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Ultralight axion-like particles as dark matter
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today:
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Ultralight axion-like particles as dark matter

Depending on context & motivation, also known as

● Fuzzy dark matter (FDM)
● Ultralight dark matter (ULDM)
● Axion like particles (ALPs)
● Scalar dark matter (SDM)
● Wave dark matter (WDM)
● Ultralight axion dark matter (ULA)
● Extremely light bosonic dark matter (ELBDM)
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Ultralight scalar fields are described by the Gross-Pitaevskii-Poisson equations

5

self-gravity self-interaction
(positive is repulsive)

gravitational potential mass density
(not probability density)

dark matter field

particle mass

Poisson

Gross-Pitaevskii



ULDM is wavelike

● Interference in a classical 
wave

● There are no probability 
densities, just mass 
densities
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https://docs.google.com/file/d/1I5jLm8eJ4xr5lBvsqQD8oDCIfdJTY8QK/preview


Interference and cores are generic predictions of ULDM

● Solitonic cores form in the centres of 
halos

● The surrounding halo is full of 
granular interference patterns
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Efficiency of tidal stripping depends on self-interactions
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N. Glennon, E. Nadler, NM, A. Banerjee, C. Prescod-Weinstein, R. Wechsler   arXiv:2205.10336

https://docs.google.com/file/d/1DC14vOonrh5SZISqhD8e5jsJJgffrTO1/preview


Self-interactions change dynamical friction

N. Glennon, NM, E. Nadler, A. Banerjee, C. Prescod-Weinstein, R. Wechsler    arXiv:2312.07684  

● Self-interactions suppress or enhance the 
formation of a wake

● In the strongly repulsive limit, dynamical 
friction vanishes
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An Axiverse of ALPS

● String theory predicts ultralight axion 
like particles due to compactification 
on Calabi-Yau manifolds

● There should be a spectrum of 
particles with different masses and 
interactions
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Viraf M. Mehta, Mehmet Demirtas, Cody Long, 
David J. E. Marsh, Liam McAllister, Matthew J. 
Stott   arXiv:2103.06812



Multiple particles implies coupled GPP equations
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● λjk parameterises inter-species interactions



Density profiles depend on the number of fields

● Cores comprised of multiple fields 
would have different density profiles

● Density profiles would depend on the 
relative masses of the particles

● Lighter particles imply a larger radius
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Collisions between solitons of different species have no interference

15
N. Glennon, NM, and C. Prescod-Weinstein  arXiv:2302.04302

https://docs.google.com/file/d/1SIU4iKJqnV53oT8THd50djuSSkZwChs9/preview


ULDM species do not interfere with each other

● Halos would be less granular
● Gravitational heating is reduced
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M. Gosenca, et al.   arXiv:2301.07114



Would solitons form in an axiverse?

● Jain et al. 2023 raises the 
possibility that cores do not
form in multi-species models

● The formation time grows 
with the number of species
and their mass-ratio.
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M. Jain, M. A. Amin, J. Thomas, W. Wanichwecharungruang    arXiv:2304.01985
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An Axiverse of ALPS
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Viraf M. Mehta, Mehmet Demirtas, Cody Long, 
David J. E. Marsh, Liam McAllister, Matthew J. 
Stott   arXiv:2103.06812

● String theory predicts ultralight axion 
like particles due to compactification 
on Calabi-Yau manifolds

● There should be a spectrum of 
particles with different masses and 
interactions



PRELIMINARY

Inter-species interactions would make cores more diverse

● Strong repulsive inter-species 
interactions would qualitatively change 
halo equilibria

● A lighter and/or less abundant species 
could be pushed away from the center 
of the core

● Some fields may have a local minimum 
at the center of a core

20
T. Mirasola, NM, M. Neyrinck, C. Prescod-Weinstein, L. Zagorac  arXiv:24##.#####

https://docs.google.com/file/d/1j8CKNE-KIlnHL0azdxg9-xVp_F2a0-FB/preview


Phases of interacting axion like dark matter

● The topology of the ground state depends 
on the halo mass, particle mass and 
interaction strength

● Even stronger interactions may break 
spherical symmetry

● Excluding such halos would put bounds on 
the axiverse hypothesis

● Does it still make sense to call them 
“solitons”?

21PRELIMINARY
T. Mirasola, NM, M. Neyrinck, C. Prescod-Weinstein, L. Zagorac  arXiv:24##.#####



Spherical symmetry can be broken without inter-species interactions

● Vortices in scalar dark matter are 
generically unstable

● Vortices can become long lived in the 
presence of a central gravitational 
potential

● A core comprised of one ALP species 
could stabilise a toroidal configuration in 
another species
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https://docs.google.com/file/d/1zXvY_XX8MHpPaLqrCBWNdXLOyAztxKZC/preview


Summary

● Conventional ultralight dark matter predicts cores and granular structure

● An axiverse scenario with multiple interacting fields could be quite different
○ Interference in the halo is reduced
○ Solitonic cores may not form
○ Cores that do form may not be spherically symmetric 

● Constraints on axiverse dark matter would constrain string theory compactifications 
○ Challenges

■ Another hierarchy of length scales to be resolved in simulations
■ Translating stringy predictions to mass ratios and initial conditions

● Should we expect similar effects as we add realism to other dark matter models?
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Code units
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