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Egz—fﬂﬁwA—f%FWh%Bﬁﬂwx (2.2)

Gy = 0,Gy = 0,G + s f455) . GPGY

Fji, = 04 Ay — 0,A5 + gf &5 0, AVA;, (2.3)
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. , 1
DudRi = {@L — ZgSTSAU(S)CG;? — gy (—3) BM} dRi7
Cra o . 1
Dyl = {@L — ngSU(Q)LAM —igy (—2> Bu} I,
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1 00 i 0 0
000 00 0 L (000
M=foo0 1], X"=]00 —i|,X¥=—1]01 0
. V3
010 0 i 0 00 —2

OooTg, =0%/2000°00000000000000O00OOOODOO

(2)r

0000000000000 0000000000
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V(®) = —p2®Td + \(2TD)?,
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V(X) = —p2 X2+ AX4

dV(X) 9 3
— 22X 440X
ax Pt
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:4>\X<X2—/;> —0
X =0, £ (2.19)
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£ = — {1 qribup; + hec. (2.22)
ogoooooooa
LW = —mytiu — mecc — mytt, (2.23)
goooooon
(w) Y
me = fé“)% ~ 1.27 GeV, (2.25)
_ ) Y
my = fs ﬁ ~ 172.9 GeV, (2.26)
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£ = — 1 qri®dg; + hec. (2.27)
000000000
L@ = —mgdd — mgss — mybb, (2.28)
00000000
v
my = 1 7 ~ 4.67 MeV, (2.29)
— ~ 93 MeV, (2.30)
2¢7
@D 0 418 GeV, (2.31)
275 .
000000000000000000000000000000
£ = — O Deg; + hc (2.32)
Y ij "Li*CRj ) .
0oooooo0oo
LE) s = —meée — myfips — m,7T, (2.33)
000000000000
n%::fﬁ”é;:zo5llwbv, (2.34)
(u) ¥
my, = [} \[ ~ 105.7 MeV, (2.35)
()
m, = fi" = ~ 1776.86 MeV, (2.36)
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va) = Z * ) (2.37)

ca=ec, 0000000000000 000O0O0O0DOODO:=1,2,30000000000000000
gooboobooboboobvioobobobobobobobooboboboboo

(vilvj) = Ok; (2.38)
oo0do0oooooooooooooooooooooooooooooooa
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iy i) = Bilvi)
wi(t)) = e ) (2.42)

0000y =|wt=0)0000000000¢+=00000000000 |y,)00000000
O0t000oooooock

Va(t) Z ai [Vi(1)
= Z —iEgt lvi) (2.43)

2 b =, Univi = |va) = 3, U ) 0000000000000000000

o d*p 7 (h h —i 5(h h ;
w60 = [ GEPS S ) e ) e
ooooo op. oooooo op.
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= > (ZUzke_iEitU/ﬁk> |vs) (2.45)
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B=e,u,T
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Aap(t) = (alva(t)) =Y UnpUspe™ P4 (2.46)
k
0D0000000000000000000000000000
P(va = vgit) = |Aap(t)]> = Y UnUpeUa;Uge " Fr=E! (2.47)
k.j

0000000000000 00000000000000O0O0000OO0O0ODO0OOOOg Ipl>»m;
gooooo
m2

m?
E;i~|p opl = \pl+2E (2.48)
O0D0O0FE~|p/|00000000000000000000000O000
Am%j
By~ Ej~ —— (2.49)

000000000Am;0000000000: Amj;=mi-m; 00000000000000
0000000000000

Amk]

t
2F

P(va — vgit) = Y UsUskUngUjj exp | — (2.50)

k,j
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Amk]
2F

P(ve — vg;t) }: #1UskUasUjj exp | — (2.51)
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U:(6089 sin0> (2.53)

—sinf cosf
DDDD@DDDDDDO§9§%DDDDQDDDDDDDDDDDDDDDDDDDDDDDDDD
Am?* = Am3, = m3 —m? (2.54)

gboboooboboooooooooooobooooooooooobooooDo

lve(t=0))\ [ cosf sin@) [|vi(t=0)) (2.55)
Wt =0)))  \—sinf cosf/ \|va(t =0)) .
0 (243)00000+=000000 |v), |v)00000000000+000000000000
googd
[Ve(t)) = cos @ e 1 |u1(0)) 4 sin§ e E2t |1y(0)) (2.56)
v,(1)) = —sin@ e "F1 |11 (0)) + cos e 2! |15(0)) (2.57)

ooddre—y, 0000000000000000000000C00000000O00000A0
ooood

Aep(t) = (vulve(t))
= (—sin 6 (11| + cos 0 (12]) (cos e E1t |)) + sin fe L2 [v2))

—iEqt <

= —sinf cosfe vi|v1) — sin? 0 (v |vo)

+ cos? fe "2 (uy|1y) + sin 0 cos Be 2! {1y 1)

