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๏ 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
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`Small-scale’ properties scalar DM as a classical field
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
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Schive, Chiueh, Broadhurst (2014)
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• coherent oscillations 

• granular structure of 
the density 

� log �0 � mVm ∼ 10−22eV
• Halos structure (simulations)

Nature Phys., vol. 10, pp. 496–499, 2014.
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`Small-scale’ stochastic model  (spin 0)

It has been nearly ninety years since strong evidence of the
missing mass we label today as dark matter (DM) was
revealed1, and its composition remains one of the most

important unanswered questions in physics. There have been
many DM candidates proposed and a broad class of them,
including scalar (dilatons and moduli2–5) and pseudoscalar par-
ticles (axions and axion-like particles6–11), can be treated as an
ensemble of identical bosons, with statistical properties of the
corresponding fields described by the standard halo model
(SHM)12,13. In this work, our model of the resulting bosonic field
assumes that the local DM is virialized and neglects non-virialized
streams of DM14, Bose–Einstein condensate formation15–18, and
possible small-scale structure such as miniclusters and axion
stars19–21. To date, it is typical to ignore such DM structure when
calculating experimental constraints, and within this isotropic
SHM DM model, we demonstrate the general weakening of
inferred constraints due to the statistical properties of the vir-
ialized ultralight field (VULF)21–24. We note that some astro-
physical and cosmological simulations can and do resolve these
stochastic properties25,26, however in this paper we discuss their
impact on inferences drawn from direct detection experiments.

During the formation of the Milky Way the DM constituents
relax into the gravitational potential and obtain, in the galactic
reference frame, a velocity distribution with a characteristic dis-
persion (virial) velocity vvir ≈ 10−3c and a cut-off determined by
the galactic escape velocity. Following Refs. 27,28 we refer to such
virialized ultralight fields, ϕ(t, r), as VULFs, emphasizing their
SHM-governed stochastic nature. Neglecting motion of the DM,
the field oscillates at the Compton frequency fc=mϕc2h−1.
However, there is broadening due to the SHM velocity distribu-
tion according to the dispersion relation for massive non-
relativistic bosons: fϕ= fc+mϕv2(2h)−1. The field modes of
different frequency and random phase interfere with one another
resulting in a net field exhibiting stochastic behavior. The
dephasing of the net field can be characterized by the coherence
time τc ! f cv

2
vir=c

2
! ""129. We note that there is some ambiguity

in the definition of the coherence time, up to a factor of 2π, and
adopt that which was used in the majority of the literature. See
the discussion in Supplementary Note 4.

While the stochastic properties of similar fields have been studied
before, for example in the contexts of statistical radiophysics, the
cosmic microwave background, and stochastic gravitational fields30,
the statistical properties of VULFs have only been explored recently.
The 2-point correlation function, hϕðt; rÞϕðt0; r0Þi, and corresponding
frequency-space DM “lineshape” (power spectral density, PSD) were
derived in Ref. 28, and rederived in the axion context by the authors
of ref. 31. While refs. 28,31 explicitly discuss data-analysis implications
in the regime of the total observation time T being much larger than
the coherence time, T≫ τc, detailed investigation of the regime
T≪ τc, until now, has been lacking (although we note that ref. 31
includes a brief discussion of the change in sensitivity due to coherent
averaging for this regime in their Appendix E). Note that a preprint
of this paper has been available online since 2019, and multiple
experimental groups have already used it to correct their exclusion
limits for stochastic fluctuations or noted the effect32–41.

We focus on this regime, T≪ τc, characteristic of experiments
searching for ultralight (pseudo)scalars with masses≲ 10−13

eV42–48 that have field coherence times≳ 1 day. This mass range
is of significant interest as the lower limit on the mass of an
ultralight particle extends to 10−22 eV and can be further
extended if it does not make up all of the DM49. Additionally,
there has been recent theoretical motivation for “fuzzy dark
matter” in the 10−22–10−21 eV range23,49–53, and the so-called
string “axiverse” extends to 10−33 eV54. Similar arguments also
apply to dilatons and moduli55.

