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Near Field Cosmology:  
The domain of resolved stellar populations 

 
 

To understand the dominant physical processes in the early 
Universe (z>1) from the local stellar record  

 
Most activity took place before z~1  

but half of all stars are older than 8 Gyr 

JBH	&	Freeman	2000;	Freeman	&	JBH	2002;	Bromm	&	Yoshida	2011;	Frebel	&	Norris	2015		



2017	



NASA	
Kepler	

ESA	
Gaia	

AAT	spectrograph	observes	30	elements	for	million	stars	

SIfA	(and	Australia)	is	a	world	leader	in	galacMc	archaeology.	
	
Developments:	Galaxia	code	unites	data	from	GALAH,	RAVE,	Kepler	and	Gaia	surveys.	
Syd	and	Radius	codes	measure	seismic,	stellar	parameters	from	asteroseismic	data.	
GALAH,	K2	pipeline	reducMon	code;	photonic	comb	calibraMon,	etc.	

USyd	team:	Bedding,	JBH,	De	Silva,	Khanna,	Kos,	
Lewis,	Li,	Murphy,	Sharma,	recent:	Huber,	Stello	



2018	

Things	never	stand	s+ll…	
	
Increasing	computer	power	
enables	remarkable	things...	

We	need	to	rethink	instrument	
design	from	the	standpoint	of	
data	analysis,	e.g.	Europe’s	Airbus.	



	is	the	University	of	Sydney	
Astrophotonic	InstrumentaMon	
Laboratory	-	a	world	leader	in	
astronomical	photonic	instrumentaMon	
	
Research	into	Astrophotonics	is	the	use	of	
photonic	techniques	and	devices	to	
manipulate	our	collecMon	and	processing	
of	light	for	the	purpose	of	improving	our	
ability	to	probe	and	hence	understand	the	
universe.	It	has	many	applicaMons	and		
new	technologies	are	constantly	being	
developed.	

USyd	Team:	Be_ers,	Bland-Hawthorn,	Bryant,	
Cvetojevic,	Leon-Saval,	Lindley,	Min,	Neo,	Norris,	
O’Byrne,	Richards,	Robertson,	Tango,	Tuthill	…..	



QB50	waiMng	for	launch	to	
	the	Space	StaMon…	any	day	now:	

	
28	Mar	
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Photonic	comb	injec+on	into	HERMES	mul+-object	spectrograph	



Fully	2D	analysis	
1D	extracMon,	resampling,	
binning	problems	will	soon	a	
thing	of	the	past.	
	
We	measure	cross-talk	in	April.	

Twilight	frame	



Topics	in	Near	Field	Cosmology	
	
Dark	ma_er	
Geometry,	structure,	origin	of	warps,	accreMon	planes	
Substructure,	tesMng	of	CDM	cosmologies	
Dark	ma_er/baryon	connecMon,	concentraMon	
	
Black	hole	
Black	hole	–	bulge	–	halo	connecMon	
Cusp	removal,	bulge	formaMon	
	
Chemistry	
BBNS,	new	parMcles	
First	stars:	signatures	of	first	black	holes	
FormaMon	sites:	first	elements,	nuclides,	r,	s	
Early	evoluMon	of	metals,	age-metallicity	relaMons	
	
Dwarf	galaxies	
Local	reionizaMon,	structural	properMes	
First	galaxies,	second	generaMon	stars	
	
GalacMc	archaeology	
Chemtag	reconstrucMon	of	least	massive	systems	
Assembly	history	(SFH)	of	major	components,	G	dwarf	
	
Galaxy/M31	comparison	
DifferenMal	history,	total	baryon	inventory	

	
Problems	
Stellar	ages,	stellar	models	
MigraMon,	blurring	
Model	complexity,	interpretaMon	
Matching	simulaMons	to	Local	Group	
Shot	noise	staMsMcs	
	
Important	
Galaxy	framework	(e.g.	Galaxia)	
Local	framework	(e.g.	CLUES)	
Cosmological	framework	(e.g.	EAGLE)	

 
Saas Fee 2014 book freely available on 
my homepage under Downloads. 



Can we detect specific signatures of the 
first stellar generations today?

	
Beers	&	Christleib	2005,	ARAA	
Aoki	et	al	2009,	2013,	2017	
Bromm	&	Yoshida	2011,	ARAA	
Karlsson,	Bromm	&	JBH	2013,	RMP	
Frebel	&	Norris	2015,	ARAA	

The	lowest	mass	galaxies	have	very	
few	star	forming	events	and	are	the	
most	affected	by	reioniza+on.	They	
may	preserve	the	clearest	signal	of	
what	happened	in	the	early	universe.	



Can we detect specific signatures of  the first 
stellar generations today? 

Bland-Hawthorn 

We don’t know yet since our “first star” models produce chemical signatures that 
we can’t easily relate to the most metal poor stars (in our Galaxy) or to the most 
metal poor clouds at the highest redshifts. 
 
Are we looking in the wrong place? 

Metal poor star, [Fe/H] < -5 

Faint dwarf 

Globular cluster: 
 
These are a puzzle. 
[Fe/H] = -1.5 but many 
are >12 Gyr old! 



Are we seeing the signature of 
reionization in ultrafaint dwarfs?

	
Brown+	2014	
Weisz+	2014a,b	
Frebel,	Simon	&	Kirby	2014	
Webster+	2014,	2015a,b	
JBH,	Sutherland	&	Webster	2015	
Ri_er+	2015	
Sluder+	2015	
Simon+	2015	
Ji,	Frebel	&	Bromm	2015	
Webster,	Frebel	&	JBH	2016	

The	lowest	mass	galaxies	have	very	
few	star	forming	events	and	are	the	
most	affected	by	reioniza+on.	They	
may	preserve	the	clearest	signal	of	
what	happened	in	the	early	universe.	



