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Cosmic history

“Hot Big Bang” _ .
History of the Universe
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« First Stars & Galaxies Form

Radius of the Visible Universe
Cosmic Microwave Back
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Quantum _
Gravity “(P)reheating” Age of the Universe

BICEP2 Collaboration/CERN/NASA

—
Electromagnetic waves

—
Gravitational waves
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“Attractive” model

Exponentially-flat
Starobinsky inflation
Induced inflation
Higgs inflation

Attractor models

M. Galante, R. Kallosh, A. Linde, and D. Roest, §
“Unity of Cosmological Inflation Attractors,”
Phys. Rev. Lett. 114 no. 14, (2015) 141302,
arXiv:1412.3797
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Cosmology” Gen. Rel. Grav. 57 (2025) 10, 135
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Roest “Atacama Cosmology Telescope,
South Pole Telescope, and Chaotic Inflation”
Phys. Rev. Lett. 135 (2025) 16, 161001




Model in ACTion

2310.12932 Chengjie Fu, SUW "Reconciling early =~ 2510.24682 Chengjie Fu, Di Lu, SUW "The Harrison-
dark energy with a Harrison-Zeldovich spectrum"  Zeldovich attractor: From Planck to ACT"
Phys. Rev. D 109 (2024) 4, L041304

0.06 1
) Mlgl 1 0.05-5
S=|d"xy/—g | —R—-——= (g -EG")V ¢V -V ]
J 5172 2 (87 - 6G) nPV P 0.04 1
4 ~ 0.03-5
V(¢)=/1MP1” p E<O0 ;
0.02 1
0.06 ] 0.01_'
] ACDM axiEDE+ Mg i AdS-EDE ;
0.051 005
0.04 -
Z Planck-BK18
- 0.03- msm Planck-ACT-LB-BK18
Planck-SPT-ACT (AdS-EDE)

0.02- —e— Monomial potential with ¢ = 1/10 (—)

—a— Monomial potential with ¢ = 1/10 (+)

0-01': —e— (-attractor E-model with o« = 3

—e— Quartic hilltop potential with p = 18 Mp;
0.96 0.97 0.98 0.99 1.00 1.01 —e— Natural inflation with f = 5.6 Mp;

—a— Natural inflation with f = 6.2Mp;

0.00 -

7/31




log(10*°Pg)

4.0

35

3.0

25

2.0

1074

Induced

Inflection

103 102 101

k/Mpc~!

Enhanced at
small scales

8/31

GWs

lo—lS |0—|0

1073

AARRRS:

-

e

1 e=0

:€=107"

— QL&: e=107" exact

0.05 0.10

0.50
K/Ks




Resonant multi- peaks
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13.8 Billion yrs

BICEP2 Collaboration/CERN/NASA
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GWs from FOPTs

Thermal barrier Vacuum barrier

t L%ﬁ@ﬁ)

NANOGrav

Exponential nucleation Simultaneous nucleation 10 107 10 01 100
f/Hz
I—t L2 )2 . . . .
['(t) = Tyel %) ['(f) = [ye 2/t Fluid motions Wall collisions
Fluid motions Wall collisions
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GWs from wall collisions

Envelope approximation Beyond envelope approximation

> >
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GWs from fluid motions

Numerical simulations
Sound waves Helsinki-Sussex: 2013, 2015, 2017, 2019
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GWs from sound-shell superposmons
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(a) Weak, vy = 0.92

107°
1000/ Numerical simulation
2000/7.
3000/
4000/, e
} —— 5000/
—— 6000/T. S
| — 7000/, IR scaling is |nconS|stent
-3 —with Cai, Pi, Sasaki
— WG@ ansatz 1909-13728
10~ 100 1(')1 1(')2
kR.

14/31



GWs from sound-shell envelopes

2305.00074 Rong-Gen Cai, SJW, Zi-Yan Yuwen
GWs

“Hydrodynamic sound shell model”
Phys. Rev. D 108 (2023) 2, L021502

SGWBs from sound-shell

envelopes before the full

percolation of bubble walls

—— Single-shell contributions
—— Double-shell contributions
—— Total power spectrum

1071t 100 10! 1071 100 10!
kB
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PBH/Curvature perturbatlons from FOPT

2208.14086 Liu, Bian, Cai, Guo, Wang (PRL)
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Bubble-PBH collisions

1.2

1.0

-0.8

t/M =17 t/M =18 t/M =19 t/M = 20 t/M = 21 06S
ASS

( 3 ;( o 5 5

0.0

t/IM =22 t/IM =23 t/IM =24 t/IM =25 t/IM =26

Full numerical relativity with GRChombo

1. PBH mass growth = small but important for late/multi FOPT
Phenomenologies { 2. PBH velocity recoil = enhance PBH binary formation rate
3. Gravitational waves = high-frequency GWs but difficult

