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ABSTRACT

Aims. We investigate the electromagnetic interaction of a ngktt stellar wind with a planet or a smaller body in orbiband the star. This
may be relevant to objects orbiting a pulsar, such as PSR B1IZ5and PSR B1620-26 that are expected to hold a planetagnsyst to
pulsars with suspected asteroids or comets.

Methods. We extend the theory of Alfvén wings to relativistic winds.

Results. When the wind is relativistic albeit slower than the totalf@nh speed, a system of electric currents carried by a statyo
Alfvénic structure is driven by the planet or by its surroimy$. For an Earth-like planet around a "standard" one sbpafsar, the associated
current can reach the same magnitude as the Goldreichrdulfeent that powers the pulsar's magnetosphere.

Key words. pulsars — exoplanets— magnetospheres

1. Introduction for the planet's semi-major axis . The planet and its environ

i . ment intercept a fraction larger than or of ordem%/(47ra2)
Precise pulsar timing measurents proved that the pulsa®s Fig yis nower. This captured power is used to heat the planet,

Bld257+%2 and PSR B.16?0'2.6' r\m,(\;slt planetséa; di_f’tafggegt8fgenerate the current system described below and to work
order of an astronomical unit (Wolszczan rail ( )on the planet’s motion as described in the accompanying pa-

Thorsett et al. (1993)). Moreover, accretion discs are etguke B‘er (Mottez & Heyvaerts 2011), hereafter (MH2). The plamet’

to form at some phase ,Of, the gvolunon of neutron st.ars N a Pldius can be infered from its mass by assuming a terrestrial
nary system, possibly giving birth to second generationgtia d :

Small bodies, such as planetoids, asteroids or comets rsay a
orbit pulsars and occasionally fall on them. . - (Rp\2

Circum-pulsar objects move in the centrifugally driven rel Ecapt = Erot (2_61) : (2)
ativistic pulsar wind. The angular veloci€y. of a rotating neu- .
tron star typically is larger than 10 rad's The star behaves For planet "a" of PSR B125712, we find,Ecape = 1.74 10°
like an antenna (Deutsch 1955) emitting by magnetic dipofatts. If a substantial part of this power goes into perfoigni

radiation a power which causes it to lose rotational energy avork on the planet's motion, an orbital evolution time saafle
rate about 8. 16 years may be expected. This is a short time scale

Ero = —M Q.Q, = 472M,P/P3, (1) by astronoinical standards. It scales with the mdgsof the
planet asM >,

whereM, ~ (2/5)MR? is the neutron star’s moment of inertia  In this paper, we examine the interaction of these planets
(Lyne & Graham-Smith 1998). This power can be comparedth the magnetized wind of their pulsar and discuss in (MH2)
to the orbital energy of a pulsar planet. Consider, for exartiie gfect of this interaction on the long term evolution of their
ple, the case of PSR B12512 and its planet "a". Using the orbital elements.
data in Tables 1 and 2, we can estimate the moment of iner- The energy flux carried by the wind of an ordinary star,
tia to beM, = 1. x 10°® kg.n?, the star’s rotational energysuch as the Sun, is small enough to have but negligitiéee
loss to beE,; = —2. x 10?7 W, and the planet’s orbital en-on the orbits of its planets. Stellar winds usually are asptap
ergy to beEg = GM,Mp/2a = 4. x 10°? J, wherea stands ically super-Alfvénic, by which we mean that they eventyall

Iensity (5000 kg 1m?). The intercepted pOWeEqp iS :



