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Prologue 
(aka: two lessons 
about axions)



Known unknowns
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BUT 
• Where is gravitation? (Einstein GR) 

Other stuff we know today to exist: 
• Dark energy (cosmological constant?) 
• Dark matter 
• Inflation? 

Other compelling region: 
• Lack of symmetry (GUT, families, gravity…) 
• Hierarcy and naturalness

Particle physics in the 20th century has been incredibly successful C
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What is dark matter?
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Coma cluster

Galactic rotation curves

Bullet ClusterCosmic Microwave Background

Lensing

Plus a bunch of other 
gravitational 
interaction proofs 
(A nice historical and 
philosophical account:  
de Swart et al. 1703.00013)



ALPs and GWs from string-walls

III. From theory to observations 
• Present GWs 
• Present ALPs 
• Detection perspectives

Conclusions

I. How to produce and detect topological defects 
• Gravitational waves 
• Symmetry breaking and topological defects
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II. Particle physics model(s) 
• From the QCD axion to axion-like particles 
• ALP cosmology



How to produce and 
detect 
topological defects



Dawn of multi-messenger astronomy

77

Multi-messenger astronomy is astronomy based on the coordinated observation and 
interpretation of disparate "messenger" signals. The four extrasolar messengers are 
electromagnetic radiation, gravitational waves, neutrinos, and cosmic rays. They 
are created by different astrophysical processes, and thus reveal different information 
about their sources. 

From Wikipedia… 

Images credits: Rex, R. Hurt/Caltech-JPL/EPA, Virginia Tech Physics,  ASPERA/Novapix/L. Bret

https://en.wikipedia.org/wiki/Multi-messenger_astronomy



A new way to explore the universe

88

The universe is no longer explored with electromagnetic 
radiation alone.  
In particular, gravitational waves are becoming crucial 
astrophysical probes

CR

gravitational
waves

⌫
�The Universe



The universe is no longer explored with electromagnetic 
radiation alone.  
In particular, gravitational waves are becoming crucial 
astrophysical probes
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This talk

CR

gravitational
waves

⌫
�The Universe

A new way to explore the universe



Gravitational wave detection
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Direct detection
• Ground and space-based 

interferometers
• Particularly suitable for 

astrophysical events
• Useful for stochastic 

gravitational wave 
background (SGWB) 
depending on the spectrum

Pulsar timing
• GWs affect the time of 

flight of light from pulsars, 
so radio telescopes can 
probe supermassive black 
holes (well before they 
merge) and early universe 
signals 
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Adapted from Gelmini, Pascoli, EV, Zhou 2009.01903  



Gravitational wave detection
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Astrometry (e.g. Very Long 
Baseline Array)
• GWs cause an apparent 

distortion of the position of 
background sources on the 
celestial sphere

Cosmology ( )

• GWs contribute to the 
effective number of 
neutrinos 

Cosmology
• GWs affect both 

temperature and 
polarization anisotropies in 
the CMB

Neff

Adapted from Gelmini, Simpson, EV 2103.07625  
  

Pagano et al. 1508.02393, EUCLID 1110.3193,  
Darling et al. 1804.06986, Arvanitaki et al. 1909.11665, 
Namikawa et al. 1904.02115



Gravitational wave detection
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Astrometry (e.g. Very Long 
Baseline Array)
• GWs cause an apparent 

distortion of the position of 
background sources on the 
celestial sphere

Cosmology ( )

• GWs contribute to the 
effective number of 
neutrinos 

Cosmology
• GWs affect both 

temperature and 
polarization anisotropies in 
the CMB

Neff

Adapted from Gelmini, Simpson, EV 2103.07625  
  

Large objects moving in the 
early universe produce GWs

Pagano et al. 1508.02393, EUCLID 1110.3193,  
Darling et al. 1804.06986, Arvanitaki et al. 1909.11665, 
Namikawa et al. 1904.02115



Topological defects
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Kibble mechanism (Kibble 
1976, Zel’dovich 1974, Everett 
1974): different patches of the 
universe develop different 
VEVs of the same scalar field
Several types of topological 
defects are possible 
depending on the pattern of 
the symmetry breaking: 
• monopoles
• strings
• domain walls
• textures
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Spontaneous symmetry breaking 
• Occurrence of primordial phase transitions 

followed by the formation of topological defects 
(Kibble 1976) 

• Dark matter production (Sikivie 1982) 
• Gravitational wave emission (Vilenkin and 

Shellard 2000 for a review)
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followed by the formation of topological defects 
(Kibble 1976) 
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Shellard 2000 for a review)



Cosmic strings
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Many models include an axial 
symmetry which is 
spontaneously broken (e.g. 

)
• Cosmic strings: winding 

number different from zero
• String recombination 

together with Hubble 
expansion lead the string 
network to a scaling regime 
(  string per Hubble 
volume)

U(1), O(N )

!(1)
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Domain walls
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Domain walls form due to a 
spontaneously broken discrete 
symmetry (e.g. )

Different regions of space at 
different vacua are bounded 
by walls
• Like strings, domain walls 

reach a scaling solution in 
which the energy density 
evolves with cosmic time 

• A wall dominated universe 
undergoes a power law 
inflation, which must be 
prevented by introducing a 
tilt in the potential, a bias

ZN

σ/t
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Walls bounded by strings
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Formation of walls after strings 
leads to string wall networks
• : number of vacua along 

orbit of minima
• : unstable ribbons 

collapsing shortly after 
formation

• : stable network held 
up by wall tension

• String-wall networks 
eventually dominated by 
wall energy density, leading 
to power law inflation

N

N = 1

N > 1

Adapted from Hiramatsu et al. 1207.3166  
  



Particle physics 
model(s)



Strong CP problem hint

20

CP violation in neutrons: electric dipole moment



Strong CP problem hint
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CP violation in neutrons: electric dipole moment

+

—
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EDM would violate P…—
+

this is a neutron



Strong CP problem hint
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EDM would violate P…

But also T (i.e. CP)

CP violation in neutrons: electric dipole moment
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<latexit sha1_base64="+l4LTemt+hr6CQ5bsF9cF8d2efw=">AAAB/HicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxmUL9gFtKJPJTTt0MgkzE6GE+gNu9Q/ciVv/xR/wO5y2WdjWAxcO59zLvff4CWdKO863VdjY3NreKe6W9vYPDo/KxydtFaeSYovGPJZdnyjkTGBLM82xm0gkkc+x44/vZ37nCaVisXjUkwS9iAwFCxkl2kjNYFCuOFVnDnuduDmpQI7GoPzTD2KaRig05USpnusk2suI1IxynJb6qcKE0DEZYs9QQSJUXjY/dGpfGCWww1iaEtqeq38nMhIpNYl80xkRPVKr3kz8z+ulOrz1MiaSVKOgi0Vhym0d27Ov7YBJpJpPDCFUMnOrTUdEEqpNNktblHlqhMHUBOOuxrBO2rWqe1WtNa8r9bs8oiKcwTlcggs3UIcHaEALKCC8wCu8Wc/Wu/VhfS5aC1Y+cwpLsL5+AQ7nlbU=</latexit>

µ
<latexit sha1_base64="YemHaJg63S4BgI9s8sM65zXHmgE=">AAAB/nicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmgckS5id7U2GzMwuM7NCWAL+gFf9A2/i1V/xB/wOJ8keTGJBQ1HVTXdXkHCmjet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKDRpzGPVCYgGziQ0DTMcOokCIgIO7WB0O/XbT6A0i+WjGSfgCzKQLGKUGCs99ETaL1fcqjsDXiVeTiooR6Nf/umFMU0FSEM50brruYnxM6IMoxwmpV6qISF0RAbQtVQSAdrPZqdO8JlVQhzFypY0eKb+nciI0HosAtspiBnqZW8q/ud1UxNd+xmTSWpA0vmiKOXYxHj6Nw6ZAmr42BJCFbO3YjokilBj01nYou1TQwgnNhhvOYZV0qpVvYtq7f6yUr/JIyqiE3SKzpGHrlAd3aEGaiKKBugFvaI359l5dz6cz3lrwclnjtECnK9ftX2Wow==</latexit>

—
+

+

—

|dn| < 3⇥ 10�26q cm
<latexit sha1_base64="UlNx6GWjq6icA5qAWUmRV+XMcIA=">AAACH3icbVDLTgIxFO3gC/GFunTTQExcKJkBoy5cEN24xEQeCYOk0ynQ0HbGtmNCBvb+hj/gVv/AnXHLD/gddoCFgCdpcnLOvTm9xwsZVdq2x1ZqZXVtfSO9mdna3tndy+4f1FQQSUyqOGCBbHhIEUYFqWqqGWmEkiDuMVL3+reJX38mUtFAPOhBSFocdQXtUIy0kdrZ3NBvi+F1ydWUEwUd+zE+K16MnqB7Cl3JY8xH7WzeLtgTwGXizEgezFBpZ39cP8ARJ0JjhpRqOnaoWzGSmmJGRhk3UiREuI+6pGmoQCa5FU9uGcFjo/iwE0jzhIYT9e9GjLhSA+6ZSY50Ty16ifif14x056oVUxFGmgg8DepEDOoAJsVAn0qCNRsYgrCk5q8Q95BEWJv65lKUOapH/KQYZ7GGZVIrFpxSoXh/ni/fzCpKgyOQAyfAAZegDO5ABVQBBi/gDbyDD+vV+rS+rO/paMqa7RyCOVjjXy9Kooo=</latexit>

It is small. Perhaps because it is not allowed…



Strong CP problem hint, cont’d

24

LQCD =
X

q

 q(i /D �mqe
i✓q ) q �

1

4
G2 � ✓

↵s

8⇡
GG̃

<latexit sha1_base64="9rpWKIpT3nKeLLCmc/5H3SpzOh8="></latexit>

Real mass Yukawa phase CP odd

The Lagrangian describing hadrons is
G̃µ⌫ =

1

2
✏µ⌫⇢�G⇢�

<latexit sha1_base64="LtOAZlcFKqzWmUltDa0TXFCIgZA="></latexit>



Strong CP problem hint, cont’d

25

LQCD =
X

q

 q(i /D �mqe
i✓q ) q �

1

4
G2 � ✓

↵s

8⇡
GG̃

<latexit sha1_base64="9rpWKIpT3nKeLLCmc/5H3SpzOh8="></latexit>

Real mass Yukawa phase CP odd

{ <latexit sha1_base64="+MGvvKhaPBafgG/7YVIPcsAdjvM=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxmUV+4A2lMnkph06mYSZiVBC8Qfc6h+4E7d+iz/gdzhts7CtBy4czrmXe+/xE86Udpxvq7C2vrG5Vdwu7ezu7R+UD49aKk4lxSaNeSw7PlHImcCmZppjJ5FIIp9j2x/dTv32E0rFYvGoxwl6ERkIFjJKtJEeelm/XHGqzgz2KnFzUoEcjX75pxfENI1QaMqJUl3XSbSXEakZ5Tgp9VKFCaEjMsCuoYJEqLxsdunEPjNKYIexNCW0PVP/TmQkUmoc+aYzInqolr2p+J/XTXV47WVMJKlGQeeLwpTbOranb9sBk0g1HxtCqGTmVpsOiSRUm3AWtijz1BCDiQnGXY5hlbRqVfeiWru/rNRv8oiKcAKncA4uXEEd7qABTaAQwgu8wpv1bL1bH9bnvLVg5TPHsADr6xfrg5Yy</latexit>

Remove phase by rotation finding

|✓̄| < 10�11
<latexit sha1_base64="2PCxtImNNVR7DcjqUQ0XTfcsjTw=">AAACFHicbVC7TsNAEDzzDOFloKCgsYiQaIjsgAQFRQQNZZDIQ0pCdL5s4lPOD92tkSLHv8EP0MIf0CFaen6A7+CcpCAJI600mtnV7o4bCa7Qtr+NpeWV1bX13EZ+c2t7Z9fc26+pMJYMqiwUoWy4VIHgAVSRo4BGJIH6roC6O7jN/PoTSMXD4AGHEbR92g94jzOKWuqYh6OWS2XSQg+QpqNrx35Mzhwn7ZgFu2iPYS0SZ0oKZIpKx/xpdUMW+xAgE1SppmNH2E6oRM4EpPlWrCCibED70NQ0oD6odjJ+ILVOtNK1eqHUFaA1Vv9OJNRXaui7utOn6Kl5LxP/85ox9q7aCQ+iGCFgk0W9WFgYWlkaVpdLYCiGmlAmub7VYh6VlKHObGaL0k950M2CceZjWCS1UtE5L5buLwrlm2lEOXJEjskpccglKZM7UiFVwkhKXsgreTOejXfjw/ictC4Z05kDMgPj6xf5zZ7T</latexit>

