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Outline

Pulsar Timing Arrays (PTAs)

What are PTAs and what do they do?
Timing Model (TEMPO2)
How to look for a signal in PTAs?

Ultra-Light Dark Matter (ULDM)

Brief introduction and motivation
ULDM in Galaxies

PTAs constraints on ULDM (Enterprise)

Gravitationally coupled ULDM
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Pulsar Timing Arrays
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PTAs: identikit!

PTAs are basically collections of pulsars which are used to search for
”special” signatures in their pulse time of arrivals (TOAs). They are
composed of milli-second pulsars (MSPs), the most precise celestial clocks.
PTAs can be used for a variety of things: characterization of the noise of
the pulsars, stochastic gravitational wave background, constraints on
primordial black holes etc... Here, we discuss how PTAs can give us some
infos about Ultra-Light Dark Matter (ULDM).
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PTAs: Timing Model

Challenge: relate the observed time of arrivals (TOAs) at the observatory
to the time of emission at the pulsar. (Edwards et al. 2006)

Convenient to single out three main
contributions:

tpsre = tobsa −∆⊙ −∆IS −∆B
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PTAs: Timing Model - First Piece

tSSBa = tobsa −∆⊙

∆⊙ = ∆A +∆R⊙ +∆P +∆D⊙ +∆E⊙ +∆S⊙

(1)

∆A: Atmospheric delay, takes into account e.g. refractivity in the
troposphere and ionosphere;

∆R⊙: Roemer delay, vacuum delay between arrival of the pulse at the
obervatory and SSB;

∆P : Parallax delay, delay between SSB and Earth due to spherical
wavefronts;

∆D⊙: Solar system dispersion due to Solar wind;

∆E⊙: Einstein delay, takes into account e.g. gravitational redshift by
Earth potential;

∆S⊙: Shapiro delay caused by the planets in the Solar system
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PTAs: Timing Model

So, in conclusion, we have a recipe:

Take the observed TOAs;

Fit them accounting for the effects described before;

Fine! You have your full-fledged timing model and your best-fit
parameters!

Unfortunately (or fortunately!) things are not so easy...
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How to look for a signal in PTAs

The main observable in a PTA experiment is the timing residuals, δ⃗t,
which measure the discrepancy between the observed times of arrival
(TOAs) and the ones predicted by the pulsar timing model. In general,
each process will affect the timing residuals in a peculiar way. Qualitatively,

δ⃗t = Mϵ⃗+
−−−→
W .N.+

−−→
R.N.+ ? (2)

In order to look for a signal in PTAs, we should model how it affects the
timing residuals!
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ULDM
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ULDM: where it stands

The CDM paradigm has some well-known issues, for example (Robles et
al. 2018):

cusp/core problem

Missing satellite problem

Lower-than-expected central densities

These problems might be alleviated invoking baryonic physics, e.g.
gravitational stirring by SNe. But in dwarf spheroidal galaxies?

Need to invoke another mechanism → ULDM
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ULDM: which one?

We focus on a scalar field with mass m ∼ 10−22eV, whose de Broglie
wavelength acts as a quantum pressure that suppresses power on very
small scales. In formulae:

λdB
2π

=
ℏ
mv

≈ 60pc

(
10−22eV

m

)(
10−3c

v

)
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ULDM: some formulae

This behaviour can be easily seen by solving the relevant set of equations,
namely the Schroedinger-Poisson system:

iℏ
∂ψ

∂t
= − ℏ2

2m
∇2ψ +mVψ

∇2V = 4πG (ρ− ρ̄)

(3)

Solving this numerically, we have a soliton-like behaviour at the centre and
a NFW-like behaviour in the outskirts.
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PTAs constraints on ULDM
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ULDM: Classical Wave

In the following, we will think of ULDM as a free scalar field. Due to the
huge occupation number (Khmelnitsky and Rubakov, 2013), the ULDM
field can be thought as a collection of classical waves

ϕ(x, t) = A(x)cos(mt + α(x))

Energy momentum tensor:

Tµν = ∂µϕ∂νϕ− 1

2
gµν

(
(∂ϕ)2 −m2ϕ2

)
from which

ρDM ≡ T00 =
1

2
m2A2
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ULDM: Gravitational interaction

