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Inflation: a mini review

* An exponential expansion in the time ~ 1073° — 10732 s after big
bang

® |t resolves: Horizon, Flatness, Molople Problems

® A notable prediction: 6¢ = 6T, = dg,.., = gravitational wave
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Current Status of Monomial Inflation
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® Monomial: V(¢) ~ ¢P, tensor-to-scalar ratio
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Polynomial Inflation

Alternative to monomial scenario
4
V(¢) = Z an¢n
n=0
Avoid trans-Planckian = ¢ < M, = Small Field
Reasonable to insist on renormalizability

V() : most general renormalizable inflaton potential

Question:

‘Can V(¢) flat enough to match the CMB data?
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Polynomial Inflation Analysis

negligible shifted away

V(¢) :Z{+d¢4+c¢3+b¢2+e¢’{

Large ¢: V ~¢* Small ¢: V ~ ¢? =Too steep @
Intermediate ¢: V flat < negative ¢> term ©)
9c? 3c

In particular b = 355 = inflection-point ¢g = —35

Three parameters (d, A, 5) reparametrization:
_ 4 C 3 9 C 2 2
V(¢)-d[¢ rEa-mo 2 (5) ¢]
_ 4 3 9 2,2
:d[qb +A(1-8)¢ +3—2A 1) ]
® A=c/d=-8/3¢y «— location ¢o

® 3>0: «— flatness V(¢o)

® d: < amplitude (power spectrum)



Slow-Roll Predictions

® Results:
® ng~1- 485@1\4]3/(]5(2)

V=d[¢* + A(1-P)¢° +9/32 A% ¢]
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Slow-Roll Predictions

® Results:
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Slow-Roll Predictions

® Results:
® ng~1-485cms/d?

V=d[¢*' + A(1 ® +9/32 A% ¢ * News o<
=d[¢* + A(1-B) ¢+ '] (m/2 - arctan (6cvs//25))
o ° roc(2ﬂ+52)2/¢%
Amplitude: V(¢g)~dgg

E| siope: v'(¢o)-5

° o~ -576(23 +6%)/4;
* Pc=dgg/(6° +25)°
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Slow-Roll Predictions

® Results:
® ne~1- 485(71\1B/¢>(2)

v=d[¢* + A(1 3 +9/32 A% ¢ ® Ncmp o<
mdlgt e A0-nes ¢] (m/2 - arctan (6cvs//25))
o roc(20+8°) )6}

Amplitude : V() ~depo*

§ Slope: V' (¢g)~B

° o~ -576(283 +6°) /b
* P~ dgg/(8° +26)

Pend  PcMB

® n, =0.9649, Ncums = 65,
¢ Pe=2.1-10"° = fix parameters:

- -4 2

® Need ¢cmp = introduce dcmB = 7.31 x 10_7¢2
0: ¢ =o(1-0) = 5=9.73x107 ¢4
dems =1 - dems /o d= 6611072



Slow-Roll Predictions

® Results:
® ng~1-485cms/d?

V=d[¢* + A(1-P) ¢ +9/324° ¢ * Nowp o<
=d[¢' + A(1-P)¢° + ¢°] (7r/2—arctan(6CMB/ /_2[3))
o roc(28+62)° /43

Amplitude : V() ~depo*

§ Slope: V' (¢g)~B

° o~ -576(23 +6%)/4;
* Pc=dgg/(6° +25)°

Pend PcmB

® n, =0.9649, Ncums = 65,
¢ Pe=2.1-10"° = fix parameters:

_ —4 2

® Need ¢cmp = introduce dcump = 7.31x10 7(;32
0: ¢=go(1-0) = 3=9.73x 107 ¢4
domp =1 - domp/do d = 6.61 x 101542

® Predictions for r and a?
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Question: What's the lower bound for ¢?
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transfers energy
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® Remarks: Preheating negligible
® EoM for ¢":

¢ (k,t)+ (K*/a" + gp) ¢’ (k,t) =0

® Though mi, ~ g¢ = tachyonic
resonance,
(=
back-reaction mj, ~ A(¢"%) )
® Pauli blocking for x = Preheating
not efficient here

