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ABSTRACT

Context. Classical novae are thermonuclear explosions that talee pathe envelopes of accreting white dwarfs in stellar tyina
systems. The material transferred onto the white dwarkpiie under degenerate conditions, driving a thermonuclesway. In
those outbursts, about 70- 102 M,, enriched in CNO and, sometimes, other intermediate-masseats (e.g., Ne, Na, Mg, or Al
for ONe novae) are ejected into the interstellar medium. [Ahge concentrations of metals spectroscopically inteinethe nova
ejecta reveal that the (solar-like) material transfermednfthe secondary mixes with the outermost layers of the nlyidg white
dwarf.

Aims. Most theoretical models of nova outbursts reported to detd,yon average, outflows characterized by @, from which only
oxidized condensates (e.g, O-rich grains) would be exgetigrinciple.

Methods. To specifically address whether CO novae can actually pe@udch dust, six dferent hydrodynamic nova models have
been evolved, from accretion to the expansion and ejectames, with derent choices for the composition of the substrate with
which the solar-like accreted material mixes. Updated ¢banprofiles inside the H-exhausted core have been useéeld tmsstellar
evolution calculations for a progenitor o\, through H and He-burning phases.

Results. We show that these profiles lead to C-rich ejecta after tha moxburst. This extends the possible contribution of ndwae
the inventory of presolar grains identified in meteoritestipularly in a number of carbonaceous phases (i.e., nammhds, silicon
carbides and graphites).
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1. Introduction striking bond energy of 11.2 eV. Therefore, it is a very sabl
, . , molecule, and can only be dissociated by high-energy pisoton

Class_|cal novae are prolific dust prodl_,lcers. Indeed, ieét@and |, the absence of intense radiation fields, condensation @-a
ultraviolet observations have unambiguously revealed m-nuyich plasma (i.e., & C) results in nearly all carbon atoms locked
ber of dust forming episodes in the ejected shells acconmp@nyin, the form of the very stable CO molecules. As a result, forma
nova outbursts (Evans 1990, Evans & Rawlings 2008, Gehrz_t%tn of C-rich grains, such as silicon carbides (SiC), gitgshor
al. 1998, Gehrz 2002, Gehrz 2008, Shore et al. 1994). As fifg{nodiamonds, is unlikely. Conversely, in a C-rich envinemt
suggested by Stratton & Manning (1939), on the occasion @t . ), all oxygen gets trapped in CO molecules and oxidized
nova DQ Her, dust formation is revealed by a rise in '”frar%mpounds (e.g., corundum, spinel, hibonite, enstajitannot
emission that occurs simultaneously to a decline in thecabti form in principle.
lightcurve, several months after peak luminosity. __ Infrared measurements of a number of novae have actually

Such dust forming episodes are driven by the fast declinejigealed the presence of C-rich dust (Aql 1995, V838 Her 1991
temperature and density in the nova outflows, which allowves tipyy vy 1984), SIiC (Aql 1982, V842 Cen 1986), hydrocarbons
plasma to recombine and subsequently form molecules. Gr@j;342 Cen 1986, V705 Cas 1993), or SiQv/1370 Aqgl 1982,
(dust) formation is a complex process dictated by the Idwatt \/705 Cas 1993) in the ejecta. Moreover, sequential formatio
modynamical and physicochemical conditions of the envirogt 5| those types of dust has also been reported for some re-
ment, requiring moderately low temperatures, below 150002 markable novae, such as V842 Cen 1986 (Gehrz et al. 1990) and
K, and particle densities 10° cm™°. Roughly speaking, it can Qv vul 1987 (Gehrz et al. 1998). In fact, it has been suggested
be qualitatively described as a two-stage process: graienu that novae may have contributed to théfetient presolar grain
ation and growth to macroscopic size (Sedimayr 1994, Laldejopylations isolated from meteorfletClayton & Hoyle 1976,
2003, Andersen 2011). In the former, a handful of molecutes a\mayi et al. 2001, Amari 2002, José et al. 2004, Haenecaair et
semble into small groups ctusters, which by dfect of a suite of 2016). Surprisingly, most theoretical models of nova orstsu
chemical processes growto a critical size. Th(_a carbon mdBOX(even those that rely on a CO-rich white dwarf as the undeglyi
(CO) molecule plays an important role in this process. Wh'@ompact object that hosts the outburst) yield, on average, o
most heteronuclear, diatomic molecules have dissociaion
ergies around 3-5 eV, the CO molecule is characterized by @ See also Pepin etal. 2011, for the possible nova origin ahatamus

