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:: ultra−light ::

Dynamics of the zero mode: Φ̈ + 3HΦ̇ + m2Φ = 0

1. At early times m << H the field is frozen: Φ ∼ const
2. As soon as H ≲ m the field feels the potential: Φ ∼ a−3/2 cos(mt)
3. The energy density is ρ ∼ a−3 Ñ Scales like dust
4. The pressure density is P ∼ a−3 cos(2mt) Ñ Not cool?
5. On cosmological times P ≈ 0 + O(H/m) ≪ 1 Cool enough!



:: ultra−light ::

Dynamics of the zero mode: Φ̈ + 3HΦ̇ + m2Φ = 0

1. At early times m << H the field is frozen: Φ ∼ const
2. As soon as H ≲ m the field feels the potential: Φ ∼ a−3/2 cos(mt)
3. The energy density is ρ ∼ a−3 Ñ Scales like dust
4. The pressure density is P ∼ a−3 cos(2mt) Ñ Not cool?
5. On cosmological times P ≈ 0 + O(H/m) ≪ 1 Cool enough!



:: ultra−light ::

Dynamics of the zero mode: Φ̈ + 3HΦ̇ + m2Φ = 0

1. At early times m << H the field is frozen: Φ ∼ const

2. As soon as H ≲ m the field feels the potential: Φ ∼ a−3/2 cos(mt)
3. The energy density is ρ ∼ a−3 Ñ Scales like dust
4. The pressure density is P ∼ a−3 cos(2mt) Ñ Not cool?
5. On cosmological times P ≈ 0 + O(H/m) ≪ 1 Cool enough!



:: ultra−light ::

Dynamics of the zero mode: Φ̈ + 3HΦ̇ + m2Φ = 0

1. At early times m << H the field is frozen: Φ ∼ const
2. As soon as H ≲ m the field feels the potential: Φ ∼ a−3/2 cos(mt)

3. The energy density is ρ ∼ a−3 Ñ Scales like dust
4. The pressure density is P ∼ a−3 cos(2mt) Ñ Not cool?
5. On cosmological times P ≈ 0 + O(H/m) ≪ 1 Cool enough!



:: ultra−light ::

Dynamics of the zero mode: Φ̈ + 3HΦ̇ + m2Φ = 0

1. At early times m << H the field is frozen: Φ ∼ const
2. As soon as H ≲ m the field feels the potential: Φ ∼ a−3/2 cos(mt)
3. The energy density is ρ ∼ a−3

Ñ Scales like dust
4. The pressure density is P ∼ a−3 cos(2mt) Ñ Not cool?
5. On cosmological times P ≈ 0 + O(H/m) ≪ 1 Cool enough!



:: ultra−light ::

Dynamics of the zero mode: Φ̈ + 3HΦ̇ + m2Φ = 0

1. At early times m << H the field is frozen: Φ ∼ const
2. As soon as H ≲ m the field feels the potential: Φ ∼ a−3/2 cos(mt)
3. The energy density is ρ ∼ a−3 Ñ Scales like dust

4. The pressure density is P ∼ a−3 cos(2mt) Ñ Not cool?
5. On cosmological times P ≈ 0 + O(H/m) ≪ 1 Cool enough!



:: ultra−light ::

Dynamics of the zero mode: Φ̈ + 3HΦ̇ + m2Φ = 0

1. At early times m << H the field is frozen: Φ ∼ const
2. As soon as H ≲ m the field feels the potential: Φ ∼ a−3/2 cos(mt)
3. The energy density is ρ ∼ a−3 Ñ Scales like dust
4. The pressure density is P ∼ a−3 cos(2mt)

Ñ Not cool?
5. On cosmological times P ≈ 0 + O(H/m) ≪ 1 Cool enough!



:: ultra−light ::

Dynamics of the zero mode: Φ̈ + 3HΦ̇ + m2Φ = 0

1. At early times m << H the field is frozen: Φ ∼ const
2. As soon as H ≲ m the field feels the potential: Φ ∼ a−3/2 cos(mt)
3. The energy density is ρ ∼ a−3 Ñ Scales like dust
4. The pressure density is P ∼ a−3 cos(2mt) Ñ Not cool?

5. On cosmological times P ≈ 0 + O(H/m) ≪ 1 Cool enough!



:: ultra−light ::

Dynamics of the zero mode: Φ̈ + 3HΦ̇ + m2Φ = 0

1. At early times m << H the field is frozen: Φ ∼ const
2. As soon as H ≲ m the field feels the potential: Φ ∼ a−3/2 cos(mt)
3. The energy density is ρ ∼ a−3 Ñ Scales like dust
4. The pressure density is P ∼ a−3 cos(2mt) Ñ Not cool?
5. On cosmological times P ≈ 0 + O(H/m) ≪ 1

Cool enough!



