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STEP #l

Vacuum: magneto-dipole radiation
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Vacuum: magneto-dipole
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Landau-Lifshits, Field Theory
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Vacuum: magneto-dipole

Energy losses Bg— e R E
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Vacuum: magneto-dipole

Energy losses Bg— e R E
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IMPORTANT CONCLUSION

Two terms can play role in energy losses
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STEP #lI

Pulsar magnetosphere



Force-free approximation

One can neglect energy of particles

Mestel equation (1973)

Pulsar equation_
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(Michel 1973, Mestel 1993, Scharlemann & Wagoner 1973,

Okamoto 1974, Mestel & Wang 1979)




First solutions

F. Michel (1973)  F. Michel (1973) F. Michel (1973) R.Blandford (1976)



Orthogonal Rotator

VxB:= 0

¥ = 90°
VB, A.V.Gurevich, Ya.N.Istomin,
Sov. Phys. JETP, 58, 235 (1983)
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Orthogonal Rotator

VB, A.V.Gurevich, Ya.N.Istomin, JETP, 58, 235 (1983)
L.Mestel, P.Panagi, S.Shibata, MNRAS, 309, 388 (1999)
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Orthogonal Rotator

VB, A.V.Gurevich, Ya.N.Istomin, JETP, 58, 235 (1983)
L.Mestel, P.Panagi, S.Shibata, MNRAS, 309, 388 (1999)
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Spitkovsky solution, ¥ = 60°

No magnetodipole radiation

i

Py In vacuum b5, =

VB, YA.N.Istomin, A.A.Philippov, Phys. Uspekhi, 56, 164 (2013)



IMPORTANT CONCLUSION

No energy losses for zero longitudinal current



STEP #llI

Current losses



PPdot — death line
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Current losses

For current losses mechanism is necessary to have

* Plasma in the magnetosphere,

* regular poloidal magnetic field,

 rotation (inductive electric field E,
EMF AU ),

Poynting vector

* longitudinal current /
(toroidal magnetic field B).
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Current losses
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Current losses
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Orthogonal rotator
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Orthogonal rotator

VB, A.V.Gurevich, Ya.N.Istomin JETP 58, 235 (1983)
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Oppositely fiowing
currents can occupy
the same open flux
tube. Does this have
any obervational
implications?

There is always a

— null-current field line

in the open zone.



Current losses

Qxr
Br = ———
Energy losses C

C

Wiot = A /(ﬁRB)(BdS)

Current axisymmetric i ~1 1 Q¥ Q¥ 1 Q =Qf
Current orthogonal i ~1 Q Q Q32 1 Q =Q°
Vacuum (L&L) (2/3) 1 Q Q3 1 1 =0

\Z

e

| >




Current losses
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Current losses o

Energy losses Br = Tr
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IMPORTANT CONCLUSION

Current losses correspond to first term only
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IMPORTANT REMARK

VB, E.E.Nokhrina. Astron. Letters, 30, 685 (2004)
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IMPORTANT REMARK

VB, E.E.Nokhrina. Astron. Letters, 30, 685 (2004)
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Current direction
corresponds to
energy losses.




STEP #IV

“Universal solution”



Inclined rotator

A.Spitkovsky, Apd Lett., 648, L51 (20006)
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Inclined rotator — numerically

a=90°

- sin?é

vanishes, describes the orientation of the current sheet in the numerical force-free solutions shown in Fig. 6.
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Figure 12. Colour-coded surface distribution of B in the split-monopole solution (Bogovalov 1999). The current sheet, in which the radial magnetic
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Inclined rotator

A.Tchekhovskoy,

A.Spitkovsky, J.Li,
MNRAS, 431, 1 (2013)




Inclined rotator
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e B L ]

A.Tchekhovskoy,
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MNRAS, 431, 1 (2013)
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Orthogonal rotator — numerically
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STEP #V

Pulsar braking



Pulsar braking
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Pulsar braking

Current losses

*Direct current losses

*Mismatch (‘second term’)

/J (Bn)d

*Separatrix currents

/{an




Pulsar braking

IrQ = KHCOSX—I—KJ_SHIX,
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How to write down the current

Drift approximation

J=pe[Qxr]+9 B

Mestel, BGI

j:C)Oe

E x B]

75 +aB

j=

B-VxB-E-VXxEB+ (V-E)ExB

B2

Gruzinov




Separatrix current?

VB, A.V.Gurevich, Ya.N.Istomin JETP 58, 235 (1983)
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Orthogonal rotator — analytically
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Inclined rotator — MHD

* No monopole Michel-Bogovalov poloidal field
* No magneto-dipole radiation
* Larger energy losses for orthogonal rotator
204 b6
vuD) __ 1 Bo§r'R
Wtot e Z 2

* Alignment: inclination angle evolves to 0 deg.

(1 + sin® x)

Problem 5.2. Show that the relation similar to (5.24) can be obtained for the
conical solutions ¥ = W(6), but only at large distances » > Ry from the
compact object. It has the form [Ingraham, 1973, Michel, 1974]

4rl(6) = QF(G)sian—lP (5.25)
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Pulsar evolution — current losses?
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What to do?

Two possibillities:
2. Mismatch (second term)
3. Separatrix currents



Magnetospheric losses
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Magnetospheric losses
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Magnetospheric losses



Magnetospheric losses
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STEP #VI

An answer



An answer

1e8 Poynting flux through spheres
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Final Conclusion

To explain energy losses of the ‘universal solution’ in
addition to direct current losses.

In BGl model they ar to be neglected, as was proposed.
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