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Ingredient #1: Spontaneous symmetry breaking
• Starting point: Single scalar 

particle 𝜙𝜙 in a “wine-bottle” 
potential 𝑉𝑉 𝜙𝜙
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particle 𝜙𝜙 in a “wine-bottle” 
potential 𝑉𝑉 𝜙𝜙

• Cylindrical symmetry of 𝑉𝑉 𝜙𝜙  
spontaneously broken

• Massless Goldstone boson 𝑎𝑎 
produced; called an axion-like 
particle (ALP)

• Motivation: feature of Standard 
Model (Higgs boson)
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The Kibble-Zurek mechanism
[Kibble 1976, Zurek 1985]

• ALP field value (phase) chosen 
randomly within a correlation 
volume
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The Kibble-Zurek mechanism
[Kibble 1976, Zurek 1985]

• ALP field value (phase) chosen 
randomly within a correlation 
volume

• Cosmic global strings form around 
complete windings of ALP field value
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• Additional potential energy term selects a set of degenerate minima 
• Motivation: Generic feature of Standard Model extensions
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• Different patches of the Universe “roll down” to 
different minima, separated by domain walls
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• Additional potential energy term selects a single minimum
• Motivation: Avoid domain walls dominating energy density of Universe
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Optional ingredient #4: Coupling to photons
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• Motivation: analogous to QCD 
axion

• Motivation: allows ALP to decay, 
evading constraints on dark 
matter abundance

• Motivation: connects this model 
to constraints on ALP-photon 
parameter space
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Catastrogenesis
Production of ALPs, gravitational waves (GWs), and 
possibly primordial black holes (PBHs) by domain-wall 
annihilation
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ALP production
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Unstable ALP: Could dominate energy 
density of Universe before decaying

[JH, Z. Picker, G. Gelmini, forthcoming]

Stable ALP: 
Could comprise all the dark matter 

[G. Gelmini, A. Simpson, E. Vitagliano, 2207.07126]
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Intermediate matter domination
[JH, Z. Picker, G. Gelmini, forthcoming]
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• Unstable ALPs could dominate the 
energy density of the Universe 
before decaying, a period of 
intermediate matter domination
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Observability of these gravitational waves
[JH, Z. Picker, G. Gelmini, forthcoming]
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Primordial black holes, maybe
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• Closed domain walls could shrink 
within their Schwarzschild radius 
during annihilation, forming a 
primordial black hole

• These PBHs could fall into the 
asteroid-mass range for which 
PBHs could be the dark matter

• PBH abundance calculations are 
extremely uncertain, so it’s hard to 
use PBHs to rule models in or out

String

Domain walls
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• Symmetry breaking of a scalar particle (axion-like particle) in the 
early Universe produces a rich cosmology

• Different patches of the Universe with different energies are 
separated by a network of domain walls, which annihilate as the 
Universe cools

• The annihilation process ("catastrogenesis") produces axion-like 
particles, gravitational waves, and possibly primordial black holes

Thank you!
Research presented on this talk was supported in part by the U.S. Department of Energy (DOE) Grant No. DE-SC0009937. Support was also provided by the European Research 
Council (ERC) under the European Union’s Horizon Europe research and innovation programme (grant agreement No. 101040019). Views and opinions expressed are however 
those of the author(s) only and do not necessarily reflect those of the European Union.
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Catastrogenesis generic particle model

Spontaneous 
symmetry 
breaking

Explicit breaking Bias

Fields:

Consistency conditions:

The field 𝑎𝑎 may be any pseudo-Goldstone boson, but we refer to it as an ALP.

(Zel’dovich, Kobzarev, and Okun 1974, Sikivie 1982) 
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Catastrogenesis cosmology: summary

45
Dark matter, gravitational waves, and primordial black holes from domain-wall annihilation



Dark matter, gravitational waves, and primordial black holes from domain-wall annihilation

Preliminary



Dark matter, gravitational waves, and primordial black holes from domain-wall annihilation



GW spectrum from strings and DW annihilation

(Gelmini, Hyman, Simpson, Vitgaliano 2207.07126) 

Spectrum peaked at inverse of 
horizon size at annihilation: 

𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ≃ 𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎/𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎

𝑓𝑓 < 𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝: 𝑓𝑓3 (super-
horizon wavelengths ⇒ 

uncorrelated white noise) 
(Caprini et al 0901.1661) 

𝑓𝑓 > 𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝: 𝑓𝑓−1 
(from simulation) 

(Hiramatsu et al. 1207.3166) 

Spectrum from 
strings: frequency 
cutoff, nearly flat
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Primordial black holes, maybe
[G. Gelmini, JH, A. Simpson, E. Vitagliano, 2303.14107]
[Y. Gouttenoire, E. Vitagliano, 2311.07670]

