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Suppose we write the differential equation for *N in the
THE CNO BI~CYCLE CNO-1 cycle. In general N might be created and destroyed
by a large variety of reactions, (a,y),(n,p),(a,p),

(n,y),(p,a),(p,n),(y,a),etc. But here there are just two:

Y(14 ) _Y(BC)Y ! (13C)| Y(lAN)Y / (14N)
dt - Pt : p’pt

Now suppose *C and N are in steady state. That is
every time *C(p,/ )N creates a N, “N(p,/ )**O
destroys it.

"#$%6$&()



rag  AYC'N) 4. Y(PO), )
dt Y(“N) 1 .(°C)
dy,
"#$%&$'()(*1+$+,-"(".  Everywhere that —t =0
Y(*c)_ !, (*C) Y(®N) _ ! (*N)

Y(lZC) !p"(13c) Y(MN) - !p"(lsN)_'_!p#(lSN)
I"HS(/$01,$,"0(+,$/(+0$*--2$3'$("$'0, #&$010,
yc)_ !, (“N)
Y(N) 1 ,.(C)

Y(MN) :(Y(MN)](Y(BC)J: W ;pr(lzc)
y(*c) (v*o) A, (“N) )\ AA°0)

€.

Y(*C)

4110$('5$01,$+10(-$-/$01,$19%66"#1"7,'$-/$"8&$$03-$'2,7(,'$("$'0, #&S$
'010,$('$01,$("8,+',$$+10(-$-/$01, (+$#,'0+6 70(-"$+10,"

. : Y., !
Integrating and assuimg Y,,=0 att =0 and 2 = 1—12
12 " 13
aftera tme " _= time requred b reach stady sate, one

has wth sone abebia

#l & "t $%&$'())*)+
Ingﬁ,—( (.-) %V0)$)!12".3)4)5
T )113 ().6$7,8.

which says stady staite will be eached onhte faser of the
two reactontime scaks, 1/ 1, 0r 1/! 1

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 “Cand "C  [absorb / Y, into ! for simplicity];
ie. / ="Y ! (*C) "= AY ! (&®)

12 P p P p
% = ' Y13 !13 +Y12'I 12 ddY.ll:z ! I Y12’ 12 eactons
Letu=Y,/Y, then
% :i % ! Y;;dYu = )“12! i1134-&2’12
Y, d Y 0,

=2'124-['](!12! !13)

A sampling of Rates from Caughlan and Fowler (1988)

76 12C{pg) 13C (pg) 14N (pg)

2 8.51(-39) 2,69(~-38) 9.88(~-44)

] 2.95(-29) 9.71(~29) 4.17(~33)

6 1.24(~24) 4.15(~24) 5.85(-28)

8 1.01(-21) 3. 441(-21) 1.02(~24)

10 1.19(~19) 4.07(-19) 2.06(-22)

12 4.53(~18) 1.55(~17) 1.17(-20)

15 2.06(~16) 5.90(~16) 1.18(-18)

20 3.85(~19) 1.34(-13) 2.73(-16)

25 1,26(-12) 4.39(-12) 1.30(~14)

30 1, 791(=11) 6.27(=11) 2.46(-13)

40 8.57{~10) 3.01(-9) 1.76(=-11)

50 3.88(~11) 4.71(=8) 3.,64(~10)

15N (pa) 160 (pg) 170 (pa)

2 1.921-33) 2.68(-48) 2.64(-4Y9)

4 B.651-29) 1.23(-36) 1.36(~37)

6 1.28(-23) 5.52(-11) 6.70(~32)

3 2.32(1-20) 2.00(-27) 2.65(~218)

10 4.81(-18) 6.79(-25) 9.68(~-26)

12 2.82(-16) 5.75(-23) 8.82(~-24)

15 2.95(~14) 9.11(-21) 1.55(-21)

20 7,33(~12) 3.60(~18) 1.06(-18)

