
Yann Gouttenoire

27th September 2023 

PBH from domain wall networks 
Motivated by PTA signal

Postdoc in Tel Aviv U.

Sponsored by

Axion ++ conference in Annecy

https://indico.in2p3.fr/event/29472/program




Pulses
Pulses



Gravitational

Pulses

Waves

Pulses



Gravitational

Pulses

Waves

Pulses

Solar system systematics



Gravitational

Pulses

Waves

Pulses

Solar system systematics



Gravitational

Pulses

Waves

Pulses

Solar system systematics

Pulsar companion
systematics



Gravitational

Pulses

Waves Solar system systematics

Pulsar companion
systematics

Pulsar red noise
(e . g . magnetosphere fluctuation)

Pulses



Gravitational

Pulses

Waves

Pulses

Solar system systematics

Pulsar companion
systematics

Pulsar red noise
(e . g . magnetosphere fluctuation)

Dispersion measure
noise and systematics



Gravitational

Pulses

Waves

Pulses

Solar system systematics

Pulsar companion
systematics

Pulsar red noise
(e . g . magnetosphere fluctuation)

Dispersion measure
noise and systematics

Radiometer
white noise



10°10 10°9 10°8

f [Hz]

10°15

10°14

10°13

10°12

10°11

10°10

10°9

10°8

10°7

10°6

≠
G

W
h

2

NG15 (14 bins)

IPTA2 (13 bins)

"
f

<
1

yr
°

1
"



Milliseconds pulsars

Pulses



black holes binaries

13.8 Gyr ≳ t ≳ 500 Myr

Supermassive

Milliseconds pulsars

Pulses

Gravitational Waves



10°10 10°9 10°8

f [Hz]

10°15

10°14

10°13

10°12

10°11

10°10

10°9

10°8

10°7

10°6

≠
G

W
h

2

NG15 (14 bins)

IPTA2 (13 bins)

"
f

<
1

yr
°

1
"



10! 10 10! 9 10! 8

f [Hz]

10! 15

10! 14

10! 13

10! 12

10! 11

10! 10

10! 9

10! 8

10! 7

10! 6

!
G

W
h2
SMBH (mean posterior)

SMBH (astrophysics predictions)

NG15 (14 bins)

IPTA2 (13 bins)

"
f

<
1

yr
!

1
"

Rosado, Sesana, Gair 1503.04803 

GW-driven SMBH

GW-driven SMBH

https://arxiv.org/abs/1503.04803
https://arxiv.org/abs/1503.04803
https://arxiv.org/abs/1503.04803
https://arxiv.org/abs/1503.04803
https://arxiv.org/abs/1503.04803
https://arxiv.org/abs/1503.04803
https://arxiv.org/abs/1503.04803
https://arxiv.org/abs/1503.04803
https://arxiv.org/abs/1503.04803


