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ABSTRACT

We have investigated the physical conditions under whichedimg neutron stars in low-mass X-ray binaries
can both produce and preserve sufficient quantities of cefi to trigger superbursts. Our theoretical models
span the plausible ranges of neutron star thermal condtigsivcore neutrino emission mechanisms, and areal
radii, as well as the CNO abundances in the accreted matéfgdind that neutron stars that accrete hydrogen-
rich material with CNO mass fractior&no < Zeno,e Will not exhibit superbursts under any circumstances.
Neutron stars that accrete material with CNO mass fractipAZcno  Will exhibit superbursts at accretion
rates in the observed range. On this basis, we suggest thaidhs donors of superburst systems must have
enhanced CNO abundances. The accreted CNO acts only adystcfatahydrogen burning via the hot CNO
cycle, and therefore it is the sum of the three elements’ rMrassions, not the individual mass fractions
themselves, that is important. Systems that exhibit swpstb are observed to differ from those that do not
exhibit superbursts in the nature of their helium-triggefgpe | X-ray bursts: the bursts have shorter durations
and much greatex-values. Increasing the CNO abundance of the accreted ialateour models reproduces
both of these observations, thus once again suggestingneath& NO abundances in the mass donors. Many
compact binary systems have been observed in which the ahoesl of the accreting material are distinctly
non-solar. Though abundance analyses of the systems thiéitesuperbursts currently do not exist, Bowen
fluorescence blend profiles of 4U 1636-536 and Ser X-1 sudhasthe mass donor stars may indeed have
non-solar CNO metallicities. More detailed abundanceyeses of the accreting matter in systems that exhibit
superbursts are needed to verify our assertion that thenigtich in CNO elements.

Subject headings: dense matter — nuclear reactions, nucleosynthesis, aboesla— stars: neutron — X-rays:
binaries — X-rays: bursts

1. INTRODUCTION Brown|2004| Cooper & Narayan 2004, 2005; Cumming et al.
Superbursts are energetic thermonuclear flashes that oc%ogfi)' E?]chbof the?ehmodels reglljlres a carbon maﬁs fraction
cur on the surfaces of accreting neutron stars in low mass~ O-1 at thé base of the accreted layer to trigger a thermonu-

X-ray binaries. They are thought to be caused by unsta-clear instability. However, it is not understood why such a
ble carbon bljrning deep within the accreted layer. Su- large amount of carbon should exist deep within the ocean.

perbursts distinguish themselves from their hydrogen- andPrévious theoretical calculations of both steady-statirdry

. ; ; i inglL(Schatz etlal. 1999, 2003) and unstable
helium-burning Type | X-ray burst counterparts (which we re  9€n/helium burningi( : , i

fer to as “normal” bursts) by their 1000 times larger burst helium ignition (Schatz et al. 2001, 2003; Koike etlal. 2004;
energies and- 1000 times longer recurrence times (for re- \Moosley etall 2004 Fisker etlal. 2005) on the surface of an
views, seé Cummirig 2004: Strohmayer & Bild&ten 2005). As &Ccreting neutron star yield far too little carbon to igritsu-

of this writing, nine superbursts have been observed inrseve PErburst. Consequently, researchers who model supesburst

sources. Each of these superbursts has an integrated phdlust set the value of the carbon mass fraction at the base
ton flux of ~ 10" ergs and occurs in a system with an ac- of the accreted layer “by hand,” with little physical motiva

cretion rateM ~ 0.1-0.25Meqq WhereMegg denotes the Ed- tion. This is inadequate, since many superburst character-

- L | ; istics, such as the range of accretion rates in which super-
ﬂg‘v%ogetwlgggg\%%rjnzgf ).17Iic2>urwsr:1igﬁ rﬁl;rSSta%agiggiﬁ)snbursts occur(Cumming & Bildsten 2001; Cooper & Narayan

. : — 2005;Cumming et al. 2005) and the amount of energy re-
rate M ~ 0.8Mgqq (In't Zand et al.l 20044,b). Very recently, > : . :
Remillard et al. [(200%a) arid Kuulkeis (2005) have observedIeased by neutrinos during a superburst (Cumming & Bildsten

two likely superbursts in the systems 4U 1608-522 and 4U 2001, Sftrohmayerf&hBrowg <UD, Cufmml_ng e.i.ﬁl' 2005), are
0614+091. The paucity of observational data makes the#recurztroqg ur(}ctl|ons % ¢ felf:ar (l)fn mas_st ra(t:tlo?_.l th us, no sup;)r
; pos : urst model can be fully self-consistent until the process
;?J';Ce?gglseé ﬂ;ilépbeggﬁ rgéssg'rtf/gg I\fvti?h?nef;n;g]aer'st?r%l:ﬁ?gg SySwhi_ch the carbon fuel survives both stable and unstable-burn
tem 4U 1636-53€6 (Wijnanidls 2001; Strohmayer & Markwardt ing is understood. , .
2002 {Kuulkers et AL, 2004). A Asbof thlsb ertlng, eﬁ%h system ||r]|_ whltihxa sugerburst
Theoretical studies of superbursts have been rather sitcces as been observed exhibits normal Type | X-ray bursts as

ful at reproducing the general observational characiesist well (Kuulker5l2004; in't Zand etal. 2004a). The normal

such as the energetics, recurrence times, and absence of SByrsts these systems exhibit differ remarkably from the nor

berbursts in systgms V\'lith accretion rateé bekovd. 1M mal bursts of systems that accrete at similar rates and from
-IMEgqqd i i

(Cumming & Bildsteh [2001:_Strohmayer & Browh 2002: which no superbursts have been observed. First, the average

e-folding decay times are smaller than those of normal burst

in_cvetame that dn nnt Avhihit oo
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system that has exhibited a superbuest: 1000, wheren from the companion star. We tre&gnoout aS a free parame-
is defined as the ratio of the energy released between normaier.

bursts to the energy released during a normal burst. This is

significantly greater than the-values of most systems with 2.1. Thermal and Hydrostatic Sructure of the Crust

similar accretion rates and in which no superbursts have bee 14 .aiculate the equilibrium configuration of the neutron

detected (Kuulkers etal. 2002b;in’t Zand e al. 2003.2904b - 15 ¢yt we use the theoretical modelof Cooper & Natayan
For systems with high accretion rates and in which the ac- 5548) \ith two modifications. To calculate the inner tem-

creted matter is predominantly hydrogen, Narayan & Heyl o a4ire boundary condition at the crust-core interfae, t

§r210'?t2 founfd ”:at noggwalll bu(;StS. OC(;:[E)I’ inta’,u?iqtjhe regime o thors assume that the core emits neutrinos via either-modi
at they reier (0 as "aelayed mixed bursts.” In these SYS-fiaq yrca (mUrca) reactions or pionic reactions. They use the
tems, a large fraction of the hydrogen and helium fuel bums o ing Juminosities fror Shapiro & TeukolsKy (1983) and
stably before the full thermal instability is triggered. i8h  yharepy determine the core temperature. The core tempera-
stable burning explains the observations.of van Paradak et s resulting from these neutrino luminosities arg x 108
(19884) and_Cornelisse ef dl. (2003) who found that, for sys-, 44~ 2 « 107 K respectively. However, if baryons ex-
tems that accrete at a high rate and exhibit such Type | X-igt in the core, they are probably superfluid at high densi-
ray bursts, the quantity rises dramatically to values 1000.  tieq' [Baym et AI[ 1969). Baryon superfluidity greatly sup-
Cooper & NarayzanL(2005) hypothesized that delayed mixed ) oqqes”neutrino emission via mUrca reactions and there-
bursts may be the source of the substantial amount of carbor; .o (aises the core temperatuire (Yakovlev et al. 199912001

fuel needed to trigger a superburst in systems for which thezoviey & Pethick 5004). Thus, when we model the effects

accreted material is predominantly hydrogen. Howewer Py ; e
' of baryon superfluidity, we set the neutrino luminosity to be
values of the delayed bursts|of Narayan & Heyl (2003) reach y P ¥ y

~ 1000 only if M ~ 0.3Mggq. For M ~ 0.1Mgqqg, roughly o aom [ T®

the lowest accretion rate at which delayed mixed bursts oc- L, =(20x 10%ergss v (m) : 1)

cur, they finda < 100. The lowa-values forM ~ 0.1Mggq ©

are consistent with the results of previous and subsequent u Wheremis the interior gravitational mass afdis the proper

stable helium ignition studies, all of which yield a negfilgi temperature, both evaluated at the crust-core interfatee T

amount of carbon. As of yet, no model has reproduced thecore temperatures resulting from this neutrino luminoaity

observed characteristics of normal bursts from systents tha~ 6x 10° K. Note that we set the coefficientbf not to corre-

exhibit superbursts. spond to any specific emissivity model, but rather to produce
Any successful theoretical model of the low mass X-ray core temperatures in the desired range.

