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If	too	much	light	fields	which	do	not	have	direct	interac-on	with	inflaton	
exist	in	the	theory,	it	spoils	parametric	resonance	in	prehea-ng	

	
				For	instance…	 𝜙	 𝜒	 𝜉	 …	
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Outlook	

1.  IntroducMon	
■ Brief	summary	of	preheaMng	

2.  ParMcle	number	in	interacted	theory	
■ Our	aim	and	approach	

3.  ApplicaMons	
■ Showing	numerical	results	

4.  Summary	
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1.	IntroducMon	
■ AVer	inflaMon	to	reheaMng	
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1.	InflaMon	

2.	OscillaMon	

3.	ReheaMng	
:	Inflaton	𝜙	

∼ ​𝑀↓𝑃 	 𝜙

𝑉(𝜙)	

​𝑇↓𝑅 ∼0.2√⁠​Γ↓𝜙 ​
𝑀↓𝑃  	

Considering	with	QFT		à		resonant	parMcle	producMon	(preheaMng)	
[L.	Kofman,	A.	D.	Linde,	A.	A.	Starobinsky,	Phys.	Rev.	Le..	73,	3195	(1994)]	

[L.	Kofman,	A.	D.	Linde,	A.	A.	Starobinsky,	Phys.	Rev.	D	56,	3258	(1997)]	
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■ PreheaMng	(without	spaMal	expanding)	

■ Parametric	resonance	
𝑉= ​1/2 ​𝑚↓𝜙↑2 ​⟨𝜙(𝑡)⟩↑2 + ​1/2 ​𝑔↑2 ​⟨𝜙(𝑡)⟩↑2 ​𝜒↑2 		

■  ParMcle	producMon	happens	
■ exponenMally	(bosonic	effect)	
■ around	massless	point	(⟨𝜙⟩∼0)	

2017/8/28	 COSMO-17	@	Paris 

(wave	func.)	

(occupaMon	#)	

𝑉	

⟨𝜙⟩	

⟨𝜙⟩	:	background	

Non-adiabaMc	region	:	|​​𝜔 ↓𝑘 / ​𝜔↓𝑘↑2 |>1	

	𝜒	:	real	scalar		:	real	scalar	
(quantum	field)	

[L.	Kofman,	A.	D.	Linde,	A.	A.	Starobinsky,	Phys.	Rev.	D	56,	3258	(1997)]	

Expo
nen'

al	

grow
th!	

(	 ​𝜔↓𝑘 ≡√⁠​𝑘↑2 + ​𝑔↑2 ​⟨𝜙⟩↑2   :	frequency	of	​𝜒↓𝑘 	)	

Expo
nen'

al	

grow
th!	

Center	
of	Mass	

Amp	of	
Swing	

∼ ​𝜒↓𝑘 	

∼⟨𝜙⟩	

[	hdp://www.riken.jp/pr/press/2014/20140725_1/	]	



5/19	

■ BackreacMon	

ℋ= ​1/2 ​⟨​𝜙 ⟩↑2 + ​1/2 ​𝑚↓𝜙↑2 ​⟨𝜙⟩↑2 + ​1/2 ​​𝜒 ↑2 + ​1/2 ​(𝛻𝜒)↑2 + ​1/2 ​𝑔↑2 ​
⟨𝜙⟩↑2 ​𝜒↑2 	
	

	 	 	 					Linear	potenMal	is	established	for	𝜙!	
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= ​𝜌↓𝜒  ∼  ​𝑛↓𝜒 ⋅𝑔|⟨𝜙⟩|	

𝑉	

𝜙		𝜒	producMon! 

