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What if PSR J1910-5959A is an observable self-lensing binary?
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In a binary, when the orbital plane of the companion star is almost edge-on along the line-
of-sight direction, this would produce an observable self-gravitational lensing effect, which would
slightly increase the overall optical intensity of the binary. However, the probability of getting one
observable self-lensing binary (SLB) is very low. There are only five observed SLBs so far and all of
them are eclipsing binaries. In this article, we theoretically show that the neutron star-white dwarf
(NS-WD) binary PSR J1910-5959A could be an observable non-eclipsing SLB. It might be the first
binary showing both periodic optical amplification and Shapiro time delay of radio signals, which
is useful to verify our understanding about gravitational lensing in relativistic binaries. Moreover,
we show that the observed peak amplification limit of the PSR J1910-5959A can help constrain the
radius of the WD, which is a crucial parameter to examine the mass-radius and temperature-radius
relationship for helium WD.

I. INTRODUCTION

A massive compact object, such as a white dwarf, neu-
tron star or black hole, can act as a lens to bend light
to produce gravitational lensing effect. In fact, most of
the lensing images observed previously originate from the
light of stars and galaxies located very far away from the
gravitational lens. Nevertheless, there exist some special
compact binaries in which the orbital planes are almost
edge-on along the line of sight (i.e. the inclination angle
is i ≈ 90◦). In these cases, the light of the compan-
ion stars would be bent by the compact objects in the
same binary to give the self-gravitational lensing effect
[1, 2]. These special binaries are called self-lensing bi-
naries (SLBs) [2]. The total optical intensity of these
SLBs would be increased by a certain percentage when
the angular distance between the companion star and the
central compact object is small [2, 3].
The SLBs were discussed half a century ago for

the studies of ‘collapsed stars’ [4]. However, the self-
gravitational lensing effect is a very rare event because
it requires the orbital inclination angle very close to 90◦.
Using Kepler photometric data, Kruse and Agol [5] re-
ported the first observed SLB, KOI-3278, which is a white
dwarf (WD) eclipsing binary. This binary consists of a
G-type star and a WD on a 88-day orbit, in which a
5-hour pulse of 0.1% optical amplification occurs every
orbital period. The periodic amplification pulses can be
used to constrain the mass of the WD (≈ 0.63M⊙) in
the binary. Kawahara et al. [6] and Masuda et al. [7]
then reported additional four SLBs (KIC 3835482, KIC
12254688, KIC 12254688, KIC 845411) with amplifica-
tion periods ranging from 419 to 728 days. They modeled
the radial velocities of these four SLBs, and combined the
binary mass function with the estimated primary masses
to derive the WD masses, all having ∼ 0.5− 0.6M⊙ ex-
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cept KIC 845411 with an extremely small WD mass of
0.2 M⊙ moving around a sun-like star in an orbit more
than ten times wider than theoretically expected [8]. In-
tuitively, during the eclipsing moment, some of the light
from the companion star is blocked by the compact star
so that the luminosity is dropped, like the cases of transit-
ing planets. However, the gravitational lensing effect due
to the compact star would bend the surrounding light to
increase the total luminosity along the line of sight, even
outweighing and compensating the luminosity drop dur-
ing the eclipsing moment. Theoretically, the luminosity
amplification would be the largest during the eclipsing
moment. For the five SLBs observed, the percentage in-
crease in optical luminosity ranges from 0.05% to 0.15%
during the eclipsing moment [6, 7, 9].

So far all of the observed SLBs are WD binaries. Al-
though a recent study has reported a possible SLB involv-
ing a supermassive black hole, more data are required to
confirm this [10]. In fact, these rare SLBs are useful for us
to examine the understanding of binaries. For example,
Sorabella et al. [3] suggests to use the self-lensing effect
in X-ray binaries to measure the mass of the compact ob-
jects and the relevant parameters of the X-ray binaries.
Therefore, studying SLBs can help reveal the astrophys-
ical unknowns in binaries and verify our understanding
of gravitational lensing.

