N

N

First measurement of the total gravitational quadrupole
moment of a black widow companion
Guillaume Voisin, C J Clark, R P Breton, V. Dhillon, M R Kennedy, D
Mata-Sanchez

» To cite this version:

Guillaume Voisin, C J Clark, R P Breton, V. Dhillon, M R Kennedy, et al.. First measurement of the
total gravitational quadrupole moment of a black widow companion. Monthly Notices of the Royal
Astronomical Society, In press, 494 (3), pp.4448-4453. 10.1093/mnras/staa953 . hal-02427662v2

HAL Id: hal-02427662
https://hal.science/hal-02427662v2

Submitted on 2 Apr 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-02427662v2
https://hal.archives-ouvertes.fr

MNRAS 000, 1-6 (2015)

Preprint 2 April 2020

Compiled using MNRAS IATEX style file v3.0

First measurement of the total gravitational quadrupole
moment of a black widow companion

Guillaume Voisin!?*, C. J. Clark!, R. P. Breton!, V. S. Dhillon %,

M. R. Kennedy', D. Mata-Sanchez!

U Jodrell Bank Centre for Astrophysics, School of Physics and Astronomy, The University of Manchester, Manchester M19 9PL, UK
2 LUTH, Observatoire de Paris, PSL Research University, 5 Place Jules Janssen, 92195 Meudon, France

3 Department of Physics and Astronomy, University of Sheffield, Sheffield S3 7TRH, UK

4 Instituto de Astrofisica de Canarias (IAC), E-38200 La Laguna, Tenerife, Spain

Accepted XXX. Received YYY; in original form ZZZ

ABSTRACT

We present the first measurement of the gravitational quadrupole moment of the
companion star of a spider pulsar, namely the black widow PSR J2051-0827. To this
end we have re-analysed radio timing data using a new model which is able to account
for periastron precession caused by tidal and centrifugal deformations of the star as
well as by general relativity. The model allows for a time-varying component of the
quadrupole moment, thus self-consistently accounting for the ill-understood orbital
period variations observed in these systems. Our analysis results in the first detection
of orbital precession in a spider system at w = —68.6J_r8:2 deg/yr and the most accurate

determination of orbital eccentricity for PSR J2051-0827 with e = (4.2 +0.1) x 107>.
We show that the variable quadrupole component is about 100 times smaller than
the average quadrupole moment Q = —Z.Zf?'ﬁ x 10Mkgm? . We discuss how accurate
modelling of high precision optical light curves of the companion star will allow its
apsidal motion constant to be derived from our results.

Key words: pulsars: individual: PSR J2051-0827 — pulsars: general — binaries: close

— celestial mechanics

1 INTRODUCTION

Spider pulsars are binaries composed of a millisecond pulsar
primary and a low-mass semi-degenerate secondary orbiting
with a sub-day period that is often as short as a few hours. In
the event that the companion has a very low mass, < 0.1 Mg,
the system is called a black widow. Those with heavier com-
panions (~ 0.1-0.4 Mg) are called redbacks. These binaries
are named after two spider species which share the charac-
teristic that the larger and more massive female occasion-
ally eats the smaller male after mating. In their astrophys-
ical counterparts, the companions are slowly evaporated by
the pulsar (Fruchter et al. 1988) after the pulsar has been
spun up to millisecond periods by mass transfer (Alpar et al.
1982). While it is not entirely clear whether the companions
are entirely destroyed (Polzin et al. 2019), there is evidence
that the recycling process in Spiders is particularly efficient,
with the two fastest known spinning pulsars being respec-
tively a redback, PSR 1748-2446ad (Hessels et al. 2006),
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and a black widow, PSR J0952-0607 (Bassa et al. 2017).
Note that in itself this does not imply that these objects are
more massive as spin-up can be achieved with only a small
amount of mass being accreted (see Tauris (2016) and ref-
erences therein). The observed similarity of the companion
with low-mass X-ray binary secondaries as well as the transi-
tion of some redback systems (Archibald et al. 2009; Papitto
et al. 2013; Bassa et al. 2014) to and from accreting states
certainly supports the idea of these latter systems being the
missing links in millisecond pulsar evolution. There are still
a number of mysteries surrounding the evolution of spiders,
such as to whether redbacks and black widows are directly
related or on two distinct pathways (Chen et al. 2013; Ben-
venuto et al. 2012). Probing the internal state of the compan-
ion, through a measurement of its gravitational quadrupole
moment, thus represents an invaluable constraint for stellar
evolution models.

