Vopt ~ 10**> Hz. This constrains the electron density to n, <
1022 cm ™ 3. Consider now the interaction of photons from the
y-ray burst site somewhere in the magnetosphere (Fig. 1) but
not too close to the neutron star surface (otherwise toa high an
X-ray flux would be produced by y-ray reprocessing in the
neutron star surface; Epstein 1986; Imamura and Epstein
1987) with the magnetospheric electron gas. Making use of the
scaling laws discussed earlier (egs. [3] and [4]), the time
between Compton encounters per photon can be estimated in
the Thomson limit for an isotropic electron gas:

tenc = (ne UTC)—I ~ 5 X 10-9712_21"2 s, (6)

where n,, = n(R,) x 10722 cm™3. However, this encounter
time is not identical with the Compton time scale for the cou-
pling of photon and electron energy, which is roughly given by
equation (6) with the electron density replaced by the photon
number density. For a large fraction of the magnetosphere this
Compton time is much longer than the particle equilibration
time (Fig. 3a), so that the non-LTE character of the y-ray burst
photon spectrum does not cause a non—LTE particle distribu-
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F1G. 3.—(a) Comparison of various time scales as a function of radius (normalized to the neutron star radius). Conditions I-III (Appendix A) have to be met for
the TCR model to be applicable. For the set of parameters given in Appendix A this leads to the three constraints shown. At radii to the right of condition I (to1 = te)
and condition II (¢, > ¢,,), and to the left of condition ITL (t, < tc,m,) the TCR model assumption of LTE is justified. For the particular case shown the TCR model
assumptions are justified between about 10 and 10° neutron star radii. (b)) On the basis of conditions I-III (Appendix A), we estimate the radius window where the
TCR model assumptions are justified as a function of the surface magnetic field and particle density. The window is located between the lines. Different lines
correspond to the densities of 102! (solid line), 102° (dash-dot line), 10'° (long-short—dashed line), and 10?2 cm ™3 (dashed line), respectively. For felds below 10'2 G the
model assumptions are justified in a sufficiently large radial window around the “optical ” site as long as the surface density is in excess of about 10'° cm ™3 (note that
this value corresponds to the assumption r, = R, and n = 3).
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tion function. Employing the above scaling laws, we obtain for
the ratio of encounter time to cyclotron time at the fundamen-
tal

fene L2 x 107B,nztry o, ()
cyc
where B, = B,/10'> G. When this ratio approaches unity,
Compton scattering will cause a substantial population of high
Landau states. Depending on the angle 0 between the incident
photon wavevector and the local magnetic field direction, each
collision transfers some fraction (Arons, Klein, and Lea 1987),

Ao _1+(u+ded—p)

) e(u + 6)?
_ _km+ww—mrw
o IR e e O

of the photon energy w to the electrons, some of which goes
into parallel kinetic energy (7;) and some of which leads to the
excitation of higher Landau levels (T,). Here pu = cos 0, € =
hw/m,c?, B = pc/m,c* are determined by the electron initial
state; however, 6 = u' — u is not uniquely determined because,

in contrast to field free Compton scattering, the absorption of
transverse momentum by the magnetic field leads to the con-
servation of energy and parallel momentum only. For average
angles u ~ 0 ~ 0.5 and typical photon energies of order 1
MeV, this implies a single scattering energy transfer efficiency
of about 20%. Near the surface the “perpendicular
temperature ” T, will be very small because of the rapid cyclo-
tron cooling. At r ~ 108 cm, however, a nonnegligible popu-
lation of the Landau levels is established by the joint action of
Compton scattering and Coulomb collisions. A basic assump-
tion of our present model is that at the “ optical ” flash site (at
r ~ 10® cm), the energy perpendicular to the field is character-
ized by a temperature T, approximately equal to the tem-
perature T parallel to the magnetic field, i.., we assume an
isotropic electron distribution function. Provided that the
cyclotron decay time is sufficiently long, the distribution func-
tion will rapidly become isotropic owing to particle collisions.
In Appendix A we further justify our assumption of a thermal-
ized and isotropic distribution function. For a range of mag-
netic field strengths and plasma densities we show in Figure 3b
the radial extent of the zone in the envelope where our approx-
imations are valid.

The equilibrium temperature attained is given approx-

|
-

Log Flux (photons / em® s keV)
| |
w V)
l !

y-ray burst GB800419 —

25
Log Energy (keV)

FiG. 4a

F1G. 4—(a) Adopted input spectrum of y-ray burst GB 800419. The data (crosses) are adopted from Dennis et al. (1981) and Nolan et al. (1984). The crosses shown
approximately represent the measured error bars. Different functional forms can be used to fit the spectrum in different energy regimes. We employ a combination of
a simple exponential, thermal bremsstrahlung, and a power law. These forms are convenient but should not be considered as representing the GB 800419 underlying
radiation mechanisms. It is the spectral shape that determines the Compton equilibrium temperature of the plasma surrounding the neutron star that undergoes the
y-ray burst. (b) Same spectrum as in (a) but showing the power per logarithmic energy bandwidth, P = d(power)/d[log (photon energy)] oc EX(dN/dE), where dN/dE
is the photon number flux per energy interval. The figure illustrates that GB 800419, like the majority of y-ray bursters, emits predominantly in the MeV range and
exhibits a salient decline at X-ray energies, a phenomenon termed “ X-ray paucity ” (Epstein 1986; Imamura and Epstein 1987).
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imately by the Compton temperature at which electron heating
by photons of typical energy (E,) is balanced by inverse
Compton cooling. Considering all relevant time scales, we are
led to the conclusion that T; ~ {E,> ~ T, roughly represents
the conditions in the magnetosphere. Therefore, we are able to
invoke the theory of cyclotron emission from a plasma in
thermal equilibrium, self-absorbed for many harmonic
numbers, to obtain an estimate of the emergent spectrum
(Bekefi 1966). For r, > R, we neglect the possible contribution
of plasma near the magnetic poles to the reprocessed spectrum.
This is justified because the known X-ray paucity of y-ray burst
spectra (Imamura and Epstein 1987) and substantial y-ray
emission extending up to ~100 MeV (from SMM observa-
tions; e.g., Matz 1986) strongly suggest that the y-rays orig-
inate high above the neutron star surface (see Fig. 1). As seen
from that site, plasma confined to the vicinity of the magnetic
poles subtends an extremely small solid angle and therefore
cannot contribute substantially to the reprocessing of the
y-rays. The next step is to estimate consistently the magnitude
of the magnetospheric equilibrium temperature established by
Comptonization.

¢) Energy Deposition and Equilibrium Temperature

Higdon and Lingenfelter (1986) showed that careful con-
sideration of selection biases leads to the conclusion that the
effective spectral “temperatures” of most y-ray bursters are of
order 1 MeV. This contrasts with earlier “ canonical ” values of
about 100 keV frequently stated in the literature. In fact, the

Vol. 332

flux per logarithmic interval in energy of a typical y-ray burst
peaks around 1 MeV, i.e., most of the burst energy is carried by
those high-energy photons (Epstein 1986). Spectral shapes can
be represented by a variety of functions that correspond to
various radiation mechanisms. Between photon energies of 100
keV and 1 MeV one often finds that a simple optically thin
bremsstrahlung spectrum works well. Above 1 MeV a power
law appears favorable to fit the data taken by the SMM satel-
lite (Nolan et al. 1984; Matz et al. 1985; Matz 1986), and at
energies below 100 keV a simple exponential can be used to
describe a flattening of the spectra. Here we use the functional
form

@) = folwn)o, e + fi( o,
+ folw)e P2mecm ™2 s keV !, 9)

where w,, = hw/m,c? and the step functions f{w,,) select the
appropriate functional form in a particular energy range. The
inverse temperature parameters f§; are of order 1, and « is
typically around 2.5 (Matz 1986). Note that the above func-
tional is chosen for mere numerical convenience and does not
necessarily represent the radiation processes operating in the
burst source. The burst spectrum employed as input in this
calculation is shown in Figures 4a and 4b and is chosen specifi-
cally to mimic the spectrum of GB 800419 (Dennis et al. 1981;
Nolan et al. 1984). The flux-averaged photon energy of this
spectrum is ~ 175 keV. If future observations provide simulta-
neous long-wavelength and y-ray spectra, a consistent treat-
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ment can be performed, but at the present time it suffices to use
the above spectrum as an example.

