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PaccMoTpeHO BO3HMKHOBEHME HOBOrO TUMa U3Ny4YeHUs B NOMSAPHOM 3a3ope nynbcapa. MexaHu3m
OCHOBaH Ha OTpPaXeHMU OT MOBEPXHOCTU Nyribcapa W3Ny4YeHUs KPUBU3HbI, KOTOpOE UCMNyCKaeTcA
BO3BpPaTHbLIMU MO3UTPOHaAMMU, ABMXKYLUMMUCA K NOBEPXHOCTU HEMTPOHHOM 3Be3Abl BAONIb MarHUTHbIX
CUNoBbIX JNUHUA. [1O3UTPOHLI YCKOPAKTCA NPOAOSIbHLIM 3NEeKTPUYECKUM nofeM, YacTU4YHO
NPOHMKaKWLWMM B MarHutocdepy. 9TOT MeXaHU3M B MNPUCYTCTBUU HAKNOHHOrNO MAarHUTHOro nons
00bACHAET BO3HUKHOBEHME CcABUra UHTepMMnyribca v NosiBNeHne AononHUTeNbHbIX BY-KOMNOHEHT
B CaHTUMETPOBOM u3sniy4yeHun nynocapa Kpaba, o6HapyxeHHbIXx ModdeTToMm n XaHKMHCOM ABaguaTb
net Ha3ag (ApdJ 468, 779, 1996). [laHa oueHKa NOTOKa 3HEPrum U crnekTpa OoTpPpaXeHHOro KoOrepeHTHoro
U3nyyeHus, cornacyrwuiasaca ¢ HaonrogeHnsamu. O6bACHSETCA NosiBNeHMe U UcYe3HoBeHUWe caBura
NONMOXEHUA UHTepuMnysibca B onpeaenéHHoOM 4YacTOTHOM OKHe C yBerimyeHumemM 4vacTtoTtbl. [TokasaHo,
yTo B BuAe BY-KOMNOHEHT BO3MOXHO HabnogaeTcs HefiMHEMHOe OTpaXeHue U3ryYeHUss BO3BPaTHbIX
NO3UTPOHOB OT MOBEPXHOCTU HEUTPOHHOM 3Be3Abl (BbIHYXAEHHOEe paccesiHne Ha NOBEepPXHOCTHbIX
BonHax). HennHenHoe oTpaxeHue onpepenserca «aHomanuen Byga» Ha audparnpoBaHHbIX BOJIHAX,
CKONb3AWMX BAOSMb MOBEPXHOCTM HEUTPOHHOMU 3Be3aAbl. B pamkax AaHHOro mexaHusma OOBACHEH
YAaCTOTHbIN Apend 3TUX KOMMOHEHT, OTKPbITbIN X3HKUHCOM, [hkoHcom n dunek (Apd, 802, 130, 2015).
[1Ba KOMNOHEHTa MOryT BO3HUKaTb U3-3a MeANEeHHbIX U ObICTPbIX BOJIH, KOTOPble MPUCYTCTBYHOT B
MarHutoccepHon nnasme. [laHHbIN MeXaHM3M SAABNSieTCA OOLWMM ANA NyNbCapoB U ero BKnaa AOJKeH
YYUTbIBAaTbLCSA NPU NOCTPOEHUU TEOPUUN UX PASUOUIITYHEHUS.

Kontorovich V M and Trofymenko S V, Journal of Physical Science and Application (JPSA) 7, 11 (2017);
arXiv:1707.01584.
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Kontorovich and Trofymenko (2016, 2017):

The radiation of a pulsar in the Crab nebula
contains a signal reflected from the surface of
the neutron star in the form of shifted IP.
That signal is associated with radiation of the

returning positrons

LTP 2016 & this report:
It is possible that in this case also a

stimulated scattering from the star surface
is observed in the form of HF components
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Mysteries of pulsar radiation in the Crab
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20 years later:
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Shift of the interpulse
as a result of mirror reflection
from the pulsar surface
of the radiation by relativistic positrons
flying to a star from the magnetosphere

V.M. Kontorovich and S.V. Trofymenko, JPSA 7, 11 (2017)
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THE RIDDLE SOLUTION: RADIATION BY RETURNING POSITRONS MOVING
IN THE INCLINED MAGNETIC FIELD

As the origin of the shifted high-
frequency IP we consider the radiation
by positrons moving towards the
surface of the pulsar in the polar gap.

h posi d f +
ei/\ Such positrons can be returned from from e

R

from 8_

the lower layers of the magnetospheric
plasma by the same electric field which
accelerates the electrons outward the
star.

