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Suppose we write the differential equation for 14N in the 

CNO-1 cycle. In general 14N might be created and destroyed

by a large variety of reactions, α,γ( ), n,p( ), α,p( ),
n,γ( ), p,α( ), p,n( ), γ ,α( ),etc. But here there are just two:

dY 14N( )
dt

= Y(13C)Yp ! p,!
13C( )! Y(14N)Yp ! p,!

14N( )

Now suppose 13C and 14N are in steady state. That is

every time 13C(p,! )14N  creates a 14N, 14N(p,! )15O

destroys it. 
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Everywhere that dYi

dt
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How long does it take for a pair of nuclei to reach steady state?

The time to reach steady state is approximately 
the reciprocal of the destruction rate for the more 
fragile nucleus.

Eg.  for 12C and 13C      [absorb ! Yp  into !  for simplicity];

                         i.e.  ! 12 = " Yp! p! (12C); " 13 = #Yp! p! (13C)]

                     
dY13

dt
= ! Y13 ! 13 +Y12! 12

dY12

dt
" ! Y12! 12

Let u = Y13 / Y12 then

           
du
dt

=
1

Y12

 
dY13

dt
!
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dY12

dt
= λ12 !

Y13

Y12

λ13 +
Y13

Y12

λ12

= λ12 +u (! 12 ! ! 13)

Ignore any 
reactions that
create 12C

  

Integrating and assuming Y13 =0 at t = 0 and 
Y13

Y12

=
! 12

! 13

after a time " ss=  time required to reach steady state, one

has with some algebra

                              " ss=

ln
! 12

! 13

#
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! 12 ) ! 13( )

which says steady state will be reached on the faster of the 

two reaction time scales, 1/! 12 or 1/! 13
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At  T6 = 30 ! Yp =100

! Yp! p! (15 N)( )! 1
= 1.4" 106 sec         !5N # 14N  (quickest)

! Yp! p! (13C)( ) ! 1 = 1.5" 108 sec 12C # 13 C  (2nd  quickest) 

! Yp! p! (12C)( )! 1
= 5.6 " 108 sec         12C # 14 N  (quick)

! Ypλ pγ (14N )( )! 1
= 4.2 " 1010  sec one cycle of the main CNO cycle

ρYp λ pα (17O)( )! 1
= 2.9" 1011 sec 17O # 16O (slow)

ρYpλp! (16O)( )! 1
= 1.6 " 1012  sec  16O# 14N  (very slow)
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Provided steady state has been achieved the abundance
ratios are just given by the λ�s.
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10 1/3.48
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In steady state the abundance ratio 13C/12C is much
greater than in the sun.
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Will have to make 15N somewhere else not in steady state 
with 14N

But it doesn't always work so well. E.g. 
15N
14N

in the sun has a ratio 

            
15N
14N

⎛
⎝⎜

⎞
⎠⎟⊙

= 3.7× 10−3

But the steady state abundance is 

15N
14N

⎛
⎝⎜

⎞
⎠⎟⊙

=
! p! (14N)

! p! (15N)
≈ 3 ×10−5
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12C   -  destroyed by hydogen burning. Turned into 13C if

            incomplete cycle. 14  N otherwise.
13C   -  produced by incomplete CNcycle. Made in low mass 

            stars. Ejected in red giant winds and planetary nebulae
14N - produced by the CNO cycle from primordial 12C and 16O

         present in the star since its birth. A secondary element.

         Made in low mass (M < 8 M! ) stars and ejected in red

          giant winds and planetary nebulae. Exception: Large 

          quantities of "primary" nitrogen can be made in very massive

           stars when the helium convective core encroaches on the  

           hydrogen envelope.

 

15N - Not made sufficiently in any normal CNO cycle>

        Probably made in classical novae as radioactive 15O

16O - Destroyed in the CNO cycle. Made in massive stars by

         helium burning

17O - Used to be made in massive stars until the rate for 

        17O(p,! )14N was remeasured and found to be large.

        probably made in classical novae

18O -  made in helium burning by 14N(! ," )18F(e+#)18O

23Na - Partly made by a branch of the CNO cycle but

           mostly made by carbon burning in massive stars.

26 Al -  long lived radioactivity made by hydrogen burning 

           but more by explosive neon burning in massive stars  
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where! is the density,Mej is the ejecta mass (in parentheses, if
Mej is constant in time),R is the radius of the ejecta (V / R3),
and t is the time after the outburst. Here we substituteúMwind
andRph of our best-Þt model for those in equation (1). We can-
not uniquely specify the constantin equations (1) and (2) because
radiative transfer is not calculated outside the photosphere.