black holes binaries

13.8 Gyr ≳ t ≳ 500 Myr

Supermassive

Milliseconds pulsars

Pulses

Gravitational Waves



1 s ≳ t ≳ 10−5 s

black holes binaries

13.8 Gyr ≳ t ≳ 500 Myr

Supermassive

Milliseconds pulsars

Pulses

Gravitational Waves

Supermassive
PBH binaries



1 s ≳ t ≳ 10−5 s

black holes binaries

13.8 Gyr ≳ t ≳ 500 Myr

Supermassive

phase transition
First-order

Milliseconds pulsars

Pulses

Gravitational Waves

Supermassive
PBH binaries



1 s ≳ t ≳ 10−5 s

black holes binaries

13.8 Gyr ≳ t ≳ 500 Myr

Supermassive

phase transition
First-order

Large curvature
perturbation

Milliseconds pulsars

Pulses

Gravitational Waves

Supermassive
PBH binaries



1 s ≳ t ≳ 10−5 s

black holes binaries

13.8 Gyr ≳ t ≳ 500 Myr

Supermassive

phase transition
First-order

Large curvature
perturbation

Local cosmic strings

Milliseconds pulsars

Pulses

Gravitational Waves

Supermassive
PBH binaries



1 s ≳ t ≳ 10−5 s

black holes binaries

13.8 Gyr ≳ t ≳ 500 Myr

Supermassive

phase transition
First-order

Large curvature
perturbation

Local cosmic strings

Milliseconds pulsars

Pulses

Global cosmic strings
Gravitational Waves

Supermassive
PBH binaries



1 s ≳ t ≳ 10−5 s

black holes binaries

13.8 Gyr ≳ t ≳ 500 Myr

Supermassive

phase transition
First-order

Large curvature
perturbation

Local cosmic strings

Domain walls

Milliseconds pulsars

Pulses

Global cosmic strings
Gravitational Waves

Supermassive
PBH binaries



1 s ≳ t ≳ 10−5 s

black holes binaries

13.8 Gyr ≳ t ≳ 500 Myr

Supermassive

phase transition
First-order

Large curvature
perturbation

Local cosmic strings

Domain walls

Milliseconds pulsars

Pulses

Gravitational Waves

Not a good fit of NG15
NG15 collar.  ÒNew physicsÓ

Ellis, Lewicki, Lin, Vaskonen 2306.17147 

Supermassive
PBH binaries

Global cosmic strings

Except if superstrings

https://arxiv.org/abs/2306.17147


1 s ≳ t ≳ 10−5 s

black holes binaries

13.8 Gyr ≳ t ≳ 500 Myr

Supermassive

phase transition
First-order

Large curvature
perturbation

Local cosmic strings

Domain walls

Milliseconds pulsars

Pulses

Gravitational Waves

Not a good fit of NG15
NG15 collar.  ÒNew physicsÓ

Ellis, Lewicki, Lin, Vaskonen 2306.17147 

Supermassive
PBH binaries

Global cosmic strings
BBN bound

Servant & Simakachorn 2307.03121

Except if superstrings

https://arxiv.org/abs/2306.17147


1 s ≳ t ≳ 10−5 s

black holes binaries

13.8 Gyr ≳ t ≳ 500 Myr

Supermassive

phase transition
First-order

Large curvature
perturbation

Local cosmic strings

Domain walls

Milliseconds pulsars

Pulses

Gravitational Waves

PBH binaries
Supermassive

YG,Trifinopoulos,Valogiannis,Vanvlass
elaer, 2307.01457

LSS and UV LF galaxy

Depta, Schmidt-Hoberg, Schwaller, 
Tasillo 2306.17836 

Not a good fit of NG15
NG15 collab.  ÒNew physicsÓ

Ellis, Lewicki, Lin, Vaskonen 2306.17147 

Global cosmic strings
BBN bound

Servant & Simakachorn 2307.03121

Except if clustering

Except if superstrings

https://arxiv.org/abs/2306.17836
https://arxiv.org/abs/2306.17147


1 s ≳ t ≳ 10−5 s

black holes binaries

13.8 Gyr ≳ t ≳ 500 Myr

Supermassive

phase transition
First-order

Large curvature
perturbation

Local cosmic strings

Domain walls

Milliseconds pulsars

Pulses

Gravitational Waves

PBH binaries
Supermassive

YG,Trifinopoulos,Valogiannis,Vanvlass
elaer, 2307.01457

LSS and UV LF galaxy

Depta, Schmidt-Hoberg, Schwaller, 
Tasillo 2306.17836 

Not a good fit of NG15
NG15 collab.  ÒNew physicsÓ

Ellis, Lewicki, Lin, Vaskonen 2306.17147 

Global cosmic strings
BBN bound

Servant & Simakachorn 2307.03121

Chen, Yuan, Huang PRL 2019
Except if large negative fNL

Vaskonen+ 2306.17149

PBH overproduction

Except if clustering

Except if superstrings

https://arxiv.org/abs/2306.17836
https://arxiv.org/abs/2306.17147
https://arxiv.org/search/astro-ph?searchtype=author&query=Chen,+Z
https://arxiv.org/search/astro-ph?searchtype=author&query=Yuan,+C
https://arxiv.org/search/astro-ph?searchtype=author&query=Huang,+Q


1 s ≳ t ≳ 10−5 s

black holes binaries

13.8 Gyr ≳ t ≳ 500 Myr

Supermassive

phase transition
First-order

Large curvature
perturbation

Local cosmic strings

Domain walls

Milliseconds pulsars

Pulses

Gravitational Waves

PBH binaries
Supermassive

YG,Trifinopoulos,Valogiannis,Vanvlass
elaer, 2307.01457

LSS and UV LF galaxy

Depta, Schmidt-Hoberg, Schwaller, 
Tasillo 2306.17836 

Not a good fit of NG15
NG15 collab.  ÒNew physicsÓ

Ellis, Lewicki, Lin, Vaskonen 2306.17147 

Global cosmic strings
BBN bound

Servant & Simakachorn 2307.03121

Chen, Yuan, Huang PRL 2019
Except if large negative fNL

Vaskonen+ 2306.17149

PBH overproduction

Except if clustering

Except if superstrings

YG, 2307.04239, PRL
Produce solar-mass PBH

https://arxiv.org/abs/2306.17836
https://arxiv.org/abs/2306.17147
https://arxiv.org/search/astro-ph?searchtype=author&query=Chen,+Z
https://arxiv.org/search/astro-ph?searchtype=author&query=Yuan,+C
https://arxiv.org/search/astro-ph?searchtype=author&query=Huang,+Q


1 s ≳ t ≳ 10−5 s

black holes binaries

13.8 Gyr ≳ t ≳ 500 Myr

Supermassive

phase transition
First-order

Large curvature
perturbation

Local cosmic strings

Domain walls

Milliseconds pulsars

Pulses

Gravitational Waves

PBH binaries
Supermassive

YG,Trifinopoulos,Valogiannis,Vanvlass
elaer, 2307.01457

LSS and UV LF galaxy

Depta, Schmidt-Hoberg, Schwaller, 
Tasillo 2306.17836 

Not a good fit of NG15
NG15 collab.  ÒNew physicsÓ

Ellis, Lewicki, Lin, Vaskonen 2306.17147 

Global cosmic strings
BBN bound

Servant & Simakachorn 2307.03121

Chen, Yuan, Huang PRL 2019
Except if large negative fNL

Vaskonen+ 2306.17149

PBH overproduction

Except if clustering

Except if superstrings

YG, 2307.04239, PRL

Gouttenoire, Vitagliano 2306.17841

Produce solar-mass PBH

Produce PBHs ?

https://arxiv.org/abs/2306.17836
https://arxiv.org/abs/2306.17147
https://arxiv.org/search/astro-ph?searchtype=author&query=Chen,+Z
https://arxiv.org/search/astro-ph?searchtype=author&query=Yuan,+C
https://arxiv.org/search/astro-ph?searchtype=author&query=Huang,+Q
https://arxiv.org/abs/2306.17841


! !"# ! #"$ #"# #"$ !"#

! #"%

#"#

#"%

#"&

#"'

+−

+
−

−

+

+
−

−

Formation of Domain Wall

Break ℤ2

V(! ) = " (! 2 − v2
! )2



+−

+
−

−

+

+
−

−

Formation of Domain Wall

R ≃ t

#DW ≃
$

R
≃

$

t

Scaling regime :



Energy density

#DW ∝ 1/t

Domain walls

t



Energy density #
background ∝ 1/t 2#DW ∝ 1/t

Background

Domain walls

t



Energy density

tdom

#
background ∝ 1/t 2#DW ∝ 1/t

DW-domination
Background

Domain walls

t



Energy density #
background ∝ 1/t 2#DW ∝ 1/t

DW-domination
Background

Domain walls
Vilenkin and Shellard  

2000, Cambridge University Press

“Observers will see the false 
vacuum regions bounded by the 

walls collapse to form black holes. 
Soon afterwards, the universe will 

become black-hole dominated”

ttdom



Energy density #
background ∝ 1/t 2#DW ∝ 1/t

DW-domination
Background

Domain walls
Vilenkin and Shellard  

2000, Cambridge University Press

PBH-domination

“Observers will see the false 
vacuum regions bounded by the 

walls collapse to form black holes. 
Soon afterwards, the universe will 

become black-hole dominated”

ttdom



Energy density #
background ∝ 1/t 2#DW ∝ 1/t

Background

Domain walls

ttdom

PBH-domination



Energy density

tdom

Background

Domain walls

#
background ≃ 1/Gt 2#DW ≃ $/t

PBH-domination



R(t) ≃ t

R

t

Energy density

tdom

Background

Domain walls

#
background ≃ 1/Gt 2#DW ≃ $/t

PBH-domination



R(t) ≃ t

R sch
=

2G
M

≃
G$t

2

R

t

Energy density

tdom

#
background ≃ 1/Gt 2#DW ≃ $/t

Background

Domain walls

PBH-domination



R(t) ≃ t

R sch
=

2G
M

≃
G$t

2

R

t

Energy density

tdom

#
background ≃ 1/Gt 2#DW ≃ $/t

Background

Domain walls

Gravitational 
collapse into PBH

PBH-domination



+−

+
−

−

+

+
−

−

Formation of Domain Wall

Break ℤ2

V(! ) = " (! 2 − v2
! )2

! !"# ! #"$ #"# #"$ !"#

! #"%

#"#

#"%

#"&

#"'

