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What	is	early	and	what	is	late?	

Bernal,	Verde,	Riess	2016	



The	H0	game:	E2E	test	



rd,		
high	z	anchor	

H0:		Direct	measurement	
Low	z	anchor	

At	glance:	direct	and	inverse	distance	ladder	

Auborg	et	al	2014,Cuesta	et	al	2014,	Bernal	et	al	2016	

Direct	cosmic	distance	ladder	

Inverse	cosmic		distance	ladder	(Cuesta	et	al	2015)	



The		SHAPE	of	expansion	history	is	well	
constrained	

The	issue	is	with	the	normalizaRon	

H	

Bernal	,LV,	Riess	2016	



Good	ladders	need	2	good	anchor	
points	

I	gotcha!	



What	is	early	and	what	is	late?	

Early:	CMB	and	pre-recombinaRon	physics	

Late:	z~0	but	can	use	z<1	if	you	are	careful		
(e.g.,	BAO	only	relaRve	distances,	model-independent	etc.	)	
	
And	can	use		higher	z	if	you	spell	out	your	assumRons	
	
	
See	philosophers	of	physics	

What	about	other	“things”	that	are	not	H0?	



Stellar	ages:	a	tool	to	measure	the	
expansion	rate	

•  Absolute	stellar	ages	(clocks)	at	z=0	provide	an	
esRmate	of	the	current	expansion	rate.	

Relies	on	knowing	other	background	cosmological	parameters	
(or	the	expansion	history	“shape”)	

“The	local	and	distant	Universe,	stellar	ages	and	H0”	
	JCAP	2019		,Jimenez,	Cimab,	Verde,	Moresco,	Wandelt	
						
	



•  relaRve	stellar	ages	(Chronometers)		at	z	
provide	an	esRmate	of	the		expansion	rate	at	z	

`	

Relies	on		being	able	to	esRmate	dt	

	suite	of	papers	on	“Chronometers”	since	2003	
Jimenez,	Moresco,,	Cimab,	Verde	
						
	

Stellar	ages:	a	tool	to	measure	the	
expansion	rate	





Globular	Clusters	have	been	for	decades	obvious	places	to	esRmate	the	age	of	the	oldest	stars		

GC	were	very	old	(13.5	Gyr),		
even	when		common	wisdom	was		
H0~55	and	CDM	Universe		
(no	Lambda)	



However, the morphology of the HR diagram depends on a few physical parameters besides 
age: metallicity, Helium content, convection, alpha-enhancement elements and DISTANCE 

Changes as a 
function of Mass 
(age) 

Changes as a 
function of 
metallicity

Changes as a 
function of Y 
(He)

Changes as a function 
of convection treatment 
(mixing-length)



Include model uncertainties and vary all parameters at the same time 
Bayesian approach: standard MCMC (pioneered by Chaboyer and collab.)   

0’ Malley 2018 



Sanity check: relative ages (w/o distance uncertainties) 

Marin Franch et al  2008 

This method provides relative ages to a  
formal precision of 2-7%.  
 We demonstrate that the calculated  
relative ages are independent of the 
 choice of theoretical model. 
  



Relies	on	knowing	other	background	cosmological	parameters	
(or	the	expansion	history	“shape”)	

“The	local	and	distant	Universe,	stellar	ages	and	H0”	
	JCAP	2019		,Jimenez,	Cimab,	Verde,	Moresco,	Wandelt	
						
	

Absolute	stellar	ages	at	z=0	provide	an	esRmate	of	the	current	expansion	rate.	
	

Need	also	a	way	to	connect	t	to	tU	
	
(the	second	step	is	not		needed	
	for	H0	but	for	comparing		
	with	tU		from	CMB)	

Use	zf=11	but	using	zf=8	does	not	change	the	results	



Two	different	things	

•  	H0	(do	not	need	tU,	but	need	t*)	
•  t*àtU	(then	argument	independent	on	H0)	



Age	of	Oldest	stars	observed	locally		-->	age	of	the	Universe			

Jimenez	et	al	2019	

very-low-metallicity	stars		
	
HD140283		(Bond		et	al	2013)		
	
J18082002-5104378	A	(Schlaufman	et	al	2018)	
	

Riess	et	al’18		

O’Malley		et	al	‘18	22	GC	
	

Jimenez	et	al	2019	

Planck	



Age	of	Oldest	stars	observed	locally		-->	age	of	the	Universe			

Jimenez	et	al	2019	

very-low-metallicity	stars		
	
HD140283		(Bond		et	al	2013)		
	
J18082002-5104378	A	(Schlaufman	et	al	2018)	
	

O’Malley		et	al	‘18	22	GC	
	

Jimenez	et	al	2019	

Planck	



With	a	late-Rme	esRmate	of	mamer	density…	

PROOF	OF	PRINCIPLE	

Standard	analysis	must	be	improved	

D.	Valcin	thesis	

“The	local	and	distant	Universe,	stellar	ages	and	H0”	
	JCAP	2019		,Jimenez,	Cimab,	Verde,	Moresco,	Wandelt	
						
	



In	a	ΛCDM	model	

AND	with	the	latest	data	

Planck	(early)	

SH0ES	
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Verde	Bellini	et	al	2017	



Moreover	in	a	LCDM	model….	