Here, we show that for experiments operating in the T≪ τc
regime it is incorrect to assume a fixed value of Φ0 when inferring
constraints on the coupling strength of bosonic DM to standard-
model particles. The constraints inferred from several previous
null experiments searching for ultralight bosonic DM were
overestimated by factors ranging from 3 to 10 depending on
experimental details, model assumptions, and choice of inference
framework.

Results
Model of bosonic dark matter and amplitude distribution.
Figure 1 shows a simulated VULF field, illustrating the amplitude
modulation present over several coherence times. At short time
scales (≪τc), the field coherently oscillates at the Compton fre-
quency, see the inset of Fig. 1, where the amplitude Φ0 is fixed at a
single value sampled from its distribution. An unlucky experi-
mentalist could even have near-zero field amplitudes during the
course of their measurement.

On these short time scales, the DM signal s(t) exhibits a
harmonic signature,

sðtÞ ¼ γξϕðtÞ & γξΦ0 cosð2πf ϕt þ θÞ ; ð1Þ

where γ is the coupling strength to a standard-model field and θ is
an unknown phase. Details of the particular experiment are
accounted for by the factor ξ. In this regime, the amplitude Φ0 is
unknown and yields a time-averaged energy density
hϕðtÞ2iT(τc

¼ Φ2
0=2. However, for times much longer than τc

the energy density approaches the ensemble average determined
by hΦ2

0i ¼ Φ2
DM. This field oscillation amplitude is estimated by

assuming that the average energy density in the bosonic field is
equal to the local DM energy density ρDM ≈ 0.4 GeV/cm3, and
thus ΦDM ¼ _ðmϕcÞ

"1 ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
.

The oscillation amplitude sampled at a particular time for a
duration≪τc is not simply ΦDM, but rather a random variable
whose sampling probability is described by a distribution
characterizing the stochastic nature of the VULF. Until recently,
most experimental searches have been in the mϕ≫ 10−13 eV
regime with short coherence times τc≪ 1 day56–70. However, for
smaller boson masses it becomes impractical to sample over
many coherence times: for example, τc≳ 1 year for
mϕ≲ 10−16 eV. Assuming the value Φ0=ΦDM neglects the
stochastic nature of the bosonic dark matter field42–48.

The net field ϕ(t) is a sum of different field modes with random
phases. The oscillation amplitude, Φ0, results from the inter-

Fig. 1 Simulated VULF based on the approach in ref. 28 with field value
ϕ(t) and time normalized by ΦDM and coherence time τc, respectively.
The inset plot displays the high-resolution coherent oscillation starting at t=0.
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Black Hole physics

Observation on diverse scales can probe different mass ranges
Linear dynamics: see T. Ferreira Chase’s talk
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• 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…
• Robustness depends on the observable: theoretical uncertainties, modeling…
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Gravitational waves from compact binaries
- T. Ferreira Chase, DLN and N. Yunes, arXiv: 2505.21383
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Millisecond pulsars 

• Fast spinning Neutron Stars

• Very precise clocks at astronomical distances

• Majority in binary systems (with White Dwarfs, Main Sequence, 

other NS) 

• Large fraction (~ 20%) of the mass from self-gravity

Spin period = P

Why pulsars?

Hulse-Taylor

In binaries 

N. Wex, (2014) 
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Millisecond pulsars 

• Fast spinning Neutron Stars

• Very precise clocks at astronomical distances

• Majority in binary systems (with White Dwarfs, Main Sequence, 

other NS) 

• Large fraction (~ 20%) of the mass from self-gravity

Spin period = P

Why pulsars?

Hulse-TaylorInterstellar 
 medium Pulsar  timing

Spin period = P

In binaries 

N. Wex, (2014) 

How would ULDM affect pulsar timing?
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ULDM interacting only through gravity (e.g spin=0)

Tµ⌫
DM

Einstein’s Eqns: Gµ⌫ = 8⇡GNTµ⌫
DM

gµ⌫ ' ⌘µ⌫ + hµ⌫with

(a ' 1)

7

[Khmelnitsky &  Rubakov (2014)]

(at leading order in gradients)

Oscillations in the geometry:

decreases with m:= Ψc →

PDM = − ρDM cos(2mt + 2Υ)

ρDM =
m2Φ2

0

2

Φ(t, ⃗x) = Φ0 cos(mt + Υ( ⃗x))

hij ∼ −
2πGρDM

m2
δij cos(2mt + 2Υ)

h0μ ∼ 0

Only gravity!
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TABLE I: Parameters employed for the search along with their respective priors. In the correlated limit, the
parameters �̂2

E, �̂
2
P are accounted for by a redefinition of  c, while in the pulsar-correlated regime �̂2

E = �̂2
P = �̂2 is a

free parameter.

