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1 Motivation



Ultralight dark matter

➢DM models span many orders of magnitude in mass 
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PTA, 2312.12225

Quantum sensor, 2205.12988

➢Ultralight (wave) DM:  10−22 eV <  𝑚 <  eV

Future atomic-/astro-physics experiments:  𝑚 < 10−10eV  

2005.03254



Misalignment mechanism

➢ Axion: well-motivated ultralight DM (protected by shift symmetry)
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➢Misalignment mechanism: axion starts to oscillate when 𝐻 ∼ 𝑚𝜂, and behaves 

as matter after then, 𝜌𝜂 ∼ 𝑎−3
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➢Misalignment mechanism: axion starts to oscillate when 𝐻 ∼ 𝑚𝜂, and behaves 

as matter after then, 𝜌𝜂 ∼ 𝑎−3

➢ For ALP DM: 𝑓𝜂 > 1014GeV  if  𝑚𝜂 < 10−10 eV

    For QCD axion DM: 10−6eV < 𝑚𝜂 < 10−4 eV 



Misalignment mechanism

➢ Axion: well-motivated ultralight DM (protected by shift symmetry)
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➢Misalignment mechanism: axion starts to oscillate when 𝐻 ∼ 𝑚𝜂, and behaves 

as matter after then, 𝜌𝜂 ∼ 𝑎−3

➢ For ALP DM: 𝑓𝜂 > 1014GeV  if  𝑚𝜂 < 10−10 eV

    For QCD axion DM: 10−6eV < 𝑚𝜂 < 10−4 eV 

Any new windows?

Need new mechanism beyond 

misalignment! 



2 Framework



Kinetic coupling to inflaton
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Kinetic coupling to inflaton
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Equation of motion
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Equation of motion
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2004.10743 (for dark photon DM)

slow roll
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Axion produced during inflation
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Axion produced during inflation
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3 Phenomenology



Relic abundance
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Relic abundance
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Relic abundance
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Relic abundance
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small axion mass compensated by 

exponential enhancement!



Constraints
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axion dynamics should not affect 

inflaton dynamics (single-field inflation) 

𝝂 should be close to 3/2 to keep small enough back-reaction (i.e., 𝒏 close to 0 or -1)



Constraints
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axion dynamics should not affect 

inflaton dynamics (single-field inflation) 

𝝂 should be close to 3/2 to keep small enough back-reaction (i.e., 𝒏 close to 0 or -1)

larger number of e-folds can be probed 

by future isocurvature measurement



Parameter space for DM
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2007.12705



Minimum mass of axion to be DM
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Probed by future experiments
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Future haloscopes 

(dashed line): 

DANCE, SRF-m3,  

DMRadio, etc.



Probed by future experiments
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Future nuclear clock 

(dashed line): 

SrOH, Thorium, etc.



4 Conclusion



Comparison with misalignment
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Axion dark matter Inflationary fluctuation Misalignment

Production 

mechanism

kinetic coupling 

to inflaton

oscillation due to 

Hubble friction

Production era during inflation much later, when 𝐻 ∼ 𝑚𝜂

Kinematics relativistic when produced NR when produced

Power 

spectrum

red spectrum, peaked at 

super-horizon scale

nearly scale-invariant 

spectrum

Relic abundance
insensitive to breaking scale

Ω𝜂 ∝ 𝑚𝜂𝐻inf
3/2

depend on breaking scale

Ω𝜂 ∝ 𝑚𝜂
1/2

𝑓𝜂
2

Parameter space 

(ALP DM)

for sub-eV axion, 

𝑓𝜂 > 𝐻inf > 104GeV
for sub-eV axion, 

𝑓𝜂 > 1012 GeV

Parameter space 

(QCD axion DM)
10−6eV < 𝑚𝜂 < eV 𝑚𝜂 ∼ 10−6eV



Thank you!
 

Q&A



Backup slides



Origin of kinetic coupling
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slow-roll approximation

resummation of effective operators coupled to inflaton



Kinetic coupling from effective operator
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The effective Wilson coefficient 𝑪𝟓𝒎𝝓/𝑯𝐢𝐧𝐟 plays the role of 𝒏

Similar conclusion valid for higher-ordered effective operators
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