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We still do not now

The mechanism of coherent radio emission

D.Melrose, V.Usov, Yu.Lyubarsky, G.Machabeli & G.Melikidze, R.Blandford & M.Lyutikov,
BGI, etc. (1970-1980)

Plasma physics »»»»»» PIC

Signof QB — only sharp, only obtuse, or arbitrary

(1B

PGl = =7 X COSY
27c

Alignment/counter-alignment — evolution of inclination angle y
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Paradigm shift #1
Energy losses

Magnetodipole »»»»»» pulsar wind
F.Pacini. Ap Lett., 3, 225 (1968)

: 1 B=C*RP
\% 0 .2
Wt(ot) = —L$0] = T SImX é[
F.C.Michel, ApJ, 180, L133 (1973)
S.V.Bogovalov, A&A, 349, 1017 (1999)

: 1 B2O*RS
Wt\ = _II-QQ — g L

t
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Paradigm shift #1
Energy losses

Magnetodipole »»»»»» pulsar wind
F.Pacini. Ap Lett., 3, 225 (1968)

: 1 B=C*RP
\% 0 .2
Wt(ot) = —[.§)) = T 3 S X
F.C.Michel, ApJ, 180, L133 (1973)
S.V.Bogovalov, A&A, 349, 1017 (1999)

: 1 B2O*RS
Wt-()t' — _II-QQ — 6 L

3

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

Forjy=0 By o (l— zp)’




Paradigm shift #1
Enerqgy losses

Magnetodipole »»»»»» pulsar wind
F.Pacini. Ap Lett., 3, 225 (1968) .
: 1 B*Q*RY o
Wt((}t/) = L0 =~ — sin? y
6
F.C.Michel, ApJ, 180, L133 (1973)
S.V.Bogovalov, A&A, 349, 1017 (1999)

1 BXQY'RS

Rl : _ m
WtOt o _II"QQ o 6 c3 In vacuum b o = E

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

Forjy=0 By o (l— zp)’

A.Spitkovsky, ApJ, 648, L51 (2006)
1 B2+ RO
MHD :
Wt(ot = 1 - 3 (14 sin? x)




Pulsar wind — not a split-monopole

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

Numerical force-free solution at r = 6R; ¢:
a= ﬁ °

(a)

S———

A.Tchekhovskoy, A.Philippov, A.Spitkovsky, MNRAS, 457, 3384 (2015)

Orthogonal rotator contains no current sheet

Wit (0) = sin? 0B2(0)



Pulsar wind — not a split-monopole

C.Kalapotharakos, |.Contopoulos, D.Kazanas) MNRAS, 420, 2793 (2012)

Orthogonal rotator contains no|current sheet

R2
B, =~ By—5 sinflcos(p — Qt + Qr/c),
r2 —
QO R?
B, = Ey =—-By sin? @ cos(yp — Qt + Qr/c).

cr



Paradigm shift #2
~/acuum dap. TR 77
RS »»»»»» Arons MAGNETOSPHERE,///%AM

M.Ruderman, P.Sutherland, ApJ, 196, 51 (1975)
J.Arons (1978 -1982)

RS — stationarity, almost vacuum gap,
no particle ejection from the surface,
arbitrary angle y

RELATIVISTIC

Arons — stationarity, not a vacuum gap, \ b
free particle ejection from the surface, \ N
v < 90°
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Paradigm shift #2

| t=3.6071

‘Vacuum gap’
RS »»»»»» Arons »»»»» PIC (~RS)

M.Ruderman, P.Sutherland, ApJ, 196, 51 (1975)
J.Arons (1978 -1982)

4+ g
2F s
0 J -

P/ Pg;

RS — stationarity, almost vacuum gap,
no particle ejection from the surface,
arbitrary angle y

Arons — stationarity, not a vacuum gap,
free particle ejection from the surface, J
v < 90° |

p/m.c

o
-
e

Hgrs = 1.1 x 10| cos 95|_3/7R§’/77P3/7Bl_24/7cm

PIC — nonstationary ~ vacuum gap, arbitrary y
A.Timokhin, MNRAS, 368, 1055 (2006) , A.Timokhin, J.Arons, MNRAS, 429, 20 (2013)



