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ABSTRACT

Aims. The post-Keplerian(PK) parameters inferred from pulsar timing provide a convenient way to test Einstein’s general theory
of relativity. However, before obtaining a pure orbital decay Ṗb induced by gravitational wave radiation, which is one of the PK
parameters, a number of factors need to be accounted for carefully. The effect of tidal dissipation on Ṗb has been thought of as
negligible. Here, we investigate the data for possible effects of tidal dissipation on Ṗb.
Methods. The possibility of the tidal dissipation as a contributor to Ṗb in a large sample of millisecond pulsar binaries is investigated
in detail.
Results. We collected a large sample of pulsar binaries with measured Ṗb. All of the systems are millisecond pulsars. The residual ṖRes

b
of these systems was obtained by subtracting the three normal effects, that is to say the effect of Shklovskii, line-of-sight acceleration,
and gravitational radiation. Assuming that tidal dissipation is responsible for such a residual ṖRes

b , the tidal parameters of these systems
can be calculated and compared with the tidal models.
Conclusions. The residual ṖRes

b is distributed over the half positive and half negative. The dynamical tidal model can explain the
residual Ṗb of millisecond pulsar-white dwarf binaries. And the Love number of the main-sequence companion of PSR J1227-4853
can be derived as a reasonable value k2 = 0.177+0.098

−0.058 with the equilibrium tidal model. Those results are compatible with the scenario
of tidal dissipation. Additionally, a weak correlation between the tidal parameter and orbital period is revealed, likely originating in
the tidal process of the recycled stage which is worthy of further investigation.
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1. Introduction

Binary pulsars are the natural laboratory of general relativ-
ity (GR) in the strong-field regime. High-precision pulsar tim-
ing can measure not only the Keplerian orbital parameters, but
also the relativistic correction to the Keplerian orbit, which is
parameterized to the five post-Keplerian (PK) parameters, that
is to say the orbital decay Ṗb, the periastron advance ω̇, the
Einstein delay γ, the range r, and the shape s of the Shapiro
delay (Zhang et al. 2019, and references therein). The most stud-
ied parameter, Ṗb, has been treated containing only two effects
besides GR (Zhu et al. 2018). One is the Shklovskii kinematic
effect originating in the transverse motion of a pulsar binary
(Shklovskii 1970), and the other is the Doppler effect induced by
the acceleration along the line of sight of the pulsar binary. After
subtracting these effects, the remnant should be the gravitational
wave (GW) radiation term originating in GR. However, the rem-
nant Ṗb of some pulsar binaries becomes positive which is incon-
sistent with the prediction of the GW (Pathak & Bagchi 2019),
which suggests the involvement of other mechanisms such as
wind accretion, tidal dissipation, and magnetic braking. There-
fore, the situation becomes complicated. It is thereby worth fur-
ther investigation to determine the true GW term.

Here, the timing results of all pulsar binaries with the mea-
sured derivative of the orbital period are collected, except for
binary pulsars with an orbital eccentricity larger than 0.1 and
for neutron star-neutron star binaries. Interestingly, all sys-
tems are millisecond pulsar binaries. By carefully subtract-
ing the kinematic term, the acceleration term, and the GW
term, the residual term of these pulsar binaries is found to be

roughly half positive and half negative. Further, the possibil-
ity of such a distribution originating from tidal dissipation is
investigated.

Tidal dissipation is usually ignored or not discussed in depth
in most millisecond pulsar (MSP-) white dwarf (WD) binaries.
It has been thought that the companion has already been syn-
chronized with the orbit or that tidal dissipation is too weak
on a WD to have any noticeable effects (Freire et al. 2012;
Antoniadis et al. 2013). However, all MSP systems have expe-
rienced the recycled stage (Lorimer 2008), so it is still uncer-
tain whether the spin of the companion star has already been
synchronized with the orbit after the recycled stage. On the
other hand, although the equilibrium tide has been thought to be
responsible for the tidal effect on a WD (Applegate & Shaham
1994), which is usually weak, dynamical tidal dissipation on
a WD can be more efficient than equilibrium tidal dissipation
(Fuller & Lai 2012). Hence, it is worth revisiting the possibility
of tidal dissipation induced Ṗ on these systems.

To evaluate the effect of tidal dissipation on pulsar bina-
ries, the tidal parameters of every system are calculated. Fur-
thermore, we show that the dynamical tide on a WD is effi-
cient enough to produce the maximum tidal parameter in MSP-
WD systems. Additionally, the tidal parameter of MSP-MS sys-
tem PSR J1227-4853 corresponds to a reasonable Love number
k2 = 0.177+0.098

−0.058 of a MS companion under the equilibrium tide
model. These results likely support the idea that tidal dissipation
is also a non-negligible contributor to the Ṗb of MSP binaries,
with the equilibrium tidal model responsible for the MS com-
panion and the dynamical tidal model responsible for the WD
companion.
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Moreover, a weak power-law correlation between the tidal
parameter and the orbital period is found in MSP-WD bina-
ries. Compared with the general tidal model, such a correlation
requires that the spin of the companion correlates with the orbital
frequency in millisecond pulsar binaries, which possibly results
from binary evolution.

This paper is organized as follows: The estimation of the
residual ṖRes

b in all systems is described in Sect. 2. The compari-
son of the tidal parameters of these systems with tidal models is
presented in Sect. 3. The discussion and conclusion are drawn in
Sects. 4 and 5.

2. Samples collection and Ṗb calculations

2.1. The general components of observational Ṗb

The observed Ṗb from pulsar timing is the sum of different
effects. It is contaminated by two kinematic effects, with one
being the Shklovskii kinematic effect originating in the trans-
verse motion of a pulsar binary (Shklovskii 1970):

ṖShk
b = µ2

⊥

D
c

Pb. (1)

Here µ⊥ is the total proper motion velocity, Pb is the orbital
period, D is the distance of the binary, and c is the speed of light.
The other effect contributing to the measured Pb stems from the
acceleration of the pulsar along the line of sight:

ṖAcc
b =

A
c

Pb, (2)

where A is the acceleration along the line of sight. In subtracting
these two terms as shown in Eqs. (1) and (2) from the observed
one, we obtain the intrinsic ṖInt

b , which is considered to be dom-
inated by gravitational radiation so that ṖInt

b = ṖGW
b , where

ṖGW
b = −

192πP−5/3
b G5/3m4/3mpmc

5(2π)−5/3c5

(
1 +

73
24

e2 +
37
96

e4
) (

1 − e2
)−7/2

. (3)

Here G is the gravitational constant; m is the total mass of
binary; mp and mc are the mass of the pulsar and companion
star, respectively; and e is the orbital eccentricity.

