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DIPOLAR MAGNETIC FIELDS IN BINARIES AND GRAVITATIONAL WAVES
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Abstract. The LISA mission will observe gravitational waves emitted from tens of thousands of galactic
binaries, in particular white dwarf systems. These objects are known to have intense magnetic fields. Usually,
these fields are not considered in the orbital or spins evolution of the dynamical system, as they are assumed
for being too weak. It turns out that magnetic fields modify the orbits, in particular their geometry with
respect to the observer. In this work, we revisit the issue and show how the magnetic fields, within the
magnetostatic approximation, in a binary system generate secular drifts in the argument of the periastron,
leading to modifications of the gravitational waveforms potentially detectable by LISA.
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1 Introduction

Laser Interferometer Space Antenna (LISA) is an ESA L class mission that aims at observing gravitational
waves (GW) from space (LIS|2020; /Amaro-Seoane et al.[2017) in the frequency band from below 10~* Hz to
above 107! Hz. Among the different sources of GW that LISA will observe are the galactic binaries. They
comprise primarily white dwarfs (WD) but also neutron stars (NS) and stellar-origin black holes in various
combinations. For LISA’s frequency window, a typical orbital period for galactic binaries of WD and NS is
ranging from tenth of hour to tenth of seconds corresponding to a semi-major axis distribution between 10* km
to 108 km. Therefore, LISA will observe GW emitted by galactic binaries during the inspiral phase, just before
merger which is detected by ground-based GW detectors such as LIGO, Virgo, KRAGA, and the future Einstein
Telescope. LISA will thus bring precious information about the long term evolution of galactic binaries and
their internal structure and equation of state.

It is expected that the galaxy is populated with approximately hundred millions of WD-WD systems and
millions of NS-WD binaries (Nelemans||2009)). These compact objects can have intense magnetic fields that
may reach up to 10° G for WD and up to 10'® G for NS. White dwarfs with magnetic field ranging from
105 G to 10° G should represent around 20% of the total WD population while NS with magnetic field between
10 G to 10* G should represent around 10% of the total NS population (Ferrario et al.|2020)). Therefore, a
non-negligible amount of galactic binaries that LISA will observe can potentially be made of highly magnetized
objects. Since then, the impact of the magnetic effects on the GW signal must be investigated. Indeed, the future
data processing of the LISA mission will require that all observable physical effects be modeled with a sufficient
accuracy in order to better understand the physics of these compact objects and to process the foreground noise
coming from galactic binaries. Preliminary studies have focused on the monochromatic approximation only
(Cornish & Littenberg|2007; LDC group||2018)), that is to say the well-known Keplerian motion. However, it has
been shown that a number of physical effects, such as the back reaction due to gravitational radiation (Nelemans
2009) or the dynamical tides (Fuller & Lai|2011} 2014} McNeill et al.|[2020), can also have a significant impact
for the time span of the LISA mission. Therefore, isolating and deriving the influence of magnetic effects on the
orbital motion in order to assess their observability through the GW spectrum, is thus of a prime importance
in the context of the future data processing of the LISA mission.
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Fig. 1. Left: Orientation of the orbit frame (&, &,, €.) in the center-of-mass frame (éx,éy, éz). The primary is shown
at the center-of-mass of the binary system for simplicity. Right: Orientation of the magnetic moments in the orbit
frame (&5, €,,€.). The obliquity €1 and the precession angle 31 are represented for the primary only. The obliquity is a
tilt between the normal to the orbital plane and the direction of the magnetic moments and the precession angle is the
separation between the direction of &€, and the projection of the magnetic moments on the orbital plane.

With this goal in mind, we explore the impact of dipolar magnetic fields on the orbital evolution of a binary
system, within the magnetostatic approximation. We focus our attention on secular effects only, and we consider
the case where the system has not reach equilibrium yet (i.e., that the magnetic torques acting on the magnetic
moments do not cancel out). Then, the effect on the GW signal due to the magnetic perturbation is assessed.

2 Orbit and spins evolution considering magnetic interaction

We consider two condensed and well-separated bodies that are forming a binary system (cf., Fig. . The system
consists of a first body (the primary) of mass m; and magnetic moment g1, and a second body (the secondary)
of mass my and magnetic moment po. We consider a relativistic description of the point-mass dynamics up to
2.5 post-Newtonian (2.5PN) approximation (Lincoln & Will|[1990; Blanchet|[2014)). In that sense we treat the
dynamics of the binary system coherently with the loss of energy that is radiated away by gravitational waves.
We also consider magnetic fields within the magnetostatic approximation which corresponds to the case of fossil
fields that are frozen into the stars. In other words, we follow King et al.| (1990) and assume that the internal
currents that generate the magnetic field of the primary are not significantly distorted by the external field of
the secondary and conversely. In addition, we consider that the magnetic fields of both stars are dominated by
their dipole moments p; and pso. Since internal currents are assumed to be stationary, the magnitude of the
magnetic moments (i.e., u1 = |p1] and py = |peo|) is taken to be constant during the motion so that we focus
on their orientation only. We consider for simplicity that the direction of p; and po are aligned with S; and
S5 being the spins of the primary and secondary respectively. In order to follow the evolution of the magnetic
moments, we introduce two angles per stars, namely the obliquities €; and €3, and the precession angles 8, and
B2 (the angles are depicted in Fig. [1] for the primary only).

