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The main contribution to the pulsar power can be calculated by assuming a rotating magnetically
dominated magnetosphere described by the force-free approximation. Although this simple model has
been used thoroughly to study pulsar magnetospheres in the flat spacetime regime, only a few works have

considered the relativistic corrections introduced by the curvature and frame-dragging effects induced by a

rotating neutron star. Here, we revisit the problem and describe pulsar magnetospheres within full general

relativity, quantifying the corrections as a function of the angular velocity, the compactness of the star, and

the misalignment angle between the spin and the magnetic dipole. We provide analytical expressions for
the pulsar luminosity by fitting our numerical results. Finally, we also analyze the effect of the relativistic
corrections on the braking index, which indicates a slight increment in its value.

DOI: 10.1103/PhysRevD.98.023010

I. INTRODUCTION

Pulsars are bright sources of electromagnetic radiation,
emitting from radio to gamma-ray frequencies. Even though
the main picture—consisting of a rotating magnetized
neutron star—is rather simple, a full solution that explains
the diverse observational phenomenology still remains
elusive due to the extreme conditions found on neutron
stars. With typical radius R = 10-13 km and stellar masses
between M =~ 1.2-2.0 MQ,1 they are very compact astro-
physical objects, only exceeded by black holes. Moreover,
their rotation periods range from seconds to millisecond, and
their surface magnetic field intensities, inferred by timing
properties, vary from ~108 to ~10'> G (see the McGill and
Australia Telescope National Facility pulsar catalogs™?).

In a seminal work, Goldreich and Julian [1] first demon-
strated that the neutron star rotation induces electric fields
which are strong enough to strip charged particles off the
stellar surface. This mechanism and the pair production
induced by the interaction of high-energy photons eventually
populate the surrounding magnetosphere with a tenuous
plasma. In such rarefied environments, the electromagnetic
force dominates over particle inertia and leads to the force-
free assumption, which is thought to hold everywhere except
in small regions of space called gaps, where the observed
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radiation is produced by means of particle acceleration. This
low-inertia limit of relativistic magnetohydrodynamics
(MHD), known as force-free electrodynamics, simplifies
the problem considerably and has been widely used to study
the global properties of pulsar magnetospheres. Assuming a
dipolar magnetic field aligned with the rotation axis of the
neutron star, a canonical model emerged, beginning with a
solution found by Contopoulos et al. [2] (CKF hereafter).
The CKEF solution confirmed the basic qualitative picture
originally sketched by Goldrich and& Julian, namely, the
existence of a closed zone that corotates with the star,
together with a polar outflow along open magnetic field
lines that extends to infinity. These two regions are separated
by thin return current layers emanating from the poles and
meeting at the Y-point, where the light cylinder intersects the
equatorial plane. Beyond the Y-point, there is a strong current
sheet which extends along the equator up to infinity. After
the CKF solution’s first appearance, other steady solutions
were found [3-5], displaying a Y-point located at different
positions within the light cylinder and thus raising the
question about uniqueness of the CKF solution. Time-
dependent force-free simulations later revealed that axisym-
metric solutions indeed converge to a CKF-type configura-
tion. These simulations have been developed and extended
by several authors using diverse numerical techniques. Both
aligned [5-9] and oblique [10-12] pulsar magnetospheres
have been widely studied on flat spacetime. The effects of
plasma pressure and inertia have been further included (e.g.,
Refs. [13-18]), and the assumption of a dipolar magnetic
field has been recently relaxed [19-22] by considering more
general multipolar field configurations in electrovacuum.

© 2018 American Physical Society
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On the other hand, works including curvature effects due to
general relativity (GR) are somewhat scarce. The first time-
dependent simulations incorporating GR effects appeared in
Ref. [23], reporting an approximate 20% enhancement of the
aligned rotator spin-down luminosity relative to its flat
spacetime value. Later, Ruiz er al. [24] presented a more
systematic study of the GR aligned rotator, providing fitting
formulas that show the luminosity dependence on the star
rotation and compactness. These works, although using
different numerical codes, were both performed by using
finite-difference schemes and matching the stellar ideal
MHD interior to a force-free exterior. Recently, Petri [25]
employed a pseudospectral code with discontinuous
Galerkin methods to evolve three-dimensional pulsar mag-
netospheres, modeling the neutron star (NS) by suitable
boundary conditions at the stellar surface. This work thor-
oughly analyzes the spin-down luminosity dependence on
the rotation rate and the misalignment angle between the spin
and the magnetic dipolar moment, comparing Newtonian
and GR results at a fixed compactness. More recently, there
has also been an interesting analytical approach to the slowly
rotating limit [26,27], using some tools from differential
geometry such as the exterior calculus.

In the last years, there has been significant progress
on particle-in-cell (PIC) simulations, which has allowed
the reproduction of global properties of pulsar magneto-
spheres, including self-consistently the regions of plasma
production and acceleration (see, e.g., Refs. [28-30]). One
of the general lessons emerging from these PIC simulations
is that pulsar environments are nearly force free everywhere
except for the thin return current layers and the current
sheet outside the light cylinder, where particles are pro-
duced and part of the radiation is generated. Moreover,
luminosities obtained within the PIC framework are con-
sistent with previous force-free simulations, even for the
oblique rotator case where the 1 + sin? y dependence on the
inclination angle y has been retrieved [31]. Notice, how-
ever, that the inclusion of curvature—and, in particular,
the frame-dragging effects—has shown to be crucial in
allowing pair formation near the polar cap regions [32].

In this paper, we aim to elucidate the role of relativistic
and curvature effects on the spin-down luminosity of a
pulsar, by performing full three-dimensional time-
dependent simulations of force-free pulsar magnetospheres
within general relativity. The presence of the rotating
neutron star is modeled by means of suitable boundary
conditions at the stellar surface, while the exterior space-
time is approximated by the Kerr metric. It has been further
assumed that the star possesses a dipolar magnetic field as
in most previous studies. Our numerical code, based on
high-order finite-difference schemes over a multiple patch
infrastructure [33], has been extended from previous efforts
in the context of black hole magnetospheres [34], e.g.,
Ref. [33]). The numerical domain is equipped with a Kerr
metric (in appropriate coordinates) and accommodates

quite naturally the geometry of the problem. This code
has been further developed in the present work, by
including novel boundary conditions to represent the
perfectly conducting surface of the NS. The method to
deal with such boundary conditions relies on the penalty
technique [35-37] and uses the characteristic decomposi-
tion of the force-free equations employed for the evolution.
Although this numerical implementation is very different
from those of previous studies like those by Ruiz et al. [24]
and Petri [25], the results found on this paper are in good
agreement in the regimes on which they overlap. For a
final result, we provide a general expression describing the
spin-down luminosity in terms of the three adimensional
parameters that specify the pulsar: the spin rate of the
neutron star, the stellar compactness, and the misalignment
angle between spin and magnetic dipole axis.

This article is organized as follows. In Sec. II, we present
the main aspects of our numerical approach and setup.
Special attention has been devoted to the treatment of
boundary conditions at the stellar surface, while some
related technical details—as well as other examples of
application—are deferred to the Appendix. The main
results are presented in Sec. III, starting with some tests
that show the correct implementation of boundary con-
ditions and constraints behavior. We compare our numeri-
cal results with previous studies and then propose a generic
formula for the pulsar spin-down luminosity, deduced from
fittings of the numerical data. Conclusions and some
perspectives for future projects are presented on Sec. IV.
Throughout, we adopt geometrized units in which c=G=1
and Lorentz-Heaviside units for the electromagnetic field.

