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As a binary pulsar moves through a wind of dark matter particles, the resulting dynamical friction modifies
the binary’s orbit. We study this effect for the double disk dark matter (DDDM) scenario, where a fraction
of the dark matter is dissipative and settles into a thin disk. For binaries within the dark disk, this effect
is enhanced due to the higher dark matter density and lower velocity dispersion of the dark disk, and
due to its co-rotation with the baryonic disk. We estimate the effect and compare it with observations for
two different limits in the Knudsen number (Kn). First, in the case where DDDM is effectively collisionless
within the characteristic scale of the binary (Kn >> 1) and ignoring the possible interaction between the
pair of dark matter wakes. Second, in the fully collisional case (Kn <« 1), where a fluid description can
be adopted and the interaction of the pair of wakes is taken into account. We find that the change in the
orbital period is of the same order of magnitude in both limits. A comparison with observations reveals
good prospects to probe currently allowed DDDM models with timing data from binary pulsars in the
near future. We finally comment on the possibility of extending the analysis to the intermediate (rarefied
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1. Introduction

Unraveling the nature of dark matter (DM) is among the most
fundamental frontiers of modern physics. Despite the growing
body of gravitational evidence pointing to this new form of matter,
its properties as a particle remain elusive. Given the lack of any
convincing signature of non-gravitational DM interactions, the
gravitational effect of DM on ordinary matter remains the only
direct source of observational information about DM properties.

Among the many gravitational DM probes, binary pulsars
have been recently proposed as a novel way of deriving model-
independent upper bounds on the dark-matter density at different
distances from the Galactic center [ 1]. The presence of DM modifies
the binary’s orbit due to dynamical friction as the binary moves
through the DM ambient medium. Given the extraordinary pre-
cision achieved in the measurement of the orbital properties of
pulsar binaries, it was concluded in [ 1] that these objects could be
used to put constraints on the central DM density of the Milky Way.
Isolated and binary pulsars have also been suggested to explore the
scenarios of ultra-light DM candidates, see [2-5].

In this paper we argue that the potential of binary pulsars as
precise probes of the DM distribution increases substantially if
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one assumes that a fraction of the DM in our galaxy is distributed
in a thin disk coplanar and co-rotating with the luminous disk.
Such a possibility is materialized in models such as the Partially
Interacting DM (PIDM) scenario proposed by [6,7], where a small
fraction of the DM can lose energy to collapse into a thin ‘dark
disk’ (in an analogous way as ordinary matter assembles into disk
galaxies). This so-called Double-Disk-Dark-Matter (DDDM) sce-
nario has a distinct prediction for the DM phase space distribution
in the disk, characterized by a high density, co-rotation with the
luminous disk, and small velocity dispersion. Despite its striking
features, the possibility of such dark disk remains observationally
allowed [8] and there are already different methods suggested
for its detection [9,10]. In the following we argue that all these
effects increase the dynamical friction induced in binary systems.
Remarkably, the enhancement is such that the sensitivities of
current measurements of binary pulsars near the galactic plane
are reasonably close to probe currently allowed DDDM scenarios.
Notice that our results may be applied to any model where DM is
expected to generate a disk with properties similar to those of the
DDDM scenario, e.g. [11-14].

Our work is organized as follows: in Section 2 we summarize
the features of the DDDM model relevant for our analysis. Section 3
describes the dynamical friction for the collisionless DM case and
ignoring the interaction of the wakes. We also compare our pre-
dictions with observations in that section under the assumption
of co-rotation of the DDDM dark disk with the center of mass
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of the binary. In Section 4 we extend this analysis to the case of
large Knudsen numbers and including the wakes’ interactions. We
conclude and present our outlook in Section 5.

2. DDDM model

The DDDM scenario discussed in [6,7] proposes the existence
of a subdominant component of the DM sector that has dissipative
dynamics. It consists of a massless U(1)p gauge boson, with fine
structure «op and interactions with two new fields: a heavy fermion
X and a light fermion C, with opposite charges gy = 1 = —qc
under U(1)p. The thermal history of this scenario is described in
detail in [6]. In the following, we only describe the elements of the
formation of a dark disk relevant to our purposes.

The formation of a dark disk occurs in an analogous way to
baryonic matter assembling into galactic disks. The fraction of DM
that is dissipative would fall into the gravitational well of the pro-
tohalos predominantly made of the non-interacting DM fraction,
which has acquired angular momentum through tidal torques with
the surrounding environment. At the time of accretion, part of
the DDDM might be in the form of atomic-like states made of
heavy and light DM. These dark atoms will become fully ionized
due to shock heating during the virialization of the halo leaving
a population of free X and C fermions. This dark plasma cools
through Compton scattering and Bremsstrhalung off background
dark photons [15]. Since the plasma carries angular momentum
it will form a rotationally supported dark disk as it dissipates
energy and collapses due to gravity. Torques between the dark and
baryonic disks will tend to align them into a steady configuration.
In the following, we assume that this state has been reached with
both disks being aligned and co-rotating.!

The cooling process is important in our discussion because it
sets the vertical velocity dispersion of the disk, which is approxi-
mately given by the final temperature of the cooled plasma: 022 ~
Teooled /My, Where my is the mass of the heavy fermion X. In [6],
assuming the ionization fraction to be between 1% and 10%, the
authors estimate Tcoolea ~ (0.02 — 0.2)Byc, where Byc = aimc/2
is the binding energy of the ground state of the dark atom and m¢
is the mass of the light fermion C. For instance, for my = 100 GeV ,
mc = 1MeV and ap = 0.1 this estimate results in o, ~ 9.5 km/s
for the region of parameter space where cooling is efficient (see Fig.
5 and Fig. 7 of [6]). This dispersion is at least an order of magnitude
smaller than the typical one in the solar neighborhood for a Milky-
Way-size halo formed of collisionless DM particles (o1p ~ 100 —
130 km/s; e.g. [ 16]), where the DM orbits are no longer circular. As
we will see below, a low velocity dispersion plays a key role in the
constraining power of binary pulsars in the DDDM scenario.

