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Abstract. Classical novae participate in the cycle of Galactic chairégolution in which grains
and metal enriched gas in their ejecta, supplementing tbbsepernovae, AGB stars, and Wolf-
Rayet stars, are a source of heavy elements for the ISM. Ontteidiffuse gas, this material is
mixed with the existing gases and then incorporated intoygatars and planetary systems during
star formation. Infrared observations have confirmed thesgmce of carbon, SiC, hydrocarbons,
and oxygen-rich silicate grains in nova ejecta, suggestiagsome fraction of the pre-solar grains
identified in meteoritic material come from novae. The meassreturned by a nova outburst to
the ISM probably exceeds 2 x 10~4 M. Using the observed nova rate of-851 per year in our
Galaxy, it follows that novae introduce more thary x 10-3 M, yr—! of processed matter into the
ISM. Novae are expected to be the major sourcé®dfand1’O in the Galaxy and to contribute
to the abundances of other isotopes in this atomic mass r&fege, we report on how changes
in the nuclear reaction rates affect the properties of thburat and alter the predictions of the
contributions of novae to Galactic chemical evolution.
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1. INTRODUCTION
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The observable consequences of accretion onto white d{@ils) include the Classi-
cal (CN), Symbiotic, and Recurrent Nova (RN) outbursts, #redpossible evolution of
the Super Soft, Close Binary, X-ray Sources (SSS) to Typeipe&ova (SN la) explo-
sions. This diversity of phenomena occurs because of diffas in the properties of the
secondary star, the mass of the WD, and the stage of evohititve binary system (the
orbital period, the luminosity of the WD and the rate of massretion onto the WD).
A CN explosion occurs in the accreted hydrogen-rich envelap the low-luminosity
WD component of a Cataclysmic Variable (CV) system. One disianal (1D) hydro-
dynamic studies, which follow the evolution of the matefaling onto the WD from a
bare core to the explosion, show that the envelope grows g% matil it reaches a tem-
perature and density at its base that is sufficiently highgioition of the hydrogen-rich
fuel to occur. Both observations of the chemical abundaimc€sl ejecta and theoretical
studies of the consequences of the thermonuclear runavidi®)(ih the WD envelope
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strongly imply that mixing of the accreted matter with corattar occurs at some time
during the evolution to the peak of the explosion. How andmiie mixing occurs is
not yet known (see, e. g., Starrfield, lliadis, and Hix 200& $r a discussion).

If the bottom of the accreted layer is sufficiently degereeeatd well mixed with the
core, then a TNR occurs and explosively ejects core plugtatimaterial in a fast CN
outburst. The evolution of nuclear burning on the WD, andttital amount of mass
that it accretes and ejects depends upon: the mass and kitgiotthe underlying WD,
the rate of mass accretion onto the WD, the chemical compnsit the reacting layers
(which includes the metallicity of the CV system), the mixinistory of the envelope,
and the outburst history of the system.

The high levels of enrichment of novae ejecta in elementgingnfrom carbon to
sulfur confirm that there is significant dredge-up of mattent the core of the under-
lying WD and enable novae to contribute to the chemical énmient of the interstellar
medium (Gehrz et al. 1998: G98). Observations of the epoatusf formation in the
expanding shells of novae allow important constraints tplaeed on the dust forma-
tion process and confirm that graphite, SiC, and,Sj@ins are formed by the outburst
(G98 and references therein). It is possible that graima filovae were injected into the
pre-solar nebula and can be identified with some of the ple-gwains or “stardust”
found in meteorites (Zinner 1998, Amari et al. 2001, Josd.e2@04). Finally,y-ray
observations during the first several years of their outbdmne with the next genera-
tion of satellite observatories, could confirm the presesfaecays fron’Be and?’Na
(Weiss and Truran 1990; Nofar et al. 1991; Jean et al. 20@Dreferences therein). In
the next section we report on NOVA our one-dimensional (1y@rbdynamic computer
code that we have used for the new calculations done withethetion rate library of
lliadis (2005, private communication). We follow that wighdiscussion of our evolu-
tionary results and the implications of the new rates forrtbea outburst. We end with
a summary.