Because of the large abundance of photons with energies
above the electron rest mass, an exact calculation of the energy
deposition requires a fully relativistic treatment of the
Compton scattering cross section. In case of large Compton
optical depth Monte Carlo techniques are used to calculate the
photon-plasma interaction (e.g, Pozdnyakov, Sobol’, and
Syunyaev 1985). In this work we consider the opposite limit
where the magnetospheric plasma is optically thin to Compton
scattering. In that case the radiation field does not need to be
calculated self-consistently; the y-ray burst spectrum passes
through the envelope essentially unmodified. Under these cir-
cumstances the calculation of the equilibrium temperature sim-
plifies enormously. Except for high temperatures, the situation
considered here is similar to the one of the intercloud medium
of active galactic nuclei for which exact thermal Compton
energy exchange rates have been derived by Guilbert (1986).
To estimate the equilibrium temperature T,, of the magneto-
spheric electron gas, we neglect cyclotron cooling and calculate
T., implicitly from the condition that the thermal Compton
energy exchange rate vanishes:

f ()8 B)S0n(@m Bu)don =0,  (10)
(1]
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where f, is the observed differential photon number spectrum
described above, ¢ is the total Klein-Nishina scattering cross
section averaged over a relativistic Maxwell-Boltzmann dis-
tribution with B, = mc?/T, and dw,, is the average energy
transfer per scattering (Guilbert 1986). The temperature
obtained from the solution of equation (10) gives only an upper
limit, but the true equilibrium should be close to this tem-
perature because cooling by self-absorbed cyclotron photons is
not very effective throughout most of the magnetosphere. For
the selected input spectrum we obtain from equation (10) a
temperature of 116 keV, which is close to our previous (§ IIb)
rough estimate, i.e., T is of the same order as the average
photon energy. It is important to realize that one of the most
important parameters of the cyclotron reprocessing model, the
temperature of the plasma, is not a free parameter—as was
assumed for convenience in a preliminary study (Hartmann,
Woosley, and Arons 1987)—but has to be determined consis-
tently from the observed y-ray burst spectrum.

The time scale for reaching the optically thin Compton equi-
librium temperature can be estimated from

- Bm (D100>2<rb)_2 2 Bay)
1 _Pm 7( 2100\ (Ts 2
fa = ~ AR I)NR) Y K060

X jfy(wm)d’(wm, Bndw, s™!  (11a)
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F1G. 5.—Approach of the magnetospheric plasma temperature (or its inverse f3,,) at three distances in the envelope (the parameter of the curves is x = r/r,) to the
equilibrium value as given by the solution of the rate equations (11a) and (11b). On time scales generally short compared with typical burst durations (~1 s), the
plasma reaches T, throughout the magnetosphere, so that the constant temperature is a good approximation unless the burst is of extremely short duration, as in the
case for bursts from the soft repeating source SGR 1806 — 20 (Atteia et al. 1987).
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where y = r/r, and
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can be used to estimate an upper bound on the “surface”
electron number density by

+ oo 1
_ TN . _
D, Brm) J_w Glw, e )( - + sinh ¢ w,,,) 102 em 1  [rom
e 665 x 107l 1g ndy
x @20~ Bm cosh¢d¢ , (11b) n nyr,) X b {max T0.01 J; y y
where G is defined in Guilbert (1986). For typical parameters (13)

we find that this time scale is much shorter than the duration of
the y-ray burst, t, ~ 1 s. The approach to the equilibrium tem-
perature for different positions in the magnetosphere calcu-
lated from equation (11) is shown in Figure 5. It is clear that for
all but the shortest bursts a uniform temperature is established
on time scales short compared with the burst duration. This
justifies our assumption of an isothermal magnetosphere.
Because of the short response time of the plasma in estab-
lishing the temperature, it is clear that the optical emission
should track temporal changes of the y-ray burst spectrum. An
observed time correlation between long-wavelength emission
and y-ray flux would strongly support the TCR model. Here,
since a time averaged y-ray burst spectrum is used as input, the
calculated optical spectrum is time-averaged correspondingly.

Our assumption that the optical depth t,, be small for all
photon energies w above w, ~ 30keV,

T, = j o TYr < 1, (12)

b

where 74 o; = 7/0.01 and {,,,,, is the maximum normalized scat-
tering cross section in the range of frequencies for which the
plasma is assumed to be optically thin. Above this density our
model is internally inconsistent. As is apparent from Figure 6,
high plasma temperatures result in a substantial reduction of
the scattering cross section (Svensson 1982; Guilbert 1986). It
is now straightforward to calculate the thermal energy stored
in the magnetosphere:

Rmﬂ‘
Ey =6nT, J rinfr)dr
ry

Ymax
~3 x 10”r,§chn,j y* "dy ergs. (14)
1

During the y-ray burst this energy level is maintained by the
Compton scattering events; however, after the burst is turned

-25

Normalized Electron Scattering Function

Log wn

F1G. 6.—Electron scattering cross-section (normalized to the Thomson value) at finite plasma temperature as a function of photon energy (in units of the electron
rest mass). To obtain the cross section, an average over the relativistic Maxwell-Boltzmann distribution has been carried out. The plotted function is identical with
87/3 times the dimensionless scattering function of Svensson (1982). At zero temperature the well-known Klein-Nishina dropoff due to relativistic effects becomes
important for photon energies above mc>. With increasing temperature an additional strong decrease occurs as a result of electron motion. Shown are cross sections
for T =0,0.5,2.5,and 5 MeV.
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off, this energy is released on a decay time scale,

tiee = ~0.57 = dys. (15

d Lcyc B ? 2 1 mi(y ) )
For typical parameters we find that ¢,.. < t, and therefore that
the optical flash essentially coincides with the y-ray burst.

d) The Emitted Spectrum

Hot, magnetized plasma generates copious amounts of
cyclotron photons, but the escape of these photons from their
source region is suppressed by self-absorption. Between the
local fundamental cyclotron frequency w,(r) and a critical fre-
quency , = m(r)o(r), above which the plasma becomes
optically thin to its own cyclotron photons, the resultant spec-
trum is well approximated by the Rayleigh-Jeans tail of a
blackbody spectrum characterized by the temperature T,,. The
individual harmonics are broadened into a continuum by
Doppler shift and by magnetic field gradients, so that the
neglect of discrete quantum mechanical structure can be justi-
fied if (e.g., Mészaros, Bussard, and Hartmann 1986)

Aw 8kT, \/?
~ =1 ~
(wc )FWHM (me Cz) cosf~1,

Aw B —{B)
- ~—7 1 16
(wc )FWHM {B) ’ {6

where 6 is the photon propagation angle with respect to the
magnetic field direction. For given electron number density
and magnetic field strength it is straightforward to calculate
the critical harmonic number m, above which there is no self-
absorption. The relevant quantity that determines m, is the
dimensionless size parameter (Bekefi 1966)

