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REHEATING AFTER INFLATION:
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. There are hundreds of inflation models consistent with the observational data

>
0.25

\ Planck 2013
B Planck TT+lowP

\ " Planck TT,TE,EE+lowP
B Natural inflation

0.20

\ Hilltop quartic model
v attractors
— - Power-law inflation
—  Low scale SB SUSY
—  R? inflation
V x ¢?
— V x ¢?
— V3
V xo
— V x¢?3
e /NV.=5h0
® /N.=60

0.15
|

Tensor-to-scalar ratio (7¢.002)
0.10
|

rooo < 0.11 (95 Yo CL)

0.05
|

0.00

0.94 0.96 0.98 1.00
Primordial tilt (ns) P.A.R. Ade et al. Astron. Astrophys. 594 (2016) A20

ns = 0.9655 + 0.0062 (638 % CL, Planck TT+lowP)

o The simplest scenario is based upon a single scalar field minimally coupled to
gravity
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Details of cosmic inflation:

Inflation is assumed to be driven by a scalar field ¢ slowly rolling down its potential.
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THERE ARE DEGENERACIES BETWEEN MODELS. .
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REHEATING CONSTRAINTS TO INFLATIONARY MODELS.:

Reheating is a transition era between the end of inflation and the beginning of the
radiation era during which the energy stored in the inflaton is converted to a plasma

of relativistic particles.
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Reheating is a transition era between the end of inflation and the beginning of the
radiation era during which the energy stored in the inflaton is converted to a plasma
of relativistic particles.

Although there are NO direct cosmological observables that are traceable this period
of reheating, there are several reheating models have been proposed including
perturbative decay of oscillating inflaton field at the end of inflation, and non-
perturbative processes such as parametric resonance decay, and instant preheating.

Depending upon the model, duration and final temperature of the reheating, as well
as its equation of state, directly linked to inflationary observables if we approximate
reheating by a constant EoS.

Reheating can be helpful to break degeneracies between inflation models that
otherwise overlap in their predictions of ngand r.



REHEATING CONSTRAINTS TO INFLATIONARY MODELS.:
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REHEATING CONSTRAINTS TO INFLATIONARY MODELS.:

~ The energy density at the end of inflation can relate to that of at the end of
reheating if the effective EoS is assumed to be constant.
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~ The energy density at the end of inflation can relate to that of at the end of
reheating if the effective EoS is assumed to be constant.
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REHEATING CONSTRAINTS TO INFLATIONARY MODELS.:
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REHEATING AFTER INFLATION.

IN MINIMAL (OR STANDARD) MODEL OF INFLATION
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WITH APPLICATION TO MODIFIED GRAVITY




The Horndeski theory, which is equivalent to the generalized Galileon theory!

Generalized Galileon Theory: § = Jd“x1 /=g (L, + Ly + L, + Ls)

[G. Horndeski, “Second order scalar-tensor field equations in a 4D spacetime”];

C. Deffayet, X. Gao, D. A. Steer and G. Zahariade, PRD 84, 064039 (2011);

T. Kobayashi, M. Yamaguchi and J. Yokoyama, PTP 126, 511 (2011);

X. Gao, T. Kobayashi, M. Shiraishi, M. Yamaguchi, J. Yokoyama and S. Yokoyama, PTEP 2013, 053E03 (2013);

L, = G, (¢, X) where X=-V ¢Viep/2
L3 — G3(¢9X) ¢

Ly = Gy, X)R+Gyx [( 9) = (V.99 (V7 W)]

1
Ls = G5(h. )G, (V¥ V*$) = —Gis y l( $)° — 306 (V” vab) (VEVYg) +2 (V'Y ) (V“ Vﬂgb> (Vﬁ Vﬂ¢>]

by choosing a certain combinations of G,(¢, X) functions, one can construct
a broad spectrum of cosmological models describing cosmic inflation (and dark energy).
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Calculating V,, and 1, after inflation:

If w,, ~ const., the p,,; at the end of inflation is related to that of reheating p,., :

< Ny

» €

re ————)»4%————-]\G{[}————>

|
In aj

Natural inflation: V(¢) = A*

4 k 1

.DJ — “]Vk"'lrl
1 — 30)1’6 aoTo 4

re

111 Aend

_1 — COS (gb/f)_

2
T=8re

In a.

with o— and // — terms:

1 lgs,re 1 1
— —1In V(¢e) + 5 In

2an2
3 7 <27r Mpn@s)

V(¢e)e -3(14+w,,)N,, .

