
The in�uene of small sale magneti �eld on the polar ap X-ray luminosity of old radio pulsarsTsygan A.I.1, Goglihidze O.A.1, Barsukov D.P.1,2
1 Io�e Institute 2 SPbSPUThe in�uene of small-sale magneti �eld on the polar ap heating by reverse positrons is onsidered. The reverse positron urrent is alulated in the framework of two models: rapid [1℄ and gradually sreening [2℄. In the �rstmodel only small area above inner gap gives the input to reverse positron urrent, so reverse urrent is nearby 10−3 − 10−2 of primary eletron urrent. In the ase of gradually sreening model all areas above inner gap give theinput to reverse positron urrent [3℄, so reverse urrent ahieves values like 10−2 − 10−1 of primary eletron urrent (and in extreme ase may beome to be omparable with it). To alulate the eletron-positron pairs produtionrate we take into aount only the urvature radiation of primary eletrons and its absorption in magneti �eld. We use the polar ap model with steady spae harge limited eletron �ow.It is shown that in the ase of some old pulsars the model of gradully sreening predits too muh strong polar ap heating and too large its X-ray luminosity values whih exeeds the total observed X-ray luminosity. But in thease of some other pulsars the model of gradually sreening seems may be more appropriate than rapid sreening model.
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P ∼ 100ms− 1s
τ = P/(2Ṗ ) & 106 years2. Goldreih-Julian model3. inner gaps

4. free eletron emissionfrom neutron star surfaesmall surfae magneti �eld
Bsurf < 1013Ghot polar aps T ∼ (1 − 3) · 106KZ.Medin, D.Lai (2007)
~Ω · ~m > 0, Ω = 2π

P
~Ω is angular veloity of star5. no vauum gaps, no sparkssteady spae harge limited �owW.M.Fawley, J.Arons, E.T.Sharlemann(1977)6. stationary ase7. only urvature radiationthe inverse ompton sattering and syn-hrotron emission do not taken into aount8. only photon absorptionin magneti �eldno photon splitting, photon sattering
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Charge density
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In the referene frame rotating with the starall values do not depend on time.
∆Φ = −4π(ρ− ρGJ), ~E = −~∇Φ

ρGJ � Goldreih-Julian density
ρ =

ΩB

2πc
ρ̃ and ρGJ = −

ΩB

2πc
ρ̃GJ

Ω = 2π/P is angular veloity of neutron star,
B is magneti �eld strenghtPartiles move along �eld lines ~v ‖ ~Bwith relativisti veloity v ≈ c

div (ρ~v) = 0 => ( ~B · ~∇)ρ̃ = 0without frame dragging
ρ̃GJ(z) ≈ cos χ̃

χ̃ is the angle between ~B and ~Ω
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1. 0 < z < zc aeleration regionno pairs prodution, no pair plasmalarge E|| = ( ~E · ~B)/B2. zc < z < zr partial sreening areapair plasma, small E||positrons return to the polar ap3. z > zr full sreening areapair plasma, E|| = 0no positrons returnCondition(a) E||
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pairs are generated by urvature radi-ation
zr − zc ≪ rt, zcat rt ≪ ℓ at the entral line the re-verse positron urrent density may beestimated as

ρ̃+ ≈ rt
∂ρ̃GJ
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where rt is the pulsar tube radius, zis altitude above star
n+ = nGJ ρ̃+ � number density of the returningpositrons
nGJ = ΩB
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Gradualsreeningmodel
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The assumptions:- all values do not depend on time t(stationary ase)- pairs are a�eted onlyby average eletri �eld- ρ̃GJ monotonially grows with the alti-tude zHene, onditions
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= 0an not be satis�ed at the same pointNo fullsreening areaThere is only partial sreening areawhere the eletri �eld is small and

Φ → Φ∞ at z → ∞
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Returning urrent from altitude zf
ρ̃+ ≈

1

2
(ρ̃GJ(zf) − ρ̃GJ(zc))where n+ = nGJ ρ̃+ � number density of returningpositrons,

nGJ = ΩB
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≈ 7 · 1010cm−3
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)We suppose zf ∼ (3 − 15)rns1. zf < zrad ∼ (5 − 50)rnsat large z plasma waves a�et onpair dynamis2. zf < zmax ∼ (1 − 5)rnswhere zmax is maximum of ρ̃GJ(z)at z ≈ zmax the solution satis�edboth onditions exists
E|| = 0 and ( ~B · ∇)E|| = 0