" 1.62(~10) 2.51(~16) 4.07(-16)
#$%&$.%'3"J 7.18(=9% 6.35(~-19%) 3.47(-24)
#%0'() 40 5,60 (=7) 6.94(~13) 9.11(-12)
50 1.25(~%) 1.93(-11) 2.43(-10)

reactions that
create '2C



-1 i o i) T o M e (A o eet N [REE CRENEE
At T.=30 Y =100 i X
. 2 CHS"?@"H>"A Te = 30 "N i
fi 120 p = 100 -
15 1 n 6 15 14 H
(/Yp’ L N)) = 14"10°sec  SN# N (quickes))
c
. S
(/Yp/p, 13C)) =15"10°sec  “C# B C (2™ quickest) 3
[T
(1v,r, (120)) =56" 10°sec  2C# “N (quick) 2
=
14 i n 0 o o
(/Yl ( N)) =42" 10° sec  onecycle of the main CNO cycle °
1
(pY,4,,("0)) =29"10"sec  "O# O (slow)
( A (160)) =16" 10” sec  *O# N (very dow)
11} n 11} 1 " 1 m m {11} 1 j 12 14
I"HSO&! ("B H D) H (B, - H (IR #(0$,#(1 6 2 2
log t (seconds)
D IHS 068 ()" &-+"//-&/-0.1+"2&",.3304+"31.-3"%5+-+"6"03"1503"50758
3&"15+"-+,("10,+"39.(+"35&'() " +" *&'1"#$"10,+3"7-+.1+-",(3&" (+<715+<+)"*="98<4+91
TABLE 2
Provided steady state has been achieved the abundance STELLAR PARAMETERS AND DERIVED ABUNDANCES
ratios are just given by the 1’ s. T
Star (K) logg loge(*2C) | 2¢/C | [C/M]
I"#$%E&'($'($()*+%"*+( M4
E. g. Bc ),(+-4# 1403 200 13 670 5 —067
1408 ............ 4350 1.6 6.65 5 —-0.72
1412/v4 4100 0.5 <56 550 <$-185
1514 ... 3800 04 6.25 5 —1.12
e o v 0'1"%%(%1-($"$%&  1608.... 4600 20 675 6 —063
- %L, 1617 .... 4350 1.6 6.40 3: —0.93
1 2c$ b p (13C)$ 23),431-$534(%+-$€ 12%2 4650 2.1 70 | 3 ~035
: 1625 4200 1.3 6.30 55 —1.07
#?é =# P - 10 1/3.48 1701 450 19 710 4 —025
1 " qn 1 2 4150 . 3 —0.
CHh, *#,(=c) " y¥er BA'6O+ 'S8 %8 S wo 5 ooem | | e
e <= . 2406/V13 3950 0.6 6.30 3 —1.02
I<=>$?@A>$ABC>$;, 10/. . 4350 1.2 6.80 5-10 —0.59
2422 4300 1. 6.50 3 -0.83
30 17351 ;519 4200 1.3 6.85 4 —0.50
608 .... 4300 15 6.85 5 —0.52
! 13C$ 1 2617 ... 4050 11 6.60 5 —0.77
but H~ = gsza 4533 é.9 6.65 3-5: —0.70
309 ... 47 .2 7.15 —-0.30
C ép 89 3404 .. 4700 22 7.05 —0.40
: 3612 ... 4150 1.2 6.60 3 —-0.73
3624 4100 1.1 6.70 5 —0.67
4201 4300 1.5 6.70 5 —0.67
4310 .... 4250 14 6.90 5 —-0.47
In steady state the abundance ratio '*C/'2C is much s 50 19 700 | 37 Zon
greater than in the sun. o il S O
4421 4350 1.6 6.55 6: —0.83
4509 4650 2.1 6.95 5-10: —044
4511 4050 1.0 6.55 6 —0.83
4630 4200 14 6.75 5 —0.62
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But it doesn't always work so well. E.g. - —

N
in the sun has a ratio

14N

15
(—N] =3.7x107°
0]

But the steady state abundance is

SN () _
(W] =Ip—15N)z3X105
o]

Y

Will have to make 5N somewhere else not in steady state

with 4N

"#$%& ()*+$(,(&)
-+./'%0"(12'0,0)3+445$"

#9898 .

