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Active phases are 5 to 10 days long
Switching off is in less than 10 s

Undetectable for 25 to 35 days

On-phase — rotation slows down 50% faster



On/off pulsars: B1931+24

Parameter

Value

Right ascension (]2000)

Declination (]2000)

Epoch of frequency (modified Julian day)
Rotational frequency v (Hz)

Rotational frequency derivative v (y; ¢ %)
Rotational frequency derivative on v, (4z s
Rotational frequency derivative off v, 0 %
Dispersion measure DM {cm™ 2 pc)

Flux density during on phases at 1390 MHz (p]y)
Flux density during off phases at 1390 MHz (p]y)
Flux density during on phases at 430 MHz (p]y)
Flux density during off phases at 430 MHz (p]y)
Active duty cycle (%)

Characteristic age t (million years)

Surface magnetic field strength B (T)

Spin-down luminosity £ (W)

Distance (kpc)

19"33m37+.832(14)
+24°36'39".6(4)
5062%.0
1.2289688061(1)
12.2488(10) = 10 ®
16.304) = 10 %
10.8(2) = 10 %

106.03(6)
1000(300)
=2
7500(1500)
=40

19(5)

1.6

2.6 x 10%
5.9 x 1023
~4.6
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On/off pulsars: J1832+0029

Lyne, 2006

5.3x10*%

5.35x10*
Date (MJD)

5.4x10*

On-state > 300 days

Off-state ~ 700 days

Increase in slow-down rate
1s similar to B1931+24



Nulling pulsars Wang et al., 2007
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RRATSs

McLaughlin et al., 2006

11 sources characterized by single dispersed bursts

Durations are between 2 and 30 s

Average time intervals between bursts range from 4 min to 3 hours
Radio emission is detectable for <I s per day

Periodicities in the range of 0.4-7 s

Pdot is measured for 3 sources

The inferred magnetic field reaches the magnetar values



RRATSs

Name A (J2000) Diec (12000 I b DM D wm  S140 Np/Tos Nai/Noss
hms Gty = 4 pcem™2  kpe ms mJy hr—1
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Structure of a vacuum magnetosphere

Deutsch, 1955

Magnetic fields
y;
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The applicability criterion (Qr, /e < 1



Structure of a vacuum magnetosphere

Particles are accumulated in the regions
with zero longitudinal accelerating electric fields
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Equation for the force-free surface (FFS) E-B =10
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Finkbeiner et al., 1989

S X =18
P =16ms 4 P =33ms



The Dirac-Lorentz equation

"'E- 2 2 --n.z'_ 1 "I- "Iii:" 5
Ml = FE [r el E—QT P .r;t:| + F*
4-vector 3D vector
zt = (ct, v o= (geg2)?
4-force Electromagnetic tensor
= —Fﬁ‘l‘k iy = i“}_flkfﬁ';l‘i — 544?;;Ii'};r;'
= .

Electromagnetic 4-potential

Ai _ [.440.1_41?42?‘43]1" _ (rj}? AT::IT

Electromagnetic fields

E=—T¢:—la—ﬁ, B=VxA.
c Ot



The Dirac-Lorentz equation
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Motion of charged particles

Attainment of relativistic velocities

{fp”ff-[fi = EH'
g ol
rel — E”

Surface fields
R
R,
B ~ 1075-1071

Esm*f — Bsm‘f

> w1010

Accelerated particles produce curvature radiation

3 "'r"3
i

:2‘0!



Motion of charged particles

Quasistationary motion
dy/dt = d*~/dt* =0

Power of accelerating electric field forces =
curvature radiation intensity

3 dt
Due to ultrarelativistic motion dv/dt = n/g
3 8
Yo = | —E)p° ;
o (2& "Jlgl )
By~ 10 = g~ 6x10°

p~R~26x10'6



Motion of charged particles

dy/dt = Ej

Time of the complete acceleration ~o
Tat = —

Ej

T 10 s
Energy adjustment

Ly 1 oy A
d*5y 3 déy Ay S — 0.
di?  2anp db Vi o

Roots of characteristic equation

8
The applicability criterion E&-E” < 1 is always satisfied.



Energy adjustment

Eliminating self-accelerating solution yields

Decay time

While the particles approach the FFS, the quasistationary condition is
disrupted. The self-adjustment time increases and reaches the
characteristic time of the electric field change.



Motion of charged particles

dv 2 d~y dv d?v
— =lav|3 +|E-v(v-E)+vxB
Y@ T 3”[dtdt+'dtﬂ} { vl e X
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|dv/dt| ~ 1/R R 107
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Equation of motion

AY

L =E-v(v:-E)+v xB.