− +



+−

+
−

−

+

+
−

−

Formation of Domain Wall

Break ℤ2

! !"# ! #"$ #"# #"$ !"#

! #"%

#"#

#"%

#"&

#"'

∼ Vbias

V(! ) = " (! 2 − v2
! )2 + %! 3

+−



Energy density #
background ∝ 1/t 2#DW ∝ 1/t

Background

Domain walls

PBH-domination

tdom



Energy density #
background ∝ 1/t 2#DW ∝ 1/t

Background

Domain walls

Annihilation

tann

PBH-domination

tdom



Energy density #
background ∝ 1/t 2#DW ∝ 1/t

Background

Domain walls

Annihilation

tann

Gravitational waves PBH-domination

tdom



10! 10 10! 9 10! 8

f [Hz]

10! 15

10! 14

10! 13

10! 12

10! 11

10! 10

10! 9

10! 8

10! 7

10! 6

!
G

W
h2

SMBH (mean posterior)

SMBH (astrophysics predictions)

NG15 (14 bins)

IPTA2 (13 bins)

"
f

<
1

yr
!

1
"

Rosado, Sesana, Gair 1503.04803 

GW from DW annihilation in Pulsar Timing arrays

https://arxiv.org/abs/1503.04803
https://arxiv.org/abs/1503.04803
https://arxiv.org/abs/1503.04803
https://arxiv.org/abs/1503.04803
https://arxiv.org/abs/1503.04803
https://arxiv.org/abs/1503.04803
https://arxiv.org/abs/1503.04803
https://arxiv.org/abs/1503.04803
https://arxiv.org/abs/1503.04803


Predicted SMBH binaries

SMBH (best fit)

GW from DW annihilation in Pulsar Timing arrays

10! 10 10! 9 10! 8

f [Hz]

10! 15

10! 14

10! 13

10! 12

10! 11

10! 10

10! 9

10! 8

10! 7

10! 6

!
G

W
h2

DW annihilation (mean posterior)

SMBH (mean posterior)

SMBH (astrophysics predictions)

"
f

<
1

yr
!

1
"

NG15
IPTA2

YG,  E. Vitagliano, 2306.17841



10! 2 10! 1

Tann [GeV]

105

106
!

1/
3

[G
eV

]

" DW domination"

V 1/ 4
bias = 100 MeV

M
PBH # 50M

$

V 1/ 4
bias = 10 MeV

M
PBH # 5000M

!
BBN (dark reheating)

NG15
IPTA2

GW from DW annihilation in Pulsar Timing arrays YG,  E. Vitagliano, 2306.17841

 PBH-domination

≡



Energy density #
background ∝ 1/t 2#DW ∝ 1/t

Background

Domain walls

PBH-domination

tann

Gravitational waves

tdom



Energy density #
background ∝ 1/t 2#DW ∝ 1/t

Background

Domain walls

tann

Gravitational waves PBH-domination

tdom



Energy density #
background ∝ 1/t 2#DW ∝ 1/t

Background

Domain walls

tann

Gravitational waves PBH-domination

tdom

#GW



Energy density #
background ∝ 1/t 2#DW ∝ 1/t

Background

Domain walls

tann

Gravitational waves PBH-domination

tdom

#GW

#PBH ?



Energy density #
background ∝ 1/t 2#DW ∝ 1/t

Background

Domain walls

tann

PBH-domination

tdom

#GW

Annihilation 
phase

2023: G. B. Gelmini, J. Hyman, A. Simpson, and E. Vitagliano, 
2303.14107

2022: G. B. Gelmini, A. Simpson, and E. Vitagliano, 2207.07126, 
JCAP 02, 031,

2023: YG,  E. Vitagliano, 2306.17841

2018: Ferrer, Masso, Panico, Pujolas, Rompineve, Phys.Rev.Lett. 
122 (2019) 10, 101301, 1807.01707 

https://inspirehep.net/authors/1010073
https://inspirehep.net/authors/998463
https://inspirehep.net/authors/1037621
https://inspirehep.net/authors/1031250
https://inspirehep.net/authors/1411973
https://arxiv.org/abs/1807.01707


Energy density #
background ∝ 1/t 2#DW ∝ 1/t

Background

Domain walls

tann

PBH-domination

tdom

#GW

#
D

W
∝

1/t &

Lattice
results

Annihilation 
phase

2023: G. B. Gelmini, J. Hyman, A. Simpson, and E. Vitagliano, 
2303.14107

2022: G. B. Gelmini, A. Simpson, and E. Vitagliano, 2207.07126, 
JCAP 02, 031,

2023: YG,  E. Vitagliano, 2306.17841

2018: Ferrer, Masso, Panico, Pujolas, Rompineve, Phys.Rev.Lett. 
122 (2019) 10, 101301, 1807.01707 

https://inspirehep.net/authors/1010073
https://inspirehep.net/authors/998463
https://inspirehep.net/authors/1037621
https://inspirehep.net/authors/1031250
https://inspirehep.net/authors/1411973
https://arxiv.org/abs/1807.01707