2R n.R

o
A=—L—=A4ne
o, ¢

= 6.036 x 10°n

915R6B6_1 ’ (17)
which is related to the column density or optical depth at the
cyclotron fundamental of a homogenous slab of thickness R
viewed perpendicular to the field which is assumed to be paral-
lel to the slab surface. For the conditions estimated above we
obtain typical values of order of 10° for A. The number m,, can
be expressed as a function of A and the temperature T (Bekefi
1966). Many workers have provided approximation formulae
to their calculations of m(A, T). For values of A between
~103% and ~10°, relevant in plasma fusion devices, m, has
been found to vary as A'/® (Trubnikov 1958, 1973; Bekefi
1966). This result has been employed by Woosley (1984) in an
earlier version of this work. However, for the large values of A,
found in the present study, these fits overestimate m,. Chan-
mugam and Wagner (1979) give some values of m,, in the range
A = 102-10*°, and Wada et al. (1980) have provided a simple
fit to their results,

m, = 47T4AV20T'2 (18)

which indicates an extremely weak dependence of m, on the
magnetic field strength. For A values even higher, encountered
in accretion disks around supermassive black holes, the results
of Takahara and Tsuruta (1982) may be used (Apparao 1984).
We have used the fit of Wada et al. (1980) in our preliminary
study (Hartmann, Woosley, and Arons 1987). However, a
detailed comparison between the maximum trapped harmonic
according to this equation and the one obtained when we

CYCLOTRON REPROCESSING OF GAMMA-RAY BURSTS 787

estimate m, directly from the cyclotron opacity given by
Robinson and Melrose (1984)—which we use for the radiation
transport calculation described below—reveals large discrep-
ancies (see Fig. 7). Because the cyclotron reprocessing model is
naturally very sensitive to this parameter, we have recalculated
m, for an extended grid in A and temperature T and have
obtained new fits (Fig. 8) for the A-T parameter space con-
sidered here (see Appendix B for numerical details).

To estimate the emitted cyclotron radiation flux, we approx-
imate the local source function by a Rayleigh-Jeans spectrum
(ho,, < T.,) truncated below the fundamental frequency w, and
above the “critical ” frequency m,, w, (Trubnikov 1958; Hirsh-
field, Baldwin, and Brown 1961; Drummond and Rosenbluth
1963; Bekefi 1966; see Fig. 2), which leads to a flux of

T.
Feye ~ T;;*c—z (m,w,)* =528 x 102°T, E} ergscm ™ 2s™ !,

(19)

where E, = m, ho, is measured in keV. Because the optically
thin cyclotron spectrum at high harmonic numbers drops very
rapidly with increasing photon energy (Trubnikov 1973), only
a very small fraction of the energy is radiated above m, w,.
Furthermore, the neglect of this portion of the spectrum is a
conservative assumption, because the inclusion of it would
result in optical flashes that are slightly brighter and extend to
somewhat higher energies than those calculated here. For the
total luminosity from a small homogeneous emitting sphere of
radius R situated at a distance r from the neutron star (R < r),
one obtains
Teq wyR? 30 3 p3 p2.-9 -1
L. = Y 1.03 x 10°°T, myooB1,R5rg ~ ergss™ ",
(20

where m, oo = m,/100 and T, is measured in MeV. Equation
(20) demonstrates the sensitivity of the thermal cyclotron emis-
sion to the source location above the neutron star surface, as
well as the capability of the thermal cyclotron reprocessing
model to accommodate extremely luminous events.

In order to determine the reprocessed spectrum received by
a distant observer, we now consider the radiation transport in
the envelope. The complete knowledge of the source function,

S.r) = {B(T.) | o (r) < o < m(o ()} , @1

simplifies the radiation transport problem to calculating the
formal solution. We use the tangent-ray discretization scheme
(e.g., Mihalas 1978) to calculate this solution along a ray of
given impact parameter (see Fig. 9 for details of the geometry
and the notation). The emergent intensity for a given impact
parameter is obtained from

I57(p) = J Su(p, 2)e” "7k, (p, 2)dz (22

where 7, is the total optical depth along the ray (measured
from the observer’s position inward) at frequency w, and the
absorption coefficient «,, is given in Appendix B. Finally, the
total flux received by an observer at distance D is then
obtained from an integration over the impact parameter,

Pmax
fo=21D72 L I5(p)pdp . (23)
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F1G. 7—Maximum harmonic number m, for which hot plasma is optically thick to its own cyclotron radiation as a function of the dimensionless plasma
parameter A for a temperature of 100 keV. Shown separately are the ordinary model (long dash-dot line) and the extraordinary mode (long dash—short dash line). In
comparison we plot the results of Petrosian and Harding (1986) (dash-dot line), Masters (1978) (short-dashed line), Pacholczyk (1970) (long-dashed line), and the fit of
Wada et al. (1980) (solid line). Note that our earlier calculations (Hartmann, Woosley, and Arons 1987) were based on the fit of Wada et al. (1980), which in the
context of the TCR model does not reproduce the correct values of m, accurately enough.

In the following section we discuss theoretical spectra calcu-
lated in this way for a number of different parameter com-
binations.

II. MODEL SPECTRA AND PREDICTIONS
a) Classical Bursts

The model spectra presented in this section extend in photon
energy from the IR to the UV. Although it is possible in the
case of extreme choices of parameters, the thermal cyclotron
reprocessing model does not generally produce radio bursts or
soft X-ray bursts. A rapid drop in photon flux at energies
below the IR and above the UV is essentially a consequence of
the finite size of the magnetosphere. The hardest photons are
generated near the inner boundary r,, and most of the low-
energy photons originate near the outer radius R,,, > R,. A
model spectrum is completely determined by the temperature
T., of the plasma, the neutron star’s surface magnetic field B,,
the plasma density n,, and the power indices n and m in the
scaling laws assumed for the run of the magnetic field and the
density. For simplicity we assume a y-ray burst distance of 100
pc.
As discussed in § II, the temperature of the magnetosphere
should be determined consistently from the observed y-ray
burst spectrum. However, because of the lack of simultaneous

observations at optical and y-ray energies at the present time,
we had to make an arbitrary choice. Because spectral informa-
tion over a large energy range is available for GB 800419
(Dennis et al. 1981; Nolan et al. 1984) and the possible pres-
ence of cyclotron features suggests that a strongly magnetized
neutron star (as required for our model to work well) might be
involved (but see Fenimore, Klebesadel, and Laros 1983), we
chose this particular burst. The duration of this burst was
approximately 3 s, and the total flux above 30 keV was F, ~
1.8 x 1075 ergs cm 2 s~ 1. Like most y-ray bursts, GB 800419
radiates predominantly in the MeV range (Figs. 4a and 4b) and
shows a deficiency of X-rays (Epstein 1986; Imamura and
Epstein 1987). Following the procedure described in § Ilc, we
estimate that this particular spectrum corresponds to an equi-
librium temperature of 116 keV (model 1). Parameters of all
models presented in this work are summarized in Table 1.
Figure 10a shows the emitted spectral flux of models with
temperatures of 100 keV (model 3), 200 keV (model 2), and
~25 keV (SGR 1806—20 = model 17). Apparently strong
emission extending from the IR to the UV is generated by
cyclotron reprocessing of hard y-ray burst photons. In particu-
lar, high-T models yield brilliant UV flashes. The numerical
noise visible in the figures is due to the zoning of the magneto-
sphere. Cases in which the y-ray burst causes temperatures
much in excess of several hundred keV lead to a relative
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FiG. 8.—Maximum harmonic number for self-absorbed cyclotron radiation at a temperature of 200 keV. Shown separately are the ordinary (0) and extraordinary
(x) photon polarization modes. The solid lines are our numerical fits described in Appendix B.