Non-adiabaMc	region	∼√⁠​𝑚↓𝜙 ​
𝜙↓0 /𝑔 	

stop	

Shrink	

stop	

Energy	drain	
Δ𝑉∼ ​𝜌↓𝜒 ∼ ​𝑛↓𝜒 
⋅𝑔⟨𝜙⟩	

Trapped!	

shrink	
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2.	ParMcle	number	in	interacted	theory	
■ MoMvaMon	
■ Since	the	classical	background	field	interacts	as	a	mass	term(s),	the	

dynamics	of	preheaMng	can	be	treated	as	a	“free”	field	theory	
■  In	general,	however,	it	is	natural	that	the	system	has	yukawa-like	

interacMon	term(s),	not	as	the	mass	terms	
■ What	effects	does	appear?	
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⟨𝜙⟩	

​𝐴↑𝜇 	

𝜒	

𝜓	

Int.	

In
t.	

(others)	

parMcle	producMon	trapping	effect	

interac-
on	

Int.	
fermions	gauge	

bosons	

fluctua?on	

𝜉	 no	interac?on	with	background	
but	interacted	indirectly	

Int.	

?	

mass	

m
ass	

​𝑛↓𝜒𝑘 	

|
𝐤
|	

?	

(VEV	of	𝜙)	

(DistribuMon	of	𝜒‘s	parMcle)	

​𝜙↑2 ​𝜒↑2 = ​⟨𝜙⟩↑2 ​𝜒↑2 
+2⟨𝜙⟩​𝜙 ​𝜒↑2 + ​​𝜙 ↑2 ​𝜒↑2 	

2	point	

3-4	point	
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■ How	to	evaluate	

1.  OccupaMon	number	for	complex	scalar	Φ	
​𝑁↓𝐤↑(±) (𝑡)= ​​0↑in  ⁠​1/2 [​​𝑁 ↓𝐤↑tot (𝑡)± ​​𝑁 ↓𝐤↑net (𝑡)] ⁠​0↑in  	

■ Where	
■  ​​𝑁 ↓𝐤↑tot = ​𝑎↓𝐤↑† ​𝑎↓𝐤↑ + ​𝑏↓𝐤↑† ​𝑏↓𝐤↑ = ​1/​𝜔↓𝑘  (​​​Φ  ↓𝐤↑† ​​​Φ  ↓𝐤 + ​𝜔↓𝑘↑2 ​​Φ 

↓𝐤↑† ​​Φ ↓𝐤 )−𝑉

■  ​​𝑁 ↓𝐤↑net = ​𝑎↓𝐤↑† ​𝑎↓𝐤↑ − ​𝑏↓𝐤↑† ​𝑏↓𝐤↑ =𝑖(​​Φ ↓𝐤↑† ​​​Φ  ↓𝐤 − ​​​Φ  ↓𝐤↑† ​​Φ ↓𝐤 )

+𝑉


​​Φ ↓𝐤 ≡∫↑▒​𝑑↑3 𝑥 ​𝑒↑−𝑖𝐤⋅𝐱  Φ(𝑡,𝐱)	,		𝑉=	(Volume	of	the	system)	

2.  EquaMon	of	MoMon	
0= ​𝜕↓𝑡↑2 ​​Φ ↓𝐤 + ​𝜔↓𝑘↑2 ​​Φ ↓𝐤 +(Source terms)	

	
■ The	dynamics	can	be	known	if	we	follow	the	Mme	evoluMon	of	

⟨​​​Φ  ↓𝐤↑† ​​​Φ  ↓𝐤 ⟩,  ⟨​​Φ ↓𝐤↑† ​​​Φ  ↓𝐤 ⟩,  ⟨​​Φ ↓𝐤↑† ​​Φ ↓𝐤 ⟩.	
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(	total	#	)	

(	net	#	)	

(kineMc	energy)	
(1	parMcle	energy)	

U(1)	Noether	
charge	

​𝜔↓𝑘↑ ≡√⁠​𝑘↑2 + ​
𝑀↓Φ↑2  	
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3.	ApplicaMons	
■ Model	1	:	2	real	scalars	(𝜙,	𝜒)	system	

	ℒ= ​1/2 ​(𝜕𝜙)↑2 + ​1/2 ​(𝜕𝜒)↑2 − ​1/2 ​𝑚↓𝜙↑2 ​𝜙↑2 − ​1/4 ​𝑔↑2 ​𝜙↑2 ​𝜒↑2 	

■ Model	2	:	Model	1	+	mulM	real	scalars	( ​𝜉↓𝑛 )	
	ℒ= ​1/2 ​(𝜕𝜙)↑2 + ​1/2 ​(𝜕𝜒)↑2 +∑𝑛↑▒​1/2 ​(𝜕​𝜉↓𝑛 )↑2  