= —sinfcosf (e_iElt — e_iEQt)
— —sin 6 cos heE1t <1 — e*i(ETEl)t> (2.58)
0000000000000 00000000000000Am?2=m3-m?0000
2 2 2
m m Am
Ey — By ~ —2 1) = 2.59
o= 5= (ol 52) - (1014 52 ) = 57 (2.50)
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P(Ve — Vu;Ezt) = |Aeu(t)|2
2

= ‘ sin § cos fe "1t (1 — 7

A2
sin @ cos 0 (1 — e_’A2Et>

2 2

2%2 t)

2

= (sinf cos 6)*

Am? \° Am?
— (s 2 _ .2
= (sinf cos ) ( <1 cos — t) + sin 5 t

Am?
= 2(sinfcos ) ( 1 — t
(sinf cos 0) < cos —— )

1 — cos

2
= sin? 26 sin? (Aﬁ; t) (2.60)
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gb2000000000000000000000000

A 2
P(ve — ve; E, ) = 1 — sin? 20 sin? < 4; x) (2.61)
Am?
P(ve = vy B, x) = sin® 20 sin® ( 4@ g;) (2.62)
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(Mass Hierarchy) D00 0000000000000 OOONormal Ordering/ Hierarchy) O 0O O

mi1 < mo < ms (2.63)
0 0 O O Inverted Ordering/ Hierarchy) O O O

m3 < mip < msg (2.64)
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Va) = Z Uai [vi) (2.65)
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Ho|vi) = Ei|wi), Ei=\/p*+m? (2.66)

gbobobobgooboobooobooooouoboooboobooboboboobobobDobooboooon
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H=Ho+V, Vv =Valva) (2.67)

OD000H, 0000000000000V 0O0000000000000000000000000
0000000 v,y OODODOODOOOODOOUOO0OO0O0oO0ooooooo

.d

i va(t)) = Hva(t)), [va(0) = |va) (2.68)

v —»ygdoooooodooooooood

Aap(t) = (va|va(t)), Aap(0) = dap (2.69)
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00t=0000000 «0000t000000 000000000000000000
P(va = vp;t) = [Aas(t)]? (2.70)

ubbooboobboobooobbooobooboobobooboan

) d
Zdt aB Z (Z UﬂkEk k + 5577‘/5) Aan(t) (2.71)

gooooboobooooobon
2

E; ~ E—I—ﬁ,p E, t~x (2.72)
0000:000000000000000000000000000000000000000000
d 2
i Aaale) = (p+ 52 4 Ve ) Aus(o)
Am?
+XXZ%W%ﬂf%+%%%J%m) (2.73)
n k

gboboboobooooooobobobobobobooboooooboboboboboboobon
oboobooboobo

Ans(z) = Agp(z) e o(rest) /vNc (2.74)

gobooboobbooboobobooboobobooboobbooboon

. d Amigy
Z%Aaﬁ(l') = Z (Z ngUﬁk kl U, nk + 556(57,@‘/00) Aan(ZL‘) (2.75)

n

gbobodgboobbooboobo

— A= HpA 2.76
iz 5 (2.76)
0000
. 1
Hp = —(UM?UT + A), (2.77)
2F
Hr0ODODOODOODOODOOO
Ape () 0 0 0 2EVee 0 0
A=|Agux) |, M2=0 Am2, 0 |, A= 0 00 (2.78)
Aar () 0 0 Am% 0 0 0

ooooooooooonD VeeODOODOOODOO
Voo = V2Gpn,. (2.79)

uboboobbooooboboboboobobobooboboooobobooboooooboono
gooboooboobooobooobooobobooboboobbooboooboobboobo
000000000000 0000000000000000000000000000000030
gboboobooobbooboooboooobooboooobooboobboobooonoon

‘0000000000 0DOD (1700000000000 000000000000000000D00o0ooog
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gobooboobboobooboboooboonboo

ubboobogboobbooboobboobooobbooobooboonoobg

g .
‘CCC = _ﬁ]éc [/[/N + h.C. (280)
—__ 9 7 2.81
£xo 2COSHW]NC " (281)

0op0ocCOOnouonO (Charged Current) 000D ONCO OO OO O OO Neutral CurrentO O
00000g¢0SU(2),000000000LDO Left-HandedOOOOODOOOOOOODODODOO
000000000000000000000000000Aw 00D00000000000U(1),,0
0000000SyU(2), 000000000000 0o0oob00oo0o0o0oooooDoo

A* = sin Oy AE + cos Oy B* (2.82)
ZM = cos Oy A — sin Oy B* (2.83)
e, j.0000000000
Jhe=2 > w4 (2.84)
l=e,u,m
He= > my'uL (2.85)

l=e,,u,‘r

000000000 oo00boooobooobobLoobOozZzooboooboobooOoDbboOoboo
goobobobobobobzoboboboboo