Paradigm shift #3

Longitudinal current

(B
jm:jGJ NPRNNNH jm >jGJ PGl = e o COS Y
Electric current is determined by inner magnetosphere

Jm <Jq; — strong inclination angle dependence (BGl)
Arons, BGI +, before 1999

Electric current is determined by outer magnetosphere
Jm = Jgy — Weak inclination angle dependence (MHD)

|.Contopoulos, D.Kazanas, Ch.Fendt, ApJ, 511, 351 (1999)
A.Spitkovsky. ApJ, 648, L51 (2006) +



Paradigm shift #3

Longitudinal current

B
-]m:-]GJ P D)D), ]m >-]GJ PG] = _2—J'EC oC COS Y
Electric current is determined by inner magnetosphere

Jm <Jjgj — strong inclination angle dependence (BGI)

L.Mestel, Astrophys. Space Sci. 24, 289 (1973)

j:pe[ﬂx l'] _|_'i||B BVf” = 0.

Electric current is determined by outer magnetosphere
Jm = Jgy — Weak inclination angle dependence (MHD)

A.Gruzinov, Phys. Rev. Lett. 94, 021101 (2005)

(B[VxB]—E[V x E|)B+ (VE)[E x B]

jG(E= B) = B2




Paradigm shift #3

Longitudinal current — energy losses

Jn=Jgy »»»w»» J > Joy W..=1U
Electric current is determined by inner magnetosphere

J <Jqgy — strong inclination angle dependence (BGl)
BGI

f2( ) B2Q4R6

(cos® x + C)
4 c3

Wt(oBtGI) — (Q B)

Electric current is determined by outer magnetosphere . _ (@)“’2

Jm = Jagy — Weak inclination angle dependence (MHD)
A.Spitkovsky. Apd, 648, L51 (2006) +

W(MHD) - 1 BSQ4R6

tot ~ = (1+ sin” X)




Paradigm shift #3

Longitudinal current — angle y evolution
.o . . LQ = Kji+[K{—Kj]sin’y,
= PP >
Jm ]GJ ]m ]GJ L% = [Kf—Kﬁsinxcosx.

Electric current is determined by inner magnetosphere

Jm <Jq; — strong inclination angle dependence (BGl)
BGI

Counter-alignment

Electric current is determined by outer magnetosphere
Jm = Jgy — Weak inclination angle dependence (MHD)

A.Tchekhovskoy, A.Philippov, A.Spitkovsky, MNRAS, 457, 3384 (2016)

Alignment



Paradigm shift #3

Longitudinal current — potential drop

OB
Jn=Jgy »»»» ] > Joy Pl =~ o S
Electric current is determined by inner magnetosphere

W...x — strong inclination angle dependence (BGlI)

RS, BGI :
77Z}1’11£:1L:»: ~ 2’ﬂ-pGJ]?O

Electric current is determined by outer magnetosphere
W...x — Weak inclination angle dependence (MHD)
A.Timokhin. MNRAS, 408, 2092 (2010) +

OFE

OF _ 4m(i— i
5 T(J — Jm)



Paradigm shift #3

Longitudinal current — potential drop OB
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A&A, 691, 137 (2024)
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Alternative

MHD + PIC

Electric current=2 GJ

Potential drop = vacuum
death line
alignment

Orthogonal interpulse

pulsars:

potential drop >> vacuum gap
death line

BGlI

Electric current < GJ

Potential drop < vacuum
death line
counter-alignment

Orthogonal interpulse

pulsars:
potential drop ~ vacuum gap
death line



Death line

M.Ruderman, P.Sutherland, ApJ, 196, 51 (1975)

wRS > wmax

wmax ~ QWPGJRg

.. . . 10
RS — original version "%




Death line

VSB, A.Yu.lstomin, MNRAS, 516, 5084 (2022)

wRS > wmax
Ymax = 2Tpas R

max 0 BGI break

107°

10

10 "°

_ .