Moving along curved magnetic field lines towards the surface
of the star the positrons emit curvature radiation. At
sufficiently high frequencies it reflects from the surface and
propagates outward the star. Moreover, when the positrons
hit the surface the so-called transition radiation is generated
in the direction outwards the surface as well.

e* radiation = reflected curvature radiation + transition radiation
low-frequency interpulse — from e radiation
high-frequency (shifted) interpulse — from e* radiation
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positron THE MODEL

trajectory

observed reflected
radiation

+ radiation
direction

W
p=

/
star surface

limit' of
reflec‘reé'
radiation
direction

angle corresponding to ‘effective’

part of positron trajectory: Part of the
R R electric field

a, ~ arccos( *j— - penetrating into

R magnetosphere

Model of the electric field accelerating the positron:

E(a)

E(a)= Ea =% g(q, —a)+(E1 B, 4N j[l—ije(a —ay)
X X

Aoy

Kontorovich and Trofymenko JPSA 7,11 (2017); PNS-17
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RADIATION SPECTRAL-ANGULAR DENSITY

Single positron radiation spectral distribution

In the direction of a certain angle
(smoothed) for different values of v :

with magnetic field
v =9+2y
(see the picture on the previous page)
the radiation is emitted at certain
characteristic frequency:
o)~cy’(a)/R
depending of gamma

The reflection which directs
radiation to the telescope
begins at sufficiently high
| frequency w_. which is radiated
' a)(z//) 20 46 — I6I() by positrons having thel/gorenz-
Tox v(GHz) factor: . ~(w_. R/c)

d*W | dwdo

Distribution of radiation by positron (reflected curvature radiation + transition radiation) is
calculated with the use of method of images (see the previous page) on the basis of the
well-known expression of relativistic electrodynamics [5]:

2

+00

j dt nxv(t) exp{ia) (t _ "y (t)j}
c

AW o’
dow do 47z'2c3

Kontorovich and Trofymenko, JPSA 7, 11 (2017)

HEA - 2017



Radiation angular distribution

of a positron image

calculated with (red curve) and without (blue curve) taking into account the interference
of the with the
the effect of the positron 'half-bareness

d? e/dwdo

w~10%c™
—— half —bare
— CE without TR

— ‘pure’ TR

W (rad)
—X 0 X

Trofymenko and Kontorovich, AASP, 7 (2017
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ESTIMATION OF THE COHERENT RADIATION FLUX

The observations indicate the necessity of coherent character of radiation emission by charged
particles in the pulsar magnetosphere. For the estimation of the positron radiation intensity and
derivation of the radiation energy spectrum at first it is enough to accept the very fact of the
existence of inhomogeneous (clamped) positron flow in the gap. In this case the main contribution
to radiation is made by coherently radiating volumes, which size V_,, depends on the wavelength
and Lorenz-factor, depending on the curvature of the positrons trajectories. The number of such
volumes can be rather roughly estimated through "division" of the total radiating volume by V_,

I”H ~A r and r1 are the linear sizes of the coherently
Vcoh = Hrf ~ 7/2/13 radiating volume in the directions along and
ry~ 7/2* perpendicular to the positrons velocity
2.2 243-1/3 277 R» 5/3 Y max
J(o) ~ K ng,€ A mc h drr dv 1 ~ 12237135792 10740 w
253 1453 12 p3\| Do ) 24 max [T
i * 0 o \/1_’” / Rbe 7,0 (r) Zom
ForA/l<<1 J(w)— J(@)-(A/1)~1"" We use linear accelerating field

growth on positron trajectory

Kontorovich and Trofymenko, JPSA 7, 11 (2017); PNS-17 contributing to the radiation flux

A =2nmc / o - radiation wavelength

Ny ~ QB/2mce —isthe Goldreich-Julian number density; K -n;, —isthe number density of positrons;
Y max— i the average value of the positron Lorenz-factor at which its radiation ceases to hit the telescope

R, —is the pulsar radius; RPC —is the polar cap radius; d —is the distance from the pulsar to the Earth;

E0 —is the accelerating electric field on the magnetic axis; /—is the inhomogeneity scale;

h —is some average length of the positron trajectory interval which contributes to radiation flux
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LARGE LORENZ-FACTOR CONTRIBUTION

Here we assume that the initial angular
width of the positron radiation diagram
1/y,.., when the particle moves at the
beginning of the effective path,
exceeds the value of the minimal angle
6,.., between the magnetic axis and the
direction to the telescope. With the
telescope “path” increase of the positron Lorenz-factor

at lower altitudes the characteristic

Fig. 7 Schematic picture of angular regions (cones) of con- angle of its radiation diagram becomes
centration of the reflected radiation by positrons at two ex- less than 6, (at y,.,) and radiation

t-rm.ne .v::,lues of the c.'.on&udered Lorenz-factors. ﬁu; Y = Ymaz ceases to be caught by the telescope.
radiation ceases to hit the telescope. The magnetic axis does

not coincide with the ones of the cones due to its assumed
inclination with respect to the surface normal

