
Binary AGB Nu
leosynthesisRobert G. Izzard and Onno R. PolsSterrenkundig Instituut, Universiteit Utre
ht, P.O. Box 80000, NL-3508 TAUtre
ht, The Netherlands. R.G.Izzard�phys.uu.nlSummary. The evolution of stars in binary systems is radi
ally di�erent to single-star evolution if and when the stars expand su
h that their radii are 
omparable withtheir separation. This is parti
ularly relevant to Asymptoti
 Giant Bran
h (AGB)stars as their radii are many hundreds of times that of the sun. Their demise maybe observed as a planetary nebula. Stellar envelope eje
tion due to the presen
e ofa 
ompanion star trun
ates evolution up the thermally pulsing AGB and redu
esthe e�e
t of the third dredge up. As su
h, binary PNe should not be as enhan
ed in
arbon, nitrogen or s-pro
ess elements as their single star equivalents.Key words: Binary Stars, Nu
leosynthesis, Mass Transfer, Ro
he Lobe Over�ow,Common Envelope Evolution, Carbon Stars, Barium Stars1 Introdu
tionThe thermally-pulsing AGB (TPAGB) is the �nal nu
lear-burning phase of evolutionof stars with mass less than about 8M⊙ (see Karakas, this volume, for a review).After ea
h thermal pulse a third dredge up episode may bring the produ
ts of heliumburning, espe
ially 
arbon and s-pro
ess elements, to the stellar surfa
e. In starsof mass greater than about 4M⊙ 
arbon is 
onverted to nitrogen by hot-bottomburning. At the end of the AGB a strong wind develops whi
h removes the stellarenvelope, exposes the hot 
entral 
ore and possibly forms a planetary nebula (PN).In a binary system AGB evolution 
an be prematurely ended by intera
tionwith the 
ompanion star. This is parti
ularly 
ommon during the AGB be
auseduring this phase the stellar radius is largest. If the binary 
omponents are 
loseenough, mass transfer by wind or Ro
he-lobe over�ow (RLOF) removes the AGBenvelope and exposes the 
ore. As in single stars, this may lead to PN formation.However, be
ause the AGB star undergoes fewer, possibly zero, third dredge upepisodes before its envelope is lost, its surfa
e abundan
e, and hen
e that of the PN,is not as enhan
ed in 
arbon, nitrogen or s-pro
ess elements as would be a single-star of the same mass. This has 
onsequen
es for 
hemi
al yields and the abundan
edistribution in the PN. If, as has been suggested, asymmetri
 PNe are formed in
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orrelation of asymmetry with PN 
hemi
al abundan
es shouldexist.While most AGB envelope material will be lost from the system, some may bea

reted onto the se
ondary star. This mass transfer is thought to be responsible forthe formation of the Barium (Ba) stars at solar metalli
ity, the CH stars at lowermetalli
ity and 
arbon-enhan
ed metal poor stars (CEMPs) in the Gala
ti
 halo. Inrare 
ases, the 
ompanion star may spiral into the 
ore of the AGB star during the
ommon envelope phase leading to formation of a single star. More likely, spiral-inleads to a 
ompa
t binary at the 
enter of a PN.2 Mass Transfer S
enariosMass loss and/or transfer is most relevant during evolutionary phases when the stel-lar radius is large, i.e. the (�rst) giant bran
h and AGB. Traditionally, mass lossis split into two regimes: stellar wind and Ro
he-lobe over�ow. While the followingdis
ussion follows this di
hotomy, it should be kept in mind that this is a simpli�
a-tion and that e�orts are ongoing to unify the s
heme into something more physi
al(Frankowski, this volume, Mohamed and Podsiadlowski, this volume, also Bona
i
,Glebbeek and Pols, submitted to A&A). Figure 1 outlines the typi
al binary mass-transfer evolutionary s
enario, for further details see the review of Jorissen [9℄.In most binary stellar models, in
luding ours, mass transfer by a stellar windis treated a

ording to the Bondi and Hoyle [1℄ pres
ription. In binaries that aresu�
iently wide that RLOF is avoided, wind a

retion onto the se
ondary maybe signi�
ant. It is thought to be responsible for CH and Ba star formation, andmaybe also CEMP stars. Figure 2a shows the e�e
t of wind a

