


Cluster	Data	

Allen+	ARAA	2011	



Sunyaev-Zeldovich	effect	on	CMB	spectrum	 Observed	in	Abell	2163	

Carlstrom+	ARAA	2002	



SZ	effect	shows	up	on	much	smaller	angular	scales	than	CMB	

Carlstrom+	ARAA	2002	



SZ	detecGons	of	clusters	

Note:	SZ	signal	is	independent	of	
distance!	

(But	geMng	other	informaGon	about	the	
clusters	becomes	hard	at	high	redshiN.)	







Abell	2125	 Coma	

Cluster	
X-ray	Images	



Early	SZ	H0	Results….		all	over	the	map.	

Abell	1914	(Feldmeier+04)	

(Jones+05)	



Carlstrom+	ARAA	2002	

Early	SZ	H0	Results….		all	over	the	map.	



Be[er	data,	more	clusters	

Bonamente+	2006	

H0=77	±	4	±	9	km/s/Mpc	for	ΩM=0.3,	ΩΛ=0.7	



GravitaGonal	Lensing	

Q0957+561	



Quasars	are	variable,	and	the	different	images	will	vary	with	a	lag	Gme	
between	them	due	to:	
•  GravitaGonal	potenGal	of	the	lens	
•  Path	length	differences	

Δt	=	f(zsource	,	zlens,	deflecGon	angle,	grav	potenGal,	cosmology[H0,ΩM,ΩΛ])	
	
Observe…..	Model…..	Adopt….	Derive	

Variability	Time	Delays	



Measuring	Time	Delays	
	
Not	easy:	
	
•  Variability	is	weak	

(typically	~	few	
percent)	

•  Sources	are	crowded	
	
•  Long	term	monitoring	is	

needed	(lots	of	
telescope	Gme)	

Example:	Q0957+561A/B:	
Δt	=	417	±	3	days	(Kundic+96)	



Modeling	the	lens	
	
Early	a[empts	used	point	masses.	Later	models	either	adopt	a	dark	halo	model	or	
else	solve	for	the	potenGal	Φ(r)	directly.	
	
Gravita*onal	lenses	with	mul*ple	images	of	the	source	significantly	help	constrain	
the	model!	
	

SDSS	J2222+2745	(z=2.82)	

Problem:	lensing	galaxies	usually	found	
in	galaxy	clusters,	so	there	are	two	
potenGals	to	worry	about	–	the	galaxy	
and	the	cluster.	(“mass	sheet	
degeneracy”)	
	



Lensed	Quasar	 H0	(km/s/Mpc)	 Reference	

FBQ	0951+2635	 64	+/-	14	 Jakobsson+	05	

B0218+357	 78	+/-	6	 Wucknitz+04	

PG	1115+080	and	
RX	J0911+0551	

56	+/-	23	 Tortora+04	

B1608+656	 75	+/-	7	 Koopmans+03	

B1608+656	 61-65	 Fassnacht+02	

Paraficz	&	Horth	10	
Oguri	07	
Saha	06	

Recent	Results	



Recent	Results:		
	
B1608+656	(Suyu+10)	
RXJ1131-1231	(Suyu+14)	
HE0435-1223	(Bonvin+17)	

Ωm=0.32,	ΩΛ=0.68	 Flat	universe,	Ωm	varies	 Everything	varies	(w	included)	 Everything	but	w	varies	



Supernova	lensing	
	
	
Supernova	Refsdal	
Found	November	2014	
(Kelly+15)	
	
	

Didn’t	have	an	accurate	
Gme	delay,	since	it	was	
discovered	archivally.	
	
But	lensing	models	
predicted	a	new	
appearance	in	late	
2015…	









GravWave	