Planck	(early)	

BAO
+SN

e	
SH0ES	

Early:	high		
Late:	low		 Ωm



PRELIMINARY	

D.	Valcin	

Planck	 SH0ES	

BAO+SNe	

Early	:	high	t0	
Late:	low	t0	

?	

Age	of	the	Universe	from	re-analysis	of	Globular	clusters	ages.	Marginalize	over:		
metalicity,	absorpRon,	He	fracRon	distance,	AND	models	(MIST,	Dartmouth	,	Padova)	



PRELIMINARY	

D.	Valcin	

Planck	 SH0ES	

BAO+SNe	

Early	:	high	t0	
Late:	low	t0	

?	

GC	(“blinded”)	

BAO+SNe	

Planck	 SH0ES	

Age	of	the	Universe	from	re-analysis	of	Globular	clusters	ages.	Marginalize	over:		
metalicity,	absorpRon,	He	fracRon	distance,	AND	models	(MIST,	Dartmouth	,	Padova)	



Probes	of	the	expansion	history	

Standard	clocks	

Simon	et	al.	2005,	Stern	et	al.	2010,	Moresco	et	al.	2012,	2015,	2016			

Some	old	ellipRcal	galaxies	have	stellar	populaRons	well	described	by	a	single	age		

DifferenRal	ages	give,	thus	a	measurement	of	H(z)		



Passively	evolving	old	systems	

Eisenhardt	et	al	08	



These	old,	massive,		red	and	dead	galaxies	
do	not	have	extended		star	formaRon	
histories.	Downsizing.	

Curves	offset	
verRcally	for	
clarity	



RelaRve	aging	of	galaxies	using	D4000	break	

Moresco,	Jimenez,	Cimab,	Pozzeb		JCAP	(2010)	

MODELS	



RelaRve	aging	of	galaxies	

Hβ	is	the		Lick	index		least	sensiRve	to	metallicity:		tracks	age.	While	Fe5015	tracks	metallicity.	
High-z	galaxies	are	younger,	while	all	galaxies	have	same	metallicity.	

Worthey	1994;	Lick	indices	
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Moresco	et	al	2016	



Full	Spectral	fibng	gives	an	excellent	esRmate	of	the	metallicity	for	the	selected	passively	
evolving	galaxies.	Also,	formal	fits	are	excellent	with	current	stellar	models.	

Current	models	DO	provide	formal	fits	to	data	

From	Conroy	et	al.	2013		

They	not	only	fit	for	age	and	metallicity	BUT	ALSO	FOR	ALL	
SINGLE	ELEMENT	ABUNDANCES!	
(for	stacked	SDSS	spectra)	

From	Moresco	et	al.	2016	



Workflow	to	select		
cosmic	chronometers	

Moresco	et	al	2018	

SelecRon	is	key	



Reconstructed expansion history with chronometers

Haridasu et al. 2018



Moresco et al.(++) 2013



Next	steps	



Significant	effort	devoted	to	constrain	and	quanRfy	systemaRc	uncertainRes	for	chronometers	

CompuRng	the	Full	Cov	Matrix	

where	ε(r)	is	the	percentage	variaRon	of	dDn4000	as	a		
funcRon	of	the	young	component	fracRon	r,	namely	(1	−	α)−1	where	α	is	
the	slope	of	the	relaRons	in	Fig.	6.	We	note	that	formally	r	=	r(z),	since	
the	contaminaRon	due	to	a	young	component	could	be	different	
depending	on	the	couple	of	points	used	to	esRmate	H(z);	the	only	
assumpRon	we	make	here	is	that	r	is	constant	between	the	two	
redshixs	considered	to	provide	one	H(z)	measurement		
	



Significant	effort	devoted	to	constraint	systemaRc	uncertainRes	for	chronometers:	
esRmate	of	the	covariance	given	by	systemaRcs	of	the	model.	



SUMMARY	

In	the	early	vs	late	approach	we	should	look	at	quanRRes	beyond	H0	

I	menRoned	tU	

t*		à			H0	via	Ωm	
		

Ωm	

Chronometers-à	H(z)	


