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Abstract

We investigate the dynamics of eccentric binary pulsars embedded in dark matter environ-
ments. While previous studies have primarily focused on circular orbits in collisionless dark
matter halos, we extend this framework to eccentric systems and explore their interaction
with ultralight scalar fields. Adopting a perturbative approach, we compute the modifica-
tions to the orbital period induced by dark matter-driven dynamical friction. Our results
show that orbital eccentricity amplifies the imprints of non-vacuum environments on binary
dynamics, underscoring the potential of such systems as sensitive probes for dark matter
signatures.
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1 Introduction

Astrophysical systems do not evolve in isolation. Rather, they interact with complex environments,
evolving together with a multitude of matter and fields, possibly of unknown nature. Such environ-
ments influence the dynamics of compact objects through mechanisms like accretion, gravitational
pull and drag, as well as tidal and gas torques, leaving distinctive imprints across the electromag-
netic and gravitational wave (GW) spectra [1,2]. Such imprints are potentially observable by
next-generations GW detectors across a wide range of frequencies [3-7], and by radio telescopes
used for pulsar timing arrays [8]. Accurately characterizing these imprints is crucial — not only
to avoid systematic biases caused by the incorrect modeling of vacuum templates but also to un-
lock a deeper understanding of the environments in which black holes and neutron stars evolve.
These imprints encode key properties of the surrounding medium, such as its density, viscosity,
and spatial scales.

Probing the nature of dark matter (DM) is among the most ambitious scientific goals that
can be pursued through the study of these astrophysical settings and their interplay with compact
objects. DM remains one of the most enigmatic components of the universe, constituting approx-
imately 27% of its total mass-energy density [9], while continuing to elude direct detection. A
major challenge in understanding DM lies in the extraordinary uncertainty surrounding its pos-
sible mass scales, which span nearly 80 orders of magnitude. Proposed candidates range from
ultralight bosons, such as axions or fuzzy DM with masses as low as 1072? eV [10], to weakly
interacting massive particles (WIMPs) at the GeV to TeV scale [11,12], and even primordial black
holes, whose masses span from sub-planetary to supermassive scales [13].

In dense regions near galactic centers, DM tends to cluster around black holes, forming dense
“spikes” with density peaks near the black hole horizon [1, 14]. These overdensities modify the
dynamics of nearby binaries by altering the gravitational potential and inducing drag forces. Es-
timates of the local DM density in the Solar neighborhood are typically 0.3 + 0.1 GeV cm™ [15],
but localized density enhancements, such as subhalos or ultracompact clumps, could amplify DM
interactions in certain environments.

Previous studies of DM effects on compact binaries can be broadly divided into those involv-
ing purely gravitational interactions and those invoking additional non-gravitational couplings.
Works focusing on the gravitational influence of ambient DM — through dynamical friction, den-
sity spikes, or surrounding halos — which affect the orbital dynamics without requiring any direct
coupling to the binary components, include [16—18]. Scenarios based on ultralight scalar fields
may also introduce non-gravitational effects, such as resonances or time-dependent scalar interac-
tions, which can produce observable signatures only in the presence of direct couplings [19, 20].
Alternative DM models, including fermionic particles and massive scalar or vector fields, have
also been analyzed for their effects on binary pulsar dynamics [21,22], and the role of spin-2 fields
and oscillating ultralight vector fields in these models was investigated in Refs. [23,24]. Addition-
ally, accreting pulsar-black hole binaries have been suggested as probes for DM properties, with
studies providing insights into more exotic DM models [25, 26].

Herein, we will focus exclusively on gravitational drag effects, without assuming any direct
coupling between DM and the binary constituents. In fact, observations of double pulsars have
been proposed as a novel avenue for investigating the properties of DM in the pulsar’s vicin-
ity [16]. DM particles influence the binary dynamics through dynamical friction, which drags the
components and induces a secular change in the orbital period. In [16] this effect was investigated
for collisionless DM particles, focusing on binaries with circular orbits. There have also been
numerous works on the effects of dynamical friction and its interaction with black holes [27-33].

