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* Primordial black holes

» Sound speed resonance (SSR) mechanism

 Induced GWs: a promising approach to detect PBHs

* Probing new physics via the GW astronomy due to SSR
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What is a Primordial Black Hole?

WHEN BLACK HOLES FORM
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PBH Formation

» Collapse of overdense region:

Horizon

Horizo Collapse

[from Fernandez]
~ Threshold: Ry~R >R, e Threshold:d > wl, forp = wp [cam7s]
H ] shold. 0 -~ @ , p=wp ’
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Hubble radius Jeans The precise value of the
Overdense length threshold for PBH formation
region 6 = ép/p 6.~0.45
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Generating large inhomogeneities: inflationary scenarios

» Running mass inflation:

,PRL(k) :AR( (k_

Running
parameters

» Inflection inflation:
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» Axion-like curvaton inflation:

:Df,' (k) = P;Linf(k) + ’Pg’.curv (k).
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Generating large inhomogeneities: SSR mechanism

PHYSICAL REVIEW LETTERS 121, 081306 (2018)

» QOscillating sound speed.:

Primordial Black Holes from Sound Speed Resonance during Inflation

2 : fi-Fu Cai," ™" Xi Tong.'” ™" Dong-Gang Wang.™"" and Sheng-Feag Yan'*
c; =1—2&[1 — cos(2k.7)], with 7 > 7
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[CYF, et al.,, PRL 121 (2018) 8, 081306]
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Generating large inhomogeneities: SSR mechanism

» Enhanced curvature perturbation:
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SSR In the inflaton-curvaton mixed scenario

> The total curvature perturbation in the mixed scenario [Chen & CYF, JCAP 10 (2019) 068]

Symbolically: P> = ’Pc +P¢

/N

inflaton curvaton

- N\

Adiabatic scale-invariant; . .
Conversion: Isocurvature —

. 2
po_ 1 (Hs curvature
¢ 872¢ \ M »

SSR: ¢, oscillates during inflation




Curvaton scenario

» The primordial density perturbation generated in curvaton mechanism

The curvaton is assumed to be a second,
light, scalar field presents during inflation:

1. has a subdominant energy density compared to the
inflaton’s, while the inflaton drives inflation.

2. is long lived (i.e. it decays later than the inflaton).

3. generates the entire primordial curvature perturba-
tion.

The conversion between isocurvature

perturbation and adiabatic curvature perturbation.

- H 1_.
C: - Jpnad__vz (J+1'1+B) :
p+p 3

log p
j' Py

H=ly H~.m, H=l, log a

FIG. 3. The diagram of the evolution of the background en-
ergy density of inflaton (red line), curvaton (blue line), and
their decay products (radiation). The green line denotes the
total energy density of radiation after curvaton decay. The
solid lines refer to the case that curvaton is still subdominan-
t at its decay, while the dashed lines refer to the case that
curvaton becomes dominant before its decay.

[D.H. Lyth, C. Ungarelli, D. Wands,
PRD 67, 023503 (2003)]



Enhanced Power Spectrum in the mixed scenario

. 2
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[Chen & CYF, JCAP 10 (2019) 068]
SSR Is insensitive to the background dynamics



How to realize SSR Mechanism iIn inflation?

> DBlinflation: § = /d4x\/—[ L1 = \/1+2f(¢)X) = V(9)]

l

Sound speed: ¢

2=1-f(¢)9"

» Effective field theory:
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Adiabaticity condition:
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St = 3 / e Lg(k) B cs2(k) = 1+ 46/ (k*/a® + M)

a2



SSR Mechanism: Realization in Dirac-Born-Infeld Inflation
[Chen, Ma, CYF,

> DBlinflation: ¢Z2=1— f(¢)p* PRD 102 (2020) 6, 063526]
; ' f'()) ( 2c; ) "2
EoM: ¢+3Hc2p+c2V (¢) +— ] —— =0,
b+3HE+ V@) +y s (1- 1 )¢
» Perturbative approach: 2
A

non-oscillating
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7
0,
2
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¢ 1s small:
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SSR Mechanism: Realization in Dirac-Born-Infeld Inflation

> Matching condition: f(ﬁt’)(

dg

dt

2¢

)2 = 2¢a(7)?[1 — cos(2k,7)]

1 — cos(2k,7)

“e—1)

H?72 ’

» Dynamics of inflaton (Hamilton-Jacobi formalism):

0.8F

0.0

FIG. 4.

