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Background	

Observed	large-scale	
structure	is	reproduced	
well	by	dark	maRer	
simula0ons	

From	simula0ons	performed	at	the	Na0onal	Center	for	Supercomputer	Applica0ons	by	Andrey	Kravtsov	(The	University	of	Chicago)	and	Anatoly	Klypin	(New	
Mexico	State	University).		Visualiza0ons	by	Andrey	Kravtsov.			

Image	credit:	Mike	Blanton	and	the	SDSS	



The	halo	model	
Simulated	structure	consists	of	virialized	
“haloes”,	with	a	dominant	central	object	
and	many	satellites.	

Bolshoi	simula0ons	



The	halo	model	
This	provides	an	excellent	
descrip0on	of	clustering	
in	the	observed	Universe.	

Bolshoi	simula0ons	



But	the	efficiency	of	galaxy	forma0on	within	
these	haloes	varies	by	orders	of	magnitude.	

Moster	et	al.	(2010)	

Dark	Ma8er	

Galaxies	

Mass	

N
um

be
r	d

en
si
ty
	

St
el
la
r	m

as
s/
Ha

lo
	m

as
s	

Mass	



The	rate	of	star	forma0on	is	decoupled	from	
the	rate	of	mass	accre0on.	

Behroozi	et	al.	(2013)	

Requires	energe0c	
feedback,	and	
expulsion	of	large	
amounts	of	gas	
from	the	halo	at	
early	0mes.	



Central	galaxies	

Star	forma0on	rates	are	determined	by	a	variety	of	
processes	occurring	over	a	wide	range	of	0me	and	spa0al	
scales.		Interpreta0ons	rely	on	sophis0cated,	
parameterised	models	that	have	liRle	predic0ve	power.	

Complex	
Physics	

Central	Galaxy	

The	physics	is	simpler	
on	the	largest	scales,	
and	inflow	rates	from	
the	cosmic	web	may	be	
more	predictable	



Satellite	galaxies	
A	satellite	galaxy	loses	its	source	of	fresh	gas	from	
cosmological	accre0on.			
–  For	most	satellites,	everything	else	may	be	largely	
unaffected.	

– We	can	test	predic0ons	of	the	“complex	physics”	

Complex	
Physics	

Complex	
Physics	

Cosmological	
inflow	

Central	Galaxy	 Satellite	Galaxy	



Requires	two	types	of	evolu0on:	
1.  Steady	evolu0on	of	SFR	with	0me	
2.  Rela0vely	sudden	transi0on	from	SF	to	Quiescent	

Galaxies	

Muzzin	et	al.	(2014)	

…while	the	number	density	of	quiescent	
galaxies	grows	strongly	with	0me…	The	SFR	of	star-forming	galaxies	

decreases…	

Whitaker	et	al.	(2012)	



Quenching	as	a	clock	

An	important	feature	of	galaxy	
evolu0on	is	a	one-way	quenching	
of	star	forma0on,	leading	to	
growth	in	abundance	of	
quiescent	galaxies	with	0me	

If	a	component	of	this	transforma0on	is	
associated	with	structure	forma0on,	we	
can	use	models	of	cluster	growth	to	0me	
the	process	

Omand,	Balogh	&	Poggian0	(2014)	



Linking	accre0on	to	quenching	

McGee	et	al.	(2009)	

From	N-body	accre0on	
histories,	we	can	consider	
how	many	galaxies	have	
been	in	a	massive	halo	for	
some	0me	T	
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Linking	accre0on	to	quenching	

McGee	et	al.	(2009)	

At	z=0,	as	T	
increases,	frac0on	
decreases.	

z=0	

Increasing	T		

T=1Gyr	 T=2Gyr	 T=3Gyr	 T=4Gyr	



Linking	accre0on	to	quenching	

McGee	et	al.	(2009)	

Sensi0vity	to	T	
increases	
drama0cally	with	
redshiX	

z=1	

Increasing	T		

T=1Gyr	 T=2Gyr	 T=3Gyr	 T=4Gyr	

Increasing	z		



This	is	a	persistent	
problem	that	has	
been	hard	to	solve	by	
just	adjus0ng	
parameters	

The	overquenching	problem	

Guo	et	al.	(2011)		

Models	predict	more	
quiescent	galaxies	in	
clusters	than	
observed	
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The	0mescale	problem	

Wetzel	et	al.	(2013)	

Low-z	data	require	T>3	Gyr	to	
avoid	overquenching.	

