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Motivation

® The discovery of Gravitational Waves
(GWs5s)

[T — Numerical relativity
Reconstructed {template)
i i

GW150914: PRL 116 (16) 061102
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Seeing the Universe

" Electromagnetic method
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® The dawn of multi-band/multi-messenger
astronomy eLISA, 1305.5720



GW tools

® Test of gravity in strong field and nonlinear
regimes
® Provides model independent measurement
of distance ,4
GW170817/GRB170817A IE

® Ground-based detectors: source localization
— 10-1000Hz frequency band
— A few seconds of signals
— Stellar mass black holes and neutron stars [

Three or more detectors needed: Timing Triangulation
,



Hubble constant measurements
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Spaceborne detectors

" Space-based detectors
— mHz band
— Last several years

— Early inspiral signals (monochromatic): months
to years before merger

— Inspiral, merger and ringdown signals

— Massive and Supermassive BHs

— Extreme mass ratio inspiral (EMRI)

— Sky localization and polarization measurement

The motion of detectors: Doppler modulation



Space-based GW detectors

® | ISA/Taiji/TianQin/DECIGO (OMEGA)

DECIGO
nS
TQ 3 107 km
™

..........
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Space born GW detector

" |_ISA/Taiji/TianQin: Polarization




LISA/Taiji/TianQin

" TianQIn
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LISA/Taiji/TianQin

= Noise Curve

Characteristic Strain
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LIGO/Virgo Results

GWTC-1: 1811.12907
® Tens of GWSs GWTC-2: 2010.14527

Masses in the Stellar Graveyard

in Solar Ma:

o
N O

?




LIGO/Virgo Results

= GW170817: first BNS with EM
counterparts, Standard Siren

B GW190425: BNS? 1.6/1.46 solar mass NS?

= GW190412: 30/8 BBH with asymmetric
mass, higher multipoles

" GW190814: 23/2.6 solar mass, heaviest NS
or lightest BH?

" GW190521: Intermediate mass BH, about

150 solar mass BH
GWTC2: 2010.14527
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Primordial black holes (PBHSs)

" PBHs: PBH forms in the radiation era as a result
of gravitational collapse of density perturbations

generated during inflation

Hawking, MNRAS 152 (1971) 75;
Carr & Hawking, MNRAS 168 (1974) 399

= PBHs: LIGO/Virgo BHs are PBHs? |

PRL 116, 201301 (2016) PHYSICAL REVIEW LETTERS 20 MAY 2016

Did LIGO Detect Dark Matter?

Simeon Bird,* Ilias Cholis, Julian B. Munoz, Yacine Ali-Haimoud, Marc Kamionkowski,
Ely D. Kovetz, Alvise Raccanelli, and Adam G. Riess

week endin

PRL 117, 061101 (2016) PHYSICAL REVIEW LETTERS 5 AUGUST 2016

£

Primordial Black Hole Scenario for the Gravitational-Wave Event GW150914

Misao Sasaki,l Teruaki Suyama,2 Takahiro Tana](a,ll and Shuichiro ‘l’okoyama4
16



PBHs from LIGO/Virgo
= LIGO/Virgo

PHYSICAL REVIEW LETTERS 126, 051101 (2021)

GW190521 Mass Gap Event and the Primordial Black Hole Scenario

V. De Luca ,' V. Desj:u:ques,2 G. Franciolini ,' P. Pani,""“1 and A. Riotto'

PHYSICAL REVIEW LETTERS 126, 071101 (2021)

GW190425; GW190814

Test for the Origin of Solar Mass Black Holes

Volodymyr Takhistov,'"”" George M. Fuller,”*" and Alexander Kusenko"”

Evidence from GWTC-2 data: 2102.03809;
2105.033492>30% PBHs
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Evidence for PBH DM

" Planet 9

PHYSICAL REVIEW LETTERS 125, 051103 (2020)

What If Planet 9 Is a Primordial Black Hole?

