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Implications for 
astrophysics 
and cosmology
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Ultra light dark matter
● Originally motivated by the core-cusp 

problem and other small scale 
structure problems
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Ultra light dark matter
● Originally motivated by the core-cusp 

problem and other small scale 
structure problems
– core/cusp
– missing satellites

Schive et al (Nature 2014)
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Ultra light dark matter
● Originally motivated by the core-cusp 

problem and other small scale 
structure problems
– core/cusp
– missing satellites

Gravitational collapse in 1D
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Constraint by year
Ultra light dark matter

● Historically this mass range has 
received a lot of attention
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Ultra light dark matter
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Ultra light dark matter
● Recent work focuses more on putting a lower bound on the dark matter 

mass
● Limit the scope of this review to work on ultralight (fuzzy) dark matter with 

implications for structure Hui, Annu. Rev. Astron. Astrophys (2021)

https://arxiv.org/pdf/2101.11735
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Ultra light dark matter
● Recent work focuses more on putting a lower bound on the dark matter 

mass
● Limit the scope of this review to work on ultralight (fuzzy) dark matter with 

implications for structure
● Not include but still very interesting and important:

– Ultraultra light dark matter (below 1e-22 eV)
– Black hole SR (above 1e-19 eV)
– Ultralight dark matter with non gravitational interactions with the standard 

model

Ferreira, Astro and Astroph Review (2021)

Arvanitaki and Dubovsky, PRD 2011 Stott and Marsh, PRD (2018)

Hui, Annu. Rev. Astron. Astrophys (2021)

https://link.springer.com/article/10.1007/s00159-021-00135-6
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.83.044026
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.083006
https://arxiv.org/pdf/2101.11735
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Pheno
● “Quantum” pressure

Hu et al., PRL (2000)

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.85.1158
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Pheno
● “Quantum” pressure Gravitational 

timescale
Field oscillation 
timescale

Hu et al., PRL (2000)

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.85.1158
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Pheno
● “Quantum” pressure

Scale dependent 
growth

Hu et al., PRL (2000)

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.85.1158
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Pheno
● “Quantum” pressure

Nadler et al, PRL (2021)
Hu et al., PRL (2000)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.091101
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.85.1158
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Pheno
● “Quantum” pressure
● Solitons

Mocz et al., MNRAS (2017)

https://watermark.silverchair.com/stx1887.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAA18wggNbBgkqhkiG9w0BBwagggNMMIIDSAIBADCCA0EGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMqWZMd2viIzCdAlyoAgEQgIIDErKPaDeDZWdJqIIfWmBoubmS_p7ISakmaw-XZlM0WIds8Daxoe0hhhemWg3FPx7vTi3HZHMQHEa_joqz1L0nZMGLiXwiPq4YTbF1NnHDxsWOGpdsKpkh_LxbXAR6m-09QiQSySqmzgGlWIEIH5nh6WBBLzksn891J_DwhRhsPu0CkKktrpmZW0c4wjV58Aemx_-hOBDOZBq5HEaEl8uX9TJSaKFdGXZ7wtqrgbxzm8wJwKm9IuCDkmogB11J923sKMrzSMZXLMwx9FhKTKFsmFDXRZDTJNQHmZo-H0ih-3L5CgIwkOF_r5dGRevYRJEKXRKviVBRQ5tbxLVa1zIlESVGRTs-2NZ-kaYSATa4XjlyAUN5dg8Vt0xJN58hPJdJ2NJMomxVsoDAJIEud5B6Wzmk-0Zr7uWoPA9q4ul1346Li3f8_pNEaWrdALZNH1NEqUwE9DKu4147BfJdyGFiqKA16rzu2dl_OK4mNIDQxWODctPS6vCMWNOCoqysdnV7UaNlYCPYm5166oS7TvtraaMpVID5yc4beq9C7EAlFJVUPQ6DE6GDWnUYFNBPXNzQZ35Z2UwhI0SFh0SWyl4EgLQwPkW6TNiFHTbWPLosDoVap8AHrnoT-FR4uybZOgZ7VS7e6NFmDIsQKk3ZiW6-usIugRyd6BW9wUJIrSS5V7tvCSLFyFDA2JnjoeR4o8nuWXqursBxwuTkTGka4C_YE3wQr_xLeJ1qojtE3OrB5GpSr2CFKwSNKJyCqaGp5ZCAhp4pjYn-o9Zlq1v5UlFjqSDwbwBX5brcr2pTU-WpMQRQ_1f1UgwGY7R81gxGFR5T2mdPWI6bACXI6wq6fwHFr0e-CmJqwJvhms5tRpHCfc5MzDXjbY7q8nlVyAYSyu2AMYY1LjFkXKN8OHN_C8KG6sTS9nDzwCUwZIHyCWrqOm8nSteLU8a3LEPiHUnklbXDehw8DWsffwgPxIlNJfcyg611w19ndPZjMcPdKqKJyHSn-Xk_SGFkVMNGrGzzXnxIXZYWcMfe3e0q4HZBc6rgu2EbFQ
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Pheno
● “Quantum” pressure
● Solitons