1016,

10°

Te[GeV]

ng = 0.9649 =+ 0.0042

107_

0.96

A=20

0.97
TR~ 3 101°GeV

100GeV

10MeV

— Wre=—7

0.98

1
3

0.96

0.97

0.98



0 4 | k1. 30 1 llg 1 1
_ Ve 300N N = N~ I S nW(g,) + = In (27:2M5n@5) =1 —
g 1 -3, al, 4 7%, 3 43 4 2 A[1 + cos(¢/f)I2
0.11 Planck TT,TE,EE + lowE+lensing+BK14+BAO R N e
Blanck TT,TE,EE + lowE+lensing+BK18+BAO Planck TT,TE,EE + lowE +lensing+BK18+BAO Planck TT, TE,EE:+ lowE +lensing+BK18+BAO
15< A < 4500 - 102 < T,s < 10" GeV: | AN Tre < 10 MeV
0.05- W ==1/3| 20sA=<40 : 0.05+ We =0 “20s/A <40 .
0.09% : b , — 10°GeV sT< Tp* - dis . ; — 1072 5T, 10° GeV
N,=50 | : _ ,", A~ 102 ST, s10° GeV
0.07l 0.04 j 0.04 X / 10°GeV s Tpo < T
r : ’ r Ny = 43
0.03 } 003 - .
0.05¢ _ : Ny = 46.~
Ny =50, : -
0.03} 0.02_‘ -~ “ 0.02_‘
0.01! \ 0.01 ! 0.01" _
0950 0.955 0.960 0.965 0970 0.975 0.980 0950 0955 0960 0965 0970 0975 0.980 0950 0955 0960 0965 0970 0975 0.980
ns Ns Ns
. 0_06 T N T T INT X C ¢t T ' " L . T} T T T 006 DR R P e B R | U T & Tt 0 T T T T T T | RS B e s
107 A=13 A=43 1 Planck TT,TE,EE + lowE +lensing+BK18+BAO Planck TT,TE,EE + lowE +lensing+BK18+BAO
max ., 15 — Wre=—73 - T.. <10 MeV : T.. <10 MeV
I "= 3x107GeV /1 31 005 |we =025 2054540 " . o5 e -0l 20440 .
1012 L ,,,' l. \‘ - wre=0 i e 10 Mev S Tre S Tre : i S 10 S Tre S 10 Gev_
P 1 | ; | ~ 10% 5 T,e 5 10° GeV
S T Wesy 0.04 : 0.04 —/10%°GeV's T, s TMax.
: £ Y P ‘
O 107 [.--7] : ,-' : e L j .
|\9 - II :' \‘ 0.03 n . 003 B
' 0.02 0.02-
0.01 3 0.01
0.98 0950 0955 0960 0965 0970 0975 0.980 0950 0955 0960 0965 0970 0975 0.980
ns

0.96

0.97

2[2 — cos(p/f)]

ns




The Horndeski theory and the generalized Galileon theory are equivalent!

[G. Horndeski, “Second order scalar-tensor field equations in a 4D spacetime”];

C. Deffayet, X. Gao, D. A. Steer and G. Zahariade, PRD 84, 064039 (2011);

T. Kobayashi, M. Yamaguchi and J. Yokoyama, PTP 126, 511 (2011);

X. Gao, T. Kobayashi, M. Shiraishi, M. Yamaguchi, J. Yokoyama and S. Yokoyama, PTEP 2013, 053E03 (2013);
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by choosing a certain combinations of G.(¢, X) functions, one can construct
a broad spectrum of cosmological models describing cosmic inflation (and dark energy).
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o In light of both the current and future observations, extended models of
inflation seem to be more promising!

o |
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. In the early universe, approaching the Planck era, it is quite natural to
consider corrections like this.

We are interested in understanding the effects of this additional term
o during inflation and reheating
o its contribution to the Primordial GW spectra

S. Koh, B. H. Lee, W. Lee and GT, PRD 90, 063527 (2014)
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. Here, it is important to have: &(¢)) # const.