:: ultra−light ::

Dynamics of the zero mode: Φ̈ + 3HΦ̇ + m2Φ = 0

1. At early times m << H the field is frozen: Φ ∼ const
2. As soon as H ≲ m the field feels the potential: Φ ∼ a−3/2 cos(mt)
3. The energy density is ρ ∼ a−3 Ñ Scales like dust
4. The pressure density is P ∼ a−3 cos(2mt) Ñ Not cool?
5. On cosmological times P ≈ 0 + O(H/m) ≪ 1 Cool enough!



:: the scales ::

d Persistent: coherence time is
tcoh := 4π/mv2 ∼ 106/f ∼ 65 y (10−18eV/m)

g Homogeneous: de Broglie wavelength isNo gradients within λdB := 2π/mv ∼ 103/f ∼ 0.1pc (10−18 eV/m)
e Rapidly oscillating: frequency is

f := m/2π ∼ 1h−1 (m/10−18 eV)
f Classical: occupation number is

N ∼ 1076(10−18 eV/m)4
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:: variety ::

Spin 0. L = 1
2 (∂Φ)2 − 1

2m
2Φ2

Spin 1. L = − 1
4F

2 + 1
2m

2A2

Spin 2. L = MijEijklMkl − 1
2m

2(MijM
ij − M2)

The field is a stack of waves
Φ ∼

√ρDM
m

∑
i cos [

m(1 + v2
i

2 )t + k⃗i · x⃗ + Υi

]
Distinguishing the spin with...PTAs Armaleo, López Nacir and FU JCAP2020 and Unal, FU and Kovetz PLB2024

GWIs Armaleo, López Nacir and FU JCAP2021
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:: fifth forces ::

The ripples in the fabric caused by the ULDM are enough to perturb the system.

However, things are much more fun if Dark Matter carries a fifth force. . .
Scalar: LI = m

φ
A[1 + v2

A/2] + m
φ
B [1 + v2

B /2] + Gm
φ
Am

φ
B /r

Linear coupling: m
φ
i = mi [1 + αΦ]Quadratic coupling: m

φ
i = mi [1 + βΦ2/2]López Nacir et al PRL2017 and PRD2020

Vector: LI = qAv
i
AAi + qBv

i
BAiFor example, (B − L) charge: qi = gcimi /mnLópez Nacir and FU JCAP2018

Tensor: LI = λmAv
i
Av

j
AMij + λmBv

i
Bv

j
BMijIn bigravity the universal coupling is α = λ/mplArmaleo, López Nacir and FU JCAP2020a
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:: perturb ::

The dark matter field is described by
Mij (t) = √

2ρDM
m

cos (mt + Υ)εij (r)

from which one finds the curvature perturbations
hij (t) = α

MPlMij (t) = α
√

2ρDM
mMPl cos (mt + Υ)εij (x)

This looks like a continuous gravitational wave
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:: continuous gravitational waves ::

d PersistentThe coherence time is tcoh := 4π/mv2 = 2/fv2 ∼ 106/f

g Quasi-monochromaticThe frequency is the same within λdB := 2π/mv = 1/fv ∼ 103/f

e Continuous waves can be detected at much smaller sentitivityThanks to a longer integration time and h0 ∝ T−1/2obs ∼ T−1/4obs T−1/4chunk
f The overall magnitude scales as 1/m thanks to αC.f. the 1/m2 for spin-0 and spin-1 (without fifth forces)
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:: spin one ::

Lint = εeJµAµ

© LIGO, Virgo, KAGRA, 2021 for spin-2: work in progress!



:: summary ::

Dark Matter remains a mystery in cosmologyUltra-light dark matter is an especially interesting candidateSpin-2 ULDM is special because the action is unique and non-negotiableThe metric perturbations look like a continuous gravitational waveWe are sensitive to α ∼ 10−6 or less with HLV at m ∼ 10−13 eVWe will be sensitive to α ∼ 10−8 or less with LISA at m ∼ 10−137 eVMaybe, after all, Dark Matter arises as an extension of General Relativity

Armaleo, López Nacir, FU arXiv:2012.13997 [astro-ph.CO] — JCAP (2021)
...and work in progress (with LIGO/Virgo (and LISA?) working groups)
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