The Lagrangian describing hadrons is

LQCD =
X

q

 q(i /D �mq) q �
1

4
G2 � (✓ � arg detMq)

↵s

8⇡
GG̃

<latexit sha1_base64="M9vKVywvRCWeh6UFI15yHwqJxIs="></latexit>

G̃µ⌫ =
1

2
✏µ⌫⇢�G⇢�

<latexit sha1_base64="LtOAZlcFKqzWmUltDa0TXFCIgZA="></latexit>



Strong CP problem hint, cont’d
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LQCD =
X

q

 q(i /D �mqe
i✓q ) q �

1

4
G2 � ✓

↵s

8⇡
GG̃

<latexit sha1_base64="9rpWKIpT3nKeLLCmc/5H3SpzOh8="></latexit>

Real mass Yukawa phase CP odd

{ <latexit sha1_base64="+MGvvKhaPBafgG/7YVIPcsAdjvM=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxmUV+4A2lMnkph06mYSZiVBC8Qfc6h+4E7d+iz/gdzhts7CtBy4czrmXe+/xE86Udpxvq7C2vrG5Vdwu7ezu7R+UD49aKk4lxSaNeSw7PlHImcCmZppjJ5FIIp9j2x/dTv32E0rFYvGoxwl6ERkIFjJKtJEeelm/XHGqzgz2KnFzUoEcjX75pxfENI1QaMqJUl3XSbSXEakZ5Tgp9VKFCaEjMsCuoYJEqLxsdunEPjNKYIexNCW0PVP/TmQkUmoc+aYzInqolr2p+J/XTXV47WVMJKlGQeeLwpTbOranb9sBk0g1HxtCqGTmVpsOiSRUm3AWtijz1BCDiQnGXY5hlbRqVfeiWru/rNRv8oiKcAKncA4uXEEd7qABTaAQwgu8wpv1bL1bH9bnvLVg5TPHsADr6xfrg5Yy</latexit>

The Lagrangian describing hadrons is

Remove phase by rotation finding

|✓̄| < 10�11
<latexit sha1_base64="2PCxtImNNVR7DcjqUQ0XTfcsjTw=">AAACFHicbVC7TsNAEDzzDOFloKCgsYiQaIjsgAQFRQQNZZDIQ0pCdL5s4lPOD92tkSLHv8EP0MIf0CFaen6A7+CcpCAJI600mtnV7o4bCa7Qtr+NpeWV1bX13EZ+c2t7Z9fc26+pMJYMqiwUoWy4VIHgAVSRo4BGJIH6roC6O7jN/PoTSMXD4AGHEbR92g94jzOKWuqYh6OWS2XSQg+QpqNrx35Mzhwn7ZgFu2iPYS0SZ0oKZIpKx/xpdUMW+xAgE1SppmNH2E6oRM4EpPlWrCCibED70NQ0oD6odjJ+ILVOtNK1eqHUFaA1Vv9OJNRXaui7utOn6Kl5LxP/85ox9q7aCQ+iGCFgk0W9WFgYWlkaVpdLYCiGmlAmub7VYh6VlKHObGaL0k950M2CceZjWCS1UtE5L5buLwrlm2lEOXJEjskpccglKZM7UiFVwkhKXsgreTOejXfjw/ictC4Z05kDMgPj6xf5zZ7T</latexit>

Why?

LQCD =
X

q

 q(i /D �mq) q �
1

4
G2 � (✓ � arg detMq)

↵s

8⇡
GG̃

<latexit sha1_base64="M9vKVywvRCWeh6UFI15yHwqJxIs="></latexit>

G̃µ⌫ =
1

2
✏µ⌫⇢�G⇢�

<latexit sha1_base64="LtOAZlcFKqzWmUltDa0TXFCIgZA="></latexit>



A detour: the QCD axion

27

Introduce a global symmetry spontaneously broken at some high scale , 
the Peccei-Quinn symmetry

V

LQCD =
X

q

 q(i /D �mq) q �
1

4
G2 � ✓̄

↵s

8⇡
GG̃

<latexit sha1_base64="zM/YuYmIrjfoeGtLZCqmD2mq3n4="></latexit>



A detour: the QCD axion

28

Introduce a global symmetry spontaneously broken at some high scale , 
the Peccei-Quinn symmetry

V

CP violation

LQCD =
X

q

 q(i /D �mq) q �
1

4
G2 � ✓̄

↵s

8⇡
GG̃

<latexit sha1_base64="zM/YuYmIrjfoeGtLZCqmD2mq3n4="></latexit>



A detour: the QCD axion

29

Introduce a global symmetry spontaneously broken at some high scale , 
the Peccei-Quinn symmetry

V

qL ! e�i↵/2qL
<latexit sha1_base64="xsCvmxekecDV0Z1aV1Ewt5FT/gk=">AAACHXicbVDJSgNBEO2JW4xb1KOXxiB4Mc5EQY9BLx48RDALJDHUdCqZJj2L3T1KGHL1N/wBr/oH3sSr+AN+h53lYBIfFDzeq6KqnhsJrrRtf1uphcWl5ZX0amZtfWNzK7u9U1FhLBmWWShCWXNBoeABljXXAmuRRPBdgVW3dzn0qw8oFQ+DW92PsOlDN+AdzkAbqZWl963rhuRdT4OU4SPFu+SIN0BEHhwXBsZsZXN23h6BzhNnQnJkglIr+9Nohyz2MdBMgFJ1x450MwGpORM4yDRihRGwHnSxbmgAPqpmMvpkQA+M0qadUJoKNB2pfycS8JXq+67p9EF7atYbiv959Vh3zpsJD6JYY8DGizqxoDqkw1hom0tkWvQNASa5uZUyDyQwbcKb2qLMUx62ByYYZzaGeVIp5J2TfOHmNFe8mESUJntknxwSh5yRIrkiJVImjDyRF/JK3qxn6936sD7HrSlrMrNLpmB9/QJl8KLJ</latexit>

qR ! e+i↵/2qR
<latexit sha1_base64="ZwA27rbuS2unkBA/MrbpGzxhiXY=">AAACHXicbVDJSgNBEO2JW4xb1KOXxiAIQpyJgh6DXjxGMQskMdR0KpkmPYvdPUoYcvU3/AGv+gfexKv4A36HneVgEh8UPN6roqqeGwmutG1/W6mFxaXllfRqZm19Y3Mru71TUWEsGZZZKEJZc0Gh4AGWNdcCa5FE8F2BVbd3OfSrDygVD4Nb3Y+w6UM34B3OQBuplaX3rZuG5F1Pg5ThI8W75Ig3QEQeHBcGxmxlc3beHoHOE2dCcmSCUiv702iHLPYx0EyAUnXHjnQzAak5EzjINGKFEbAedLFuaAA+qmYy+mRAD4zSpp1Qmgo0Hal/JxLwler7run0QXtq1huK/3n1WHfOmwkPolhjwMaLOrGgOqTDWGibS2Ra9A0BJrm5lTIPJDBtwpvaosxTHrYHJhhnNoZ5UinknZN84fo0V7yYRJQme2SfHBKHnJEiuSIlUiaMPJEX8krerGfr3fqwPsetKWsys0umYH39AnZ0otM=</latexit>

mq ! mqe
�i↵

<latexit sha1_base64="ky51G+5zKHh8Cf1di4tl9hpskAI=">AAACHHicbVDJSgNBEO1xjXEb9ejBxiB4McxEQY9BLx4jmAWSGGo6lUyTnsXuHiUMOfob/oBX/QNv4lXwB/wOO8vBJD5oePVeFdX1vFhwpR3n21pYXFpeWc2sZdc3Nre27Z3diooSybDMIhHJmgcKBQ+xrLkWWIslQuAJrHq9q6FffUCpeBTe6n6MzQC6Ie9wBtpILfsgaN03JO/6GqSMHqkpKd6lJ7wBIvZh0LJzTt4Zgc4Td0JyZIJSy/5ptCOWBBhqJkCpuuvEupmC1JwJHGQbicIYWA+6WDc0hABVMx0dMqBHRmnTTiTNCzUdqX8nUgiU6gee6QxA+2rWG4r/efVEdy6aKQ/jRGPIxos6iaA6osNUaJtLZFr0DQEmufkrZT5IYNpkN7VFmaN8bA+DcWdjmCeVQt49zRduznLFy0lEGbJPDskxcck5KZJrUiJlwsgTeSGv5M16tt6tD+tz3LpgTWb2yBSsr185QaLA</latexit>

LQCD =
X

q

 q(i /D �mq) q �
1

4
G2 � ✓̄

↵s

8⇡
GG̃

<latexit sha1_base64="zM/YuYmIrjfoeGtLZCqmD2mq3n4="></latexit>

}
<latexit sha1_base64="cdKulBgWjWL28Nc7n9W0EVwDxS4=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxmUV+4A2lMn0ph06mYSZiVBC8Qfc6h+4E7d+iz/gdzhps7CtBy4czrmXe+/xY86Udpxvq7C2vrG5Vdwu7ezu7R+UD49aKkokxSaNeCQ7PlHImcCmZppjJ5ZIQp9j2x/fZn77CaVikXjUkxi9kAwFCxgl2kgPvWm/XHGqzgz2KnFzUoEcjX75pzeIaBKi0JQTpbquE2svJVIzynFa6iUKY0LHZIhdQwUJUXnp7NKpfWaUgR1E0pTQ9kz9O5GSUKlJ6JvOkOiRWvYy8T+vm+jg2kuZiBONgs4XBQm3dWRnb9sDJpFqPjGEUMnMrTYdEUmoNuEsbFHmqREOsmDc5RhWSatWdS+qtfvLSv0mj6gIJ3AK5+DCFdThDhrQBAoBvMArvFnP1rv1YX3OWwtWPnMMC7C+fgHus5Y0</latexit> }

<latexit sha1_base64="cdKulBgWjWL28Nc7n9W0EVwDxS4=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxmUV+4A2lMn0ph06mYSZiVBC8Qfc6h+4E7d+iz/gdzhps7CtBy4czrmXe+/xY86Udpxvq7C2vrG5Vdwu7ezu7R+UD49aKkokxSaNeCQ7PlHImcCmZppjJ5ZIQp9j2x/fZn77CaVikXjUkxi9kAwFCxgl2kgPvWm/XHGqzgz2KnFzUoEcjX75pzeIaBKi0JQTpbquE2svJVIzynFa6iUKY0LHZIhdQwUJUXnp7NKpfWaUgR1E0pTQ9kz9O5GSUKlJ6JvOkOiRWvYy8T+vm+jg2kuZiBONgs4XBQm3dWRnb9sDJpFqPjGEUMnMrTYdEUmoNuEsbFHmqREOsmDc5RhWSatWdS+qtfvLSv0mj6gIJ3AK5+DCFdThDhrQBAoBvMArvFnP1rv1YX3OWwtWPnMMC7C+fgHus5Y0</latexit>

U(1)chiral
<latexit sha1_base64="tliTR/WFTPXlznGe60xPRwCWVcI=">AAACDnicbZBNTsMwEIWd8lfKXwpLNhYVUtlUSUGCZQUblkUibaU2ihzHba3aTmQ7oCrqHbgAW7gBO8SWK3ABzoHTZgEtT7L09GZGM/7ChFGlHefLKq2tb2xulbcrO7t7+wd29bCj4lRi4uGYxbIXIkUYFcTTVDPSSyRBPGSkG05u8nr3gUhFY3GvpwnxORoJOqQYaRMFdtWru2dBNpAc4jGViM0Cu+Y0nLngqnELUwOF2oH9PYhinHIiNGZIqb7rJNrPkNQUMzKrDFJFEoQnaET6xgrEifKz+ekzeGqSCA5jaZ7QcJ7+nsgQV2rKQ9PJkR6r5Voe/lfrp3p45WdUJKkmAi8WDVMGdQxzDjCikmDNpsYgLKm51QBAEmFtaP3ZosynxiTKwbjLGFZNp9lwzxvNu4ta67pAVAbH4ATUgQsuQQvcgjbwAAaP4Bm8gFfryXqz3q2PRWvJKmaOwB9Znz/vJ5we</latexit> U(1)PQ