2. THEHYDRODYNAMIC COMPUTER CODE AND NUCLEAR
REACTION RATE LIBRARIES

NOVA is a spherically symmetric , fully implicit, Lagrangiahydrodynamic computer
code that incorporates a large nuclear reaction rate nkivitois described in detail
in Starrfield et al. (1998: S98), Starrfield et al. (2000:S8x] references therein). As
reported in those papers, we have found that improving treeites, equations-of-
state, and the nuclear reaction rates have had importadtefdn both the energetics
and the nucleosynthesis. Similar results have been fourttiencalculations of the
Barcelona group as reported elsewhere (Hernanz and Jo8gdt@Dreferences therein).
Therefore, over the past few years we continued to improeepttysics in NOVA
and then determined the effects of the improved physics wlations of the CN
outburst (S06, and references therein). A major effort leghlihe effects of improving
the reaction rates used in the calculations on the evolufothe CN outburst and
the resulting nucleosynthesis. In this paper we comparesatler studies to a recent
reaction rate library of lliadis (current as of August 2005ince NOVA is always being
updated and improved, for the work to be reported on in thpepave have made one



major change and numerous minor changes.

The major change is that we no longer use the nuclear reacgtwmork of Weiss
and Truran (1990: WT90) but have switched to the modern auckaction network
of Hix and Thielemann (1999: HT99). While both networksia&lreaction rates in the
common REACLIB format and perform their temporal integratusing the Backward
Euler method introduced by Arnett and Truran (1969: AT6Bgré are two important
differences. First, WT90 implement a single iteration, sanplicit backward Euler
scheme, which has the advantage of a relatively small ardigbadle number of matrix
solutions, but allows only heuristic checks that the chdsea step results in a stable or
accurate solution. HT99 implement the iterative, fully inp backward Euler scheme,
repeating the Backward Euler step until convergence iseaeli providing a measure
of the stability and accuracy. If convergence does not oagilnin a reasonable number
of iterations, the time step is subdivided into smallernveés until a converged solution
is achieved. This allows the fully implicit backward Eulerttegration to respond to
instability or inaccuracy in a way that is impossible witle ttemi-implicit backward
Euler approach. As a result, the fully iterative approaah aien safely employ larger
time steps than the semi-implicit approach, obviating theesl advantage of the semi-
implicit method’s smaller number of matrix solutions peteigration step.

Second, the HT99 network employs automated linking of reastin the data set to
the species being evolved. This is in contrast to the mamlaht employed by WT90
and many older reaction networks. This automated linkirlgsh® avoid implementa-
tion mistakes, as we discovered while performing tests o¥/N@ order to understand
the source of differences in the results of the simulaticgtsvben two versions of the
code which used the same reaction rate library but diffemantear reaction networks.
In these tests, we discovered that while the REACLIB datased! in our prior studies
(S98, S00), included thegepreaction p+e~ + p — d+ v), it was not linked to abun-
dance changes in the WT90 network. While for Solar modeliveggy generation from
the pepreaction is unimportant (but not the neutrino losses), WD envelope the
density can reach to values of1@m cnt23 which is about two orders of magnitude
larger than in the core of the Sun. The increased densitgases the rate of energy
generation by about 40% over calculations with gegpreaction absent. The increased
energy generation then has the effect of reducing the anufatcreted material since
the temperature rises faster per gram of accreted mat@riad. effect of changes in the
rate of energy generation on simulations of the CN outbamisicussed in detail in S98.)
Given a smaller amount of accreted material at the time whesteep temperature rise
begins in the TNR, the nuclear burning region is less dege@and, therefore, the peak
temperatures are lower for models evolved with the sameeauckaction rate library
used in our previous studies (see below).

Finally, we use the analytic fitting formulas of Itoh et al9@b) for the neutrino
energy loss rates from paig(+ €~ — Ve+ Ve), photo € + y — - + v + V), plasma
(Yplasmon— Ve + Ve), bremsstrahlunge( + A% — e~ + A% + Ve + Ve), and recombination
(€ontinuum— €bound+ Ve T Ve) Processes. As stellar evolution codes generally require
derivative information for the Jacobian matrix, our implkamation of the Itoh et al.
(1996) fitting formulas (available fromttp: //www.cococubed. com) returns the
neutrino loss rate and its first derivatives with respecetogerature, density, (average
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atomic weight) and (average charge).

