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Axions and their
cosmology



QCD axions and axion-like particles

ALPs : (pseudo-)Nambu-Goldstone bosons of a U(1) global 
symmetry
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QCD axion : classically (almost) massless ALP, of a U(1) 
symmetry with a mixed anomaly with the QCD gauge group



QCD axion : classically (almost) massless ALP, of a U(1) 
symmetry with a mixed anomaly with the QCD gauge group

QCD axions and axion-like particles

ALPs : (pseudo-)Nambu-Goldstone bosons of a U(1) global 
symmetry

At the vacuum :                     Solution to the strong CP problem
<latexit sha1_base64="EkjxQG/s2jlvT1TAgrsJLpXT/Wc="></latexit>

hai = 0
[Peccei/Quinn ’77 x 2, Weinberg ’78, Wilczek ’78]

<latexit sha1_base64="qBv4CPL1fY+0wqGbIQqEfI5pDZw="></latexit>

L � C
32⇡2

a

fa
✏µ⌫⇢�Ga

µ⌫G
a
⇢�



QCD axion : classically (almost) massless ALP, of a U(1) 
symmetry with a mixed anomaly with the QCD gauge group

QCD axions and axion-like particles

ALPs : (pseudo-)Nambu-Goldstone bosons of a U(1) global 
symmetry

At the vacuum :                     Solution to the strong CP problem
<latexit sha1_base64="EkjxQG/s2jlvT1TAgrsJLpXT/Wc="></latexit>

hai = 0
[Peccei/Quinn ’77 x 2, Weinberg ’78, Wilczek ’78]

<latexit sha1_base64="qBv4CPL1fY+0wqGbIQqEfI5pDZw="></latexit>

L � C
32⇡2

a

fa
✏µ⌫⇢�Ga

µ⌫G
a
⇢�

QCD
<latexit sha1_base64="XYeZ2pP2SICAoY/aLXr6LJF3pGw="></latexit>

a = 0



QCD axions and axion-like particles

ALPs : (pseudo-)Nambu-Goldstone bosons of a U(1) global 
symmetry

At the vacuum :                     Solution to the strong CP problem
<latexit sha1_base64="EkjxQG/s2jlvT1TAgrsJLpXT/Wc="></latexit>

hai = 0
[Peccei/Quinn ’77 x 2, Weinberg ’78, Wilczek ’78]

<latexit sha1_base64="qBv4CPL1fY+0wqGbIQqEfI5pDZw="></latexit>

L � C
32⇡2

a

fa
✏µ⌫⇢�Ga

µ⌫G
a
⇢�

At « low » energies : model-independent (EFT) approach
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(QCD) axion cosmology

In cosmology : depends on the hierarchy of scales



(QCD) axion cosmology

In cosmology : depends on the hierarchy of scales

Pre-inflationary scenario :                    and 

PQ symmetry broken throughout the cosmic history         EFT 
approach again

Axion dark matter via the misalignment mechanism
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(QCD) axion cosmology

In cosmology : depends on the hierarchy of scales

Post-inflationary scenario :                    and/or 

PQ symmetry unbroken during and/or after inflation         the 
cosmological history probes the UV completion
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(QCD) axion cosmology

In cosmology : depends on the hierarchy of scales

Post-inflationary scenario :                    and/or 

PQ symmetry unbroken during and/or after inflation         the 
cosmological history probes the UV completion

In any case : topological defects, axion cosmic strings
[Kibble ’76, Zurek ‘85]
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and their cosmic strings



Compact extra dimensions : address the electroweak hierarchy 
problem and the flavor problem, are necessary for string 
theory… and « protect » the axion mass
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Cosmic strings from extra dimensions ?

<latexit sha1_base64="hP7HqGQXUJgVGbMJ2KVpf253b90="></latexit>

a(xµ) /
Z

dx4A4(x
µ, x4)



Core resolved in the higher-dimensional theory ?

Cosmic strings from extra dimensions ?

<latexit sha1_base64="Us52CUj2F847JA7H8gH7YJtCXMo="></latexit>

a /
Z

(I,S1,...)
A



Core resolved in the higher-dimensional theory ?

Cosmic strings from extra dimensions ?

<latexit sha1_base64="c0zYQtjPJE/IL/ME8YBMAAEBL24="></latexit>Z

C
da = 2⇡fanand

<latexit sha1_base64="Gn27dhrLEY0YG58hHS5t3pHaRt4="></latexit>

=)

<latexit sha1_base64="Us52CUj2F847JA7H8gH7YJtCXMo="></latexit>

a /
Z

(I,S1,...)
A

<latexit sha1_base64="QubphELsGJYaiNMMkVE5OOr6To8="></latexit>Z

C⇥(I,S1,...)
dA / 2⇡n

<latexit sha1_base64="jN5tWbQI67dgxKDhLMri15jKnzY="></latexit>

C0



Core resolved in the higher-dimensional theory ?