<latexit sha1_base64="iny6mMYxzAYxxIgNlAoyf/nAMtA=">AAACBHicbVDLTsJAFJ3iC/GFunTTSExwQ1o00SXRjUtILGCgIdPpBSbMTJuZqQlp2PoDbvUP3Bm3/oc/4Hc4hS4UPMlNTs65N/feE8SMKu04X1ZhbX1jc6u4XdrZ3ds/KB8etVWUSAIeiVgkuwFWwKgAT1PNoBtLwDxg0Akmt5nfeQSpaCTu9TQGn+ORoENKsDbSg1d1zwdpszUblCtOzZnDXiVuTiooR3NQ/u6HEUk4CE0YVqrnOrH2Uyw1JQxmpX6iIMZkgkfQM1RgDspP5wfP7DOjhPYwkqaEtufq74kUc6WmPDCdHOuxWvYy8T+vl+jhtZ9SEScaBFksGibM1pGdfW+HVALRbGoIJpKaW20yxhITbTL6s0WZp8YQZsG4yzGskna95l7U6q3LSuMmj6iITtApqiIXXaEGukNN5CGCOHpGL+jVerLerHfrY9FasPKZY/QH1ucPG0OYcA==</latexit>



30

qL ! e�i↵/2qL
<latexit sha1_base64="xsCvmxekecDV0Z1aV1Ewt5FT/gk=">AAACHXicbVDJSgNBEO2JW4xb1KOXxiB4Mc5EQY9BLx48RDALJDHUdCqZJj2L3T1KGHL1N/wBr/oH3sSr+AN+h53lYBIfFDzeq6KqnhsJrrRtf1uphcWl5ZX0amZtfWNzK7u9U1FhLBmWWShCWXNBoeABljXXAmuRRPBdgVW3dzn0qw8oFQ+DW92PsOlDN+AdzkAbqZWl963rhuRdT4OU4SPFu+SIN0BEHhwXBsZsZXN23h6BzhNnQnJkglIr+9Nohyz2MdBMgFJ1x450MwGpORM4yDRihRGwHnSxbmgAPqpmMvpkQA+M0qadUJoKNB2pfycS8JXq+67p9EF7atYbiv959Vh3zpsJD6JYY8DGizqxoDqkw1hom0tkWvQNASa5uZUyDyQwbcKb2qLMUx62ByYYZzaGeVIp5J2TfOHmNFe8mESUJntknxwSh5yRIrkiJVImjDyRF/JK3qxn6936sD7HrSlrMrNLpmB9/QJl8KLJ</latexit>

qR ! e+i↵/2qR
<latexit sha1_base64="ZwA27rbuS2unkBA/MrbpGzxhiXY=">AAACHXicbVDJSgNBEO2JW4xb1KOXxiAIQpyJgh6DXjxGMQskMdR0KpkmPYvdPUoYcvU3/AGv+gfexKv4A36HneVgEh8UPN6roqqeGwmutG1/W6mFxaXllfRqZm19Y3Mru71TUWEsGZZZKEJZc0Gh4AGWNdcCa5FE8F2BVbd3OfSrDygVD4Nb3Y+w6UM34B3OQBuplaX3rZuG5F1Pg5ThI8W75Ig3QEQeHBcGxmxlc3beHoHOE2dCcmSCUiv702iHLPYx0EyAUnXHjnQzAak5EzjINGKFEbAedLFuaAA+qmYy+mRAD4zSpp1Qmgo0Hal/JxLwler7run0QXtq1huK/3n1WHfOmwkPolhjwMaLOrGgOqTDWGibS2Ra9A0BJrm5lTIPJDBtwpvaosxTHrYHJhhnNoZ5UinknZN84fo0V7yYRJQme2SfHBKHnJEiuSIlUiaMPJEX8krerGfr3fqwPsetKWsys0umYH39AnZ0otM=</latexit>

mq ! mqe
�i↵

<latexit sha1_base64="ky51G+5zKHh8Cf1di4tl9hpskAI=">AAACHHicbVDJSgNBEO1xjXEb9ejBxiB4McxEQY9BLx4jmAWSGGo6lUyTnsXuHiUMOfob/oBX/QNv4lXwB/wOO8vBJD5oePVeFdX1vFhwpR3n21pYXFpeWc2sZdc3Nre27Z3diooSybDMIhHJmgcKBQ+xrLkWWIslQuAJrHq9q6FffUCpeBTe6n6MzQC6Ie9wBtpILfsgaN03JO/6GqSMHqkpKd6lJ7wBIvZh0LJzTt4Zgc4Td0JyZIJSy/5ptCOWBBhqJkCpuuvEupmC1JwJHGQbicIYWA+6WDc0hABVMx0dMqBHRmnTTiTNCzUdqX8nUgiU6gee6QxA+2rWG4r/efVEdy6aKQ/jRGPIxos6iaA6osNUaJtLZFr0DQEmufkrZT5IYNpkN7VFmaN8bA+DcWdjmCeVQt49zRduznLFy0lEGbJPDskxcck5KZJrUiJlwsgTeSGv5M16tt6tD+tz3LpgTWb2yBSsr185QaLA</latexit>

LQCD =
X

q

 q(i /D �mq) q �
1

4
G2 � ✓̄

↵s

8⇡
GG̃

<latexit sha1_base64="zM/YuYmIrjfoeGtLZCqmD2mq3n4="></latexit>

}
<latexit sha1_base64="cdKulBgWjWL28Nc7n9W0EVwDxS4=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxmUV+4A2lMn0ph06mYSZiVBC8Qfc6h+4E7d+iz/gdzhps7CtBy4czrmXe+/xY86Udpxvq7C2vrG5Vdwu7ezu7R+UD49aKkokxSaNeCQ7PlHImcCmZppjJ5ZIQp9j2x/fZn77CaVikXjUkxi9kAwFCxgl2kgPvWm/XHGqzgz2KnFzUoEcjX75pzeIaBKi0JQTpbquE2svJVIzynFa6iUKY0LHZIhdQwUJUXnp7NKpfWaUgR1E0pTQ9kz9O5GSUKlJ6JvOkOiRWvYy8T+vm+jg2kuZiBONgs4XBQm3dWRnb9sDJpFqPjGEUMnMrTYdEUmoNuEsbFHmqREOsmDc5RhWSatWdS+qtfvLSv0mj6gIJ3AK5+DCFdThDhrQBAoBvMArvFnP1rv1YX3OWwtWPnMMC7C+fgHus5Y0</latexit> }

<latexit sha1_base64="cdKulBgWjWL28Nc7n9W0EVwDxS4=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVZIq6LLoxmUV+4A2lMn0ph06mYSZiVBC8Qfc6h+4E7d+iz/gdzhps7CtBy4czrmXe+/xY86Udpxvq7C2vrG5Vdwu7ezu7R+UD49aKkokxSaNeCQ7PlHImcCmZppjJ5ZIQp9j2x/fZn77CaVikXjUkxi9kAwFCxgl2kgPvWm/XHGqzgz2KnFzUoEcjX75pzeIaBKi0JQTpbquE2svJVIzynFa6iUKY0LHZIhdQwUJUXnp7NKpfWaUgR1E0pTQ9kz9O5GSUKlJ6JvOkOiRWvYy8T+vm+jg2kuZiBONgs4XBQm3dWRnb9sDJpFqPjGEUMnMrTYdEUmoNuEsbFHmqREOsmDc5RhWSatWdS+qtfvLSv0mj6gIJ3AK5+DCFdThDhrQBAoBvMArvFnP1rv1YX3OWwtWPnMMC7C+fgHus5Y0</latexit>

U(1)chiral
<latexit sha1_base64="tliTR/WFTPXlznGe60xPRwCWVcI=">AAACDnicbZBNTsMwEIWd8lfKXwpLNhYVUtlUSUGCZQUblkUibaU2ihzHba3aTmQ7oCrqHbgAW7gBO8SWK3ABzoHTZgEtT7L09GZGM/7ChFGlHefLKq2tb2xulbcrO7t7+wd29bCj4lRi4uGYxbIXIkUYFcTTVDPSSyRBPGSkG05u8nr3gUhFY3GvpwnxORoJOqQYaRMFdtWru2dBNpAc4jGViM0Cu+Y0nLngqnELUwOF2oH9PYhinHIiNGZIqb7rJNrPkNQUMzKrDFJFEoQnaET6xgrEifKz+ekzeGqSCA5jaZ7QcJ7+nsgQV2rKQ9PJkR6r5Voe/lfrp3p45WdUJKkmAi8WDVMGdQxzDjCikmDNpsYgLKm51QBAEmFtaP3ZosynxiTKwbjLGFZNp9lwzxvNu4ta67pAVAbH4ATUgQsuQQvcgjbwAAaP4Bm8gFfryXqz3q2PRWvJKmaOwB9Znz/vJ5we</latexit> U(1)PQ

<latexit sha1_base64="iny6mMYxzAYxxIgNlAoyf/nAMtA=">AAACBHicbVDLTsJAFJ3iC/GFunTTSExwQ1o00SXRjUtILGCgIdPpBSbMTJuZqQlp2PoDbvUP3Bm3/oc/4Hc4hS4UPMlNTs65N/feE8SMKu04X1ZhbX1jc6u4XdrZ3ds/KB8etVWUSAIeiVgkuwFWwKgAT1PNoBtLwDxg0Akmt5nfeQSpaCTu9TQGn+ORoENKsDbSg1d1zwdpszUblCtOzZnDXiVuTiooR3NQ/u6HEUk4CE0YVqrnOrH2Uyw1JQxmpX6iIMZkgkfQM1RgDspP5wfP7DOjhPYwkqaEtufq74kUc6WmPDCdHOuxWvYy8T+vl+jhtZ9SEScaBFksGibM1pGdfW+HVALRbGoIJpKaW20yxhITbTL6s0WZp8YQZsG4yzGskna95l7U6q3LSuMmj6iITtApqiIXXaEGukNN5CGCOHpGL+jVerLerHfrY9FasPKZY/QH1ucPG0OYcA==</latexit>

Lesson 1 
After the SSB, we have a pseudo Goldstone boson rotating the angle away 

✔STRONG CP PROBLEM SOLVED

Introduce a global symmetry spontaneously broken at some high scale , 
the Peccei-Quinn symmetry

V

A detour: the QCD axion

↵ = ✓̄ ⌘ a

V
<latexit sha1_base64="8rNH0IRkT6S3QqJnEnA88t42IPc=">AAACInicbZBLSgNBEIZ7fBtfUZduGoPgKsyooBtBdONSwcRAJoSaTo3T2POwu0YIw5zAa3gBt3oDd+JKcO057MQsNPGHhp+/qqiuL8iUNOS6H87U9Mzs3PzCYmVpeWV1rbq+0TRprgU2RKpS3QrAoJIJNkiSwlamEeJA4XVwezaoX9+jNjJNrqifYSeGm0SGUgDZqFvd8UFlERz7AejCpwgJSh/vcnnP/VCDKKAsmmW3WnPr7lB80ngjU2MjXXSrX34vFXmMCQkFxrQ9N6NOAZqkUFhW/NxgBuIWbrBtbQIxmk4xPKfkOzbp8TDV9iXEh+nviQJiY/pxYDtjoMiM1wbhf7V2TuFRp5BJlhMm4mdRmCtOKR+w4T2pUZDqWwNCS/tXLiKwFMgS/LPF2KMi7A3AeOMYJk1zr+7t1/cuD2onpyNEC2yLbbNd5rFDdsLO2QVrMMEe2BN7Zi/Oo/PqvDnvP61Tzmhmk/2R8/kN4HSlyQ==</latexit>
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Lesson 1, cont’d 
The same rotation gives a mass to the axion (w/ two quarks)