binaries considered in this paper must reproduce the fellow [Cooper & Narayan (2005) define the free param€teas

ing four phenomena that are unique to these systems. Firstthe fraction of hydrogen and helium that ultimately burns to

it must reproduce superbursts with energies and recurrencg€arbon. This parameter enables the authors to set the value

times that are consistent with observations. Second, aucle of Zcnopase the mass fraction of carbon at the base of the

burning in the oceans must produce sufficient amounts ofaccreted layer, such that

carbon, and the carbon must survive until a superburst ig- _

nites. Third, delayed normal bursts with> 1000 must occur. Zenopase= Zenoout+ Ci(Xout + You)- (2)

Fourth, the normal bursts that occur must have unusuall sho The value ofC; should affect not only the carbon yield, but
durations. Previous authors have made significant progress also the amount of energy generated within the crust, be-
the first phenomenon, but none has successfully addressed thcause the total energy released per unit mass when helium
latter three. In this investigation, we construct modetg #t-  is burned ultimately to iron peak elements is greater than th
tempt to explain all four phenomena. We begin lh 82 with energy released when helium is burned only to carbon. To
a description of our theoretical model. | §3 we discuss the account for the additional energy generation, we inc]ﬁde

physical (_:onditions under WhICh sufficient amounts of carbo in the energy conservation equation_ Thus, equation (6) of
may survive long enough to ultimately fuel a superburst. We [Cooper & Narayar (2005) becomes

discuss the results of our model ifl 84, and we compare our

results to those of previous theoretical studies[ih 85. [In §6 e_ch/czi F_r2e2¢>/c2 =Td_S_
we compare our results with observations. Our model pre- on\ R dt
dicts that the matter accreted onto the surface of the neutro
star must be rich in CNO in order for superbursts to occur. +l1s ES (1-C) et e
We discuss the observational evidence that such an overabun €H Er CHeTECTENTEv |-
dance exists in@7, and we conclude with a summar{lin §8. 3)
2. THE MODEL

In this investigation, we assume that matter accretes spher 2.2. Nucleosynthesisin the Accreted Layer

ically onto a neutron star of gravitational magsand areal The thermal and hydrostatic structure model described

radiusR at a rateM, whereM is the rest mass accreted per above is quite sophisticated, approaching the stateesfth
unit time as measured by an observer at infinity. We set theof such one-dimensional models. Its nuclear reaction net-
hydrogen and heavy element composition of the accreted matwork, however, is quite simplistic, since it includes réait

ter to be that of the Sun, such that at the stellar surface therates only for hydrogen, helium, and carbon burning. The hot
hydrogen mass fractiak,: = 0.7 and the heavy element frac- nuclear flow through stable thermonuclear burning on the sur
tion Z,, = 0.004, wheréeZ refers to all metals other than CNO. face of an accreting neutron star almost certainly prodaces
We set the helium mass fractiofhy: = 1 — Xout— Zout— ZcNo,outs wide assortment of different isotopes through hydrogen and
whereZcnoout iS the mass fraction of CNO elements accreted triple-o reactions, rp- andp-processes, and-captures. To
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calculate the detailed nuclear flow due to stable thermonu-AY is the thickness (mass per unit area) of a thin spherical
clear burning, we consider a large number of isotopes on ei-shell and>. is the mass accretion rate per unit area. However,
ther side of the stability line. Our nuclear reaction networ we restrict the fractional change in the abundance of each
contains 255 nuclear species ugiGe and all of the possible specied to be less thad, which we have set t0.05 for our
reactions between the various isotopes. Stable burnifgeat t calculations. Specifically, for each spediesich that its mass
sub-Eddington accretion rates we consider in this invastig fractionX; > 102, we requireAt < §min[X; /(dX;/dt)]. Note

tion produces negligible abundances of isotopes with atomi that the fractional change in the abundance of each species
weights larger than 72 (e.g._Schatz el al. 1999), so the $ize owith a nontrivial mass fraction is always much less tha350

our network is adequate for our purposes. Lists of the ma-Nonetheless, we have performed calculations for valués of
jor nuclear reactions that may take place in the flow are givenpoth somewhat greater than and much less th@s, @nd we

in previous work (e.g..Clayton 1983; Lang 1999). In our nu- have obtained the same results. Therefore, any error in our
cleosynthesis code, we use the reaction ratés of Fowler et alresults due to our choice of stepsize is negligible compared
(1975) but include the updated rates lof Wagonerlet al.to that due to the uncertainties in the reaction cross setio

(1967), LEuller et £1. [(1980,_1982a,b), Thielemann _(1980), We have verified that our nuclear reaction network conserves
Wallace & Woosley (1981), and Harris ef al. (1983). Each mass to within one partin £0

of our reaction rates has been updated and is current up _
to the year 1996 or later (F.-K. Thielemann 1996, private 2.3. Carbon Abundancein the Accreted Layer
communication). The code has been successfully used by To calculate the mass fraction of carbon that exists at the
one of us in previous studies of thermonuclear reactionspase of the accreted layer, we proceed as follows. First, we
in_hot accretion discs_(Chakrabarti & Mukhopadhyay 1999; calculate the equilibrium configuration of the neutron star
Mukhopadhyay & Chakrabarti 2000, 2001). Therefore, we crust as described i 82.1. To perform this calculation, we
are confident that this code is applicable to our present in-choose an arbitrary value for the carbon mass fraction at the
vestigation. base of the layer. This value will be refined later. Second,
The nuclear reaction network, which is a set of coupled dif- we use this equilibrium configuration in our nucleosynthesi
ferential equations, is linearized and evolved in time glon model to calculate the true carbon mass fraction at the base
the thermal and hydrostatic structure of the ocean derivedof the layer. In general, this value will be different thaatth
from the model described if82.1. This well-proven method used to determine the equilibrium configuration. Therefore
is widely used in the literature (e.g. Arnett & Truran 1969; we repeat this two-step process, but we use the refined car-
Woosley et al.. 1973| Mukhopadhyay & Chakrabarti 2000). bon mass fraction derived from our nucleosynthesis code to
Here, we briefly outline how we time-evolve the isotopic calculate the equilibrium configuration. We iterate this-pr
abundances. For simplicity, we consider only four iso- cess until successive values of the carbon mass fraction de-
topes and only three reactioni$i(p,3*)D, D(D,7)*He, and  termined from our nucleosynthesis model agree to sufficient
2*He(,y)*C, although, in our actual calculations, we use accuracy. This process converges rapidly, and the value to
255 isotopes and all of the possible reactions betweendhe is which it converges is completely insensitive to the value of
topes as mentioned above. Neglecting any backward reacour initial guess. As an example of a typical convergence,
tions, the corresponding rate equations can be expressed as the carbon mass fraction after each iteration for a pagicul

Xy A4 0 00 Xu calculation, starting with an initial guess of2Q is 052709,
d [ % Ay =Ap O O X0 0.56132, 056477, 056521, and (66531. After we have de-
gl Xel =1 0 M —MueO Xue | (4) termined the carbon mass fraction, we conduct the full dloba
Xc 0 0 MO Xe linear stability analysis af Cooper & Narayan (2005) to dete

_ . mine whether a superburst will occur, assuming that all ef th
where the various’s andX’s are the reaction rates and mass carbon produced via stable burning has survived (Eke §3).

fractions of the isotopes, respectively. The above eqnato The reader should note that we do not couple the nuclear

be written as energy generation rates of our reaction network directiy in
dv the energy conservation equatigh (3). In general, the ontr
ot =Av. (5) butions from hydrogen and helium burning dominate the total

L . . . ... nuclear energy generation rate, and we calculate these con-
If A is diagnolizable, we can solve this equation by finding yjptions in equation[3) to high accuracy. Nevertheléss,
the four eigenvalues; and four eigenvectors of A. V() IS gngyre the internal consistency of our method, we have per-
then a linear combination of the eigenvectors such that formed calculations in which the energy generation rates of
v(t) = ZAieAitui (6) our reaction ryetwork are coup!ed into equatibh (3), gnd we
i ’ find that the differences in the final carbon mass fractioas ar

) . i insignificant.

where one determines the constant coefficigqtsy setting
v(0) = v, the initial elemental abundance. Note that this 3. SURVIVAL OF THE CARBON FUEL
method is correct only if the individual nuclear lifetimesa Helium fusion via the triplex reaction produces most of the
constant. In our actual computational code, we include 255carbon fuel that eventually triggers a superburst. Unaerta
isotopes, sa\ is a 255x 255 matrix with 255 eigenvalues and ties in the carbon abundance deep within the accreted layer |
255 eigenvectors, and thusuns from 1 to 255. not in carbon’s production, but in its survival. To ultimigte