Cosmic strings from extra dimensions ?

<latexit sha1_base64="c0zYQtjPJE/IL/ME8YBMAAEBL24="></latexit>Z

C
da = 2⇡fanand

<latexit sha1_base64="Gn27dhrLEY0YG58hHS5t3pHaRt4="></latexit>

=)

<latexit sha1_base64="Us52CUj2F847JA7H8gH7YJtCXMo="></latexit>

a /
Z

(I,S1,...)
A

<latexit sha1_base64="QubphELsGJYaiNMMkVE5OOr6To8="></latexit>Z

C⇥(I,S1,...)
dA / 2⇡n

Topological magnetic charge for the 5D gauge field

<latexit sha1_base64="jN5tWbQI67dgxKDhLMri15jKnzY="></latexit>

C0

X
X

<latexit sha1_base64="tVLYIPYIeJimi4FONal4/OvyvRg="></latexit>x4

magnetic flux



Core resolved in the higher-dimensional theory ?

Cosmic strings from extra dimensions ?
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Need for a UV-complete description 

Topological magnetic charge for the 5D gauge field, no 
smooth solution in field theory
without additional fields



The case of the string axiverse



The string theory axiverse

String theory (usually) lives in 10, 11 or 26D

Low-energy description : 10D supergravity, with many p-form 
fields       (gauge fields:                                 ) 
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Generic 6D compact manifold : lots of cycles, lots of axions
         string theory axiverse (might not contain a QCD axion)

p-cycle

[Witten ’84, Choi/Kim ’85, Barr ’85,  Svrcek/Witten ’06, 
Arvanitaki/Dimopoulos/Dubovsky/Kaloper/March-Russell ’09]



Cosmic D-branes
Cosmic strings ? Magnetically-charged objects known : 
D-branes of string theory and fundamental strings

[Witten ’85, Sarangi/Tye ’02, Dvali/Villenkin et al ’02-’05,  
Polchinski et al ’03-’05, March-Russell/Tillim ’21]
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Polchinski et al ’03-’05, March-Russell/Tillim ’21]

Formation ? String-theoretic mechanisms (D-brane annihilation, 

Hagedorn phase transition, …?) which depend on inflation, on the 
details of the compactification, etc

Cosmological evolution ? Extra-dim. & quantum scatterings, 
string-theoretic instabilities, UV-dominated tension
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Cosmic strings ? Magnetically-charged objects known : 
D-branes of string theory and fundamental strings

[Witten ’85, Sarangi/Tye ’02, Dvali/Villenkin et al ’02-’05,  
Polchinski et al ’03-’05, March-Russell/Tillim ’21]

Formation ? String-theoretic mechanisms (D-brane annihilation, 

Hagedorn phase transition, …?) which depend on inflation, on the 
details of the compactification, etc

Cosmological evolution ? Extra-dim. & quantum scatterings, 
string-theoretic instabilities, UV-dominated tension

e.g., strongly warped 
compactifications

standard case
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Scan of examples :
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Cosmic strings ? Magnetically-charged objects known : 
D-branes of string theory and fundamental strings

[Witten ’85, Sarangi/Tye ’02, Dvali/Villenkin et al ’02-’05,  
Polchinski et al ’03-’05, March-Russell/Tillim ’21]

Formation ? String-theoretic mechanisms (D-brane annihilation, 

Hagedorn phase transition, …?) which depend on inflation, on the 
details of the compactification, etc

Cosmological evolution ? Extra-dim. & quantum scatterings, 
string-theoretic instabilities, UV-dominated tension

e.g., flat compactification
« Heavy » cosmic strings

(also, « axion magnetic weak gravity conjecture »)
[Hebecker/Henkenjohann/Witkowski ’17]



QCD axion dark matter ?



« Minimal » unwarped scenario : ruled out
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Ex. : energy emission rate to axions

Assumptions : lightest axion = QCD axion, one type of cosmic 
string : the QCD axion string, unstable domain wall network
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A way out in the axiverse

Assumptions : lightest axion = QCD axion, one type of cosmic 
string : the QCD axion string, unstable domain wall network
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If                                           , the domain-wall-driven collapse 
can interrupt the axion production earlier
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A way out in the axiverse

Assumptions : lightest axion = QCD axion, one type of cosmic 
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Potential gravitational waves signals
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Summary and
outlook



Axions belonging to the string theory axiverse, arising from 
extra-dimensional gauge fields, are associated with strings 
which are fundamental objects, and not field theory solitons.

Post-inflationary axion cosmology is drastically affected.

Assuming a population of « minimal » strings for the QCD 
axion, the universe is overclosed.

One example of a way out : using a second axion to collapse 
the string network at early stages.

More to do ! Simulations, more complicated cases, complete 
realistic string cosmology, scan over compactifications…