Tyoig= > Tyt Tzqg+ Tinw, (2.86)
l=e,u,m q#t

DooooooooooY,.,,,Iy,;000000000000Y, ,T2,0000000000
00000000T,,0000000000000000Z000000000000000000
0000000 21000000000000000000000 2.9840+£0.008200000300
000000000 (180
00000000000000000000000000000000000000000000
00O

V1
W/; <E, ﬁ,?) ~*Pr, Upmns | v2 | + .h.c (2.87)

V3

£(C0) —

Sl
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ALEPH
DELPHI
L3
OPAL

Oy.q (D]

30

20

| ¢ average measurements,
error bars increased
by factor 10
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=% 88 90 92 %

E_, [GeV]
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0000000000 va(la=e,u,7) 00000000 »(:=1,23)00000000000000
oboboboboboobooobooboboboooooooo

Vo = Z(UPMNS)m' Vi (2.88)
Ve %1
vu | = Upnins | 12 (2.89)
Vr Vs

Ub0o0b0Upuns U0 0000000000000 O0O0O00O0O03x3000000000O000OO0

1 0 0 C13 0 5136_21(S C12 s12 0
UPMNS == 0 C23 $923 0 1 0 —S12 C12 o|P (290)
0 —s93 co3 —8136_i5 0 C13 0 0 1

O0000s;; =sinb;j,c; =cost;; 0000000000000 0O0O0O0O0O0O0O0OOOOOOOOO
good

1 0 0
P=10 ¢ 0 (2.91)
0 0 B

gbobooboobbooboobbooboobbooboobboobooonobg
PMNSOODOOOOOODO 619, 623, 6,000 00000000000 DOODOODOCOOOOOO
0000000000000 00O0000O00OU0LO0O0OoOUD 1900 2200000000000
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goboooobooboobooboobooboboobobogbooooboboobboboboooboDboo
obobobooboboobooooooooooooooooo

0 2.2: NuFIT 5.0 w/SK (2020) 000000000 OD00O0O0O0OO0OOOOO

2 7
Am3z,; Am3,

|:| |:| |:| D D 012/0 923/0 913/0 10_5ev2 10_3ev2 6CP/O
00O
0000000 +lo | 33.447077  49.2709 8571012 7.42702L 4251770020 197+27
000
0000000 410 | 33457078 49.3797 8601015 7.427030 —2.498700%8 282120

goboobooobooobooobboobobooboooboobboobboooboobo
gboobobobobobgoobobogooboooooooooooooboobobobobobogso
OO0 WpPauliDOOOODODOOOOOODOOOODOODOOOODOOODOOOOOODOOOD
goooooo

ubogboboobdobd n000 pb0obb0Od nobbOO0bOOO0bLObObOO0ObO0n
gbobooboooboooon

n—p+e (2.92)

ubobooboobbooboobbooboobboobuoaobbooobbdn, p, e~ 0000
000 1/2000000000000000R0000000O0O0DOOOOOOOOODOOOO pO
e O00DbO0O0OO0OOO0ODOODDOODOObODOODOn

ubbogboogobuoobbuodobboobooobuoobboobboobooboboobon
ugbobhvO00OO0o0bOogoon

n—pt+e +v (2.93)

00000000000000000000000000000000

00000000000000000000000000000000000000000000
000 KARINODOOOODOOOOOOOOOOOOOOOOO0O0000000000000000
0000000 [13)0

My, = Y |Uei?m?, < 1.1 eV (2.94)

)

uboboobooooboobbooobooboboooooooboobooboobobooboonboon
0000000000000 o0oO0o0o0oooooOoooO (160

me, = [ |Uuil®m2, < 190 keV (2.95)

)

mp = [ |UriPm2, <18.2 MeV (2.96)

gboobboobooooboboboboooobobooboboboooobobobobooooon
0000000000000 0000000000000KamLAND-ZenOOQOOQOOOOOO [20]0
ubobooobooooo

(mgg) = =61 — 165 meV. (2.97)

2
E Usm;
i
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[ §Ca YZr Ndj
- Se Te
Cdt
1 L l {Te
E GeMO
By
. Xe
2 107'E KamLAND-Zen (**Xe) - l
£ :
10%F -
NH I
107F 3
C 1 |||||||‘ 1 ||||||I| 1 |||I|||| 1 ||||||I7I‘IIII|II\I|
0% 100 102 107! 50 100 150
mlightest (CV) A

022 [20000000000000000000 muges 10000000000000D000C
(mpey 00000 O0O0OONHOOOOOOMHOOOODOOOOOODOODOOO00OO0DOO0DO00O00OO
0000000000000000000000000000000000000000000000
0000000030 0000000000000000000 KamLAND-Zen [20] O '36Xe OO
00000 90 %CLO0000000000000000000000000000000000
o0o0ooOoooooo

