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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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and dots stand for terms suppressed by gradients. We see
that the ULDM field is characterized by a large oscillat-
ing pressure. This, however, vanishes upon averaging, so
that at large time and length scales the field behaves as
a pressureless fluid, similar to the standard cold DM. On
the other hand, the gradient terms neglected in (6) sur-
vive the averaging and lead to deviations from cold DM
behavior at scales comparable to the de Broglie wave-
length of the field �

dB

⌘ 2⇡/(m
�

V ). The description
of self-gravitating ULDM in the non-relativistic regime
which is valid at all scales is provided by the Schrödinger–
Poisson system of equations for the complex amplitude
 and the Newtonian potential �, see e.g. [6] for review.

In a virialized halo one expects the DM field to consist
of a superposition of waves with random phases. The
amplitudes of the modes are expected to follow approx-
imately the Maxwell distribution with the dispersion V

0

determined by the typical velocity at a given location in
the halo. Such superposition produces in space an in-
terference pattern of wavepackets with characteristic size
�

dB

/2. Inside an individual wavepacket the field per-
forms coherent oscillations with the period t

osc

= 2⇡/m
�

and slowly changing amplitude and phase. Each coher-
ence patch is characterized by a local DM density and
velocity, which exhibit large (order-one) fluctuations be-
tween the patches. These expectations are born out
by numerical simulations [44–47] that show a granular
structure of DM distribution in halos characteristic of
wave interference. Due to motion of wavepackets, the
field at a fixed point in space looses coherence after time
t
coh

⇠ �
dB

/(2V ). The local DM density averaged over
time scales much bigger than t

coh

reproduces the smooth
halo profile, whereas the local velocity averages to zero.

Let us compare the scales introduced above to the typ-
ical characteristics of binary pulsar systems. The ULDM
oscillation period is

t
osc

' 1.15 hours
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which for m
�

⇠ 10�22�10�18 eV is comparable to pulsar
orbital periods. This allows for a resonant interaction
between ULDM and a binary. The de Broglie wavelength
of the ULDM field is set by the velocity dispersion V

0

of
the halo which can be estimated from the virial velocity.
For the Milky Way we assume V
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⇠ 10�3 [48], so that
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This is typically much larger than the size of the orbit
of the binary systems we consider, with semi-major axes
always satisfying a . 108 km. Also the coherence time
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⇠ 65 years
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is larger or comparable to the observation time. There-
fore we can assume that the binary system is located en-
tirely inside a single ULDM coherence patch and the field
oscillations remain coherent on the relevant time scales.

It will be convenient to work in the binary rest frame.
We will need the field together with its spatial gradients
in the vicinity of the binary and will neglect higher order
spatial derivatives. Thus we write,

�(~x, t) =

p
2⇢

DM

m
�

e�~

S·~x cos
�
m

�

(t � ~V · ~x) +⌥
�
, (11)

where ~V now denotes the relative velocity of DM with
respect to the binary barycenter (BB) and we have in-
troduced the vector

~S ⌘ �r log�
0

(12)

to characterize the spatial variation of the field ampli-
tude. The granular structure of the ULDM halo de-
scribed above implies that the absolute value of ~S is of
order 2��1

dB

. We will consider ⇢
DM

, ~S, ~V and ⌥ in (11)
as constant over the binary system size.

Most of the millisecond binary pulsars observed to
date are located in ⇠ 2 kpc neighbourhood of the So-
lar System. The Milky Way halo models give DM den-
sity in this region ⇢̄

DM

⇠ 0.3 ÷ 0.6 GeV/cm3 [49–51]. In
our numerical estimates we will use a conservative proxy
⇢̄
DM

= 0.3 GeV/cm3. It is worth mentioning, however,
that the actual ULDM density in the vicinity of the bi-
nary may di↵er by a factor of a few from ⇢̄

DM

due to
large fluctuations between the coherence patches.

III. INTERACTION OF DARK MATTER WITH
COMPACT BODIES

To model the binary system, we treat the pulsar and
its companion as point particles. These will always in-
teract with DM gravitationally. In addition, there may
be an interaction between the bodies and � from a direct
coupling. In all cases, in the limit of point particles the
e↵ective action for the bodies in the system will be

S
B

= �
X

A=1,2

Z
d⌧

A

M
A

(�) , (13)

where ⌧
A

is the proper time and M
A

(�) is a function of
the DM field [26].