#39

#$*&)

1$+&()

2C - destroyed by hydogen burning. Turned into **C if

incomplete cycle. ** N otherwise.

BC - produced by incomplete CNcycle. Made in low mass

stars. Ejected in red giant winds and planetary nebulae

¥N - produced by the CNO cycle from primordial **C and **O
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

guantities of "primary" nitrogen can be made in very massive
stars when the helium convective core encroaches on the

hydrogen envelope.

13

Also M—C) =0.035 but T
N
o

13C] ~ 11)7(14N)
ss

14 N /lm, (]2 C)
20 2.0(-3)
30 7.9(:3)
40 7.7(3)
13 13

So one can make T} large but cannot make N

big compared withiits solar value. Cardinal rule of

nucleosynthesis - you must normalize to your

biggest overproduction, nitrogenin this case.
I'#3%E&' ($$)*+$ .$/0$"$.1$23%4+55%$'6"'$6"5$0%'
3+"46+7$5'+" 7#$5""+$89+4"&5+$%:$'6+$;%0<+3$;/:88bE 1=
+@<@=$3A"$PP"$3+</%0$B6+3+$C&5'$"$:+B$23%'%05
"3+$A/D+7$/0$B/'6$'6+$4"39%0$"07$'6+0$4%0E+4'/%0$4%%;5
'6+SA"+3/";@

N - Not made sufficiently in any normal CNO cycle>
Probably made in classical novae as radioactive O

0 - Destroyed in the CNO cycle. Made in massive stars by
helium burning

70 - Used to be made in massive stars until the rate for
O(p,! )N was remeasured and found to be large.
probably made in classical novae

0 - made in helium burning by “N(!/ ,")*®*F(e*#)"*O

#Na - Partly made by a branch of the CNO cycle but
mostly made by carbon burning in massive stars.

%Al - long lived radioactivity made by hydrogen burning
but more by explosive neon burning in massive stars
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The $-limited CNO cycle
"HEY& HOH*+ +(#$Y%-) YO 1)#.2) 3 1)&HSA4%&)S4H.
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e =59x10" Z ergg' s™
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1 [0} I wind stops 1
| 9 F _phase (day 245) 1
"HSHY6& ()* )+ (- #1'1(10'(12(3(4145)( 25 -4
6+)*() (&' 7) (HS(78*2(9::(H#-(<==41 5 $
SH$*@'8/(A'%!(<=B(<==C|( £ <
:D'?2)8,2($+E'I(@#/'-?'( S0 [ 55
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*7(-*-B(*HOG'-B(.-/(2.G-'$#,2 | resiflual burning
1 5 PR IR T T S W I T S
0.5 1.5 2

log[days after outburst]

Fic. 4.N Thick solid line visual magnitude of free-free emission from the optically thin ejecta, based on eq. (1), scaled to bt apdit AR The Rux decays
with a slope okt~ until day~100. Dashed linefree-free emission with a slope of -3 after the wind stops, scaled to bt at day 2p4ifit B). Thin solid line
ejected mass\g) from the WD by the optically thick winds. Here we assume JD 2,448,665.0 as the date of the dtabussbbservational magnitudes taken fron
the AAVSO archive. Two epochs of the nova outburst are indicated by arrows: the companion emerges from the WD photosphere, and the opticailgirttlick
stops. Bee the electronic edition of the Journal for a calersion of this ure]

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

DUST FORMATION

JD 2,400,000+

Fig. 4.1.2. The luminosity of the nova FH Serpentisasa function ¢ 1;:'1‘:0 S50 %0 470 480 40 1550 st 520 50

time since its outburst, The visible light declined soon after outbur 1 . Fast nova — rise is very steep and the principal

to be replaced by ultraviolet radiation and later by mfr.:red radiat ; ] display lasts only a few days. Falls > 3 mag