II. SETUP

Here, we are interested on modeling the magnetospheres
of neutron stars by solving a particular version of force-
free electrodynamics obtained in Ref. [38], which has some
improved properties in terms of well-posedness and involves
the full force-free current density.4 The numerical scheme to
solve these equations is based on the multiblock approach
[33,35-37], where a particular multiple patch infrastructure
has been equipped with the Kerr metric [33]. This provides a
domain perfectly adapted to the geometry of the problem,
having two global (inner and outer) boundaries with
spherical topology. This implementation has been employed
to perform accurate studies of force-free jets in black hole
spacetimes [34]. Here, we introduce, however, an important
modification to the previous scheme: we develop detailed
boundary conditions for the inner surface (placed inside
the black hole in Ref. [34]), so as to represent the perfect
conducting surface of the star.

We shall start this section by briefly summarizing
the generic features of the numerical approach. Then, we

*Similar hyperbolic  formulations

Refs. [39,40].

were presented in
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introduce the set of equations used to evolve the system.
Finally, we describe how to deal with the boundary
conditions for the stellar surface through the penalty
method and the initial data for the magnetic field.

A. General scheme

Our numerical domain consists of several touching grids
(i.e., there is no overlap among them, and only points at the
boundaries are sheared), commonly referred to as the
multiblock approach [33]. The equations are discretized
at each individual subdomain by using difference operators
constructed to satisfy summation by parts (SBP). In
particular, we employ sixth-order accurate difference oper-
ators on the interior and third-order ones at the boundaries.
Penalty terms [35-37] are added to the evolution equations
at boundary points. These terms penalize possible mis-
matches between the different values the characteristic
fields take at the interfaces, providing a consistent way
of communicating information between the different
blocks. More concretely, the penalization terms at the
boundary points of a subdomain (say, A) modify the
evolution equations as

1
QUL = 04 +5— D APl (U= U3), (1)
2 a(2,>0)
where UY are the values of the fields on the overlapping
points from a neighbor subdomain B and the index a labels
the different characteristic modes, with 4, being their

eigenvalues and P’Za)y(~) being the projectors into their

characteristic subspaces. Summation is performed only
over the incoming modes (with respect to subdomain
A), 4, > 0, while & is the grid spacing along the normal
direction, and o, is the coefficient defining a discrete
scalar product [see Eq. (2) below] valuated at the boundary.
The projectors are built from the eigenbasis {U’(‘a>} (and

cobasis {©/"'}) as

Pﬂ

— 7" @@
(@ =U" 0, .

(a)

For each incoming mode at one side of the interface, there
is an associated outgoing mode from the other side, and the
penalty essentially forces those values to coincide.

At each subdomain, it is possible to find a semidiscrete
energy defined by both a symmetrizer of the system at the
continuum and a discrete scalar product with respect to
which SBP holds,

(u,v) = hxhyhzZ(ui,j,k’ ”i,j,k)o‘f"}vﬂi- (2)
ik

The summation by parts property of the operators implies
an energy estimate, up to outer boundary and interface
terms. The penalties are constructed such that their

contribution to the energy estimate cancel inconvenient
interface terms, thus providing an energy estimate which
covers the whole integration region across grids. Such
semidiscrete energy estimates guarantee the stability of the
numerical scheme, provided an appropriate time integrator
is chosen [41]. A fourth-order Runge-Kutta algorithm is
used for time integration in our code. We incorporate
numerical dissipation through adapted Kreiss-Oliger oper-
ators [42], which are eighth-order accurate on the interior
and fourth-order accurate at the boundaries.

Each subdomain is handed to a separate processor, while
the information required for the interfaces treatment is
communicated among them by the message passing inter-
face system. The computation for each grid may be, as well,
parallelized by means of OPENMP.

B. Evolution equations

We shall start from the covariant version of force-free
electrodynamics for the electromagnetic field F,, and
the Faraday tensor F7, = €upeal€?/2, as presented in
Ref. [38],

FVeF,. =0 (3)
V,F*b 4 Vp = kn¢p (4)
Fbever,. =0, (5)

where the field

) . G
Fo=tatole: o= e o

was defined to extend the system outside of the constraint
submanifold, G = 0, with G = F*F?, and F := F'*F,
being the two electromagnetic invariants. Notice that
Eq. (3) reduces to the force-free condition, Eq. (4) is the
Faraday equation with an extra field ¢ to dynamically
control the magnetic divergence-free constraint (see, e.g.,
Refs. [43-45]), and Eq. (5) is just the generalization of the
constraint condition V,G = 0.

A covariant hyperbolization for these equations was
found in Ref. [38], ensuring well-posedness of the sym-
metrized system (Egs. (32) and (33) in Ref. [38]). The final
evolution equations are then obtained after performing a
standard 3 + 1 decomposition of such a system. The line
element in the adapted coordinates of the foliation is
given by

(6)

ds2 = (ﬁz — (Zz)dtz + Zﬁidxidt + yijdxidx-i

with a, f/, and y; ; being the lapse function, the shift vector,
and the intrinsic metric on the spatial slices, respectively.
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We follow the conventions adopted in, e.g., Ref. [46],
where the electric and magnetic field are taken to be E, :=
Fn® and B, := F:,n®, with n® = (1,—p")/a being the
normal to the spatial hypersurfaces. Notice the magnetic
field differs in sign with respect to the usual definition,
which was the one employed in Refs. [34,38]. The spatial
Poynting vector is defined as

Si = cihE B, (7)

where €'/* is the hypersurface induced volume element.
The evolution system is finally written as follows,

Op = Prd+aD;B —axd+ B (8)

‘ . BB , )
a,E’ = (5;( - sz) [ﬂijE] + Dj(aka)]

aS' . B . .
+ 7 D,E/ + 7w p/r; — B*EyD;B’

9,B" = D;(aF*!) + fD;B + ay'id;¢p

al .. . E.
—P eljkerk —|—?Skrk s (10)

where we have denoted D;(-) = #aj(\/y) and

(12

= 0,(G/a?) + 60:(F/a?)];

E'=FE' - oB';

A= B2 _ B2

B' = B' + ¢E'; St = (14 06%)S".
To have further control on the constraint E - B = 0, we
adopt a damping strategy taken from Ref. [47],

E-B

0,E' - 0,E' — ad 7

B, (11)

with a moderate coefficient § ~ 100 to enjoy the constraint
cleaning properties, while avoiding the complications of
having stiff terms which would demand implicit-explicit
schemes (as pointed out in Ref. [40]). In order to deal with
current sheets, we employ a “standard” approach in which
electric field is effectively dissipated in order to maintain
the condition that the plasma is magnetically dominated, as
discussed in Ref. [34].

C. Boundary conditions

This section is devoted to discussing the physical
conditions at the global inner and outer boundaries of
our domain and how to implement them numerically via
the penalty method. Additionally, we also incorporate an
approach introduced in Ref. [34] to restrict possible

incoming violations of the divergence-free constraint,
V-B=0’

Our implementation of the penalties at the global
boundaries is motivated by the interface treatment (1),
identifying two main options: either one sets the incoming
characteristic fields to a fixed source, regardless of the
dynamics in the interior, or one may use the information
leaving the system by setting the incoming physical modes
to a particular combination of outgoing ones. The first
choice has been already employed in Ref. [34] at the
exterior surface, far away from the source, and we shall use
it again here for the outer boundary. However, this
approach is not suitable for setting the physical conditions
at the stellar surface. Instead, at the inner boundary, we
adopt the second approach, with a very specific combina-
tion of outgoing modes, as we will describe next.

1. Inner boundary

We shall think of the stellar surface as a perfectly
conducting layer that separates the force-free exterior from
the interior of the star, and let us denote by S its three-
dimensional world volume. Our domain extends from the
surface exterior ST, in the force-free regime. However, the
boundary conditions will be induced by the perfectly
conducting fluid at the surface interior S™.

