
Non-linear	collapse	phase







Cooling	time	as	f(metallicity)



Atomic	and	molecular	cooling	for	zero	
metal	gas

Q: how	do	we	form	
molecules	in	the	
ISM	today,	given	
the	very	low	gas	
densities?

At	high	redshift,	H2
forms	via	H- ion	
(rare	process)



The	first	stars
We	have	never	observed	a	
star	with	no	heavy	
metals	(Z=0)

Keller	et	al	2014	
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IMF	of	first	stars

Q: think	of	the	Jeans	criterion	for	gravitational	
collapse.	What	might	cause	the	Jeans	mass	to	
be	higher	at	redshift ~10	than	now?



IMF	of	first	stars

Q: think	of	the	Jeans	criterion	for	gravitational	
collapse.	What	might	cause	the	Jeans	mass	to	be	
higher	at	redshift ~9	than	now?

A: The	CMB	temperature	would	be	about	30K	then,	
not	3K.	So	no	gas	cloud	could	be	as	cool	as	current	
day	molecular	clouds

This	would	explain	absence	of	Z=0	stars	today	if	no	
low	mass	stars	were	formed	then

Keller	et	al	star	consistent	with	contamination	from	
only one zero-metal	60	Msun star	going	supernova







Interpreting	the	cooling	plot



Thin	disk	formation

Phil	Hopkins



Angular	momentum	in	galaxies

• Q: think	back	to	the	conditions	at	z~1000	
when	the	CMB	was	observed.	Was	there	much	
net	angular	momentum	in	the	universe?



Angular	momentum	in	galaxies

Q:	The	situation	is	
quite	different	now.	
What	do	you	think	
might	have	given	disk	
galaxies	their	angular	
momentum?



Tidal	torque	theory
The	matter	distribution	in	the	universe	is	not	uniform:	
galaxies	on	filaments,	clusters	where	filaments	cross

Bolshoi	
simulaton,	
courtesy	
Joel	
Primack



Tidal	torque	theory

The	surroundings	of	galaxies	will	exert	a	torque	
on	them,	creating	angular	momentum	in	the	
gas	and	dark	matter	which	will	go	on	to	form	
the	galaxy

Then	the	gas	(but	not	the	dark	matter)	radiates,	
cools,	and	collapses,	conserving	angular	
momentum	during	a	decrease	in	size	of	
around	a	factor	of	10,	leading	to	the	rapidly	
rotating	disks	we	see	today	(Fall	and	Efstathiou
1980)



The	top	panel	shows	the	
size	of	the	dark	matter	
halo:	growing	then	
collapsing	to	half	
Rmax

Middle	panel	shows	
angular	momentum	
growing	as	the	halo	
does,	then	staying	
constant	during	halo	
collapse

Tidal	torque	theory	
predicts	that	L	grows	
as	(scale	factor)3/2Zavala	et	al	2008



Inner	halo	is	different
• Objects	that	will	be	in	the	inner	halo	suffer	
intense	merging	and	lose	angular	momentum	
via	dynamical	friction



Dynamical	friction:	just	gravity

When	a	massive	object	moves	thru	stars	or	dark	
matter,	it	forms	a	wake	which	exerts	a	backward	
force	on	the	object.	Satellite	can	transfer	energy	
and	angular	momentum	to	surroundings

Mihos javalab



• Strong	merger	
activity	in	
subhalos that	form	
inner	halo	transfer	
angular	
momentum	to	
outer	halo	and	
leave	inner	halo	
with	low	a.m.

Zavala	et	al	2008
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