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Why	rehea(ng	?	

At	the	end	of	infla(on	
the	Universe	is	

What	we	see	in	our	Universe	is	

Cold	and	Empty	
*Vacuum	Energy	

Infla(on	explains	…	
Origin	of	the	large-scale	structure	of	the	cosmos	

Infla(on	solves	…	
Horizon	problem,	Flatness	problem,	Monopole	etc…	

Stars	and	Galaxies	
Big	Bang	(Hot)	Universe	

Rehea(ng	



Why	“p”rehea(ng	?	
Classical	picture	

Prehea(ng*Kofman,	Linde,	Starobinsky	1994	

Rehea(ng	was	explained	using	Perturba(ve	decay	

Non-perturba(ve	produc(on	of	ma[er	
	on	a	classical	(me-dependent	background		

Describes	the	ini(al	energy	transfer	
Highly	non-thermal		

“Not	enough	to	explain…”	
Traschen	and	Brandenberger	1990	
Dolgov	and	Kirilova	1990	

“Thermaliza(on	a_er	prehea(ng”	
is	highly	non-trivial	
and	model-dependent	
*We	avoid	this	argument	



Why	Asymmetric	Prehea(ng?	

Prehea(ng	has	been	used	to	explain	BAU,	but	mostly…	

To	solve	the	Baryon	number	Asymmetry	of	the	Universe	(BAU)	

Sources of the asymmetry are “indirect” 
1. Decay of a heavy particle 
2. Phase transition after preheating 
3. …	

What	we	want	is	a	“direct”	scenario.	

Is	it	possible	to	BIAS	the	par(cle	produc(on?	
If	possible,	what	is	essen(al	for	the	mechanism?	

Prehea(ng	itself	
does	not	generate	
asymmetry	

In	the	past,	



We	have	tried	two	different	ways…	

1. 	Chemical	poten(al		
2. 	Viola(on	of	CP	in	the	Ini(al	condi(on	

1. “Kaon”-like	Quantum	correc(on	
2. Berry	Phase-like	“Geometric”	correc(on	

“Phenomenological”	CP	viola(on	usually	has	many	fields.	

Simple	model,	Bogoliubov	eqs.	are	solved	analy(cally	

Helps	to	understand	the	mechanism,	but	
not	enough	to	understand	the	whole	story	

“Phenomenological”	model.			Eqs.	are	solved	numerically	
Analy(cal	discussions	are	for	the	eigenstates	



Chemical	poten(al	
We	start	with	the	ac(on	for	a	complex	scalar	field	

(Effec(ve)	Chemical	poten(al	is	introduced	by	

using	the	current	

Time-dependent	background	
(Inflaton	oscilla(on)	



Chemical	poten(al		
Equa(on	of	mo(on	

We	find	 ma[er	 an(ma[er	

Sign	flips	

(Standard	calcula(on)	



However,	in	spite	of	the	difference	
in	the	evolu(on	equa(ons,	
our	numerical	calcula(on	shows	
the	number	densi(es	are	iden(cal	

(me	

Looking	more	closely,	we	find	

This	is	a	textbook	issue.	
“Any	interac(on	that	can	be	rotated	away	does	not	violate	CP”	

But,	from	this	failure	we	learned	something	more	



ma[er	and	an(ma[er	evolve	differently	
because	of	the	CP	viola(on	in	the	ini(al	
phase	factor	

CP	viola(on	in	the	Ini(al	Condi(on	

Ma[er	and	an(ma[er	densi(es	are	iden(cal	at	t=0	

Merit	 	 	:	CP	viola(on	is	not	needed	in	the	effec(ve	ac(on.	
Demerit 	:	CP	viola(on	in	the	ini(al	condi(on	is	specula(ve.	

Now	we	try	to	generate	asymmetry	with	some	“realis(c”	CP	viola(on	

*AD	baryogenesis	does	not	consider	prehea(ng,	and	it	uses	the	phase	of	a	field		
staying	at	far	distance.	Our	model	uses	the	phase	of	a	field	sihng	at	the	minimum.	

Growth	of	Asymmetry	is		
not	monotonic	but	rather	chao(c.	



Soon	we	realized	that	the	model	of	
asymmetric	prehea(ng	has	to	be	as	complicated	as	the	SM.	

CP	viola(on	in	the	ini(al		
condi(on	is	an	excep(on	

CP	viola(ng	interac(on		
(Why	Kaon?)	

Thinking	about	SM,	ma[er-an(ma[er	asymmetry	is	far	from	simple.		
Even	in	the	(introductory)	Kaon	model,	the	story	is	complicated.	

CP	viola(ng	interac(on	
Quantum	correc(ons	

Both	are	needed	for	the	asymmetry	

Require	many	fields	

The	best	way	to	realize	the	asymmetric	prehea(ng	is	to		
borrow	the	setup	of	a	well-known	(Kaon)	model,	

since	model-building	is	not	essen(al	for	our	purpose		
	So	we	start	the	2nd	part	with	“Prehea(ng	with	Kaon”		



Introduc(on	to	Kaon	model	
Neutrally	charged	ma[er	and	an(ma[er	are	defined	by	

CP	eigenstates	are		

If	these	were	the	eigenstates	of	weak	interac(on,	CP	is	conserved.	

