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INTRODUCTION TO ULTRALIGHT DARK 
MATTER (ULDM)

Dark Matter (DM)

Number density:   𝑛𝑔𝑎𝑙 =
𝑁

𝑉𝑔𝑎𝑙
∼

𝑀𝑔𝑎𝑙

𝑚
×

1

𝑉𝑔𝑎𝑙
∼

1

𝑚
×

1012𝑀⊙

30 𝑘𝑝𝑐 3

De Broglie Wavelength:  𝜆𝑑𝑏 ∼ 0.5 𝑘𝑝𝑐
10−22𝑒𝑉

𝑚

250 𝑘𝑚 𝑠−1

𝑣

Occupation number : 𝒩 = 𝑛 𝜆𝑑𝑏
3 ∼ 1092 ×

10−22𝑒𝑉

𝑚

4

Given 𝒩 ≫ 1 for 𝑚 ≪ 𝑂 10 𝑒𝑉 DM can be described by a classical field with

EOM: □𝜙 +𝑚2𝜙 = 0

Homogeneous solution are given by an oscillating field with frequency 𝜔 = 𝑚



ULDM FIELD AT 
GALACTIC SCALE Parametrizing the space dependent part of the field 

𝜙 =
(𝜓𝑒𝑖𝑚𝑡+𝜓∗𝑒−𝑖𝑚𝑡)

2𝑚
and the metric   

𝑔𝜇𝜈𝑑𝑥
𝜇𝑑𝑥𝜈 ≈ − 1 − 2Φ 𝑑𝑡2 + 1 + 2Ψ 𝛿𝑖𝑗𝑑𝑥

𝑖𝑑𝑥 𝑗

Schrodinger-Poisson (SP) system of equations:

i ∂ₜ 𝜓 = −
∇2

2𝑚
+𝑚 Φ +

ρ𝑑𝑚

8 m2𝑓2
𝜓

∇2 Φ = − 4 𝜋 (𝜌𝑑𝑚 + 𝜌𝑚)

Numerical simulations show always the formation of a 
dense coherent structure, i.e. soliton,  at the centre of 
the galactic halo. 

The soliton is a stationary solution of the SP equations 
(non-relativistic limit) with density profile

𝜌𝑠𝑜𝑙 =
𝜌0

1+0.091
𝑟

𝑟𝑐

2 8 with core radius

𝑟𝑐 ∼ 0.2 𝑘𝑝𝑐
10−22𝑒𝑉

𝑚

2
109𝑀⊙

𝑀𝑠𝑜𝑙
∼ 0.4 𝜆𝑑𝑏𝜌𝑑𝑚 = max{𝜌𝑠𝑜𝑙 , 𝜌𝑁𝐹𝑊}

Ferreira 2005.03254 & Chan 2110.11882



HALO AND SOLITON 
FORMATION

Different ideas to test this model ↦ we focus on the 
effect of propagation of radiation in this DM 

environment

The mass of the soliton is related to the mass of 
the DM halo where it is formed. Schive 1407.7762

𝑀𝑠𝑜𝑙 ≈ 1.4 × 109
10−22𝑒𝑉

𝑚𝑑𝑚

Mhalo

1012M⊙

1

3

But some dispersion is observed in the literature

Ferreira 2005.03254
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GRAVITATIONAL REDSHIFT

Because of the inhomogeneities of the gravitational 
background along the line of sight a signal experiences 

gravitational redshift 

Δ𝜔𝑒

𝜔𝑒
≃ Φȁ𝑒

𝑟 + 𝑛𝑖 𝑣𝑖ȁ𝑒
𝑟 − 𝐼𝑖𝑆𝑊 where 

𝐼𝑖𝑆𝑊 = Φ +Ψ ȁ𝑒
𝑟 + 𝑛𝑖 𝑒׬

𝑟
𝜕𝑖 Φ +Ψ 𝑑𝜆

The DM background oscillates, then the gravitational 
potentials also oscillate.