Energy density #
background ∝ 1/t 2

Background

Domain walls

#
DW ∝

1/t &

Lattice results

PBH-domination

#DW ∝ 1/t

#GW

tann tdom

Annihilation 
phase

2023: G. B. Gelmini, J. Hyman, A. Simpson, and E. Vitagliano, 
2303.14107

2022: G. B. Gelmini, A. Simpson, and E. Vitagliano, 2207.07126, 
JCAP 02, 031,

2023: YG,  E. Vitagliano, 2306.17841

2018: Ferrer, Masso, Panico, Pujolas, Rompineve, Phys.Rev.Lett. 
122 (2019) 10, 101301, 1807.01707 

https://inspirehep.net/authors/1010073
https://inspirehep.net/authors/998463
https://inspirehep.net/authors/1037621
https://inspirehep.net/authors/1031250
https://inspirehep.net/authors/1411973
https://arxiv.org/abs/1807.01707


Energy density #
background ∝ 1/t 2

Background

Domain walls

#
DW ∝

1/t &

Lattice results

PBH-domination

#DW ∝ 1/t

#GW

tann tdom

Annihilation 
phase

2023: G. B. Gelmini, J. Hyman, A. Simpson, and E. Vitagliano, 
2303.14107

2022: G. B. Gelmini, A. Simpson, and E. Vitagliano, 2207.07126, 
JCAP 02, 031,

2023: YG,  E. Vitagliano, 2306.17841

2018: Ferrer, Masso, Panico, Pujolas, Rompineve, Phys.Rev.Lett. 
122 (2019) 10, 101301, 1807.01707 

https://inspirehep.net/authors/1010073
https://inspirehep.net/authors/998463
https://inspirehep.net/authors/1037621
https://inspirehep.net/authors/1031250
https://inspirehep.net/authors/1411973
https://arxiv.org/abs/1807.01707


Energy density #
background ∝ 1/t 2

Background

Domain walls

#
DW ∝

1/t &

Lattice results

PBH-domination

#DW ∝ 1/t

#GW

tann tdom

Annihilation 
phase

#PBH

2023: G. B. Gelmini, J. Hyman, A. Simpson, and E. Vitagliano, 
2303.14107

2022: G. B. Gelmini, A. Simpson, and E. Vitagliano, 2207.07126, 
JCAP 02, 031,

2023: YG,  E. Vitagliano, 2306.17841

2018: Ferrer, Masso, Panico, Pujolas, Rompineve, Phys.Rev.Lett. 
122 (2019) 10, 101301, 1807.01707 

https://inspirehep.net/authors/1010073
https://inspirehep.net/authors/998463
https://inspirehep.net/authors/1037621
https://inspirehep.net/authors/1031250
https://inspirehep.net/authors/1411973
https://arxiv.org/abs/1807.01707


#
background ∝ 1/t 2#DW ∝ 1/t

DW-domination
Background

Domain walls

PBH-domination

t

#PBH

Energy density

#
DW ∝ 1/t &

Annihilation 
phase

2023: G. B. Gelmini, J. Hyman, A. Simpson, and E. Vitagliano, 
2303.14107

2022: G. B. Gelmini, A. Simpson, and E. Vitagliano, 2207.07126, 
JCAP 02, 031,

2023: YG,  E. Vitagliano, 2306.17841

2018: Ferrer, Masso, Panico, Pujolas, Rompineve, Phys.Rev.Lett. 122 
(2019) 10, 101301, 1807.01707 

https://inspirehep.net/authors/1010073
https://inspirehep.net/authors/998463
https://inspirehep.net/authors/1037621
https://inspirehep.net/authors/1031250
https://inspirehep.net/authors/1411973
https://arxiv.org/abs/1807.01707


#
background ∝ 1/t 2#DW ∝ 1/t

DW-domination
Background

Domain walls

PBH-domination

t

#PBH

Energy density

#
DW ∝ 1/t &

Annihilation 
phase

2023: G. B. Gelmini, J. Hyman, A. Simpson, and E. Vitagliano, 
2303.14107

2022: G. B. Gelmini, A. Simpson, and E. Vitagliano, 2207.07126, 
JCAP 02, 031,

2023: YG,  E. Vitagliano, 2306.17841

2018: Ferrer, Masso, Panico, Pujolas, Rompineve, Phys.Rev.Lett. 122 
(2019) 10, 101301, 1807.01707 

Assumption: R(t) ≃ t

https://inspirehep.net/authors/1010073
https://inspirehep.net/authors/998463
https://inspirehep.net/authors/1037621
https://inspirehep.net/authors/1031250
https://inspirehep.net/authors/1411973
https://arxiv.org/abs/1807.01707


#
background ∝ 1/t 2#DW ∝ 1/t

DW-domination
Background

Domain walls

PBH-domination

t

#PBH

Energy density

R(t) ≃ t

R

ttdomtann

#
DW ∝ 1/t &

Annihilation 
phase

2023: G. B. Gelmini, J. Hyman, A. Simpson, and E. Vitagliano, 
2303.14107

2022: G. B. Gelmini, A. Simpson, and E. Vitagliano, 2207.07126, 
JCAP 02, 031,

2023: YG,  E. Vitagliano, 2306.17841

2018: Ferrer, Masso, Panico, Pujolas, Rompineve, Phys.Rev.Lett. 122 
(2019) 10, 101301, 1807.01707 

Assumption: R(t) ≃ t

https://inspirehep.net/authors/1010073
https://inspirehep.net/authors/998463
https://inspirehep.net/authors/1037621
https://inspirehep.net/authors/1031250
https://inspirehep.net/authors/1411973
https://arxiv.org/abs/1807.01707


#
background ∝ 1/t 2#DW ∝ 1/t

DW-domination
Background

Domain walls

PBH-domination

t

#PBH

Energy density

R

ttdomtann

#
DW ∝ 1/t &

Annihilation 
phase

R(t) ≃ t

2023: G. B. Gelmini, J. Hyman, A. Simpson, and E. Vitagliano, 
2303.14107

2022: G. B. Gelmini, A. Simpson, and E. Vitagliano, 2207.07126, 
JCAP 02, 031,

2023: YG,  E. Vitagliano, 2306.17841

2018: Ferrer, Masso, Panico, Pujolas, Rompineve, Phys.Rev.Lett. 122 
(2019) 10, 101301, 1807.01707 

Assumption: R(t) ≃ t

https://inspirehep.net/authors/1010073
https://inspirehep.net/authors/998463
https://inspirehep.net/authors/1037621
https://inspirehep.net/authors/1031250
https://inspirehep.net/authors/1411973
https://arxiv.org/abs/1807.01707