Consider	the	Schrödinger	equa(on	given	by	
Simple	check	



CP	viola(on	in	Kaon	

Example	

Ma[er	

r	1	

An(ma[er	

Biased	Eigenstate	

Simple	check	



We	have	seen	that	in	Kaon	model	

CP	 Eigenstates	

○	

×	

This	fact	is	Dis(nguishable	
in	numerical	calcula(ons!	



From	the	Kaon	model	we	learned…	

New	Ques(on	
	What	happens	if	the	eigenstates	“depend”	on	(me?	

Otherwise	R	depends	on	the	prehea(ng	process	
and	it	has	to	grow	(like	CP	in	the	ini(al	condi(on)	

One	thing	that	is	not	clear	is	that	the	bias	may	be	a		
(me-dependent	parameter.	If	CP	viola(on	depends	on	the		

background,	R	may	also	depend	on	(me.					

Surprising	



The	Nobel	Prize	in	Physics	2016	

Prize	mo(va(on:		
"for	theore(cal	discoveries	of	
topological	phase	transi(ons	
and	topological	phases	of	
ma[er"	

The	geometric	phase	(Pancharatnam–Berry	phase)	results	from		
the	geometrical	proper(es	of	the	parameter	space	of	the		
Hamiltonian.		

Nobelprize.org	

“Geometric”	property	of	the	quantum	mechanics	is	the	key	

If	you	are	familiar	with	string	theory,		
“Parameter	space	of	the	Hamiltonian”	->	Landscape	

If	the	background	(a	parameter)	is	(me	dependent,	or	you	are		
moving	on	the	landscape	of	the	parameter	space,	you	will	feel		
“geometrical	changes”.	



Nobel	prize	in	Physics	in	2008	

“CP	viola(on	in	the	geometric	correc(on”		
may	appear	when	the	matrix	goes	to	3×3	

If	so,	the	geometric	phase	may	dis(nguish	ma[er/an(ma[er	

Nobelprize.org	

Prize	mo(va(on	for	KM:	
"for	the	discovery	of	the	origin		
of	the	broken	symmetry	which	
predicts	the	existence	of	at	least		
three	families	of	quarks	in	nature"	

OK,	geometric	correc(ons	could	be	important.		
Geometric	phase	shi_	(Berry)	may	appear.	
	But	how	CP	is	violated	by	such	correc(on?	

Let	us	check	this	statement	using	a	simple	model	



Complex	parameter(new)		

3×3	model	(simplest)	

Equa(on	of	mo(on	



Rota(on	Matrix	(Unitary)	“Eigenstate”	

Kine(c	terms	are	not	diagonal	when	the	(me-dependent		
background	causes	geometric	correc(on	

The	geometric	correc(on	appears	in	the	kine(c	term	



Since	the	model	is	already	complex,	
further	study	requires	numerical	calcula(on	



CP	viola(on	from	the	geometry	
Numerical	calcula(on	1	
Confirmed	asymmetry	Ma[er	

An(ma[er	
Asymmetry	(not	the	ra(o)	
Background	



Asymmetry	(by	the	“ra(o”	R)	

CP	viola(on	from	the	geometry		
Numerical	calcula(on	2	
Confirmed	the	origin		



Summary	(2nd		Half)	

GUT	Baryogenesis	
Leptogenesis	
Kaon　etc.	

Mul(-field	prehea(ng	(more	than	3)	
Geometric	Baryogenesis?	

Standard	approach	

New	paradigm?	

In	the	presence	of	CP	
quantum	correc(on	(*phase)	
dis(nguishes	ma[er/an(ma[er	

In	the	presence	of	CP	
geometric	phase	dis(nguishes	
ma[er/an(ma[er	
This	biases	the	eigenstates	



Conclusions	



Then	we	extend	the	idea.	Since	the	background	is	changing	
there	may	be	some	geometric	correc(on,	which	appears	as	the		
shi_	of	the	phase(Berry	phase).	This	“geometric”	correc(on	can		
dis(nguish	ma[er	and	an(ma[er	in	the	presence	of	CP	(KM	phase).	
This	is	of	course	a	very	new	result.	

For	completeness	we	note:	
In	2001,	similar	calcula(on	was	given	by	Funakubo	et.al.	However,	they	
claimed	“at	least	two	complex	scalars	interac(ng	with	the	oscilla(ng	
background”	are	needed	for	the	asymmetry.	Our	model	has	only	1	
complex	and	1	real	scalar	fields.	Also,	the	real	scalar	field	is	not	
interac(ng	with	the	oscilla(ng	background.	
K.	Funakubo,	A.	Kakuto,	S.	Otsuki	and	F.	Toyoda,		``Charge	genera(on	in	
the	oscilla(ng	background,''		Prog.	Theor.	Phys.		105,	773	(2001)[hep-
ph/0010266].	

Fermions	at	work	
to	be	con(nued	


