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GalacEc	DefiniEons	

Ø  Disk	popula;ons:		thin	disk,	thick	disk,	[old	disk],	bulge	

Ø  halo	popula;ons:		inner,	outer,	accreted,	dissipated	

Ø  kinema;c	versus	chemical	composi;on	separa;ons	

Ø  sub-popula;ons	from	abundance	peculiari;es	

Abundance	DefiniEons	
Ø  log	ε(X)	=	log10(NX/NH)	+	12								for	element	“X”	

Ø  [X/Y]	=	log10(NX/NY)★–	log10(NX/NY)¤	

Ø  metallicity:		the	[Fe/H]	value	by	common	usage;	all	my	stars	are	

very	metal-poor,	or	[Fe/H]	<	–2	

Ø  adjec;ves	of	various	u;lity:			

Ø  metal-poor:	[Fe/H]	<	–0.5	or	<–1.0	maybe,		

Ø  very	metal-poor:		[Fe/H]	<	–2	

Ø  extremely	metal-poor:		[Fe/H]	<	–3	

Ø  these	are	mostly	qualita;ve	descrip;ons	



detailed	spectroscopy	of	halo	stars	reveals	

1st	Galac;c	element	crea;on	events		

hZp://members.nova.org/~sol/solcom/x-objects/lum-halo.htm	



Why	I	will	concentrate	on	metal-poor	halo	stars	

this	begins	the	enEre	show	

all	these	things	come	into	play	

to	produce	the	solar	system	

chemical	composiEon	

at	very	low	metalicity	the	

scenario	is	MUCH	simpler	

hZps://ned.ipac.caltech.edu/level5/Pagel/Pagel1_1.html	

excepEons	will	be	noted	as	

needed	(e.g.,	some	neutron-

capture	rich	stars)	



Chemical	composi;on	analysis	(what	I	do)		in	one	slide	

hZps://en.wikipedia.org/wiki/Model_photosphere	(Bengt	Gustafsson)	
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hZp://www-star.st-and.ac.uk/

~pw31/educa;on.html	

hZp://webs.ucm.es/info/Astrof/invest/ac;vidad/spectra.html	



Overall	metallici;es	can	be	obvious	if	done	well	

Jacobson+	2015	
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Greater	interest	in	abundance	ra;os	in	element	groups	

	
today’s	focus:	neutron-capture	and	Fe-peak	elements	

Cowan et al. 2021, RMP, 93, 015002  (arXiv:1901.01410) 
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First:	neutron-capture	elements	
usually	includes	all	elements	with	Z	>	30	

lanthanides	



•  these	elements	can’t	be	made	in	standard	charged-par3cle	fusion:	

–  Coulomb	barriers;	endothermic	reac3ons	

•  s-process:	β-decays	occur	between	successive	n-captures	

•  r-process:	rapid,	short-lived	neutron	blast	overwhelms	β-decay	rates	

•  r-	or	s-process	element:	solar-system	dominance	by	r-	or	s-	produc;on	

Rolfs & Rodney (1988) 

The	basic	neutron-capture	(n-capture)	paths	



illustra;ng	the	r-process	pathway	
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here	is	the	solar	system	r-	and	s-	breakdown	

these	two	processes	each	contributed	

about	50%	of	solar	n-capture	abundances		



metal-poor	stars	with	gross	excesses	of	r-

process	elments	are	now	well	known	

Sneden	et	al.	1994 	 	 	 	 	 	 	*		Beers	et	al.	1985,	Beers	et	al.	1992	

★	
★	

★	



abundances	of	r-process-rich	stars	are	near-

perfect	solar	system	r-process	matches	
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WHY	are	there	so	many	elements	with	such	good	error	bars?	

(a)	bigger	telescopes;		(b)	beZer	instruments;		(c)	[somewhat]	beZer	

analy;cal	methods;		and	(d)	a	quiet	revoluEon	in	laboratory	atomic	physics	



Wisconsin	lab	atomic	

physics	studies	have	

made	major	

contribu;ons	to	

stellar	spectroscopy		
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Jim	Lawler	



University	of	Wisconsin	lab	astro	and	stellar	spectroscopy		



Lots	of	r-rich	stars	are	now	known	...		

here	are	some	highlights	

•  the	overall	paZern	is	boring!		Yawn?	

•  neutron-capture	elements:	“always”	detected???	

•  Th	&	U	abundances:	reliable	cosmochronometry?	

•  LEPP	(Lighter	Element	Primary	Process)	

•  lanthanide-poor	but	s;ll	r-process?	

•  what	are	the	r-process	sta;s;cs	at	low	metallicity?	

•  ;me	only	to	men;on	dwarf	spheriodal	n-capture	

elements	



Mozart:		

Così	fan	TuZe	???	