RS — after correction ™ o

GR o

-21
curvature spectrum

spread in Rand M *° 1




Death line
BGI (RS)

MHD + PIC
Potential drop — not vacuum | Potential drop — vacuum
2bma,x Z QWPGJRg wma,x ~ QﬁpGJRg
strong dependence on )

weak dependence on |
cos x > k P¥/7 J_?l_f’/7

|

sin 7

B=3x10"rc\10" I'c
1 1 1 1

1.4 1.6 1,8 P«

0 02 04 06 08 1.0 1,2

10 -
DP
08 By = 1.0,
\\
1Y
“
0.6 3
Se
1
“ 04 1
)

E.M.Novoselov, VSB, A.K.Galishnikova.
M.M.Rashkovetskyi, A.V.Biryukov.
MNRAS, 494, 3899 (2020)




Death line

MHD + PIC BGI (RS)
Potential drop — not vacuum | Potential drop — vacuum
2bma;’ Z QWPGJRg wma,x S QﬁpGJRg
weak dependence on ), strong dependence on

cos x > k P¥/7 B1_28/7

75F ..
50+ N .

25 ale

|‘||r|
0 0,25 05 0,75 1| 1.25
P_(A14/15 8182/15), S

E.M.Novoselov, VSB, A.K.Galishnikova,
M.M.Rashkovetskyi, A.V.Biryukov.
MNRAS, 494, 3899 (2020)




Inclination angle

MHD + PIC BGI
Alignment Counter-alignment
T.M.Tauris, R.N.Manchester, BGI

MNRAS, 298, 625 (1998)

A.G.Lyne, C.A.Jordan, F. Graham-
.D.T. L.S. Ch R.R. B ’ ’
M.D.T. Young, L.S. Chan, Jrman, Smith,C.M.Espinoza,B.W.Stapper,

D.G. Blair, MNRAS, 402, 1317 (2010) P.Weltevrede, MNRAS, 446, 857
K.Maciesiak, J.Gil, V.A.R.M.Ribeiro, (2015)
MNRAS, 414, 1314 (2011)

(S.Johnston, M.Kramer, A. Karastergiou,
J. Keith, L.S. Oswald, A. Parthasarathy, _
P. Weltevrede, MNRAS, 520, 4801 l

(2023)

A.Tchekhovskoy, A.Philippov,
A.Spitkovsky, MNRAS, 457, 3384 (2016)

sin 7

0



Inclination angle

Key test — inclination angle evolution

VSB, A.V.Gurevich, Ya.N.Istomin T.M.Tauris, R.N.Manchester
Physics of the pulsar magnetosphere MNRAS, 298, 625 (1998)
Cambridge Univ. Press, 1993



Inclination angle

¢ MHDO5 j

woo | |||
MHD15 2e
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VSB, D.S.Zagorulya, A.Yu.lstomin

VSB. A.B.Gurevich. Ya.N.Istomin. Astron. Lett, 47, 709 (2021)

Physics of the pulsar magnetosphere,
Cambridge Univ. Press, 1993



Magnetic field — power-law tail

10%E Ql<l i
p(log Bo) = =
. cX (log BO _'UJBO )2 ngl y=a+bx E
Gy B D - a=2.983 ;
Verap, ¢ 207, D
10" — | Bty
BIE
L
M.Gullén, J.A.Miralles, D.Vigano, J.Pons, VSB, S.A.Eliseeva,
MNRAS, 443, 1891 (2014) Astron. Lett, 31, 263 (2005)
| ’ VSB, D.S.Zagorulya, A.Yu.lstomin,

Astron. Lett, 47, 709 (2021)



Alternative
MHD + PIC BGI

Orthogonal interpulse Orthogonal interpulse
pulsars: pulsars:

potential drop >> vacuum gap potential drop ~ vacuum gap
OF

E = —47(] — Jm) wma.x ~ QWPGJRg

1.0




Death line — RS, no PIC

F.A.Kniazev, A.Yu.lstomin, VSB, Astron. Lett., 50, 821 (2024)

—8/7
Orthogonal pulsars P<02B;Y7 cosy > k P/ BY

FAST + MeerKAT

%

P <0.0335]|0.0338s<P<055|055<P<1s P>1s
Novoselov et al — (18 + 26),/968 (3+5)/725 | (0+1)/694
— (1.8+2.6)% (0.4+ 0.71)% | (0.0+0.1)%
FAST 8/73 14 /233 3/177 1/198
11.0% 6.0% 1.7% 0.5%
MeerK AT 0/1 25/590 4/414 0/265
0% 4.2% 1.0% 0%
P () 0.03-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5
BGI 0.0 1.2 0.6 0.3 b2
Novoselovetal. |04+-06110+19|114+-16[06=08(02=+04
FAST 0.4 2.1 1.7 1:3 0.4
MeerKAT 0.3 1.2 ]::H 1.0 0:3