® Question: What are the upper bounds for
the couplings? = Radiative stability



Radiative Stability = Upper Bound
® Require: AV(¢o) < V(o) ; AV '(¢o) < V(o) ; AV"(po) < V" (o),

A=l 3 oEamie) (n( P20 2)

642
647r bl x

® Upper bound (coupling ® Upper bound (coupling
YoXX): g9le'[*):

10°°
Inflaton Potential .
1078} Radiatively Unstable -~ 107

Inflaton Potential

1077 . T ] Radatively Unstabie

102} e

1071 T - 10°%

T < 4MeV Tl . e
e ExcludedbyBBN "o - e T, < 4MeV
10 =~ 2o L Excluded by BBN
10°
104 0001 0.010 0.100 1 10 0007 0.010 0.100 1

o (M) o [M,]

® Radiative Stability + Reheating = Lower bound ¢ > 3-107°M,



Reheating Temperature

109 - Tre,max ¢_7¢l¢'
— Tre,max $=XX

5

% 10
O]
10
4 MeV
0.001

10# 0001 0.010 0.100
Zo [Mp]

* Bosonic: 4MeV 5 T,;, s 10! GeV
e Fermionic: 4 MeV < T, < 10% GeV



DM Production: After Polynomial Inflation

® Consider e.g. Fermionic DM L, >y, ¢Xx = 6 possible channels:
N

X
& X
¢ X op X e
N 'i’,'uf / [ / 4
AAREU009 <\
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® Boltzmann equation (BEQ) :
dn
— +3Hn=v

dt

7 denotes interaction rate density ~ (ov)n?



Inflaton direct decay

<X ® Convenient to use N = na°, rewrite BEQ:
[]

”””” dN  MpT)) 5

ar " s 2 (Tm)y

® DM yield Y = n/s:
® [nteraction rate density:

2Brr £2 i T
v=2Brl voo T Ml o . TwBr
s(Tw) a3(T, T,
® Branching ratio (Br < 1): s(Tw)2(Tw)  ms T Mg
® To match the DM relics :
Br oc yimé y>2<m¢Mp
2 2 1
A1z T my Yo = Qb = % ~4.3x107%° GeV
® During reheating %0
(Ten < T < Tiax):
T8 T vy 21.2x10713 I
= 1.
P¢(T)°<ﬁ?H(T)°<W my

rh




Inflaton direct decay
* Parameter space (white region): y, ~1.2x 1073, /In

my
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Lo N LW
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1076 107 100 10 100 109 10%2
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® Bounds:
* Radiative stability: Ty, < 1.2 x 10" GeV (Higgs loop), y, < 107 (DM
loop)
® BBN: T\, 24 MeV
° . _ R -8 mx mg
Lya on cold DM: v, = e <$107°%°c < o 2 2 o
a an Qr m _14
Po= 0 = 2R TP L 3%107M 22 GeV,
ao deq Qm 2 rh

* DM mass: O(107°) GeV § m, $ O(10') GeV



Higgs scattering and freeze-in

Interaction rate density:

T [ Vs TO
= dss*?o(s) Ky [ = | o< y2 A —
84 Jam ©°° o) k| mt

~ too small compared to Hubble rate = freeze-in

* BEQ
dy 135 \/T Mp
dT ~ 2m3g., 76 |
e DM yield:
Yo o< y2 X2, Mp Z-rh
Mg

® However: Y; < Y(;jecay due to the bounds on couplings



Gravitational channel

o) X

N Py

¢ X
Unavoidable due to the coupling ~ T"" gy,
Interaction rate density: (note: ng = pg/my ~ T8/(T}my))

(1) ()
8 Brvry -
Mz) \Thms) >
Trhmi
52 _1/2
MP my

Radiative upper bounds: T,, < 10* GeV

- Yogra « Y(;'eqmred

DM vyield:
Yo x



Bargoyenesis via Leptogenesis

1. Baryon (lepton) number violation
2. CP violation
3. Out of equilibrium
A simple and attractive scenario: Leptogenesis (rukugita, Yanagida 1986]

1 __ _
Ly > —(EMNN,.CN,-+ h.c.) —(YaiLoHN; + h.c.)

