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The Universe in a nutshell: 
from quantum foam  
to the cosmic web 

Building on 
and testing 
GR & QM… 

François R. Bouchet, Institut d’Astrophysique de Paris, for the roadmapping group 

French roadmap to CMB science 



Modus	operandi	du	Groupe	de	travail	
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Ø  Le	10/09/2015,	mandat	est	donné	par	le	CNES,	l'INSU,	l'IN2P3	et	le	CEA	au	
Programme	NaFonal	Cosmologie	et	Galaxies	d'établir	les	éléments	de	la	
stratégie	française	en	ce	domaine	(science	du	CMB),	en	incluant	les	aspects	
sol,	ballon	et	spaFaux	dans	la	feuille	de	route.	

Ø  Le	18/09/2015,	composiFon	finalisée	du	groupe	(Banday[Boulanger],	
Bernardeau,	Bouchet	[Président],	Désert[Ponthieu],	(Douspis),	Ganga,	
Lagache,	Rodriguez,		Tristram,	et	ex	officio	Arnaud	[PNCG],	Binetruy	[CNES-GT	
Physique	fondamentale],	Renault	[CNES-GT	Astrophysique]).	

Ø  6	Réunions	Publiques/Fermées	(F)	les	2015/10/02(F)	+	2015/11/26&27(F)	+	
2016/02/04&05(F)	+	2016/04/02&06(F)	+	2016/05/13(F)	+	2016/06/06&07F		
v  hKp://prospecNve.planck.fr/index.php?n=Main.MeeNngs	pour	les	planches.	

Ø  Rapport	(78p.,	en	anglais)		
v  distribué	à	la	communauté	pour	réacNons	avant	la	dernière	réunion	publique	du	2016/06/06.		
v  Version	finale	rendue	fin	Juin	2016;	disponible	sur	le	wiki	de	la	prospecNve	hKp://

prospecNve.planck.fr/uploads/Main/2016-06-30-CMBroute.pdf	



Contenu	du	rapport	
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Ø  §	2	&	4:	PotenFel		scienFfique	
du	CMB	

Ø  §	3,	5,	6	Défis	(astrophysiques/
instrumentaux/d’analyse)	

Ø  §	7:	Paysage	expérimental	
actuel	

Ø  §	8:	proposiFon	de	feuille	de	
route	et	recommandaFons	

Ø  Les	secNons	se	terminent	par	un	
encadré	des	conclusions	et	des	
recommandaNons	(cf.	annexe	de		
ceKe	présentaNon)	



TT,	EE,	BB	–	mid	2015	status	
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1 114 000 
Modes 
measured 
with TT,  
 
(60 000 
with TE)   
 
96 000 
with EE 
 
… and 
10’s in BB 
    and φφ 
 
+ weak 
constraints 
with        
TB and EB 

 τ = 0.055±0.009 



Lensing	power	spectrum	
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Planck for the first time measured the lensing power spectrum with higher accuracy than  
it is predicted by the base CDM model that fits the temperature data 



Standard	cosmological	model	-	LCDM	
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Ø  The	CMB	TT,	TE,	EE,	Φ-Φ,	as	well	as	BAO,	BBN	(but	Li7),	and	
SN1a	measurements	are	all	consistent,	among	themselves	and	
across	experiments,	within	LCDM.	

Ø  This	network	of	consistency	tests	is	passed	with	per	cent	level	
precision.	

Ø  These	tests	allow	many	different	checks	of	the	robustness	of	
this	base	LCDM	model	and	of	some	of	its	extensions,	including	
τ	constrained	two-ways	thanks	to	CMB	lensing,	flatness	at	5	x	
10-3	level,	neutrinos	masses	and	number,	DM	annihilaFon	
limits,	w(z),	details	of	the	recombinaFon	history	(A2sà1,	T0,	and	
also	fundamental	constants	variaFon,	or	any	energy	input…).			

Ø  Some	“anomalies/tensions”	(large	scale,	low-z	probes)				
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Why	is	the	
potenKal	so	

flat?	

Why	did	the	field	start	here?	

Where	did	this	
funcKon	come	

from?	

How	do	we	convert	the	field	
energy	completely	into	

parKcles?	

But	what	is	the	physics	of	inflaFon?	
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Is there a completely different paradigm  
to explain the measurements? 

And what are Dark Matter, Dark Energy, neutrinos…? 