The high potential of spider pulsars (Bochenek et al.
2015; Roberts 2012) for pulsar timing (see e.g. Lyne
& Graham-Smith (2012)) is often hindered by their ill-
understood orbital period variations, which are usually at-
tributed to fluctuations of their quadrupole moment caused
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by stellar magnetic cycles as proposed in Applegate (1992)
and later refined by e.g. Lanza & Rodono (1999); Lanza
(2006); Volschow et al. (2018); Navarrete et al. (2019).
If quadrupole-moment changes are responsible for the ob-
served orbital period variations, then it is possible to design
a dynamical model of the binary that includes this contri-
bution. Nonetheless, such variations are only perturbations
of a larger quadrupole moment due to the well-known cen-
trifugal and tidal forces. However, the main effect that these
latter components generate is an orbital precession which is
only detectable if a significant eccentricity is present. This
characteristic is made unlikely by the assumed evolution sce-
nario where strong circularising mechanisms are expected
(see Voisin et al. (2020) and references therein).

We recently demonstrated (Voisin et al. 2020) that a
perturbed orbit cannot be perfectly circular as a direct con-
sequence of Bertrand’s theorem which stipulates that only
the harmonic and Newtonian potentials can lead to periodic
motion. We demonstrated that in the case of spider systems,
this property is effectively embodied in an apparent eccen-
tricity and periastron precession. Owing to the estimated
magnitude of quadrupole deformation, it was shown that
the minimal value of that effective eccentricity may fall well
within a detectable range.

In this letter, we report on the application of our model
to black widow PSR J2051-0827. We re-analysed the timing
data published in Shaifullah et al. (2016) using an implemen-
tation of the model of Voisin et al. (2020).

2 THE TIMING MODEL

The timing model presented in Voisin et al. (2020) is an ex-
tension of the relativistic binary model of Damour & Deru-
elle (1985, 1986) to binaries with a companion deformed by
tidal and centrifugal forces and accurate to first order in
eccentricity. The model comes with the restriction that the
spin of the companion is assumed to be synchronized with
its orbital motion such that the axis of the deformation re-
mains constant. In addition, a time-varying component is
allowed to account for orbital period variations. Thus, bi-
nary dynamics derives from the companion’s gravitational
potential,
Gme 3 a2

L+ Us + R+ 155 ). (1)
r
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where m, is the mass of the companion, J, J; and J,, () are di-
mensionless parameters quantifying the spin, tidal and vari-
able quadrupole components respectively, G is the gravita-
tional constant, a the separation between the pulsar and its
companion at an arbitrary reference time #y and r the dis-
tance between the two objects at time ¢ such that a = r(ty)
(Voisin et al. 2020). The quadrupole parameters are related
to the quadrupole moment along the radial axis Q;, by

3 Qrr 3

a
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Note that even without the intrinsic variation of J,,, equation
(2) shows that the quadrupole moment is subjected to the
periodic variations of tidal forces as a consequence of orbital
eccentricity. One may therefore define an average quadrupole

moment by
= 2
0= §(J, + J)mea®. (3)

Relativistic corrections at the first post-Newtonian or-
der are included as in, e.g., Damour & Deruelle (1985), and
contribute terms of order

GM
€= —

(4)
where M = m¢ + mp is the total mass of the system and mp
the mass of the pulsar.

One can show that the tidal and centrifugal components
are connected by the relation Jg = (1 + ¢)J;/3, where g =
me/myp is the mass ratio of the system. Using equilibrium
tide theory (Sterne 1939; Kopal 1978), one can relate these
quantities to the apsidal motion constant kj,

Jr = ~kap} a7, (5)

where pr = Ry/a, Ry is the volume-averaged Roche-lobe ra-
dius, and f the filling factor of the companion such that
Re/a = fpr. It is convenient to use the formula pr =

0.49612/3/(0.6512/3 +In (1 + q1/3)) (Eggleton 1983). The apsi-
dal motion constant depends on integration of the stellar
structure, and in particular on the equation of state of the
star.

The variable component is left as a free parameter
which is related to the orbital frequency derivatives fél) =
di fy,/dri(T,) like so,

| f(i) )
hm=—a;g;%ﬁ—nﬁ (©)
where f;, = 1/Pp is the orbital frequency at the time of
ascending node T,. Interestingly, this translates into J,,(¢) =
—APy, /(6P,) where AP, is the orbital period variation.

