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ABSTRACT

The importance of p(e-v)n and of (p,y) reactions on 56Ni

during a thermonuclear runaway on a neutron star surface is pointed
out. A fast 16-isotope approximate nuclear reaction network is

developed th~t is suitable for use in hydrodynamic calculations of

wch events.

INTRODUCTION

The most popular current model for x-ray bursts involves a

thermonuclear runaway irl the hydroqen andlor helium layers of
material accreted onto the surface of a neutron star. 123 A

similar mechanism has been provosed for gamma-ray bursts. b 5 Many

hydrodynamic calcul~tions have been based largely on an approxfm.i-

tion network deviset by Wallace and Woosley 6 (hereafter WW)wh~clt
includes CM cy:le hydroqen burninq (allowing for B-1imitation), and

a series of (ppY) and (a,p) reaccions between 1“ lsO and 56N\.

Since 56N1 is a pure e- Capt(’i’e nucleus, (tl 2 = 6d.1) and has d
56Ni(p,y)57Cu suffers from photo-very small ~y value (hence

dlsinteqratlon), the nucle,~r ?Iow qenerally stops at ‘6NI in most

astrophysical situ~tlons. However, under the extreme conditions

fired in some neutrort scar accretion models, some flow may occasion-

ally contlnuc beyond ‘“M. WWfound some neutron star models to
6qce and trdces of elemmts to Y.prod~lce non-negllqible mounts of

Tam (1981, private conununlcation) and Woosley5 have produced
flashes with temperatures above 109 K when the only materials left

over were ‘6Ni and lH, Ilnder such ex+,reme conditions, (p,y) re~c-

tlons on 56Ni and hlqher masse:, can produce slqnlficmt enerqy.
A suaqest,ive model by Waosley 5 for rapidly (-minutes)

12C + 2p redctlons occurlngrecurring x-r.ly bursts depends upon

when a convective instability mixes hydroqcn leftover from a burst
l*C prodllced from theinto & reqion contai~lnq “He ashes of a

previous burst. Such a mechanism 1s critically sensjt~ve to the



post-burst hydrogen abundance, which can be lowered significantly

@ proton captures onto heavy elements.
Cahulatfons by Hanawa, S@moto, and Hashfmotu’ also eugyest

that (p,Y) reactions on elements heavier than Nl are important for

x-ray bursts md they propose a slightly different modification of

the W approximation than that presented hem. Their formaliem

considers masses just heavier than ‘%1 in detail but ignores flows

beyond %.

Another reaction that should be inckbd in neutron star

accretion mdels 1s the weaK p(e-v)n reaction. Most previous

burst models assumed a nwtron star surface temperature of > 10* K,

so that hydrogen initially burned throum the stable 11-Mmited CM

cycle. 8 However, recent estimates of neutron star cooling

(Hameuryl 1982 prfvWe commmfcation) suggest that many sitars may
have pre-accretion temperatures of 106 to 107 K. The hydrogen

layer accreted at such cold temperatures will continue to increase

in msss until its base reaches densftles of P > 1.4 x 107 g/cm3,

where the protons will beqin to capture electrons. Such densities

are also achieved in acme mdels where unburned hydrogen rema!ns

after a thermonuclear flash, and the star continues to accrete

matter onto the ashes of the previous burst. 5

CALCUATI(NIW

Figure 1 shows the energy qeneraxlon rate as a function of

the for a solar compcsltlmi (XH = 0.79 we = 0.28, Z = 0.02)

evolved at the constant amditions of T = 4x 109 K and p = 107



.

g/cm3. These parameters occur in models by Woosley (1983, private
communlcatlon). Note that with electron captures turned on, the
hydrogen is depleted earlier, and produces an enerqy generation
rate a factor of 15 higher than wlthoelt p(e-v)n.