2

Jakub Scholtz®' and James Unwin

" NANOGrav

PHYSICAL REVIEW LETTERS 126, 041303 (2021)

Editors' Suggestion

NANOGrav Data Hints at Primordial Black Holes as Dark Matter

V. De Luca®,"” G. Franciolini®,"" and A. Riotto">*
PHYSICAL REVIEW LETTERS 126, 051303 (2021)

Editors' Suggestion

Did NANOGrav See a Signal from Primordial Black Hole Formation?

Ville Vaskonen®"" and Hardi Veermie®™'

18
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Inflationary models

® The power spectrum Is parameterized

1.3 2 ns—l-l—%n’s In(k/ky)+--
T order of 10

I nt—i—%n; In(k/ks)+- H 2
— * — ~ 4 -
ng AT(]C ) (l{*) § 7TG (27‘_>

K.

dl
ne— 1= n@@| =3 — 2v =2nyg — 4deg = 21 — Ge
dink |k=ax
Ar )
T:A—:16€H:16€:—8TLT AT:TA%NH NV(Cb)
K

" Energy scale of inflation: measurement of r



" Planck 18
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Primordial GWs

1071 e arXiv: 1502.02114
| s 1502.01589
| - mr=—0.1/8 Qo = 0.3156
2
S Hy = 67.27km/s/Mpc
sl T = 2.725K
10-16 ‘ - ‘"“"-T ________ r=0.1
1 100 104 106 108 1010
I I ity Ay, =22x107"
- - Equalit
Size of universe 152 1My c End of inflation~1015GeV
14161.5Mpc +VIP %107
1.0%1016 Hz 8.97107Hz

2.2*1018 Hz
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PBH constraints

Mes (g)
uﬂ 1D11 102!} 1.323 1025 1{:‘29
10% 5 4 . . .
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Observational constraints

" PBH fraction fesa = P 6:pPBHmerfc( 2

ptot
Mesy (g)
1035 1032 10!5 IDZE 1023 1.DED 101?
_u'|E- g B " " L 2 2
-0.8
-1.0
™
a
=
—
(=]
A
1.8 = CDM density Known pulsars
T === Observational constraints SKA pulsars
- = FRB = LIGO merger rate
—=2.01 =+ Microcaustic == GW background
106 108 1010 1012 10
k (Mpc=1)

Sato-Polito, Kovetz, Kamionkowski, PRD 100 (19) 063521 -



Constraints on power spectrum

" Result
—12~ T \k\\;

-1.4F

E‘k: — CDM
© 16} — SKA Pulsars
8’ — Known Pulsars

-

— Microcaustic
— FRB

-18F —— HSC -
" | — EROS/MACHO P~ 0.01 -

She

4 B g 10 12 14 16

Logyo[k/Mpc™]
Lu, Gong, Yi, Zhang, 1907.11896, JCAP 1912, 031
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Scalar induced GWs (SIGWs)

- . First order scalar
| -

Tensor Scalar mIXIng perturbations as the source
of the second order tensor

" I X72h.. — _AQ..
hi; + 2Hh; — V7h; 45 perturbation &, ¥ ~ (.1

Sy =20, + 200 ;. + & ;D + 3V, U, — U, D, — P,

(W HE) (U + HO)
301+ w)H? AR R

hij(,m) = (273)3/2 /dgk@ik'm[hk(ﬁ)eij(k) + h ()5 ()]

Q72

(hie(n)hg(n)) = ﬁig(g)(k + k)Pr(k,n)

1/ k\°
QGw(k’,ﬁ) — 24 (aH) Ph(kﬂ?)
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GW Constraints

me (MO)
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Enhancement: generic feature

= Very small € at small scales

Slow-roll inflation 2 Pe ~ 1077 Larges scales
P —
¢ 8n2e T Pr ~ 0.01 Small scales
o0l . 9
1 /V
0.001 | 625(%) ~ 0

Motivation and
Goal: Decrease by 7

orders of magnitude

d/M,,
Slow-roll parameter € cannot increase monotonically 2



Inflection point inflation

= Small € requires very flat potential:
Inflection point

SSSSSSSSSS

999999999

0.100 | 1
-l ’ 2 0.001 |
(=]
; =
P = L S
2 0.999220 L
” 6 1077
1072
0.999215 |
.
10—‘11 1 1 L 0,030
0.030 0.035

X X 0.034 0.
0.040 0.045 0.050
oIM,, PIMy,

® Ultra-slow-roll inflation Slow=roll
3H$ ~ —V,(¢) =0

¢+ 3H¢ + Vs(@p) =0 4
} — )H = T 3 constant-roll
Vi(9) = ’

