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inflation Black holes from inflation

@ @ @ Quantum fluctuations in @, g, are strechted by expansion
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. PBHs fi . .
inflation Black holes from inflation

JZ7.
@ @ @ Quantum fluctuations in @, g, are strechted by expansion

(Y. Mambrini)

H4

2m” ,
LPRd(k_k/) —  single field: Pr(k.) ~ pucys

K

Given critical threshold, 6. = 0.5, overdense

the fraction of BHs of mass M is horizon 4 l
B(M) = ds P(6, M) ‘ ' ‘
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Typically P o ¢87/20%(M) gnd  demsiyperirbation i o et
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1. PBHs from .
inflation Peaks in the power spectrum
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1. PBHs from .
inflation Peaks in the power spectrum
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Simplest mechanism: ultra slow-roll, Pr 62
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inflation Peaks in the power spectrum

@ Single field Multifield
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Simplest mechanism: ultra slow-roll, Pr 2




1. PBHs fi .
inflation Peaks in the power spectrum

Single field “Multifield”
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Simplest mechanism: ultra slow-roll, Pr 2
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inflation Slow roll from particle production
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1. PBHs fi . .
inflation Slow roll from particle production

Adiabatic, thermalized production

¢+ BH+ATD)G+Vy =0

-1 0
N = New

(warm inflation)
A. Berera, PRL 75 (1995), 3218 X
A. Berera, I. Moss, R. Ramos, Rept. Prog. Phys. 72 (2009), 026901
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background dynamics — particle production —> curvature fluctuations
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1. PBHs from . . .
inflation Curvature perturbations from particle production

background dynamics — particle production —> curvature fluctuations

Ni(o/H)* =25, N =20, Planck TT,TE, EE + lowE + lensing + BK15 (M 1o, 820)
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e M=3x10"*m,, g=0.5, h=1.6,
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Dissipation during inflation

The total (inflaton+radiation) stress-energy tensor is conserved, V, T*" = 0, but individually,
gy # Y

72 v
ViTig) = @

V.TH = —Q"
w5 o wd(n)

¢l

2. Background

(M. Gleiser, R. Ramos, PRD 50 (1994) 2441; M. Bastero-Gil et.al., JCAP 05 (2014) 004)

v 2T
Qu = —Tu' V.9V, + 7§tvu¢
—_—

dissipation
fluctuation

&t denotes a normalized white-noise process, & = dW;/dt, with dWW; a Wiener increment,

(€& () = 6@ (x—x)s(t 1)
Only dissipation affects the background




Background dynamics

b+ BH+TD)p+ Vg
pr+4Hp,

2. Background 1
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Localized dissipation?

Inflaton coupled to a d.o.f. ) connected or part of the thermal bath
V(g,x) = V(¢)+f(#)g9(x)

Integration over x and an ensamble averaging,
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2. Background
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A. Hosoya, M. Sakagami, PRD 29 (1984), 2228; M. Bastero-Gil, A. Berera, R. Ramos, JCAP 09 (2011), 033




Localized dissipation?

Thermal corrections to the potential can be suppressed via heavy field exchange, ¢ — x = o

1 1 1 1 oo o0 1. 2
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Localized dissipation?

Thermal corrections to the potential can be suppressed via heavy field exchange, ¢ — x = o

1 1 1 1 oo o0 1. 2
2. Background L= Wauﬁaau90+ ia“xé‘uﬁ 55‘“0‘(%0‘ 9P X T 59PX0 — Vie)
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Scalar fluctuations

Introduce the set of linear fluctuations in the Newtonian gauge, §¢, dp,, §¢» = 5p,Svr, and
ds® = (1 +2¢)dt* — a*(1 — 20)6sda’ da?

Einstein’s equations lead to

1

. K
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3. (Random) . B 1 s
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Scalar fluctuations
Introduce the set of linear fluctuations in the Newtonian gauge, §¢, dp,, §¢» = 5p,Svr, and
ds® = (1 +2¢)dt* — a*(1 — 20)6sda’ da?
Continuity equations in turn give (M. Bastero-Gil et.al., JCAP 05 (2014) 004)
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fluctuations

4 1 .
M‘\ Sir+ g prt + 3Hr + S 0pr + 156 = 0

Solutions reach an attractor, so initial conditions may be chosen as

éefikf

5¢-=0,  Jdp,=0, =0, dp=-——r
1 P v ¢ 2M, aH\ ke

Difficult to find their gauge-invariant versions!




Frequentist vs deterministic

1 W is continuous but not differentiable

10 WH—AL‘ — Wt ~ N(O,At)

0.5
00 'anwmw Take ® = (¢75Pr75¢75¢>T

105 .
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3. (Random) ‘ ‘ ‘ ‘ ‘ ‘ BZ &Eo(t—t)

fluctuations

time with (&) =0, (&&) = Atd(t— t)

/t_l it (&+A4®) = @ —@; = Bi&

i

= P(t+ At) ~ A()®(H)At+ B(t)&;
(Euler-Maruyama)

(we use a stochastic RK method)




Frequentist vs deterministic

[td’s lemma:

dX = aXdt+bdW,
dX® = (2aX* + %) dt+2b X dW,

For cosmological perturbations,

3. (Random) d(@dt) ; AT -
fluctuations a —-A(®®') - (#®")A" + BB

M The curvature power spectrum is

(Pr) =

with R=CT®




Frequentist vs deterministic
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Distribution of the power spectrum

Skew — normal fit 8 Skew — normal fit
logyo(Pre (k)i (universal)

logyo(Pr(k))s™"™
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Analytical approximation

¢ Decouple d¢: 5 + (3¢, 0, background) = f4(t)&:
® Approximate R ~
Parametrize background as piecewise constants

Solve homogeneous equation, 8¢+ (6,00, background) = 0, and find Green’s function
3. (Random)

fluctuations

Jw’,\ Formally solve, 6 (t) = 6™ (t) + / dt G(t,t) f5(t) &y

Pss = PL (1) + / it Gt f(t) —  Pr




Analytical approximation
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— Matrix formalism (PR(k )
— Analytical -(P

® Stochastic average

) atrix
nalytical
r(K))
. PR(k)>
Stochastic simulations P. ( )

k

a
S
stoch.

R

3. (Random)

fluctuations

(Pr) — P

107!
1C'gll) (k/kpeak) k/kpmk




Induced gravitational waves

Second order induced GWs, (s = (+, %))

W+ 2HbY + PR = S

5t = [ Grzei@pn {swm_w o (wp+ %w;,) (wk_p+ ;tlp,;,,)}

Y. Luet ol., PRD 102 (2020), 083503
The source needs to be tracked during and after inflation,
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Signals
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5. Conclusion

Conclusion

Localized dissipation can be realized with non-minimal kinetic terms
Dissipation affects the background, but does not drive the enhancement in Pr
Thermal fluctuations are the main source for a peaked Pr

Thermal attractor allows for analytical estimates

First full determination of the stochastic GW signal

Induced growth of fluctuations during reheating?

Thank you