00000000 (0 22)000000000000000000O0
Miightest < (180 0 480) meV (90% C.L.) (2.98)

obobobobobooboo
vboboobooboboboboboboobooooooooboobobobobobOobobbOono
OO000o00DOoOoboboO0oO0O0n0Planck 201800000

> m, <0.12eV (2.99)

0000000000000 [21]000000000000000 meO0O0O0OOPlanck 2018000
gboobobobobobooooooooboooboboboboboboDooDoooboobooooo
gbobobobobobobobob

mo < 0.030 eV (DDDOODOD) (2.100)
mo < 0.016 eV (0DDOOODO) (2.101)

goboobogobooboobb meODOOO0ODOODODOO
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24 JU00obbOooooobbbon

gboboobogoboobbooboooboooboobbooboboooboooboobo
gboooboobobooobooboboboooobooboboboboboboooo oboboboboobo
ubbooboobboobooobbooboobboon

gobooboooboobobooboooboooboobboobboobboooboobo
good

— M,
L= Lsyv + iva“auyRI — (Fa]LaHVR] + 7I§CRIVRI + h.c.> , (2.102)

O000HOOOODOODODOOOO Ly (o =e,u,7)0000000000O0OCOOF,,0YOOO
0000000000000 0000do0o0oo0oooooooD Mp=F(H)DOOOOOOO
My=M;OOOoOooooooooooooboobooboboobobobUobobgboogooo
0000000000000 000000000 (H)=174GeVOOOO0OOOOOODODODODODOOO
gbooboobogod

1
_Emass = MDDLVR + §MM77§:{VR- (2103)

O000pvr=rvRyy 000000000000 000O0O0O0O0O0O0OO

1 0 MD v§
—Lonass = — (g S L h.c. 2.104
> (7 72) (Mg MM> <VR> e (2.104)

000000000000 NOOOOOMpO3xXxNOOODOODOMyONXxNDOOODDOODODO
ooooomMmOOOD

0 Mp
= 2.1
M (Mg MM> (2.105)

goboooobooobooobboobboooboooboooboooboboobboobo
ugbobodbbooobouooobuoobboobbuooboboobboobuoooboobboobon
ocoooboooobooOoooboOoobooobooMmUObOOOoOoOOoobDoOoOoobooooo
gooooo

[(Mp)ail
S < . 2.106
|(Mnr) 11l ( )
0oooDoo00 e (e« 1)
_ (Mp)ar  Fuar (H)
0= M = M (2.107)
ooooooao oy
A 1 C]
U, = 2.108
! <_@T 1) ’ ( )

goboobogbooboobooboboooon

N M, 0
UfMU{:(O Mj). (2.109)
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O0000000oooooDoOoo®)Dooooooo

. o 1+ 006t 0
Ui, = 0,07 = —14+0(0?). 2.110
3x300 M, 000000000000
[My)ag = —[MplarIMplarM; ", (2.111)

000 M,03x300000000U (WU=0U'=1)0000000000000000
U'M,U* = D, = diag(m1, ma, m3). (2.112)

gbooboobooboooon (72,

- U 0
Uy = 2.113
2 (0 J (2.113)
00000000000000
PR D,
USOT MU, U, = 0 (2.114)
0 Dy

O0000Dy =My =diag(M;,---My)0ODDODDODODODOD0O0OOD0OO0O0O0OOOO00O0OOOOOOOOO
00000000000000000000000 U0

ﬁ:&@:(i&f?) (2.115)

ubobooboobbooboooboboobooooboobbobobuoobboo v, 0oooooo
gobooboobbuoobveroboobbooDOd

Via = UqiVi + Oqr N (2.116)
Vi = Nf — (610) vy (2.117)

ooy ooobooboobooboobobobooboooN D000 obobbobobo
oon

19



030 Uod

ubboobooobuoobboobbooboooboobbooboboooboooboobon
000020150 90 140000000 Advanced LIGOOOOOO0OOOOOOOOOO (150000
goboooboooboobooboboobobooobooboboooboobDboobbooono
uoobobodobboobboobboobbodoboboobboobboobboobboobo
ooboobobooobobooboboooboobbooboboobboobooooobooobboooDoon
goooooboobooobboobobooboboobboobboobboobDboobboobo
ubobuoobboobboobboooboooboooboobboobboooooooboobn
uoboobboobobooboboooboobobooboboobbooboooooboooboboooDoon
gbobgoobooooobooboboooobobobobbobooooboobobobooooon
gbobooboobbooboobbooboobbooboobbuooboonobg

3.1 JOoog

000000000 o0o00o0o0oOo0o0o0oOoOO0On 2200000000000 0OO0OODOO
gbobobobgoboboobooooooboooobooboboboboboboobooboooon
gbobooboobobooobooboooboboobooan

e IOODODOOODOOO

- 0000000000000000000000000000000 [23,24]
- 00000000000 [25-29]

~ 0000000000 Preheating [30]