2 Mottez and Heyvaerts: Alfvén wings

become faster than the total Alfvén speed, associated hdth explored case of such a structure in the universe up to nalv, an
modulus of the magnetic field. As a result, the planets are pibhas been the object of recent studies concerning its bvera
tected from a direct contact with the wind by a bow shock. structure (Chust et al. 2005; Hess et al. 2010), the po#gibfl
Pulsar winds are much filerent. In a first approximation, particle acceleration (Hess et al. 2007b, 2009b) and itseson
oblique rotator pulsars may be regarded as magnetic dipmlesquences on the radio emissions (Queinnec & Zarka 1998; Hess
tating at high angular velocity in vacuo, which causes a lew f et al. 2007a, 2009a). In the present paper, we develop a the-
quency and large amplitude electromagnetic wave to be enuity that generalizes some of Neubauer’s results to the dase o
ted, the wave character of which reveals itself in the waveghly magnetized B3 >> uopoyoc?) and relativistic plasma
zone, beyond the light cylinder, of radius= c¢/Q.. In this flows with Lorentz factorgy >> 1, when a planet immersed
zone, magnetic field lines become spiral-shaped and the imwzthe magnetized pulsar wind acts as a unipolar inductor and
imuthal component of the magnetic field decreaseByas ™! generates two stationary Alfvénic structures that emenge f
while its radial component decreasesBis~ r~2. The mag- the planet and extend far in the wind.
netic field becomes mostly azimuthal at large distances and
at the eq_uatorial latitudes were the planetsf are e_xpectlad 0, A unipolar inductor in the pulsar wind
found. Aligned rotators essentially are rotating unipatatuc-
tors which generate, beyond the light cylinder, an highlg-re Let us consider a planet orbiting a pulsar in the relatigifitiv
tivistic MHD wind in which the magnetic field also become®f the emitted wind. Offerent reference frames can be involved
predominantly azimuthal at large distances from the romatiin the description of the fluid motion. The frame where the-neu
axis, the field componen®; andB; varying with distance es- tron star is at rest is the observer's frame. We denote Ry
sentially as indicated above, at least near the equatdaakep The planet velocity being small compared to the wind veloc-
and when the flow is close to being radial. The power emity, we may consider the planet to be at rest with respect to
ted by such objects is also of order Bfy, given by Eq. (1), the neutron star, except when discussing the planet's motio
because the Poynting flux emitted through the light cylindéhe reference framBo can then also be regarded as being the
is comparable for wind or wave emission. We only considgtanet’s rest frame. Quantities observed in this frame are d
aligned rotators in this paper. Their analysis is simplifigdhe noted by letters without any superscript, suchpasr v. The
fact that the magnetic field of the wind observed in the pfanetinperturbed wind'’s instantaneous rest frame in the vigioit
frame is close to being time-independent. The origin, areelthe planetis the "wind’s frameRy. Quantities observed in this
ation and structure of pulsar winds are not fully understéod frame are denoted by letters with a prime superscript, sach a
number of models have been proposed in the literature (Miciwé. An index O refers to quantities associated with the unper-
1969; Henriksen & Rayburn 1971; Contopoulos et al. 1998rbed wind. The unperturbed wind velocity Rp is Vo, its
Michel 2005; Bucciantini et al. 2006). In spite of their dive associated Lorentz factorjg, the unperturbed magnetic field
sity, they all converge on the fact that the wind is dominaté#lBo and the wind's density igo. The wind plasma being sup-
by the Poynting flux, although observations indicate thaythposedly cold, this mass density reduces to the (apparestt) re
turn into matter-dominated high energy flows at large disggn mass density of particles. In the wind frarRg,, the unper-
(Kirk et al. 2009). At distances of order of an astronomigadtu turbed wind density is its proper rest mass dengjtyand its
pulsar winds are expected to be still Poynting-flux-donedat magnetic field isB;. They both dffer from po andBo. In the
This means that the electromagnetic energy densiB3/uo, Presence of a perturbation, the instantaneous rest frarhe of
1o being the magnetic permeability of vacuum, is much larg8uid is notRw but another rest fram&:. Quantities observed
than the plasma energy densigyoc?, yo being its Lorentz in this instantaneous rest frame are indicated by a suligerip
factor andpo the rest mass density of this supposedly cold The perturbation generated by the planet in this flow is
wind. These quantities refer to the observer's frame. Irhsume-dependent in the wind’s frame. Since in the tenuous and
circumstances, Alfvénic perturbations propagate at agias highly magnetized pulsar wind the formal Alfvén velocity
locity close to the speed of light (equation (3)). Therefame may exceed the speed of light, the derivation of the propaga-
spite of being highly relativistic, the wind flow may nevesth tion velocity V, of Alfvénic perturbations must take into ac-
less be sub-Alfvénic, in the sense defined above. A planetdgunt the displacement current. In the wind’s rest frame :
a Poynting-flux-dominated wind may remain unscreened from
the wind by a bow shock and thus enter in direct contact with
it. If the flow is faster than the Alfvén velocity,, the planet is
The interaction of a planet with a sub-Alfvénic plasma floreceded by a shock wave that defines a confined area where
has been considered for moderately magnetized non-rietativ the flow is strongly modified. But if the flow is sub-Alfvénic,
flows in connection with the interaction of the satellite ldtw the planet is directly in contact with the wind. In the ingtan
the plasma and magnetic field present in Jupiter’s magneteous rest frame of the wind plasma we expect, following the
spheric environment. This interaction is driven by the iduMHD approximation, the electric field to vanish. In the plese
tive electromotive field which results from the motion of theest frame an electromotive fieltl= —vxB is generated, where
satellite across Jupiter’s corotational magnetic fieldgladma B andv are the magnetic field and fluid velocity in the planet’s
flow. The satellite acts as a (uniformly moving) unipolariice frame.
tor. Neubauer (1980) derived a nonlinear theory of thisrinte  Using a model pulsar wind, it is possible to make an es-
action. The Alfvén wing connecting lo and Jupiter is the onlymate of the electric field. One of the simplest such models