Simulations of the formation and evolution of a DDDM disk have
not been performed yet, and thus its final distribution remains an
analytical approximation, which has been modeled as an isother-
mal sheet [17], with a density given by:

gal
_ €diskMpy

R,z)= e RRd sech?(z/2z4), 1)
o(R,2) 87Rz, (2/224) (

where Ris the radial distance in the plane of the disk and z indicates
the height above the disk midplane; Ry and z4 are the scale lengths
of the disk in the radial and vertical directions, respectively. The
mass fraction of DM in the halo of the Milky Way that could be in
the form of a disk is denoted by egige = MISK /ME . The parame-
ters of the disk, regardless of the PIDM nature, are constrained by

1 Even when this condition is not fully satisfied, a systematic study of all binary
systems may allow to exclude the presence of a dark disk.

the kinematics of the stars in the solar neighborhood (R = Rg). In
particular, the surface density of the disk below a certain height z,

20

Zaisk(Ro, 2] < 20) Ef p(Ro,2)dz, (2)

—2
is strongly constrained by local stellar kinematics for zg < 1 kpc. If
the scale length Ry is assumed to be similar to that of the baryonic
disk of the Milky Way, R; ~ 3 kpc, and since the DDDM will be thin
(z4 < zg ~ 1kpc), then Eq. (2) reduces to:

gal
€ '1M _
~ disk DMe RO/Rd. (3)

2

aisk(Ro, 2] < 1kpc)
TRy

Given that we are assuming R; ~ 3 kpcand Ry ~ 8 kpc, and the
total halo mass of the Milky Way is ~ 10'? M, then a constraint on
Eq. (3) translates into a constrain on €g;sx. A compilation of current
bounds on the local surface and volume densities of total matter
and visible matter is given in [8] (see their Table 1). For instance,
using the results from [18], the surface density of non-baryonic
matter is constrained to be:

Mo
Y4ark(Ro, 2] < 1.1kpc) = 30 + 4E, (4)

which implies €g;5xc < 0.025, i.e., only a few percent of the total
halo mass can be in the form of DDDM. An updated analysis on the
constraints on a dark disk by [8] concluded that depending on the
method (standard static or one including non-equilibrium features
in the tracer stars), the upper bound (95% confidence interval) on
Yyisk lies between 3 — 13 Mg/pc? for a thin disk (zy = 10 pc),
while for a thick disk (zz = 100 pc), the upper bound changes
to 7 — 32 Mg/pc? (the bound for the non-equilibrium method
was extracted from Fig. 10 of [8]). A thin dark disk model with
these characteristics has been invoked to potentially explain the
apparent periodicity of comet impacts on Earth [19]. One finds:

disk(R

o™ = p(Ro,z =0)= y, (5)
d

022 = 87tG,ogDDMZ§, (6)

for the midplane density and the vertical velocity dispersion of the
disk, respectively. Thus, the stellar kinematic upper bounds on the
dark disk, imply for a thick disk (z; = 100 pc):

ooPPM(thick) < 3 GeV /cm?,

o,(thick) < 9km/s, (7
while for a thin disk (z; = 10 pc):
poPPM(thin) < 12 GeV /cm?,

o,(thin) < 2km/s. (8)

This is the range of values of interest for our purposes.

3. Effect for collisionless DDDM and non-interacting wake pair

In this section we follow closely the approach of [1] and study
a binary system with masses m; and m, moving through a distri-
bution of collisionless DM with a local constant density ppy. This
assumption is justified as long as the local mean free path for self-
interactions is much larger than the characteristic scale of the DM
wakes induced by dynamical friction in the orbital time of the
binary. As done in [1], we ignore the possible interaction of the
wakes. We comment on the collisional regime and the expected
(small) influence of the wakes’ interaction in Section 4.
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Neglecting relativistic effects,” the equations of motion for the
two bodies are:

. Gmym
mr; = i#l‘ + F?M, (9)

where i = 1, 2 refers to the two members of the binary, each with
a position r; and mass m;, r = r, — ry is their relative position, and
F?M is the drag force (dynamical friction) due to DM acting on the
ith body. To compute this force, we first refer to the situation of a
body of mass M, moving with velocity v through a homogeneous
density distribution of collisionless particles with mass mpy < M
and velocity distribution f(u).

The problem can be analyzed as a set of sequential encounters
of the object M with particles randomly taken from the distribution
f(u), over an interval of time much shorter than the time scale for
variations in the velocity v, and much longer than the interaction
time. By symmetry arguments, the variation of v perpendicular to
the direction of motion (A v, ) vanishes, while the change in the
parallel component is given by [21]:

dv 471 GEMm pu

dt v?

v 2 4,2
[/0 flu) [lnA+ln(” — )} du (10)
+/Oof(u)[—2v+ln<u+v)] d3u]

v u u—v

where In A = A = In(byav?/GM), is the Coulomb logarithm. The
scale length by is the characteristic size of the medium, while
GM /v? is the typical radius of the sphere of gravitational influence
of the orbiting body. The choices of the parameters are somewhat
arbitrary. In the following we choose them such that A > 1andin
particular A = 20j}g, to make a direct comparison with the results
of [1] in the standard halo scenario.

In the limit where the velocity dispersion of the medium is
much larger than the velocity of the dragged object (¢ > v), the
equation above greatly simplifies and reduces to two contributions
roughly of the same order [1,21]. In this limit, for an isotropic
Maxwellian distribution, Eq. (10) reduces to the well known Chan-
drasekhar’s formula [22,23]:

dv _ 4r G*M pom

dr v?