TABLE 1
SUMMARY OF MODEL PARAMETERS

T B ng Ty
keV) (10'2G) m  (10*2cm™?) n (108 cm) R,
116 1.0 3 1(=-7) 0.5 0.6 1.5(5)
200 1.0 3 1(=7) 0.5 0.6 4.5(3)
100 1.0 3 1(=7) 0.5 0.6 58 (5)
116 0.1 3 1(-7) 0.5 0.6
116 0.5 3 1(=7) 0.5 06 10 (7)
116 2.0 3 1(-7) 0.5 0.6 1.1 (4)
116 1.0 4 1(=7) 0.5 0.6
116 1.0 3 1(-8) 0.5 0.6 1.5 (6)
116 1.0 3 1(-6) 0.5 0.6 24 4)
116 1.0 3 1(-7) 30 0.6 1.8 (5)
116 1.0 3 1(=7) 0.5 1.0
116 1.0 3 1(=7) 0.5 0.1 8.1(3)
116 1.0 3 1(-3) 30 0.6 43 (3)
116 1.0 3 1(0) 30 0.6 2.6 (3)
116 0.1 3 1(0) 30 0.6 3.0(6)
116 0.01 3 1(0) 30 0.6

243 1.0 3 1(-7 0.5 0.6

Note.—Parameters for the 17 calculated TCR spectra. Model 1 is referred to in the text
as the “standard ” model. Model 17 corresponds to our calculation for the recently dis-
covered soft y repeater SGR 1806 — 20 (Atteia et al. 1987; Laros et al. 1987; Kouvelioutou
et al. 1987). The last column is not a model parameter but the inverse reprocessing effi-
ciency R,, (ratio of energy emitted in the blue band to the y-ray burst energy) obtained
from the TCR model. Numbers in parentheses are powers of 10.
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FiG. 9—Ray geometry and notation for radiation transport calculation in the magnetosphere of a strongly magnetized neutron star. The magnetosphere is
divided in radial zones (about 100) with boundaries r;, r;., and center r,., , . A ray with impact parameter p,, intersects a zone at a distance z along the line of sight.
The contribution of that zone to the optical depth depends on the magnetic field strengths atr;. ,, and the angle of propagation, 6, between the magnetic field and

the ray.

“overproduction” of soft X-rays that could conflict with the
observed X-ray paucity of y-ray bursts (Epstein 1986;
Imamura and Epstein 1987).

With the temperature fixed at the Compton equilibrium
value of 116 keV, we investigate now the sensitivity to the
remaining parameters. In Figure 10b we compare spectra with
surface magnetic field strengths between 10!! and 2 x 10'2 G.
From these models we conclude that in general a “ sufficiently ”
strong magnetic field is needed to generate brilliant optical or
even UV flashes. The actual value of the “critical” field,
however, depends in a complex way on all the other model
parameters. For example, a low field neutron star heated to
high temperature by the y-ray burst would appear similar to a
strongly magnetized neutron star with only a moderate tem-
perature of the magnetosphere. Particularly interesting are
bursts that have emission extending far into the UV, ie., that
do not turn over before E ~4 eV. In the optical wavelength
band we then find that the flux scales with the surface field
strength as

Fopt oC B: > (243)

where a is about 2. For given surface field strength but decreas-
ing faster than a dipole field (model 7: m = 4), we find that the
total flux decreases rapidly and that the high-energy turnover
is shifted to lower energies (Fig. 10b). However, in that case the
plasma perhaps reaches the neutron star surface, i.e., r, = R,.

The dependence on the inner radius r, of the plasma-free
zone around the neutron star is shown in Figure 10c. It is
important to notice that the spectrum “saturates” with
decreasing bubble radius. Again concentrating on the optical
window, this implies essentially no dependence on r,, for spectra
that do not exhibit an early turnover.

The dependence on the plasma density in the magneto-
sphere is shown in Figure 10d. For bursts that do not turn over
in the optical window, we find a weak dependence on the
density,

F (24b)

B
opt o ng,

where  ~ 0.1.

The very strong dependence of the cyclotron opacity on the
polarization state of the photons (Appendix B) might lead to a
significant degree of polarization of the “optical” flash. In
Figure 11 we decompose the “standard” spectrum (model 1)
into the two transverse polarization modes. Apparently the
strongest polarization occurs at the spectral turnover. Because
of the various simplifying assumptions made in our model, we
did not attempt to calculate the degree of polarization, but
based on the similarity of the physical conditions inferred for
the AM Her systems to those at the “optical flash” site, we
expect strong (~ 10%) linear and circular polarization similar
to that observed in AM Her systems (Tapia 1977; Michalsky,
Stokes, and Stokes 1977; Krzeminski and Serkowski 1977;
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Wickramasinghe and Meggit 1982; Liebert et al. 1982). A
detailed, model-dependent calculation of the polarization
properties of “optical ” flashes should be considered when po-
larimetry of transient sources in this spectral range becomes
feasible.

Figure 12 shows a few additional spectra of models to
further explore the sensitivity of the spectrum to the param-
eters. Summarizing the results presented in Figures 10-12, we
conclude that, depending on parameter combinations, a
variety of different transients should accompany y-ray bursts, if
the source is associated with a strongly magnetized neutron
star. If thermal cyclotron reprocessing is in fact responsible for
these long-wavelength transients, then the “zoo” of events
should include IR-only flashes as well as IR-optical flashes and
IR-optical-UV flashes simultaneous with the y-ray bursts.
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However, dromedary-like flashes, i.e., those with peak fluxes in
the IR and UV but minima in the optical, should not be
observed. Only when multiwavelength data with sufficient time
and energy resolution become available can we attempt to
consistently determine important model parameters such as
the magnetic field strength. The almost linear dependence on
B, found in this study (eq. [24a]) combined with a weak depen-
dence on the other model parameters will be helpful in this
regard.

It remains to be calculated what fraction of the reprocessed
energy is actually sampled by the energy window (E;, E,)
employed for the observations. The historical plates analyzed
by Schaefer (1981) are sensitive from about E, = 2.5 eV to
E, = 3.2 ¢eV. A somewhat larger window is available in broad-
band CCD detectors such as the Explosive Transient Camera
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F1G. 10.—(a) Emergent energy spectra for model parameters given in Table 1. Four models demonstrate the temperature dependence of the TCR model. The
“standard ” model (1) has T = 116 keV. With increasing temperature the flux increases and the spectral turnover shifts to higher energies. One model (17) spectrum
was calculated for parameters of the soft repeating y-ray burst source in the vicinity of the Galactic center (SGR 1806 — 20). No detectable optical (or UV) flashes are
expected from this source. (b) Same as (a). Several model spectra were calculated to study the dependence of the TCR model to the assumption about the magnetic
field. Models 1, 4, 5, and 6 correspond to field strengths between 10'! and 2 x 10'? G. With increasing magnetic field the flux increases and shifts to higher energies.
Model 7 shows what happens if the field drops more rapidly than a dipole field. For n = 4 and B, = 10'2 G the resulting spectrum is much below that of a dipole field
of about 5 x 10'° G. (c) Same as (a) The TCR model’s dependence on the inner radius of the plasma-filled magnetosphere r, is shown for three models. If the matter
extends closer to the neutron star surface, plasma at higher field strengths contributes to the emission and thus the spectra shift to higher energies. (d) Same as (a). The
dependence on the plasma density is demonstrated by four models. Increasing density implies more electrons contributing cyclotron photons and therefore a larger
flux. Larger densities also imply larger maximum harmonic numbers m,,, which results in a shift of the spectral turnover to higher energies. The dependence on the
radial scaling of the density (model 1 vs. model 10) is not very dramatic.
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(ETC) (Ricker et al. 1984). We calculate the ratio R,, of burst
energy at y-ray frequencies to that in the optical window by

