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Axions and Ultralight Dark Matter



New Physics from Low to High Scales
• Axions are

• Solutions to a theoretical puzzle of small numbers—the strong-CP 
problem

• Approximately massless particle with mass and couplings fixed by a 
high scale fa, 

• Candidates for the dark matter of the universe

• Motivated by string theoretic constructions
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At higher temperatures, when QCD turns perturbative, one may be tempted to use

the dilute instanton gas approximation, which is expected to hold at large enough tempera-

tures. We point out however that the bad convergence of the perturbative QCD expansion

at finite temperatures makes the standard instanton result completely unreliable for tem-

peratures below 106GeV, explaining the large discrepancy observed in recent lattice QCD

simulations [30, 31]. We conclude with a study of the impact of such uncertainty in the

computation of the axion relic abundance, providing updated plots for the allowed axion

parameter space.

For convenience we report the main numerical results of the paper here, for the mass

ma = 5.70(6)(4)µeV

(
1012GeV

fa

)
,

the coupling to photons

gaγγ =
αem

2πfa

[
E

N
− 1.92(4)

]
,

the couplings to nucleons (for the hadronic KSVZ model for definiteness)

cKSVZ
p = −0.47(3) , cKSVZ

n = −0.02(3) ,

and for the self quartic coupling and the tension of the domain wall respectively

λa = −0.346(22) · m
2
a

f2
a
, σa = 8.97(5)maf

2
a ,

where for the axion mass the first error is from the uncertainties of quark masses while the

second is from higher order corrections. As a by-product we also provide a high precision

estimate of the topological susceptibility and the quartic moment

χ1/4
top = 75.5(5) MeV , b2 = −0.029(2) .

More complete results, explicit analytic formulae and details about conventions can be

found in the text. The impact on the axion abundance computation from different finite

temperature behaviors of the axion mass is shown in figures 5 and 6.

The rest of the paper is organized as follows. In section 2 we first briefly review known

leading order results for the axion properties and then present our new computations

and numerical estimates for the various properties at zero temperature. In section 3 we

give results for the temperature dependence of the axion mass and potential at increasing

temperatures and the implications for the axion dark matter abundance. We summarize

our conclusions in section 4. Finally, we provide the details about the input parameters

used and report extra formulae in the appendices.

2 The cool axion: T = 0 properties

At energies below the Peccei Quinn (PQ) and the electroweak (EW) breaking scales the

axion dependent part of the Lagrangian, at leading order in 1/fa and the weak couplings

can be written, without loss of generality, as

La =
1

2
(∂µa)

2 +
a

fa

αs

8π
GµνG̃

µν +
1

4
a g0aγγFµνF̃

µν +
∂µa

2fa
jµa,0 , (2.1)
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Axions and Ways to Find Them

5

• Axions are a window into the highest scales 

• Macroscopic wavelengths call for novel and distinct approaches across mass scales
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• Since the last snomwass, there has been wide-ranging and accelerating progress in 
the field of axions and ultralight bosons

• Two major questions for theorists:

Where?

How?



Where: which parts of this vast parameter space 
are theoretically motivated, or even plausible

7

• Model Building From String Theory to Experiment

• String axiverse and stringy axion constructions: the expectations of 
many light axions, new ideas for axion potentials

• Enhanced couplings to matter, e.g. clockwork mechanism

• See e.g. Experimental Targets for Photon Couplings of the QCD Axion, 
Agrawal, Fan, Reece, Wang1709.06085 

• Ultralight bosons and `fuzzy dark matter’ 

Hu, Barkana, Gruzinov 2003; Hui, Ostriker, Tremaine, Witten 2016

Svrcek , Witten [0605206]
Arvanitaki, Dimopoulos, Dubovsky, Kaloper, March-Russell [0905.4720]



Where: which parts of this vast parameter space 
are theoretically motivated, or even plausible
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• If Peccei-Quinn Symmetry occurs after inflation, there is in principle a unique 
QCD axion mass that will give the correct dark matter abundance

Adaptive Mesh Largest Effective Grid:

 M. Buschmann, J. W. Foster, A. Hook, A. Peterson, D. E. 
Willcox, W. Zhang et al. 2108.05368


Logarithmic Scaling of Strings: 

Gorghetto Hardy Villadoro 1806.04677 & 2007.04990

https://github.com/cajohare/AxionLimits



Where: which parts of this vast parameter space 
are theoretically motivated, or even plausible
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• Enhanced axion abundance: 
• delaying the start of oscillations and red-shifting; large misalignment
• non-zero kinetic energy at the start of oscillations as additional energy source
• coupled axions can exchange energy: the friendly axion
• cosmological history aside from the axion itself will affect the final axion abundance

• Suppressed axion abundance
• small initial amplitude
• decays to other particles, including parametric resonance
• cosmological history aside from the axion itself will affect the final axion abundance

• If Peccei-Quinn Symmetry occurs before inflation… anything goes
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• Axion cosmologies with enhanced abundance typically predict nonlinear axion structures: not 
all the DM is in a smooth halo

• Should we be modifying our search strategies?

Generically enhanced dark 
matter structures?