Continuity across S of the Faraday equation, dF = 0,
guarantees there are no jumps in the pullback to S of the
electromagnetic tensor. Notice, however, that discontinu-
ities on the remaining components of ' may result from the
presence of surface charges and/or current densities at the
conducting layer. The jump conditions [A] = AT — A~ at
the interface can be written in terms of the comoving electric
and magnetic field e, :== F,u” and b, == F?,u’ (i.e., where
u® is the four-velocity of the corotating plasma), namely,

n-le]=gq (12)

n x [b] = j, n x [e] =0. (13)
The definition of the fields at S~ arises from interior
structure of the magnetic field in the star and the perfect
conductor condition for the electric field e, = 0. These
values propagate for some of the components to the exterior
solution through the junction conditions, namely,

n-b*=n-b"=/f(r0.9). (14)
nxet=nxe =0, (15)

where f(r,60,¢) is an arbitrary function defined by the
magnetic field structure in the interior of the star. In

SWe refer the interested reader to Ref. [34] [specifically,
Egs. (3) and (4)] and also to Ref. [45] for more details on this
method.
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addition, as noticed in Ref. [48], the force-free condition
e -b = 0 implies the normal component of the corotating
electric field must vanish as well (i.e., n - e = 0; there are
no induced charges) whenever the magnetic field is not
tangential to the stellar surface.

On the other hand, the ideal MHD condition ¢, = 0 also
allows one to easily translate the conditions applied to the
comoving electromagnetic fields to the fiducial ones,
namely, E; = —¢;;;v/BX. The velocity vector v; is con-
structed as the projection of the four-velocity u® =
W(n + ), with W = (1 — v;0')""/2 being the Lorentz
factor.

Let us assume then an axisymmetric star, with a surface
located at » = R (i.e., such that the normal vector is radial),
that rotates with four-velocity u® = k% + Qu“, with k¢ =
(0,)* and n* = (0,)* being the two Killing vector fields of
the Kerr spacetime. Thus, the resulting boundary conditions
for the electric and the magnetic fields can be written as

=f(r.0,9),

where E, is to be enforced only if the magnetic field is
not completely tangent to the star (i.e., B” # 0). Although
written in a slightly different notation, the prescription for
the tangential components of the electric field in (16) is
equivalent to that given in Ref. [25]. Notice also that the
remaining components of the magnetic field are free; the
junction conditions involve unknown surface currents, so
they can not be fixed.

To numerically implement these boundary conditions,
we proceed as follows. We will keep the normal magnetic
field fixed to its interior value, B” = B’(60), by enforcing it
at each Runge-Kutta substep as was done in Ref. [9]. The
electric field components (16), on the other hand, are going
to be prescribed by applying the penalty method to the
incoming physical modes. That is,

ak; = e (F + Qu/)B*,  (16)

Z AUl L DUy - Uy, (17)

a(4,>0)

where L(@(-) are a set of operators that must have a very
precise structure in order to guarantee control of the
semidiscrete energy by the penalties, namely,

LE() = ©%(-) = RyOL(). (18)
Here, the cobasis elements ®% represent incoming modes,
while @é represent the outgoing and zero modes. The idea
is that one prescribes incoming physical modes at the
boundary, combining information of the remaining char-
acteristic modes. The coefficients Rj, might be interpreted
as reflection coefficients and must be solved according to
the particular condition one wishes to impose. Guidance in
doing so is provided by an observation regarding the action
of the penalties on the boundary fields, namely, that they

will dynamically enforce

LY (U - U) =0, (19)

from which it is deduced that the operators L(%)(-) must
project into the space of field components to be specified
[in our case, for example, the electric field components
involved in (16)], while U, will act as a source, allowing
one to describe inhomogeneous boundary conditions.

In the Appendix, we provide the reader with the specific
boundary operators, L(%)(-), to enforce condition (16). We
construct these operators, going from the electrovacuum
case (i.e., Maxwell theory) to the full force-free system
(8)—(10). In between, we will discuss a simpler version of
force-free electrodynamics often used, that might help one
to understand the transition to the full theory.

2. Outer boundary

The implementation of the outer boundary condition
might be thought of as a fictitious interface with an external
field, U,y that is, setting the penalties as

QU = QU +— Z APl (Uby = UY),  (20)

a(4,>0)

which prescribes the incoming physical modes according to
a fixed source we control. Thus, in Ref. [34] for instance,
U, represented a uniform magnetic field threatening the
black hole magnetosphere, sourced by a distant accretion
disk. As in the pulsar case, there are no expected external
electromagnetic sources, and we will set U%,; = 0, corre-
sponding to maximally dissipative boundary conditions.
This means no physical signals would enter through
the outer surface and all waves reaching it will leave the
domain without reflections. In practice, we will bring the
exterior field smoothly to zero from its initial data con-
figuration value. This way, we prevent the penalties from
introducing spurious perturbations that would propagate
inward.

D. Initial data

We describe the spacetime around the rotating neutron
star by the Kerr metric, which is parametrized by the mass
M and spin a. The metric in Kerr-Schild form can be
written as

ds> = (N + HE L)) dxdx?, (21)
where 7,,;, is the flat metric and #, is a null covector with

respect to the flat and the whole metric. In Cartesian
coordinates (7, x, y, z) % the metric function H takes the form

®Sometimes referred as the Kerr-Schild Cartesian coordinates
or the Kerr-Schild frame (see, e.g., Ref. [49]).
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2Mr

= 2+ a2/ (22)

1
rP=o(p?-a’)+ \/Z (p*—a®)P a2 (23)

SN

pP=x 4y 42 (24)

and the covector ¢, reads

¢ = {1 rx+ay ry—ax E}_ (25)

T +a2’r2—|—a2’r

Assuming a homogeneous and spherically symmetric
neutron star of radius p = R, we can fix the dimensionless
moment of inertia Z := I/MR? to the value 2/5 (see, e.g.,
Refs. [25,26]). This choice allows us to relate the star
angular velocity Q with the spin parameter in units of the
stellar radius, namely,

a 2

R= SQR. (26)
Notice that, for the spin range of realistic pulsars
a/R < 0.15, the Kerr spacetime is rather close to the metric
of a neutron star in the slowly rotating limit, which is often
used in the literature (e.g., Refs. [25-27,50]). Indeed, their
metric components differ by less than 1% from ours in
this range.

There are two other important dimensionless quantities

that characterize the problem. The first one is the surface
rotation velocity,

R

V., = ——
YR’

(27)
which ranges from 107 to 107! in realistic pulsars. Here,
R, = Q7! denotes the usual light cylinder radius in flat
spacetime. The second quantity is the star compactness,

C:= R (28)
which coincides with the definition given by Ruiz er al
[24] for their compaction and differs in a factor 2 with other
definitions like those in Refs. [25,27,50]. The compactness
has a theoretical upper limit given by C < 4/9 [51], and
for typical model of neutron star interiors, its value is
around C ~ 0.2.

We shall assume the magnetosphere is initially populated
with a dipolar magnetic field given by the potential [52]

2

3usin’@ r r
= 1 In(1 —2M — 2
¢ aM +2M2 n( /r)+M ’ ( 9)

where u is the magnetic dipole moment. The electric and
magnetic fields arising in our foliation of Schwarzschild
spacetime are just

., 3ucosO(r*log (1 —21) + 2M(M + 1))

AM3r? J2M 4]

B — 3usind(2M (M — r) + r(2M — r) log (1 — 21))

AMPP(r—2M) /2L + 1

3u(2M(r — M) + r(r — 2M) log (1 — 24))

OMPP(r —2M) /2 41

whereas the other components vanish. Notice that this is an
exact stationary solution of Maxwell vacuum equations for
Schwarzschild but not for Kerr and that the magnetic field
will only approximately satisfy the constraint V-B =0
on Kerr spacetimes. However, its value is dynamically
kept very close to zero by using the divergence cleaning
approach and constraint preserving boundary conditions.
We will show evidence of such dynamic control of the
constraint later on (see Fig. 3).