Cowan	et	al.	2021	

upper	panel:		

13	r-II	abundance	

distribu;ons	and	the	

scaled	solar	r-process	

distribu;on	

	

Lower	panel:		mean	

differences	with	respect	

to	the	solar	r-process	

	

very	r-rich	stars	have	the	

same	2nd	and	3rd	peak	

rela;ve	abundances	

scaled	solar	

system	r-only	

abundances	



How	metal-poor	do	you	need	to	go	before	

there	are	no	neutron-capture	elements?	

see	this	paper	for	

details,	but	simply:	

	

if	the	spectra	are	

good	enough,	the	

presence	of	Sr	

and/or	Ba	

“always”	can	be	

detected	in	VERY	

metal-poor	stars	

Roederer	2013	



uranium	detec;on:	vital	for	nuclear	cosmochronometry	
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Too	bad!		This	is	a	crowded	spectral	region	with	many	contaminants	

that	must	be	adjusted	to	make	sense	of	the	spectrum	

	

Also	this	is	in	the	near-UV	spectral	region,	where	stellar	fluxes	and	

spectrograph	efficiencies	are	weaker	than	at	longer	wavelengths	

	

This	line	may	be	the	only	U	II	transiEon	strong	enough	for	analysis	???	



Radioac;ve	cosmochronometry	is	not	

complex	for	metal-poor	stars	

Galac;c	chemical	

evolu;on	effects	do	

not	maZer	for	

radioac;ve	elements	

Th	and	U	“frozen”	
into	metal-poor	stars	

born	near	the	start	of	

the	Galaxy.	? 

Daughter	product	Pb	is	

also	a	direct	n-capture	

synthesis	product;	it	is	

a	complex	mess!	

Rolfs	&	Rodney	(1988)	



some	uranium	detec;ons	and	meaningful	limits	

First	detec;on:	

	CS	31082-001	

	(Hill	et	al.	2002)	

The	single	U	II	line:	

	it	is	weak!	

	it	is	blended!	

	only	with	weak	CN!	

Frebel	et	al.	2007	
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Hill	et	al.	2017	
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LEPP:		Lighter	Element	

Primary	Process	

invented	by	Travaglio	et	al.	

2004	to	“explain”	the	scaker	

of	1st	peak	elements	with	

respect	to	2nd	&	3rd	peak	

ones	

	
§  “weak”	s-process?	

§  explosive	He-burning?	

§  i-process	n-capture?	

§  neutrino-driven	wind?	

	

LEPP	probably	is	a	cover	for	

a	number	of	different	

nucleosynthesis	mechanisms	

	



a	rare	but	important	low	metallicity	class	iden;fied	

by	close	analysis	of	two	well-known	giants	

but	a	reasonable	

match	to	the	solar-

system	r-process	

paZern	

lots	of	light	n-capture	

elements	compared	

to	heavier	ones	

HD	88609	&	HD	122563			HD	88609			
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CS	31082-001	(r-rich)	

is	good	match	to	solar	

system	r-only	

abundances	

but	the	r-process	is	

weak	and	dying	in	

HD	88609	and	HD	

122563	

Honda	et	al.	2007	

scaled	solar	

system	r-only	

abundances	



The	hunt	to	beZer	understand	the	r-process:	

the	R-Process	Alliance	(RPA)	

•  combines	observaEons,	theory	and	modeling,	and	experiments	

•  invesEgates	different	aspects	of	the	r-process	

•  first	goal:		find	the	true	halo	distribuEon	of	r-process	abundances	

•  want	approximate	totals	to	be:	

•  100	r-II	stars:			[Eu/Fe]	≥	+0.7	

•  500	r-I	stars:		+0.3	<	[Eu/Fe]	<	+0.7	

•  100	r-limited	stars:		[Eu/Fe]	≤	+0.3	

•  these	totals	can	facilitate	real	staEsEcs	for	the	first	Eme	

•  can	potenEally	lead	to	more	U	detecEons	

•  can	try	to	understand	the	1st	peak	abundance	distribuEons	

•  can	look	for	“imperfecEons”	in	the	r-II	abundance	sets	



RPA	low	S/N,	high	resolu;on	snapshot	

spectra	can	easily	find	r-II	stars	
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RPA	so	far:	Eu	abundances	in	595	stars	
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72	r-II	stars	

	

232	r-I	stars	

(ignore	the	color	shading;	

it	is	meaningless	for	our	

purposes)	