2.2. Pulsar binary data

To test the effect on Ṗb other than ṖShk
b , ṖAcc

b , and ṖGW
b men-

tioned above, all pulsar binaries with Ṗb detected within a 3σ
significance and of a relatively low eccentricity (e < 0.1) were
collected, excluding the double neutron star system. There are 26
pulsar binaries available and all of them are millisecond pulsar
binaries. The measured parameters of those sources are shown
in Table A.3. A detailed discussion of these parameters is given
in the following.

Among the 26 sources, two sources are the main-sequence
star (MS) millisecond pulsar binaries; 17 are PSR-WD systems;
and the remaining seven sources have no optical counterpart or
the type of their companion star cannot be determined by the
optical observation, which suggests that the companions of these
pulsars are faint. Those uncertain companions are thus assumed
to be WDs.

2.3. The estimation of the kinematic term in Ṗb

The estimation of ṖShk
b and ṖAcc

b from Eqs. (1) and (2) requires
the distance, proper motion, and acceleration of the systems. In

our samples, almost all binaries have a measured proper motion,
except PSR J1701-3006B and PSR J1807-2459A. The proper
motion of PSR J2222-0137 is measured by the very long base-
line interferometry (VLBI; Deller et al. 2013), the proper motion
of PSR J1227-4853 and PSR J1957+2516 are measured by Gaia
(Gaia Collaboration 2018), and the proper motion of the remain-
ing sources are given by pulsar timing.

On the distance measurement of the 26 sources, two pulsars
have a precise distance measurement, one being PSR J2222-
0137 which was measured by VLBI (Deller et al. 2013) and
the other one being PSR J1227-4853 which was measured by
Gaia (Gaia Collaboration 2018). For the remaining 24 sources,
the distance of ten pulsar binaries is given by the pulsar tim-
ing via a parallax, and the remaining sources have no distance
measurement. As 11 pulsars are located in the globular clusters,
their distance can be estimated by the distance of the globular
clusters given by Baumgardt (Baumgardt et al. 2018). For the
remaining three pulsars with the absence of all those methods
for the distance measurement mentioned above, their distance
was estimated by their dispersion measure (DM) and YMW16
galactic electron density model (Yao et al. 2017), which can be
found by the “DIS T_DM” parameter from the Australia Tele-
scope National Facility (ATNF) pulsar catalog (Manchester et al.
2005). For these systems, a 1σ uncertainty is assumed to be 20%
of the corresponding distance value.

The acceleration of a pulsar is normally attributed to the
galactic potential, which can be calculated by McMillan’s model
(McMillan 2017). For binaries in the globular clusters, the poten-
tial of the cluster also contributes to the acceleration of the pulsar
binary, which can be calculated by the simple globular cluster
model of Freire (Freire et al. 2005).

In Freire’s model, the potential of the globular cluster can be
expressed by the density and radius of the core of the cluster,
which has been estimated by Baumgardt for all globular clusters
(Baumgardt et al. 2018). Then the acceleration along the line of
sight only depends on z, the distance between the point and the
sky plane through the center of the cluster, which cannot be mea-
sured. By searching the largest possible range, the acceleration
has a maximum Agc

max and a minimum Agc
min, which has the same

magnitude but an opposite direction. We assume that the prob-
ability distribution of the line-of-sight acceleration in globular
clusters is described by the Gaussian distribution with a mean
value 0 and a standard deviation of Agc

max/3.
Now, the contribution of the Shklovskii and acceleration

effect to Ṗint
b can be calculated by Eqs. (1) and (2), respectively.

After subtracting two kinematic effects from the measured one,
ṖObs

b , the intrinsic orbital decay, ṖInt
b , can be obtained,

ṖInt
b = ṖObs

b − ṖShk
b − ṖAcc

b . (4)

Such an intrinsic Ṗint
b should be dominated by the gravitational

radiation term. However, a considerable number of systems show
positive Ṗint

b , which is inconsistent with the prediction of GW
radiation, expecting a negative Ṗb only. Most probably, Ṗint

b is
contaminated by an effect other than the two terms at the right-
hand side of the above equation.

2.4. The residual ṖRes
b

To figure out such an effect, we need to subtract the gravitational
radiation-induced orbital changing ṖGW

b from the intrinsic one,
which is ṖRes

b = ṖInt
b − ṖGW

b . Such a residual ṖRes
b reflects the

behavior of the unknown effect, which can be examined in terms
of significance.
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Fig. 1. Relationship between |ṖRes
b | and orbital period Pb in logarith-

mic coordinates. Only the systems with ṖRes
b in 1σ significance are

shown. Different colors represent the binaries of the different ways of
the distance measurements1. The solid symbols denote systems with
positive ṖRes

b and the hollow ones represent sources with negative ṖRes
b .

The line is the fitting by the power law relation of systems with a WD
companion.

To calculate the term of gravitational radiation given by
Eq. (3), the orbital eccentricity and masses of double stars are
necessary. The eccentricity can be measured by pulsar timing.
For binaries without an eccentricity measurement, the nondetec-
tion means that the eccentricity is very small and can be treated
as zero.

The companion mass, mc, pulsar mass, mp, and orbital incli-
nation, i, are related to the mass function f (mc) by

f (mc) =
m3

c sin3 i
(mp + mc)2 . (5)

Such a mass function can be measured by pulsar timing for
all sources. The orbital inclination and companion mass can be
given by the measurement of the Shapiro delay. However, the
Shapiro delay has only been detected in five binaries in our sam-
ples. And there are four binaries with mass ratios measured by
their radial velocities (see Table A.1).

To estimate the mass of double stars, three assumptions are
made. For all binaries without a Shapiro delay detection, the pul-
sar mass is assumed to be 1.48±0.2 M�, given the statistics result
(Özel et al. 2012). For the binaries with neither a Shapiro delay
detection nor a mass ratio measurement, the direction of the orbit
is assumed to be isotropic, corresponding to a probability den-
sity function of orbital inclination P(i) = sin i. And the minimum
mass of the companion of all binaries is assumed to be 0.08 M�.