Dark matter, gravitational waves, and primordial black holes from domain-wall annihilation

String
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Motivation for considering PBHs

Dark matter

Microlensing 
events

(OGLE, HSC)

(NANOGrav)
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Many approximate spontaneously broken global 𝑈𝑈(1) symmetries in 
extensions to the SM resulting in pseudo-Goldstone bosons, e.g.
Original axion (Peccei-Quinn mechanism, 1977)
Motivation: strong-CP problem (neutron dipole moment)
𝑚𝑚𝑎𝑎  ≃  100 keV
Invisible axion (QCD axion)
Motivation: Electroweak-scale PQ symmetry breaking ruled out by experiment
𝑚𝑚𝑎𝑎  ≃  10−13 − 10−2 eV
Generic axion-like particle (ALP) model 
Motivation: Dark matter, cosmology
𝑚𝑚𝑎𝑎 arbitrary
Majorons, familons, etc.
These models have an amazingly complex cosmology!
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𝑈𝑈(1) broken to 𝑍𝑍𝑁𝑁 symmetry, 𝑁𝑁 = number of vacua

ALP 𝑎𝑎 acquires a mass: close to the minimum 

Expanding Universe adds a damping term to the ALP evolution equation 
(damped oscillation about minimum due to misalignment):

⇒ Characteristic temperature of wall formation 𝑇𝑇𝑤𝑤 given by

Explicit breaking: formation of DWs

𝑉𝑉(𝜙𝜙)

|𝜙𝜙|
𝜃𝜃 = 𝑎𝑎/𝑉𝑉
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𝑵𝑵 = 𝟏𝟏: only one vacuum
Each string is at the border of just one wall
Wall “ribbons” each connect two strings
“Ribbons” shrink/annihilate very fast due to surface tension

𝑵𝑵 > 𝟏𝟏: multiple degenerate vacua
Each string is at the border of multiple walls
Stable string-wall system forms
If allowed to persist, would dominate energy density of Universe 
until today, violating cosmology
Original PQ axion model (Peccei, Quinn 1977) has 𝑁𝑁 = 6; QCD axion models 
can have 𝑁𝑁 > 1

Unacceptable cosmology if 𝑵𝑵 > 𝟏𝟏
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Domain-wall annihilation

Energy per unit area of domain wall surface (surface tension)

𝑓𝑓𝜎𝜎 a model-dependent dimensionless parameter (𝑓𝑓𝜎𝜎 ≃ 6)
Pressure (volume energy density) due to walls: 𝑝𝑝𝑇𝑇  ≃  𝜌𝜌𝑤𝑤  ≃  𝜎𝜎/𝑡𝑡
Volume pressure due to bias: 𝑝𝑝𝑉𝑉  ≃ 𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ≃ 𝜖𝜖𝑏𝑏𝑣𝑣4 
Characteristic temperature of string-wall annihilation:

SSB Explicit breaking Bias
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GW spectrum from DW annihilation
Quadrupole formula for power emitted in GWs: 𝑃𝑃 ≃ 𝐺𝐺𝑄𝑄𝑖𝑖𝑖𝑖𝑄𝑄𝑖𝑖𝑖𝑖
𝑄𝑄𝑖𝑖𝑖𝑖 ≃ 𝐸𝐸𝑤𝑤𝑡𝑡2 and for walls in the scaling regime 𝐸𝐸𝑤𝑤 ≃ 𝜎𝜎𝑡𝑡2 
⇒ 𝑃𝑃 ≃ 𝐺𝐺𝜎𝜎2𝑡𝑡2 (𝜎𝜎= energy per unit area)
Energy density of GWs emitted per Hubble time:

Δ𝜌𝜌𝐺𝐺𝐺𝐺 𝑡𝑡 = 𝑃𝑃𝑃𝑃
𝑡𝑡3
≃ 𝐺𝐺𝜎𝜎2 (independent of 𝑡𝑡)

Redshift factor to present 𝑅𝑅 𝑡𝑡
𝑅𝑅0

4
≃ 𝑡𝑡

𝑡𝑡0

2
 ⇒ maximum at 𝑡𝑡 = 𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎

Result: peaked spectrum today with peak at DW annihilation
Frequency depends on inverse of emission time 𝑓𝑓~1/𝑡𝑡 ⇒ peak frequency 
given by redshifted inverse of horizon at annihilation 𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ≃ 𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎/𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎 ∝
𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎
−1/2 ∝ 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎
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Unstable ALP decays fast enough: 𝒂𝒂 → 𝜸𝜸𝜸𝜸

𝐹𝐹, �𝐹𝐹 are the EM field-strength tensor (and its dual); 𝑓𝑓𝑎𝑎 = 𝑉𝑉/𝑁𝑁
𝑐𝑐𝛾𝛾𝛾𝛾 depends on the completion of the ALP model:

