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•  What	is	Cosmology?:	The	Big	Bang	
•  What	is	the	Universe	made	of?	
– Dark	Energy	and	Dark	MaGer	
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– Measurements	

•  Current	and	Future	Experiments	
– The	role	of	JPL	

•  Conclusions	

	



Cosmology	
Cosmology	is	the	scien1fic	study	of	the	universe	as	a	whole	

-  What	is	the	origin	of	the	Universe?		
	
-  How	old	is	the	Universe?		
	
-  What	are	the	components	of	the	Universe?	
		
-  What	is	the	fate	of	the	Universe?		
	

Credit:	hGps://en.wikipedia.org/wiki/File:Universum.jpg	



The	Big	Bang	Theory:	theore'cal	
founda'ons	

•  General	Rela'vity:	Albert	Einstein,	1916	
Gravity	is	conceived	as	a	distor1on	of		

space	and	1me	itself.		

"MaGer	tells	space	how	to	curve,	and	space	tells	maGer	how	to	move.”	J.	Wheeler	

Credit:	ESA–C.Carreau	 Credit:	hGps://map.gsfc.nasa.gov/universe/bb_theory.html	



The	Big	Bang	Theory:	theore'cal	
founda'ons	

•  The	Cosmological	Principle:	on	the	largest	scales,	
the	Universe	appears	roughly	the	same	everywhere	and	in	
every	direc1on.		

hGps://map.gsfc.nasa.gov/universe/bb_theory.html	



Observa'onal	Evidence	of	The	Bing	
Bang	Theory	

•  The	Expansion	of	the	Universe:	Edwin	Hubble	
at	Mount	Wilson,	1929	

Credit:	Hun1ngton	Library	

Credit:	hGp://firedrake.bu.edu/CC105/2007/hubble.html	



Observa'onal	Evidence	of	The	Bing	
Bang	Theory	

Credit:	hGps://profmaGstrassler.com/	



Observa'onal	Evidence	of	The	Bing	
Bang	Theory	

The	Big	Bang	theory	predicts	that	the	early	universe	was	a	very	hot	place	and	
that	as	it	expands,	the	gas	within	it	cools.	Therefore,	the	universe	should	be	
filled	with	radia1on	that	is	the	remnant	heat	le`	over	from	the	Big	Bang.	

•  The	Cosmic	Microwave	Background	

Arno	Penzias	and	Robert	Wilson,	1964	
Credit:	Bell	Labs		

Credit:	hGps://map.gsfc.nasa.gov/m_ig/
030644/030644.html	



Observa'onal	Evidence	of	The	Bing	
Bang	Theory	

Credit:	ESA	and	the	Planck	Collabora1on		



Observa'onal	Evidence	of	The	Bing	
Bang	Theory	

Credit:	NASA/WMAP	Science	Team	



Accelerated	Expansion	of	the	Universe	

-	It	was	expected	that	the	expansion		
should	be	slowing	down	due	to	the	gravity	
	
-In	1998,	two	independent	teams	set	up	to		
to	measure	how	the	universe	was	slowing	down.	
	
-To	everyone’s	surprise,	they	found	the	opposite.		
	
-They	did	so	by	using	a	special	type	of	exploding	
	star	that	always	has	the	same	intrinsic	brightness	
	a`er	exploding	(i.e.,	a	“standard	candle”).		
	
-The	dimmer	the	object	seems	to	be,	the	higher	
	the	value	of	its	magnitude	and	the	farther	away	
	it	is.	
	

Credit:	R.	Caldwell,	M.	Kamionkowski,	Nature	458,	587-589	(2009)	



Dark	Energy		

Is	it	the	energy	of	the	vacuum?	The	cosmological	constant		
with	opposite	sign?		
	
Do	we	need	to	modify	General	Rela'vity	on	large	scales?		

Credit:	hGp://asympto1a.com/2011/10/04/the-2011-nobel-prize-in-physics/	

Credit:	Nobel	Founda1on		



Dark	MaQer	
The	manner	in	which	the	stars’	veloci1es	vary	with	radius	reflects	the	distribu1on	
of	mass	in	a	galaxy.	

A	flat	rota1on	curve	implies	that	the	mass	con1nues	to	increase	linearly	with	radius.	
Therefore,	the	rota1on	curves	of	galaxies	present	strong	evidence	for	dark	maGer	

Credit:	hGps://writescience.files.wordpress.com/2015/05/galaxyrota1oncurve.jpg	



Dark	MaQer	

Credit:	hGp://astro.wku.edu/astr106/structure/filaments.html	



The	Composi'on	of	the	Universe	

Credit:	Jorge	Cham	



Gravita'onal	Lensing	

Credit:	hGp://kipac.stanford.edu/kipac/research/gravita1onal_lensing		

	

Credit:	hGps://s-media-cache-ak0.pinimg.com/736x/a3/ee/21/a3ee21dddb457afed66d8c2362e2f552.jpg	

Credit:	hGp://topyaps.com/wp-content/uploads/2016/06/gravita1onal-lens-1024x533.jpg	



	Gravita'onal	Lensing	

Credit:	hGps://upload.wikimedia.org/wikipedia/commons/1/11/A_Horseshoe_Einstein_Ring_from_Hubble.JPG	 hGps://cdn.spacetelescope.org/archives/images/wallpaper5/potw1506a.jpg	 hGps://upload.wikimedia.org/wikipedia/commons/thumb/c/c8/Einstein_cross.jpg/300px-Einstein_cross.jpg	

Credit:	hGp://www.roe.ac.uk/~heymans/website_images/abell2218.jpg	



Visualizing	dark	maQer	with	
gravita'onal	lensing	

Credit:	hGp://jesserogerson.com/wp-content/uploads/2013/08/bulletclusterAPOD.jpg	



Weak	Gravita'onal	Lensing	
Strong	lensing	is	not	common.	Requires	special	condi1ons.	
Much	more	common:	weak	gravita1onal	lensing.				