Thus, the gravitational radiation-induced ṖGW
b can be

obtained by Eq. (3). After subtracting it from the intrinsic one,
ṖInt

b , we determined the residual term, ṖRes
b . All components of

Ṗb from our sample are shown in Table A.3.
We did not use the standard technique of statistical error

propagation because the non-Gaussian probability density func-
tion was adopted in the estimation for the mass and the accel-
eration was calculated by the code from McMillan’s model
(McMillan 2017), which does not include error propagation.

1 Here, two systems with a distance measured by the globular cluster
that does not have a proper motion measurement belong to the “DM
Distance” group.

Thus, the uncertainty of ṖRes
b was calculated by the Monte Carlo

method. The middle value was estimated by the 50th percentile
of the sampling result, and the 1σ lower and upper uncertainty
was estimated by the 17.37th and 82.63th percentile of the sam-
pling result, respectively. The same method was applied to the
uncertainty estimation of the following calculations.

The significance of the residual ṖRes
b is within 1σ for 21 bina-

ries, 2σ for 14 binaries, and 3σ for nine binaries as shown in
Fig. 1. The uncertainty of ṖRes

b mainly stems from the measure-
ment for the distance. As shown in Table A.3, for the majority
of systems, ṖObs

b is close to their ṖShk
b . The uncertainty of the

distance measurement by pulsar timing is usually large, corre-
sponding to a large uncertainty on ṖRes

b .
Such a residual ṖRes

b reflects the behavior of the unknown
effect. Among 21 binaries, eleven sources have positive values
for ṖRes

b and ten sources have negative ones. The half-to-half dis-
tribution of ṖRes

b is easy to understand in the scenario for random
noise, whereas the possibility of the tidal effect on the residual
ṖRes

b discussed in the following section provides another scenario
that may lead to such a distribution.

3. The comparison with the tidal model

3.1. Tidal models

Considering a circular binary containing a companion star with
radius Rc and mass mc and a primary star with mass mp treated
as a point mass, the companion star is deformed by the tidal
potential of the primary star, then the deformation of the com-
panion star produces an extra torque and disturbs the motion of
the binary. The first derivative of the orbital period due to tidal
torque can be expressed as

Ṗb =
3T P2

b

2πµa2 . (6)

Here µ = mpmc/(mp + mc) is the reduced mass, a is the orbital
semi-major axis, and T is the tidal torque, which can be param-
eterized as (Fuller & Lai 2012)

T = T0F(ω)sgn(ω). (7)

Here T0 is G(mp/a3)2R5
c , representing the effect of the external

field, and F(ω) is the response of the companion star to the grav-
ity exerted by the primary star, which is usually denoted as a
dimensionless function of tidal frequency ω = Ωc −Ω (defined
as the difference between the orbital frequency Ω and spin fre-
quency Ωc), and the direction of torque only depends on the sign
of the tidal frequency.

For the general binaries, the formula for F(ω) also depends
on the tidal frequency, the eccentricity, the inclination between
the spin of the companion star and orbit, and the interior physics
of the companion star (Ogilvie 2014). If the orbit is circular and
if the inclination is small, the eccentric and oblique terms in the
tidal response vanish, thus F(ω) only depends on the tidal fre-
quency and interior physics of the star.

There are two kinds of tidal models (Ogilvie 2014). One kind
is the equilibrium tide in which a star is in hydrostatic equilib-
rium, and the other is the dynamical tide in which a star is treated
as an oscillator in various modes.

The tidal dissipation of equilibrium tide is normally
attributed to the turbulent viscosity in the convection zone,
which is the most powerful mechanism of energy dissipation
(Zahn 1989). In such a model, the dimensionless tidal response
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is inversely proportional to the convection friction time t f =

(MR2/L)1/3 and proportional to the tidal frequency

F(ω) = 3
k2

t f

ω

Ω2
k

√
320

320 + η2 . (8)

Here Ωk = (Gmc/R3)
1
2 is THE dynamical frequency of the com-

panion star, coefficient k2 is THE Love number of the companion
star, and η = t fω/π (Zahn 1989; Goupil & Zahn 2008).

Even though the Zahn’s equilibrium tide model is for the
MS, it had been widely applied to the investigation of WD tidal
dissipation (Freire et al. 2012; Antoniadis et al. 2013). The more
sophisticated model, that is to say the dynamical model for the
WD had been discussed by Fuller (Fuller & Lai 2012, 2013),
and it can produce more efficient tidal dissipation, especially at
a high tidal frequency.

In this model, the excitation and dissipation of excited grav-
ity waves in the star are involved, and the outgoing propagating
waves can be efficiently damped in the outer layer of the star
by the nonlinear mechanism. Fuller numerically simulated the
dynamical tide on the WD and found the tidal response F(ω)
satisfied

F(ω) ∝ ω5 (9)

for a carbon-oxygen WD, and

F(ω) ∝ ω6 (10)

for a helium WD.
If the residual Ṗb originated in the tide dissipation, the mag-

nitude of the tidal response F(ω) should be consistent with the
tidal model. In such a case, ṖRes

b can also set a constraint on the
interior of the companion on pulsar binaries.

3.2. On the value of F(ω)

By combining Eqs. (6) and (7), the tidal response F(ω) can be
calculated as

F(ω) =
µa8Ω2

6πGm2
pR5

c
| ˙PRes

b | =
µG5/3m8/3Ω−10/3

6πm2
pR5

c
| ˙PRes

b |, (11)

where Ω = (2π/Pb) is the orbital frequency.
The calculation of F(ω) of all systems from Eq. (6) requires

knowledge on the radius of the companion, which can be
obtained by the analytic relation between the mass and radius
of WDs (Andronov & Yavorskij 1990):

Rc

R�
= 0.01153

( mc

1.44 M�

)− 2
3

−

(
mc

1.44 M�

) 2
3


0.465

. (12)

For the MS companion, we used the empirical formula of the
mass-radius relation (Demircan & Kahraman 1991):

Rc

R�
= 1.06

(
mc

M�

)0.945

. (13)

In order to check whether the F(ω) of systems are expected
by the tidal model or not, tidal frequencies are required. How-
ever, they are unknown for all PSR-WD binaries because the
rotation velocity of those companions is not measurable. There-
fore, the tidal model can only impose an upper limitation on
F(ω) for those systems.

