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• Lecture 1: Evidence for Dark Matter (DM) and its properties


• Lecture 2: DM inhomogeneities in the standard CDM model and others (WDM, SI-WDM)


• Lecture 3: Ultralight DM (spin 0 and 1). Can the spin of ULDM be distinguished on 

cosmological scales?
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Sketch (not to scale) of the huge range of possible DM models that have been conceived *

* Taken from https://arxiv.org/pdf/2005.03254
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M⊙ ∼ 1066 eV
TopElectron

me ∼ 0.5 MeV mt ∼ 172 GeV

Sketch (not to scale) of the huge range of possible DM models that have been conceived *

* Taken from https://arxiv.org/pdf/2005.03254

๏ Standard scenario:  distribution of “cold” 
(small velocity dispersion) non-relativistic 
massive particles in an expanding FLRW 
universe 

N = nV = na3V0 = cte

⇢DM ' mn / a�3

E ' m

๏ An alternative scenario: ultralight DM 
(standard candidates are axion- like 
particles and dilatons, but can also be 
vectors or spin 2 tensors).

Very light DM with large  n = ⇢DM/m

Classical field approximation
                                         

Heq ∼ 10−28eV ≪ m < eV



ULDM as a classical scalar field

Background dynamics

(spin 0)

ds2 = �dt2 + a2(t)�ijdx
idxj

H =
ȧ
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ȧ

a

�̈+ 3H�̇+m
2� = 0

SDM =
1

2

Z
d4x

p
�g

⇥
�@µ�@

µ��m2�2
⇤

Light Scalar Dark Matter

• Produced by the misalignment mechanism

Po
te

nt
ia

l E
ne

rg
y

scalar field

Frozen when:
Hubble > mφ

Initial conditions set by inflation
(very homogeneous)



ULDM as a classical scalar field

Background dynamics

(spin 0)

ds2 = �dt2 + a2(t)�ijdx
idxj

H =
ȧ
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ULDM as a classical scalar field (on shorter scales)

Collection of plane waves:           Φ = e−ict/λcΨ + eict/λcΨ*

Reduced Compton wavelength
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Effective fluid equations for ULDM  
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Effective fluid equations for ULDM  

Q =
1

2m2a2

∇2 ρDM

ρDM∇ϕN = 4πGa2ρDM

1
a3

d
dτ

(a3ρDM) + ∇ ⋅ (ρDM ⃗v) = 0,

d
dτ

⃗v + ℋ ⃗v + ( ⃗v ⋅ ∇) ⃗v = − ∇ϕN + ∇Q

∇μTμν = 0 → “Quantum pressure”

Jeans suppression 
δ′￼′￼DM + 2ℋδ′￼DM + ( ∇4

4m2a2
− 4πGa2ρ̄DM) δDM = 0

kJ = a mH
δ′￼′￼DM + 2ℋδ′￼DM + ( k4

6k4
J

− 1) 4πGa2ρ̄DMδDM = 0

a2H2 = ℋ2 = 8πGρ̄DM /3Using:                                  

(MD era, neglecting baryons)                                  

k > kJ k < kJOscillations Gravitational growth

(ℏ = c = 1)



Scalar Ultralight DM models have been the most studied 
Scalar Ultralight Dark Matter 
 [Ureña-López & Gonzalez-Morales (2016)]• Public codes (e.g. AxionCamb , class.FreeSF ), 

based on standard CAMB  or CLASS .


a b

c d

R. Hlozek, et al. 2015; Ureña-López&Gonzalez-Morales 2016; http://camb.info; https://lesgourg.github.io/class_public/class.htmla b c d

• Different predictions from  at small scales.


• Observables are highly dependant on boson mass.


• Precision cosmological data is used to set constrains 
on the models, mainly 


 

ΛCDM

- CMB & LSS    e m ≳ 10−25eV
- Lyman-alpha forest   f m > 2 × 10−20eV

see for instance: Hlozek et al MNRAS 2018  & Laguë et al JCAP  2021    Roger&Peiris PRL  2021.   e f

http://camb.info


Schrödinger-Poisson equations
λdB =

1
mv

∼ 1016 km ( 10−3c
v ) ( 10−22eV

m )
ULDM in the halo

Figure 2: A slice of density field of ψDM simulation on various scales at zzz=== 000...111. This scaled sequence
(each of thickness 60 pc) shows how quantum interference patterns can be clearly seen everywhere from
the large-scale filaments, tangential fringes near the virial boundaries, to the granular structure inside the
haloes. Distinct solitonic cores with radius ∼ 0.3− 1.6 kpc are found within each collapsed halo. The
density shown here spans over nine orders of magnitude, from 10−1 to 108 (normalized to the cosmic mean
density). The color map scales logarithmically, with cyan corresponding to density ! 10.

graphic processing unit acceleration, improving per-
formance by almost two orders of magnitude21 (see
Supplementary Section 1 for details).