	− ​1/2 ​𝑚↓𝜙↑2 ​𝜙↑2 − ​1/4 ​𝑔↑2 ​𝜙↑2 ​𝜒↑2 −∑𝑛↑▒​1/4 ​𝑦↓𝑛↑2 ​𝜒↑2 ​
𝜉↓𝑛↑2  	

2017/8/28	 COSMO-17	@	Paris 

⟨𝜙⟩	 𝜒	

ParMcle	
producMon	

Trapping	
effect	

?	
interac-

on	

fluctua?on	

?	
mass	

Model	1	
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■ EquaMons	of	moMon				( 	 	 	 	 	 	)	
■  ​⟨𝜙⟩ =− ​𝑀↓𝜙↑2 ⟨𝜙⟩	
■  ​⟨​​𝜙 ↓𝐤↑† ​​𝜙 ↓𝐤 ⟩↑∙ =⟨​​𝜙 ↓𝐤↑† ​​​𝜙 ↓𝐤  + ​​​𝜙  ↓𝐤↑† ​​𝜙 ↓𝐤 ⟩	
■  ​⟨​​𝜙 ↓𝐤↑† ​​​𝜙  ↓𝐤 + ​​​𝜙  ↓𝐤↑† ​​𝜙 ↓𝐤 ⟩↑∙ =2⟨​​​𝜙  ↓𝐤↑† ​​​𝜙  ↓𝐤 ⟩−2​𝜔↓𝜙𝑘↑2 ⟨​​𝜙 ↓𝐤↑† ​​𝜙 

↓𝐤 ⟩+𝒪(​𝑔↑4 )	
■  ​⟨​​​𝜙  ↓𝐤↑† ​​​𝜙  ↓𝐤 ⟩↑∙ =− ​𝜔↓𝜙𝑘↑2 ⟨​​𝜙 ↓𝐤↑† ​​​𝜙 ↓𝐤  + ​​​𝜙  ↓𝐤↑† ​​𝜙 ↓𝐤 ⟩	
■  ​⟨​𝜒↓𝐤↑† ​𝜒↓𝐤 ⟩↑∙ =⟨​𝜒↓𝐤↑† ​​𝜒↓𝐤  + ​​𝜒 ↓𝐤↑† ​𝜒↓𝐤 ⟩	
■  ​⟨​𝜒↓𝐤↑† ​​𝜒 ↓𝐤 + ​​𝜒 ↓𝐤↑† ​𝜒↓𝐤 ⟩↑∙ =2⟨​​𝜒 ↓𝐤↑† ​​𝜒 ↓𝐤 ⟩−2​𝜔↓𝜒𝑘↑2 ⟨​𝜒↓𝐤↑† ​𝜒↓𝐤 ⟩

+𝒪(​𝑔↑4 )	
■  ​⟨​​𝜒 ↓𝐤↑† ​​𝜒 ↓𝐤 ⟩↑∙ =− ​𝜔↓𝜒𝑘↑2 ⟨​𝜒↓𝐤↑† ​​𝜒↓𝐤  + ​​𝜒 ↓𝐤↑† ​𝜒↓𝐤 ⟩	
■  ​𝑀↓𝜙↑2 = ​𝑚↓𝜙↑2 + ​1/2 ​𝑔↑2 ∫↑▒​​𝑑↑3 𝑘/​(2𝜋)↑3  (​1/𝑉 ⟨​𝜒↓𝐤↑† ​𝜒↓𝐤 ⟩− ​

1/2​𝜔↓𝜒𝑘  ) +𝒪(​𝑔↑4 )	
■  ​𝑀↓𝜒↑2 = ​1/2 ​𝑔↑2 ​⟨𝜙⟩↑2 + ​1/2 ​𝑔↑2 ∫↑▒​​𝑑↑3 𝑘/​(2𝜋)↑3  (​1/𝑉 ⟨​​𝜙 ↓𝐤↑† ​​

