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ABSTRACT

The thcrmonuclear evolution of a 1.41 Mo neutron star accreting
both solar and metal—deficient mixtures of hydrogen, helium, and heavy

-11

clements at rates ranging from about 10 to 10-10

M, per vear is exam-
ined using a one—dimensional mnum~rical model. The metal deficient com-—
positions may result either from placement of the neutron star in a
binary system with a Population II red giant or from gravitational sct-
tling of heavy ions in the accreted meterial. For such accretion rates
and metallicities, hydrogen burning, mediated by the P—linited CNO
cycle, ia stable and leads to the accumulation of a thick helium layer
with mass 1027 to 10%% § and temperature 0.7¢T <1.2. Reliun igniticn
occurs under extremely defeneratc circunstances and is catastrophically
violent. In the lower mass helium sheclls this runaway is propagated as
a convective deflagration, for the thicker layers a detonation front is
set up which steepens irto a strong relativistic shouck wuve in the ncu-
tron star envelope. In sll mode's greatly super-Eddington luminosities
in tho outer laycrs of the noutron star lead to » sustained ejioch of
radiatively driven mass loss, Observationally, snch models may
correspond to rapid x-ray transionts. The hopclexs praspeit for con
structing a one-dimensicnal)l mode) for y-rsy hursts without megnetic

field cuonfinement is discussed and uncertainties pointed out in the

strony screcuing correc'ion for the hoeliuw burning reaction.

Subject headinpga: stars: accretion - stars: ncutron - X rays: bursts



I. INTRODUCTION

Fol lowing the cbservation by Hansen and Van Horn (1975: see also
Van Horn and Hansen 1974) that hydrogen and helium burning might occur
‘n an unsteble manner on the surface of an accreting neutron star, Woos-
ley and Taam (1976) advanced a model for y-ray and x-ray bursts bascd
upon thermonuclear instability in carbon and helium shells respectively.
A similar model for x-ray bursts based on hydropen shell flashes was

proposed indcpendently by Maraschi and Cavalierc (1977). Since that

time, extensive numcrical cslculations (Joss 1977, 1978, 1979, 1980, 1981;

Toss and Li 1980; Taan 198Jabc; Taam and Pinklum 1978, 1979; Lamb anAi
Lambh 1978: Fugimoto, llanawa, and Miyaji 1980) have shown thc¢ thernonu-—
clcar model to be particularly uscful for interprecting the observed pro-

perties of Type 1 x-ray, bursts (l.ewin and Clark 1980).

Thus far, thesc numerical investigations, principally of heliun
flashes on ucutron stars, have concentrated on scenarios that involve
relatively high accretion rates (with the exception of Tuam and Picklun
1978 and Van Horn and Hlansen 1974), resulting in the accunulation of
snall helium layers (~ 1022 g1 cf. Joss 1978). Since these calculations
indicate a pesk luminosity that is anlready near thce Eddinpton value, it
is rcesonable to expect that the greoater encrgy avallable from a more
macrsive helium layer might yield an event having a longer timescale (o
Rapid x - ray transionta have been observed with duration from 10 s to a
few houra (Cooke 1976y Schrijver ot al. 1978), and one af tho main pur
poscs of this paper is ta investigate the possiliility of prodncing such

long durstion events within the context o1 the thermonuclenr model.,

a1,



Section ]I describes the results of our one-dimensional numerical calcu-
lations of neutron stars accreting material containing 0.004% to 2%

heavy metals at rates of 10—11

to a few times 10720 M /yr. Section III
discusses some simple analytical methods that can be used to describe

the basic physical principles involved. Section IV svmmarizes the major
conclusicns of the study, and the Appendix describes an improved formal-

ism for determining the enhancement of nuclear reaction rates by elec-—

tron screening.



Il. RESULTS OF NULERICAL CALCULATIONS

a) Physics of the Calculation

The present study of thermonuclear flashes was carried out using
the KEPLER computer code ceveloped by Weaver, Zimmerman, and Woosley
(19781 henceforth WZV) to study advanced stages of stellar evolution.
This one-dimensional Lagrangian code incorporates fully implicit hydro-
dynamics and radiation tramsport. It is essewntial that implicitly
differcnced hydrodynamics be employed for the proper tracking of dynaniic
events in the surface laycers of a neutronm star, since a sub: atial acd
intercsting fraction of the star remains in hydsostatic equilibrium
feeding encrgy either by scoustic waves (which may steepen into shocks),
or by convective and radiative transport to sanother part of the star
that is in rapid motion. Courant timec-scale limitations would pose a
scverc difficulty in any attempt to use explicit bydrodynamics to study
the problcins we shall discuss hecie. An artificial viscosity was
employed to mediate shock wave interactions, hut the dynamic viscosity
coefficient inclnded only the quadratic term (i.c. o 0, [1 -0, and
(2 = 1 in equation [3] of WZW).

Nuclear enrrgy generation was calculated using a 19 isotope nnclear
reactinn network (also implicitly differenceds see %Z2%). Fnll couplin;:
including all relevant strong and electromagnetic reuctions was incer:

6,,. .
porated for sbundant nuclei from hydrogen to S)Nx. Elcctron capture on

5 :
6N1 was included and beta-limitation of the CNO cycle of hydropen buru



ing was properly considered. Nuclear reaction rates were taken fronm
Fowler, Caughlan, and Zimmernan (1975) and Woosley ¢t al. (1978).

Screening corrections were tuken from Graboske et al. (1973; see also
the Appendix), and neutrino loss rates from Beaudet, Petrnsian and Sal-
peter (1967). An extensive reaction network of this type is essential

for the prosent study where the temperature substantially exceeds 3!109

A detailed model of time dependent convection based on mixing
length theory was also employed, as was an oeqQuation of statc that incor-—
porates leptomic contributions of arbitrary relativicity and degecuneracy
({or further details of the convective theory and a discussion of the
radiative and conductive opacitics, see WZW). DModifications of convecc-—
tive transport aud opacities owing to the possible presence of a strong
magnetic field werc not considered in these calculations. Two-
dimensional effects such as magnetically focused accretion are discussed
olscwhere (Woosley and Wallace 1981). Our calculations herc are
strictly applicable only to slowly rotating neutron stars with weak

fields, undergoing spherically symmetric mass accrection,.

A 1.41 Mo neutron star with a radius of 14.3 kn was employcd for
all calculations. Those characteristics correspond to a rather ”stiff”
nuclear equation of state intermcdiate to those of Betlhic and Johnson
(1974) and Pandharipande and Smith (1975ab). See Baym and Pcthick (1979)
for a comparison of R vs. M for various nuclear eyuations of state. 1n
the present work the neutron star participates only by providing the

(ncarly constant) gravitational potentia! in which the explosion occurs.



Thus the only relevant quantity is M/R?. In all cases we shall be con-

sidering events at densities much less than 109 g cm_3

.This places us in
the outer 10 = of the meutron ster mass in a region less than 200 m

thick composed of "mormal” nuclei.

Ceneral and special relativistic corrections were not incorporated
into the present study. In most cases, such corrections are estimated
to be small (Joss and Li 1980), and could be compensated for by small
changes in model parameoters (M,R,ﬁ.Z) that are inherently uncertain. An
exception occurs in the relativistic shock wave produced at the surface
of the neutrom star by Model C (see Section II), and it is sugp sted
that future calculations of detonating models be carried out to examine

the dctails of this shock wave breakout.

b) Pre-Explosive lNodels

Taaw (1980a) has shown that for a neutron star of given mass and
radius there exists a critical accretion rate below which hydrogen will
burn in steady state. This is certainly troe for cases in which the
temperature is high enmough to assure f-limitation of the CNO cycle but
not high enough to ignite helium burning, and may also be true for lower
temperatures. In this steady statc, hydrogen consumption proceeds &t a
rate matching that of surface accretion. A layer of helium accumulates
beneati the stably burning hydrogen shcll until a sufficicnt density is
attaincd for heliwn ignition either by tiic resonant triple-a rcaction

(xclatively high temperatures) or by pycnonuclcar helium burning reac-



tions (very low temperatures).

The thermal history of the neutronm star prioi to the thermonuclear
ootburst is an important unknown parameter (Taam 1980ab). VWe find that
only a small fraction, ¢ 0.1%, of the energy from the thermonuclcar
bursts is conducted into the inner neutrom core (p > 109 g cm_a).

Since our models produce less than abont 1042 ergs in the thermonuclcar
outburst and the thermal coctent of the neutron star is expected to be ~
1046 ergs (Hapnsen and Van Horn 1975), the flashes should have a negligi-
vle offect on the tkermal content of the stellar interior. It is
assumed that over the course of many such flashes the neutron core
reaches a stcady temperature owing to the balancc of hcat flow inwards
from the stable hydrogen burning shell anl neutrino losses in the cen—
tral regions. The temperature of the entire neutron stsr is thus taken
to be that of tiic hydrogen burming shell. Energy deposited ty accrction

is presumed to be immediately radiated away without greatly affecting

the internal thermal balance.

