N

N

Observing Quantum vacuum lensing in a neutron star
binary system
Arnaud Dupays, Cécile Robilliard, Carlo Rizzo, G. F. Bignami

» To cite this version:

Arnaud Dupays, Cécile Robilliard, Carlo Rizzo, G. F. Bignami. Observing Quantum vacuum lensing
in a neutron star binary system. Physical Review Letters, 2005, 94, pp.161. hal-00013253

HAL Id: hal-00013253
https://hal.science/hal-00013253
Submitted on 31 Aug 2022

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-00013253
https://hal.archives-ouvertes.fr

PRL 94, 161101 (2005)

PHYSICAL REVIEW LETTERS

week ending
29 APRIL 2005

Observing Quantum Vacuum Lensing in a Neutron Star Binary System

Arnaud Dupays, Cécile Robilliard, and Carlo Rizzo
Laboratoire Collisions, Agrégats, Réactivité, IRSAMC, CNRS/UPS, 31062 Toulouse, France

Giovanni F. Bignami

Centre d’Etude Spatiale des Rayonnements, CNRS/UPS, 31401 Toulouse, France

Dipartimento di Fisica Nucleare e Teorica, Universita di Pavia, Pavia, Italy
(Received 22 November 2004; published 26 April 2005)

In this Letter we study the propagation of light in the neighborhood of magnetized neutron stars.
Because of the optical properties of quantum vacuum in the presence of a magnetic field, the light emitted
by background astronomical objects is deviated, giving rise to a phenomenon of the same kind as the
gravitational one. We give a quantitative estimation of this effect, and we discuss the possibility of its
observation. We show that this effect could be detected by monitoring the evolution of the recently

discovered double neutron star system J0737-3039.
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Neutron stars have been intensively studied since their
discovery as pulsars, i.e., stars with a magnetic dipole field
tilted with respect to their rotation axis, emitting radio
waves along their dipole axis as the star spins [I].
Typically their mass is on the order of that of the Sun,
and their radius is of the order of 10 km. Their spinning
period ranges from tens of milliseconds for young stars to
seconds, increasing with star age. The magnetic field of
neutron stars can be as high as 10'' T as in the case of
magnetars [2] while magnetic fields of the order of
103-10° T are more common. Most of the known pulsars
are isolated stars, less than 100 are known to be in binary
systems with nondegenerate stars, and few (~5) are in
neutron star—neutron star (NS-NS) binary systems. Very
recently, a specially interesting NS-NS system (JO737-
3039) has been discovered [3].

On the other hand, it is known that quantum vacuum is a
nonlinear optical medium [4]. In the 1970s it was clearly
pointed out [5] that the velocity of light propagating in a
quantum vacuum in the presence of a magnetic field
changes a quantity which depends on the polarization of
light with respect to the magnetic field direction. Those
calculations were prompted by early speculations that
neutron stars could be a source of very intense magnetic
fields. Since then, most authors have been interested in how
the magnetic field can affect the propagation of radiation
emitted by the neutron star itself [6].

In this Letter we investigate the case of radiation emitted
by another astronomical object passing close enough to the
NS to be significantly affected by its magnetic field. The
case in point is seen to be that of J0737, especially in the
context of its orbital evolution.

In the vicinity of a NS, owing to the optical properties of
quantum vacuum in the presence of a magnetic field, light
emitted by astronomical sources is deviated, giving rise to
a phenomenon of the same kind as the gravitational one
predicted by general relativity. We first prove that fields of
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the order of 10° T are not sufficient to give an effect big
enough to be detected in the case of isolated NS or in the
case of NS-nondegenerate star systems. On the other hand,
we show that the quantum vacuum effect could be ob-
served by monitoring the evolution of the recently discov-
ered NS-NS system J0737-3039.

It is known that light generally bends towards regions
with a higher index of refraction [7]. Because of refraction
index variation in magnetized quantum vacuum, light pass-
ing near a magnetar behaves as if it were attracted by the
magnetar, and it should bend considerably, giving rise to a
lensing effect. Actually, since the velocity of light depends
on its polarization, the cosmos around a magnetar acts as a
birefringent medium and different polarizations should
bend differently.