75%	of	stars	
formed	by	z	~	10	

ACS/HST,	DEIMOS/Keck	
Victoria-Regina	isochrones	



New method: 
 

identify ancient star clusters in UFDs  
through chemical tagging

	
JBH+	2010a,b	
Karlsson+	2012	
Karlsson,	Bromm	&	JBH	2013	
Webster,	Frebel	&	JBH	2015	
	

Chemical	tagging	in	the	lowest	mass	
dwarf	galaxies	will	allow	us	to	associate	
stars	that	were	born	together.	



GMT + Manifest + G-Clef was the motivation for this paper. We 
really need this to feed ~10 fibres over the full 20' field. 



How massive a uniform star cluster? 

Cloud dynamical time (Tan+ 06)  

M = cloud gas mass ~ 106 Mo 
Σ = cloud col. density ~ 0.3 g cm-2 

The cloud's virial ratio                        is the ratio of kinetic to gravitational 
energy. So if tform = 4 tcr then 

i.e. fraction of cloud ! stars 

We conclude that all open clusters up to 105 Mo are uniform since 
tSN > 3 Myr for most SNe in these clusters. For globular densities, 
the upper mass limit is 107 Mo !! 

JBH	et	al	(2010)	



2D abundance space 

8m 

GMT 

Simulated galaxy on 8m (top) and 
on GMT (bottom): 

 

N  ~ 1x106 stars 

M  ~ 3x105 Mo 

L   ~ 1x105 Lo 

D  ~ 30 kpc 

 

i.e. 10 stars with [Fe/H] < –3 

 

 

 

 

2D clustering seen by 8m 

è stronger signal in 3D 



Sextans: relic star cluster? 

If confirmed, this would be the 
most metal poor star cluster to 
date (Karlsson+ 2012) 

Aoki et al 2009 



The stellar “cluster” seems to clump in other abundances 

If confirmed, this would be the most metal 
poor star cluster to date (Karlsson+ 2012) 

Aoki et al 2009 



The	clumping	is	staMsMcally	significant		
(Webster,	Frebel	&	JBH	2015)	

[a/Fe]	=	0.5	
	
[Sr/H],	[Ba/H]	
suppressed	
	
TSF	<	30-50	Myr		
	



What is the statistical significance of 
"clustering" in abundance space? 

 
What can we learn?

Method:	1.	build	models	of	UFD	formaMon	and	evoluMon;	2.	insert	
cluster	formaMon;	3.	test	for	clustering	signatures;	4.	a_empt	to	
unravel	the	sequence	of	events.	
	



Gas	in	halos	Mvir	~	107	M"#
can	survive	pre-ionizaMon	&	
SN	explosion	of	25	M"	star	

How:	
1.	off-centred	star	
2.	fractal	medium	
3.	resolved	SN	shock	front	
4.	Mme	dep.	ionizaMon	
5.	clustered	SF	through	the	
	ini+al	cluster	mass	func+on	

JBH+	2015	

Results	used	in		
Webster+	2014,	2015a,b,c	



What	do	these	[Fe/H]	distribu+ons	look	like	?	
	
Only	one	dimension	is	shown	below,	but	chemical	tagging	plays	out	in	a	
mulM-dimensional	space.		

TSF	<	50	Myr	



Beale	pseudo	F-staMsMc	(1969)	

STATISTICS	OF	CLUSTERED	OVER	RANDOM	EVENTS	

number	of	abundance	dimensions	
number	of	abundance	data	points	

number	of	clusters	

Webster,	Frebel	&	JBH	(2015)	

unclustered	simulaMon	

clustered	simulaMon	

models	with	more	
parameters	are	penalized	

compare	RMS	differences	
between	models	(k	peaks)	



8m	limit	@	R=20K,	V	~	19,	SNR	~	30,	15	hours,	OPTICAL	(Frebel):		
observe	C,	Na,	Mg,	Al,	Si,	Ca,	Sc,	Ti,	Cr,	Mn,	Co,	Ni,	Zn,	Ba,	Sr	
	
GMT/G-Clef	(~10	objects	in	20'	field)	limit	@	R=20K	should	get	us	to	V	~	20.5	

A	pressing	need	
for	UFDs	to	go	
deeper	to	get	
many	more	
stars…	



The importance of ancient star clusters 

•  The cluster mass function is a direct probe of the formation process 
(reionization, pressure, etc.) 

 
•  They can be age-dated more accurately than individual stars 
 
•  The summed stellar signature is the most reliable gauge of the progenitor cloud 

(indep. of binarity, mass transfer, mixing) 
 
•  These building blocks allow us to reconstruct the SFH more accurately 
 
•  We predict that a reconstructed star cluster will provide the first definitive 

statement on first star signatures 
 
The Future: 

•  We need a MOS HIRES instrument on any ELT in optical 
•  We need to resolve star clusters in numerical simulations 





Can	we	unravel	a	SF	event	sequence?	
	
Not	with	the	limited	abundance	space	
[Fe/H],	[a/Fe],	[C/Fe]	presently	available.	
	
But	we	can	limit	the	opMons.	

Webster,	Frebel	&	JBH	(2015)	

[Fe/H]=-1.5	is	really	
difficult.			
	
Lower	path	requires	
inhomogeneity.	
	
Upper	path	requires	
v.	special	condiMons.	



Where next with GMT ?



Ringberg 2014

Single dot can represent multiple lines GALAH 
windows 
good if 
only have 
~1 order 




