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Experimental study of NS structure

= Internal structure of celestial objects — need some kind
of seismology

= |n order to be able to proceed with seismological
diagnostic two things are necessary:

O Mechanism for oscillation excitation
0 Mechanism modulating radiation of the object




Observation of NS oscillations

= Neutron stars in binary systems:

0 Mechanism for oscillation excitation:
Instabilities in accretion flows.

0 Mechanism modulating radiation of the object:
shaking of magnetic field lines, instabilities in boundary
layer ...

but, could we distinguish effects caused by oscillation of
the neutron star and ones due to instabilities in the
accretion flow? — which feature in the power spectrum
corresponds to the NS oscillation and which to other
processes?

= |solated neutron stars — most of them radiopulsars:
0 Mechanism for oscillation excitation:
glitch
0 Mechanism modulating radiation of the object:
this work




Goldreich-Julian charge density and structure of
the magnetosphere




Summary

= \We consider NS as a conducting magnetized sphere on which surface
an arbitrary velocity (vector) field is given. This field can be considered
as a composition of series of Spheroidal and Toroidal modes with
harmonic numbers (1, m).

= \We looked for special configuration of electric field, such that, E 1. B
everywhere in the magnetosphere, so-called Goldreich-Julian field.
Charge density in the magnetosphere, supporting such electric field
pg = A - E/(4n)is called Goldreich-Julian charge density.

= We derived equation for such field for for any oscillation mode (1, m) and
analysed solutions of this equation.

= S0, to some exted we generalized the pulsar “standard model” to the
case of arbitrary oscillations. This allows us to study distortion of NS
magnetosphere caused by star oscillations and estimate electromagnetic
energy losses of an oscillating NS.




Assumptions

. ©
m \We consider the near zone r <« 2t— where
w

%atE < VxB

= \We assume that the physical current density in the
magnetosphere is low enough — the magnetic field to first
order in £ = &£/r, can be considered as generated only by
volume currents inside the NS and by surface currents on
Its surface, I.e.
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Basic Equations

» Maxwell Equations

V-E = 4mp (1)
V-B = 0 (3)
VxB = 0 (4)

= Boundary Conditions

Br(r*) — BOr

Eo ¢(Ts) = —=(vxBoJo,¢




Equation for E,

= General Solution of the Maxwell equations
From (3), (4) it follows [Muslimov & Tsygan 1986]:

B = VxVx(Pe,)
Substituting B into equation (2) we get

1
E:—EVx(atPer)—V\l’ (5)

= Equation for the electric field
We are looking for a charge density p, yielding E | B

E;-B=0 (6)

1 1

Pg = EV'EG] :_HT

substituting E from the expression for the general solution of Maxwell
Equations (5) into equation (6) we get

AW (7)




Equation for V¥,

Equation for the Goldreich-Julian potential V¥
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+ boundary conditions




Equation for ¥

Equation for the Goldreich-Julian potential V¥
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+ boundary conditions

= The terms in gray boxes are coefficients depending on the unperturbed
magnetic field configuration, they do not depend on the concrete
oscillation mode.




Equation for ¥

Equation for the Goldreich-Julian potential V¥
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+ boundary conditions

= The terms in gray boxes are coefficients depending on the unperturbed
magnetic field configuration, they do not depend on the concrete
oscillation mode.

= Terms with 0P describe perturbations of the magnetic field by the stellar
oscillations and are different for each oscillation mode (1, m).




Equation for ¥

Equation for the Goldreich-Julian potential V¥

1
Ao P ar‘i’q— 0,0g9P aelleI—T arad,P aq)\y(;]—l—
sin” 0
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+ boundary conditions

This equation is linear PDE of the first order. Hence, oscillation modes can
be considered separtely.




Rotation around z axis — Pulsar

= |n this case the partial derivative 9, can be replaced by —Q 94, where Q)
IS the angular velocity. Thus

By direct substitution of

Q
e = sin® 0gP 9)

it can be shown that the potential (9) is a solution of the equation (8) from
the previous slide, and satisfies the boundary conditions for V.

