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ABSTRACT
Ramaty et al. (1980) have proposed a model to account for the 5 March
1979 gamma ray burst in terms of a neutron star corequake and subsequent shock
heating of the neutron star atmosphere. We elaborate on this model by
examlining the overall energetics and characteristics of these shocks, taking
into account the et-e” pair production behind the shock. The effects of a
dipole magnetic field in the shock jump conditions are also examined and it is
concluded that the uneven heating produced by such a field can account for the
temperature difference between pole and equator implied by the pulsating phase
of the burst. The overall energetics and distribution of energy between e+~e'
pairs and photons appears to be in agreement with observations if this event

1s at a distance of 55 kpc as implied by its association with the Large

Magellanic Cloud.
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I. INTRODUCTXON

If the 5 March 1979 gamma ray burst Is extragalactic as suggested by {its
agsociation with the supernova romnant NA9 In the Large Magellanic Cloud
(LMG), unique problems are presented in understanding its vadiation machanism
and energy source. Ramaty ot al. (1980) and Ramaty, Lingenfelter and Bussard
(1981) have proposad an g™ synchrotron cooling and annihilation model for
the vadlation mechandsm, the primary source of energy helng gravitational
raleased in the collapse of a neutvon star core. This model can naturvally
account for the I{mpulsive phase of the buvst, prosumably energised by the
vibratious of tho noutron star followlng the core collapse, which steepen into
shocks upon reaching the steep surface density gradfent. Such a corve collapse
can easily satisfy the energy requirements oven Lf the source 1g in the LMC, a
view further supported by ilundependent arguments vequiring that the spectrum
above 500 keV is due to comptonilzation of soft photons (Liang 1981).1

Ii. the present paper we nccept the physicsal association of the event with
the supernova remnant NA9 {n the WMC (Felten 1981) and further expand on the
model of Ramaty et al. (1980) by studying in greater detall the
characterdistics of the strong gas shocks presumably rvespounsible For powerilag
the impulsive phase of the burst. Assuwming complete thermodynamic equilibrium

teg” pairs), the postshock temporatures aund

behind the shock (including the e
positron dengities ave caleulated for various values of the shock velocity,
dengity and magnetic field, appropriate for neutron star eunvelopes. The

corrvasponding luminosities and energy distributlon botwean photons and pales

are then compared to observations aund found in reasonable agreewment. We

lof all the observed gamma vay buvats, only two have boen ildentified with
known objects. One is the 5 March event in the LMC and the other, identifiled
recently with Vela X=-ray observatiouns (Tavrall at al. 1982), is congistont in
divectlon with the binary pulsar SMC X-1 1o the Small Magellanie Cloud.



further propose that the subsequent 8 s pulsations ave due to the uneven
surface heating resulting from the neutron star's dipole magnetice field. The
polar veglous, having oapproximately radial flelds should experience stronger
shocks, and hence higher postshock tempervatures and luninosities than the
equatorial reglons where the field is approximately parvallel to the surface.
Withiu the framework of the above assumptions, 1t is found that reasonable
values of the field can account for the observed temperature difference
tnferred from the peaks aud valleys of the pulsating phase,

Au earlier suggestion that quakes within the crust of nearby neutron
gtavrs power galactic gamma ray bursts was made by Fablan, TIcke aund Pringle
(1976) . Tuls model assumed that quakes, releasing about 1039 erg, occur
within 1 km trom the neutron star surface and produce galactic gamma rvay
bursts at a typical distance of 100 pe.

In Sectilon IT the salient featuves of the buvrst are critically rveviewed
while Ln Section IIT the details and Justification of the assumptions used in
the present paper arve glven. Section ITIA deals with the question of the
covequake and the overall energetics assoclated with {t. Tu Section IITB the
Rankino~Hugoniot condlitions for shocks propagating in the nputron star

atwmosphere, ifncluding the effects of the radiation Ffield, ot

-~ pailrs and
magnetic field, ace weitten down and selved numerically. The results ave
summarized in Section IIIC and are used to account for the pulsating phase of

the burst iu Section IV, Finally iun Seetion V the overall results are

evaluated and conclusions are drawn.

II. DESCRIPTION OF 5 MARGCH GAMMA RAY BURST
The 5 March 1979 gamma ray burst appears to be of a different class than

the other gamma rvay bursts thus far reported. The reasons for presuming this
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are the following:

(1) The peak energy flux in the impulsive phase is ~4.5 x 104 erg cm™2
(Mazets et al. 1982), at least an order of magnitude greater than any other
observed burst.