2406.05838 Yuwen, Joana, SJW, Cai Phys.Rev.Res. 7 (2025) 2, 023180
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13.8 Billion yrs

BICEP2 Collaboration/CERN/NASA
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GWs from gravitational collapses

2504.11275 Zeng, Ning, Yuwen, SJW, Cai Relic gravitational waves from primordial gravitational collapses

2504.12243 Ning, Zeng, Yuwen, SJW, Cai Sound waves from primordial black hole formations

FOPT bubble expansion — sound waves — gravitational waves

Gravitational collapse — sound waves — gravitational waves

 H B K E) )
11111010
1] j-J°je1e

t=0.01z, t="2ty t=20t, t =501, t=100¢,, t=200¢,, t=400¢,,

plpb
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GWs from gravitational collapses

2504.11275 Zeng, Ning, Yuwen, SJW, Cai Relic gravitational waves from primordial gravitational collapses

2504.12243 Ning, Zeng, Yuwen, SJW, Cai Sound waves from primordial black hole formations

FOPT bubble expansion — sound waves — gravitational waves
Gravitational collapse — sound waves — gravitational waves

Subcritical case: no PBH is formed

5 =03<5, 5 =0.495 <5,

1073 =201,
] t=40t,,
t=45t,,
t=50t,

t=51t,
t=54t,,
t=100t,,
t=200t,,

Plps

0 2I0 4IO 6I0 8I0 100 0 20 40 60 80 100
R/(aRy) R/(aRu)
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GWs from gravitational collapses

2504.11275 Zeng, Ning, Yuwen, SJW, Cai Relic gravitational waves from primordial gravitational collapses

2504.12243 Ning, Zeng, Yuwen, SJW, Cai Sound waves from primordial black hole formations

FOPT bubble expansion — sound waves — gravitational waves
Gravitational collapse — sound waves — gravitational waves

Supercritical case: PBH is formed

5 =0.5%236, 5 =0.55>3

t=0.01¢,
t="2t,
t=10¢,
t=50t,,
t=100z,,
t=200¢,,
t=400t,,
t=2800¢,,
t=1600t,,

1.0

0.8 1

0.6 1

oplps
oplps

0.4

0.2 1

T T T T T T T _0.2 T T T T
0 20 40 60 80 100 120 140 0 50 100 150 200 250 300
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GWs from gravitational collapses

2504.11275 Zeng, Ning, Yuwen, SJW, Cai Relic gravitational waves from primordial gravitational collapses

2504.12243 Ning, Zeng, Yuwen, SJW, Cai Sound waves from primordial black hole formations

FOPT bubble expansion — sound waves — gravitational waves

Gravitational collapse — sound waves — gravitational waves

SKA




GWs from gravitational collapses

2504.11275 Zeng, Ning, Yuwen, SJW, Cai Relic gravitational waves from primordial gravitational collapses

2504.12243 Ning, Zeng, Yuwen, SJW, Cai Sound waves from primordial black hole formations

FOPT bubble expansion — sound waves — gravitational waves

Gravitational collapse — sound waves — gravitational waves

To appear soon
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SMBH binary

Stellar Core . . . Coalescence,
Galaxy Merger Merger Bmary Formation Continuous GWs Memory & Recoil

' C s 4C 37.11
\5
NGC5331 ‘ NGC 17

s ,
bynamical Dynamical friction Stellar and gas Gravitational radiation provides Post-coalescence system
friction drives less efficient as interactions may efhcnent inspiral. C'lrm.lmbma.ry may experience
massive objects to SMBHS form a dominate binary inspiral? disk may track shrinking orbit. gravitational recoil.
central positions binary. A A\ A
sepg;’;l',‘:'f b 0.0001 pe
The Lifecycle _ / A iﬂ ‘
of Binar £ | ‘ 5 il
y 5 | A L - | . BB A; e .'.'L'Av.v.v.v‘.'..v‘.vAvAvAVAVI\VAVAVAn VA'/\/V-—_
Supermassive 4d N2 VW !
Black Holes | <30Myr | ~3days  BURST!
duration = >
PTA LISA PTA LISA

Sara Burke-Spolaor et al. 2019 A&A Review

Last-parsec problem? Circularization from GWs
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log10(Qaw(h)

SMBH binary with eccentnmty

Model : Siyuan Chen et al. 2017 MNRAS

function of the form
hegit(f) = aof% e +bo e 2 g fre™ /T (15)

where a;,b;,c; are constants to be determined by the fit and f =
f/(10~8Hz). We find that setting

ap=7.27x10"1 =0.254  ay=0.807
by = 1.853 x 10712 by =1.77 by =3.7
co=1.12x 1071 —0.676 ¢, =0.6

reproduces the spectrum within a maximum error of 1.5% in log-
amplitude (i.e. 3.5% in amplitude), as shown in figure 3. It also

_10-

—-11.5

0.30
0.60 |
0.90
0.99 |

Bl ... Circular

8 —7
log(f [Hz])

—9

Figure 1. characteristic amplitude spectrum for different eccentricities cal-
culated with n = 12500 harmonics computed with no lower limit on f;.

