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Plan of the talk
1. A	brief	introduction	to	high-scale	physics:
																															a.	Dark	Matter	 	 	
	 	 	 				b.	Matter-Antimatter	asymmetry
																															c.	Scale	of	Quantum	Gravity
																															d.	Primordial	Black	Holes

2.	Gravitational	Wave	Physics
																															a.	Theory	 	 	
	 	 	 				b.	Sources
																															c.	Detectors
																															d.	Recent	Discoveries

3. GWs	from	Domain	Walls	and	its	applications

4. GWs	from	Cosmic	Strings	and	its	applications

5. GWs	from	PBH	and	its	applications

6.			Summary	and	Conclusion



Cosmological Puzzles

1. Inflation
2. Dark	Matter
3. Matter-Antimatter	asymmetry
4. Scale	of	Quantum	Gravity
5. PBH

A. Motivation to look for BSM Physics

C. Cosmological Observations:
 a powerful investigative tool

The Early Universe

B. High-Scale Physics



Dark Matter

Evidence of DM : Galaxy Rotation Curve

What	we	know	:

q Relic	density	
q Massive	
q Stable	object	
q No	or	very	weak	interaction

q Nature	of	DM	
q Interaction	
q Production	mechanism	

What	we		don’t know:

How	massive?	How	to	probe?

Detecting	particle	nature	of		DM:



Matter-Antimatter asymmetry
Every particle has its counterpart, called an antiparticle.

Antiparticle is identical to its particle counterpart in all respects except charge. 

Most	explanations	consider	very	high-energy	scales,	can	we	test	such	scales?



Scale of Quantum Gravity
q For	decades	EFT	has	played	a	vital	role	in	Particle	physics
q It	has	guided	physicists looking	for	the	signatures	of	new	physics
q However,	it	has	limitations:	The	situation	becomes	different	once	we	include	gravity	and	demand	that	the	
EFT	in	question	is	valid	at	all	energies	in	suitable	QG	theory

Swampland	

Refers to low-energy EFTs which are
not compatible with quantum gravity.

No	global	symmetry	conjecture
There	exists	no	exact	(continuous	or	discrete)	
global	symmetry	in	quantum	gravity	theories.

q No	global	symmetry	conjecture
q Weak	gravity	conjecture
q Distance	conjecture

Swampland	Conjectures	

Any	observational	effects	that	can	constrain	𝚲𝐐𝐆?

Global symmetries in low-
energy EFTs are broken by

Vafa, hep-th/0509212
Ooguri & Vafa, NPB 766, 21 (2007) 



Primordial Black Holes

PBH	

Any	observational	effects	of	such	PBHs?

Stable	
(DM)	

Unstable	 DM	



Gravitational Waves: 
Ripples in the fabric of spacetime



Gravitational Waves: Theory
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RevModPhys.94.025001

Einstein's Equation:

Considering a small perturbation around the metric tensor:

Propagation of GW :

Source term of GW

In the far-field regime, the amplitude can be approximated as,

Second time derivative of Quadrupole Moment

Power Emitted:

Space-time determines the trajectories of all object

Massive object curve space-time

Flat space-time Small deviation 
in flat space-time



Possible sources of GW in the early Universe

1. Dark	Matter
2. Matter-Antimatter	asymmetry
3. Primordial	Black	Holes

These sources might also be the origin of some of the Cosmological Puzzles:

Possible Sources:

1. Inflation
2. Phase	Transition
3. Topological	Defects
4. Primordial	Black	Holes

Can	we	use	GW	to	TEST/PROBE	these	high-energy	scales?

• GW propagates freely once generated
• Carry unique information about the processes that produced them 



Gaia/
SKA/THEIA

LIGO/
Virgo/ET

LISA/BBO/
DECIGO/μAres

Credit to ESA

Stochastic GW background: 
Many SMBH binaries/ Phase transition/Cosmic 
string/PBH density fluctuation

GW Detections



Recent Discoveries

Discovery of GW by LIGO-VIRGO Col.

PRL 116, 061102 (2016)

Source	of	GW:	Merging	of	pair	of	BHs	at	z	=	0.09

Recent results reported by PTA projects

Several PTA projects have reported positive
evidence of a stochastic gravitational wave
background.
Source	of	SGWB:	Merging	of		SMBH	Binaries/Cosmological	
origin/combination	of	Both. NANOGrav, 2306.16219



GWs: Important Scientific Milestones



Some recent works on GW from Domain Walls



Domain Wall Formation

From Yann Gouttenoire’s SHEP seminar



Domain Wall: Fact-Sheet

Surface Tension 

Energy Density 

(Dilutes much slower than radiation and matter) 

Slower Dilution 

Cosmological               
Catastrophe!! 