In the presence of a static magnetic field B the index of
refraction for light polarized parallel (perpendicular) to the
magnetic field n);) can be written as [5]

iy =1+ ay) B> (1)

where a) is about 9 X 1072 T~2 and a is about 5 X
10724 T2, Deviations from these formulas appear for
magnetic field values bigger than the critical field 4.4 X
10° T [8] when a slower dependence on B sets in. However,
in our case, since we are interested in subcritical fields,
such a deviation is negligible. This variation of the index of
the refraction of light in vacuum is very small when the
magnetic field applied is the order of the fields that can be
produced in a terrestrial laboratory (about 10 T), so that
this effect has not yet been detected [9]. For our purpose,
this effect can be considered achromatic because this for-
mula applies up to photon energies much larger than
optical energies [10].

For the sake of simplicity, in what follows we neglect
intrinsic polarization of light, considering that astronomi-
cal sources are weakly polarized.

© 2005 The American Physical Society
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Propagation of light can be studied using the differential
equation of light rays [7]. The specific case of light prop-
agating in a plane perpendicular to the NS magnetic dipole
moment has been treated in Ref. [11]. In Ref. [11] it was
concluded that a neutron star with a magnetic field of
around 10° T could give a detectable effect.

In Fig. 1, we present the results of our calculations of the
deviation angle of light ray for different orientations of the
magnetic dipole moment, in the case of a magnetic field of
10° T. This shows that the deviation angle goes as 1/p®,
where p is the minimal distance between the light ray and
the neutron star.

This figure also shows that the deviation angle depends
on the orientation of the magnetic moment. Since the
neutron star spins, the light deviation varies in time at
twice the frequency of the spinning pulsar, owing to the
spatial symmetry of the dipole field. Depending on the
orientation, the modulation of the effect can be as high as
40%. Magnetic deviations at very short distances from the
neutron star become of the same order as the gravitational
one only in the case of magnetar (B, = 10! T), i.e., 6 ~
10° arcsec. In the more common cases of a field B, =
108-10° T, the magnetic deviation is always very small
compared to the gravitational one (see Fig. 1). On the other
hand, for astronomical distances, even a very small deflec-
tion can completely change observations. It is also impor-
tant to note that magnetic birefringence exists in any
medium (Cotton-Mouton effect) and, in particular, in
gases. The residual gas that fills the space around neutron
stars is also magnetically birefringent. The density of this
gas is between 1 and 10* particles per cm?. Thanks to the
value of the Cotton-Mouton constant for simple gases like
hydrogen [12], the effect induced by this quantity of gas is
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FIG. 1. Deviation angle of a light ray propagating parallel to

the O, axis with a minimal distance p to the center of the NS, for
two different orientations of the magnetic dipole moment M. The
value of the magnetic field at the surface of the star is By =
10° T. Inset shows deviation modulation with NS rotational
phase.

at least 6 orders of magnitude smaller than the one induced
by the quantum vacuum. This effect is thus neglected here.

To study the feasibility of the observation of a quantum
vacuum mirage, we started with the case of an isolated
neutron star with a distant background source (see Fig. 2).
To estimate the quantum vacuum lensing, we have per-
formed numerical calculations. Following the method pro-
posed by Paczynski [13] for gravitational lensing, we have
included the quantum vacuum effect in the total angular
deviation of light rays. The problem consists of calculating
the imaging of a distant source to detect modifications to
the magnification due to gravitational lensing. For the sake
of simplicity we have considered the case of a magnetic
dipole moment parallel to the light propagation direction.
The deflection is then given by

4GM  SmaB3p?
o =0 4 2Tk @)
pc P

where G is the gravitational constant, M and p, the mass
and the radius of the pulsar, respectively, and B the value
of the magnetic field at the surface of the star. In our
simulations a has been taken equal to . Finally, p is
the distance from the deflected light ray to the center of the
pulsar. Figure 2 presents the geometry of the system,
projected on the trajectory plane of the light ray. The
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FIG. 2. Geometry of the deflection effect. The light rays are
deflected near the pulsar by the angle 6.
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distances from the observer to the lens (pulsar) and to the
source are indicated as D; and Dy, respectively. pg is the
distance from the pulsar to the line of sight.