Notice also that in the Newtonian limit 57; > 1 (where
a — 1 and # — 0) the magnetic field reduces to the usual
flat space result in an orthonormal tetrad é;,

EY —

;  2ucosd 5 Msind
B, = PR o= PR

(30)

with vanishing electric field.

In order to avoid transient initial currents and sharp
profiles of the fields, the star will be smoothly brought from
rest to its final angular velocity Q by using a time-
dependent function,

1
59[1 —cos(nt/ty)] if 0<r<t,, (31)

with 7, usually chosen to be around 1/5 of the rotation
period. To abandon axial symmetry, we shall simply tilt the
magnetic dipole axis of the initial configuration on the
x—z plane, while keeping the rotation axis of the star (i.e.,
and the spacetime) unchanged on the z-direction. Tilting
the dipole axis corresponds to the following change of
Cartesian coordinates,

X' =xcosy+ zsiny y=y 7 =zcosy —xsiny,
with y being the inclination angle, whereas for imposing
the normal component of the magnetic field at the inner
boundary, it will be necessary to keep track of the
accumulated rotation phase during the evolution and apply

it to the initial field to get the boundary data for B".

E. Analysis quantities

We shall compute the spin-down luminosity as the
integrated Poynting flux on spherical shells,
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L= / pr/=gdPw, (32)

where p® := =Tk, is the conserved electromagnetic four-
momentum [with 7% being the electromagnetic stress-energy
tensor and k¢ = (9,)* being the Killing vector field], p" =
p®(dr),, isits radial component, and d*w is the differentials of
the angular coordinates (see, e.g., Refs. [34,53]).7 We will
consider the spin-down luminosity to be the one computed at
the light cylinder, as in the work of Petri [25], while Ruiz et al.
[24] have taken instead the asymptotic value, which might
depend on the numerical resistivity and dissipation of the
numerical scheme at the current sheet.

The spin-down power of the aligned rotator has been
estimated analytically in flat spacetime, yielding a depend-
ence proportional to x*>Q* (in geometrized units). This
relation turned out to be quite accurate, agreeing within a
factor close to unity with most numerical simulations in flat
spacetime (see, e.g., Ref. [54] and references therein).
Therefore, it is common to set

L, = Q! (33)

as a reference luminosity in order to rescale the results. The
power of Q appearing on (33) is directly related with
another interesting quantity, known as the braking index n,
defined as Q = —KQ" or, equivalently, n = Q€Q/ Q>

Since the spin-down luminosity is associated to the star
rotational energy loss by L = —IQQ, one can formally
derive n in terms of the luminosity and the surface rotation
velocity v, as was done in Ref. [21],

vy dL
L do,

_QdL
"L a0

1. (34)

The braking index measures how the spin period and its
derivatives change with time, and it can be inferred from the
physical mechanism regulating the spin-down. For the
aligned point-dipole magnetic field, this quantity is known
to give exactly n = 3. However, considering neutron stars
of finite size—as well as allowing curvature effects and
misalignment—induces deviations from this value, as we
shall see in Sec. III C.

III. NUMERICAL RESULTS

In this section, we present a detailed numerical study of
the pulsar magnetosphere, mainly focusing on how the
general relativistic effects impact the resulting spin-down
luminosity. First, we study the aligned case, when the
magnetic dipole coincides with the spin of the star and
the solution is axially symmetric. Our code reproduces the

"Notice this definition is consistent with the one in Ref. [25],
written in an slightly different language, namely, L :=
fsl‘(E A H)'dS.

well-known properties of the aligned rotator magnetosphere
on flat spacetime. Basic tests of our numerical implementa-
tion are included here, as is a convergence analysis of the
luminosity for different numerical resolutions and evidences
of the correct behavior of the solenoidal constraint. Later, we
incorporate the full general relativistic effects and compare
our results with previous studies. We have carefully inves-
tigated the Poynting luminosity dependence on stellar sur-
face velocity v, and compactness C [see (35) and Fig. 7] and
then generalized it to the case where the magnetic dipole and
rotation axes are not aligned, thus adding the dependence
with the misalignment angle y [see (36) and Fig. 10]. Our
main resultis summarized in a fitted formula which is a good
approximation for any star, depending only on three adimen-
sional parameters: the surface velocity v, = R/R;, the
stellar compactness C = M /R, and the misalignment angle y
between the spin and the magnetic dipolar moment. Finally,
we have used this generic formula to estimate corrections to
the braking index in terms of these three parameters.

A. Aligned rotator

1. Magnetic field topology and tests

Our simulations reproduce all the well-known features
of an aligned rotator in flat spacetime (see, e.g., Refs. [5-7,
9,13,15]). The late time solutions exhibit a closed zone that
corotates with the star, extending up to the light cylinder.
This zone ends on a Y-point at the equatorial plane from
where a strong equatorial current sheet begins. Our
maximally dissipative boundary conditions allow us to
place the outer numerical boundary fairly close to the
central region, at around 4R;.. The evolution reaches
steady state after ~2 rotational periods of the star. A typical
equilibrium solution is depicted in Fig. 1, showing the
global magnetic field structure of the magnetosphere: lines
represents the poloidal magnetic field, and color illustrates
the toroidal component. Notice that some of the field lines
close outside the light cylinder due to effective resistivity of
the current sheet, but the corotating region with vanishing
toroidal magnetic field remains within the light cylinder.

The luminosity is constant between the stellar surface and
the light cylinder, as expected from conservation of the
electromagnetic energy-momentum tensor. Beyond the light
cylinder, the energy flux slowly decreases with radius due to
dissipation at the equatorial current sheet. Figure 2 displays
the luminosity, integrated on spherical surfaces, as a function
of the radius for a typical late-time solution of the aligned
rotator. The curves correspond to various numerical resolu-
tions Ny X Ny x N, with N, =2N, = 4N,. Clearly, the
flux is already converging for a moderate resolution Ny = 40.
We generally employ a higher resolution, with N, = 80, for
the results presented in this paper. We confirmed numerically
that the resulting luminosities, normalized conveniently with
L, = p>Q*, do not depend on the given angular velocity Q
but only on the adimensional relation v, = R/R; - = RQ.
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FIG. 1. Aligned rotator—Global structure of the aligned pulsar
magnetosphere. Black lines represent the poloidal magnetic field,
while the color scale corresponds to the toroidal magnetic
component, By.

The behavior of the solenoidal constraint V- B = 0 on
a typical run is displayed in Fig. 3, where the quotient
||V - B||,/||B||, is plotted as a function of time for Kerr,
Schwarzschild, and flat spacetimes. As can be seen, its
value remains always smaller than 1073, thus showing
decent control of the constraint during the evolution. Even
on Kerr spacetime—where the initial data slightly violate
the solenoidal constraint—we observe the divergence
cleaning mechanism act to keep its value small, and
moreover it ends up driving it to a value similar to that
of Schwarzschild after an initial transient.

05| -

0.4 . | . | . |

r/RLC

FIG. 2. Aligned rotator—Poynting luminosity as a function of
radius, computed with different numerical resolutions Ny x Ny x
N, and using N, = 2N, = 4N,.
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0.0002 -/ v 47 .
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L/ |
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t/T
FIG. 3. Aligned rotator—The normalized divergence of the

magnetic field ||V - B||,/||B||, is plotted as a function of time (in
units of the rotation period 7 = 2z/€). The solenoidal constraint
is kept under control by the divergence cleaning techniques.