Decomposing Ψ = Ψ + 𝛿Ψcos 𝜔𝛿𝑡 as well as for Φ, 
from Einstein equations one finds 

𝛿Ψ = −
𝜋𝜌

𝑚2 and 𝜔𝛿 = 2𝑚

Periodic modulation in the time of arrival residuals of 
millisecond Pulsars

Δ𝑡 ≃ 0׬−
𝑡 Δ𝜔𝑒 𝑡′

𝜔𝑒
𝑑𝑡′ ≃ 0׬−

𝑡
(Ψ𝑒−Ψ𝑟) 𝑑𝑡

′

𝑓𝑙𝑜𝑤 =
1

𝑇𝑜𝑏𝑠
𝑓ℎ𝑖𝑔ℎ =

1

𝛿𝑡𝑜𝑏𝑠

𝑇𝑜𝑏𝑠 ∼ 25 𝑦𝑒𝑎𝑟𝑠 𝛿𝑡𝑜𝑏𝑠 ∼ 3 𝑤𝑒𝑒𝑘𝑠

Clemente et al. 2023, 2306.16228

Khmelnitsky & 

Rubakov 1309.5888



CASE OF GRAVITATIONAL WAVES

The same as for Pulsars will happen for any radiation at a fixed frequency 𝜔𝑒 ⇒ GW will 
experience frequency modulation.  First, let’s consider a monochromatic GW:

ℎ𝐺𝑊 = 𝐴𝑐𝑜𝑠 (𝜔𝑒𝑢 + 𝜑) +𝐴
𝜔𝑒

𝜔𝛿
Υȁ𝑒sin[(𝜔𝑒 ± 𝜔𝛿) 𝑢 + 𝜑)]

• GW emitters could come from inside the 

soliton (not contaminated by dust in the GC)

• Could be more abundant than Pulsars in PTA

• No limitation on observation time (higher 

frequency could be reached)

• Signal from other Galaxies

Signal-to-Noise-Ratio (SNR) of sidebands:

𝑆𝑁𝑅𝛿 =
1

2

𝜔𝑒
𝜔𝛿

Υ 𝜌0, 𝑚, 𝑥𝑒 𝑆𝑁𝑅ℎ

Amplitude of 

the modulation

of the

carrier

carrier frequency modulation

frequency

Look at María José 

Bustamante-Rosell 2021

https://arxiv.org/search/gr-qc?searchtype=author&query=Bustamante-Rosell,+M+J


AMPLITUDE OF THE MODULATION Υ

•Minimal coupling: pure gravitational interaction

With 𝛿Φ = Φ2 cos 2𝑚𝑡 and V =
1

2
m2ϕ2(1 −

1

12

ϕ4

f4
)

Solutions are given by 2𝑛𝑑 order Einstein equations

∇2 Ψ2 +
πρ

m2 = −
π

6 f2m2 ρ²

∇² Φ₂ = 8π [5 Φ + γ −
ρ

12 f2m2] ρ

•Direct coupling: ULDM directly coupled to SM 

(e.g. 𝑚𝜒
𝜙

Λ1
ҧ𝜒𝜒 or 𝑚𝜒

𝜙2

Λ2
2 ҧ𝜒𝜒), under a conformal 

transformation to the Jordan-Fierz metric: 

෦𝑔𝜇𝜈 = 𝐴2 𝜙 𝑔𝜇𝜈, with 𝐴 ≃ 1 +
𝜙

Λ1
or 𝐴 ≃ 1 +

𝜙2

Λ2

⇒ Υ =
2

Λ1

𝜌

𝑚2

1/2
ȁ𝑒and Υ =

1

Λ2
2

𝜌

𝑚2
ȁ𝑒

Υ = Ψ2 −
2

𝜔𝛿
𝑛𝑖𝜕𝑖Φ2 ቚ

𝑒

𝛽 ≃
0.024

𝑚22

1016𝐺𝑒𝑣

𝑓𝜙

2
𝜌0

103𝑀⊙𝑝𝑐
−3

Self-interaction increases the effect at 

larger radius



RESULTS FOR THE 
MILKY WAY

•Astrophysical populations of galactic 
monochromatic GW sources:

oWhite Dwarfs/ X-MRIS ⟶ 𝑓𝑒 ∼ 𝑚𝐻𝑧
(detectable by LISA, TianQin, Taiji)

oDeformed Spinning Neutron Stars ⟶ 𝑓𝑒 ∼ 𝑘𝐻𝑧
(detectable ET/CE)