To evolve the composition of the entire layer in time, we become fuel for a superburst, carbon must survive both the
perform this procedure at each timestep. The reaction ratestable burning that produces it and the unstable burning dur
are in general functions of the temperature, density, anttco ing normal Type | X-ray bursts that potentially consumes it.
position, and therefore they must be recalculated at each 3.1. Survival During Stable Burning

timestep. Normally, we set the timestéyp = AE/S, where
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The rapid proton (rp) processlof Wallace & Woosley (1981) 2003; [Koike et al._2004]_Woosley etial._2004;_Fisker et al.
is the primary culprit in the destruction dfC. If hydro- 2005). | Cooper & Narayan (2005) speculate that delayed
gen is present, hydrogen will burn via the hot CNO cy- bursts, which are bursts ‘that are triggered after a longgeri
cle (Hovle & Fowlerl 1965). During the hot CNO cycle, es- of stable burning has occurred and thus result in extremely
sentially all of the CNO elements will be processed into high a-values, will leave most of the thick layer of carbon
140 and '°0. For the sub-Eddington accretion rates con- that exists below the ignition region intact. Presumalig, t
sidered in this paper, the dominant breakout reaction fromincrease in temperature due to hydrogen and helium burn-
the hot CNO cycle into the rp-process 180(a, +)*°Ne ing in the delayed burst is insufficient to ignite most of the
(Wallace & Woosleyl 1981| Schatz ef al._1999; Fisker et al. carbon that exists deep in the ocean. Although we are cur-
2004). It is possible fot°Ne to return to the hot CNO cycle rently unable to either confirm or refute this assertion, we
by the series of reactiod8Ne(3*v)*°F(p, a)®O0(p, v)'F(p, note that observations do imply that a sufficient amount of ca
7)*Ne(B3*v)F(p, 2)°0, but if1°Ne captures a proton by the  bon does indeed survive delayed burists (in't Zand et al/R003
reaction'®Ne(p, 7)*°Na, the ion can never return to the CNO Moosley et al.[(2004) show that the ashes of a given normal
cycle (Wallace & Wooslél 1981). Thereforel% ion that is burst are reprocessed in subsequent bursts. This “composi-
either accreted from the companion star or produced from thetional inertia” may destroy some fraction of the carbon that

triple-a reaction will not survive if it is both converted 60 a given burst leaves intact. However, Woosley étlal. (2004)
in the hot CNO cycle and removed from the hot CNO cycle find that the effects of compositional inertia are diminighe
via breakout reactions. if the CNO abundance of the accreted material is high or if

For the relatively high accretion luminosities consideired  the burst recurrence time is long, both of which apply for the
this investigation, the rate at which hydrogen burns is get b models we will suggest later ifil84. Unfortunately, no dethil
the 3-decay timescales 8fO and'®0, and therefore the rate  time-dependent studies of the delayed bursts observedse th
is both temperature- and density-independent. The hydro-systems have been carried out as of this writing. Therefore,
gen nuclear energy generation rate for the hot CNO cycle isour speculation that a large fraction of the carbon produced
en = 6 x 10Zcno ergsgts™ (Hoyle & Fowlel[1965). The  via stable burning will survive delayed bursts must be itives
column depth (mass per unit area) at which hydrogen burnsgated further. For the purposes of this work, we assume that,

out, >y, is thus if carbon is produced via stable burning, it will be destrdye
if a normal prompt burst ignites (for which < 100), and it
Yy ~ EXOU‘ H ~ (2 x 1100 S)ZCX.A’ (7) will survive if either a normal delayed burst ignites (for st
€H NO,out « > 100) or the system is stable to normal bursts.

whereY: is the mass accretion rate per unit area &idis 4. RESULTS

Lhe togallnuclear elznﬂe1rgy rleleasgd {Jher tunrl1t' Tffs dOf hydl;ogen We have constructed a total of 144 different models to deter-
burned. ng%r:era, € column t_ep at Which nydrogen buMSmine the conditions under which accreting neutron stars bot
Increases with Incréasing accretion rate. produce and preserve sufficient amounts of carbon to trigger

_In contrast, the rate at which helium burns is very sensi- g\, rsts. We choose four different stellar areal reiize
tive to both temperature and density. The temperaturesof th yiterant core neutrino emission mechanisms, and thréerelif

envelope and ocean of an 6!00“9“”9 neutron star typically in ent conductive opacity prescriptions, which likely bradke
crease as the accretion rate increases. Consequentlpicea true radii, core neutrino emissivities, ’and conductiveoiEs
column of helium, the column depth at which helium bums ¢ o\ 4ron stars found in nature. See Table 1 for a list ofehes
decreases with increasing accretion rate. This statereent r parameters. The column “CoreEmissivity” describes the
garding the depth_at Wh.'Ch helium burns is not strictly true heutrino em.ission mechanism in the core, where “hot mUrca”
for a hydrogen/helium mixture because the hydrogen burningyefers 1o a stellar core that cools via mUrca reactions sup-

V\{llllI stei'%dlly add helium to the matter, but the general idea i pressed by baryon superfluidity (sd&$2.1), “mUrca™ refers
S Ilf Val' ' t of carbon is t . isod f st to a core that cools via mUrca reactions, and “Pion” refers to
a largeé amount of carbon 1S 10 SUVIVE €pIS0Ues 01 Sta- 5 e that cools via pionic reactions. The colun@¥ te-

ble burning to eventually trigger a superburst, most of the g jpes the conductive opacity of the crust. For this column
accreted hydrogen must burn via the hot CNO cycle before“5_2,, and “100” refer to neutron stars with inner crusts that

h.ellum.starts to _burn._ If this occurs, then the carbon preduc have formed ordered crystal lattices and which have impurit
via helium burning will not be processed inteO and leave arameter value5s (Itoh & Kohyalha 1993; Bréwn 2000).6f 5
the CNO cycle through rp-process breakout reactions. S'ncepnd 100, respectively, and “disordered” refers to a nevgtan
the delpth at which hydrogen burns Increases with INCreasingiy, o completely dléordered crust. See Brbwn (2004) and
accretion rate, and the depth at which helium burns decseases,nar 2 Naravan (2005) for details regarding these param-

o e asioe oot st bt o et and thef cfcts upon superbursts chaacteri
. 1 - . - tionally, we choose four different values H¢noout, the mass
tion rates|(Schatz etll. 1969, 2003). Figilre 1 illustrates t fractio)r; of CNO elements accreted from the companion star.
trend. A superburst will occur if a large amount of carbon deep
) . . within the ocean undergoes unstable thermonuclear fukion.
3.2. Survival During Unstable Burning this investigation, we say that a superburst occurs if thieara
Any carbon that survives stable burning must also with- produced by stable helium burning survives (sE€l83.1) and
stand unstable burning in normal Type | bursts if the car- the resulting carbon-rich accreted column is unstableraeco
bon is to ultimately become fuel for a superburst. Pre- ing to the general-relativistic global linear stabilitysdysis of
vious time-dependent models of normal prompt bursts, foriCooper & Narayan (2005). For definiteness, we use the crite-
which « < 100, imply that essentially no carbon will survive rion that the carbon yield derived from our nucleosynthesis
unstable hydrogen and helium burning (Schatz let al. 12001,model will not survive if a normal burst occurs with< 500.
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FiG. 1.—1H, “He, and'2C mass fractions in the accreted column due to stable bufairtgvo neutron stars with different accretion ratéé= 0.1Mgqq for
Figure (a) andM = 0.3Mgqq for Figure (b). Any*2C accreted from the companion star is depleted whtébegins to burn becauséC is processed int4*O and
150 during the hot CNO cycle. Fovl = 0.1Mgqq, *H burns out before most of tHHe has started to burn, so much of ##€ produced via triplex reactions
survives. FoM = 0.3Mgqq, *H and*He burn simultaneously, so thé&C produced via triplex reactions is lost due to CNO cycle breakout reactions.

This cutoff value is close to that of the superbursting syste B is meaningless, however, if prompt normal bursts occur at
with the smallesty-value, 4U 1636-536, for which ~ 440 thatl,c.. We plot thea-values of normal bursts as a function
(in't zand et al.. 2004b). The precise value of this cutoff is of accretion rate for nine neutron stars with different cand
unimportant for the final results. tive opacities and core neutrino emissivities in Fiddre 8 a
_ with four different stellar areal radii in Figufd 3b. To per-
4.1. Results for Zenoout = Zenoo form these normal burst calculations, Weguse the mod%l de-
For the relatively high accretion rates at which superisurst scribed by Remillard et I (2005b) tailored for persistent
occur, the envelope and ocean of the neutron star are tHgrmal cretors, which is a slightly modified version of the model of
insulated from the inner crust and core, and so the thermalCooper & Narayan (2005). Like the carbon yield due to sta-
profile of the ocean depends primarily on the accretion rateple burning depends weakly on the thermal structure of the
(Cooper & Narayan 2005). Consequently, the carbon yield crust and core, but it is quite sensitive to the stellar radiu
resulting from stable hydrogen and helium burning is rather For theR = 10.4 km models shown in Figuld 3a, no normal
insensitive to both the conductive opacity of the crust and pursts occur fotaec = 0.3. Delayed mixed bursts occur for
neutrino emission mechanism of the core, but it is quite sen-Q.2 < lace < 0.3, prompt bursts occur for.05 < laec < 0.2,

sitive to the accretion rate. We plot th&C mass fractionasa  and delayed helium bursts occur fgg. < 0.05 (for details on
function of accretion rate for nine neutron stars with difet the various bursting regimes, dee Narayan & Hieyl P003).