2. Comparison with previous results

For concreteness, we shall consider here full GR
simulations at a high but still realistic star compactness
C = 0.25. As previously observed in Ref. [25], we find that
including curvature effects does not significantly change
the field topology. It does, however, compress the poloidal
magnetic field lines toward the neutron star equator, as can
be seen in Fig. 4. Gravitational effects have been also
shown to considerably affect the polar cap structure (see,
e.g., Refs. [26,32,50]). As a result, there is an enhancement
of the spin-down luminosity, as we shall see below.
Figure 5 displays the Poynting luminosities for several

Flat
Kerr

z/Rlc

x/Rlc

FIG. 4. Aligned rotator—Some representative poloidal field
lines that illustrate the qualitative effects due to curvature. Red
lines depict Newtonian solutions, while blue ones correspond to
the GR results.
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FIG. 5. Aligned rotator—Poynting luminosities (normalized

with L, = p>Q*) that include the effects of general relativity at a
fixed compactness, C = 0.25. Our results (blue triangles/solid
lines) are compared with previous numerical studies at several
rotation rates v,. Green asterisks/dotted lines represent the data
taken from Fig. 22 of Petri [25], while the red dashed curve was
constructed by fitting the values from Table II of Ruiz et al. [24]
(evaluating at C = 0.25).

spin rates v; = {0.025,0.05,0.1,0.2,0.3,0.4} and com-
pares these with the results of Ruiz et al. [24] and Petri [25].
It can be seen that our numerical data are in very good
agreement with these previous studies, despite using a
different formulation of force-free electrodynamics and
numerical methods. In particular, we notice that in the
range between v, ~0.1 and v, ~0.3 the three models
coincides almost perfectly. For this particular case with
C =0.25, we find an enhancement of the total emitted
power due to relativistic effects of about 15% for v, = 0.1,
30% for vy, = 0.2, and even larger for higher spin rates. It it
worth mentioning that Petri reported a discrepancy with
Ruiz et al. with respect to the aforementioned increments.
We do not observe such discrepancies and thus believe that
it may be related with a misinterpretation of the numerical
data of Ruiz et al., which used a rather different setting and
notation.

Figure 6 compares the luminosities resulting from full
GR simulations with those on the Newtonian regime. In the
slow rotation limit, both GR and flat spacetime solutions
seem to approach a similar value close to L,. This is
consistent with the fact that relativistic corrections tend to
disappear for small values of v, as pointed out recently by
Ref. [26] for comparisons made at fixed ¢ in the regime
R/R;c < 1. For spin rates v, 2 0.05, deviations become
apparent: Newtonian luminosities slightly decrease with
rotation, while GR solutions increase their values signifi-
cantly. Although one may distinguish among curvature
effects associated with the spacetime mass and spin, they
might be difficult to disentangle. We try to isolate the
influence of stellar compactness from frame-dragging
effects by setting a = 0 (i.e., the Schwarzschild metric).

L/L |
()

1.6

e — —e Flat .
m—-—m Schw 7

0.025 0.05 0.1 0.2 0.4
1%
s
T
L 4
E .9
E A 3
E .0 3
i e Flat ]
0.01 - 4 Kerr & 1
+ n=3
8
0.0001 —
K
o ]
le-06 | | | —
0,025 0.05 0.1 0.2 0.4
v

FIG. 6. Aligned rotator—Spin-down luminosity dependence
on spin rate, v,. (Top panel) Comparison among Newtonian and
GR (Schwarzschild and Kerr, at C = 0.25) solutions. (Bottom
panel) Effective braking indices yield n = 2.94 and n = 3.17 for
flat and Kerr spacetimes, respectively.

The results are shown in the top panel of Fig. 6, where it can
be noticed that frame dragging only produces a modest
enhancement for »; 2 0.1. It has been argued that the
frame-dragging effect is being compensated by an effective
reduction of the angular velocity, which happens at the
Kerr metric (see, e.g., Ref. [32]) but not in Schwarzschild.
The bottom panel of Fig. 6 presents the non-normalized
luminosity as a function of the surface velocity on the
logarithmic scale, from where an effective braking index
might be obtained. Our results compare well with those
found by Petri [25], although we get slightly different
values for the braking indices: we estimated n = 2.94 for
flat spacetime and n = 3.17 for GR (Fig. 6, bottom image),
whereas he gets n = 2.97 and n = 3.12, respectively.8

¥A plausible explanation for this small discrepancy is that Petri
has considered smaller rotation rates (like v, = 0.01) where the
trend is very close to n = 3. Thus, when fitting the curves, he gets
effective braking indices closer to this value.

023010-9



CARRASCO, PALENZUELA, and REULA

PHYS. REV. D 98, 023010 (2018)

L/Lﬂal
1.4 7
L4 vs:0,05
= v, =01
s
A v.=02
s
|}
7 "
..’ - -
"_.- -7
I~’ — -
A .- .- .
—'::_::c_._.__n____‘__
1 == - 7
| | |
0 o1 0.2 03

FIG. 7. Aligned rotator—Spin-down luminosity dependence
on the surface velocity at C = {0.0,0.15,0.25} (top image) and
on stellar compactness for v, = {0.05,0.1,0.2} (bottom image).
Numerical data are displayed along with the relevant sections of
the fit (35), and luminosities were normalized with L, = p>Q*
and Ly, = L(C = 0, vy), respectively.

3. Dependence on compactness and surface velocity

In order to analyze quantitatively the general dependence
of the spin-down luminosity on gravitational effects, we
have considered different stellar compactness at various
rotation rates. By using our numerical results, we have been
able to derive a fitting formula for the spin-down lumi-
nosity of an aligned rotator as a function of star compact-
ness C =M/R and surface velocity v, = R/R;.. An
excellent fit of the numerical data was achieved with

L(C,v,) = L,{1.035 — 0.41v, + (0.16 + 3.9v,)C9.8v3C
+ (11, — 0.9)C2}. (35)

Figure 7 displays constant-C (top panel) and constant-v,
(bottom panel) sections of the fit (35), along with their
corresponding numerical data. These plots give an idea
of how the aligned rotator luminosities vary on the two
parameters v, and C as well as illustrate the quality of the

fitting formula obtained. Clearly, the higher the compact-
ness, the larger the enhancement of the luminosity, with
more impact on those stars that rotate faster. Notice that
the luminosity in the plot in the bottom panel has been
normalized with the value for zero compactness [i.e.,
Ly =L(C=0,v,) =L,(1.035—0.41v,] for representa-
tion proposes only. Finally, notice that we could find stable
solutions for a star’s compactness up to C ~ 1/3. Beyond
that limit, simulations become unstable near the stellar
surface, probably due to the presence of a light ring. Note,
however, that this value is outside the range of allowed
compactness ratios, as constrained by observations
(M ~1.1-2 Mg, R ~10-14 km, so that C ~ 0.1-0.3).

B. Misaligned rotator

We study now the pulsar magnetospheres for the mis-
aligned cases, occurring when the dipolar magnetic field of
the star is inclined at an angle y with respect to its rotation
axis. Again, our simulations reproduce previous results in
the literature of a misaligned rotator in flat spacetime. Our
numerical evolutions settle to the steady state after about
two stellar rotation periods. As can be seen in Fig. 8, the
magnetic field topology on the y — Q plane is reminiscent
of the aligned solution with closed and open zones. The
current sheet starts at the intersection of the closed zone
with the light cylinder and oscillates around the rotational
equator. The Poynting fluxes are again constant between
the stellar surface and the light cylinder, where they are
measured. The energy dissipation at the current sheet
decreases as the misalignment angle increases, as reported
in Ref. [18] for the Newtonian case.

-1.0 0.0 1.0
x/Rlc

FIG. 8. Misaligned rotator—Poloidal and toroidal magnetic
field obtained with v; = 0.2 and misalignment angle y = 30°.
Lines z represents the magnetic field in the u — Q plane, whereas
the color scale corresponds to the magnetic component perpendi-
cular to the plane.
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FIG. 9. Misaligned rotator—Equatorial field lines of the
orthogonal rotator with v, = 0.05. Red and blue lines correspond
to flat and Kerr spacetime solutions, respectively.