En
R = (—tL>F;1 J F(E)E , 25)
topt Ep
where F, is the total flux of GB 800419 and the ratio of time
scales is assumed to be unity. The values of R,, for all our
spectra are given in the last column of Table 1. Typically we
find R,, ~ a few times 10°~10° which is somewhat larger than
the observed values discussed in § I. However, variations of 1
order of magnitude or even more are easily accommodated in
both model and observations. In particular, we have assumed
that reprocessing occurs throughout the magnetosphere, which
results in an optimistic estimate of R,,. Taking into account
that probably only a fraction of the magnetosphere is available
for reprocessing, R,, becomes significantly larger than the
“observed” value. What is really needed are simultaneous

multiwavelength observations!

b) The Soft Repeating Source SGR 1806 — 20

Recently, a recurrent y-ray burst source has been discovered
in the direction of the Galactic center (Atteia et al. 1987; Laros
et al. 1987; Kouveliotou et al. 1987). First observed on 1979
January 7 (Laros et al. 1986), the source has had more than 100
outbursts since! Bursts from this repeater are distinct from the
“classical ” bursts in the sense that their spectra are soft
(kT ~ 30 keV), their durations are short (10-100 ms), and they

repeat with temporal separations between 10 s and 1 yr with a
strong tendency to bunch in time (Laros et al. 1987). This
burster, now termed Soft Gamma Repeater (SGR) 1806 — 20,
may be the third member of a novel class of y-ray bursts
(together with SGR 0526 —66 and SGR 1900+ 14) (Mazets et
al. 1982; Golenetskii, Ilyinskii, and Mazets 1984; Laros et al.
1986).

The distance to the source is not known. If the repetition is
caused by gravitational microlensing, the distance may be
cosmological (Paczyfski 1987; Babul, Paczynski, and Spergel
1987; but see Babul, Piran, and Spergel 1987). The resemblance
of some source characteristics of SGR 1806 —20 to those of
X-ray burst sources (repetition, location, and soft spectra) sug-
gests perhaps a distance between 5 and 10 kpc (Cline 1986;
Kouveliotou et al. 1986, 1987). If so, their peak luminosities
appear to be in excess of 10* Eddington luminosities! On the
other hand, if burst peak fluxes are Eddington-limited, source
distances are of order 200 pc (Atteia et al. 1987). In our analysis
we assume a distance of 100 pc, as for all the other calculations.

The observed properties of SGR 1806 — 20 place severe con-
straints on the viability of models proposed for the typical
y-ray burst events as applied to this soft y-ray repeater. Livio
and Taam (1987) demonstrated that a model involving a comet
cloud around a neutron star is consistent with the observa-
tional data. In order to generate y-ray burst-like events
(instead of X-ray bursts), the neutron star is expected to be
strongly magnetized (Woosley 1984; Howard, Wilson, and
Barton 1981; Katz 1985). We assume that SGR 1806—20
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F1G. 11.—The presence of strong magnetic fields suggests that the emergent spectrum could have substantial polarization. A decomposition of the “standard ”
spectrum into the ordinary (dash-dot line) and extraordinary (dashed line) photon polarization modes indicates that this should be observed preferentially near the

spectral turnover.

involves a neutron star with a surface field of 10'2 G, our
“canonical ” value.

We approximate the average y-ray spectrum of SGR
1806 —20 by a simple exponential function with fitting tem-
perature T = 30 keV (Fig. 13). The Compton equilibrium tem-
perature of the magnetospheric plasma for this input spectrum,
obtained from the solution of equation (10), is 24.35 keV. We
estimate from equations (11) that deviations from isother-
mality by more than 10% occur for bursts with durations less
than ~ 100 ms. Because of the observed brevity (FWHM < 16
us to ~0.13 s) of all events (Atteia et al. 1987), the equilibrium
temperature cannot be achieved in the outer parts of the mag-
netosphere. The temperature gradient at large radii, however,
would only lead to small changes at the long-wavelength end
of the spectrum. Inclusion of the time development of the tem-
perature gradient makes the model calculations much more
cumbersome and will therefore be carried out only if high-
precision data for simultaneous optical/y-ray bursts from this
source become available.

With distance and magnetic field strength chosen according
to the discussion above, we have calculated one additional
spectrum for SGR 1806 — 20, with the other parameters chosen
to be the same as our “standard ” model. The result is shown in
Figures 10a, 12, and 14. The lower temperature causes optical
flashes from this source to be relatively weak. For parameters
near those selected here, no “optical” flashes should be

observed from this source. Ground-based monitoring of SGR
1806 — 20 has not yet turned up any optical flashes consistent
with our expectations (G. R. Ricker 1987, private
communication). It is worthwhile mentioning that R. Hudec
and coworkers (1988 private communication) have recently
found evidence for two archival optical flashes close to, but not
inside, the error box of SGR 1806 — 20.

IV. DISCUSSION

To put the thermal cyclotron model in perspective, we point
out some distinctive differences between flashes generated by
this process and those produced by other scenarios for which
testable predictions are available. The binary reprocessing sce-
nario in its various forms described in § Ib predicts a delay of
1-10 s between the y-ray burst and the arrival of the repro-
cessed radiation. In contrast, the TCR model predicts that
there should be no substantial delay. Furthermore, a possible
hydrodynamic response of the illuminated companion object
together with geometrical effects produce a smearing of the
optical flash on about the same time scale, so that the temporal
correlation between the y-ray and optical flux expected in the
TCR model should not exist if reprocessing occurs far away
from the neutron star. Furthermore, the calculations of Melia,
Rappaport, and Joss (1986) revealed pulsations in the repro-
cessed optical light that provide an unmistakable signature of
this model.
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without pushing the parameters. This is demonstrated by a comparison of the “standard ” model (1) and the spectrum of SGR 1806 —20 with several spectra not
already shown in Figs. 10a-10d. Bright UV flashes as well as ultradim transients result from different natural choices of parameters.

The fact that no optical counterpart has been identified
poses severe constraints on models that invoke reprocessing in
a binary system (Schaefer et al. 1987b; Liang 1987; Katz 1986).
Those constraints are much less stringent for the cyclotron
reprocessing model, because a companion star or a disk is not
essential for the model to work (although a companion star is a
convenient donor of plasma).

Because of these very different fingerprints of the proposed
models, we are confident that forthcoming multiwavelength
data from space-based detectors (HETE, GRO, Ginga, and
others) as well as ground-based instrumentation (ETC/RMT,
GMS) will ultimately provide us with a clear interpretation of
the origin of “optical” flashes associated with y-ray burst
events. We note that for most of the alternative models dis-
cussed in § Ib testable predictions still need to be made. An
easy distinction between the model of Tremaine and Zytkow
(1986) and the TCR as well as the binary reprocessing model
can be obtained, because in Tremaine and Zytkow’s model the
optical flashes and the y-ray bursts should be uncorrelated.
Even a nondetection of the assumed optical-y-ray connection
would be a valuable constraint.

Thus far no detailed spectral information at long wave-
lengths exists, but information on brightness and time scales is
available owing to the enduring efforts of Schaefer, Pedersen,
and their coworkers. In Figure 14 we compare our theoretical
spectra with the y-ray burst GB 800419 spectrum, predictions
of the disk reprocessing model (Melia 1988), archival data

(Schaefer 1981), optical -flashes seen from the March 5 source
region (Pedersen et al. 1984), and the expected sensitivity of the
proposed HETE instrument (Ricker et al. 1987).