3. EVOLUTIONARY SEQUENCESUSING FOUR NUCLEAR
REACTION LIBRARIES

3.1. Thelnitial Modelsand Libraries

Our calculations were done with 95 zone, 1.358bmplete WDs. As in S98 and SO0,
we assume that the material being accreted from the dormossiéSolar composition
but that it has already mixed with the core material so thagtttual accreting composi-
tion chosen for this study is 50% Solar and 50% ONeMg mataifalassume a value of
2 for the mixing-length to scale height ratig'Hp). All other details of our calculations
(opacities, equations of state, etc.) are described in 88&80.

We evolved four different sequences using a different reaatte library for each
sequence but the same nuclear reaction network (HT99).8dwtion rate library used
in Politano et al. (1995) included the rates from Caughlad Rowler (1988) and
Thielemann et al. (1987, 1988). They were compiled by Thielen and made available
to Truran and Starrfield and also used for the calculatioperted in WT90 (P1995
in both plots and tables). S98 used an updated reactionibageyl which contained
new rates calculated, measured, and compiled by ThieleraadnViescher (labeled
S98 in both plots and tables). A discussion of the improvemenprovided in S98.
The third library is described in lliadis et al. (2001) andswesed for the simulations
in Starrfield et al. (2001). It is labeled 12001. The last dityr used in “This Work”
is the August 2005 compilation of lliadis. This library is apdated version of the
library described in lliadis et al. (2001) and used in Steldfiet al. (2001). A detailed
description of this library will appear in Starrfield et a20Q6, in prep.). There is one
additional calculation in Table 1. A comparison calculattone with the Politano et al.
(1995) reaction rate library and the WT90 nuclear reactietwork. As noted above, this
network does not include theepreaction and we provide it here only for comparison.
We have recalculated the simulation for this paper using#émee equations of state and
opacities as used for the other calculations.

3.2. TheEvolutionary Results

The initial properties of the WD are provided in the table coemts. We evolved
five evolutionary sequences. In all cases, we assumed aal WD luminosity of
~ 4x 1073 and a mass accretion rate of'¥@m s (1.6 x 10-1%M, yr-1). This
mass accretion rate is 5 times lower than the lowest rate insgither S98 or SO0 and
was chosen to maximize the amount of accreted material gherncreased energy
generation from thg@epreaction. Numerous studies of accretion onto WDs by many
different authors demonstrate that the results of the ¢éeoludepend strongly on the
initial WD luminosity and mass accretion rate (c.f., Yardrak 2005, and references
therein).



TABLE 1. Initial Parameters and Evolutionary Results

Reaction Library? P1995 P1995* S199§ 120018 This Workl
Tacd(10° yr) 2.5 2.1 2.1 2.1 1.8
Macd10-°M) 3.9 3.3 3.3 3.3 2.8
Tpeal 10°K) 459 413 414 407 392
Enuc-pea(10terg gmist) 228 8.4 8.6 4.9 4.4
Lpeak(10°L ) 8.0 9.6 8.0 7.3 5.9
Tefr—pea LO°K) 20 13 13 8.8 8.8
Mej(1075M) 3.3 2.3 2.3 2.3 1.7
Vmax(km s71) 6050 5239 4755 4787 4513

* The initial model for all 5 evolutionary sequences hagp41.35Mx, Lywp=4.2 x
1073L, Tef=2.5 x 10°K, Rwp=2495 km, and a central temperature df & 10’K

T Library used in Politano et al. (1995): pep reaction notudeld(\WT90 network)
** Library used in Politano et al. (1995): pep reaction incti@T99 network)

¥ Library used in Starrfield et al. (1998): pep reaction inelddHT99 network)

§ Library described in lliadis et al. (2001): pep reactionlinied (HT99 network)

T lliadis (2005: this work) library: pep reaction includedTBB network)

We use the same composition for the accreting material aslitaRo et al. (1995;
see also: S98; S00; and Starrfield et al. 2001: a mixture dfsloddr and half-ONeMg
by mass fraction). By using this composition, we assumedbed material has mixed
with accreted material from the beginning of the evolutibinis composition also effects
the amount of accreted mass at the peak of the TNR since it heghar opacity than
if no mixing were assumed. The results of our evolutionatgudations are given in
Table 1 and 2. Table 1 gives the initial parameters and aeolaity results and Table 2
gives the abundances of the ejected material (by mass) éot thifferent simulations.
We do not report the abundance results for the sequence dtreutthe pepreaction
since this calculation is not realistic. The evolutionaaygmeters are provided only to
demonstrate the effects of including this reaction on trdugion.