Including the effects of general relativity does not change
dramatically this qualitative picture. In Fig. 9, the equilib-
rium solution of the orthogonal rotator in GR is compared
to the one obtained in the Newtonian regime. The equa-
torial field lines in both cases resemble the Deutsch solution
inside the light cylinder and exhibit a spiral structure
outside, with the GR (blue) lines being more curved than
the Newtonian (red) ones due to the gravity pull.
Quantitatively, the presence of spacetime curvature enhan-
ces the spin-down luminosity in the misaligned case,
although it depends softly on the compactness and the
surface velocity. We have evolved the magnetospheres
varying the inclination angles y for three different rotation
rates, comparing the luminosities between the Newtonian
and the general relativistic regimes of a star with compact-
ness C = 0.25. The values of the luminosity obtained from
our simulations were fitted by the following expression:

L(C,vy.x)

— = =] 1.24 + 8.14v.C)sin?%y.
LC oy =0) + ( + v,C)sin’y

(36)

Figure 10 summarizes these results. Numerical data for
v, = {0.05,0.1,0.2} (at fixed compactness C = 0.25) are
displayed together with their corresponding curves taken
from (36). Notice for flat spacetime solutions the normal-
ized luminosity L/L(y =0) does not depend on the
surface velocity, and thus there is just a single curve
describing the zero compactness cases. Interestingly, the
relation L « k; + kysin?y proposed by Spitkovsky in
Ref. [10] fits the numerical data very well, although the
coefficients k| and k, now depend on the compactness and

T
L/L(x=0) -
25k C=0.0, foranyv, P |
° C=0.25,v_=0.05 -y
s v —
- / V-
v C=025p =0.1 »
..... s 7/ .
C=025p =02 .
2 [ s
1.5+ —
1 L L L
0 30 60 90

% (degrees)

FIG. 10. Misaligned rotator—Dependence of the spin-down
luminosity with inclination angle y. Numerical data have been
displayed along with relevant sections of expression (36). The
luminosity has been normalized to their aligned values, L(y = 0);
under this normalization, the results does not depend on the
surface velocity v, for flat spacetime cases.

the spin rate. A careful comparison shows that our results
are in good agreement with those of Spitkovsky for the
particular case C =0 and v, = 0.2, which were later
reproduced by many other authors within different frame-
works (see Fig. 6 of Ref. [54] and references therein).
Moreover, our results are also consistent with Ref. [25],
which was the first to incorporate GR effects in the
misaligned rotator. Indeed, when fitting our solutions with
L/L, = a + bsin’y, we obtain the parameters listed in
Table I for the cases v, = {0.1,0.2}, which are only
slightly larger than to those found by Petri (Table 2 of
Ref. [25]).°

C. Braking index

One may rewrite the two fitting formulas (35) and (36)
from the last sections into a single general expression,

L(C,vg,x) = L,F(C,v,)[1 + k(C,vy)sin®(y)],  (37)

where L, = p>Q* = (u/R*)*v?* and

k(C,vs) = 1.24 + 8.14v,C
F(C,v,) = 1.035 - 0.41v, + (0.16 + 3.9v, + 9.803)C
+ (11w, = 0.9)C>.
From this approximate formula of the pulsar spin-down
luminosity and Eq. (34), one can readily obtain an

estimated braking index n. The calculation is rather
straightforward and gives n = n(C, vy, y) in a closed form.

°Notice that, apparently, there is a typo on the parameters of the
GR case with R/R; = 0.2 listed in Table 2 of Ref. [25].
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TABLE 1. Best-fitting parameters a/b for the inclination
dependence of the luminosity, L(y)/L, = a + b sin*(y).

vy Flat (C = 0.0) Kerr (C = 0.25)
0.1 0.984/1.252 1.130/1.656
0.2 0.955/1.170 1.277/2.056

However, the resulting expression is not very enlightening
by itself, and so, instead of writing it down, we illustrate the
results by plotting some representative curves in Fig. 11 at
constant C and v, (top and bottom panels, respectively).
These plots show a braking index ranging from n ~ 2.8 for
a rapidly rotating star on flat spacetime up to n ~4 for a
rapidly rotating and highly compact NS. Actually, for
realistic pulsars, C 2 0.1 and v, < 0.2, the braking index
increases with both the compactness and the surface
velocity, and it would be in the range n=~3.0-3.5.
Notice that, in the Newtonian regime, the braking index
does not vary with the inclination angle y, whereas in the

T
r |— C=0.0,foranyy
4= |— C=0.15%=0°
L |-+ C=0.15y¢=30° -7
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FIG. 11. Braking index.—Estimated corrections to the usual

point-dipole value, n = 3. Top image: dependence on surface
velocity vy, for some values of compactness and obliquity. Notice
that on the flat spacetime limit the resulting braking index does
not change with y. Bottom image: dependence on stellar
compactness C, for different spin rates and inclinations.

relativistic case, its value increases with misalignment. We
also note that, as expected, deviations from the standard
value n =3 disappear for vy <« 0.1, which is the most
common case for the observed pulsars. Unfortunately, the
handful of pulsars with a reliable estimation of n have
periods of the order of 0.1 — 1 s, for which the relativistic
effects on the spin-down formula are negligible.10

IV. CONCLUSIONS

We have presented a formalism and a numerical code to
carefully analyze the force-free magnetospheres of neutron
stars, by extending previous studies on black hole mag-
netospheres. We have performed several tests to show the
correct implementation of the boundary conditions at the
stellar surface, which is the main difference with respect to
the previous code. A careful and detailed decomposition
of the eigenvectors of the evolution equations is required
to apply suitable inner boundary conditions of our domain,
which corresponds to a perfectly conducting neutron star.

We have studied, through three-dimensional time-
dependent numerical simulations, a general relativistic neu-
tron star magnetosphere within the force-free approximation.
Our results confirm other recent numerical investigations, in
particular regarding the total electromagnetic power radiated
by the neutron star. By performing suitable fits of our results,
we provide a quite generic formula for the luminosity of a
rotating dipolar magnetic field as a function of the compact-
ness of the neutron star, its angular velocity, and the
misalignment angle between the spin and the magnetic
dipolar moment. From this formula, we have estimated
deviations from the standard braking index value which will
generally depend on these adimensional parameters. These
deviations are rather modest, leading to n = 3.2 + 0.2 for
realistic millisecond pulsars. Unfortunately, current astro-
physical observations are not accurate enough to distinguish
such small differences on the braking index. Even for the
pulsars displaying an almost constant braking index which
could be measured with high precision, the observed values
are systematically below the standard n = 3 [55,56]. As has
been confirmed in this work, these deviations cannot be
associated with relativistic effects. Therefore, we can only
conclude that, if the measurements are correct, there must be
other physical mechanisms modifying the luminosity of a
pulsar magnetosphere which are not captured by the simple
force-free model.
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APPENDIX: CHARACTERISTIC
DECOMPOSITION AND BOUNDARY
OPERATORS

In this Appendix, we build appropriate boundary operators
L@(.) [see Eq. (18)] to deal with a perfectly conducting
surface via penalty terms. The construction strongly relies on
the characteristic structure of the particular evolution system
under consideration. Thus, before going to the main result
concerning the full force-free system used in this paper, we
shall first illustrate the method by applying it to vacuum
electrodynamics and to a simpler version of the force-free
system. The first one is the usual linear theory with trans-
versal propagation modes and serves as an example for the
whole construction, while the second system, already non-
linear, possesses a much simpler characteristic structure that
helps to better understand the transition to the full theory.
This simpler approach to force-free electrodynamics has
been widely used in the literature, as in, e.g., Ref. [53], and so
it might be also interesting in its own right.