= For electric field and charge density we get

1

E; = _E(er) xB Goldreich & Julian (1969),
0.B : Mestel (1971)
Po = —5 -+ 47TC(Q><r) - (VxB)




Cosidered Cases

= Small amplitude oscillations of the NS with dipole magnetic field.
= Both toroidal (V - Vysc = 0) and spheroidal (V x V,s. = 0) oscillation
modes were considered.

= Equation for ¥ can be solved analyticaly for both toroidal and
spheroidal modes. Hence, Goldreich-Julian charge density can be
calculated for any velocity field on the NS surface.

= Examples

Spheroidal modes:

Yo (7,3); (7,2);

Ogy (7,3); (7,2);
Toroidal modes:

Ve (1.0); (2,0);1(2,1);
Pg; (1,0); (2,0); (2,1);




Distortion of the polar cap acceleration zone




Spheroidal Mode (44,4) and PSR J1824-2452
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Figure 1: left: Goldreich-Julian Charge Density for oscillation mode (44,4) in polar coordinates
(\ Pgt k=r.|,0) for & = 0. The red line shows the angle at which the last closed fi eld line inter-
sect the NS surface in PSR J1824-2452 (P=3.05 ms) right: The view of the PSR J1824-2452
polar cap (dashed circle). Goldreich-Julian Charge density for oscillation mode (44, 4) is shown
by the color map (red-positive, blue-negative)




dependence on 1

GJ charge density

(64,4)

(44.,4)

(24,4)




GJ charge density: dependence on m

(64,4) (64,8) (64,14)




Oscillational GJ charge density

= The amplitude of pgincreases with increasing of the harmonic numbers

l,m
The reason:
0 the electric field
E N VOSC B
C
0 the charge density
E lE
P 5x R

= The amplitude of pgfor high harmonic numbers falls very rapidly with the
distance from the NS




E; in the Polar Cap of pulsar for SCLF
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Accelerating Potential: p — p,, for Vio: = Vosc
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Figure 2: Difference between the charge density of space charge limited fow and the local
Goldreich-Julian charge density along magnetic fi eld lines in the polar cap region is shown (in
arbitrary units) for three spheroidal modes with different (1, m): (64,14) — by the upper solid
line, (54,14) — by the middle solid line, (54,2) — by the lower solid line. The same realtion for an
aligned rotator is shown by the dashed line.



Velocity of oscillational motion

m Energy transferred during the glitch

2 2
Wititeh = IQAQ = IQZE =1 Ins (l) &
v P 8
m some fraction n of this energy goes to oscillation excitation
Wose = n ngitch

m Energy of oscillational motion
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Effective Goldreich-Julian charge density

m Electric fi eld induced by oscillations

Vosc
C

E ~ B

m Goldreich-Julian charge density for oscillational mode (1, m) ~ 1

m Efective Goldreich-Julian charge density
O oscillational

osc, eff 0sc

Pgj ~ Pgy

O rotational — Muslimov & Tsygan model (particles freely escape

NS surface)

rot, eff rot _ rot
Pg ~ KPg = 15 Pg

O rotational — Ruderman & Sutherland model (particles do not
escape NS surface)

rot, eff rot
Pgr ™~ Pg




Distortion of the accelerating electric field

Distortion of the accelerating electric fi eld in the polar cap is
proportional to

osc,eff

Pgy

rot, eff
Pg

m for Muslimov & Tsygan model
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Harmonics where acceleration is damped

osc, eff

P . . . .
When % ~ 1 accleration of particles in the polar cap will be
GJ

blocked periodically. This occurs
= for Muslimov & Tsygan model, when
—1/2

1>300m, /2 e/2i /2 (AV—”>
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Possible observational signatures
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Figure 3: Schematic view of individual pulse distortion in pulsar due to oscillation of
the netron star.




