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Dark matter candidates



Experimental Searches

https://cajohare.github.io/AxionLimits

Axion, ￼

• Spin 0 pseudo-scalar

• Shift symmetry ￼

a

a → a + c

Dark photon, ￼

• Spin 1 vector

• New U(1) gauge symmetry
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(Fμν)SM(Fμν)dark photon + Jμ(Aμ)SM￼ℒ ⊃ −
1
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gaγγa (Fμν)SM(F̃μν)SM
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Basic definitions

Dark matter over-density field

Dark matter density

Density power spectrum

Statistical homogeneity + isotropy



Production mechanisms
Dark photon Axion

• Inflationary fluctuations

• From local strings

• Parametric resonance

• Post-inflationary ALP

• Axion coupled to dark photon


￼k /Mpc−1

Big fluctuations at small scales

￼δ(x) =
ρ(x) − ρ̄

ρ̄

Almost scale invariant

￼k⋆
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Dark photon dark matter from inflation

[Graham, Mardon, and Rajendran]



Dark photon dark matter from inflation

when
[Graham, Mardon, and Rajendran]



Initial density power spectrum

￼k = k⋆￼k = k⋆



￼k = k⋆

Initial density power spectrum



Gravitational collapse and wave effects

An order one over-density ￼  becomes nonlinear around matter radiation equality, at ￼δ = δρ/ρ̄ a = aeq /δ



Gravitational collapse and wave effects

An order one over-density ￼  becomes nonlinear around matter radiation equality, at ￼δ = δρ/ρ̄ a = aeq /δ

de Broglie wavelength of a particle in the resulting clump


￼λdB =
1

mv
=

1
m(GM/R)1/2

=
1

R(4πGρm2)1/2

kJ

a
= (16πGρm2)1/4



A coincidence
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A coincidence

Quantum pressure cannot be neglected and affects the evolution of the order one overdensities at ￼a = aeq

≃ ( ΩA

ΩM )
1/4



Evolution of different modes



Evolution of different modes



Halos vs Solitons



Simulations

Solve the Schrodinger Poisson equations on a discrete lattice


Start with a realisation of the initial conditions at ￼  and evolve through matter-radiation equality


Fluctuations collapse into bound dark matter clumps and can easily be identified


Comoving distance between lattice points is constant; end the simulation once the soliton cores are no 
longer resolved

a ≪ aeq

Non-relativistic limit



Simulations
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Simulations



Identified objects
Spherical average over ~100 objects

The solitons contain about 10% of the dark matter

Typical central density 



Halos vs Solitons



Halos vs Solitons



Survival of the substructure



Encounter rate with the Earth

Encounter rate with the Earth

Dark photon star number density



Encounter rate with the Earth

Encounter rate with the Earth

Dark photon star number density



Signals
Inflationary production



Signals
Inflationary production

Stars collide with a 
detector on Earth

Signals from 
white dwarfs?

Signals from 
neutron stars



Other production mechanisms
Dark photon Axion

• Inflationary fluctuations

• From local strings

• Parametric resonance

• Post-inflationary ALP

• Axion coupled to dark photon


The time when ￼   plays a key role in all of theseH = m



Other production mechanisms
Inflationary production

Production from a string network

Production from an axion



Conclusions

• New light particles are good dark matter candidates and can have interesting substructure


• A dark vector produced from inflationary fluctuations is a minimal, easily calculable theory


• A coincidence means that solitonic `dark photon stars’ automatically form at matter radiation equality


• These contain about 5 to 10% of the dark matter abundance and are likely to survive to the present day

• Observational signals


• Similar dynamics for other dark photon production mechanisms, also for axions/ axion-like-particles

Future:



Thanks



More rigorously

Nonlinear,  ￼   and ￼   are now coupled togetherAL AT
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Encounter rate with the Earth

Encounter rate with the Earth

Dark photon star number density



Press Schechter



Vector solitons



Vector solitons



Mass distribution



Compact halos



Compact halos
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Compact halos



Halo Profiles



Halo Profiles



Fuzzy halos



Mass distribution



Vector dark matter from inflation



Vector dark matter from inflation



Vector dark matter from inflation



Vector dark matter from inflation

Energy density:



Vector dark matter from inflation



Vector dark matter from inflation

[Graham, Mardon, and Rajendran]



Vector dark matter from inflation

￼

￼

H⋆ = m

k⋆ /a⋆ = m

[Graham, Mardon, and Rajendran]



Vector dark matter from inflation

￼

￼

H⋆ = m

k⋆ /a⋆ = m

[Graham, Mardon, and Rajendran]

≲



Survival of the substructure



Halos vs Solitons
Non-relativistic limit

￼ΦQ ≡ −
ℏ2

2a2m2

∇2 ρa

ρa



Vector solitons

Basic ansatz:

Other solutions obtained by rescaling

Product ￼  depends only on the vector’s massMR

Energy localised at the centre


