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The	nuclei	of	the	
light	elements	were	
syntheGzed	in	the	
first	minutes	aIer	
the	Big	Bang	
	
Final	abundances	
depend	on	baryon	
density	η10	

credits: NASA 



Cosmic	Microwave	Background	

A(Li)	=	2.67	dex	 (Li/H	=	4.65	10-10)	
Predicted	primordial	Li	abundance:	

Cyburt	et	al.	2016	

Planck	(previously	WMAP)	

	Baryon	density	η10	=	6.10	±	0.04	
 (Planck	2015)	



Spite	&	Spite	(1982)	

Relic	Li	observed	in	metal-poor	stars	([Fe/H]	<	-1)	

Wavelength 

Re
la
Gv
e	
Fl
ux

	

Asplund	et	al.	(2006)	



Stars	
(Li	=	2.0	–	2.25)	

Aoki	et	al.	(2009) 	

2.7	

Lithium	in	stars:	
Triangles:	Asplund	et	al	2006	
Squares:	Bonifacio	et	al.	2007	
Filled	Circles:	Aoki	et	al.	2009	

CMB	+	BBN	

Cosmological	Li	problem	
Planck	+	BBN	
(Li	=	2.67)	

Discrepancy	of	
about	0.5	dex	
(factor	of	3)!		



SoluGon	:	new	physics/cosmology?				
-	Feng	et	al.	(2003):	superweakly	interac:ng	massive	par:cle	dark	
ma>er	signals	from	the	early	Universe	
-	Jedamzik	et	al.	(2004):	Did	something	decay,	evaporate,	or	
annihilate	during	big	bang	nucleosynthesis?	
-	Coc	et	al.	(2007):	Coupled	varia:ons	of	fundamental	couplings	
and	primordial	nucleosynthesis	
-	Erken	et	al.	(2012):	Axion	Dark	Ma>er	and	Cosmological	
Parameters	
-	Mosquera	&	Civitarese	(2014):	Sterile	neutrinos	and	Big	Bang	
Nucleosynthesis	in	the	3	+	1	scheme	
-	Sato	et	al.	(2017)	A	solu:on	to	Li	problem	by	long-lived	stau	

New	physics	could	solve	the	Li	problem	
Asplund	et	al.	(2006)	paper	has	~350	citaGons	



Stellar	soluGon:	Atomic	diffusion?	

From	our	models	with	diffusion	we	derive	that	the	average	Li	
abundance	along	the	Spite	plateau	is	about	a	factor	of	2	lower	than	
the	primordial	one.	As	a	consequence,	the	derived	primordial	Li	abundance	would	be	
consistent	with	a	high	He	and	low	deuterium	BBN;	this	implies	a	high	cosmological	baryon	
density	as	inferred	from	the	analyses	of	the	cosmic	microwave	background.	

Pre	WMAP	!	



Stellar	soluGon:	Atomic	diffusion	+	grad	+	turb	
Richard	et	al.	
(2005)	computed	
stellar	models	
including	
diffusion	+	
radiaGve	
acceleraGon	+	
turbulence	

At	least	0.2	dex	
reducGon	in	
stellar	7Li	



Fu	et	al.	2015	

Stellar	soluGon:	Atomic	diffusion	+	grad	+	
overshooGng	+	PMS	treatment	



?	
Fu	et	al.	2015	

Field	stars	show	that	more	models	are	needed	

Meléndez	et	al.	(2010),	updated	



Comparison	
of	field	halo	
stars	with	
models	by	
Richard	et	
al.	(2005)	

Meléndez	et	al.	(2010),	updated	



Li	depleGon	in	stars	seems	metallicity	dependent	

-2.5 < [Fe/H] < -2.0 

-3.0 < [Fe/H] < -2.5 

More	models	are	needed	!	
Meléndez	et	al.,	in	prep.	



