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1 Introduction

Starting from the conformal Newtonian gauge

ds® = a(1)? {—(1 +28)d7% + (1 — 2®)6;; + ~hi; da;ida;f}

2 _ TT

4

0;(®" + HP)0; (D" + HD)

" +3H(1+c2)® + QH + (1 +3cHH? —c2V*)® =0 f iieuri
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After doing the Fourier transformation, you will find For adiabatic initial condition
. e 5. — 3+ ch.
(hihy) ~ | | dqd k(CEEE) T 543w
Typically ($CCC) = | DEPIENEEEE
For local type field C=C,+ 1!71\1L5.fg2 + GNLC§ + HNLC§ T ...

¢ = J(C,) ($CCE) = (¢, + FNLC§ +...)%)



[ %4%];‘%£j@¢@£ﬁ %Fﬁ

INSTITUTE OF THEORETICAL PHYSICS, CAS

1 Introduction

{Here 1s a problemj

For a peak-like (monochromatic PBH) power spectrum to
explain all the dark matter

10—15
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C, ~ 00.1)
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; GGB GW2: » //: . ‘
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10 1015 1020 1025 1030 1035 1040 1045 1050 1055 Seems nOt gOOd
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B. Carr, K. Kohri, Y. Sendouda and J. Yokoyama, Rept. Prog. Phys. 2002.12778
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1 Introduction

For Fy; order, you need to evaluate 8-multiple integrals. §=¢C,+ FNLCg2 + GNLCg3 + HNLC§L +...

For Gy order, you need to evaluate (14-multiple integrals. V

A number Coordinate space

s
\ An integral Jd3q5 A@)C(k — q) Momentum space
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1 Introduction

For Fy; order, you need to evaluate 8-multiple integrals. §=¢C,+ FNLCg2 + GNLé’; + HNLC;,L +...

For Gy order, you need to evaluate (14-multiple integrals. \

A number Coordinate space

2 / 'Maybe we need a lattice simulation!

G

\ An integral Jd3q5 A@)C(k — q) Momentum space
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2 Simulation setup

£(x) = fZ,(0))

On superhorizon

Eloving the equations

‘ Generating the initial ¢ (x)

Generating the initial {(x) | seewwasy |

. Deriving the GW energy spectrum f

1G] = rmpen |~ L | e (¢ (B) (@) = o}°(F + @) €——— 0} = (27)°P;, (k)
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2 Simulation setup

Benchmark with the semi-analytical results|

3 i —1)?7 L T ==== FnL = 50
ch(k):A(k/k*) exp | — /e — 1) S

2Tme I 2e2 ] 17 pEesssETT bw -=== Fyp = 30
Fn, =10

10717 -=== FyL =
A=0.01,e=1/30 I R —
.:-$ N ,_\/\/\
G 10-164 ' ’ ‘.
Semi-analytical results 10-7
-19 _
10 -
------------ Simulation results 10-22] 10
6x 10! 100 2 % 109
1025 el — ~ o
101 100 10!
Two results are consistent with each other! k/k,
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2 Simulation setup

| The efficiency of the lattice simulation|

(hyjhy;) ~ dqu3kd3l<(§g T FNLng)(Cg T FNLé’gz)(Cg T FNLCgZ)(é’g T FNLng»

10~

10—7-

—10 _
Need to do 8-multiple integral 1

10—13 -

5 10710

G
Semi-analytical results 14-core i9-10th 200 points 1day  ;j-1s.

— Semi — analytical
— N =64

10—22 N

10—25_ — N=128
Simulation results RTX-4060 N=128 6 mins —— N =256

10~ | T
k/k,
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3 Full-order vs finite order

¢ = ¢y + Gl + Hyw(C, — 3(¢)7)

—4 . . .
10 The higher order usually contributes to a higher cutoff
107 y :
10—10 - " Imply
10—13_
5 .
S go16] — Caussian Full-order will not have such a cutoff
—— G =50, Hy, =0 Vi
_19 — GnL = 100, Hy, = 0 \ IZI‘
07— G =300, Hy, = 0 i
—— G =0, Hx.=300 !
10722 Gy =0, Hyp = 1000 '1 li'
~— Gy =0, Hyt = 5000 ;
10~25 L———— N — 1 b
1071 10° 10
k/k.
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—— Gaussian
107124 T k= 1< FnL =05
— =02 Fy, =25
1044 — p=01& Fy, =5
—— u=0.01 & Fyi, =50

1016 ey ) S
101 10° 101
k/k,
—_— Full-order
""""""" Finite order (Fyy)

C — log[X(r, Cg)]

10—7.

= 1077+

QG

10711+

—  (Gaussian
1078 — r=1& Ey = -0.75

r=0.3& Fy, = 1.35
1019 4 r=0.1& Fy, =645
— 7 =0.05 < FyL = 13.975
10717 - ———r —_— i\
1071 10Y 101
k/k,

Curvaton model

¢ =3 (VIT=TRIGT - 1)

101
10—3
10-° VS
Ao

10~
10—9
10—11

—— (Gaussian
10—13_ — h=-2& ., =05

— h=-6& Fy., =15
10715 —— h=-10& Fy, =25

—— h=-20& FnL =5
(1 e — —

107! 10° 10!
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3 Full-order vs finite order

FNp =5
101
103
— AN
10-3 BN\
107 —
% 109
S
10~H
—— (Gaussian
10—13 4 FNL — 5
— log
10-15{ —— curvaton
— step
1017 : ——e— : | I
10~ 100 10!
k/k.