Together with relativistic effects, quadrupole deforma-
tions are responsible for a minimum eccentricity,

€ (MM
eminz—Jt(16+q)+§( ;V[”+3). (7)

The total eccentricity that may be detected in timing ob-
servations is the sum of this minimum component and the
traditional, hereafter Keplerian, component: ¢ = epyin + eg-
The Keplerian component is the one that may be nullified by
circularisation processes. On the other hand, eni, should be
considered as an effective, as opposed to geometrical, com-
ponent. In any case, if the eccentricity e is large enough to be
detected then one also has to account for orbital precession
at an angular rate of

W = nyp, (15J; + 3J5 + 3¢€) (8)

>
06‘2

where np, = 2nf;,. The first term of equation (8) gives the
tidal contribution g, the second the spin contribution wgpin
and the third term is the relativistic contribution .
Since spiders are close binaries, the model only includes
the so-called Roemer delay, namely the geometrical delay in-
duced by the variation of the distance projected along the
line of sight of the observer as the pulsar circles its orbit.
Relativistic delays such as the effects of time dilation or
light bending may safely be neglected (Voisin et al. 2020).
It follows that, from pulsar timing alone, the inclination an-
gle of the orbital plane cannot be measured independently

MNRAS 000, 1-6 (2015)



from the pulsar semi-major axis, but only the projection of
the latter along the line of sight: x = a;, sini. Additionally,
information on the masses of the two stars is limited to the
so-called mass function (m, sin i)3/(mp +me)? = G_1x3ni.
Although one may neglect the relativistic contributions
in first approximation, one sees that the mass ratio ¢ re-
mains necessary to derive the apsidal motion constant kj
from equations (8) and (5). If relativistic corrections are to
be included, then the knowledge of both masses is necessary.
Furthermore, the filling factor f is certainly the most sensi-
tive parameter needed to derive the apsidal motion constant,
as it appears in equation (5) to the fifth power. This factor
cannot in general be obtained through the technique of pul-
sar timing, but can instead be extracted from modelling of
the optical light curve of the companion (e.g. Breton et al.
2013). The same technique can inform us of the orbital in-
clination, and thus partially lift the degeneracy of the mass
function. The mass ratio can be obtained through optical
spectroscopy (e.g. van Kerkwijk et al. 2011) by measuring
the velocity of the companion along the line of sight and
comparing it to the projected pulsar velocity derived from
timing. If spectroscopic observations are not available, light-
curve modelling can provide constraints on the masses of the
system, but usually with large uncertainties. As a last resort,
one can estimate the range of allowed mass ratios by assum-
ing pulsar masses that lie in the range 1.3Mg < mp < 2.4Mo.

3 RESULTS AND DISCUSSION

Here, we re-analysed 21 years of timing data previously pub-
lished in Shaifullah et al. (2016)! using a version of the ELL1
timing model implemented in the Tempo2 pulsar timing
software (Hobbs et al. 2006; Edwards et al. 2006) and mod-
ified according to the prescriptions of Voisin et al. (2020)2.
The uncertainties were estimated using the affine-invariant
Markov Chain Monte Carlo (MCMC) algorithm of Good-
man & Weare (2010); Foreman-Mackey et al. (2013) with
the convergence criterion of Dunkley et al. (2005) (see on-
line material for run details) 3.

The mean values of the parameter posterior distribu-
tion functions are given in table 1. Compared to the fit using
Tempo2’s BTX model presented in Shaifullah et al. (2016),
the reduced y? is significantly improved (4.06 vs 4.16, cor-
responding to Ay? = —1107, see also table 2) and our model
is unambiguously favoured by both the Akaike information
criterion (AIC, Akaike (1974)) and the Bayesian informa-
tion criterion (BIC, Schwarz (1978)): AAIC ~ —1101 and
ABIC =~ —1079 (see also textbooks such as Burnham & An-
derson (2002)). Some of the parameters common to both fits
are significantly different, the largest discrepancy occurring
in the spin frequency f which is different by ~ 57 standard

I The data processed here is available as online additional mate-
rial to Shaifullah et al. (2016) at http://www.epta.eu.org/aom.
html.

2 The timing model implementation is available here:
https://bitbucket.org/astro_guillaume_voisin/spider_
timing_model/

3 Our MCMC implementation, with bindings to Tempo2, is avail-
able here: https://bitbucket.org/astro_guillaume_voisin/
mcmc4dtempo2/
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Parameter Value

MJD range 49989.9-56779.3
NToA 11391

Red. y?2 4.06

RAJ (rad) 5.459064089(37)*22
DECJ (rad) -0.147663345(83)7}
Ha (mas/yr) 5,641

ps (mas/yr) 3.5(29)%53
£ 2.21796283653060(66)*32 x 10
JACR -6.2649(75)"11 x 10716
fir (57! 1.167797941(44) 738 x 10~
f%; (s72) 8.(92)*18 x 10720

£, (s7%) ~7.(836)*8> % 10727
12 (s ~1.0(84)*8 x 1073+
fé‘s‘; (s75) 5.(68)733 x 1042

