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Abstract.
Weexaminethequantitativeimpactof nuclearphysicsuncertaintiesonpredictionsof novamod-

els via Monte Carlo simulationswherein,for the �rst time, the uncertaintiesof all relevant nu-
clearreactionsareconsideredsimultaneously. We determineuncertaintiesin predictionsof isotope
synthesis- includingradioisotopeswhich maybeobservabletracersof novae- resultingfrom un-
certaintiesin the input nuclearphysics.We alsodetail the reactionratesensitivity of radioisotope
production,anddiscussreactionswhich needfurther study. Finally, we examinethe in�uence on
novanucleosynthesisof two new reactionrates- 17F(p,γ)18Neand14O(α ,2p)16O - thatwerestudied
in recentORNL measurementswith radioactive ion beams.

MOTIVATION

The very high temperaturesanddensitiesof nova outbursts- greaterthan108 K and
104 g/cm3, respectively - enableunstablenucleiproducedby capture[e.g.,(p,g) ] reac-
tionstoundergofurtherreactionsbeforethey decay. Theresultingsequencesof reactions
(thehotCNOcyclesandrapidprotoncaptureprocess)differ substantiallyfrom reaction
sequencesin non-explosive stellarenvironments[1], with energy generationrateup to
100timesgreater. Furthermore,theresultantpatternof synthesizedabundancesarealso
differentfrom solar, with overabundancesof 13C, 15N, and17O, aswell asNe,Na,and
heavier elementsin someexplosions.Long-livedradioactivenucleisuchas18F and22Na
arealsosynthesizedandejected,andtheirobservationmayprovidestringentconstraints
onnovamodels[2, 3].

Progressin probingthenovaphenomenacanbemadewith improveddeterminations
of the ratesof the importantreactionsasa function of temperature.The sensitivity of
novamodelpredictionsof energy generationandelementsynthesisto selectedreaction
rateshasbeendemonstratedin numerousstudies(e.g.,[4, 5]). Especiallyimportantare
reactionsinvolving proton-richradioactive nuclei with relatively short (<� 1 minute)
lifetimes [6, 7]. Experimentaldeterminationsof someof thesereactionratesarenow



becomingpossiblewith the availability of beamsof radioactive nuclei at a number
of facilities worldwide [7]. Sincethesebeamsaredif�cult to produce,it is crucial to
guideexperimentalprogramsby determiningwhich nuclearreactionshave the largest
impacton predictionsof nova outburstsimulations.Ideally, thecorrelationbetweenall
relevantreactionratesandall synthesizedisotopesshouldbedetermined.Furthermore,it
is desirableto determineto whataccuracy any givenrateshouldbemeasured,especially
in light of theuncertaintyof all theotherreactionrates.Wehaveaddressedtheseissues
with our Monte Carlo studiesof nova nucleosynthesis,where- for the �rst time - we
simultaneouslyconsidertheuncertaintyof all input nuclearreactionratesto determine
all correlationsbetweenratesandabundancesynthesispredictions.It is alsoimportantto
determinetheimpactof new determinationsof reactionrates,andwehaveaddressedthis
by varyingindividualratesandexaminingthechangesin modelpredictions.Finally, our
studyis the�rst toquantitativelydeterminetheuncertaintiesonabundancepredictionsin
novaeconsideringtheuncertaintiesof all nuclearreactionrates.Thisenablesstatistically
robustcomparisonsof novamodelpredictionsto observations.

NOVA NUCLEOSYNTHESIS CALCULATIONS

The temporalevolution of the isotopic compositionin novae was followed using a
nuclear reactionnetwork [8] containing169 isotopes,from hydrogento 54Cr with
nuclearreactionratesdrawn from REACLIB [9]. Wehaveexaminedthenucleosynthesis
in 3 novamodels:on a 1.00M� CO White Dwarf (WD), andon 1.25M� and1.35M�
ONeMgWDs.The�rst two arerepresentativeof themostprevalentclassesnova,while
the third representsa more energetic outburst. The calculationsfor the 1.25 M� and
1.35M� ONeMgWDs begin with a setof initial abundancesfor 169nuclides,adopted
from Politanoet al. [10]. They assumeda solarcompositionmixedwith 50%by mass
oxygen,neonandmagnesium.Theinitial abundancesfor the1.00M� COWD novawas
50%solarand50%productsof Heburning(anequalmix of 12C and16O with atraceof
22Ne).Theenhancementin eachcasewasrepresentativeof theenvelopematerialmixing
with thematterfrom theunderlyingwhite dwarf [11].