These systems can be described by the same covariant
equations,

V,Fab — Ja
va*ab + Va¢ — Kna(ﬁ’

(A1)
(A2)

where an extra dynamical field, ¢, has been added to
handle the magnetic divergence-free constraint (e.g.,
Refs. [43—45]). If I* = 0, one recovers usual electrodynam-
ics in vacuum. On the other hand, the presence of the plasma
can be captured by an effective force-free current density,

S(,l
reolo )

which includes the drift current only. In this approach,
the force-free condition, E - B = 0, needs to be enforced

(A3)

separately, either by a damping strategy like the one used in
Ref. [47] or by cutting electric field at each Runge-Kutta
substep as in, e.g., Refs. [44,53]. Notice p := \/L?@k(\/?Ek)

represents here the electric charge density. The resulting
evolution equations are nonlinear and, as can be shown, they
constitute a strongly hyperbolic system.

Let us introduce some important notational conventions
for the remainder of this section. We shall denote the set of
dynamical fields U* as

¢
v =| E
Bi

(A4)

(where the index i is used to denote spatial vectors) and its
“dual” element ©,,,

®/4 = {¢’Ei’Bi}'

Characteristic decompositions will be taken with respect to
the wave front propagation direction, given by a unit vector
m' that will be identified in this context with the boundary
surface normal. Some useful abbreviations are defined,

(AS)

A, = m;A’; AL =A"—A,m';

i — Kij A
b Ay = me™Aj,

for any vector A’. Notice A}, and A} are orthogonal to each
other and both are tangent to the boundary surface.

1. Vacuum electrodynamics

The physical modes in Maxwell electrodynamics are
transversal to the propagation direction m' and propagate
at the speed of light with eigenvalues A* = f3,, & a. The
associated characteristic basis (and cobasis) elements can
be written as

0 0
2 . 2 )
\/_ —eﬁl \/— :I:e;,

1 1
of = %{0, te,i. —e i} 0y = \ﬁ{o’ eqis Tepit,

with (e, e}) being any two orthogonal transversal direc-
tions. There are in this case three extra modes associated
with constraints, playing no role in the construction of the
boundary operators. The operators L(?)(-) will only involve
here the physical modes and shall be written as

L] — @T _R11®1_ —R12®5
Lz — @; - R21®1_ - R22®5.

The idea is now to find the coefficients, R;;, so as to remove
from both L; the action on any free (i.e., nonrestricted)
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component of the boundary fields. That means, in our case,
to remove the components of ®; and ©; acting on the
tangential magnetic field. An immediate consequence of
such a requirement is that

Ry =1

Ry, = Ry = 0; Ry = —1.

The action on the difference dU* = U% — U* then reads

L,(dU) = V2(dE - e,) (A6)

L,(dU) = V2(dE - e,). (A7)
This way, we are able to control both tangential compo-
nents of the electric field at the boundary, i.e.,

Ei)lboundary = Eép' (A8)
Notice the boundary is acting as a mirror, reflecting

back part of the outgoing waves while keeping fixed the
tangential components of the electric field.

2. Alternative force-free system

We look now at the evolution system which arises from
a standard (3 + 1)-decomposition of Egs. (A1)-(A3). In
this system, the transversal subspace (with eigenvalues
A+ = B,, £ a) appears slightly modified, and there is an
extra physical mode,'" which might be incoming or out-
going according to the sign of Ag:=pf, + acp (where
op = %). The complete eigensystem here is

1 0
vi= | o |, uvi="L]uzs
V2 : V2 .
+m' —Sﬁi
0 0
1 : . .
vi=— | s |, u,=|bmi-os
2 \/2 q' 3 ' EPp
+S) Si

oL iv0.am)
oF = %{0, arSom;+S,;,—S,;}
C5 Z\/LE{O,qu,:l:Spj}
0, :%{O,mj,O}

where we have defined a, =;(1+o0g); b=B*(1-0%).

""The presence of the plasma turns the characteristic mode
associated to the constraint V - E = 0 in vacuum electrodynamics
into a new physical propagation linked to electric charge density.

Outgoing case, Ay < 0.—Here, there are two incoming
physical modes, namely, U and U; . And thus the general
boundary operators12 read

Ly = O] —R10] = R,0; — R 30;
Ly =05 = Ry07 — R»0; — R;30;.

The idea is, as before, to find the coefficients which remove
from L, the action on any free component of the boundary
fields. That means to remove the components of ©; and 05
acting on the tangential magnetic field. As a consequence,
Ry =1 Riy =Ry =0; Ry = -1,
while it seems there is some freedom on the other
coefficients R;3 and R,3. One possible choice is
R13 = \/ES%,GE; R23 = O,

which results in no explicit enforcing of the normal electric
field. The action would then read

L,(dU) = ﬁ@ (A9)
L,(dU) = ﬁwES—;S‘I). (A10)

Another natural election would be to set Rj3; =0 and
R,; = 0, obtaining

L,(dU) =2 (d%s”)jta—ldem (A11)
L,(dU) = fzwi—'zs"). (A12)

We shall use (Al1l) and (A12) for the general case in
which the magnetic field is not tangential to the stellar
surface, so that the normal component of the electric field is
enforced, while for the special case where B,, = 0, we shall
adopt (A9) and (A10) instead, fixing solely the tangential
components.

Incoming case, 1 > 0.—Now, there are three incoming
physical modes, namely, Uf, U, and U;. The general
boundary operators are

"2Constraint modes are related to the components ¢ and B,
only and decouple from the rest of the system as in the previous
case.
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Ly =0 =R 07 - R,0;
L2 - @EL - R21®1_ - R22®5
Ly = 03 — R307 — R3,05.

In the present situation, the restriction to the operators
completely determines all the coefficients,

Ry =1 Ry =Ry; =R31 =R =0; Ry =-1,
from which one obtains
dE- S
Ly(avy = va[“ESo) or e T (ar3)
S, b
(dE-S,)
L,(dU) = ﬁTq (A14)
P
dE

We observe here, as opposed to the case 1y <0, it is not
possible to enforce the tangential electric field alone. But
recall this was required only for the case in which B,, = 0,
and it can be shown that Az = 0 when the magnetic field is
purely tangential. Hence, there are no inconsistencies in the
scheme, and everything fits together perfectly. It seems the
extra condition for E,,, arising from the force-free con-
straint, is relevant to the characteristic structure of the
theory and plays a crucial role in the construction of the
boundary operators.

3. Full force-free system
a. Characteristic structure

The fully nonlinear force-free system (8)—(10) has two
transversal modes (A* = f,, & ) and two Alfvén modes of
eigenvalues Ay = f,, + aoy (65 = 2 (S,, £ B,,A)). These
are modes associated with physical propagation. The
remaining modes correspond to constraints: two of them
are related to divergence cleaning propagations (of eigen-
values A7 = B, £ a), and the third one represents the
algebraic force-free constraint with Ay = 3, + a%.

We write here the full eigensystem,

0 0
Ut = | A, |; ur=|[1- (63)*Im' — aijfpi
CL Vs
0 0
i . + Em i
Up=| B i Us=| 0 |+5|=Ci|.
—E +mi =\ AL

with its associated cobasis,

1 E,B
0f = —{0,AT T E,m;, C¥} T 2@,
oAz 7 2A%
1 E, B E, B B,
@}——2Nf{i—A",—Ar;Bj—mj:I:—A ,—A’;’ iFA

1
@\P :p{O,B],E]}

1 E,
®§ = 5{1,0, :I:mj} :|:7®\y,
where we have defined

Al =B FE,  C_=E tBi,

. 1 . .
i . i i — 2 2
Vi'__BZ(S + AB'), A:=VB"—-FE

and the normalization, N = [(¢7)* — 1].

b. Eigenvalues analysis

To go further into the construction of the boundary
operators, it seems necessary to better understand the
Alfvén eigenvalues, since they depend on the values that
the background fields take at each point during the
evolution. Hence, it is not obvious which of these modes
will turn out to be incoming or outgoing across the stellar
surface.

