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Evolved	stars	in	the	H-R	diagram	(the	AGB	phase)	
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	-	R*	increases	by	a	factor	~1000	
	
	
	-	L*	increases	by	a	factor	~10,000	
	
	
	-	T*	decreases	from	~6000	K	to	~2000-3000	K	

Red	giant	AGB	star	



C 

convecKve	processes:	dredge-up	

usually	at	the	stellar	surface:	
[O]	>	[C]	(oxygen-rich)	
	
if	enough	C	is	brought	to	the	surface:	
[C]	>	[O]	(carbon-rich)	

The	[C]/[O]	raKo	in	AGB	stars	



The	[C]/[O]	raKo	in	AGB	stars	
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Circumstellar	chemistry	in	the	stellar	atmosphere:	
Chemical	equilibrium	



(Thermo)Chemical	equilibrium	

At	high	densiKes	and	high	temperatures,	
chemical	Kmescales	become	short,	
and	the	chemical	composiKon	is	given	by	chemical	equilibrium	
(where	the	Gibbs	energy	of	the	system	is	minimum).	

Chemical	equilibrium	is	rarely	found	in	interstellar	or	circumstellar	clouds	
because	of	the	low	densiKes.	
We	typically	find	it	in	atmospheres	of	cool	stars,	brown	dwarfs,	and	planets.	

CauKon!	The	expression	“chemical	equilibrium”	is	someKmes	used	
to	refer	to	a	steady	state,	which	may	be	completely	out	of	thermochemical	equilibrium	



(Thermo)Chemical	equilibrium:	Basics	

Simple	case:	pure	hydrogen	gas	

depends	on	T	

conservaKon	equaKon	total	pressure	



(Thermo)Chemical	equilibrium:	Basics	

General	case:	mulKple	elements	
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oxygen-bearing	molecules	
H2O,	SiO,	OH,	…	

carbon-bearing	molecules:	
C2H2,	HCN,	CS,	…	

oxygen-rich	star:	[C]/[O]	<	1	 carbon-rich	star:	[C]/[O]	>	1	

Chemical	equilibrium	in	red	giant	AGB	stars	



Dust:	expected	from	chemical	equilibrium	



(Thermo)chemical	equilibrium:	Summary	

The	chemical	composiKon	of	maler	is	at	chemical	equilibrium	
at	high	temperatures	and	high	densiKes.	

Chemical	equilibrium	does	only	depend	on:	
	-	temperature	
	-	pressure	
	-	elemental	composiKon	

For	the	condiKons	of	AGB	atmospheres,	composiKon	largely	depends	on	C/O:	
	-	O-rich	chemistry	if	C/O	<	1	
	-	C-rich	chemistry	if	C/O	>	1	

Solids	

temperature	

Gas	molecules	 Gas	neutral	atoms	 Gas	atomic	ions	
≈1000	K	 ≈4000	K	 ≈10,000	K	



Circumstellar	chemistry	beyond	the	stellar	atmosphere:	
Non-equilibrium	chemistry:	chemical	kineKcs	



Circumstellar	envelopes	around	AGB	stars	

Leao	et	al.	2006	

AGB	stars	lose	mass	
through	an	isotropic	wind	

producing	an	extended	
circumstellar	envelope	of	gas	and	dust	

2330 K 
blackbody ISO spectrum 

IRC +10216 

20’’	



AGB	star	
	

interstellar	
medium	
(ISM)	

AGB	ejecta	are	the	main	suppliers	
of	recycled	maler	to	the	ISM	

…	and	the	main	sites	of	formaKon	
of	interstellar	dust	

Circumstellar	envelopes	around	AGB	stars	



Non-equilibrium	chemistry:	Chemical	kineKcs	

A	+	B	à	C	+	D	

−dn(A)				−dn(B)				dn(C)					dn(D)	
					dt												dt										dt										dt	=	_____	 _____	 _____	 _____	=	 =	 =	k	n(A)	n(B)	

k:	rate	constant	(depends	on	temperature)	
k	=	A	Tn	e-(Ea/RT)	
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Non-equilibrium	chemistry:	Chemical	kineKcs	

Example:	pure	hydrogen	gas	in	expansion	

State	1:	
Pure	hydrogen	gas	at	a	given	
pressure	and	temperature:	
nH	and	nH2	at	chemical	
equilibrium	

We	increase	the	volume	
adiabaKcally	at	a	given	rate:	
p	and	T	decrease,	
nH	and	nH2	evolve	
according	to	chemical	kineKcs	



formaKon	rate	of	H	 destrucKon	rate	of	H	

formaKon	rate	of	H2	 destrucKon	rate	of	H2	



Non-equilibrium	chemistry:	Chemical	kineKcs	
Example:	pure	hydrogen	gas	in	expansion	