CMB	remains	unique	and	powerful	
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Ø  Planck	has	about	exhausted,	as	promised	back	in	1996,	the	informaFon	
content	of	the	temperature	anisotropies.	But	only	a	few	per	cent	of	the	more	
tenuous	CMB	polarisaFon	(B)	or	lensing	modes	are	known	with	S/N>1.	

Ø  CMB	polarisaFon	is	a	unique	source	of	sFll	unknown	cosmological	
informaFon	with	unmatched	discovery	potenFal:	globality	(ensemble	of		
parameters,	some	of	which	are	quasi-inaccessible	otherwise	(e.g.,	r,	fNL),	
complementarity	with	temperature	(an	independent	probe),	with	other	
probes	of	large	scale	structures	(LSS)	and	parFcle	physics	experiments	(e.g.,	
Neutrinos	Physics),	nature	(quasi-linearity).	

→  We	now	have	to	map	all	the	sky	with	exacNng	but	achievable	requirements	of	
sensiNvity	and	control	of	systemaNcs,	both	instrumental	and	astrophysical	(to	
measure	millions	of	CMB	polarisaNon	modes	with	S/N	>	1),	in	synergy	
between	ground,	balloons	and	space.		

Ø  The	CMB	polarisaFon	requirements	insure	great	ancillary	science.		

Ø  Spectral	distorNons	have	not	been	revisited	since	FIRAS...	Much	there	too!		
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Also sensitive to any energy input – exotic or astrophysics – a very extended net 

of	the	CMB	spectrum	

Extending the window on small 
scale scalar primordial power 
spectrum (+9 e-folds) 
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Pixie - 4 years.      
To be proposed to 
NASA explorer 
program in 12/2016, 
for a 2023 launch 
(with also r capability). 

Much to be 
learnt on 
«late» (z < 
1100) 
distortions & 
discovery 
potential on any 
energy input at 
z < 106 
 
 

(levels estimated for 
50% of the sky) 
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Higgs Inflation: 
simplest, most 

natural 
minimal model 

This upper 
limit would  
exclude 
high-field 
model class 

Example of reach in (ns, r) plane, 
when sigma(r) ~ few 10-4 

 

è Long term 
natural goal: 

     σ(r) ~ 4 x 10-4 

(HI at 5 sigma and 
high-field exclusion) 
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Core+	:	Lensing	performance	
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-	Tirets	
-	pleins	

•  Core	+	«	baseline	»	:	
–  σP	=2.5μK.arcmin		
–  θFMHM	=	6	arcmin		

•  Core+	«	extended	»	
–  σP	=1.5μK.arcmin		
–  θFMHM	=	4	arcmin		

S/N~1 

Unique 
access to 
Dark 
Matter 
distribution 
at z>2 



Examples	(from	CORE-M5)	
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Univers	primordial	
Physique	à	≈	1016	GeV	

ECMB	>	1012	×	ELHC	

z	≈	1-3	
GravitaFonal	lensing	

Dark	ma}er	distribuFon	

z	≈	0-2	
Sunyaev-Zeldovich	effect:	
DistribuFon	of	the	hot	gas	

and	velocity	field	

CMB	

Interstellar	medium	
(magneFc	field)	

ExtragalacFc	
Astrophysics	
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SZ	clusters	detecFon	
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Unique mass proxy via lensing (stacking), Velocity field (kSZ). Note high-z tail. 

Note (large) 
impact of 
angular 
resolution 
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•  BEAMS:  in situ measurement of 
beams, esp. sidelobes (ν & polzn 
dependence, stability) 

•  BANDPASSES:  in situ 
characterization, matching, polzn 
dependence, avoiding CO etc 

•  GROUND PICKUP:  shielding, 
sufficient suppression of scan 
synchronous pickup, stability 

•  I à Q/U LEAKAGE:  ν dependence, 
polarization dependence, stability, 
spatial dependence 

•  SENSITIVITY: low loading, high 
optical throughput 

•  CALIBRATION:  stability, dynamic 
range,   ν dependence, pointing jitter 

•  POLARIZATION ANGLES: in situ 
measurement,  ν dependence 

•  STRIPING:  minimize 1/f with fast 
modulation 

•  & Spectral specific ones PNCG@IPN,	November	
23rd	2016	

INSTRUMENTAL	
CHALLENGES		FOREGROUNDS

SY
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S SENSITIVITY

(O
rig. S

. S
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rinceton 06/2015) 
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+	Data/Analysis	challenges	