[Chen, Ma, CYF,
PRD 102 (2020) 6, 063526]
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— A=2.x 10

Numerical (the dashed curves) and semianalytical

results (the solid curves) of the evolutions of the inflaton field
¢ with different values of 4. The green dashed line denotes the
beginning of the oscillating stage. The parameter values are
chosen to be Hy = 10°M,, £ = 0.1 and N, = 21.



SSR Mechanism: Realization in Dirac-Born-Infeld Inflation

» Hubble parameter and Potential:

log (H(#)/M))

H(¢) = Hy —
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[Chen, Ma, CYF,
PRD 102 (2020) 6, 063526]
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SSR Mechanism: Realization in Dirac-Born-Infeld Inflation
[Chen, Ma, CYF,

» Warped factor: PRD 102 (2020) 6, 063526]
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Multifield Inflation

Multiple Field Dynamics:

1

§ = / d*z {Mgﬂ — 8179 0,4'0,¢” — 2V(¢)}

3+1 Decomposition:

ds® = —N?dt* + v;;(dx* + N'dt)(dz’ + N7dt)
Spatially-flat gauge: «,;; = a*(t)8;;, &' (t,x) = ¢’ (t) + ¢ (t,x)
5o +3H6B + E—jé@%

1 d (a° - -
Viy— : ' 5o’ =0
Z { 1)~ 323 0 (Hfﬁ’f@J)I ¢

Perturbation evolution:




Motivation

* For single-field inflation, adiabatic curvature perturbations are conserved on
the super-horizon scales.

* From preheating, we know that controllable instabilities could be realized by
making use of coherent oscillations and adding a second field that plays the
role of entropy modes.

inflation

Question: Can we find a field that plays the role of coherently oscillating inflaton?



The model

Extended from axion-monodromy:

V(,x) = gA3d + AY()cos( D) + EAY + Vi

fa
Extended from relaxion:
¢
A(p) = Ao(1 + )
Mathieu Instabilities:
. : k2 o
X +3Hox, + ﬂ—géxk ~ ﬂngcﬁ@k ,
: : k2 AYo) ¢
0, + 3Hop,, + (ag - cus(ﬁ))éqbk =0
[Zhou, Jiang, CYF, Sasaki, Pi,

PRD 102 (2020) 10, 103527]



Perturbation Spectrum

Scalar Spectrum Tensor Spectrum
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New Physics at Early Universe?
LHC energy scale ~ 13TeV No signals!

Propagation speed of GWs:

z <1

310" <¢yfe—1<T7-10710




Hidden New Physics in Gravity Theories?

A wide class of MG theories can raise non-trivial GWs speed,

for instance, in scalar-tensor theories: |
[Horndeski, 1IJTP(1974)]

L =Ga(¢, X) — Gs(¢, X)0¢ + Ga(, X)R + Gax [(0¢)* — ¢" ]

G
+ G5(¢, X)G" ¢y, — ﬂ (O6)° — 3068 ¢y + 260" d4]

v

G4 — X(&Gsx + G5¢)
Gy — 2XCyx — X(H.:faGE,X - G5¢)

Perturbative expansion:

2
e =




Hidden New Physics in Gravity Theories?

