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Axions
An axion is an extremely light and feebly-coupled boson that 

can interact with the SM in the following ways…

Why should we believe such a particle exists?
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Solves the Strong CP problem → “QCD axion”
Can be 100% of cosmological dark matter
Appears generically in string theory constructions



  

Lots of attempts, but so far no axions have been found…
For more, see cajohare.github.io/AxionLimits/ → Now lists results from >200 publications!

10°
12

10°
11

10°
10

10°
9

10°
8

10°
7

10°
6

10°
5

10°
4

10°
3

10°
2

10°
1

100
101

102
103

104
105

106
107

ma [eV]

10°19

10°18

10°17

10°16

10°15

10°14

10°13

10°12

10°11

10°10

10°9

10°8

10°7

10°6

|g
ag

|[
G

eV
°

1 ]

KSVZ

DFSZ

X-rays
EBL

Ionisation
fraction

BBN
+N

eff

Horizontal branch

Solar n

W
hi

te
dw

ar
fs

A
D

M
X

R
B

F+U
F H
A

Y
STA

C

SHAFT

C
A

PP

O
R

G
A

N
Q

U
A

X

B
A

SE

A
D

M
X

SLIC

CAST

ALPS-I PVLAS

OSQAR

CROWS

Fermi-SNe

DSNALP

Hydra

M87

HESS

Mrk 421

FermiStar

clu
ste

rs

Chandra
SN1987A

SN1987A (g)

SN1987A
(n)

M
U

SE

V
IM

O
S

Neutron stars

B
lack

hole
spins

ABRA
10 cm

10°
12

10°
11

10°
10

10°
9

10°
8

10°
7

10°
6

10°
5

10°
4

10°
3

10°
2

10°
1

100
101

102
103

104
105

106
107

ma [eV]

10°19

10°18

10°17

10°16

10°15

10°14

10°13

10°12

10°11

10°10

10°9

10°8

10°7

10°6

|g
ag

g
|[

G
eV

°
1 ]

X-rays
EBL

Ionisation
fraction

BBN
+N

eff

COBE/FIRAS

Horizontal branch

Solar n

W
hi

te
dw

ar
fs

ADMX

SHAFT

ORGAN

D
M

-R
ad

io

SRF-m 3

ALPHA
MADMAX

FLASH

TOO
RAD

BRASS
BREAD

ADBC

DANCE

aLIGO

WISPLC

LA
M

PO
ST

H
al

os
co

pe
s

CAST

IAXO

ALPS-I PVLAS

OSQAR

CROWS

Fermi-SNe

DSNALP

Hydra

M87

Mrk 421

FermiStar

clu
ste

rs

MWD X-rays

MWD Pol.

SN1987A (g)

SN1987A
(n)

M
U

SE V
IM

O
S

XMM-Newton

Leo T

THESEUS

eROSITA

Neutron stars

B
lack

hole
spins

ABRA
10 cm

A
LP

S-
II

10°9 10°8 10°7 10°6 10°5 10°4 10°3 10°2 10°1 100 101 102 103 104 105

ma [eV]

10°15

10°14

10°13

10°12

10°11

10°10

|g
ae

e|

D
FS

Z K
SV

Z

H
ad

ro
ni

c m
od

el
s

LUX (Solar axions)

PandaX

XENON1T

XENON1T
(Solar axion

basin)

SuperC
D

M
S

Red giants (wCen)

Solar n

Q
U

A
X

DARWIN

LZ

Sem
iconductors

X
-rays

(1-loop
decay)

10°
20

10°
19

10°
18

10°
17

10°
16

10°
15

10°
14

10°
13

10°
12

10°
11

10°
10

10°
9

10°
8

10°
7

10°
6

10°
5

10°
4

10°
3

10°
2

ma [eV]

10°20

10°19

10°18

10°17

10°16

10°15

10°14

10°13

10°12

10°11

10°10

10°9

10°8

10°7

1/
f a

[G
eV

°
1 ]

QCD
ax

ion

nEDM

Solar
co

re

Pulsars
GW170817

SN1987A

Inspirals

Neu
tro

n sta
rs

BBN

Storage rin
g EDM

CA
SP

Er
-e

le
ct

ric

Pi
ez

oa
xi

on
ic

Stellar
BHs

SM
BHs

10°
20

10°
19

10°
18

10°
17

10°
16

10°
15

10°
14

10°
13

10°
12

10°
11

10°
10

10°
9

10°
8

10°
7

10°
6

10°
5

10°
4

10°
3

10°
2

ma [eV]