𝜙 ↓𝐤 ⟩− ​1/2​𝜔↓𝜙𝑘  ) +𝒪(​𝑔↑4 )	

2017/8/28	 COSMO-17	@	Paris 

		⟨…⟩≡ ​​0↑in  ⁠…⁠​0↑in  	,	 ​𝜙 ≡𝜙−⟨𝜙⟩,		𝑉≡	(Volume)	

𝜙	

𝜒	𝜒	

𝜙	background	

2	point	func	

2	point	func	

mass	

mass	

including	1-loop	correcMon	

𝜒	𝜒	

𝜒	

𝜙	𝜙	

𝜙	
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■ Model	1	:	2	real	scalars	(𝜙,	𝜒)	system	

ℒ= ​1/2 ​(𝜕𝜙)↑2 + ​1/2 ​(𝜕𝜒)↑2 − ​1/2 ​𝑚↓𝜙↑2 ​𝜙↑2 − ​1/4 ​𝑔↑2 ​𝜙↑2 ​𝜒↑2 	

■ Numerical	results	:	
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𝑉	

⟨𝜙⟩	

​
𝜙 
,	

𝜒	

?	ParMcle	producMon	

|⟨𝜙⟩|	

N
um

ber	density	

Mme	

|⟨𝜙⟩|	
​𝑛↓𝜙 	

​𝑛↓𝜒 	

⟨𝜙⟩	
​𝑛↓𝜒 	

	 ​
𝑛↓
𝜙 	

⟨𝜙⟩	 𝜒	
ParMcle	producMon	Trapping	effect	

+

​𝜙 	 interac-o

n	

fluctua?on	

mass	

𝑔=0.1,		⟨​𝜙↓0 ⟩=1,		⟨​​𝜙 ↓0 ⟩=0,	 ​𝑚↓𝜙 
=0.001	
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3.	ApplicaMons	
■ Model	1	:	2	real	scalars	(𝜙,	𝜒)	system	,	𝜒)	system	)	system	

	ℒ= ​1/2 ​(𝜕𝜙)↑2 + ​1/2 ​(𝜕𝜒)↑2 − ​1/2 ​𝑚↓𝜙↑2 ​𝜙↑2 − ​1/4 ​𝑔↑2 ​𝜙↑2 ​𝜒↑2 	

■ Model	2	:	Model	1	+	mulM	real	scalars	( ​𝜉↓𝑛 )	
	ℒ= ​1/2 ​(𝜕𝜙)↑2 + ​1/2 ​(𝜕𝜒)↑2 +∑𝑛↑▒​1/2 ​(𝜕​𝜉↓𝑛 )↑2  


	− ​1/2 ​𝑚↓𝜙↑2 ​𝜙↑2 − ​1/4 ​𝑔↑2 ​𝜙↑2 ​𝜒↑2 −∑𝑛↑▒​1/4 ​𝑦↓𝑛↑2 ​𝜒↑2 ​
𝜉↓𝑛↑2  	

2017/8/28	 COSMO-17	@	Paris 

⟨𝜙⟩	 𝜒	

ParMcle	
producMon	

Trapping	
effect	

?	
interac-

on	

fluctua?on	

?	
mass	

Model	1	 Model	2	

quantum	
​𝜉↓1 	

no	interac?on	with	⟨𝜙⟩	
but	interacted	indirectly	

?	
Int.	