The maximum F(ω) among all the systems is about 103, cor-
responding to a convection friction time t f ≈ 6 × 10−12 year in
Zahn’s equilibrium model. Such a friction time corresponds to
an impossibly large luminosity of L = GM2/t3

f ≈ 1028L�. There-
fore, Zahn’s equilibrium tide dissipation is too weak to explain
the F(ω) of the pulsar binaries.

In contrast, in Fuller’s dynamical tide model, the maximum
magnitude of F(ω) is about 40 for helium WD and 105 for
carbon-oxygen WD in the case that companion rotates with
break-up velocity. Such an upper limit for F(ω) is larger than
the maximum one of all the systems. Therefore, the dynamical
tide can provide a sufficient tidal response for these systems.

If the spin of the companion can be measured, the F(ω) can
be obtained and compared with the tidal model. PSR J1227-4853
is a millisecond pulsar binary with a MS companion, the pro-
jected rotation velocity of which was measured through spec-
trum broadening vc = 86 ± 20 km s−1 (de Martino et al. 2014).
The spin of the companion can thus be obtained by Ωc =
vc/Rc sin i = 41+10

−9 rad day−1, and the inclination i and radius Rc
was obtained by the same method as in Sect. 2.3.

The convection friction time of the companion of PSR
J1227-4853 in Zahn’s tidal model is

t f = (MR2/L)1/3 = 0.26 ± 0.01 year, (14)

where the luminosity was obtained by the temperature
6100 K (de Martino et al. 2014), assuming the radiation is a
blackbody. If ṖRes

b is caused by the tidal dissipation of Zahn’s
equilibrium tide model, it implies a tidal response of F(ω) =
1.3+0.67
−0.41 × 10−7 , which yields a Love number for the compan-

ion star of k2 = 0.177+0.098
−0.058. Such a Love number is a reasonable

value for the MS. Consequently, the ṖRes
b of the MS-MSP bina-

ries can be explained by Zahn’s model of equilibrium tide.
The tidal model can not be tested directly due to the lack

of companion rotation velocity in the PSR-WD systems. As the
maximum F(ω) among these PSR-WD binaries can be achieved
by the dynamical tidal model with a reasonable rotation veloc-
ity, the contribution of the tidal dissipation to the orbital decay
Ṗb of the systems cannot be excluded yet. On the other hand, a
reasonable Love number for the MS companion of PSR J1227-
4853 inferred by Eq. (8) can be regarded as supporting evidence
for the equilibrium tide on the PSR-MS systems.

3.3. A possible correlation

We also find a possible correlation between the tidal response
parameter F(ω) and the orbital period Pb. To analyze the tidal
dissipation of these systems, a new tidal parameter K rather than
F(ω) was adopted:

K = F(ω)Ω10/3 =
µG5/3m8/3

6πm2
pR5

c
|ṖRes

b |. (15)

As F(ω) is dependent on Pb, the correlation analysis of tidal
parameters and the orbital period is affected. In contrast, the cal-
culation of K only uses ṖRes

b and the mass of a binary system,
which is more suitable for the tidal analysis.

Upon obtaining the tidal parameter K, a weak positive corre-
lation emerged as shown in Fig. 2. Thus the Pearson correlation
coefficient between log Pb and log K of MSP-WD systems can
be obtained and it exhibits a quantitative evaluation of such a cor-
relation. As different methods of the distance measurement affect
the reliability of the result, the Pearson correlation coefficient of
log |ṖRes

b | and log Pb is shown in Table 1, which is apparently
influenced by the different ways used to measure the distance.
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Fig. 2. Relationship between K and orbital period Pb in logarithmic
coordinates. Only systems with ṖRes

b above a 1σ significance are shown.
The meaning of the point style is the same as in Fig. 1.

As shown in Table 1, the Pearson correlation coefficients of
log K and log Pb imply that there is a weak correlation between
them in different combinations of the distance measurement and
significance levels. Such a correlation likely does not originate
in the correlation between log |ṖRes

b | and log Pb due to their small
Pearson correlation coefficients. As the correlation is strongly
affected by the point at the top right of the Fig. 2, we carried out
the same analysis without that point as shown in Table 2. In such
a case, the only difference from the previous analysis is that the
correlation between ṖRes

b and Pb in the 3σ significance exhibits
a significant enhancement. Nevertheless, the Pearson correlation
coefficients of log K and log Pb still show a weak correlation
between them, as shown in the previous case.

A strong correlation between ṖRes
b and Pb is also shown in the

pulsar binaries of the s. Such a systematic correlation probably
stems from the assumption that the acceleration of the globular
clusters satisfies the Gaussian distribution with a mean value 0
and a standard deviation agc

max/3. As the correlation coefficient
was calculated by the middle value of the data, ṖAcc

b , which is
proportional to the orbital period, may not have been correctly
estimated in calculations of the Pearson correlation coefficient.
Nevertheless, the strong correlation favors the existence of uni-
versal tidal dissipation in the majority of MSP-WD systems.

Fitting with a simple power-law relation K = αPβ
b was car-

ried out for MSP-WD systems, as shown in Table 3. The proba-
bility density distribution of K and ṖRes

b is non-Gaussian, which
was thus analyzed by the Monte Carlo method. The steps are
as follows: the values of K or ṖRes

b were sampled on the basis
of their probability density distribution, and a classical linear
regression in logarithmic coordinates for those values was per-
formed. After repeating such a process 100 000 times, the dis-
tribution of the slope and intercept was obtained, which exhibits
a Gaussian distribution. The reduced Chi-square was calculated
by taking the mean of the upper and lower uncertainty at a 1σ
level.

Such a correlation between K and Pb indicates that ṖRes
b orig-

inates in tidal dissipation in the majority of MSP-WD systems.
For the MSP-MS systems, only two systems are available, and
the origin of ṖRes

b for them cannot be judged by this correla-
tion. The possible origin of this correlation is further discussed
in Sect. 4.2.

4. Discussion

4.1. The effect of the winds

The change in system mass can also affect the orbital period. For
the circular binary, the derivative of the orbital period due to the
change of mass is (Tout & Hall 1991)

Ṗṁ
b = −2

ṁ
m

Pb +
3ṁp(mp − mc)

mpmc
Pb

= −2
ṁc

m
Pb +

ṁp(3mmp − 3mmc − 2mpmc)
mmpmc

Pb, (16)

where ṁ = ṁc + ṁp is total mass loss.
All systems of our samples are detached binaries, so the

transfer and loss of mass can only possibly come from the winds’
accretion. In the simple case that the pulsar does not accrete
winds (ṁp = 0), the derivative of the orbital period is

Ṗṁ
b = −2

ṁc

m
Pb. (17)

Such a Ṗṁ
b is always positive because ṁc < 0.