Parameter Description Prior Occurrence

White Noise
�
� = E2

f �
2

TOA + E2

q

�

Ef EFAC per receiver-backend system Uniform [0, 10] 1 per pulsar

Eq EQUAD per receiver-backend system Log10-Uniform [�10,�5] 1 per pulsar

Red Noise

Ared Red noise power-law amplitude Log10-Uniform [�20,�6] 1 per pulsar

�red Red noise power-law spectral index Uniform [0, 10] 1 per pulsar

ULDM

 c ULDM signal amplitude Log
10
-Uniform [�20,�12] 1 per PTA

m� [eV] ULDM mass Log10-Uniform [�24,�22] 1 per PTA

�̂2

E Earth factor e�x 1 per PTA

�̂2

P Pulsar factor e�x 1 per pulsar

�E Earth signal phase Uniform [0, 2⇡] 1 per PTA

�P Pulsar signal phase Uniform [0, 2⇡] 1 per pulsar

Common spatially Uncorrelated Red Noise (CURN)

AGWB Common process strain amplitude Log10-Uniform [�20,�6] 1 per PTA

-9.3 -8.8 -8.3 -7.8 -7.3

log10 f(Hz)

�24.0 �23.5 �23.0 �22.5 �22.0
log10 m�(eV)
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f = 1
Tobs

PPTA Bayes 2018

NANOGrav 2018
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DM density
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log10 m�(eV)
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D
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FIG. 1: Upper limits on ULDM, and namely on the dimensionless amplitude ( c, left panel) and the ULDM
fraction of the local DM density ⇢DM = 0.4GeV/cm3 (⇢�/⇢DM, right panel), at 95% credibility. The bottom

horizontal axes show the ULDM particle mass, whereas the top horizontal axes show the equivalent oscillation
frequency of the scalar field. The upper limits from previous searches [38, 39] are shown for comparison. As a
reference, we highlight the frequency T�1

obs. In the right panel, we zoom in on the excluded ULDM masses. The
horizontal dotted line represents the value of ⇢� that would saturate the local DM density. Notice that based on our
results ULDM particles with mass �24.0 < log10 (m�/eV) < �23.7 can only make up at most 30 � 40 % of the total
DM energy density, while particles with mass �23.7 < log10 (m�/eV) < �23.3 can contribute at most up to ⇠ 70 %.

There, the upper limits provided in the correlated and
uncorrelated scenarios di↵er at low frequency. This can
be understood by noticing that the correlated limit of
NANOGrav corresponds to our pulsar-correlated limit.
However, in the low mass limit of Fig. 1, the pulsars, the

Earth and the stellar and gaseous tracers used for ro-
tation curves estimates lie well within the area spanned
by the coherence length; thus, one can only measure the
combination  0

c =  c�̂2, which represents the realiza-
tion of DM in our Galaxy. Therefore, we remove the

ULDM (spin=0) signal, assuming 

ρϕ = ρDM = 0.4
GeV
cm3

[Smarra, C., Goncharov, B., Barausse, E., et al. 2023, PRL (2023)]PTA- recent bounds

From the 2nd data release of the 
European Pulsar Timing Array

Ψc =
2πGρDM

m2
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f �
2

TOA + E2

q

�

Ef EFAC per receiver-backend system Uniform [0, 10] 1 per pulsar

Eq EQUAD per receiver-backend system Log10-Uniform [�10,�5] 1 per pulsar

Red Noise

Ared Red noise power-law amplitude Log10-Uniform [�20,�6] 1 per pulsar

�red Red noise power-law spectral index Uniform [0, 10] 1 per pulsar

ULDM

 c ULDM signal amplitude Log
10
-Uniform [�20,�12] 1 per PTA

m� [eV] ULDM mass Log10-Uniform [�24,�22] 1 per PTA
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frequency of the scalar field. The upper limits from previous searches [38, 39] are shown for comparison. As a
reference, we highlight the frequency T�1

obs. In the right panel, we zoom in on the excluded ULDM masses. The
horizontal dotted line represents the value of ⇢� that would saturate the local DM density. Notice that based on our
results ULDM particles with mass �24.0 < log10 (m�/eV) < �23.7 can only make up at most 30 � 40 % of the total
DM energy density, while particles with mass �23.7 < log10 (m�/eV) < �23.3 can contribute at most up to ⇠ 70 %.

