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Pulsar timing and fundamental physics
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• Fundamental ‘constants’ (DM, X)

• Propagation of signal in the ISM: 
    ISM, GWs, DM, X
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Dark matter evidence

Rotation curves Structure formation

BM ~5%

DE ~ 68%

DM ~ 27%

cf. Planck 2013

Solid picture: can we know more (detect it ‘locally’)?

Lensing CMB



Direct: e.g. Xenon 100

Indirect: e.g. AMS02

DM ‘local’ searches 



Dark matter landscape
We only know the candidate should behave as a 

a cold gravitating medium

thermal relicnon-thermal generation 
(e.g. freeze-in, PhT)

keV ???
generating mechanism

(classical field)
eV

description
n� � 1 distribution of particles compact obj.

recoil many astroph.

(main) direct detection strategy

GeV
p ⇠ m�hvi ⇠ 10�3m�

precision tests

eV ⇠ 1/(10�9 km)



Does DM change the motion? Particles

They move in a medium 
with whom they interact:  

dynamical friction

relative acceleration

Pani 2015

CM acceleration



DM dynamical friction: first regime
Chandrasekhar, 1940s, Binney & Tremain, “Galactic Dynamics”, 1987

Bekenstein & Zamir, ApJ 1990

Single object i in linear motion  
and collisionless medium and               :

OK for slow binaries

x

i ⌘ ṽ

i
/(
p
2�v)

wake

v ⌧ �
DM dispersion 

relative velocity:



Results: constraining DM density

⇢DM,� ⇠ 0.3 GeV/cm3

Current best precision for this ‘intrinsic’ change ⇠ 10�16

precise timing closer to the galactic center? challenging
Markus et al 2010

Pani 2015

pulsars in dwarf spheroidals?



Double Dark disk of Dark Matter

⇢DM,� ⇠ 0.3 GeV/cm3

Pani 2015

More complex DM can generate a disk
Randall et al 2014

to make it similar to the standard disk:  
two charges of DM and a dark photon

⇢DM ⇠ 3� 12GeV/cm3

� ⇠ 9� 2 km/s
Double enhancement!

But for precise systems this is outside the regime 

z ⇠ 10� 100 pc

v ⌧ �
The DDDM is aligned and co-rotates with baryonic disk

v ⇠ km/s

M
disk

/M
halo

< 0.025
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What If It Is a Boson and Very Light?
Dark Matter Particles in the Galaxy

Decreasing DM Mass
For very light masses                 

high occupation numbers 
               Description as a field!

Massive scalar case �(x, t)

⇤�(x, t) +m

2
�(x, t) = 0

Light Scalar Dark Matter

• Produced by the misalignment mechanism

Po
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nt
ia

l E
ne
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y

scalar field

Frozen when:
Hubble > mφ

� = �0 cos(mt+ ↵(x))

n = ⇢/m

Does DM change the motion? Ultra-light

m . .1 eV

Initial conditions set by early universe PhT 
 (very homogeneous)



Ultra-light DM: homogeneous limit

� = �0 cos(mt+ ↵(x))

⇢DM =
m2�2

0

2
p = �⇢DM cos(2mt+ 2↵)

averages to 0:  
behaves as CDM for long times

m � 10�23 eV

+ oscillation,

structure formation requires 

At astrophysical times, pressure may oscillate:

ds

2 = �(1 + 2�N )dt2 + a

2(1� 2 N )�ijdx
i
dx

j
,

¨ N ' �4⇡G⇢DM cos(2m�t+ 2↵)

t
o

⇠ 100 days

✓
10�22 eV

m
�

◆

‘standing scalar GW’



�

Galactic gravitational field changes 
 at orbital times

One can also consider direct couplings 
with DM component

Gravitational 
interaction

DB, LopezNacir, Sibiryakov 16

simplest possibility: 

 N

Spp = mi

Z

traj
dt

r
gµ⌫

dx

µ

dt

dx

⌫

dt

(1 + ↵�)

 N

Effects on orbits: Interaction with background



Resonant (secular) effects

purely gravitational effect (feeling the galactic potentials)

additional coupling  (feeling the DM field directly)

hṖbi ⇠ 4⇥ 10�13e
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100 d
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time modulated effect

hṖbi ⇠ �1.6⇥ 10�17
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Bounds: i) Pure gravity

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 [16],

⇢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 )�ijdx
idxj , (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 [41],

�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 evaluated �Ri

0j0 in the conformal gauge (3) since it
is coordinate independent at the linearized level.