) (57 3.(77)133 x 107%
O (7,179 x 1075
flg; (s78) ~1.(359)*%! x 10763
ARG -2.(79)*38 x 107!
£ (s719) 4253 x 10778
£ 6™ LB X 107
£ (571 ~1.0(59)73 x 10792
12 (5713 ~4.(91)*38 x 107100
£ (s 1.(73)13 x 10717
S (5719) 1.2(48)23] x 107114
o (5719 ~5.8)* ] x 1071
19 (s717) ~1.(69)*19 x 107120
ARG -3.(19*20 x 107137
x (lt-s) 4.50705(42)*88 x 1072
* (It-s/s) 1.0(75)732 x 10714
@ (deg/yr) —68.(56)*3)

Tasc (MJD) 5.40910343493(32)*%8 x 10*
Ks (esinw) -8.(2)*)3 x 107°

ke (ecosw)
Derived quantities

4.(07* 1 x 1073

e 4.(17H ] x 107
€min 2.2(03)"1% x 107
ex L(96)*]] x 107
Jy —3.9(08)*2% x 1076
Js —1.3(26)j621 x 1076
0 (kgm?) ~2.(16)*1 x 10
€ 3.(52"5 x 1076
Wrel (deg/yr) 14'3i%:3
U)spin (deg/yr) _5-28i 1

@yq (deg/yr) —77.78%}1;%

Table 1. Results of the MCMC fit of the timing data: mean val-
ues of the posterior distribution function are given with their 68%
confidence regions. Error bars apply to the digits between paren-
theses, and to the full number otherwise. The derived quantities
other than the eccentricity e have been sampled conservatively
assuming a uniform distribution of pulsar masses, 1.3My < mp <
2.4Mg, and of cosi between 0.4 and 0.8 corresponding to a mean
inclination angle i ~ 52 deg compatible with Stappers et al. (2001).

deviations. This indicates that when precession and eccen-
tricity are not included f adjusts to partly compensate. The
orbital parameters x, X, Tasc, fj, are consistent within 20-. The
orbital period derivatives show similar but nonetheless sig-
nificantly different values between the two fits (see below).
This might be due to the large correlations between each
of these parameters (see the corner plot in the online ma-
terial). The lo- error bars themselves are quite different be-
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Model & -2 AAIC  ABIC
BTX 27 47216 1101 1079
17f, 30 46109 0 ]
16f;, 29 46291 180 172

f2=0 20 46113 2 -5

Table 2. Comparison between the different models. BTX: model
of Shaifullah et al. (2016); 17f;: reference model presented in ta-
ble 1; 16f},: reference model with 16 orbital frequency derivatives;
;6) = 0: reference model with f;ﬁ) fixed to 0. k is the number
of parameters, AAIC and ABIC give the difference of the Akaike
Information Criterion and the Bayesian Information Criterion re-
spectively.

tween the BTX fit and the present one, which is partly the
result of the different methods used: Tempo2 returns an es-
timate based on its least-square fit while here we use an
MCMC sampling of the posterior distribution function. We
note that f}gé) is consistent with zero within error bars while
the Tempo?2 fit returns a narrower uncertainty, inconsistent
with zero. In order to ascertain that the number of orbital
frequency derivatives required with our model is still 17, we
have run another MCMC with 16 derivatives only (from fl}

to fbl6). Following Shaifullah et al. (2016) we have compared
the two runs using AIC but also BIC which showed that 17
derivatives were still favoured (see table 2). This is consis-
tent with the fact that eccentricity and precession do not
correlate with orbital frequency derivatives (see supplemen-
tary online material) and that all the derivatives of order
higher than 6 are significantly measured to finite values. We
have also run another MCMC with flgé) fixed to 0 and found
that, as expected, this model is approximately equivalent
to the full model presented in table 1, only being slightly
disfavoured by AIC and favoured, although not strongly, by
BIC due to the fact that BIC has a stronger penalty for ad-
ditional parameters. However, the frequency derivatives are
only an empirical modelling that strongly depends on a spe-
cific observation span. Thus, the fact that of flgﬁ) ~ 0 would
appear to be a coincidence for this particular time span and
reference epoch. In order to compare with Shaifullah et al.
(2016) we chose to report the 17-derivative model in table
1. Moreover, we note that the large reduced y? we obtain
is either due to un-modelled effects or to underestimated
uncertainties on the times of arrival. In the latter case, the
error bars given in table 1 should be multiplied by ~ 2, par-
ticularly since the marginalised posterior distributions of all
parameters are closely Gaussian (see online material).

