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Abstract.

We examinethe quantitatve impactof nucleamphysicsuncertaintie®n predictionsof novamod-
els via Monte Carlo simulationswherein,for the rst time, the uncertaintief all relevant nu-
clearreactionsareconsideregimultaneouslyWe determineuncertaintiesn predictionsof isotope
synthesis including radioisotopesvhich may be obserabletracersof novae- resultingfrom un-
certaintiesin the input nuclearphysics.We alsodetail the reactionrate sensitvity of radioisotope
production,anddiscussreactionswhich needfurther study Finally, we examinethe in uence on
novanucleosynthesisf two new reactionrates- 1’F(p,y)'®Ne and'*O(«,2p)t®0 - thatwerestudied
in recentORNL measurementsith radioactveion beams.

MOTIVATION

The very high temperaturesind densitiesof nova outhursts- greaterthan 108 K and
10* g/cn®, respectiely - enableunstablenucleiproducedby capturele.g., (p.g) ] reac-
tionsto undepgofurtherreactiondeforethey decayTheresultingsequencesf reactions
(thehot CNO cyclesandrapid protoncaptureprocessyliffer substantiallyfrom reaction
sequences) non-&plosie stellarervironments[1], with enegy generatiorrateup to

100timesgreaterFurthermoretheresultanfatternof synthesizeédhundancesrealso
differentfrom solar with overalundance®f 1°C, 1°N, and'’O, aswell asNe, Na, and
heavier elementsn someexplosions Long-livedradioactie nucleisuchas!®F and??Na

arealsosynthesize@ndejected andtheir obserationmayprovide stringentconstraints
onnovamodels[2, 3].

Progressn probingthe nova phenomenaanbe madewith improveddeterminations
of the ratesof the importantreactionsas a function of temperatureThe sensitvity of
novamodelpredictionsof enegy generatiorandelementsynthesido selectedeaction
rateshasbeendemonstrateth numerousstudies(e.qg.,[4, 5]). Especiallyimportantare
reactionsinvolving proton-richradioactve nuclei with relatively short (< 1 minute)
lifetimes [6, 7]. Experimentaldetermination®f someof thesereactionratesare now



becomingpossiblewith the availability of beamsof radioactve nuclei at a number
of facilities worldwide [7]. Sincethesebeamsaredif cult to produce,it is crucial to

guide experimentalprogramsby determiningwhich nuclearreactionshave the largest
impacton predictionsof nova outburstsimulations.deally, the correlationbetweerall

relevantreactionratesandall synthesizedsotopeshouldbedeterminedFurthermoreit

is desirabldo determineio whataccurag ary givenrateshouldbemeasuredgspecially
in light of theuncertaintyof all the otherreactionrates We have addressetheseissues
with our Monte Carlo studiesof nova nucleosynthesisyhere- for the rst time - we

simultaneouslyconsiderthe uncertaintyof all input nuclearreactionratesto determine
all correlationdbetweerratesandabundancesynthesigpredictionslt is alsoimportantto

determingheimpactof new determinationsf reactiorratesandwe have addressethis

by varyingindividual ratesandexaminingthechangesn modelpredictionsFinally, our

studyisthe rst to quantitatvely determingheuncertaintie®nabundanceredictionsn

novaeconsideringheuncertaintie®f all nucleareactiorrates.Thisenablestatistically
robustcomparison®f nova modelpredictionsto obsenations.

NOVA NUCLEOSYNTHESISCALCULATIONS

The temporal evolution of the isotopic compositionin novae was followed using a
nuclear reaction network [8] containing 169 isotopes,from hydrogento >*Cr with
nucleareactionratesdravn from REACLIB [9]. We have examinedthenucleosynthesis
in 3 novamodels:onal.00M CO White Dwarf (WD), andon1.25M and1.35M
ONeMgWDs. The rst two arerepresentatie of the mostprevalentclassesova, while
the third representsa more enepgetic outhurst. The calculationsfor the 1.25M and
1.35M ONeMgWDs bggin with a setof initial abundances$or 169 nuclides,adopted
from Politanoet al. [10]. They assumed solarcompositionmixed with 50% by mass
oxygenneonandmagnesiumTheinitial abundance$or the1.00M COWD novawas
50%solarand50% productsof He burning (anequalmix of 1C and®0 with atraceof
22Ne). Theenhancemerih eachcasewasrepresentatie of theernvelopematerialmixing
with the matterfrom the underlyingwhite dwarf [11].

