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the	limits	of	cosmology	



What	is	the	maIer?	
Dark	maIer					many	predicNons,	no	success	yet	

Dark	energy				no	predicNon	of	deviaNons	from Λ
	

Where	do	we	come	from?		
InflaNon?		best	theory	so	far	but	needs	confirmaNon!	

We	have	made	remarkable	progress		
in	cosmology	in	past	100	yrs.	
its	now	a	precision	science	
But	the	big	quesNons	are	unanswered	



DARK	MATTER	

NO!	

NO!	
NO!	

NO!	



PBH can do it! 

SIDM?	
Dwarf	galaxy	anomalies	

Known	physics	

Searching	for	the	promised	land	



DARK		ENERGY	
Cosmological	constant:	Einstein	invented	it	but	Lemaitre	interpreted	it		

Distant type Ia supernovae are too faint	



Where	next		in	cosmology	
•  Dark	energy?		no	predicNon	for	p	≠	-ρ

ParNcle	Data	Group	2014	Review	of	ParNcle	
Physics	

2001	

2017	



•  Dark	maIer?	no		detecNon	in	sight	
•  Dark	energy?		no	predicNon	for	w	≠	-1	
•  TesNng	inflaNon	via		the	CMB				
		

INFLATION	
\the	ulNmate	goal	

gravity	wave	background				
	T/S	<	0.08				B	mode	polarisaNon		
	
non-gaussianity	of	fluctua;ons			
fNL	δΤ/Τ<	0.01%		measured	limits	

Planck	satellite	

just	6	numbers	



	
	
Satellite:	LiteBIRD	(JAXA	launch	in	2027?)	

																		
																													

ground/balloon:	CMB-S4,	c.	2025	

South	
Pole	

Atacama	

But	there	is	no	guarantee	of	a	signal!	

Gravity	waves:	
polarizaNon	B	mode	

GravitaNonal	lensing:	
polarizaNon	E	&	B	modes	

To	B	or	not	to	B?	
Temperature	fluctuaNons:		
scalar			mode	

E	 B	CMB	

PLANCK:	32	detectors	



DARK	AGES	
	



δT/T	(1+	fNL	δT/T)		
fnl ~  ns-1	  ∼ 0.03 with Planck	ns=0.96	is	generic 
Maldacena 2003   
Cabass + 2017: perhaps  0.1 (ns-1) 
	

fnl	<	10	(current	limit)		vs		~1	(mulNfield)	

	vs	~	0.01,		the	ulNmate	goal	

must	improve	on	Planck	by		1000!			 ns	

always	some	non-gaussianity,	since	correcNons		are	quadraNc	
	

Another		direcNon	in	cosmology	
SEEK	NON-RANDOM	PATTERNS	ON	THE	SKY	TO	PROBE	INFLATION	

we	call	this	non-gaussianity	and	its	guaranteed!	



Microwave	background		probes	N~106	independent		samples		
to	l~1000				limiNng	2d	accuracy		N-1/2	~	0.1%	
	

How	to		increase	number	of	modes	N	?	

galaxy	surveys?		3D	probe	
		allow	N~	1010			but	galaxies	are	biased	probes		
limiNng	2d	accuracy		N-1/2	~	0.01%	for	N~108	

		
	
21cm		go		to	early	dark	ages	and	use	gas	clouds,		
the	building	blocks	of	galaxies,		allows	N	>	>	109	
	

Up	to	1000	improvement	on	Planck,	in	N-1/2	!	
But	its	very	high	redshis	
	 NOW	

Long		
ago	

dwarf		
galaxies	

predicted!	

large-scale	
	structure	

CMB	LSS	



Clusters	
via	CMB	

Galaxies	
via	LSS	

first	clouds	
	via		21cm		

Kleban+	2007	

Power	spectrum:	CMB	vs	21cm	

Loeb	&	Zaldarriaga	2003	

Sweet	spot	at	z	~	50	or	30	MHz		



clusters	
CMB	

galaxies	
LSS	

first	clouds	
							21cm		

gain		N1/2	precision,	1000	x	CMB	at	10	arc-sec	resoluNon	

Cosmic	microwave	background:		l   ~	103								N	~	106		

galaxy	surveys:		LSST	to	have	1010		photo-z											N	~	108		

dark	ages	21cm+	tomography:		N	~	1010	x	102						N		~1012						
																																																																													

Goal:	PNG	at	z	~	50-70				or			20-30	MHz	
	
	Need	to	remove	non-gaussian		foregrounds	at	level	of	x105	
with	no	ionosphere,	no	mobile	phones,	no	internet… 	



				

Need	to	go	to	far	side	of	MOON	for	most	radio-quiet		
																																																	environment	in	inner	solar	system	
in	inner	solar	system	
	
	

30-50	MHz	is	a	very	difficult	frequency	range	to	map	from	the	Earth	

	
	
need	millions	of	dipoles	for		weak	signal:																							~107	
	

	

D2

4�2

OpNmal	telescope		array		is			l	λ/2π  or	D	~100	km	 at λ~ 10 m
	

seek	~10mK	signal	in	bright	sky	foreground	TB~1000K	
	



Lunar	Radio	Array	of		~	106	dipoles	
	sensiNvity	and	high	angular	resoluNon	at		40	MHz	

Far	side	of	the	Moon	~	2040	
The	ulNmate	dark	ages	explorer:	a	lunar	dipole	array	with	>	106	dipoles	

J.	Lazio	



Pathfinder	concept		ROLSS		
1-10	MHz,	PI:	J.	Burns	



ESA	concept:	Moon	Village	

Aims:	business	and	tourism	in	2035+	



A	non-gaussianity	program	

•  CMB:	suborbital	+space					N~106					fnl~10			(>3σ)

•  OpNcal/IR		galaxy	surveys		N~108					fnl~1	
•  Radio:	SKA-Low-2:	~106	antennae	in	2025		
•  far	side	of	Moon…N~1012			fnl~0.01	by	2035-2040	

Novel	DM	probes	&	only	way	to	falsify	inflaNon	

Meerburg	+	2015	

fnl~0.01	is	a	generic	predicNon	in	mulNfield	inflaNon	
aim:		detect	paIerns		of	nongaussianity	on	the	sky		



Close-up	of	south	pole	

Shackleton	crater	

Thermal	image	

That’s	not	all!		Sites	for	IR	and	FIR	telescopes	

4	km	deep,	21	km	wide	

eternal	darkness	

eternal	light	



OWL	

Maillard	2017	



10	km	NIR	hypertelescope	

Labeyrie	2017	



China	is	there	already!	

Chang’e			



Where	next		in	cosmology?	
•  Dark	energy?		No	predicNon	for	w	≠	-1	
•  Dark	maIer?	No	detecNon	yet!	
•  Probing	inflaNon	via	CMB?		No	lower	bound!	

• Back	to	the	moon!	
•  primordial	nongaussianity	
•  cosmic	recombinaNon		
•  first	stars,	galaxies	&	black	holes		
•  exoplanet	atmospheres	