18	

Ø  Extract	the	most	from	this	expensive	data	flow	
–  Low	level	codes	not	universal,	i.e.	code	share	only	for	high-level	analyses	
–  Moore’	s	law	on	cpus		unlikely	to	be	enough	(smaller	final	uncertainNes	

tend	to	increase	algorithmic	complexity)	
–  SimulaNons	will	become	more	challenging	(and	so	will	be	the	size	of	the	

analysis	groups?),	but	needed	for	precision	science	(and	even	more	for	
accurate	science).	

Ø  Sharing	the	data	efficiently?		
–  at	TOI	level?	(e.g.	to	surround	pixelizaNon	issues);	data	size	
–  X-correlaNons	need	a	lot	of	detailed	knowledge	on	both	sides	(eg	Planck	

x	Bicep/Keck)	
–  Flexible/efficient	formats	

Ø Overall	organisaFon…	(we	need	large	integrated	teams	with	
varied	cultural	backgrounds	in	sca}ered	sites)	

Ø On	all	those,	we	gained	much	experience	from	Planck!	
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Etat	des	lieux	&	perspecFves	
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Ø Paysage	au	sol	
o  S3	en	cours	(US),	visant	T/S=r=10-2	(principalement,	mais	beaucoup	plus)	
o  S4	en	développement,	visant	r=10-3	et	détecFon	masses	ν’s	
	

Ø Paysage	spaFal	
o  Pixie/NASA	–	proposiFon	due	dec.	2016,	pour	lancement	2023.	
o  Litebird/JAXA	–	recemment	passage	en	A1,	pour	lancement	2025.	
o  M5/Core/ESA(+?)	–	pour	lancement	2026-2030,	prop.	pour	10/2016.	

§  Etude	CDF	ESA(JAXA)	début	2016	

è un	paysage	de	possibilités	très	différentes,	(Sciences/Avant-plans/Systés)	

Ø  Des	objecFfs	très	ambiFeux	scienFfiquement	et	expérimentalement,	avec	des	
incerFtudes	substanFelles	sur		
o  le	niveau	des	modes	B	primordiaux,		
o  la	situaFon	astrophysique	(émissions	d’avant-plans,	inc.	Niveau	0),		
o  les	performances	des	différentes	soluFons	expérimentales	et	leur	localisaFon	

Ø  avec	rien	de	décidé	pour	le	moment…		

è	Une	nécessaire	complémentarité	sol/ballons/espace		
o  Couverture	spaFale	et	angulaire		
o  Temps	de	mise	en	œuvre	/cout	



Logique	de	la	feuille	de	route	
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Analyse	à	parFr	des	objecFfs	à	long	terme	(plus	de	10	ans):	
	
Ø 	M5	at	ESA	(CORE):		

o  	la	proposiFon	spaFale	CMB	la	plus	capable,	
o  	offrant	la	meilleure	possibilité	de	jouer	un	rôle	central	dans	ce	sujet,	
o  	impliquant	toute	la	communauté.	

o  	NB:	lancement	au	mieux	entre	2026	et	2030.	

Ø 	S4:		
o  Quel	que	soit	le	sort	des	diverses	proposiFons	spaFales,	l’intégralité	des	nouvelles	données,	de	la	

science,	et	des	leçons	apprises	(FG/Instrument)	viendront	quasi-exclusivement	du	sol/ballons	
pendant	au	moins	une	décennie	(au	minimum,	i.e.	si	Litebird	ou	Pixie	sont	sélecFonnés).		

					è		Il	est	donc	vital	que	la	communauté	parFcipe	à	l’effort	sol/ballon.	

o  La	magnitude	de	l’effort	dépendra	bien	sur	du	sort	des	proposiFons	spaFales	(que	ce	soit	RH,	ou	
disponibilités	techno.).	

è Les	priorités	long	terme	(>	2025)	sont	donc	M5	+	S4.	
	
	

Ø 	Ces	priorités	globale	permet	de	jauger	les	autres	projets/étapes:	
o  Pixie	à	excellente	opportunité	de	parFcipaFon	à	un	«	pathfinder	»	au	très	fort	potenFel	(lancement	

prévu	en	2023	si	sélecFonné	par	NASA).		
o  Bside	à	excellente	opportunité	de	niche,	garanFe	si	vol	<	2020.	
o  QUBIC	à	seule	expérience	sol	en	France,	mais	«fenêtre»	étroite	autant	pour	la	science	qu’en	tant	

qu’étape	S4.		