We utilized a post-processingapproachwherethenucleosynthesisis decoupledfrom
thehydrodynamicsof theburst.Sinceourreactionvariationsdid notappreciablychange
thenuclearenergy generationnor, therefore,thetemperatureanddensityhistoryof the
explosion,this approachwasdeemedvalid. We simulatedthe explosionby extracting
hydrodynamictrajectories– time historiesof the temperatureanddensity– from one-
dimensionalhydrodynamiccalculationswith a limited reactionrate network for out-
burstson 1.0, 1.25, and 1.35 M� WDs similar to Ref. [4]. Dif ferent masselements
(“zones”)of theenvelopeat differentradii generateuniquetrajectories.In our simula-
tions, the ejectaof eachof the nova modelsconsistsof between26-31zones.For our
studiesof thesensitivity of individual reactions,separatenuclearreactionnetwork cal-
culationswith the full complementof nuclei andnuclearreactionswerecarriedout to
studythenucleosynthesisdetailswithin eachzone;nomixing of thezoneswasincluded.
To calculatethe �nal total predictedabundancesin theejectaof eachexplosion,a sum
wasmadeof abundancesover thezones,weightedby theratio of thezonemassto the



totalenvelopemass.Thesecalculationsaremorerealisticthanpreviouspost-processing
nucleosynthesiscalculationswhich usedconstanttemperaturesanddensitiesandthose
whichconsideredonly thehottestzonesof theexplosion(e.g.,[5]).

MONTE CARLO SIMULATIONS

To investigatetheextentto whichnuclearreactionuncertaintiestranslateinto abundance
variations,we usea Monte Carlo techniquewhich assignsa different, uncorrelated,
randomenhancementfactorto each reactionratein thesimulation.Thenucleosynthesis
is calculatedwith thesemodi�ed reactionrates,the resultsstored,and the process
repeatedwith differentenhancementfactors.After 10000iterations,themeanvaluesand
90%con�dencelimits aredeterminedfrom thedistributionof abundancepredictions.In
this paper, we presentresultsfrom the innermostzoneof a 1.25M� WD nova model,
thoughthemethodcanexaminethe impacton entireoutburstmodels.A representative
examplefor theradionuclide22Na is shown in Figure1.A., wheretheupperandlower
90 % con�dence limits differ by a factor of 3.6. Monte Carlo methodshave been
employedwith greatsuccessin theanalysisof Big Bangnucleosynthesis[12], but have
notpreviouslybeenappliedto otherthermonuclearburningscenarios.Thesecon�dence
limits arethe�rst statisticallyrobustuncertaintiesdeterminedfor novanucleosynthesis.
They haveimportantimplicationsfor determiningthesensitivity of orbitalobservatories
(e.g.,INTEGRAL) for detectionof gammaraysfrom novae.

The reactionrate enhancementfactorsare distributed accordingto the log-normal
distribution,whichis thecorrectuncertaintydistributionfor quantitieslikereactionrates
whicharemanifestlypositive[13],
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wherea and b are the (logarithmic) meanand standarddeviation, respectively, and
p(x)dx is theprobabilityof �nding p in therangex to x+dx. Ouruseof thelog-normal
distribution for the reactionratesrepresentsa signi�cant improvementover previous
MonteCarlocalculations.For smalluncertainties(< 20%), thedifferencebetweenthe
log-normaldistribution and the normal (gaussian)distribution is small. However, for
uncertaintiesof larger sizeslike thoseencounteredin this problem,the differenceis
important.Figure1 shows thedifferencebetweennormalandlog-normaldistributions
for the abundancepredictionof one isotope,22Na. We have assigneduncertaintiesof
� 50% [b = ln(1:5)] to rateswhosemeasurementwould requireradioactive ion beams,
and uncertaintiesof a factor of 2 for ratescalculatedby Hauser-Feshbachmethods.
Beta decayratesare given their tabulatedvalues[14]. For all other rateswe assign
b = ln(1:2). We havedeliberatelyuseduncertaintiesthataresomewhatunderestimated
to ensurethatour resultingMonteCarlouncertaintiesarenot unduly in�ated. Evenso,
many of theabundantmetalshave90%con�dencelimits with awidth of a factorof 2 or
larger, suchas16O (2.7),17O (2.7),18O(3.3),and30Si (5.6).Thepredictedabundances
of radionuclidesalsohave largeuncertainties:for 18F, the90%con�dencelevel spansa
factorof 3.3,andfor 26Al, it spansa factorof 3.6.
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FIGURE 1. A. Histogramof the deviations of the predicted22Na abundancefrom the meanin the
MonteCarlosimulation.Thesolid (dashed)curve is the log-normal(normal)distribution with logarith-
mic (arithmetic)meanandstandarddeviation from the Monte Carlo. The meanabundanceand90 %
con�dencelevelsareshown by thehorizontalbar. B. Distribution of thepredicted22Na abundancewith
thevariationin the22Na(p,γ)23Mg reactionrate.A linear�t andtheslopearealsoindicated.