Conclusions

= For the half of oscillation modes a strong current (> pc)
will flow along closed magnetic field lines

= |n the polar cap region particle acceleration rate could be
modulated with oscillation period. For oscillation modes
with 1, m large enough “decelerating” electric field could be
of compatible strength with the accelerating field due to
pulsar rotation even if Voo << Vior = Qr,

= Region of closed field lines could become visible

= QOscillations can distort acceleration of particles in the polar
cap region of the pulsar and change its radiation pattern

= Distortion of the geometry of radiation region due to
shaking of magnetic field lines is also possible, but is much
more difficult to observe




Boundary Conditions

®m Magnetic field
B =VxVxPe,, tothefirstorderin& : P~ Py(r,0,d)+5P(t,1,0,d)

0.5P =3 (=) 0u8pum (1) Yim (6, 0)
L,m

3y 5P (1) = L dQ Y: (v-V(AaPo)+
7T

L(1+1)
—|—AQ_PO (V'VJ_)—FTZ(VJ_(arPo)-VJ_)Vr}

T=—T %

= Boundary Conditions for Wg;

1 1
Yolr=r, = —- J{;AQPO Vo +

arad)PO Vr _|_ .

sin O sin O
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Oscillation modes

=  The oscillation velocity components for spheroidal (V x v = 0)
oscillations are

VvV, = e—iwt U(T) Ylm(e, (I)), Vg = e—iwt V(T’) aGYlm(e> d))>

—1lw 1
v =e T V(r) Sinead)Ylm(e,d))

where U and V are radial and transversal velocity amplitude respectively.

=  The oscillation velocity components for toroidal (V - v = 0) oscillations
are

1
sin O

Vy = O> Vg = e_iwt W(T) ad)Ylm(ea d))) Vp = _e_iwt W(T) aeYlm(e’ d))

where W is transversal velocity amplitude.



Toroidal Oscillations

= Equation for ¥

1 m?  Bow /7.\ ]
l c l 0 * -
20050 Y™ + 1 sin@ QW™ — {4y (=) Yim=o0
= Boundary conditions
Bowr m?> Y -
lm 0 * lm —jwt
r—7 p— = ea Y - o de F )
Yo l=r, . J(COS o Yim 1(1—|—1)sm€)) +e ($)
Wlm|9 =0,r=1, — 0.

s Solution
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Spheroidal oscillations

= Equation for W

1 B 4\ L MNES
2080 3, WL™ + — sin 8 dp WL — — [21 (=) 2o¥iy +22 (=) %YFL] _0,
T

C T
where
7. =1 12—m?2 _ 1 (L+1)2—m?2
1 —T((l—F])V—U/Z) 412 1 Z2 1—(1V—|—U/2) 21+3)(21+1)
® Boundary conditions
Bo T Oy YT Oy YU :
Yt eey, = J(Vcoteaq)vlm—z]M—zz%—) de +e 1t F(¢),
C sin O sin O
w(l;}n|6:O,T:r* = 0
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Bor T\ L1 Op Y™ 4
lm __ DPoTx T . n\21—2 $
Yo — . {Z1 (r) (sin O) J = 6)21 1 do+

AU o [ 90 YT T\ 1/2
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Spheroidal mode (7,3)
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Figure 4: left: Deformation of the star surface during oscillation in spheroidal mode (7, 3) right:
The potential 1&’(73]3 along a dipolar magnetic fi eld line as a function of the polar angle 0 is shown
for 5 fi eld lines with azimuthal angle ¢ =0 at t = 2ntn/w.



Spheroidal mode (7,3): GJ charge density

Figure 5: left: The charge density p¢ near the NS for azimuthal angle ¢ =0 at t = 27tn/w.
Positive values of charge density are shown by red and negative ones by blue color. right:
The charge density péf’ lr—r, on the NS surface is shown in a polar coordinate system
(\ p};}“ lr=r,|,0) for ¢ = 0. Positive values of charge density are shown by the solid line and
negative ones by the dashed line.




Spheroidal mode (7,2)
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Figure 6: left: Deformation of the star surface during oscillation in spheroidal mode (7, 2) right:
The potential \PZHZ along a dipolar magnetic fi eld line as a function of the polar angle 0 is shown

for 5 fi eld lines with azimuthal angle ¢ =0 at t = 2ntn/w.