– At the center of fdm halos

Mocz et al., MNRAS (2017)

https://watermark.silverchair.com/stx1887.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAA18wggNbBgkqhkiG9w0BBwagggNMMIIDSAIBADCCA0EGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMqWZMd2viIzCdAlyoAgEQgIIDErKPaDeDZWdJqIIfWmBoubmS_p7ISakmaw-XZlM0WIds8Daxoe0hhhemWg3FPx7vTi3HZHMQHEa_joqz1L0nZMGLiXwiPq4YTbF1NnHDxsWOGpdsKpkh_LxbXAR6m-09QiQSySqmzgGlWIEIH5nh6WBBLzksn891J_DwhRhsPu0CkKktrpmZW0c4wjV58Aemx_-hOBDOZBq5HEaEl8uX9TJSaKFdGXZ7wtqrgbxzm8wJwKm9IuCDkmogB11J923sKMrzSMZXLMwx9FhKTKFsmFDXRZDTJNQHmZo-H0ih-3L5CgIwkOF_r5dGRevYRJEKXRKviVBRQ5tbxLVa1zIlESVGRTs-2NZ-kaYSATa4XjlyAUN5dg8Vt0xJN58hPJdJ2NJMomxVsoDAJIEud5B6Wzmk-0Zr7uWoPA9q4ul1346Li3f8_pNEaWrdALZNH1NEqUwE9DKu4147BfJdyGFiqKA16rzu2dl_OK4mNIDQxWODctPS6vCMWNOCoqysdnV7UaNlYCPYm5166oS7TvtraaMpVID5yc4beq9C7EAlFJVUPQ6DE6GDWnUYFNBPXNzQZ35Z2UwhI0SFh0SWyl4EgLQwPkW6TNiFHTbWPLosDoVap8AHrnoT-FR4uybZOgZ7VS7e6NFmDIsQKk3ZiW6-usIugRyd6BW9wUJIrSS5V7tvCSLFyFDA2JnjoeR4o8nuWXqursBxwuTkTGka4C_YE3wQr_xLeJ1qojtE3OrB5GpSr2CFKwSNKJyCqaGp5ZCAhp4pjYn-o9Zlq1v5UlFjqSDwbwBX5brcr2pTU-WpMQRQ_1f1UgwGY7R81gxGFR5T2mdPWI6bACXI6wq6fwHFr0e-CmJqwJvhms5tRpHCfc5MzDXjbY7q8nlVyAYSyu2AMYY1LjFkXKN8OHN_C8KG6sTS9nDzwCUwZIHyCWrqOm8nSteLU8a3LEPiHUnklbXDehw8DWsffwgPxIlNJfcyg611w19ndPZjMcPdKqKJyHSn-Xk_SGFkVMNGrGzzXnxIXZYWcMfe3e0q4HZBc6rgu2EbFQ
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Pheno
● “Quantum” pressure
● Solitons

