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Introduction	

ì  Planck	mission	put	strong	constraint	on	the	
cosmological	parameters.	

ì  Flat	ΛCDM	model	is	consistent	with	data.	

ì  However	there	are	some	deviaKons.	
ì  deficit	in	power	of	the	low-ℓ	CℓTT	data	
ì  higher	σ8	predicKon	than	weak	lensing	

observaKon	

ì  These	deviaKons	might	be	a	possibility	of	
some	extended	theories.	
ì  here	we	focus	on	the	non-flat	model.	

ESA	

Planck	2015	results.	XIII.	
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Introduction	

ì  New	results	of	constraints	on	the	σ8	also	show	the	tension.	
ì  le^:	Kilo	Degree	Survey	(KiDS)	
ì  right:	Dark	Energy	Survey	(DES)	

DES	collaboraKon	(2017)	Hildebrandt+	(2016)	
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Non-flat	inflation	model	

ì  The	metric	with	a	spaKal	curvature	is	

ì  Friedmann	eq	is	

ì  In	terms	of	density	parameters,	

ì  Here,	
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ì  The	energy	density	inhomogeneity	power	spectrum	generated	by	
quantum	fluctuaKons	during	an	early	epoch	of	inflaKon	in	the	
spaKally	non-flat	universe	is	

ì  Here,		

ì  From	Ratra’s	papers,	there	is	no	simple	Klt	opKon,	so	ns	is	no	
longer	a	free	parameter	and	replaced	by	ΩK0	which	results	in	a	
non-flat	ΛCDM	inflaKon	model.	

Non-flat	inflation	model	

P (q) � (q2 � 4K)2

q(q2 �K)

q2 = k2 + K

Ratra	&	Peebles	(1995)	
Ratra	(2017)	
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Non-flat	inflation	model	

ì  This	is	a	generalizaKon	of	the	flat-space	scale	
invariant	spectrum.	

ì  On	large	scales,	the	fracKonal	energy	density	
inhomogeneity	power	spectrum	for	the	best-
fit	closed	ΛCDM	model	is	suppressed	relaKve	
to	that	of	flat	ΛCDM	model.	

ì  Open	case,	q	runs	from	0	to	∞.	

ì  Closed	case,	q/sqrt(K)	runs	3,	4,	5,	…	.	
ì  It	takes	discrete	values	because	the	universe	is	

spaKally	closed.	

P (q) � (q2 � 4K)2

q(q2 �K)

Ratra	&	Peebles	(1995)	

Ratra	(2017)	
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Result	

ì  CLASS	(class-code.net)	
ì  To	compute	the	fluctuaKons	in	the	CMB.	

ì  Monte	python	(montepython.net)	
ì  To	analyze	data	by	using	the	Markov	chain	Monte	

Carlo	(MCMC)	method.		

ì  Data	
ì  Planck	2015:	TT,	lowP,	lensing		
ì  BAO:	6dF,	BOSS	(LOWZ	and	CMASS),	SDSS	
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Result:	Planck	only	

ì  We	found	that	non-flat	models	fit	the	low-ℓ	Cℓ		
beqer	than	the	flat	case.	

ì  When	CMB	lensing	is	included,	we	found	that	
our	non-flat	model	weakens	the	tension	in	the	
σ8–Ωm	constraint.	
ì  lower	σ8	values	are	preferred.	

ì  The	spaKal	curvature	density	parameter	is	
constrained	as,	

�k = �0.018
+0.018
�0.020

(95.45%, TT + lowP + lensing).
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Result:	+	BAO	

ì  Including	the	BAO	data	does	somewhat	
degrade	the	fit	in	the	low-ℓ	region.	

ì  Including	the	BAO	data	also	degrades	the	
tension	in	the	σ8–Ωm	constraint.	

ì  The	spaKal	curvature	density	parameter	is	
constrained	as,	

�k = �0.008± 0.004 (95.45%, TT + lowP + lensing + BAO).

This	case	is	about	4	σ	away	from	flat.	
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Result:	non-flat	XCDM	model	

ì  XCDM	model	in	which	dark	energy	is	parameterized	in	terms	
of	the	EoS	parameter	of	a	fluid.	

ì  Here	the	dark	energy	fluid	pressure	and	energy	density	are	
related	via,	

ì  It	is	a	simple	parameterizaKon	of	the	dynamical	dark	energy	
that	is	relaKvely	straighrorward	to	use	in	a	computaKon.	
ì  addiKonal	parameter	w0	

pX = w0�X
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Result:	XCDM	

ì  It	does	not	change	the	fit	in	the	low-ℓ	
region	significantly.	
ì  similar	to	the	ΛCDM	case.	

ì  In	the	σ8–Ωm	contour,	there	is	a	region	
that	weaken	the	tension,	lower	σ8.	

ì  This	case	is	about	3	σ	away	from	flat	
�k = �0.008± 0.006 (95.45%, TT + lowP + lensing + BAO).

w0 = �1.00± 0.10 (68.27%, TT + lowP + lensing + BAO).
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Result:	non-flat	φCDM	model	

ì  φCDM	model	is	physically	consistent	dynamical	dark	
energy	model."

ì  φ	is	the	scalar	field	with	a	potenKal	
	

ì  EquaKons	of	moKon	of	the	non-flat	φCDM	model	are	

�� =
m2

P

32�

�
�̇2 + 2�m2

P ���
�

V (�) = �m2
P ���

�
ȧ
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Result:	non-flat	φCDM	model	

ì  φCDM	model	is	physically	consistent	dynamical	dark	
energy	model."

ì  φ	is	the	scalar	field	with	potenKal	
V (�) = �m2

P ��� Ratra	&	Peebles	(1988)	
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Result:	φCDM	

ì  Including	the	BAO	data	does	not	improve	
the	fit	in	the	low-ℓ	region.	
ì  similar	to	non-flat	ΛCDM	&	XCDM	cases.	

ì  The	tension	is	weakened	in	the	σ8–Ωm	
contour.	
ì  more	consistent	with	weak	lensing.		

ì  ΩK	and	α	are	constrained	as	follows.	

�k = �0.006± 0.005 (95.45%, TT + lowP + lensing + BAO).

� < 0.304 (95.45%, TT + lowP + lensing + BAO).
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Summary	

ì  We	study	the	non-flat	inflaKon	model	which	
realize	a	reduced	power	in	the	large	scale	region	
of	the	energy	density	inhomogeneity	power	
spectrum.	

ì  This	model	is	interesKng	and	might	be	useful	for	
the	tensions	in	the	current	CMB	observaKon.	
ì  low-ℓ	Cℓ	deficit,	weak	lensing	σ8"

ì  We	also	did	addiKonal	works	
ì  non-flat	XCDM,	φCDM	models	

arXiv:1707.03452	

arXiv:1710.03271	
arXiv:1712.08617	
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ì Backup	
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Result	
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Result:	φCDM	model	

ì  φCDM	model	is	physically	consistent	dynamical	dark	
energy	model.	
ì  an	analogy	with	the	inflaKon.	

ì  Because	there	are	two	big	problems	in	the	ΛCDM.	
ì  cosmological	coincidence	problem.	
ì  cosmological	constant	problem.	

ì  Also,	
ì  recent	works	(in	flat	case!):	Solà+	(2017),	Zhang+	(2017)	
ì  in	which	they	claim	the	φCDM	is	more	favored	than	ΛCDM.	

Weinberg	(1989)	

Velten+	(2014)	
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