Instead, we choose the constant to Þt the light curve on day
43, denoted by A (on the thick solid line), and on day 245,
denoted by B (on the dashed line), in Figure 4. These two light
curves well represent the early/late parts of the observational
data of the American Association of Variable Star Observers
(AAVSO).

Fig. 3.ÑCalculated UV (k ¼14558) ßuxes plotted together withInternational Ultraviolet Explorer(IUE) observations (squares, taken from Cassatella et al. 2004).
These curves correspond to the four models (solid lines) in Fig. 1. A distance ofd ¼ 1:7 kpc is assumed. Here we use the absorption lawAk ¼ 8:3E(B" V ) ¼ 2:65
(Seaton 1979) with an extinction ofE(B" V ) ¼ 0:32 (Chochol et al. 1997). [See the electronic edition of the Journal for a colorversion of this Þgure.]

Fig. 4.Ñ Thick solid line: visual magnitude of free-free emission from the optically thin ejecta, based on eq. (1), scaled to Þt at day 43 (pointA). The ßux decays
with a slope of#t"1.5 until day#100.Dashed line: free-free emission with a slope of#t"3 after the wind stops, scaled to Þt at day 224 (point B). Thin solid line:
ejected mass (Mej) from the WD by the optically thick winds. Here we assume JD 2,448,665.0 as the date of the outburst.Points: observational magnitudes taken from
the AAVSO archive. Two epochs of the nova outburst are indicated by arrows: the companion emerges from the WD photosphere, and the optically thick novawind
stops. [See the electronic edition of the Journal for a colorversion of this Þgure.]

UNIFIED LIGHT-CURVE MODEL OF V1974 CYG 1097No. 2, 2005

Nova Cygni (1992)
from Hachisu and Kato (2005)

wind phase

cooling WD and
residual burning

DUST FORMATION

Fast nova – rise is very steep and the principal
display lasts only a few days. Falls > 3 mag
within 110 days

Slow nova – the decline by 3 magnitudes takes
at least 100 days. There is frequently a decline 
and recovery at about 100 days associated 
with dust formation.

Very slow nova – display lasts for years.
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i.e.,
dP
dm

= −GM
4π r 4

;

dm= 4π r 2 ρ dr

!"#$%&
A white dwarf composed of either C and O (usually < 1.06 M! ) 

or O, Mg, and Ne (usually > 1.06 M! )accretes hydrogen- rich 

material from a companion star at a slow rate of 10-8.5±1 M! / yr

As the matter piles up, it becomes dense and hot. It is heated

at its base chiefly by gravitational compression, though the

temperature of the white dwarf itself may play a role.

Ignition occurs at a critical pressure of  2 « 1019 dyne cm-2

(Truran and Livio 1986 - assumptions R, M constant, ! R <<R);

basically this is the condition that Tbase ~107 K=TH" ignition

This implies a certain critical mass since

! M ign "
4! Pign

G

RWD
4

M WD

~ 10-6 -10-4 M !
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Approximately,

   R! M -1/3

for low M
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Eggleton (1982) as quoted in Politano et al (1990)

This gives a critical mass that decreases rapidly (as M-7/3) with
mass. Since the recurrence interval is this critical mass divided
by the accretion rate, bursts on high mass white dwarfs occur
more frequently even though they are rarer by number.

The mass of the accreted hydrogen envelope at the time the hydrogen ignites is
a function of the white dwarf mass and accretion rate.
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which could be as low as 6 years for 10" 7  M! yr " 1

on  a 1.35 M!  white dwarf.

!""#$%&'(")#"*#%(#+!"#$%&,-./# 0 1%'2%&)#,/3#45&
"678"'9"#54#%#'56%#&"92&&7':#5'#*7;"#<9%("<#54#)"%&<
45&#;7((75'<#54#)"%&<#+<2="&<>"((0 .--#=9#7'#87%;"*"&#0 7'#
?'8&5;"8%3@#AB.C#,--DE.,%#7<#*>"#;5<*#4&"F2"'*()#
&"92&&7':#'56%@#A 9&7*G#.-EH A I @#?2*>5&<#<="92(%*"#7*
952(8#J"#:&5K7':#*5#*>"#L>%'8&%<""M>%&;%<<
+J2*#=&"<2;%J()#C"IA: N$#'5*#LI#<5#'5*#!C# O%3

P>7<#K""M#7'
C%*2&"Q



!"#$%&$'"()*$&"+,-./01

MWD =1.0 M⊙
"M =1.×10−9   M⊙ y

−1

RWD ≈ 5500km LWD =0.01 L⊙
Accreted layer ΔR≈  170 km
XH  = 0.70 XHe = 0.28 XC = 0.01  XO  = 0.01

! M "
4! R4Pcrit

GM
=4#10$5 M!

