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

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

dY(l“N)
dt

=Y(EC)y, 1, (“c)r YNy, 7, (*N)

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



rgg AYC'N) . Y(PO), ! (UN)
dt Y(*N) ! (*C)

P

1"#$5%&S' () (*1+5+,"-" (" Everywhere that % 10

y®c)_!,(°C) Y(*N) _ ! (“N)
y(#c) !.(°C) YEN) 1L NY+L(BN)
"#$(/$01,$,"0(+,$/(+'0$*--2$3!'$("$'0, 1#&$'010,
v(?c)_ !, (“N)
Y(N) !/ ..(*C)

Y(“N) _Y(N)$! Y(PC)$_! m$"p((1zc)$
Y(C) #FyEc)8vc)$ NS o)

e,

4110$('5$01,$+!10(-$-/$01,$1%6"#1"7,'$-/$!"&$$03-$'2,7(,'$("$'0, 1#&$
'010,$('$01,$("8,+', $$+!10(-$-/$01, (+$#,'0+670(-"$+10,’



459" &'S(") S+, )5/ 0$-$1-+0$"/$&23%)+$,"$0)-34%* )- (55, -,)6
74)$,+8)$,"$0)-34%*,)-(5%*,-,)$+*$-110"9+8-,)%5%$
4)$0)3+10"3-%%"/$,4Y85%& '$()*+%,$"+-)%+$."+/)%"+
-%,0(1"+*&'1" &
Eg. for “Cand™C  [absorb /Y into !/ for smplicity];

e ! = "Y1 (20); "= #Y I (°C)]

p* P! P™ P!
Moy ey Doy, s
dt 13° 13 12° 12 dt 127 12 30)-,)$ <>
Letu=Y,/Y, then
dU_ 1 dY]_3 I Yl3 leZ:I I LI +£I

dt Y, dt Yé dt 2y By

=/ [ 1]
'12+u('12' " 13



/

Integrating and assuming Y,,=0 at t =0 and > = -2

12 13

after a time ” = time required to reach steady state, one

has with some algebra

# & " $9%8$'())*)+
Mag (1-) %Y0)$)112".3)4)5
"= = ,()1.6$7,8.

h (!12) !13)

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

two reaction time scales, 1// ., Or 1/1 i
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A sarpling of Rates from Caughlan and Fowler (1988)

12C{pg)

L 19{=11)
8.57{-10)
3.88(~11)

13C(pg)

2,69(-38)
9.71(~29)
‘013‘-2"
3.441(-21)
4.07(-19)
1.55(-17)
9.90(-16)
4.3%1-12)
6.27(-11)
3.0‘ "‘”

4.71(-8)

160 (pg)

2.68(-48)
1.23{-36)
5.52(-31)
0(~27)
91-25)
5(-23)
1(=-21)
0(~18)
1
5
4
3

2.0
6.7
5.7
§.1
3.6
2.51(-16)
6.35(~139)
6.94(~13)
1.93(-11)

-

14N (pg)

9.88(~-44)
4.17({~-33)
5.85(-28)

1.
2.
1.
1.
2.
1.
2
b

3.,64(~10)

170 (pa)

2,64(-49)
1.36(=37)
70 (-32)
5(~28)
B(~26)
2(~-24)
5(=-21)
(=18)
(=16)
(=14)
(-12)
(=10}

6
2
9
8.
1.
1.
q.
3
9.
2

&F‘OOO“OQQ
W g s



At T,=30 /Y, =100

1Y 1 (15|\|)) = 14"10°sec  SN# “N (quickest)

'y !, (P°C)|'t =15"10°sec  C# “C (2™ quickes))

1Y I (14N)) =4.2" 10° sec  one cycle of the main CNO cycle

(
( )
(/Y/ (120)) =56" 10°sec ~ 2C# “N (quick)
(
(/Y/ (170)) =29"10%sec  YO# O (dow)

(

AR (160)) =16" 10%2sec  0# “N (very sow)

"HEO&! ("B H'S) H (S, - (" IHH"- # (0$,#(1



log Mass Fraction

'1111'III]I1I|III

_#>||?@ll#>llA T‘ = m
" p = 100

- l!c

6 8 10 12 14
log t (seconds)
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E.g. “C
g 0 (BC)8
#c 6 = ﬁ i (%)% e "$%1&
s p( (# "I$00!)
Ot "1$9%!)"