Credit:	hGp://www.roe.ac.uk/~heymans/website_images/weak_lensing_schema1c.020(1).jpg	

Credit:	hGp://www.jyi.org/issue/development-of-charged-coupled-devices-for-precision-cosmology-and-the-supernova-accelera1on-probe-satellite/	



Mapping	Dark	MaQer	with	weak	
gravita'onal	Lensing	

3D	DM	map	using	data	from	ground-based	telescopes		
(Canada-Hawaii-France	Telecope,	Subaru,	Very	Large		
Telescope)	and	Hubble	Space	Telescope	data.		

Credit:	hGp://www.euclid.caltech.edu/system/pages/images/33/page/weaklensing-1.jpg?1429912665	

Credit:	hGp://scienceblogs.com/startswithabang/files/2011/04/Euclid_weak_lensing.jpeg	



Comparison	with	simula'ons		

The	rela1ve	densi1es	of	dark	maGer	and	dark	energy	affect	the	rate	of		
growth	of	structure	in	the	Universe.		

Credit:	hGp://newatlas.com/roadrunner-universe/13229/	



Measuring	Weak	Gravita'onal		
Lensing	



Measuring	Weak	Gravita'onal		
Lensing	

Weak	Lensing	“…is	likely	to	be	the	most	powerful	individual	technique,		
and	also	the	most	powerful	component	in	a	mul'-technique		
program...”	to	learn	about	Dark	Energy	if	systema1c	errors	can	be		
controlled.		Dark	Energy	Task	Force	Report,	Albrecht	et	al	2006.		

There	are	mul1ple	sources	of	systema1c	errors	when	measuring	the	weak	lensing	signal.	
For	example:			
	
-  Determina1on	of	the	amplitude	of	the	signal	
-  Measurement	of	the	projected	shape	of	galaxies	
-  Atmospheric	varia1ons	
-  Telescope	op1cs	
-  Detectors		
-  Theore1cal	models,	simula1ons,	and	sta1s1cal	analyses.		
		



Systema'cs:	instrumental	signatures	

The	“ripples”	could	stretch	galaxies	in	a	way	that	resembles	the	coherent	paGern		
induced	by	weak	lensing.		



Systema'cs:	Precision	Projector	Laboratory		

6-axis stage positions one 
of several target masks 

Secondary mirror with variable pupil 
(f/8-f/44) on 360o rotational stage 

Turntable 

Detector, 
filter in 
dewar 

Primary mirror 
in sling mount 

Temperature–regulated bench 
sits on pneumatic legs 

Integrating 
spheres 
house LEDs 

Baffles 

•  PSF	can	be	varied	by	
changing	f/#	or	LEDs	

•  Errors	can	be	isolated	by	
rota1ng	mask,	pupil	or	dewar	

•  Masks	can	emulate	stars,	
galaxies	or	spectra	

•  Image	of	an	illuminated	
mask	(emulated	scene)	is	
focused	onto	the	detector	

Offner	relay	system	

Credit:	University	of	Arizona/NASA		



f/22, 
λ = .880µm 

Grid of 3µm 
pinhole spots 
(emulated stars) 
onto the detector 

Systema'cs:	Precision	Projector	Laboratory	

Spots		

Credit:	hGp://www.stsci.edu/hst/wfc3/documents/handbooks/currentIHB/c05_detector8.html	



Systema'cs:	instrumental	signatures	

-	We	find	that	NL	induces	errors	
in	PSF	size	and	shape	larger	to	
what	is	tolerable	by	accurate	
WL	measurements.		



The	Dark	Sector	Group	at	JPL	
•  Researchers	from	different	groups	at	JPL/IPAC/Caltech	with	

common	interests	in	dark	maQer	and	dark	energy	science.		



Projects		



The	Dark	Energy	Survey		

Credit:	The	Dark	Energy	Survey	Collabora1on		



The	Dark	Energy	Survey		

Credit:	hGp://news.fnal.gov/wp-content/uploads/2017/06/50.Decampstr-FNL.MED_.jpg	



The	Dark	Energy	Survey	
Victor	Blanco	4m	telescope	at	Cerro	Tololo	Inter-American	Observatory	

Credit	(images	1,2,	and	4):	hGps://www.darkenergysurvey.org/	



The	Dark	Energy	Camera	
•	570	Mega	pixels,	62	CCD		
•	3	sq.	deg.	field	of	view		
	

Credit	(all	images	except	boGom	right):	hGps://www.darkenergysurvey.org/the-des-project/instrument/	



WFIRST:Wide	Field	Infrared	Survey	
Telescope	

	NASA	observatory	to	answer	ques1ons	in	exoplanet	detec1on	and	dark	energy	science.	

Credit	(both	images):	hGp://newsleGer.stsci.edu/wfirst-starts-mission-forma1on-phase/	



Thanks!		

•  plazas@caltech.edu	
•  andres.a.plazas.malagon@jpl.nasa.gov	
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