Motion of charged particles

V) = % [Ej —v(v-E)—q—%} x B
Total velocity of a particle
v=b+4v. + v,
Electric drift
E x B ve ~ E/B
T BT /Ry ~ 104
Centrifugal drift

) v, ~ 1078-10"7

iv = b *x n — binormal vector

v = b + v, — motion is virtually along magnetic field lines



Motion 1n rotating frame

Transformation of the velocity and acceleration
W= 1_."'- _|_ "’rt]“!

A% dv’
= + 20 x v + Q2 x vy,

dt dt
U
dv’

dt!—b—l—xtr;{B—x( -E)+v'x B

We neglect the translation €2 x v,. and Coriolis 2 €2 x v'
accelerations with respect to the relative acceleration dv'/dt’

ldv'/dt'| ~ 1/R 292 xv'| ~1/R,



Motion 1n rotating frame

vl =dv'/dt' =0
Eftective electric field
Es'f = E+ v, xB
Equilibrium condition E/f — 0

Equilibrium points

o=, =

(equator),

(magnetic equator),

ri 34 cos 0.
R 1—cosb,

(8,) = {(%mm)(r_ %”’*,Hpm)},

r2 3 —cosb,

R? 1+ cosé,

(open surfaces),

(domes),




Particle oscillation near the FFS

E =E,+ (x" - V)E,,
B =B+ (x'-V)By,

Eeff — ngf Sefa ‘F)ESH,

We find the particular solution describing the motion with constant velocity

v, = const
!
d}{,:, '
— ‘_ ;
dt’ o

0=E + (x5 - VIEH + v} x By + v} x (x, - V)By.

U

ESff 4 v! x By +t[[v;, V)EF 1 vi x (v, - mB.:.] —0.



Particle oscillation near the FFS

Two conditions should be simultaneously satisfied
Ef 4 v x Bg =0,

(vl - VIEZS 4 vl x (v - V)Bg = 0.
The first equation determines the transverse velocity component

ESff x Bg
B

v, =

However, the longitudinal component is still arbitrary:
vo = b4+ v)
The second equation fixes the longitudinal component
'L-‘j - _Vj_ : T[Eg . Bg]
I b-V(Ey-Bp)
The velocity vector lies on the FFS

vl - V(Eg - Bg) = 0.



Particle oscillation near the FFS

The general solution  x' = x| + x, il
av’ / e / ; ; ; L
Wi dfl :(}{l-v}bﬂf}f+vu }{(j{l.?JBD_I_vl}{B_vlivllbjj

Non-relativistic case (] < 1)

d"r.r ! 1 ! f "
d—fl = (x} -T]bgff + vg X (x3 - V)By.

Non-relativistic oscillation frequency

2 I}\T{Eng]

w = ]

By

peo b2 L 10 GH
W \.RC I el o=t Z




Particle oscillation near the FFS

Criterion for the applicability of nonrelativistic approximation
Ty oo,

1

where Lo~
W

lvo ~ 1 cm

General case

cf Vi

=7 = (1 VIEG +v5 x (x} - V)Bo — v(v} - E).

dvy w?
dt’ ":r"a

Ultrarelativistic approach is valid if [, <= A [, ~ —=

24 T i
therefore L= ATCSIT S1N ( é )
T




Particle oscillation near the FFS

The equation of oscillations has the first integral

BEEr A L"!g(;ﬂ?
After change of variables
sin g = —, sl @ = —=—,
a 2C a
o JT—1 -
“Veorr ~V ¢

we have

v2C R(¢, k)

W SN ¢q
R(¢,k) = E(¢, k) — cos’ o F(¢, k)

where the elliptic integrals are

é
da
F(o. k) = .
16:%) J V11— k2sin2a’
0

E(¢,k) = f Vv 1— k?sin? e do'.
0




Particle oscillation near the FFS

Oscillation period —
2C Rk
peg¥2C 2N
w sin ¢g
where R(k) = E(k) — cos?¢oK (k)

K(k) = F(r/2,k) u E(k) = E(n/2, k)

In non-relativistic case
C~1,k~0,sin¢gy =~ 1/y/2

K(0) = E(0) = 7/2

therefore |
T = Qi

!

In ultrarelativistic case
C ~ wiA?2/2,

k>~singg~1mE(l)=1

therefore
T =4A



Particle oscillation near the FFS

The exact solution: z}y = Asin ¢,

wi
b O ,
P ”(1/2(641])'

Q(z) isinverse function for R(¢, k)

o —
z= R(O(z).k) forany z € R. O(R) R

Oscillatory character of motion:

Q(z+ 2nR(k)) = Q(z) + mn.