We utilized a post-processingpproactwherethe nucleosynthesis decoupledrom
thehydrodynamic®f theburst.Sinceour reactionvariationsdid notappreciablychange
the nuclearenegy generatiomor, therefore the temperaturenddensityhistory of the
explosion, this approachwas deemedvalid. We simulatedthe explosionby extracting
hydrodynamidrajectories- time historiesof the temperaturend density— from one-
dimensionalhydrodynamiccalculationswith a limited reactionrate network for out-
burstson 1.0, 1.25,and 1.35M WDs similar to Ref. [4]. Different masselements
(“zones”) of the envelopeat differentradii generateuniquetrajectoriesin our simula-
tions, the ejectaof eachof the nova modelsconsistsof between26-31 zones.For our
studiesof the sensitvity of individual reactionsseparatauclearreactionnetwork cal-
culationswith the full complemenbf nucleiandnuclearreactionswere carriedout to
studythenucleosynthesidetailswithin eachzone;no mixing of thezoneswvasincluded.
To calculatethe nal total predictedabundancesn the ejectaof eachexplosion,a sum
wasmadeof alundance®ver the zonesweightedby the ratio of the zonemassto the



total envelopemass.Thesecalculationsaremorerealisticthanpreviouspost-processing
nucleosynthesisalculationswhich usedconstantemperatureanddensitiesandthose
which considereanly the hottestzonesof the explosion(e.g.,[5]).

MONTE CARLO SIMULATIONS

To investigateheextentto which nucleareactionuncertaintiesranslatanto abundance
variations,we use a Monte Carlo techniquewhich assignsa different, uncorrelated,
randomenhancemerfactorto ead reactionratein the simulation.The nucleosynthesis
is calculatedwith thesemodi ed reactionrates,the resultsstored,and the process
repeatedvith differentenhancemeriactors After 10000iterations themearnvaluesand
90%con dencelimits aredeterminedrom thedistribution of abundancepredictionsin
this paper we presentresultsfrom theinnermostzoneof a1.25M WD nova model,
thoughthe methodcanexaminethe impacton entireoutburstmodels.A representate
examplefor the radionuclide??Na is shovn in Figure1.A., wherethe upperandlower
90 % con dence limits differ by a factor of 3.6. Monte Carlo methodshave been
employedwith greatsuccessn theanalysisof Big Bangnucleosynthesifl2], but have
not previously beenappliedto otherthermonucleaburningscenariosThesecon dence
limits arethe rst statisticallyrobustuncertaintiesleterminedor novanucleosynthesis.
They have importantimplicationsfor determininghe sensitvity of orbital obsenratories
(e.g.,INTEGRAL) for detectionof gammaraysfrom novae.

The reactionrate enhancementfiactorsare distributed accordingto the log-normal
distribution,whichis thecorrectuncertaintydistributionfor quantitiedik ereactiorrates
which aremanifestlypositive [13],

1 (Inx a)?
Piog norma|(X)=|9§preXp T op2 (1)

wherea and b are the (logarithmic) meanand standarddeviation, respectrely, and
p(x)dx is the probabilityof nding p in therangex to x+ dx. Our useof thelog-normal
distribution for the reactionratesrepresents signi cant improvementover previous
Monte Carlo calculations For smalluncertaintieg< 20%), the differencebetweerthe
log-normaldistribution and the normal (gaussianistribution is small. However, for
uncertaintiesof larger sizeslike thoseencounteredn this problem,the differenceis
important.Figure 1 shows the differencebetweemormalandlog-normaldistributions
for the abundancepredictionof oneisotope,22Na. We have assigneduncertaintief

50% b = In(1:5)] to rateswhosemeasuremenvould requireradioactie ion beams,
and uncertaintiesof a factor of 2 for ratescalculatedby HausetrFeshbachmethods.
Beta decayratesare given their tatulated values[14]. For all other rateswe assign
b =In(1:2). We have deliberatelyuseduncertaintieshataresomeavhatunderestimated
to ensurethatour resultingMonte Carlo uncertaintiesarenot undulyin ated. Evenso,
mary of thealundantmetalshave 90%con dencelimits with awidth of afactorof 2 or
larger, suchas®0 (2.7),170 (2.7),180(3.3),and®°Si (5.6). The predictedatundances
of radionuclidesalsohave large uncertaintiesfor 18F, the 90%con dencelevel spansa
factorof 3.3,andfor 2%Al, it spansafactorof 3.6.
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FIGURE 1. A. Histogramof the deviations of the predicted??Na atundancefrom the meanin the
Monte Carlo simulation.The solid (dashedxurve is the log-normal(normal) distribution with logarith-
mic (arithmetic)meanand standarddeviation from the Monte Carlo. The meanabundanceand 90 %
con dencelevelsareshavn by the horizontalbar B. Distribution of the predicted?’Na atundancewith
thevariationin the?>Na(p;y)>>Mg reactionrate.A linear t andtheslopearealsoindicated.