In other words, give enough time to the universe and it relaxes to a CP 
conserving QCD Lagrangian*

*your mileage may vary
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A detour: the QCD axion

m2
a =

mumd

mu +md

hūui
V 2

<latexit sha1_base64="H2z2Dn0IwwU0kEzgYDmhJHNmb4w="></latexit>



QCD Axion cosmology in a nutshell

32

Suppose PQ is broken before inflation. The axion field is homogeneous

H =
Ṙ

R
<latexit sha1_base64="41GMdLYxoV6Ioxfec5JXgY7iaf4=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRV0I1QdNNlFfuANpTJdNIOnUzCzI0QQv0VNy4UceuHuPNvnLZZaOuBC4dz7mHuHD8WXIPjfFuFtfWNza3idmlnd2//wD48ausoUZS1aCQi1fWJZoJL1gIOgnVjxUjoC9bxJ7czv/PIlOaRfIA0Zl5IRpIHnBIw0sAuN677gSI06w8jyO6nUzMDu+JUnTnwKnFzUkE5mgP7y6RpEjIJVBCte64Tg5cRBZwKNi31E81iQidkxHqGShIy7WXz46f41ChDHETKjAQ8V38nMhJqnYa+2QwJjPWyNxP/83oJBFdexmWcAJN08VCQCAwRnjWBh1wxCiI1hFDFza2YjonpAkxfJVOCu/zlVdKuVd3zau3uolK/yesoomN0gs6Qiy5RHTVQE7UQRSl6Rq/ozXqyXqx362OxWrDyTBn9gfX5AyV/lRk=</latexit>

where U = m2
aa

<latexit sha1_base64="3J4md3Gb9SkFpjqHwWjtPuuISgg=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9mtgl6EohePFdy20K4lm2bb0CS7JlmhLP0TXjwo4tW/481/Y9ruQVsfDDzem2FmXphwpo3rfjuFldW19Y3iZmlre2d3r7x/0NRxqgj1Scxj1Q6xppxJ6htmOG0nimIRctoKRzdTv/VElWaxvDfjhAYCDySLGMHGSm3/SvTwQw33yhW36s6AlomXkwrkaPTKX91+TFJBpSEca93x3MQEGVaGEU4npW6qaYLJCA9ox1KJBdVBNrt3gk6s0kdRrGxJg2bq74kMC63HIrSdApuhXvSm4n9eJzXRZZAxmaSGSjJfFKUcmRhNn0d9pigxfGwJJorZWxEZYoWJsRGVbAje4svLpFmremfV2t15pX6dx1GEIziGU/DgAupwCw3wgQCHZ3iFN+fReXHenY95a8HJZw7hD5zPH1CHj34=</latexit>

ä+ 3Hȧ+
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@a
= 0

<latexit sha1_base64="rZ8wy9V/hfq+K/2VDlj2JZxlHKs=">AAACHXicbVDLSgMxFM3UV62vUZdugkUQhDLTFnQjFN10WcHWQmcod9JMG5p5kGSEMsyPuPFX3LhQxIUb8W9M20G09UDg5Jx7b3KPF3MmlWV9GYWV1bX1jeJmaWt7Z3fP3D/oyCgRhLZJxCPR9UBSzkLaVkxx2o0FhcDj9M4bX0/9u3sqJIvCWzWJqRvAMGQ+I6C01DfrzmAQqRSys1oTOzl1fAEkdWIQigFP21n2c8GQXVp9s2xVrBnwMrFzUkY5Wn3zQ48mSUBDRThI2bOtWLnpdCThNCs5iaQxkDEMaU/TEAIq3XS2XYZPtDLAfiT0CRWeqb87UgiknASergxAjeSiNxX/83qJ8i/clIVxomhI5g/5CccqwtOo8IAJShSfaAJEMP1XTEago1E60JIOwV5ceZl0qhW7Vqne1MuNqzyOIjpCx+gU2egcNVATtVAbEfSAntALejUejWfjzXiflxaMvOcQ/YHx+Q1jd6K5</latexit>
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Suppose PQ is broken before inflation. The axion field is homogeneous

ä ' �m2
aa

<latexit sha1_base64="VmB2jwQfDHrgaHyQsGXRxTCJFq0=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCG0tSBV0W3bisYB/QxnAzmbRDZ5I4MxFK7MJfceNCEbf+hjv/xuljoa0HLhzOuZd77wlSzpR2nG9rYXFpeWW1sFZc39jc2rZ3dhsqySShdZLwRLYCUJSzmNY105y2UklBBJw2g/7VyG8+UKlYEt/qQUo9Ad2YRYyANpJv73fCMNE5DDuKCXp/Iny4q2Dw7ZJTdsbA88SdkhKaoubbX50wIZmgsSYclGq7Tqq9HKRmhNNhsZMpmgLpQ5e2DY1BUOXl4/uH+MgoIY4SaSrWeKz+nshBKDUQgekUoHtq1huJ/3ntTEcXXs7iNNM0JpNFUcaxTvAoDBwySYnmA0OASGZuxaQHEog2kRVNCO7sy/OkUSm7p+XKzVmpejmNo4AO0CE6Ri46R1V0jWqojgh6RM/oFb1ZT9aL9W59TFoXrOnMHvoD6/MHmsSV0Q==</latexit>

a '

R(H ⇠ ma)

R(t)

�3/2
a0 cosmat

<latexit sha1_base64="62Yg561xa/sJZLpYPnZS+nLErkI="></latexit>

After being a damped harmonic oscillator, it becomes

H =
Ṙ

R
<latexit sha1_base64="41GMdLYxoV6Ioxfec5JXgY7iaf4=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRV0I1QdNNlFfuANpTJdNIOnUzCzI0QQv0VNy4UceuHuPNvnLZZaOuBC4dz7mHuHD8WXIPjfFuFtfWNza3idmlnd2//wD48ausoUZS1aCQi1fWJZoJL1gIOgnVjxUjoC9bxJ7czv/PIlOaRfIA0Zl5IRpIHnBIw0sAuN677gSI06w8jyO6nUzMDu+JUnTnwKnFzUkE5mgP7y6RpEjIJVBCte64Tg5cRBZwKNi31E81iQidkxHqGShIy7WXz46f41ChDHETKjAQ8V38nMhJqnYa+2QwJjPWyNxP/83oJBFdexmWcAJN08VCQCAwRnjWBh1wxCiI1hFDFza2YjonpAkxfJVOCu/zlVdKuVd3zau3uolK/yesoomN0gs6Qiy5RHTVQE7UQRSl6Rq/ozXqyXqx362OxWrDyTBn9gfX5AyV/lRk=</latexit>

where U = m2
aa

<latexit sha1_base64="3J4md3Gb9SkFpjqHwWjtPuuISgg=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9mtgl6EohePFdy20K4lm2bb0CS7JlmhLP0TXjwo4tW/481/Y9ruQVsfDDzem2FmXphwpo3rfjuFldW19Y3iZmlre2d3r7x/0NRxqgj1Scxj1Q6xppxJ6htmOG0nimIRctoKRzdTv/VElWaxvDfjhAYCDySLGMHGSm3/SvTwQw33yhW36s6AlomXkwrkaPTKX91+TFJBpSEca93x3MQEGVaGEU4npW6qaYLJCA9ox1KJBdVBNrt3gk6s0kdRrGxJg2bq74kMC63HIrSdApuhXvSm4n9eJzXRZZAxmaSGSjJfFKUcmRhNn0d9pigxfGwJJorZWxEZYoWJsRGVbAje4svLpFmremfV2t15pX6dx1GEIziGU/DgAupwCw3wgQCHZ3iFN+fReXHenY95a8HJZw7hD5zPH1CHj34=</latexit>
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<latexit sha1_base64="rZ8wy9V/hfq+K/2VDlj2JZxlHKs=">AAACHXicbVDLSgMxFM3UV62vUZdugkUQhDLTFnQjFN10WcHWQmcod9JMG5p5kGSEMsyPuPFX3LhQxIUb8W9M20G09UDg5Jx7b3KPF3MmlWV9GYWV1bX1jeJmaWt7Z3fP3D/oyCgRhLZJxCPR9UBSzkLaVkxx2o0FhcDj9M4bX0/9u3sqJIvCWzWJqRvAMGQ+I6C01DfrzmAQqRSys1oTOzl1fAEkdWIQigFP21n2c8GQXVp9s2xVrBnwMrFzUkY5Wn3zQ48mSUBDRThI2bOtWLnpdCThNCs5iaQxkDEMaU/TEAIq3XS2XYZPtDLAfiT0CRWeqb87UgiknASergxAjeSiNxX/83qJ8i/clIVxomhI5g/5CccqwtOo8IAJShSfaAJEMP1XTEago1E60JIOwV5ceZl0qhW7Vqne1MuNqzyOIjpCx+gU2egcNVATtVAbEfSAntALejUejWfjzXiflxaMvOcQ/YHx+Q1jd6K5</latexit>
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Suppose PQ is broken before inflation. The axion field is homogeneous

H =
Ṙ

R
<latexit sha1_base64="41GMdLYxoV6Ioxfec5JXgY7iaf4=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRV0I1QdNNlFfuANpTJdNIOnUzCzI0QQv0VNy4UceuHuPNvnLZZaOuBC4dz7mHuHD8WXIPjfFuFtfWNza3idmlnd2//wD48ausoUZS1aCQi1fWJZoJL1gIOgnVjxUjoC9bxJ7czv/PIlOaRfIA0Zl5IRpIHnBIw0sAuN677gSI06w8jyO6nUzMDu+JUnTnwKnFzUkE5mgP7y6RpEjIJVBCte64Tg5cRBZwKNi31E81iQidkxHqGShIy7WXz46f41ChDHETKjAQ8V38nMhJqnYa+2QwJjPWyNxP/83oJBFdexmWcAJN08VCQCAwRnjWBh1wxCiI1hFDFza2YjonpAkxfJVOCu/zlVdKuVd3zau3uolK/yesoomN0gs6Qiy5RHTVQE7UQRSl6Rq/ozXqyXqx362OxWrDyTBn9gfX5AyV/lRk=</latexit>
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<latexit sha1_base64="VmB2jwQfDHrgaHyQsGXRxTCJFq0=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCG0tSBV0W3bisYB/QxnAzmbRDZ5I4MxFK7MJfceNCEbf+hjv/xuljoa0HLhzOuZd77wlSzpR2nG9rYXFpeWW1sFZc39jc2rZ3dhsqySShdZLwRLYCUJSzmNY105y2UklBBJw2g/7VyG8+UKlYEt/qQUo9Ad2YRYyANpJv73fCMNE5DDuKCXp/Iny4q2Dw7ZJTdsbA88SdkhKaoubbX50wIZmgsSYclGq7Tqq9HKRmhNNhsZMpmgLpQ5e2DY1BUOXl4/uH+MgoIY4SaSrWeKz+nshBKDUQgekUoHtq1huJ/3ntTEcXXs7iNNM0JpNFUcaxTvAoDBwySYnmA0OASGZuxaQHEog2kRVNCO7sy/OkUSm7p+XKzVmpejmNo4AO0CE6Ri46R1V0jWqojgh6RM/oFb1ZT9aL9W59TFoXrOnMHvoD6/MHmsSV0Q==</latexit>
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<latexit sha1_base64="62Yg561xa/sJZLpYPnZS+nLErkI="></latexit>
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<latexit sha1_base64="cJz6YNwvPWKtZuiWTIx3dZ144kI="></latexit>