– At the center of fdm halos
– Ground state of the halo 

potential
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Pheno
● “Quantum” pressure
● Solitons

– At the center of fdm halos
– Ground state of the halo 

potential
– Mass and radius are the focus 

of a larger body of work

Schive et al, Nature (2014)

Schive et al, PRL (2014)

https://arxiv.org/pdf/1406.6586
https://arxiv.org/pdf/1407.7762
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Pheno
● “Quantum” pressure
● Solitons

– At the center of fdm halos
– Ground state of the halo 

potential
– Mass and radius are the focus 

of a larger body of work
– Extended work also focuses on 

the impact on solitons

Painter et al, MNRAS (2023)

Self interactions

https://arxiv.org/pdf/2402.16945
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Pheno
● “Quantum” pressure
● Solitons

– At the center of fdm halos
– Ground state of the halo 

potential
– Mass and radius are the focus 

of a larger body of work
– Extended work also focuses on 

the impact on solitons

Multi-field

Luu et al, MNRAS (2024)

https://arxiv.org/pdf/2309.05694
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Pheno
● “Quantum” pressure
● Solitons
● Density granules

– Halos exhibit ~O(1) fluctuations 
in the density

Gosenca [, Eberhardt] et al., PRD (2023)

https://inspirehep.net/literature/2624449
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– Halos exhibit ~O(1) fluctuations in 
the density

– Interference between different 
momentum streams in phase space

– Higher energy modes produce 
granules
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Pheno
● “Quantum” pressure
● Solitons
● Density granules

– Halos exhibit ~O(1) fluctuations in the 
density

– Interference between different 
momentum streams in phase space

– Higher energy modes produce 
granules

– Granules have been another focus of 
extended work 

Multifield

Gosenca [, Eberhardt] et al., PRD (2023)

https://inspirehep.net/literature/2624449
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Pheno
● “Quantum” pressure
● Solitons
● Density granules

– Halos exhibit ~O(1) fluctuations in the 
density

– Interference between different 
momentum streams in phase space

– Higher energy modes produce 
granules

– Granules have been another focus of 
extended work 

Vector

Amin et al, JCAP (2022)

https://inspirehep.net/literature/2056986
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Pheno
● “Quantum” pressure
● Solitons
● Density granules
● Relativistic pressure

Khmelnitsky and Rubakov, JCAP (2014)

https://iopscience.iop.org/article/10.1088/1475-7516/2014/02/019/pdf
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Pheno
● “Quantum” pressure
● Solitons
● Density granules
● Relativistic pressure

Khmelnitsky and Rubakov, JCAP (2014)

https://iopscience.iop.org/article/10.1088/1475-7516/2014/02/019/pdf
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Numerics
● N-body simulations with altered 

transfer function

axionCamb

Nadler et al, PRL (2021)

https://github.com/dgrin1/axionCAMB
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.091101
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Numerics
● N-body simulations with altered 

transfer function
● Eigenvalue decomposition methods

jaxsp
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Numerics
● N-body simulations with altered 

transfer function
● Eigenvalue decomposition methods

– Solve eigenvalue problem of 
Hamiltonian

Zagorac et al., PRD (2022)

https://inspirehep.net/literature/1917646
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Numerics
● N-body simulations with altered 

transfer function
● Eigenvalue decomposition methods

– Solve eigenvalue problem of 
Hamiltonian

– Solve for weights in eigenvalue 
sum
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Numerics
● N-body simulations with altered 

transfer function
● Eigenvalue decomposition methods

– Solve eigenvalue problem of 
Hamiltonian

– Solve for weights in eigenvalue 
sum

– Sum eigenvectors with random 
phase

Gosenca [, Eberhardt] et al., PRD (2023)

https://inspirehep.net/literature/2624449
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Numerics
● N-body simulations with altered 

transfer function
● Eigenvalue decomposition methods

– Solve eigenvalue problem of 
Hamiltonian

– Solve for weights in eigenvalue 
sum

– Sum eigenvectors with random 
phase

– Sum can be used for approximate 
simulations Dalal and Krastov, PRD (2022)

https://arxiv.org/pdf/2203.05750
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Numerics
● N-body simulations with altered transfer 

function
● Eigenvalue decomposition methods

– Solve eigenvalue problem of 
Hamiltonian

– Solve for weights in eigenvalue sum
– Sum eigenvectors with random phase
– Sum can be used for approximate 

simulations
– Can give initial conditions for full 

simulations
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Numerics
● N-body simulations with altered 

transfer function
● Eigenvalue decomposition methods
● Full nonlinear simulations