The material in the atmosphere of the star can escape from
the surface driven by the radiation and produce winds. The exis-
tence of stellar wind is often seen in MS. For the WD, the
winds only exist in the hot WD (Unglaub 2008). In all WD-MSP
binaries with a measured companion temperature, PSR J0024-
7204U has the highest companion temperature of about 12 000 K
(Cadelano et al. 2015). So all WDs that have a measured temper-
ature in our samples are not hot and cannot produce winds. For
these WDs for which temperature has not been measured, the
mass of winds cannot be estimated.

On the other hand, the winds can also be driven by the radia-
tion from the pulsar (Freire et al. 2012). The mass of such winds
depends on the power of the radiation from the pulsar, which
can be estimated by the intrinsic spin-down. By assuming the
total energy release of the pulsar that is received by the compan-
ion, the upper limit of the mass of the winds can be estimated.
The intrinsic spin-down was calculated from the observational
one after subtracting the kinematic effects. This complicates the
analysis.

We adopted a simpler method to estimate the mass of the
winds via the modulation of the DM (Freire et al. 2012). The
winds can produce an extra column density along the line of
sight, and thus disturb the observational DM. This method does
not depend on the companion type or the origin of the radiation
driving the winds.

By assuming the isotropic winds of the WD, the mass loss
was obtained by

ṁc = −2πXµpv0a
sin i

i
∆H. (18)

Here v0 is the velocity of the wind, X is the number of nucleons
per electron, µP is the proton mass, and ∆H is the amplitude of
the column density modulation which can be related to the DM
modulation by ∆H = ∆DM × 3.0857 × 1018 cm pc−1.

For a rough estimation, we assumed that the 1σ measure-
ment uncertainty of the DM is the upper limit of the amplitude
of the DM modulation. Then m = 1.6 M�, sin i

i = 1, X = 2, and
v0 = 0.1c were used for the estimation of the upper limit of the
ṁc. For every system, the uncertainties of DM measurement was
taken from ATNF (Manchester et al. 2005), and a was obtained
by a = (Gm/Ω2)

1
3 . Then the maximum Ṗṁ

b was estimated by
using Eqs. (17) and (18), as shown in Fig. 3. One can see that the
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Table 1. Results of the corelation analysis.

Significance Groups Num Pearson coefficient for log K − log Pb p-value for log K − log Pb Pearson coefficient for log |ṖRes
b | − log Pb p-value for log |ṖRes

b | − log Pb

1σ A 9 0.95 7.37 × 10−5 0.86 3.26 × 10−3

A,B 14 0.76 1.73 × 10−3 0.17 5.43 × 10−1

A,B,C 19 0.62 5.56 × 10−3 -0.03 8.82 × 10−1

2σ A 5 0.97 6.94 × 10−3 0.95 1.34 × 10−2

A,B 7 0.93 2.00 × 10−3 0.81 2.73 × 10−2

A,B,C 11 0.82 2.16 × 10−3 0.54 8.64 × 10−2

3σ A,B,C 6 0.97 1.06 × 10−3 0.44 3.85 × 10−1

Notes. The Pearson correlation coefficient of our systems correspond to different combinations of the distance measurement. The different groups
are denoted as follows: “A” corresponds to sources with a distance measured by the globular cluster; “B” is for sources with a distance measured
by pulsar timing; and “C” corresponds to sources with a distance measured by a DM, and two systems with a distance measured by the globular
cluster that do not have a proper motion measurement also belong to Group C.

Table 2. Results of the corelation analysis.

Significance Groups Num Pearson coefficient for log K − log Pb p-value for log K − log Pb Pearson coefficient for log |ṖRes
b | − log Pb p-value for log |ṖRes

b | − log Pb

1σ A 8 0.95 3.00 × 10−4 0.78 2.39 × 10−2

A,B 13 0.68 9.87 × 10−3 −0.02 9.58 × 10−1

A,B,C 18 0.49 3.75 × 10−2 −0.18 4.69 × 10−1

2σ A 4 0.97 2.76 × 10−2 0.97 3.25 × 10−2

A,B 6 0.86 2.81 × 10−2 0.78 6.58 × 10−2

A,B,C 10 0.64 4.61 × 10−2 0.55 1.00 × 10−1

3σ A,B,C 5 0.81 9.54 × 10−2 0.92 2.82 × 10−2

Notes. The groups are same as Table 1, but not including PSR J0024-7204X (i.e., the source in the top right corner of Fig. 2).

Table 3. Fitting result of K − Pb corresponds to different combinations
of the distance measurement.

Significance Groups Num β logα χ2
red

1σ A 9 1.28+0.30
−0.29 0.77+0.26

−0.20 0.39

A,B 14 0.97+0.20
−0.20 0.45+0.19

−0.16 2.33

A,B,C 19 0.71+0.19
−0.18 0.64+0.17

−0.14 3.51

2σ A 5 1.26+0.29
−0.30 0.92+0.33

−0.23 0.82
A,B 7 1.29+0.29

−0.25 0.90+0.30
−0.20 3.36

A,B,C 11 1.08+0.28
−0.23 1.15+0.27

−0.18 5.20

3σ A,B,C 6 0.96+0.34
−0.25 1.54+0.35

−0.21 0.36

Notes. The different groups are denoted as follows: “A” corresponds
to sources with a distance measured by the globular cluster; “B” is for
sources with a distance measured by pulsar timing; and “C” corresponds
to sources with a distance measured by the DM, and two systems with a
distance measured by the globular cluster that do not have a not proper
motion measurement also belong to Group C.

maximum Ṗṁ
b for almost all systems is much smaller than the

ṖRes
b . So the wind-driven mass loss does not significantly affect

the observational ṖObs
b .

For the situation in which the pulsar accretes wind from the
companion, the second term in Eq. (16) should be considered,
which is inversely proportional to the companion mass mc. In the
other situation in which half of the wind is accreted by the pulsar
(ṁp = −0.5ṁc) with mc = 0.08 M� and mp = 1.4 M�, the Ṗṁ

b is
about 26 times larger than that in the situation without accretion,
which cannot affect the observational ṖObs

b significantly.

