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TWO PAPERS /IDEAS

Inconsistency of an inflationary sector....
<REHEATING / GRAVITATIONAL WAVES>

Measuring the early Universe expansion rate...
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Connection
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Particles and
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Sector ?

* SM Portals ?

*  Mediator fields ?

* No coupling ?
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Need to excite matter
(to reheat the Universe)
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Inflation does
the job !

Initial energy fraction radiation-to-total (end of inflation)
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Energy

End of
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Rad. produced,
but subdominant
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We done ?



Ford '86, Spokoiny 93, Joyce '97,
GRAVITATIONAL Giovannini '98/99, Peebles & Vilenkin '98,

REHEATING [00’ ... 18], DGF & Tanin '18/19

1/3 <ws <1 Requisites ‘
~ * Control perturbations

Stiff Eqg. of State |~ End betore BBN

We done ? Nope

Enhancement of inflationary Gravitational

[Giovannini '98/99, ..., Boyle & Buonnano 07, ..., DGF & Tanin 18]



Inflationary GW background
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Inflationary GW background
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Inflationary GW background
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Inflationary GW background
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Inflationary GW background
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Inflationary GW background
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Inflationary GW background
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Inflationary GW background

r EU——
0 0
Qv () = Wy
plateau

ne(ws)
< WS/ frp) % As (—)
L — J:_r/__ ————— e

I 0,
frRD

W, g

H
~ 9.10"16 i
(H

2
max )

plateau

Rad.
Plateau

Window x power-

Transfer Funct. Stiff Period
law

10—14

<

55 107 |

C Window

& | =
10—167 Rad. Plateau .
10—17

001

010

1 ‘ 10 ‘ 100

Why Blue-tilted?
1

PGW X —
a

1
Ps & 3(14w,)

PGW
Ps

x &(Sws—l)

Growing funct.
for wg > 1/3







Inflationary GW background
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Inflationary GW background
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Inflationary GW background
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Inflationary GW background
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Inflationary GW background
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Inflationary GW background
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GW background QS (f; H.,ws, frp)
Observability @ LISA (~2034) S22’ sin it
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GW background QS (f; He, ws, frp)
Observability @ LISA (~ 2034) swe sit st
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GW background QS (f; H.,ws, frp)
Observability @ LISA (~2034) 5 sie “Sir

9.1 x 10'° GeV <H. ;¢ < 6.6 x 101 GeV
047 <wg <1

107" Hz <frp < 4.6 x 10~° Hz
107° GeV <Egrp < 5.91 x 10° GeV

Significant fraction of param. space observable !




GW background QS (f; H.,ws, frp)
Observability @ LISA (~2034) S22’ sin it

But ...
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GW background QS (f; He, ws, frp)
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BACK to ... GRAVITATIONAL REHEATING

inflation Stiff - Rad. | MD | AD
1 1 I 1 I I
w < —3 |§<w<1: W= 3 : w =0 : w=—1
l lO | ; ; >
Tinf TRD TBBN Teq Nnow
pjad Prad ~ - =
H2m?, <l H2m?, . Requisites
~_ * Control perturbations
* End before BBN
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BIG BANG NUCLEOSYNTHESIS

Expansion rate (Rad. Dom): ~ Extra relativistic species

df

- M Qew(f) < 1.12 x 1076

AN, = 0.2 (95%C.L.) [atest CMB]



BIG BANG NUCLEOSYNTHESIS

Expansion rate (Rad. Dom): ~ Extra relativistic species
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BBN: /%hQ Qaw (f) < 1.12 x 107°

Grav. Reheating: Qqw(f) (f/fRD)Q(Zzlifg)

Monotonically growing signal !
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BBN: /%fﬂ Quw(f) < 1.12 x 106

Grav. Reheating: Qqw(f) (f/fRD)Z(Zilifg)

Monotonically growing signal !

BBN bound @ Jmax [Freq. horizon crossing End of Inflation]
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1) Either we modify Grav. Reheating

2) We use modified gravity in Inflationary Sector

3) We couple the inflaton and reheat via such couplings
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(standard) Grav. Reheating
iIncompatible with BBN !

Therefore...

1) Either we modify Grav. Reheating

2) We use modified gravity in Inflationary Sector

I’m very happy with General Relativity !



(standard) Grav. Reheating
iIncompatible with BBN !

Therefore...

1) Either we modify Grav. Reheating

2) We use modified gravity in Inflationary Sector

Y. Watanabe and E. Komatsu, Phys. Rev. D75, 061301
(2007), gr-qc/0612120.

Y. Watanabe, Phys. Rev. D83, 043511 (2011),
1011.3348.

A. A. Starobinsky, Phys. Lett. B91, 99 (1980),
,771(1980)].

A. De Felice and S. Tsujikawa, Living Rev. Rel. 13, 3
(2010), 1002.4928.

But if you are not ...
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(standard) Grav. Reheating
iIncompatible with BBN !

Therefore...