interplanetary dust particles collected from comets G&dgellerup
Send offprint requests to: J. José and Tempel-Tuttle.
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flows characterized by © C, from which only oxidized conden-
sates would be expecfedEquilibrium condensation sequence:
have suggested, however, that the presence of large anafuni
intermediate-mass elements, such as Al, Ca, Mg, or Si, n&y d
matically alter the condensation process, allowing theadion
of C-rich dust even in a slightly O-rich environment (Joséale
2004). Moreover, it is likely expected that dust condersain

a nova environment proceeds kinetically rather than atliegui
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rium, because of the strong radiation emitted by the unidegly 10 / ,
white dwarf (see, e.g., Shore & Gehrz 2004). Bafieets reduce /'
the significance of the CO molecule in the process of dust fc / i
mation. But whether the nova ejecta are actually C— or O—rii 105] ,/ E 1H

has not been systematically addressed in the framework-of | !
drodynamic simulations. Indeed, nova models have tratditlg L ‘ ‘ ‘ ‘
assumed that the composition of the underlying white dwtarf s 0.946 0948 095 0952 0954 095  0.958
that hosts the outbursts, has similar mass fractiong@fand M: /Mo
1°0, when low-mass, CO-rich white dwarfs are considered (sggg. 1. Chemical profiles after a series of thermal pulses, follow-
however, Kovetz & Prialnik 1997, for a study of thé&t of jng completion of central He-burning, for anM,, star, com-
the white dwarf composition on the basis of pure-C, pure-® apyted with thedYADES code.
standard, O = 1 white dwarf models).

In this paper, a series of nova models are presented, with
state-of-the-art chemical profiles based on new evolutipse- Table 1. Initial composition of the accreted envelopes.
guences of intermediate-mass stars that lead to the famati
white dwarfs with outer layers characterized by-©. An out- Model 'H 12C %0 CNO
line of the method of computation and input physics usedis th 0.529 0.193 4.11-2 0.235
paper is given in Section 2. The impact of the abundance psofil 0529 521-2 7953 6.10-2
of the underlying white dwarf on the nucleosynthesis accmp 0529 2.49-3 7.61-3 142-2
nying classical nova outbursts is presented in Sectionrilliyj 0638 228-3 7.76-3 1.40-2

. . d . 0.682 2.67-3 9.51-3 1.42-2
?eec{iT:)?\SZ relevant conclusions of this paper are summarized i 0529 0126 0131 0258

OO WNE

2. Input physics and initial setup

Most of the simulations of CO (non-neon) novae performed

date have traditionally assumed that the outer layersi®f t

hite dwarf hosting the outburst have equal mass fractidns o

C and*®0 (some include a marginal amount of leftogéXe,

2t a level of 1% by mass, but maintainingX¢)/X(1°0) = 1).
wever, a closeup look at Fig. 1 reveals instead a chemical