1 1

S = [ dtov=g | 5o R~ 59" 0.00,6 = V(6) ~ 3€(6)RE|

2K 2

. because of the background EoM in flat FRW universe: ds*=—dt’+a*(dr®+r%dQ?),

H? = i (1& 1%

KJQ

12§H3> ,

-4y [ - i o - )]

b+3H+Vy+126,H? (H + H?) =0,

. Observable quantities are obtained as,

k ng—1
@S(k) — gjs(k*)(k—> )

*

26(26 —+ 77) — 01 ((52 —

— 1~ =2
s ‘ 26—51

where ¢=-—73,

P

K\

r~ 8(2¢ — 1),

— 01 = 4AKPEH, 6y = & 3= ——
EH EH?
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If it is
then the tensor power
spectrum is called “blue-tilted” (“red-tilted”).

Class-1I: nT < O,

can be either negative or positive.
nT positive (negative),

e > 0,
- € <0,

Class-II: nT > O,

vV %

< f¢>—ﬁv—(§, for V¢>O, . 1 V¢ V¢ | 4K45V < f¢<—ﬁ%, for Vi >0,
| .

\ 5¢<—ﬁ%, for Vi <O0. 3 ¢

g
| &> —paye, for V<O,

Model-T: V()= L(xd)", &(6)=Eolrd) ™.

3 SiIth(l-{¢) — %Sinh(/{¢)
Model-II: V(¢)=  [tanh(x6) +isech(x6) , ()= | Jpinh(es)

B 4|\/p + sinh (k¢)] ’ |

S. Koh, B. H. Lee, W. Lee and GT, PRD 90, 063527 (2014)



Model-I:

3 [SinhQ(li¢) — LSimh(ﬁ@)}

2, €(g) = Vi

Model-II: >
4 |\/p + sinh (k¢)]

S. Koh, B. H. Lee, and GT, PRD 95, 123509 (2017)

20—

1.5

V@)

00
-10




Model-I:

Model-II:

10—1_

10—2_

r0.002

107°+

1074+

0.945 | 0.965

. In addition, nT < O, and nT > O



By assuming,
constant equation-of-state during reheating, aHT|::COHSL
no entropy production after the end of reheating
we calculate the duration of reheating and the thermalization temperature at the
end of reheating,

6—26—51(5—2€+52)

1
T, — 3O)\emd‘/end 4 —%(1—|—wth)Nth where Aend = -
th = © . P=Pend

In our numerical study, we consider following models:

y
Model-I:  V(9)=—3(ko)", £(6)=tolne) ™, > =TV

Model-II: V(¢) = % tanh (k) + \/msech (kp)]* ,  €(d) = . :



- Numerical results:

Vo

_ ot
Model-I:  V(§)=—o(kd)", &(d)=Co(rd)™, witn a=2vy
4 ) ) 050
K 3
t 50~ —— 50, e
with n=1 - with n=2
40 40
L @
L ‘E : h
10:— \ I"\ _ 10:_
| VoA |
0. N ol
1018_ 1018_
1014 - /:/;x 10M4
1010+ j’ ‘ 1010,
Tth 108.GeVv 10° GeV
10° R LRl - REREA o REEEEEb
1100 GeV 100 GeV
102 RECERRELTEE 2 0% e - - -
0.955 0.960 0.965 0.970 0.975 0.955 0.960 0.965 0.970 0.975
From solid to dotted: wyhn=—1/3;0;1/4 and 1. Hg



- Numerical results:

)\end —

Vo _ 4
_ 4 1. (3Xend) . 1, (Vend '
Ny, = Som —1 | 6O°0085+41n<1007rz>+41n<Hj}>+N*_
6 ::
6—26—51(5—2€+52) </5=(/5end> 0; OSGSI O§a<

32.36

32.44 -
32.42 -
32.40 -

32.38 -

For T:x=10¢ GeV and ns=0.9655:

3246,
I . 7
: 0 < a<1/4.
............. ®
- Model-Il with n=1
-0.2 -0.1 0.0 0.1 0.2

2 19.85;
119.80
19.75
19.70
19.65

119.60




- Numerical results:

Model-II: V(¢)=

103_

/\end

10—3_

107"

Model-ll

10_9_\ | | | | | | |
000 005 010 015 020 025 030 035

31.10 - LA -

1074 < 1 < 0.3517.

31.00

N i

30.90 ]

—————————

30.80 - .

N """ o o Model~Il |
0.955 0.960 0.9655 0.970 0.975 0.15 0.20 0.25 0.30
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