conductive opacities and core neutrino emissivities irufég We list the range of accretion rates in which superbursts
Pa. The parametéscc= M/Mgqqis the accretion rate normal-  occur for each model in Table 1. No superbursts occur
ized to the Eddington limit, whefdggq = 4TGM(1+2) /Czres at any accretion rate for any of the 36 models for which

z=(1-2GM/Rc?) Y2 -1 is the gravitational redshift, and ZcNoout = Zenoe, WhereZenoe = 0.016. For the high ac-
Kes= 0.4 ci?g™L. At lower accretion rates, most of the hy- cretion rates at which either>> 100 or normal bursts do not

drogen burns before the helium ignites, so the carbon pro-0Ccur. stable burning produces a negligible amount of garbo
duced via stable helium burning survives. As the accretioni" @greement with Schatz_ etial. (1999, 2003). kes~0.1,
rate increases, the hydrogen and helium ignition regioes-oy  Promptbursts destroy any carbon produced via stable byrrnin
lap, so the carbon produced via stable helium burning will (Schaiz eLél 29()1: 2003; Koike e al. 2004; Woosley st al.
be processed into oxygen during the hot CNO cycle, and the2004: Eisker etal. 2005). At still lowde, the carbon may
oxygen will be removed from the hot CNO cycle via breakout SUTVive the delayed bursts, but the carbon that remains will

reactions (see’&3.1). Therefore, the carbon yield subatgnt ~ PUrn stably (Cumming & Bildsteh 2001 Cooper & Narayan
decreases( with incr)easing accretion rate. y tiyn 2005; Cumming et al. 2005) and no superburst will occur. In-

Unlike the conductive opacity and core neutrino emissiv- Créasing the radius does not raise the probability that arsup
ity, the stellar radius significantly affects the carbongitr burst will occur. Though increasing the radius will increas
a givenlae as illustrated in FigurEl2b. There are two rea- the carbon yield due to stable burning, it will also increase
sons for this. First, the accretion rate per unit afdia lower the limiting accretion rate above which delayed mixed kaurst

for a larger radius. s&y, the column depth at which hydro- ]E)ccur. These results hold for adynoout < Zenoe as well,

o - - or decreasin@cnoout Will both lower the carbon yield and
gen burns, decreases with increasing radius. Second, te de extend the range of accretion rates over which prompt normal
sity and temperature at a given column deYitare generally 9 promp

; : bursts occur.

lower for a larger radius, so the column depth at which he-
lium burns increases with increasing radius. The comtonati Results f
of these two effects implies that helium is more likely totur 4.2. Resultsfor Zenoout > Zenoo
in a hydrogen-deficient medium if the stellar radius is large ~ As mentioned in E3]1, carbon will survive to ultimately
Therefore, stable burning on neutron stars with largeri radi trigger a superburst only if the stable helium burning that
will yield more carbon fuel. produces it takes place in a hydrogen-deficient environment

The derived carbon yield for a givdg.c shown in Figure  Thus, the column depth at which the accreted hydrogen burns,
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FiG. 2.—12C mass fraction at the the base of the accreted column duaktte $turning as a function of accretion rate. The paranigieis the accretion rate
normalized to the Eddington limit. Figure (a) shows 8€ mass fractions deep within the accreted layer of &n neutron stars Witdcno out = Zeno, for

each of the nine thermal structure models. Figure (b) shb4?C mass fractions of neutron stars WHBNO out = ZcNo,o» Q = 5.2 below the accreted layer,
and with cores that emit neutrinos via mUrca reactions far thfferent radii.
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FiG. 3.—a-values of normal bursts as a function of accretion rateurféiga) showsy-values of 104 km neutron stars witdcno,out = Zeno,o for each of the

nine thermal structure models. Figure (b) shawsalues of neutron stars witficno,out = Zeno,e, Q = 5.2 below the accreted layer, and with cores that emit
neutrinos via mUrca reactions for four different radii.

34, must be less than the column depth at which helium burns 1 — ‘ ‘ ‘ ‘ ‘ :

to provide enough fuel for a superburst. According to equa-

tion [@), Xy is inversely proportional t&cnoeuts SO if the 08 il
accreted matter is rich in CNO elements, hydrogen is more s

likely to burn out before helium ignites. Therefore, more of S o6 |
the carbon produced via stable helium burning should sarviv .

Figurel? illustrates this effect of the CNO mass fractiornef t 2

accreted matter on the carbon yield. We emphasize thatthe in 5 04 |
dividual mass fractions of the accreted carbon, nitroged, a !

oxygen are unimportant. Since the accreted CNO ions are 0.2 1
simply catalysts for hydrogen burning, it is only the sum of

the three individual mass fractions that matters. 0 — : : : :

As in §271, the derived carbon yield for a giviag.is mean- 14121 lf'f(’l )'0'6 0402 0
ingless if prompt normal bursts occur at thg. We plot 9lacs
the a-values of normal bursts for four neutron stars with dif- Fi!G. 4.— 12C mass fraction at the the base of the accreted column due

; ; to stable burning as a function of accretion rate for foufedént values of
ferent CNO abundances of the accreted matter in Flﬁhre 5'ZCNo,out, the mass fraction of CNO elements in the accreted mater10.4

Evidently, increasing’cno out affects normal bursts in several  m Q=52 below the accreted layer, and the stellar core is assumemito
ways. First, it lowers the critical accretion rate aboveabhi  neutrinos via mUrca reactions.

normal bursts do not occur. Hydrogen burning is alwgys

limited at the accretion rates considered in this artidegrdy

unstable helium burning triggers normal bursts. The helium o ) — ‘ )

nuclear energy generation ratg. monotonically increases  Sufficiently high temperatures (Bildsien 1998). Since -t
with temperature, but the temperature sensitivity deegas Perature ofthe ocean increases with accretionrate, thists e
as temperature increases. In other wonﬂ%tHe/aTz <0 a critical accretion rate above which normal bursts do net oc

(Eushiki & Lamb[1987). Therefore, helium burns stably at cur. The increased hydrogen nuclear energy generation rate
due to the CNO enhancement raises the temperature of the
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TABLE 1
RESULTS

M /Mgqgq Range for Superbursts fdeno,out =

R Corev Q Zcnoo  2Zenoe  3Zenoe 4Zcnoo?
(km)  Emissivity

8.2 hotmuUrca 2

8.2 hot mUrca 100 0.04-006 0.04-008

82 hotmUrca disordereg 0.03-007 003-010

82 mUrca 52 0.05-007 003-009

8.2 mUrca 100 0.03-007 003-011

82 mUrca disordered 0.03-007 003-013

8.2 Pion 52 0.03-007 003-006

82 Pion 100 0.03-007 003-011

82 Pion disordered 0.03-007 003-014

104 hot mUrca 2 0.04-005 006-009 007-013

104 hot mUrca 100 0.03-005 006-009 007-013

104 hotmUrca disordereg 0.03-005 006-009 007-013

104 mUrca 52 0.03-005 006-009 007-013

104 mUrca 100 0.03-005 006-009 007-013

104 mUrca disordered 0.03-005 006-009 007-013

104 Pion 52 0.03-005 006-009 007-013

104 Pion 100 0.03-005 006-009 007-013

104 Pion disordered 0.03-005 006-009 007-013

131 hot mUrca P 0.10-018, 022
131 hot mUrca 100 0.10-018, 022
131 hotmUrca disordereg 0.10-018, 022
131 mUrca 52 0.10-018, 022-0.25
131 mUrca 100 0.10-018, 022
131 mUrca disordered 0.10-018, 022
131 Pion 52 0.10-018, 022-0.25
131 Pion 100 0.10-018, 022-025
131 Pion disordered 0.10-018, 022-025
165 hot mUrca P 0.04-007, 014-032
165 hot mUrca 100 0.04-007, 014-032
16,5 hotmUrca disordereg 0.04-007, 014-032
16.5 mUrca 52 0.04-007, 014-032
165 mUrca 100 0.04-007, 014-032
165 mUrca disordered 0.04-007, 014-032
165 Pion 52 0.04-007, 014-032
165 Pion 100 0.04-007, 014-032
165 Pion disordered 0.04-007, 014-032

afFor some models, superbursts occur over two distinct rasigés Meqq separated by a stable
zone. BothM /Mgqq ranges are given in these cases.

ocean, so helium is more likely to burn in a stable fashion, re
sulting in a lower critical accretion rate. Second, thgalues 1000 ¢
of normal bursts are generally higher. Just below the criti-
cal accretion rate, the normal bursts that occur are “mixed”
bursts, meaning that the bursts consume substantial asount
of both hydrogen and helium. Sin¢&, is lower, a larger
fraction of the hydrogen burns before helium ignites urgtab
which means that less hydrogen is consumed during the burst.
This results in a highet. Third, the region of delayed helium
bursts is curtailed, and a range of accretion rates exitsvbe
this region in which normal bursts do not occur. Again, this
is due to the increased temperature of the ocean due to the : : : :
intensified hydrogen energy generation rate. 14 A2 -1 08 06 04 02 0

We list the ranges of accretion rates at which superbursts 100(lacc) . .
are triggered foZenoau = 2Zoo.o. Honow, and Lonoo G & alues of ormal burte s a funcdon ofaccretion ratedor
in Table 1. We find that an enhancement of the CNO abun'and the stellar core is assumed to emit neutrinos via mUegzioas.
dance in the accreted matter will allow for superbursts to oc
cur in certain ranges of accretion rates. The qua@iékyo out
is unique in that it is the only free parameter that will both

increase the carbon yield due to stable burning at a given ac- . .
cretion rate and decrease the range of accretion rates e whi enhancement of the CNO abundance in the accreted matter is

prompt normal bursts occur. Therefore, we suggest that ar Prérequisite for superbursts to occur in systems thaetecr
predominantly hydrogen.