(2) Strong positional identification (Cline et al. 1980, 1982; Felten
1981) with the supernova remnant, N49, in the LMC places (if this association
is not coincidental) the source at 55 kpc and implies a luminosity of ~1 x
1045 erg s"l for the initial pulse (Mazets et al. 1982). If the other gamma
ray bursts are galactic, as implied by the observed frequency distribution
Rothenflug and Durouchoux 1981, Jennings 1982), the 5 March evenr is over 4
orders of magnitude more luminous than the most intense galactic burst and
produced a total of ~% x 1044 erg (Mazets et al. 1979).

(3) The impulsive phase of the 5 March event has & very short rise time
(<2 x 1074 8, Cline et al. 1980) and a duration (~0.15 s), shorter than most
other bursts.

(4) Following the impulsive phase, clear pulses are observed for at least
three minutes with a period of 8.0 + 0.05 s. The average pulsed flux is about

042 erg s"l) and

2 orders of magnitude less than the impulsive peak (~3.6 x 1
decreases approximately exponentially with an e-folding time of ~50 s (Mazets
et al. 1979). The total energy emitted during the oscillating phase is ~2
times as great as emitted in the initial pulse. The pulses show an interpulse
of lower intensity that is strongly reminiscent of pulsar pulse profiles and
implies emission from the magnetic poles of a rotating neutron star. It must
be pointed out, however, that no observed pulsar has a period as long as 8 s
and if the 5 March burst is associated with N49, whose age is ~104 years, a

much shorter period would be expected if an object similar to observed radio

pulsars produced the burst (Barat et al. 1979).
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(5) The 5 March event is also unique in that it was followed by three
other bursts with delays of 0.60, 29 and 50 days (6 March, 4 April and 24
April) and intensities of 3, 1 and 0.5 percent respectively of the 5 March
event (Cline 1982). The poecitional data on these bursts are less precise than
5 March but are consistent with N49 (more recent observations show a total of
~10 bursts from this direction (Mazets 1983)).

(6) The energy spectrum of the 5 March event 1s considerably softer than
typical bursts with most emission at energies below the line feat\.e centered
at about 430 keV.

In addition to the above unique features, the initial pulse of the 5
March event shows a road emission line centered at 430 keV with FWHM of ~150
keV (Mazets et al. 1982). This feature has been seen in several of the most
intense gamma ray bursts (Mazets et al. 1981) and has been Interpreted as 511
keV annihilation radiation redshifted in the gravitational fileld of a neutron
star with M ~IMg, and R ~10% cm which implies z = (1-2GM/Re2)~1/2 = 1 = 0.19
(Mazets et al. 1979 and Ramaty et al. 1980). The energy flux in the line is
about 7% of the total impulsive flux (~7 x 1043 erg s—l, Mazets et al. 1982).

IIT. THE MODEL

Fig. Fl shows the time history of the 5 March burst. The constrast
between the very intense, very sharp initial pulse and the slowly decaying 8 s
pulsations lead us (along with Ramaty et al. 1980) to propose the following
scenario to account for the main characteristics of this burst. First, the
energy 1is released in a phase tramsition in the neutron star core, releasing a
small fractlon of the 1053 erg in total binding energy as vibrations that
propagate to the surface at a sizable fraction of the speed of light. Second,
the initial pulse is generated when the vibratioms produce strong, radiation

dominated, gas shocks in the atmosphere. Third, the slowly decaying pulsating
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phase is due to the uneven heating of the neutron star surface due to its
dipole magnetic field. The < 2 x 1074 g rise time of the initial pulse 1is
characteristic of the energy release time of the phase transition. The ~ 100
ms decay time of the initial pulse has been shown by Ramaty et al. (1980) to
be consistent with gravitational radiation damping of non-radial vibrations in
a ~ 1 Mg neutron star. The ~50 s decay time of the pulsations could be either
the cooling time of the surface layer by conduction to the core and radiation
at the surface or the damping time of the radial vibrations by the X' process
(Langer and Cameron 1969).
(A) Corequake

Matter at or near nuclear densities is composed mainly of neutrons. At a
critical density about twice nuclear density, a new state 1ls thought to exist
contalning a condensed charged plon wave (Hartle, Sawyer, and Scalapino
1975). This pilon condensate has a lower energy per baryon and a significantly
softer equation of state than nuclear matter and will affect the mechanical
properties of neutron stars, such as the mass radius relation. In additionm,
the possibility exists that if the core density slowly increases beyond the
critical density for pilon condensation, a supercompressed, metastable, state
of neutron matter will be produced (Haensel and Proszynski 1982 and Haensel
and Schaeffer 1982). The slow increase in corz density could oceur through
mass accretion,2 by reduced centrifugal forces due to a slowing rotation rate,

or by cooling (Baym 1981l). At some point a phase transition could occur from

21f accretion produces the increage in core density, Haensel and Schaeffer
have estimated that more than 10™“ M, must be accreted before the phase
trazsition to the pion condensate occurs. If the supernova remnant, N49, is
~10” years old,, this implies an accretion rate greater than 10~ MG yr"l.