- 0000 [31-35)

o IOODOOOODO

- 0000000000000000000000000000 [36,37]
— 00000 (38,39

- 00000:r0000000 [40]

- 0oooo [41]

uoboobobooobobooboooobooobooooboobobooboooobooobooboooDoon
gbobobobgoboboboooooooooooboobobobobobobooboobooooon
uboboobboobboobooboboobboobboobbooboooobooobboonboo
goboobobooboboobooobooboboobbooboboobooooboobboooboo
gbobobobobobgooboooooooboobobobobobobobobooobooooon
ugbobooboobbooboobbooboobbooboobbooboan
gboobobobboboboooboboboboooooooooboboboboooooon
gbobobobgoobobooboooooooboobobobobobobobobooboobooooon
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goboooooooobooooboooboooobooobbooobooobooboobobooboobon
uobooobobooobobooboboooboobobooboobooobboobooooooobooboooboo
gobooboobooboboobooobooobooboboobbooboooboobboooboo
oon

3.2 0OOO0OOO
3.2.1 00000

vboboooobooboobooboboboobooo

ds?® = N dat dx”

N = diag(—1,1,1,1) (3.1)
gobooboobooobooboobbooboobboobd
1
R — Sg" R+ Ag" = 8rGT" (3.2)

O000¢g"™D0OD0O0O0O0O0O0ORODODOOODODOOOO (Ricei curvature tensor) D ROOOOOOO
O scalar curvatureI] A O 0 O 0O O O cosmological constant0 0 000 GOOO0O00O0O0OO0OT, 00
oooo-00O00O00000OOoO0OooOoooOOCOOOoO0OoOoooDoObObObOOOo

1%, = diag(—p,p, p, p) (3.3)
0000p000000000p000000000000000000
d(pa’®) = —pd(a®) (3.4)

Ub00e00000D00DOODOO0ODOODp=wpOO00O0OO0O0ODO0ODOOOODOODOODOO
gbooboboboboobob

p oc a~30Fw) (3.5)

gboobooooon w:%DDDDDDDDDDRadia‘cionDDDDDDDDI:IDI:IDDDI:IDw:O
gbodbobooodMattert DO ODOOODOO0DOO0OODODO00Dw=—-100000000
gboboboobobobobobobobobobob

a™t 00 (p=3p)
pxqa® 00 (p=0) , (3.6)
const. OO (p=—p)

gbobobobobobobobobobobobob

H? = () - a7 (3.7)

0000000 (H)ooooooooOMpOOOOOOO (Reduced Planck mass) O 0 OO pyor O O
Odo00oo0ooooodooooooooooooooooooooooooooooooooon
goddooooooooooooooooooooooouoooooon

21



googboboooboobobooboboooboboooobobooobobooobobooboDo
U0mdOoOOooooOTrToobob0obob0oboooboob0 pbdbobobobO0obO0ObObLOOO

1
exp((E — w)/T) £ 1

O00O0OF=+/p?’+m20000+00000-00000000-0000-0000000000
gboobpbObO0ODODODOOODODODOODOODODbOODO0ODbOobOObOObOOo0ObOobOo0On
oon

f(p) = (3.8)

3
g
— ol [ Erey (310)
(2)
g mF
3.11
2] Sp /P (3.11)
000D0g0000D0000000
0000000000
7'('2
_ STt (000) (3.12)
IZgr* (000000) '
8 0
_ C”gT(DDD) 3.13)
3¢ T3 (0ODDOD0)
P
P 3.14
p=3 (3.14)
000000000000000
T\ 3
m m—pu
_ (mT _ 1
n g<2ﬂ) exp[ T ] (3.15)
p=mn (3.16)
p=nT < p. (3.17)
00000000000000000000000000000000000
pr(T) = o=9.(T)T (3.18)

30
O0000g(T)OODODODOOOO0O0OOoOoooooooog

%GUZEZ%(?YFE Z:w<?y (3.19)

boson fermion

;0000000000000 00
000000000000000000 (V=¢)0000000000 S0000000000
good

_Ptp (3.20)
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120

100

80 |-

9qos)(m
(2]
o
T

40

20 |

9n) ——
L9 - - -

| | |
102 10t 10° 10t 102 10° 10* 10° 108
T [MeV]

031: D000000000000 g(T)0 ¢(T): 00000000 T [MeV]OOOOOOOD
0¢.(7hODDODOOODOD ¢46(7T) 00O OMikko Laine 0 0 HP(http://www.laine.itp.unibe.
ch/e0s15/)0000000O0O0O0OOO0OOOO

gbobooboobooooboobooooobooboobboooboooo

272
s(T) = 4—59*S(T)T3 (3.21)