• Axions are very weakly coupled and difficult to produce in the lab

• High temperature, dense, large astrophysical objects can provide good testing grounds

• Weakly coupled, classical, coherent fields excellent targets for precision measurement 
techniques

SN1987A
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Extreme 
environments

Precision 
measurement

How: new ideas and tools for searches
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Extreme Environments: 
New Particles from Neutron Stars

 Foster, Witte, Lawson, Linden, Gajjar, Weniger, Safdi 2202.08274

Hook, Kahn Safdi 1804.03145

Axion dark matter that couples to photons can convert to radio waves in 
neutron star magnetospheres with large magnetic fields and surrounding plasma 

of varying density

Follow-up searches can fall in the range of planned DM cavity experiments



Extreme Environments: 
Black Hole Superradiance Searches for Ultralight 

Particles

13

Rotating black holes produce`clouds’ of weakly coupled bosons through 
superradiance, allowing tests of ultralight, ultra-weakly interacting bosons

This spins down the black hole and the cloud sources gravitational and 
axion waves which are long-lasting and coherent



Signatures in Gravitational Wave observatories and Dark Matter Experiments

• Gravitational wave emission from the cloud: each 
BH sources a monochromatic signal

• Black hole spindown: exclusions from high spin 
BH measurements in X-ray binaries or LVC

• In the presence of self-interactions, 
monochromatic axion emission occurs

• Future searches for clouds in binaries
14

Black Hole Superradiance Searches for Ultralight Particles

Palomba, et al PRL 2019 
Zhu, Baryakhtar, Papa, Tsuna, Kawanaka, Eggenstein PRD 2020 
LVC Collaboration 2111.15507

Ng, Vitale, Hannuksela, Li PRD&PRL 2021

Baryakhtar, Galanis, Lasenby, Simon,  PRD 2021 

Baumann, Chia, Porto, Stout, et al

gravitational or axion wave strain
 (source frame) 
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Sikivie: Experimental Tests of the "Invisible" Axion (1983)

Krauss, Moody, Wilczek, Morris: Calculations for Cosmic 
Axion Detection (1985)

WHY QIS?

QuantISED in the Dark-Matter Landscape

10-22 eV                         1 peV 1 eV                          1 GeV                   100 GeV                                 1019 GeV              

Dark-Matter Waves                                                     Dark-Matter Particles

QCD axion                                                                        WIMP   
ADMX-G2

1. Directional detection of WIMPs 
with NV center spectroscopy

4. Nanowire single-photon detectors for hidden photons
5. Qubits and Rydberg atoms for QCD axions

8. Lumped resonators for QCD axions

9. Nuclear spins for QCD axions

7. Photon upconverters for QCD axions (needed for 
nuclear spins and lumped resonators)

10. Clocks / cold atoms for scalar dark matter

2. Quantum sim/optimization for 
WIMP nuclear-recoil response

3. LHe and GaAs for calorimetry for 
hidden-sector DM

6. Qubits and ultrahigh-Q cavities for hidden photons

From K. Irwin

cosmic axion searches

Adapted from K. Irwin

Precision Searches
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MB, Huang, Lasenby

Budker, Graham, Ledbetter, Rajendran,Sushkov

Arvanitaki, Huang,  Van Tilburg

Kahn, Safdi, Thaler
Chaudhuri, Graham, Irwin, Mardon, Rajendran, Zhao

Graham, Mardon, Rajendran, Zhao

Adapted from K. Irwin
Arvanitaki, Graham, Hogan, Rajendran, Van Tilburg

Sikivie: Experimental Tests of the "Invisible" Axion (1983)

Krauss, Moody, Wilczek, Morris: Calculations for Cosmic 
Axion Detection (1985)

Arvanitaki, Dimopoulos,  Van Tilburg

Seaches for axion and ultralight boson dark matter 
are accelerating with new ideas and technologies 
with crucial input from theory

Precision Searches



New Observables to Explore

Precision Searches

CASPEr collaboration
Budker, Graham, Ledbetter, Rajendran, Sushkov (2014)
Kimball et al (2017)

• Axion field gradient acts like a magnetic field on particle spins in the 
background of axion dark matter or sources by a source mass in the 
presence of background CP violation

<latexit sha1_base64="euorW9InuVy3rD/8c3hAdBpMeJg="></latexit>

Hn � gn� · (ra+ ȧvn)

' Ba · µn

ARIADNE collaboration
Arvanitaki and Geraci 2014 19



From Idea to New Parameter Space in Three Years

Precision Searches

Multilayer stack

Detector

Lensmdm ≃
π

nd

MADMAX collaboration 
MB, J. Huang, R. Lasenby, PRD 2018
Chiles, Charaev, Lasenby, MB,  Huang, Roshko, Burton, Colangelo, Van Tilburg,  Arvanitaki,  Nam, Berggren  2110.01582
Manenti, Mishra, Bruno, Di Giovanni, Millar, Morå, Roberts, Oikonomou, Sarnoff, Arneodo 2110.10497 20

• Impossible to conserve both energy and momentum: 
photons relativistic while dark matter is massive with 
a small velocity in our galaxy 

• Use material lattice to introduce momentum scale in 
the problem

•
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Few days of runtime already interesting due to ultrasensitive detectors
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the problem

•



OutlineAxions and Ultralight Dark Matter in the Last 
Decade
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• Axions, dark photons, ultralight scalars are a window into the highest scales 

• Macroscopic wavelengths call for novel and distinct approaches across mass scales

axions

axion dark matter
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Axions and Ultralight Dark Matter in the Last 
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OutlineAxions and Ultralight Dark Matter in the Last 
Decade

1508.01798 Arvanitaki, Dimopoulos, Van Tilburg

https://github.com/cajohare/AxionLimits

https://arxiv.org/abs/1508.01798