In this work, we continue the investigation of DM detection via binary pulsar timing, extend-
ing the analysis of [16] in two key directions. First, we incorporate sources on eccentric orbits, as
observed in double pulsar systems [34,35] and white dwarf—pulsar binaries [36]. Orbital eccen-
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tricity is expected to amplify the relative velocity near periastron, thereby enhancing dynamical
friction effects [37]. Second, we consider the influence of ultralight DM, which can substantially
modify the orbital decay rate compared to the collisionless case. For each scenario, we calculate
the induced changes in the orbital period as functions of the binary parameters and evaluate their
observability with current and upcoming instruments.

2 Dynamical evolution of binary pulsars

We analyze the interaction between the motion of a binary pulsar and its DM environment using a
perturbative approach based on the method of osculating orbits, which is particularly well-suited
to study the evolution of binary systems under arbitrary perturbing forces [38], including those
induced by DM overdensities. At zeroth order, the binary system in vacuum follows Keplerian
dynamics, while environmental effects are treated as first-order perturbations. In this section, we
provide a brief overview of the formalism, extending the results of [16] to generic orbits and
arbitrary perturbing forces.

2.1 Kepler problem

In the absence of perturbations, the motion of a binary system with total mass M = m; +my can be
described using two reference frames: (a) the fundamental (or Galactic) frame, a fixed frame with
Cartesian coordinates {X, Y, Z}; and (b) the co-rotating frame, which rotates with a virtual particle
of mass y = ™72 around the system’s center of mass. The latter is defined by the coordinates
{x,y,z}, such that the fixed orbital plane coincides with the xy plane, and is accompanied by the
constant basis vectors ey, ey, e; and by the time-dependent basis n, 4, e;.

The description of the motion relative to the fundamental frame is given in terms of six orbital
elements: (i) the semi-latus rectum p = h?/(GM), where h is the magnitude of the reduced angular
momentum, defined as i = r X v; (ii) the eccentricity ¢, which for bound orbits satisfies 0 < e < 1;
(iii) the orbital inclination ¢, which specifies the angle between the z-direction of the orbital plane
and the Z-direction of the fixed fundamental frame; (iv) the longitude of the ascending node £2, de-
fined as the angle between the X-axis and the line of nodes, i.e., the intersection of the orbital plane
with the fundamental frame; (v) the longitude of pericenter w, which determines the orientation of
the orbit within the orbital plane and is defined as the angle between the pericenter and the line of
nodes, measured in the orbital plane; and (vi) the true anomaly f = ¢ — w, that represents the angle
between the separation vector and the direction of the pericenter, with ¢ being the azimuthal angle
of the body in the orbital plane as measured from the ascending node. In this parametrization, the
semi-major axis of the binary orbit is given by a = 5 L =

In the co-rotating frame, the displacement vector between the two component masses r := rp—r
and its time derivative v, read

r=rn, v=in+v, A, (1)

GM GM
r=—2P i [Zesing,  vi= L2 (1+ecosf), )
1+ecosf p p

describe the usual Keplerian orbit. The time-dependent basis n, A, e, can also be expressed in the

where
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fundamental frame as

n =[cos Qcos(w + f) — costsinsin(w + )] ex + [sin Q cos(w + f)

+costcos Qsin(w + f)] ey + sinesin(w + f) ez, (3a)
A =[-cosQsin(w + f) — costsinQ cos(w + f)]ex + [—sin Q2 sin(w + f)

+costcos Qcos(w + f)]ey +sinccos(w + fez, (3b)

e, =sintsinQ ey —sintcosQey +costeyz . (3¢)

2.2 Perturbed Kepler problem

Additional forces perturbing the zeroth-order Keplerian motion cause the orbital elements to
evolve over time. These changes can be described with the method of osculating orbits, in which
the perturbed trajectory is treated as a sequence of instantaneous Keplerian orbits that match the
true motion at every instant. Assuming that the relative acceleration between the two bodies is

generically given by
GM
a=ay-ay=-—n+F, 4
r

we decompose the perturbing force per unit mass F in the co-rotating frame as
F=Zn+SA+%e,, )

with

R=F-n, ¥=F-A, W=F-e,. (6)
Following [38], at first order in perturbation theory, the evolution of the orbital elements is then
given by

dp _, 1P’ 1

af = 2GM U xecos - I (Ta)
de P’ sin f 2cos f + e(1 + ecos? f)

df T GM 1+ ecosf)Z%(f) * (1 + ecos f)3 LN > (7b)

ﬁ _ p? cos(w+ f)
df  GM (1 +ecos f)3
dQ _ p* sin(w+ f)

W(f), (7¢)

S = GM (Lt ecos 7 7 ) (7d)
dw 1 P’ B cos f 2+ecosf . B sin(w + f)
aF S oM | U recos Y Txecos fp S/ F ) —ecotimm ecosf)3w(f)} ’
(7e)
with

dt [ p3 1 1 p? cos f 2+ecosf .