Assuming the perfect conducting condition (16) at the
boundary, we were able to perform a very general (but
rather straightforward) calculation, which gives

By,

ax=Lm {(u -B) £ /BXa? — 0?) + (v B)Z}, (A16)

BZ

where v := ' + Qn'. Under very mild assumptions like,
e.g., QR £0.5,a <0.5, and C £ 0.8, it is possible to infer

a? — 12> 0.

(A17)
This means that there will be always an incoming and an
outgoing Alfvén mode at the stellar boundary, except in the
special case when the magnetic field is tangential to the
surface (i.e., B,, = 0). Indeed, in such situations, one has
Ay = Ay = A3 = 0, which relates to the well-known fact
that Alfvén waves cannot propagate orthogonal to the
magnetic field.

c. Boundary operators

According to the previous analysis, we would always
have one incoming and one outgoing Alfvén mode (i.e.,
A% >0 and A <0), except in the special case where
B,, = 0, where one has /1;{ = A7 = 0. On the other hand,
we also have incoming and outgoing transversal modes
with eigenvalues A* = f3,, = a. So, there are always (pro-
vided B,, # 0) two incoming physical modes that can be
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prescribed via penalties and an extra unphysical ¥ mode
which may be incoming or outgoing.13

Outgoing case, Ay < 0.—There are two incoming
modes: U; and Ui (+ depending on the signs of A%).
The general boundary operators are

LT - @; - RTTG; - R;EA@II - Rleely - RT()@a
Lt = 0% — RT, 0T — Ry707 — RyyOyp — R0y

The idea is to apply the operators to a generic field,"* U,
and find the coefficients that cancel the terms containing 43
and B'. For convenience, we shall consider ¥ = Oy (0)
instead of B, on the calculations, by means of the
relation E,,B,, = A - B,E, — (E, B) - (B, - E).

We shall solve first for L;. After some redefinitions
of the coefficients,

A% A%
Xr = —— Rpp; xi=— R,
A? AN
A2
Xy = —2A2 Rpy; Xp 3= ——"Ryp.
E,

we obtain the following system,
$) 0= (x F <} )Ep,

Bj) 0= xo(E, - B) + x; (B, - B) + (C. + x;C_) - B
¥) 0 = (x7 — 1)E,,B,, + x] AB,, — xo(A? + E2,) + xy,

which can be solved to get

xr = (B} — E% +28S,,)/A%

xy =2E,B,B*(1+ 6] —oy)/A

xi = +2E,B, /A%
xo = 2E,,B,,/ A%,
and finally,

(AL -dE) E,dE,
A% AZA?

Ly(dU) = B}, + A[B,| - E}].

(A18)

Analogously, we solve now for the operator L3,

ANE N
Xt = — A2 Ryr; XZF = _N_jR;‘FA
ANT
Xy = —2ANFRyy; Xo =~ L Ry
m

and we obtain the following system,

“The remaining modes, linked to dynamical enforcement of
the constraint V - B = 0, will not be treated on the same footing.
This differential constraint is handled with a different method to
restrict possible incoming violations from the boundary [34].

It is very important to keep these fields separate from those
background fields present in the cobasis elements ©;.

$) 0 =[xo + (1 - x})]E,,
Bj) 0=xo(E, - B) F (1-x])(B,- B) + xr(C_-B)

A

IP) 0= (1 + XZF)ABM + xTEmBm - x0<A2 + E%n) + Xy,

which can be solved to get

xr = 0; xi=1; xy = —2AB,,; xo = 0.
Finally,
dE,,
A

Special case, B,, = 0.—In this spacial situation, there
is just one incoming mode, namely, U;. The general
boundary operator is

Ly = ©F = Ry7O7 — R0, — R7,0;
— Ryy®Oy — Rp)Oy.

Recall we only can prescribe the tangential electric field
here, so we need to further remove the £, component in the
construction. Notice it will be now possible, due to the
presence of an extra Alfvén mode on the right-hand side.
We shall define again the coefficients,

AL

X = __RTT; .X;f = - RYZEA
A? ANT
A2
Xy = _2A%rRT‘P; X = —E—JrRT(),
m

but now we obtain instead the system

$) 0= (xo +xf = x1)Ep,
Bﬁ) (xi —x3)(B, -B) = xo(E, ‘B)+(C, +x;C.)-B

\P) 0= Xy — Xo(Az + E%n)
Ea) 0= (xr = 1)E, - (x3 + x}A,

which leads to xy = xy = 0 and

2 2 2 + - E,Ej
xr = (B, — E; +2S,,)/AZ; Xy =X =
The operator then takes the form
1
Ly(dU) = A—2(A+ -dE), (A20)

+

and we see it only penalizes tangential components of the
electric field at the boundary.
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Incoming case, Ay > 0.—Now, there are three incoming
modes, namely, Uy, U, and Uy. The general boundary
operators are

Ly =07 — Rrr®7 — R, 0% — Ry
Ly =03 —R},0F — RaO7 — Ry
LlP - @\y - R‘PT®; - R$A®j\: - R\p()@a.

It is important to notice that there are not enough terms
on the right-hand sides of the first two expressions above
to remove all the components we need, in particular, v,
However, we have an extra incoming (constraint) mode that
will allow us to enforce ¥ = 0 through the penalty method.
That allows us to solve the system, and we get

(A+ ) dE) Edem
Lr(dU) = [BZ + A|B,,| — E2]
: A2 AZAZ »
EmBm
dE,,
L3 (dU) = N 4+ B N " Oy (dU) (A22)
1

d. Degeneracies

There are only three cases to consider separately from the
general one we have described so far. The first two happen
when one of the Alfvén modes collapse with one of the
magnetosonic modes (i.e., 44 = A¥) into a single subspace,
which is possible when E,, =0, E, LB}, E5 = B3, and

= |B,,|. The third situation arises when this happens
for both Alfvén modes at the same time, only possible if
E'=0 and B}, = 0.

Case A, = At.—The relevant cobasis elements are

1

0F = T {0.B,;. £B,;}
1

- {()’

BB,

B2
23282 {O BF]’B’H}

e = (B3 - B;,)B,; +2B%B,m;, B*B,;}

0, =

The boundary operators are fairly easy to solve; the only
nonvanishing coefficients are Ry = —1 and R44 = 1. This
leads to

(Bq ’ dE)

Ly(dU) =
By

(A24)

dE, (B, -dE)
Li(dU) = | =" - ~—L——], A25
i) = (G- BB )
where the corresponding incoming directions are
0 0
Ur=| B, |: Ui =| -8B, (A26)
B, B!,

Case A, = A~—.—The relevant cobasis elements are

1
+
oF _W{O,qu,iB,,j}
14
+ B2
0, = 23232 {0, BP/’BCH}
p
1
0, = {0, (B2, - B2)B,; — 2B%B,,m;, B*B,;}.

2B%B},

The boundary operators are fairly easy to solve; the only
nonvanishing coefficients are Ry = —1 and R44 = 1. This
leads again to

(Bq : dE)

Ly(dU) = (A27)

LH(dU) = [‘ZE—’"—M},

(A28)
B, B2

but now the Alfvén direction in the penalty is given
instead by

0
(B} — B;,)B), + 2B, B,,m'
BB,

1
Uf =—

= (A29)

with 2} = f8,, + a(Bj, — B3)/B? being the positive eigen-
value. Some remarks follow:

(1) The special situation in which B,, =0 does not
need any treatment, since is not allowed under these
degenerate conditions.

(i) The penalization to the constraint mode,
Ly(dU) = ©y(dU), may also be considered here,
whenever Ay > 0.

Case E' = 0 and B}, = 0.—In such a case, the character-

istic system reduces to vacuum electrodynamics, and thus
we adopt the boundary operators discussed in Sec. A 1.
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