But	how	does	this	happen	
without	distor0ng	the	SFR	
distribu0on?	

log	sSFR	(yr-1)	
	



The	overquenching	problem	

Weinmann	et	al.	(2010)	

ARempts	to	reduce	the	quenching	generally	predict	
too	many	galaxies	with	low	(but	non-zero)	SFR.	

also	Font	et	al.	(2008)	 log(sSFR)	



Two	relevant	0mescales	
T=tdelay+τQ	

T	is	the	0me	between	when	a	SF	
galaxy	is	accreted,	to	when	it	
turns	passive.	

At	z=0:		
•  T	must	be	large,	3-7	Gyr,	to	explain	presence	of	SF	galaxies	in	clusters	
•  τQ	must	be	short,	<1	Gyr	to	avoid	overpopula0ng	the	“green	valley”	

Wetzel	et	al.	(2013)	

tdelay>0	allows	us	to	reconcile	these	apparently	conflic0ng	requirements.		



Wetzel	et	al.	(2013)	

Solu0on	requires	a	long	delay	0me,	with	short	fade	0me.	



The	delay	0me	puzzle	

Why	such	a	long	delay	0me?		How	can	
satellite	galaxies	persist	in	a	larger	halo	for	
several	Gyr	without	changing?	
	

Observing	its	evolu0on	can	provide	
important	clues.		Is	it	associated	with	
the	orbit,	or	internal	galaxy	proper0es,	
or	something	else?	



GCLASS	clusters	

Muzzin	et	al.	(2012)	

10	rich	clusters	at	
0.85<z<1.25	from	
SpARCS	
	
Gemini	GMOS	n&s	
spectroscopy	(IRAC	
<22)	confirms	30-100	
members	per	cluster	



GEEC2	groups	
11	groups	at	0.8<z<1	selected	from	deep	X-ray	images	in	COSMOS	
Highly-complete	spectroscopy,	excellent	photo-z	for	the	rest.	

Spec-z	

Phot-z	



Dynamical	and	stellar	masses	

•  Dynamical	masses	(M200)		
and	R200	measured	from	
velocity	dispersions	

•  Stellar	mass	measured	
within	R200	

	
	
Combined	with	GCLASS,	
shows	1%	stellar	content,	
over	3.5	orders	of	
magnitude	in	mass	

Stellar	mass	
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Passive	Frac0on	

Immediately	rules	
out	a	t=4Gyr	delay	
0me	at	z=1	

High	frac0on	of	
passive	galaxies.		
Very	similar	to	local	
measurements!	
	



Conversion	Frac0on	

Massive	galaxies	are	more	likely	
to	be	quenched,	independent	of	
environment.	

The	conversion	frac0on	
measures	the	excess	quenching	
caused	by	environment	

fconvert =
Qcluster −Qfield

1−Qfield

Stellar	mass	
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At	low-z,	this	is	independent	
of	stellar	mass	

z=0:	SDSS	(Peng	et	al.	2010)	



Conversion	frac0on	

z=1:	GEEC2	and	GCLASS	(Balogh	et	al.	2016)	
z=0:	SDSS	from	Omand,	Balogh	&	Poggian0	(2014)		

We	find	almost	iden0cal	results	for	
massive	galaxies,	at	z=1	



Conversion	frac0on	

z=1:	GEEC2	and	GCLASS	(Balogh	et	al.	2016)	
z=0:	SDSS	from	Omand,	Balogh	&	Poggian0	(2014)		

Strong	sugges0on	that	the	frac0on	drops	
sharply	below	log(M*)=10.3	



Timescales	
With	some	assump0ons	and	the	use	of	cluster	mass	
growth	predic0ons	we	can	relate	the	rela0ve	passive	
frac0ons	to	the	0me	between	accre0on	and	quenching	

GCLASS	

GEEC2	

Balogh	et	al.	(2016)	



Timescales	
The	result	is	very	different	from	what	would	be	
predicted	if	local	values	evolved	like	the	dynamical	0me.	