100




5. COMPARISON WITH PREVIOUS THEORETICAL STUDIES 0.8
As noted in EZN, our conclusion that neutron stars that 07
accrete material witlcnoout S Zeno,e Will not exhibit su- 06 |
perbursts in consistent with the results of previous thigore 5
cal investigations. However, a comparison between Figare 2 g 057
of this work and Figure 2 of Schatz ef al. (2003) illustrates L o04t
that a discrepancy exists between the mass fraction of car- § 03|
bon that survives stable burning as a function of accretita r T
that we calculate and the same quaritity Schatzlet al. (2003) 02t
derive. While both groups find that the carbon mass frac- 01l
tion ~ 0.3 atl,.c = 0.1 (the lowest accretion rate they con- T T, \ T
sider),.Schatz et all (2003) find that the mass fractidh 08 0 s 4 5 6 7 8 o 10
at locc = 0.3, while our calculations imply that a negligible log[= (g cm )]

amount of carbon will survive at this accretion rate. Gener- F 1 . L

. - . IG. 6.— *H mass fraction profiles in the accreted column due to sta-
a.llly speaklng, It appears that the r.eSUItmg .Carbon mass fra ble burning atM = 0.3Mgqq for all possible combinations of the most re-
tion is more sensitive to the accretion rate in our model than cen150(4,+)19Ne and4O(a, p)7F reaction rates. The bottommost profile,
it is in the model of Schatz etial. (2003). In particular, F&u  wherelH is depleted at ~ 1078 gcnt2, is the result of a calculation in
b illustrates that the hydrogen mass fraction plateaus@to  which we artificially lowered both reaction rates by a faarL0 and 100,
¥ ~ 10° gcni? in our model, whereas no such plateau exists respectively.
in the model of Schatz etlal. (2003). In this section we discus
our efforts to resolve this discrepancy.

One difference between the two models is that ours is
general-relativistic, while theirs is Newtonian. Consedily,
the gravitational acceleration in our model is greater.
though this will reduce the carbon yield somewhat, the ef-
fect is too small to account for such a large disparity. Fur-
thermore, we would expect that the larger gravitationatkcc

actions'®O(a, v)'°Ne and*O(a, p)'’F (Schatz et al. 1999;
Al- Eisker et all 2004). To investigate their effects, we repetat
the calculation shown in FiguEé 1b using all possible combi-
nations of the three most recefiO(a, 7)*°Ne rates and the
two most recent*O(«, p)'’F rates (J. L. Fisker 2005, pri-
vate communication). Figufd 6 shows the resulting hydrogen

eration would reduce the carbon yield at all accretion rates fracti fil The CNO breakout " tract
which means that the results of the two models should dis-ﬂgsgné?%?poﬂ?h'eeé}\l o ce cle caurseiﬁ (f[ﬁerﬁa;r(')onesn%ﬁ:ﬁ?
agree at all accretion rates. Thus, we deduce that the inclus = = 18 1 2 < sg s t ag reaté/r degth i
sion of general relativity in our model is not the source & th "9 - Aydrogen thus surviv 9 P, Wl
discrepancy reduces the carbon yield. Although the lowe®(a, v)'°Ne

Another difference between the two models is the treat- 210 "O(a, P)''F reaction rates curtail the plateau somewhat,
ment of the inner boundary condition. While we set the inner W€ find that none of the six possible reaction rate combina-

boundary condition at the crust-core interface, Schatkiet a tions eliminates the plateau entirely. Furthermore, athef
(2003) set it at the base of the burning layer. Therefore, Wef|nal carbonyields differ by less than a factor of 2. We areabl

have conducted experimental calculations in which we set ou Eﬁg%ng)?;’e tplegﬁggrnocgfg &lag;%l'*: ?ggiggnarr;'{écs'%ly ;ﬁggg?g
boundary condition near the base of the burning layer. We are 'Y LN ; y
unable to reproduce their resultsla = 0.3 for any reason- of 10 and 100, respectively. When_we do this, we find that the
able choice of boundary condition, and so we conclude thatcalrbon mass fractios 0.08 EI)”?CC_'O'&' tth hv th
the treatment of the inner boundary condition is not the sole . '1 SUmmary, we are unabe to pinpoint theé réason why the
cause of the discrepancy. final carbon yield due to stable burning at relatively high ac

: - d tion rates derived from our model differs from the yield
A potential deficiency in our model may be that we do not cret ‘
directly couple our reaction network into our energy comaer  d€rived by.Schatz et al. (2003). Fortunately, our generai co

tion equation. This could result in an inaccurate thermat pr clusions remain unchanged regardless of which model is a

- - ; : better description of the nuclear reactions that occur tuanea
file which would affect our carbon yield. As discussedling2.3 ; C ;
we have carried out calculations, specificallylat= 0.3, in for even if the model of Schatz etlal. (2003) is “correct,” we

which the nuclear energy generation rate of our reaction net still find that the mass donors in systems that exhibit super-
work s directly coupled into equatiof(3), and the final carb bursts must be evolved stars with enhanced CNO abundances

yield differs negligibly from our old result. Different raative in order to both generate sufficient amounts of carbon fugl an

opacity prescriptions would affect the thermal profile toot reproduce the observed characteristics of the normaldurst
we use the same prescriptionlas Schatzlef al. (2003), so the 6. COMPARISON WITH OBSERVATIONS

opacity is likely not an issue either. , L
A plausible explanation for the discrepancy which we are The nine superbursts that have been observed as of this writ-

not able to rule out is that some of the corresponding re- g, excluding those from the anomalous system GX 17+2,
actions rates in the two networks differ significantly. The occurred in systems with accretion rates between 10% and
two networks are of similar vintage, however, so we pre- 25% of the Eddington limit. The normal bursts that these

sume that none of the corresponding reaction rates disagreeSystéms exhibit differ in two ways from the normal bursts
considerably. Unfortunately, since we do not have access td" Other systems with similar accretion rates. First, the no
the network of_ Schatz etlall_(2003), we are unable to con-Mmal bursts are delayed bursts, with 1000 (Kuulkers et.al.
duct a detailed comparison. However, two particular reac-2002&;in’'t Zand et al. 2008, 2004b), whereas most systems
tions that would certainly affect the final carbon yield and @ccreting at these rates exhibit prompt bursts, with 100

the hydrogen mass fraction profile are the CNO breakout re-(van_Paradijs et al. 1988a; Narayan & Heyl 2003). Second,
the average durations of normal bursts that occur in these
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systems are shorter than those of normal bursts in systems
that do not exhibit superbursts (in't Zand eltial. 2003, 2)04b
Any successful theoretical model of superbursts must ke abl
to explain these facts. In this investigation, we concen-
trate on systems in which the accreted matter is predomi-
nantly hydrogen. This excludes the system 4U 1820-303, in
which the accreted matter is probably dominated by helium
(Strohmayer & Brown_2002;_Cumming 2003). It is likely
that the long periods of stable helium burning that takeelac
in the hydrogen-deficient ocean of this source produce large
amounts of carbon fuel for superbursts. We note, however,
that it is not understood theoretically why this system duzs
exhibit normal bursts during these periods, when the accre-
tion rate is near its maximurn (Bildsten 1905, 11998; Cumining
2003).

We begin by discussing the range of accretion rates in
which superbursts have been obsenlgd~ 0.1-0.25. From
Table 1, we require thafcnoout 2 4Zcno,e in order for a su-
perburst to occur in this rang&cno oyt iS the most important
parameter that determines whether a system in this range of
accretion rates will exhibit a superburst If the CNO mass
fraction of the accreted matter is low, we find that there is no minosity (se¢ Narayan & Heyl 2003). Figute 7 illustrates tha
scenario in which a sufficient amount of carbon fuel will sur- systems with a large CNO abundance in the accreted matter
vive to ultimately trigger a superburst. The second most im- will exhibit normal bursts with smaller durations. Againyro
portant parameter is the stellar areal radius. Althoughta ne models of normal bursts are consistent with observatiohs on
tron star with almost any plausible radius can exhibit a supe if the CNO abundance in the accreted matter in high.

