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Why study reheating?
Inflation saves the Big Bang model.

By exponentially expanding a small region, inflation solves
several problems not addressed by the Big Bang model:

*The isotropy of the CMB radiation.
*The origin of the cosmic structure,
OT/T~10.

*The flatness of the universe, Qiwt=1.

The universe iIs left cold and
empty after inflation...

§> The universe must reheat to have a hot Big Bang
cosmology.
Energy in inflaton must transfer to radiation, and heat the universe

to at least ~1 MeV for successful nucleosynthesis. 218
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Perturbative Reheating
Dolgov & Linde (1982); Abbott, Farhi & Wise (1982); Albrecht et al. (1982)

Inflaton decays and thermalizes through the tree-level

Interactions like: . 1. .4
Lin = —(QMWWJF 9,87 +Z/1¢ + j

Inflaton can decay If allowed kinematically with the widths given by
gqumcﬁ 4mfb 2 My
FMW = o 1 — m; tanh (ﬁm
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Reheating Temperature from Energetics

¢+(3H + tot)¢+m¢¢ O Hinf >> Hosc X a_3/2

3H .. > T, = Inflaton dominates the energy density.
3H .. <T,,, = Decay products dominate the energy density.
M F T’
t. )=3M HZ2 = oL — T )T
prad(rh) Pl " " osc 3 30 g ( rh) rh

\/M Pl tOt (g"‘(-rrh)jl/4

T - @oz)M* L 100

Coupling constants determine the decay width, T".
But, what determines coupling constants?
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Fine-tuning Problem?
Praa = Trh
~ 9Vi (4) ~ 9" M H,
=T, ~9°MpH,,
If T, =10°M, andH,, =10°M,, ,
theng ~107".

To relax fine-tuning, one needs:

(a) High reheat temperature
» unwanted relics (e.g., gravitinos),

(b) Very low-scale inflation (H~10% M, ~10 GeV)
» worse fine-tuning, or

(c) Natural explanation for the smallness of g.
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What are coupling constants?
Problem: arbitrariness of the nature of inflaton fields

Inflation works very well as a concept, but we do not understand the
nature (including interaction properties) of inflaton.

e.g. Higgs-like scalar fields, Axion-like fields, Flat directions,

RH sneutrino, Moduli fields, Distances between branes, and

many maore...
*Arbitrariness of inflaton = Arbitrariness of couplings

«Can we say anything generic about reheating? Universal reheating?
Universal coupling?

»t00 weak to cause reheating with GR.
In the early universe, however, GR would be modified.

What happens to “gravitational decay channel”,
when GR is modified?
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Conventional Einstein gravity during inflation

1 1
L= —4 § I\/ISHR — §ngﬂ¢vv¢ — V(é) +\/_g —maitt

Einstein-Hilbert term generates GR.
Inflaton minimally couples to gravity.

Lo =0, 87w +0 g7 +Ad 1+

Conventionally one introduced explicit
couplings between inflaton and matter.
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Modifying Einstein gravity during inflation

Instead of introducing explicit coupling by hand,

Lin :W...)

L= \/—79 [%f((,ﬁ)R — %ngﬂ¢vv¢ - V(¢)j| +H—matt

Non-minimal gravitational coupling: common in effective
Lagrangian from extra dimensional theories
In order to ensure GR after inflation, f(v)=M

Matter (everything but gravity and
Inflaton) completely decouples from
Inflaton and minimally coupled to
gravity as usual.
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Field equations: GR

- 1

Mo Gruw = T +V 4V 6 - §9LW(5¢”)2 — 9 V(9)
Linearized field equation:

Juv — gp,y + hp,;u

M3

= [—0huy + - = T;?;
Wave modes are gravitational waves. To identify the wave modes,
we usually define _ 1
huyy = huy — §g“yh-

. B . B . 2
Dby — 2R pwh™ = 2R (17 ) — G Roph™ 4 Rhy, = _M+1:2)1Tuy

Harmonic (Lorenz) gauge: Vlﬁ;‘y = 0 10/18
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Field equations: f(¢p)R gravity
f('?b)Gpw = Tm +~V ¢V o — gﬂy(@(ﬁ) — Guv (';b)
_(gw — Vuvv)f(é)

Linearized field equation during coherent oscillation
Juv — ggy+hﬁu Q’l) =v+0
M3,