retion on a se
ondarystar: as the separation (and hen
e binary period) in
reases, wind a

retion be
omesine�
ient. However, if the separation is too small, RLOF o

urs and trun
ates theevolution.During RLOF mass is transferred through the inner Lagrange point. The enve-lope of an AGB star is 
onve
tive so it expands as mass is removed and this furtherin
reases the mass-transfer rate. It is most likely that the se
ondary star 
annota

rete at su
h a high rate so the system passes into a 
ommon envelope phase(Taam, this volume). This will likely remove all the envelope of the AGB star andtrun
ate the evolution, leaving a white dwarf and the 
ompanion star in a 
lose(r)orbit. Figure 2b shows that as the separation de
reases RLOF sets in earlier. Thisprevents further third dredge up events, leads to less 
arbon in the primary (
om-pared to a single star of the same mass) and hen
e less 
arbon transferred to these
ondary. The same applies to other elements produ
ed during the AGB su
h as
s-pro
ess elements and nitrogen.3 Binary E�e
t on the Primary Star: Chemi
al Yieldsand PNeThe e�e
t of binarity on the 
hemi
al yields of TPAGB stars 
ompared to equivalent-mass single-star yields is a redu
tion of the yield of elements made on the AGB,espe
ially helium, 
arbon, nitrogen and the s-pro
ess elements. To illustrate this,
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Binary PN?Fig. 1. Binary evolution and mass transfer, adapted from [9℄. The star on the leftis the (initially) more massive primary. Panel a shows the evolution of the primaryfrom the main sequen
e, through the AGB to the white dwarf phase. During theAGB phase mass transfer to the 
ompanion may pollute it with 
arbon and/or s-pro
ess elements (denoted by hashed lines), forming a CH or Ba star (depending onthe metalli
ity). Panel b shows the evolution of the se
ondary, whi
h is qualitativelysimilar ex
ept that the se
ondary will be observed as a CH/Ba dwarf or giant duringits main sequen
e and giant bran
h respe
tively.�gure 3 shows the terminal AGB abundan
es of Z = 0.02 single and binary stars asa fun
tion of initial separation. The terminal AGB abundan
e is of dire
t relevan
eto planetary nebula formation be
ause it is observed in the PN.In initially long-period binaries, the stars behave as single stars and there is littlee�e
t due to binarity. In short-period binaries mass transfer before the AGB leads toeither a merger, and hen
e yields and abundan
es similar to a single star of highermass, or 
omplete suppression of the AGB phase. Intermediate-period binaries havetheir AGB phase trun
ated to a greater or lesser extent depending on the period.In a population of stars, AGB suppression is the dominant e�e
t.In summary, if the presen
e of a 
ompanion star terminates AGB evolution andleads to a PN, it is expe
ted that the abundan
es of the PN are �less evolved�
ompared to a single star of the same initial mass, i.e. not so enri
hed in 
arbon,nitrogen and s-pro
ess abundan
es. A

ording to [6℄ the e�e
t on 
hemi
al yieldsfrom AGB stars only is a redu
tion of perhaps up 50% in the yields of 12C, 14N and
s-pro
ess elements, but of 
ourse there are many un
ertainties in binary evolutionfolded into this number and it should de�nitely not be taken quantitatively.4 Binary E�e
t on the Se
ondary Star: Carbon and BastarsAs des
ribed above, the se
ondary may a

rete material from either the wind of theprimary of by RLOF. In both 
ases the a

reted material has a larger mole
ular
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Fig. 2. Surfa
e 
arbon abundan
e vs time sin
e the �rst thermal pulse (in theprimary star) for a 
ir
ular binary with initial parameters M1 = 3M⊙ (donor),
M2 = 1M⊙ (a

retor), variable separation (as shown) and Z = 10−4. The abundan
eof the primary is shown by the thi
k lines and 
learly shows ea
h third dredge upevent. The se
ondary is shown by the thin lines, di�erent 
olours represent variousinitial separations, as labeled. In panel (a) the separation is large enough (1600 ≤
a/R⊙ ≤ 104) that mass transfer is by wind a

