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B
u

h
le

r 
&

 B
la

n
d

fo
rd

 (
2
0

1
4
)

striped 

wind

Light cylinder Ὑ ϳὧὖς“ Wind termination shock 2



ʀʟʚʝʩʪʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʤʦʨʬʦʣʦʛʠʠ ɺʝʣʳ 
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bright spot

X-ray features :

1. ɼʚʝ ʘʨʢʠ ï ɼʦʧʣʝʨʦʚʩʢʠ ʷʨʢʠʝ    

      ʧʦʣʦʚʠʥʢʠ ʪʦʨʦʚ:

       ʨʝʛʫʣʷʨʥʳʝ (!), ʜʠʬʬʫʟʥʳʝ 

      ʚʝʨʭʥʷʷ > ʥʠʞʥʝʡ

2. ʇʫʣʴʩʘʨ: ʥʝ (!) ʤʝʞʜʫ ʘʨʢʘʤʠ

3. ʊʝʤʥʳʡ ʵʢʚʘʪʦʨ. ʧʦʷʩ: ʚʠʜʝʥ ʚʩʝʛʜʘ

4.   ʖɺ ʜʞʝʪ: ¶ 2 ʯʘʩʪʠ: ʷʨʢʘʷ ʠ ʪʫʩʢʣʘʷ

Åʜʣʠʥʘ ʷʨʢʦʡ = ʰʠʨʠʥʝ ʘʨʢʠ

Åʧʦʣʦʩʢʘ ʧʦʧʝʨʝʢ ʦʩʥʦʚʘʥʠʷ 

Åʧʦʣʦʩʢʘ ʰʠʨʝ, ʯʝʤ ʜʞʝʪ

5.  ʎʝʧʦʯʢʘ ʫʟʝʣʢʦʚ: ʚʙʣʠʟʠ ʖɺ ʜʞʝʪʘ

3



ɺʝʣʘ ʚ ʩʣʘʙʦ-ʩʚʝʨʭʟʚʫʢʦʚʦʤ ʧʦʪʦʢʝ 

Chevalier & Reynolds (2011), Dodson et al (2003)Kargaltsev et al (2015) 