Since the emergy generation rate for the B-limitcd CNO cycle
depends directly on the metallicity, Z, of the material (loyle and
Fowler 1965), the structurc of the hydrogem burnming shell is very sensi-
tive to composition., Unfortunately the metallicity is uncertain owing
to the possible depletion of the C, N, and O nuclei that may occur in
tho accreted material because of gravitational settlirng. Heavy ion
depletion has been ahown to be important in white dwarf envelopes (Fon-
taine and Michaud 1979, Alcock and Illarionov 1980). While the diffu-

sion coefficients for the degenerate conditions in the neutron star



envelope are currently too uncertain to calculate the actual metal abun-
dances, we expect the effects to be large, given the substantially
higher surface gruvity of a neutron star compared to a white dwarf.
Because of this uncertainty, as well as the possibility of accreting
material from an extreme Population II companion, we have considered
both models in which the accreted matter has solar metallicity» aad vari-
ous low values of metallicity. Later in Section III we will prescnt a
semi—analytic procedure for estimating the outcome of accrction with
values of metallicity other than the threc representative models dis—
cussed here.

5 107° M /yr) may be

The accretion rates used in this study (107
rcasonable for a bare neutron star passing through a dense interstellar
cloud, a neutron star in a widely separated binary system with a giant
star, or a neutron star in a close binary system dominated by gravita-
tional radiation, such as in some cataclismic variables (Faulkner 1971,
Whyte and Lggleton 1980). Tn faci, VWhytc and Eggleton suggest chat evo-
lutionary constraints on some cataclismic binaries inherently produce
just such accretion rates as considered here (although their calcula-

tions were performed specifically in the case of # white dwarf compan-

ion, rather than a neutron star).

i) Modci A

A 1.4] M0 star envelope of 1023 g was divided into 80 mass zoncs,

with zones concentrated near the surface. The radius of each zone wus
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chosen in such a manner as to put the entire star in an initial state of
hydrostatic equilibrium. The compusition of the "accreted” matter was X
= 0.70, Y = 0.2991, and Z = 9110_4, where X, Y, and Z denote mass frac-—

tions of IH. 4ﬂe and metals respectively. Here "metals’” were ta:er to

14,15 14

be in the form of 0 and "N, since the normal and B-limited CNO
cyclcs are presumed to operate while the material is heated to our ini-
tizl starting temperature, and such processes concentrate materiel in

those isotopes. This accreted material is presumed to rest on a sub-

strate of pure 56Fe.

For a given ncutron star mass, radius, accretion rate h, and metal-
licity Z there is a unique steady state temperature T_ , density Py and
accreted mass Mﬂ characterizing the base of a stably burning hydrogen
envelope (Hansen and Van Hern 1975, Taam and Picklum 1978). Alterna-
tively, one can take the approach followed herc of specifying for a

given neutron star the values of Z and TH' and then azlculating the

corresponding MH needed for stable burning. For TH 1.211108 K and 2 =
9110—4, the stable hydrogen burning layer contained 6.011021 g. The

density at the base of this layer was Py = 4.28110S 8 cxn_3 and the

nuclear contribution to its steady luminosity Ls from the B-limited CNO

34 erg s~ 1 (accretion would yield 1.0x1030 erg s_1 from

cycle was 3.1x10
gravitational erergy). Since, in stcady state, hydrogen burns at the

samc rate as material accretes, the nuclear luminosity is just

. -1
Ls = qy M ecrg s °, (1)

where 9y is the energy rcleased from hydrogen burning (q"/x = 6.83X1018
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erg g_l). Thus, the steady state (nuclear) luminosity corresponding to

accretion of matter containing 70% hydrogen is

L, = 2.66110°% W (10710 My erp 5L, (2)

10

and the value found above for Model A yields M = 1.2x10° Ma/yr‘

After obtaining the steady state hydrogen burning envelope, the
amount of helium ben:ath the hydrogen shell was incrcased at a rate

equal to the flux of matter through the burning shell (i.e., M). When

3

the helium layer reached a mass Mﬂe = 1.41102 g (with a dcasity at its

base PHe = 6.411106 8 cm_3). a helium runaway ensued.

ii) Mode

—
=

Mode]l B was generated from Modcl A at the point when the helium
runaway had just begun, but with thc composition of the entirc hydrogen
envelope switched to pure 4l]c. This was done in an attcmpt o0 circuce
vent serious numerical difficulties encountcred as the helium convective
shell penetrated into the hydrogen cnvelope in Model A {(sec Scevzion
IYc). VQLlimination of the hydrogen luyer oncc the heliurm h.s begun to
run away should not have a significant e‘fc:t on the totul gross cner
getics of tho event, as the total nuclear energy available from the
hydrogen shell is only abont one percent of that availablc from the
helium shell (sce al o Joss 1978). Also, to facilitute further calcula
tion, the interior of ihe ncutron atar in Model I} wns replaced with a

hard inner boundary at R+ 14.25 km, ¢ - 2.01107 g vm_J, with 711()23 f
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outside the boundary. The energy flux through the inner boundary was

set to zero. Throughout the evolution of Model B the temperature of
this inner boundary never rose more than 10% and thec actificial removal

of the neutron core should have little impact on our results.

iii) Model C

Model C was alsc generated from a 1.41 Mo neutron star in the same
manner as Model A, but with an envelope composition of X = 0.70, Y =

0.29996, and 7 = 4110_5. The steady state hydrogen burning solution was

characterized by M = 2.4x10%2 §, Py = 1.14x10% g em 1, T, = 7.451107 K,

H
33 -1 . -11
and Ls = 5.50x10 erg ¢ , so that M =~ 2.07x10 Mo/yr. Calculating

the evolution as for Model A, we found that a thernonuclear ruaaway

occurred in the helium when Muc : 1.0!1025 g and PHe = 1.15‘1()8 g cm’3.

The interior of the neutron star was replaced with a hard inner beundary
11 -3 , 29 ‘ .
at R = 13.444 km, p = 4ZX10 g cm , with 5,5%x10 g of matcrial outside

the boundary.

iv) Model D

Model D was also generated from a 1.41 Mo neutron star in the sarce
manner as Model A, but with sn envolope composition of X - 0,70, Y =

0.28, and Z = 0.02 (sapproximately solar mectallicity). The stable hyvdro

20 5
gen burning sheil was characterized by M“ - 8.0x10 ( P - 1.0x10" g

-3 . .
con Ih - 1.22710a K, and L' - 9_39;1034 erg s 1 s that

Py
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10

M= 3.53x10" Mo/yr. Calculating the evolution as for Model A, we

found that a thcrmonuclear runaway occurred in the helium when ”He =

2.711023 g and PRe = 9.5xlO6 g cm_3. The thermodynamic conditions at

the helium shell base in Model D are almost the same as those for lodel
B, therefore the resulting outburst for the two models should be ncarly
identical {(scc Scction 1I1). The culculation of Mudel D was thu. ter-
minated at the onsct of thc runasway, aid was performed oaly to illus-
vratc that am event such as the one calculated for Jodel B can be pro
duccd over a large range in cnvelope metallicitics, with small
corresponding changes in h. Thus for most observational purposes, Model
B could also be thoughkt of as a ncutron star accreting solur metallicity

10

material at 3.5x10 Ho/yr. The characteristics of each model are swi-

marized in Table 1.

c) The Explesive Outburst

i) Hodel A

The helium runawny in Model A developed on a rapidly accelerating
timescale., A ’1.e¢ of 106 s was required for the temperature at the
. . PN I R L
hel ium shel) base to risc from 1.2x10° K to 1,3x10° K, an additional 000
8 to rise to 1 leOH K. and only another 10 s to reach l.‘)xl(Jh K.
Within 0.4 s after attaining ].‘)xl()R K, the luninosity at the base of
31 42

. X -1 .
the helium layer increased {from 4x]0 to 7x10 erp a and its tem

Q
perature resched 1.9x10 K. ‘The carlion abundnnce thronghout the heline
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convective shell became 19% by mass. During this time, the surface
luminosity did not change from its initial value, although s convective
zone grew from the base of the helium layer to the hydrogen shell. At
the time of convective interpenetration, the temperature at the inter-
face was about 51108 K. As protons were convercted into the single
helium zone just below the interfacc, carbon in that zone, which had
been produced by prior helium burning, immediately rcactcd through
12C(p,y)13N(p,y)140 causing the encrgy generation in the zone to

increase, within ~ G.1 ps, from 211018 erg g_ls_l to 3.511024 crg

g_ls_l. By a timec of 0.24 ps (15 timesteps) after interpcnetration,
heat releascd by proton capture had lowered the temperature gradient

in the outer zone of the "helinm shell” to a subadiabatic value, ending
the convective linkage. At this point tho outermost helium zone has
changes its identity and tecomct the innermost zone in the hydrogen burn-
ing shell. DBecause of the cnorgy input by proton capture o carbon the
(new) base of tue hydrogon shell becomes convective. During the next 3
us (30 timesteps), all 12C in this J.OxlO21 g zone was depleted, end the
mass fraction of l" increascd from zero to 0.51. Withia 7.3 ps after
intorpenetration, the oxcess luminosity produced by the flash cnused the
radius of the photosplhoere Rp to incroase 17 m to Rmnx = 14,330 km,

Aftor reaching this radius, tho photosphere fell back agnin, and the
surfaco luminosity incrensed owing to a combination of compressionnl
heating end convective and conductive trunsport of energy to the surface
from the helium burning shell. The surfnce luminosity incrensed from

36 1

. ki e
1077 urg » to 3x1077 erg s " and [vff incroased from Sx10° to

21.3x10% K in 0.48 px.
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The thermodynamic structure of the envelope when L = l.8x1038 erg

‘—1 (5 ps after the photosphere reachad Rmax) is shown in Figure la.
Figure lb <= _ws the composition of the envelope at this time. A total
of 5.47 us after the photosphere reached Rmax' it had decrcascd to a
minimum at 14.318 km, and then continued to oscillate scveral timces with
& period of about 12 pus before being damped. It is interesting fo
speculate that if the neutron star contained a strong frozen-in magnetic

12 gauss may be expected), an impulse¢ of sufficicent strength

field (~ 10
to raiso the surface 17 m in 7 pus might produce non-thermal radiation by

intcracting with the magnetic field (Ramaty et ai. 1980).