Spheroidal mode (7,2): GJ charge density

Figure 7: left: The charge density pélz near the NS for azimuthal angle ¢ =0 at t = 2tn/w.
Positive values of charge density are shown by red and negative ones by blue color. right:
The charge density pélz lr—r, on the NS surface is shown in a polar coordinate system
(\ p};}“ lr=r,|,0) for ¢ = 0. Positive values of charge density are shown by the solid line and
negative ones by the dashed line. NB: on the equatorial plane (6 = 7t/2) pélz is infi nite




Toroidal mode (1,0)
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Figure 8: left: Velocity field on a sphere for the toroidal mode (1,0) is shown at the time
t = 2nn/w, where n is an integer, as projection on the meridional plane ¢ = —115°. right:
The potential \PJ;]O along a dipolar magnetic fi eld line as a function of the polar angle 0 is shown
for 5 fi eld lines for t = 2t /w. NB: aligned rotator



Toroidal mode (1,0): GJ charge density
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Figure 9: left: The charge density p(];]O near the NS at t = 2in/w. Positive values of charge
density are shown by red and negative ones by blue color. right: The charge density p(‘;]O =1,
on the NS surface is shown in a spherical coordinate system (|p};}“|r:r* ,0,d). Positive
values of charge density are shown by a gray surface and negative ones by white. NB: aligned

rotator




Toroidal mode (2,1)
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Figure 10: [eft: Velocity field on a sphere for the toroidal mode (2,1) is shown at the time
t = 2nn/w, where n is an integer, as projection on the meridional plane ¢ = —115°. right:
The potential \Pé]‘ along a dipolar magnetic fi eld line as a function of the polar angle 0 is shown
for 5 fi eld lines with azimuthal angle ¢ = 7t/2at t = 2ntn/w.



Toroidal mode (2,1): GJ charge density
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Figure 11: left: The charge density pZ' near the NS for azimuthal angle ¢ = 7t/2 at t =
2tn/w. Positive values of charge density are shown by red and negative ones by blue color.
right: The charge density pé]‘ lr—r, onthe NS surface is shown in a spherical coordinate system
(\ p};}“ r=r.|,0,d). Positive values of charge density are shown by a gray surface and negative
ones by white.
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Toroidal mode (2,0)
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Figure 12: [eft: Velocity field on a sphere for the toroidal mode (2,0) is shown at the time
t = 2nn/w, where n is an integer, as projection on the meridional plane ¢ = —115°. right:
The potential \Pé]o along a dipolar magnetic fi eld line as a function of the polar angle 0 is shown

for 5 field lines at t = 27t/ w.



Toroidal mode (2,0): GJ charge density
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Figure 13: [eft: The charge density pé]o near the NS at t = 2t /w. Positive values of charge
density are shown by red and negative ones by blue color. right: The charge density pé]O =1,
on the NS surface is shown in a spherical coordinate system (|p};}“|r:r* ,0,d). Positive
values of charge density are shown by the gray surface and negative ones by the white. NB:

on the equatorial plane (0 = 71/2) pé? is infinite .




Strong current in the magnetosphere

= For toroidal modes with even (1 — m), and spheroidal
modes with odd (1 — m) the strong current with the current

density
P (T+) € (i)

should flow along closed magnetic field lines.
= For the open magnetic field lines we could use our solution




Strong current in the magnetosphere

= For toroidal modes with even (1 — m), and spheroidal
modes with odd (1 — m) the strong current with the current

density
ol e ()

should flow along closed magnetic field lines.
= For the open magnetic field lines we could use our solution

Observational manifestations
= This current could generate plasma instabilities and make
closed field line regions visible.

= QOscillation modes generating strong current will be more
effectively damped.




Glitching Pulsars

Pulsar P/Pdot distribution

& | Pulsar P — P dot diagram. Pulsars
‘ for which one or more glitches
have been detected are marked.
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