Possible Solutions

Saikawa, Universe 3, 40 (2017)

2. Symmetry restoration at some temperature 
1. If formed before inflation, they can be inflated away

3. Metastable Domain Walls 

False vacuum shrinks



Gravitational Waves from Domain Walls

by	causality
by	numerical	simulation

Broken	power	law

The	peak	amplitude	appears	when	𝑡 ∼ 𝑡#$$

The	corresponding	peak	frequency

GW	spectrum:

a
ann

Annihilation 
GW



Applications: GW from DW

ΛQG

Stable Dark Sector

S1 : Z
(DW)
2

S2 : Z
(DM)
2
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The renormalizable potential
(𝑍!-conserving)
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(𝑍!-breaking)
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Based on: PRD 109 (2024) 2, 024057



Electroweak symmetry breaking
Mixing	between	𝑆% and	𝐻:

𝑆% 𝐻

SM

SM

𝑆% → SMSM → 𝑒𝑒̅, 𝛾𝛾̅, 𝜈𝜈̅

Indirect detection of dark matter

CMB	power	spectrum

Slatyer & Wu, PRD 95, 2, 023010 (2017)

SKA	radio	telescope

DM Decay:
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GW from DW: Testing the scale of Quantum Gravity
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Some recent works on GW from Cosmic Strings



Cosmic String Formation

Cosmic	Strings

CS is a 1-d defect originating from SSB of U(1) symmetry.

a. Breaking of global U(1) symmetry: Global string
b. Breaking of local U(1) symmetry: Local string



Cosmic Strings: Fact-Sheet

Cosmological               
Catastrophe!! 

(Dilutes much slower than radiation and
 matter but faster than DW) 

The evolution of CS network is much more complicated:

a. Intercommutation of intersecting strings leads 
to the formation of loops of different sizes.

b.    Smaller loops decay by radiating GW.



Gravitational Waves from Cosmic Strings

GW	energy	density	at	present:

Phil.Trans.Roy.Soc.Lond.A 380 (2022) 20210060

Typical	feature:

At a later time, the size of a loop's initial length                     can be 
expressed as: 

Set of normal mode oscillation with frequency
                                  



Example I: JHEP 11 (2021) 175 (Ligong Bian, Xuewen Liu and Ke-Pan Xie )

The relevant symmetry: Cosmic String GW

The relevant Lagrangian:

Gauged

The relevant Lagrangian for DM:

Applications: GW from Cosmic Strings

(Responsible for the slow decay)



GW from CS: As a probe to super-heavy DM
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Applications: GW from Cosmic Strings

The relevant Lagrangian:

The relevant symmetry: Cosmic String GW
Gauged

Nucl.Phys.B 1002 (2024) 116528Example II:

Multiple Matter Dominated era resulting from:

• PBH dominated Universe
• Diluter (N3) dominated universe
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Some recent works on GW from PBH



Primordial Black Holes (PBH)

PBH	mass	at	formation:	 Black	hole	Temperature:	

Bound	on	PBH	mass:	

Hawking	evaporation:	

PBH	formation	

Collapse	of	large	inhomogeneities	

Collapse	of	cosmic	string	loops	

Bubble	collisions	

PBH dominated Universe



PBH: Fact-Sheet



Particle production from PBH
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Gravitational Waves from PBH

Inhomogeneity	in	the	distribution	of	the	PBH	 Induces	GW	at	second	order	when	PBH	dominates
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Applications: GW from PBH
Based on PRD 107 (2023) 9, 095002
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GW from PBH: Probing Asymmetric Universe

10-2 102 106 1010104

106

108

1010

1012

1014

1016

1018

min[g]

m
S
[G

eV
]

C
M

B
ex

cl
u

d
ed

mS > MP

ϵ1+ϵ2 > 0.4

B
B

N
ex

cl
u

d
ed

ϵ 1
+
ϵ 2

=
1

0
-

3

ϵ 1
+
ϵ 2

=
1

0
-

2

ϵ 1
+
ϵ 2

=
1

0
-

1

m
S <

T
evap

ε1	+	ε2	=	0.1,	β	∼	βmax

CE

ET

BBO

LISA

mS	=	10
10

	GeV

mS	=	10
8
	GeV

mS	=	10
6
	GeV

mS	<	TBH

in

O5

O2

O1

LIGO

lo
g
1
0
	
(
Ω

G
W
	
h
2
)

−16

−14

−12

−10

−8

−6

log10	(f/	Hz)

−5 −3 −1 1 3 5

DECIGO



Summary and Conclusion

1.	Some	high-scale	issues:	DM,	baryon	asymmetric	Universe,	the	scale	of	QG.

2.	How	to	test/probe	these	scales?	Primordial	Gravitational	Waves?

3.	GW	can	have	cosmological	origins:	Phase	transition,	Topological	defects,	PBHs,	etc.

4.	The	same	sources	might	also	produce	particles	responsible	for	all	the	cosmological	puzzles	discussed	
above.

4.	This	suggests	that	primordial	GW	can	help	us	understand/test/probe	these	scales	because	they	
might	have	a	common	origin.

5.	Gravitational	wave	cosmology	is	one	of	the	most	promising	avenues	for	discovering	physics	beyond	
the	Standard	Model.