Thus the total (bolometric) luminosity of FH Ser remained high f -4 liﬂ\fk/\/\ ; 1 within 110 davs

several months (adapted from J. S. Gallagher & 8. Starrfield, 1978 > LWJUU\A/U\/\J\] y

Ann. Rev. Astr. Astrophys., 16, 171). Light Curve of GK Persei from Feb 24, 1901 to May 25, 1901

1 |
BdIWS
-~ 10 - 35 Vo4,
M f & . Slow nova — the decline by 3 magnitudes takes
3 | 5| | T at least 100 days. There is frequently a decline
e n | and recovery at about 100 days associated
g o I 1 Y with dust formation.
& 2427800 7900 8000 8100 JD
€ Light Curve of Nova DQ Her from
é \ Dec 28, 1934 to Feb 1, 1936
— R
> | 107
g - 1 N N
g f 12 ‘,' M Very slow nova — display lasts for years.
3 . | Ve
Nova Serpantis 1870 : 14+ |
0,001 | 1
" } | ! 1 | | . | | RS ¢ 16
0 20 40 60 80 100 12 2420000 2000 4000 6000 JD
Days after visual maximum Light Curve of Nova RT Ser from

the beginning of 1908 to July 16, 1935



I"HSY0& (H)Yor H+&H +E HS-$. SIHYo HXOSS/H+ 1 #2334 + #2333 #+1
4)5*6HTSYo&*HBY0' S&H (SHS-$. B/ ($BB*HIU&SH* 88HO, *,:8S6H; ($H'$< HOYH=_
(454, ) Y=L &+ ) HYH=8+ AW SIH+0', % BH*28ISAH: S >$$ #2BBCHI"|
2BBD#%'# ($HE, 88, %6)#F $&*($8#S8S*. + 040" /# (SHEBE.968, %"

$8$* +0$6

"#$%&
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°** 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«10 dyne cm™
(Truran and Livio 1986 - assumptions R,M constant,! R <<R);
basically this is the condition that T, ~10" K=T,

ase H" ignition
dP -GM
This implies a certain critical mass since 1€, %zmé
! M n 4’ Pign IQWDA —_ 10-6_10-4 M‘ dm: 471'[’2 pdr

ign @

WD

I"#$%;4584*%+,-2,0 I"#$%:45<?@48%+,-ABO  ng0-+<7 5800+ -=.
FG%;45 CD%:45 >>00;*<

&= .

I"H$%& ()*%o+,-./0 I"#$%34564)7*8%+,-.20
1,/122%8&()* 9:%345

H7761JJKKKLMNLOS$)L$<L?PJQ7"NJ)"#$4J

I"H$"%& |
PSS ), S0
12345)38)"738"9*#9:;,6"84(8"I"#"$%6"()*"+, ' ="I"#"$%0

>"24)"4" 7452 @*)",;"*58"A397"0*B5*2"9;"+7*+6C"D;E)"I"#"$%
38"4":%99*2"9* B*249E2+"2;2"97*";)8%9":2"97*"2E)4A4(C"F7*"B2*88E2*
24)G*"22; "H"#"$96< O;"&"#'$96"()*"+, - 49"2E)AAL(C"F7*"*)839("A48
42;E)"I"#$% HG"+, H' 4)"A¥)9";A)"48"97*"2E) 4AL("*J*5;B*C
K35'5("+G*)*249*C"LE2)3)G"+;)93)E*"972;EG7;EQ"97*");J4M
);9"NE89"49"97*":*G3))3)GC