[_Dh.uu + - ] + ff(v)(gﬂvl:l o vﬁvv)g — Z}IE-

Wave modes are mixed up. To extract “true” gravitational degrees of

freedom, we define _ 1 F(v)
hyw = hyy — §guyh — Mﬁl —= 0T

. B . . . 2
Dby — 2R pwh™ = 2R (17 ) — G Roph™ 4 Rhy, = _M+1:2)1Tuy

Harmonic (Lorenz) gauge: Vlﬁ;‘y = 0 11/18



Yuki Watanabe, DSUOQ7, 8 Jun. 2007

New decay channel through “scalar gravity waves”

) S T v
Juv — Guv -+ h'u‘y —_ §gp,yh— ( )

Fermionic (spinor) matter field: —
Ltﬂ ~ —5 &[é,ua: Vaer, 1 fﬂ¢]¢ Yukaa Interaction
+1e yle’ @y, (hy +Lhdl)D, + hmy ]y +€

Bosonic (scalar) matter field: g
74

“fg g’“”’%)(ay)( U(y) + = h“”a,,c)(ap)(

X
1 ~ /
QD ........... 0.

Three-legged interaction

_ )y, | mp X
Uly) = mi)(z/Z Ex = 2 (mx T 7)

Pl
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Magnitude of Yukawa coupling

_ [(w)my
=M,

e For f((l)):a(l)za g:(:(V/MpI)(mV/ /Mpl)
> Natural to obtain g~10-" for e.g., m ~10" M,

e The induced Yukawa coupling vanishes for massless fermions:
conformal invariance of massless fermions.

e Massless, minimally-coupled scalar fields are not conformally
Invariant. Therefore, the three-legged interaction does not
vanish even for massless scalar fields:

, =S ><+_2
X T oM, 2 )

13/18



Yuki Watanabe, DSUOQ7, 8 Jun. 2007

Breaking of conformal invariance

f'(vJe Conformal invariance: local scale
{ M:  invariance at every spacetime point
=1 _, S Mass term obviously fixes the energy

9, () =>4, (x)=0°(xg,,(x)=g,, +9,,

ME M? . .
. " scale, and breaks conformal invariance.
o &[] If matter action is invariant under
T [9,,]1=- — conformal transformations, then the
[— g 0. §)

Q=1 stress-energy tensor is traceless.

Conformally invariant fields:

*Massless spin-Y4 fields g Y 0
«Conformally coupled massless spin-0 fields FV\/\/\/\@/V\/\/V F
*Gauge fields (classical level)

dg B(g) = — gg_. (Hn — gn-f)

Energy evolution parameter: t g (dm2 \ 373
Line = —V-g LV)zaTnﬁ’ "
2|leI g
1%, = Zm tUre + Z(g““f}p XsOuXs +4U(xs)) + Z mi V, V¥
f ; =

at the classical level 14/18
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Conformal anomaly: Lowest order decay channel to

gauge fields

o = L00my
2 €
QM2 T g
74
O ssnnnnnns
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1 A3k d3 k!
I'(c - FF) = E 2!“ ) o 54
1
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1 gtolut ’

32w 2(2m )4”?12//
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(2
(-mg )
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(c.f.) two-photon decay of the Higgs
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0 F
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Decay Width Summary

Fermions
. 2
. [f'(v)]'m m,
327M
Scalar Bosons ,
| m’ Probably the
f'(v)]| m2+—< 4
[F( )][ x 2] most dominant
I'= 322M*m decay channels
pl"" o

Gauge Bosons

2[£'(v)]'m? _ .
== [ (3)] —— x (# of internal fermions etc)
2567°M
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Constraint on f(¢p)R gravity from reheating
\/M o] ot (g*(Trh)jm
T 1073)¥4{ 100
I‘tDt > F(}._zzjw _I_I‘O'XX—"FGFF

()] < 8w<4o>'/4Tm(M“)” (& (Th))” '

o 100
Constraints from
e.g. f(d)=M?+Ep° chaotic inflation
E>-107°
& <4 (40)1/% X Futamase & Maeda(1989)

Trh (Mpl)g’/z(g*(Trh))]/d' | &> 5><10‘k/2
VvV \11, 100 Komatsu & Futamase(1999)
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Conclusions
A natural mechanism for reheating after inflation with
f(p)R gravity: Why natural?
O Inflaton quanta decay spontaneously into any matter fields (spin-0,
Y5, 1) without explicit interactions in the original Lagrangian
O Conformal invariance must be broken at the tree-level or by loops
O Reheating spontaneously occurs in any theories with f(¢p)R gravity

Predictability
O All the decay widths are related through a single function, f(¢).

A constraint on f(¢) from the reheat temperature can be
found

O A possible limit on the reheat temperature can constrain the form
of f(¢), or vice versa.

O These constraints on f(¢) are totally independent of the other
constraints from inflation and density fluctuations

Further Study...
Preheating? F(¢,R) gravity? 18/18
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