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PBHs and GWs from USR and PI
Introduction

@ Ultra slow roll is a phase in inflation when the scalar field rolls with
very small velocity. It may or may not be preceded by a brief
interruption in inflation.

@ Such ultra slow roll evolution can be achieved by having an inflection
point in the potential describing the inflaton field.

@ Models permitting ultra slow roll epoch are promising candidates to
generate significant primordial black holes (PBHs) and associated
secondary gravitational waves (SGWs).
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PBHs and GWs from USR and PI
Introduction

The scalar field driving inflation has the following equation of motion.

¢+3H¢+§% 0

The slow roll parameters that describe the dynamics of inflation are

defined as!
din H dine;

T TN

Slow roll approximation : 3H ¢+ 95 ~0, 5 < V(9).
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Typically, e1 < 0(1072), €41 ~ 1. Inflation ends when ¢ = 1.

lefold N = In(a/a;), H=dlna/dt, My, = 1/V8rG
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Ultra slow roll and Punctuated inflation

In ultra slow roll or punctuated inflation, there is an inflection point in the

potential.
av. - d*v

do 7 d¢?

=0.

The equation of motion around the inflection point is
b+3Hp=0.

In such a case,
€6 K 1, €9 ™~ —0(1) .
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USR and PI

Ultra slow roll models:

62_4 3 34
o USRL : V(g) =V - —_2a& +9F

(1+ ﬁx2)2

2

Punctuated inflationary models :
e PIL: V(p)=Vp (1+B¢4)
o PI2: V() =1 ¢? — 22 g8 + st St

o PI3: V(¢) =V [co+ 1z + o z? +03:U3]2; x = tanh (%)

;T =¢/v
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USR and PI

Behavior of slow roll parameters is very similar between USR and PI

models except at the peak of €.

The e does not recover slow roll value after the ultra slow roll phase.

USR models
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USR and PI - The power spectra
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Scalar (red) and tensor (blue) power spectra
from USR (top) and PI (bottom) models.
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PBHs and GWs from USR and PI
Model reconstruction

We reconstruct models of USR and PI using parametric forms of €; (V).

RS1: & (N) = [e1a (14 €24 N)) {1 — tanh (NA;VJIVI ):| + €15 + exp (NAiNJIQ)

N-N
RS2:  1(N) = el (N) + cosh™2 (ﬁ)
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Model reconstruction - potentials

We plot the potentials parametrically against the field evolution for the
reconstructed €1 (V).

N — N N — N;
RS1:  €(N) = [e1a (1 + €24 N)] |:1—tanh( AN11>} +51b+exp( AN22)

RS2 : eI(N) = €} (N) + cosh™2 (NA;N]:G)
10°4 10°
'/S § 1071
102
T 6 0 1 6
¢ /M, ¢ /M,
RS1 (blue) against USR2 (red) RS2 (blue) against PI3 (red)
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Model reconstruction - power spectra

We vary Nj to produce peaks at different scales and AN to determine
the height of the peak.
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Scalar and tensor power spectra from RS1 (top) and RS2 (bottom) models.
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PBH production in USR and Pl

Qm h2 Gep \ TV M N\TY?
_o1/4 _3/2 m -
Fopn (M) =21/ 43/2 p(01) (mh?) (ﬂ) (7)
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fpau from USR2 and PI3 models and reconstructions of RS1 and RS2.

see, for instance, B. Carr et al., arXiv:2002.12778 [astro-ph.CO]
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Secondary GWs from USR and PI

2 9x,k —1/3 2
h* Qg (k) = Qr h” Qg (k,m)
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f Hz
Qaw from USR2 and PI3 models and reconstructions of RS1 and RS2.

see, for instance, N. Bartolo et al., Phys. Rev. D 99, 103521 (2019);
C. .J. Moore et al., Class. Quant. Grav. 32, 015014 (2015).
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Scalar bispectrum
We compute the effect of of scalar bispectrum on f,.,, and Q_,

R0, 2) = RE(,2) = 2 fy, [RS (0, 2))

Using this f,, we compute the correction to the scalar power spectrum.

3\? k3 P Pr (k-
P (5) et [0 T R

A 272
(Ri Ryt) = ki3 B (k+ k)

Thus the correction to the spectrum P (k) is

Po (k) = i dv o 55 Pr(kv)Pr(ku).
(3) o [T

R-G. Cai et al., Phys. Rev. Lett. 122, 201101 (2019);
C. Unal, Phys. Rev. D 99, 041301 (2019).
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Scalar bispectrum

We calculate the scalar bispectrum G(k1, ko, k3) in two limits - equilateral
(k1 = ko = k3) and squeezed (k1 = 0, ky = —k3).
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USR2 (red) and PI3 (blue) in
equilateral limit (top) and squeezed limit (bottom)
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Scalar bispectrum - f,, in USR

10 1 3,3,3 3 . -1
N (k1, k2, k3) = —? @ Tr)4 kY k3 k3 G(k1, ka2, k3) |:k1 P‘R (k2) ’PR (k3) + two permutatlons] .

In the squeezed limit, fy, = 5(ng —1)/12.
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USR2 (red) and RS1 (blue and green)
equilateral limit (top) and squeezed limit (bottom)

ng — 1 =dinPy /dink, the scalar spectral index.
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Scalar bispectrum - Effect on PBHs and GWs

Pet = (2) s [Tao [T S PG,
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The scalar power spectrum and the non-Gaussian correction
for USR2 (top) and PI3 (bottom)
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Secondary tensor bispectrum
The secondary tensor bispectrum, say, G *2*3 (ky, ks, ks) is defined as!

(Pt () B2 () B () ) = (2) 172 G222 (o ez, kg, ) 6 (R + ez + k)

where X = [+, x] denotes the polarization of hy.

Only two combinations G;f ™% (k), G} **(k) are unique and non-zero in the
equilateral limit.

We compute and the associated shape function S,'*2*3 (k) which is defined

as
S L))

S = e
h ’

TN. Bartolo et al., JCAP 12, 026 (2016).
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Secondary tensor bispectrum
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Snh(k) in the equilateral limit for the models
USR2 (red), RS1 (blue) on the top and PI3 (red), RS2 (blue) in the bottom,

for (+ + +) (in solid lines) and (+ x x) (in dashed lines) configurations.
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Summary

@ USR and Pl models are the most promising candidates among models
for generating PBHs and secondary GWs.

@ Reconstruction of ¢; with USR behavior provides insight about the
dynamics and helps in easy constraining of these models.

@ The consistency condition is satisfied despite strong features in the
scalar power and bi-spectra. Hence there are no significant
corrections to the power spectra.

@ The secondary tensor bispectrum has unique features that may help in
better constraining of these models against future datasets.
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Thank you for your attention.
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