000000000 gs(T)0D0D0O0OO0O0O00O0OO

T)=>" g 5 3+Z > Ty’ (3.22)
Gxs = gi T 3 . 9i T .
boson fermion
O0000000000g(T)O g(T)0O0O0O 3100000000007 2300GeVOOOOOO
O0o00oo0o0ooodooooooooooooooooooooooooooooooooan

gbooboobooaoboo

> =
9«(T Z 300 GeV) 4 +8x2+4x2
EW gauge boson gluon Higgs

+z(6><2><6+ 3Xx2x2 4+ 3x2)
8 —— —— S~—~—

quark charged lepton  neutrino

= 106.75 (3.23)

000200 GeVOOOODODOOOODOOOOOOOOODOOOOODOOODOOODOOOOODD
gbooboobobooooobobooboooboobobobobbobobobooboobooooooaon
Oo0O0O0O0DODOO0O000000000000000C0C0O0ObOObO 20MeVOOOODODOOQCD
ubooboooobooooooobobobooboboobobobbobobooboboon
gobooboboobbooboooboobboobboobboobooobooboboooDoo
gboboboboboboobooooooobooobobobobobobobooobooboobooooon
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http://www.laine.itp.unibe.ch/eos15/
http://www.laine.itp.unibe.ch/eos15/

gbobobobgooboobgoobooogoooooobooboboboboboboboboobooon
DDDDDDD(4/11)4/3DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
goboobooboobobooobooon

4
7 4\3
W0 =2+ 2 —
g0 + 3 X 3 X2 X (11)
~ 3.363 (3.24)

7 4
9*50=2+§><3><2><ﬁ

~ 3.909 (3.25)

ubobooboooobouoobbooboboobbooooooboobobooboooobooboon
goobooobooboboobooobooboboobboobobooboooboobobOooonDo
gbbogbogbbooobooboobbuooboobboobuoobbobobodo

3.22 0O00O0OO0OOOO

oboobobobobobobuobobuobuboboobDo poboboboobobDobDoD O
goooooboogo

b+3HO+V' =0. (3.26)

0000 0000 (0 ¢0O0O0DD0O0D0D0O0D0D0O0OOVO 00000000 DODOOOOOOOO
obooboboooouobo ¢gbobOobOobO p¢:$2/2+VDDDDDDDDDDDDDDDDDD
ugboboooboogd

8t (1.

H=_""(-¢*+V(9)). (3.27)
Imp, \ 2

0000Mp =1/Y/GOO00000 (Planck mass) 000 00000000000000 ¢000

000000000000 0000000000000000 (¢2/2<V)000000000000

000000000000000000 (slow-roll parameters) 0 00000000000

2 N\ 2
_mp (V
= = — 3.28
“= 16r <V> ’ (3.28)
2 1
_mp V
= 4= — 3.29
=<7 (3.29)

0000000000000000ex 10 k1000000000000 00O000DO0O0ODCOODO
ubobodbbgobboobooboboobboobboobboobooooooboboobo
gbobooboooboboobooobooooobooon

000000000000000000000000000000000000 Psprim(k) 000
ooooooooooo Prp d0000o0o0o0o0o0OO

1/ H\?

Ps prim (k) = e <77’LP1> |k=abt (3.30)
16 [ H \?

PT,prim(k) = ? (nm> |l<::aH (3.31)

O000HODOAO0O0O0DOOOO0O0ODOOO0O0O0DOO0000O00000000000 Prprim(k) O
0000000000000 0U0000O000O000O00DDO00O0OUOO0OOO 42,43)000000
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O000000000000D000D000 (the tensor spectral index)np 0000000000 (running
index)ap 0000000 OODOOO

_ dInPrprim(k)

nT(k) = dln ke —2€ (3.32)

ap(k) = T den — 8¢ (3.33)
gooooobooooooooooooooobobonooooooon
pT rim(k) k 1 k

In — P — n(ko) In — + —ap (ko) In? — + - - .34

n'PT,prim(k()) nT( 0) n o + 2OéT( ()) n ko + s (3 3 )

O000kOO0D0OD0O00O0O0OO (pivotscale) 000000000 0O-000000 r00000O¢e
gboboobogbooon

PT prim(k)
r=———=~ 16¢. 3.35
PS,prim(k) ( )

gboboobooobooobboobooonoo

3.23 00000

uboboobooooboobboobboobooooooobooboboobooobooboon
gooboooobooboboobooobooboboobboobboobbooobboobobOoobo
00000000 44,45 000000000000000000OOODOO0OOCOOOOOODOOeO
0000000ooooo [?74600000000000

b+ BH+T)p+V' =0 (3.36)

0000T0 ¢00000000000000000000000000000000000000O0

00000I00¢0000000000000O00O0O0O0O0O0O0O0O0O0O0O0O0O0000000000

00000000000 (4000000000000 (Preheating) [47,48) 0000000000

000000000000000000000000000000000000000000 [49-52]0

00000000000000000000000000000000000
000000000000000000000

pr+4Hpr = Lpy. (3.37)
0000000000000 00000000000000000000
8
H? = — 3.38

003.36)-(3.3830 000 0000000000000 0O0OO0O0O0OO0UOO0DODOOOOOOD
I'~goO0ooooooooooodu o0oobbooboooobbooboon