At a time 275 ps after the first convective shell mixing, the
hydrogen and helium shells linked once more, this time raising thke pho-
tosphere 53 m to 14.385 km in 12.9 us. An additional 83.7 ps later, a

10

third linking occurred. The small timesteps (~ 10 s) roquired to
calculate the evolution through the hydrogen/helium convective linkages
with realistic mass zoning would require a prohibitive amount of com:
putcer timo, so the calenlation was torminnted after the third linking.

A totns of 211()21 g (~ 30% of the initial envelope abundance) of hydro-
gen had been consumed by the ond of tho third linking. Tho relntively
conrse xoning that wo employod, combined with the mixing of a single
(entiro) zone during each convective linkage, introduces considerable
uncertainty in our quantitive results for this plhenomenon. Temperatures
of Rxl()8 K in the convective zones during linkagos suggest that the rp-

process of hydrogon burning (Wallace and Woosley 1981) may bo important,

The regions cool guickly (within a few milliscconds), so that little
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nucleer processing beyond 21Mg would be expected; however, the thermo-
dynamic conditions are such that a-captures on Ne, Na, and Mg isotopes
may begin to affect the evolution (see “allace and Woosley 19813 Figure

2).

ii) Mode

p—a
=

|

Fortunately, the entire store of nuclear energy available in the
hydrogen shell is only about one percent of that available in the helium
layer. Except for cffects produced by the coupling of (hydrogen flash
induced) surface oscillations with thc magnetic field, thc gross charac-
toristics of any burst rosulting from a helium shell instability should
not be significantly altered by ignoring the presence of the hydrogen
layer (Joss 1977). DModel B was thus constructed from Model A at the
point whero the heliwn runaway had just begun, but with the composition
of the "hydrogen” enveclope switched to pure 4llc. The point at which the
encrgy gencration rate exceedod 5:1020 org g—l s_l and tho timescale for
increasing the tomperature 5% declinocd to under 10 ps was defined as the
"onset” of the runaway (t—~0). Within tho following 1.5 ms, convection

transported energy to the asurface, producing a iuminosity of 1038 erg

l_l. Thermodynamic conditions in the envelope at thisx point are shown
in Figure 2a. A peak temperature of 3.21109 K war roached at the base
of the helium burning shell, and the aurface velocity approached 30 km
-1

8 , alihough hydrostatic equilibrium was maintained throughout the

event. The envelope composition at the same time ia shown in Figure 20,
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The convective nature of the deflagration wave smooths the abundances

over a large portion of the envelope. By 10 ms about 90% of the helium
. 56,,. . 12

is consumed, producing Ni through a chain of alpha-captures on C,

12

accelerated by the C + 12C

rcaction. The temperature sensitivity of
these a-capturc and carbon burning rcactions allow helium to be consumed
rapidly enough to produce the high luminosity and rapid rise time of the
event. After 10 ms, the 12C abundance has decreased to such a low value
that tho remaining helium must be burned by the slower, temperatuce
inscnsitive (at thesc higl temperatures, ~ 3x109 K) triple alpha (3u)
reaction, so that the helium abundiance remains above 1% until a time of
about 50 s, wc¢ll after the envelope had become convective. The
occurrence of nucleuar burning simul tancously with convection may lecad to
intercesting cffects (Ruderman 1981), but we have not considered the
non—standard modifications to time dependent convection theory that
would Le required to follow them. Beyond about 50 s, the major energy
production mechanism in the model is gravitational contraction rather
than nuclear reactions. The light curve for thiy event is shown in Fig
ure 3u, and the evolution of the photospheric radius and effective ten
peraturc is shown in Figure 3b, The rapid rise time (¢ 3 us) for the
Inminosity is given in the inset to Fignre 3a. Note, however, that the
rise timc for this 1D model is even shorter than the sound transit time
around the star, aw! mvst not be taken as the obscervable rise time. The
runaway would actually be expected to begin at a point, and then pro
pagate along the envelvpe base at a speed well below sound speed,  Two

dimensional asxpects of thin sghell burning in this context arr discusscd v
Tadermam (T8 1) 0 Woos ey sond Wad oo (1981) ool by Fovsaell Load Voo oy (1981,

IMB) . The
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radius did not change significantly until after t = 4 ms, but by t = 15
ms, a combination of increased internal energy and strong radiation
pressure (with accompanying mass loss) had increased the effective pho-
tospheric rad‘us to a value of 30 km. The luminosity rc.ained constant
at the Eddington value (LEd) for 250 seconds, and then declined rapidly
to a value of 0.5 LEd in about 50 seconds. Figure 4 shows the luminos-
ity at the base of the photosphere (r = 14.35 km), which is over two

times LEd' indicating the large amount of energy being storcd in the

gravitational potential of the cxranding photosphere.

Unfortunately, the Lagrangian natvre of our hydrodynamic code
provents a precise tracking of the photospheric evolution past this

14 g), which are required to

point, Very tenuous surface zoncs (< 10
adequately resolve the photosphere, arc accelerated to such high veloci-
tics (v 2 Vese ™ c¢/3) that the density decrcas - rapidly in thosce zones.
Although tho code is capable of continuous automatic rezoning. following
smnll zones as thoy move down the stecp density gradient scparating the
neutron star “surface” from tho photosphere would requirc timesteps
sunller than 10-‘5 s throughout the 250 s duration of the mass loss
phase. The surface zonos were thercforc limited to M ) l()iq g for ren
sons of expedicncy in s “first pass” calculation, even though the photo-
sphere chuld not be resolved with such coarse zoning. After the lumi-
nosity dropped below the Eddington value, the photosphere again recnded

to the radius of the original neutron star, The final cooling curve,

duec simply to radintive cooling, could then be obtained.
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To det. ne .c mass loss phase might have a steady state soln-
tion and to : :p :solve the photosphere, we picked up the calcula-
tion &t threu r¢ tative points during the "super-Eddington” portion
of the evolutio cated in Figure 3a), and zonad the outer layers of
the star on & - ne scale (down to 1014 g per rone). The timestep
qQuickly dr- ~pe rout 1 us as the apparent radius of the photosphere
increassd n r e to the fine mass zoning. Once the trrnsient
responsc t tosphere to the abrupt rezoning had passed, the rapid
(artific:. ) 1se in radius slowed, but the radius continued to
expand ;- lu approximately lincarly with time, 2< suown in Figurc
5. Thi: r: increase is a vresult of additioual wass being pushed
into thc e photosphere by a super-Edcington luminosity below, It
is importa- note that the photosphere is not fixed in Lagrangian
coordinat¢ ss flows through @ standing, dynamic photosphere,

If 1 d at thc photosphero, then the excoss encrgy is obruptly
convert 'n increase in ; beneath the photosphere, so that the lumi-
nosity s near the Eddington value regardlcess of photospheric loca-
tion. ore, tho er1fective emiscion temperature at any time is
detc: 'y the radius. Since oT:ff - L/4nRi with only a lower limit
to 1 + in our calculation, this implies an upper limit for Teff

(sce .ujure 3b). A morce detailed study of the photospheric behavior
will require either annlytic calculationn beyond the scope of the present
paper, or the usc of an lulerian hydrodynamic code. Since the wesh in
such a code would not cxpand with tho wind particles, this would e¢lin

inate the wrtificial timestep constraint dimposcd by the Lagrangian
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method. However, the qualitative noture of the solution is expected to
remain as follows. After a short (few ms] spike of higher Teff ~ 151106
K, limited by the irertial response time of the neutromn star surface,
the photosphere is guickly driven outward by radiation pressure, lower-
ing its offective temperat te. The emissiou tempersture Teff then
rises very slowly, eventually incrcasing  to a peak as L becomes
slightly lower than LEd and the radius begins to decrease. The radius
cannct decrease beyond the value of the initial neutron star, so late in
the evolution Teff declines with the decreasing luminosity. Throughout
the event, the effective temperature remains quite small (kT € 2 keV),.
In addition to causing the photosphere to expand, the radiation
pressure accompanying the super Eddington luminosity also sccelerates a
small amount of surface material to the escape velocity. Beyond about

20 km, the mess loss rate mL (~ 4npvr2) is almost constant at m ~ 1018

1.

g s 1 (Figurc 6), but Aeclines slovly at greater distances. This mass
loss rate, as measured at iuiinity, rewains within the range (0.7 to
1.5) x 1018 g 5_1 throughount the F ‘dington limited phase. A total of

2 x 1020 g with energy around 100 MeV/nucleon is lost in the radiatively

driven wind during ths outburst in Model B. Implications of this radia-

tively driven mass 'oss are discussed further in Section 1V,

314} Model C

Model C represeuts a neutron atar accreting lowor metallicity (Z -

4110"5) material (or more likely, material in which substantial dople-
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tion of heavy ions occurs by diffusion following accrctionu) and at a
lowcr accretion rate (M = 2x10_11 “o/yr) than Model B. These conditions
result in a lower temperature for the burning shells, allowiag a larger

mass of helium to accumulate, thus producing a more violent runaway,

sufficiently violent, in fact, to occur as a detonation wave. Nuclear

¢nergy generation bekind this wave is produced first by burning Leliunm

120 , 120,14

to form 12C, and then becomes dominated by the reactions
12 16 . . 56,,.