Schive et al (Nature 2014)
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Full field simulations
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Full field simulations
● Fixed and dynamic resolution simulations 

exist
axionyx

pyUltralight

https://github.com/axionyx
https://github.com/auckland-cosmo/PyUltraLight
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● Complex field on a grid
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about spatial density and velocity
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Full field simulations
● Complex field on a grid
● Amplitude and phase have information 

about spatial density and velocity
● Update the field using unitary operators in 

kick-drift-kick scheme

Momentum half step

Position full step
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Full field simulations
● Ultralight dark matter approaches cold dark matter on large scales
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Full field simulations
● Ultralight dark matter approaches cold dark matter on large scales
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about spatial density and velocity
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Constraints

10−1 100 101 102 103 104

m22

Schutz, PRD (2020)

Nadler et al, PRL (2021)

Garland et al, (2024)

Powell et al, MNRAS (2023)

Marsh and Niemeyer, PRL (2019)

Church et al, MNRAS (2019)

Dalal and Krastov, PRD (2022)

Safarzadeh and Spergel, ApJ (2020)

Bar et al, PRD (2022)

Zimmermann et al, (2024)

Rogers and Peiris, PRL (2020)

Matteo et al, MNRAS (2019)

Porayko et al, PRD (2018)

Constraint by method

Halo mass func

Galactic profiles

strong lensing

Granular heating

Lyman alpha

PTA



   63

10−1 100 101 102 103 104

m22

Schutz, PRD (2020)

Nadler et al, PRL (2021)

Garland et al, (2024)

Powell et al, MNRAS (2023)

Marsh and Niemeyer, PRL (2019)

Church et al, MNRAS (2019)

Dalal and Krastov, PRD (2022)

Safarzadeh and Spergel, ApJ (2020)

Bar et al, PRD (2022)

Zimmermann et al, (2024)

Rogers and Peiris, PRL (2020)

Matteo et al, MNRAS (2019)

Porayko et al, PRD (2018)

Constraint by method

Halo mass func

Galactic profiles

strong lensing

Granular heating

Lyman alpha

PTA

Constraints
● Halo mass functions



   64

Constraints
● Halo mass functions

– Estimate halo mass function 
from cosmological N-body 
simulations with FDM transfer 
function

Nadler et al, PRL (2021)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.091101
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Constraints
● Halo mass functions

– Estimate halo mass function 
from cosmological N-body 
simulations with FDM transfer 
function

Garland et al, (2024)

https://arxiv.org/pdf/2403.04956
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Constraints
● Halo mass functions

– Estimate halo mass function 
from cosmological N-body 
simulations with FDM transfer 
function

– Compare predicted number of 
satellites with observations

Garland et al, (2024)

https://arxiv.org/pdf/2403.04956
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Constraints
● Halo mass functions
● Cores
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Constraints
● Halo mass functions
● Cores

– FDM predicts a soliton core 
instead of a cusp
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Constraints
● Halo mass functions
● Cores

– FDM predicts a soliton core 
instead of a cusp

– Semi-analytic (informed by full 
FDM sims), or eigenvalue 
constructions of these cores 
predict rotation curves which 
can be compared to data

Zimmermann et al, (2024)

https://arxiv.org/pdf/2405.20374
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Constraints
● Halo mass functions
● Cores
● Granules

– FDM halos have density 
granules due to inferring modes

Gosenca [, Eberhardt] et al., PRD (2023)

https://inspirehep.net/literature/2624449
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of fields, quantum corrections
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Constraints
● Halo mass functions
● Cores
● Granules