ApJ	2012	

NGC	6397	
[Fe/H]	=	-2.1	



Signatures	of	atomic	diffusion	in	the	globular	
cluster	NGC	6397		

Nordlander	et	al.	2012	



The	solar	lithium	problem	

•  The	solar	Li	is	
about	160	Gmes	
lower	than	in	
meteorites.		

•  Li	burns	at	2.5	106	K;	
below	the	convection	
zone:	no	depletion	in	
the	photosphere!	

www.kgs.ku.edu/	

ESO	



Solar	twins:	Stars	like	the	Sun	within	100	K	in	
effecGve	temperature,	and	within	0.1	dex	in	
luminosity	and	[Fe/H]	
à	mass	as	the	Sun	à	similar	stellar	evoluGon	



Is	hard	to	study	lithium	
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Lithium	
decreases	for	
older	solar	twins	



Carlos,	Nissen	&	Melendez	(2016)	

Most	stars	
follow	a	
lithium	–	age	
correlaGon,	
including	stars	
with	planets	
	

16	Cyg	B	(planet	
host)	is	normal	in	
Li.	Perhaps	
16	Cyg	A	
accreted	a	planet	

Which	is	the	
“correct”	model?	



As	we	add	more	data	and	improve	the	ages,	it	seems	
that	none	of	the	models	reproduce	the	solar	twins	

Carlos,	Meléndez,	Spina	et	al.,	in	prep.	

GCE	worsens	agreement?	



GalacGc	archaeology	using	solar	twins	from	HARPS	

Bedell,	Bean,	Meléndez	et	al.,	submived	

Are	these	trends	only	due	to	different	enrichment	channels	
of	supernova	Ia	&	II?	Or	also	differenGal	atomic	diffusion?	



Are	the	abundance	raGos	relevant	for	building	
exoplanets	independent	of	age?	

Bedell,	Bean,	Meléndez	et	al.,	submived	

Solar	twins	
(blue	points)	
suggest	high	
chemical	
homogeneity	in	
C/O	&	Mg/Si.	
	

How	are	the	
raGos	affected	
by	atomic	
diffusion?	

C/
O
	

M
g/
Si
	



How	special	is	our	planetary	system?	



Small	part	
(597-603nm)	of	
solar	twin	&	
Sun’s	spectra	

Example	of	
Magellan	
spectra	of		
11	solar	twins	
and	the	Sun	
(total	spectral	
coverage	
3350	A	-1μm)	

Meléndez	et	al.	2009,	ApJ,	704,	L66	



Our	solar	
system	is	not	
host	by	a	
typical	‘Sun’	

Δ abundance: 
Sun	-	<twins>	
vs.	atomic		
number	Z	
	
Sun	typical	:		
Δ =	0		
Sun	weird	:		
Δ ≠	0	

Meléndez	et	al.	2009	



~ 0.08 dex ~ 20% 
CorrelaGon	is	
highly	significant		
probability	~10-9	to	
happen	by	chance	
	
It’s	most	likely	to	win	
the	lo>ery	

Sun’s		
anomalies	are	
strongly	
correlated	to	
the	dust	
condensaGon	
temperature	of	
the	elements!	

Volatile elements 

Dust condensation temperature (K) 

Meléndez,	Asplund,	Gustafsson,	Yong	2009,	ApJ	Le>ers	



The	late	
accreted	gas	in	
the	convecGon	

zone	was	
deficient	in	
refractories	The	missing	

refractories	may	be	
locked	in	the	rocky	
planets	and	rocky	
cores	of	giant	planets	

M
el
én
de
z	
et
	a
l.	
20
09
	



Timescale	problem	for	planet	signatures?	
In	the	standard	solar	model	the	convecGon	

zone	shrinks	to	current	value	aIer	disk	is	gone		

Mamajek	2009	
Standard	solar	model	
Serenelli	2011	



Baraffe	&	Chabrier	2010	

More	work	needed	on	accreGon	history	of	the	
early	Sun	and	composiGon	of	accreted	material	

Episodic	accreGon	

Meléndez	et	al.	2009	



Are	open	clusters	chemically	homogeneous?	

arXiv:1803.04461v1	

M67:	about	solar	age	
and	solar	metallicity	



Signatures	of	atomic	diffusion	in	M67	

Souto	et	al.	arXiv:1803.04461v1	



Liu,	Asplund,	Yong	et	al.,	in	prep.	