Vi2=c2+cy2=c2+ puoph/By. (3)
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was developed by Michel (1969). It includes the magnetidfielln highly relativistic Poynting-flux-dominated outflowss &
and the star’s rotation, wind particles masses, but negtet expected for pulsar windsrop > 1. The models show that

dipole inclination and the gravitation and assumes the wiadymptotically the Lorentz factgp approachee-(l)/3 and thus

flow t_o be ra_dial. The unperturbed magnetic figlgl o_nly has (v,/c)? approaches (& 0'62/3)- From equation (9), it is found
a radial poloidal componei®) and an azimuthal toroidal com-that, to lowest order in an expansion d’"Elv the asymptotic

ponentB{. The neglect of the latitudinal componeBf = 0  value of My, is (1 - 1/(203"3)). Therefore the pulsar wind re-

is justified near the equatorial plane and far enough from thgains slower than the total Alfvén speed (3).

inner magnetosphere (Contopoulos et al. 1999). For bodies 0 Since this result applies at distances much larger than the
biting near this plane, as circumpulsar planets probably dght cylinder radius, it is essentially valid wherever pés

this geometrical restriction is unimportant. Other models may be found orbiting. We therefore consider that the plan-
steady state axisymmetric winds have been developed siaeg detected around pulsars orbit in a sub-Alfvénic rekttiv
then (Beskin et al. 1998; Bucciantini et al. 2006). The stati pulsar wind.

ary equations of an axisymmetric perfect MHD flow admit @ |n the numerical computations, we are less subtle and state
set of integrals of motion along stream lines, such as thesmasat at the planetary distances,~ c andVa ~ c, every time it

flux f and the magnetic flu¥', which, for cold radial flows and makes sense. Then, in first approximation, the unipolardgndu

radial poloidal fields, are defined by: tor electric potential drop) (along thed axis, i.e. perpendicular
f = yopa\/rorz’ (4) to the orbital plane) IS

= B OReQ W
¥ =7 Bo» (5) U = 2RpEp = ZRPEG _ ZRPVBBg _ Pr . (11)

where all quantities refer to the unperturbed wind as sethein
observer's frame. The MHD approximatié + vo X Bo = 0
and the Faraday equation imply (Mestel 1961):

The Fig. 1 provides a representation of the geometric configu
ration of the unipolar inductor.

The rotation period of the pulsar PSR 1292 isP =
vg - Q.r 0,006s, which corresponds @, = 1010,397 rad3 and its
Vi (6) surface magnetic field is estimatedBp ~ 8.8 x 10°G (Taylor

) 0 o . _etal. 2000). We assume a star radRis= 10 km and a mass
In order to judge whether the planetis in superalfvénic oroti M, = 1.4M, (see Table 1). Data concerning this planet can

with respect to the wind, we should assess whether the mgd- a4 in table 2. We assume an Earth-like density of 5000
ulus of its velocity in the wind’s frame, which equals that og(g_m_s_ The flux¥ = R2B, = 8.8 x 102 Wb. The semi-major

the wind .in the obs_erver’s frama’@, is faster. or not than the 5yis the planetary radil® = (3Mp/4rpp)Y/3 and an estimate
propagation speed in the wind's framé,, defined by Eq. (3). of U are given for each planet "a", "b", "c" orbiting this pul-
The square of the ratio of these two velocities is given, for &, jn Taples 2 and 3. It can be seen that the inductor electric
asymptotically radial wind, by : potential dropU (from pole to pole along the planet) is of the

v{))z ) (V{))Z (1+ 2 ] order of 132 V.

e -

c

AR (V (7) For the pulsar PSR 1620-26, the rotation periodPis=
A 0,011s,Q, = 567 rad.s?, the surface magnetic field is esti-

The wind being supposedly radiaf, vanishes. This simplifies Mated toB. = 3. x 10°G (Taylor et al. 2000). Still assuming
equation (6) which also shows that at distances much lar§@tR. = 10 km, we find thatt = 3 x 10** Wh. This pulsar
than the light cylinder radius, the radial component of tegm has a white dwarf companion star. The neutron star mass can
netic field can be neglected compared to the azimuthal oree. 11§ estimated td/. = 1.35M, (Thorsett & Arzoumanian 1999;

Alfvén speecta calculated in the observer's frame is given, usSigurdsson et al. 2003). The planet is more distant fromtats s
ing equations (4) and (5) to expreBsandp?, by: than in the case of PSR 12572 but the planetary radius is

larger. The resulting potential drap is still of the same order
of magnitude.

We show in sections 3-5 that a planet in the wind generates
two current systems that propagate far in space, forming a so
called Alfvén wing.

s 2|
Ca

G QW2 ¢

c? - ﬂofé VB
The square of the Alfvén speey] in the wind's frame is a
factoryo smaller than the square of the Alfvén spegdn the
observer’s frame becaugg = yop; and By = y0B),. The _ _ S
latter relation is a result of the vanishing of the electriddiin 3. Equations of special-relativistic ideal MHD
the wind’s frame and of the velocity being perpendicular to

the azimuthal field. Then: cial relativity, and valid for quantities defined in any itial
,2 (\/ reference frame. We use notations without prime and sygiscri
My =

2
) (1420 Vo 9) e ; ; .
C ao\c/|’ After Eq. (23), quantities without prime and subscript reées
whereo is the magnetization parameter:

(8)

In this section, the equations up to Eq. (23) are generalde sp

in the previous sections, only to the observer’s fraRaede-
fined at the begining of section 2.