​𝜉↓1 	

Int.	 ​𝜉↓2 	

​𝜉↓𝑛 	

Especially,	𝑔≪​𝑦↓𝑛 	
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■ Model	2-1	:	2	real	scalars	(𝜙,	𝜒)	+	mulM	real	scalars	( ​𝜉↓𝑛 )	

■ Numerical	results	:	
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𝑉	

⟨𝜙⟩	

​𝜙 ,	𝜒,	

|⟨𝜙⟩|	

N
um

ber	density	

Mme	

|⟨𝜙⟩|	
​𝑛↓𝜙 	
​𝑛↓𝜒 	
​𝑛↓𝜉 	

⟨𝜙⟩	
​𝑛↓𝜒 	

	 ​𝑛↓​
𝜉↓1  	

	 ​
𝑛↓
𝜙 	

​𝜉↓1 	

ParMcle	producMon	

⟨𝜙⟩	 𝜒	
ParMcle	producMon	Trapping	effect	

+

​𝜙 	 interac-o

n	
mass	

ℒ= ​1/2 ​(𝜕𝜙)↑2 + ​1/2 ​(𝜕𝜒)↑2 +∑𝑛↑▒​1/2 ​(𝜕​𝜉↓𝑛 )↑2  − ​1/2 ​𝑚↓𝜙↑2 ​𝜙↑2 − ​1/4 ​𝑔↑2 ​
𝜙↑2 ​𝜒↑2 −∑𝑛↑▒​1/4 ​𝑦↓𝑛↑2 ​𝜒↑2 ​𝜉↓𝑛↑2  		

𝑛=1,		𝑔=0.1,		​𝑦↓1 =1,		⟨​𝜙↓0 ⟩=1,		⟨​​𝜙 ↓0 ⟩=0,	 ​𝑚↓𝜙 
=0.001	

​𝜉↓1 	Int.	

?	ParMcle	producMon	

The	parametric	resonance	can	be	
applicable	even	if	the	produced	
parMcles	do	not	have	direct	
interacMon	with	inflaton	!!		
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■ Model	2-2	:	2	real	scalars	(𝜙,	𝜒)	+	mulM	real	scalars	( ​𝜉↓𝑛 )	

■ Numerical	results	:	
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𝑉	

⟨𝜙⟩	

N
um

ber	density	

Mme	

|⟨𝜙⟩|	 |⟨𝜙⟩|	
​𝑛↓𝜙 	
​𝑛↓𝜒 	
​𝑛↓​𝜉↓𝑛  	
∑𝑛↑▒​𝑛↓​𝜉↓𝑛   		

⟨𝜙⟩	 ​𝑛↓𝜒 	
	
∑𝑛↑▒​
𝑛↓​𝜉↓𝑛   	

	 ​𝑛↓​
𝜉↓𝑛  	

	 ​
𝑛↓
𝜙 	

𝑛=10,		𝑔=0.1,		​𝑦↓𝑛 =1,		⟨​𝜙↓0 ⟩=1,		⟨​​𝜙 ↓0 ⟩=0,	 ​𝑚↓𝜙 
=0.001	

ℒ= ​1/2 ​(𝜕𝜙)↑2 + ​1/2 ​(𝜕𝜒)↑2 +∑𝑛↑▒​1/2 ​(𝜕​𝜉↓𝑛 )↑2  − ​1/2 ​𝑚↓𝜙↑2 ​𝜙↑2 − ​1/4 ​𝑔↑2 ​
𝜙↑2 ​𝜒↑2 −∑𝑛↑▒​1/4 ​𝑦↓𝑛↑2 ​𝜒↑2 ​𝜉↓𝑛↑2  		

ParMcle	
producMon	

⟨𝜙⟩	 𝜒	

ParMcle	
producMon	Trapping	effect	

+

​𝜙 	 interac-o

n	
mass	 Int.	 ​𝜉↓1 	

​𝜉↓2 	

​𝜉↓10 	

Int.	