Chemical	kineKcs:	Summary	

Chemical	kineKcs:	get	abundances	as	a	funcKon	of	Kme	

Need	to	consider	many	chemical	reacKons	with	their	associated	rate	coefficients	

Chemical	Kme	scale	(τchem):	
	-	if	τchem	is	short 	à	chemical	equilibrium	
	-	if	τchem	is	long 	à	chemical	abundances	are	frozen	



Circumstellar	chemistry	in	envelopes	around	AGB	stars:	
	

the	standard	scenario	



Circumstellar	chemistry	in	envelopes	around	AGB	stars	

	
chemical	
equilibrium	

	

	
chemistry	
frozen	

	

	
photochemistry	

	
	

PARENT	SPECIES	
distribuKon:	

concentric	around	star	

DAUGHTER	SPECIES	
distribuKon:	
hollow	shell	



IRC	+10216	

-	Nearest	carbon-rich	AGB	star	
		(~130	pc)	
	
-	Brightest	object	at	5-10	μm	
		(outside	solar	system)		

-	Mass	loss	and	dust	formaKon	processes	can	be	studied	in	detail	in	IRC	+10216	
	
-	IRC	+10216	is	an	excellent	chemical	laboratory	(>80	molecules	detected)	

λ 	1.65	mm	
2MASS	

λ	10	μm	ESO/La	Silla	
B.	Stecklum	&	H.-U.	Kaüfl	



~1o	

UV	(Sahai	&	Chronopoulos	2010)	

V-band	550	nm	(Leao	et	al	2006)	

~3’	

CO	(J=2-1)	(Cernicharo	et	al	2014)	

~4’	

K	band	2.2	μm	(Weigelt	et	al	1998)	

~1’’	



 
 
 
 
HCN 
 
 
NH3 
CN 
HC3N 
 
C3N 
 
HC5N 
HNC 
CN- 
 
CH3CN 
 
 
HC7N 
 
 
 
HC9N 
CH2CN 
HC2N 
C5N 
HCCNC 
C2H3CN 
C5N- 

HC4N 
C3N- 

 
HNCCC 

CO 
 
 
 
 
 
 
 
 
 
 
 
 
 
H2O 
 
OH 
 
 
 
 
 
H2CO 
 
 
 
 
 
 
 
 
C3O 
 
 
HCO+ 

 
 
 
C2H2 
 
 
CH4 
C2H 
C4H 
C2 
C3 
 
 
 
C5 
l-C3H 
C6H 
C5H 
c-C3H2 
CH3C2H 
c-C3H 
C2H4 
H2C4 
 
C8H 
 
 
 
C7H 
H2C6 
C6H- 

C8H- 
H2C3 
 
 
C4H-  

10-3 
 
10-4 

 
 
10-5 
 
 
 
 
10-6 
 
 
 
10-7 
 
 
 
 
 
 
 
 
10-8 
 
 
 
 
 
 
 
 
 
10-9 
 
 
10-10 

 
 
 
 
 
 
 
 
 
 
 
CS 
 
 
 
 
 
C2S 
 
 
 
 
C3S 
 
H2CS 
 
 
 
 
H2S 
 
 
C5S 

 
 
 
 
 
 
 
 
 
SiC2 
SiS 
Si2C 
SiH4 
SiO 
 
 
SiC 
 
 
 
 
 
 
 
SiN 
 
 
 
 
c-SiC3 
SiC4 
SiCN 
SiNC 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
HCP 
 
 
CP 
PH3 
 
 
 
 
 
 
 
PN 
C2P 

 
 
 
 
 
 
 
 
 
 
 
 
 
HCl 
 
 
 
AlCl 
 
 
 
NaCN 
 
HF 
MgNC 
AlF 
 
 
 
 
 
 
NaCl 
AlNC 
MgCN HMgNC 
KCl FeCN KCN 



	
chemical	
equilibrium	

	

	
chemistry	
frozen	

	

	
photochemistry	

	
	

PARENT	SPECIES	
distribuKon:	

concentric	around	star	

DAUGHTER	SPECIES	
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Circumstellar	chemistry	in	envelopes	around	AGB	stars	



IRC	+10216:	
distribuKon	of	molecules	

Guélin	et	al.	(IRAM	PdBI	data)	



Agúndez	et	al.	(ALMA	data)	

CN	



Circumstellar	chemistry	in	envelopes	around	AGB	stars	
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C2H	

C2H	

C2H	

C2H	

CN	

CN	

CN	

CN	

Millar	&	Herbst	1994,	A&A,	288,	561	

IRC	+10216:	molecular	synthesis	in	the	outer	envelope	



Molecules	with	C,	H	

Molecules	with	C,	H,	N	

Molecules	with	Si,	S,	O,	P	

IRC	+10216:	molecular	synthesis	in	the	outer	envelope	



Circumstellar	chemistry	in	envelopes	around	AGB	stars:	
	

Some	specific	types	of	circumstellar	molecules:	