We alsodeterminethe correlationbetweensmall variationsof all relevant reaction
ratesand all synthesizedisotopesin the outburst. Figure 1.B. shows a representa-
tive result - the distribution of the predicted22Na abundancewith the variation in
the 22Na(p,g)23Mg reactionrate. A linear �t determinesthat, in this case,there is
a negative correlation– as the capturerate increases,the resulting 22Na abundance
decreases– andthat the correlationis statisticallysigni�cant – the slopeis morethan
a few standarddeviations different from zero.We have usedour analysis,for exam-
ple, to determinea prioritized list of reactionsthat most in�uence the productionof
radioisotopesthat may be observable tracersof novae.For 18F, the critical reactions
are (in order of importance)17O(p,g)18F, 17F(p,g)18Ne, 16O(p,g)17F, 18F(p,a )15O,
and 17O(p,a )14N. For 22Na, the most important reactions are: 22Na(p,g)23Mg,
20Ne(p,g)21Na,23Na(p,a )20Ne,23Na(p,g)24Mg, and21Na(p,g)22Mg. For 26Al, themost
importantreactionsare23Mg(p,g)24Al, 26Al(p,g)27Si, 23Na(p,g)24Mg, 23Na(p,a )20Ne,
20Ne(p,g)21Na, 25Mg(p,g)26Al, and 25Al(p,g)26Si. Radioactive beamsare requiredto
studya numberof thesereactions,andour calculationscanbeusedto setprioritiesfor
reactionmeasurements.

REACTION RATE SENSITIVITY STUDIES

A recentmeasurementof theexcitationfunctionfor the1H(17F,p)17F reactionatORNL's
Holi�eld Radioactive Ion BeamFacility wasusedto obtainthe �rst unambiguousevi-
dencefor the Jp = 3+ statein 18Ne andpreciselydetermineits energy andtotal width
[15]. This wasin turn usedto determinea new 17F(p,g)18Ne reactionrate[16], which
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FIGURE 2. The ratio of massfractionsusingtheORNL to that from oneprevious rateestimate[17]
plottedagainstnuclide massfor the entire envelopeof a 1.25 M� white dwarf nova. The ORNL rate
changesthemassfractionsof somenucleiby up to a factorof 2. Changesin thehottestzonesareup to a
factorof 600.Thecirclesymbolsmarkspecieswith massfractionsgreaterthan10� 8, thesquaresymbols
massfractionsbetween10� 8 and10� 16, andthetrianglesymbolsmassfractionslessthan10� 24.

wasup to a factorof 30 slower thanthewidely-usedrate[17] foundin REACLIB. We
analyzedtheseratesin our post-processingnucleosynthesiscodeto determinethe im-
pactof thenew HRIBF measurement[18]. Theratiosof abundancesproducedusingthe
two ratesis shown in Figure2. We �nd that in the 1.25 M� WD nova, for example,
thenew ratechangestheabundancesof 18F, 18O, 17F and17O synthesizedin thehottest
zonesup to a factorof 600comparedto somepreviousestimates,andproducedsigni�-
cantchangesin theabundancesof 18F, 18O, 17F, 17O, 19F, 15N, 15O, 12C , 13C, 13N, 14N
and14O by up to a factorof 2.1whenaveragedover theentireexplodingenvelope.The
changesareeven larger (to a factorof 14,000in the hot zoneand3.7 overall) for the
1.35M� WD nova,but almostnegligible for thecooler1.0M� WD nova.

Theproductionof theimportant,long-livedradionuclide18F is increasedin thehottest
zonesof the nova by the network using the slower ORNL 17F(p,g)18Ne rate.This is
becausea faster17F(p,g)18Ne rate creates18F soonerafter the peakof the outburst
(from decayof 18Ne) and thereforeat higher temperatures– whereit is more likely
to bedestroyedby 18F(p,a )15O. Thenetwork with slower 17F(p,g)18Ne ratedelaysthe
productionof 18F andthereforecreatesmoreof it at a lower temperature– whereit is
morelikely to remainasa mass18 isotope.This effect doesnot,however, carryover to
theouterzonesof theexplosion,becausetheoverall lower temperaturesof thesezones
limits thepost-peakdestructionof freshly-synthesized18F. If only thehottestzoneswere
considered,anincorrectconclusionwouldhavebeendrawn regardingthechangein the
synthesisof 18F –showingtheimportanceof consideringthenucleosynthesisthroughout
thenovamodel.Mixing of thezones,which wasnot includedin ourcalculations,could
alsosigni�cantly affect the�nal calculatedabundances.



Another sensitivity study was motivatedby an ORNL measurementthat found a
possiblesimultaneoustwo-protondecayout of a resonancein 18Ne via a measurement
of the17F(p,2p)16O reactionusinga radioactive 17F beam[19]. This suggeststhatthere
is a reactionlink 14O(a ,2p)16O, proceedingthrough this resonancein 18Ne, which
is not currently included in the nucleosynthesisnetwork. To determinethe possible
impacton nova nucleosynthesisthat this reactioncouldhave,we variedtherateof this
reaction(asmultiplesof the rateof the competing14O(a ,p)17F reaction)andinserted
this into our reactionnetwork. The resultsshowed that there is no changein nova
nucleosynthesisfor strengthsof this reactionequalto or weaker thanthe 14O(a ,p)17F
reaction.Ouranalysisshowsthatthesumof themass�o w of nucleivia 14O(a ,p)17F and
via 14O(a ,2p)16O(p,g)17F is roughly constant.We alsocarriedout detailedsensitivity
studiesfor the14O(a ,p)17F reactionanddeterminedthatthisreactionhaslittle in�uence
onelementsynthesisin novae[20].
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