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Irreducible GW background from Inflation
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Irreducible GW background from Inflation
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Irreducible GW background from Inflation
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Irreducible GW background from Inflation
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Irreducible GW background from Inflation
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Irreducible GW background from Inflation
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Irreducible GW background from Inflation
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Irreducible GW background from Inflation
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Irreducible GW background from Inflation
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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
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Inflationary GW background
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Inflationary GW background

f

H 2
) ~ 9 1016 *
GW plateau 2-10 (Hmax)

[ nt(ws)
W fro) x A (1)

0 0
QE}\)N(]C) B Qg}\)zv plateau fRD

L S——
—_
— e — — S —————— e —— S —————— e —— e ——

Rad. Transfer Funct. Stiff Period
Plateau |/indow x power-law

| BNNIlimit _____ S 0

10—7 i

10—10
~ ‘ Freq. RD

h*Qaw

10_13 |
| ErRD = arpHRD
* ’ = 2
10-16| frD | frp = krp/(2mao)
SD-to-RD
10-19| ] transition

10~ 12 108 10~4 1 Hz



Inflationary GW background
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GW background QY (f; He,ws, frp)
Observability @ LISA (~2034) S sir “Si”
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GW background QY (f; He,ws, frp)
Observability @ LISA (~ 2034) S S “Sir”
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GW background Qu%(f; He, ws, frp)
Observability @ LIGO (today) ‘same s st
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~ * Control perturbations
Stiff Eq. of State * End before BBN

But as we learnt before ...



Ford 86, Spokoiny '93, Joyce '97,
GRAVITATIONAL Giovannini '98/99, Vilenkin & Damour '95,

REHEATING Peebles & Vilenkin '98, [...], DGF & Tanin '18/19

1/3 < ws <1 Requisites «
~ * Control perturbations
Stiff Eqg. of State * End before BBN

But as we learnt before ...

Enhancement of inflationary Gravitational

[Giovannini '98/99, ..., Boyle & Buonnano '07, ..., DGF & Tanin '19]
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Gravitational waves from
gravitational reheating



BACK to ... GRAVITATIONAL REHEATING
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BIG BANG NUCLEOSYNTHESIS

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

d
4 h° Qow(f) < 1.12 x 107°
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AN, = 0.2 (95%C.L.) [latest CMB]



BIG BANG NUCLEOSYNTHESIS
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BBN: /%hz Qaw (f) < 1.12 x 10~

Grav. Reheating: Qagw (f) (f/fRD)Q(:,UuZ;g)
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BBN: /%hz Qaw (f) < 1.12 x 10~

Grav. Reheating: Qagw (f) (f/fRD)Q(:,UuZ;g)

Monotonically growing signal !
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BBN: 7209 (H.,ws, frp) S 107°

Imax

(H,,we;0) <107°% § <1,

max )

Grav. Reheating: hQQQ%V



BBN: 7209 (H.,ws, frp) S 107°

Imax

Grav. Reheating: h2ﬂg\),v (H,,ws;6) <107° 6§ <1,

IMax

_ 1
However ... hQQg)%V (Hy,we;0) ~2.1-10 %5 X f(ws)wx 5
tax const. g ——
dependence nitiaj

fraction



BBN: 7209 (H.,ws, frp) S 107°

Imax

Grav. Reheating: hQQg\)N| (H,,ws;6) <107° 6§ <1,

IMax

_ 1
However ... hQQg)%V (}(,ws;d) ~2.1-10 %5 X f(ws) X 5
tax const. g ——
dependence nitiaj

fraction



BBN: 7209 (H.,ws, frp) S 107°
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BBN: 7209 (H.,ws, frp) S 107°
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BBN: 7209 (H.,ws, frp) S 107°
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(standard) Grav. Reheating
incompatible with BBN/CMB !

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
incompatible with BBN/CMB !

Therefore...

1) Either we modify Grav. Reheating

2
Prad 0 H*
A, = _ 0 (HN L A

3m2H2 300 <mp> J =

All N fields 0 =01 x Ny, Ad hoc
same properties | NG > @(103) tuning !
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self-interactions regularize



(standard) Grav. Reheating
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Therefore...

1) Either we modify Grav. Reheating

Radiation field is the SM Higgs ? We need non-min coupling
Ly =(0x)°+ X" —&CR

Standard Grav. RH wrong !

Corrected in DGF & Byrnes '16
Phys.Lett. B767 (2017) 272-277

Arxiv: 1604.03905



(standard) Grav. Reheating
incompatible with BBN/CMB !

Therefore...

1) Either we modify Grav. Reheating

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

€2 Grav.
L, = (Ox)* + M\* — E°R 0 ~ O(lOB)X > 1|Reheating
OK'!
Standard Grav. RH wrong ! A >0 (stability), €21
Corrected in DGF & Byrnes '16
Phys.Lett. B767 (2017) 272-277 [g <o 1803.07399 )\ zq
Arxiv: 1604.03905 °° 90 1905.06823 7 9PTIETE AX
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BBN/CMB constraints:
further implications
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BBN BOund Qg)\);v(f H*aw87fRD) 510_6

Energy EoS “Duratio Duration

LIGO cannot probe it ! Scale  Stiff Stiff
Erp (GeV)
1072 107" 1 10" 10 193
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[] Hinf = Hmax
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1
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LIGO cannot probe

parameter space
compatible with BBN !
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LISA ?
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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. sectors only (minimally) coupled
to gravity inconsistent unless:

i) Inflation ~ Modify gravity: Up to you...
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



PROPAGANDA

If you want to go ‘numerical’ in
your early universe computations...

l CosmolLattice |

Figueroa, Florio, Torrenti, Valkenburg
arXiv: 2102.01031

('GW computation' module about to be available)



https://arxiv.org/abs/2102.01031
https://arxiv.org/abs/2102.01031
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INFLATIONARY PREHEATING

Parameter Dependence (Peak amplitude)

Chaotic Models: Q%) ~ 107", @ f, ~10% —10° Hz

Large amplitude ! ... at high Frequency !

Qow x ¢ /2 — Spectroscopy of particle couplings ?
different couplings
... different peaks ?

DGF & Loayza, work in progress



INFLATIONARY PREHEATING

Parameter Dependence (Peak amplitude)

2
i) < fON gD fy ~ YA % 10° Hy
p

™m

f, ~ 108 — 10°
Q) ~1071, @ <
GW ? fo N 102 H N\
itude
Large amplitude “0)

(for v ~ 10'° GeV) (gine

o . 0w
realistically speaking ... @}

Hybrid Models: Q% (