Defining D = (D, — Dg)D; /Dy, the linear Einstein
ring radius is then given by Rp = +/4GMD/c*. For a
distance from the pulsar to the line of sight pg larger
than Rp, the gravitational lensing is very small [13].
With M ~ Mg, py ~ 10 km, and B, = 108-10° T (which
corresponds to a reasonable value of the magnetic field at
the surface of a neutron star), the calculations show that
ps > Rgp: the magnification is then negligible for both
gravitational and total lensing. The next case to be studied
was a binary system consisting of a neutron star with a
normal star companion. With respect to Fig. 2, D changes
with the orbital trajectory, but the result is similar to the
previous case. To be able to observe any modification of
the gravitational lensing due to magnetic effects of the
order of a few percent, the latter have to occur at distances
of the order of R. These conditions begin to be realized for
a totally nonrealistic magnetic field B, ~ 10'® T. The ef-
fect of 10% T corresponds to negligible contributions. Our
results here are in disagreement with the conclusions of
authors of Ref. [11]. In any case, in a realistic astronomical
case, the effects of accretion onto the NS of mass trans-
ferred from the companion completely obliterate subtle
effects of the type we are interested in.

Much more interesting appears to be the case of the NS-
NS binary JO737. No accretion perturbs this system which,
furthermore, presents a very favorable orbital inclination
(currently, i ~ 87°) [14]. In fact, orbital precession of the
system allows one to predict that, before 2020, i will be
extremely close to 90°. The two NS will actually geomet-
rically “eclipse” each other, as seen by the Earth, for a
short time. In any case they will remain practically aligned
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FIG. 3. Relative flux density of pulsar A versus time for differ-
ent values of the orbital inclination i. The value of the magnetic
field at the surface of pulsar B is By, = 10® T. Flux densities have
been normalized to unity when the magnetic effect is negligible.
Gravitational lensing is taken into account.

for several revolutions of their 2 h and 45 min orbit during a
time long enough to allow for meaningful observations.

Nowadays the radio beam, emitted by neutron star A,
passes at around 20 000 km from the surface of neutron star
B. The beam is attenuated or deviated in such a way that
eclipses are visible from the Earth. Recently, a modulation
of the beam at twice the spinning frequency of the neutron
star B has been observed [15]. The explanation of this
effect is the interaction between light and the magneto-
sphere of star B. We also know that this absorption should
disappear for photons above about 7.5 GHz [16]. The main
difference between this case and the previous two is that
the radiation emitted by neutron star A can be treated as a
single directional light ray. We can thus directly observe
the lensing effect due to gravitational and magnetic de-
flections of light by pulsar B.

In Figs. 3 and 4 we present the results of our calcula-
tions. The relative flux density of pulsar A arriving on Earth
for different values of i versus time is shown Fig. 3. The
calculations assume photons to be energetic enough not to
interact with the magnetosphere of pulsar B. The results
have been obtained using the geometry data published in
[14]. The modulation shown by the signal is due to the spin
period of 2.77 s of pulsar B. Since the spin period of pulsar
A is smaller than the one of pulsar B (23 ms), pulsar A
produces a similar effect on the flux density of pulsar B, but
with the smaller modulation period (see Fig. 4). Total
eclipse occurs when the bending is so large that the beam
no longer intersects the line of sight. Thus, quantum vac-
uum lensing will give an effect similar to the radio eclipses
observed by [15], of course, on photons which should not
be eclipsed. Because of the fact that quantum vacuum
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FIG. 4. Relative flux density of pulsar B versus time for an
orbital inclination i = (90 — 0.63)°. The value of the magnetic
field at the surface of pulsar A is B, = 108 T. Flux densities have
been normalized to unity when the magnetic effect is negligible.
Gravitational lensing is taken into account. Inset shows the small
modulation period of the signal (~11.5 ms). This modulation is
so rapid that it appears as a continuum in the main figure.
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lensing is achromatic, this also applies to photons of higher
energy, such as x rays, also observed from this system [17].
Any observation, once B is known, will provide the value
of a, which has never been measured. A measure of a could
confirm the classical QED predictions given in [4].
However, we note that magnetic birefringence could also
be induced by physics beyond the standard model, as in the
case of the existence of axions, as shown in [18].

In conclusion, we have shown that the magneto-optical
properties of the quantum vacuum induced by the very high
magnetic field in the vicinity of a neutron star can affect the
propagation of light passing near such a pulsar. It will give
rise to a lensing effect that could be detected on Earth by
monitoring the double neutron star system J0737-3039,
recently discovered. Its observation would constitute the
first experimental confirmation of quantum vacuum optical
properties. Thus, a continuous monitoring of this very
peculiar system will be valuable to test quantum electro-
dynamic theory, and beyond.
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