Break-down of slow-roll
Tsamis, Woodard, PRD 69 (04) 084005;
Motohashi, Starobinsky, Yokoyama, JCAP 1509, 018 30




Ultra-slow-roll inflation

6

" The field rolls faster ¢ca™  pg~ xa”
do N can be much larger than 60

Pe
N = / Breakdown of Lyth b d
yt oun
o\ 26(@ USR helps to reduce N

The contribution to N during ultra-slow-roll inflation
(inflection point) becomes smaller ¢ 3

nNH =

B Constant roll 7z constant H¢
2 13 — 2ng| (1 + 2ng)

" How to enhance the power spectrum at the
power spectrum while keeping the number

of e-folds to be around 60
Yi and Gong, 1712.07478 (] CAP) 31
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Modified model

® Polynomial potential  Di& Gong, JCAP 07 (18) 007

( m=9 m
)
Vo (1 + )\m ar 9 Z O)
e () | o
V(Qb) — < m=3 ¢ m
Vo b+ Z Am (M—Pl) » <0 fine-tuning

2.0

=1
v = ) v - COs) » = W02y

Ay = 728.239. \s — —11882.9

VIV,
S Y I X 1:1: < ] §
W  T==== €
[ - n
1.0k
0.5[
00frmsmrrmraremramemarsmrmrarrarar
: 0.034 0.036
=05
I PIM,,
=1.0 C 1 s 1 1 s 1 1 1 1 s + 1 n L 1
-0.6 -0.4 -0.2 0.0 0.2

32
PIM,,



The power spectrum

® Nlumerical solution

1073 =
+ constant-roll "
10~ 0 :
" ! Numerical ",l -
& : i ===== Slow—roll '
10 ’
! i
1[] 12 -
"0 10 20 30 40 5 60

In(k/k.,) Di & Gong, JCAP 07 (18) 007
k, = O.O5Mpc_1, ne = 0.9674, r = 0.005, ’I’L'S = —0.0008
Peak value P, = 0.0175 33



Ultra-slow-roll to SR

" USR to SR transition

V() =V + g [¢ +01log {COSh (¢ glcbl) H

+ % [gb — 09 log {COSh (@6; ¢> }]

(8, ¢, 6} ={107", 0, 1072}  7=6x10""

ﬁne—tuning

Fast transition ¢ = 40.1580281699) §, = 2.12 x 10~
Slow transition ¢9 = £0.1580282187 65 = 3.6 x 10~°

S. Passaglia, W. Hu, H. Motohashi, PRD 99 (2019) 043536
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Ultra-slow-roll models

= String inflation

W2 A
I’/inf — g C;up - CW + v + Tics DW - GW 3/2
V V X‘S '\'}TKS A/ TK3 - BV‘( v Ti{3
fine-tuning
Cw Aw | Bw | __Gw/(V) Ry /(V) (tx3) | (V)
P 1/10 2/100 /1.303386,x 107> | 6.58724 x 10— | 3.89 | 107.3

Py |l 4/100 2/100
Ps || 1.978/100 | 1.65/100

7.071067 x 10~% || 14.30 1000
1.414 x 107° 168.03 | 5 x 10*

M. Cicoli, V.A. Diaz, F.G. Pedro, JCAP 1806, 034

B SUGRA W =ag(l+ a;e™® + ase 2% + age %),

agp as bl bg C

T.J. Gao, Z.K. Guo, PRD
98, 063526

—4.4] 2.8

114.35 x 10767 x 1078 3.05</.
9

2(14.06 x 1076]1 x 10762.8 —3.2]2.85
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Higgs field

® Higgs particle V() = !
m = 125 GeV 2012

A
= 2013 Nobel prize V@ =79 T> T
A. Linde, 80s

15
Voge (4,T) T=I0 GeV

A Tex3x10 " GeV

14
/T< 10 GeV
> ¢

Higgs  Englert




" Planck 18

0.20

CMB constraints

Vi(he)

1

4

Ah?