The true novelty of the present fit is the detection of a
large orbital precession together with the most accurate de-
tection of orbital eccentricity (see table 1). The value of the
measured eccentricity is somewhat smaller than was hinted
at in previous works that gave upper limits (Stappers et al.
1998; Doroshenko et al. 2001) or firm detections(Lazaridis
et al. 2011; Shaifullah et al. 2016). However, these detections
were made on shorter datasets, and in particular the most
significant 1000-day aeon in Shaifullah et al. (2016). On the
full 21-year dataset (used both in this work and in Shaiful-
lah et al. (2016) the Tempo2 best fit with precession set to
0 returns a smaller eccentricity of 9 +4 x 1070 detected only
at a 2-sigma level. This is consistent with the idea raised
in Voisin et al. (2020) that an unaccounted large precession
averages out the eccentricity over the time scale of a preces-

sion period (~ 5 years in the present case), in the sense that
the envelope of a precessing eccentric orbit is a circle. This
idea is reinforced by the finding of Shaifullah et al. (2016)
of an apparently variable eccentricity vector when fitting in-
dependently small subsets of times of arrival. Further, our
assumption that precession is primarily caused by a large
gravitational quadrupole moment of the companion star is
supported by the negative sign of the precession rate. In-
deed, the other source of precession in the model, namely
relativistic precession, can only contribute a positive term
to the total rate (see also table 1).

A knowledge of the mass ratio ¢ and the inclination of
the system sini is needed to derive the quadrupole parame-
ters Jy and Jy. In the case of PSR J2051-0827 the inclination
was estimated from optical observations of the companion
in Stappers et al. (2001), although with important uncer-
tainties since 36deg < i < 58deg at 1o, while the mass ratio
has to be estimated from a prescription on the pulsar mass
which we take in the range 1.3 < M), < 2.4. Fortunately,
the fact that quadrupole-induced precession here dominates
over relativistic precession (16J; > 3€) and that the mass
ratio is very small, ¢ < 1, render the derivations of the
quadrupole parameters little dependent on the values and
uncertainties of ¢ and sini. In other words, to first order one
has J; = &/(16np). To go further, we can use conservative
estimates of the pulsar mass and system inclination (Stap-
pers et al. (2001), see table 1). In particular, this explains
the large uncertainty on the average quadrupole moment O
as it depends heavily on both inclination and mass ratio via
the factor mea?. Nonetheless, the magnitude we derive in
table 1 is ~ 6 times larger than the value theoretically es-
timated in Lazaridis et al. (2011). This discrepancy can be
at least partially explained by the fact that the model used
by these authors (Lanza & Rodond 1999) only includes the
spin-induced deformation but neglects the dominant tidally-
induced component of the quadrupole momentum.

In the same manner we determine the minimum eccen-
tricity emin, equation (7), and the Keplerian eccentricity ek .
It is interesting to note that the orbit is not perfectly circu-
larised since ex accounts for nearly half of the total eccen-
tricity. This can be used to derive an eccentricity age (Voisin
et al. 2020), 7. = 7c logo(1/ek), where 7. is the circularisa-
tion time-scale (Rasio et al. 1996; Zahn 1977) which depends
on the component masses and the companion surface tem-
perature. The eccentricity age gives an upper bound on the
time needed for the orbit to circularise assuming only tidal
forces are at work and an initial eccentricity of 1. For PSR
J2051-0827 we calculate the range 7, = 1.6—4.1 x 108 years,
where the uncertainty comes primarily from the masses as
well as from the night-side temperature of the companion
which we take to be T, = 2600 — 3200K (Stappers et al.
2001). Unless another effect drives up eccentricity in this
system, one should therefore conclude that the system has
been in the black widow state for at most a few 10® years,
and likely much less than that.

Of particular interest is the estimate of the apsidal mo-
tion constant kj since it can be directly related to the inter-
nal structure using stellar models. Unfortunately, our knowl-
edge of the filling factor of the companion star, to which
ky is extremely sensitive (see equation (5)), is very poor
since it ranges from 0.2 to 1. Indeed, Stappers et al. (2001)
found that due to the asymmetry of the light curve two so-
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Figure 1. Apsidal motion constant as a function of the filling
factor based on the timing results and equation (5). The thickness
of the line includes mass ratios from g = 0.016 to ¢ = 0.022 and
is much larger than uncertainties due to parameters derived from
timing. The right vertical axis shows the corresponding mean den-
sity. The horizontal dashed line shows the apsidal motion constant
PSR J2051-0827 would have, ~ 0.34, if it had the same mean den-
sity of 54g/ cm? as the densest known black widow companion,
PSR J0636+5128 (Kaplan et al. 2018). The vertical dashed line
shows the corresponding filling factor which is ~ 0.29.