There, the upper limits provided in the correlated and
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be understood by noticing that the correlated limit of
NANOGrav corresponds to our pulsar-correlated limit.
However, in the low mass limit of Fig. 1, the pulsars, the

Earth and the stellar and gaseous tracers used for ro-
tation curves estimates lie well within the area spanned
by the coherence length; thus, one can only measure the
combination  0

c =  c�̂2, which represents the realiza-
tion of DM in our Galaxy. Therefore, we remove the

ULDM (spin=0) signal, assuming 

ρϕ = ρDM = 0.4
GeV
cm3

[Smarra, C., Goncharov, B., Barausse, E., et al. 2023, PRL (2023)]PTA- recent bounds

Also present for spin 1 [K. Nomura et al  (2020)] 
and spin 2 [Armaleo, DLN & Urban (2020)]

From the 2nd data release of the 
European Pulsar Timing Array

Ψc =
2πGρDM

m2



Why Binary Pulsars (BPs)?
Numbers:
v ⇠ 10�3, m ⇠ 10�18 ÷ 10�22eV

L ⇠ 108 km

✓
Pb

100days

◆2/3 ✓M1 +M2

M�

◆1/3

tosc ≃ 100 days ( 10−22eV
m )

λdB ∼ 1.3 × 1012km ( 10−3c
v ) ( 10−18eV

m )

L

M1

M2

9

τcoh ∼
λdB

2v
∼ 65 × years ( 10−3 c

v )
2

( 10−18eV
m )

• Homogeneous: ✓ 
• Coherent: ✓ 
• Osc. are relevant!

λdB ≫ L
τcoh ≫ Tobs
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e ! e+ ė(T � T0)

10



Secular effects of DM on BPs

๏ Oscillations of the DM field produce  periodic perturbations to the BP orbits:

๏ Unperturbed Keplerian orbits can be expressed as Fourier series
X

n

Qn cos(n 2⇡/Pb +⌥) (n 2 N)

Force ⇠ cos(mt+⌥)

๏ In resonance                                               there is a secular effect on the orbital 
parameters. E.g. 

                                                                                 

m ' N2⇡/Pb (N 2 N)
Ejemplos :Pb ! Pb + Ṗb(T � T0)
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๏ We studied constrains from Binary pulsars assuming resonance for different couplings 
and spins in: - Spin=0: D. Blas, DLN and S. Sibiryakov, PRL (2017), PRD (2020)

- Spin=1: DLN and F. Urban, JCAP (2018) 
- Spin=2: JM Armaleo, DLN and F. Urban,  JCAP01 (2020)
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Recent Progress:

• Bayesian sensitivity of binary pulsars to ultra-light dark matter
[Kus, DLN, F. Urban, A&A 690, A51 (2024)]

• Deep Neural Networks Hunting Ultra-Light Dark Matter
[Kus, DLN, F. Urban, arXiv:2506.04100]

We can now go beyond resonance 
& combine data from different systems!

 Sensitivity curves for ULDM couplings on Binary Pulsars  vs m



Bounds on models beyond resonance?

E.g. with s=0: Effective universal direct coupling on BPs

12

S = SGravity(gμν) + SSM(ḡμν, Ψ) −
1
2 ∫ dx4 −g [∂νΦ∂νΦ − m2Φ2]

ḡμν = gμν(1 + 2αΦ)



Bounds on models beyond resonance?