The reverse positron urrent for pulsarJ2043+2740
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The polar ap lu-minosity for pulsarJ2043+2740
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J2043+2740
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Bdip = 7.1 · 1011G, P = 96ms, τ = 1.2 · 106 years, χ = 55◦Upper limits of polar ap emission from [10℄ are shown by green lines, solid when we see oneap, dashed when we see both aps.Emission of star surfae taken from [11℄ is shown by blak line.
The polar ap luminosity
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Bdip = 9.3 · 1012G, P = 0.385s
τ = 1.1 · 105 years, χ = 23◦

Lpc from [5℄ is shown by blak line.
Lpc from [13℄ is shown by green line.
Lpc from [12℄ is shown by orange area

Bdip = 2.2 · 1012G, P = 0.197s

τ = 5.4 · 105 years, χ = 50◦

Lpc from [5℄ is shown by blak line.
Lpc from [12℄ is shown by orange area

The polar ap luminosity
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J1741-2054 χ = 3◦
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J1741-2054 χ = 72◦

Bdip = 7.1 · 1011G, P = 96ms, τ = 1.2 · 106 years
χ = 3◦ (on left graph) and χ = 72◦ (on right graph) [14℄Total surfae luminosity Ltot from [15℄ is shown by orange area.

The polar ap luminosity
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Bdip = 5.2 · 1012G, P = 0.68s
τ = 1.1 · 106 years, χ = 16◦

Lpc from [16℄ is shown by solid green line. Up-per limit from [16℄ is shown by dashed green line,upper limit from [11℄ is shown by orange area.
Bdip = 1.0 · 1012G, P = 0.23s

τ = 3 · 106 years, χ = 45◦

Lpc from [18℄ is shown by orange area. Lpc rangefrom [12℄ is shown by blak dashed area.
The polar ap luminosity
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Bdip = 3.96 · 1012G, P = 1.097s

τ = 4.98 · 106 years, χ = 21◦

Lpc from [19℄ is shown by orange area.
0.5Lpc range is shown by blak lines.

Bdip = 4.26 · 1012G, P = 1.19s
τ = 5.04 · 106 years, χ = 55◦

Lpc from [20℄ is shown by orange area.
Lpc range from [12℄ is shown by blak dashedarea.
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Bdip = 4.9 · 1011G, P = 0.25s
τ = 17.5 · 106 years, χ = 30◦

Lpc from [11℄ is shown by orange area andblak lines. Upper limits from [10℄ areshown by green lines, solid when we see oneap, dashed when we see both aps.
Bdip = 3.2 · 1011G, P = 0.26s
τ = 42.5 · 106 years, χ = 50◦

Lpc from [22℄ is shown by orange area
ConlusionFor some pulsars the gradual sreening model predits the polar apheating whih is larger than the observed polar ap luminosity.Possible explanations:1. Surfae magneti �eld Bsurf > 1014Gno free harge emissionvauum gaps, sparks [23℄2. Inner gaps oupy only small part of pulsar tube [24℄3. Large redshift rns < 2rg4. Visous fores at z ∼ rt [25℄Bak�owing radiation [26, 27, 28℄Radiation loked inside inner gaps [29, 30, 31℄sound waves from neutron star interior [32℄We sinerely thank D.N. Sobyanin, I.F.Malov and V.A.Urpin for help, omments and usefulldisussions, I.F. Malov, E.B.Nikitina for provided values of inlination angles, G.G.Pavlov forprovided observational data, A.I. Chugunov, M.E.Gusakov, E.M.Kantor, Yu.A. Shibanov,D.A. Zyuzin, A.A. Danilenko, A.Yu.Kirihenko, M.A.Garasyov, V.M.Kontorovih,A.B.Flanhik, D.Mitra and D.M.Sedrakian for usefull disussions.The work has been partly supported by the RFBR (projet 13-02-00112) and by the StateProgram "Leading Sienti� Shools of the Russian Federation" (grant NSh-294.2014.2).
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