4.2. Possible origins of the correlation

In almost all tidal models, the tidal response F(ω) has a
power-law relation with the tidal frequency ω (Ogilvie 2014).
Whereas, our result predicts a power-law relation between the
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Orbital Frequency(Hz)
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Globular cluster Distance
Pulsar timing Distance
DM Distance

Fig. 3. Same as Fig. 1, but excluding the fitting line. The magenta star-
like points represent the upper limits of the Ṗṁ

b for every system with
ṖRes

b above a 1σ significance, except for one system with a zero DM
uncertainty, which is indicated by the magenta arrow.

tidal response F(ω) and orbital frequency Ω, which requires
a power-law relationship between the tidal frequency ω and
the orbital frequency Ω, such a correlation implies a relation
between the tidal frequencyω and the orbital period, which prob-
ably stems from the epoch of dynamical co-evolution of spin and
orbit.

For typical binaries containing a pulsar with a mass of mp =
1.48 M� and a WD companion with a mass of mc = 0.2 M�, the
ṖTide

b can be equivalent to the ṖGW
b originating in GW radiation

at a critical period of Pc = 0.077 day, where the ṖTide
b was calcu-

lated by the power law K = αPβ
b with the fitting result of the first

line in the Table 3. For binaries of orbital period Pb > Pc, the
tidal interaction determines the change in the orbital period; and
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for binaries with an orbital period of Pb < Pc, the gravitational
radiation is dominant.

Consequently, tidal dissipation is responsible for the varia-
tion in the orbital period of the binaries with an orbital period of
Pb ≈ 1 day. Even in such a case, the tidal-induced orbital change
is only Ṗb = 2 × 10−12ss−1, which is so small that it takes too
long for a binary pulsar to evolve from a long orbital period to
a short one. Therefore, the scenario of co-evolution can be ruled
out.

Such a correlation between the tidal and orbital frequency
can originate in the early formation of the pulsar binary, that
is, the recycled stage of a millisecond pulsar binary. Interest-
ingly, all systems of pulsar binaries with a WD companion are
millisecond pulsar binaries, which are supposed to have experi-
enced a spin-up stage by accelerating the giant companion, the
progenitor of the WD. The accretion of NS through mass transfer
results in a wider orbit and reduced envelope of the giant star. As
the acceleration comes to a halt, the relics of the giant become a
naked core, which is the WD companion.

Theoretically, the property of a remnant WD and orbit can be
determined by the initial binary status before the recycled stage.
Therefore, a correlation between the physical property of a com-
panion and orbital period in a remnant binary is reasonable. For
example, Rappaport reported that the mass of a WD is correlated
with the orbital period (Rappaport et al. 1995). Thus the spin of
the companion may correlate with the orbital period.

The progenitor of a companion is usually thought to be syn-
chronized with the orbit during the accretion phase. However, the
WD rotates faster than its progenitor giant. Bassa considered a
possibility that the envelope had contracted to form the WD after
mass transfer (Bassa et al. 2006a). The conservation of angular
momentum increases spin and gives ω

Ωb
=

MenvR2
L

MWDR2
WD

, where Menv

and RL is the mass of the envelope and radius of the Roche-lobe,
respectively. This scenario leads to the correlation between com-
panion spin and the orbital period. However, it can only align the
spin and the orbit, as well as produce a positive ṖTide

b , whereas
the negative ṖTide

b corresponding to the opposite spin and orbital
direction cannot be explained in this situation.

The negative ṖTide
b represents the negative tidal frequency,

which means the spin frequency is either smaller than the orbital
frequency in the same direction or an arbitrary value in the oppo-
site direction. In almost all WD-MSP binaries, the spin is larger
than the orbital frequency in the dynamical tidal model, so the
negative ṖTide

b represents the fast rotation of a companion in the
opposite direction as the orbital motion. If the progenitor of a
companion has not been synchronized with the orbit and if it has
an opposite rotational direction as the orbit, the WD can rotate
rapidly in the opposite direction as the orbit.

The tidal dissipation can also affect the evolution of the spin-
orbit misalignment angle θ. Lai found that the dumping of the
inertial waves in the convective envelope can produce an extra
tidal torque to change the spin-orbit inclination misalignment
angle θ (Lai 2012), which evolves toward 0 when cos θ < 0 and
πwhen cos θ > 0 if the orbital angular momentum is much larger
than the spin angular momentum. In the case that the direction
of the companion spin was isotropic in the early stage of the
binary and that it has been fully evolved in the recycled stage,
then the spin-orbit misalignment angle θ can be either 0 or π,
both of which having the same likelihood; this corresponds the
distribution of the half negative and half positive ṖTide

b , which is
consistent with our expectation.

Now the fast rotation of the companion in both aligned and
misaligned situations can be produced, but the origin of the cor-

relation between the companion spin and orbital period remains
unknown. Even so, the spin evolution of the companion at the
recycled stage is the most probable way to produce such a rela-
tion. If the specific relation between the companion spin and
orbital period through the recycled process can be understood by
other means, the tidal model of WD will be further constrained.

5. Conclusions

There usually are two situations considered in the literature: one
is that the companion star is already synchronized with orbit,
and the other is that the tidal dissipation on the WD is ineffi-
cient. Thus the existence of tidal dissipation in pulsar binaries
with the WD companion has long been neglected. Fuller’s study
on the dynamical tide of the WD (Fuller & Lai 2012) predicts a
more efficient tidal dissipation than viscosity turbulent in Zahn’s
equilibrium tidal model (Zahn 1989). On the other hand, the time
interval between the recycled stage to the present day is difficult
to estimate, and it is not possible to guarantee that the companion
has been synchronized with the orbit. Therefore, it is too early
to exclude the effect of tidal dissipation from the timing of these
pulsar binaries.

After counting out the three normal effects, the residual
term ṖRes

b displays signs of being half positive and half nega-
tive, which is compatible with the scenario of the tidal effect.
We further found that the dynamical tide on the WD can be
efficient enough to account for the residual term ṖRes

b of all
PSR-WD binaries. For the PSR-MS binary, the Love number
of the MS companion of PSR J1227-4853 can be constrained
as k2 = 0.177+0.098

−0.058, which is a reasonable value for the MS.
This supports the possibility of tidal dissipation in the PSR-MS
system. Therefore, tidal dissipation should not be ignored in the
orbital decay Ṗb.