! base =2900 g cm$3 Tbase =1.8#107  K Pbase = 9#1018 dyne cm$2

! ~
! M

4! R2! R
! 1500 g cm-3

degeneracy parameter ! =2.7
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For the beta-limited CNO cycle

εnuc = 5.9 × 1015 Z erg g-1 s-1 Z ~ 0.01 - 0.1

for M = 10-5 M ! ;  Z = 0.01

L = ! nuc M ~ 1042 erg s-1

So the initial power is quite super-Eddington, but that drives
convection and expansion until a smaller region is burning
and the observed peak L~1038 −1039  erg s−1.
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Mnova(15O) ~ 0.01( ) 3! 10" 5( ) 30( ) 1010( ) ~ 105 M!

X Pop I
15N( ) ~ 105 / 3 ! 1010 ~ 4! 10" 6 # the solar mass fraction

                                                               of 15N  and 17O in the sun.
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CONTRIBUTIONS OF GALACTIC CLASSICAL NOVAE TO ISM 7

1998 PASP, 110:3Ð26

TABLE 2
Heavy-el ement Mass Fr act ions in Novae f r om Opt ical and Ul t r aviol et Spect r oscopy

Object Year Reference H He C N O Ne Na-Fe Z (Z/Z, ) (Ne/Ne, ) CNO/Ne-Fe

Solar . . . . . . . . . . . . . ) 1 0.71 0.27 0.0031 0.001 0.0097 0.0018 0.0034 0.019 1.0 1.0 2.7
T Aur . . . . . . . . . . . . 1891 2 0.47 0.40 ) 0.079 0.051 ) ) 0.13 6.8 ) )
RR Pic .. . . . . . . . . . 1925 3 0.53 0.43 0.0039 0.022 0.0058 0.011 ) 0.043 2.3 6.3 2.9
DQ Her .. . . . . . . . . 1934 4 0.34 0.095 0.045 0.23 0.29 ) ) 0.57 30. ) )
DQ Her .. . . . . . . . . 1934 5 0.27 0.16 0.058 0.29 0.22 ) ) 0.57 30. ) )
HR Del . . . . . . . . . . 1967 6 0.45 0.48 ) 0.027 0.047 0.0030 ) 0.077 4.1 1.7 25.
V1500 Cyg .. . . . . 1975 7 0.49 0.21 0.070 0.075 0.13 0.023 ) 0.30 16. 13. 12.
V1500 Cyg .. . . . . 1975 8 0.57 0.27 0.058 0.041 0.050 0.0099 ) 0.16 8.4 5.6 15.
V1668 Cyg .. . . . . 1978 9 0.45 0.23 0.047 0.14 0.13 0.0068 ) 0.32 17. 3.9 47.
V1668 Cyg .. . . . . 1978 10 0.45 0.22 0.070 0.14 0.12 ) ) 0.33 17. ) )
V693 CrA .. . . . . . 1981 11 0.40 0.21 0.004 0.069 0.067 0.023 ) 0.39 21. 128. )
V693 CrA .. . . . . . 1981 12 0.29 0.32 0.046 0.080 0.12 0.17 0.016 0.39 21. 97. 1.3
V693 CrA .. . . . . . 1981 10 0.16 0.18 0.0078 0.14 0.21 0.26 0.030 0.66 35. 148. 1.2
V1370 Aql . . . . . . 1982 13 0.053 0.088 0.035 0.14 0.051 0.52 0.11 0.86 45. 296. 0.36
V1370 Aql . . . . . . 1982 10 0.044 0.10 0.050 0.19 0.037 0.56 0.017 0.86 45. 296. 0.48
GQ Mus .. . . . . . . . 1983 14 0.37 0.39 0.0081 0.13 0.095 0.0023 0.0039 0.2 4 13. 1.2 38.
PW Vul . . . . . . . . . . 1984 15 0.69 0.25 0.0033 0.049 0.014 0.00066 ) 0.067 3.5 0.38 100.
PW Vul . . . . . . . . . . 1984 10 0.47 0.23 0.073 0.14 0.083 0.0040 0.0048 0.30 16. 2.3 34.
PW Vul . . . . . . . . . . 1984 16 0.617 0.247 0.018 0.069 0.0443 0.001 0.0027 0.14 7.7 1. 31.
QU Vul . . . . . . . . . . 1984 17 0.30 0.60 0.0013 0.018 0.039 0.040 0.0049 0.10 5.3 23. 1.3
QU Vul . . . . . . . . . . 1984 10 0.33 0.26 0.0095 0.074 0.17 0.086 0.063 0.40 21. 49. 1.7
QU Vul . . . . . . . . . . 1984 18 0.36 0.19 ) 0.071 0.19 0.18 0.0014 0.44 23. 100. 1.4
V842 Cen .. . . . . . 1986 10 0.41 0.23 0.12 0.21 0.030 0.00090 0.0038 0.36 19. 0.51 77.
V827 Her .. . . . . . . 1987 10 0.36 0.29 0.087 0.24 0.016 0.00066 0.0021 0.35 18. 0.38 124.
QV Vul . . . . . . . . . . 1987 10 0.68 0.27 ) 0.010 0.041 0.00099 0.00096 0.053 2.8 0.56 26.
V2214 Oph .. . . . . 1988 10 0.34 0.26 ) 0.31 0.060 0.017 0.015 0.40 21. 9.7 12.
V977 Sco .. . . . . . . 1989 10 0.51 0.39 ) 0.042 0.030 0.026 0.0027 0.10 5.3 15. 2.5
V433 Sct . . . . . . . . 1989 10 0.49 0.45 ) 0.053 0.0070 0.00014 0.0017 0.062 3.3 0.80 33.
V351 Pup .. . . . . . . 1991 19 0.37 0.25 0.0056 0.076 0.19 0.11 ) 0.38 20. 63. 2.4
V1974 Cyg .. . . . . 1992 18 0.19 0.32 ) 0.085 0.29 0.11 0.0051 0.49 27. 68. 3.2
V1974 Cyg .. . . . . 1992 20 0.30 0.52 0.015 0.023 0.10 0.037 0.075 0.18 9.7 21. 3.1
V838 Her .. . . . . . . 1991 11 0.60 0.31 0.012 0.012 0.004 0.056 ) 0.09 0.11 31. )

