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Satellite:	LiteBIRD	(JAXA	launch	in	2027?)	

																		
																													

ground/balloon:	CMB-S4,	c.	2025	

South	
Pole	

Atacama	

But	so	far	there	is	no	guarantee	of	a	signal!	

Gravity	waves:	
polariza3on	B	mode	

Gravita3onal	lensing:	
polariza3on	E	&	B	modes	

To	B	or	not	to	B?	
Temperature	fluctua3ons:		
scalar			mode	

E	 B	What	next?			

PLANCK:	32	detectors	

Goal:	r	~	0.001	



Something	different	
	
CMB	spectral	distor3ons	

Probes	early	energy	input	into	the	universe	
	
Ul3mate	goal:	recombina3on	of	the	universe	



Its	all	about	sensi3vity	

•  Need	to	improve	on	FIRAS	by	5	orders	of	magnitude	

•  But	that	was	in	1980	



Spectral	distor3ons	are	the	next	fron3er	
early	µ distor3on	

late	y	distor3on	

Bose-Einstein	limit	

Spectral	distor3ons:	new	fron3er		



Probing	primordial	energy	input	

					µ	distor3on	is	our	best	hope:	over	z=	5.104	to	2.106		
	

•  z>	2.106:	bremsstrahlung	+double	Compton	creates	blackbody	photons	
•  µ=1.4	δ	Einjec3on			due	to	Compton	scalering	
•  adds	energy,	conserving	photon	number,	over	2.106	>	z>	5.104		:	µ
•  5.104	>	z:	Thompson	transfers	energy	:	y	spectral	distor3on	

•  Many	papers	on	this:	eg,	decaying	par3cles,	primordial	black	holes…	

•  No	guaranteed	signal	of	exo3ca	



Guaranteed	returns	
to	fundamental	cosmology	

•  1.	Damping	of	dwarf	galaxy	fluctua3ons		
				kD=4z43/2	Mpc-1	probes	50-104	Mpc-1	

•  2.	(re)combina3on	spectral	lines	of	hydrogen	
								380000	yrs	amer	the	Big	Bang	

•  3.	(re)combina3on	spectral	lines	of	helium		
								200000	yrs	amer	the	Big	Bang	
									long	before	the	first	stars	



Fan	2006	
Madau	2018	

Hydrogen	recombina3on	lines	
We	measure	atomic	hydrogen	directly	to	z	~8	 +	21	cm	maybe	to	z~17	

	

Bowman	+	2018	



Chluba+	2019	

Going	for	primordial	helium	



Chluba	2019	

Sensi3vity	needed	for	a	guaranteed	signal	



The	µ	goal	

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	

guaranteed	signals	
another	factor	of	10	would	detect		
CDM-predicted	dwarf	galaxy	damping	and	
ul3mately	H/	He	recombina3on	lines	at	z~103-104	



Advantages	of	space	

Basu	2019	

y	predic3ons	



planning	for	a	CMB	spectral	distor3on	mission		

Chluba	+	2019	

ESA	VOYAGER	2035-2050	



µ~10-9.		achievable	with	~	10	detectors	+	10m	telescope	

J-P	Maillard	2019	

sensi3vity	needed	compared	to	PIXIE	

Fourier	transform	spectrometer	

another	approach	that	would	do	complementary	science	



Target	for	MILLIMETRON	

Adapted	from	Desjaques		et	al.	2015	



Foregrounds	from	galaxies	&	IGM	

Delabrouille	2019	



Silk	and	Chluba	2914	

The	big	picture	



	?	
Helium	recombina3on	

Hydrogen	recombina3on	

Opening	up	a	new	epoch	for		cosmological	explora3on	