Apparently, transient events exceeding 9th magnitude in the
optical bands can be generated by cyclotron reprocessing even
for a relatively weak y-burst such as GB 800419 (note, that
Schaefer’s 4th magnitude events are associated with a y-ray
burst of much larger fluence). However, many events will be
too dim to be detected easily by present instrumentation and
thus will escape our attention. We estimate that typical fluxes
should be less than about 1 flux unit (fu) in the near-IR and
about 0.01 fu in the far-IR. Extrapolation to radio wavelengths
(though our model does not strictly apply in that regime) leads
to the conclusion that no detectable radio outbursts are gener-
ated in the TCR model. However, it takes only a fraction of
about 1072 of the y-ray burst energy to generate a detectable
radio flux, and our model breaks down at the large radii where
radio emission might originate.

The best prospect for simultaneous multiwavelength obser-
vations of y-ray bursts is the High Energy Transient Experi-
ment (HETE) under development by Ricker et al. (1987). This
experiment covers the UV, X-ray, and y-ray spectral bands. As
now envisioned, the experiment will be a free-flying platform
released from NASA’s space shuttle. Figure 14 demonstrates
that the anticipated sensitivity of the UV Transient Camera
Array on board is sufficient to detect a large fraction of tran-
sients predicted within the framework of the TCR model.
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F1G. 13.—Average spectrum of y-ray bursts from the soft repeating source SGR 1806 — 20. Points with error bars are average values of spectra presented in Atteia
et al. (1987). The triangles represent the spectrum of the first detection of this source on 1979 January 7 (Laros et al. 1986). We fit the spectrum with a single
exponential function exp (E/kT) with a temperature of 30 keV (solid line). The spectrum of SGR 1806 —20 resembles closely that of an X-ray pulsar and is
intermediate between the classes of “ classical ” (hard) y-ray bursts and X-ray bursts (Hartmann and Woosley 1988). The Compton equilibrium temperature resulting

from this input spectrum was determined from eq. (10) to be ~25keV.

Although our calculations indicate that HETE would in fact
miss many long-wavelength transients accompanying y-ray
bursts, a few truly simultaneous detections in several wave-
length bands are probably enough to create a scientific break-
through. On the other hand, even a nondetection would be
useful to constrain the theoretical models discussed here.

The main results and predictions of the thermal cyclotron
reprocessing model can be summarized as follows:

1. Luminous bursts in the IR to UV spectral range are inevi-
tably generated if a y-ray burst occurs inside or near a plasma-
filled magnetosphere around a strongly magnetized neutron
star. The ratio of energies carried by optical photons to that
carried by y-rays is of the order of a few times 1073 to a few
times 10~ 7, reasonably consistent at the upper end with the
observations. Note that, although it is not the intent of this
work to explain the particularly bright optical flashes observed
by Schaefer et al., the parameter space of the TCR model is
sufficiently large to accommodate these transients.

2. The optical spectra can be used in a consistent way to
confirm the conjectured presence of strong magnetic fields in

y-ray burst sources. A y-ray spectrum that suggests a strong
magnetic field by the presence of a low-energy absorption
feature (interpreted as cyclotron resonance) should give a
strong optical burst if the spectrum does not result in two low a
temperature. In those cases only few free parametérs remain
(both B and T are approximately determined by the y-ray
burst spectrum!) to fit the observed spectrum.

3. A wide variety of long-wavelength transients is antici-
pated. Doubly peaked spectra (“dromedary-like” transients)
would argue against the present model. Fluxes extending over
large spectral ranges (varying from burst to burst) should be
detectable in the form of IR-UV, IR-optical, or IR flashes.
Narrow wavelength band (“line-type™) transients are not
expected within the framework of the TCR model.

4. The duration of the optical transient is to good approx-
imation identical with the duration of the y-ray burst itself. In
addition, the temporal structure of the reprocessed flux should
be correlated with the y-ray flux down to time scales short
compared with the burst duration (although this correlation
does not necessarily extend to the shortest fluctuations of order
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FiG. 14—A few TCR spectra in comparison with observations of historical optical transients (Schaefer 1981) (filled hexagon): optical flashes from the 1979 March
5 source (Pedersen et al. 1984) (filled triangle), predictions for the recent disk reprocessing model (Melia 1987) (open rectangles), and the expected sensitivities for the
proposed High Energy Transient Experiment (HETE) space mission (Ricker et al. 1987) (shaded rectangle). Shown are spectra of our “standard ” model (1) (central
solid curve), a high-temperature model (2) (upper solid curve), a low magnetic field model (4) (lower solid curve), and a model for SGR 1806 — 20 (17) (dashed line). These
spectra roughly represent the typical range of long-wavelength emission in the TCR model. Also shown is the y-ray burst input spectrum. We assume a burst distance

of 100 pc. The ratio of y-ray burst energy to energy emitted in the blue band, R,,,

is between a few times 10° and 107. Note, that Schaefer’s observations of a very

bright (m, ~ 4) transient (filled hexagon) are thought to be associated with y-ray bursts much stronger than GB 800419, leading to R, ~ 103. The fact that no

simultaneous y-ray bursts have been seen for the optical events of Pedersen et al. placed an upper limit of ~10*

TCR models.

10 ms observed in y-ray burst sources). Furthermore, there
should be no substantial delay between the y-ray burst and the
optical transient.

5. Strong (~10%) linear and circular polarization due to
the presence of the magnetic field should be observable pre-
dominantly in the spectral turnover at high energies. (In the
case of reprocessing in a companion star or an accretion disk,
similarly strong linear polarization can arise if electron scat-
tering is important, e.g., Chandrasekhar 1950.) For the disk
geometry, however, the degree of polarization depends strong-
ly on the inclination angle.

6. The possibility of generating “optical ” flashes from iso-
lated neutron stars could solve the puzzle that arises from the
nondetection of quiescent optical counterparts down to
extremely faint magnitudes. Unless extremely nearby, an iso-
lated neutron star would be undetectable to present instrumen-
tation. To be clear, the TCR model does not require a

on R,,, which is within the range of the calculated

y0°

companion star, but a companion certainly would be a conve-
nient donor of magnetospheric plasma.
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APPENDIX A
JUSTIFICATION OF THE LTE ASSUMPTION
We have based the present cyclotron reprocessing model on the assumption that the electron distribution function is thermal and

isotropic. In this appendix we consider various relevant time scales to explore the parameter space in which this assumption is valid.
For simplicity we assume the y-ray burst emission region to be centered on the neutron star. Further, we assume that the
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magnetosphere is optically thin to the hard y-ray burst photons, so that the energy deposition by Compton scattering quickly leads
to a constant temperature throughout the magnetosphere (see § Ilc). However, plasma density and magnetic field strength depend
on the distance from the neutron star surface. For simplicity we employ the scaling laws

nJ(r) = 1022n22<1> m™, B = 10123,2<L> G, (A1)
T R,
where n and m, the “surface ” density n,,, and the surface field strength B, , are free parameters. The neutron star surface is assumed
to be located at R, = 10° cm, and r, > R, is the inner radius of the plasma-free sphere (assumed here to equal the stellar radius). We
define x = r/R,, and first compare the time scale of electron plasma oscillations,

4 2\ —1/2
by = 2n< ”::e ) = 111 x 10~ 5n;,2x"2 s , (A2)
with the inverse cyclotron frequency,
ty, = 21 'ZeBc =3.56 x 10" °Blx" s, (A3)

and the approximate inverse frequencies of IR, optical, and UV photons,
tm~ 10", topr ~ 1071 s, tyy~ 10715, (A4)

The propagation of cyclotron radiation will be suppressed if its inverse frequency becomes longer than t,1- Thus, in order to produce
observable IR, optical, or UV flashes by cyclotron emission, the plasma density needs to be sufficiently low. For x > 1 this condition
is generally satisfied.