E.g. with s=0: Effective universal direct coupling on BPs

12

S = SGravity(gμν) + SSM(ḡμν, Ψ) −
1
2 ∫ dx4 −g [∂νΦ∂νΦ − m2Φ2]

ḡμν = gμν(1 + 2αΦ)

SB = �
X

A=1,2

Z
d⌧A MA(�) MA(Φ) = M̄A(1 + αΦ)

·· ⃗r = − (1 + αΦ)
GM̄T ⃗r

r3
− α ·Φ · ⃗r = −

GM̄T ⃗r
r3

+ ⃗F

Characterizes the  
perturbation

Φ = Φ0 cos(mt + Υ)

M2

M1

⃗r



Using only the effect on : + systems from NANOGrav 15-year δPb
α

(G
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−1
)

m (eV)
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Solar system bounds

Combined systems:
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Six realizations of

[Kus, DLN, F. Urban, A&A 690, A51 (2024)]

ρDM ≃ 0.3
GeV
cm3

(r, Υ)



New (~1000) Binary Pulsars 
are expected to be discovered 
by the Square Kilometre Array!

Using only the effect on : + systems from NANOGrav 15-year δPb
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ρDM ≃ 0.3
GeV
cm3

(r, Υ)



[Kus, DLN, F. Urban, arXiv:2506.04100]

λ = Normalized coupling constant• Using Deep Neural Networks 
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Main assumptions

Could an ultralight dark-matter environment affect the gravitational waves 
emitted by compact binaries? Could the effect be detectable?

• Inspiral phase

15

• Quasi-circular orbits

 Vector Field Dark Matter (VFDM)−

GR
GR VFDM

• Black Hole (BH) mass range

MBH ∈ (102,106) M⊙

• Laser Interferometer 
Space Antenna (LISA)

Laser 
Interferometer 
Space 
Antenna


(scheduled for 
launch in 2035)



NUMBERS for GW emission of quasi-circular BH binaries
Effective one-body description

M = m1 + m2

μ =
m1m2

M

ℏ = 1

GW frequency:

f = 2fb =
ωb

π
ωb = 2π fb =

GM
a3

Orbital frequency:

Kepler

··M11 = 2μb2ω2
b cos(4π fbt)

··M22 = 2μb2ω2
b sin(4π fbt)hM,TT

ij =
2G
c4D

··MTT
ij

|hM
μν | ≪ 1gμν = ημν + hM

μν,

Quadrupole moment 

• GW emission:

Distance source-detector in source frame

M ∼ (102 − 106) M⊙Total mass: 

LISA band: f ∼ (10−5 − 1) Hz or ω ∼ (10−18 − 10−14) eV
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1
3

( f
10−5Hz )
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3

Orbital radius:

De Broglie wavelength:
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τcoh ∼
λdB

2v
∼ 65 × years ( 10−3 c

v )
2

( 10−18eV
mA )

Observation time:

Coherence time:

τobs ∼ 4 years

Coherent fieldτcoh ≫ τobs →



Perturbed chirp signal for quasi-circular BH binaries

• GW emission:

ℳ = μ3/5M2/5Chirp mass:

hM,TT
ij = h+ (

1 0 0
0 −1 0
0 0 0) + h× (

0 1 0
1 0 0
0 0 0) Define h ≡ h+ − i h× → h(t) = 𝒜(t) e2iΦ(t)

f(t) =
1
π ( Gℳ

c3 )
−5/8

( 5
256(t − tc) )

3/8

Coalescence time f ≲ fISCO = 63/2 c3

GM

Total radiated power*

·E = − ℒ
• GW backreaction: Φ(t) = Φc + π∫

t

tc

f(t)dt
  GW frequency

17* P. C. Peters, Phys. Rev., 136, B1224 (1964)
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ij = h+ (
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f(t) =
1
π ( Gℳ

c3 )
−5/8

( 5
256(t − tc) )

3/8

Coalescence time f ≲ fISCO = 63/2 c3

GM

Total radiated power*

·E = − ℒ
• GW backreaction: Φ(t) = Φc + π∫

t

tc

f(t)dt
  GW frequency

• Frequency domain:   

h̃( f ) = ∫ 𝒜(t)ei(2Φ(t)−2πft) dt ≡ 𝒜̃( f ) eiΨ( f )
ΨM( f ) = 2Φc − 2π f tc + GR