This is over 104 greater than the upper limit on steady state accretion for
N49 deduced from X-ray observations (Helfand and Long 1979) and seems to
exclude accretion as the sole mechanism for iIncreasing the core density unless

a highly variahle accretlon process occurred.
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the normal (but supercompressed) non-pion condensed state to the pilon
condensed state. This transition, or minicollapse, would result in a large
release of energy.

Haensel and Proszynski (1982) and Haensel and Schaeffer (1982) have
caleulated in a semi-phenomenological way the basic properties of this
collapse. These properties depend strongly on the equation of state used and .
due to the waeertainty i{n models of dense matter are by no means precisely
known. However, forwhat the dabove authors consider to be the most realistic
wodel, they find the following:

(1) The radius of a collapsing neutron star of ~0.7 M, decreases by ~ 10 m.

(1) The upper limit for the time scale of tle collapse should be
approximately the free foll time or (GM/RS)('l/Z) ~ 1074 s for R = 10 km,
consistent with the rapid rise time of the 5 Mareh burst.

(3) The energy release as estimated by Haensel and Proszynski (1982)
would be ~ 1048 ery and would mainly go inte heating the neutron star core.
The proportiou that would to into vibrational energy in unknown, but if the
amplitude of the vibration is roughly the change in the radius of the star
(t.e., ~ 10 m) then the oscillatory cuergy, Eoser can be estimated from

dimensional considerations (Zel'dovieh and Novikov 1971, p. 366);

< 10°3 /) (SR/BY? erg. (1)

=

osc

If SR/R ~ 10-3 as suggested, the vibrational energy would be ~ 1047 erg and
only a small fraction (~ 0.01) would be sufficlent to account for the
energetics of the burst. For such small amplitudes, the proportion of
vibrational energy that is leost due to viscosity in the core is insignificant

and implies that the damping of the vibrations is from the transport of energy

4
—
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to the surface by shoek waves, the emission of gravitational waves and
the | process as mentioned above.

The supernovs remnant, N49, was observed in soft X-rays ~ 38 days and ~ 2
years after the burst and only upper limits for the flux were obtained
(Helfand and Long 1979, Pizzichini et al. 1982). However, even though ~ 1048
erg are released by the corequake, it is likely that the ouly observable
consequence will result from the small fraction of this energy that is rapidly
dissipated in the thin surface layer when the vibrations steepen into shocks
and produces the gamwa ray burst. This layer will be thin because, as
suggested by Fablan et al. (1976), even though the thermal conductivity of
neutron star material 1s very high, a shock will not dissipate energy unless
the shock temperature exceeds the Fermi temperature. This will start to occur
when the shocks approach the nondegenerate outer crust, i.e., when the density
drops below ~ 2.4 x 108 13/2 gn cn™3 (Lang 1974, p. 253). Even if thermal
energy 1s stored at 1010 K (where neutrino losses begin to be important) it
implies that only densities less than ~ 2.4 x 107 gm em™3 are heated. This
represents a very thin skin of less than 1020 gm (Soyeur 1980) with an energy
content much less than the energy of the burst. Therefore, energy must be
continually supplied to the ~urface by the vibrations and the surface
temperature will decay with essentially the same decay time as the
vibrations. If this is ~ 50 s, the surface will not have been observable in
soft X-rays ~ 38 days after the burst (Helfand and Long 1979). In addition,
it is unlikely that the bulk heating of the core would have been observable if
the event ocurred in the LMC, since 10" erg distributed among 1 M, produces
an increase in particle energy of only *-yékev per nucleon. This implies a
temperature of less than 6 x 108 K and is at the lower limit of detectabllity

in soft X-rays (K. Hurley, private communicaton) only if significant losses
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did not occur by neutrino emission or gravitational radiation.

(4) The lifetime of the metastable state depends critically on the core
density. The important result 1s that for cold neutron stars, the transition
can occur only once and at the point when the corc density increases from
0.293 to 0.294 fm™3 (1fm = 10713 cm). The age of the star when this occurs
would depend on how close to the critical density the star was born and on the
rate at which the core density increased. The phase tramsition could occur at
any time from very young to never. Irn other words, the minicellapse would be
both very energetic and very rare, a natural explanation for the lack of
galactic gamma ray bursts of the size of the 5 March event.

(5) No disruption of the star results.

(6) The minicollapse would lower the moment of inertia by 0.1%, many
orders of mugnitude greater than that implied by radio pulsar glitches, and
cause a speed~up in the rotation rate (Haensel and Proszynski 1982). The
subsequent bursts observed at the 5 March location could be the result of
crustquakes, as envisioned by Fabian et al. (1976), triggered by readjustments
of the star to its new equilibrium configuration. The total energy released
in these subsequent burst, though substantial (~1042 ergs), 1is a small
fraction (~1073) of the total burst energy and could conceivably be accounted
for in this manner.