Furthermore, a weak correlation between the tidal parame-
ter and orbital period exhibits a potential relation between the
tidal frequency and orbital frequency. As all of the systems are
millisecond pulsar binaries, this suggests that such a correlation
likely originates from the recycled stage of millisecond pulsar
binaries.

Investigation of the tidal dissipation on pulsar binaries is of
importance in three aspects. First, it indicates that tidal dissipa-
tion also contributes to the first derivative of the orbital period
of pulsar binaries, so that fundamental physics such as grav-
itational radiation of a binary pulsar should be extracted after
counting it out. Second, it shows that the interior of the compan-
ion stars can be investigated through the precise pulsar timing
of these pulsar binaries, which provides a useful complement
to previous methods, such as spectroscopy, light curves, eclipse,
and asteroseismology. Third, the derived correlation between the
tidal and orbital frequency suggests that tidal dissipation may
play an important role in the recycled stage of a millisecond pul-
sar binary.
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Appendix A: Collected Data

Table A.1. Measurement of sine of inclination sin(i), companion mass mc, and mass ratio mp/mc.

Name sin(i) mc mp/mc Reference
M�

J0348+0432∗ * 0.173(3) 11.70(13) Cognard et al. (2017)
J0437-4715∗ 0.6748(5) 0.224(7) * Reardon et al. (2015)
J1012+5307∗ * 0.16(2) 10.0(7) van Kerkwijk et al. (2005)
J1614-2230∗ 0.999903(3) 0.493(3) * Arzoumanian et al. (2018)
J1909-3744∗ 0.9981(1) 0.208(2) * Arzoumanian et al. (2018)
J2222-0137 0.9966(3) 1.293(25) * Cognard et al. (2017)

J0024-7204S * 0.17(3) * Cadelano et al. (2015)
J1024-7204U * 0.171(3) * Cadelano et al. (2015)
J0024-7204Y * 0.17(2) * Cadelano et al. (2015)
J1227-4853 * * 5.15(8) de Martino et al. (2014)
J1738+0333 * * 8.1(2) Freire et al. (2012)

Table A.2. Parameter of globular clusters where binaries are located and derived by Baumgardt (Baumgardt et al. 2018)

Name of globular clusters log ρc rc Distance Pulsar inside
M�/pc3 pc kpc

J0024-7204Y, J0024-7204X, J0024-7204U
NGC 104 5.12 0.51 4.43 ± 0.04 J0024-7204S J0024-7204R B0021-72E

J0024-7204Q, B0021-72I
NGC 5904 3.67 1.19 7.57 ± 0.13 J1518+0204C
NGC 6266 5.21 0.36 6.41 ± 0.12 J1701-3006B
NGA6544 6.28 0.16 2.6 ± 0.27 1807-2459A
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Table A.3. Observational and derived values of our samples. The distance was measured by the globular cluster for Group A, pulsar timing
for Group B, and the DM for Group C; also two systems with a distance measured by the globular cluster that do not have a proper motion
measurement also belong to Group C. Other systems were not fitted because they do not have ṖRes within a 1 σ significance. Three asterisks
represent the systems having ṖRes within a 3 σ significance; two asterisks represent the systems having ṖRes within a 2 σ significance; the asterisk
represents the systems having ṖRes within a 1 σ significance.

Name Mass function Comp Pb Ṗobs
b µα µδ Distance ṖS hk

b ṖAcc
b ṖGW

b ṖRes
b References

(M�) (days) (mas yr−1) (mas yr−1) (kpc)

Group A
J0024-7204X∗∗∗ 1.52 × 10−2 WD 10.92 6(2) × 10−12 5.8(1) −3.3(2) 4.43(4) 4.5(2) × 10−13 −2.0+0.6

−0.6 × 10−12 −2.2+0.5
−1 × 10−16 8+2

−2 × 10−12 2,3,5,25

B0021-72E∗∗ 1.64 × 10−3 WD 2.257 4.8(2) × 10−12 6.15(3) −2.35(6) 4.43(4) 9.1(1) × 10−14 −4+9
−9 × 10−13 −1.4+0.3

−0.7 × 10−15 5.1+0.9
−0.9 × 10−12 2,3,25

J0024-7204R∗∗ 9.09 × 10−6 - 0.06623 1.9(4) × 10−13 4.8(1) −3.3(2) 4.43(4) 2.09(9) × 10−15 −1+8
−8 × 10−14 −9+2

−4 × 10−14 2.0+0.9
−0.9 × 10−13 2,3,25

J0024-7204S∗∗ 3.35 × 10−4 WD 1.202 −4.9(4) × 10−12 4.5(1) −2.5(1) 4.43(4) 3.0(1) × 10−14 −2+14
−15 × 10−13 −2.3+0.5

−1 × 10−15 −5+1
−1 × 10−12 2,3,4,25

J1518+0204C∗∗ 2.68 × 10−5 - 0.08683 −9.14(23) × 10−13 4.67(14) −8.24(36) 7.57(13) 1.24(8) × 10−14 −4+1
−1 × 10−14 −8+2

−4 × 10−14 −8.8+0.3
−0.3 × 10−13 16,25

B0021-72I∗ 1.16 × 10−6 - 0.2298 −8(2) × 10−13 5.0(2) −2.1(2) 4.43(4) 6.3(4) × 10−15 −4+23
−22 × 10−14 −5+1

−3 × 10−15 −8+3
−3 × 10−13 2,3,4,25

J0024-7204Q∗ 2.37 × 10−3 WD 1.189 −1.0(2) × 10−12 5.2(1) −2.6(1) 4.43(4) 3.7(1) × 10−14 −2+2
−2 × 10−13 −5+1

−2 × 10−15 −8+3
−3 × 10−13 2,3,4,25

J0024-7204U∗ 8.53 × 10−4 WD 0.4291 6.6(5) × 10−13 4.6(2) −3.8(1) 4.43(4) 1.42(8) × 10−14 −8+24
−24 × 10−14 −1.8+0.4

−0.9 × 10−14 7+2
−2 × 10−13 2,3,4,25

J0024-7204Y∗ 1.18 × 10−3 WD 0.5219 −8.2(7) × 10−13 4.4(1) −3.4(1) 4.43(4) 1.5(5) × 10−14 −10+29
−29 × 10−14 −1.4+0.3

−0.8 × 10−14 −7+3
−3 × 10−13 2,3,4,25

Group B
J0023+0923∗∗∗ 2.00 × 10−6 - 0.1388 2.8(2) × 10−12 −12.6(2) −5.8(3) 1.1(2) 6(1) × 10−15 −2.2+0.5

