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ABSTRACT

A model for emission of the hard photons of gamma bursts is
presented. The model assumes accretion at nearly the E+dington
limited rate onto a neutron star without wmagnetic a field. Ini-
tially soft photons are heated as they are compressed between the
accreting matter and the star. A large electric field due to rela-
tively small charge separation is reouired to drag electrons into
the star with the nuclei against the flux of photons leaking uut
through the accreting matter. The photon nuiber is not increased
substantially by bremsstrahlung or any other process. Instability
in an accretion disc might provide the infalling matter required.

INTRODUCTION

The hard spectra of commom gamma bursts (as opposed to the
singular March 5 event) have been interpreted as (1) optically thin
bremsstrahlung,! 3 (2) thin electron synchrotron radiation,* ® and
(3) a comptonized soft black body spectrum.” Here we propose a
fourth radiation mechanism namuly photon compression and diffusion.
One may rightfully wonder why, with so many possible mechanisms to
caonse from, another mav be of importancc. If one assumes that hot
electrons are available, then there are obviously many ways for such
electrons to emit hard photons. 1n the case of bremsstrahlung, the
emission mechanism is weak, of order o compared Lo gompton scat-
tering, and the source must be highly extended ~ 107" cm to avoid
self ahsorption.® Hence the rapid fluctuations observed in almost
all gamma bursts® would be impossible. ln the case of synchrotron
radiation and Compton scattering the problem is creating and main-
taining the necessary hot eicectrons. Liang!® has pointed out that
electron radiation in a strong.magnetic ficld is so ctfective that,
a radiating layer more than 10 © Compton mean free paths thick would
be optically thick and lead to a black body spectrum, conrtrary to
observations. Pair formation and annihilation iurlhvgqreslric}g the
physical thickness of such a radiating layer to 10 ° to 10 em,
The problem is then finding any process to keep such a layer hot.
For example, if the iecating is to be done by Alfvién waves, as pro-
posed hy Liang at this mecting, then these Alfven waves must
originate in and propagate through regions which do not radiate
photons notwithstanding the high energy densities that must be



involved. For Alfvén waves to propagate ong cuE?ed field liges,
the minimum rest mass density becomes p > By, /(4n ¢”) = 40 g cm 7, a
value that violates the assumption of a “vacuum magnetic field.
Similarly if onme postulates a high temperature region free of mag-
netic field as would be required by Fenimore et al’ to Compton heat
a goft photon flux, one has the problem of how to keep these
electrons hot using a source of energy that does not introduce more
electrons than is allowed by the "thin" approximation.

For these reasons we have spent some time attempting to find an
enission mechanism for gamma bursts that converts a reasonable
source of energy into the hard photon spectrum observed. We believe
we have found such a mechanism as the normal consequence of moder-
ately thin (t = 1 to 4) accretion orto a field free neutron star.
The model is that photons of nearly constant number are sequintiaily
compressed, heated, diffused, further compressed, heated, diffused
and ultimately escape in a hard spectrum at an average flux near the
Eddington limit, but with wide fluctuations.

The physics of such accretion is complex. To begin with:

1. The mass flux corresponding to steady state Eddirgton limit
accretion corresponds to a thickness of T £ 2. The accreting
matter cannot be much thicker, else the energy rlux of radia-
tion will be less than the kinetic energy f{lux of infalling
matter.

2, In a transient state when the initial instantaneous photon flux
corresponds to a value much less Lhan the Eddington limit flux,
¢F , the free fall time is very much less than the time ncces-
sary to multiply the phaton number by bremsstrehlung. There-
fore, accretinn with 1 = 2 to 4 occurs withoul increase in the
photon number.

CALCULATIONS

We have modeled this phenomwenon with a one-dimensional (radial)
multi-energy group numerical] calculation with mass layers and photon
diffusi-.n in both energy and radius. Both rediation stress and
gravily accelerate the accreting matter. The neutron star surface
is assumed to have an albedo of unity, mass layers are merged with
the surface when they get vithin AR of it and cach layer is treated
as a semi-transparent diffuse scattering layer with zero heat
capacity and therefore no defined temperature. A pholon number
density corresponding lo a small temperature initially seeds the
problem. A typical resulting spectrum is shown in the figure where
the initial seed temperature was 0.355 keV, T, i = 2.2 (integrated
to infinity) and the initial velocity distr. it ion corresponded to
free foll. The curve drawn through the points is that corresponding
to a thin bremsstrahlung distributicn with kTo = 139 keV.
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Fig. A y-burst spectrum from field frec matter accreting
onto a neutron star. The curve is a bremssirahlung fit
with kTo = 139 keV.