abundance pattern dominated by the presendé@fver 0

The nova models reported in this paper have been computed v¥it
the one-dimensional, implicit, Lagrangian, hydrodynaoude 0
SHIVA, extensively used in the the modeling of stellar expldf—‘é
sions (e.g., classical novae, X-ray bursts). The code sdive
standard set of éfierential equations of stellar evolution: conse
vation of mass, momentum, and energy, and energy transpor
radiation and (time-dependent) convection. The equafistate . 4 ;
includes contr(ibutions?rom the)(degenerate) elect?ontgaéon in the outer white _dwarf layers (with the exception of theesut
plasma, and radiation. Coulomb corrections to the elegires- most, unburnt H-rich layers).
sure are taken into account. Radiative and conductive tiesici I the simulations discussed in Sect. 3, the white dwarf is
are considered. The code is linked to a nuclear reactionarktwassumed to accrete solar composition matedat (0.02) from
that contains- 120 nuclear species, from H f8Ti, connected alow-mass stellar companion, at a characteristic masetme
through 630 nuclear interactions, with updaBTARLIB rates rate ofM ~ 2x 1071 M yr™*. The accreted material is mixed
(Sallaska et al. 2013). Additional details on $#IVA code can With material dredged-up from the underlying white dwarf (a
be found in José & Hernanz (1998) and José (2016). mixture with 75% solar composition plus 25% outer white dwar
The nova models computed in this work assumela0M,, Material has been adopted in all the calculations repontéuis
CO white dwarf, resulting from the evolution of arMg, progen- Paper; see Kelly et al. 2013, for a recent reanalysis of rgixin
itor star, self-consistently computed throughout the egsive fractions in novae, supporting a 25% white dwarf contributi
H- and He-burning stages with tH&YADES code (see Halabi, S€€ also Casanova et al. 2010, 2011a,b, for 2-D and 3-D hy-
El Eid & Champagne 2012, and references therein). The d&@dynamic simulations of mixing at the core-enveloperfaige
base of the Nuclear Astrophysics Compilation of Reactiote®a during nova outbursts).
(hereafter, NACRE; Angulo et al. 1999) was used, in particu- To specifically investigate the role played by the composi-
lar for the triplee: and'°C(«, y) reactions. The chemical struc-tion of the underlying white dwarf, six fierent nova models
ture of the resulting CO-rich white dwarf is shown in Fig. 1have been evolved. Models 1 to 5 are identical, except for the
Qualitatively similar chemical profiles have been obtaif@d composition of the substrate with which the solar-like ated
the remnants of 81, and 7M,, progenitor stars. material mixes up. To this end, 5ftérent locations in the outer
white dwarf layers have been considered (see points iretidat
2 See Gehrz et al. 1998, Gehrz 2008, and José & Shore 2008, dFOWs in Fig. 1). For comparison, an additional model (Mode

examples of @ C ejecta observed in CO novae, affeiient stages of 6) has been evolved under the traditional assumption oflequa
the outburst. mass fractions of?C and*®0 in the outer white dwarfs layers.
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Table 2. Main characteristics of the nova outbursts.

Model [X(lzc) X X(lH)]ini Pbasemax Macc Tbasemax Mejec Vmean Kmean

(10°dyncnt?)  (10°My) (10PK) (10°M,) (kms?t) (10*ergs)
1 0.102 0.857 3.94 1.72 3.19 1540 9.25
2 2.76-2 1.09 5.05 1.78 4.08 1210 7.26
3 1.32-3 1.52 7.07 1.89 571 1060 8.18
4 1.46-3 1.43 6.72 1.83 5.43 983 6.81
5 1.82-3 1.37 6.43 1.80 5.20 954 6.19
6 6.67-2 0.901 4.15 1.73 3.35 1400 7.90

Table 3. Mean composition of the ejecta (CNO-group nuclei).

Model 2C _ ©®C N B™N __ ®O0 O ®O Ejecta
1 2902 7562 1.061 8423 3852 8364 5277 C-rich

2 8.89-3 1.43-2 356-2 2733 5.62-3 1.46-4 9.23-8 C-rich

3 2.04-3 3.02-3 7.21-3 5.26-4 3.07-4 9.46-6 6.52-9 C-rich

4 1.79-3 2.66-3 7.73-3 4.04-4 392-4 1.01-5 7.19-9 C-rich

5 1.63-3 2.47-3 8.08-3 3.44-4 5.09-4 1.14-5 8.24-9 C-rich

6 2.05-2 4172 8.220-2 7.26-3 1.17-1 2753 1.72-6 O-rich
3. Results About 100 s later, when the temperature reachgge =