2x 5
A |:erf(x) N exp(—x )] , (11)
in which we have defined x = v/+/20 and used the Gauss error
function erf(x). In [1] the constraints on the DM density from
binary pulsars are computed in this limit (¢ > wv), using the
previous formula.® Since we are mostly interested in the regime
o < v, we use the general equation (10).

The previous effect represents a total deceleration of the object
with mass M. For a binary pulsar, we will be mainly interested
in the change in the period of the binary. Since in this section
we neglect the possible interaction of one component with its
companion’s wake, we can use the superposition of forces FPM for
i = 1, 2. For collisionless DM, this approximation holds when the
period of the binary P, is larger than the typical time of dispersion
of the wake [24]:

Gm;

e (12)

Py >

2 particular, we neglect gravitational waves (GW) emission. This assumption
will always hold in the non-relativistic binaries of interest for our purposes since
large periods are typically needed to enhance the drag force signal. For a discussion
on GW emission see e.g. [20].

3 The validity of Eq. (11) and the comparison to the general equation (10) are
discussed in Appendix A of [1]. In the limit o >> v they are indeed a very good
approximation as can be seen in their Figure 7.

Fig. 1. Scheme of a generic binary system in the Galactic reference frame. This is
the general situation in which a DM wind could have a net velocity relative to the
center of mass of the binary: v,, = v, (cos« sin g, sin« sin g, cos B).

In the case of a dark disk, the low value of & implies P, < Gm;/o3
for typical binary periods of 10-100 daysand o ~ 1—10km/s. Asa
result, one should in principle include the interaction of the wakes
in the analysis. This study is currently missing in the literature
and we leave its detailed treatment for the future. We anticipate,
however, that the impact of this interaction that one finds in the
case of a gaseous medium [25,26] (see also Section 4) suggests
that the calculation that follows captures the correct order of
magnitude of the effect.

3.1. Osculating orbits and orbital period variations caused by DDDM

We introduce the position vector for the center of mass R =
(myrq +myry)/M with M = m; + m; and rewrite the drag force as
FM = —Ab(m?/M)V;, where A = 47 ppmG*M, and:

Ui ~2 .2
by = l3 [/ Fu) |:lnA+ln (”’2”)] du
Vi 0 Vi
+/‘°°f(u) [_21),- +In (u+€i):| d3u:|,
7 u u—vj

with v; = t; + v,, being the velocity of the ith companion relative
to the DM wind, see Fig. 1 (adapted from [1]). We assume the net
velocity relative to the center of mass of the binary to be negligible
v, =~ 0 because in the simplest dark disk scenario the dark disk
co-rotates with the galactic disk. It is important to notice that this
assumption is not always satisfied for binary pulsars. In particular,
the velocity kick followed by the supernova explosion is of order?

> 50 km/s (e.g. [27]; notice that current uncertainties in kick
velocities are very large). However, with a sufficient number of
systems one expects that some of them will have relative velocities
vy < o, which is the relevant limit for our conclusions, cf. Fig. 3.
Thus, to maximize the possible effect of dynamical friction, we
assume that the DDDM particles and the center of mass of the
binary move in approximately the same circular orbit, with nearly
identical velocities. Under this condition, the equations of motion
reduce to:

(13)

. GM
V=——r+any+a-V, (14)
r

\'

anv+as -V, (15)

4 We are grateful to Lijing Shao for pointing out this to us.
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wherev =1,V = R, and:
a; = —A(b1 + ba), (16)

a = g [b1Ay +byA_],
A 2 2
a=—7 [b14% + b4 ],
withALr =A+1,A=1-4nn= /M and u is the reduced
mass of the binary. We treat the drag force as a perturbation and
use the formalism of osculating orbits [28] to make the pertur-
bative analysis to first order. Following [1,28] and restricting to
circular orbits for the binary for simplicity (a good approximations
for the systems we refer to given their small eccentricities), we
obtain an expression for the time derivative of the orbital period:

PPM(t) = 3Py[a;n — ay T sin B sin(2pt — )], (17)

where P, is the period of the orbit, I = v, /v, 29 is the orbital
angular velocity and « and 8 are the azimuthal and polar angles,
respectively (see Fig. 1). If v, = 0, then I' = 0, and since we are
assuming a circular orbit, the relation (GM £2¢)"/3 = |v| = v holds,
where v is the relative velocity of the binary members. In this case,

Eq. (17) greatly simplifies.
3.2. Changes in the period in the DDDM scenario

As a benchmark, let us consider a binary system with the fol-
lowing orbital parameters: P, = 100 days, m; = 1.3 Mg and
my = 0.3 Mg. In the ordinary DM scenario, typical values for the
other relevant quantities (at the solar circle) are v,, ~ 220 km/s,
o ~ 150km/sand p2¥ = 0.3 GeV cm~3. Using Eq. (17) in this case,
the secular change of the orbital period results in:

5, = 6.6-1071°, (18)

which is too small to be probed by current measurements. Fur-
thermore, it seems challenging to identify such small effect in the
future given the typical uncertainties in other known mechanisms
that affect P, [1,29,30].