Fig. 1 demonstrates that despite the completely
different calculations employed, the pattern of fil-
aments and voids generated by a conventional N-
body particle ΛCDM simulation is remarkably in-
distinguishable from the wavelike ΛψDM for the
same linear power spectrum (see Supplementary Fig.
S2). Here Λ represents the cosmological constant.
This agreement is desirable given the success of stan-
dard ΛCDM in describing the statistics of large scale
structure. To examine the wave nature that distin-
guishes ψDM from CDM on small scales, we res-
imulate with a very high maximum resolution of
60 pc for a 2 Mpc comoving box, so that the dens-
est objects formed of " 300 pc size are well re-
solved with ∼ 103 grids. A slice through this box
is shown in Fig. 2, revealing fine interference fringes
defining long filaments, with tangential fringes near

the boundaries of virialized objects, where the de
Broglie wavelengths depend on the local velocity of
matter. An unexpected feature of our ψDM simula-
tions is the generation of prominent dense coherent
standing waves of dark matter in the center of every
gravitational bound object, forming a flat core with
a sharp boundary (Figs. 2 and 3). These dark matter
cores grow as material is accreted and are surrounded
by virialized haloes of material with fine-scale, large-
amplitude cellular interference, which continuously
fluctuates in density and velocity generating quan-
tum and turbulent pressure support against gravity.

The central density profiles of all our collapsed
cores fit well with the stable soliton solution of the
Schrödinger-Poisson equation, as shown in Fig. 3
(see also Supplementary Section 2 and Fig. S3). On
the other hand, except for the lightest halo which
has just formed and is not yet virialized, the outer
profiles of other haloes possess a steepening loga-
rithmic slope, similar to the Navarro-Frenk-White

3

Schive, Chiueh, Broadhurst (2014)

� = �0(x, t) cos(mt + �(x, t))

slowly varying in space and time
�� = �mV

�0 =
�

2�DM
m

• coherent oscillations 

• granular structure of 
the density 

� log �0 � mV

τcoh ∼
λdB

2v
∼ 6.5 × 105 years ( 10−3 c

v )
2

( 10−22eV
m )

τosc ≃
2π
m

∼ 1.3 years ( 10−22eV
m )m ∼ 10−22eV

i
a3/2

∂
∂t

(a3/2Ψ) = [ −∇2

2a2m
+ mϕN] Ψ

ρDM = 2m2 |Ψ |2
∇2

a2
ϕN = 4πGρDM



Cosmic Microwave Background, Large Scale Structure

Lyman-alpha forest, 
 Galaxy formation, 

 halos structure, 21cm, 
Dynamics of stellar clusters,   

Black Hole physics

Observation on diverse scales can probe different mass ranges
Linear dynamics
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• Robustness depends on the observable: theoretical uncertainties, modeling…
• These observations can probe ULDM interacting only through gravity
• If ULDM is directly coupled to the Standard Model ->  many other (but model-dependent) 

possibilities: atomic clocks, accelerometers, resonant-mass detectors, laser and atom 
interferometry…
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Vector Field Dark Matter - Setup

- Ferreira Chase and DLN, Phys. Rev. D 109, 083521 (2024) 

- Ferreira Chase, Leizerovich, DLN, Landau, arXiv:2408.12052 

(*) Based on:

Can different spins of ULDM fields be 
distinguished on cosmological scales?