A=0.13

Particle Data Group 2014, Chin. Phys. C
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Higgs inflation

® Nonminimal coupling

1 1 1
S = f d'z/—g [5(1 +EF)R ~ 59"V, 0V - ZWL]
St ling attract ~ 2 ~ 2
rong coupling attractors n, .~ 1 — N r a7 Nz

Kaiser, PRD 52 (95) 4295
Bezrukov and Shaposhnikov, PLB 659 (08) 703

" Critical inflation
RG running of coupling constant A =0, [y =0

A@) = Ao +baln*(¢/p)  &(8) = &o + be In(d/p)

Hamada, Kawal, Oda and Park, PRL 112, 241301
Bezrukov and Shaposhnikov, PLB 734 (14) 249 38



Critical Higgs Inflation

® The Higgs inflation (nonminimal coupling)

S = [ doyg [0+ EAR - 199,09,0 - N0

A¢) = Ao + baIn*(¢/p) £(@) = &o + beIn(o/ )

2 2 2
S:/dx4\/?g BR_ 1+ & (+16+(£§¢;:)25¢¢ /2) %gwwqub_v(@]

Vo(1+ aln® z)a*
1+ c(1+blnz)x?)?

V(z) =

r=0/u Vo= )\olfl/‘la a= A1 /Ao, b=2§ /8 and ¢ = Eopt®.

Ezquiaga, Garcia-Bellido, Morales, PLB 776 (18) 345 29
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Spectator Higgs model

® Higgs field Is not responsible for inflation,
but its fluctuation generate large power

1 Mpgy [g]
4 015 1018 1021 1024 1027 1030 1033
V(hc) — __Ahc 10%51 — T Ty T T T ke 7' * T 7' ' T T
4 W/ \j i'! ’
i L NS EROS .,
RG running, S 107 =) e VAR
: a F e | T
couphng i 10—2§— ‘ o
becomes negative =
. . .y = 107°F
Higgs instability £ |
10_45 3
10—5-“ A I o |‘. . |(. S B |,. e |i
w® 10 10 107 1076 1073 10° 10°

Mg [M.
Espinosa, Racco, Riotto, PRL 120 (18) 121301 peu [Mo)]

Passaglia, Hu, Motohashi, PRD 101 (20) 123523
Nonminimal coupling and R+R? Gundhi & Steinwachs, 2011.09485
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Horndeski Theory

" The most general scalar-tensor theory with

2nd order of EOMs
Li = Lo+ Ly + Ly + L=

Ly = K(¢,X), X = —%wﬁwqb
Lz = —G3(¢, X)Og

Ly = Ga(¢, X)R+ Gy x [(B¢)* — (V,V.,0)(VI'V"$)]

Ly =G5(6, X)Gyu V"6 — <G x [(00)
—3(00)(V,V,0)(VIV ) + 2(VHV0)(V*V30)(VIV ,.0)]



Horndeski Theory: Special cases

= Non-minimally coupling
Ly = G4(¢, X)R+ Gux [(B9)* — (V,V,0)(VIVY¢)]

G4(o, X) = f(¢)  Non-minimal coupling f(¢)R
= Non-minimally derivative coupling

Gs(6, X)G,W V"'V’ — G"0,00,¢ Non-minimal coupling
Gauss-Bonnet coupling

Gs(9, X) = ¢ Derivative coupling
= New Higgs inflation
1

1
— —/d%\/—g [MﬁlR — ¢"0,00,0 + Ve

S
2
Germani & Kehagias, PRL 105 (2010) 011302

G"0,00,0 — 2V (¢)



k/G Inflation

® Non-canonical field

1
S =3 / d*z\/—g [M;R — " 0,00,0 + J;\(/[q? G"0,,00,¢ — 2V(¢)]

L d
f(¢) o \/( b—br )24+1 V(Cb) = )\¢2/5
© Parameter needs
Fu, Wu & Yu, PRD 100 (19) 063532; PRD 101 (20) 023529 to be fine tuned