Cla,y)""0. A chain of alpha captures cxtending to Ni eventually
“esses all the helium into nickel, although £ 43%o0f the initial
aelium in the envelope burns in the detonution wave itself (Figure 7).
As it nears the surface, the dctonation wave steepens into 2 sirong
relativistic shock in the stecp density gradient. The shock speed is

greater than O0.1c and creates an overpressure P2/P > 1000 in a layer

20

1

10 g below the surface. As the shock wave breaks throuzh the surface

(about 7 ps after hclium ignition), the lumirosity riscs bricfly to 1042
erg s_1 for a period that lasted only 0.1 ps. Our treatment of this
phasc is scmewhat inaccuratc owing to the neglect of special rela-
tivity. A very small fraction of the total energy in the event was
emitted in this y-ray “precursor”, whosc cffecctive temperature reached
1.61108 K. Tre surface luminosity quickly drops back to lO36 crg s_l
and remains at approximately that level until the encrgy deposited in
the susface laycr by the shock has been relcasced as the envelope scttled
back onto the star. leating from the envelope falling back to the sur
faco causes the luminosity to reach the Eddington value about 1 ms after

the shock had emerged. Note that this rise time is much faster than the

time for radiation to ¢diffuse upwards from the burning shell.



Thermodynamic conditions in the envelope at a time just after the shock
reached the surface are shown in Figurc 7a. Temperatures as high as
61109 K were reached at the base of the helium shell, rnd surface velo-
cities exceeding 1010 cm s—1 were produced. The envelope composition at
this time is shown in Figure 7b. Even more than in Model B, the high
temperatures produce a nuclear statistical equilibrium that favors free
alpha particles until cooling begins. The helium eventually (after the
temperature begins to full) burns completely to 56Ni, which later cap-

tures electrons to form 56

Fe. Both effects produce an enduring source
of nuclear energv. At a time about 2000 s after the beginning of the
outburst, the helimum abundance has declined to 1%, and the major energy
source becomes gravitational contraction. supplemented by 56Ni decay,
rather than nuclear fusion. Radius and temperaturc st the boundary of
scveral representative mass regions in the envelope during the rise in
surface luminosity are given in Figures 8a and 8b. Rapid envelope
oscillations caused by overshonting equilibrium values may be relevr .t
to the microstructure observed in some y-ray bursts, if such events are

caused by the magnetic confinement of plasma produced by a thermonuclear

runaway {(see Woosley and Wallace 1981).

The 1ight curve produced by Model C is shown in Figure 9a, and the
evolutjon of the photospheric radius and effective temperature arc given
in Figure 9b. The Aashed line in Figure 9a indicates a typical value
for the Eddington luminosity during the first 5500 s. During this time,

56

further processing of hydrogen and helium into Ni leads to s small

decreare in the opscity mear theo surface, cauvsing the photospheric lumi-
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nosity to increase slightly (see Section IIIc, eq. [17]). Data points
in Figure 9a come from finely zoned models and suggest that the varia-
tion in the luminosity within the first 1.5 hours is less than about
25%. Figure 9b shows the cLaracteristic hardening of the effective tem-—
peratuare during the burst, followed by softcning in the tail. As in
Modei B, radiatively driven expansion of the paotosphercz linmits kTeff to
a few keV. The effective temperature during the precursor spike casel
by shock wave breakout is shown in the insert of Figure 9b. Since the
radius did not change significantly until well after the shock had bro-
ken through the surface, the shape of the luminosity curve during the
spike preciscly follows that of the Teff curve., The radiation pressurec

18 -1
r E

again causes a mass loss, withm ~ 1 s ~, during the Eddington

L
luminosity phase, ejecting a total mass of 531021 g as a radiatively

driven wind.

Figure 10 shows the ncutrino luminosity L, during the outbur-!
: 43 . .
Although a total energy of 1.66x10 ergs was liberated in the event,
. . . . . 42

89% of this encrgy is emitted as ncutrinos, with only 1.9x10 ergs
emittcd jn photons. The carly plateau evident in the neutrino loss
curve arises from a» balance in power bctween the neutrino loss rate and
the nuclcar energy gencration rate. Beyond a tiwe of about 607 s, the

. . : 564, ¢.— 236 .
neutrino contribution from Ni{e W) is comparable to that from

36

lasma processcs. Sin<e the Ni decey rate is somewhat uncertain uader
P

the thermodynamic conditions prevalent here (T9 < 2), the curve in Fig-
ure 10 is dashed beyond 6000 s. For t > 104 s, SﬁNi decay is the dom

inant necutrino production mechanism.
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I1X ANAJF.YTIC APPROXIMATIONS

a) Stable Hydrogen Burning Shell

The numerical models discussed in Section II suggest that a range
of qualitative results (event timescales, deflagration/detonation burn-—
ing, event energv, etc.) can be produced for various values of mass
accretion rate and metallicity. Simple analytic modcls of the envelope
evolution are heipful ip illustrating the dominant physical principles
involved, and may allow the generalization of numerical models to arbi-
trary values of h and Z. Conditions at the base of a stablc hydrogen
shell could be determined by detailed intcgration of the stellar struc—
ture equations (Hansen and Van Hormn 1975; Taam and Picklum 1979, Taam
1980b), but we chose for simplicity and illustration a semi-analytic
method that zpproximates the hydrogen shell conditions with recasonabl~

accuracy.

If the hydrogen in the accreted matter is to burn at the same ra°-
at which it is accreted, i"en the nuclear contributiop t: the luminosity
must be given by equation (.). For our choscn parameters, nuclcar
energy will be generated by th- [ -limited CNO cycle, witb encrgy sup-

plied at a rate LB = eBME. Here eﬂ is the energy generation rate (Hoylwx

and Fowler 1965; Wallace 1d Woosley 1%31) and M‘ is the mass of hydro-

f

gen that is burning:

Ly = 5.861210%° Z MB oxg 5 1. (3)
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Equ.ti tions (1) and (3), we find thc mass in the hydrogen burring
shell
Mg = 6.48x1018 x (M/lo_mhlo ye iz g, (1)
where he mass fraction of hydrogen and Z, the mctallicity of the
accret erial.
¢ ing the stellar structu-c equations for the temperature gra-
dicnt n2 radiation transport dominated by conduction) and mass con-
scrv, {Clayton 1968) gives the tcmperature gradient in Lagrangian
(mass . oordinates
4
d(T ) Y(r)i(r) e
B 3 . (5)
di
16n"acr

While the ncutron star has a radius of R, = 14.3 km, the Fydrogen skel!
cxtcnds only 20 m down from the photospheric surface, so0 to good apprex
imation the radius in cquation (5), prior to the explosive outburst, may
be taken as constant, i.e., r = R,. In s 1tion, we assume L(r) 1s
approximately constant throughout the shell with a volue, Ls' fiven by
cquation (2). Although this is not strictly truce at the bisce of tlu
shcll where most of the nuclear burning i< occurring, it 15 a fnirly
good approximation for much of the mass of the shell, and is sufficicenat
to obtain a roungh estimate for the shell nurmmeters. Inlegrating eqguu

tion {5) from the surface (M 0, T - T()) down through an envelope mass

M, we obtain



, 3L
L ] |
T "To = T2 a M, (6)
16n"acR

where » i the mass averaged opacity

Mo ndm
O
N

2 -1 (N
cm g .

Evalusting equation (6) at the base of the hydrogen layer using equa-—

tions (1) aad (4) gives

. 1/2 [+ M_.71/4
(T;—T:)l/‘=3.951107 -1—4—53—3—“3 _Ox_7 ——j—l-aﬂ—-j o ELL K, (8)
. T\10 M yr S

where MT is the total mass of accrcted material. To within an accuracy

of about 5%, rlulMT ~ 0.95 in all numerical models.