Q22 A condition for MHD to be valid is that the typical length
g0 = Lofc3 (10)  scaleL relevant to the flow be much larger than the particles
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Larmor radiip. = yv,/wc, Wherev, is the typical velocity Poynting vector divided bg and its space-space components
perpendicular to the magnetic field in the fluid’s framg the form a second rank tensor of the three-dimensional Eudlidea
gyrofrequency ang the particle’s Lorentz factor in the samespace, the Maxwell stress tensor:

frame. The energy of particles in a pulsar windigriori very

high since the wind’s bulk Lorentz factggy may be as large = [gE? B?\= =
as 10 to 10'. If however, in the wind’s frame, a significant ( 5t %) 6 — &okE -
part of this energy resided in perpendicular motions, plagi

would very quickly loose it by synchrotron radiation, everai The symbols represents the second rank unit tensor. The mat-
moderate magnetic field. Therefore, we may consider the pt@t energy-momentum tensor of a cold pressureless fluidean b
sar wind particles to have negligible Larmor radii in thetredvritten, in the absence of non-idedllects such as viscosity, as:
frame of the wind’s bulk flow, so that MHD is applicable on
almost any scale.

The. fourth cpmponent of p95|t|on In space t|m(_exfs ~ Inthe absence of internal heat, the number conservatioa-equ
ct, t being the time measured in seconds in the given refggs, (15 requces to a conservation equation for proper mass
ence frame and thg speed of light. Greek indices _Iat_)el_four-since in this casge = mng, m being the rest mass of par-
dimensional coordinates and components and latin 'ndm'est‘cles. Equation (12) can then be written in three-dimemaio
bel Euclidean three-dimensional ones. The metric tensor Qfi-ions as:
Minkowskian space is diagonal, with componepis= +1 and 0YpE
n11 = 22 = n33 = —1. V, designates the partial derivative with ot
respect to the space-time coordinate The notatioriv desig-

BB
#0'

(16)

T = prcuu’. (17)

+ div (yprv) = 0. (18)

: . Here, we need not solve the energy conservation equation be-
_nates thethree-dmenqual_nabla operatqr. We use the_ﬂun@guse the medium is regarded as cold. We only consider the
index rule. Special-relativistic MHD equations associiel spatial components of the equivalent equations (14) or. (15)

equations with Maxwell's equations, in which the displaeatn - equation (14) we get, denoting the charge and current
current and Poisson’s equation should be retained. The f|ldi sity bype andj respectively:
e .

equations consist of a conservation equation for partichka-n

ber, valid in the absence of reactions among particle specie 0/ 5 T .

and of the four components of the energy and momentum con- at ( PF V) +div (7’ PF VV) =peE+] XB. (19)
servation equations The law of conservation of particle neim _ . :

; : . From equation (15) we get the equivalent equation:

is written as: q 9 q q

V.(n =0. —
W(NEUW) =0 (12) ﬁ( Zva+EXB)+div(y2pFﬁ+V)=O. (20)
The densityr is the proper spatial number density of particles, 9t HoC?
that is, their density measured in the instantaneous raster —
of the fluid. The four componentg are those of the dimen- The components of the Maxwell stress tenlgbmay be trans-
sionless four-velocity of the fluid in the considered reanfe: formed to account for the perfect MHD relation

W = (yv/c, y). (13) E+vxB=0. (21)

The Lorentz factow refers here to the bulk fluid motion. TheThe components of the electric field and those of the Maxwell
number density in the observer’s frame is the fourth compbnestress tensor are easily calculated in a frame where-tods
of the density-flux four-vectoney. The equations of conser-is taken to be along the direction of the fluid velocitySome
vation of energy and momentum of matter are lumped in tladgebra then yields the following expression, where théciesl
four-tensorial equation: t (transverse) andl (longitudinal) refer to a component of a
vector perpendicular or parallel to the velocityf the fluid:
V. Th = fn. (14

2 _ — pR —_— B R
TheT4’s are the components of the energy-momentum tensor ﬁ = i S+ i_z 5 — @ + Etz w + V_2 @ )
of matter and the component, are those of the electromag- 0 ¥? 240 po  Ho € G po
netic force density four-vector. By using Maxwell's eqoas, The magnetic field evolution equation, deduced from Faraday
thls four-vector can be written in conservative form and"fq”equation and the perfect MHD relation, writes:
tion (14) can be given the form:

(22)

0B
V(T +TEY = 0. (15) i curl(vx B). (23)

The Thy's are the components of the electromagnetic energlie non-relativistic theory of Neubauer (1980) considerly o
momentum tensor. They can be expressed in terms of the etbe- Alfvénic wake of the satellite. Indeed, fast MHD distur-
tromagnetic field strength tensbror in terms of the electric bances propagate isotropically in the Igwlimit and decrease
and magnetic fields observed in the chosen reference fraimneamplitude with distance from the sour@ {s the ratio of the