10°22
10°21
10°20
10°19
10°18
10°17
10°16
10°15
10°14
10°13
10°12
10°11
10°10
10°9
10°8
10°7
10°6
10°5
10°4
10°3
10°2

|g
an

g
|[

G
eV

°
2 ]

B
la

ck
ho

le
sp

in
s QCD axion

nEDM

SN1987A

CASPEr-e
lectr

ic

phase
I

phas
e II

phas
e III

CASPEr-electric

10°
5

10°
4

10°
3

10°
2

10°
1

100
101

102
103

104
105

106
107

108
109

1010
1011

1012
na [Hz]

Stellar
BHs

SM
BHs

10°6 10°5 10°4

ma [eV]

10°15

10°14

10°13

10°12

10°11

10°10

10°9

|g
ag

g
|[

G
eV

°
1 ]

0

103 104
Frequency [MHz]

CASTCAST

E/N = 44/3

E/N = 5/3

KSVZ

DFSZ

UFUF

RBFRBF

A
D

M
X

A
D

M
X

H
A

Y
ST

A
C

H
A

Y
ST

A
C

C
A

PP

C
A

PP

C
A

PP

O
R

G
A

N

G
rA

H
al

A
D

M
X

Q
U

A
X

-a
g

R
A

D
ES

Neutron StarsNeutron Stars

Fermi (Galactic SN)

10°14 10°13 10°12 10°11 10°10 10°9 10°8 10°7 10°6 10°5

ma [eV]

10°13

10°12

10°11

10°10

10°9

|g
ag

g
|[

G
eV

°
1 ]

SN distance ladder

SN1987A-g

PKS
2155-304
(HESS)

MWD X-raysMWD X-rays

TeV blazars
(HAWC)

MWD
Polarisation

A
D

M
X

SLIC

A
D

M
X

R
B

F
+

U
F

+
C

A
PP

CASTCAST
Diffuse SNDiffuse SN

Fermi SNe-gFermi SNe-g

Hydra-AHydra-A
Super star clustersSuper star clusters

M87M87
NGC1275 (Chandra)NGC1275 (Chandra)

NGC1275NGC1275
(Fermi)

Mrk 421Mrk 421
BetelgeuseBetelgeuse

ALP dark
matte

r

ALP dark
matte

r

ALP dark
matte

r

ALP dark
matte

r

ALP dark
matter

ABRAABRA
10 cm

SHAFTSHAFT

10°
22
10°

21
10°

20
10°

19
10°

18
10°

17
10°

16
10°

15
10°

14
10°

13
10°

12
10°

11
10°

10
10°

9
10°

8
10°

7
10°

6
10°

5
10°

4
10°

3
10°

2

ma [eV]

10°17

10°16

10°15

10°14

10°13

10°12

10°11

10°10

10°9

10°8

10°7

10°6

10°5

10°4

10°3

10°2

|g
ap

|

KSVZ

DFSZ models

NASDUCKNASDUCK
CASPEr-Z

ULF

CASPEr-Z
ULFCASPEr-comag.CASPEr-comag.

SN1987ASN1987A

Neutron star coolingNeutron star cooling

Torsion balanceTorsion balanceTorsion balanceTorsion balance
SNOSNO

Black
Hole
Spins

10°
7
10°

6
10°

5
10°

4
10°

3
10°

2
10°

1
100

101
102

103
104

105
106

107
108

109
1010

1011
1012

na [Hz]

10°
17
10°

16
10°

15
10°

14
10°

13
10°

12
10°

11
10°

10
10°

9
10°

8
10°

7
10°

6
10°

5
10°

4
10°

3
10°

2
10°

1
100

101
102

103
104

105

Dark photon mass, mX [eV]

10°18
10°17
10°16
10°15
10°14
10°13
10°12
10°11
10°10
10°9
10°8
10°7
10°6
10°5
10°4
10°3
10°2
10°1