After being a damped harmonic oscillator, it becomes

Including an additional temperature dependence

Lesson 2 
Axion can be a dark matter candidate

✔DM MISTERY SOLVED

where

⇢a =
1

2
m2

aa
2

<latexit sha1_base64="6jH4AimqrSleKLgdOjLYcnCyahU=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiRR0I1QdOOygn1AE8NkOmmHTmbCzEQooQs3/oobF4q49SPc+TdO2yy09cCFwzn3cu89Ucqo0o7zbZVWVtfWN8qbla3tnd09e/+grUQmMWlhwYTsRkgRRjlpaaoZ6aaSoCRipBONrqd+54FIRQW/0+OUBAkacBpTjLSRQrvqy6EI0aUfS4Rzd5J7kyRE9x40Fdo1p+7MAJeJW5AaKNAM7S+/L3CWEK4xQ0r1XCfVQY6kppiRScXPFEkRHqEB6RnKUUJUkM+emMBjo/RhLKQpruFM/T2Ro0SpcRKZzgTpoVr0puJ/Xi/T8UWQU55mmnA8XxRnDGoBp4nAPpUEazY2BGFJza0QD5GJQ5vcKiYEd/HlZdL26u5p3bs9qzWuijjKoAqOwAlwwTlogBvQBC2AwSN4Bq/gzXqyXqx362PeWrKKmUPwB9bnD7Kql3g=</latexit>

QCD Axion cosmology in a nutshell

U = m2
aa

<latexit sha1_base64="3J4md3Gb9SkFpjqHwWjtPuuISgg=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9mtgl6EohePFdy20K4lm2bb0CS7JlmhLP0TXjwo4tW/481/Y9ruQVsfDDzem2FmXphwpo3rfjuFldW19Y3iZmlre2d3r7x/0NRxqgj1Scxj1Q6xppxJ6htmOG0nimIRctoKRzdTv/VElWaxvDfjhAYCDySLGMHGSm3/SvTwQw33yhW36s6AlomXkwrkaPTKX91+TFJBpSEca93x3MQEGVaGEU4npW6qaYLJCA9ox1KJBdVBNrt3gk6s0kdRrGxJg2bq74kMC63HIrSdApuhXvSm4n9eJzXRZZAxmaSGSjJfFKUcmRhNn0d9pigxfGwJJorZWxEZYoWJsRGVbAje4svLpFmremfV2t15pX6dx1GEIziGU/DgAupwCw3wgQCHZ3iFN+fReXHenY95a8HJZw7hD5zPH1CHj34=</latexit>

ä+ 3Hȧ+
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@a
= 0

<latexit sha1_base64="rZ8wy9V/hfq+K/2VDlj2JZxlHKs=">AAACHXicbVDLSgMxFM3UV62vUZdugkUQhDLTFnQjFN10WcHWQmcod9JMG5p5kGSEMsyPuPFX3LhQxIUb8W9M20G09UDg5Jx7b3KPF3MmlWV9GYWV1bX1jeJmaWt7Z3fP3D/oyCgRhLZJxCPR9UBSzkLaVkxx2o0FhcDj9M4bX0/9u3sqJIvCWzWJqRvAMGQ+I6C01DfrzmAQqRSys1oTOzl1fAEkdWIQigFP21n2c8GQXVp9s2xVrBnwMrFzUkY5Wn3zQ48mSUBDRThI2bOtWLnpdCThNCs5iaQxkDEMaU/TEAIq3XS2XYZPtDLAfiT0CRWeqb87UgiknASergxAjeSiNxX/83qJ8i/clIVxomhI5g/5CccqwtOo8IAJShSfaAJEMP1XTEago1E60JIOwV5ceZl0qhW7Vqne1MuNqzyOIjpCx+gU2egcNVATtVAbEfSAntALejUejWfjzXiflxaMvOcQ/YHx+Q1jd6K5</latexit>
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(If broken after inflation, more axions produced from cosmic strings and 
domain walls)

QCD Axion cosmology in a nutshell
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On QCD axion GW and axion production: Sikivie 1982, Chang et al. hep-ph/9808302, hep-ph/
9807374, Hiramatsu et al 1002.1555, 1309.5001, 1207.3166. Ask for additional bibliography on the 
topic of axions from strings 
On N=1 ALPs: Gorghetto et al. 2101.11007
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(If broken after inflation, more axions produced from cosmic strings and 
domain walls)
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QCD Axion cosmology in a nutshell

On QCD axion GW and axion production: Sikivie 1982, Chang et al. hep-ph/9808302, hep-ph/
9807374, Hiramatsu et al 1002.1555, 1309.5001, 1207.3166. Ask for additional bibliography on the 
topic of axions from strings 
On N=1 ALPs: Gorghetto et al. 2101.11007

New QCD axion detection ideas!  
Examples:  
• MADMAX (Phys.Rev.Lett. 118 (2017) 9, 091801) 
• Plasma haloscope (Lawson, Millar, Pancaldi, EV, Wilczek), Phys.Rev.Lett. 118 (2017) 9, 091801
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(If broken after inflation, more axions produced from cosmic strings and 
domain walls)
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QCD Axion cosmology in a nutshell

ma 6/ 1

V
<latexit sha1_base64="1KtH0q4lD+96mjFG1AB59gnrDfA=">AAACAnicbVBNS8NAEN3Ur1q/op7ES7AInkpSBT0WvXisYD+gCWGz3bRLN7thdyKUULz4V7x4UMSrv8Kb/8Ztm4O2Phh4vDfDzLwo5UyD635bpZXVtfWN8mZla3tnd8/eP2hrmSlCW0RyqboR1pQzQVvAgNNuqihOIk470ehm6nceqNJMinsYpzRI8ECwmBEMRgrtoyTEvpDgp0qmIP1YYZJ7k7w9Ce2qW3NncJaJV5AqKtAM7S+/L0mWUAGEY617nptCkGMFjHA6qfiZpikmIzygPUMFTqgO8tkLE+fUKH0nlsqUAGem/p7IcaL1OIlMZ4JhqBe9qfif18sgvgpyJtIMqCDzRXHGHZDONA+nzxQlwMeGYKKYudUhQ2xSAJNaxYTgLb68TNr1mndeq99dVBvXRRxldIxO0Bny0CVqoFvURC1E0CN6Rq/ozXqyXqx362PeWrKKmUP0B9bnDzTwl/I=</latexit>

Main differences:  independent from  andma T
On QCD axion GW and axion production: Sikivie 1982, Chang et al. hep-ph/9808302, hep-ph/
9807374, Hiramatsu et al 1002.1555, 1309.5001, 1207.3166. Ask for additional bibliography on the 
topic of axions from strings 
On N=1 ALPs: Gorghetto et al. 2101.11007
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Axion-like particles are pseudo-Nambu-Goldstone bosons corresponding 
to the spontaneous breaking of a symmetry at high scale  and whose 
mass is generated by an additional breaking at a smaller scale . They 
include 
• majorons 
• possibly string theory-inspired ALPs 
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Axion-like particles are pseudo-Nambu-Goldstone bosons corresponding 
to the spontaneous breaking of a symmetry at high scale  and whose 
mass is generated by an additional breaking at a smaller scale . They 
include 
• majorons 
• possibly string theory-inspired ALPs 
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Nambu-Goldstone bosons Mass generation Bias

A simple toy model:

As the temperature lowers, each term becomes important
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Nambu-Goldstone bosons Mass generation Bias

As the temperature lowers, each term becomes important

Strings form Walls formation+misalignment Walls annihilate
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# strings/volume

• When  (assuming that the field has initially the same temperature 
as the visible sector), spontaneous symmetry breaking occurs 

• A string network forms after the breaking of the  symmetry 
• The string network reaches a scaling regime (universe expansion vs 

string reconnection). The energy density is  
• The string mass per unit length is

T ≃ V

U(1)

ρst = ξμ/t2

µ ' 2⇡V 2 ln
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# strings/volume
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# strings/volume

• When  (assuming that the field has initially the same temperature 
as the visible sector), spontaneous symmetry breaking occurs 

• A string network forms after the breaking of the  symmetry 
• The string network reaches a scaling regime (universe expansion vs 

string reconnection). The energy density is  
• The string mass per unit length is

T ≃ V

U(1)

ρst = ξμ/t2
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# strings/volume

• When  (assuming that the field has initially the same temperature 
as the visible sector), spontaneous symmetry breaking occurs 

• A string network forms after the breaking of the  symmetry 
• The string network reaches a scaling regime (universe expansion vs 

string reconnection). The energy density is  
• The string mass per unit length is

T ≃ V

U(1)

ρst = ξμ/t2
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Nambu-Goldstone bosons Mass generation Bias
{ <latexit sha1_base64="HfdBSKbS6fcrqTNAC8laDin/ZfI=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4Ctko2GPRi8cq9gPaUDbbTbt0swm7G6GE/gMvHhTx6j/y5r9x2wbU6oOBx3szzMwLU8G18bxPZ2V1bX1js7RV3t7Z3duvHBy2dJIpypo0EYnqhEQzwSVrGm4E66SKkTgUrB2Or2d++4EpzRN5byYpC2IylDzilBgr3fXyfqXquTWMfewjz/Xm+Ca4IFUo0OhXPnqDhGYxk4YKonUXe6kJcqIMp4JNy71Ms5TQMRmyrqWSxEwH+fzSKTq1ygBFibIlDZqrPydyEms9iUPbGRMz0sveTPzP62YmqgU5l2lmmKSLRVEmkEnQ7G004IpRIyaWEKq4vRXREVGEGhtO2YaAl1/+S1q+i89d//aiWr8q4ijBMZzAGWC4hDrcQAOaQCGCR3iGF2fsPDmvztuidcUpZo7gF5z3L7MdjXg=</latexit>

• When  (assuming that the field has initially the same temperature 
as the visible sector), spontaneous symmetry breaking occurs 

• A string network forms after the breaking of the  symmetry 
• The string network reaches a scaling regime (universe expansion vs 

string reconnection). The energy density is  
• The string mass per unit length is

T ≃ V

U(1)

ρst = ξμ/t2

µ ' 2⇡V 2 ln
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<latexit sha1_base64="teAKUXWTI0RKbBmKHv+ahhgcmHk="></latexit>
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<latexit sha1_base64="tej+XxTvdNrib550KJ07SSkQNzM="></latexit> { <latexit sha1_base64="7jF/axiKQ50qck453cB+aS7CDO0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5zSjWk=</latexit>

Nambu-Goldstone bosons Mass generation Bias

Explicit breaking { <latexit sha1_base64="HfdBSKbS6fcrqTNAC8laDin/ZfI=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4Ctko2GPRi8cq9gPaUDbbTbt0swm7G6GE/gMvHhTx6j/y5r9x2wbU6oOBx3szzMwLU8G18bxPZ2V1bX1js7RV3t7Z3duvHBy2dJIpypo0EYnqhEQzwSVrGm4E66SKkTgUrB2Or2d++4EpzRN5byYpC2IylDzilBgr3fXyfqXquTWMfewjz/Xm+Ca4IFUo0OhXPnqDhGYxk4YKonUXe6kJcqIMp4JNy71Ms5TQMRmyrqWSxEwH+fzSKTq1ygBFibIlDZqrPydyEms9iUPbGRMz0sveTPzP62YmqgU5l2lmmKSLRVEmkEnQ7G004IpRIyaWEKq4vRXREVGEGhtO2YaAl1/+S1q+i89d//aiWr8q4ijBMZzAGWC4hDrcQAOaQCGCR3iGF2fsPDmvztuidcUpZo7gF5z3L7MdjXg=</latexit>{ <latexit sha1_base64="7jF/axiKQ50qck453cB+aS7CDO0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5zSjWk=</latexit>
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N<latexit sha1_base64="A5k4uDj/bkC+WlVpD5C2Rfz/ia4=">AAACCXicbZDLSsNAFIYnXmu9RV26GSyCq5JUQTdC0Y0rqWAv0MQwmU7aoTOTMDMplJCtG1/FjQtF3PoG7nwbp20W2vrDwMd/zuHM+cOEUaUd59taWl5ZXVsvbZQ3t7Z3du29/ZaKU4lJE8cslp0QKcKoIE1NNSOdRBLEQ0ba4fB6Um+PiFQ0Fvd6nBCfo76gEcVIGyuwoadon6NLGAUzgqOHGvQiiXDWyrPbPLArTtWZCi6CW0AFFGoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvZSRRKEh6hPugYF4kT52fSSHB4bpwejWJonNJy6vycyxJUa89B0cqQHar42Mf+rdVMdXfgZFUmqicCzRVHKoI7hJBbYo5JgzcYGEJbU/BXiATIpaBNe2YTgzp+8CK1a1T2t1u7OKvWrIo4SOARH4AS44BzUwQ1ogCbA4BE8g1fwZj1ZL9a79TFrXbKKmQPwR9bnD7+Emb0=</latexit>Model-dependendent 
dimensionless parameter