(B) Impulsive Phase
The spectrum observed in the first 4 g of the 5 March gamma ray burst
(Mazets et al. 1979) and assumed to be indicative of the spectrum of the
initial 150 ms spike shows a soft, approximately exponential (kT =~ 35 keV)
spectrum with a clear emission feature, interpreted as redshifted et-e”
annihilation radiation, centered at ~ 430 keV. We propose this emission is

produced in the strong, radlation dominated, atmospheric shocks that result
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when the vibrations from the neutron star corequake steepen while propagating
in the sharp surface density gradient. The shocks will cause the surface to
expand at a considerable fraction of the speed of light, compressirg the gas
at the surface and producing gas shocks.3
(1) Shock jump conditions

Assuming a reference framn where the shock is stationary, the steady
state jump conditions relating conservation of proton, mementum, energy and
magnetic fluxes ahead of (subscript 1) and behind (subscript 2) the shock,
allowing for the producilon of pairs from the equilibrium photon field behind

the shock, are as follows:

nplul = np2U2 (2)
2
n_imu> +n_ k(T , +T_.) + ~aT" oL (3)
p1™p"1 T Pp1®ttpl Trel’ T3 el T By )
=n_ ,(m u2+kT ) (protons)
p27p 2" p2 P
+ 2 4
nez(meu2 Tez) (electrons)
+ n . (m u2+kT ) (positrons)
4+ e 2 TTe2 P
2
1.4, B
+ §aTe2 +-§? (photon and magnetic fields)
2
[ln m u2 + ¥'n_ k(T ,+T _,) + 4a'1‘4 4 Bl]u (4)
21t T Y P KU el " Im™M

3 The speed of sound, s, is determined from s = (dP/dp)(l/z) where P 1s the
pressure. The equation of state for a fsge?g7§§e, nonrg%ativistic neutron gaz
is gigen by (Lang 1974, pé 265); P ~ 10" p\” dyn em™ “ and for p ~ 3 x 10!
g cm™~ we have 8 ~9 x 10”7 em 8™ ~.
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- [%npzm “2 + ¥Y'n_, kT

p 2 p2 " p2

1 2 .
F g By * YelagkTey
1 2 ' 2
+-7 n.m.u, + Y§“+kTez + 2n+mec
2

B
. mb 2
+ 1{-;~,Te2 4 z—w]uz

Blul = BzUz (5)
where
v ﬂ.?ET (6)
Y
Y = s (7
e Ye 1

and Y (Ye) is the ratio of epecific heats for protons (electromns). ¥y is
assumed to equal 5/3 and Y varies from 5/3 to 4/3 depending on the thermal
kinetic energy of the electrons according to the relation, y, = 1+
(1/3)[(L+2w")/(1+w')] where w' = mge?/[(3/2)KT,].

In the above equations, np(ne) is the proton (electron) number density,
n, is the positron number demsity, u; (ug) is the bulk plasma flow velocity
ahead of (behind) the shock, my (me) is the prot~n (electron) rest mass, Tp
(Te) is the proton (electron) temperature, B is the magnetic field (assumed

perpendicular to the shock normal), a = 7.56 x 10713 erg em™3 deg—4, and k =

1.38 x 10716 erg deg”l. The terms nelmeu% and %@11e1meu§ have been omitted
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from the left hand sides of equations (3) and (4) respectively since
Ny ™ "pl and they are smaller than the corresponding proton terms by the
factor me/mp. These terms are included on the right hand sides since the
production of pairs allows n,p to become greater than Bpg e

The assumptions made in writing these equations are the following: (a)
The shock 1s locally plane, (b) the gas is ideal and fully ionized, (c) the
flow velocities, u; and uy, are nonrelativistic, (d) charge neutrality is
maintained (i.e. ne-n+anp), and (e) equilibrium is established between

protons, electrons, the photon field, and pairs (L.e. T, = T, = TY on a time

p
scale short compared to (1) any losses such as radiation (l.e., we assume
optical thickness >> 1) and (1i) the transit time of the shock through the
surface density gradient.

The pair density behind the shock 1s calculated, assuming equilibrium
between creation and annihilation at the downstream temperature, T,o, by

integrating over the Fermi-Uirac momentum spectrum (Clayton 1968, p. 274),

i.e.,

(8)

e )3I * w(wz—l) 1/2 dw

-+ x:r.:.l'_._(
Y "2 I 1 exp(Gw + ¢) + 1

where G = chZ/(kTez), w = the total eunergy of electrsas or positrons in unilts

2 and ¢ is the chemical potential in units of kT,y. The parameter, ¢,

of myc
ls determined iteratively from the conservation of charge ngy - ny = L)
condition, and it is approximately O.1.