•  Shorter	0mescales	for	
massive	galaxies	

•  Strong	mass	dependence	

GCLASS	

GEEC2	

Local	values	evolved	by	tdyn	

Balogh	et	al.	(2016)	



A	new	solu0on	to	an	old	problem?	

1)  At	low	redshiX,	the	delay	0me	is	longer	than	
the	dynamical	0me	

2)  There	are	indica0ons	that	the	delay	0me	
evolves	more	quickly	than	the	dynamical	
0me	for	massive	galaxies,	and	more	slowly	
for	low-mass	galaxies.	

Perhaps	the	relevant	physical	process	is	
unrelated	to	the	satellite	orbit	



The	baryon	cycle	

η ≡
!Mout
!M*

Consider	our	system	to	be	
the	direct	source	of	star	
forma0on:	dense,	molecular	
gas	

McGee,	Bower	&	Balogh	(2014)	

Includes	HI,	hot	gas	



Satellite	galaxies	
Almost	by	defini0on,	cosmological	
inflow	is	shut	off	in	satellite	galaxies	
(e.g.	Behroozi	et	al.	2013).		This	is	a	
robust	predic0on	of	the	model	

•  In	addi0on,	the	reservoir	may	or	
may	not	be	stripped		

	
Satellite	galaxies	provide	a	rela0vely	
clean	test	of	the	parameters	in	this	cycle	

Includes	HI,	hot	gas	

McGee,	Bower	&	Balogh	(2014)	

!Mres = !M* + !Mout = !M*(1+η)



The	role	of	ou^lows	

Ignoring	the	role	of	ou^lows,	satellites	
poten0ally	have	lots	of	fuel	to	maintain	
star	forma0on	

Dynamical	0me	

Hubble	0me	

Log(M*)	~	10.3	



The	role	of	ou^lows	

Ignoring	the	role	of	ou^lows,	satellites	
poten0ally	have	lots	of	fuel	to	maintain	
star	forma0on	

At	high	redshiX,	the	high	SFR	imply	
strong	associated	feedback.		This	can	
limit	the	life0me	for	star	forma0on	in	the	
absence	of	inflow.	
	
	

Dynamical	0me	

Hubble	0me	

Log(M*)	~	10.3	



With	the	high	mass-loading	factors	
preferred	by	many	models,	this	
dominates	the	quenching	at	all	redshiXs	

The	role	of	ou^lows	

Ignoring	the	role	of	ou^lows,	satellites	
poten0ally	have	lots	of	fuel	to	maintain	
star	forma0on	

At	high	redshiX,	the	high	SFR	imply	
strong	associated	feedback.		This	can	
limit	the	life0me	for	star	forma0on	in	the	
absence	of	inflow.	
	
	

Dynamical	0me	

Hubble	0me	

Log(M*)	~	10.3	



The	overquenching	
problem	at	z=0	may	
be	associated	with	
ou^lows	that	are	
too	strong	

“Overconsump0on”	

Evolu0on	in	delay	0mes	may	be	more	rapid	then	
expected	dynamically,	but	as	expected	for	η~2	

McGee,	Bower	&	Balogh	(2014)	
Log(M*)	~	10.3	



Recall:	Timescales	
With	some	assump0ons	and	the	use	of	cluster	mass	
growth	predic0ons	we	can	relate	the	rela0ve	passive	
frac0ons	to	the	0me	between	accre0on	and	quenching	

GCLASS	

GEEC2	

Balogh	et	al.	(2016)	

z	~	1	



Timescales	

Low	passive	frac0on	in	
low-mass	galaxies	is	
due	to	their	inefficient	
star	forma0on	and	
associated	ou^low	rate	
•  Very	different	from	

z=0	behaviour	

The	observed	mass	dependence	is	predicted	by	
the	overconsump0on	model	with	modest	
ou^low	rates	