- - - at least to six
G InﬂatIOn decimal digits

o / T BR + K(¢, X) — Gs(6, X) 00

X =—9,,VFoV' /2

Lin, Gao & Gong etal., PRD 101 (20) 103515 44



k/G Inflation

= G Inflation
Special case: ~ Gag = dG3()/d¢
K(¢,X) =X —V(o)
= k inflation

G f d'oy=g BR L X 4 G)X - V(e)

H2
Pe =

Sm2e

(1+G)  Gused to generate a peak

At large scales, G is negligible, we recover standard SR result
At small scales, G is very big, the power spectrum 1s enhanced

Lin, Gao & Gong etal., PRD 101 (20) 103515 45



k/G Inflation

= Number of e-folds around the peak
¢r+Ag dr+AP

AN — H 1o ~ —/ VA+G) 4

—as Vo

br—0¢ P
Peak width should be small

" The limit on the potential

R 5 AN ~ 20

@

N, ~ 60 — N, ~ 40

Ad 46



The possible potentials

= The power-law potential V(¢) = A¢”

1 _ n+t2
ns =1— 3%

T:W

Higgs potential =4 N, = 40

N 925
TXA
n=1/3, ng=0.971, r=0.033
n=2/3, ng=0.967, r=0.067
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k/G Inflation

= Examples for peak functions

Peak function Ga(qb) — 1+| Q|

Brans-Dicke theory:  w(¢) = 1/¢

Around the peak | — ¢,| K ¢, Gu(@) ~ d

To get the enhancement, d ~ 10°

To ensute enhancement at small scales, ¢, should away from @,

Away from the peak |Q5 — ¢r,.~‘ > C, Ga(gb) ~ dc/|¢ - ¢r|
~0(0.01)  ~0O()

Small peak width ¢ ~ 10~10 at most

48
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PBH from k/G inflation

Sets &, ¢ Ne  Kpeal/MpC™' Prpeay  MIES/Me  YESK f./Hz
A 45 954x 1071 09736 2.86 x 10°  1.66 x 102 28.9 7.7 %107 4.43 x 10710
B 45 9568 x 107" 0.9737 2.7 x 10° 1.86 x 102 32.5 0.001 4.18 x 10710
C 41 1.05x107'  0.969 3 % 107 1.49 x 1072 0.0026 4.7%x107* 4.6 x 1078
D 297 1.472x1071% 0967 1.63x102 1.32x1072 9x 1013 0.73 2.5 x 1073
'I
'I". EROS/MACHO / CMB
0.100 |
NTEGRAL ‘| ¢* — 521
0.010 |
& | _ 2/5
0.001
EGy ‘ |
1074 |
|
L
10—5 ‘ ‘ ‘ .rll.
1017 1072 10~7 0.01 1000.00

Gao, 2102.07369
Mpbn/M.

_ 1/3
Lin, Gao & Gong etal., PRD 101 (20) 103515 V(gb) o ‘/()Qb 49



SIGWs from k/G inflation

Sets ¢, ¢ Ne  kpea/MPCT' Prpeay  MER/My YRS f./Hz
A 45 954x107' 09736 2.86 x 10°  1.66 x 1072 28.9 77 x107% 4.43 x 10710
B 45 9568 x 107" 09737 2.7x10° 1.86 x 1072 32.5 0.001 4.18 x 10710
C 41 1.05x107' 0.969 3 x 107 1.49 x 1072 0.0026 4.7%x107* 4.6 x 1078
D 297 1.472x107'% 0967 1.63x10"2 1.32x1072 9x 1071 0.73 2.5 % 1073

' L 3G ] ]
: Al ' :
104 : AN -"F:' aLlGO [/
" H . ] A
: SWA \1 '?; b
' 3
107° : H A \TianQin A
8 N \ I
1 ¥ ' l'f
: : A / ;:
10-8 : W2
&
c 1010 f~2.8
-12 M
10 s ~2/l (1.1 £,/f)
10~ Et:
10-12 10-9 10-5 0.001 1 1000

Lin, Gao & Gong etal., PRD 101 (20) 103515 /HZ 50



The new mechanism

® Combine slow roll with the peak
To generate peak

L=[1+Gu(0)]X —-U(e)