RPA	results	so	far:	informa;on	for	nuclear	astro	

A	simple	1st	conclusion:		the	correla;ons	deteriorate	for	r-limited	stars;	

the	r-process	simply	has	not	created	all	the	n-capture	elements	in	these	cases	
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Finally,	don’t	forget	this	simple,	crucial	Eu	scaZer	

the	2-dex	[Eu/Fe]	

spread	is	now	

confirmed	with	

large	samples	

	

the	lack	of	points	

for	[Fe/H]	<	–3.4	is	

probably	just	a	

detecEon	issue	

	

note:	relaEvely	

few	stars	with		

[Eu/Fe]	<	–0.3	

Cowan+	2021;	Hansen+	2018,	Sakari+	2018	are	the	orange	points	



We	have	no	;me	to	talk	about	dwarf	

spheroidals	and	the	r-process	

Several	giants	in	dSph	

Re;culum	II	have	large	Eu	

overabundances	

Ji	et	al.	2016	 Brauer	et	al.	2019	



And	lots	of	s-process-rich	stars	are	known	

•  carbon-enhanced	metal-poor	(CEMP)	stars:	many	types	

•  CEMP-s:		s-process	enriched	(lots	of	Ba,	La,	Pb)	

•  most	(all)	are	binaries,	with	donor	star	a	white	dwarf	

•  s-process	means	we	can	model	the	nuclear	burning	

•  LOTS	of	modeling	knobs	to	turn	

•  actually	have	detected	Bi	(Z	=	83);	last	stable	element	

•  sorry,	no	;me	to	discuss	the	other	CEMP	subtypes	



s-process-rich	stars:		lead	spectra,	abundances	
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[Pb/Fe]	=	+1.9	

	

[Ba/Eu]	=	+0.5	

[Pb/Fe]	=	+2.9	

	

[Ba/Eu]	=	+0.8	

these	abundance	ra;os	are	typical	

in	low	metallicity	s-rich	stars	
messy	syntheses,	but	do-able	



almost	more	

parameters	than	

abundance	points	

•  dilu;on	factor	

•  donor	stellar	mass	

•  13C	envelope	pocket	size	

•  metallicity	

•  r-process	addi;on?	

•  ra;o	of	light/heavy	elements	

•  CNO	abundances	

•  etc.,	etc.,	...	

But	the	takeaway	is	simple:		ra;onal	

choices	of	well	understood	parameters	

can	lead	to	solid	abundance	matches		
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The	Fe-group	elements	
most	abundant	elements	aper	H,	He,	C,	N,	O;	
easily	accessible	spectroscopically	(but	...);		

many	UV-op;cal	lines	in	various	metallicity	stars	



The	Fe-group	in	metal-poor	stars?			

Aren’t	their	abundances	well	known?	
In	short:	NO!	

	
Their	abundances	can	be	predicted	quan;ta;vely!	

	

Signs	that	the	usual	observa;onal	results	are	inadequate	

	

Major	recent	advances	in	lab	atomic	data	of	useful	

transi;ons	

	

The	observable	spectroscopic	wavelength	window	has	

greatly	increased	



theore;cal	high-mass	star	models	generate	

abundances	that	can	be	compared	to	observed	trends	

Kobayashi	et	al.	2006	
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(metallicity)	



those	predic;ons	clash	with	past	claims	of	

non-solar	abundance	ra;os	at	low	metallicity	

[Cr/Fe],	[Mn/Fe],	[CuFe]	

are	very	low	when	

[Fe/H]	<	–2.5	

	

[Co/Fe]	is	very	high	

	

McWilliam	1997,	but	

mostly	based	on	

Mcwilliam,	Preston,	

Sneden,	&	Searle	1995	

	

But	massive	star	

element	synthesis	

models	cannot	

reproduce	most	of	these	

observed	abundances!	

	

Surveys	with	beZer	

spectra	have	always	

confirmed	these	trends	



the	“First	Stars”	survey	refined	

the	quanEtaEve	answers	but	the	

qualitaEve	trends	stayed	the	

same	

	

	

Importantly,	the	star-to-star	

scaker	was	decreased	from	

McWilliam’s	study,	suggesEng	

efficient	mixing	of	early	Galaxy	

nucleosyntheEc	Fe-group	

products	

	

	

And	the	“spectroscopy	secret”	

that	is	not	obvious	here	is	how	

few	transiEons	of	several	

elements	were	used	for	these	

abundances	

	

theoreEcal	predicEons	cannot	

reproduce	these	trends		

Cayrel	et	al.	2004	

McWilliam+95	led	to	other	surveys	with	beZer	spectra	



But	something	was	

clearly	amiss:	

neutral	and	ionized	

Cr	transi;ons	gave	

different	answers	

Kobayashi	et	al.	2006	

same	theory,	different	observed	

species	of	an	element	

	

example:	at	[Fe/H]	=	–3	

[Cr/Fe]	≈	–0.4	from	neutral	lines	

[Cr/Fe]	≈	0.0	from	ionized	lines	

	

which	abundance	is	right?	

or	maybe	neither	of	them?!	
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theore;cal	chemical	

evolu;on	predic;ons	



BIG	issue:		one	must	use	ionized	species	for	

fundamental	abundances	in	low	metallicity	stars	
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Op;cal	depth	