Its time-time component is the electromagnetic energy dgrlasma pressure to the magnetic pressure). Such dist@banc
sity, its space-time components are the three componetite ofdo not create any concentrated current system. The slow mode
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propagates in a loygp plasma much slower than Alfénic per-wherev"| = V' - b’. The two first terms of Eq. (27) are analo-
turbations and the associated disturbances, though cheshnegous to those of classical MHD, wh&fa << c. The two others
by the magnetic field, soon become spatially separated tiem are specific to fast variations of the electric field, whendise
Alfénic wake. Actually, slow mode perturbations barelypro placement current is taken into account. We solve this syste
agate at all in a cold pulsar wind and carry negligible currern the following way: we first ignore the last two terms of Eq.
The dfects of compressive perturbations in the non-relativistf27) and solve the resulting system (27)—(28), which can the
situation have been discussed by Wright & Schwartz (1990% written as:
who have shown that compressive plasma wave modes, though dv’
necessarily excited, contribute one order of magnitude tes AZF - B?b’ - V)b’ =0, (29)
the currentflow and to the energy budget than shear Alfvén per _, , t
turbations do. We therefore follow Neubauer in concermitati p
on purely Alfvénic motions. We assume that the fluid motions dt
triggered when the planet passes by are sub-relativistiecen We then check whether the last two terms in Eq. (27) vanish or
rest frameRy of the unperturbed wind and that the changes afe negligible. These terms are:
the formal Alfvén velocity are similarly sub-relativisti¢Ve do
not assume however that the formal Alfvén speed calculated B dVlllbl
from the total field B’ /(uop’)Y/?, is less than the speed of light. c2 | dv
Our assumption of non-relativistic Alfvénic motionsky, im- o ] _
plies that diw’ = 0. It does not follow however that the samé&-0nsidering Egs. (29) and (30), the proportionalitylgf and
relation also holds true in the observer's fraRgbecause the 4V’ IS obtained fork = s4, and these two equations become
wind flow is relativistic in this frame. IRy, the electric terms €duivalent to
of the Maxwell stress tensor are by of ordét/c? less than e )

: X B'db’ = sadv (32)
the magnetic terms and can be neglected. Accounting for the db’

— (b V')V =0. (30)

+ (- V)V - (31)

relation diw’ = 0, equation (23) can be written as: sl o B'(b’- V)b’ =0. (33)
dB’ _—
a B -V)Vv =0. (24) Eq. (32) has afirst integrafy,
Considering Egs. (21) and (22), the equation of motion (20) ViZV_s B’ ‘ (34)
becomes, iRy, s (uop’ + B2/c?)12
i ,, BA& (v-B)PB In the region not perturbed by the planet= 0, andB’ = Bj,
dv’ UoC?  poC? Therefore,
BI (VI . B/) V/ B/
—(B"-V)|—+———|=0. 25 ’_ 0
( wﬂo+ oG ) @9 vi=-s7 (35)
v =@ -8y, (36)
4. An Alfvénic first integral /;
The computation of the non relativistic Alfvén wing given by Vi = E(B ~ b’ Bp). (37)

Neubauer (1980) is based upon the fact that, in simple n

n- . , N
linear Alfvénic wave motions, the velocitys = v — sca is I order of magnitudel ~ B'/c, and the approximationl <<

c implies that|[B” — Bj|| << By. Therefore, this is equivalent

\?(efcl:rtf)tr;grtz\glsgr:nv:erl](l)scit[el?at;c;r:c::\tteh de\:‘\l/::lhd tsh\e/elzcrlctalryf)/; ;:Ee to an hypothesis of linear perturbation. This remark aldd$0
y P for the computations of Neubauer (1980). At this stage, it is

and the sigrs = +1 depends on the sense of propagation of the : ;
perturbation. This relation can be transposed inféedintial necessary to evaluate the terms in Eq. (31). Using the above

form asdB = kdv, wherek = (uop)¥?. Moreover, the modulus relations, these terms are
of the magnetic field is a time invariant and, because of the B2 (db’ v’)

uniform boundary conditionB = By, this modulus is constant —-S TS by, (38)
over the whole space.
As Neubauer, we look for a solution whetB’ = kdv’ and  whereby is the direction of the unperturbed magnetic field in
whereB’ is constant. Then, setting = B’/B’ and the wind'’s frame of reference. The quantity in Eq. (38) dags n
B 'y B2R)L2 vanish but it is negligible, as long & << c, in comparison to
A= (uop” + B/, (26) the terms in Eq. (29), which are of the order Bf{/c)db’/dt’.
we can write the Eqs. (24) and (25) in the form Therefore, in. the linear approximation, the solution givsn
Egs. (32-37) is correct.
8 S P , The first integral of Eq. (34) must now be computed in the
ar B’ - V)b 2| ar +(O-VYIMqV) =0 27) observer’s frame of referend®,. It will be used in the next
db’ section to derive the value of the electric current asseditd
5~ Vv =0 (28) the Alfvén wings. Let us write the velocity and the magnetic

Cc

’

B2 [dvb

/12
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field as the sum of a longitudinal component, parallelgcand
a transverse vector component.