The rows in Table 1 are the reaction rate library, the acandime to the TNR{ac0),
the accreted mass@w), peak temperature in the TNR (da), peak rate of energy gen-
eration during the TNR &ycpear, Peak luminosity (keay, peak effective temperature
(Tet—peak), €jected mass (M), and the peak expansion velocity after the radii of the
surface layers have reachedL03cm (Vimax). By this time the outer layers are optically
thin, have far exceeded the escape velocity, and there isulat that they are escaping.

As noted above, we provide two different columns for Politat al. (1995). The
first, with the superscript T, is taken from a calculation eldor this paper using the
Politano et al. library and the WT90 network in NOVA. The sedpwith the superscript
x%, Uses the same reaction rate library as Politano et al. butnlergy generation and
nucleosynthesis is obtained with the HT99 network. Thesectmlumns, therefore, show
the effects of including theepreaction on the TNR simulations.

Table 1 shows that the largest change in the results of thetewo occurs with the
inclusion of thepep reaction. If we compare P199%nd P1995, then the~40%
increase in energy production from just adding gegpreaction to the network results
in a decrease 0£19% in both accretion time and accreted mass. The large ehangt
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FIGURE 1. The variation with time of the temperature in the deepestdyen-rich zone around the
time when peak temperature occurs. We have plotted thasdésufour different simulations on a 1.35M
WD. The identification with calculations done with a spedificary is given on the plot. In this plot and
all following plots, S1998 refers to Starrfield et al. (19988), P1995 refers to Politano et al. (1995),
12001 refers to lliadis et al. (2001), and This Work refergh paper. The details of the associated
reaction rate library are given in the text. The curve forres@quence has been shifted slightly in time to
improve its visibility.

be caused by the addition of thpepreaction since the two reaction rate libraries are
otherwise identical. Because there is less accreted mad®ednND at the time of the
TNR (comparing the sequences done with piegoreaction included to the one without
it), the peak temperatures do not reach to as high values #e isequence with the
pepreaction absent. If we compare the accretion time and axtregass for the four
sequences with thpepreaction included, we see that changes in the nuclear ogacti
rate library have a sizable effect. In addition, there haaenssome small changes to the
reaction rates in the proton-proton chain and that is whHereseéquences spend most of
their time during the accretion phase.

Figure 1 shows the variation of temperature with time fordeepest hydrogen-rich
zone and we plot only the simulations done with gegpreaction included. The specific
evolutionary sequence is identified on the plot. The refeeeio the reaction network
used for that calculation is given in the caption for FigureThe time coordinate
is arbitrary and chosen to clearly show each curve. This digimows that there are
important differences between the four simulations. Pealperature drops from about
413 million degrees to 392 million degrees and peak nuclearyy generation drops by
about a factor of 2.5 from the oldest library to the newestlip (84 x 10 ’erg gm 1s—1
to 4.4 x 10t"erg gnt1s1). The temperature declines more rapidly for the sequence
computed with the oldest reaction library (Politano et 893) because it exhibited a
larger release of nuclear energy throughout the evolutibichvcaused the overlying
zones to expand more rapidly and the nuclear burning lagec®al more rapidly. In



TABLE 2. Comparison of the Ejecta Abundances for 1.35Mhite
Dwarfs (All abundances are mass fraction)