For strong magnetic fields the quantum nature of electron motion is important. The cyclotron transition time from the first
excited Landau state to the ground state is given by the inverse Einstein 4 coefficient,

. 3m,c?
YT 4l

2.56 x 107 16B; 2x2ms . (AS)

Obviously, close to the surface of a strongly magnetized neutron star, cyclotron cooling will rapidly establish a one-dimensional
electron distribution function, with the vast majority of electrons residing in the ground state. Excitation of higher states by
collisions occurs on a much longer time scale. The collisional rates at the cyclotron fundamental as calculated by Bussard (1980) give
a time scale for collisional excitation of the first Landau state (Arons, Klein, and Lea 1987)

tor = (mCovd) ™t =107 n7ly5'x" s, (A6a)
with
Vo1 = 8.23B*H(x )e ™ *x>™? ,

0.15x2  ifx, <75,

0.41 ifx. =75, (A6b)

H(x.) = {

h
X, = ;U =116 x 1072 'B;, x ™™,

e

where T, is the one-dimensional electron temperature in MeV. For the above estimate, only electron-proton collisions have been
considered, which is well justified considering the smallness of the dipole moment in electron-electron collisions (Bussard 1980).
Electron spin-flip transitions are neglected because of their small cross sections. In the derivation of equation (A6) excitations to
higher harmonics are neglected, so that equation (A6a) gives an upper limit for the excitation time.

In addition to collisional excitation, higher Landau states are populated by Compton scattering events. A y-ray burst photon
encounters magnetospheric electrons on a time scale

tene = (M,0p¢) 1 =5 x 10"°n5,!x" s . (A7)

This, however, is not the time scale on which the electron distribution function is energetically coupled to the photon heat bath.
Because we are interested in possible deviations from a thermal electron distribution function (e.g., caused by Compton contact with
the non-LTE y-ray burst photons), we need to consider the net rate of Compton energy exchange. In the case of a one-dimensional
electron distribution we use (Arons, Klein, and Lea 1987)

4n Ot
=T —A = €
atue c c 3meC

uv(T;r - T;)Hc(xy’ 'lc) > (A8)

where 7, is proportional to the photon chemical potential (zero for a Planckian radiation field); u, and u, are the energy densities of
photons and electrons, respectively; H, is a magnetic correction of order unity if x, = hw,/T, is much smaller than unity (as applies
here because y-ray burst spectral “temperatures” T, = (E,) ~ several 100 keV; e.g., Higdon and Lingenfelter 1986). Because
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Klein-Nishina corrections are neglected in equation (A8), the estimate of the energy exchange rate could change by a factor of about
2 at temperatures of order 100 keV. For strong magnetic fields (i.e., x, = o) equation (A8) coincides with Iwamoto’s (1983) result.
For an isotropic distribution function the factor 4/3 has to be replaced by 4. In either case, the Comptonization time, i.e., the time
scale to bring electrons and photons in equilibrium via Compton scattering, is given by
u, 3 T, n,

t ~N— = ey A9

Comp at u, 8 7-;' _ 7-; uy enc ( )
At the onset of the y-ray burst Compton scattering heats the electrons on time scales tcomp < tene- With the approach to the

equilibrium temperature T, tc,m, increases to
, 3 1t m,?n,
Comp 8 1 — T T;, ny enc

(A10)

where 7 = T,,/T, depends upon the spectral form of the y-ray burst (see the discussion in § Ilc), and u, = n, T, has been used. From
our experience with the spectrum of GB 800419 (for which = ~ 0.9, and mc?/T, ~ 3)it appears useful then to consider

n,
tComp ~ C n_ Lenc » (All)

b4

where { ~ 10 for GB 800419. Evaluating the number density ratio in equation (A11), we obtain

R 2
tcomp ~ 1.5 X 10*4<D*6> ngix?s, (A12)

100

where n, is the integrated y-ray burst spectrum (n, ~ 1 photon cm~? s for GB 800419).

As long as the Comptonization time is long compared with the electron-proton and electron-electron energy exchange time
scales, the energy input from Compton collisions will lead to thermalized electrons, i.e., their distribution function will not reflect the
extreme non—-LTE character of the y-ray burst photon spectrum. However, to also isotropize the electrons, Coulomb collisions have
to compete with cyclotron transitions. For protons the cyclotron decay time is longer by a factor of (m,/m,)?, so that Coulomb
interactions easily create and maintain an isotropic distribution function. Because the protons do not interact as strongly with the
radiation field as the electrons do, their temperatures may be different, in which case energy will be exchanged on the time scale
(Kirk and Galloway 1982)

fex = (10, 0)) ™! ~ 107 %05, T2 x"(In A)~' s, (A13a)
where the Coulomb logarithm is given by
InA=1984+1InT,—051In (ny; x™") . (A13b)

Although the electrons are in contact with a non-LTE radiation field, Coulomb collisions drive the electron distribution function to
its thermal equilibrium. Any nonthermal features are erased by collisions on the time scale (Krall and Trivelpiece 1986)

mB
teg ~
2m

-1
[@(1 — e\}in] fo~22 x 1072, | (A14)

14

where @ is the Gaussian error function. The effect of electron-electron collisions in strong magnetic fields has been neglected because
no detailed calculations exist to date, although the QED cross section has been calculated (Allen, Melrose, and Parle 1985).

With increasing temperature of the magnetosphere the electron distribution function relaxes to equilibrium also by Compton
interactions with the self-absorbed cyclotron photons. Locally the plasma is optically thick up to a maximum harmonic number m,,
(see Appendix B), which causes a blackbody spectrum up to that frequency. The equilibration time scale due to the soft photons is
given by

tgg ~ 3 x 107 %" (B, m )T s, (A15)
where (B, m,) (< 1) is the fraction of cyclotron photons up to m, w (B) relative to a blackbody spectrum at temperature T,,.

Finally, we add a few additional time scales that might be useful to guide the physical intuition. Under the physical conditions of
interest, the rates of microscopic processes are usually fast compared with macroscopic time scales such as the free-fall time,

te =5 x 1075x%2 5, (A16)

and the diffusion time of low-energy cyclotron photon for which the optical depth is huge. In our model Compton scattering feeds
energy into the electron plasma, resulting in temperatures T, of the same order as that of typical y-ray burst photons. This energy is
consequently thermalized and redistributed by Coulomb collisions. We are concerned with the validity of the Maxwellian electron
distribution function for calculating the emission of cyclotron radiation at energies m, hw, < T,. It is therefore important to
estimate the time needed to establish the part of the Maxwellian distribution function which excites these low-energy transitions:

taise ~ 7 % 107 10T (m, By)"*(ny; In A)'G)™'x" ™2 s, (A17)
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where
G(0) = 0.5[®() — Lv'(O1L 2, (A18)
with
1/2
= 0.108(%) X1z, (A19)

In the limit x > 1 we obtain
tgis ~ 6 X 107 %(ny, In A)1T32x" s (A20)

The efficiency for cyclotron radiation at high harmonics drops rapidly when feye < Lai, Decause the losses from the distribution
function cannot be replenished by collisions. Thus, when the y-ray burst is turned off, high harmonic cyclotron emission cannot be
maintained over times longer than the cyclotron time scale, which is generally much shorter than the y-ray burst duration even for
low fields at large distances from the neutron star surface. As a consequence the optical flash ceases very rapidly after the y-ray flux
drops. This fact, together with the rapid establishment of the equilibrium temperature after the burst’s onset, leads to an “optical ”
display that essentially coincides with and tracks the y-ray burst.

The importance of bremsstrahlung compared with cyclotron emission for the energy balance of a slab of magnetized plasma can
be estimated by comparing the bremsstrahlung cooling time scale (Lamb 1984),

for ~ 1.6 x 107 ST 2p51xn 5 | (A21)

with the thermal cyclotron cooling time. The presence of a strong magnetic field leads only to small changes in the estimate of ,,,
(Iwamoto 1983).