In this article, we show theoretically that the neu-
tron star-white dwarf (NS-WD) binary PSR J1910-5959A
could be another observable SLB. One special feature is
that this potential SLB might be the first non-eclipsing
SLB involving two compact objects, which is different
from the observed five SLBs. This can help verify our
understanding about gravitational lensing in a relativis-
tic binary. On the other hand, the periodic amplification
due to self-gravitational lensing depends sensitively on
the binary parameters. Therefore, observing the periodic
amplification or obtaining its limit can put constraints on
the binary parameters, which can provide useful informa-
tion on the evolution of NS-WD binaries and discriminate
between alternative models for helium white dwarf struc-

This is the pre-published version published in Physical Review D, 
available online at: http://dx.doi.org/10.1103/PhysRevD.109.044049

http://arxiv.org/abs/2401.17528v1
mailto:chanmh@eduhk.hk


2

ture and cooling [13]. Although the major scope of this
article is not suggesting any concrete observational plan
for verification, we will also briefly discuss some possible
ways of observations for future studies.

II. THEORY OF SLBS

The theory of SLBs has been developed for several
decades [1, 2]. When the companion star is passing be-
hind the compact object in the binary, the gravitational
lensing effect becomes significant. Lensing images of the
companion star would appear so that the total optical
luminosity of the binary is increased (luminosity of the
binary + luminosity of the images) (see the figures and
discussion in Sorabella et al. [3]). When the companion
star and the compact object are in complete alignment
along the line of sight, an Einstein ring would be formed
around the compact object so that the optical luminos-
ity would be the largest. The radius of the Einstein ring
formed is given by [2]

RE =

√

4GMpa

c2(1 + a
D )

≈

√

4GMpa

c2
, (1)

where Mp is the mass of the compact object, D is the
distance to the binary, and a is the orbital semi-major
axis of the companion star:

a =

[

G(Mp +mstar)

ω2

]1/3

. (2)

Here, mstar is the mass of the companion star and ω is
the angular speed which can be determined by the orbital
period T of the binary.
The amplification of luminosity depends on the im-

pact parameter P∗ and the angular separation between
the companion star and the central compact object u (in
units of the angular Einstein radius) [2]:

A[u, P∗] =
1

2π

[

u+ P∗

P 2
∗

√

4 + (u − P∗)2E(k)

−
u− P∗

P 2
∗

8 + u2
− P 2

∗
√

4 + (u − P∗)2
K(k)

+
4(u− P∗)

2

P 2
∗ (u+ P∗)

1 + P 2
∗

√

4 + (u− P∗)2
Π(n; k)

]

(3)

where E(k), K(k) and Π(n; k) are the complete elliptic
integrals of the first, second and third kind, respectively,
in which n, k are defined by

n =
4uP∗

(u+ P∗)2
(4)

k =

√

4n

4 + (u− P∗)2
. (5)

Here u is a dimensionless parameter, which can be defined
as

u =
a

RE

√

sin2 ω(t− t0) + cos2 i cos2 ω(t− t0), (6)

with t0 being an arbitrary time at the moment when u is
the minimum and P∗ is the impact parameter defined as

P∗ =
Rstar

RE

, (7)

where Rstar is the radius of the companion star.
For the eclipsing moment of the SLB (i.e. u ≈ 0), the

amplification would be the maximum and Eq. (3) would
reduce to [2]

Amax = A[0, P∗] =

√

1 +
4

P 2
∗

. (8)

III. PREDICTED RESULTS

Consider a well-known NS-WD binary PSR J1910-
5959A. This binary has been studied for a long time
and the orbital inclination angle is believed to be very
close to 90◦ [11, 12]. However, a recent study shows
that the orbital inclination angle is i = 88.90+0.15

−0.14 deg
[13]. By applying the Keplerian relation in Eq. (2)
with the relevant parameters in [13], the orbital semi-
major axis of the binary is a ≈ 3.14 × 106 km. Since
a cos i = 60300+7700

−8200 km, it is not an eclipsing binary as
the largest radius of the WD constrained is Rstar ≈ 43100
km (i.e. a cos i > Rstar). Nevertheless, we find that the
angular separation is probably small enough to have a
significant self-lensing amplification in optical luminos-
ity. There exists a minimum value of umin such that the
peak amplification might be observable. Therefore, this
might be the first observable non-eclipsing SLB.
The parameters of the binary such as orbital period