#
background ∝ 1/t 2#DW ∝ 1/t

DW-domination
Background

Domain walls

PBH-domination

t

#PBH

Energy density

R

ttdomtann

#
DW ∝ 1/t &

Annihilation 
phase

R(t) ≃ t

2023: G. B. Gelmini, J. Hyman, A. Simpson, and E. Vitagliano, 
2303.14107

2022: G. B. Gelmini, A. Simpson, and E. Vitagliano, 2207.07126, 
JCAP 02, 031,

2023: YG,  E. Vitagliano, 2306.17841

2018: Ferrer, Masso, Panico, Pujolas, Rompineve, Phys.Rev.Lett. 122 
(2019) 10, 101301, 1807.01707 

Assumption: R(t) ≃ t

https://inspirehep.net/authors/1010073
https://inspirehep.net/authors/998463
https://inspirehep.net/authors/1037621
https://inspirehep.net/authors/1031250
https://inspirehep.net/authors/1411973
https://arxiv.org/abs/1807.01707


#
background ∝ 1/t 2#DW ∝ 1/t

DW-domination
Background

Domain walls

PBH-domination

t

#PBH

Energy density

R

ttdomtann

#
DW ∝ 1/t &

Annihilation 
phase

R(t) ≃ t

2023: G. B. Gelmini, J. Hyman, A. Simpson, and E. Vitagliano, 
2303.14107

2022: G. B. Gelmini, A. Simpson, and E. Vitagliano, 2207.07126, 
JCAP 02, 031,

2023: YG,  E. Vitagliano, 2306.17841

2018: Ferrer, Masso, Panico, Pujolas, Rompineve, Phys.Rev.Lett. 122 
(2019) 10, 101301, 1807.01707 

Assumption: R(t) ≃ t

https://inspirehep.net/authors/1010073
https://inspirehep.net/authors/998463
https://inspirehep.net/authors/1037621
https://inspirehep.net/authors/1031250
https://inspirehep.net/authors/1411973
https://arxiv.org/abs/1807.01707


#
background ∝ 1/t 2#DW ∝ 1/t

DW-domination
Background

Domain walls

PBH-domination

t

#PBH

Energy density

R

ttdomtann

#
DW ∝ 1/t &

Annihilation 
phase

R(t) ≃ t

2023: G. B. Gelmini, J. Hyman, A. Simpson, and E. Vitagliano, 
2303.14107

2022: G. B. Gelmini, A. Simpson, and E. Vitagliano, 2207.07126, 
JCAP 02, 031,

2023: YG,  E. Vitagliano, 2306.17841

2018: Ferrer, Masso, Panico, Pujolas, Rompineve, Phys.Rev.Lett. 122 
(2019) 10, 101301, 1807.01707 

Assumption: R(t) ≃ t

https://inspirehep.net/authors/1010073
https://inspirehep.net/authors/998463
https://inspirehep.net/authors/1037621
https://inspirehep.net/authors/1031250
https://inspirehep.net/authors/1411973
https://arxiv.org/abs/1807.01707


#
background ∝ 1/t 2#DW ∝ 1/t

DW-domination
Background

Domain walls

PBH-domination

t

#PBH

Energy density

R

ttdomtann

#
DW ∝ 1/t &

Annihilation 
phase

R(t) ≃ t

R sch
=

2G
M

≃
G$t

2

2023: G. B. Gelmini, J. Hyman, A. Simpson, and E. Vitagliano, 
2303.14107

2022: G. B. Gelmini, A. Simpson, and E. Vitagliano, 2207.07126, 
JCAP 02, 031,

2023: YG,  E. Vitagliano, 2306.17841

2018: Ferrer, Masso, Panico, Pujolas, Rompineve, Phys.Rev.Lett. 122 
(2019) 10, 101301, 1807.01707 

Assumption: R(t) ≃ t

https://inspirehep.net/authors/1010073
https://inspirehep.net/authors/998463
https://inspirehep.net/authors/1037621
https://inspirehep.net/authors/1031250
https://inspirehep.net/authors/1411973
https://arxiv.org/abs/1807.01707


#
background ∝ 1/t 2#DW ∝ 1/t

DW-domination
Background

Domain walls

PBH-domination

t

#PBH

Energy density

R

ttdomtann

#
DW ∝ 1/t &

Annihilation 
phase

R(t) ≃ t

R sch
=

2G
M

≃
G$t

2

2023: G. B. Gelmini, J. Hyman, A. Simpson, and E. Vitagliano, 
2303.14107

2022: G. B. Gelmini, A. Simpson, and E. Vitagliano, 2207.07126, 
JCAP 02, 031,

2023: YG,  E. Vitagliano, 2306.17841

2018: Ferrer, Masso, Panico, Pujolas, Rompineve, Phys.Rev.Lett. 122 
(2019) 10, 101301, 1807.01707 

Assumption: R(t) ≃ t

https://inspirehep.net/authors/1010073
https://inspirehep.net/authors/998463
https://inspirehep.net/authors/1037621
https://inspirehep.net/authors/1031250
https://inspirehep.net/authors/1411973
https://arxiv.org/abs/1807.01707


#
background ∝ 1/t 2#DW ∝ 1/t

DW-domination
Background

Domain walls

PBH-domination

t

#PBH

Energy density

R

ttdomtann

#
DW ∝ 1/t &

Annihilation 
phase

2023: G. B. Gelmini, J. Hyman, A. Simpson, and E. Vitagliano, 
2303.14107

2022: G. B. Gelmini, A. Simpson, and E. Vitagliano, 2207.07126, 
JCAP 02, 031,

2023: YG,  E. Vitagliano, 2306.17841

2018: Ferrer, Masso, Panico, Pujolas, Rompineve, Phys.Rev.Lett. 122 
(2019) 10, 101301, 1807.01707 

Assumption: R(t) ≃ t

R(t) ≃ t

R sch
=

2G
M

≃
G$t

2

https://inspirehep.net/authors/1010073
https://inspirehep.net/authors/998463
https://inspirehep.net/authors/1037621
https://inspirehep.net/authors/1031250
https://inspirehep.net/authors/1411973
https://arxiv.org/abs/1807.01707