The expectations drastically change when one considers the
DDDM scenario, and v,, ~ 0. In this case, for a binary system with
the same characteristics as above (located at the solar circle), with
z = 10 pc, immersed in a thin dark disk with z; = 10 pc and thus
o = 1.8 km/s (given Eq. (5)) one obtains:

5,""™M = 4.2. 1071 (19)
while considering a thicker dark disk, with z; = 100 pc (o =
9 km/s), one would get:

B, ") = 1.42. 1071, (20)
These numbers may be within the reach of current or future obser-
vations (see below). The dependence of |15bDDDM| on Py is shown in
Fig. 4 below for the two dark disk cases we have discussed. At small
periods, velocities are large and since the dispersion is very small,
the term that dominates in Eq. (13) is the first integral, i.e. DM
particles with velocities smaller than v; dominate the drag. This
can be seen more clearly in Egs. (A.2)-(A.5) of [ 1]. The result is that
roughly b; oc 1/v3 (since that integral does not have a very strong
dependence on v;). This means that Eq. (17) goes as 1/v* ~ P},
which is roughly the scaling we see in Fig. 4. At large periods, the
circular velocities are smaller and the second integral in Eq. (13)
starts to become important. The latter has a stronger dependence
on v which makes the scaling of |I5bDDDM| with Py shallower.

Let us now discuss the dependence of the previous results on
o. This is shown in Fig. 2 for the DDDM case and P, = 100
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Fig. 2. PPP"M as a function of o in the DDDM scenario, for both a thin (red-thick line)
and thick (blue-dashed line) disk, for a system with P, = 100 days, m; = 1.3 Mg,
my = 0.3 Mg and v,, = 0. The red shaded region (¢ > 9 km/s) corresponds to
the region excluded for the thick dark disk, while the gray shaded region extends
the exclusion region for the thin disk, both required by constraints on the DDDM
density (see Section 2).

— z4=100 pc .

~1600. R N L
00 05 10 15 20

Log(vw(Km/s))

Fig. 3. PPP™M as a function of v,, in the DDDM scenario with P, = 100days,
m; = 1.3Mg, my = 0.3 Mg. We show both cases z; = 10 pc (thin disk; blue-dashed
line) and z; = 100 pc (thick disk; red-solid line), with corresponding dispersions
o = 1.8 km/s and 0 = 9 km/s. These models are at the limit on current constraints
on the DDDM scenario.

days, where we see that the dependence is not as strong as in
the ordinary case.” This is because decreasing o also leads to a
lower density (Eq. (5)) and PPPPM grows linearly with the density
(ay and a, are proportional to A in Eq. (16), and A oc ppy). In
fact, at the low o end, PP"™™ o ppy o o2. In the intermediate
regime v,, < o =< v, the inversely proportional dependence
of PPP"M on o (clearly manifest in [1]) starts to become important
and thus, P, peaks at around o ~ 7 — 8 km/s followed by a sharp
decline in the high o end as in the ordinary case. In the regime,
0 > vy, Vorp, We are in the limit discussed in section C.1 of [1] and
PEDDM ~ pDM/a3 x 1/o.

Another significant feature of the enhancement of the signal in
the presence of the dark disk is the assumed low value for v,,. As we
discussed, this approximation is relevant given the co-rotation of
the dark and baryonic disks and the fact that some binary systems

5 For instance, in the ordinary case changing o from 200 km/s to 50 km/s for the
system under study strengthens the signal by almost two orders of magnitudes [1].
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Fig. 4. Comparison between the P, measured (or constrained) for most promising
binaries and the predictions in the DDDM scenario for a binary with m; = 1.3 Mg,
m; = 0.3 Mg, The predictions for PP°°M for a thin (thick) disk with z; = 10(100) pc,
and pf°™ = 12(3) GeV cm~3 are shown by a blue-dashed (red-solid) line and
assuming v,, < o. The downward arrows indicate experimental upper bounds on
Py, while the circles with a central red dot refer to systems for which P, has been
directly measured. The gray values are the ratios of the predictions for the PPP°M of
the system (maximal effect) with respect to observational values/limits.

may satisfy v,, < o.Asshownin Fig. 3, larger values of v,, lead to a
smaller signal. Moreover, the dependence of PP°° on v,, becomes
more relevant for v,, > o. The two curves in Fig. 3 are flat for
low values of v,,, comparable to o, but when v,, > o the signal
decreases rapidly. This happens for larger values of v,, in the case
of z; = 100 pc since o is larger. This behavior can also be seen in
Fig. 2 of [1].

The co-rotation with the baryonic disk is a common character-
istic for all possible dark disks; in fact, even in the case in which
a dark disk formed from collisionless DM accreting onto a stellar
disk, it would co-rotate with the baryonic one. However, if we
consider a typical situation for an “ordinary” dark disk [31], we
may have v,, ~ 0, but crucially a dispersion similar to that of stars
o ~ 100 km/s. Also, the dark disk in these cases has a density
< 20% of the host halo density at the solar circle. Therefore, the
signal would be several orders of magnitude less relevant than in
the DDDM case. For the binary with the characteristics we have
been considering:

POPPM ~ _7.5.107 19, (21)

which is very similar to the effect from the smooth halo we esti-
mated above (18). Thus, the method proposed is only efficient to
constrain disks similar to those appearing in the DDDM scenario.

3.3. Comparison with observations

To compare our previous predictions with observations we
have collected the measured value of (or upper limit to) P, for a
number of binary pulsars near the galactic plane, and thus possibly
immersed in a dark disk, and with periods P, > 6days. The
theoretical prediction for PPP"M for a given system is computed
by taking the coordinate of the binary above the plane (z = zys),
and assuming a dark disk with zg = zs. For the density, we
take the largest upper bound on pj°™ given by the kinematical
constraints on Xgis(Ro ) (see Eqs. (7)-(8); based on [8]). We further

Table 1

A collection of promising binary pulsars to probe the DDDM scenario (Fig. 4). The
columns are: binary period, expected maximal time variation in the binary period
due to the presence of a dark disk, limits in the observed time variation of the
binary’s period (systems tagged with “ref” have a measured bound on P;; see Ta-
ble A.2), and eccentricities.