– FDM halos have density 
granules due to inferring modes

Gosenca [, Eberhardt] et al., PRD (2023)

Effects of granules are 
sensitive to field spin, number 
of fields, quantum corrections

Spin – Amin et al, JCAP (2022)
Number – Gosenca [,Eberhardt] et al, PRD (2023)
Quantum corrections – Eberhardt et al, PRD (2024)

https://inspirehep.net/literature/2624449
https://iopscience.iop.org/article/10.1088/1475-7516/2022/08/014
https://inspirehep.net/literature/2624449
https://inspirehep.net/literature/2708751
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Constraints
● Halo mass functions
● Cores
● Granules

– Strong lensing

Power et al, MNRAS (2023)

https://academic.oup.com/mnrasl/article/524/1/L84/7197445?login=true
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Constraints
● Halo mass functions
● Cores
● Granules

– Strong lensing
● Granular over densities 

prevent image from forming 
observed sharpness

Power et al, MNRAS (2023)

https://academic.oup.com/mnrasl/article/524/1/L84/7197445?login=true
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Constraints
● Halo mass functions
● Cores
● Granules

– Strong lensing
– Heating of stellar dispersions

Dalal and Krastov, PRD (2022)

https://arxiv.org/pdf/2203.05750
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Constraints
● Halo mass functions
● Cores
● Granules

– Strong lensing
– Heating of stellar dispersions

● Density fluctuations act as 
quasi-particles

Dalal and Krastov, PRD (2022)

quasi-particles
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● Halo mass functions
● Cores
● Granules

– Strong lensing
– Heating of stellar dispersions

● Density fluctuations act as 
quasi-particles

● Stars in orbit are kicked by 
the granules

Dalal and Krastov, PRD (2022)

https://arxiv.org/pdf/2203.05750
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Constraints
● Halo mass functions
● Cores
● Granules

– Strong lensing
– Heating of stellar dispersions

● Density fluctuations act as quasi-
particles

● Stars in orbit are kicked by the 
granules

● Overtime this heats the dispersion 
and results in larger half-light radii 
than is observed Dalal and Krastov, PRD (2022)

https://arxiv.org/pdf/2203.05750
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Constraints
● Halo mass functions
● Cores
● Granules

– Strong lensing
– Heating of stellar dispersions

● Lyman alpha

– Prevents formation of structure 
on the small scales observed in 
the Lyman alpha forest

Irsic et al, PRL (2017)

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.119.031302
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Constraints
● Halo mass functions
● Cores
● Granules

– Strong lensing
– Heating of stellar dispersions

● Lyman alpha

– Prevents formation of structure on the 
small scales observed in the Lyman 
alpha forest

– Compare with predictions of Cdm 
simulations with altered transfer function

Irsic et al, PRL (2017)

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.119.031302
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Constraints
● Halo mass functions
● Cores
● Granules

– Strong lensing
– Heating of stellar dispersions

● Lyman alpha
● Pulsar timing arrays

– Relativistic fluctuating pressure
– Produces signal that fluctuates on 

Compton timescale

Khmelnitsky and Rubakov, JCAP (2014)

https://iopscience.iop.org/article/10.1088/1475-7516/2014/02/019/pdf


   88

Constraints
● Halo mass functions
● Cores
● Granules

– Strong lensing
– Heating of stellar dispersions

● Lyman alpha
● Pulsar timing arrays

– Relativistic fluctuating pressure
– Produces signal that fluctuates on 

Compton timescale Porayko et al, PRD (2018)

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.98.102002
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Outlook
● Vanilla FDM model is dead

– Multiple observational probes, 
numerical methods, 
phenomenology rule it out

Simulations with 
altered transfer 
function at correct 
mass but not direct 
FDM sims
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Outlook
● Vanilla FDM model is dead

– Multiple observational probes, 
numerical methods, 
phenomenology rule it out

Use derived relations 
from full FDM sims at 
low mass

Schive et al (Nature 2014)
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approx. field sims
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Outlook
● Vanilla FDM model is dead