#
background ∝ 1/t 2#DW ∝ 1/t

DW-domination
Background

Domain walls

PBH-domination

t

#PBH

Energy density

R

ttdomtann

#
DW ∝ 1/t &

Annihilation 
phase

R(t) ≃ t

R sch
=

2G
M

≃
G$t

2

2023: G. B. Gelmini, J. Hyman, A. Simpson, and E. Vitagliano, 
2303.14107

2022: G. B. Gelmini, A. Simpson, and E. Vitagliano, 2207.07126, 
JCAP 02, 031,

2023: YG,  E. Vitagliano, 2306.17841

2018: Ferrer, Masso, Panico, Pujolas, Rompineve, Phys.Rev.Lett. 122 
(2019) 10, 101301, 1807.01707 

Assumption: R(t) ≃ t

https://inspirehep.net/authors/1010073
https://inspirehep.net/authors/998463
https://inspirehep.net/authors/1037621
https://inspirehep.net/authors/1031250
https://inspirehep.net/authors/1411973
https://arxiv.org/abs/1807.01707


#
background ∝ 1/t 2#DW ∝ 1/t

DW-domination
Background

Domain walls

PBH-domination

t

#PBH

Energy density

R

ttdomtann

#
DW ∝ 1/t &

Annihilation 
phase

R(t) ≃ t

R sch
=

2G
M

≃
G$t

2

2023: G. B. Gelmini, J. Hyman, A. Simpson, and E. Vitagliano, 
2303.14107

2022: G. B. Gelmini, A. Simpson, and E. Vitagliano, 2207.07126, 
JCAP 02, 031,

2023: YG,  E. Vitagliano, 2306.17841

2018: Ferrer, Masso, Panico, Pujolas, Rompineve, Phys.Rev.Lett. 122 
(2019) 10, 101301, 1807.01707 

Assumption: R(t) ≃ t

https://inspirehep.net/authors/1010073
https://inspirehep.net/authors/998463
https://inspirehep.net/authors/1037621
https://inspirehep.net/authors/1031250
https://inspirehep.net/authors/1411973
https://arxiv.org/abs/1807.01707


R

ttdomtann

R(t) ≃ t

R sch
=

2G
M

≃
G$t

2

Assumption: R(t) ≃ t



Go back to basics:

Assumption: R(t) ≃ t

t

R

tdomtann

R(t) ≃ t

R sch
=

2G
M

≃
G$t

2



··' + (4 − 3a2 ·' 2)H ·' +
2

a2'
(1 − a2 ·' 2) = −

(
Vbias

$
+ 6( $

)
(1 − a2 ·' 2)3/2

a

R(t) = a(t)' (t)

Go back to basics:

Assumption: R(t) ≃ t

t

R

tdomtann

R(t) ≃ t

R sch
=

2G
M

≃
G$t

2



!" ! ! ! !"

!" ! !

!

!"

··' + (4 − 3a2 ·' 2)H ·' +
2

a2'
(1 − a2 ·' 2) = −

(
Vbias

$
+ 6( $

)
(1 − a2 ·' 2)3/2

a

R(t) = a(t)' (t)

Go back to basics:

Assumption: R(t) ≃ t

t

R

tdomtann

R(t) ≃ t

R sch
=

2G
M

≃
G$t

2



Go back to basics:

Assumption: R(t) ≃ t

t

R(t) ∝
{

a(t), if R > t,
e−Γt, if R < t .

Result:

R

tdomtann

R(t) ≃ t

R sch
=

2G
M

≃
G$t

2

··' + (4 − 3a2 ·' 2)H ·' +
2

a2'
(1 − a2 ·' 2) = −

(
Vbias

$
+ 6( $

)
(1 − a2 ·' 2)3/2

a

R(t) = a(t)' (t)



Go back to basics:

Assumption: R(t) ≃ t

R

ttdomtann
R(t) ∝

{
a(t), if R > t,
e−Γt, if R < t .

Result:

R(t) = t

··' + (4 − 3a2 ·' 2)H ·' +
2

a2'
(1 − a2 ·' 2) = −

(
Vbias

$
+ 6( $

)
(1 − a2 ·' 2)3/2

a

R(t) = a(t)' (t)



Go back to basics:

Assumption: R(t) ≃ t

R(t) ∝
{

a(t), if R > t,
e−Γt, if R < t .

Result:

R

ttdomtann

R(t) ∝
e −Γt

R(t) = t

··' + (4 − 3a2 ·' 2)H ·' +
2

a2'
(1 − a2 ·' 2) = −

(
Vbias

$
+ 6( $

)
(1 − a2 ·' 2)3/2

a

R(t) = a(t)' (t)



Go back to basics:

Assumption: R(t) ≃ t

R(t) ∝
{

a(t), if R > t,
e−Γt, if R < t .

Result:

R

ttdomtann

R(t) ∝
e −Γt

R(t) = t

R(t) ∝ t1/2
··' + (4 − 3a2 ·' 2)H ·' +

2
a2'

(1 − a2 ·' 2) = −
(

Vbias

$
+ 6( $

)
(1 − a2 ·' 2)3/2

a

R(t) = a(t)' (t)



Go back to basics:

Assumption: R(t) ≃ t

R(t) ∝
{

a(t), if R > t,
e−Γt, if R < t .

Result:

R

ttdomtann

R(t) ∝ t1/2

R(t) ∝
e −Γt

R(t) ∝
e −Γt

R(t) = t

··' + (4 − 3a2 ·' 2)H ·' +
2

a2'
(1 − a2 ·' 2) = −

(
Vbias

$
+ 6( $

)
(1 − a2 ·' 2)3/2

a

R(t) = a(t)' (t)



Go back to basics:

Assumption: R(t) ≃ t

R(t) ∝
{

a(t), if R > t,
e−Γt, if R < t .

Result:

R

ttdomtann

R(t) ∝ t1/2

R(t) ∝
e −Γt

R(t) ∝
e −Γt

R(t) = t

··' + (4 − 3a2 ·' 2)H ·' +
2

a2'
(1 − a2 ·' 2) = −

(
Vbias

$
+ 6( $

)
(1 − a2 ·' 2)3/2

a

R(t) = a(t)' (t)

Scaling regime:  ⟨R(t)⟩ ≃ t



Go back to basics:

Assumption: R(t) ≃ t

R(t) ∝
{

a(t), if R > t,
e−Γt, if R < t .