Data : Bi, Wu, Chen, Huang 2023 SCPMA

—— LISA
-== TianQin
—-— Taiji

—— median
90% region

—-12 1

—14 1

—4
log10(f7HZ)

~10 -6

» NANOGrav 15yr data prefers a
large turn-over eccentricity
when GWs begin to dominate
the SMBHB evolution, but why?




SMBH with DM spike

NFW profile
Ps
Pnrw(h) = >
()
I F
Inner cusp
1y n [P0~ Ps Supermassive
Phalo(r < ”()) = Po (—) Fo =7 black hole
4 =1
Yo =

Adiabatic growth (Gondolo & Silk 1999 PRL)
SMBH Shen, Yuan, Jiang, Tsai, Yuan, Fan 2023 MNRAS

ysp

RS 1018 . ) ’ . N . )
' (l" <r<R )=p P XN —nospike“—NFW
Pspike\TISCO sp sp\ N - Gtoke  — Enastol|
3 —1]/0 1012 ...
R o Mo _ 2= .
pOrO 4 — Y0 S '
E 106 -
Q
Dynamical friction (Chandrasekhar 1943 ApJ) 10° -
- 4nG m; ppie(r;)In A |
.= -3 . . : : ; —
: y2 0 10~ 102 10° 102 10*

l r (pc)
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log (2w

Eccentric SMBHBs with DM spike

Direct measurement - -
G A3F ™ i -
for DM spike index at ’ . e N
very low frequencies ' \{;\\ T N
_ 140 N 6— T T ~e. —
= | PR 0 L S f
~" | 6,, L = -
= 15 \ } //Q 6\6
=T Z .
— N\ Q -
ho~ 1/6—y,/3 o P |16 1
c YA W
‘ %Q /‘5, .
16 L ) LY " solid: e =0 i
“an e’ dashed: e =0.01
_17 | | | | |
r r r r — -11 -10 -9 -8 7
6 23 _ A
___________ —— log ; 0(f/Hz)
8_ ,,’ /,”,/,,//// 7]
10 F . /,’:/’:,/’ 7~ i
> T S 272
1l \{/\ ,\\%n, | 1 Qo (f) = dpgw _ zf ho(f) Nf13/3_27’sp/3
W T pedinf 4 Gp,
14F A< > \& N dashed: e =0.01 -
L7 x?’” 0
A 7
16 AR -
11 -10 9 -8 7 . *
log (E/H2) Hu, Cai, SJW* 2312.14041
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Eccentric SMBHBs with DM spike

We have found an oscillation feature for DM spike as the envelope from summing harmonics

-13 |- solid: single harmonic -
dashed: without DM PRGN

dotted: envelope _-~ ’ ~ .
-14 - - T~ -

log ; O(hc)

-9 -8 -7
log , O(f/Hz)

Hu, Cai, SUW* 2312.14041
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Eccentric SMBHBs with DM spike

=0.5 o

Smoking gun of DM
spike around SMBH
for longer PTA
observational
duration
More FAST network?

61 1-11 -10 -9 -8 -7
v =0.5 '
sk P log ; O(f/Hz)
-10
12k =0  —e,=0.02| Pure gravitational probe into DM
TR0 e =0.03 if it is only subjected to gravity
14 | _e0=0.005 _e0=0.04_
_e0=0.01 e0=0.05
-16 - —e0=0.015 _e0=0.1 -
BT 10 o . e Hu, Cai, SUJW* 2312.14041
log, ,(t/Hz) 30/31



Conclusions and discussions

Take-home message
1. Primordial GWs : we might need a new paradigm shift for inflationary model-building
2. Induced GWs : we might eventually need numerical simulation to precision prediction
3. GW from FOPT : we might need full numerical simulation of bubble, PBH, perturbations

4. GW from gravitational collapse: GWs from general perturbations are more general than we think

5. GW from long-term inspiraling system : great probe with DM brake and DM flip effects

LISA

2.5 x 10°km DECIGO
\/;’i:r:gir:( i 1 k Evidence for :
S N 2L nHz Gravitational Waves
"I provided by the CPT%Wuh FAS |

Taiji -
3x10°km @ . @

, Ry
[‘ \\ \\
J R e TS 20°%
' S-— o N
, .

. DECIGO

|
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b-EMRI with DM spike _
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