In order to characterize the main potentially observ-
able e↵ects that the DM field produces on a binary sys-
tem, it will be enough to work at leading (Newtonian)
order in the velocities of the members of the system, and
at first order in the corrections due to the presence of
� (in an analogous way as customarily done for gravita-
tional waves). In the cases where the description of the
orbital motion requires the inclusion of relativistic cor-
rections, our results can be generalized in a systematic
way by means of the post-Newtonian formalism [52].
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Cosmo/Astro probes

Pure gravity :

• Ly     forest, galactic rotation curves disfavour 


• Eri II star cluster disfavours

Direct coupling — model dependent. Universal :

preserves Weak Equivalence Principle. 
Weak field constraints within Solar Systems (spacecraft tracking, 
planetary dynamics)

� m � 10�22 eV

10�20 eV � m � 10�19 eV
Marsh, Niemeyer (2018)

LSM(gµ� ,�) �� LSM(f(�)gµ� ,�)
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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



Orbital motion perturbed by ULDM 

M1
M2

F

Extra force :

• Pure gravity: oscillating pressure


• Direct linear coupling: oscillating 
masses MA = M̄A(1 + �A�)

�1 �= �2violation of Strong Equivalence Principle 

Typically                       or bigger if spontaneous 
scalarization

�� � 0.2 �

• Direct quadratic coupling: masses depending on local DM 
density MA = M̄A

�
1 + �A

2 �2
�

Damour, Esposito-Farese (1993)

��2� � �DM



The orbit is determined by six parameters: a, e, t0, �, �, �

In general, all will drift under the influence of ULDM 

Osculating orbits 
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Main effects

• Resonant: drift of the orbital period


• Non-resonant: polarization of the orbit

�Eb = µ

� Pb

0
ṙ F dt

Pb � |Eb|�3/2
Ṗb

+  present in all cases, measured precisely

— sizable only in narrow bands                     (or                         ), 

                 requires eccentric orbits, contaminated by systematics

— present only for quadratic coupling 


+ broad-band

m � N�b

�Lb = µ

� Pb

0
r� F dt

L2
b � P 2/3

b (1� e2) ė

m � 10�18 eV

m � N�b/2
N > 1
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Pure gravitational interaction 

2

binary orbital frequency, its e↵ect is resonantly amplified
and leads to a secular change in the orbital period that
can be searched for experimentally. We now proceed to
the quantitative discussion. We start with the case when
DM and ordinary matter interact only gravitationally.

ULDM interacting only through gravity The
energy-momentum of a free massive oscillating field (1)
corresponds to the density and pressure,

⇢DM =
m2

��2
0

2
, pDM = �⇢DM cos(2m�t+2⌥) . (2)

The latter generates an oscillating perturbation of the
metric. To find this we use the Newtonian gauge,

ds2 = �(1 + 2�)dt2 + (1� 2 )�ijdxidxj , (3)

and write down the trace of the (ij) Einstein equations,

6 ̈ + 2�(��  ) = 24⇡GpDM .

Neglecting the spatial gradients and using (2) we obtain,

 ̈ = �4⇡G⇢DM cos(2m�t + 2⌥) . (4)

This can be viewed as a standing scalar GW. Similarly
to the usual GW’s, it produces an extra relative accel-
eration between the bodies in a binary system. This is
conveniently written in the Fermi normal coordinates as-
sociated to the center of mass of the binary [32],

�r̈i = ��Ri
0j0r

j = � ̈ri , (5)

where ri is the vector connecting the two bodies and
�Ri

0j0 is the contribution of GW into the corresponding
components of the Riemann tensor. In the last equality
we have evaluated �Ri

0j0 in the conformal gauge (3) us-
ing the fact that at the linearized level it is coordinate
independent.