ΨA( f ) ∝ ρAℳ−5/2mA−9/2 (1 −
f

fstp ) θ( fstp − f )

fstp =
8mA

5π

Ψ( f ) = ΨM( f ) + ΨA( f )

17* P. C. Peters, Phys. Rev., 136, B1224 (1964)



LISA’s sensitivity  

Laser Interferometer Space Antenna


(scheduled for launch in 2035)

BLACK: LISA’s sensitivity strain ( f Sn( f ))1/2

COLOR:  GW characteristic strain  for 
each binary. We assumed symmetric-mass inspiraling  binaries 
at D = 1Gpc during 4 years before ISCO. The masses of each 
binary member is indicated in the label.

|hc( f ) | = 2f |𝒜( f ) |

ω

18



Fisher forecast (4 years of LISA): 1σ accuracy 
Binaries with similar masses μ /M = 0.25 Asymmetric binaries   μ /M ≪ 1

19

If a binary system is immersed in a VFDM environment with   in the shaded regions, 
then the GW  emitted can carry an imprint of the VFDM  that could be detectable with 

LISA for a 4-year observation period.

ρA

M1 = 102 M⊙

M2M
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 Conclusions and Perspectives
Observational 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

๏ VFDM with   could be probed by LISA if 
๏ Future work to extend this to eccentric orbits and other ULDM spins

mA ∼ (10−19, 10−15) eV ρA > 1014M⊙/pc3
On Binary Black Hole Emission:

๏ Limits from Binary pulsars (BPs) beyond resonance are being studied for different 
coupling and for spin 0, spin 1 and spin 2.

On Pulsar timing measurements:  useful to probe ULDM models!

Main references: - P. Kus, DLN and F. Urban, Astronomy&Astrophysics 690, A51 (2024)
                              - P. Kus, DLN and F. Urban, arXiv: 2506.04100 

Main reference: T. Ferreira Chase, DLN and N. Yunes, arXiv: 2505.21383

THANKS !



Extra Slides
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m ∼ 10−22eV• Halos  simulations

J. López-Sánchez,  
et al arXiv:2502.03561

`Small-scale’ properties

= {ρsol(r) r < rϵ

ρNFW(r) r > rϵ
ρhalo(r)

ULDM as a classical field with spin 0,1,2

See also Amaral et al  
JCAP 08 (2022) 014

Spin 0:
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Binary systems in ultralight dark matter halos: discussion and order of magnitudes

ρsol ∼ ρc,0[1 + 0.091(r/rc)]−8

rc = 1011 ( 10−18eV
mA ) ( Mhalo

1012M⊙ )
−1/3

km

ρc,0 ∼ 2 × 1012 ( mA

10−18eV )
2

( Mhalo

1012M⊙ )
4/3

M⊙

pc3

• Assume the halo hosts a galaxy with a supermassive black at its center, and the SMBH-halo mass relation**:

M ∼ 107M⊙ ( Mhalo

1012M⊙ )
1.6

• Extrapolate a soliton profile*

- For SMBH binaries:  

E.g.  , , for , , M ∼ 106 M⊙ Mhalo ∼ 1011M⊙ mA ∼ 10−18eV ρc,0 ∼ 1011M⊙/pc3 rc ∼ 2.5 × 1011km ≫ a ∼ 3.2 × 108 km

E.g. Milky Way, MSag A⋆ ∼ 4 × 106 M⊙ , Mhalo ∼ 7 × 1011M⊙

*See Schive et al. Nature Phys. (2014)
**See Booth and Schaye, MNRA  (2010)
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1.6

• Extrapolate a soliton profile*

- For SMBH binaries:  

E.g.  , , for , , M ∼ 106 M⊙ Mhalo ∼ 1011M⊙ mA ∼ 10−18eV ρc,0 ∼ 1011M⊙/pc3 rc ∼ 2.5 × 1011km ≫ a ∼ 3.2 × 108 km

E.g. Milky Way, MSag A⋆ ∼ 4 × 106 M⊙ , Mhalo ∼ 7 × 1011M⊙

- For low/intermediate mass BH binaries: the orbit might be embedded in the core or in an interference granule of size λdB