® CP asymmetry parameter ee e.g. [3o1302:
Y (Ni > boH) =~ (N; > Lo H*)
Yoy (Ni = loH) +~ (Ni > € H*)

Z€fa:8 (YTY) X im{(¥! )]g(zj,i)

i j#i

€ia =

® Focus on the minimal case with i = 1,2, and assume M, > M,



Thermal Leptogenesis
Neutrino Mass (after integrating out N)
M, = -V YM YT
CP asymmetry parameter ( rewrite Y with m,):
My
m)

Lower bound on M1 [Davidson Ibarra '02, Buchmuller, Bari, Plumacher '04]

YB,[_ ~ 107261/{75 pS 611074

€1 ~107° (

where k efficiency parameter (due to wash-out effect)
Need
28

Yg ~ ﬁYB_L ~ %6110_4 2107 = My 210" Gev

Recall Ty, $ 10' GeV = Thermal leptogenesis works (with high T,;)
Question

Can one has leptongenesis with IowerT,h?‘




Non-thermal Leptogenesis (preliminary)
® Inflaton couples to RHN

,CN o - (y/ QSWN/ + hC)
® | epton yield
ng-r |3 T

YB_[_ = . BR(¢ - NN) c €

S - 2m¢,

® Baryon number yield Yg = %YB_L ~ 10710

0 . Radliative Instability
L e
107 T I
= - BR=1
% 10% E%
O, -- BR=0.1 N
~ --- BR=0.01 s
10 N
0.01
BBN
10_5 7 ‘8 ‘9 ‘10 I11 12
10 10 10 10 10 10



Summary
® A simple polynomial model fits data very well:
V=d[e*+A(1-15)¢* +9/32A%7]
with A= -8/3¢0; 7 = 9.73x 107 ¢/ Mp ; d = 6.61 x 10 *°¢5/M>.

® Parameter space: Reheating +Radiative Stability = ¢ >3-10 ° M,
® Predictions:
1 r=7.1-107¢g/M @

2. a~-1.43-10"% = testable in future [ss cmg] @
® |Implications:

1. Inflationary scale: Hi,f ~8.6- 10’9<bg/M§ = Hiyr as low as 1 MeV!

2. Reheating Tem: T € [4 MeV, 10t GeV]
* Dark Matter: O(107°) GeV s m, § O(10'!) GeV

® Leptogenesis:
1. thermal: O(10%) GeV < My < O(10') GeV

2. non-thermal: O(10%) GeV 5 M; § O(10%0) GeV



Polynomial Inflation and lts Aftermath

Polynomial
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Backup: Realization of Polynomial Inflation in Supergravity
® Scalar Potential

K ((D,-W)K,.‘TI(DJTV_V) -3WP),

with D;W = 2% + 2K\ and K;; = agfg@

® 1 problem see, e.g. (1101248
Vo~ (1 + |¢ | )|7|2 Vglobal |¢’_|2 Vglobal == V”/V ~1

® Consider e.g. a Superpoetntlal and Kahler potential (Nakayama, Takahashi and

Yanagida '13].
1
W = X(a1® + ap®?); K = 5(cp + D24 X[

e Kahler potential admits a shift symmetry: ® — ® + jC (Kawasaki, Yamaguchi and
Yanagida '00]

® ¢ =Im(®) not appear in K = free from 7 problem
® Reproduce the (single field) polynomial inflaton potential:

1 2 2 in 6 2
V(qb)=(1+;(02+®*2+2®®f))(al®+a2®2)(al*®*+a;®i2)3(7‘a;‘ 4)277\[‘&1“;2“'" g3 102l e
4



Backup: Gravitational Inflaton Annihilation oo

] X

NG

- q

/;72 114\‘ _

¢ X

® ¢ph,, vertice
-l

2Mp

® Yxh,., vertice

P1uP2v + PPy — Nuw (p1 - p2 + mé)]

i
4Mp
® the amplitude:

[(Ps = pa) v + (P3 = Pa), Yo = 2y (P = P, — 23 )]

M¢x o MgVﬂquaMi)ca

where the propagator is:

1
e = 27 (0" + 0”0 =07 nt)