Next, we compute the change in the energy of the bi-
nary due to its interaction with ULDM during one orbital
period Pb,

�Eb = µ

Z Pb

0
ṙi�r̈idt

= 4⇡G⇢DMµ

Z Pb

0
ṙ(t)r(t) cos(2m�t + 2⌥)dt ,

where r is the distance between the bodies and µ ⌘
M1M2

M1+M2
is the reduced mass of the system. The energy

exchange is most e�cient when the orbital period is close
to an integer multiple of the period of metric oscillations.
Given that Pb / |Eb|�3/2, it leads to a secular drift of
the orbital period. Defining

�! = 2m� � 2⇡N/Pb , |�!| ⌧ 2m� , (6)

and using the standard formulas of the Keplerian me-
chanics we obtain the derivative of the period averaged

over time intervals Pb ⌧ �t ⌧ 2⇡/�!,
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where

f(t) = sin
�
�! t + 2m�t0 + 2⌥

�
,

JN (x) is the Bessel function, e is the orbital eccentricity,
and t0 is the time of the first periastron passage since
t = 0. In the second line of (7) we have normalized ⇢DM

to the local DM density ⇠ 0.3 GeV/cm3 in the neighbor-
hood of the Solar System. We observe that, depending
on the relative phase between the orbital motion and the
ULDM oscillations, the sign of hṖbi can be positive (de-
crease of the binary system energy) or negative (increase
of the energy). Furthermore, the sign alternates in time
with the period 2⇡/�! which can be used to discriminate
this e↵ect from other contributions into the measured Ṗb,
such as e.g. those due to the acceleration of the binary
with respect to the Solar System.

The expression (7) implies that the e↵ect vanishes for
circular orbits (e = 0) and grows with the orbital ec-
centricity. Besides, it is stronger for systems with large
orbital periods. These points are illustrated in Fig. 1.
We see that slow non-relativistic systems with orbital
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FIG. 1. Secular derivative of the orbital period given in
eq. (7) as a function of the dark matter mass. We have set
f(t) = �1 for the numerical estimate. Solid lines assume res-
onances for N = 1 (m� = ⇡/Pb), while dashed ones are for
N = 2 (m� = 2⇡/Pb). The corresponding orbital periods are
shown on the two top axes. The pink (lower) lines correspond
to ⇢DM = 0.3GeV/cm3 and e = 0.01, the blue lines are for
the same ⇢DM but e = 0.9, while the grey (upper) lines corre-
spond to ⇢DM = 10GeV/cm3 and e = 0.9. The yellow band
on the left marks the regions m� . 2.3 ⇥ 10�23eV that can
be probed by future pulsar timing arrays [12].
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binary orbital frequency, its e↵ect is resonantly amplified
and leads to a secular change in the orbital period that
can be searched for experimentally. We now proceed to
the quantitative discussion. We start with the case when
DM and ordinary matter interact only gravitationally.
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crease of the binary system energy) or negative (increase
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this e↵ect from other contributions into the measured Ṗb,
such as e.g. those due to the acceleration of the binary
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centricity. Besides, it is stronger for systems with large
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FIG. 1. Secular derivative of the orbital period given in
eq. (7) as a function of the dark matter mass. We have set
f(t) = �1 for the numerical estimate. Solid lines assume res-
onances for N = 1 (m� = ⇡/Pb), while dashed ones are for
N = 2 (m� = 2⇡/Pb). The corresponding orbital periods are
shown on the two top axes. The pink (lower) lines correspond
to ⇢DM = 0.3GeV/cm3 and e = 0.01, the blue lines are for
the same ⇢DM but e = 0.9, while the grey (upper) lines corre-
spond to ⇢DM = 10GeV/cm3 and e = 0.9. The yellow band
on the left marks the regions m� . 2.3 ⇥ 10�23eV that can
be probed by future pulsar timing arrays [12].

best current 
precision

for slow systems (         day) the precision is worse Pb >

Need pulsars in regions with high DM overdensity



Direct coupling: Resonances
Example: system J1903+0327 (                     ,               )Pb = 95days e = 0.44

Ṗb = (�52± 33)� 10�12

Limits on linear coupling
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Direct coupling: Resonances
Example: system J1903+0327 (                     ,               )Pb = 95days e = 0.44

Ṗb = (�52± 33)� 10�12

Limits on quadratic coupling
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Direct coupling: Broad-band 
Example: system J1713+0747 (                         ,                      )Pb = 67.8 days e = 7� 10�5

ė � 10�17 s�1
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Summary and Outlook

Ultralight Dark Matter: theoretically simple (simplest ?) 


Rich astrophysical phenomenology due to coherent oscillations, 
large density gradients


Influences dynamics of binary systems               Probe with 
pulsar timing  


Pure gravitational interaction outside reach (unless binaries in 
regions with large DM overdensity)


Competitive constraints on non-minimal dilaton-like couplings


Future: timing model for specific systems, statistical analysis of 
the population. Bright prospects with Square Kilometer Array


 