OE)4A4("38"A7*)"97+"238*"93 *"2;2"97*"9% B*249E2*"49"97*":48*
b 48" E47"87:20%2"974) 97593 *"2:2"07*"4++2+9*" 488"9;"3)+2*48*C
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This gives a critical mass that decreases rapidly (as M-73) with

mass. Since the recurrence interval is

by the accretion rate, bursts on high mass white dwarfs occur

more frequently even though they are
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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" M, yr'*
on al1l.35M, white dwarf.
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For the beta-limited CNO cycle

e =59x10"Zergg's' Z~0.01-0.1
forM = lO’SM! ; 2=0.01
L=/ M~ 10%ergs"
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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~10** =10 ergs™.
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TABLE 2
Heavy-el ement Mass Fractionsin Novae from Optical and Ul traviol et Spectroscopy
Object Yer Reference H  He c N o Ne Na-Fe  Z (ZZ) (NelNe) CNO/Ne-Fe
Solar ) 1 071 027 00031 0001 0.0097 00018 00034 0019 10 1.0 2.7
TAU o 1891 2 047 040 ) 0079 0051 ) ) 013 68 ) )
RRPIC oo, 1925 3 053 043 00039 0022 00058 0011 ) 0043 23 63 29 ,
DQHer v 1934 4 034 0095 0045 023 029 ) 057 30. ) ) ! 10)1)2
DQ Her 1934 5 027 016 0058 029 022 ) 057 30, ) ) A
HRDEl ........ 1967 6 045 048 ) 0027 0047 00030 ) 0077 41 17 25. 1"3)"&"1
V1500 Cyg ...... 1975 7 049 021 0070 0075 013 0028 ) 030 16 13. 12.
V1500 Cyg ... 1975 8 057 027 0058 0041 0050 00099 ) 016 84 56 15.
V1668 Cyg ... 1978 9 045 023 0047 014 013 00068 ) 032 17. 39 47. "4.10)1)2
V1668 Cyg ... 1978 10 045 022 0070 014 012 ) ) 033 17. ) )
V693 CrA ... 1981 11 040 021 0004 0069 0067 0023 ) 039 21 128. ) "5#(56"1
V693 CrA ... 1981 12 029 032 0046 0080 012 017 0016 039 21 a7. 13
V693 CrA ... 1981 10 016 0.8 00078 014 021 026 0030 066 35 148. 12
VIS0 A ... 13 0053 0088 0035 014 0051 052 011 086 45 296. 036 .
V1370 Adl ... 10 0044 010 0050 019 0037 056 0017 086 45 296. 0as 789
GQMUS ... 14 037 039 0008l 013 0095 00023 00039 024 13. 12 38. "5#(56"1
PW VU .. 15 069 025 00033 0049 0014 000066 ) 0067 35 038 100.
PW VUl ... 10 047 023 0073 014 0083 00040 00048 030 16 23 34.
PW VUl .. 16 0617 0247 0018 0069 00443 0001 00027 014 7.7 1 3L
QU Vul 17 030 060 00013 0018 0039 0040 00049 010 53 23 13 :;/"'#(<'"<"$2
QU ul 10 033 026 00095 0074 017 008 0063 040 21 49 17 e
QU VU ... 18 036 019 ) 0071 019 018 00014 044 23 100. o )($="8
V842 Cen 10 041 023 012 021 0030 000090 00038 036 19. 051 7.
V827 Her . 10 036 029 0087 024 0016 000066 00021 035 18 038 124

10 068 027 ) 0.010 0.041 0.00099 0.00096 0.053 28 0.56 26.
10 034 026 ) 0.31  0.060 0.017 0.015 0.40 21. 9.7 12.
10 051 039 ) 0.042  0.030 0.026 0.0027  0.10 5.3 15 25
10 049 045 ) 0.053 0.0070 0.00014 0.0017 0.062 33 0.80 33.
19 037 025 0.0056 0.076 0.19 0.11 ) 0.38 20. 63 24
18 019 032 ) 0.085 0.29 0.11 0.0051 0.49 27. 68 3.2
20 030 052 0.015 0.023 0.10 0.037 0.075 0.18 9.7 21, 31
11 0.60 031 0.012 0.012 0.004 0.056 ) 0.09 0.11 31 )