−0.5 × 10−15 −1.5+0.3
−0.8 × 10−14 2.8+0.2

−0.2 × 10−12 1

J0348+0432∗∗ 2.87 × 10−4 WD 0.1024 −2.73(45) × 10−13 4.04(16) 3.5(6) 2.1(2) 1.3(2) × 10−15 6+2
−2 × 10−16 −1.6+0.3

−0.3 × 10−13 −2.8+0.4
−0.4 × 10−13 6

J1603-7202∗ 8.79 × 10−3 WD 6.309 3.1(15) × 10−13 −2.46(4) −7.33(5) 0.9(7) 7(5) × 10−14 −2+2
−4 × 10−14 −4.6+1.0

−3 × 10−16 3+1
−1 × 10−13 7,10

J1614-2230∗ 2.05 × 10−2 WD 8.687 1.7(2) × 10−12 3.8(10) −32.5(7) 0.67(5) 1.3(1) × 10−12 2.6+0.7
−0.6 × 10−15 −4.2+0.05

−0.05 × 10−16 4+2
−2 × 10−13 1,19

J1909-3744∗ 3.12 × 10−3 WD 1.533 5.02(5) × 10−13 −9.516(4) −35.77(1) 1.09(4) 4.8(2) × 10−13 3.5+0.3
−0.3 × 10−15 −2.77+0.05

−0.05 × 10−15 2+2
−2 × 10−14 1,7,10

Group C
J1701-3006B∗∗∗ 8.83 × 10−4 WD 0.1445 −5.12(62) × 10−12 - - 6.4(1) - 6+235

−239 × 10−15 −1.1+0.2
−0.6 × 10−13 −5.1+0.6

−0.6 × 10−12 3,15,25

J1957+2516∗∗∗ 4.31 × 10−4 WD 0.2381 1.2(2) × 10−11 −5.68(113) −8.86(147) 2.66 1.5(4) × 10−14 −1.2+0.4
−0.6 × 10−14 −3.8+0.8

−2 × 10−14 1.2+0.2
−0.2 × 10−11 3,14,20,23

B1957+20∗∗∗ 5.00 × 10−6 - 0.3820 1.47(8) × 10−11 −16.0(5) −25.8(6) 1.73 1.3(2) × 10−13 −7+2
−3 × 10−15 −3.8+0.8

−2 × 10−15 1.46+0.07
−0.08 × 10−11 3,14

J0636+5129∗∗∗ 1.76 × 10−7 - 0.06655 2.5(3) × 10−12 3.5(2) −2.3(2) 0.21 5(1) × 10−17 3+2
−1 × 10−18 −2.3+0.5

−1 × 10−14 2.5+0.3
−0.3 × 10−12 1,3

J1807-2459A∗ 3.88 × 10−7 - 0.07109 −1.14(6) × 10−12 - - 2.6(3) - 1+568
−566 × 10−15 −2.7+0.6

−1 × 10−14 −1.1+0.6
−0.6 × 10−12 3,15,25

No Fitting
J0437-4715 1.24 × 10−3 WD 5.741 3.728(6) × 10−12 121.438(2) −71.475(2) 0.157(2) 3.76(5) × 10−12 −3.7+0.1

−0.1 × 10−15 −3.2+0.2
−0.2 × 10−16 −2+5

−4 × 10−14 7

J0751+1807 9.67 × 10−4 WD 0.2631 −3.50(25) × 10−14 −2.73(5) −13.4(3) 1.07(24) 1.1(2) × 10−14 6+5
−3 × 10−16 −4.2+0.9

−2 × 10−14 −4.7+0.4
−0.4 × 10−14 8,9

J1012+5307 5.78 × 10−4 WD 0.6047 8.1(16) × 10−14 2.66(3) −25.5(4) 1.15(24) 10(2) × 10−14 −4.6+0.7
−0.5 × 10−15 −9+2

−2 × 10−15 −1+2
−2 × 10−14 1,8,10

J1023+0038 1.11 × 10−3 MS 0.1981 −7.32(6) × 10−11 4.76(3) −17.34(4) 1.368(42) 1.84(5) × 10−14 −3.3+0.1
−0.1 × 10−15 −7+2

−4 × 10−14 −7.32+0.06
−0.06 × 10−11 11,12,13

J1227-4853 3.87 × 10−3 MS 0.2879 −8.7(1) × 10−10 −18.726(207) 7.338(116) 1.6(4) 3.9(9) × 10−14 −6+2
−3 × 10−15 −6+1

−1 × 10−14 −8.7+0.09
−0.09 × 10−10 22,23,24

J1738+0333 3.46 × 10−4 WD 0.3548 −1.70(31) × 10−14 7.037(5) 5.07(1) 1.47(10) 8.2(5) × 10−15 −8+1
−2 × 10−16 −2.8+0.6

−0.6 × 10−14 −2.45+0.05
−0.05 × 10−14 10,21

J2222-0137 2.29 × 10−1 WD 2.446 2.0(9) × 10−13 44.73(2) −5.68(6) 26.7(1) 2.79(1) × 10−13 −4.6+0.1
−0.1 × 10−15 −7.7+0.3

−0.3 × 10−15 −7+8
−8 × 10−14 17,18

References. (1) Arzoumanian et al. (2018); (2) Freire et al. (2017); (3) Manchester et al. (2005); (4) Cadelano et al. (2015); (5) Ridolfi et al.
(2016); (6) Antoniadis et al. (2013); (7) Reardon et al. (2015); (8) Desvignes et al. (2016); (9) Bassa et al. (2006b); (10) van Kerkwijk et al. (2005);
(11) Archibald et al. (2013); (12) Deller et al. (2012); (13) Bogdanov et al. (2015); (14) Arzoumanian et al. (1993); (15) Lynch et al. (2012);
(16) Pallanca et al. (2014); (17) Cognard et al. (2017); (18) Deller et al. (2013); (19) Bhalerao & Kulkarni (2011); (20) Stovall et al. (2016); (21)
Freire et al. (2012); (22) Roy et al. (2015); (23) Gaia Collaboration (2018); (24) de Martino et al. (2014); (25) Baumgardt et al. (2018).
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