Another class of MG theory can raise non-trivial GWs speed,
namely, when we consider 4-D Einstein-Gauss-Bonnet gravity:
[Glavan, Lin, PRL (2019)]

Scalar: 1 .o
SM3H? 4+ 6aH" = 56 + V(o)
_MITH = 24
Tensor: 2

Sae H? 0% ) 8oe H?
v 4+ 3H[1 - I — 0 2 =1_—
Vi ( 3M2T )’Y” " a M2T



Oscillatory Sound Speed

A wide class of MG theories can lead to the non-trivial GWs
speed, in particular, oscillation of scalar at reheating triggers on
an oscillating sound speed of tensor modes.

PHYSICAL REVIEW LETTERS 126, 071303 (2021)

Sound Speed Resonance of the Stochastic Gravitational-Wave Background

Yi-Fu Cai®,'**" Chunshan Lin®,"" Bo Wang®,"*** and Sheng-Feng Yan®'?3*
]Depurmwm of Astronomy, School of Physical Sciences, University of Science and Technology of China,
Hefei, Anhui 230026, China
’CAS Key Laboratory for Researches in Galaxies and Cosmology, University of Science and Technology of China,
Hefei, Anhui 230026, China
3School of Astronomy and Space Science, University of Science and Technology of China, Hefei, Anhui 230026, China
4Fu('ulr_\‘ of Physics, Astronomy and Applied Computer Science, Jagiellonian University, 30-348 Krakow, Poland

® (Received 10 November 2020; accepted 3 February 2021; published 19 February 2021)

We propose a novel mechanism to test time variation of the propagation speed of gravitational waves
(GWs) in light of GWs astronomy. As the stochastic GWs experience the whole history of cosmic
expansion, they encode potential observational evidence of such variation. We report that, one feature of a
varying GWs speed is that the energy spectrum of GWs will present resonantly enhanced peaks if the GWs
speed oscillates in time at high-energy scales. Such oscillatory behavior arises in a wide class of modified
gravity theories. The amplitude of these peaks can be at reach by current and forthcoming GWs
instruments, hence making the underlying theories falsifiable. This mechanism reveals that probing the
variation of GWs speed can be a promising way to search for new physics beyond general relativity.

hiy(T) + 2Hhy(T) + ¢k hy () = 0

2 & 9
2 =1-— cos” (k.7)
’ (1+7/7)°

In the very late universe,

[CYF, Lin, Wang, Yan, PRL 126 (2021) 7, 071303]



Parametric Resonance

For a general picture of GWSs:

R (1) + 2HA,(T) cgkzhk(f):(]

For sub-Hubble modes

k>ad/a
Friction term can be
omitted N

O%h

; - |A — 2qcos(2x)|hy = 0
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L2 ak?
r =kt A=-—F—2q9 4=




Parametric Resonance

Demo: EoM without Hubble friction term

107 g
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Significant Features

Energy scales: [CYF, Lin, Wang, Yan, PRL 126 (2021) 7, 071303]
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PBHs and induced GWs
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Induced Gravitational Waves in SSR Mechanism

[CYF, et al., PRD 100 (2019) 4, 043518]
» In SSR mechanism, we calculated the induced GWs originated from the inflationary stage.

comoving scales
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Induced Gravitational Waves: Inflationary stage

Pfr

[CYF, et al., PRD 100 (2019) 4, 043518]

» IGWs from the inflationary stage
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Induced Gravitational Waves: Energy Spectra

r [CYF, et al., PRD 100 (2019) 4, 04351
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* The Induced GWs associated with PBH formation is becoming a
promising approach to detect the physics of PBHs and the early

Universe.



Summary

* Primordial black holes may be formed in the early Universe. They
could account for plentiful cosmological and astrophysical
phenomena, e.g., dark matter;

« Sound speed resonance mechanism could produce PBHs
efficiently. Abundant underlying physics of SSR needs to explore.

* The Induced GWs associated with PBH formation is becoming a
promising approach to detect the physics of PBHs and the early
Universe.
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