Some of the above time scales, estimated as a function of x = r/R,,, are shown in Figure 3a for the following set of parameters
{n22, By2, T,, n,m, Dy, o} = {1, 1,0.116,0.5, 3, 1, 1}. One sees that at about 10%->** cm above the neutron star surface the plasma
conditions are generally favorable for the TCR model. Note that most of our models were calculated with x > 0.6, whereas we
assume here that x > 1. Close to the neutron star the electron distribution function is nonisotropic because of the strong magnetic
field, and at larger distances the densities become too low to maintain LTE in the non-LTE photon bath. To explore the general
range of validity of the TCR model, we vary the density and the magnetic field strength to determine the fraction of the parameter
space in which our assumptions are justified. We use the following conditions: (I) propagation constraint, to = t; (II) isotropy
constraint, f.,. > to, ; (III) LTE constraint, t.; < fc,m,- Where these conditions are met, the TCR model assumptions are valid (Fig.
3a). The resulting phase diagram (Fig. 3b) demonstrates that there is sufficient space for the thermal cyclotron reprocessing model to
operate.

APPENDIX B
GYROSYNCHROTRON OPACITY AND MAXIMUM HARMONIC NUMBER my

For magnetized plasmas at temperatures above ~10 keV, cyclotron absorption (and emission) at high harmonic numbers
becomes important. For the conditions encountered in the thermal cyclotron reprocessing scenario, the results of Robinson and
Melrose (1984) were used to calculate the absorption coefficient. The analytic formulae these authors provide are accurate over a
wide range of parameters, especially a large range of harmonic numbers, and at the same time are sufficiently simple to allow a
numerical formulation of a detailed treatment of the radiation transport in the extended neutron star magnetosphere. Below we give
the absorption coefficient, which is dependent upon the frequency, angle of propagation, and polarization mode. Deviations of the
plasma refractive index from unity have been ignored, and some of the terms have been rearranged. The approximation to the
electron distribution function that Robinson and Melrose used (their eq. [30]) has been replaced by the complete relativistic
Maxwell-Boltzmann function, which accounts for the appearance of the modified Bessel function of second order, K,, in our
expression for the gyrosynchrotron absorption coefficient:

-1/2
KE, = Ko B2K 7 '(Bu) eXP (— B polsin e)"‘(wﬁ) 5222

c

1/6
x yal2(yg — D& — DEEC* — )1 + TH ™1 — B2 cos? 9)<1 + 4.53 :—)
)
5\~ a2 2 2z [P, BET2, sin* @
X {[C,(l + 0.85 So) + (1 — o) "*(1 — B§ cos® 6) + m ) (B1)
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where ¢ = o, x stands for the ordinary and extraordinary photon polarization mode, and the following abbreviations have been
used:

2

m,c
P ="
e 1ol -1
Ko = 2\/2 5.335 x 10~ B cm™
1/2

bo = [1 + (;‘Z) )(1 + 4.5x)-1/3] :

_wsin® §

RN

Bo=(1—1s9",

1-pp \
C°=<1 — B3 cos? 0) ’
s, = 1.5,
- L VPSS 2
So Vo<wc>(1 Bo cos® 0) ,
T:'=a+(1+d)?=-T,

_ w,sin’ f

" 2w|cos 0|’

Co = T:,COS 0(1 _ﬂg)’

Z =+ 1) — D2t

For high plasma densities, cyclotron self-absorption limits the radiation flux to the blackbody value for all frequencies that are
optically thick. With the opacity given in equation (B1), we now calculate the maximum frequency, w,,, for which this is the case.
First define a “critical ” harmonic number m, = w,/w, by

RKE(ﬁm, 0) =1, (B2)

where R is a characteristic length scale over which the magnetic field is assumed to be constant. The maximum frequency of the
extraordinary mode exceeds that of the ordinary mode. The critical harmonic number calculated from equation (B2) can be
approximated by the following expansion:

4
m*(A T Z nm ™" 1(10310 A)n- ! H (B3)

nm=1

where the dimensionless plasma parameter A is given by equation (17) in the main text and the temperautre, T, is measured in MeV.
The coefficients C2,, in equation (B3) are given in Table 2. The fit obtained here is accurate to a few percent over the temperature
range 2 keV to 2 MeV and the optical depth range A = 10°-10'2. This is more than sufficient considering the many other
approximations that must be made in the present study. Figure 7 shows our fit to the exact data of mg, for a temperature of 200 keV,
typical for the Compton equilibrium temperature of the neutron star magnetospheres considered in our optical flash model.

It is of interest to compare our result with those reported previously. Utilizing the Carlini approximation combined with the
method of steepest descent to evaluate the integrals, Petrosian and Harding (1986) derived the semirelativistic approximation

nm 1/3

m, = -% B32A exp [ 1 65ﬂ2/3< ” 0) ] ) (B4)

In the extreme relativistic case we can use Pacholczyk’s (1970) approximations to derive the following equation
m __ Bt dze™* | dyK , B5a)

* (4\/3)K2(Bm) J f y 5/3(y) (
where the lower integration limit is given by
2B2m,

=—T2_ B5b
Yo = 3sin 0)2 (B3b)
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TABLE 2
NuMEerICAL FiT COEFFICIENTS C2,

m
n 1 2 3 4

0-Mode

1., —3.21112975 (+0) +6.68033586 (+1) —4.55518550 (+2) +2.30503746 (+2)

20 +1.79655354 (+0) —4.92915397 (+1) +3.54864845 (+2) —1.77797897 (+2)

3 —1.77026427 (— 1) +1.08289891 (+1) —9.50153873 (+1) +4.84568355 (+1)

4......... +6.06791362 (—3) —1.23119536 (—2) +7.59192046 (+0) —4.06974659 (+0)
x-Mode

1o........ —2.08742916 (+0) +6.56499664 (+1) —3.50949585 (+2) +8.67078489 (+1)

20 +2.34384382 (+0) —5.77769598 (+ 1) +3.10773185 (+2) —8.41716345 (+1)

3o —2.86972246 (—1) +1.67637581 (+1) —1.01721893 (+2) +3.40772931 (+1)

4. +9.49706419 (—3) —1.92706324 (—1) +9.50415455 (+0) —3.74706628 (+0)

Note that all the equations above have to be inverted numerically. In contrast, Wada et al. (1980) give the simple fit
m, = 33.9A1208-1/2 (B6)

which has been used in an earlier version of this study (Hartmann, Woosley, and Arons 1987). Unfortunately, in the A-T range of
interest here, it fails to reproduce the detailed fit of Masters (1978),

m, = +0.44 — (0.18 + 3.88;2) log B,
+(0.159 + 0.878; ! log B, + 0.728;%) log A (B7)
—(0.0109 + 0.0238; )log A)?
+0.00033(log A)?

or our results obtained from Robinson and Melrose’s opacity (Fig. 6). Our fit and the one given by Masters are qualitatively similar,
but to be consistent with our transfer calculation we employ equation (B3).

It is apparent that the differences between the various estimates of m, are not negligible. On the other hand, some reasonable
accuracy in the determination of m, is essential for the thermal cyclotron reprocessing model. An overestimate of this parameter
would lead to a spurious UV flash, whereas an underestimate could even result in a breakdown of our assumption of LTE. This is
so, because one would have to go closer to the neutron star surface to get the emission into the optical wave band, but there
deviations from LTE become more important. As a consequence of the above discussion we find the results of Hartmann, Woosley,
and Arons (1987), who used the fit of Wada et al. (1980), inaccurate in detail, though the general conclusions of the authors remain
valid as is demonstrated in the present study.
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