Name Py(days) ~ PPPPM Py(lim) < Eccentricity
J1751-2857  110.7 —2.1-10713 1.8-107"" 1.3-107*
J1857+0943 123 -9.76-10"'¢  12.10°1 2.2-107°
J1543-5149  8.06 —6.47-107'¢  107°° 2.2-107°
J1740-3052  231.03 —4.40-10""2  ref3.107° 0.58
J1903+0327  95.17 —9.42.10"%  ref—-33.1072 044
B1953+29 117.35 -7.80-107% 1078 33.107*

assume v, < o ~ 10 km/s. Although this approximation is
not satisfied by some of the systems whose transverse velocities
are large, we prefer to emphasize the case of almost co-rotation
as it maximizes the constraining power of binary pulsars for the
DDDM scenario. It is to be expected that a fraction of binary pulsars
currently known, or to be detected in the future would actually
satisfy this condition. These numbers are collected in Table A.2
of Appendix. We find that, even though the signal in the DDDM
scenario is much larger than in the standard one, the predicted
values for most of the systems are several orders of magnitude
away from experimental sensitivity. The main reason for this is
that the effect is significant for relatively long periods, for which
an accurate measurement of P, is more challenging. Nevertheless
there are few interesting cases with relevant constraining power
(gathered in Table 1). We compare the constraints/measurements
on P, with the predictions for PP°° in Fig. 4. The observational
bounds to P, are either directly taken from the references (given
in the last column of Table A.2, and denoted by ref in Table 1) or
estimated by considering the error in the determination on P, and
the time of the observational campaign. The gray values next to
each pulsar’s name are the ratios of the predictions for the PPPPM
of the system for the maximal effect with respect to observational
values/limits. The blue-dashed (red-solid) line shows the generic
case of a binary (m; = 1.3 Mg, m; = 0.3 M) under the influence
of the thin (thick) disk models that we have considered thus far,
with parameters at the upper boundary of current constraints.

The situation summarized in Fig. 4 can improve in the near
future with the discovery of more systems with a combination
of the following characteristics: (i) nearly co-rotating with the
baryonic disk, (ii) closer to the Galactic Center (since the density is
enhanced substantially relative to the Solar circle); (iii) with orbital
periods > 100 days (given the dependence of PPPPM with P, for
smaller periods, see Fig. 4); and (iv) small orbital velocities, natu-
rally connected to point (iii), given the strong inverse dependence
of PPP®M on velocity (see Eq. (13)). These desirable properties are
not the best to obtain an optimal timing of the system, but these
two aspects are not necessarily exclusive. Future surveys, such as
SKA, will most likely add ©(10%) new systems [32], and hopefully
some of them will have the right properties.

We note however that even a system with a relatively short
period can be quite constraining if a limit on P, can be set with high
precision. For instance, the binary system J1857+0943 [33], whose
period has been measured with 10 digits in precision during seven
years, allows us to infer an upper bound:

IPy| < 1.2-10713, (22)

which is shown at the bottom left of Fig. 4. For this system, a thin
dark disk in the DDDM scenario with zg = Zz,, would imply the
following period variation caused by dynamical friction:

|PPPPM| ~ 8.6 - 10716, (23)



6 A. Caputo et al. / Physics of the Dark Universe 19 (2018) 1-11

J1751-2857 [33] is another promising system. Its period has been
measured with 8 digits in precision for six years, which gives an
upper bound:

|Py| < 1.8-107 1. (24)

Since the period of the binary is long (P, = 110.7 days) and
its coordinates are suitable for a large density of the dark disk
(zsys = 20 pc and Rys ~ 7.4 kpc), the prediction for the impact
of dynamical friction in the DDDM scenario is:

|PPPPM| ~ 2.1 . 1078, (25)

a factor of ~ 86 below the observational upper limit.

We stress that the bounds derived for these systems are too
optimistic given that the transverse velocity of the systems are
vy = vr ~ 34 km/s and v, > vr ~ 44 km/s, respectively.® As
we have highlighted before, these bounds are estimated under the
assumption v,, < o. Our purpose on presenting them here is to
show that the timing of systems with the required properties can
be achieved at the desirable level in the foreseeable future. Notice
thatif v,, is indeed close to the transverse velocity of these binaries,
then the bounds weaken by approximately a factor of ~ 10, ~ 100,

respectively.
4. Drag in a gaseous medium: interacting wake pair

The previous analysis was done in the approximation of colli-
sionless DM particles and ignoring the interaction between the DM
wakes. As we stressed, an analysis where the wakes’ interaction
is considered seems to be required to properly compute PPPPM
in the systems we used for our analysis. To our knowledge, this
is currently missing in the literature, but one can try to quantify
its effect by treating DM as a gaseous medium, where the influ-
ence of the wakes has been fully analyzed in a different context.
Independently of this motivation, the properties of DM are not
well constrained and it is interesting to also constrain DM models
beyond the collisionless paradigm, where a fluid approximation
may be relevant.

Let us consider a binary system moving in an inviscid gaseous
medium, which in our case is the DM plasma in the disk. For a
model with anisothermal, self-gravitating Maxwellian distribution
function, the speed of sound of the DM “fluid” is proportional to the
1D velocity dispersion [17]:

Cs = /Y02, (26)

where y is the adiabatic index (y = 5/3 for a monoatomic gas).