Balogh	et	al.	(2016)	



GOGREEN	
A	Gemini	Large	Program	

Survey	descrip0on:	Balogh	et	al.	(2017	–	coming	soon!)	
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What	we	learn	from	galaxy	clusters	
and	groups	

•  Cosmology,	through	masses/abundance	
•  Plasma	physics	(X-ray	emi~ng	ICM)	
•  Supermassive	black	hole	growth	(radio	jets)	
•  Nature	of	dark	maRer	(lensing	comparisons)	
•  Host	the	most	massive	galaxies	in	the	Universe	
•  Rare	perturba0ons	to	galaxy	evolu0on		
•  Laboratories	for	study	of	galaxy	and	structure	

forma0on	

GMOS	is	the	perfect	instrument:	
–  Field	of	view	matches	distant	cluster	sizes	
–  Nod	and	shuffle	allows	high	target	densi0es	
–  Red	sensi0vity	allows	to	push	out	in	redshiX	



GOGREEN	
Awarded	440h	over	3	years	2014-2017	on	Gemini	
N&S	(extended	to	2018A)	
•  Will	measure	quiescent	frac0on	for	M>1010	

Msun	in	21	systems	
•  Extend	lookback	0me	by	1.5	Gyr:	large	rela0ve	

to	the	quenching	0mes	

We	are	engaged	in	a	Gemini	
Large	Program	to	observe	21	
clusters	at	1<z<1.5:	Gemini	
Observa.ons	of	Galaxies	in	
Rich	Early	ENvironments	
(GOGREEN)	

	



GOGREEN	status	
	

194.3h	used	over	5	
semesters	(44%)	
•  Have	acquired	all	the	deep	
(AB=25,	5σ)	z-band	and	
op0cal	imaging.		All	NIR	
except	northern	clusters	

•  Plus	35	masks	of	
spectroscopy,	~600	
spectra.			

z	image Spec Optical	IR 3.6	μm
SPT0205
SPT0546
SPT2106
SpARCS0035
SpARCS0219
SpARCS0335
SpARCS1033
SpARCS1034
SpARCS1051
SpARCS1616
SpARCS1634
SpARCS1638
SXDF60XGG
SXDF64XGG
SXDF49XGG
SXDF76XGG
SXDF87XGG
COSMOS-28
COSMOS-63
COSMOS-221
COSMOS-125

Key
100%	Done
>50%	Done
Started
Not	started



GOALS	
Expect	to	add	~700	confirmed	cluster	members,	in	
21	systems	1<z<1.5.		Over	1000	when	combined	
with	exis0ng	data	

•  Most	massive	clusters	
will	have	>50	members;	
groups	will	have	>20.	

•  Targets	are	selected	to	
have	z<24.25,	with	up	
to	15h	integra0on	on	
the	faintest	

	



Enabled	by	nod&shuffle	
with	red-sensi0ve	detectors	

15h	exposure	
0mes	on	the	
faintest	galaxies,	
observed	on	
mul0ple	masks	



Combining	with	GCLASS,	SPT,	zCOSMOS	redshiXs	as	
the	bright	end	for	a	sample	of	>1000	cluster	
members	



Spectra	are	low	resolu0on	(~440),	but	stacks	by	
mass	are	high	S/N,	high	resolu0on	

High	mass,	red	

Low	mass,	red	

High	mass,	blue	

Low	mass,	blue	



Conclusions	

1.  At	z=0,	satellite	quenching	is	likely	
dominated	by	dynamical	effects:	stripping,	
0dal	disrup0on	etc.	

2.  Average	SFR	evolves	more	strongly	with	
dynamical	0me;	at	higher	redshiX	
overconsump0on	becomes	dominant	

3.  Both	the	redshiX	and	mass-dependence	of	
tdelay	suggest	that	 	 	 		~	2	η ≡

!Mout
!M*