Expected/Simulated values for the calculation of 
the sensitivity from different astrophysical 
populations (N carriers)

𝑆𝑁𝑅𝛿 =
1

2

𝜔𝑒
𝜔𝛿

Υ 𝜌0, 𝑚, 𝑥𝑒 𝑁 𝑆𝑁𝑅ℎ

•Observational constraints: 

kinematic data show a preference of a for an 

inner cored profile in the bulge with mass 

𝑀𝑐𝑜𝑟𝑒 ≤ 6 × 109𝑀⊙ within 𝑟𝑐 ∼ 0.25 𝑘𝑝𝑐 , 

average density of 𝜌0 ∼ 103𝑀⊙𝑝𝑐
−3

compatible with a ULDM soliton

2303.04714

1903.10871



SENSITIVITIES TO 
ULDM IN THE MW 

Spinning NS in ET outperform compared to LISA binaries

Not possible to probe NFW profile for 𝑚 > 10−23𝑒𝑉

ET could probe the ULDM soliton for the minimal coupling 

for masses 𝑚 ≤ 2 × 10−22 𝑒𝑉
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Quadratic coupling 

Great prospects for direct coupling: ET and LISA can 

probe the uncover window at masses

2 × 10−22 𝑒𝑉 ≤ 𝑚 ≤ 3 × 10−21 𝑒𝑉



RESULTS FOR OTHER 
GALAXIES

With GWs we can probe the ULDM environment of 

other galaxies (more massive soliton). 

We consider four case-examples of binaries:

• EMRI: 𝑚1, 𝑚2 = 106𝑀⊙, 60𝑀⊙ at Gpc

• IMRI: : (𝑚1,𝑚2) = 104𝑀⊙, 10𝑀⊙ at Gpc

• BBH: GW170608-like event

• BNS: GW170817-like event

These sources are chirping, the correction to the 

phase of the GW is more complicated and we 

cannot easily isolate its SNR ⟶ we compute he 

uncertainty on Υ through a Fisher matrix and define 

the threshold when 𝜎Υ ≤ Υ

LISA

(B-)DECIGO

Also look at J. Stegmann et al. 2023 2311.06335 

and P. Brax et al 2024 2402.04819



CONCLUSION AND FUTURE DIRECTIONS

•Imprint  the ULDM oscillations in the phase of GWs (minimal and direct coupling)

•Extend previous computations to solitons and with self-interaction

•The SNR of the effect in terms of the carrier SNR, the amplitude Υ and the ratio 
𝜔𝑒/𝜔𝛿

•Sensitivity of different astrophysical population for the MW ⇒ Spinning NS 
detectable with ET/CE have optimal prospects

•LISA sources could fill the gap in the 2 × 10−22 𝑒𝑉 ≤ 𝑚 ≤ 3 × 10−21 𝑒𝑉 mass 
window

•Extragalactic (chirping) sources could probe ULDM over densities in other Galaxies



GWS FROM SPINNING NS

Rotating NS can support long-lived, non-axisymmetric deformations 
known as mountains ⇒ potential sources of continuous GW

Reviews e.g Gittins 2401.01670, 

Piccinni 2202.01088

Ellipticity parameter 

𝜖 = (𝐼2−𝐼1)/𝐼3

Average number of detectable sources 

from 2303.04714

Great uncertainty on the detection prospects



CHIRPING CASE 

•Gravitational redshift 𝜒 = Φȁ𝑒
𝑟 + 𝑛𝑖 𝑣𝑖ȁ𝑒

𝑟 − 𝐼𝑖𝑆𝑊

•Relative phase correction 𝜂 =
𝜔𝑒𝜒׬

𝜔𝑒׬

•Quadrupolar result for the GW frequency

𝑓𝑒 =
1

𝜋

2𝐺𝑀

𝑐3

−
5

8 5

256𝜏

3/8