+ 1PC$ 1
#%&P ~ 39

A1) +&, (*+¥ (5 (+. LI&+O'("+*%#( 567897 (%)(: 10-
3R (5 (Yol (% () L/;



"H#$%8 ($'($()*+%"*+(
), (+-+#

0'1"%$(%1-($"$%&
23),431-$534(%+-$€

84"%9+:1"#$8*'%&
1<=>$?@A>$ABC>S..

TABLE 2

STELLAR PARAMETERS AND DERIVED ABUNDANCES

Tt
Star (K) logg loge(*2C) | 2¢/3C | [C/M]
M4
1403 ............ 4200 1.3 6.70 5 —0.67
1408 ............ 4350 1.6 6.65 5 ~0.72
1412/V4 ... 4100 0.5 <56 . <—185
1514 ..o 3800 04 6.25 5 ~1.12
1608 ............ 4600 2.0 6.75 6 —0.63
1617 oo 4350 1.6 6.40 3: —0.93
1622 ooovven. 4650 2.1 7.00 3-5: —~0.35
1625 .ooeeen.... 4200 1.3 6.30 5: —~1.07
1701 oo 4500 1.9 7.10 4 —0.25
2206 ............ 4150 1.2 6.75 4 —0.60
2307 cevreinnn. 3950 09 6.40 4 —0.95
2406/V13....... 3950 0.6 6.30 3 ~1.02
D 2410 ... 4350 1.6 6.80 5-10 —0.59
2422 ... 4300 1.5 6.50 3 —0.83
2519 ... 4200 1.3 6.85 4 —0.50
2608 ............ 4300 L5 6.85 5 —0.52
2617 oo 4050 1.1 6.60 5 —0.77
2623 ... 4500 19 6.65 3-5: —0.70
3309 .oon..... 4700 2.2 7.15 ~0.30
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 ~047
4404 ............ 4650 2.1 7.10 . —0.35
4413 ..o 4550 1.9 7.00 3 ~0.32
4415 ... 4300 1.5 6.70 5 —0.67
4416 ............ 4450 1.8 6.50 5-10: —0.89
4421 ... 4350 1.6 6.55 6: —0.83
4509 ............ 4650 2.1 6.95 5-10: —0.44
4511 ..o 4050 1.0 6.55 6 —0.83
4630 ............ 4200 1.4 6.75 5 —0.62



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

In the sun has a ratio

! 15N$
_ ' (3

But the steady state abundance is

| 5% ) ﬂ“p/ (14N)
#14N§b T (15N)

) 3' 10

pa

15N

14

Ty (SN/“N)ss
" H$Y8
#" #$*&()
¢ 1$+&)

"H#HINE&' ($)*$+&,($ /$0*+(1%(2($(#0($3*)$"3%$0)(&45%0)&) ($

1")%$/




13 13 A (N
Also HC) =0.035 but T, HC] = ”7(12 )
/o N. SS /11)}'( C)
20 2.0(-3)
30 7.9(-3)
40 7.7(-3)
13C 13C

So one can make TS large but cannot make N

big compared with its solar value. Cardinal rule of
nucleosynthesis - you must normalize to your
biggest overproduction, nitrogenin this case.

"#$%&'($$)"*+$~ .$/0$"$.1$23%4+55%'6™$6"5$0%'
3+"46+7$5'+"7#$5""+$89+4"&5+$%:$'6+F;%0<+3%$;/:8 HE 1=
+@<@=$SA"*$P$"$3+</%0$B6+3+$CE&5'$"$:+B$23%'%05
"3+$A/D+7$/0$B/'6$'6+$4"39%0%5"'07$'6+0$4%0E+4'/%0%$4%%;5
'6+$A"+3/": @
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“C - destroyed by hydogen burning. Turned into **C if
incomplete cycle. ** N otherwise.
“C - 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.



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

0 - 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

O - 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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Sites:

* Nova explosions on accreting white dwarfs

 X-ray bursts on accreting neutron stars
(Ty~1-2)

* Supermassive stars

* neutrino driven wind in core collapse supernovae ?
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O (8)
N (7)
C® L]
24!
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Nova Cygni 1975
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Fig.4.N Thick solid line visual magnitude of free-free emission from the optically thin ejecta, based on eq. (1), scaled to bt apdayt AR The Rux decays
with a slope of#t 1 until day# 100. Dashed linefree-free emission with a slope#f’ 3 after the wind stops, scaled to bt at day 2péitB). Thin solid line
ejected mas3Vg;) from the WD by the optically thick winds. Here we assume JD 2,448,665.0 as the date of the dutntssabservational 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 opticallrttick
stops. Bee the electronic edition of the Journal for a colersion of this gure.]
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Fig. 4.1.2. The luminosity of the nova FH Serpentis as a function of
time since its outburst. The visible light declined soon after outburs
to be replaced by ultraviolet radiation and later by infrared radiatior.
Thus the total (bolometric) luminosity of FH Ser remained high for
several months (adapted from J. S. Gallagher & S. Starrfield, 1978,
Ann. Rev. Astr. Astrophys., 16, 171).
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Dec 28, 1934to Feb 1, 1936
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Models
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 210" dyne cm™
(Truran and Livio 1986 - assumptions R,M constant,! R<<R);
basically this is the conditionthat T.___~10" K=T