Codes available at:  
https://github.com/classULDM/class.SFDM (Spin 0)  https://github.com/classULDM/class.VFDM (Spin 1)   

https://arxiv.org/abs/2408.12052
https://github.com/classULDM/class.SFDM
https://github.com/classULDM/class.VFDM
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S = SGravity + SSM − ∫ dτ dx3 −g [ 1
4

FμνFμν +
m2

2
AμAμ]

Fμν = ∇μAν − ∇ν Aμ

∇νFμν + m2Aμ = 0

Gμν + Λgμν = 8πG(TMatter
μν + TA

μν)

∇μTMatter
μν = 0
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Anisotropic background dynamics
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We solve perturbatively in the shear  |σij | ≪ ℋ
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ℋ(aosc) = maosc ( H(aosc) = m )

A(τ) ∼ a A(τ) ∼ a− 1
2 cos (∫ ma dτ)

Background evolution - VFDM (Here and below we use Planck 2018 parameters)

Ai(τ) = A(τ) ̂Ai & ρA(t0) = ρDM(t0)

H ≫ m H ≪ m



ℋ(aosc) = maosc ( H(aosc) = m )

A(τ) ∼ a A(τ) ∼ a− 1
2 cos (∫ ma dτ)

Background evolution - VFDM (Here and below we use Planck 2018 parameters)

ρA ∼ a−3 , ⟨PA⟩ ≃ 0ρA ∼ a−4 , PA = ρA/3

⟨ΣA
ij⟩ ≃ 0

Heq ∼ 10−28eV ≪ H(aosc) = m

ρr |eq = ρA |eq

ΣA
ij ≃ − 2ρA ( ̂Ai

̂Aj −
γij

3 )

Ai(τ) = A(τ) ̂Ai & ρA(t0) = ρDM(t0)

H ≫ m H ≪ m
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aini ≪ a ≪ aoscFor                              :
(RD)

Shear abundance:

(σ2 = σijσij)Ωσ =
σ2

6ℋ2

 For    aosc ≪ a (H ≪ m) → ⟨ΣAj
i⟩ ≃ 0



Background evolution - BBN constrains Shear abundance:
Ωσ =

σ2

6ℋ2
(σ2 = σijσij)

Ωσ ∝

m−1 a < aosc

a−2 aosc < a < aeq

a−3 aeq < a

Ωσ |BBN ≲ 10−2
BBN constrains [Akarsu et al 2019]

m ≳ 10−26eV



Background evolution - BBN constrains Shear abundance:
Ωσ =

σ2

6ℋ2
(σ2 = σijσij)

Ωσ ∝

m−1 a < aosc

a−2 aosc < a < aeq

a−3 aeq < a

Ωσ |BBN ≲ 10−2
BBN constrains [Akarsu et al 2019]

m ≳ 10−26eV

We expect stronger bounds from 
the analysis of the perturbations….
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Scalar-Vector-Tensor decomposition

Isotropic FLRW background

      (2)
Scalar

Tensor Vector
 (2) (2)

Decoupled

Anisotropic background

      (2)
Scalar

Tensor Vector
 (2) (2)

CoupledCoupled
Decoupled at  
early times   



Linear regime - Scalar sector

๏ Cosmological perturbation theory: S(τ, ⃗x) = S(τ) + δS(τ, ⃗x)

Ai(τ, ⃗x) = A(τ) ̂Ai + δAi(τ, ⃗x)Vector Field:
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๏ Linearized Einstein eqns. in Fourier space:



Linear regime - Scalar sector

๏ Cosmological perturbation theory: S(τ, ⃗x) = S(τ) + δS(τ, ⃗x)

Ai(τ, ⃗x) = A(τ) ̂Ai + δAi(τ, ⃗x)Vector Field:

δGμ
ν = 8πGδTμ

ν

δTμ
ν = δTμ

ν(δρ, δP, δΣi
j)δGμ

ν = δGμ
ν(δg00, δgi0, δgij)

๏ Linearized Einstein eqns. in Fourier space:

δgij = a2 [−2 (γij +
σij

ℋ ) η + ̂ki
̂kj(h + 6η)]

Synchronous gauge: Two scalar perturbations

δg00 = δg0i = 0

δg00 = − 2a2ϕ, δg0i = 0, δgij = − 2a2(γij +
σij

ℋ
)ψ

Newtonian gauge: Two scalar perturbations

Orthogonal basis

̂e1 = ̂k × ̂e2

̂e1

̂e2

̂k

̂e2 = ̂k × ̂A
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Reduce to CDM for   Λ |σij | ≪ ℋ (ρA ≪ ρr)

→

η = η0 + 𝒪(k2τ2)
h ∼ δγ ∼ 𝒪(k2τ2) ,
̂kiδT0

γ i
∼ 𝒪(k4τ4)