Typical	line-	

forming	

opEcal	depth	

ions	dominate	Saha	balances	for	Fe-group	elements	in	warm	metal-poor	stars	

The	neutral	species	are	mostly	trace	frac>onsè	

big	correc>ons	from	neutral	number	densi>es	to	elemental	abundances	
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ionized-species	lines	are	

mostly	in	the	UV	

Sounds	easy:		explore	near-UV	and	

especially	UV	spectral	regions	

	

This	means	targeEng	warm	main	

sequence	stars,	not	red	giants	

remember	the	American	

philosopher-criminal	

	Willie	SuZon	

SuZon’s	Law:		A	famous	apocryphal	

story	is	that	SuZon	was	asked	why	

he	robbed	banks.	Allegedly	he	

replied:	

	

"Because	that's	where		

the	money	is”	



a	very	quick	summary	of	a	“survey”	of		

HST/STIS	data	on	very	metal-poor	stars	

1)  large	overabundances	of	Sc,	Ti,	V	

2)  no	Cr	deficiency	

3)  Co	overabundance	only	from	Co	I	

Cowan+	2020	

open	circles	=	neutral	species	

filled	circles	=	ionized	species	



Correlated	Sc-Ti	exists	in	large	surveys,	but	

have	not	been	much	no;ced	

Cowan+	2020	

final	“proof”	that	Ti	is	

NOT	an	alpha	element	



The	correla;on	of	Ti	with	V	is	also	clear,	but	

it	is	absent	with	heavier	Fe-group	elements		

and	no	obvious	correla;on	of	[Sc,Ti.V/Fe]	

with	[Cr/Fe],	[Mn/Fe],	[Co/Fe],	...	
The	45o	line	is	arbitrarily	shiyed	to	

go	through	the	mean	of	our	4	stars	

Cowan+	2020	



For	the	last	;me	…	Ti	is	NOT	an	“alpha”	element	

definiEon:		α	elements	are	

those	whose	dominant	

isotopes	are	even	mulEples	

of	4	He	nuclei	

(we	start	with	Ne	(Z=10,	N=20)	because	lighter	potenEal	

α	elements	(C	and	O)	also	are	involved	in	hydrogen	

burning,	which	can	significantly	alter	their	abundances)	

the	checked	elements	are	

ones	with	dominant	isotopes	

that	“obey”	the	α	rule	

✔	



Ye	=	proton/nucleon	raEo	…	strongly	affected	during	the	explosion	by	neutrino	and	

anE-neutrino	captures	on	protons	and	neutrons		

Where	is	the	Fe-group	synthesized	in	massive	stars?	

see	CurEs	et	al.	2019	

hZps://socra;c.org/ques;ons/how-is-most-of-a-star-s-total-life-spent	

Probable	synthesis	site	for:	
	

Si,	S,	Ar	–	oxygen	fusion	

	

Ca,	Mn	–	“incomplete	Si	fusion”	

	

Ti,	Fe,	Co,	Ni,	(Cu)	–	Si	fusion	

	

V,	Cr,	Zn	–	Si	fusion	with	Ye	>	0.5	

	

Sc	–	“inner	layers	with	Ye	>	0.5”	
	

???	

But	wait	a	minute:		this	is	not	my	problem!	



for	the	first	;me	Fe	abundances	in	metal-poor	stars	are	being	

derived	from	(a)	enough	lines,	and	(b)	with	the	right	(ionized)	

species	

	

We	do	not	believe	past	claims	of	large	[Co/Fe]	abundances	at	

low	metallicity	

	

Sc,	Ti,	and	V	ARE	correlated	in	this	small	sample,	so:	

	

For	the	near	future:		a	large	sample	because	the	

nucleosynthesis	theories	must	be	really	tested	

Fe-group	summary	

But	nuclear	astro	people	need	us	to	“cer;fy”	the	

lighter	elements	at	low	metallicity	...	back	to	work	



a	challenge	from	two	decades	ago	...		

just	as	relevant	today	

“So,	even	if	the	study	of	these	surface	layers	appears	rather	boring	to	many	of	

the	astrophysicists,	it	cannot	be	neglected.		As	we	have	shown,	even	the	most	

fundamental	parameters	of	the	most	basic	representa;on	of	stellar	

atmospheres	suffer	from	significant	uncertain;es.		The	theore;cal	and	

observa;onal	tools	needed	to	solve	these	problems	are,	to	a	large	extent,	

available	

It	is	therefore	mostly	a	maCer	of	will:		there	

is	s>ll	a	lot	to	be	done	in	the	study	of	stellar	

atmospheres,	what	is	needed	is	researchers	

who	wish	to	tackle	these	problems.”	
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