We stress that in order to use this approach, we need to
treat DM as a fluid. Dissipative self-interacting DM (like the one
considered here) is often considered as a perfect fluid [34,35] or
even a plasma [36]. Therefore this approximation seems to be
accurate, especially in the inner regions of the disk, where the DM
density is higher. To understand its validity more quantitatively,
let us compare the mean free path ¢ of the medium with the
characteristic length of the binary system (e.g. semi-major axis a).
Following [15] (Eq. (39), section 4.3), we estimate the mean free
path for Rutherford scattering of charged DM particles as:

2~ 1073 pc cm > Ty’
P ne 108K
10722 21
( ) 27)
op ln( 3T )

T+

ap-

6 http://www.atnf.csiro.au/people/pulsar/psrcat/.

where «p is the fine-structure constant for U(1)p; T is the tem-
perature of the DM fluid: kT/myx =~ o, and nc¢ is the number
density of light fermions, given by the ionization fraction nc¢/n,
where n = nyxc + ny with nyc the bound state number density and
nx = nc is the number density of heavy fermions. The ionization
fraction is typically below 10% for the interesting region of the
DDDM parameter space where cooling is efficient [6], and we have
pPPPM ~ myn. For instance, if o, = 1 km/s (which gives T ~ eV ),
and for nc/n = 0.1, ap = 1072, my = 100 GeV and p°""M =
10 GeV/cm?, we have:

2~ 107 pc, (28)

which is approximately 2 astronomical units. This implies a Knud-
sen number Kn = £/a > 1, where a is the major axis of the binary
system, which is not truly in the (fully collisional) fluid regime
Kn <« 1, but rather intermediate, corresponding to the case of
a rarefied gas. However, given the dependence of Eq. (27) in, for
instance «yp, it is evident that a part of the interesting regions of
the parameter space, will be located in the fluid regime.

We again consider a uniform density background and ignore the
orbital motion of the DM background with respect to the center
of mass of the whole system, v,, >~ 0. Under the latter condition,
we can neglect the centrifugal and Coriolis forces which may affect
the density wakes and the drag forces [37,38]. We now follow
closely [25,26] and assume that the perturbed density field over
the background @ = (p — p)/po is adiabatic and @ < 1. At linear
order, the equations of hydrodynamics imply a three-dimensional
wave equation for «:

o 4r G
_—_— = —— X, t . 29
Cszazt CSZ Pext(X, t) (29)

where pey: denotes the mass density of the perturbers, i.e., the
binary members. Cylindrical coordinates (r, 6, z) are appropriate
for our case, and for simplicity we will assume that the pulsars are
point masses with equal mass M. They are located at (r,,, 0, 0) and
(rp, w, 0)att = 0. Thus, the density of the perturbers is given by:

Pexe(X, t) =MH(£)5(r — 1,)8(2)-
(8lrp(6 — 2t)] + 8[rp(6 — 7w — 21)]),

where §2 is the angular speed of the perturbers and H(t) is the
Heaviside step function.

The drag force on each perturber i appearing in (9) is given
by [25,26]:

Via

(30)

M =FY +FY' (31)

where the force is split in two components, one due to the per-
turber’s own wake and the other due to the wake of the companion.
Both of them can be decomposed into a radial and an azimuthal
component in the following form (we remove the i dependence to
avoid cluttered notation)

M = —F (I, + 1 40).
M = —F(l,f + L), (32)

with 7 = 47 0o(GM)*/v;, where v, is the orbital velocity of the
perturbers, and where [, Iy are the dimensionless drag forces
on the perturbers (due to its own wake for j = 1 and due
to its companion’s wake for j = 2) (see Egs. (33) and (34) in
Box I). Here ry, represents the cutoff radii introduced to avoid
divergences of the force integrals and it is assumed to be of the
order of the characteristic size of the perturber. In order to make a
proper comparison with the collisionless approach, we choose the
cutoff radius such that Inrp/rmi, ~ 15, of the same order as the
Coulomb logarithm A defined in Eq. (10). We remark that this is
consistent with the logarithm of the ratio of the size of the orbit to
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For the calculation of the period’s variation, just the azimuthal components will be taken into account. We use the algebraic fits
derived in [25,26], which are accurate within 6-16% for all Mach numbers M:
14+ M
0.7706 In — 1.4703M if M < 1.0,
(1.0004 - 0.9185M> =
r
Le={In (330 ( P (m— 0.71)5-72/\4*9-58)) if 1.0 < M < 4.4, (33)
T'min
In (—p/Tmin__ if M > 4.4,
0.11M + 1.65
and
. M?[—0.022(10 — M)tanh(3M/2)]  if M < 2.97, (34
207 | M2 [-0.13 4 0.07tan (5 M — 15)]  if M = 2.97,
Box 1.

the characteristic size of the compact objects we are dealing with,
which is ©(10 km). For instance, if we take a perturber with a mass

M = ].32M@, orbiting with a period of 10 days (a ~ 0.1 au), we get
1 (G:\gplflvn" ) =~ 14.Thus, beyond M >> 4.4, itis reasonable to assume

that I o, I o are approximately constant given the large value of
Inr,/rmin (see Eq. (33)).

4.1. Numerical results: comparison with the collisionless approach

We here compare the results in the previous section to the
collisionless case of Section 3, both for the case where the wakes’
interactions are taken into account and for the case when they
are neglected. Since the fluid approach we discuss was derived
for equal mass systems, we concentrate in the case with M; =
M, = 1.3 Mg, and focus on the interesting range of ¢ for the DDDM
model, 1km/s < ¢ < 10km/s. As before, we consider two different
values for the disk scale length, namely z; = 10 pc (thin disk) and
zqg = 100 pc (thick disk). Each of these cases has observational
upper limits to the velocity dispersion (see Eqs. (7)-(8)). Thus, for
the thin disk, the region of interestis o € (1, 2) km/s, while for the
thick disk it is, o € (1, 9) km/s.