— 1-- R(f) - ————=sinfS , (8

df GM (1 + ecos f)? e GM \ (1 + ecos f)? ) (1 +ecos f)3 FZ¢ ®)
where the right-hand side of these equations is understood to be evaluated at the (zeroth-order)
Keplerian solution. The coefficients %, &, and # depend on the specific form of the perturb-
ing force. In the next section we will compute these coefficients for different dynamical friction

models.
Equations (7a) and (7b) allow us to obtain the f derivative of the orbital period. With these
2

. . 4r . L .
equations, Kepler’s third law Pi = Gl a® and the relation between p and the semi-major axis a,
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p =a(l —¢*), we can write

1+ecos f(2+e*cos f)
1 +ecosf

~

df T PGM (1= &)1 +ecos f)?

2
dPy _,p P ! S +esinf RG] . )

We are interested in secular changes of a generic orbital parameter /¢ and its time derivative,
obtained by averaging them over an orbit:

27 dé«a . A{a
ALY = df, ay = . 10
o= [T an= (10)
For the orbital period change (9) this yields
2 27 2 .
. p 1+ecosf (2+e”cosf) esin f
(o) = 3GM(l -e?) fo (1 + ecos f)> FU+ (1 + ecos f)? ) df - A

The time derivative of the orbital period, P}, is an observable quantity measurable through pulsar
timing, encoding information about the astrophysical environment in which pulsars evolve. In
the following, we use Eq. (11) as a figure of merit to quantify the impact of DM on their orbital
dynamics.

3 The perturbing forces

3.1 Dynamical friction for collisionless dark matter

The dynamical friction force F ?F experienced by an object of mass m; in linear motion through a
homogeneous collisionless medium of density ppy is given by [39,40]

G*m? 2X;
FP' = ~dmpppd——- [erf(xi) - —’e—X?] i (12)
7 Vi
where ¥; denotes the object’s velocity relative to the wind of DM particles v,,, X; := v_2, with o
a

being the dispersion of the DM Maxwellian velocity distribution, and A = 2018 is the Coulomb
logarithm'. Now, we consider a binary system of masses m; > mj and total mass M, affected
by dynamical friction in a non-vacuum environment. The displacement vector between the two
bodies is r = r, — ry, where r 7 are their respective coordinate vectors. Following the approach
of [16], we recast Eq. (12)

2 1

m 2X;
FPF = —Ab—L%;, where A =d4nppyAG*M, b [erf(Xi) - —’e—X?] . (13)
M v

i = =
7
1

and the equations of motion for r and the center-of-mass position R are given by

GM

i):——3r+a1nv+a2(vw+V), (14)
r

V =amv+az(v, +V), (15)

where n = u/M = mymy /M? is the symmetric mass ratio, and the coefficients aj, ay, and a3 are
defined as

A A
a; = —A(by + by) , a =5 (1A + b as=-, (blAi + bzA%) ; (16)

"We fix A = 20 throughout this work for consistency with the existing literature (see e.g. [16]). In any case, since
this value appears as an overall factor, all our results can be appropriately rescaled.
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where A, = A+1, A = /1 —4n. Equations (14)-(15) show that, in the presence of a non-vacuum
environment, the binary’s center of mass experiences an acceleration due to dynamical friction.

To apply the osculating orbit method, we must separate the zeroth-order (unperturbed) and
first-order (perturbed) components of the binary’s dynamics. To this aim we introduce the book-
keeping parameter € := 'ODVML3 ~ pDMGPi, which determines the ratio between friction and the
gravitational force, where L is the characteristic orbital separation of the binary, and we use it as
perturbative parameter for the method of osculating orbits. For e — 0 we recover the vacuum
binary configuration. We then expand all vectors in Eqs. (14)-(15) as u = u® + euD. At zeroth
order, V¥ = 0; keeping only first-order terms in €, Eq. (14) takes the form