IH+He (S)

-08 -06 -04 -02

10g(lacc)

FiG. 7.— Effective normal burst duration as a function of adorerate,
calculated by dividing the total burst energy by the Eddinguiminosity, for
four different values oZcnoout: R= 104 km, Q = 5.2 below the accreted
layer, and the stellar core is assumed to emit neutrinos Wecenreactions.
Note thatty++e decreases with increasigno,out for lace = 0.06.

-1.4  -12 -1 0

burst atl,cc = 0.1 given a sufficiently large value @cnoout,
neutron stars will not exhibit superburstslat =~ 0.2 unless
the radiusRk = 13 km. If all neutron stars are indeed rather
large, then our model predicts that superbursts will notiocc
in systems that accrete predominantly hydrogdg.if< 0.1,

Several of the systems hawuevalues that are even higher
than those plotted in Figufd 5. This could easily occur if
the systems have accretion rates close to a critical accre-
tion rate that separates stable burning and unstable lgurnin
(van Paradijs et al._1979). The systems 4U 1636-536, KS

in agreement with observations. Our model may also explain1731-260, Ser X-1, GX 3+1, and 4U 1735-444 all undergo
why superbursts are not observed in most low mass X-rayepisodes of irregular bursting behavior, which impliest tha

binaries withlacc = 0.3 (excluding the anomalous GX 17+2,
which we will discuss below).
Previous theoretical models of normal bursts all produce

they are accreting near such a critical rate (Lewin 2t al.4198
Muno et all 2000; Sztajno etlal. 1983; den Hartog &t al. 2003;
van Paradijs et al. 1988b). Previous theoretical models pre

prompt bursts dtcc~ 0.1, with o < 100. The results of these  dict that normal bursts will occur for all accretion rates be
models are inconsistent with the delayed bursts observed alow the critical rate above which helium burning is stable.
lacc= 0.1 from the systems 4U 1636-536, KS 1731-260, and [Narayan & Hey!(2003) find that the critical accretion rate is
4U 1254-690, in whichy ~ 440, 780, and 4800, respectively roughly 30% of the Eddington limit, which is consistent with
(in’t Zand et al.| 2003/ _2004b). These models usually as- observations (Cornelisse el al. 2003; Remillard Et al. #R05
sume thaZcnoout S Zeno,e- However| Tillett & MacDonald ~ Thus it is not surprising that Ser X-1, GX 3+1, and 4U 1735-
(1992) showed that theoretical models of normal bursts from 444 experience this irregular behavior, for their accretates
the superburster 4U 1636-536 are inconsistent with observaare close to this upper bound. What is surprising is that 4U
tions unless a significant amount of CNO exists in the ocean.1636-536 and KS 1731-260 experience irregular bursting be-
Figure[® shows that an enhancement of the CNO abundancéavior too, sincé.c..~ 0.1 for these two systems. This implies
in the accreted matter produces delayed burstg.at 0.1 that the range of accretion rates at which normal burstsroccu
that are consistent with observations. The systems Ser X-1js not continuous, for there exists a range of accretiorsrate
GX 3+1, and 4U 1735-444 have accretion raltgs~ 0.2, below lacc ~ 0.1 in which normal bursts do not occur. The
0.2, and 025 (Kuulkers 2004), and they exhibit normal bursts bursting behavior of KS 1731-260, which is a transient sys-
with « = 5800, 2100, and 4400, respectively (in’t Zand et al. tem, is particularly interesting._Muno et al. (2000) findttha
2003,12004b). FigurBl5 shows that delayed bursts occur atshort, photospheric radius expansion bursts occur at ligh a
these accretion rates only if the CNO abundance in the ac-cretion rates, wherke. ~ 0.1, and long bursts with no evi-
creted matter is high. Therefore, our theoretical models of dence of radius expansion occur at low accretion rates,avher
normal bursts are consistent with the observed delayedsburs [,..~ 0.01, but no bursts occur at intermediate accretion rates.
with « 2 1000 only if the CNO abundance in the accreted All of this is nicely reproduced in Figurds 5 aitl 7 for mod-
matter in notably greater than solar. els with CNO enhancement in the accreted matter. Shih et al.
The average decay times of normal bursts in all systems tha{200%) suggest that the accretion rate of 4U 1636-536 is cur-
exhibit superbursts are lower than the average decay timesently decreasing with time. Our models predict that in this
of normal bursts in systems that do not exhibit superburstssystem in the near future eitharwill rise or normal bursts
(in’'t Zand et al. 2003, 2004b). We plot the effective normal will cease altogether. This prediction should be testalile w
burst duratiorty.qe as a function of . in Figure, where  further observations.
th+re equals the energy released via hydrogen and helium The system GX 17+2, which has an accretion Fate= 0.8
burning during a normal burst divided by the Eddington lu- and exhibits normal bursts with ~ 1000 as well as super-
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bursts, is still a mystery to us. Though there is little dieg- fraction of the accreting matter. Enhanced CNO abundances
dence that the accretion rate is so high, in't Zand et al.44D0  have also been reported for the black-hole X-ray binary XTE
conclude with reasonable certainty that the accretionriosh J1118I(Haswell et al. 2002), and Jimenez-Garatel €t al. 2005
ity is always greater than 60% of the Eddington limit. If this report 4< (N/O)/(N/O)s < 9 in the high-mass X-ray bi-
is indeed true, then clearly the observations of GX 17+2 arenary Her X-1. Other possible, though perhaps less likely,
inconsistent with our results. Theoretical models prettiat avenues by which the mass donor stars can become CNO-
systems that accrete at this rate will show superburstsigive enriched include carbon accretion onto the donor star durin
a sufficient amount of carbon (Cumming & Bildsten 2001; the asymptotic giant branch phase of the neutron star pro-
Brown [2004; Cooper & Narayan 2005). However, it is not genitor (de Kool & Green 1995; Steinhardt & Sasselov 2005)
understood why so much carbon should survive or why nor- and ejecta capture from the supernova that begot the neutron
mal bursts should occur at such a high accretion rate. Westar (e.gllsraelian etlel. 1999). Not many abundance anal-
offer two possible explanations, neither of which is withou yses for X-ray binaries have been published, but it appears
issues. First, we find that a reduction of the radiative opac-that the accretion of CNO-enriched material occurs in a num-
ities by roughly an order of magnitude will produce delayed ber of compact binaries harboring evolved mass donor stars.
mixed bursts ak,c = 0.8 with o ~ 1000 and substantially in-  We note that that the soft X-ray transient 4U 1608-522, in
crease the carbon yield due to stable burning. GX 17+2 has avhich|Remillard et l.[(2005a) observed a likely superburst
magnetic field that is much stronger than those of typical low may contain an evolved secondary star (Wachterlet all 2002).
mass X-ray binaries (Kuulkers eflal. 2002a), and strong-inte  Unfortunately, abundance analyses for the systems that ex-
nal radial magnetic fields lower the radiative opacitieshef t  hibit superbursts have not yet been reported. The large num-
ocean|(Meszaris 1992; Larnb 2000). However, if an internalber of strong C, N, and O spectral lines in the UV regime
magnetic field were solely responsible for the opacity reduc make it the best window for such a study, but these analyses
tion, it would have to be- 10" G (van Rinef 1988), whereas are severely impeded by interstellar extinction at thoseswa
Wiinands et al.[(1996) derive an upper limit f5 x 10° G lengths. Strong H and He lines tend to dominate the opti-
for this system. Therefore, we think this explanationishhyg  cal spectroscopy, and the fact that these systems petkisten
unlikely. Second, we find that lowering the hydrogen mass accrete at A < I, < 0.25 hampers the study of the pho-
fraction of the accreted matteXy,, by a factor of~ 2 will tospheric composition of the donor star since the accretion
produce delayed mixed bursts lat;. =~ 0.8 with oo ~ 1000 light dominates. For such systems, the Bowen fluorescence
and substantially increase the carbon yield due to stable bu  blend near\4640-4660 A has proven to be a useful indirect
ing. This will lower the burst durations as well. This ex- probe of the mass donor star (Steeghs & Cadares 2002). This
planation is definitely plausible, for theoretical evoduti blend consists of several N components that are part of the
ary models of intermediate-mass X-ray binaries suggest tha Bowen fluorescence process, as well as nearby®es. Ir-
the secondaries will be hydrogen-poor (Podsiadlowskilet al radiation of the mass donor star leads to sharp and reselvabl
2002,2004). Though some of the normal bursts observed inemission components throughout this blend originatingnfro
GX 17+2 were quite short~ 10 seconds), most of the ob- its surface. This was first demonstrated in Sco X-1, where
served normal bursts were rather long10 minutes), which  the N and C components from the donor were detected at
implies that hydrogen was abundant in the ocean when thesimilar strengths (see Figure 1[in_Steeghs & Cakares 2002).
bursts occurrec_(Kahn & Grindley 1984; Tawara et al. 1984; [Hynes et dl.[(2004) report optical spectroscopy of the super
Sztajno et al. 1986; Kuulkers etial. 1997, 2002a). This issueburst source Ser X-1 and remark that only theiNines were
should be investigated further. detected in the Bowen emission blend, and nia @mission
was evident.|_Casares ef dl. (2004) present a compilation of
7. OBSERVATIONAL EVIDENCE OF CNO ENHANCEMENT Bowen blend profiles from a number of X-ray binaries includ-
Evidence that the accreted material in compact binaries caring the superburst sources V801 Ara (also known as 4U 1636-
have non-solar abundances is found in a variety of systems536) and V926 Sco (also known as 4U 1735-444). Again, in
For example, UV and X-ray spectroscopy of accreting white V801 Ara sharp components are detected from thie Bbm-
dwarfs has revealed anomalous N/C emission line ratiosin th ponents, but no sharpI@ components are evident. For V926
accreted material in a number of systems (e.g._Gansicke et alSco, a spectral feature coinciding with ondiCline is de-
20038;|Bonnet-Bidaud & Mouchet 2004;_ Ramsay et al. 2005, tected, but the secondIC line is not detected making it less
and references therein). Since the abundances of theiagcret clear-cut for this source.
material directly reflect the abundances of the mass doagrst ~ We remark that, since the N transitions are part of the
various evolutionary scenarios have been proposed toiexpla Bowen fluorescence process, whereas tH# @re not, this
these significant deviations from solar abundances. Givenblend cannot be used for guantitative abundance analysis.
that hydrogen-rich donor stars will produce CNO deep within However, the dominance of N over C in two of the three ob-
their cores, CNO processing as the mass donor star burns hyserved superburst systems is certainly suggestive thaicthe
drogen along its main sequence will naturally produce CNO- creting matter may indeed be CNO-enriched. A more detailed
enriched gas, with most of the C converted ifthl during abundance analysis of these systems could test whether the
the CNO cycle due to the long-decay timescale ofN. If composition of the accreting matter does in fact conform to
these products reach the surface, we may expect to see signithe expectations of our model calculations.
icant non-solar abundances in the accretion flow. For exam-
ple,[Thorstensen etlal. (2002) find an expectedN}) ~ 5-8 8. SUMMARY AND CONCLUSIONS
if the mass donor star in the cataclysmic binary QZ Ser had By merging the theoretical superburst model of
undergone significant hydrogen burning before mass transiCooper & Narayen | (2005) with the detailed nuclear re-
fer onto the white dwarf had started. Alternatively, the smas action network of Mukhopadhyay & Chakrabatti (2000), we
donor may have lost (part of) its hydrogen envelope, expos-have investigated the physical scenarios in which acgetin
ing its CNO core and significantly boosting the CNO mass neutron stars can both produce and preserve sufficient