100

K
in

et
ic

m
ix

in
g,

c

A
D

M
X

C
A

PP
H

A
Y

ST
A

C

Q
U

A
X

LSW
-A

D
M

X
LSW

-UW
A

LSW-SPring-8LSW-SPring-8ALPS
ALPS

CRO
W

S

CRO
W

S CA
ST

CA
ST

SHIPS
SHIPS

Plimpton-Lawton

Plimpton-Lawton

AFMAFM

Cavendish-Coulomb

Cavendish-Coulomb

Spectroscopy

Spectroscopy
TEXONOTEXONO

SuperSuper
MAGMAG

XENON

DAMIC

SENSEI
SuperCDMS

FUNK
LAMPOST

Tokyo-3

To
ky

o-
2

Tokyo-1

SH
U

K
ETD

ar
k

E-
fie

ld

WISP
DMX

SQ
uA

D

DM
Pathfinder

Solar HB RG
Solar HB RG

JupiterJupiter
EarthEarth CrabCrab

nebulanebula

IGM
IGM

Leo T
Leo T

Gas clouds

Gas clouds

Neutron stars

Neutron stars

Dark
photon

DM

mHz Hz kHz MHz GHz THz eV keV

DPDM HeII
Reionisation
(Caputo et al.)

DPDM
(Witte et al.)

DPDM
(Arias et al.)

COBE/FIRAS
g ! X

DPDM heatingDPDM heating

Black hole
superradiance

http://cajohare.github.io/AxionLimits/
http://cajohare.github.io/AxionLimits/


Coupling to the photon
→ axions convert into photons in the presence of magnetic field

a
γ

B

Search over parameter space: (ma, gaγ)
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Theory prediction for
 solving strong CP 

problem
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Theory prediction for
 solving strong CP 

problem

Lab searches for axions making up the 
dark matter around us as an 

oscillating field 
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Theory prediction for
 solving strong CP 

problem

Lab searches for axions making up the 
dark matter around us as an 

oscillating field 

Radio line searches for dark matter 
axions converting in neutron star 
magnetospheres (see later talks)



The experiment or observation that will one day detect the 
axion may have been proposed. 

However without any prior on the axion’s mass, the chances of 
them bumping into it in such a vast parameter space seem very 

low.

Is there anything we can do to light the way?

Yes, if we impose that the axion makes up dark matter
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Axion field rolls down to minimum and 
starts damped oscillations
→ cold dark matter with predictable 
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But there’s a complication: what about ?∇θ

 Cosmic strings from 
axion field winding 
around  
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Numerical simulations of the cosmological axion

What do we want to do?

Solve the evolution 
of the axion field…

…on an 
expanding 

lattice…

… and find the 
parameters that 

reproduce 
Ωh2 = 0.12
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Post-inflation misalignment

(n = 0, inc. strings)

…to measure the 
relic abundance of 

axions…



The axion potential 
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Sets string width
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Angular dof: “axion” 
Sets domain wall width
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Evolution of the axion field in the post-inflationary scenario
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Evolution of the axion field
 in the post-inflationary scenario

String network scaling
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breaking
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Evolution of the axion field
 in the post-inflationary scenario

String network scaling

Domain walls attached to strings
→ network collapsesQCD
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Evolution of the axion field
 in the post-inflationary scenario

String network scaling

Domain walls attached to strings
→ network collapses

Inhomogeneous distribution of 
axions free streams until non-

relativistic  

Seeds of structure 
gravitationally collapse 

into halos

QCD

zeq

π−π

Λ4
QCD

V(θ)

Symmetry 
breaking
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Now simply take the density of 
axions at the end of the simulation 
and figure out the density today:

From this can find which axion 
parameters reproduce  

i.e. which axions give the correct 
relic abundance? 

Ωah2 = 0.12



Large numbers of high-density 
oscillating lumps are seeded 

towards the end of the 
simulation

“Axitons”

(Movie)

Axion 
stars

Axion 
miniclusters

Additional astrophysics 
signatures…



Summary

• Axions are the best candidates for dark matter

• One could be found tomorrow, or in 20 years time. Theoretical progress is 
desperately needed for the experimental community to know what experiments to run

• Simulations are beginning to firm up predictions for the axion’s properties that make 
it consistent with 100% of the Dark Matter

• However, we need further simulations including N-body simulations to study the 
beyond-CDM clumping of axions in our galaxy and determine any further 
astrophysical signatures