The above system of equations is solved numerically for given input
parametets, “pl’ uj, Tpl’ and By

(2) Time scales

The relevant time scales for this problem are the following:
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(a) The equilibration time of electron and proton temperatures is given
approximately by (Zel'dovich and Ralzer 1966, p. 421)
-13 ,3/2 -1
tgp ~ 8 x 107 1% 0o (9)
where ngy 1s the proton number deunsity in units of 1027 cm's, Tg is the
electron temperature in units of 10° K and a value of 10 is used for the
Coulomb logarithm. The equilibration time between electrons and positrons is
about 100 times less.
The Compton scattering time is given by
-1 . ~1/2

L, ~ 1.5 x 10738 ¢ ~ 2.25 x 10 Hqol/2

r Tg 9 8 (10)

where Op is the Thomson cross section, Op ~6.65 x 10"25 cm2.

(¢) The synchrotron loss time (Lang 1974, p. 29) is

-15,-2 -1
b, ~ 4 x 1070 7B, ToU s (11)

where By, is the magnetic field in unilts of 1012 G.

(d) The annihilation time is

1 -13 -1
t& -a-i: 1.3 x 10 1127 ] (12)

where o is the annihilation rate coefficlent and is approximately constant and

~15 o3 71 (Bussard, Ramaty and Drachman 1979), and nj,7 1s

the positron number density in units of 1027 cm—a.

equal to 7.5 x 10

(e) The plasma frequency 1is
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ne .,
. (22 gy 103ne1/2 Hz

or

- ~18 =1/2
cp 3.5 x 10 N7 B (13)

where n,,7 1is the electron number density in units of 1027 em™3,
(£) The electron gyroperiod is

-1

v~ 8 x 10720 g1

12 Y8 (14)
where Y = (1~(v/c)2)—1/2.
(g) The time for the shock to move one gravitational scale height (hg

600 Tg cm, Liang (1982)), is
-8 -1
t:g 2x 10 TP on & (15)

where 3sh = uI/c. This 1s large compared to the time scales given above and
justifies the assumption that steady state conditions are obtained as the
shocks move down the atmospheric density gradient.

(h) The large temperature gradlents produced at the surface will cause
the shocks to be convective as pointed out by Fabian et al. (1976). They have
estimated a lower limit on the convective time scale, toys of

-5
te, 2 4 %1077 5. (16)
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The presence of a strong magnetic field is expected to inhibit conve.tion and

may make tey considerably longer (Proctor and Weiss 1982). Since energy from

lower hotter layers will be supplied to the rapidly cooling emlssion layer on

this time scale, t vy Mmay be expected to determine intensity fluctuations

c
rather than the vibrational frequency or synchrotron cooling time. The fine
time structure of the 5 March burst has been examined by Barat et al. (1983)
and some evidence of quasi-periodic, ~ 25 ms fluctuations 1is seen.

The synchrotron loss time is considerably less than the equilibration
time for electrons and protons implying that the electron temperature
immediately behind the shock will be less, due to synchrotron cooling, than
the proton or photon temperatures contrary to our assumption. However, as
long as the optical depth remains >> 1, any difference in temperature will not
seriously affect the results of the shock calculation since the shock is
radiation dominated and, as shown below, the kinetic energy of electrons and
posltrons amounts to less than 5% of the total kinetilc energy behind the
shock. Also, as suggested by Liang (1981l), collective effects, whose

-1
characteristic times, and Vo » are very short, may be important for

tP
maintaining equilibrium. 1In addition, t, << t, implying, as suggested by
Ramaty et al. (1980), that pairs will annihilate after losing a significant

fraction of their kinetic energr by synchrotron emission and hence produce an

et-e” annihilation feature corresponding to a cooler temperature, as observed.

(3) Input parameters

(a) At temperatures much below 107 K, the shocks are dominated by the ram
pressure of the upstream fluld and are essentially independent of the upstream
temperature. After the atmosphere is heated by the first shocks to lO9 K,

subsequent shocks will be weakened as discussed below.
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(b) We assume By to be 1011 G, consistent with pulsar models, and the
magnetic field configuration to be approximately dipolar.

(c) The upstream flow velocity, uy, is essentially the velocity with
which the neutron star surface expands under the influence of the internal
vibrations and surface layer shocks. This will depend on the strength of the
vibrations, the density gradient at the surface, the sound speed in the crust
material, as well as the gravitational potential and, therefore, the mass and
radius of the star. None of these quantities are particularly well known, but
we assume uy to have moderate, nonrelativistic velocities in the range 4 x 104
- 10° km :s"1 considered to be typical for neutron stars.