Transform non-canonical field to canonical field
L=[1+G(¢)X —-V(p)
G — Ga _|_ f((,O)

Slow roll L = f(o)X =V (p) V(o) = Ag*, F(p) = fop®

do =/ f(p)de, U(¢) = V]p(o)]
L=X-U(¢) U=
Yi, Gong, Wang, Zhu, 2007.09957
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Higgs k/G inflation

Model d c bp R A Vo fo N N r peak/ Mpe ™!
H1 1.05x 10 2.04 x 10719 1.344 140 124x107% 1 623 0.9681 0.0383 4.66 x 102
T1 4.72 x 10 8.89 x 10711 0.451 0.81 1.68x 107 36 55.6 0.9686 0.0369 2.29 x 10'?
H2 7.13x 107 1.94x 1071 1.750 1.88 6.40x 107 1  64.2 0.9694 0.0641 3.67 x 10"
T2 8.90 x 10  4.75x 107" 0.835 1.35 295x 107 36 63.4 0.9704 0.0597 5.24 x 10!
Model P pear) Mpear /Mo, YIS f./Hz
H1 116 x 1072 170 x 107" 3.57x 1072 811x 107  Yi Gong, Wang,
T1 121 x 1072 7.05x 107 7.64x 1072 3.54 x 1073 Zhu,
H2 1.15x 1072 2.73x 107" 2.64x 102 6.40 x 10°? 2007.09957
T2 1.10 x 1072 134 x 1071 7.12x107% 9.13 x 1073
0.100/ IN% EROSMACHO /| cuB
0.001 u 2 | subans o
., 107
07tk AN\ T aaell BT e
10-9;3%
107"
0.00110.000 105 10° 10" 10'7 102! 10®  0.001 100.000
k/Mpc™ Mpsi/M,, 52



SIGWs from Higgs field

® Peak (broken power law form)

0.100
0.001

1075
Ao

1077

107°
10—11

0.001 10.000 10% 10° 10'® 10" 10*
k/Mpc™”

Qunh?

107
107°
1078
10710
1072
107
107'°

10710

10 10° 10 0.01 1 100
fiHz

Yi, Gong, Wang, Zhu, 2007.09957
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Broad Spectrum

= Non-canonical
S j—

Kinetic

h
Ga(9) 1+(|p—p|/w)9

A~

1024 SN
- - P!

p-distortionr #

1! \

O %R LX 4G
G =Go+ [(8) V(6)=A/4

q=>5/4

1044
i
YR URE r'f
& j

‘l
f'
'l
i

10#d Planck H
I'
j" ‘‘‘‘‘‘

W A e oS I
AR YAy S

10-10 4 :I
]
i
¥
i
i

1012 T T — T T T T T
1wt 0 e 10° ! 10t 10 102
kfMpc!

Yi, Gong, Wang, Zhu, 2007.09957; 2011.10606

(9)X = V(9)

f(9) = 67




Non-Gaussianity

= Bispectrum
<5k1§k25k3> = (2m)°6° (k1 + ko + k3) B¢ (ku, ka, k3)

5 Be (k1,k2,k3)
SNL(kr, ko, k3) = 6 P¢ (k1) P (k2)+P¢ (k2)Pc (k3)+Pc (k3) P (k1)

= PBH
T = 1 g’;rkl f d3k:2 f (3k3 W W (kQR) ( ) <éklékzék3>

2
jpeak 207 fNL( peak kpeaka kpeak \/A peak)
R. Saito, J. Yokoyama and R. Nagata, JCAP 06 (2008) 024

® SIGWs [ A2 >

R.-G. Cai, S. Pi and M. Sasaki, PRI 122 (2019) 201101 >




Non-Gaussianity in k/G inflation

102

= fNL

_ L2

Squeezed limit

Equilateral il

10° 10° 101 1014
k [Mpc™] 56



Conclusion

® Higgs field drives inflation, explains DM iIn
the form of PBHS

® The mechanism works for more general
scalar fields

= Different types of spectrum are also
possible

® The observations of PBH and SIGWSs can
be used to probe early universe

2007.09957, 2011.106006, 2012.03856, 2102.07369 57



Thank You
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