References.Ñ (1) Grevesse & Anders 1989; (2) Gallagher et al. 1980; (3) Williams & Gallagher 1979; (4) Williams et al. 1978; (5) Petitjean et al. 1990; (6)
Tylenda 1978; (7) Ferland & Shields 1978b; (8) Lance et al. 1988; (9) Stickland et al. 1981; (10) Andrea¬ et al. 1994; (11) Vanlandingham et al. 1997; (12)
Williams et al. 1985; (13) Snijders et al. 1987; (14) Morisset & Pe«quignot 1996; (15) Saizar et al. 1991; (16) Schwarz et al. 1997c; (17) Saizar et al. 1992; (18)
Austin et al. 1996; (19) Saizar et al. 1996; (20) Hayward et al. 1996.

expanding material becomes optically thin. At this time, the
development of CO and ONeMg novae diverges. The free-free
phase in a CO nova is typically followed by dust formation,
characterized by a sudden extinction of the visible light ac-
companied by rising IR emission, about 30Ð80 days after out-
burst. In ONeMg novae, the free-free phase evolves into a
coronal emission-line phase.

Many CO novae condense enough carbon dust to produce
a visually optically thick carbon dust ÒcocoonÓthat acts as a
calorimeter by completely obscuring thecentral engineat short
wavelengths while reradiating the entire luminosity of thecen-
tral engine in the thermal IR. These cases, typiÞed by NQ Vul
(Ney & HatÞeld 1978) and V705 Cas (Gehrz et al. 1995a;
Mason et al. 1997), are particularly valuable for assessing the
duration of the constant luminosity phase of the central engine
referred to above. The ejected shells of the CO novae tend to
be of high mass and to have expansion velocities at the low
end of the range observed in novae, although CO novae with

heavy-elementÐenriched envelopes(e.g., V1668Cyg/1978) can
be ÒfastÓnovae as well. TNRs on more massive ONeMg WDs
produce lower mass, high-velocity shells in which the shell
density may be too low at the base of the condensation zone
to enable the production of appreciable amounts of dust. Note
that it is very likely the mass of the WD that is the critical
factor: CO novae are expected to involve WDs of mass ! 1.2
M, , whileONeMg novaeprobably involveWDsof mass" 1.2
M, (see Table 1). The fact that CO novae are themoreproliÞc
producers of dust is most likely a consequence of the fact that
thesenovae, typically involving lower massWDsthan do neon
novae, eject substantially more mass at lower velocities.

IR observations of the dust and gas in novae are becoming
an important source of abundance information. Recent studies
have particularly emphasized evaluations of the abundancesof
elements such as C, N, O, Ne, Na, Mg, Al, Si, and S in the
ejecta to determine the degree to which classical novae partic-
ipate in the chemical evolution of the Galaxy (see Gehrz,
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Gravitational energy
Nuclear energy

! 30 ! 40

Very little matter if any is ejected by 

a x-ray burst. Nucleosynthetically sterile.
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!M = 1.75! 10" 9 M" yr-1

Z = Z" / 20
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1.4 M!  neutron star

 "M =5.25 ! 10" 9  M!  y" 1

30% Eddington

 1.7 year recurrence
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