ParMcle	producMon	

ParMcle	producMon	
​𝜙 ,	𝜒,	​𝜉↓𝑛 	
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■ Model	2-1	:	2	real	scalars	(𝜙,	𝜒)	+	mulM	real	scalars	( ​𝜉↓𝑛 )	

■ Numerical	results	:	
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𝑉	

⟨𝜙⟩	

​𝜙 ,	𝜒,	

|⟨𝜙⟩|	

N
um

ber	density	

Mme	

|⟨𝜙⟩|	
​𝑛↓𝜙 	
​𝑛↓𝜒 	
​𝑛↓𝜉 	

⟨𝜙⟩	
​𝑛↓𝜒 	

	 ​𝑛↓​
𝜉↓1  	

	 ​
𝑛↓
𝜙 	

​𝜉↓1 	

ParMcle	producMon	

⟨𝜙⟩	 𝜒	
ParMcle	producMon	Trapping	effect	

+

​𝜙 	 interac-o

n	
mass	

ℒ= ​1/2 ​(𝜕𝜙)↑2 + ​1/2 ​(𝜕𝜒)↑2 +∑𝑛↑▒​1/2 ​(𝜕​𝜉↓𝑛 )↑2  − ​1/2 ​𝑚↓𝜙↑2 ​𝜙↑2 − ​1/4 ​𝑔↑2 ​
𝜙↑2 ​𝜒↑2 −∑𝑛↑▒​1/4 ​𝑦↓𝑛↑2 ​𝜒↑2 ​𝜉↓𝑛↑2  		

𝑛=1,		𝑔=0.1,		​𝑦↓1 =1,		⟨​𝜙↓0 ⟩=1,		⟨​​𝜙 ↓0 ⟩=0,	 ​𝑚↓𝜙 
=0.001	

​𝜉↓1 	Int.	

ParMcle	producMon	
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■ Model	1	:	2	real	scalars	(𝜙,	𝜒)	system	

ℒ= ​1/2 ​(𝜕𝜙)↑2 + ​1/2 ​(𝜕𝜒)↑2 − ​1/2 ​𝑚↓𝜙↑2 ​𝜙↑2 − ​1/4 ​𝑔↑2 ​𝜙↑2 ​𝜒↑2 	

■ Numerical	results	:	
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𝑉	

⟨𝜙⟩	

​
𝜙 
,	

𝜒	

ParMcle	producMon	

|⟨𝜙⟩|	

N
um

ber	density	

Mme	

|⟨𝜙⟩|	
​𝑛↓𝜙 	

​𝑛↓𝜒 	

⟨𝜙⟩	
​𝑛↓𝜒 	

	 ​
𝑛↓
𝜙 	

⟨𝜙⟩	 𝜒	
ParMcle	producMon	Trapping	effect	

+

​𝜙 	 interac-o

n	

fluctua?on	

mass	

𝑔=0.1,		⟨​𝜙↓0 ⟩=1,		⟨​​𝜙 ↓0 ⟩=0,	 ​𝑚↓𝜙 
=0.001	
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■ Why	does	the	trapping	effect	(energy	transfer)	become	worse?	
■  All	lines	for	previous	3	results	

■ Answer	:	due	to	generaMng	effecMve	masses	
à		The	parMcle	producMon	is	suppressed	à	“Quenching	preheaMng”	
		2017/8/28	 COSMO-17	@	Paris 

The	iniMal	behaviors	are	
almost	same	

|⟨𝜙⟩|	

N
um

ber	density	

⟨𝜙⟩	

​𝑛↓𝜒 	

	 ​𝑛↓​
𝜉↓1  	

	 ​
𝑛↓
𝜙 	

The	differences	appear	when	the	system	
is	going	to	“equilibrium”	
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■ EffecMve	mass	in	equilibrium	=	“Thermal”	mass	
■ Mass	of	𝜒	

​𝑀↓𝜒↑2 = ​1/2 ​𝑔↑2 ​⟨𝜙⟩↑2 + ​1/2 ​𝑔↑2 ∫↑▒​​𝑑↑3 𝑘/​(2𝜋)↑3  (​1/𝑉 ⟨​​𝜙 ↓𝐤↑† ​​𝜙 ↓𝐤 ⟩− ​
1/2​𝜔↓𝜙𝑘  )  

																												+∑𝑛↑▒​1/2 ​𝑦↓𝑛↑2 ∫↑▒​​𝑑↑3 𝑘/​(2𝜋)↑3  (​1/𝑉 ⟨​​𝜉 ↓𝑛𝐤↑† ​​𝜉 ↓𝑛𝐤 ⟩
− ​1/2​𝜔↓​𝜉↓𝑛 𝑘  )  +𝒪(​𝑔↑4 , ​𝑔↑2 ​𝑦↑2 , ​𝑦↑4 )	