lutions were possible: one fitting well when only one-half of
the light curve was considered (reduced x2 = 0.96) yield-

ing a filling factor f = 0.43t8:%g, and another fitting (albeit

poorly) the full light curve (reduced Y2 = 5.6) with a fill-
ing factor of f = 0.95:'8'8;. Therefore, we show in Figure 1
the value of kp as a function of the filling factor. We find
that a broad range of stellar structures are possible, since
1073 < ky < 0.3. As a reference, the Sun has an intermedi-
ate kp = 0.015, while secondary stars in cataclysmic variable
systems and hot Jupiters mark the low and upper ends with
ky ~ 1073 and 0.2, respectively (Ogilvie 2014; Warner 1978;
Kramm et al. 2012).%. The uncertainty on the nature of PSR
J2051-0827’s companion was pointed out in Lazaridis et al.
(2011) who argued that it could either be a white dwarf, a
brown-dwarf like star or a semidegenerate helium star. We
also note that black-widow companions are potentially most
similar to hot Jupiters regarding mass and surface tempera-
ture. This case would require a small filling factor, typically
f < 0.5, compatible with one of the aforementioned light-
curve solutions, while a Roche-lobe filling solution, common
to spider companions and more similar to cataclysmic vari-
ables, would correspond to a particularly small k. By con-
sidering as an upper limit the mean density of the densest
known black-widow companion, PSR J0636+5128’s (Kaplan
et al. 2018), we obtain a lower-limit filling factor of f ~ 0.29
giving the upper limit ky ~ 0.34 (see figure 1). However, fig-
ure 4 of Kaplan et al. (2018) shows that the mean densities
of black widow companions are scattered from ~ 1g/ cm? to
~ 54 g/cm3, preventing a more accurate estimate with this
criterion. It should also be noted that PSR J0636+5128 may
result from a peculiar evolution and not be representative of
black widows.

4 Our definition of ky differs by a factor of 2 compared with the
value given in Kramm et al. (2012). See also Voisin et al. (2020).
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Figure 2. Upper panel: Variable quadrupole parameter J, (t)
calculated using equation (6). The mean solution corresponding
to table 1 is shown in solid orange, while 1000 lines drawn from
the MCMC sample are shown in shades of black. For comparison,
the solution of Shaifullah et al. (2016) is shown in dashed blue.
Lower panel: difference from the upper panel curves and the mean
solution, with the same colour code.

We show in figure 2 the evolution of the variable
quadrupole component according to equation (6) and com-
pare it to the curve obtained using the BTX fit of Shaifullah
et al. (2016). Although broadly consistent, the two versions
show significant differences which cannot be easily recon-
ciled with the inclusion of new parameters since no corre-
lations are expected between eccentricity, orbital precession
and orbital period derivatives (Voisin et al. 2020). This is
confirmed by our MCMC fit (see online material). The am-
plitude of the variations, defined as ||J,,|| = max(J,,)—min(J,,),
are [|Jy || = 4.8x 1078 and down to ||/, ]| = 3.4x 1078 if one ne-
glected the edges of the time series which might be subjected
to boundary effects. To ensure that the apparent divergence
of the polynomial fit in figure 2 is not intrinsic to the data
but due to boundary effects we have run our MCMC with
the first and last 200 days of data removed and observed
again the exact same type of unstability at the edges. As a
consequence, the variable quadrupole component is nearly
100 times smaller than the tidally-induced component, con-
sistent with the estimate of Lazaridis et al. (2011).

4 CONCLUSIONS

We have applied a new timing model accounting for the
effects of centrifugally and tidally induced quadrupole de-
formations of the companion star to the black widow pul-
sar PSR J2051-0827, re-analysing the data published in
Shaifullah et al. (2016). This led to the first detection
of orbital precession in a spider system, & = —68.6J_r8:2
deg/yr, which results from the combined effects of an aver-
age quadrupole momentum Q = —2.2J_r(l)'6 X 1041kg m? and of
relativistic precession. This also permitted the most precise
detection of orbital eccentricity in PSR J2051-0827 with
e = (4.2 £0.1) x 107>, which is also the first unambiguous
detection of eccentricity using the complete 21-year timing
data set without splitting it into [shorter]| “aecons” (Shaifullah
et al. 2016). Indeed, over 21 years smearing due to precession
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averages out the apparent eccentricity to nearly zero if not
accounted for. In addition, the model accounts for orbital
period variations by including a time-dependent quadrupole
contribution. We could then deduce that this variable com-
ponent is about 100 times smaller than the combination of
tidal and centrifugal deformations. We show that these re-
sults can be used to derive the apsidal motion constant of
the companion star (figure 1) and thus open a new window
on the internal structure of these exotic objects. However
this will require high-quality optical light curves in order to
determine the Roche-Lobe filling factor of the companion to
within a few-percent uncertainty, which is within reach of
current instruments.

ACKNOWLEDGEMENTS

The authors acknowledge support of the European Research
Council, under the European Union’s Horizon 2020 research
and innovation program (grant agreement No. 715051; Spi-
ders).

The authors acknowledge the use of data from the Eu-
ropean Pulsar Timing Array (EPTA: http://wuw.epta.eu.
org). The EPTA is a collaboration of European institutes
working towards the direct detection of low-frequency grav-
itational waves and the implementation of the Large Euro-
pean Array for Pulsars (LEAP).