References.N (1) Grevesse & Anders 1989; (2) Gallagher et al. 1980; (3) Williams & Gallagher 1979; (4) Williams et . 1978; (5) Petitjean et a. 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 . 1997; (12)
Williams et al. 1985; (13) Snijders et al. 1987; (14) Morisset & Pequignot 1996; (15) Saizar et . 1991; (16) Schwarz et . 1997¢; (17) Saizar et al. 1992; (18)

Austin et a. 199

6; (19) Saizar et al. 1996; (20) Hayward et al. 1996.
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1985).
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Bursts with unstable mixed H/He burning release their energies on

a longer, 10-100s, timescale, due to the long series of 3 decays in
the rp-process
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TABLE 1. AVERAGE BURST PROPERTIES®

Model Z M At Epust o AM
10 Mo yry @ (10% ergs) (102! gy
Al 0.02 1.17 54 4,52 60 115
A2 0.02 1.43 43 455 57 111
A3 0.02 1.58 3.9 4.61 55 110
A4 0.02 1.75 34 4,64 54 108

s

log( energy generation / ergg

log( energy generation / ergg™'s™ ' )

mass / 1021 g

T T T T
15 -1
1.0
0.5
T T T z
" g
convection
201~ 000X semiconv. ©
48
1z
Ja
15 ~
=%
{12
1 Y
‘e
10 ~E
1%
n 2
le
o
5 ©
L i
- 4o
L _g$
9 . 1 . nes
0 5.0x10* 1.0x10% 1.5%x10% 2.0x10%
t/s

"##$%&'())"$)*

!II#$%&II%I(I

I"HEY6&&! ()" &) HYo+ 808 (
1%L HA 2 0" HS*+'%ES,/.3

A0&(~+$*%o(+*(/ (Yol $Yo(#5(%S$/*-

M=1.75 10° M, yr?
Z=27 120

)S(+,$-.J01#06+'02.3+(4.%2.%//"1" *(+25.3$* (4
06.0&'$YT+(+02%,.*(*8.$H#$/+*,,9.(+1$.4+(0%+$'.06
1", (+#,$.8 %' (. *2-.(4$.$66$/(.06.(4$%1*, +2$%(+*

*065%$.70,"1$.06."2/$%(*+28.9$(.+1#0%(*2(.%$*/(+02.%

<=>7@

A" (+B.10-$,.3+(4.2.6+S$,-'.*2- %0(*(+ 0L #%6$*-+25

06.(4$.8"%2+25

D*2.E=?F .&$."$-.(0.0&(*+2.2$"(%02.'(*%.%*-++8./%" (*,

(%"/("%$8.*2-G0%.-+'(*2/$



Luminosity (erg s™*)

| "HSY6& HE&()( *

Keek, Heger, & In 't Zand
1"#$%&'($%)*%+(*)(,%

T ’\l I I T ,\l T T T T T T T T

— H 1.4 M, neutron star
-- C M=525110°M, y*
30% Eddington
1.7 year recurrence

l7 l6 ‘5 ‘4 ‘3 ‘2 ‘1 (‘]’\‘ ‘Ji ll(] 1‘5 2‘() '2\1 2‘5 2‘6 2‘7 2‘8 2“) 3‘[) 3‘1 3‘2
Time since start superburst (hours)

I"H#S%& ' &(#)*+&$-*."$.,%, [01*&"**+&#" *.1*(2&3/*4&0.*

%/#$5/%&YoH#& " *&- #($6*(&"4&60."#+&.$+0704,&0,&-.*(86%* (& "4&9##,

0+(8300; <=>?@A2&3/*&B8+*&,%.$6%$.*&8+&%/*&0"#1*&,8;$:0%8#
+H%E&A V& +&H" ¥ 1%(

I"H#"$68& (&)*+,-.%*/$)&01/+8&231%)&4.-1$"&

)*$5846789!:

http://www.astro.sunysb.edu/cmalone/research/pure_he4_xrb/index.html
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