In Fig. 5 we plot the ratio between the fluid and collisionless
approaches in the cases of a thin (top panel) and thick (bottom
panel) disks, choosing o in each case to be close to the current
upper limits on a dark disk. The plot shows the dependence on
the Mach number; notice that for a fixed value of o, a high Mach
number implies a smaller period. We focus on the region 10 days <
P, < 200 days (shaded area). We also show the results neglecting
the contribution of the companion wake (I, = 0) in the fluid
approach (dashed curves). Although the relevant range of Mach
numbers is different for the thick and thin disk cases (since the
velocity dispersions are different), the difference between both
the fluid and collisionless approaches is similar, and amounts to
less than a factor of two. Also in both cases, the influence of the
companion’s wake is relatively minor. Notice that in the case of
the thick disk, for M ~ 2 the drag force in the fluid approach is in
fact larger than the one in the collisionless approach (although not
shown in the plot this situation is more pronounced for M ~ 1).
This is to be expected: for such low Mach numbers the contribution
of Iy (own wake) clearly dominates the drag force (see Fig. 2
in [26]). Near M =~ 1 this term is much more relevant in the fluid
case than in the collisionless formulation: perturbers moving at
speeds near M = 1 resonantly interact with the pressure waves
that they generate in the background medium [39]. In the case of
the thin disk (top panel of Fig. 5), the relevant Mach numbers are
quite high M > 15, which makes the influence of the companion
more relevant, albeit still small. The final result is roughly a 10-15%
reduction over the effect of the principal (own) wake.

Therefore, quantitatively, the difference between the two ap-
proaches depends on the details of the specific system in consid-
eration and the specific features of the dark disk. However, for the
range of periods 10 days < P, < 200 days (marked with a shaded
area in Fig. 5) where we find the most promising binary pulsars
(those shown in Fig. 4), the predicted orbital decay is of the same
order of magnitude for both approaches, while the interaction of
the pair of wakes seems to play only a minor role.

We note that the bump seen in the bottom panel of Fig. 5 in
the range 2.97 < M < 4.4 is related to the overlapping of the
two wake tails, which enhances the drag force in the perturber (see
Fig. 2 of [26]). The sharp features around the bump are exacerbated
by artificial discontinuities in the fitting functions for I; y and I, o
in Egs. (33)—(34).

In summary, the results of the comparison between the differ-
ent approaches suggest that the main (own) wake of each member
of the binary dominates the change in the orbital period, with the
effect of the companion wake leading only to a 10-15% reduction in
the expected signal. Although the latter is strictly valid only in the
fluid case, our results bring confidence that the potential constrain-
ing power of binary pulsars suggested in Section 3 (particularly
Fig. 4 for the absolute value of Py) in the DDDM model, is expected
to remain valid even when the interaction between wakes is taken
into account. We expect to substantiate this hope with explicit
calculations in the future.

5. Summary and conclusions

We study the signature of a dark matter (DM) disk in the orbital
change of a binary pulsar due to the induced gravitational force
generated by the DM wakes formed as the binary moves through
the DM background. In particular, we concentrate on the Double-
Disk-Dark-Matter (DDDM) scenario introduced in [6,7], which ex-
hibits all the properties needed to enhance this effect, originally
introduced by [1] in the context of the traditional non-dissipative
Cold Dark Matter (CDM) scenario. Contrary to the standard CDM
halo, if a subdominant DM component is made of dissipative DM,
it would form a rotationally supported flat disk with larger density
and much lower velocity dispersion than the CDM triaxial halo, and
which is also approximately co-rotating with the baryonic disk. We
find that all these features enhance by many orders of magnitude
the impact of DM in the orbital change of pulsars, relative to the
standard case studied by [1]. It is important to remark that other
DM models with dissipative properties may also generate disks,
and hence our results might be of interests in those models as well,
seee.g. [11-14].
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Fig. 5. Top (Bottom) panel: Ratios between the value of PP°°M in the fluid approach
and the collisionless approach as a function of the Mach number, for a thin (thick)
dark disk with z; = 10(100) pc, and with a value of o close to current upper
bounds. We show the results both including and not including the contribution of
the companion wake I, 4 in the collisional formulation. The binary is set to an equal
mass system with M; = M, = 1.3 Mg, P, = 100 days, and with coordinates in the
Galaxy: R = Rg, z = z4. The shaded area marks the range of periods of the most
promising binaries shown in Fig. 4.

We model the dark disk as an isothermal sheet (Eq. (1)) with
a radial scale length R; = 3 kpc, equal to that of the baryonic
disk, and explore the cases where the vertical scale length is set
to zg = 10 pc (thin disk) and z; = 100 pc (thick disk). This
range covers the interesting cases discussed in the literature. To
maximize the impact of these scenarios, we set the density (veloc-
ity dispersion) to the largest possible values according to updated
stellar kinematics constraints [8] (see Eqs. (7)—(8))

The impact of the presence of a dark disk in the orbital period
of a binary pulsar is investigated with two approaches:

(i) a collisionless approach where DM particles are treated as
collisionless, and where each pulsar is influenced only by
its own induced wake (see Section 3). This approach was

introduced in [1], with the important difference that we
explore the regime suitable for a dark disk: v,, < 0 < Vorb,
where v,, is the relative velocity between the center of mass
of the binary and the DM background (v,, ~ 0 is expected
for some systems for a co-rotating disk), o is the velocity
dispersion and v, is the orbital velocity of the binary. In
contrast, the regime studied in [1] is appropriate for a CDM
halo where v, > 0 2> vorb.

(ii) a fluid approach where DM particles are assumed to be in
the fluid regime and for a binary of equal masses where
the interaction of the wake pair is fully considered [25,26].
This approach is expected to be valid when the Knudsen
number Kn <« 1 (where the mean free path is given by
the Rutherford scattering of the charged particles, and the
characteristic size of interest is the size of the binary’s orbit),
which is expected to hold in some regions of the relevant
parameter space of the DDDM scenario (see Section 4).