1.66x 1P K, the star achieves a maximum rate of nuclear energy

3.1. Model 1 generation of X 10'¢ ergs g* s*. Forty seconds later, the enve-

lope base achieves a peak temperaturey@fefax = 1.72x 10°

The importance of the initial @ ratio in the outer layers of the K. At this stage, nuclear energy is mostly released throteh t
underlying white dwarf, and especifically, the initi#C mass hot CNO cyclg reactions (H%NOﬁNl(f, 7)1401(5[3*)14N1,55up-
fraction in the envelope, will be described in the framewofk plggnentedlbx* Clp,y) "NB")"C(p, y)*"N(p, v) "O(6")>N(p,

the evolution of Model 1. In this particular model, the sataa- @)**C, and'®O(p,7)* 'F(5*)*"O(p,a)**N. Secondary nuclear ac-
terial transferred from the secondary is assumed to mix withfiVity involves a series of proton-capture reactions Ahdecays
C-rich substrate, whose composition is indicated in theenpgf @ handful of species in the NeNa-MgAl mass regions (e.g.,
part of Fig. 1 as point 1 (see also Table 1). The early acaretio N&, “*“>“*Mg, “>Al, and both the ground and first isomeric
phase is dominated both by the pp chains (mainly thrdirtfp, States of°Al). A small leakage from the MgAl-mass region is
&' v)2H) as well as by the CNO-cycle reactidfC(p, )N, driven by proton captures 6iiSi and®’Al.

followed by 3N(3*)*3C. When the temperature at the envelope A fraction of the nuclear energy released during the event
base reaches,fse= 2.4 x 107 K, the nuclear timescale becomess transformed into kinetic energy, which powers the eggcof
shorter than the accretion timescale, and accretion bezame 3.2x 107> M, of nuclear-processed material, with a mean veloc-
longer relevant. The rate of nuclear energy generatiorhesacity of 1540 km s*. As confirmed by the large concentrations of
~ 1% ergs g! s! at the innermost envelope shell. The totdhydrogen and carbon in the ejecta (see Table 3), the runaway i
mass piled up on top of the white dwarf at the end of this accriealted by envelope expansion, rather than by fuel consemypti
tion atage (which lasts 1.7 x 10° yr) is ~ 3.9 x 107 M, (see
Table 2, for details).

Shortly afterwards, degeneracy is lifted at the enveloge pa .
so that pressure becomes sensitive to temperature. Camggu AS Shown by Shara (1981) and Fujimoto (1982), the key param-
the envelope begins to expand, after achieving a maximusa prgter that .determlnes the strength of.a nova outburst is & pr
sure of Ruxbase= 8.6 x 1018 dyn cnt2 and a maximum density SUre achieved at the core-envelope interfaggeR measure of
Of pmaxbase = 3.6 x 10° g cnT?. The beginning of the dynamic the overall pressure exerted by the layers overlying thitiggm
stage (i.e., a thermonuclear runaway) is accompanied byethe Shell:
velopment of superadiabatic gradients at the innermost$ayf
the er_lvelope. This spawns the onset of convection, which pgg, .= =¥\, 1)
gressively expands throughout the envelope. ftd= 5 x 10’ 4”Ri,d
K, the nuclear activity is fully dominated by the cold CNO cy-
cle, mainly througH?C(p,y)*N(8*)**C(p,y)**N, while no sig- In Equation 1, M,y and Ry are the mass and radius of the
nificant activity in the NeNa and MgAl-mass region is noticedvhite dwarf hosting the eplosion, and,Mis the mass of the
A similar behavior is found at 0K, when convection has al- accreted envelope. To drive mass ejection, pressures iarige
ready extended throughout the entire envelope, with a ctera Pyase ~ 10° — 10°° dyn cnT? are required at the base of the
istic turnover time of about 1 s. However, the domin&@(p, envelope, the exact value depending on the chemical composi
YEN(EBH)EC(p, ¥)**N reactions are now significantly suppletion (Fujimoto 1982, MacDonald 1983). For a given pressure,
mented by*N(p, )**O(B")*N(p, y)*°0 and*®O(p,y)!’F, with Equation 1 reveals that the mass of the accreted envelope de-
still a marginal contribution from reactions of the NeNa angends only on the mass of the underlying white dwarf star, be-
MgAIl mass-regions (mainly*Mg(p, y)?°Al). The star has spent cause of the relationship between stellar mass and radiis. A
about 12 x 1P s raising its temperature at the innermost envehown in Table 2, the larger the mass of the accreted enve-
lope layers from 3 10’ K to 10° K. lope, the larger the pressure at its base. This translatesain