T , Mp, mstar, and i have been determined very pre-
cisely [13]. The ranges of the uncertainties for the ELL1
and ELL1H binary models considered in [13] are very
small (see Table 1). The orbital eccentricity is very
small so that the orbit is close to circular [11]. How-
ever, there is one uncertain parameter, Rstar, which is
model-dependent and has not been constrained well [13].
Previous model has obtained Rstar = (0.058± 0.004)R⊙

[11] while a recent study got Rstar = (0.0359±0.0004)R⊙

[13]. In the followings, we will use both values of Rstar

and involve the updated uncertainties to predict the am-
plification.
In Fig. 1, we can see that the amplification sensitively

depends on Rstar. Since different values of Rstar would
also give different values of umin, the peak amplification
observed would be quite different. In Fig. 2, by includ-
ing the uncertainties of the parameters of the benchmark
model ELL1, we show the amplification profiles for two
different values of Rstar. The peak amplification can
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range from 1.0001 to 1.0015 (i.e. increased by 0.01% to
0.15%). The peak amplification of the previous observ-
able SLBs ranges from 0.05% to 0.15% [6, 7]. Moreover,
one special feature is that the amplification function is
close to a Gaussian function for the non-eclipsing SLB
while the previous observable SLBs manifest a rectangu-
lar peak function due to the longer eclipsing time. That
would make the non-eclipsing SLB showing a periodic
tiny sharp increase in luminosity when u = umin. How-
ever, the duration of the sharp increase in luminosity is
about 150-200 s (see Fig. 2), which might not be easy to
identify. The period of the peak amplification is same as
the orbital period T = 0.837113489987(3) day [13].

Moreover, if we fix the value of Rstar = 0.0359R⊙, the
two models ELL1 and ELL1H give a smaller range of
peak amplification (1.0001 to 1.0005, see Fig. 3). There-
fore, the large range of the possible peak amplification
shown in Fig. 2 mainly originates from the uncertainty
in Rstar. This shows that the observed peak amplifica-
tion limit can help constrain the value of Rstar, which is
a crucial parameter to examine the mass-radius relation-
ship and the temperature-radius relationship for helium
WD [13, 14]. Note that we did not include the uncertain
limb-darkening effect in the above peak amplification cal-
culations [3].

To observe this predicted very small amplification, we
need to use a telescope which has extremely good sensi-
tivity. In fact, PSR J1910-5959A is a very dim object.
Previous optical observations using the Hubble Space
Telescope (HST) and the European Southern Observa-
tory find that its V-band magnitude is V = 22.13 mag
only [14–16]. Therefore, it is not easy to observe this
binary and even detect its luminosity change due to lens-
ing effect. Nevertheless, among most of the current tele-
scopes, the JamesWebb Space Telescope (JWST) may be
the only one which can achieve the required sensitivity to
detect the luminosity change. Consider observing J1910-
5959A by the filter F150W of the JWST as an example.
Taking an exposure time 12.5 h can achieve the limit of
the AB magnitude to 30.2 [17], which is equivalent to the
root-mean-square amplification variation ∆A ≈ 0.00059.
For this observational scenario, we can use 251.1 days to
observe the binary 300 times. Only 2.5 mins are required
for each observation to generate a single data point. Ob-
serving 300 times can accumulate the required 12.5 h
exposure time. We can see in Fig. 2 that the assumed
amplification peak A = 1.001 (i.e. 0.1% peak amplifica-
tion) can be marginally differentiable. However, such a
long observation time is a very costly observation. Also,
the estimation above did not account for the noise scal-
ing and other effects such as limb-darkening. The actual
required observation time must be longer than the one
calculated above. Therefore, using optical observations
might not be very practical, unless we have a better qual-
ity telescope in the future or we have secured a very long
observation time using JWST. Nevertheless, such a pos-
sibility for observing this self-lensing effect should not be
undermined as the advancement of observational tech-
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FIG. 1. The amplification as a function of u for two different
values of Rstar.

niques is extremely fast in current era.
On the other hand, another interesting property of this

lensing binary is that the WD can also affect the radio
transmission of the NS due to Shapiro time delay when
the NS is behind the WD and the visual angle between
them is minimum [11]. When u is close to umin, the
General Relativistic effect would cause a tiny time di-
lation (i.e. the Shapiro time delay) of the radio signals
emitted from the NS such that we can constrain some
of the parameters using the radio data [11]. Therefore,
PSR J1910-5959A would be the first SLB which can both
demonstrate periodic optical amplification and Shapiro
time delay in radio signals. Moreover, since the radius
of the Einstein ring R′

E =
√

4Gmstara/c2 ∼ 2000 km is
smaller than the size of the WD (Rstar > 26000 km), no
radio pulse amplification would be resulted when the NS
is behind the WD.