Result:

R

ttdomtann

R(t) ∝
e −Γt

R(t) = t

R(t) ∝ t1/2
··' + (4 − 3a2 ·' 2)H ·' +

2
a2'

(1 − a2 ·' 2) = −
(

Vbias

$
+ 6( $

)
(1 − a2 ·' 2)3/2

a

R(t) = a(t)' (t)

Scaling regime:  ⟨R(t)⟩ ≃ t



Go back to basics:

Assumption: R(t) ≃ t

R(t) ∝
{

a(t), if R > t,
e−Γt, if R < t .

Result:

R

ttdomtann

R(t) ∝
e −Γt

R(t) = t

↑ late − annihilators ↑
Rmin

R(t) ∝ t1/2

··' + (4 − 3a2 ·' 2)H ·' +
2

a2'
(1 − a2 ·' 2) = −

(
Vbias

$
+ 6( $

)
(1 − a2 ·' 2)3/2

a

R(t) = a(t)' (t)

Scaling regime:  ⟨R(t)⟩ ≃ t



Go back to basics:

Assumption: R(t) ≃ t

R(t) ∝
{

a(t), if R > t,
e−Γt, if R < t .

Result:

R

ttdomtann

R(t) ∝
e −Γt

R(t) = t

↑ late − annihilators ↑
Rmin

R(t) ∝ t1/2

··' + (4 − 3a2 ·' 2)H ·' +
2

a2'
(1 − a2 ·' 2) = −

(
Vbias

$
+ 6( $

)
(1 − a2 ·' 2)3/2

a

R(t) = a(t)' (t)

“Analogue of “late-bloomers” in 
first-order phase transition  
(YG,  Volansky, 2305.04942)"

Scaling regime:  ⟨R(t)⟩ ≃ t

https://inspirehep.net/authors/1041741
https://arxiv.org/abs/2305.04942


PBH abundance: 

 fPBH ≃ ℱ ×
(

Tdom

Teq )

R

ttdomtann

R(t) ∝
e −Γt

R(t) = t

↑ late − annihilators ↑
Rmin

R(t) ∝ t1/2

“Analogue of “late-bloomers” in 
first-order phase transition  
(YG,  Volansky, 2305.04942)"

https://inspirehep.net/authors/1041741
https://arxiv.org/abs/2305.04942


PBH abundance: 

 fPBH ≃ ℱ ×
(

Tdom

Teq )

R

ttdomtann

R(t) ∝
e −Γt

R(t) = t

↑ late − annihilators ↑
Rmin

R(t) ∝ t1/2

“Analogue of “late-bloomers” in 
first-order phase transition  
(YG,  Volansky, 2305.04942)"

Redshift factor

https://inspirehep.net/authors/1041741
https://arxiv.org/abs/2305.04942


PBH abundance: 

 fPBH ≃ ℱ ×
(

Tdom

Teq )

R

ttdomtann

R(t) ∝
e −Γt

R(t) = t

↑ late − annihilators ↑
Rmin

R(t) ∝ t1/2

Late-annihilators 
fraction Redshift factor

“Analogue of “late-bloomers” in 
first-order phase transition  
(YG,  Volansky, 2305.04942)"

https://inspirehep.net/authors/1041741
https://arxiv.org/abs/2305.04942


Abundance of late-annihilators  ℱ

Vilenkin&Shellard 2000



Abundance of late-annihilators  ℱ

Discretization 

Vilenkin&Shellard 2000



Abundance of late-annihilators  ℱ
Percolation theory on a lattice:

Discretization 

Vilenkin&Shellard 2000



Abundance of late-annihilators  ℱ
Percolation theory on a lattice:

1) Lattice spacing: a = ) × t with ) = 𝒪(1)

Discretization 

Vilenkin&Shellard 2000



Abundance of late-annihilators  ℱ
Percolation theory on a lattice:

2) Site occupation probability :  P = 0.5

1) Lattice spacing: a = ) × t with ) = 𝒪(1)

Discretization 

Vilenkin&Shellard 2000



Abundance of late-annihilators  ℱ
Percolation theory on a lattice:

2) Site occupation probability :  P = 0.5

1) Lattice spacing: a = ) × t with ) = 𝒪(1)

Discretization 

3) Probability of a spherical false vacuum domain of size R:

Vilenkin&Shellard 2000



Abundance of late-annihilators  ℱ
Percolation theory on a lattice:

2) Site occupation probability :  P = 0.5

1) Lattice spacing: a = ) × t with ) = 𝒪(1)

Discretization 

3) Probability of a spherical false vacuum domain of size R:

ℱ(R) ≃ Ps
Vilenkin&Shellard 2000



Abundance of late-annihilators  ℱ
Percolation theory on a lattice:

2) Site occupation probability :  P = 0.5

1) Lattice spacing: a = ) × t with ) = 𝒪(1)

Discretization 

3) Probability of a spherical false vacuum domain of size R:

ℱ(R) ≃ Ps
Vilenkin&Shellard 2000

s = number of sites in DW



Abundance of late-annihilators  ℱ
Percolation theory on a lattice:

2) Site occupation probability :  P = 0.5

1) Lattice spacing: a = ) × t with ) = 𝒪(1)

Discretization 

3) Probability of a spherical false vacuum domain of size R:

ℱ(R) ≃ Ps

s = number of sites in DW ≃
4(

3 (
R
a )

3
Vilenkin&Shellard 2000



Abundance of late-annihilators  ℱ
Percolation theory on a lattice:

2) Site occupation probability :  P = 0.5

1) Lattice spacing: a = ) × t with ) = 𝒪(1)

Discretization 

3) Probability of a spherical false vacuum domain of size R:

Vilenkin&Shellard 2000

s = number of sites in DW ≃
4(

3 (
R
a )

3
ℱ(R) ≃ Ps ≃ P4( (R/a)3/3



Abundance of late-annihilators  ℱ
Percolation theory on a lattice:

2) Site occupation probability :  P = 0.5

1) Lattice spacing: a = ) × t with ) = 𝒪(1)

Discretization 

3) Probability of a spherical false vacuum domain of size R:

! !"
!" ! !#

!" ! !$

!" ! !%

!" ! &

!" ! '

!" ! (

!