Maybe 1t’s possible to distinguish inflation models by SIGW!
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4 The isocurvature case and the general case

i Equations

At background level At first-order

2 _ 2
3H" = a”(pm + pr), 6HD + 6H D — 2AP = a*(5pm + 0pr) = a’p,
3(7‘[2 -1- ZH,) — _azpra

1 4 1
pflm + BHPm — —CLQ, (I), + HO = §CL2 (pm’Um + —pr'Ur) — —a»sz,

3 2

/
pfr + 4Hp7‘ — a’Q' ]-
" + 3HD' + (H* + 2H')® = —~a*Sp,,
a@ = pal’, 6
P — n s / /
teva — 1 0p,, + 3HOpm + pm(3®" + Avy,) = —adQ + aPQ,
4
At second-order 5p;‘ 4 4H5pr 4 §p,r(3(I)’ -+ A’UT) — aéQ — a(I)Q,
hi; +2Hh,; — Ahy; =T, s v, + Hvpm — @ =0,
1dp a@ (3
/ r . % = L
S = 40;90;® + 2a’ (pmaivmajvm + gpraiv,ajvr) U ¢ = o (4”’” '”’”) '
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4 The isocurvature case and the general case

Theoreticlly, 1t’s convenient to define the 1socurvature perturbation

Then, one can get the familiar equations

3 3Pm aQ pV — 4(pm + pr) Vel
V! + 3c2HVog A 2A® 2G =
rel -+ csH 1 2a2pr Cg 4p'r Cq 4)07‘ Pm + 4,07‘/3

2
& + 3H(1+ )P + (H2(1+3c2) + 2H') & — 2AD = %pmcgs,

' = —AVig — a(6Q — Q@) Pm T 4Pr/3 | 10 (5pm | §5pr)

4 pmpr p2, 4 p?
1 3p 14 p
2 m r .
T3 ( 4p; ) 9 prm, + 4pr/3 el = Tm
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4 The isocurvature case and the general case

When there 1s no energy-transfer, an analytical solution on superhorizon exists

Sk(&) = Si(k),

56 10
16 8 2 1
+ Si(k) (5_53(1_\/1_'_6) | 562 BE | g>a
§ = a/aeq
a,(T)_2 T 7\ ? —(\/5—1)
o 2(n)+(5) e

Then, you just need to give the initial value of S and ©

20
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(k/k2)? (k/kv2 —1)°
Ps(k) = B\/27A exp IA? B = 100
TAjso i iSO -
7. = 100 T, = 10
10 4 ] ———— A= 1/30
---- A=1/5
107° - T A=1/2
108+
10 10! 10° 10! 10 10! 10" 10!
k/k, k/k.,

G. Domenech, S. Passaglia, S. Renaux-Petel, JCAP 03 (2022) 023, [2112.10163]
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4 The isocurvature case and the general case

Multi-peaks structures|
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4 The isocurvature case and the general case

T. Papanikolaou, V. Vennin, D. Langlois, JCAP 03 (2021) 053, [2010.11573]
G. Domenech, C. Lin, M. Sasaki, JCAP 04 (2021) 062, [2012.08151]
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Figure 3. Left: The GWs energy spectra sourced by PBH isocurvature perturbations. We have set
kuv = 40 in our simulations. Right: The energy density fraction Q; = p;—m./(pm + pr) of PBH and
radiation. The dashed lines denote (2,,, while the solid line describes §2,.. ¢ is the cosmic time.
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4 The isocurvature case and the general case
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Figure 4. Left: The GWs energy spectra sourced by PBH isocurvature perturbations for different
PBH masses. Right: The GWs energy spectra sourced by PBH isocurvature perturbations for different
PBH abundances. In both figures, we have multiplied a constant to make their ultraviolet part the

Salne.
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T. Papanikolaou, V. Vennin, D. Langlois, JCAP 03 (2021) 053, [2010.11573]
G. Domenech, C. Lin, M. Sasaki, JCAP 04 (2021) 062, [2012.08151]
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Figure 5. Left: The GWs energy spectra sourced by Q-balls isocurvature perturbations. We have
set kyy = 40 in our simulations. Right: The energy density fraction Q; = pi=m r/(pm + pr) of Q-balls

and radiation. The dashed lines denote (,,,, while the solid line describes (),.. t is the cosmic time.
The initial abundance is set as 8 =5 x 1072,
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4 The isocurvature case and the general case

' PBH-dominated era|

Mixed 1nitial condition

1074 —— 7 = 4007,
— 7 = 8007;
10719 —— 7 =1200r;
— 7 = 16007;

= — 5 . s
k/kuv
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S Summary

When you consider a curvature perturbation with a sizeable amplitude O(10™* — 107%)

> SIGW with full-order non-Gaussianity will have a very different ultra-violet behavior

> The peak frequency may have a change

> It might give you a very different amplitude

Therefore, special care should be taken when using SIGW to constrain the abandunce of PBHs.
» Don’t be afraid of doing lattice simulation, it’s quick! It can be done in your laptop!

? We can treat the general initial condition now, while there is no specific semi-analytical formulas.
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Thanks for your attention!
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