retion only. The se
ondaries go onto evolve through a 
arbon-enhan
ed metal poor (CEMP) phase. In panel (b) theseparation is smaller and TPAGB evolution is trun
ated by Ro
he-lobe over�ow and
ommon envelope eje
tion. The e�e
t is to redu
e the amount of 
arbon a

retedby the se
ondary, to the point where a binary with a separation of 750 R⊙ a

retesvery little 
arbon. The binaries were simulated with the 
ode of [7℄.
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C12 N14Fig. 3. Terminal abundan
es of 12C and 14N as a fun
tion of single-star mass (panela) or binary primary mass (panels b, 
 and d) for Z = 0.02 with M2 = 0.4 M⊙.Panel a shows the typi
al single-star yield pattern of 12C from third dredge-uparound 3M⊙ and 14N from HBB above about 4M⊙. Panel b shows the same forwide binaries, with initial separation a = 104 R⊙: there is little di�eren
e. However,if the separation is redu
ed to 103 R⊙ as in panel 
, whi
h is 
omparable to the radiusof AGB stars, third dredge up and the yields of both 12C and 14N are redu
ed byRLOF trun
ating the AGB phase. To illustrate that 
aution is required when dealingwith 
omplex binary evolution, panel d shows the evolution of stars whi
h start with
a = 100 R⊙:If M1 ≥ 2 M⊙ these merge during the pre-AGB evolution and then evolve in a verysimilar way to single stars and will be observed as single stars;If M1 < 2M⊙ a 
ommon envelope phase during the �rst giant bran
h preventsevolution to the AGB (no terminal abundan
e is shown in this 
ase).weight than that of the envelope of the se
ondary, so mixes and dilutes into it bythe thermohaline instability [11℄.In low-metalli
ity stars enough 
arbon may be a

reted that the se
ondary be-
omes a 
arbon star (i.e. has NC > NO in the stellar envelope). Su
h stars areknown as extrinsi
 
arbon stars and may be observed as CH stars at low metalli
ity([Fe/H] ∼ −1) and CEMP stars at very low metalli
ity ([Fe/H] . −2). Figure 4shows that low-luminosity extrinsi
 
arbon stars formed by mass transfer a

ount
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arbon-star luminosity fun
tion whi
h is missing in single-starsimulations [5℄.
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Fig. 4. The luminosity fun
tions of single (blue) and binary (red) 
arbon stars inthe SMC (after [5℄) 
ompared to the observed distribution of [2℄. The single-stardistribution fails to reprodu
e the low-luminosity stars around Mbol . −3, butthese are naturally reprodu
ed in binaries: they are pre-TPAGB extrinsi
 
arbonstars.The barium stars are giants whi
h have a

reted material ri
h in barium (an s-pro
ess element) from a TPAGB star at some point in their past (see �gure 1 and [8℄).Current binary-star evolution models suggest that all Ba stars with orbital periodsless than 10 years should be 
ir
ularized be
ause of tides [10℄, but the observationsshow signi�
ant e

entri
ity down to the shortest observed periods. Simulations ofbinaries with a more sophisti
ated treatment of the transition from wind to RLOFmass-transfer regimes seem to improve the mat
h between observations and models(Frankowski, this volume, Mohamed and Podsiadlowski, this volume, also Bona
i
,Glebbeek and Pols, submitted to A&A), but there is some way to go before we 
an
laim that the problem is solved.5 Con
lusionsMost stars are in binary stars so it is 
learly important to in
lude them in stud-ies of planetary nebulae. Abundan
es measured in PNe 
orrespond to the surfa
e
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es of an AGB star when it sheds its envelope. In binaries envelope eje
-tion may o

ur at an earlier time than in an equivalent-mass single star be
ause ofRLOF and asso
iated 
ommon envelope eje
tion. This redu
es the number of thirddredge up episodes and/or time for hot-bottom burning during the TPAGB andhen
e yields of 12C, 14N and s-pro
ess elements drop relative to single stars. It isexpe
ted that binary planetary nebulae should show relatively normal abundan
es,similar to unevolved pre-TPAGB single stars.We re
ommend that interested readers try to evolve some binaries for themselvesusing our online binary stellar evolution and 
hemi
al yield tool at http://www.phys.uu.nl/~izzard/
gi-bin/binary2.
gi whi
h is based on the 
odes of [3, 4, 7℄.A
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