The methodology proceeds as follows. First, we adopt osculating elements within the method of variation of
arbitrary constants in order to describe the orbital motion beyond the Keplerian approximation. We are thus
dealing with a set of six first order differential equations describing changes of six Keplerian elements due to
relativistic and magnetic terms. Obviously, the magnetic contribution depends on obliquities and precession
angles of the magnetic moments. Therefore, we consider four additional differential equations describing changes
in the orientation of g7 and py. Secondly, in order to assess a long term secular description of the motions, the
equations are averaged over the true anomaly (namely f in Fig. . This allows us to show that, on one hand,
general relativity secularily affects the shape of the orbit (i.e., a the semi-major axis and e the eccentricity)
and w the argument of the periastron (see also [Lincoln & Willl (1990))). On the other hand, magnetism does
affect the orientation of the orbit (i.e., ¢ the inclination, 2 the longitude of the node, and the argument of the
periastron) but not the shape. Then, in order to solve for the secular evolution of the orbit, we first solve for
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the orientation of magnetic moments which can be mainly decoupled from the orbital motion. We show that
the rate of precession of the magnetic moments are approximately given by

; Ho H1H2 COS €20 : Ho 12 COS €10
Br o — B2 ox —

2.1
U S1 a3(1 —e2)3/2’ 4 Sy ad(1—e2)3/2’ (2.1)

where €19 and e are the initial value of the obliquities of the primary and secondary respectively, and where
o is the vacuum permeability. We used the notation S; = |S1| and Sz = |Sa|.

Then, the solutions for the orientation are then substituted within the orbital equations of motion which in
turn are solved at first order in the perturbations. We show that the only angle which is secularly affected by
magnetism is the argument of the periastron which presents a rate of precession that is approximately given by

30 pape  /mi +mg
47t/G mimsa a™/2(1 — e2)2

where G is the gravitational constant.

Finally, after substituting the rate of precession of the argument of the periastron from Eq. [2.2] into the
expression for the well-known GW mode polarizations hy and hy, we are able to assess the observability of
magnetic effects by the future LISA mission. This is the subject of the following section.

COS €10 COS €2, (2.2)

3 Observing binary’s magnetic effect in GW with LISA

The rate of precessions that have been derived in the last section are all proportional to the product of the
magnitude of the magnetic moments of the primary and secondary. A rough estimate of the amplitude of the
magnetic moments is assessed with pu = (27/uo) BR? (see e.g., Pablo et al| (2019))), where R is the equatorial
radius of the star and B = |B| is the magnitude of the magnetic field. Considering that magnetic fields can
reach up to 10° G for the most magnetized WD and up to 10'® G for the most magnetized NS, we have the
following rough estimates:

RWD 3 BWD RNS s BNS
33 A L2 L1030 A .2
pwp ~ 10°° A -m (1 R@> (109 G)’ uns ~ 10°° A -m <10 km) 05 G ) (3.1)

Therefore, even though the magnetic fields can be several orders of magnitude stronger for highly magnetized
NS than for highly magnetized WD, the magnetic moment can be higher for WD since it evolves as the cubic
power of the radius and is only linear in the magnitude of the magnetic field (see also Wang et al.| (2018)).

We thus consider a double WD system where the mass of the primary is m; = 1.1 My and the mass of the
secondary is my = 0.4 My such that the total mass is m = 1.5 My. We consider a system with high magnetic
moments at the level of 1 = 10 A -m? and ps = 5 x 1032 A - m?. In order to probe the LISA frequency
window from 10~ to 10~ Hz, we assume initial values of the semi-major axis ranging from ag = 10 km to
ag = 10* km, respectively. The dynamics of this system is modeled according to discussion of Sect. 2l From the
dynamics, the GW mode polarizations are determined with Einstein’s quadrupole formula. Finally, the relative
errors generated by magnetism on h; and hyx are computed as follows:

err(hy) = |(h+)(22f;/IGR+($+)GR|’ err(hy) = (hX)iZ:§AGRf§X)GR|’ (3.2)

where (h4)cr+m is the mode polarization calculated accounting for both GR and magnetic dipole-dipole inter-
action while (hy)gr contains the gravitational contribution only. The same notation is used for hy.

The evolution of err(hy) and err(hy) are depicted in Fig. [2| for different values of the initial semi-major
axis. It is seen that the fact of neglecting the magnetic dipole-dipole interaction can lead to errors of the level
of 100% in a span of few days when the WD binary is in close orbit (i.e., for ag = 10* km).

4 Conclusions

In this work, we demonstrated that the dipole-dipole magnetic interaction within binary systems generates a
secular drift of the argument of the periastron. The rate of the drift is proportional to the product of magnetic
moments of the stars meaning that only a binary where both companions have very high magnetic moments
have a chance to generate a secular drift sufficiently high for being observed by LISA. The only stars being
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Fig. 2. Left: Relative errors caused by the fact of neglecting the dipole-dipole interaction in the computation of the
mode polarization h4. Right: Similar than left panel but for the mode polarization hy.

capable of such high magnetic moments are white dwarfs even though their magnetic fields are lower than for
highly magnetized NS. For a binary of highly magnetized WD in a close orbit (i.e., the LISA high frequency
part) not considering the magnetic effects can generate 100% errors in few days of observations. In this work,
we neglected tidal effects for simplicity even though they could be important to account for while modeling the
long term dynamics of binary systems. In addition, we assumed adiabatic magnetic fields but the more the
orbit is shrinking the less the adiabatic hypothesis is accurate since internal currents might become distorted
by external fields. In a future work, we aim at modeling binary systems in a coherent vision including tidal and
magneto-hydrodynamics.
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