45

•
When , the field starts sliding towards  and 

the misalignment mechanism takes place. This happens at 

• Walls between attached to the strings form with tension

3H(t) ≃ ma = v2N
2V

θ = 0

Tw ' 5.1⇥ 104GeV

[g?(Tw)]
1/4

⇣ma

eV

⌘1/2

<latexit sha1_base64="ZdKiL/FtJr7A0ODQj3rZKbJfUXQ="></latexit>



V (�) � �

4
(|�|2 � V 2)2 +

v4

2

✓
1� |�|

V
cos(N✓)

◆
� ✏bv
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<latexit sha1_base64="tej+XxTvdNrib550KJ07SSkQNzM="></latexit> { <latexit sha1_base64="7jF/axiKQ50qck453cB+aS7CDO0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5zSjWk=</latexit>

Nambu-Goldstone bosons Mass generation Bias

Explicit breaking { <latexit sha1_base64="HfdBSKbS6fcrqTNAC8laDin/ZfI=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4Ctko2GPRi8cq9gPaUDbbTbt0swm7G6GE/gMvHhTx6j/y5r9x2wbU6oOBx3szzMwLU8G18bxPZ2V1bX1js7RV3t7Z3duvHBy2dJIpypo0EYnqhEQzwSVrGm4E66SKkTgUrB2Or2d++4EpzRN5byYpC2IylDzilBgr3fXyfqXquTWMfewjz/Xm+Ca4IFUo0OhXPnqDhGYxk4YKonUXe6kJcqIMp4JNy71Ms5TQMRmyrqWSxEwH+fzSKTq1ygBFibIlDZqrPydyEms9iUPbGRMz0sveTPzP62YmqgU5l2lmmKSLRVEmkEnQ7G004IpRIyaWEKq4vRXREVGEGhtO2YaAl1/+S1q+i89d//aiWr8q4ijBMZzAGWC4hDrcQAOaQCGCR3iGF2fsPDmvztuidcUpZo7gF5z3L7MdjXg=</latexit>{ <latexit sha1_base64="7jF/axiKQ50qck453cB+aS7CDO0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5zSjWk=</latexit>
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N<latexit sha1_base64="A5k4uDj/bkC+WlVpD5C2Rfz/ia4=">AAACCXicbZDLSsNAFIYnXmu9RV26GSyCq5JUQTdC0Y0rqWAv0MQwmU7aoTOTMDMplJCtG1/FjQtF3PoG7nwbp20W2vrDwMd/zuHM+cOEUaUd59taWl5ZXVsvbZQ3t7Z3du29/ZaKU4lJE8cslp0QKcKoIE1NNSOdRBLEQ0ba4fB6Um+PiFQ0Fvd6nBCfo76gEcVIGyuwoadon6NLGAUzgqOHGvQiiXDWyrPbPLArTtWZCi6CW0AFFGoE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvZSRRKEh6hPugYF4kT52fSSHB4bpwejWJonNJy6vycyxJUa89B0cqQHar42Mf+rdVMdXfgZFUmqicCzRVHKoI7hJBbYo5JgzcYGEJbU/BXiATIpaBNe2YTgzp+8CK1a1T2t1u7OKvWrIo4SOARH4AS44BzUwQ1ogCbA4BE8g1fwZj1ZL9a79TFrXbKKmQPwR9bnD7+Emb0=</latexit>

Model-dependent dimensionless 
parameter 46

•
When , the field starts sliding towards  and 

the misalignment mechanism takes place. This happens at 

• Walls attached to the strings form with tension

3H(t) ≃ ma = v2N
2V

θ = 0

Tw ' 5.1⇥ 104GeV

[g?(Tw)]
1/4

⇣ma

eV

⌘1/2

<latexit sha1_base64="ZdKiL/FtJr7A0ODQj3rZKbJfUXQ="></latexit>
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<latexit sha1_base64="tej+XxTvdNrib550KJ07SSkQNzM="></latexit>

Nambu-Goldstone bosons Mass generation Bias
{ <latexit sha1_base64="7jF/axiKQ50qck453cB+aS7CDO0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5zSjWk=</latexit> { <latexit sha1_base64="HfdBSKbS6fcrqTNAC8laDin/ZfI=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4Ctko2GPRi8cq9gPaUDbbTbt0swm7G6GE/gMvHhTx6j/y5r9x2wbU6oOBx3szzMwLU8G18bxPZ2V1bX1js7RV3t7Z3duvHBy2dJIpypo0EYnqhEQzwSVrGm4E66SKkTgUrB2Or2d++4EpzRN5byYpC2IylDzilBgr3fXyfqXquTWMfewjz/Xm+Ca4IFUo0OhXPnqDhGYxk4YKonUXe6kJcqIMp4JNy71Ms5TQMRmyrqWSxEwH+fzSKTq1ygBFibIlDZqrPydyEms9iUPbGRMz0sveTPzP62YmqgU5l2lmmKSLRVEmkEnQ7G004IpRIyaWEKq4vRXREVGEGhtO2YaAl1/+S1q+i89d//aiWr8q4ijBMZzAGWC4hDrcQAOaQCGCR3iGF2fsPDmvztuidcUpZo7gF5z3L7MdjXg=</latexit>{ <latexit sha1_base64="7jF/axiKQ50qck453cB+aS7CDO0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5zSjWk=</latexit>

• The surface tension produces a pressure .  It coincides with the 
energy density stored in the walls, and tends to straighten the walls 

• The volume pressure   tends to accelerate the walls towards 
their lower energy adjacent vacuum (detonation)  

• Walls annihilate when ,

pT

pV = Bias

pT ≃ pV

H(Tann) ' ✏bv
4
/2� =

✏bmap
2f�

<latexit sha1_base64="kRbO/15kXs2C8L5UvFE5bCbHdYQ="></latexit>
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<latexit sha1_base64="tej+XxTvdNrib550KJ07SSkQNzM="></latexit>

Nambu-Goldstone bosons Mass generation Bias
{ <latexit sha1_base64="7jF/axiKQ50qck453cB+aS7CDO0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5zSjWk=</latexit> { <latexit sha1_base64="HfdBSKbS6fcrqTNAC8laDin/ZfI=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4Ctko2GPRi8cq9gPaUDbbTbt0swm7G6GE/gMvHhTx6j/y5r9x2wbU6oOBx3szzMwLU8G18bxPZ2V1bX1js7RV3t7Z3duvHBy2dJIpypo0EYnqhEQzwSVrGm4E66SKkTgUrB2Or2d++4EpzRN5byYpC2IylDzilBgr3fXyfqXquTWMfewjz/Xm+Ca4IFUo0OhXPnqDhGYxk4YKonUXe6kJcqIMp4JNy71Ms5TQMRmyrqWSxEwH+fzSKTq1ygBFibIlDZqrPydyEms9iUPbGRMz0sveTPzP62YmqgU5l2lmmKSLRVEmkEnQ7G004IpRIyaWEKq4vRXREVGEGhtO2YaAl1/+S1q+i89d//aiWr8q4ijBMZzAGWC4hDrcQAOaQCGCR3iGF2fsPDmvztuidcUpZo7gF5z3L7MdjXg=</latexit>{ <latexit sha1_base64="7jF/axiKQ50qck453cB+aS7CDO0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5zSjWk=</latexit>

• The surface tension produces a pressure .  It coincides with the 
energy density stored in the walls, and tends to straighten the walls 

• The volume pressure   tends to accelerate the walls towards 
their lower energy adjacent vacuum (detonation)  

• Walls annihilate when ,

pT

pV = Bias

pT ≃ pV

H(Tann) ' ✏bv
4
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✏bmap
2f�

<latexit sha1_base64="kRbO/15kXs2C8L5UvFE5bCbHdYQ="></latexit>
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Nambu-Goldstone bosons Mass generation Bias
{ <latexit sha1_base64="7jF/axiKQ50qck453cB+aS7CDO0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5zSjWk=</latexit> { <latexit sha1_base64="HfdBSKbS6fcrqTNAC8laDin/ZfI=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4Ctko2GPRi8cq9gPaUDbbTbt0swm7G6GE/gMvHhTx6j/y5r9x2wbU6oOBx3szzMwLU8G18bxPZ2V1bX1js7RV3t7Z3duvHBy2dJIpypo0EYnqhEQzwSVrGm4E66SKkTgUrB2Or2d++4EpzRN5byYpC2IylDzilBgr3fXyfqXquTWMfewjz/Xm+Ca4IFUo0OhXPnqDhGYxk4YKonUXe6kJcqIMp4JNy71Ms5TQMRmyrqWSxEwH+fzSKTq1ygBFibIlDZqrPydyEms9iUPbGRMz0sveTPzP62YmqgU5l2lmmKSLRVEmkEnQ7G004IpRIyaWEKq4vRXREVGEGhtO2YaAl1/+S1q+i89d//aiWr8q4ijBMZzAGWC4hDrcQAOaQCGCR3iGF2fsPDmvztuidcUpZo7gF5z3L7MdjXg=</latexit>{ <latexit sha1_base64="7jF/axiKQ50qck453cB+aS7CDO0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5zSjWk=</latexit>

• The surface tension produces a pressure .  It coincides with the 
energy density stored in the walls, and tends to straighten the walls 

• The volume pressure   tends to accelerate the walls towards 
their lower energy adjacent vacuum (detonation)  

• Walls annihilate when ,

pT

pV = Bias

pT ≃ pV

H(Tann) ' ✏bv
4
/2� =

✏bmap
2f�

<latexit sha1_base64="kRbO/15kXs2C8L5UvFE5bCbHdYQ="></latexit>

Tann ' 0.73⇥ 105 GeV

[g?(Tann)]1/4

r
✏b ma

f� eV
<latexit sha1_base64="0CZmFDZL/2MTUk2H/1+sMD42sUM="></latexit>
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Present ALP energy density
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There are three mechanisms to produce ALPs in our scenario: 

• Misalignment mechanism 
• String decay 
• Walls annihilation

Strings form Walls formation+misalignment Walls annihilate

T ≃ V 3H(tw) ' ma =
v
2
Np
2V

<latexit sha1_base64="QyQKA8XUzVMO5gpUXQsfcZkV6/Y=">AAACE3icbVBNS8NAEN34WetX1aOXxSJUDyVJBb0IRS+eRMHWQlPDZrvRpbtJ3J0oJeQ/ePGvePGgiFcv3vw3bmsP2vpg4PHeDDPzgkRwDbb9ZU1Nz8zOzRcWiotLyyurpbX1po5TRVmDxiJWrYBoJnjEGsBBsFaiGJGBYJdB73jgX94xpXkcXUA/YR1JriMeckrASH5pt4ZPKuDf73iaS3aLpU8OvVARmt1dufg0zzx9qyBz82bul8p21R4CTxJnRMpohDO/9Ol1Y5pKFgEVROu2YyfQyYgCTgXLi16qWUJoj1yztqERkUx3suFPOd42SheHsTIVAR6qvycyIrXuy8B0SgI3etwbiP957RTCg07GoyQFFtGfRWEqMMR4EBDucsUoiL4hhCpubsX0hphEwMRYNCE44y9PkqZbdWpV93yvXD8axVFAm2gLVZCD9lEdnaAz1EAUPaAn9IJerUfr2Xqz3n9ap6zRzAb6A+vjG9rBnZA=</latexit>

pT (Tann) ' pV (Tann)
<latexit sha1_base64="W114IT9dVUvVsS7Q2u3XPk3GcMs=">AAACEHicbVC7TsMwFHV4lvIKMLJYVIiyVElBgrGChbFIfUlNFDmu01q1nWA7SFXUT2DhV1gYQIiVkY2/wW0z0JYjXenonHt17z1hwqjSjvNjrayurW9sFraK2zu7e/v2wWFLxanEpIljFstOiBRhVJCmppqRTiIJ4iEj7XB4O/Hbj0QqGouGHiXE56gvaEQx0kYK7LMkaJQbQeZJDpEQ43NPUU4eYBK05uTALjkVZwq4TNyclECOemB/e70Yp5wIjRlSqus6ifYzJDXFjIyLXqpIgvAQ9UnXUIE4UX42fWgMT43Sg1EsTQkNp+rfiQxxpUY8NJ0c6YFa9Cbif1431dG1n1GRpJoIPFsUpQzqGE7SgT0qCdZsZAjCkppbIR4gibA2GRZNCO7iy8ukVa24F5Xq/WWpdpPHUQDH4ASUgQuuQA3cgTpoAgyewAt4A+/Ws/VqfVifs9YVK585AnOwvn4BgW6cQA==</latexit>