+ radiation  eqns.
*

*Ma & Bertschinger (1995)
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For attractor adiabatic IC

Exactly cancel 

δ ⃗A = A′￼[2( ̂A ⋅ ̂k) ̂k − ( ̂e1 ⋅ ̂k) ̂e1] τ η0 → δTA
0
i = −

3m2
P

a2
k2σ∥τ

This dominates for m ≲ 0.55 × 10−22eV ( 0.1
kτini )

4

(k ≪ ℋ, k/a ≪ H)



Matter Power spectrums - Implementation in CLASS

⟨δ(τ, ⃗k)δ*(τ, ⃗k′￼)⟩ = (2π)3δ3( ⃗k − ⃗k′￼)Pδ(k, γk)

γk

̂A

̂k

CLASS

• Assumes background isotropy 

• Solves for the evolution of each  

⃗k → k

k

We implemented the equations in CLASS- we can solve them for any  - γk

δ = δρ/ρ



Matter Power spectrums

δ′￼′￼A +
δ′￼A

2
+ ( k4

k4
J

−
3
2 ) δA = 2

k2

ℋ2
η

Combining Einstein & VFDM equations in MD for 
:k ≫ ℋ

{ k ≫ kJ → δA ∼ oscillate
k ≪ kJ → δA ∼ a

kJ = maℋ

kJ ≃ 0.27 h/Mpc

γk = 0

Code available at: https://github.com/classULDM/class.VFDM 



kJ = maℋ = a mHThe Jeans wavevector

kJ ∝ {
∼ constant RD (a < aeq)

∼ a1/4 MD (a > aeq)



kJ = maℋ = a mHThe Jeans wavevector

kJ ∝ {
∼ constant RD (a < aeq)

∼ a1/4 MD (a > aeq)

๏ Modes with    enter  the horizon  in RD when the field starts oscillating, that is   

                      (note )

k = kJ

k = ℋ* = ma*ℋ* → ma* = ℋ* → a* = aosc k = ma*

Horizon crossing 
at a = a*

kJ Condition for the field to start oscillating 



๏ Modes with    ( ) enter  the horizon being non-relativistic  (relativistic 
) 

                

k < kJ k > kJ k < ma*
k > ma*

kJ = maℋ = a mHThe Jeans wavevector
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Horizon crossing 
at a = a*

kJ Condition for the field to start oscillating 



Angular dependence
kJ ≃ 0.27 h/Mpc

%Diff = 100 × ( P(k, γk) − P(k,0)
P(k,0) )



Angular dependence
kJ ≃ 0.27 h/Mpc

%Diff = 100 × ( P(k, γk) − P(k,0)
P(k,0) )

P(k, γk) = P(k,
π
2

)(1 − g(k)cos(γk)4)

g(k) = 1 − P(k,0)/P(k,
π
2

)

Parametrization



Angular dependence

kτ* = 1 ℋ(aosc) = maosc ρr = ρA

k < kJ

k > kJ

Attractor  CDM∼

kτ* = 1ℋ(aosc) = maosc ρr = ρA



%Diff = 100 × (PA − PB )/PB , where the spectrum PB corresponds to the VFDM model with = 0.

 

γk

kJ |osc



Velocity divergence evolution
m = 10−25eV

(ρ + P)θ = ikiδTA0
i

E.g. kJ ≃ 0.27 h/Mpc

θ′￼′￼+ 3 θ′￼+ ( k4

k4
j

+ 2) θ = −
k4

k4
J

k2

4ℋ
ηCombining Einstein & VFDM equations in MD for :k ≫ ℋ

kτ* = 1 ℋ(aosc) = maosc ρr = ρA

kτ* = 1
ℋ(aosc) = maosc ρr = ρA

k > kJ

k < kJ



Power Spectums on small scales and observations

21-cm experiments: Use the redshifted 21 cm line 
emission from HI observed with radio telescopes 
to explore the large-scale structure



Power Spectums on small scales and observations

๏ According to forecasts in [Muñoz et al PRD 2020] on how well  21-cm experiments 
could probe the matter power spectrum (PS) during cosmic dawn ( ): z = 12 − 25

- A global-signal experiment could measure the amplitude of the PS integrated over  
with a precision of tens of percent. k = (40 − 80) Mpc−1

- A fluctuation experiment could constrain the PS to a similar accuracy in bins covering  
 and  even without astrophysical priors. k = (40 − 60) Mpc−1 k = (60 − 80) Mpc−1
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to explore the large-scale structure
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Power Spectums on small scales and observations