H" ignition

. dP -GM
This implies a certain critical mass since 1€, am_ 4/’
M 4P, Ry, 10°-10% M, dm=4/r?pdr

ign G

WD
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M -2/3 M 2/3
R, ~8.5x10°|1.286 —2 | - 0.777 —2
M! M!

Eggleton (1982)as quoted in Politano @ d (1990)

12

cm

Approximately,
ch: M -1/3
for low M

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.
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Iben 1982 gives
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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
! =59!10°Zegg's’ Z~001-01

forM =10°M, ; Z=0.01
L=/ M~10%egs"

nuc

So the initial power is quite super-Eddington, but that drives
convection and expansion until asmaller region is burning
and the observed peak L~10* " 10® ergs™.
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TABLE 2

Heavy-el ement Mass Fractionsin Novae fromOptical and Ul traviol et Spectroscopy

Object Year Reference H He C N (0] Ne Na-Fe z (ZZz ) (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
TAuU ............ 1891 2 0.47 040 ) 0.079 0.051 ) ) 0.13 6.8 ) )
RRPiC........... 1925 3 0.53 043 0.0039 0.022 0.0058 0.011 ) 0.043 2.3 6.3 2.9
DQHer .......... 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 6 045 048 ) 0.027 0.047 0.0030 ) 0.077 4.1 17 25.
V1500 Cyg ...... 1975 7 049 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 Adl ...... 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 024 13 1.2 38.
PW VUl .......... 1984 15 0.69 0.25 0.0033 0.049 0.014 0.00066 ) 0.067 35 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 VU .......... 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 53 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 18 036 019 ) 0.071 0.19 0.18 0.0014 044 23. 100. 1.4
V842 Cen ....... 1986 10 041 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 VU .......... 1987 10 0.68 0.27 ) 0.010 0.041 0.00099 0.00096 0.053 2.8 0.56 26.
V2214 Oph ...... 1988 10 034 026 ) 0.31 0.060 0.017 0.015 0.40 21. 9.7 12.
V977 Sco ........ 1989 10 051 039 ) 0.042 0.030 0.026 0.0027 0.10 5.3 15. 25
V433 Sct o 1989 10 049 045 ) 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 18 019 032 ) 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.N (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 a. 1994; (11) Vanlandingham et a. 1997; (12)
Williams et al. 1985; (13) Snijders et a. 1987; (14) Morisset & Pequignot 1996; (15) Saizar et al. 1991; (16) Schwarz et al. 1997c; (17) Saizer et al. 1992; (18)

Austin et al. 1996; (19) Saizar et al. 1996; (20) Hayward et al. 1996.
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BURSTS FROM 4U/MXB 1820-30
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Fig. 3.14. (a) Example of a very regular burst recurrence pattern, observed for 1820-303 (from
Haberl er al. 1987). (b) Irrcgular burst recurrence, observed from 1636-536 (from Sztajno e/ al.

1985).



PCA cts/sec

counts cm ™2™

T I T T T T T_T T 1

1250 T 1
: ! L HSYAN
1000 ’:-‘ I I
750 :__ I I burst 3 1
- | |
g | | E
500 — ]
b | | 1
250 F WMMWM%
- | | i
. T T D
0 10 20 30 40 30
Time (sec)
First Burst (#29)
; & (Jb+,-/012]
| ()' ¥ i
| | ]
|

4000

oH&.(

3900

time (MJD—50300)

78'9(:,0;)1.<,-.'/0/=
>+.(0*8?,"@'@@,/
>SA"@P1'C

D.)1-./0/ =

o | Sy o
e e 1 &!3,"459412 |
@ A
o | : : -
I |
St I *’Eg .
™ 4 » b 10 ™ e
o~ LY $ ety v w )L .
|
o } e } !

g0 H#

+ "{#

$9%

&+*/E8F1'1+,G@@"H,/8,I(,
G!,/11?J K11L10,(:,&GC@"%22

A"@ 1'C
>'("1,&1F1";,5%%, M2



® Of 13 known luminous globular cluster x-ray
sources, 12 show x-ray bursts. Over 70 total X-ray
bursters were known in 2002.