The consideration of both approaches allows us to give a broad
perspective of the problem of interest. In particular, since vy, /0 2
1, the motion is supersonic, which suggests that the wake of the
companion could be significant (something that is ignored in the
collisionless approach so far developed). For this reason, the case
with Kn < 1 is important, since it allows us to explore whether
the main effect is well captured by the calculations that ignore the
wakes’ interactions. The intermediate regime, that of Kn ~ 1, is
also of interest and remains entirely unexplored. Our intention is
to develop a general approach that covers all regimes in the near
future. In particular, we highlight the importance to develop, in
the collisional approach, a treatment for unequal-mass perturbers,
which is the case for most of the observed systems. In [26], in fact,
the authors assumed identical orbits for both perturbers, and this
assumption would fail soon for unequal masses. Nevertheless, in
the present paper our goal is to show the promising aspects of
binary pulsars as probes of the DDDM scenario, and to present
general expectations based on a hybrid analysis that combines the
results from the methods currently available.

Using the first (collisionless) approach, we estimate the orbital
period variation PP°°M due to a hypothetical DDDM disk for many
binary pulsars within that dark disk (see Table A.2). In a couple
of cases, our theoretical predictions are relatively close (within a
factor of ~ 100) to current experimental bounds/values of P, (see
Fig. 4). These systems are very promising for future follow ups,
although we used the approximation v,, < o which is likely not
satisfied in these cases given their transverse velocities. Still, given
the capacity of future surveys, such as SKA [32], to detect new
(up to ©(103%)) systems and get timing measurements with enough
precision, we may soon be able to find binary pulsars that satisfy
all the required properties to probe the DDDM scenario.

Using the second (fluid) approach, we have estimated the im-
pact of the interacting pair of wakes in the orbit of the binary. We
find that the companion’s wake has only a minor role (10-15%
effect). Furthermore, we also show that, for the most interesting
binary candidates, the induced PPP™M is of the same order for the
three cases we studied: fluid, fluid but neglecting wakes’ inter-
actions and collisionless neglecting the wakes’ interactions, see
Fig. 5. In particular, when the dark disk gets thicker (o increases),
the Mach number becomes smaller and the companion’s wake is
less relevant. Overall, our results suggest that the expectation of a
change in the period of the orbit of binary pulsars of the order of
magnitude estimated using the first (collisionless) approach, will
hold even if the wakes’ interaction were taken into account into a
full collisionless approach (something that has not been developed
so far).
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Table A.2

A selection of binary pulsars near the galactic plane that are potential targets to constraint the DDDM model. The
columns are (1) Name. (2) Binary period. (3) Distance to the galactic plane. (4) Orbital velocity of the binary. (5) Maximal
time variation in the binary period due to the presence of a dark disk. (6) Observational upper bound on Py; those few
systems with the tag “ref” have a measurement on P,. (7) Reference.

Name Py(days) Zsys (kpc) Vorp (km/s ) ppoom (Pp)iim Ref.
J1751-2857 110.7 —0.02 61.7 -2.1-10713 1.8-107" [33]
]1857+0943 12.3 0.06 128.4 —9.76 - 10716 1.2-1071 [33]
J0621+1002 83 —0.01 146.4 —5.79-10716 1077 [33]
J1012-4235 37.97 0.07 88.2 —7.06- 107" 103 [40]
J1017-7156 6.51 —0.06 158.7 —4.71-10716 1076 [41]
J1125-5825 76.40 0.08 69.9 —2.13-107" 1078 [41]
J1125-6014 8.75 0.02 143.9 —9.88- 10716 1078 [42]
B1259-63 1236.72 —0.04 27.6 —6.07 - 1072 ref 1.47 - 1078 [43]
J1420-5625 40.29 0.01 86.5 —2.18 - 107" 1076 [44]
]1454-5846 12.42 0.02 128.0 —6.49-10716 108 [45]
J1543-5149 8.06 0.05 147.9 —6.47 - 10716 107° [41]
]1638-4725 1940.9 —0.02 238 —6.01-10"" 10~! [42]
J1727-2946 40.31 0.01 86.5 —6.28-10"1 10-8 [46]
J1740-3052 231.03 —0.01 483 —4.40-10"? ref3-107° [47]
J1750-2536 17.14 0.04 115.0 —8.21-10716 1076 [48]
J1753-2240 13.64 0.09 124.1 —2.91-10716 1077 [49]
J1755-25 9.69 —0.03 139.0 —3.41-10716 1073 [50]
J1810-2005 15.01 —0.03 120.2 —1.30-107" 1078 [51]
J1811-1736 18.78 0.03 11.5 —4.20-10716 1077 [52]
B1820-11 357.76 0.09 41.8 —4.78 - 1071 10-° [44]
]1840-0643 937.1 —0.05 303 —2.87-1071 10~! [48]
]1850+0124 84.94 0.06 67.4 —1.84-10"1 1076 [53]
J1903+0327 95.17 —0.03 64.9 -9.42-107" ref —33. 10712 [54]
J1910+1256 58.47 0.05 76.4 —1.41-107" 107° [55]
J1935+1726 90.76 —0.06 66.0 —1.46- 107 1073 [56]
B1953+29 117.35 0.05 60.6 —~7.80- 1071 1078 [55]
J1737-0811 79.51 0.04 68.9 —3.52.107" 1076 [57]
]1943+2210 8.31 —0.09 146.4 —5.53.107" 1078 [58]

Thus, we conclude that the precise observations of binary pul-
sars may probe the scenarios of dark disks with properties close
to those of allowed DDDM scenarios if the precision of the most
promising candidates is improved or if future surveys discover new
systems close to the galactic plane and with long enough periods.
As we discussed, we leave for the future a more detailed analysis
of the case Kn ~ 1 and a more complete comparison with data.
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Appendix. A broader sample of binary pulsars

See Table A.2.
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