ALPs at present: misalignment

⇢a,0(t0) = ⇢a,0(tw)

✓
R(tw)

R(t0)

◆3

<latexit sha1_base64="f/i30MZsf6vg6AHpRjIp5/0/utU="></latexit>

✓
R(tw)

R(t0)

◆3

=
2⇡2

45 g⇤0T
3
0

2⇡2

45 g⇤wT
3
w

<latexit sha1_base64="/8Jku/k86FyXQcKf9E1y2ahsR34="></latexit>

⇢a,0(tw) =
1

2
m2

aa
2 =

1

2
m2

a✓
2
wV

2

<latexit sha1_base64="+TmJAEMFXcbmVe9EhDl7pLfedn4=">AAACKnicbVDJSgNBEO2Je9yiHr0MBiGChJlR0IvgcvEYwSyQSYaaTk/S2LPQXaOEYb7Hi7/ixYMiXv0QO8tBEx9V8Hiviu56fiK4Qsv6NAoLi0vLK6trxfWNza3t0s5uQ8WppKxOYxHLlg+KCR6xOnIUrJVIBqEvWNN/uBn5zUcmFY+jexwmrBNCP+IBp4Ba8kpXrhzEXgbHVl5B7+nowg0k0MzOMycPPeg6uuY0FwcMwXvqOo2u45XKVtUaw5wn9pSUyRQ1r/Tm9mKahixCKkCptm0l2MlAIqeC5UU3VSwB+gB91tY0gpCpTjY+NTcPtdIzg1jqjtAcq783MgiVGoa+ngwBB2rWG4n/ee0Ug/NOxqMkRRbRyUNBKkyMzVFuZo9LRlEMNQEquf6rSQegc0GdblGHYM+ePE8aTtU+qTp3p+XL62kcq2SfHJAKsckZuSS3pEbqhJJn8kreyYfxYrwZn8bXZLRgTHf2yB8Y3z+gn6bG</latexit>

• The dark matter abundance due to the misalignment mechanism is 
immediately obtained. At wall formation (when )3H ≃ ma

• Including the redshift

• Which gives

' ⇡2/3
<latexit sha1_base64="o1qGkduvrh/B2GGXVOz/twxbT1U=">AAAB9XicbVBNTwIxEJ31E/EL9eilkZh4wl0w0SPRi0dM5CNhF9ItXWhou2vb1RDC//DiQWO8+l+8+W8ssAcFXzLJy3szmZkXJpxp47rfzsrq2vrGZm4rv72zu7dfODhs6DhVhNZJzGPVCrGmnElaN8xw2koUxSLktBkOb6Z+85EqzWJ5b0YJDQTuSxYxgo2VOr5mgj4gP2Gd8nmlWyi6JXcGtEy8jBQhQ61b+PJ7MUkFlYZwrHXbcxMTjLEyjHA6yfuppgkmQ9ynbUslFlQH49nVE3RqlR6KYmVLGjRTf0+MsdB6JELbKbAZ6EVvKv7ntVMTXQVjJpPUUEnmi6KUIxOjaQSoxxQlho8swUQxeysiA6wwMTaovA3BW3x5mTTKJa9SKt9dFKvXWRw5OIYTOAMPLqEKt1CDOhBQ8Ayv8OY8OS/Ou/Mxb11xspkj+APn8wdq2ZHM</latexit>

⌦mis
a h2 =

⇢a,0(t0)

⇢c
h2 ' 0.77⇥ 10�19h✓2wi

V 2m1/2
a

GeV5/2

[g?(Tw)]3/4

gs?(Tw)
<latexit sha1_base64="x+tBxcxDmWzzEEl8ENtkWAxm3ZY="></latexit>
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⇢a,0(t0) = ⇢a,0(tw)

✓
R(tw)

R(t0)

◆3

<latexit sha1_base64="f/i30MZsf6vg6AHpRjIp5/0/utU="></latexit>

✓
R(tw)

R(t0)

◆3

=
2⇡2

45 g⇤0T
3
0

2⇡2

45 g⇤wT
3
w

<latexit sha1_base64="/8Jku/k86FyXQcKf9E1y2ahsR34="></latexit>

⇢a,0(tw) =
1

2
m2

aa
2 =

1

2
m2

a✓
2
wV

2

<latexit sha1_base64="+TmJAEMFXcbmVe9EhDl7pLfedn4=">AAACKnicbVDJSgNBEO2Je9yiHr0MBiGChJlR0IvgcvEYwSyQSYaaTk/S2LPQXaOEYb7Hi7/ixYMiXv0QO8tBEx9V8Hiviu56fiK4Qsv6NAoLi0vLK6trxfWNza3t0s5uQ8WppKxOYxHLlg+KCR6xOnIUrJVIBqEvWNN/uBn5zUcmFY+jexwmrBNCP+IBp4Ba8kpXrhzEXgbHVl5B7+nowg0k0MzOMycPPeg6uuY0FwcMwXvqOo2u45XKVtUaw5wn9pSUyRQ1r/Tm9mKahixCKkCptm0l2MlAIqeC5UU3VSwB+gB91tY0gpCpTjY+NTcPtdIzg1jqjtAcq783MgiVGoa+ngwBB2rWG4n/ee0Ug/NOxqMkRRbRyUNBKkyMzVFuZo9LRlEMNQEquf6rSQegc0GdblGHYM+ePE8aTtU+qTp3p+XL62kcq2SfHJAKsckZuSS3pEbqhJJn8kreyYfxYrwZn8bXZLRgTHf2yB8Y3z+gn6bG</latexit>

• The dark matter abundance due to the misalignment mechanism is 
immediately obtained. At wall formation (when )3H ≃ ma

• Including the redshift

• Which gives

' ⇡2/3
<latexit sha1_base64="o1qGkduvrh/B2GGXVOz/twxbT1U=">AAAB9XicbVBNTwIxEJ31E/EL9eilkZh4wl0w0SPRi0dM5CNhF9ItXWhou2vb1RDC//DiQWO8+l+8+W8ssAcFXzLJy3szmZkXJpxp47rfzsrq2vrGZm4rv72zu7dfODhs6DhVhNZJzGPVCrGmnElaN8xw2koUxSLktBkOb6Z+85EqzWJ5b0YJDQTuSxYxgo2VOr5mgj4gP2Gd8nmlWyi6JXcGtEy8jBQhQ61b+PJ7MUkFlYZwrHXbcxMTjLEyjHA6yfuppgkmQ9ynbUslFlQH49nVE3RqlR6KYmVLGjRTf0+MsdB6JELbKbAZ6EVvKv7ntVMTXQVjJpPUUEnmi6KUIxOjaQSoxxQlho8swUQxeysiA6wwMTaovA3BW3x5mTTKJa9SKt9dFKvXWRw5OIYTOAMPLqEKt1CDOhBQ8Ayv8OY8OS/Ou/Mxb11xspkj+APn8wdq2ZHM</latexit>

⌦mis
a h2 =

⇢a,0(t0)

⇢c
h2 ' 0.77⇥ 10�19h✓2wi

V 2m1/2
a

GeV5/2

[g?(Tw)]3/4

gs?(Tw)
<latexit sha1_base64="x+tBxcxDmWzzEEl8ENtkWAxm3ZY="></latexit>
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⇢a,0(t0) = ⇢a,0(tw)

✓
R(tw)

R(t0)

◆3

<latexit sha1_base64="f/i30MZsf6vg6AHpRjIp5/0/utU="></latexit>

✓
R(tw)

R(t0)

◆3

=
2⇡2

45 g⇤0T
3
0

2⇡2

45 g⇤wT
3
w

<latexit sha1_base64="/8Jku/k86FyXQcKf9E1y2ahsR34="></latexit>

⇢a,0(tw) =
1

2
m2

aa
2 =

1

2
m2

a✓
2
wV

2

<latexit sha1_base64="+TmJAEMFXcbmVe9EhDl7pLfedn4=">AAACKnicbVDJSgNBEO2Je9yiHr0MBiGChJlR0IvgcvEYwSyQSYaaTk/S2LPQXaOEYb7Hi7/ixYMiXv0QO8tBEx9V8Hiviu56fiK4Qsv6NAoLi0vLK6trxfWNza3t0s5uQ8WppKxOYxHLlg+KCR6xOnIUrJVIBqEvWNN/uBn5zUcmFY+jexwmrBNCP+IBp4Ba8kpXrhzEXgbHVl5B7+nowg0k0MzOMycPPeg6uuY0FwcMwXvqOo2u45XKVtUaw5wn9pSUyRQ1r/Tm9mKahixCKkCptm0l2MlAIqeC5UU3VSwB+gB91tY0gpCpTjY+NTcPtdIzg1jqjtAcq783MgiVGoa+ngwBB2rWG4n/ee0Ug/NOxqMkRRbRyUNBKkyMzVFuZo9LRlEMNQEquf6rSQegc0GdblGHYM+ePE8aTtU+qTp3p+XL62kcq2SfHJAKsckZuSS3pEbqhJJn8kreyYfxYrwZn8bXZLRgTHf2yB8Y3z+gn6bG</latexit>

• The dark matter abundance due to the misalignment mechanism is 
immediately obtained. At wall formation (when )3H ≃ ma

• Including the redshift

• Which gives

' ⇡2/3
<latexit sha1_base64="o1qGkduvrh/B2GGXVOz/twxbT1U=">AAAB9XicbVBNTwIxEJ31E/EL9eilkZh4wl0w0SPRi0dM5CNhF9ItXWhou2vb1RDC//DiQWO8+l+8+W8ssAcFXzLJy3szmZkXJpxp47rfzsrq2vrGZm4rv72zu7dfODhs6DhVhNZJzGPVCrGmnElaN8xw2koUxSLktBkOb6Z+85EqzWJ5b0YJDQTuSxYxgo2VOr5mgj4gP2Gd8nmlWyi6JXcGtEy8jBQhQ61b+PJ7MUkFlYZwrHXbcxMTjLEyjHA6yfuppgkmQ9ynbUslFlQH49nVE3RqlR6KYmVLGjRTf0+MsdB6JELbKbAZ6EVvKv7ntVMTXQVjJpPUUEnmi6KUIxOjaQSoxxQlho8swUQxeysiA6wwMTaovA3BW3x5mTTKJa9SKt9dFKvXWRw5OIYTOAMPLqEKt1CDOhBQ8Ayv8OY8OS/Ou/Mxb11xspkj+APn8wdq2ZHM</latexit>

⌦mis
a h2 =

⇢a,0(t0)

⇢c
h2 ' 0.77⇥ 10�19h✓2wi

V 2m1/2
a

GeV5/2

[g?(Tw)]3/4

gs?(Tw)
<latexit sha1_base64="x+tBxcxDmWzzEEl8ENtkWAxm3ZY="></latexit>



ALPs at present: strings

⇢strings =
µ

t2
⇠

<latexit sha1_base64="LfbYJGXn1eM77fB0i5amXtEFRwQ=">AAACDnicbVC7SgNBFJ31GeMramkzGAJWYTcK2ghBG8sI5gHZGGYns8mQmdll5q4Ylv0CG3/FxkIRW2s7/8bJo9DEAxcO59zLvfcEseAGXPfbWVpeWV1bz23kN7e2d3YLe/sNEyWasjqNRKRbATFMcMXqwEGwVqwZkYFgzWB4Nfab90wbHqlbGMWsI0lf8ZBTAlbqFkq+HkTd1NcSG9Bc9U124Yea0NSXSZbCXSXzH3i3UHTL7gR4kXgzUkQz1LqFL78X0UQyBVQQY9qeG0MnJRo4FSzL+4lhMaFD0mdtSxWRzHTSyTsZLlmlh8NI21KAJ+rviZRIY0YysJ2SwMDMe2PxP6+dQHjeSbmKE2CKTheFicAQ4XE2uMc1oyBGlhCqub0V0wGxYYBNMG9D8OZfXiSNStk7KVduTovVy1kcOXSIjtAx8tAZqqJrVEN1RNEjekav6M15cl6cd+dj2rrkzGYO0B84nz+zHp0m</latexit>

na '
Z tw

t⇤

dt


R(t)3

✓
d⇢strings

dt

1

H(t)