3.3 Juooobon

3.3.1 00OOooobOodd

53,540 0000000000000 COOO0O0O00O-D00ODODO-DO000O0OOOOOOO
gbobooboobboobooobobooooo

ds® = —dt* + a®(t)(0ij + hij(t, x))da'da’ (3.39)
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D000e(t)000000000¢t00002000000000000A,;000000000-000
00000 (ke =ho; =0hy;=hi=0)00000000
D0000D00000000000000

1
h, = 8nGl1l;;. (3.40)

_2 z]z/
ooooI,;0o00000-0000000000000000000O0-0000000000000
gooooooo

Tij = DGij + CLQHZ‘]'. (34]_)

pU0O000000O0O000C0O0O0OIL; =000000000000000000000000000
O00oooo0olI,; #00000000000000000O0O000C0O0O0O0O0O0O0O0OOOOO
ugbobodobboobbooboooboobobuoobboobboobooobooobboobo
gbooobooooobobobobobboboobobobooooboobobobooboooaon
O00o000000000000 NeOOOIL;000000000000000000000000
I =000000000000000 hyO000000000000C0O00O0O0O0O0C0O0O0O00O00O0
oo000000000000 hjy=~hy, 00000000000000OC0O0O0OOOOOOO0
goooo

hij;l/;y = guy(hijvlw - Fauhijaa)v
v2 3a
0000TY, =T9% =0, I'Y; =6;6a0000g; =a 26, 0000000 ()00000000000
000 (340)00000000000

2
ooy + 3Hh; — Z hiy = 0. (3.43)

H=4/a000000000000000000000O0R,;000000000000000000
OkODOOODO

dk?
hij(t,x) = Z/ cer(K)hi, (3.44)

A=+, X 2

DDDDDDDDe O0000000-00000000DO0O0O0O0Y ;€
DDDDDDDDDDDDDDDD (3.43) 00000000000

AN*
Gen(ed)y =20 00000

. . k2
hiy + 3Hhy, + ﬁhﬁ = 0. (3.45)

0D0000000000000000000-00000000 Pi;;000000000000000
0000000000000000000000000000000 HOOOOOOOO0O00000
0000000000000000 conformal timed 7(dr = dt/a(t) 00 00000)0000000
ooo

+ k2h(t, k) = 0. (3.46)

Eh [2da] did
dr2 adr| dr

googd
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3.3.2 U0OO0O0OobObOoOoOoogooboobood

vbobobobobobobobobooboooooooooboobobobobOobbobOoDo
0000000000000 0000000000000O0OOOO0O0O0 (DODODODODOOoOoOoOo
0)oooooooooo

gbooooooooood

uboboooooooooan hl’(\DDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
0x00000000eHODOOO (k>»eH)00000000O00O0O0OO0DODOOOOOODODOOO
th{\DDDDDDDD(DDD [43,55| 000000000 )0000000O000OOOOoO0ooOOO
ubobooobooobboobooobooboooooonbooo

hf;l]DI:II]DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
ugbbogboobboobooobooooboab

v (1, k) = lcfbiilrﬁG' (3.47)
00000000 mp(r,k)=0vy(r,k)/dr 00 00000000000000D0
[, 771 = 067760 (k — ),
[, %) = [, g ] = 0. (3.48)
0000000000000000000000
k(7 k) = v, k)ag + vi (1, k)al, (3.49)
000000000000 &, 6N, 00000000000000000
(@, a7"] = 6276 (k - 1),
(aaf] = [ag, 7] = 0. (3.50)
0000000000000
v,’;% — Uy c(l;f = —i, (3.51)
0000000000 (343)000000 (conformal time) 000000000000
ﬁf(#—iﬁngﬂy (3.52)

O00000000000000000000000007~ ~1/(eH)00000000O0da/dr ~
—a/r00000000000 (d%a/dr?)/a~2/2000000000000 (k/aH —oco)0000
1/r~-«HOOO0D0O00D000D0D00O0O000DOO0 (351)0000000000000000000

1 i
v — ——e 7. 3.53
o (3.53)
oo0doo0oooooooooooooooooooooooooboooooooooooooon
oo00do0o0oooooooooooooooOoan hﬁDDDDDDDDDDDDDDD

167G

h>\2:

(3.54)
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gbooobooooooood

ubobooboogoboobboobooobooboobooboboobooobooooboobon
00 (k<eH)DOOOOUOODOOUOOOODOOOOUOOODODOOOO (346)00 200030000
ubbogboobbuodgbooboboobooon

Y x 2a
e (3.55)
Ak
gobooboooobobod
T d7_/
h =A+B — 3.56
wdr) = A+ [ (3.56)