-  NegaKvely	charged	molecules	

-  Metal-containing	molecules	



NegaKvely	charged	molecules	



NegaKvely	charged	molecules	

Thermodynamics	

KineKcs	

electron	
affinity	(EA)	

A-	 A	

A	+	e-	à	A-	+	hν	

Anion	formaKon	favoured	

Anion	formaKon	slow	
en

er
gy
	

except	for	species	A	with	a	high	EA	and	large	size	(C4H,	C6H,	C8H,	C3N,	C5N,	…	



[CN-]/[CN] 
[C3N-]/[C3N] 
[C5N-]/[C5N] 

[C4H-]/[C4H] 
[C6H-]/[C6H] 
[C8H-]/[C8H] 

. . . 0.25 % 

. . . 0.42 % 

. . . . 58 % 

 . . . 0.074 % 
 . . . . 6.8 % 

. . . . 26 % 

Anion-to-neutral	abundance	raKos	in	IRC	+10216	

NegaKvely	charged	molecules	



A- formation: 

A- destruction: 

A + e- à A- + hν
kra

radiative electron attachment

kH
A- + H à AH + e- reaction with H atoms

k+
A- + C+ à A + C neutralization with C+ cations

A- + hν à A + e- photodetachment

steady state 

ΓA

[A-]            kra[e-]  

[A]    kH[H] + k+[C+] + ΓA/n  
=

NegaKvely	charged	molecules	



NegaKvely	charged	molecules:	IRC+10216	



NOEMA	data	(Guélin	et	al.)	

NegaKvely	charged	molecules:	IRC+10216	



Metal-containing	molecules	



Metal-containing	molecules	
AlCl, AlF, AlNC 
NaCl, NaCN 
KCl, KCN 
MgNC, MgCN, HMgNC 
FeCN 



AlCl, AlF, AlNC 
NaCl, NaCN 
KCl, KCN 
MgNC, MgCN, HMgNC 
FeCN 

Guélin	et	al.	(PdBI	data)	

Some	are	distributed	around	the	star	
			(NaCl,	NaCN,	KCl,	AlCl,	AlF)	
formed	in	thermochemical	equilibrium	
	
	
Some	appear	in	the	outer	layers	
			(MgNC,	…)	
formed	by	which	processes	?	

Metal-containing	molecules:	IRC+10216	



background	
star	

35	‘’	

High	gas	phase	abundance	of	neutral	and	ionized	metal	atoms	in	the	outer	envelope	
Na,	K,	Ca,	Cr,	Fe	

K	

Metal-containing	molecules:	IRC+10216	



M+	+	HC2n+1N		à		M(HC2n+1N)+	+	hν	
	
M(HC2n+1N)+	+	e-		à		MCN	+	…	
																																						MNC	+	…	
																																						MC3N	+	…	

Cabezas	et	al.	(2013)	

Possible	formaKon	route	to	(iso)cyanides	(MgNC,	MgCN,	HMgNC,	…)	
in	the	outer	envelope	of	IRC	+10216	

Metal-containing	molecules:	IRC+10216	



Circumstellar	chemistry	in	envelopes	around	AGB	stars:	
	

non-standard	chemistry	unveiled	by	Herschel	and	ALMA	



Water	vapour	in	C-rich	envelopes	!	

thermochemical	equilibrium	



SWAS	

Melnick	et	al.	2001	 Hasegawa	et	al.	2006	

H2O		11,0-10,1		at	556.936	GHz	(Eup	=	26.7	K)	

Odin	

[H2O]/[H2] = 4×10-7 – 3×10-6 

Water	vapour	in	IRC+10216	



PACS/SPIRE	detecKon	of	H2O	lines	with	Eup	up	to	~1000	K	in	IRC+10216	

Decin	et	al.	2010	

2.1	1015	 4	1017	4.3	1016	1014	

2	10-7	

7	10-7	

1	10-7	

r	(cm)	

[H2O]/[H2]	

R*	



CO	+	hν			à		C	+	O	
O	+	H2					à		OH	+	H	
OH	+	H2		à		H2O	+	H	

red giant 

Clumpy	envelope	and	photochemistry	in	the	warm	inner	layers	
(Agúndez	et	al	2010)	

Shock-induced	chemistry	in	the	inner	layers	
(Cherchneff	2011)	



Herschel	HIFI	finds	that	water	vapour	is	ubiquitous	around	C-rich	AGB	stars	

Neufeld	et	al.	2011	
H2O	detected	in	all	8	C-rich	AGB	stars	
where	it	was	searched	for	

There	must	be	a	kind	of	universal	mechanism	to	form	H2O	in	CSEs	of	C-rich	AGB	stars	



Non-standard	distribuKon	of	
CH3CN	in	IRC+10216	!	

ALMA	observaKons	
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Circumstellar	chemistry	in	envelopes	around	AGB	stars	