The justification for the set cf assumptions leading to the

calculations are:

1.

In steady state Eddington flux limited accretion the gravita-
tional field of the neutreon star acting on the ions drags tac
electrons by a rhurgv scparation electric ftield E < gpm /e
where g = M u/R , H is the molrcular weight per electron, Bnd
m_ the wnss of vho protoi. This electric field, K~ 100 v/cm
i§ small fnoqu7 that charge neutrality nlmost prevails,
An /n T 3 x 10 This ensures that the electrons are
drﬁgg%d by the ions against the photon stress even for stopping
distances that are intinitesimal compared to the neutron star
radius.

The secd photon number density, generally characterizea by a
blark body temperature kT 1 keV is small compared to the
Eddington limit value of L* X2 keV for a neutron star of mass
1 HO' This ensures initisl frec fall of the plasme.



The photon number density always greatl&aexceeds the e}gctrgg
number density since n_ is ofzzorde_s 10 Tt/ or 107 cm
while at 1 keV, n v o .5 X 10" cm . Therefore the electron
specific heat is negligible compared to that of the photons.
Provided the electrons do not run away in the charge separation
electric field, the electron temperature will be an averaze of
the local photon energy. Hence electron recoil and comptoniza-
t “n where the thermal energy content of the hot or cold elec-
trons heats or cools the photons can be neglected. In fact,
runaway will not occur because an electron undergoes many
photon cnllisions in a distance equal to its energy multiplica-
tion distanfe A= kT /Ee, Ee < n,_ < hv o /31, vt =
2A/(2 KT /me , and hence the number of C%Ylisions in°A becomes
Npy Fc CE = (c/ve) sufficient to encure against runaway. This
assumes that kTe = <hv>/3 consistent with the large number of
collisions.

Sig?E for matter freely fal}%ng at a8 constant rate, jm pdR «
R » the thickness pR « R and so photons will scaBter and
be heated within several radii of the neutron star. From this
distance the free fall time is roughly equal to the diffusion
time. This ensures that some photons are trapped and raised in
energy by compression, yet also ensures that leakage allows the
large photon heating without exceeding the 2Eddiugton limit.
Since the gravitational potential is roughly c¢“/5, the limiting
free fall velocity is = c¢/2. The diffusion ''velocity" is
roughly (c/37) so that T = 1 to 2 meets the criterion.

The neutron star surface has an albedo of the order of unity.
Since bremsstrahlung is small compared to Compton scattering,
the "surface'" is where there first exists an addition.] scat-
tering mean free path. Therefore a photon reaching the
"surface" from larger radius has a high probability ~f beiug
scattered bock out, rather than being absorbed and reemitted as
is necessary to establish a btlack body spectrum.

The photons added to the accreting matter during tree fall due
to tne neutron star surface cmission are not large compared to
the assumed in situ number density. Since the free fall time
is comparable to the escape time, the net addition of photons
after the start of free fall is not greater than severa' fold.
Photons that remain local, i.e., trapped, are compressed by a
factor no greater than the local matter compression ratio, n,
so that photons .hat remain trapped within a ﬂ?%ren layer of
matter are increased in energy by the factor n . This is a
constraint in the numcrical calculation. 1f the problem con-
sists of n Jlayers ond a minimum R/AR = n y the maximum
. . max'

1ncrea%?3 in energy cf a given photon becomes of the order
(R/aR)" 7,

The Eddington limit flux just balances rndinlh&n pressure
against the gravitational force, whith is GM,../R” rer unit
mass. To decelerate freely falling matter in a distance AR



10.

requires an impulse per unit mass of the momentum v ,to be
supplied in a time 2AR/v and therefore requires a force v /2AR.
The ratio of the flux required to decelerate the matter to the

Eddington tlux is therefore VZRZ/ZGHNSAR which is R/AR taking
account of v2 = 2GM,,./R. The bremsstrahlung ratz is propor-
tional to ni or OR “ and the time of Jd-releration is propor-
tional to AR so that the total number of photons produced by

bremsstrahlung is proportional to 1/AR the same as the decel-
eration flux. Therefore, for all AR and the previous con-
ditions, the photon heating rate by the free fall matter will
exceed the photon muitiplication rate by bremsstrahlung.