O0000A BOODOODOOOOOOOOO0O0O0O0O0O02000000000000000 hy,OoOOd
gbobobobobobobobobobobobobo

hy o const. (3.57)

DDDDDDDDDDDDDDDDDDD(k>aH)DDDDDDDDDDDDDDDDDDDhﬁDD
WKBOOOOOOOOOOOO (346)0 000000000000 OOOOODO

hp (1) = A(1) expliB(1)]. (3.58)

00000000000000000000000000000000D0DDDOdA/dr0 d?A/dr?0
dB/dr0000000000D000DO0O0O0O0DODOOD (346)00000000O0OUOOOUDOOOD
gboobooooooood

d2A dB\*® [2da]ldA
dTa‘A(dT) +[ad7’]d7-+kA_0’

AdB 2B [2 B
dAdB | ,d {‘M]Ad — 0. (3.59)

arar Caer Taar | Yar T

d?AJdr? < dB/dr 0 d?A/dm* < dB/dr0000000000000000000 ((da/dr)/a < k)
O0D000D000BOODOOOODOOOODOO

B(7) = £k + const. (3.60)
0000 0O 346)0000000A0D0DODODOOOOOOO
A(T) oca™? (3.61)
0o0o0o0ooooooowKBOOOOoooooooo
i O
hi (1) = Eexp(:l:zkn'—i—oz), (3.62)
o a” tetthT (3.63)

gboobobooobobooooooog hﬁDDDDDDDDDDDDDDDDDDDDDDD
oon

hyp o const. (k< aH) (3.64)
hp o< a”tet* (k> aH) (3.65)

28



3.3.3 OuUogooobooo

DoobOoooooob pewOOOO0OD0O0OOO0 p.,000000000O0O0O0O0O0C0O0O0O0COO
oo
1 dpcw

W= dlnk

(3.66)

0000000000pe, =3H?/87GO0000pew 000000000000 00000O0OOOO

1
PGV = 54 Ga?

1 B k2 AQ
- ?m/wcp2;’hk| (3.67)

0000000000000000000D0O000O00DO00 (365)0000000000O0O0ODBOO
ooo0o0o0ooo0ooOooo (0000000000000 0UO0D0O0DbOO0OOOUOOO
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DDDDD|:|DDDDDDDDDDDDDDDDDDDDDDDDD(/PT’prim(k:)ock:O)DDDDDD
DDk<aHDDDDDDDDDDDDDDDDDDDDDDhﬁDDDDDDDDDDDDDDDD
goobooooooon hﬁDDDDDDDDDDDDDDDDDDDDDDDD
[higol?

Tr(k?) = e (3.70)
k,hc
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px{a3 MD(p=0) , Hx{a 2 (MD) (3.76)
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k% (VD) k* (VD)
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1
Tatter o @ _ < Safter )3
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d(a*ny)
dt
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T T T v (48)
D000S= 24,3000
sho (270 e (4.9)
= —(x a — .
45 I ™
00000000000000000000
4 44 4 1 [t 2m? 5 a(t') t
2 3 - /
S35 = Si3 + gpN(ai)a[TN /tl <45g*3> a; eXp(—E)dt (410)

g 00000000 oooooooooooooooooon
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R _
d(a*pr) = —prd(a’) - d(a*pn) = ~5ld(a®) + (aPpw)7y'dt
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D00OCyO NODOOODOOH(TR) = /55 0.(Tp)T¢ 0000000 700000000
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000 [6)000000000 1000000000000 00DO0O0ODOO0
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Oaw(h) = 15 (o ) THI PG, (419)

4 =100000000000H, =100k kms~'Mpe }( h=0.674 [21]) 000000000000
O0k=2rfao0000f00000000TA(k)ODDODOO0O (Transfer Function)d P:,Erim(k)DDD
|:]DDDDDDDDDDDDDDDPQErim(k‘)DDDDDDDDDDDDDDDDDD
: . E\"T
PY (k) =r P (k) <k*> (4.20)
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k. = 0.05 Mpc~! (4.21)
PRI (k) = 2.0989 x 1077 (4.22)
r < 0.063 (4.23)
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T? =1+ 1.57z + 3.4222, (4.25)
T3 = (1 —0.222"5 +0.652%) 7L (4.26)
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000000 k,0000000000000000O000000 k0000000000000
goog

keq = 7.1 x 1072Q,,,h* Mpc ™1, (4.27)
1
«s(Trr) © Trr _
o = 1.7 x 101 (2R Mpc~! 4.28
RI x ( 106.75 107 Gev ) 7€ (4.28)

O000TR 0000000000000 O0O0OOODOOOOOOOOOOOOOOD [BJODOOO
gbobooboobooooboobooooboooboon

A 4 tanh [—2-510&0 (%)} B + tanh [—Q.Ologlo (%)}
9«(Tin(k)) = g0

A+1 B+1
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_1_10.75

A= —F (4.30)
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