V=———n+anv’ +apy,,
r

which does not depend on the movement of the center-of-mass V. Comparing this with Eq. (4),
we can straightforwardly identify the perturbing force per unit mass, F, as

F=an? +aw,. (17)

To decompose the perturbing force (17) in the form of Eq. (5), we first use the zeroth-order
Keplerian solution to orient the Galactic frame such that Q@ = w©@ = (© = 0. This choice
simplifies the projection of vectors and is made without loss of generality, as physical observables
are invariant under coordinate rotation. Then, using Eqgs. (3a)-(3c), we obtain the basis vectors
(n,A,e;):

n® = (cos fO, sin 7@, 0), A =(=sinf?, cos f, 0, €P=0,0 1. (18
Given that the velocity vector is expressed as
@ = jOpO 1, 00 (19)
we obtain
p© = (f(o) cos f(o) + v(f) sin f(O)) ex + (,-,(0) sin f(O) +v1©cos f(o)) ey . (20)
Moreover, we decompose the velocity vector v,, as
vy = v, (sinfBcos a, sinBsina, cosf), 21D

which we assume to be constant over the observation period. Here, @ and 8 are the azimuthal and
polar angles defining the direction of v,, in the Galactic reference frame. The projection of the
perturbing force is then given by

# =F -n9 =ani? + ayv,, sinBcos(f — @) , (22a)
s =F- A0 = amvf) — apvy, sinBsin(f — a), (22b)
W =F-e = ap, cosp. (22¢)

Using the (Keplerian) expressions for the radial and orthogonal components of the velocity

/GM fGM
v(f) = 4/— (I +ecosf), 0= e sin f, 23)
4 4

we finally obtain the explicit form of & (f) and Z(f), required to compute the shift in the orbital

period,
S (f) = ain 4 f%(l +ecos f) —ayvy, sinBsin(f — a) , (24a)
R(f) = ain 4 f%e sin f + apvy, sinfcos(f — @) . (24b)

6
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3.1.1 Validity of the linear motion approximation

Equation (12) was derived for linear motion, but it can also be applied to a binary provided that one
can neglect the interaction with the companion’s wake. Following [41] and [16], this expression
should hold provided that the characteristic size of the wake L is much smaller than the semi-minor
axis of the binary orbit b. Estimating L from the size of the gravitational sphere of influence as
in [41] and [16], we have the condition mpyo? ~ Gmmpy /L. Using Kepler’s law, the condition
L < b can then be written as

(25)

o

Gm; 1 0.46 ([ m; \(150 km/s\’
Py > ~ — || ———| day
Mo

T (1-e)i  (1-ed)i

We therefore see that, even for very high values of eccentricity of e ~ 0.98, we have

-\ (150 km/s\>
Py > 52(%)(M) day,

o} a

which validates the use of Eq. (12) for orbital periods of P, > 100 days. This threshold is satisfied
by various known binary pulsars (see, e.g., the ATNF Pulsar Catalogue [42]).

3.2 Dynamical friction for ultra-light dark matter

Considering now an ultralight scalar-field DM model, the friction force was first derived in [43]
for non-relativistic velocities, extended in [27] to the relativistic case and also extracted and ex-
plored numerically in [28,29]. This friction arises from the gravitational response of the scalar
field medium — a coherent wave — as the object moves through it, generating a trailing density
distortion (or wake) that acts back on the object. The expression takes the form

)
F5F = —4nppp——L 6 ¥; (26)
i PDM e iVi
1
where 6; can be written in a closed formed fashion in different regimes of validity.

Defining the scalar field mass parameter usg = % (where 1/usk is its reduced Compton
wavelength), we introduce the parameter a; = uSF(i—é”, which encodes the effective gravitational
coupling between the DM field and the binary. In the limit oy < 1, a/S% < 1, € takes the
form [28,43] i

. 5,
;= Cin (56 b ) + Sm(me) -1 @7
¢ :uSF?fbmax

where Cin(z) = foz(l — cost)/t dt is the cosine integral and by,x = 2R, given by twice the cutoff
radius, represents an infrared cutoff which regularizes the long-range nature of the interaction
and depends on the effective size of the perturbed DM region. In the following, we set the cutoff
radius R to the semi-minor axis of the binary orbit, which represents the characteristic spatial scale
over which each component of the binary perturbs the surrounding DM environment [28,29,43].
Similarly to previous sections, we can rewrite Eq. (26) as