*See Schive et al. Nature Phys. (2014)
**See Booth and Schaye, MNRA  (2010)
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gμν ≃ ḡμν + hM
μν + hA

μνMetric perturbations:

Sourced by VFDM

TA
0

0 = −
m2

AÃ2
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∇ηFμν[Āα] + m2
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Perturbations to the orbital motion

• VFDM perturbation:
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Waveform for quasi-circular BBH in an ultralight VFDM environment
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ABSTRACT
Timing pulses of pulsars has been proved to be the most powerful technique useful to a host of
research areas in astronomy and physics. Importantly, the precision of this timing is not only
affected by radiometer noise, but also by intrinsic pulse shape changes, interstellar medium
(ISM) evolution, instrumental distortions, etc. In this paper we review the known causes
of pulse shape variations and assess their effect on the precision and accuracy of a single
measurement of pulse arrival time with current instrumentation. Throughout this analysis
we use the brightest and most precisely timed millisecond pulsar (MSP), PSR J0437−4715,
as a case study, and develop a set of diagnostic tools to evaluate profile stability in timing
observations. We conclude that most causes of distortion can be either corrected by state-of-the-
art techniques or taken into account in the estimation of time-of-arrival (TOA) uncertainties.
The advent of a new generation of radio telescopes (e.g. the Square Kilometre Array, SKA) and
their increase in collecting area have sparked speculation about the timing precision achievable
through increases in gain. Based on our analysis of current data, we predict that for normal
brightness MSPs a TOA precision of between 80 and 230 ns can be achieved at 1.4 GHz with
10 min integrations by the SKA. The actual rms timing residuals for each pulsar will be
approximately at the same level only if all the other influences on timing precision (e.g. ISM,
spin noise) are either corrected, modelled or negligible.

Key words: methods: data analysis – pulsars: individual: PSR J0437−4715 – ISM: general.

1 IN T RO D U C T I O N

Pulsars are stable and rapidly rotating radio sources. This stability
(which rivals the stability of atomic clocks on Earth; see Hobbs
et al. 2010) can be exploited through pulsar timing. In brief, pulsar
timing works as follows. After the telescope surface focuses the
radio signal at the receiver feed, the signal is amplified, sampled
and digitized. Subsequently, the frequency-dependent dispersion
delay caused by the ionized interstellar medium (ISM) is removed
in a process called ‘de-dispersion’. Then a high signal-to-noise ratio
(S/N) pulse profile is obtained by averaging hundreds or thousands
of subsequent pulses in a step named ‘folding’. Finally, this high S/N
average profile is matched with an independently obtained standard
profile (or an analytic template based on the data itself), in order to
derive the time of arrival (TOA) of the integrated profile.

Precise monitoring of these TOAs allows the investigation of
many aspects of the pulsar, the binary system it inhabits and anything

⋆E-mail: kliu.psr@googlemail.com

affecting the radio wave propagation. For example, studies of strong
gravitational field effects in some binary pulsar systems have in the
past enabled some of the most constraining tests of general relativity
(Taylor & Weisberg 1989; Kramer et al. 2006). Recent progress in
software (e.g. Hobbs et al. 2009) and hardware (e.g. Verbiest et al.
2010) has led to predictions that within a decade, timing of a group
of millisecond pulsars (MSPs) will allow various characteristics of
a background of gravitational waves to be determined directly (e.g.
Jenet et al. 2006; Lee, Jenet, & Price 2008). Furthermore, the next
generation of radio telescopes (such as the Square Kilometre Array,
SKA, and the Five hundred metre Aperture Spherical Telescope,
FAST) will have the best chance of detecting the first pulsar–black
hole binary system (e.g. Cordes et al. 2004). Timing of such a
system could determine the spin and quadrupole moment of a black
hole and then allow direct tests of the cosmic censorship conjecture
and the no-hair theorem (Kramer et al. 2004). Pulsar timing at very
high precision is required to achieve the aforementioned scientific
goals, and it is more readily achieved with MSPs because of their
short spin periods and highly stable average pulse shapes. Currently,
several MSPs have already been timed at precisions down to a few
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gμν → ḡμν = gμν(1 + 2αΦ)
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pure-gravity bounds by



- Pulsars parameters are taken 
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