■  Physical	interpretaMon	
■ When	the	system	is	in	equilibrium,	then	

		⟨​​​𝜉  ↓𝑛𝐤↑† ​​​𝜉  ↓𝑛𝐤 ⟩∼ ​𝜔↓​𝜉↓𝑛 𝑘↑2 ⟨​​𝜉 ↓𝑛𝐤↑† ​​𝜉 ↓𝑛𝐤 ⟩							(also	for	𝜙)	
à			∫↑▒​​𝑑↑3 𝑘/​(2𝜋)↑3  (​1/𝑉 ⟨​​𝜉 ↓𝑛𝐤↑† ​​𝜉 ↓𝑛𝐤 ⟩− ​1/2​𝜔↓​𝜉↓𝑛 𝑘  )  

							∼∫↑▒​​𝑑↑3 𝑘/​(2𝜋)↑3  ​1/​𝜔↓​𝜉↓𝑛 𝑘  (​1/𝑉 ​⟨​​​𝜉  ↓𝑛𝐤↑† ​​​𝜉  ↓𝑛𝐤 ⟩+ ​𝜔↓​𝜉↓𝑛 
𝑘↑2 ⟨​​𝜉 ↓𝑛𝐤↑† ​​𝜉 ↓𝑛𝐤 ⟩/2​𝜔↓​𝜉↓𝑛 𝑘  − ​1/2 ) 	∼∫↑▒​​𝑑↑3 𝑘/​(2𝜋)↑3  ​1/​𝜔↓​𝜉↓𝑛 
𝑘  ⋅ ​𝑛↓​𝜉↓𝑛 𝑘  	

■  If	 ​𝑛↓​𝜉↓𝑛 𝑘 = ​​ [exp⁠(|𝐤|/𝑇) −1]↑−1 		(BE	distribuMon),	then	
	∫↑▒​​𝑑↑3 𝑘/​(2𝜋)↑3  (​1/𝑉 ⟨​​𝜉 ↓𝑛𝐤↑† ​​𝜉 ↓𝑛𝐤 ⟩− ​1/2​𝜔↓​𝜉↓𝑛 𝑘  ) ∼ ​​

𝑇↑2 /6 				à			Thermal	mass!	

2017/8/28	 COSMO-17	@	Paris 

Quantum	correcMons	

“Plasma	flequency”	

Produced	“plasma”	
breaks	its	resonance		
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4.	Summary	
■ We	studied	the	effect	of	interacMons	in	parametric	resonance	

■ The	parametric	resonance	happens	even	if	the	produced	parMcles	
do	not	have	direct	interacMon	with	inflaton	field	

■ However,	too	many	light	fields,	which	do	not	have	Mme-varying	
mass	itself	but	interact	to	Mme-varying	mass	parMcles,	spoil	the	
resonance	parMcle	producMon	
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⟨𝜙⟩	 𝜒	
+

​𝜙 	 intera
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​𝜉↓1 	
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Int.	
​𝜉↓1 	

Int.	 ​𝜉↓2 	

​𝜉↓𝑛 	

ParMcle	
producMon	

Mass	
generaMon	

ParMcle	
producMon	

ParMcle	
producMon	

𝑉	

⟨𝜙⟩	

​𝜙 ,	𝜒,	​𝜉↓𝑛 	

				Mass	
generaMon	

ParMcle	
producMon	

spoil	

spoil	
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■ Challenges	

■ These	results	are	performed	by	the	first	principle	calculaMon	
■  No	expanding	effect	for	simplicity	
■  Calculated	up	to	2	point	correlaMon	funcMon	

■  In	order	to	calculate	more	accurate,	we	need	to	include	
■  Expanding	effect	
■  Decays,	scaderings	

■ Higher	perturbaMon	terms	in	EOM	
■ More	than	3	point	correlaMon	funcMon	
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