1) Either we modify Grav. Reheating

2
Prad 5 H*
A, = - = — N:A

3m2H2 300 <mp> =

All N fie|d.S 0 =01 X Ny, Ad hoc
same properties ! Ny > 0(10%) tuning !
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(standard) Grav. Reheating
iIncompatible with BBN !

Therefore...

1) Either we modify Grav. Reheating

Radiation field is the SM Higgs ? We need non-min coupling

52 Grav.
L, =0x)°+M*"—&FR | 6~ 0(103)X > 1|Reheating
/ OK'!
Standard Grav. RH wrong ! A > 0 (stability), & 21
Corrected in DGF & Byrnes '16
Phys.Lett. B767 (2017) 272-277 [; o 1803.07399 . e ) zq
Arxiv: 1604.03905 ©® 95 1905.06823 7 O X




BBN: further
iImplications




BBN Bound Q& (f; He,ws, frp) <107

Energy EO0S “Duratio Duration
Scale Stiff Stiff

ERD (GGV)
10 10-2 10—1 1 101 102 103
E B Hinf = Hmax
: 0] Hinf = Hmax /3
0.9 ' W Hipf = Hmax/ 10
v Hing = Hmax/ 30
0.8t : U Hinf = Hmax /100
1 v T Hins = Hmax / 300
0.7} 1
()]
3 1
0.6
0.5
0.4
107" 107" 107 1078 1077 107 107

fRD (HZ)
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Energy EOS “Duratio Duration
Scale  Siiff Stiff

Erp (GeV)
1072 107" 1 10 107 10° Erp (GeV)

1.0
1072 10~ 1 10 102 103

1.0
0.9
0.9
0.8 0.8
1
" 0.7 3‘0 0.7} . "1 Hinf = Hmax
0.6} : O Hinf = Hmax /3
0.6 [] Hinf = Hmax 1 : O] Hinf = Hmax /10
O Hinf = Hmax /3 0.5} : L Hinf = Hmax /30
05l B Hinf = Hmax/ 10 04l E B Hi = Hmax/ 100 _
: B Hf = Hnax/ 30 L W H = Hmax/300

. H|nf = Hmax/ 100

] 10" 10" 10° 1078 10‘ 10' 107°
B H;\f = Hpax/ 300
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BBN BOund Qgr)\)]v(fyH*jw87fRD) §10_6

Energy EOS “Duratio Duration
Scale  Siiff Stiff

Erp (GeV)
1072 107" 1 10" 102 103

1.0

102 103

0.9

0.8

[] Hint = Hmax
[ Hinf = Hmax /3
B Hinf = Hmax/ 10

, 0.7
3

[] Hinf = Hmax

0.6 '
& Hinf = Hmax /3 0.51, B Higf = Hnax /30 ]
1 B Hiyf = Hmax !/ 10 : M Hif = Hnax/ 100
051 . ' 0.4¢p B Ho = Hoax/300 ]
. Hmf = Hmax/30 1 inf = Mmax
B H = Hooy /100 = - - - = s _
04l 1 inf = Pmax? " 1077 10 10° 10® 107 10° 10
" 1 . H|nf = Hmax/300
: frp (HZ)

10~ 10710 107° 1078 1077 1070 107

fro (Hz)
> LIGO cannot probe

parameter space
compatible with BBN !



BBN Bound Q& (f; He,ws, frp) <107

E EoS  Duratio
LISA ? Scalo St Stff

Erp (GeV)
1072 107" 1 10" 102 10°
1 0 " Erp (GeV)
1072 107" 1 10" 102 103
1.0 —— : : : ; .
0 .9 | Hinf = Hmax
u Hinf = Hmax /3
0.9

| Hint = Hmax /10
0 Hinf = Hmax /30
[ Hinf = Hmax/ 100
[7] Hinf = Hmax / 300

= Hinf = Hmax

0.6

I | Hinf = Hmax/3
IO 5 . Hinf=HmaX/10
L B Hinf = Hmax / 30
Y q

M H, = Hyay /300 ]
inf = Timax 10~ 10-10 10-° 1078 1077 1078 1075

frp (HZ)

1
1
--I'-------- .HinszmaX/1OO
1
1
|
1
1

10710 107° 1078 1077 1070 107



BBN Bound Q8 (f; H., ws, frp) <10
LISA Soale St St

1.07
0.1
| H, _ 04 W
0.8 Hmax 82 —
| 10 M
0.7}
W i
0.6
0.5
0.4
10~ 11 10~10 10~9 10~8 10~7 10-6 195

frp|Hz



OUTLOOK

0) Reheating w/o couplings requires imagination:
Grav. Reheating or Modified Gravity

1) (Standard) Grav. Reheating is inconsistent
Too many GWs (violates BBN/CMB bounds)

2) Inf. sector only (minimally) coupled
to gravity inconsistent unless:

1) Inflation ~ Modify gravity: | don’t want to
i) O(1000) spectator fields identical: ad hoc tuning
ili) SM Higgs + Non-Min coupling: works (not observable)

3) Stiff Era (in general): not observable @ LIGO, barely @ LISA



Kiitos
huomiostanne !