Since the rass and depth of the accreted luyer is negligible com
pured to the neutron star mass and radius, m and r can bo assumod to he
the conatant vesluos M, and R,. The equaticon for mess conservation and

the condition of hydrostatic equilibrium then give

GM

) [ ]
gﬁ - - - = gonstant (9)

4nit

Integrating from the surface (where P ~ 0) inward to mass M (iu uwnits of

g) yields
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M 4
P(M) = 3.56 M (ﬁfﬁ') (_1;133_@;) dynes cn 2 . (10)
[~ L

Given h and the composition of the accreted material, once can then
estimate the mass of the hydrogen layer from cquation (4) and the pres-—
surc at the base of the layer (we assume MB/MT = 0.95) from egnation
(10). With a rcasonable guess for To (to which the cquations are vers
insensitive for To < lO7 K) and ¥, the temperature at the base of the
burning shell can be found from equation (8). The temperature and pres-
surc arc then used to obtain the density at thc shell base. Opacity

hcxe is dominated by electron scattering, but is not nceessarily con

stant bccause of degeneracy effects. We therefore use an initial guess
for x to obtain T, then determine a grid of ». through the envelope from
the temperature (eq. [6]) and pressure (eq. [10)) at ench point.  Fqua

tion (7) 1+ evalunted numerically to obtain +, and an iteration is per

formed until a converged value of T" is found.

The resulting conditions at the base of the hydrepgen burning layer
for several different motallicitics are shown in Figure 11, The curves

stop on the left side of the dingram at ”‘ where the CNO cyvle cennes to

|
be @ limited., For M < Np, hydrogen burning rcactions regaan their ten
peraturc sensitivity and may or may not be stable, It a renawsy conm

mences, however, the slcell may heat up until f} linrtation apern remov. s
the terperature sensitivity. I[f the conditions are snch thot heliem

burning is dnitiated du the hydvogern % liwm laver prior to the onunet ot
the ) linated cycle, then a combined hydrogen helima ragaway will e

(Tramm 1980be ), There mlxo exists a critical accretion r1ate ! osuch that
{
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for h > hc' helium burning begins prior to hydrogen deplction. In such
cases the high temperature sensitivity of the triple~alpha rcaction com-
bined with hydrogen burning by the rp-process (Wullace and Wooslcy 1981)
results in a thermally unstable hydrogen shell (Taam 1980bc). This
critical accretion rate depends on Z but may be as high as 10-9 Mo/yr

for Z = 0.02 or as low as 10—10

l%/yr for 7 = 4!10—4 (Taam 1980¢). Thus
Figure 11 should not be uscd when h ) hc' The data points in Fignre 11
represent the stable hydrogen envelopes for Mcedels A/B, ¢, and D, Our
results also agree very well with the numerical envciope integrations

done by Taam (1980c¢). The inversc dependence of T(M) upon Z (¢q. [8])

accounts for the flattening of the curves in Figure 11 at higher 7.

b) llelinm lgnition

Once the parameters of the stable hydrogen shell have been deter
nmined from Figure 11, a rongh estimate for the density st the base of
the helium shell at the time it reaches a critical mass caa be found by
comparing the radistion daffusion timescsle, Y with the nuclear heat
in, timescale AFPE Each timescale is v = RT/e, where R ix the universal

g8y constant, T is the temperature, and r is the encrgy geuneration or

loas rate in ery gml n'l. For Helium burning,

17 'y 11
e " 9.647x10 Uef'(Mc\)d\/dl erE RN (1)
whete Qeff is tho effective Q value for the reanction
da 9 3%(‘20) + T(‘)(“'t)), since In steady sxtate the triple alpha reavtion
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is occasionally followed by 12C(a,y)lGO, producing a ratio of 160 to 12C

of roughly 2 to 1. Here dY/dt is the rate of change of the 4Hc mass

fraction. Thus,

lo 2,3 -1 -1
€34 = 2.477x10° p°Y fsl3a erg g 8

(12)
where f‘ is the electrop screening correction factor discussed in the
Appendix and A3u is the triple-alpha recaction rate (not divided by 6) of
Fowler , Caughlan, and Zimmerman (1975). A thermal diffusion energy

loss ratc can be defined from the temperaturce gradicnt cquation as

4uc .4 -2 1 -
SRR 1 s , 13
6 73, 1 (plp) erg g s (13)
whero "p is a pressure scalc height. Again taking R« R, and M= M, as
constants,

2
R (14)
"p r p(;M cm,

The pressnre can be casily estimatod since it is due almost entirely to
6 <3 .
degencrate, relativistic elcctrons when p > 3.7 x 107 g c¢m for Y ~ 1,

S ing - i :
ctting tJu 1R Rives

14 .4
S4azixae Ty (15)
v oA

£°3dn

1473

which hax Loen plotted in Figure 12. The curve stops on the left side «f
the diagram where we cxpect gross uncertaiaty in the screening corree

tion. Thisx occurs at the dashed fine labelled b - 1,6 (nwee the
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Appendix). The curve labelled [84 = 168 shows approximatcly wherc the

liquid/solid phase transition occurs in helium, so that a pycnonuclcar
triple-alpha reaction rate must be employed. It scems that investiga-—
tions of lower temperature (i.e., lower P:l and lower Z than treated here)
models must await the devclopment of a morc comprelhensive treatment of
electron screening and pycnonuclear reactions. The total mass of the
envelope, also indicated in Figure 12, can be found by solving cquation
(10) using tho degencratc electron equation of statc and assuming most
of the envelope mass is in helium., The data points plotted in Figure 12
show the conditions present in the numerical models when thermal insta-

bilities developed.

¢) Radintion Driven VWind and the Photosphere

Both Models BB and C experienced a sustainod opoch of radiatively
drivon mass loss during which 1. remuined near the Eddington valne and
-1

mass wax lost at a rato of abount l()18 g s The Eddington Luminosiay

ix the luminosity at which tho pressuro required for hydrostatic oqguili
brium is completoly supplied by the radiation flux. If radiation pres-

sure (P » nTA/3) is substituted into equation (11), then

A GHp 43T

dr 2 3 dr (16)
r

Using the diffusion equation for d1/dr yields the Eddington Luminosity

ax
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L, 4 erg s (17)
2 ‘8(0-—"(-2) <;l.’..’> erg sw1 , (18)
®

and for a 40 ncutron star with K = 0.34 (electron scattering), LRd
= 2.1x10 : s_l. Both Models B and C show that when a large radia-
tion flu: uddenly deposited in the star’s outcr layers, the photo-
sphcre g y (within about one milliseccond) expands to where it can
radiate vout the Eddington luminosity, with an accompanying radia-
tively ¢ n wind. This c¢ffect suggests that without confining the sur-
face p (¢.g., with magnetic ficlds, as discussed in Woosley and
Walla 1), the surface will always swell to a large radius and radi-
ate .~ 2 koV) x-rays at approximatcly the Nddinpgton luminosity.
e Wilson, and Barton (1981) have foaud the same Eddington limit

(ngunin achieved within 1 ms) in their two-dimensional calceunlntion of a
nentron star - asteroid collision., Thus, a hard y-ray burst from ther -

mnl processes 1s probably not possible without magnetic confinement.

To obtain o semi empirical estimute of the mass loss rnte arisiug
from the radintively driven wind, suppose the luminosity is slightly

above L., L+ fL

1 vhero f > 1. The net force on a spherical shell of
n‘ 0

Ed’
mass (i.c., the excess over that required to balance pravity) ia

(Faulkner 1970)

ko~ Jp dA - (f D Ey /e
N x|

cxees

(f 1)4rGM/» erg cm . (1)
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The amocunt of was: accelerated to the escape velocity, Vesc’ in time t
is m, where
Vesc = (F/m)t
(7D Lpyt -1 (20)
= cm s .
mc

Since m/t is approximately the mass loss rate m (= dm/dt), we have

(f-1)L,, _
n xS (21)
v [of
oscC

/2
c

where v & (ZGM_/R)1 m s_l. For a 1.41 M star with R = 14.3 km, «
esc o

= 0.2, and f = 2, equation (21) gives m ~ Bxlol7 g s_l, comparable to

the values found in our model calculations,

As discussed in Section 1I, our Lagrangian hydrodynamic codo is
unable to follow the dotailed evnlution of the expanding photosphore;
howover, an analytic uppor limit on the phatospheric radins R may be

obtnined. The mass loss rate

m* 4nr2pv (22)

iz constant for swfficiently large r, Assumiug v o " in the region of
interest, with n > 0 and approximately constant, then the denrity is

given by

p(r) = pR (W™ g em? (23)
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where R is a radius at which the density p(R) is known. Substituting

equation (23) into the definition of the photospheric radius R

J pxdr - /3 , (24)

and integrating (with & ~ constant) yiclds

P(ROR = (10/3)(141)(0.2/% ) g en 2, (25)

and £ ~ 0.2 throughout the photospheric region in the numerical models,
Since Rp must be grcater than the initial radius of the ncutron star, we

may conclude that p(Rp) ¢ 1078 B cm_3

In addition p(Rp) is limitced by the fact that the atmospbere can
not contain more material than has been cjected from the neutron star

surfnce since the event begpgan:

Rp ) ] ]
/ 4nr“plr)dr < f(t) mdt + mt , (20)
'y

wvhere T is the injection radius, dofjned by the distnnce beyond which m

is constant.  Substituting cquation (23) into equation (26) yicld:

R
vaf P n .
4"‘)("1 )lf;: f/ r dr ¢ mt . (.I")
]
"y
The rumericul models supgest n ~ 1 nenr r ~ R, g0
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3 .
4anp(Rp) ln(Rp/ri) { mt . (28)

Substituting equation (25) intn cquation (28) and using ¥ = 0.2, m =

1018 8 5_1 gives

2 16
Rpln(Rp/xi) 107t (29)

Thus, for ri ~ 18 ¥m, Rp nust be less thau 540, 1500, and 4300 kn for
times of 1, 10, and 100 seconds respectively. Note that these values
are gross overcstiwmates, since they were obtained usiug an unrcalisti-
cally large mass for the envelope {i.c., assuming that no mass fluxed

through the photosphere).