2

FF = —ASFﬁ’bevi, ASF = dnppnGPM, BT = =2

e
1

(28)

We can follow once again the same steps as before to obtain the projections of the perturbing
force Z(f) and Z(f) due to scalar-field DM by taking Eqs. (24) and replacing the coeflicients a; »
with their corresponding values from Eq. (28).
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4 Changes in the orbital period due to Dark Matter

We now apply the expressions derived in the previous section to estimate the change in the orbital
period of a binary system under various DM models. We remark that, while the dynamical friction
formulas were originally developed for linear motion, as discussed in Sec. 3.1.1, they provide
reasonable approximations for systems with sufficiently large orbital periods. We therefore adopt
them here as proxies to model systems in bound orbital configurations satisfying condition (25).>

The DM density appears as an overall scaling factor in the expressions for the perturbing
forces (13) and (28), and consequently in the expression for the period derivative (11). For conve-
nience, we will perform all our computations using a reference value of pg = 1 GeV cm~3, which
is the order of magnitude estimated for the local DM density from recent observations [44]. For
the velocity v,, and velocity dispersion o of the DM wind we will explore different values around
the typically used order of magnitude of v,,, o ~ 100 km/s [45—47].

We begin our analysis by examining the collisionless DM scenario described in Sec. 3.1. Fig-
ure 1 illustrates the variation in the orbital period as a function of the angle « for binary systems
with P, = 100 days on eccentric orbits. Here we fix 8 = /2, corresponding to a DM wind flow-
ing parallel to the orbital plane. We explore different values for both the DM wind velocity v,,
and the velocity dispersion o. To facilitate comparison with previous studies, we adopt the same
component masses used in [16], namely m; = 1.3Mg and my = 0.3M,.2

In contrast to circular orbits, whose secular variations do not depend on « [16], eccentric bina-
ries exhibit a more structured dependence of P,. For o = 50km/s (left panel of Fig. 1), systems
with relatively large eccentricity, e 2 0.5, display an orbital-period derivative that increases mono-
tonically as @ varies over the interval [0,7/2]. Increasing the velocity dispersion (right panel)
introduces additional structure: in this case, |Py| tends to decrease initially and then rise again
as « increases, with the location of the turning point depending on e. For smaller eccentricities,
this behavior is absent irrespective of o, and P}, remains approximately constant or shows a mild
decrease as « varies. Larger values of o also lead to an overall suppression of P,. By comparison,
increasing v,, produces only a modest reduction in |Py|, without modifying the qualitative trends
discussed above.

Overall, in contrast to the circular case, the dependence of P;, on the system parameters for
elliptical orbits underscores the importance of accounting for orbital eccentricity when assessing
the impact of dark matter on the dynamics of binary pulsars.

Figure 2 further compares the secular evolution of P, for circular and eccentric binaries across
different orbital and DM parameters as computed from Eq. (11). In Fig. 2, solid and dashed curves,
enclosed within shaded bands, correspond to orbital periods of P, = 100 days and P, = 200 days,
respectively. For a fixed value of «, the orbital-period derivative in eccentric systems can differ
from the circular-orbit case by up to two orders of magnitude. At the lowest velocity dispersion
considered, o = 50 km/s, P, may exceed its circular counterpart by roughly one order of mag-
nitude for e = 0.7, and by two orders or magnitude for e = 0.9. For the smallest eccentricity
examined, e = 0.3, the ratio |P, /Pzzol falls below unity, decreasing monotonically with @ when
Py = 200, and developing a turning point when P, = 100.

Consistent with Fig. 1, variations in v,, have only a limited impact, although |P,/P$=| remains
> 1 for all eccentricities when v,, is sufficiently low. Allowing for oo > 50 km/s at fixed v,,
introduces additional structure: the ratio now develops a turning point and can change sign as «
varies, even for e = 0.7 and e = 0.9. This behavior gradually disappears as v,, increases, with
variations in the orbital period of eccentric systems consistently exceeding those of circular ones.

>The bound derived in Sec. 3.1.1 is strictly valid for the collisionless DM model. For simplicity, however, we will
apply this criterion to the other environmental models we consider.