Death line — RS, no PIC

F.A.Kniazev, A.Yu.lstomin, VSB, Astron. Lett., 50, 821 (2024)

—8/7
Orthogonal pulsars P<02B% s  cosy> kP By

1.4 N BGI e FAST BN MeerKat
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Death line — RS, no PIC

F.A.Kniazev, A.Yu.lstomin, VSB, Astron. Lett., 50, 821 (2024)

—8/7
Orthogonal pulsars P<02B% s  cosy> kP By
14| WEE BGlI  WWw FAST W MeerKat
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%
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Death line —

RS, no PIC

VSB, A.Yu.lstomin, A.G.Mikhaylenko, MNRAS, 526 1633 (2023)
A.Yu.lstomin, F.A.Kniazev, VSB, Astronomy Reports, 68, 1271 (2024)

Why?

Possible answer — hollow cone

1). Hole itself (no

particles)

2). Potential drop

R. ~ R*/r,
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ri
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Death line — RS, no PIC

VSB. A.B.Gurevich. Ya.N.Istomin.Physics of the pulsar magnetosphere,

Cambridge Univ. Press, 1993
Why?

I \,—-— Light
surface

Possible answer — hollow cone o1\
1). Hole itself (no particles) },_,
2). Potential drop ._\\\,5
E+Br xB=—-Vy R\
By — 2 Xr )
. R — \
B- Vl” =i ¢

B-VY =0

V x {(1 — Bz)B + Br(Br - B) + [Br x VY ]} =

4 [y, . |
il | — 2 B \v,
| — B + Br[VY x B]/B’ |2 (BB + (B x VY])

Vi xB]l (2-B 1 _,
y 202 ]( +4—<v-w—<ﬂvaﬁRw»)].
- JT

21 C



Theoretical challenge — oU problem

F.C.Michel (1973)

What to do with (enormous)
potential difference?

Ferraro isorotation law
Implies constant electric
potential ( {2 along
magnetic field lines.




Theoretical challenge — oU problem

Longitudinal electric field?

Magnetically Any | Longitudinal
dominated wind > | disturbance " | electric field

E, - 5



Theoretical challenge — oU problem

Switch-on wave, if
there is no ambient
medium

But what to do
if we have it?

VERNN

150 Qe

o | il
0ok . i .. | r!!.ll"i
0o a0 100 150

S.Komissarov, MNRAS, 350, 1431 (2004)

Lobes in AGN

Stellar wind in
close binaries

HH objects
in YSO

Black widows




Theoretical challenge — oU problem

150 r- =

If there is no external /i ,
environment, the "

solution can be o
extended up to infinity N AERERA |

0o S0 106 150

S.Komissarov, MNRAS, 350, 1431 (2004)

Lobes in AGN

Stellar wind in
close binaries

HH objects

But what to do
in YSO

if we have it?

VRN

Black widows




Theoretical challenge — oU problem

TeV binaries




Theoretical challenge — oU problem

MHD simulations lo-Jovian
do not include electromagnetic
oU into consideration Interaction

Trapped Charged Particles
* g - Auroral Zone

Current ~Z ; b of do

Ring of
Charged
_ Magnetic Particles

Rotation Axis

D.V.Khangulyan et al, ApJ, 774, 113 (2013)



Theoretical challenge — oU problem

Dissipation layer Dissipation layer
In relativistic jets In radio pulsars

dissipation domain:E.B#0

light ¢ Iinder/

ﬂ??farce—fr%

doma.i

wind domain
E. B=0 \ E.B=0
%% ——

\ ———t
dead zone k\\\\\.\\\\.\Q\\\\\\\\\\\\\\\\

pair-creating
accelerator

J.Park, K.Takahashi, K.Toma et al L.Mestel, S.Shibata,
arXiv (2025) MNRAS, 271, 621 (1994)



BGI

VSB. A.B.Gurevich. Ya.N.Istomin. Physics of the pulsar

. light
magnetosphere, Cambridge Univ. Press, 1993 :

surface

.g\

e Goldreich-Julian current

e Light surface at finite distance \.
o Effective acceleration up to - 5
~o, \\\

R/

e Energy losses

| light

N cylinder
\__/ R ]