B = 2B, (39)
0
B, = [fs— VO—\ZIO]B. (40)
Vo

The transforms of the velocity and of the magnetic field are

_ VI =Vo+Vt/y0

! 41
v 1-v-vg/c2 "’ (41)
B/ = B, (42)

V-V B-v
B{ = Y0 (Bt (1— ?0) + TOVI), (43)

wherey is the Lorentz factor of the unperturbed wind. For the
transform of the magnetic field, Eq. (21) has been taken into

account. The Eq. (34) becomes

V| = Vo + Vt/Yo
V-Vp

VA

s
1-%

S V-V
(yo(Bt(l— =2)+

A

B-vo
C2

vt) + B.). (44)

For a first order development, we natethe velocity perturba-
tion andB; the magnetic perturbation,

V=Vg+V1 B = Bp + Bj. (45)
To the first order, Eq. (44) becomes
, Vit S
Vs = 7(2)(V1I + %)— 7 (Bai +Bu)
Syo (1 Vo-V1  Bo-Vo
- — |=Bx+By)-B vit|. (46
7 (73( o+ Bu) ~Ba— = 1t) (46)
which can be rewritten
Ve, sSB-vp)\ Vv S S (1 wvi-v
—23=v1|+(1—— 2°)ﬁ——2 _(__]B
Y6 A Jyo Ayy  Ayo \¥§ c
Considering the purely geometric relation
s B-vg S V1-Vo
- ——vy=———8B 47
e ] (47)
we have
V’s sB-vy S Vg Vo - V1
2 1--—72% 1-S|l-2-—%|B
Y6 A A c
sB-vo\vy S V2 Vo-vi)B
+1-2 20 ) 202 (48)
1 c? yo A c? c? Y0

As this vector is constant, its longitudinal and transverses
relatively to the constant vectay are also two distinct con-
stant entities. We can recombine the longitudinal and trense

components in the following way,

V2 \V \Y

-5 L)
Y0/ Yo/t

CZ

S
A

Vo - V1
C2

i
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Then we can define a new first integral vector,

V2 . V. /y2 + V.
V- 2m (1Bt v TERIEE o)
(03 C C 1— 8 Bovo
1 c
where the constant numbeiis defined by
Bo - Vo
a=A1-5 = (50)

In spite of a greater complexity, this vector presents somag-a
ogy with the first integral found in the non relativistic case
Neubauer (written in the first lines of the present sectidh)s

will be used in the next section to derive the current flowing
along the Alfvén wing, in a similar way to those developed in
Neubauer (1980). The parametergiven in Eq. (26), can be
expressed as a function of the unperturbed wind parameters,

]1/2

A = |uopf + c?Bf + ¢ %" Bh, (51)

SinceV - v/ = 0, the density’ is invariant along any line of
flow; that is why we have noted it instead. We set

ch = B/korp, (52)
Cu = Bio/uorp. (53)
Ca = Blo/mopp. (54)

These are mixtures of the magnetic field in the fraRpeof the

observer and of the density in the proper fraRyeof the wind

in terms of which the factat can be written as:
22+ 2\

A= Juopp |1+ AL A ‘“] : 55

/10)00 ( ’)/(2)C2 ( )

5. Current carried by an Alfvén wing

Neubauer (1980) has shown that the electric current density
carried by an Alfvén wing is related to the divergence of the
electric field through the relatiom j - Vs = L divE where the
conductanc& = (uoca) (1 + M2 — 2sMa sing)~Y/2, ca being

the classical Alfvén velocity, anls = vp/ca. In this section,

we derive an analogous relation for the relativistic plafiog,
keeping our previous assumptions. From the perfect MHD re-
lation (21) we calculate dii in the observer's framBo:

divE =v- curlB-B- curlv. (56)
To the first order,
divE = vg - curlB; — Bg - curlv;. (57)
From Eqg. (49), the curl of the velocity is
curlvy = TS curlB; — izcurl [Bo(vo - V1)] (58)
Yo aC
= — curlB; - —N x B, (59)
ayg aC
where
N = (Vo - V)v1 + vg x curlvy. (60)
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Including Eq. (58) in Eq. (57), we find field inside the cylinder to be constant, of intensify This
simple assumption is motivated by thefatiulty to solve for

i SBo . . . . .

divE = (Vo - T] . curlB. (61) the electromagnetic and flow structure in the immediatenvici
Yo ity of the solid body. The free parametéris the electric field

along the planet caused by its ionosphere or surface irterna
resistance. At large distances from the wake, the electig fi

_y._ SBo 62) converges to the convection fieig given by the perfect MHD
s = Vo 2 ( ) . . . .