The authors would like to thank the anonymous referee
the comments and suggestions of whom helped improving
significantly the initial draft.

REFERENCES

Akaike H., 1974, IEEE Transactions on Automatic Control, 19,
716

Alpar M. A.; Cheng A. F., Ruderman M. A., Shaham J., 1982,
Nature, 300, 728

Applegate J. H., 1992, The Astrophysical Journal, 385, 621

Archibald A. M., et al., 2009, Science, 324, 1411

Bassa C. G., et al., 2014, Monthly Notices of the Royal Astro-
nomical Society, 441, 1825

Bassa C. G., et al., 2017, The Astrophysical Journal, 846, L20

Benvenuto O. G., De Vito M. A., Horvath J. E.; 2012, The As-
trophysical Journal, 753, L33

Bochenek C., Ransom S., Demorest P., 2015, The Astrophysical
Journal Letters, 813, L4

Breton R. P., et al., 2013, The Astrophysical Journal, 769, 108

Burnham K. P., Anderson D. R., 2002, Model selection and mul-
timodel inference: a practical information-theoretic approach,
2nd ed. edn. Springer, New York ;

Chen H.-L., Chen X., Tauris T. M., Han Z., 2013, The Astrophys-
ical Journal, 775, 27

Damour T., Deruelle N.; 1985, Ann. Inst. Henri Poincaré Phys.
Théor., Vol. 43, No. 1, p. 107 - 132, 43, 107

Damour T., Deruelle N., 1986, Annales de linstitut Henri
Poincaré (A) Physique théorique, 44, 263

Doroshenko O., Lohmer O., Kramer M., Jessner A., Wielebinski
R., Lyne A. G., Lange C., 2001, Astronomy and Astrophysics,
379, 579

Dunkley J., Bucher M., Ferreira P. G., Moodley K., Skordis C.,
2005, Monthly Notices of the Royal Astronomical Society,
356, 925

Edwards R. T., Hobbs G. B., Manchester R. N., 2006, Monthly
Notices of the Royal Astronomical Society, 372, 1549

Eggleton P. P.; 1983, The Astrophysical Journal, 268, 368

Foreman-Mackey D., Hogg D. W., Lang D., Goodman J., 2013,
Publications of the Astronomical Society of the Pacific, 125,
306

Fruchter A. S., Stinebring D. R., Taylor J. H., 1988, Nature, 333,
237

Goodman J., Weare J., 2010, Communications in Applied Math-
ematics and Computational Science, 5, 65

Hessels J. W. T., Ransom S. M., Stairs I. H., Freire P. C. C.,
Kaspi V. M., Camilo F., 2006, Science, 311, 1901

Hobbs G. B., Edwards R. T., Manchester R. N., 2006, Monthly
Notices of the Royal Astronomical Society, 369, 655

Kaplan D. L., Stovall K., van Kerkwijk M. H., Fremling C., Istrate
A. G., 2018, The Astrophysical Journal, 864, 15

Kopal Z., 1978, Dynamics of Close Binary Systems. Springer
Netherlands, Dordrecht, http://dx.doi.org/10.1007/
978-94-009-9780-6

Kramm U., Nettelmann N., Fortney J. J., Neuhduser R., Redmer
R., 2012, Astronomy and Astrophysics, 538, A146

Lanza A. F., 2006, Monthly Notices of the Royal Astronomical
Society, 373, 819

Lanza A. F., Rodonod M., 1999, Astronomy and Astrophysics, 349,
887

Lazaridis K., et al., 2011, Monthly Notices of the Royal Astro-
nomical Society, 414, 3134

Lyne A., Graham-Smith F., 2012, Pulsar Astronomy, 4 edition
edn. Cambridge University Press, Cambridge ; New York

Navarrete F. H., Schleicher D. R. G., Kapyld P. J., Schober J.,
Volschow M., Mennickent R. E., 2019, Monthly Notices of the
Royal Astronomical Society

Ogilvie G. I., 2014, Annual Review of Astronomy and Astro-
physics, 52, 171

Papitto A., et al., 2013, Nature, 501, 517

Polzin E. J., Breton R. P., Stappers B. W., Bhattacharyya B.,
Janssen G. H., Ostowski S., Roberts M. S. E., Sobey C., 2019,
Monthly Notices of the Royal Astronomical Society, 490, 889

Rasio F. A., Tout C. A., Lubow S. H., Livio M., 1996, The As-
trophysical Journal, 470, 1187

Roberts M. S., 2012, Proceedings of the International Astronom-
ical Union, 8, 127

Schwarz G., 1978, The Annals of Statistics, 6, 461

Shaifullah G., et al., 2016, Monthly Notices of the Royal Astro-
nomical Society, 462, 1029