• 𝑐𝑐𝛾𝛾𝛾𝛾≃
𝛼𝛼𝐸𝐸𝐸𝐸
8𝜋𝜋

≃3 × 10−4 for simplest QCD axion models (too small for 
decays pre-BBN)

• Many orders of magnitude larger, even exponentially larger, in some 
models (Di Luzio et al. 2003.01100; Di Luzio, Mescia, Nardi 1705.05370; Farina et al. 1611.09855; Daido, Takahashi, 

Yokozaki 1801.10344; Plakkot, Hoof 2107.12378)  
56
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Production of ALPs by DW system
Production by strings (relativistic ALPs)

𝜉𝜉 = number of infinite strings in a volume 𝑡𝑡3 (about 25) 

𝜃𝜃𝑖𝑖2 = average of initial misalignment angle over present horizon volume

Production by misalignment (nonrelativistic ALPs)

Production by DW annihilation (nonrelativistic ALPs)

57
Dark matter, gravitational waves, and primordial black holes from domain-wall annihilation


	Dark matter,�gravitational waves, �and primordial black holes �from domain-wall annihilation
	A recipe for interesting cosmology
	Ingredient #1: Spontaneous symmetry breaking
	Ingredient #1: Spontaneous symmetry breaking
	Ingredient #1: Spontaneous symmetry breaking
	Ingredient #1: Spontaneous symmetry breaking
	The Kibble-Zurek mechanism�[Kibble 1976, Zurek 1985]
	The Kibble-Zurek mechanism�[Kibble 1976, Zurek 1985]
	Ingredient #2: Explicit symmetry breaking
	Ingredient #2: Explicit symmetry breaking
	Ingredient #2: Explicit symmetry breaking
	Formation of domain walls
	Formation of domain walls
	Ingredient #3: Bias potential
	Ingredient #3: Bias potential
	Ingredient #3: Bias potential
	Annihilation of domain walls
	Annihilation of domain walls
	Optional ingredient #4: Coupling to photons
	Optional ingredient #4: Coupling to photons
	Optional ingredient #4: Coupling to photons
	Optional ingredient #4: Coupling to photons
	Catastrogenesis�Production of ALPs, gravitational waves (GWs), and possibly primordial black holes (PBHs) by domain-wall annihilation
	ALP production
	ALP production
	ALP production
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Intermediate matter domination�[JH, Z. Picker, G. Gelmini, forthcoming]
	Intermediate matter domination�[JH, Z. Picker, G. Gelmini, forthcoming]
	Intermediate matter domination�[JH, Z. Picker, G. Gelmini, forthcoming]
	Intermediate matter domination�[JH, Z. Picker, G. Gelmini, forthcoming]
	Intermediate matter domination�[JH, Z. Picker, G. Gelmini, forthcoming]
	Observability of these gravitational waves�[JH, Z. Picker, G. Gelmini, forthcoming]
	Observability of these gravitational waves�[JH, Z. Picker, G. Gelmini, forthcoming]
	Observability of these gravitational waves�[JH, Z. Picker, G. Gelmini, forthcoming]
	Primordial black holes, maybe�[G. Gelmini, JH, A. Simpson, E. Vitagliano, 2303.14107]�[Y. Gouttenoire, E. Vitagliano, 2311.07670]
	Primordial black holes, maybe�[G. Gelmini, JH, A. Simpson, E. Vitagliano, 2303.14107]�[Y. Gouttenoire, E. Vitagliano, 2311.07670]
	Primordial black holes, maybe�[G. Gelmini, JH, A. Simpson, E. Vitagliano, 2303.14107]�[Y. Gouttenoire, E. Vitagliano, 2311.07670]
	Primordial black holes, maybe�[G. Gelmini, JH, A. Simpson, E. Vitagliano, 2303.14107]�[Y. Gouttenoire, E. Vitagliano, 2311.07670]
	Conclusion
	Backup slides
	Catastrogenesis generic particle model
	Catastrogenesis cosmology: summary
	Slide Number 46
	Slide Number 47
	GW spectrum from strings and DW annihilation
	Primordial black holes, maybe�[G. Gelmini, JH, A. Simpson, E. Vitagliano, 2303.14107]�[Y. Gouttenoire, E. Vitagliano, 2311.07670]
	Motivation for considering PBHs
	Slide Number 51
	Explicit breaking: formation of DWs
	Unacceptable cosmology if 𝑵>𝟏
	Domain-wall annihilation
	GW spectrum from DW annihilation
	Unstable ALP decays fast enough: 𝒂→𝜸𝜸
	Production of ALPs by DW system