3.2. Models 2 to 6
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more violent outburst, characterized by a larger peak teape4. Discussion
ture, Tpasemax (Table 2).

The analysis reported for Model 1 revealed that the sing
most important reaction during the early stages of a nova o
burst is 2C(p, y). The rate at which these two species intera
per second and per unit volume can, in general, be expresse
(see, e.g., lliadis 2015, for details):

s shown in Section 3, the use of state-of-the-art chemial p
es for the white dwarf that hosts a CO nova outburst turrts ou
te be critical for the production of C-rich ejecta. Even tgbu
listic white dwarf models, with similar profiles, haveebe
previously reported in the literature (see, e.g., Sala@. 4997,
Karakas and Lugaro 2016), it is worth analyzing the possible
He = NHNC(OVIHC (2) role played by nuclear uncertainties in this regard, bottingu

N _ the previous stages of the evolution of the progenitor amthdu
whereny andnc denote the number densitiesd and'?C in  the nova outburst itself.

the stellar plasma, respectively, aqevyyc is the reaction rate

per particle pair. Equation 2 reveals that the rate of irttiva S )

is proportional to the mass fractions of the interactingcigme 4-1. Uncertainties in nova nucleosynthesis

Therefore, the most relevant quantity to determine thengtle  » gjgnificant fraction of the nuclear reactions of interest f
of the outburstis not the a{‘;"“”tg“" asitis frequently stated, 5" cleosynthesis that involve stable nuclei (mosthtqn-
but the product [X{H) x X(**C)]ini at the beginning of the accre-jp,;ceq reactions) have already been measured directlyein t
tion stage. A reduction in this quantity delays ignitiomcs less laboratory (José, Hernanz & lliadis 2006).

nuclear reactions occur, and, hence,_le_ss energy IS relLe'E_lss For the case of CO novae, in which the main nuclear path
translates into a rise in the characteristic timescaledoretion, does not extend significantly beyond the CNOF mass region

which tstlil]bsgquently J?a‘t’; toa dlarger acc_reltedtmaé?uhgelrgedr Pcurrent reaction rate uncertainties (i.€.30%) do not dramat-
sureé gt the base, and in the end, a more vioient ou ed, ically affect model predictions. Indeed, after a number of im-

in the models reported in this work, a reduction in Nj x 17 ;
12097 . rovements on th€O(p,a) and'’O(p, y) rates, the main source
>2((t C)]"i' ?y a_f:f[u:tor of~ 80 (Se% e.gf., '\fgge.lstt and 3in Tabl‘gf uncertainty in this region is mostly dominated by the tévag-

) ranslates into an increase by a fac In the maximum reaction'®F(p, @) which, under explosive conditions, drives

X .i
pressur[e ?ttamed at thte gasedof.th? vaellt(;]pe, asavj\éellge 'ntﬂ% main nuclear path down t80 in both hot CNO cycles 2 and
amount of mass accreted and ejected (with a smalfeceas 3 (see, e.g., lliadis 2015, José 2016). It is, however, lwoat-

well on the peak temperature achieved in the outburst). ing that the uncertainty associated Wi (p, @) has an impact

on the expected O yields for ONe novae, but not for CO novae
3.3. Nucleosynthesis and implications for dust formation (lliadis et al. 2002).
All in all, we conclude that the CO nova nucleosynthesis

The final, mass-averaged composition of the ejecta accoyApagedictions reported in this work are noffected by current
ing the set of nova outbursts calculated in this work is SUMM@& action-rate uncertainties.