’ Wt(o]iGI) = 1 (QaB)




LETTER

Abrupt acceleration of a ‘cold’ ultrarelativistic wind
from the Crab pulsar

F. A. Aharonian'?, S. V. Bogovalov® & D. Khangulyan*

doi:10.1038/naturel0793
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LETTER

Abrupt acceleration of a ‘cold’ ultrarelativistic wind
from the Crab pulsar

F. A. Aharonian'?, S. V. Bogovalov® & D. Khangulyan*

doi:10.1038/nature10793
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VB — N.Vlahakis, private communication (2007)

>[t's so nice your results are in agreement with our
> analytical calculations.

Yes, it is nice that the situation is pretty clear now.



Only two first steps...

Force-free qujtot
MHD o} o =
Q2 o2
Two-fluid A TR
Radiation drag [ n,(1ab)
A\ =
naGJ

Reality




Only two first steps...

Force-free
MHD

Two-fluid
Radiation drag
PIC

Reality

a




Two-fluid effects

VSB, R.R.Rafikov, MNRAS, 313, 433 (2000)
VSB, N.L.Zakamska, H.Sol, MNRAS, 347, 587 (2004) 7510

. =20 =) -2[A-K)EF - (A + K)E7],
Force-free (or MHD) correction

2t )+la[ a(ZS)]+2aza 0
= ——|r ri— =0,
4 QOBG 3 T Ly | T, L 9z2
o = [l—K(H)'l‘?? (I‘L,Z)],
2mce (il
rigs =2 [(A=—K)E -+ K)E], 43)
2By :
— - a2 f 2 [1 2 ,,
n- = [}L +K@r)+n (rg, Z)] : i5d ran [ran (1)
2Ttce Qi
=4== [0~ K& -+ KE], (44)
:I: :I: i toty — +12
vy =c|l =&y, ), o () = e
4?[——(q5)+ui’ Pl - -§++ E},
i =t | -
U}. = {:l’;. (rJ_a Z)a (L[ i
3z Ey7) ==& Fy7y
Z
Aom 0 c
+ + 4?[_@( ) +rig-rigiE +Qo‘§]’
v =7C ¥ s
* = (., 2)
ai( ) = —Fuy*) +4"ﬂ(—$—ugps+) N
By [ [ 5
P(ri,z) = — / Qe(r )y dr’ + Qorid(ri, 2)| , 2 () = =Ry Y —4@(— A2y g ) 48)
C 0 dz Fiey 0z Q'
5 a% (&v") = =& Fa*Y
W(r,,z) = mByr; [1 7). . .
(ry,2) ory [1+ f(ry, 2)] +4ﬂ(_123_f_‘,+), (49)
Tiy 28 0z
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Two-fluid effects

VSB, R.R.Rafikov, MNRAS, 313, 433 (2000)

Adrupt acceleration

—3
\\\\
)\ I:’//A

' light

» cylinder



Two-fluid effects

V.V.Prokofev, L.I.Arzamasskiy, VSB, MNRAS, 454, 2146 (2015)

Primary beam
VS

Fundamental theorem
— outside Ry,

a2 |-
hydrodynamical ~ l \\\MM

Lorentz-factor I

corresponds exactly to 13 #._.__

the drift velocity
(NVIahakls 2004, VB 2005, O'iﬁ 100|_1j3 30(;.1/3
Tchekhovskoy et al 2008, VB %= IR
2010). S

AT F—




Two-fluid effects

V.V.Prokofev, L.I.Arzamasskiy, VSB, MNRAS, 474, 1526 (2018)

7o sasaess

Time-dependent
current sheet

z/Ao

—at




Two-fluid effects

VSB, A.V.Chernoglazov, MNRAS, 463, 3398 (2016)

Photon drag

0. Drag force — radial current
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Two-fluid effects
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Two-fluid effects
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Photon drag

0. Drag force — radial current
deg

Vg o~ ¢
| eB,

Jr ~ Apgy V.
3. Equipotentiality
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Central core
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Central core
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Central core
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Central core
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Conclusion

In radio pulsars there are three gaps

iInner gap

outer gap

the gap between the theorist and observers
In_relativistic jets there are no serious gaps

iInner structure of jets both theoretically and observationally
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