Carbon Survival for Superbursts 11

amounts of carbon fuel to trigger superbursts. We have con-dence in a few of these systems that the mass donor stars have
structed a total of 144 different models that span the ptessib indeed undergone CNO-processing, more observations-are re
ranges of neutron star thermal conductivities, core neaitri  quired to either verify or refute this assertion.
emission mechanisms, and areal radii, as well as the CNO One issue we have not addressed is the disparity between
abundances in the accreted material. We find that neutrorthe superburst energies and recurrence times that have been
stars that accrete hydrogen-rich material with CNO massobserved and the energies and recurrence times derived from
fractions less than or equal to that of the Sun will not exhibi theoretical models. Specifically, all models predict thwed t
superbursts, regardless of their accretion rates, coivities, energies and recurrence times should be roughly an order of
core neutrino emissivities, or radii. Neutron stars thateie magnitude larger than those observed. Theory and observa-
material with CNO mass fraction8 4Zcnoe can exhibit tions still disagree even if the thermal conductivity of tmast
superbursts at accretion rates in the observed range, lut on is low and the core temperature is high. Brbwn (2004) notes
if the stellar radii are sufficiently large. We remark tha¢ th  that observations of KS 1731-260 imply that the neutron star
accreted carbon, nitrogen, and oxygen serve only as ctgalys in this system in fact has a high thermal conductivity and a
for hydrogen burning, and therefore only the sum of their low core temperaturé (Wiinands eflal. 2002), which illutstsa
individual mass fractions is important, not the individual the severity of this discrepancy. Furthermore, Cummindlet a
mass fractions themselves. (200%) show that neutrino emission via Cooper pairing of su-
Observationally, systems that exhibit superbursts differ perfluid neutrons in the inner crust limits the temperatudre o
from systems that do not exhibit superbursts not only in the the ocean to values well below the 6 x 10° K needed to
amount of carbon that survives deep in the oceans of the neutrigger superbursts that match observations, and theyestigg
tron stars, but also in the nature of their normal bursts. Com that an additional heating mechanism is required. Our mod-
paratively, the normal bursts observed in systems thabéxhi els do not provide for such a mechanism, for we find that any
superbursts are much shorter in duration, and they have additional heating due to the increased CNO abundance of
values that are much greater. Increasing the CNO abundancthe accreted material has a negligible effect on superburst
of the accreted material both decreases the durations ef norergies and recurrence times. Superbursts may potentially b
mal bursts and increases theivalues, in agreement with ob- excellent probes into the interiors of neutron stars. Farrth
servations. This is the first study in which the behavior afno progress in the physics of superbursts, combined with bette
mal Type | X-ray bursts has been incorporated into models of observations, may ultimately lead to better understandfing
systems that exhibit superbursts. Observers have disstbver not only neutron star interiors, but also fundamental pig/si
many compact stellar X-ray sources in which the accreted ma- We would like to thank Jorge Casares, Paul Green, Josh
terial is significantly non-solar. However, abundance ysesd Grindlay, Hendrik Schatz, Jeffery McClintock, and Charles
of the accreted material in systems that exhibit superburst Steinhardt for helpful discussions, Jacob Fisker for kindl
currently do not exist. We suggest that the secondarieseof th providing updated reaction rates, and the referee for usefu
low-mass X-ray binary systems Ser X-1, 4U 1254-690, 4U comments and suggestions. D. S. acknowledges a Smithso-
1735-444, GX 3+1, KS 1731-260, and 4U 1636-536 are all nian Astrophysical Observatory Clay Fellowship. This work
rich in CNO elements. Although there is some indirect evi- was supported in part by grant NNG04GL38G from NASA.

REFERENCES

Arnett, W. D. & Truran, J. W. 1969, ApJ, 157, 339

Baym, G., Pethick, C., & Pines, D. 1969, Nature, 224, 673

Bildsten, L. 1995, ApJ, 438, 852

Bildsten, L. 1998, in NATO ASIC Proc. 515: The Many Faces ofulden
Stars., 419

Bonnet-Bidaud, J.-M. & Mouchet, M. 2004, in ASP Conf. Ser531AU
Collog. 190: Magnetic Cataclysmic Variables, 149

Brown, E. F. 2000, ApJ, 531, 988

—. 2004, ApJ, 614, L57

Casares, J., Steeghs, D., Hynes, R. |, Charles, P. A., Tm®eR., &
O'Brien, K. 2004, in Revista Mexicana de Astronomia y Assuma
Conference Series, 21-22

Chakrabarti, S. K. & Mukhopadhyay, B. 1999, A&A, 344, 105

Clayton, D. D. 1983, Principles of Stellar Evolution and Masynthesis
(Chicago: Univ. Chicago Press)

Cooper, R. L. & Narayan, R. 2004, AAS HEAD Meeting, 8, 17.28

—. 2005, ApJ, 629, 422

Cornelisse, R., in't Zand, J. J. M., Verbunt, F., Kuulkers, IEeise, J., den
Hartog, P. R., Cocchi, M., Natalucci, L., Bazzano, A., & Ulirer P. 2003,
A&A, 405, 1033

Cumming, A. 2003, ApJ, 595, 1077

—. 2004, Nuclear Physics B Proceedings Supplements, 132, 43

Cumming, A. & Bildsten, L. 2001, ApJ, 559, L127

Cumming, A., Macbeth, J., in 't Zand, J. J. M., & Page, D. 2008 mitted
to ApJ [astro-ph/0508432)

de Kool, M. & Green, P. J. 1995, ApJ, 449, 236

den Hartog, P. R., in't Zand, J. J. M., Kuulkers, E., CorrsgisR., Heise, J.,
Bazzano, A., Cocchi, M., Natalucci, L., & Ubertini, P. 2008&A, 400,
633

Fisker, J. L., Brown, E. F., Liebendorfer, M., ThielemannKF, & Wiescher,
M. 2005, Nuclear Physics A, 752, 604