Stappers B. W., Bailes M., Manchester R. N., Sandhu J. S.,
Toscano M., 1998, The Astrophysical Journal, 499, L183

Stappers B. W., van Kerkwijk M. H., Bell J. F., Kulkarni S. R.,
2001, The Astrophysical Journal, 548, L183

Sterne T. E., 1939, Monthly Notices of the Royal Astronomical
Society, 99, 451

Tauris T. M., 2016, Memorie della Societa Astronomica Italiana,
87, 517

Voisin G., Breton R. P., Summers C., 2020, Monthly Notices of
the Royal Astronomical Society, 492, 1550

Volschow M., Schleicher D. R. G., Banerjee R., Schmitt J. H.
M. M., 2018, Astronomy and Astrophysics, 620, A42

Warner B., 1978, Acta Astronomica, 28, 303

Zahn J.-P., 1977, Astronomy and Astrophysics, 500, 121

van Kerkwijk M. H., Breton R. P., Kulkarni S. R., 2011, The
Astrophysical Journal, 728, 95

This paper has been typeset from a TEX/IATEX file prepared by
the author.

MNRAS 000, 1-6 (2015)


http://www.epta.eu.org
http://www.epta.eu.org
http://dx.doi.org/10.1109/TAC.1974.1100705
http://dx.doi.org/10.1038/300728a0
http://dx.doi.org/10.1086/170967
http://dx.doi.org/10.1126/science.1172740
http://dx.doi.org/10.1093/mnras/stu708
http://dx.doi.org/10.1093/mnras/stu708
http://dx.doi.org/10.3847/2041-8213/aa8400
http://dx.doi.org/10.1088/2041-8205/753/2/L33
http://dx.doi.org/10.1088/2041-8205/753/2/L33
http://dx.doi.org/10.1088/2041-8205/813/1/L4
http://dx.doi.org/10.1088/2041-8205/813/1/L4
http://dx.doi.org/10.1088/0004-637X/769/2/108
http://dx.doi.org/10.1088/0004-637X/775/1/27
http://dx.doi.org/10.1088/0004-637X/775/1/27
http://dx.doi.org/10.1051/0004-6361:20011349
http://dx.doi.org/10.1111/j.1365-2966.2004.08464.x
http://dx.doi.org/10.1111/j.1365-2966.2006.10870.x
http://dx.doi.org/10.1111/j.1365-2966.2006.10870.x
http://dx.doi.org/10.1086/160960
http://dx.doi.org/10.1086/670067
http://dx.doi.org/10.1038/333237a0
http://dx.doi.org/10.2140/camcos.2010.5.65
http://dx.doi.org/10.2140/camcos.2010.5.65
http://dx.doi.org/10.1126/science.1123430
http://dx.doi.org/10.1111/j.1365-2966.2006.10302.x
http://dx.doi.org/10.1111/j.1365-2966.2006.10302.x
http://dx.doi.org/10.3847/1538-4357/aad54c
http://dx.doi.org/10.1007/978-94-009-9780-6
http://dx.doi.org/10.1007/978-94-009-9780-6
http://dx.doi.org/10.1051/0004-6361/201118141
http://dx.doi.org/10.1111/j.1365-2966.2006.11085.x
http://dx.doi.org/10.1111/j.1365-2966.2006.11085.x
http://dx.doi.org/10.1111/j.1365-2966.2011.18610.x
http://dx.doi.org/10.1111/j.1365-2966.2011.18610.x
http://dx.doi.org/10.1093/mnras/stz3065
http://dx.doi.org/10.1093/mnras/stz3065
http://dx.doi.org/10.1146/annurev-astro-081913-035941
http://dx.doi.org/10.1146/annurev-astro-081913-035941
http://dx.doi.org/10.1038/nature12470
http://dx.doi.org/10.1093/mnras/stz2579
http://dx.doi.org/10.1086/177941
http://dx.doi.org/10.1086/177941
http://dx.doi.org/10.1214/aos/1176344136
http://dx.doi.org/10.1093/mnras/stw1737
http://dx.doi.org/10.1093/mnras/stw1737
http://dx.doi.org/10.1086/311382
http://dx.doi.org/10.1086/319106
http://dx.doi.org/10.1093/mnras/99.5.451
http://dx.doi.org/10.1093/mnras/99.5.451
http://dx.doi.org/10.1093/mnras/stz3430
http://dx.doi.org/10.1093/mnras/stz3430
http://dx.doi.org/10.1051/0004-6361/201833506
http://dx.doi.org/10.1088/0004-637X/728/2/95
http://dx.doi.org/10.1088/0004-637X/728/2/95

	Introduction
	The timing model
	Results and discussion
	Conclusions