Reaction Library: ~ P1995  S1998 12001  This WorkF
H 0.27 0.27 0.27 0.28

‘He 0.18 0.18 0.17 0.17

12c 80x10° 12x102 80x10°% 62x10°3
3¢ 28x10° 40x10°% 24x10°% 24x10°3
14N 43x103 48x10° 43x10°% 84x10°3
15N 0.11 0.11 68x 102 6.0x10°2
160 12x10°3 11x103 24x103 24x10°3
170 11x103 1.0x103 59x102 6.7x107?
180 78x103 67x10°3 3.0x103 15x10°3
18¢ 25x103 23x10°3 93x10% 59x104
22Na 35x102 51x102 30x102 23x102
24Mg 28x10°% 19x10°% 21x10°% 19x10°3
26Mg 16x102 12x102 22x10°2% 15x10°3
26 2.8x103% 21x10°% 27x10°% 3.0x10°3
27p| 2.8x102 34x102 14x102 14x1032
285 23x102 35x102 27x102 29x10°?
295 63x10°% 70x10° 19x102 18x10°?
305 23x102 24x102 31x102 38x10°?
3lp 30x102 30x102 43x102 37x10?2
s2g 21x102 28x102 39x102 4.0x107?
34g 15x103% 13x103% 13x103 72x10*
36Ar 6.1x10% 22x10% 15x10% 68x10°
40Cca 21x10° 24x10° 24x10° 18x10°

* Library used in Politano et al. (1995): pep reaction inclild T99 network)

T Library used in Starrfield et al. (1998): pep reaction inelddHT99 network)

** Library described in lliadis et al. (2001): pep reactionlimizd (HT99 network)
¥ lliadis (2005: this work) library: pep reaction includedTB® network)

contrast, the newest library, with the smallest expansedaaities, cools slowly.

The differences in total nuclear energy generation {)/as a function of time for
each mass is shown in Figure 2. The time coordinate is cemsigtith that used in
Figure 1. Note that peak nuclear energy production for tkestdibrary is definitely
lower than seen in the earlier libraries. The changes inikinarles are more important
for the more massive isotopes and become more importangasrhiiemperatures are
reached.

The abundance predictions, for the ejected material, framf@ur evolutionary se-
guences are given as mass fraction in Table 2. Here we disalisthe most important
nuclei. The increase in thftHe abundance is small compared to the observed helium
abundances in CN ejecta which can reach, if not exceed, ®@B)(Ghe large helium
abundance, in combination with the large observed CNO adnoes, is strong evidence
for mixing of the accreted material with layers in the WD unigieg the accreting ma-
terial at some time during the outburst. The large heliutmdbuces observed in RN
such as U Sco or V394 CrA suggest that mixing has also occuritb@se systems even
if their total CNO abundances are not dramatically enrictveer solar. Examining the
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FIGURE 2. The variation with time of the total nuclear luminosity (erd}) in solar units (L) around
the time of peak temperature during the TNR on a 1.33MD. We integrated over all zones taking part
in the explosion. The identification with each library is@ivon the plot. The time coordinate is chosen
to improve visibility.

behavior of the individual abundances, we see t#atand!3C are virtually unchanged
by the updated reaction rates. In contrast, the abundan@®lafearly doubles and that
of 15N decreases by a factor of two going from the first to the latssttion rate library.
160 also doubles in abundance whit®© grows by a factor of 60 and becomes the most
abundant of the CNO nuclei in the ejecta. For this WD massCiieratio is 0.12.

The abundance d?Na decreases with the library update &flflg is severely de-
pleted by the TNR2AI is unchanged by the changes in the reaction rates while the
abundance of’Al drops by a factor of two. This result implies that TNRs onmmmas-
sive WDs eject about the same fraction?8Al as 2’Al. We also find that contrary to
Politano et al. (1995) that the amount45#l ejected is virtually independent of WD
mass. All the Si isotopes$gSi, 2Si, and®°Si) are enriched in the calculations done with
the latest library. Finally, while the ejecta abundance®®af, and*°Ca have declined
as the reaction rate library has been improved, they are@dlyzed in the nova TNR
since their final abundances exceed the initial abundances.

4. SUMMARY

In this paper we examined the consequences of improvingubkear reaction library
on our simulations of TNRs on 1.35MWDs. We have found that the changes in the
rates have affected the nucleosynthesis predictions otalgulations but not, to any
great extent, the gross features of the evolution. In amditwve have used a lower
mass accretion rate than in our previous studies in ordecdcete (and eject) more
material. This has, as expected, caused the peak valuesnef isgportant parameters



to increase over our previous studies at the same WD masse\rowbecause some
important reaction rates have declined in the new reacte library this has not
increased the abundances for nuclei above aluminum andgcinthey have declined
while the abundances of boffAl and 2’Al have increased. In contrast, the abundance
of 22Na has declined from the values predicted in our earlier work
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