The recurrence :imescales (total envelope mass divided by h) for
the numerical models sescribed here range from 4 months to 240 ycars,
This may be long cnough for gravitational settling of heavy ions to sig-
nificantly altor the envelope composition (Rosen 1969), and hence the
thermal structuie of (be entire dcecreted layer. Unfortunately, tcliable
estimatos for the diffusion coefficients in very degenerate material do
nnot yet exist, although recent estimates »f the diffusion timescale in
the stmospheres of winite dwnrfs (Fontaine and Michand 1979, Alcock and
(1larionov 1980} sugpest that such a process is very dmportant there,
Given the much stroager surface pgravity of n neutron star, our mipght

cxpect pravitatioual settling of heavy donus to be an important effeect in
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neutron star atmospheres. According to Fcncnin and Michaud (1979), the

abundance by mass of a trace element 2 Jdiffusing through the major con-—

stitvent 1 at a depth where the diffusion velouity is W, is given by

X, = Xz(O)exp(—t/G), (30)

2

where the diffusion timescale © is given by

1 1

6 = 7.958x10 AMRZpw ) h s, (31)
AM is the mass in g beiween this point and the surface, R6 is the radius
in 106 cm, and p is the density. The diffusion velocity is w, =
wg(lff'), where w8 is the diffusion velocity duec to gravitational sct-
tling alone (the pressurc gradient term) and f’ expresses the relative
importance of thermal diffusion to gravitational settling. w8 can be
written as

v, DIZIKI(1+ZI)-ZZ—l]pg/P , (32)

whero A1 and Zi arc the atomic weipght and charge of specics i, g is the
gravitational acceleration, and I’ is tho pressure. The diffusion coef-

ficient l)12 is given by

1.0259x10° T;/z

D ’ Tt Tt T T R (33)
12 ~1/2 2.2

A p(Xl/Al)lezAl(Z)

A
where T7 is the temperature in 107 K, A”AlAz/(A14A2) is the reduced
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atomic weight, and A1(2) is the logarithmic term

2
A1(2) = 1n(1+ XD), (34)

. 4.530210° T

x% = LA (35)
p- 2 ) :

zlzipdi X.Z5/A)

At the base of the hydrogen layer in Model C, the conditions listed in
Table 1 give A1(2) = 1.68 for the diffusion of 12C through a hydrogen
plasma. Fontain and Micheud suggest that their method brcaks down
(owing to degeneracy effects) for A1(2) < 3 and may undercstimate O by a
factor of 10 when A1(2) = 0.1. Nevertheless, if this valuc is uscd to
estimate a diffusion timescale the result is 8 ~ 11107 s (f' depends on
d1pT/d1nP and is much less than 1 here). Thus in Model C the metal dif-
fusion timescale is about 4 months while the accretion timescale {or the
accumulation of the 2.4x1022 g hydrogen cnvelope is about 7 months,

Such similar timescales suggest that diffusion effects could be impor-—
tant. However, Alcock and Illarionov (1980) suggest multiplying equa-

1/2

tion (35) by n exp(n), where n is the degen:racy parameter. For Mndel

¢, n ~ 33 at the hydrogen shell basc, so © would incrcase a factor of
20. Further effort to determine D 2 in degenerate situations is obvi-

1

ously needed.
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IV, suerly

Type I x-ray bursts, ccrtain fast x—ray transients, and some
gruma-ray bursts may all be a family of event: resulting from thermonu-
clesr runaways (mainly irvolving helium) on accreting neutron stars (y-
ray bursts will require the presence of a magnetic ficld and will be
discussed in a subscquent paper: Wooslev and Wallace 1981). The most
important parameters distinguishing these events are the accretion rate
h. the metallicity Z of the accreted material, the magnetic field
strength B, and, to s lesser extent, M‘/R‘2 and the rotation rate.

Lower M and Z lead to thicker helium layers and therctore produce bursts

of yrcater energy and longer duration,

In extreme cases, degenerate helium ignition may be so violent as
to produce a nuclear detonation wave. Accumuiation of a sufficiently
thick hclium layer for a dctonation to develop seems a2 likely conse-—
quence of low accretion rates and/or low mctallicity (possibly owing to
gravitational settling). For even lower values of h, a hyldrogen/helivm
shell flash may result, rather than the accumulation of a thick helium
layer (Taam 1980b). The Lelium detonation scenario for moderately low h
and 7 may be more plausible than the carbon detonaticns originally
cnvisioned by Woosley and Taam (1976) becausce the hydropen burning shell
may be stabilized by beta limitation while a stable low temperature
helium burning shell is more difficult to obtain, Also, our helium

56 12,

shells burn directly to Ni and prodnce ncgligible C.
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Super-Eddington luminosities from thermonuclear burning on a neu-
tron star surface will promotc extensive mass loss in the form of a
radiatively driven wind. The mass loss rate will be of the order 1018 g
5_1 and will endure so long as the luminosity exceeds the Eddington
value., This extreme radiation pressure causes the photosplere to extend
to several times the original neutron star radius w~ithin about 10 ums
following helium ignition. At this large radius, the .. diates low
energy (~ 2 keV) x-rays at a luminosity near the Eddingto: alue., VWhile
we have not examiied less energetic models (with higher accretion rates)

that may make more typic,: x-rtay bursts (c¢.g.,Joss 1978; Taam 1980a),

t al. 1976),

observations of such events indicate L ~ LEd (e.g., Lewin
so the photosphere in thosc cases may also not correspond to the radius

of a cold ncutron star. If so, certain “flat top” T pe I x-ray bursts

may also be cxpected to exhibit the soft-hard-soft spectral evolutiun
discussed bclow for our more encrgetic events. Indecd, ju.: such an

evolution in the spectra of tle¢ Terzan 2 x-ray burst has been observed

by Grindlay et g8l1. 1980. We also sce evidence for such a spectral evo:

lution in the 1979 July 21 and July 24 burst specctra obscrved by Mak-

ishima et al. (1981; thcir Figure 3). VWe also note that treatmeut of

the photosphere in previous calculations of x-~ray bursters (Joss 1978,

Joss and Li 1980) has oftcn been artificial and without the yse ot extremely Fine

14

mass zoning (we employced zoning down to 10 g to study the mass

loss), which may have suppressed *this important cffect.

Material lost from the neutron star is important for « varicty of

reasons: 1) Since the photosphe ¢ no longer corresponds to the surface
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of the cold ncutron star, spectral considerations (e.g., redshifted
lines or L/T:ff) may not furnish uvseful information on the equation of
state for high density matier. Care should be taken to use such con-
siderations orly when the luminosity is known to be substantially sub-
Eddington. 2 The ejectcd material will have a velceity comparable to
the escape velocity of the neuiron star {about 100 MeV/nucleon). Such
energetic particles might causc an observable y-line signzl from nuclear
inclastic scattering reactions, espccially if trapped in the neutron
star magnctosphere. 3) Thc total amount of encrgetic pLurticles ejected
into the galaxy in this manner could be 2n 1w rtant contribution to low
energy cosmic rays. 4) A portion of the cjected matter may be trapped
in an extcnded magnetosphere and later re—accreted. This would lead to
enduring post cvent activity from the high encrgy transieat. 5) Near-
relativistic clectrons are ejected, and if a magnetic field is present,
cyclotron radiation might be produced.