rized, for CNO-group species, in Table 3.
In Model 1, the ejecta is dominated by high concentrations
of H (0.498, by massfHe (0.240), and*N (0.106). This is fol- 4.2. Uncertainties in the evolution of the progenitor star

13~ 16 12 . ; .
lowed by™C, "0, “C, and other CNO-group nuclei. A Slmllar'I;he evolution of a star, throughout the H- and He-burningesa

pattern is obtained in Models 2 to 5, except that in the latte . > )
both'213C are individually more abundant than any of the stabl[¢: to the formation of a CO-rich core, may biéested by uncer
ainties in two key nuclear reaction rates.

O isotopes!®l%180. It is worth noting that Models 1 to 5 yield A : .
C-rich ejecta. Model 6, however, presents an importantadevi The flrs.t IS t_he triple-alpha reaction (hereqftef).a\/lodels .
resented in this work rely on chemical profiles for the white

tion: while H and*He still present the largest mass fractions iﬁ . ;
he e he third m ndan ies is now, bifar,in warf based_on stellar evolution computed with @HADES
the ejecta, the third most abundant species is now, byXar, code, for which the NACRE @ rate was adopted (Angulo et

fact, the large concentration of this isotope ) = 0.117, by al. 1999). Since the NACRE compilation, several presaipsi

mass) results in O-rich ejecta. . .

W)hile the use of statje-of-the-art chemical profiles for cdor this rate havéez geengp)Allj—'bllsEedehEOlﬂghz%nge%s%rem.em;ft
rich white dwarfs hosting nova outbursts has a limited inipac mver:s; pr;ac?s t - i €, Fynbo € %t(vv H)K(()a e(rjmlgeo a
e dynamic of e novaautbursi (. mass ceced. ek [ % 85 10 Crperalies g betweer W A0
perature, nucleoynthesis) it has a dramaffea on the prop- ﬁlnlr temperatures below 5 x 10’K, while much smaller than

erties of the dust expected to condense in those envirosme .
To date, CO novae have been traditionally ruled out as likel CRE above 19K, The potential ect of the Fynbo et al.3

rogenitors of C-rich grains, on the basis of the O-rich @jec’ te has been checked by means of new evolutionary sequences
gbtgined when equal r%ass fractiond® and®o are adoplfqed of an 8M, star computed with thBYADES code throughout the

. He-burning stage. Oxygen becomes higher than carbon in the
see, e.g., José et al. 2004). In sharp contrast, the megelged . . X . ;
i(n this p%per show, howeV()er, that th% implementation ofistel inner regions of the star, but as in the chemical profiles tetbp

chemical profiles leads to C-rich ejecta, instead. This epgn g th'ts Wtor:<, tzhoeoguther layers Stt'lé remain C-nct:h.bMorg rade, t
new possibilities for the contribution of novae to the iniary gataetal. ( ) have reported on a new rate based on quantu

of presolar grains identified in meteorites, particulanyainum- mechanical calculations of the three-body Schrodingeatan.

; : i Around 10 K, the rate exhibited an increase by 20 orders of
gﬁ(rjogrc;%rr?i(t)g;ceous phases (i.e., nanodiamonds, silicbitlea magnitude over the standard NACRE rate. It is however worth

noting that this rate has been refuted by more recent calcula
3 Specifically, for CO novae. See Shen and Bildsten (2009)gfur  tions, and diferences with respect to NACRE at low tempera-
tion conditions in C-poor envelopes. tures are now reduced to less than an order of magnitude (see,
4 See Joseé et al. (2007), for a study of nova outbursts in rpetal, €.9., Ishikawa 2013, Akahori, Funaki, & Yabana 2015, for de-
primordial-like binaries. tails).
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The second reaction iC(, y)'%0. It is a key reaction de- and the FAS at the American University of Beirut where part of
termining the final @O ratio wherever He-burning takes placethe calculations were performed.
and dominates over the triplefreaction when the helium mass
fraction drops below about 0.1. The rate of this reactioroisid
inated by several subthreshold resonances and still remain References
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