(d) The upstream density, Dol is the unshocked gas density at the star
surface.t
1f, for the sake of concreteness, we assume that ~ 1/4 of the surface

ol2

area, A, of a 10 km radius neutron star (A ~3 x 1 cmz) produces a shock

with an energy flux, Fsh’ then, for cold upstream material, n,; and u; must

P
satisfy the following condition:

1 3
EnplmpulA Psh (17)
or
ooud ~ 6.7 x 10753F . (cgs units) (18)
171 sh

where p1 = nplmp.

(C) Results
Figs. 2, 3 and 4 show the temperature, Tqp» positron demsity, ny, and
“When the strong internal shocks reach the surface, the surface layer will be

vaporized and the atmosphere will consist of whatever gas was present prior to
the shocks plus the topmost surface layer.
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compression ratio, r (defined as uy/up), plotted against the unshocked

atwospherlc density, Py For example, with Fgy = 1045 erg s"l, uy = 105 km s~t

and p; = 670 g e

» the shock jump conditions yield n, = 9 x 10%7 cm"a, Too ™
1.6 x 109 K, r = 9 and By = 9 x 10! G. For the above values, the
distribution of energy flux behind the shock is divided as follows (see Table
1): photons 65X, magnetlic field 23.5%, electrons 2.5%, positrons 2%, protouns
2% and the rest mass energy flux of the pairs, 5X. For a given shock enecrgy
flux, Fgy, the resulting downstream values of ny and Tag depend weakly on the
upstream density, Py indlcating that the shock is radiation dominated. The
effect of an upstream temperature of 107 K 1s also shown in Figs. 3 and 4.

For a given shock velocity, uy, the increase in upstream temperature
results in weaker shocks (i.e., lower compression ratio) and hence less
efficlient dissipation of the vibrational energy. TFor upstream tempevatures
greater than the corrvesponding postshock temperatures, T,p, no shock results
and the material must cool radiatively before the energy of the next shock 1s
dissipated.

The cffects of the wmagnetic field on Ny, Te2 and v can be significant
when plui < Bi/Sn, as indicated by the dashed lines of Figs. 2, 3 and 4, which
glve the values of the above quantities in the absence of the magnetic
fleld. In addition, as mentioned above, the magnetlc fleld 1s necessary for
cooling the electrous before they annihilate and hence produce a narrow
annihilation feature.

The observed energy flux emitted in the initial pulse 1s divided between
the eT—e™ annihilation feature and the continuum and totals about 2 x 1043 erg
s”1. the amnthilation flux is about 7 x 1043 erg st yilelding a liune to

continuum flux ratio of 0.07. The deusity of cold positrons needed to produce

the annihilation flux is (see equation 4)



19

£roeme s

ke in
Lo bty E TR

2 43 ~1
2nm cAu, =7 x 1077 erg s (19)

while the temperature needed to provide the continuum £lux in the photon
field, assuming blackbody emission is
4 bé
4uTe2Au2 = 9,3 x 107" (cgs units). (20)
Therefore, the necessary condition to produce the observed line to continuum

flux ratio is
’_"" = 1-4- (21)

Table 1 shows the above ratio for various values of the shock luminosity,
Fons and for a reasonable range in shock velocitiles. For Fgy = lO45 erg s"l,
corresponding to the luminosity of the 5 March event the predicted ratio is
between 1.3 and 1.5 in good agreement with the value demanded by equation
(21).

IV. PULSATING PHASE

The 8 s pulsations shown in Fig. 1 can be most naturally explained, we
feel, by emission from the unevenly heated surface (due to the dipole magnetic
field) of an obliquely aligned, rotating neutron star. The reasons are the
following:

(1) The clear pulses with interpulses precisely 180° out of phase are a
distinctive signature of emission from a non-uniformly heated, rotating star
(Barat et al. 1979, Mazets et al. 1979, Terrell et al. 1980) and indicates

that global heating of the star has taken place. If the magnetic fileld axis
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is not aligned with the rotation axis, hot magnetic poles will sweep past the
observer twlce for each rotation. If the line of observation 1s at an angle
other than 90° with the rotatiun axis, one pole will produce a more intense
pulse than the other.

(2) The first four main pulses have an average value of kT = 35.45 keV or
T ~4 % 108 K (Mazets et al. 1982). 1If we assume blackbody emission at this
temperature, an area aligned perpendicular to the line of sight equal to 20%
of the surface area of a 10 km radius neutron star will have a luminosity of ~
3.6 x 1042 erg s~ 1. This is approximately equal to the observed pulsed
luminosity assuming a distance of 55 kpc. The actual emitting area of the
star will be somewhat greater depending on the angle between the line of sight
and a line from the center of the star through the emitting area.