The effcctive temperature for the transients in our study is low

7

(about 10" K) during the Eddington Luminnsity phase, owing to the sizc

of the extended photospherc. As the luminosity falls slightly below ’Ed
and the photospherc recedes, Teff rises sanarply to a peak (when the
radius again rcaches that for the initial cold neutron star), thev gra-
dunlly falls off with the decreasing lwninosity. This shrrp rise fol
lov od by a decrenase in the effective temperature, as the luminosity

declines below the Eddington value, should be characteristic of all

Eddington limited x- ruy transients.
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The two specific model calculations followed to completion and
presented here produce fast x-ray transients iasting from about §
minutes to 2 hours, although we suspect thut varying b and Z could
extend the range significantly in both directions. Tucse time scales
are to be compared to models for x-ray bursts studied by Joss and Li
(1980), which last only a few seconds. Secveral x-ray transicnts with
¢urations ranging from 12 s to e few hours have been obscrved (Cock
19763 Schrijver et al. 1978). In addition, the fast x-ray transients
with precursors described by Hoffmann et al. (1978) have timescale snd
spectral characteristics that agree well with our models. We fail, how
ever, to produce the precursors i(separated by severol seconds from the

main event) present in those obuicrvations,

Several unrcsolved problems arce particularly in need of further
study. A quantitative ssscssment of the role of pruvatational settlang
in depleting the metallicity of sccreted matter is regquired. The steady
state hydrogen shell temperature depends explicitly on 7, since the
limited energy generxtinn rate is dircectly proportional to the met
city. If the hydrogen shell determines the temperature 1n the hel
layer through conduction, then the helium mass, and hence the event
encrgy, dopends on L., Studies of strong and pycnonuclear screening
corrections for helium burning sre esscential for determimng the evola

tion of models with extremecly low 7 o1 M, where "cold” (;761107 K)

Q k|
helium shells with base densities above 10 g c¢m may be formed,

Further 1D calculations of atars with somewhat lower sacceretioa rates

(and thus low hydrogen shell temperature) than conscdered here, and
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Fulerion recalculations of the present models to determine more accurate
photospheric evolution during the Eddington lumirosity phase, should
provide impertant results. Full 2D calculatioas are required to deter:
wine the propagation characteristics of a detonation or deflagration
wave along the ncutron star surface. simce the 1gritinn would sctually

S R L A U KA L S B IAPRTRAE R TIOS SO TR LY

-
—
..

-

times sugpested by the 1D ocdels presentesd 1n this paper are signifa
~antly shoerter thai the souwnd travel time around the star, snd must ned
be taken as obvervable yise times.  In fact, Makishina ct al. (198])
hase recently cebserved three type 1 2 ray bursts having rise times of §
10 4, roather than the usual £ 2 s fer such events, This relatively
long rise tare migpht ke convaistont with a helsum runaway siecrlar to the
high h aciretion cases studned by Joess (e.g., Joss 1978; Jess and 1
FORa), bt whary temperal allewarce nust by made for the detlagrantaici

wave Lo prefagoate orcand the stellar surtace,
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APPENDIX

ELECTRON SCREENING

The reaction rates used in our numerical calculations have been
corrccted for the effects of electron screening as descrihed by Graboske
et al. (1973). Their formvlation, however, cvaluatcs key paramcters in
the screening function by assuming the interacting nuclei to be at zcero
scpauration. More recently, other mcthods have been developed to tale
into account the important spatial depecdence of the screening function,
and we have adapted one such method to calculate the screeaing cnhance-
ment included in the results shown in Figure 12, Itoh ¢t al. (1979)
included spatial dependencc in their calculation of the enhancement fac-
tor for a gencral mixture of ions by linenrly extrapolating deWatt’s
(1979) Monte Carlo computation data for the screening furction to zcro
scparation, Jancovici (1977) has shown that the spatial dependence 1
qundratic near the origin, leading to significantly different results
from those obtained with a lincar extenpolation (DeVitt 1980) . Alastucy
and Jencovici (1978) have calenluted the screening correction fuetor for
a one c¢omponent plasma using the more sccurate quadrutic spatial depen:
dence of the screening function, Following the method suggested by Jan
covici (1980), we may genesslize the results of Alastucy and Jancovici
(1978) tu an arbitrary mixture of jous. The ddwmennionless parnmeter, v,
of Alastuey and Jancovici cnan be peneralized to (c.p., Ytoh e1 al,

1979)
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A.ZZZ 441/3
2\ 2AZ e
21x 172

2
NAkTh

2,24 1/3
2,2
= 4.24872[ T2A12] ’ (A2)
9

A
where AaAlAl/(Al+A2) is the reduced atomic number, Z, and Z, are the
charges of the two reacting particles, and T9 is .he temperaturce in

units of lO9 K. Alastuey and Jancovici obtaincd s screening enhancement

factor for the one-component system of f = exp H, where

4 4

B - c-S(2b3-0.0140%0.1266)-1(0.00550%-0.009807 +0 004805y . (A3)

332
C was calculated by Jancovici (1977), b : 3[/t, and [ will be discussed
below. Tho constant C was compnted using the result from the Monto Carlo
calculations on binary mixtures of lManscn ¢t al. (1977} that the cxcess
freo energy I' of a mixture of N1 ions (charge 21) and N2 fons (charge

Z,) oboys

. vy 513 ), 573
PI = N £ (2] TN £ ([ 02y

) ., (A4)
. 1T ’ 2 ’ ’ , ]/3

whore 1/ = k', [' = Be“/a’, a' = (3/4nn°) and fO is the ecxcoss free

energy of the one-componont system. 1If equation (A4) can be genornlized

to an arbitrary mixture, then ¢ become: (Mochkoviteh 1980, Jancovici

1980)
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_ ,.,5/3 PR ¥ R sie ug S/3
C = fo([ Ll )+fo.f 22 ) fo([ (£1+£2) ) R (AS)
where the ¢lectron number density is
n = SI‘" Z
e LI E5k
= pHA leXk/Ak , (A6)
k

and xk is the mass fraction of species k. Combining equation (A6) with

the definition of [’ and o’ gives

214nn 1/3
y . 6] €
re- x| 3

= 2.27403110'4lp<:;zk
x

. 1/3 ..
Xk/Ak)] /19 , (A7)

where p is the density in g om _3. The Monte Carlo computer results {or

the excess free enerpy fu are fit in the ronge 0.8 ¢ [ < 168 by (llansen

t al. 1977)

() - C0.890434743.447407 70,5551 1m 2. 000 (A8)

Using equntions (AR} aud (A7) in equatiun (AS) yieclds

C = 0.896434]°7 3.44740['1/4;'0.555l(lu['0(5/3)ln(l!72/(ll022))

-2.996 (AV)
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where

N §/3_.5/3_.5/3
(zl+12) 2 2,

N}

4

\5/12_,5/12_,5/12

= (u, +z 1 2

1 72

The second term in equation {(A3), (t/3)5b3/3?, is the first tero in

the expansicn necar the origin of the potential of mean force, zlzzcz/r +
w(r), which is related to the classical pair correlation function gc(r)

by

£, (£) - cxp(—ﬂ['/.l'lzcz/ﬂw(r)])

Juancoviei (1977) showed that w{r) can be written as

2 n
n{Ze)”
-C +

e 2 (A10)
kT 7 .

pw(r) o+
For a multi-component plasma, tho definitions of [’, a', and <>

(21422)/2 can be used to write cquation (A10) as

ZJZZ r 4
Pulr) = - C o 57}1*;:;r ot (A1)

Expanding equation (All) in a Tnylor Serics by the method of Alastucy
and Jancovici {(1978), and using equation (Al) yiclds the result for 11 of

g oyt oy 3
e s A R T AANR TR . '
S ) e (A12)

12
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This can be identified with equation (A3) if t = T2 and [ = [ gg» Where

1/3
2 o e,
legs = (21”'2) 2,257 . (A13)

The other terms in equation (A3) werc obtained by analyzing the computer
results for the pair distrioution function of a onc-component plasma.

In the absence of computer results for arbitrary plasmas. we have
assnmed that the renaining terms in equaticen (A3) can be gencralized as

in equation (Al12) with the substitution b = arcff/rIZ'

In summary, we have computed the screcning correction in the strong
screening region 0.8 ¢ roff € 168 by using equation (A3) with equations
(A2), (A7), (A9), and (A13), This formalism is only valid in the range
0 ¢b < 1.6 (Alastucy &nd Jancovici 1978). Yor weak screexing, [ ¢ 0.3

(De Witt 1978), the prescriptinon in Graboske ¢t al. was used:

1/2 3)1/2

L2y .. )
(.‘_/.k)\h/,\k 4+ Xy (A1)

Xk/Ak)l.SHxIOR(p/T
) 3 k

llw . 2122A K

Yor intermediate scroening. 0,3 [ < 0.8 (ReWitt 1978), au nverage of
the wenk and strong screening results was used, a8 sogpested by Salpeter
and Van lHorn (1969):

nu
WA

ar’ im?)
w 3

- (A15)

1/72
Finally, we could fi1ad no recent screening formalism for helimwm in the
pycnonuclenr region of [cl > 108 (DoWitt 1980). FExtremely important

f

studies of x- and y ray burst moflels nt very low temperntures aud high
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densities await the deveclopment of reasonable screeninpg approximations

for b > 1.6 and reff > 168.

The screenirg correction for the triple alpha reaction was computed

in the manner suggestcd by Salpeter end Van Horn (1969) of taking

n. = B(ata)+1( Be+a) , (A16)

3a
although there has "een some recent controvzrsy over the validity of

this method (Jancovici 1980).