Kontorovich and Trofymenko, JPSA 7, 11 (2017)

As the expression on the previous page shows, the contribution to the radiation flux in our case grows with
the increase of y. Due to this fact the value of the integral with respect to y is mostly defined by the upper
limit y,,., while the exact value of y,,,, is not very significant in general position. Let us note that such
situation is different from the well known case of synchrotron radiation of the electron component of cosmic
rays with the decreasing energy spectrum. Due to such spectrum of the electron energies the integral with
respect to y in this case is merely defined by the lower limit and the contribution to the radiation flux is
associated only with y, ;.. It leads to the well known relation between spectral indices of such cosmic radio
emission sources as radio galaxies, quasars, supernova remnants, etc. in the case of synchrotron radiation.

10
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THE HIGHEST FREQUENCY FOR THE SHIFTED INTERPULSE

In the framework of our model the minimum value ¥, of the positron Lorenz-factor, at
which the radiation begins reflecting from the surface and gets to the telescope, defines the
minimal frequency w of radiation which can reflect from the surface and hit the telescope.
The relation between these values is the following: @ ~cy.. /R where R=4R;/3r is the
positron trajectory radius and r is the distance from the magnetic axis

1/3
4R
Therefore : Yoo (0,r)~
3cr ommmmm
For certain @ the reflected radiation mechanism ’\\ : S
must disappear for r =r,, at which y..(0,%) =7 .. T~
The shift of IP has to disappear too. e+X4 l

Thus in the considered model the coherence leads to
formation of a hollow cone (in accordance with [6]),
restricted from the inner and outer sides by the
magnetic field lines situated respectively on distances
ro and Rpc) from the magnetic axis (in the vicinity of the
star surface. The particles moving in the specified pulsar
region make the main contribution to the radiation flux.

Taking r,=Rp for the maximum frequency at which the 3cR. i
reflected radiation mechanism is still possible we obtain: @ _ .~

To accurately estimate this frequency it is necessary to use self-consistent models

11
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High-frequency components
as a result of stimulated scattering
on surface waves
of the radiation of returning relativistic
positrons

There is an alternative model of HF components not linked with reflection and IP shift
(S.A.Petrova, Radio Physics and Radio Astronomy, 1, 27 (2010)
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Excited surface waves and Wood's anomalies

Gavrikov, Kats & Kontorovich

12
Soviet Doklady, 1969; JETP, 1971 p. =igl Pe' ‘ El /8%

Kﬂ

This (Wood's) wave has | \L/

The Light Pressure P as function of wave number
q/k, where q belongs to SW and k to EM wave.
Maxima correspond to generation of grazing

For Wood’s wave maximum Is
expected of ReP

waves

Z ) P= (84;1) {Ts2 cos’@-(C/, —CI/ )+

+£'T; sin’ o Z (Bl, - B'|)+¢Z.(B], - B"|)+2q,(¢6 -1)Z,Z. |-

!ﬁ———'—"“i‘ = * % * .
& K Pb& AT f} _\/S_IE[BS - Bfly + Zx(Cli;c - Cflx) + EZz(CIY; - Cflz) + 2q(8 - 1)ZZ:|SII‘12<0}
,1\%% s 7 :
' S I
T=E/Ei, H/Hi are the Fresnel coefficients,
We may expect also the Resonance Z=E/H are wave impedances , phi — is the angle
with surface EM H-wave T 12
with i-plane iq* Ps’ ‘E(l)‘

. +77 _
Q)=+ Q (q)—2ig* 1 T .
Kats & Maslov, JETP, 1972 @) o(9) =214 p'+p" 16x(p' +p")Q,(q)



The Wood's anomaly
and estimates for the scattered fields

Ei%(kg)EOy kz # 0 (l) EinE'(kg)EOy K22=0

We will be interested in the case of large moduli of €. In the coeffiCients
for combinational fields, this factor enters in the numerator as a
nonlinear element (¢ -1) and in the denominator (the coefficients "a”) in
the form of multipliers at k _z. Therefore, for e>>1, they cancel each
other and do not affect the evaluation of the combinational fields, unless
k z is small. For the grazing components (k_z = 0), the amplitudes
increase significantly.

Indeed, under the condition k_z =0, "a“ becomes 1/ke*1/2.

Instead of €, denominators of Raman fields now has ¢"1/2.