® Distances 4 — 12 kpc. Two discovered in M31 (Pietsch and
Haberl, I"1# 1"# , 145 (2005).

® Low B-field <108 gauss

® Rapid rotation (at break up? due to accretion?). In
transition to becoming ms pulsars?

® Very little mass lost (based upon models). Unimportant
to nucleosynthesis



¢ Back-of-the envelope
calculation:

Eburst ~ 10%9 erg;

Enuctear ~1 MeV /nucleon

(~10'"%erg/g)

= fuel AM ~ 102! g.

for M ~10719 to 1079 Mg /yr

= Lrecur ~ hrs—days

HSYSE () +, . $USOHS 12'S-3$+ " #4-*$5404%
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78 intermediate accretion rates;
2x 1070 Mgyr-! S M 5 4-11 x 10719 Mg yr—t:
pure He shell ignition after steady H burning

08 high accretion rates; .
4-11 % 1079 Mpyr ! SM S 21x 1078 Mg yr:
mixed H/He burning triggered by thermally unstable He ignition

:8&;11#,*0-5&#%*,)&5,$#8052*-5 =&4,>&?& @
1$#'-5&4()0-5&.-> #,/& )(.,.#(#)*) B&C$#,B&&
During pure helium flashes the fuel is burned rapidly; they last only
~5-30 § |

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

D(.##)*) E$)*&=&7QQ@Q@&



"HS Y& H( e 0+

"4$%& (/$*%/5
678(9:(6;(4-(%*<3#/
*="0p*>"(<"/3$75(@®;>A2F0 +&'&Y6()$*%
0 0
P !; _\*. /$*%O

"#$%&' ()$*%

C?D32*.(/2/$"-/5 —
" *D206"$3& (%*$ER6E 9 A?%(, B (4>A/AZD
" 89%613$*.(D"%3&</(BB:6<*?/

" &9613$*.(/"D*%*$3& (7 H(L) |

-./012



"HS90&' ()*+,*-, (.$%/*+012$'%,$+$%345

B+#("257,$892*#)&$,"0%+)+3, )+, 0% (#,: %S 25 #S, *&$% #.%%(, ()

1 1 1 1 1 1] T 1 1 T 1] 1 1-_‘
1250 (— T S ' T y

_ "H$%& (‘H#)*
T %H#,-(".O#

1000 —

750 |-

500 |

250 &

1'#$2%%'(%&3/"4
- )#052%0%2-(0/&'(‘#)*
Time (sec)

GravitationalenergyI 301 40
Nuckarenergy

Very little matterif any s epcied by
a x+ay bust Nuclkeosynhetcaly strle.




Burst Ignition: Combined H-He runaway

Mg (12) gire |
13 14

Na (11)
Ne (10) <
F (9) 11 12
O (8) T 1L
N (7) 9 10
C (6) 8
B (5) ro .
Prior to ignition : hot CNO cycle
Be (4) 6 ~0.20 GK Ignition :3c
Li (3)
He (2) 3 45 68 GK breakout 1: *0(gy)
H ( 1 ) ~0.77 GK breakout 2: ¥Ne(a,p)
(~50 ms after breakout 1)
n (O) 2 Leads to rp process and

main energy production
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The Sn-Sh-Te cycle

Known ground state
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log( mass fraction )
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Luminosity {10%® erg/s)

Time (s)

TABLE 1. AVERAGE BURST PROPERTIES®
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Model Z M At Epyrst o AM
(107 Mg yr!y (@) (10% ergs) 10°! g
Al 0.02 1.17 54 4.52 60 1.15
A2 0.02 1.43 4.3 4.55 57 1.11
A3 0.02 1.58 3.9 4.61 535 1.10
Ad 0.02 1.75 34 4.64 54 1.08
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Luminosity (erg s™')

“Superbursts”

Keek, Heger, & In 't Zand
Apl, 752, 150 (2012)
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About 2 dozen superbursts have been observed. They are
thought to be produced by carbon runaways as predicted by Woosley

and Taam (1976). The fine structure in the above simulation has
not yet been observed



"#'$06& (&)*+,-.%6*/$)&01/+&231%)84.-/$"&
V*$5&46789!:

http://www.astro.sunysb.edu/cmalone/research/pure_he4 xrb/index.html

1<&+/="-)&>?8&6-"@&A"5"1&"%&.-B

http://2sn.org/xrb/movie/


http://www.astro.sunysb.edu/cmalone/research/pure_he4_xrb/index.html
http://2sn.org/xrb/movie/

