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Open	problems	in	cosmology	



Berkeley	1983	

I	have		to	give	a	curse	 I	am	very	angry	NV:	quotes	



PRIMORDIAL	SOUND	WAVES	IN	THE	PHOTON-BARYON	PLASMA	
BECOME	DENSITY	FLUCTUATIONS	IN	MATTER-DOMINATED	ERA	

AND	ARE	BOOSTED	BY	COLD	DARK	MATTER	

Xme	

density		
fluctuaXon		
strength	

Vi[orio	and	Silk	1984	

Bond	and	Efstathiou	1984	

Silk	1967 



The		very	distant	universe		

Planck	satellite:	cosmic	microwave	background	fluctuaXons	at	1	part	in	105	



Where	next	in	cosmology?			
	

				1.	Dark	ma[er	
							2.	Dark	energy	

3.	InflaXon	



DARK	MATTER	
cross-secXon	

mass	

Baer+	2015	



ParXcle	Data	Group	2014	Review	of	ParXcle	
Physics	

SNe:				ΩΛ- Ωm		
CMB:		ΩΛ+Ωm	
BAO:			Ωm			

2001	

Perlmu[er	&Schmidt	2003	

2018	

1933	

DARK	ENERGY	



Measured	
flatness	of	space		
size	of		observed	universe		
density	fluctua5ons	

Predicted	
dark	ma9er?		No	detec5on	
dark	energy?		No	understanding	
galaxy	forma5on		Bo9om-up			µ<	9x10-5	
gravity	wave	background:	T/S	<	0.08			
primordial	non-gaussianity:	fNL	δΤ/Τ<	0.01%	

INFLATION	



CMB	spectral	distorXons	

Pajer	+		Zaldarriaga	2014	

probe	baryon	damping	power	on	dwarf	galaxy	scales	via	trillions	of	modes			

but		PIXIE	(x103	FIRAS)			
was	rejected	(twice)	
by	NASA	and		
PRISTINE	(x102)	by	ESA	

-1	

Not	generic,	but	another	order	of	
magnitude	would	detect	H	and	He		
recombinaXon	lines	of		at	z~103-104	



	
	
LiteBIRD		1000	detectors,	JAXA	launch	in	2027?			

																		
																													

South	Pole	

Atacama	

	there	is	no	guarantee	of	a	signal!	

To	B	or	not	to	B?	E	 B	

PLANCK:	74	detectors	(2013)	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Simons	Observatory	35000	detectors,	2020	
	
CMB	Stage	4:	500,000	detectors,	2025	

WMAP:	10	detectors	(2003)		

B	Goal:	
	I000	Xmes	be[er	or	nanoK!	

predicted	level		10-3		to	10-40						(	~	TReheat2)							
?	

Planck	satellite	

just	2	fundamental	numbers	+	4	astrophysical	
parameters	describe	the	temperature	fluctuaXons	
inflaXon	theory	predicted	power	spectral	shape	



Primordial	nongaussianity	is	predicted	generically	by	inflaXon		
but	its	small:			δT/T	(1+	fNL	δT/T)		
Predict:				fNL	~	ns-1	~			0.03				ns is the measured fluctuation  spectral index 
                                                                                              Maldacena 2003    Cabass + 2017:  >  0.1 (ns-1) 
	

	
CMB	has	~	l	2	/2		independent	pixels	

• N	~	106			0.1%		precision				CMB		2018			fnl<10		
Need	to	do	1000	Xmes	be[er!	
Use	galaxies:	LSST	~	1010	photometric	redshiqs	

• N~	1080.01%			galaxy	surveys		2025				fnl<1	

• N~	1012				0.0001%		21cm	@	30	MHz		2040	
absorpXon	against	CMB	+	tomography	at	z	~	50					fnl<10-2	
	
	
Precision		increases	as	N-1/2	
	

Xme	

Use	1st	clouds	in	dark	ages			



Cluster	scales	
via	CMB	

Galaxy	scales	
via	LSS	

first	clouds	via			
21cm	absorpXon		

Kleban+	2007	

ulXmate		future:	the	dark	ages	

l!

106	modes	

1012	+	modes	

trillions	of		modes!				
…but		it’ll	be	very	difficult	to	remove		the	foregrounds… 	



baryon		
density	

Halo	velocity	dispersion	
100	km/s	10km/s	

10-5	cm-3	

103	cm-3	

10-1	cm-3	

far	side	of	MOON	for	low	frequency	radio	astronomy		
most	radio-quiet	environment		
in	inner	solar	system	

21cm:	probe		z=50	@	30	MHz	or λ~ 10 m
100	x	CMB	resoluXon			l	~	105	or	k~	10Mpc-1	

OpXmal	array		l		λ/2π  or	D~100	km	
	
need	millions	of	dipoles:												>	106	
	
	

	

D2

4�2

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

JPL		concept	

SKA-Low,		105	antennae	in	2025	



Queqiao	

Heino	Falcke	

Its	beginning	

Netherlands	China	Low-frequency	Explorer	

Current		US	presence	

NYT,	Nov	20,	2018	



The	future	of	cosmology	

N	~	106	modes:	0.1%	CMB		precision	cosmology,	N	-1/.2	

																																																																																							fnl~10										

N~	108					0.01%		precision	with	galaxies	
We	must	pursue	dark	energy,	we	may	get	lucky!	fnl~1		
	

N~	1012				0.0001%		precision	using		1st	clouds		fnl~0.01		
We		are	guaranteed	fnl	if	inflaXon	occurred	

in	the	dark	ages	via	21cm	HI		at	z~50	or	30MHz	

We	must	pursue	B,	we	may	get	lucky!	

Dark	energy?		No	predicXon	for	w	≠	-1	
Dark	ma[er?	No	detecXon	yet!	
Probing	inflaXon	via	CMB?		No	lower	bound	

	Back	to	the	moon!	

Meerburg	+	2015	

HI	bispectrum		



buon	compleanno,	
Nicola!	