3The results for zero eccentricity match those shown in Fig. 3 of Ref. [16] when rescaled using the DM density
pom = 2 % 10° GeV cm™ employed therein.
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Figure 1: (Top Row) Absolute value of the secular change in the orbital period as a
function of a for binary pulsars with m; = 1.3Mg and my = 0.3M,, and different values
of eccentricity. For all configurations we assume 8 = /2 and P, = 100 days. Solid and
dashed curves refer to DM wind speed of v,, = 100 km/s and v,, = 200 km/s, while left
and right panel to velocity dispersion of oo = 50 km/s and o = 150 km/s, respectively.
(Bottom Row) Secular change in the orbital period for the same configurations shown in
the top panels. Horizontal dashed black lines identify specific values of P,. Gray and
white regions correspond to parameter space in which P, > 0 and P}, < 0, respectively.
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Figure 2: Secular change in the orbital period as given from Eq. (11) for binaries on
eccentric orbits, normalized to the circular case, as a function of the angle . Each
panel corresponds to a different choice of the DM wind velocity v,, and of the velocity
dispersion o~. Values of P, are obtained for a binary pulsar with component masses
my = 1.3Mg and my = 0.3My. The lower solid (upper dashed) curve of each colored
band identify binaries with orbital period of P, = 100 (P, = 200) days. For all panels

we fix 8 = m/2.
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Configurations with e = 0.3 generally yield [P}/ PZZOI ~ 1, although for the largest values of o and
v,, considered, the trend reverses and changes in P, become larger in the circular case.
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Figure 3: Same as Fig. 2 but fixing @ = n/2 and varying .

Figure 3 shows the values of P, as a function of S, fixing @ = 7/2, for the same component
masses and orbital configurations considered in Fig. 1. The overall behavior of Py, is consistent
with the trends discussed above: the eccentricity produces a clear splitting in the secular change for
a given (3, leading to substantial deviations from the circular case examined in [16]. Variations in
B3, however, generate a more intricate structure than those in @, with the ratio [P}/ P}‘;Zol developing
multiple turning points as [ varies.

To assess the dependence of Pj, on the component masses, we varied m;, and found that
their influence on the results is generally smaller than an order of magnitude. Figure 4 displays
density plots of the ratio |P;,/ PZZOI as a function of m; and the mass ratio ¢ = my/m;, assuming
a =B =mn/2, P, = 100 days, and (o, vy,) = (100,250) km/s. The left and right panels correspond
to binaries with e = 0.3 and e = 0.9, respectively.

For e = 0.3, the ratio |P,/ Pzzol drops well below unity as the system becomes increasingly
asymmetric, i.e. for ¢ < 1. In contrast, for e = 0.9, the orbital period changes exceed those of the
circular case across the full parameter range, with the smallest differences occurring near equal
masses, g ~ 1.

We now turn to the ultra-light dark matter scenario described in Sec. 3.2, adopting the fric-
tion coefficient 6; given in Eq. (27), which applies in the low-velocity and small-a; regime [43].
In this case, the prospects for observing changes in the orbital period are less favorable than in
the collisionless DM scenario. For the component masses considered above, m; = 1.3 Mg and
my = 0.3 My, and an orbital period of P, = 100 days, we find typical values |P,| < 10720
for usp < 1078 m~!, with the magnitude of the orbital period change increasing mildly with the
scalar-field mass.

Larger boson masses are limited by the range of validity of the small-coupling approximation
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Figure 4: Density plots for the change in the orbital period for binaries on eccentric
orbits (left panel: e = 0.3; right panel: ¢ = 0.9), normalized to the circular case, as a
function of m; and the mass ratio my/m;. In both panels, we fix @« = 8 = n/2, P, = 100
days, oo = 100 km/s, and v,, = 250 km/s. The yellow star identifies the case discussed
in Figs. 1-2, with m; = 1.3 Mg and m; = 0.3 M.

underlying Eq. (27). The resulting values of P, are nearly insensitive to the angles (a, ), the ve-
locity v,,, and, notably, the binary eccentricity. Although somewhat larger effects can be obtained
for systems with longer orbital periods, even for P, = 500 days we find |P;| < 10718, still with no
appreciable dependence on the eccentricity.