Yo relation (21) in the unperturbed wind. Once the electriepet
tial is found, the magnetic field and current distributiorthie
\ake can be deduced, using in particular equation (67).
Neubauer gives useful expressions for the total curkent

For further convenience, we note

In Ro, the Alfvén wave is stationary, therefore the partial tim
derivatives are null, and Ampere’s equation is simply:

curlB = poj. (63) flowing along an Alfvén wing and for the Joule dissipation
power in the solid bodyE ;. Writing Rp for the planet’s radius,
Then, from Eq.(61), he gets:
divE = /Joj - Us. (64) Q¥
. | - aE-BRn-a( 2T BRI, 0
Let Js be the projection of the current density along the direc-

tion of the constant vectdds of equation (49). Equation (64)E; = 47 R E; (Ep — E;) Za. (72)
can be written as:
divE = uo Js|U4l. (65) The Joule dissipation is maximum wh&n= Eo/2. In our es-
timations, we shall use Neubauer’s valueslf@ndE;. Up to
Leté = n/2 - (BQ’ Vo) be the_co_mplement of the angle_ ma‘dﬁnimportantnumerical factors, the results (71)—(72) anply
in Ro by the ambient magnetic field and the flow velocity. Thgy,4ineq by considering the currdrto be driven in a resistive

modulus ofUs (equation (49)) is load of resistanc&;! by a generator of electromotive force

25 3 Up = 2EoRp applied on two opposite sides of a planet of in-
UZ=v5- a—yz VoBo sing + az_y“’ (66) ternal resistanc®p. Neubauer’s paramet&; is related taRp
0 0 by
and then: E _ Re (73)
_ Eo Zl+Rp
Js = ZadiVE, (67) 0 A P
) R AL It is very difficult to know what the value oRp really is.
Yo (1+ pers ) - Sz sing We therefore regard it, oF;, as unspecified parameters. The
Ip = " — 12 (68) planet's electrical resistance depends on its constitutio the
poCa (1+ X2 — 25X sino) path of electric currents in it and on the existence or aksenc
Voary2 2242 \M2 2.2 pf some fo_rm of ionosphere. The conductivity of terrestikl
Xa = 0o _ Yo é( %2“] - so—)z/0 sing. (69) icate rock is of ordetrio = 10~ Mho m! (Cook 1973). If
Bo Ca YoC ¢ it is assumed that the wake current closes through a layer of

Whenca << ¢, we are in the conditions studied by Neubauethicknesshat the surface of the planet, the electrical resistance
and we find the same result as in his paper (given in the begffr- Of the latter would Ple of order;, /h, which numerically
ning of this section). In the case >> 1 andca >> ¢, thatis amounts takp ~ (hkm)™". As soon a1 would be larger than

relevant for a pulsar's wind{s >> 1 and a few meters, which for this low conductivity is reached in a
very short timeRp would be comparable to or less th&a,,
A~ i (70) eventhoughthe rockintrinsically is a poor conductor. Acset
HoC generation planet, which could be partly metallic, or algart

a conductance which is associated with the impedance of vAtQlten body, could have lower resistances.

uum, equal toR., = upoc = 377 Ohm. The two directions of

the currents flows corres_pond _to the invariant_ vegtd;rsand 6. Discussion and conclusion

U_.The geometrical configuration of this solution is shown in

Fig. 2. This work shows that a planet orbiting a pulsar develops a sys
Now, we can adapt quite directly the conclusions dém of Alfvén wings, caused by its interaction with the sub-

Neubauer (1980) to the relativistic inductor. This authon-c Alfvénic Poynting-flux-dominated pulsar wind. A system of

siders a specific model of the wake-aligned currents in teong electric currents is set. Although this current cdnn

Alfvén wing, which he assumes to be flowing on the surface mfach the inner pulsar’s magnetosphere, it is neverthiglss

an infinite cylinder tangent to the planet’s surface, wigheixis esting to compare it to the current at the origin of the ptdsar

parallel to Alfvénic characteristics. Equation (67) ingglithat magnetospheric activity, the Goldreich-Julian curi&int This

for such currents the divergence of the electric field vasshlatter current results from the electromotive field geredtdty

except on the cylinder’s surface. The electric potentialtt@&n the fast rotation of the highly magnetized neutron star and i

be found by solving Laplace’s equation, assuming the étectsurrounding magnetosphere. For a dipole magnetic field, the
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Table 1. Input data about the pulsars. Rotation period and pulsaioface magnetic field, mass (in solar masses), radiusGalbteich-Julian
current. Source : (Taylor et al. 2000) catalog, in the SIMBd&labase. For PSR 12572, the mass and the radius are infered from general
ideas about pulsars. For PSR 1620-26, the mass has beerretkdmcause the pulsar is in a binary system (with a whitefdweanpanion).