Therefore, if the estimate for the combinational fields

far from the Wood's anomaly has the form (1),

then in the Wood's anomaly it goes over into (2).

The combinational fields increase in €*1/2 times.

Therefore, in what follows we shall consider the Wood-Rayleigh
conditions k_z = 0 as necessary for stimulated scattering.



The stimulated scattering scheme at the S pole of a

HFC2\ »~ MP pulsar Amplified with Wood’s
SHENEl [ElEe anomaly Stokes wave K_
| generates high-frequency
HFC Moffett-Hankins’
component ----------- HFC1
3 A The incident wave K
\ & Radiation by e + along
< . — Kr K the Magnetic field S

1P rotation | HFC1
IP ° Reflected |
Straight radiation ! :
radiation o ; |
, Shiftof the IP | |
The angle of incidence is determine i K_
by the Slope of the magnetic field S/- | | i
(By the shift of the interpulse) 5 o }
q . i |
q is the wave vector of the surface - == PY i
wave, anti-Stokes electro-magneti : i
surface wave K + K+ -q >

corresponds to the Wood's anomaly,
the angle of incidence is the Rayleigh's angle.



Drift of the HF component
in the Stimulated Scattering model
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Drift of the HF component with increasing of frequency
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Drift of HFC1 with increasing frequency 5§D
at changing of the wave number of the S
EM waves with varying frequencies

| k+5k1:(a)+5(zﬂ/c
4q ‘kt < For a preliminary
' ’ —q evaluation, it is sufficiently
< t - k n ﬁk to assumée(p 5_60
0]
qt 6(] —(q+ 5Q) which does not contradict

Kontorovich and Trofymenko, PNS — 17 (2017) . the observational data.



Possible scheme of occurrence of two HF components
due to birefringence in reflection

Two components can arise due to slow and fast waves, which are present in the
magneto-spheric plasma. The scheme does not take into account the anisotropy of the

medium.

/
/

Only the reflected Stokes waves are shown. In reality, the waves,/éhould, most likely,
arise not directly at reflection, but in the propagation process of,fé reflected Stokes wave

in @ magnetospheric plasma.

"Slow" Wave K 1

™~

The second component/for
Explanations of obseryations
should match
Over-horizon
Spread.

Ko

Cf. A.Volokitin, V.Krasnoselskikh & G.Machabeli

Plasma physics, 11, 531 (1985).

"Fast" wave

K

>
Kontorovich and Trofymenko, PNS 17-(2017)



Implementation of stimulated scattering in nature

Thus, this is the first case that indicates at realization of the SS in
the nature. With its help, one can hope to obtain information about
the surface of a neutron star.

We note that the reciprocal motion of positrons, which arises
when the accelerating electric field of a gap penetrates into a pair
plasma, was considered in connection with the heating of the
surface by the reverse current in a number of works, a detailed
bibliography of which is given in the article by D. Barsukov et

al. The difference between the magnetic field and the strictly
dipole field, manifested in particular in its inclination, was also
discussed in the literature [5], including the possibility of the
toroidal component of the magnetic field, see [6].

However, the low-energy high-frequency radiation from the
reverse positron flux, as well as radiation reflected from the
surface of the neutron star, has not been considered anywhere
before this our work.
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Mon. Not. B. Astron. Soc, 395, 17231732 (2009

doi: 10111 1. 1365-2966.2000, 14663.x

Formation of the radio profile components of the Crab pulsar

S. A. Petrova®

Institute of Radio Astronomy, NAS of Ukraine, 4 Chervonopraporna Str, 61002 Kharkov, Ukraine

: S— S
T V=V, 1) << Vi
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PR |
V=V, M, << Ve
vV
V=V, 1, << V > IP
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1':1“1‘”:'_1*G v,V
V<<V L Ve
V<>V
LFC |<
V=V, 1, << VA,
I 11 G
T vev | HFC1
” HFC2

Figure 5. Summary of the component formation in the Crab pulsar. The
marks L and T refer to the longitudinal and transverse regimes of induced
scattering, respectively.

AnbTepHaTMBHas TOYKa 3peHUd
CseTnaHbl [leTpoBou
Ha BO3HMKHOBEHME KOMIOHEHT:

Petrova S. RPRA, 1, 19, 27 (2010)
THE MECHANISM OF
COMPONENT FORMATION OUT
OF THE MAIN PULSE OF A
RADIO PULSAR.

. THE PRECURSOR

ll. THE INTERPULSE

..| 18 suggested that the interpulse (IP), the high-frequency interpulse (IP') and the pair of so-
called high-frequency components (HFC1 and HFC2) result from the backward scattering of
the main pulse (MP), precursor (PR) and low-frequency component (LEC), respectively. The ...
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