(3) The difference in temperature between the poles and equatorial
regions as inferred from the pulse peak to valley intensity ratio can be
naturally accounted for by the dipole magnetic field. At the poles, the field
ie approximately perpendicular to the shock surface and no compression of the
field occurs across the shock. In the equatorial regions the field is
parallel to the shock surface and will be compressed, absorbing on the order
5o} 50% of the shock energy (see Table 1 for Fop = 1043 erg s"l, a value
consistent with the luminosity of the pulsating phase) and resulting in a
lower post shock temperature. From Fig. 1 we estimate that

I T
Jlﬁ’i&i~3_6m(_1321£s.)4 (22)

eq eq

implying that

eq 0.7 (23)
T
poles
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In Fig. 5 the ratio of downstream temperatures with and without a
magnetic fileld are calculated for several shock velocities. These
calculations use the same simplifying assumptions stated above with a constant
shock luminosity, Fgy = 1043 erg s—l, in equation (18). It is evident that
the modest temperature difference betweenn the poles and the equator needed to
account for observations can be easily obtained for field strengths above a
few 1010 6. The corresponding shock temperatures are also in the range of the
observed values (~ 4.108 ).

The problems of energy storage and transfer associlated with the impulsive
phase of the burst are also present in the pulsating phase. The suggestions,
by Ramaty et al. (1980), of méchanical energy storage and transfer, appears to
provide, for this phase too, the best solution to the problem. Since
gravitational radiation must damp all the the non-radial modes on short time
scales (those of the duration of the impulsive phase), the pulsed emission
would most likely be associated with the energy stored in the radial mode of
oscillation. The reduced luminosity can then be accounted for in terms of the
decreased acoustic matching between the neutron star core and its heated
atmosphere. The acoustic matching is considerably better during the impulsive
phase, when presumable a large fraction of the oscillatory energy is in the
higher frequency modes. This energy can be transmitted efficiently through
the surface density gradient and heat the atmosphere. The transmissivity is
expected to be significantly reduced for the longer wave length modes of the
pulsating phase, resulting in less efficient energy transfer and hence lower
luminosity.

The magnetic field is expected to play an important role in this

matching. The radial mechanical motion will shake the magnetic field lines
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producing outward propagating Alfven waves thus providing a coupling capable
of tapping the energy of the radial oscillatory modes. Setting aside for the
moment the question of transmissivity, one can estimate roughly the energy
flux carried by these waves from F = 6B (B/4w)cA. Since generally it is
expected that 6B/B ~ 6R/R, and 6B is not perpendicular to B, the above
estimate gilves

- SR B2 2 » 1043 -1
Feggmc 4mR4 = 10%° erg s

assuming S6R/R ~ 10"3 as argued earlier and using values for B and R typical of
neutron stars, i.e., 1012 G and 105 cm. This value of F is essentially
identical with that observed in the pulsating ph;se, provided the source is in
the LMC. These waves are of course expected to further steepen into shocks
providing the observed radiation as outlined earlier.

Eventually the radial oscillations will also damp on much longer time
scales, due to nuclear processes in the neutron star core (see for example
Langer and Cameron 1969) thus terminating the burst. Since the energy needed
in the pulsating phase is provided by shock heating in a way very similar to
that of the impulsive phase, the emission uechanism for this phase should be
the same as that for the original spike (Katz 1982). An additional feature of
the oscillating phase is the difference in temperature between the main pulses
and the interpulses. Mazets et al. (1982) report average values of 35.5 and
31.4 keV respectively. In view of the overall uncertainties of the problenm,
one could possibly attribute this to either asymmetry in the initial
corequake, favoring heating of a particular area of the neutron star, or
asymmetry in the star's magnetic fileld resulting in uneven heating of the

magnetic poles. (This is also suggested by the pulse profile of Fig. 1, which
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shows a deeper minimum following the main pulse than following the interpulse;
F. C. Michel, private communication).
V. DISCUSSION AND CONCLUSIONS

We have examined in greater detail the basic features of the model for
the 5 March 1979 gamma ray burst suggested by Ramaty et al. (1980), assuming a
physical association of the burst with the supernova remnant N49. We accept
the basic features of their model regarding the energy source of the burst
(corequake of a uemtron star), the energy storage (mechanical in vibrations)
and the transfer of that energy by acoustic waves steepening into shocks in
the atmosphere. We have in turn examined the characteristics of these shocks
in greater detail assuming thermodynamic equilibrium behind the shock
{appropriate for the high density regions below the emission layer) and
demanding that the energy flux through the shock matches the burst luminosity
(assumed to be located in N49).