For the conditions at the helium ignition point shown in Table 1
for Model B, the Graboske et al. (1973) screening factor is 11,56,
whercas t*~ above formalism gives 11.68. For the conditions at the
corresponding point in Model C, the Graboske et al. factor is 1.42!105,
and the {sctor from the above formalism is 6.34!104. Thus, the screen-
ing in our numericnl calculations is not off by more than about a factor
of two in the wor't case from that sugpested by mosy recent work, and
the rosults proscated should be reliuble, llowever, for the lower teac
peraturec and hipher densities sppropriate tv models with lower values
of h and Z (sce Figurcs il nnd 12) than treated lhiere, the formalism
described in this erpe .dix differs significantly from older methods.

-11

For example when M~ 10 Mo/yr and Z = 10“5 (perhaps owing o diffu-

sion effecta), the cxpected temperature (from Section Illa) is nbout

S,GIIOI K an‘ the deasit; at the base of the helium layer may be as high

as l()9 ] cmbs. In this vase, the Graboske et Al. scroening factor is

14

"
3.8x10 and woe wonld calculate '.51101”, a factor of 250 lower.
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TABLE 1

NUMERICAL MODEL CHARACTERISTICS

Model A Model B Model C Model D
M (M /yr)  1.16 (-10)  1.16 (-10)  2.07 (-11)  3.53 (-10)
Z 9 (-4) 9 (-4) 4 (-5) 2 (-2)
My (g) 6.0 (+21) 2.4 (+#22) 8.0 {+20)
py (g cn ) 4.28 (45) 1.14 (+6)  1.00 (+5)
Ty (E)  1.21 (+8) 1.21 (+8) 7.45 (+7) 1.22 (+8)
Anu (m) 1.7 (+1) 2.3 (+1) 1.0 (+1)
My, (g) 1.40 (+23)  1.40 (+23)  1.00 (+25) 2.70 (+23)
Pie (8 em ") 6.41 (+6)  6.41 (+6) 1.15 (+8)  9.55 (+6)

AR, (m) 1.5 (+1) 1.5 (+1) 7.3 (+1) 3.6 (+1)
AM® (g) —-—— 2 (400) (+21) ————
m® (g/s) ———— 1 (418 1 (41Y) e
Ey (erp} ———-——— 1.28 (+41) 1.90 (+42) —_—
E, (erg) —- - 3.91 (438) 1.47 (443) —— —~—
4 (s) ———-——-  3.20 (42) 6.50 (43) ——
tiisc (ms) —= e— 1.5 1 ———
Tee (y1) 6.1 (-1) 6.1 (- 2.4 (42) 3.8 (-1)

 Total Mass lost fquring the outhurst,

b

€ Time during which L > 0.5 L.

d

Mass loss rate during wind phase.

Time for L. to reach 0.5 L.

Ed®

a°
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FIGURE CAPTIONS

FIG. 1. - Figure 1a shows the Temperature and density in the

1 (t ~ 5 us).

envelope of Model A when L has just reached 1038 erg s
Herc Rp = 14,319 km is the photospheric radius, and M, = 1.41 Me is the
total mass of the star, so that M, - M(r) is the amount of mass exterior
to radius r. Discontinuities are prcsent at thc composition boundarics
between the hydrogen shell (right hand portion of the diugrum), the
helium shell, and the iror .ubstrate., Figure 1b shows the composition

of the cenvelope at the samc¢ time, with abundances given by mass frac-

tion.

FIG. 2. - Thermodynamic structure and composition of the enve.ope
. L ) 38 -1
in Model B when the luminosity just rewches 10 erg s . lerce the phoe
tospheric radius Rp is 14.410 km, and the axrs are as defined in Figure
. 56, . .
1. The helium ceventually burns completely to Ni, which decays to

SOFU.

FIG. J. ~ Vigure 3w shows the bolemetric light curve for MNodel B3
The precise photospheric evolution could not be obtained during the wind
phase, so for this period the Lddington lumivosity is indicated by the
dushed line (essentially coincident with the data points). At three
times during the wind phase, the course model was fincly zowed, and the
resulting luminositics arce plotted as diuta points.  The juset shows the
initinl luminosity rise in more detnil, illustrating a rise time on the
order of milliscconds. Fignre 3b gives the etfecr oo tempernture (Tvll;

solid) aud photospheric radius (K ; dash dot) evolution for the event,
P
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The luminosity of the finely zoned models remained constant at the
Eddington valuej; however, the radius continued to increasc, so only
lower limits to the radius (and hence upper limits to Teff) are shown as
data points during the wind phase. Dashed lines during that time inda-
cate the qualitative behavior of Rp and Teff‘
FIG. 4., - Thc substantially super Eddington luminosity at the base
of the photosphere (t0 = 14.35 km) indicates the large amount of encrgy

stored in the gravitational potential of the expunding photosphere dur

ing the wind phacc of Model DB.

FIG. 5. - As the outer envelope in Model B was more fincly zoned,
the apparent photospheric radius rapidly increcased. Once this transicnt
response to the abrupt rezoning had passed, the photowphere still con-
tinued to expand gradually with time. The points wherce the radios
ceased its rapid increass were taken as the lower limits for Rp plotted
in Figures 3 and 9 (i.¢. the point at t - 192 ms din Figure § was uned in

Figure 3).

FIG., 6. - Some thermodynamic ngunntities in the envelope of n finely
zoned calculation for Model I at t ~ 33.197 s, The sound speed is ¢
L3

e \/;pfz. where v+ 4/3, and the gas sonic speed is c‘y . \/P;7p. The

photosphere is roughly at 45 km, with ch[ ~ 11.8210° K, and « surface

luminosity of 2,72,1038 erp s

FI1G. 7. - Thermodynamic conditions and abundimces in Model € just
after the shock reached the surface, The axes are defined as in Figure
- . 9
1, but with "p - 14.309 km here, Temperatures as hipgl asn 6x10 K were

reached at the base of the helium shell, and surfnee velocities
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exceeding 1010 cm s_1 were produced. Again, all the heliun eventually

56N' 56Fc.

burned to i, which later decayed to

FIG. 8. - Radius and temperature at the boundary of several
representative mass regions in the envelope during the rise in surface
luminosity of Model C. The mass indicated is that mass external to the
given zone boundary. The original radius of the cold ncutron star was

24

14.3 km, a0 ~ 10 g of material have been pushed above the original

surfuce at this time.

FIG. 9. - Yigure 9a shows the bolometric light curve for Model (.
The Eddington luminosity is again indicated by a dashed line during the
wind phase, and results of two fincly zoned models arc shown ns data

points. Fipgure 3b gives the elfective temperature ('I'e solid) and

£rf
photospheric radius (Rp; dashi-do:1) evelution fuor the event, Dashed

lines during the wind phase indicate the qualitative behavior of Rp and
Teff' and upper ard lower limits obtained from the finely rzoned madels
aro shown ns arrows., The y ray spike produced as the shock wave lhroke
through the surface ix shown in the inset, and the Tuminosity at shock

break -out follows the same evolntion as the effective temoerature, since

the radius had not yel begun to Incroase.

Fie. 1o Nentrino Imminasity evolntion for Model ¢, Neutrine
emission wur the dondunant cwoling mechaniam, with a total energy of
43 .
1.47210 org emitted in neutrinos, Beyond ahout 6000 s, the vurve i
56 50,
dashed, aince the contribution fram = Ni(e V) ""Fe (at a rather uncertain

rate) isx comparable to that from plasma processes,
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FIG. 11. - Temperature, density, and envelope mass for stable

hydrogen burning envelopes as a function of mass accretion rate M and

metallicity. “ﬂ is the amount of matcrial burning by the B-limited CNO
cycle, which is about 95% of the entire hydrogen envelope mass. Tem-
perature and density curves for Z = 0.02, Z = 0.002, and 7Z = 0.0002 arc
indicated in Figure 11a by solid, dashed, and dash-dot lines respec-
tively. Cuorves for Z = 9::10—4 and 4:10-5 are indicated in Figure 11b by
solid and dashed lines respectively. All curves stop on the left of the
diagrams where the CNO cycle conses to be f-limited, so that u stable
configuration may not exist. The conditions suggested in thcse diagrams
should also not be used for h ) hc' which is the accretion rate wherce
the hydrogon and helium burning shells overlap, and a hydrogen/hclium
runaway is likely to occur (Taam 1980c). hc may bo ax high as 10_9

N /ys for Z = 0.02 or as low as 10”10

M./yr for 7 « 4!10_4. Datn points
show the stahle hydrogen envelopc parametors for the numerical models

listed in Tahle 1.

FIG, 12, - Ilelium ignition curve, where the radiative diffusion
vooling time (IR) equals the nuclcar hesting time (t3u), and a thermonu-
clear runaway is expected to occur. M, - M(r) is the mass contulned in
the helium shell whose density at the base is given by the left axis,
The curve labeled b ~ 1.6 indicates where the theory used to calculate
the electron acreening factor for nuclear reactions breaks down. The
line [u4 = 168 indicatex where the solid/liquid phase trsnsition occurs
for the sﬂr(u.y)lzf roaction, and a pycnonuclear th-ory would have to be

uscd. The composition of the helium envelape was taken to be X“ - 1.0,
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Data points indicate conditions at the base of the helium shells given

in Table 1 for the numerical models when the runaways initiated.
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