Conclusions	
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Ø  The	experimental	situaFon	in	the	“post-Planck”	era	is	not	yet	stable,	with	
most	projects	not	fully	determined,	and	even	less	decided/funded.		

Ø  SFll,	as	we	saw,	firm	recommendaFons	nevertheless	emerge.	

Ø  M5	&	S4	parFcipaFons	are	the	long-term	prioriFes.	They	set	the	framework.	

Ø  ParFcipaFon	to	S4	would	be	best	at	European	Level	(but	not	single	agency).	

Ø  Also,	depending	on	what	happens,	in	parFcular	regarding	M5,	some	elements	
of	the	roadmap	may	have	to	be	reconsidered	to	preserve	at	best	the	
community.	i.e.	sFll	need	a	French	forum	to	adapt	the	roadmap.		

è	Long	term	need	to	coordinate	French	acFons/parFcipaFons	+	represent	
internaFonally	our	point	of	view	to	maximize	returns	on	acFons/parFcipaFons.			



Since	June	2016…	
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Ø  8-10	Sept	–	Florence2:	“Planning	Europe's	CMB	Future”	(with	APPEC,	Astronet,	US	representaFves	
a}ending):	
è			Broad	agreement	on	perspecNves	of	aKending	country	representaNves	(in	line	with	our	roadmap).	
è  Decided	to	kick-off	the	set	up	of	a	European	ScienNfic	ConsorNum,	working	towards	an	MOU	with	agencies,	a	

European	roadmap,	coordinated	funding	proposal,	S4	cradle…	
	

Ø  19-21	Sept	–	Chicago:	US-CMB	Stage4	(S4)	meeFng:	
v  FRB	invited	to	give	European	point	of	view	(following	Florence2).	
v  S4	science	book	1st	ediNon	(shortly	aper),	organising	draping	of	tech.	roadmap…	
v  CreaNon	of	federal	“Conceptual	Design	Team”	lead	by	CRL	was	announced	(now	assembled,	quesNon	of	Europe	

representaNve	posed	last	week	to	FRB)	

Ø  Oct	5th	–	Submission	of	M5	(CORE)		proposal	(120cm	telescope	as	baseline)		
v  with	support	leKers	from	all	S4	lead	scienNsts,	JPL	(Funding	phase	A),	(+Japan	interest).	

Ø  Oct	5th	–	CIO	(CNES,	CEA,	IN3P3,	INSU,	PNCG,	CSAA…)	on	report	follow-up.	
v  Need	to	increase	necessary	French	coordinaNon	of	all	agencies,	adding	INP,	INSMI,	INSIS	(INRIA?)	
v  Foster	synergies	on	all	aspects	ground/space,	PNCG/PCMI/GdR-GW/Madics?,	agencies	to	breed	projects.	
v  Represent	the	French	CMB		community	at	naNonal	agencies	level	and	versus	internaNonal	partners.	
v  Possibly	in	the	form	of	an	“acNon	spécifique”	capable	of	bringing	large		project(s)	to	funding	decision/engagement.	

Ø  Nov	4th	–	“E-CMB”	groundwork	meeFng	@	IAP,	w.	IT/SP/UK/GE	representaFves	(+FR!)	

Ø  Dec	1st	–	CSAA	presentaFon	planned	to	further	shape	“CMB-France”	!	
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(Section CMB scientific potential) 
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(section Foregrounds obstacle) 
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(Section Foregrounds obstacle) 
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(Section Instrumental aspects) 
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(Section Data Processing and analysis aspects) 
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(Section Outreach) 
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FOM’s  
wrt  
Planck15 



…	
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(lmin from 
ground is 
uncertain) 

(Nu’s greater than 
600 may not be 
useful for CMB 
analysis) 

(actually usable fsky 
is debatable, and 
fonction of 
sensibility, nu 
coverage, etc.) 

(CMB map) 

(CMB target 
post FG-
removal) 

(hoped results) 

Un espace multi-dimensionnel incertain 

Fig. di Valentino 

+ Nbands 

Et synergie 
variable 
avec autres 
sondes… 