Next, we compute the change in the energy of a binary
system with masses M1,2 during one orbital period Pb

due to its interaction with ULDM,

�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, the change in Keplerian energy
leads to a secular drift of the orbital period. Defining

�! = 2m� � 2⇡N/Pb , |�!| ⌧ 2m� , (6)

and using the standard formulas of Keplerian mechanics
we obtain the time derivative of the period averaged over
time intervals Pb ⌧ �t ⌧ 2⇡/�!,

hṖbi = �6G⇢DMP 2
b
JN (Ne)

N
f(t) (7)

' �1.6⇥ 10�17
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where

f(t) = sin
�
�! t+ 2m�t0 + 2⌥

�
,

JN (x) are Bessel functions, 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 ⇠ 0.3GeV/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 to 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
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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
resonances 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 (middle) lines
are for the same ⇢DM but e = 0.9, while the grey (upper)
lines correspond to ⇢DM = 10GeV/cm3 and e = 0.9. The
olive band on the left marks the regions m� . 2.3⇥ 10�23eV
that can be probed by future pulsar timing arrays [16].

see that slow non-relativistic systems with orbital periods
of tens to hundreds of days and high eccentricity present
suitable targets to search for ULDM in the mass range
m� = 10�23 ÷ 10�21eV. At present there is a dozen of
known binary pulsars satisfying these requirements [45];
this number is expected to increase dramatically with the
operation of the Square Kilometer Array [46]. Note that
for such systems the strength of the resonance on higher
harmonics (N � 2) is comparable to the strength of the

~̈r = ~F �  ̈~r

a (stochastic) background of GWs would have similar effect
Hui et al 12



Bounds: ii) Direct universal coupling
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FIG. 2. Sensitivity of binary pulsar observations to the linear
coupling ⇤�1

1 between ULDM and ordinary matter on the ex-
ample of several known systems (see the indicated references
for their description). Black symbols are constraints derived
using the existing data on Ṗb; values above the symbols are
excluded. Orange symbols show the sensitivity that can be
achieved if Ṗb is measured for a given system with the ac-
curacy 10�16. Empty symbols correspond to resonances on
higher harmonics (N � 2). The colored regions of the ULDM
parameter space are excluded by PTA [17] (olive), Cassini
test of general relativity [51] (violet) and Cassini bound on
stochastic GW background [53] (red). Olive lines show future
sensitivities of European Pulsar Timing Array (upper) and
Square Kilometer Array (lower) as estimated in [28].
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FIG. 3. Same as Fig. 2, but for the case of quadratically
coupled ULDM. There are no constraints on ⇤�1

2 from Solar
System tests of general relativity.

Limits on an ULDM-induced contribution into Ṗb in
the timing model of binary systems can be used to put

further bounds on the couplings ⇤�1
1,2. Taking the re-

ported error in the determination of intrinsic Ṗb for sev-
eral known systems as an upper limit on the ULDM-
induced contribution we obtain the constraints presented
in Figs. 2, 3. In deriving them we have set the os-
cillating factors in (10), (11) to one for the sake of
the argument. One observes that they are competi-
tive with the existing bounds. In particular, the Hulse–
Taylor pulsar B1913+16 [61] provides the most sensitive
probe of the direct ULDM coupling for m� satisfying the
appropriate resonance condition; whereas the systems
J1903+0327 [55] and J1748-2021B [56] give the strongest
constraints on the quadratic coupling ⇤�1

2 in the range of
m� from 2⇥10�22 eV to 2⇥10�21 eV. The situation will
further improve with the increase of precision in binary
pulsar timing as illustrated by orange symbols in Figs. 2
and 3. Note that valuable constraints on ULDM with
masses m� ⇠ 10�19 ÷ 10�18 eV can be obtained even
from fast binaries with periods down to a few hours. In
the low-mass region binary pulsar observations can be
complementary to future PTA.

