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III. Producing Relic Axions

  

Figure III.1.: The Vacuum Realignment Mechanism. At temperatures T = fa the complex
Peccei-Quinn scalar field develops its vacuum expectation value and breaks the
global U(1)PQ symmetry. This can be pictured as the complex scalar falling into
the valley of its Mexican hat potential. It can fall basically in any given direction
since none is energetically favored. We say the potential is flat in this direction.
This means that the axion, which is identified as the phase of the complex scalar,
is massless and can have any value in a/fa œ [≠fi, fi]. At high temperatures the
axion field is essentially frozen at this value. But when the universe cools down
to temperatures T ≥ TQCD around the QCD phase transition, a potential V (a)
and therefore a mass for the axion is generated. This can be pictured as the
Mexican hat being slightly tilted. This implies that the axion field is driven away
from its initial value and it has to realign with the CP conserving minimum of
its potential, the vacuum state with the lowest energy. Therefore, as soon as it
can overcome the so-called Hubble drag of the cosmological expansion, the axion
field will start to roll down to the potential minimum. It will slightly overshoot
it and start to oscillate around it. The energy stored in this coherent oscillations
behaves as collisionless matter and can explain the observed DM energy density.
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Axions are dark energy and dark matter candidates

Figure credit: Pargner (2019); Peccei & Quinn (1977); Weinberg (1978); Wilczek (1978)

Axion 
potential

V

• ma > 10-27 eV: “dark matter-like”

• ma < 10-27 eV: “dark energy-like” 

• ma = 10-33 eV: cosmological constant
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CDM FDM

Schive et al. (2014); Mocz et al. (2019); Laguë, Schwabe, Hložek, Marsh, Rogers (PRD, 2024)

Fuzzy axion dark matter forms interference fringes, 
halo cores and oscillating dark matter granules
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Linear and mildly non-linear cosmological constraints 
on axion dark matter
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Rogers, Hložek, et al. (JCAP, 2023); ACT Collaboration et al. (inc. Hložek, Rogers; 2025)4



PROSPECTS FOR DISENTANGLING 
DARK MATTER WITH WEAK LENSING

arXiv: 2505.02233
with Calvin Preston, Alex Amon, George Efstathiou
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Galaxy weak lensing traces dark matter distribution



Rubin Observatory’s Legacy Survey of Space and Time 
will image 20 billion galaxies



Axions and feedback indistinguishable in S8 — 
is weak lensing sensitive to DM transfer function?

Preston, Rogers, Amon & Efstathiou (arXiv: 2505.02233)
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CDM only

CDM + £AGN
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Rogers, Hložek, et al. (JCAP, 2023); Preston, Rogers, Amon & Efstathiou (arXiv: 2505.02233)

Axions cause 
“S8 tension” ⇒ 

Literature using 
“S8 prior” is wrong

The effect of ignoring axions in LSST Y1 if they exist
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LSST Y1 can detect DE-like axions
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LSST Y1 can strongly limit DM-like axions

LSST Y1 can detect DM-like axions 
with feedback prior (e.g., CMB Sunyaev-Zeldovich effect)
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LSST Y1 weak lensing as a dark matter probe: 
strongest limits & discovery potential

Kobayashi+ (2017); Rogers+ (2021); Dentler+ (inc. Rogers, 2022); Preston, Rogers+ (2025)



Summary

• Ultralight axions < 10-26 eV can’t be > 10% dark matter (CMB/galaxy power)

• Rubin LSST weak lensing will set strongest axion limits < 10-22 eV 

• 3 sigma detection with external feedback information and better sims
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