Assuming values for the density typical to those expected for neutron
star crusts (p 33102—104 g cmug) and velocities of the order of the sound

4—lOSkm sml} we obtaln shock luminosities which

speed in neutron stars (~ 4.10
are in good agreement with observation, providing that a substantial fraction
of the neutron star surface radiates. Under the assumption of thermodynamic
equilibrium we have calculated the corresponding postshock temperatures and
pair densities for verious values of velocity and preshock density. The
downstream temperature, T,,, as shown in Fig. 2, depends on the velocity,
density and magnetic fileld; however T,p 1s almost independent of these
quantities for coustant F ., indicating that the shocks are radiation
dominated and that most of the shock energy is transferred to the radiation

field. Therefore, as expected, black body emission at the downstream

temperature, T,,, produces the observed luminosity if the burst is in the LMC
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and the radiation is emitted from a sizat’e fraction of the neutron star
surface.

The large duty cycle implied by the time profile of the pulsating phase
strongly argues in favor of emission over most of the surface of the star and
in the context of this model suggests that the source is indeed as distant as
the LMC. If the 5 March 1979 burst luminosity were 104 times smaller,
corresponding to a galactic event, involving the whole neutron star surface
area for the emission as argued above, the corresponding shocke would have
much lower temperatures and no pairs would be produced. This shock model
would therefore not be compatible with a nearby event.

The assumption of thermodynamic equilibrium is of course not valid when
the shocks break through the atmosphere and the optical depth becomes ~ 1.
Therefore the present model cannot provide a detailed account of the observed
spectrum. The detailed interpretation of the epectrum is further complicated
by the apparent strong temporal evolution during the first 150 ms of the burst
(Hurley 1983). The mcdel does provide reasonable estimates of the conditions
and energetics in the denser regions where thermodyramic equilibrium
prevails. In addition, the ratio of pair annihilation energy to that emitted
in the coutinuum is in good agreement with observations for values of F
corresponding to the observed luminosity. If F., were substantially less, as
in the pulsating phase or for a galactic burst, no pairs would be produced
(under the assumptions presently employed). Since no radiative transfer
effects associated with the last optical depth of the radiation are presently
taken into account, no strong claims can be made relating these pairs to the
observed annihilation feature, however the agreement to cbservations lends
further credence to the model.

Finally, this shock heating model provides a natural explanation for the
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pulsating phase through the enhanced heating of the polar regions due to the
dipole magnetic field and the rotation of the neutron star. The lower values
of Fon inferred from the lower pulsation luminosity again produce temperatures
consistent with observations if the source 1s in the LMC.

The model elaborated upon here, while explaining In geuneral terms the
properties of this event, involves large scale readjustments in the structure
of relatively old neutron star cores that must be quite rare, implying that

some other mechanism powers the more numerous, less energetic galactic gamma

ray bursts.
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FIGURE CAPTIONS

Fig. 1. Initial sharp pulse and first several pulsations of the 5 March 1979
gamma ray burst. The pulse-interpulse structure is evident. Data are from

Venera 11 and 12 and the figure is taken from Mazets et al. (1982),

Fig. 2. Downstream plasma temperature, Te2’ versus upstream density, JK
Solid lines are curves for varlous shock velocities, uy, with By = 10} G and

T = Tel = 105 K. Dashed lines show values of u; = 4 x 104 and 105 km s_l

pl
with Bl = 0 and Tpl

i

Tap = 10° K. The curves labeled (a), (b) and (c)

correspond to Fgy = 2 1045, 1x 1045 and 5 x 1044 erg g1 respectively.

Fig. 3. Downstream positron density, n,, versus upstream density, pj. Solid

lines are curves for various shock velocities, uy, with By = 10! G and Tpl =

1
with Bl

Te1 = 10° K. Dashed lines show values of u; = 4 x 104 and 10° km s~
= 0 and Tpl = Tyy = 10° K. The curves labeled (a), (b) and (c) correspond to
Fop = 2 x 1045, 1 x 1045 and 5 x 1044 erg s71 respectively. The dotted line

shows the effect of increasing the upstream temperature to 109 K for up = 105

km s~ and B; = 10'! 6.

Fig. 4. Compression ratio, r, versus upstream density, pj. Solid lines are
for By = 101! g, Upper dashed line is for By = 0 and uj = 10° km s~! while
*ower dashed line is for B; = 0 and u; = 4 x 10 km s™l. The curves labeled
(a) and (b) correspound to Fgp = 2 x 1047 and 1 x 1043 erg s~1 respectively for

an upstream temperature of 10° K and B, = 1011 g, curves (a*) and (b') are

the same as (a) and (b) with an upstream temperature of 107 k.
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Fig. 5. Ratio of equatorial to polar (equivalent to B = 0) temperatures
versus upstreum magnetic field, By. The shock luminosity, Fgp = 1 x 1045 erg
-1

§"*. Dashed line indicates minimum temperature ratio compatible with

obgservations.
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