IV. DISCUSSION

In this study, we specifically discuss the potential SLB
PSR J1910-5959A and see how probable we can observe
the self-lensing effect (i.e. the amplified luminosity). Pre-
vious five observed SLB can give amplified luminosity
factor ranging from 1.0005 to 1.0015 [6, 7, 9]. We show
that the binary system PSR J1910-5959A can give a pre-
dicted amplified luminosity factor ranging from 1.0001
to 1.0015, which might be able to manifest an observable
periodic tiny sharp increase in luminosity due to the self-
lensing effect. Although using a high-quality telescope
(e.g. JWST) to record the luminosity change is a possible
way to identify the sixth SLB and the first SLB involving
NS, the required observation time might be too long so
that it would be a very costly observation. Nevertheless,
our results here indicate a possibility for observing this
self-lensing effect, which might be achievable due to the
fast advancement of observational techniques.
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FIG. 2. The amplification as a function of time t. The solid
lines, dashed lines and dotted lines represent the average,
maximum and minimum amplification functions respectively
for two possible values of Rstar. Here, we have assumed the
ELL1 binary model, including the uncertainties of the binary
parameters. The grey data points with error bars represent
the simulated amplification function using the JWST F150W
filter (assuming the peak A = 1.001).
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FIG. 3. The amplification as a function of time t for the
ELL1 and ELL1H models. The solid line, dashed line and
dotted line represent the average, maximum and minimum
amplification functions respectively. Here, we have assumed
Rstar = 0.0359R⊙ and considered the uncertainties of the
binary parameters.

Apart from the optical amplification, detecting the ef-
fect on radio pulse is another way to examine this poten-
tial SLB. It is possible for us to detect the Shapiro time
delay of the NS when u is close to umin. The Shapiro time
delay of the radio signals from the NS in PSR J1910-

5959A has been detected previously [11] and it is also
one of the most important self-lensing effects. Therefore,
this makes PSR J1910-5959A very special as it might give
both optical amplification and Shapiro time delay in the
same binary.

TABLE I. The binary parameters of PSR J1910-5959A for
the ELL1 and ELL1H binary models [13].

Parameter ELL1 ELL1H

Mp (M⊙) 1.556+0.067

−0.076 1.541+0.080

−0.088

mstar (M⊙) 0.202 ± 0.006 0.201 ± 0.007

i (deg) 88.90+0.15

−0.14 88.9 ± 0.2

T (day) 0.837113489987(3) 0.837113489970(4)

Besides, observing the potential luminosity amplifica-
tion and precise measurement of the Shapiro time delay
can help constrain the relevant parameters of PSR J1910-
5959A. Even if we cannot observe any peak amplification,
we can get a maximum limit of A so that we can further
constrain the values of Rstar and other useful parameters
(e.g. i, mstar). These parameters can help constrain our
understanding about the helium WD relationships (e.g.
mass-radius relationship) [14], the evolution of NS-WD
binaries, and the models for helium WD structure and
cooling. Hence, observing the alleged self-lensing effect
can provide another independent way to investigate the
mysteries in PSR J1910-5959A.
As illustrated above, we need a long observation time

for JWST to observe the potential peak amplification.
Some future telescopes might be able to observe the po-
tential peak amplification or constrain the limit of A for
PSR J1910-5959A. For example, the Characterising Ex-
oplanets Satellite (CHEOPS), launched in 2019, has sim-
ilar missions with the existing Transiting Exoplanet Sur-
vey Satellite (TESS) [18]. It can concentrate on single
objects, which is more flexible than the TESS for observ-
ing PSR J1910-5959A [19]. Future telescopes like Plan-
etary Transits and Oscillations of stars (PLATO), which
will be launched in 2026, can provide more accurate pho-
tometry measurement for binaries [20]. Therefore, we
anticipate that future observations of PSR J1910-5959A
using high-quality optical telescopes can provide new in-
sights on gravitational lensing and NS-WD binaries.
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