We also determinethe correlationbetweensmall variationsof all relevant reaction
ratesand all synthesizedsotopesin the outhurst. Figure 1.B. shavs a representa-
tive result - the distribution of the predicted??Na atundancewith the variation in
the 2°Na(pg)>®Mg reactionrate. A linear t determinesthat, in this case,thereis
a negative correlation— as the capturerate increasesthe resulting 22Na atundance
decreases andthatthe correlationis statisticallysigni cant — the slopeis morethan
a few standarddeviations differentfrom zero. We have usedour analysis,for exam-
ple, to determinea prioritized list of reactionsthat mostin uence the productionof
radioisotopeghat may be obsenable tracersof novae. For 18F, the critical reactions
are (in order of importance)1’O(p.g)'8F, 1’F(p.g)teNe, 1%0(pg)1’F, 8F(pa)t®0,
and ’O(pa)“N. For 2°Na, the most important reactions are: 2°Na(pg)>*Mag,
2ONe(pg)?Na, 28Na(pa)?°Ne, 22Na(p g)**Mg, and?Na(pg)?Mg. For 26Al, themost
importantreactionsare 22Mg(p,g)%*Al, 2°Al(p,g)?’Si, 2°Na(pg)**Mg, *°Na(pa)?*°Ne,
2ONe(pg)?INa, 2°Mg(p,g)%CAl, and 2°Al(p,g)%®Si. Radioactve beamsare requiredto
studya numberof thesereactionsandour calculationscanbe usedto setprioritiesfor
reactionmeasurements.

REACTION RATE SENSITIVITY STUDIES

A recentmeasurementf theexcitationfunctionfor the 'H(*’F,p)} ’F reactiorat ORNL's
Holi eld Radioactve lon BeamFacility wasusedto obtainthe rst unambiguouvi-
dencefor the J’ = 3" statein 18Ne andpreciselydetermineits enegy andtotal width
[15]. Thiswasin turn usedto determinea new 1’F(p,g)18Ne reactionrate[16], which
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FIGURE 2. Theratio of massfractionsusingthe ORNL to that from one previous rate estimate[17]
plotted againstnuclide massfor the entire envelopeof a 1.25M  white dwarf nova. The ORNL rate
changeghe masdfractionsof somenucleiby up to afactorof 2. Changesn the hottestzonesareupto a
factorof 600. Thecircle symbolsmark speciesvith massfractionsgreaterthan10 8, thesquaresymbols
masdfractionsbetweenl0 & and10 6, andthetrianglesymbolsmassfractionslessthan10 24,

wasup to afactorof 30 slower thanthe widely-usedrate[17] foundin REACLIB. We
analyzedheseratesin our post-processingucleosynthesisodeto determinethe im-
pactof thenew HRIBF measuremerjfL8]. Theratiosof alundancegproducedisingthe
two ratesis shavn in Figure2. We nd thatin the 1.25M WD nova, for example,
the new ratechangeshe abundancesf 18F, 180, 1/F and1’0 synthesizedn the hottest
zonesup to afactorof 600 comparedo somepreviousestimatesandproducedsigni -
cantchangesn theabundancesf 18F, 180, 17F, 170, 19F, 15N, 150, 12C | 13, 13N, 14N
and!?0 by upto afactorof 2.1 whenaveragecdverthe entireexplodingervelope.The
changesare even larger (to a factorof 14,000in the hot zoneand 3.7 overall) for the
1.35M WD nova, but almostnegligible for thecoolerl.0M WD nova.

Theproductionof theimportantjong-livedradionuclide!®F is increasedh thehottest
zonesof the nova by the network using the slower ORNL 1’F(p.g)'8Ne rate. This is
becausea faster’F(p,g)1®Ne rate creates!®F soonerafter the peakof the outhurst
(from decayof 18Ne) and thereforeat higher temperatures- whereit is more likely
to be destroyed by 18F(p,a)1°0. The network with slower 17F(p.g)18Ne ratedelaysthe
productionof 18F andthereforecreatesmoreof it atalower temperature- whereit is
morelik ely to remainasa massl8isotope.This effect doesnot, however, carryoverto
the outerzonesof the explosion,becausehe overall lower temperaturesf thesezones
limits the post-pealdestructiorof freshly-synthesize®F. If only thehottestzonesvere
consideredanincorrectconclusiorwould have beendravn regardingthe changdn the
synthesi®f 18F — shaving theimportanceof consideringhenucleosynthesithroughout
thenovamodel.Mixing of thezoneswhichwasnotincludedin our calculationscould
alsosigni cantly affectthe nal calculatedabundances.



Another sensitvity study was motivatedby an ORNL measurementhat found a
possiblesimultaneouswo-protondecayout of a resonancén 18Ne via a measurement
of the 1’F(p,2p}60 reactionusinga radioactve 1’F beam[19]. This suggestshatthere
is a reactionlink #0(a,2p)°0, proceedingthroughthis resonancen 8Ne, which
is not currently includedin the nucleosynthesisietwork. To determinethe possible
impacton nova nucleosynthesithatthis reactioncould have, we variedthe rateof this
reaction(as multiples of the rate of the competing*O(a ,p)!’F reaction)andinserted
this into our reactionnetwork. The resultsshaved that thereis no changein nova
nucleosynthesifor strengthsof this reactionequalto or wealer thanthe *O(a,p)}’F
reaction Ouranalysisshovsthatthesumof themasso w of nucleivia 1*O(a,p)'’F and
via 1*0(a,2p)0(p,g)1 ’F is roughly constantWe also carriedout detailedsensitvity
studiesfor the*O(a,p)!’F reactionanddeterminedhatthis reactionhaslittle in uence
on elementsynthesisn novae[20].
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