๏ According to forecasts in [Muñoz et al PRD 2020] on how well  21-cm experiments 
could probe the matter power spectrum (PS) during cosmic dawn ( ): z = 12 − 25

- A global-signal experiment could measure the amplitude of the PS integrated over  
with a precision of tens of percent. k = (40 − 80) Mpc−1

- A fluctuation experiment could constrain the PS to a similar accuracy in bins covering  
 and  even without astrophysical priors. k = (40 − 60) Mpc−1 k = (60 − 80) Mpc−1

๏ Forecasts generally assume that the relative velocity between CDM and baryons PS 
around recombination is the same for any DM candidate.

- For SFDM, HERA could optimistically measure up to .m = 8.4 × 10−20 eV

21-cm experiments: Use the redshifted 21 cm line 
emission from HI observed with radio telescopes 
to explore the large-scale structure



Baryon-DM relative velocity Power Spectrum

⟨v2
bd⟩ = ∫

dk
k

Δ2
vbd(k)

Primordial scalar power spectrum  
Baryon-DM relative velocity: ⃗vbd = ⃗vb − ⃗vd

Δ2
v(k) = Δ2

ζ(k)( θb − θd

k )
2

Relative velocity divergence of baryons “b” and DM “d”
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๏ It is known that the Baryon-DM relative velocity can have an observable effect by 
suppressing star formation in the first structures at high redshift. This affects the 21 cm 
signal during Cosmic Dawn.



Baryon-DM relative velocity Power Spectrum

⟨v2
bd⟩ = ∫

dk
k

Δ2
vbd(k)

Primordial scalar power spectrum  
Baryon-DM relative velocity: ⃗vbd = ⃗vb − ⃗vd

Δ2
v(k) = Δ2

ζ(k)( θb − θd

k )
2

Relative velocity divergence of baryons “b” and DM “d”

๏ It is known that the Baryon-DM relative velocity can have an observable effect by 
suppressing star formation in the first structures at high redshift. This affects the 21 cm 
signal during Cosmic Dawn.

๏ For SFDM, the effect on the 21 cm power spectrum was studied in [Marsh PRD 
2015, Hotinli et al PRD 2022], in particular the VAO features, reaching at the 
optimistic conclusion that eventually future experiments may be sensitive to 

!!m ∼ 10−18 eV



[Hotinli, Marsh & Kamionkowski PRD 2022]
SFDM and velocity acoustic oscillations (VAO)



Matter & relative velocity power spectrums -VFDM vs SFDM

kJ ≃ 27.06 h/Mpc

(z=1020)



Matter & relative velocity power spectrums -VFDM vs SFDM

kJ ≃ 27.06 h/Mpc

(z=1020)

VFDM and SFDM have the same Jeans scale 
 but anisotropies and the enhancement of 

 modes make the analysis for VFDM 
more complicated than for the SFDM case…

kJ
γk ≃ 0



Early-time evolution:   SFDM behaves as isotropic Dark Energy. For VFDM   has to 
be considered in the early universe, BBN gives   .

Suppression effect at Jeans scale: 
- In both SFDM and VFDM models, we obtain a suppression in the power spectrums at 

small scales characterized by the same scale, namely the Jeans scale . 
- For VFDM the amplitude depends on , leaving eventually possible anisotropic 
imprints in structure formation.

σij
m ≳ 10−26eV

kJ = maℋ
⃗k ⋅ ⃗A

Summary on Ultralight Dark Matter



Early-time evolution:   SFDM behaves as isotropic Dark Energy. For VFDM   has to 
be considered in the early universe, BBN gives   .

Suppression effect at Jeans scale: 
- In both SFDM and VFDM models, we obtain a suppression in the power spectrums at 

small scales characterized by the same scale, namely the Jeans scale . 
- For VFDM the amplitude depends on , leaving eventually possible anisotropic 
imprints in structure formation.

σij
m ≳ 10−26eV

kJ = maℋ
⃗k ⋅ ⃗A

Beyond the linear regime: constrains are sensitive to uncertainties in the modeling of 
small scale structure   crucial to have complementary independent probes →
Phenomenological descriptions on small scales:  necessary and under development

Summary on Ultralight Dark Matter



                 Thanks for your attention!!


Diana López Nacir