– Multiple observational probes, 
numerical methods, 
phenomenology rule it out

FDM simulations at 
correct mass but with 
some dynamical 
approximation
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Outlook
● VanillaFDM model is dead
● Wide range of work looking into 

extensions of the model

Model in which we describe the dark matter a single, spin-zero, non-
relativistic, classical field
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Outlook
● Vanilla FDM model is dead
● Wide range of work looking into 

extensions of the model
– Self interactions

Painter et al, (2024)

Soliton effects

https://arxiv.org/abs/2402.16945
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Outlook
● Vanilla FDM model is dead
● Wide range of work looking into 

extensions of the model
– Self interactions
– Multiple fields/mixed

Soliton effectsLuu et al, MNRAS 2023

Gosenca [, Eberhardt] et al., PRD (2023)

Granule effects

https://dx.doi.org/10.1093/mnras/stad3482
https://inspirehep.net/literature/2624449
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Outlook
● Vanilla FDM model is dead
● Wide range of work looking into 

extensions of the model
– Self interactions
– Multiple fields/mixed

Image credit: Kier Rogers

Future constraint plots 
will look like this

https://keirkwame.github.io/DM_limits/
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Outlook
● Vanilla FDM model is dead
● Wide range of work looking into 

extensions of the model
– Self interactions
– Multiple fields/mixed
– Higher spins

Soliton and granule effects

Amin et al, JCAP (2022)

https://iopscience.iop.org/article/10.1088/1475-7516/2022/08/014/pdf
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Outlook
● Vanilla FDM model is dead
● Wide range of work looking into 

extensions of the model
– Self interactions
– Multiple fields/mixed
– Higher spins
– Quantum correrctions

Eberhardt et al, PRD (2024)

Marsh, Annalen Phys. (2024)

https://arxiv.org/pdf/2310.07119
https://arxiv.org/pdf/2211.13602


   104

Outlook
● Vanilla FDM model is dead
● Wide range of work looking into 

extensions of the model
– Self interactions
– Multiple fields/mixed
– Higher spins
– Quantum corrections

Each alleviate some tensions 
and introduce new pheno 
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Outlook
● Vanilla FDM model is dead
● Wide range of work looking into 

extensions of the model
● Increasingly powerful constraint on 

the lower bound of dark matter 
models

Lin arxiv 1904.07915

Lower mass 
bound

10−1 100 101 102 103 104

m22

2019

2020

2021

2022

2023

2024

ye
ar

Schutz, PRD (2020)

Nadler et al, PRL (2021)

Garland et al, (2024)

Bar et al, PRD (2022)

Safarzadeh and Spergel, ApJ (2020)

Zimmermann et al, (2024)

Marsh and Niemeyer, PRL (2019)

Church et al, MNRAS (2019)

Powell et al, MNRAS (2023)

Dalal and Krastov, PRD (2022)

Rogers and Peiris, PRL (2020)

Matteo et al, MNRAS (2019)

Porayko et al, PRD (2018)

Constraint by year



   106

Outlook
● Vanilla FDM model is dead
● Wide range of work looking into 

extensions of the model
● Increasingly powerful constraint on 

the lower bound of dark matter 
models

● Future proofing in two ways



   107

Outlook
● Vanilla FDM model is dead
● Wide range of work looking into 

extensions of the model
● Increasingly powerful constraint on 

the lower bound of dark matter 
models

● Future proofing in two ways
– No direct detections, ultralight 

dark matter work is prepared for 
the worst case minimally 
coupled scenario



   108

Outlook
● Vanilla FDM model is dead
● Wide range of work looking into extensions 

of the model
● Increasingly powerful constraint on the 

lower bound of dark matter models
● Future proofing in two ways

– No direct detections, ultralight dark 
matter work is prepared for the worst 
case minimally coupled scenario

– Future surveys will probe smaller 
scales and earlier times making 
ultralight dark matter constraints at 
higher masses
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