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Scalar spectator

Consider a scalar x (spin O) which only interacts with gravity and/or the inflaton ¢
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Gravitational particle production

Introducing conformal time, dt = a dr, and the re-scaled field X = ay,

1
(83—V2+a2m§ff>X =0, miy = mi+a¢2+8R

Quantize as a superposition of oscillators

~ 3 .
X(r, %) = /ﬁ e X+ Xi(maly|  [mal] =6k~ K), ajo) = 0

obtaining
XZ—I—w%Xk =0, with w,z = k2+a2m§ff
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For a mode inside the horizon,
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Gravitational particle production

Introducing conformal time, dt = a dr, and the re-scaled field X = ay,

1
(83—V2+a2m§ff>X =0, miy = mi+a¢2+8R

Quantize as a superposition of oscillators

~ 3 .
X(r, %) = /ﬁ e X+ Xi(maly|  [mal] =6k~ K), ajo) = 0

obtaining
XZ—I—w%Xk =0, with w,z = k2+a2m§ff

¢ X . 103 )
IM|® = gmijé(o A)
g,
" of, of,
ZIx X —9/2
) ) o~ HKIg = ClAl = oK

1. G. production



Gravitational particle production

Light scalar fields are unstable during inflation

2
X! 4+wiX, =0, with wj = k2-|—2(aH)2[mX +——1}

For a mode that is outside the horizon (k/aH < 1),

wi <0 if  mi<2H?,0/A<1 (tachyonic instability)
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inflation reheating

No free particle state during inflation = no perturbative picture
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Weak inflaton coupling

produced during inflation produced during reheating
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Spectator as Dark Matter
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Isocurvature in the CMB
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Y. Akrami et al. [P|anck], Astron. Astrophys. 641, A10 (2020)

CDI: cold dark matter density isocurvature
NDI: neutrino density isocurvature

NVI: neutrino velocity isocurvature

However, they have not been detected,
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This constraint applies only at
large scales (k. = 0.002Mpc™")
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Isocurvature spectrum of spectator field

The full isocurvature spectrum is given by D. Chung, E. Kolb, A. Riotto, L. Senatore, PRD 72, 023511 (2005)
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Isocurvature spectrum of spectator field
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Isocurvature spectrum of spectator field
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Isocurvature in gravitational production
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Induced gravitational waves
Gravitational waves sourced by the particle production
B+ 2HR; — VPhy = P {40,99,® + 20,xwx }

In the uniform density gauge
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Induced gravitational waves
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Peak contribution

The peak contribution freezes at Nyep, but p, < pg R

T T

L T T
10-30k ———{Tren = 674 GeV (DM))

10—36 L ]

L\'l(; 10—42 :_ 4

= [
@)

G 10—48 - -
10—54:_ -
10—60 :_ -

[ 1 1 1 1 1 1 M| 1
1071 1071 107 1077 10°° 10! 10° 10°
f [Hz]

)))A 4. Grav. waves



Tail contribution
The tail contribution freezes at Ny = Nog
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Tail contribution
The tail contribution freezes at Nye. <

N,

eqs Tren = 1013 GeV
4 T T T T T T T T
107°F Planck 2018: AN.¢ ]
/ \‘
-8 _
10 &
V
~ 10712F b
-~
£
O
G 10716 - 1
LiteBIRD
\
10 1072 Heng
L — 1073/2
10_24 C 1 " " 1 " " 1 " " 1 " " 1 " " 1 " " " 1 " " " 1 ._
10°19 10715 101 1077 103 10! 10° 10°
S [Hz]

)))A 4. Grav. waves



Tail contribution
The tail contribution freezes at Ny =

N,

eqy Tren = 103 GeV
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Tail contribution
The tail contribution freezes at Ny =

N,

Tren = 1013 GeV
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Tail contribution

Super-heavy DM scenario (Qxh2 =0.12)
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What about PBHs?

Configuration space approach

o) = [~ E Pty T

0o (R, x) = /dBX' W(R, |x — X'|) §,(x)

o~ N0,
64/; ~ QPQ ~ X%
g Lo (very non-Gaussian)
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Stay tuned!
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