◆�

<latexit sha1_base64="HS7jypyjGiLPJ0MnFlPpihwF2ng="></latexit>

Ea ' H(t)
<latexit sha1_base64="Xm1IYEhIKb4VALmVEPpmSZWEipg=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRahXspuFfRYFKHHCvYD2rVk07QNTbJrklXK0v/hxYMiXv0v3vw3pu0etPXBwOO9GWbmBRFn2rjut5NZWV1b38hu5ra2d3b38vsHDR3GitA6CXmoWgHWlDNJ64YZTluRolgEnDaD0fXUbz5SpVko78w4or7AA8n6jGBjpfubLu5oJugDqhbNaTdfcEvuDGiZeCkpQIpaN//V6YUkFlQawrHWbc+NjJ9gZRjhdJLrxJpGmIzwgLYtlVhQ7SezqyfoxCo91A+VLWnQTP09kWCh9VgEtlNgM9SL3lT8z2vHpn/pJ0xGsaGSzBf1Y45MiKYRoB5TlBg+tgQTxeytiAyxwsTYoHI2BG/x5WXSKJe8s1L59rxQuUrjyMIRHEMRPLiAClShBnUgoOAZXuHNeXJenHfnY96acdKZQ/gD5/MHSUeRtw==</latexit>

⌦st
a h

2 ' 0.95 ⇥ 10�23 ⇠ ln

✓
3Vp
2⇠ ma

◆✓
V

GeV

◆2 ⇣ma

eV

⌘1/2 [g?(Tw)]3/4

gs?(Tw)
<latexit sha1_base64="Nt/2Wp7Sp739rsGGwTwYFv78/KQ="></latexit>

• The dark matter abundance due to string decay can be obtained using 
that

• The number density is found as

• After the formation of walls, the number density simply redshifts and 
one finds
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⇢strings =
µ

t2
⇠

<latexit sha1_base64="LfbYJGXn1eM77fB0i5amXtEFRwQ=">AAACDnicbVC7SgNBFJ31GeMramkzGAJWYTcK2ghBG8sI5gHZGGYns8mQmdll5q4Ylv0CG3/FxkIRW2s7/8bJo9DEAxcO59zLvfcEseAGXPfbWVpeWV1bz23kN7e2d3YLe/sNEyWasjqNRKRbATFMcMXqwEGwVqwZkYFgzWB4Nfab90wbHqlbGMWsI0lf8ZBTAlbqFkq+HkTd1NcSG9Bc9U124Yea0NSXSZbCXSXzH3i3UHTL7gR4kXgzUkQz1LqFL78X0UQyBVQQY9qeG0MnJRo4FSzL+4lhMaFD0mdtSxWRzHTSyTsZLlmlh8NI21KAJ+rviZRIY0YysJ2SwMDMe2PxP6+dQHjeSbmKE2CKTheFicAQ4XE2uMc1oyBGlhCqub0V0wGxYYBNMG9D8OZfXiSNStk7KVduTovVy1kcOXSIjtAx8tAZqqJrVEN1RNEjekav6M15cl6cd+dj2rrkzGYO0B84nz+zHp0m</latexit>

na '
Z tw

t⇤

dt


R(t)3

✓
d⇢strings

dt

1

H(t)

◆�

<latexit sha1_base64="HS7jypyjGiLPJ0MnFlPpihwF2ng="></latexit>

Ea ' H(t)
<latexit sha1_base64="Xm1IYEhIKb4VALmVEPpmSZWEipg=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRahXspuFfRYFKHHCvYD2rVk07QNTbJrklXK0v/hxYMiXv0v3vw3pu0etPXBwOO9GWbmBRFn2rjut5NZWV1b38hu5ra2d3b38vsHDR3GitA6CXmoWgHWlDNJ64YZTluRolgEnDaD0fXUbz5SpVko78w4or7AA8n6jGBjpfubLu5oJugDqhbNaTdfcEvuDGiZeCkpQIpaN//V6YUkFlQawrHWbc+NjJ9gZRjhdJLrxJpGmIzwgLYtlVhQ7SezqyfoxCo91A+VLWnQTP09kWCh9VgEtlNgM9SL3lT8z2vHpn/pJ0xGsaGSzBf1Y45MiKYRoB5TlBg+tgQTxeytiAyxwsTYoHI2BG/x5WXSKJe8s1L59rxQuUrjyMIRHEMRPLiAClShBnUgoOAZXuHNeXJenHfnY96acdKZQ/gD5/MHSUeRtw==</latexit>

⌦st
a h

2 ' 0.95 ⇥ 10�23 ⇠ ln

✓
3Vp
2⇠ ma

◆✓
V

GeV

◆2 ⇣ma

eV

⌘1/2 [g?(Tw)]3/4

gs?(Tw)
<latexit sha1_base64="Nt/2Wp7Sp739rsGGwTwYFv78/KQ="></latexit>

• The dark matter abundance due to string decay can be obtained using 
that

• The number density is found as (see e.g. 1012.5502)

• After the formation of walls, the number density simply redshifts and 
one finds



ALPs at present: strings
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⇢strings =
µ

t2
⇠

<latexit sha1_base64="LfbYJGXn1eM77fB0i5amXtEFRwQ=">AAACDnicbVC7SgNBFJ31GeMramkzGAJWYTcK2ghBG8sI5gHZGGYns8mQmdll5q4Ylv0CG3/FxkIRW2s7/8bJo9DEAxcO59zLvfcEseAGXPfbWVpeWV1bz23kN7e2d3YLe/sNEyWasjqNRKRbATFMcMXqwEGwVqwZkYFgzWB4Nfab90wbHqlbGMWsI0lf8ZBTAlbqFkq+HkTd1NcSG9Bc9U124Yea0NSXSZbCXSXzH3i3UHTL7gR4kXgzUkQz1LqFL78X0UQyBVQQY9qeG0MnJRo4FSzL+4lhMaFD0mdtSxWRzHTSyTsZLlmlh8NI21KAJ+rviZRIY0YysJ2SwMDMe2PxP6+dQHjeSbmKE2CKTheFicAQ4XE2uMc1oyBGlhCqub0V0wGxYYBNMG9D8OZfXiSNStk7KVduTovVy1kcOXSIjtAx8tAZqqJrVEN1RNEjekav6M15cl6cd+dj2rrkzGYO0B84nz+zHp0m</latexit>

na '
Z tw

t⇤

dt


R(t)3

✓
d⇢strings

dt

1

H(t)

◆�

<latexit sha1_base64="HS7jypyjGiLPJ0MnFlPpihwF2ng="></latexit>

Ea ' H(t)
<latexit sha1_base64="Xm1IYEhIKb4VALmVEPpmSZWEipg=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRahXspuFfRYFKHHCvYD2rVk07QNTbJrklXK0v/hxYMiXv0v3vw3pu0etPXBwOO9GWbmBRFn2rjut5NZWV1b38hu5ra2d3b38vsHDR3GitA6CXmoWgHWlDNJ64YZTluRolgEnDaD0fXUbz5SpVko78w4or7AA8n6jGBjpfubLu5oJugDqhbNaTdfcEvuDGiZeCkpQIpaN//V6YUkFlQawrHWbc+NjJ9gZRjhdJLrxJpGmIzwgLYtlVhQ7SezqyfoxCo91A+VLWnQTP09kWCh9VgEtlNgM9SL3lT8z2vHpn/pJ0xGsaGSzBf1Y45MiKYRoB5TlBg+tgQTxeytiAyxwsTYoHI2BG/x5WXSKJe8s1L59rxQuUrjyMIRHEMRPLiAClShBnUgoOAZXuHNeXJenHfnY96acdKZQ/gD5/MHSUeRtw==</latexit>
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• The dark matter abundance due to string decay can be obtained using 
that

• The number density is found as (see e.g. 1012.5502)

• After the formation of walls, the number density simply redshifts and 
one finds



ALPs at present: walls

• Most of energy stored in walls is lost in the emission of ALPs at 
annihilation, therefore

• From simulations, ALPs should be mildly relativistic, so we include a 
small correction

• The density parameter from walls is

⌦walls
a h2 ' 2.4⇥ 10�24

✏1/2b
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⌘1/2 [g?(Tann)]3/4

gs?(Tann)
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⇢a(t0) = mana ' ma
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• Most of energy stored in walls is lost in the emission of ALPs at 
annihilation, therefore

⇢a(t0) = mana ' ma
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⇢w(Tann)
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<latexit sha1_base64="aM2xz45GXGqeGWYuJzOzFpEy6Q8="></latexit>

• From simulations, ALPs should be mildly relativistic, so we included a 
small correction

• The density parameter from walls is

⌦walls
a h2 ' 2.4⇥ 10�24
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• Most of energy stored in walls is lost in the emission of ALPs at 
annihilation, therefore

⇢a(t0) = mana ' ma
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• From simulations, ALPs should be mildly relativistic, so we included a 
small correction

• The density parameter from walls is
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a h2 ' 2.4⇥ 10�24
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• String decay can be more important than misalignment mechanism 
(subject to simulation uncertainties)

• Wall annihilation gives most of the contribution to ALPs for a small 
enough bias  (walls decay later and they are less redshifted)ϵb



Present GW energy density
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There are two mechanisms to produce GWs in our scenario: 

• String decay 
• Walls annihilation

Strings form Walls annihilate



Present GW energy density: walls
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Wall annihilation gives a spectrum which scales like  at low 
frequencies (because of causality) and  at high frequencies (a bit 
more uncertain)

f3

f −1

We expect therefore a peaked spectrum. The peak amplitude is 
evaluated through the quadrupole formula,

P ' G
...
Qij

...
Qij
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where

(Because)
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So the GW energy density is

Which including the redshift is

The peak frequency is
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An example of GW spectrum from walls is this

(assuming ,  and )fσ /N = 1 Tann = 5 eV ΩGWh2 |peak = 10−12

��-�� ��-�� ��-�� ��-�� ��-�� ��-�� ��-�� ��-��
��-��

��-��

��-�

��-�

��-�

���



Present GW energy density: strings

66

• The GW emission from string is  the same as in the  case 
computed in the literature (see e.g. 2101.11007)

!(1) N = 1

• We find that a good semi-analytical fit is
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Adapted from Gorghetto et al. 2101.11007
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As far as , GWs from walls dominate the 
signal

V ≲ 1014 GeV
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The observable region preserves its shape as ϵb ∝ 1/ma
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Collection of constraints at https://cajoha.re/ (C.O’Hare) 
  

https://cajoha.re/
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Collection of constraints at https://cajoha.re/ (C.O’Hare) 
  

Asking for Ωwall
GW ≳ Ωstrings

GW

{
<latexit sha1_base64="7jF/axiKQ50qck453cB+aS7CDO0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB5zSjWk=</latexit>

Asking for v < 10−2V

https://cajoha.re/
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If we are lucky, we could discover barely interacting ALPs

Collection of constraints at https://cajoha.re/ (C.O’Hare) 
  

https://cajoha.re/
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• The presence of ALPs leads to the formation of topological defects, i.e. cosmic 
strings and domain walls

• For N>1 domain walls produce most of ALP dark matter and gravitational waves
• There is an observable window in which the gravitational wave background from 

domain walls would be visible in the CMB
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• The presence of ALPs leads to the formation of topological defects, i.e. cosmic 
strings and domain walls

• For  domain walls produce most of ALP dark matter and gravitational 
waves

• There is a window in which the gravitational wave background from domain 
walls would be observable with cosmological and astrometric data

N > 1
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