Name P(s) Q.(s1 B.(Gauss) M.(My) R.(km) g3 (A)

PSR 125%12 0.006 1010. 8x10° 1.4 10. 4.9¢10%
PSR 1620-26 0.011 567 .810 1.35 10. 5.4x10"
PSR 10 ms 0.010 628. 90 1.5 10. 2.2x10%
PSR 1s 1. 6.283 19 1.5 10. 2.2x101

Table 2. Input data concerning the planets : mass, radius, orbitaébghesemi-major axis, excentricity. SourcéMs, Pyp, @, € from "The
Extrasolar Planets Encyclopaedia” (httmxoplanet.elindex.php). The estimate & is based on the hypothesis of an average mass density
pp = 5000 kg.m?.

Name Mp(Ms) Rp(Rs)  Pon(day) a(Au) e
PSR 125712 a 0.02 0.28 25. 0.19 0
PSR 125%12 b 4.3 1.68 66. 0.36  0.0186
PSR 125%12 ¢ 3.9 1.62 98. 0.46  0.0252
PSR 1620-26 a 794 9,5 36367. 23.

PSR 1s b 10,000km 35 157 30. 0.21 0.
PSR 10ms b 100 km X 10° 0.016 20. 0.16 0.3
PSR10msb1km %102 16x10* 20. 0.16 0.3
PSR 1sb 100 km x10° 0.016 20. 0.16 0.3
PSR1sb1km 21012 16x10* 20. 0.16 0.3

Table 3. Electric potential drop, total electric current assodatethe Alfvén wing. Electrical enerd;mx dissipated in the Alfvén wing.

Name UM law (A Emax (W)
PSR125%12a 1.1x102 3.0x10°  2.5¢10%
PSR 125%12b 3,5x1012  9.4x10° 2.5x10%?
PSR 125712 ¢ 2,6x1012  7.0x10°  1.4x10%
PSR 1620-26 a 6,107 15x10° 7 x107

PSR 1s b 10,000 km 3:810% 1.010! 2.x10%4
PSR 10ms b 100 km 240 6.x10°  1.2x10%

PSR 10ms b 1 km 2:410 6.x10* 1.2x10%
PSR 1sb 100 km 24101 6x10°  1.2x107°
PSR1sb1km 2.410° 6.x10°  1.2x10°
Goldreich-Julian current density is & Heyvaerts 2011) that it can exert an ortho-radial forcerupo

the planet that can, if the magnetic to mechanical energy cou
pling is dficient enough, have an incidence on the orbit of small
circum-pulsar objects such as asteroids or comets. Thedeco
incidence, more relevant to massive objects such as plasets

Jei = ceQ, B, (74)

and the total current is of the order of

ley ~ 7REcJey, (75) @ possibly associated electromagnetic signature, whignimi
be detectable.
whereRec ~ R¥?(Q./c)¥? is the polar cap radius (Kirk et al.  Does the Alfvén wing dominates, in terms of energy, the di-

2009). Various values of the Goldreich-Julian currkfytare rect mechanical action exerted by the wind on the companion ?
given in Table 1. A look at table 3 allows for comparison$o answer this question, we can compare the flux of magnetic
betweenlaw andlg;. It can be seen that in the case of thenergyfFy with the flux of mechanical energly, received the
four known planets, the electric current in the Alfvén wingsompanion by direct impingement. The ratio of the Poynting
is smaller than the Goldreich-Julian current by three @@ér flux to the mechanical energy flux is
magnitude. It is also much smaller in the case of small bodies
But a planet orbiting a "standard" pulsar with a typical 1-sec Fu C (B(Z)¢/,uo)
ond period and 18 G magnetic field would have an Alfvén Fx = SO0 (76)
wing currentl ay of similar amplitude as the Goldreich-Julian K Yopo
currentlg,. This is not negligible, when we see thag is the  |htroducingeo and® with the Egs. (5,6,10), andy ~ C,
basic engine of the pulsar’s electrodynamics.

The practical consequences of such a current are expected Fu oo

to be of two kinds : it is shown in a companion paper (Mottez (77)

Fx 0
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In the case discussed above wheje- o-é/?‘, andog >> 1, The question of the radio emissions possibly associated to
= the Alfvén wings will be addressed in a forthcoming paper.
o~ 05/3 >> 1 (78)  Such emissions would provide astronomers with observaltion

K

) . _ data relevant to the wiripglanet interaction.
Therefore, we expect that for a Poynting-flux-dominateddyin

most of the energy exchange with the pulsar’s Companiapknowledgements. The authors thank Silvano Bonazzola (LUTH,

comes from the magnetic field. The Eq. (72) provides a mop®s: Paris-Meudon) for bringing us to the subject of thisdgtu
precise insight of what isféectively involved into the wind- This research has made use of the SIMBAD database, operated a

. . cy CDS, Strasbourg, France, and The Extrasolar Planets Epaaiia
companion interaction. Consideritig = Eo andEo ~ cB,, (httpy/exoplanet.elindex.php), maintained by Jean Schneider at the
- c2B2 B2 LUTH, and the SIO, at the Observatoire de Paris, France.
EJ 2 ¢ [
— = EjZar — =c—. (79)
7TR,23 HoC Mo
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