To find the gravitational field produced by ULDM, we can write
(Newtonian gauge)

ds2 = (1 + 2Φ(x, t))dt2 − (1− 2Ψ(x, t))δijdx
idx j

We can split the potentials in t-independent and t-dependent part

Ψ(x, t) ≃ Ψ0(x) + Ψc(x) cos(ωt + 2α(x)) + Ψs(x) sin(ωt + 2α(x))

From the trace of the ij components of Einstein equations

−6Ψ̈ + 2∆(Ψ− Φ) = 8πGTkk

we get:

Ψ0 = Φ0;

Ψc = 1
2πGA(x)

2 = πGρDM(x)
m

2

Ψs = 0
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ULDM: Gravitational delay

Now, remember what we wrote before:
”In order to look for a signal in PTAs, we should model how it affects the
timing residuals!”

∆t(t) = −
∫ t

0

Ω (t ′)− Ω0

Ω0
dt ′

Skipping a little bit of details (Khmelnitsky and Rubakov, 2013), it turns
out that(Porayko, 2018):

∆t(t) =
Ψc(xe)

2πf
sin [2πft + 2α(xe)]−

Ψc(xp)

2πf
sin

[
2πf

(
t − dp

c

)
+ 2α(xp)

]
(4)
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ULDM: correlated and uncorrelated limit

The stochastic nature of the axion field tells us that:

∆t(t) =
Ψc(xe)

2πf
ϕ2E sin [2πft + θE ]−

Ψc(xp)

2πf
ϕ2P sin [2πft + θP ] (5)

On scales smaller than the de-Broglie wavelength, the ULDM scalar field
oscillates coherently, with the same ϕ2. Therefore, we have:

correlated limit: de Broglie wavelength larger than inter-pulsar
separation. ϕ2E = ϕ2P
uncorrelated limit: de Broglie wavelength smaller than inter-pulsar
separation ϕ2E ̸= ϕ2P

where the de Broglie wavelength is

lc ≈ 2π

mϕvϕ
≈ 0.4 kpc

(
10−22 eV

mϕ

)
. (6)
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ULDM: Gravitational interaction - Proof of principle

We might wonder whether the recently observed signal can be explained
within the ULDM paradigm. If we do so, then

But ULDM gives monopolar, no quadrupolar correlation... so maybe we
should assume that the signal comes from somewhere else and, on top of
that, look for ULDM.
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ULDM: Gravitational interaction - parameters table
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ULDM: Gravitational interaction - some plots
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Conclusions and Prospects

PTAs are wonderful laboratories to test signatures in signals coming
from pulsars;

It is possible to constrain ULDM density below the predicted
abundance;

Possibility to extend the bounds to ULDM interacting with matter;

You want to test some models? Feel free to ask!
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APPENDIX
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PTAs: Timing Model - Second Piece

tBBa = tSSBa −∆IS

∆IS = ∆VP +∆ISD +∆ES

(7)

∆VP : Vacuum propagation delay

∆ISD : Interstellar dispersion delay ;

∆ES : Einstein delay, takes into account special relativistic effects due
to relative motion of SSB to BB;
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PTAs: Timing Model - Third Piece

tpsre = tBBa −∆B

∆B = ∆RB +∆AB +∆EB +∆SB

(8)

∆RB : Roemer delay related to binary motion;

∆AB : Aberration related to transverse motion of the pulsar with
respect to the observer;

∆EB : Einstein delay, takes into account relativistic effects from BB to
the pulsar;

∆SB : Shapiro delay due to strong gravitational field of binary
companion.
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ULDM: some formulae

Schive et al. (2014) found that the central core region was well fit by the
density profile

ρsol(r) =
ρc(

1 + 0.091
(

r
rc

)2
)8

ρc = 1.93× 107m−2
22

(
rc

1kpc

)−4

M⊙kpc
−3

rc = 1.6kpc

(
Mh

109M⊙

)−1/3

m−1
22

Clemente Smarra (Sissa, Trieste) Challenging the Ultra-Light Dark Matter paradigm with Pulsar Timing Arrays
Cosmology in Miramare, 28 August 2023 CS, Boris Goncharov, Enrico Barausse et al.(EPTA VI) J. Antoniadis, P. Arumugam, S. Arumugam et al. (EPTA V)
25 / 27



ULDM: soliton profile
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Coupling to Matter: Prior Set
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