5 Final remarks

In this study, we investigated the dynamics of eccentric binary pulsars evolving in DM-rich envi-
ronments. We computed changes in the orbital period due to dynamical friction induced by the
surrounding medium, modeled either as collisionless or ultralight DM. For each DM scenario, we
explored the binary parameter space, analyzing how variations in the orbital period depend on both
the properties of the environment and the orbital configuration. Our results show that the impact
of DM on the orbital evolution of binary pulsars depends sensitively on the underlying microphys-
ical model. While collisionless DM can induce sizable, eccentricity-dependent modifications of
the orbital period, the ultralight scalar-field scenario leads to significantly weaker effects, with a
reduced sensitivity to orbital parameters and system properties.

In the collisionless scenario, orbital eccentricity significantly amplifies the effects of dynam-
ical friction, enhancing them by more than an order of magnitude compared to circular orbits.
Depending on the relative orientation of the binary with respect to the DM wind, P}, can change
sign, with turning points dictated by the eccentricity and by the properties of the DM distribution,
such as the velocity dispersion.

From an observational perspective, it is crucial to account for the intrinsic derivative of the
orbital period, which includes contributions from kinematic effects due to the relative accelera-
tion between the binary pulsar and the Solar System barycenter, as well as the energy loss due
to gravitational-wave emission. The kinematic contributions alone can reach values of order
PL““ ~ 10715, requiring precise knowledge of the pulsar distance for reliable subtraction [48]. To
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isolate the effect of dynamical friction, it is therefore advantageous to consider systems in which
the orbital decay driven by GW emission is subdominant. This typically occurs in binaries with
longer orbital periods; however, such systems also pose observational challenges, as measuring P,
with high precision becomes increasingly difficult at large orbital periods.

Current pulsar-timing experiments already achieve remarkable precision in measuring P}, for
compact and highly relativistic binaries. Indeed, measurements in systems such as PSR B1913+16
and the double pulsar JO737-3039A/B report fractional uncertainties as low as Tp, /IPy| ~ 1074=
1073 [49, 50]. This level of precision is not yet attainable for the wider binaries considered here,
with P, > 100 days, for which intrinsic orbital-period derivatives are often not reported in the
ATNF Pulsar Catalogue [42]. Nevertheless, this situation is expected to improve substantially with
next-generation facilities such as the Square Kilometre Array (SKA), whose enhanced sensitivity,
expanded pulsar census, and extended timing baselines are expected to enable significantly more
precise determinations of P, in long-period binaries than currently achievable ones [51,52].

Using the binary pulsar PSR J1302—-6350 [42,53] as a representative example, with parameters
my =~ 20Mg, my ~ 1.4 Mg, eccentricity e ~ 0.87, and orbital period P, =~ 1237 days, our
collisionless DM model predicts a variation in the orbital period due to dynamical friction of
P, ~ 6.7 x 1075 for v,, = 250 km/s, and P, ~ 1.8 x 107 for v,, = 150 km/s, assuming
reference values o = 50 km/s, @« = 8 = n/2, and pg = 1 GeV cm™> for the DM density.4 These
values have the opposite sign and are more than an order of magnitude larger than the orbital
decay expected from gravitational-wave emission in this system, PbGW ~ —7.7 x 107'°, indicating
that dynamical friction could dominate the secular evolution of the orbit in such wide and highly
eccentric binaries.

For typical Solar-neighborhood DM densities of po ~ 0.3 GeVecm™ [44], the resulting ef-
fect on the orbital period would be challenging to detect. However, in regions with higher DM
densities, such as the Galactic Center—where estimates suggest ppy ~ 10> GeVem™ at dis-
tances of 100 pc from the center and up to ppy ~ 10° GeV em™ at 10 pc [54, 55]—these effects
are expected to be amplified and could potentially be measurable [17]. Additionally, as noted
in [56], binaries located in regions of enhanced DM density may also provide improved sensitiv-
ity to accretion-based effects. Recently reported systems such as the millisecond binary pulsar
PSR J1744-2946 [57], located within 140 pc of the Galactic Center, exemplify promising targets
for future observational constraints.

Looking ahead, next-generation facilities such as the SKA are expected to detect thousands
of new pulsars, with the goal of uncovering the majority of the Galactic population [51,52]. As
more binary pulsars are discovered, particularly those with high eccentricities and/or located in
DM-rich environments, the prospects for detecting or constraining dynamical-friction effects will
improve substantially. Our results provide a framework for interpreting such future measurements
and highlight classes of systems in which these signals may be within reach of next-generation
timing arrays.
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