ℱ(R) ≃ Ps ≃ P4( (R/a)3/3
Vilenkin&Shellard 2000

s = number of sites in DW ≃
4(

3 (
R
a )

3



10! 2 10! 1

Tann [GeV]

105

106

!
1/

3
[G

eV
]

" DW domination"

V 1/ 4
bias = 100 MeV

M
PBH # 50M

$

V 1/ 4
bias = 10 MeV

M
PBH # 5000M

!
BBN (dark reheating)

NG15
IPTA2



10! 2 10! 1

Tann [GeV]

105

106

!
1/

3
[G

eV
]

"/t = 1

" DW domination"

V 1/ 4
bias = 100 MeV

M
PBH # 50M

$

V 1/ 4
bias = 10 MeV

M
PBH # 5000M

!

PBH overproduction (astro)

f PBH > 10! 10

BBN (dark reheating)

NG15
IPTA2



Summary



Summary

1) Efficient PBH production due to collapse of late-annihilatorsTann ≲ Tdom ⟹



Summary

1) Efficient PBH production due to collapse of late-annihilatorsTann ≲ Tdom ⟹

2) valid on average but wrong for individual DW (NEW)⟨R(t)⟩ ≃ t ⟹



Summary

1) Efficient PBH production due to collapse of late-annihilatorsTann ≲ Tdom ⟹

3) Abundance of late-annihilators can be calculated from percolation theory (NEW)

2) valid on average but wrong for individual DW (NEW)⟨R(t)⟩ ≃ t ⟹

ℱ(R) ∼ e−3(R/t)3



4) Most favoured new physics interpretation of  NANOGrav GW signal: 1stOPT and Domain Walls

Summary

1) Efficient PBH production due to collapse of late-annihilatorsTann ≲ Tdom ⟹

3) Abundance of late-annihilators can be calculated from percolation theory (NEW)

ℱ(R) ∼ e−3(R/t)3

2) valid on average but wrong for individual DW (NEW)⟨R(t)⟩ ≃ t ⟹



4) Most favoured new physics interpretation of  NANOGrav GW signal: 1stOPT and Domain Walls

Can produce solar-mass PBH
YG, 2307.04239, to appear in PRL

Summary

1) Efficient PBH production due to collapse of late-annihilatorsTann ≲ Tdom ⟹

3) Abundance of late-annihilators can be calculated from percolation theory (NEW)

ℱ(R) ∼ e−3(R/t)3

2) valid on average but wrong for individual DW (NEW)⟨R(t)⟩ ≃ t ⟹



4) Most favoured new physics interpretation of  NANOGrav GW signal: 1stOPT and Domain Walls

Can produce solar-mass PBH
YG, 2307.04239, to appear in PRL

Summary

1) Efficient PBH production due to collapse of late-annihilatorsTann ≲ Tdom ⟹

3) Abundance of late-annihilators can be calculated from percolation theory (NEW)

ℱ(R) ∼ e−3(R/t)3

Might not produce observable PBH

2) valid on average but wrong for individual DW (NEW)⟨R(t)⟩ ≃ t ⟹



4) Most favoured new physics interpretation of  NANOGrav GW signal: 1stOPT and Domain Walls

Can produce solar-mass PBH
YG, 2307.04239, to appear in PRL

Summary

1) Efficient PBH production due to collapse of late-annihilatorsTann ≲ Tdom ⟹

3) Abundance of late-annihilators can be calculated from percolation theory (NEW)

Might not produce observable PBH

ℱ(R) ∼ e−3(R/t)3 ∼ 10−35 R/t
NANOGrav 15

≃ 3

2) valid on average but wrong for individual DW (NEW)⟨R(t)⟩ ≃ t ⟹



4) Most favoured new physics interpretation of  NANOGrav GW signal: 1stOPT and Domain Walls

Can produce solar-mass PBH
YG, 2307.04239, to appear in PRL

Summary

1) Efficient PBH production due to collapse of late-annihilatorsTann ≲ Tdom ⟹

3) Abundance of late-annihilators can be calculated from percolation theory (NEW)

(Except if GW from DW has been over-estimated)

Might not produce observable PBH

ℱ(R) ∼ e−3(R/t)3 ∼ 10−35 R/t
NANOGrav 15

≃ 3

2) valid on average but wrong for individual DW (NEW)⟨R(t)⟩ ≃ t ⟹



4) Most favoured new physics interpretation of  NANOGrav GW signal: 1stOPT and Domain Walls

Can produce solar-mass PBH
YG, 2307.04239, to appear in PRL

Summary

1) Efficient PBH production due to collapse of late-annihilatorsTann ≲ Tdom ⟹

3) Abundance of late-annihilators can be calculated from percolation theory (NEW)

ℱ(R) ∼ e−3(R/t)3

Outlooks: Many applications beyond PTA

ℱ(R) ∼ e−3(R/t)3 ∼ 10−35 R/t
NANOGrav 15

≃ 3

(Except if GW from DW has been over-estimated)

Might not produce observable PBH

2) valid on average but wrong for individual DW (NEW)⟨R(t)⟩ ≃ t ⟹



!" ! # !" ! $ !" !" % !" & !" !" !" !'

"($

"(%

"()

"(*

!("

!($

!(%

!" ! $'!" ! !+!" ! !#!" ! !!!" ! &!" ! '!"!" #!" +

!!"
!#!$% "

&'!
&'!

&(%)*+

,-.%

/012
3*45(

'*+4(678%*85

9' (:74 #

;4(<=+>*(8

!!"
!?' 47@7->*85 "

�� !!" ��!9-4A 47@7->*85"

21/B $?&

�� 9C <()*8->*(8 ��

"1D
E

F
*>

/012 $3*45(
?1C! 7G+6=%*(8

#HI
?1C! 7G+6=%*(8

��
��

#<
*%

>��

Tdom ≃ V1/4
bias



!" ! # !" ! $ !" !" % !" & !" !" !" !'
"("

"(#

!("

!(#

$("

$(#
!" ! $'!" ! !)!" ! !#!" ! !!!" ! &!" ! '!"!" #!" )

�� !" #$%&'()&$' ��

*+,-
.&

)

/0+1 !2&34$
567

/087

9:

:6

;;*
"8< 3=>=()&'4 #

�� ;;* ��
"!(3? 3=>=()&'4 #