To illustrate the importance of ~~oton captures on heavy
nuclei, a mixture of ~ = 0.5, and X( Nl) = 0.5 was evolved with
the 250 isotope networ ~ desc~i’ ed In WW. The density was held
constant at P = 5 x 10 g/tin , and the temperature was held at
1, = 0.5 and 1.0. The energy generation rates are shown in Figure
2. The solid line indicates the full reaction network results, and
the dashed line shows results from the approximation network
described below. Note

%l(p,y) “CU was not Included there.
at the o qinal approximation of W would

yield no energy, since
The revised approximation network includes eauations (Cl)

through (C17) of W, mdlfled as follows: (note the typographical
error in WW: (C8) should contain Az, not A~l.



d@ft = y30h2 - Y56~3 (C8 )

dy5Jd t = y56A3 - y~ghb (C8A)

dY6bldt =Y#~ - Y~#~ (cm)
dy721dt = y6bA~ - y7#6 (C8C)

(gOZr)dy80tdt = y7~A6 - YpY80P~.f (cm)

dYe8/dt=Y8#pP~py( ‘“~r) - Y8&pPApy( 88fh) (C8E)

dy961dt = Y8#pP~Y(88RU) (C8F)

The followfnq terms should be added to (C9) and (C1O)

dy#t = . . . -1;2 ypAc-(P) + 1/2 (1/2y;PApp) (C9)

dyp/cJt = . . . -3y56A3 - Sy57Ab- 8y6bA5

-8y A;2 6- @pY80PApy ( 80~r) - %PY88PAPY (88W (C1O)

-2ypAe-(P) -2 (1 /2y;P~p)

where

1
a3 = y56yppApy (s%!)

‘b~
A+ (%)

= Y57 e

4 y P $7 ( ‘7CU)C3 = Y57 p

andifa>t
b3

then
c~

1
A

Aa =min Aa3
s+ (5’Zr) = 15.4

else,

(1)

(2)

(3)

(4)

(5)



Also,

A = 1.05 (6)
4

A = 0.011 (7)
5

pp,A#Kr) (8)
A6 1= min 1.2

As a very rough
may be assumed:

= 2.08
’57

approximation, the equllibrlm abundance of 57CU

x 10-10 py y T
p569

‘3/2exp (8.02/T9)

so that 57CU need not be carried h the network, The pp .reactlon

is locluded as the last term in equatfons (C9) and (C1O), since it

can be Important in cold materlal~ and 1s easy to Incorporate. The

?Wp ra te can be found in Narris, et. al.g. ~ho ~-(p) rate

can be interpolated from Ref. 10. Other (p,y) rates can be

calcdated f~*an Eq. (30) of Woosley, et. al., although we employed

~y(56Nl) from WW. The rnmnerlcal values appearlnq in eouations

(6) - (8) were obtained by taking a rate 2 = l/[~Tm]9 where ‘cm

are mean decay llfetlmes along a typical flow path between network

nuclei.

CONCLUSIONS

The above equations represent a 16-element approximation

~:r:9;:at6::1”?<r1H&O:’ 61~’ ::’9::’ ~:’h::’f::’s:’
? ? P P t

“96Cd, ~t includlngconditions for which the nuclear flows reach

higher mass isotopes does not appreciably increase the energy

production or hydrogen depletlon rates.

It should be noted that no nuclear data exists for very

proton-rioh lsotop:; &ove a%. Dmay rates ●re estimated from

Takahashl, et. al. md mass excess predictions taken from

NarlpuulS ●nd Ibeller and Nlx’4. In particular, lt 1s not known

6’5Aa 1s proton-unbound.whether We have assumed it is; however, If

%(P,Y) 65 As were ●llowed, tie predicted energy qeneratlon rate

would be higher, ●nd exhlblt ● mwh different shape since the
64~(@+v)6”~ rat~~ 1S the slowest mactfo~ ●bove ‘6N1 .



P

Other severe diffkultles at low temperatures and high

densities are the unknom electron screening correction to the

strong reaction rates, and the pycronuclear rates (especially for
the 3a + 1% reaction).
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