Fisker, J. L., Gorres, J., Wiescher, M., & Davids, B. 2004eppint
(astro-ph/04105€1)

Fowler, W. A., Caughlan, G. R., & Zimmerman, B. A. 1975, ARA&A3,
69

Fuller, G. M., Fowler, W. A., & Newman, M. J. 1980, ApJS, 42744

—. 1982a, ApJ, 252, 715

—. 1982h, ApJS, 48, 279

Fushiki, I. & Lamb, D. Q. 1987, ApJ, 317, 368

Gansicke, B. T., Szkody, P., de Martino, D., Beuermann, kKnd, K. S.,
Sion, E. M., Knigge, C., Marsh, T., & Hubeny, |. 2003, ApJ, 5843

Harris, M. J., Fowler, W. A., Caughlan, G. R., & Zimmerman,A.1983,
ARA&A, 21, 165

Haswell, C. A., Hynes, R. |., King, A. R., & Schenker, K. 2002NRAS,
332,928

Hoyle, F. & Fowler, W. A. 1965, in Quasi-Stellar Sources ama@ational
Collapse, 17

Hynes, R. I., Charles, P. A., van Zyl, L., Barnes, A., SteeghsO'Brien, K.,
& Casares, J. 2004, MNRAS, 348, 100

in't Zand, J. J. M., Cornelisse, R., & Cumming, A. 2004a, A&4#26, 257

in't Zand, J. J. M., Cornelisse, R., Kuulkers, E., Heise \&rbunt, F., &
Cumming, A. 2004b, AAS HEAD Meeting, 8, 25.04

in't Zand, J. J. M., Kuulkers, E., Verbunt, F., Heise, J., &@alisse, R. 2003,
A&A, 411, L487

Israelian, G., Rebolo, R., Basri, G., Casares, J., & MaHir,. 1999, Nature,
401, 142

Itoh, N. & Kohyama, Y. 1993, ApJ, 404, 268

Jimenez-Garate, M. A., Raymond, J. C., Liedahl, D. A., & EgilC. J. 2005,
ApJ, 625, 931

Kahn, S. M. & Grindlay, J. E. 1984, ApJ, 281, 826

Koike, O., Hashimoto, M., Kuromizu, R., & Fujimoto, S. 2004pJ, 603,
242

Kuulkers, E. 2004, Nuclear Physics B Proceedings Supplem&B2, 466

—. 2005, The Astronomer’s Telegram, 483, 1

Kuulkers, E., Homan, J., van der Klis, M., Lewin, W. H. G., & Wdez, M.
2002a, A&A, 382, 947


http://arXiv.org/abs/astro-ph/0508432
http://arXiv.org/abs/astro-ph/0410561

12

Kuulkers, E., in't Zand, J., Homan, J., van Straaten, Sgrltano, D., & van
der Klis, M. 2004, in AIP Conf. Proc. 714: X-ray Timing 2003085i and
Beyond, 257-260

Kuulkers, E., in't Zand, J. J. M., van Kerkwijk, M. H., Coriede, R., Smith,
D. A, Heise, J., Bazzano, A., Cocchi, M., Natalucci, L., & éstni, P.
2002b, A&A, 382, 503

Kuulkers, E., van der Klis, M., Oosterbroek, T., van Pasdij., & Lewin,
W. H. G. 1997, MNRAS, 287, 495

Lamb, D. Q. 2000, ApJS, 127, 395

Lang, K. R. 1999, Astrophysical Formulae (New York: Springe

Lewin, W. H. G., Penninx, W., van Paradijs, J., Damen, E.ajgz{ M.,
Truemper, J., & van der Klis, M. 1987, ApJ, 319, 893

Mészaros, P. 1992, High-Energy Radiation from Magnetizedthdn Stars
(Chicago: Univ. Chicago Press)

Mukhopadhyay, B. & Chakrabarti, S. K. 2000, A&A, 353, 1029

—. 2001, ApJ, 555, 816

Muno, M. P., Fox, D. W., Morgan, E. H., & Bildsten, L. 2000, Am32, 1016

Narayan, R. & Heyl, J. S. 2003, ApJ, 599, 419

Podsiadlowski, P., Rappaport, S., & Pfahl, E. 2004, in Ravidexicana de
Astronomia y Astrofisica Conference Series, 97-100

Podsiadlowski, P., Rappaport, S., & Pfahl, E. D. 2002, Ap%,3.107

Ramsay, G., Hakala, P., Marsh, T., Nelemans, G., Steegh&, Cropper, M.
2005, A&A, 440, 675

Remillard, R., Morgan, E., & The ASM Team at MIT, N. 2005a, The
Astronomer’s Telegram, 482, 1

Remillard, R. A., Lin, D., Cooper, R. L., & Narayan, R. 200Sojpmitted to
ApJ (astro-ph/05097%8)

Schatz, H., Aprahamian, A., Barnard, V., Bildsten, L., Cuimgmn A.,
Ouellette, M., Rauscher, T., Thielemann, F.-K., & Wieschdr 2001,
Physical Review Letters, 86, 3471

Schatz, H., Bildsten, L., Cumming, A., & Ouellette, M. 200Suclear
Physics A, 718, 247

Schatz, H., Bildsten, L., Cumming, A., & Wiescher, M. 199%JA524, 1014

Shapiro, S. L. & Teukolsky, S. A. 1983, Black Holes, White Dfsaand
Neutron Stars: The Physics of Compact Objects (New Yorkeyyil

Shih, I. C., Bird, A. J., Charles, P. A., Cornelisse, R., &afirani, D. 2005,
MNRAS, 593

Steeghs, D. & Casares, J. 2002, ApJ, 568, 273

Steinhardt, C. L. & Sasselov, D. D. 2005, prepr.nt (astréBpA2152)

Strohmayer, T. & Bildsten, L. 2005, in Compact Stellar X-Réyurces, ed.
W. H. G. Lewin and M. van der Klis (Cambridge: Cambridge Ufivess),
in press|(astro-ph/0301544)

Strohmayer, T. E. & Brown, E. F. 2002, ApJ, 566, 1045

Strohmayer, T. E. & Markwardt, C. B. 2002, ApJ, 577, 337

Sztajno, M., Basinska, E. M., Cominsky, L. R., Marshall, F.& Lewin,
W. H. G. 1983, ApJ, 267, 713

Sztajno, M., van Paradijs, J., Lewin, W. H. G., Langmeier, Txumper, J., &
Pietsch, W. 1986, MNRAS, 222, 499

Tawara, Y., Hirano, T., Kii, T., Matsuoka, M., & Murakami, T984, PASJ,
36, 861

Thielemann, F.-K. 1980, Ph.D. Thesis

Thorstensen, J. R., Fenton, W. H., Patterson, J., Kemp,alpekh, J., &
Baraffe, |. 2002, PASP, 114, 1117

Tillett, J. C. & MacDonald, J. 1992, ApJ, 388, 555

van Paradijs, J., Cominsky, L., Lewin, W. H. G., & Joss, P. €79, Nature,
280, 375

van Paradijs, J., Penninx, W., & Lewin, W. H. G. 1988a, MNRA&S3, 437

van Paradijs, J., Penninx, W., Lewin, W. H. G., Sztajno, MT&emper, J.
1988b, A&A, 192, 147

van Riper, K. A. 1988, ApJ, 329, 339

Wachter, S., Hoard, D. W., Bailyn, C. D., Corbel, S., & Kaafet2002, ApJ,
568, 901

Wagoner, R. V., Fowler, W. A., & Hoyle, F. 1967, ApJ, 148, 3

Wallace, R. K. & Woosley, S. E. 1981, ApJS, 45, 389

Wijnands, R. 2001, ApJ, 554, L59

Wijnands, R., Guainazzi, M., van der Klis, M., & Méndez, M.Q2) ApJ,
573, L45

Wijnands, R. A. D., van der Klis, M., Psaltis, D., Lamb, F. Kyulkers, E.,
Dieters, S., van Paradijs, J., & Lewin, W. H. G. 1996, ApJ,, 460+

Woosley, S. E., Arnett, W. D., & Clayton, D. D. 1973, ApJS, 281

Woosley, S. E., Heger, A., Cumming, A., Hoffman, R. D., PrdetRauscher,
T., Fisker, J. L., Schatz, H., Brown, B. A., & Wiescher, M. 20Q\pJS,
151,75

Yakovlev, D. G., Kaminker, A. D., Gnedin, O. Y., & Haensel, 701,
Phys. Rep., 354, 1

Yakovlev, D. G., Levenfish, K. P., & Shibanov, Y. A. 1999, Ukpe
Fizicheskikh Nauk, 42, 737

Yakovlev, D. G. & Pethick, C. J. 2004, ARA&A, 42, 169


http://arXiv.org/abs/astro-ph/0509758
http://arXiv.org/abs/astro-ph/0502152
http://arXiv.org/abs/astro-ph/0301544