The precise values of the bounds from Figs. 2, 3 should
be taken with caution. First, we have set the sine factors
in (10), (11) to one, whereas their accidental suppression
if the phase happens to be close to an integer multiple of
⇡ is not excluded. This option would be reliably ruled out
by studying an ensemble of systems, which would allow
to average over the phases. At the moment such study
is impossible due to the lack of statistics. Second, in the
case of quadratic coupling one should take into account
the screening e↵ect when relating the bounds on ⇤2 from
binary pulsars to the parameters in the particle physics
Lagrangian. Indeed, a quadratically coupled scalar field
acquires e↵ective mass m2

e↵ ⇠ ⇢/⇤2
2 inside an object with

density ⇢. If the corresponding Compton wavelength is
shorter than the size of the object, the field inside the
object gets frozen at � = 0 and only an outer layer of
width m�1

e↵ interacts with ULDM. This can degrade the
bounds on ⇤�1

2 by a few orders of magnitude compared
to those shown on Fig. 3 [48].

A peculiarity of the binary pulsar constraints is that
every single system is sensitive to ULDM masses only in
a few narrow bands corresponding to resonances on the
first N . 10 harmonics. Requiring conservatively that
the system stays in resonance during the whole obser-
vational campaign yields an estimate of the band width
�m� ⇠ 5⇥10�23 eV/(years of observation). While this is
much smaller than the total mass range of interest, the
O(103) binary systems with di↵erent periods expected
to be discovered by SKA [46] will allow for a significant
coverage.
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Limits on an ULDM-induced contribution into Ṗb in
the timing model of binary systems can be used to put

further bounds on the couplings ⇤�1
1,2. Taking the re-

ported error in the determination of intrinsic Ṗb for sev-
eral known systems as an upper limit on the ULDM-
induced contribution we obtain the constraints presented
in Figs. 2, 3. In deriving them we have set the os-
cillating factors in (10), (11) to one for the sake of
the argument. One observes that they are competi-
tive with the existing bounds. In particular, the Hulse–
Taylor pulsar B1913+16 [61] provides the most sensitive
probe of the direct ULDM coupling for m� satisfying the
appropriate resonance condition; whereas the systems
J1903+0327 [55] and J1748-2021B [56] give the strongest
constraints on the quadratic coupling ⇤�1

2 in the range of
m� from 2⇥10�22 eV to 2⇥10�21 eV. The situation will
further improve with the increase of precision in binary
pulsar timing as illustrated by orange symbols in Figs. 2
and 3. Note that valuable constraints on ULDM with
masses m� ⇠ 10�19 ÷ 10�18 eV can be obtained even
from fast binaries with periods down to a few hours. In
the low-mass region binary pulsar observations can be
complementary to future PTA.

The precise values of the bounds from Figs. 2, 3 should
be taken with caution. First, we have set the sine factors
in (10), (11) to one, whereas their accidental suppression
if the phase happens to be close to an integer multiple of
⇡ is not excluded. This option would be reliably ruled out
by studying an ensemble of systems, which would allow
to average over the phases. At the moment such study
is impossible due to the lack of statistics. Second, in the
case of quadratic coupling one should take into account
the screening e↵ect when relating the bounds on ⇤2 from
binary pulsars to the parameters in the particle physics
Lagrangian. Indeed, a quadratically coupled scalar field
acquires e↵ective mass m2

e↵ ⇠ ⇢/⇤2
2 inside an object with

density ⇢. If the corresponding Compton wavelength is
shorter than the size of the object, the field inside the
object gets frozen at � = 0 and only an outer layer of
width m�1

e↵ interacts with ULDM. This can degrade the
bounds on ⇤�1

2 by a few orders of magnitude compared
to those shown on Fig. 3 [48].

A peculiarity of the binary pulsar constraints is that
every single system is sensitive to ULDM masses only in
a few narrow bands corresponding to resonances on the
first N . 10 harmonics. Requiring conservatively that
the system stays in resonance during the whole obser-
vational campaign yields an estimate of the band width
�m� ⇠ 5⇥10�23 eV/(years of observation). While this is
much smaller than the total mass range of interest, the
O(103) binary systems with di↵erent periods expected
to be discovered by SKA [46] will allow for a significant
coverage.
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Conclusions

Dynamical friction of the DM medium
     slows downs the orbits if         is large
    (GC or Dark Disk)

⇢DM

We are not yet there! (SKA?)

The signals from pulsars test their 
motion their interaction with DM

‘Friction' with the background modifies 
the orbits. Efficient for ultra-light DM

For resonant cases best constraints 
for direct couplings at resonant m 
Granular over-densities expected 



A busy future

Dipolar radiation?
Other (resonant) effects in the dynamics? 

Other non-resonant effects that modify the timing formula

Data analysis

DM substructure with large over-densities

Other effects related to propagation