More	evidences	of	atomic	diffusion	in	M67	



Turn	off	
stars	

Subgiant	
stars	

More	evidences	of	atomic	diffusion	in	M67	

Liu,	Asplund,	Yong	et	al.,	in	prep.	



More	on	
chemical	
homogeneity	of	
open	clusters:	
Pleiades.	
	
Analysis	of	5	
twins	stars	show	
chemical	
anomalies.	
Planet	
signatures?	
When?	
Spina	et	al.,	submived	



Tucci	Maia	et	al.	
submived):	star	without	
planet	(16	Cyg	A)	is	~0.03	
dex	more	metal-rich	

Twin	stars	in	binaries	can	also	be	chemical	homogeneous	due	to	planets	

16
	C
yg
	



Another	binary	system	with	abundance	
differences:	XO-2.	Both	stars	host	planets	

Ramírez	et	al.	2015.	See	also	Teske	et	al.	2015;	Biazzo	et	al.	2015	

0.6	MJ	
>0.3	MJ	+	>	1.4	MJ	
	





Teske	et	al.	2016	



Conclusions	

•  Extensive	calculaGons	of	non-standard	stellar	
models	are	urgently	needed	for	different	
applicaGons,	such	as	the	cosmological	and	solar	
lithium	problems,	GalacGc	chemical	evoluGon,	
asteroseismology,	and	the	planet-star	connecGon	

•  The	noGon	of	chemical	homogeneity	adopted	by	
chemical	tagging	is	challenged	by	the	effects	of	
atomic	diffusion	and	planets			



Jorge Melendez
Extra slides



Suns	with	white	dwarf	companions	





Schirbel	et	al.	2015	



Dust from AGB star? 

Schirbel	et	al.	2015	



Signatures	of	former	AGB	star	

Schirbel	et	al.	2015	
Y	is	not	well-reproduced	by	the	AGB	models		



Diverse	abundance	signatures	
unveiled	in	the	solar	twin	18	Sco	

a	solar	twin	younger	than	the	Sun	and	rich	in	
refractories,	s-process	and	r-process	elements	

Using	UV	spectra	obtained	at	the	VLT	/	ESO	



18	Sco	
(brightest	solar	
twin,	V	=	5.5)	
UVES+VLT	
R	=	110	000	
(red)	
R	=	65	000	
(blue)	
	

Rich	in	silver	
and	other		
n-capture	
elements	

Rich	in
		

refrac
tory	e

lements	

Age	=	2.9	Gyr	

Meléndez	et	al.	2014,	ApJ	791,	14	
August	10,	2014	



SubtracGng	
Tcond	trend	

Meléndez	et	al.	2014,	ApJ	

observations 

AGB model 
(Amanda Karakas) 

18	Sco	
(brightest	solar	
twin,	V	=	5.5)	
UVES+VLT	
R	=	110	000	
S/N	=	800	
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Perfect	
agreement	
between	
residual	
abundances	and	
predicGons	
from	the	SS		
r-process	
fracGons	

Meléndez	et	al.	2014,	ApJ	



Actually TWO lithium problems (Asplund et al. 
2006): too much Li-6, too little Li-7 

Asplund et al. (2006) 

Li-6 

Li-7 
Expected 
primordial lithium 



Lithium	in	extremely	metal-poor	stars	
using	HIRES	at	Keck	(10	meter)	

Stellar spectrum observed with Keck (exposure time of 5 hours) 

Asplund	&	Melendez	(2008)	



hvp://www.aanda.org/arGcles/aa/abs/2013/06/aa21406-13/aa21406-13.html	



3D	+	NLTE	for	Li	
and	other	elements	