G(t+nT[2) = ¢(t)+mn

Asymptotics

2z k=0,

Q(z) =
arcsin(z — 2h(z)) + 7h(z), k— 1,

where piliayi r‘FlJ
2



Energy losses due to oscillations

The equation for the energy evolution:

dC 2 [ﬂﬁ S & }

di2  p2

= =y

dt 3

The applicability criterion for adiabatic approach:
dC¢ C

|.';- ) ——

it =T

Averaging over the oscillation period and using the ultrarelativistic solution yields

128 d2~y 2. Ld'@
. B -1 s / _— —y ; 12
() =33 <E> 5k (dffﬂ - )

64 C3
105 w?p?

dC’ 4
S i 1t o i
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Energy losses due to oscillations

Normalized first integral
2(t) = [(Leg®) e 1] ~1/3

y 10518 ; : ,
'[:'c"ur-u = 4 l:‘wj'ﬂjzja ~ 12 QMF}}E;E

The damping time constant

9 1
T =i i—s
g 4 ow?
e(t) = goe ™ (Co < Cours).

In this case the curvature radiation 1s small as compared to bremsstrahlung



Energy losses due to oscillations

where

3 t & ~ -~ i
F(t] = &p (J. = —) (Coo 2 Cny, T8 Tp,:l-*
Tp
Tp = J—‘; is the time of switching to the power decay
<0

+ -1/3
e(t) = (3—') (00 3 e Ty S ).
Td

In this case curvature emission dominates..
It is equal to bremsstrahlung when

In?2
o S ) B

3

When t > 7; , we have the exponential decay with the bremsstrahlung loss
domination

e(t)=e ¥ (Cy>> Courn, t 2 Ta).



The restriction on the oscillation amplitude
from the adiabatic condition

1/7
9‘—_!:5 d as O Ml 4 s ¥ i
!4. ':": .:I.-l]na:{ — ( '..-'..-'I_E-II. Iljlr.:lz; " %: ng I..J..-'i_ﬂ; "pz." : N

128a
The oscillation period should be less than the characteristic time constant
for energy decay

) sf e TOBY 1)
Aax ~ 10 — 100 m
1/ ~ 10 — 100 MHz

Teurn ~ Ta ~ 10 — 1000 s

- . 1n—58 —4
o~ 1078 — 107 s



Capturing charged particles

The quasistationary condition is violated when

Top = Ef.

Self-consistent mean free path:

.3 1_.-"1?
ETC — ( ) L'"_,—E,.' .’PEI.-.- o~ -'.L"_E"f .'JGE.; 7

5120

At this point, two conditions hold:

1) condition for quasistationary motion
4272
Yo = 4 w2

i1) condition for adiabatic oscillation

. gm’ggﬂ

2 -
2

The distance of the first-time particle deviation from the FFS:

‘ S : 1—i3|.-"ﬂ 20T
_’4C=3£Em2-gu- ‘lp



Particle trajectories at the FFS

vi - Beff =0,

Effective electric field is potential:

E</f = Ve,
where '
9 m

Pl 0
£E=kR 3 (cos#,, — cosfBcosh') (% — 1) + E(‘-i}ﬁﬁ'm] .

This potential is the integral of motion

£ =

The trajectory of a particle is the intersection of the FFS and the equipotential surface









Plasma accumulation

Proper electric field of the layer

x

E; = 4ra /pe(:’)d:’

0

B.V(E-B)
BIV(E-B)|

cosy =
For arbitrary [ we have

[ cosf

dma cos f pa(2)dZ = il
0
Therefore, the proper electric field 1s constant
(does not depend on [ ): 4

()
pa=" -
®  dmacos?y




Plasma accumulation

A plasma is completely charge-separated:

Ne = |pel.
The equation for the thickness of charged layer:
oh  j

ot ng
Time of filling the magnetosphere with plasma
Rﬂ-g J
T = - ‘
‘ J
The diffuse background of galactic photons with the energy larger than 1 MeV

lﬂ_3 {JH'J__ES—l
Jpn/lcngs) = 10~25

But the characteristic photon mean free path in a polar magnetosphere ~100 m.

exp 100 =~ 10%,



Conclusion

Far from the FFS the particles move virtually along the magnetic field lines. Their
energy 1s determined from the balance between the power of accelerated electric
field forces and the curvature radiation intensity.

When intersecting the FFS, the particles oscillate ultrarelativistically, their energy
decays first linearly, then in a power-mode. When the curvature radiation intensity
becomes less than the bremsstrahlung intensity, the decay 1s exponential.

Simultaneously with oscillation the particles move along closed FFS trajectories.
After capture on the FFS the particles cannot escape.

Capturing particles leads to the monotonous increase in the thickness of plasma
charge-separated layer formed in the vicinity of the FFS

Smallness of the cosmic gamma-ray flux can be compensated by the efficient pair
creation and not prevent from rapid filling the magnetosphere with plasma.
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