Double compton scattering will increase the photon number at a
rate compared to Compton scattering:

_ hv .2
= (1/137) UC(——E)

mc¢

0double c

The highest energy photons have on the average undergone the
most scatterings and so are the most likely to have made a
second photon along the way. The number of scatterings per
doubling is, roughly 3, so the number of scatterings going from
(3 keV » mc™) =~ 3 1032(160) = 22. Then

22 0double c

(o)

= 1/6 <«("2)%
C mc

wvhich is < 1 so that double Cowmpton does mnot limit photon
energy significantly until hv > mc™.
Tne free falling matter is deceleratel only when the photon
energy exceeds the matter energy. Neither bremsstrahlung nor
‘nuble Compton scattering affect the total photon cnergy, the
. ‘st because of limited time, and the second because it merely
ria stributes the photon energy, i.e., makes a softer spectrum.
We 1 've chosen our thickpness such that compression heating
procid 's at just about the rate that photon enerygy is lost by
diffusv n, To illustrate this point we take the diffusion
photon 1 asity distribution between at a reflector at x = 0 and
ab outer boundary at X:

p = cos (nx/2X)

The collision rate is

X
coll = Jo cop dx

and the escape flux ix



3 dx X

The escape per collision is n2/(1212). Hence if it requires 3
collisions on the average to double the photen energy, then the
total retained photon energy will remaig]fgnstant if the proh-
ability onf escape per collision is 2 s, corresponding to
T = 1. Hence a modest increase 1n 1, will effectively trap the
photons and thei:i/atotal energy cam inc -ease without limit
proportional to n Hence we feel a na-ural limit to com-
pression will be reached when y-y collisions lead to pairs that
then substantially increase 1. This offers a natural photon
energy limit to the spectrum that is flux sensitive.

It seems reasonable to assume that the photon diffusion
terminates when pair production doubles the lepton density.
The calculations do not include pair production or this limit.

CALCULATION PARAMETERS

The calculation of the figure is relatively insensitive (= 20%)
to changes in energy group size (W. 1/w.) < J2, number of zounes
n > 10, and AR/R < 0.005. If the initial' seed temperature of .35
keV is reduced, then the energy group size. and AR must be smaller
and n grrater to obtain a resuli not grossly sensitive to the dis-
creteness of variables.

ASTRNOPHYSICS

The maximum magnetic field that can he permitted can be esti-
mated from Liang® who estimates the electron density for equal
emission from bremsstrahiung and synchrotron radiation to be

| -3

31 43/2 g1y sz 27l em™3 |

n =2.3x10
e

where T is KT /mc2 and F(T) is of order unity for T = 1. Hence to
keep synch'otnqh radiatio> below hremsst!ehgung in the low_density
plasma (n_ = 10~ cm ”) requires Bl <10 "7, or B < 3 x 107 gauss.
Since breﬁsstrahlung is rather a wgak limit on the process and the
high enerrgy photons come from compressed layers, a field of several
10~ gauss would be acceptable. However, the limiting ggeld is far
less than what would control or funnel accretion, 3 X 107 gauss. In
any event magnetic field preclndes the usual interpretation of the
spectral structure as due to n cyclotron line, Some of our calcu-
lations shcw features similar ti. the obr.rved dips at a few tens of
keV. Another possibility is that a parelle!l softer photon source
gives rise to these features.!'!

We feel that one possible astrophysical circumstance in which
the field-free accretion we describe could occur is the instability
of a Keplerian disc when i! intersects, i.e. touches, the neutron
star surface. Friction and turbulence will then cause some low



density mass to accrete. Other possible candidates are super-
Eddington thermal conduction to the surface from the interior of the
neutron star or shocks that sequentially blow off surface layers
that subsequently fall back. In both these possible examples one
difficulty is the high atomic number of the neutron star matter
results in high opacity and high photon emission. Comet accretion
into an orbit that subsequently decays by gravitational wave
emission is another possibility.
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