X-rays Radio

CD

N

E

- ρͯȢσ

4



ʉʪʨʫʢʪʫʨʘ ʧʦʪʦʢʦʚ ʚ ʄɻɼ-ʤʦʜʝʣʠ ʜʚʫʭʪʦʨʦʚʦʡ ʇʊ 

5



ʉʪʨʫʢʪʫʨʘ ʧʦʪʦʢʦʚ ʚ ʄɻɼ-ʤʦʜʝʣʠ ʜʚʫʭʪʦʨʦʚʦʡ ʇʊ 

˙̝̏̅̆̌ ̘̏̒̆̒̉̍̍̆̓̑̉̎́

5



ʉʪʨʫʢʪʫʨʘ ʧʦʪʦʢʦʚ ʚ ʄɻɼ-ʤʦʜʝʣʠ ʜʚʫʭʪʦʨʦʚʦʡ ʇʊ 

˞̌́̂̏-̖̒̃̆̑̈̃̔̋̏̃̏̊ 
̙̃̎̆̎̉̊ ̐̏̓̏̋

5



ʉʪʨʫʢʪʫʨʘ ʧʦʪʦʢʦʚ ʚ ʄɻɼ-ʤʦʜʝʣʠ ʜʚʫʭʪʦʨʦʚʦʡ ʇʊ 

˜̝̔̌̒́̑

5



ʉʪʨʫʢʪʫʨʘ ʧʦʪʦʢʦʚ ʚ ʄɻɼ-ʤʦʜʝʣʠ ʜʚʫʭʪʦʨʦʚʦʡ ʇʊ 

˔̏̎́ ̝̐̔̌̒́̑̎̏̄̏ ̃̆̓̑́

5



ʉʪʨʫʢʪʫʨʘ ʧʦʪʦʢʦʚ ʚ ʄɻɼ-ʤʦʜʝʣʠ ʜʚʫʭʪʦʨʦʚʦʡ ʇʊ 

ˠˏ ̠̓̏̑̍̏̇̆̎̉ ̃̆̓̑́

5



ʉʪʨʫʢʪʫʨʘ ʧʦʪʦʢʦʚ ʚ ʄɻɼ-ʤʦʜʝʣʠ ʜʚʫʭʪʦʨʦʚʦʡ ʇʊ 

˜̠̏̒ ˙̖́́ȡ

̞̋̃Ȣ ̘̔́̒̓̏̋ ̑̏̎̓́̕ ˠˏ
 ̂  ̒ ̋̏̑̏̒̓̉ ̃̆̓̑́

5



ʉʪʨʫʢʪʫʨʘ ʧʦʪʦʢʦʚ ʚ ʄɻɼ-ʤʦʜʝʣʠ ʜʚʫʭʪʦʨʦʚʦʡ ʇʊ 

˞̌́̂̏-̘̜̈́̍́̄̎̉̆̎̎̊ ̐ ̠̏̒ 
̎́ ̞̋̃́̓̏̑̆ȡ

Å ̆̅ ̃́ ̘̈́̍́̄̎̉̆̎

Å  ̐ ̆̑̆̒̇́̓

Å ̑́ ̠̈̅̆̌̆̓ ̐̏̓̏̋̉ ̑́̈̎̏̊ 
̠̐̏̌̑̎̏̒̓̉

5



ʉʪʨʫʢʪʫʨʘ ʧʦʪʦʢʦʚ ʚ ʄɻɼ-ʤʦʜʝʣʠ ʜʚʫʭʪʦʨʦʚʦʡ ʇʊ 

ʉʠʣʴʥʦ-ʟʘʤʘʛʥʠʯʝʥʥʳʝ 

ʧʦʪʦʢʠ:

Åʫʟʢʠʝ

Åʢʚʘʟʠʣʘʤʠʥʘʨʥʳʝ

Åʨʝʣʷʪʠʚʠʩʪʩʢʠʝ, v/c ~ 0.8

Åʪʝʢʫʪ ʧʦʯʪʠ ớ ʵʢʚʘʪʦʨʫ

5



ʉʪʨʫʢʪʫʨʘ ʧʦʪʦʢʦʚ ʚ ʄɻɼ-ʤʦʜʝʣʠ ʜʚʫʭʪʦʨʦʚʦʡ ʇʊ 

ˏ̖̝̉̑-̗̠̗̠̉̑̋̔̌̉ȡ 

̜̎́̃̆̓̑̆̎̎̊ σD ̓ ̏̑

ˏ̖̝̉̑-̗̠̗̠̉̑̋̔̌̉ȡ

 ̐ ̜̏̅̃̆̓̑̆̎̎̊ σD ̓ ̏̑
5



ʉʪʨʫʢʪʫʨʘ ʧʦʪʦʢʦʚ ʚ ʄɻɼ-ʤʦʜʝʣʠ ʜʚʫʭʪʦʨʦʚʦʡ ʇʊ 

ˬ̜̈̋̉ ̜̐̌́̈̍
 ̎ ́ ̗̄̑́̎̉̆ ˜˟

ˬ̜̈̋̉ ̜̐̌́̈̍ 
̎́ ̗̄̑́̎̉̆ ˜˟

5

Åʩʣʘʙʦʟʘʤʘʛʥʠʯʝʥʳ

Åʜʠʥʘʤʠʯʥʳ

Åʤʦʛʫʪ ʧʨʦʥʠʢʘʪʴ ʚ ʩʦʩʝʜʥʶʶ 

ʧʦʣʫʩʬʝʨʫ 



ʉʪʨʫʢʪʫʨʘ ʧʦʪʦʢʦʚ ʚ ʄɻɼ-ʤʦʜʝʣʠ ʜʚʫʭʪʦʨʦʚʦʡ ʇʊ 

ˏ̖̝̉̑-̗̠̗̠̑̆̉̑̋̔̌̉ 

3D ̓ ̏̑

ˏ̖̝̉̑-̗̠̗̠̑̆̉̑̋̔̌̉

3D ̓ ̏̑

5



ʇʦʣʷʨʠʤʝʪʨʠʷ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ɺʝʣʳ

X-rays (IXPE): * ʦʙʣʘʩʪʴ ʜʚʦʡʥʦʛʦ ʪʦʨʘ:     PD 65 % [Xie+ 2022] (max PD 67 % atɻx  1.35) 

*ʥʘʚʝʪʨʝʥʥʘʷ ʘʨʢʘ ʠ ʜʞʝʪ:     PD 70 % [Liu+ 2024]

*ʜʠʬʬʫʟʥʦʝ ʠʟʣʫʯʝʥʠʝ ʚʥʝ ʪʦʨʘ: PD 60 % [Liu+ 2023]

Radio (ATCA): at 1.5 -- 5 GHz: PD 60 % [Bock+ 2001, Dodson+ 2003]
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ʆʙʦʩʥʦʚʘʥʠʝ ʧʨʠʙʣʠʞʝʥʠʡ

ʅʝʪʝʧʣʦʚʳʝ ʯʘʩʪʠʮʳ -- ʪʝʩʪʦʚʳʝ  ă  ʦʪʩʫʪʩʪʚʠʝ ʦʙʨʘʪʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʧʦʪʦʢʠʇʊ

      ʋ ɺʝʣʳ ʥʝʪ ʟʘʤʝʪʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ,

       ʢʦʪʦʨʫʶ ʤʦʛʣʠ ʙʳ ʩʦʟʜʘʪʴ ʥʝʪʝʧʣ. ʯʘʩʪʠʮʳ,

       ʝʩʣʠ ʙʳ ʠʭ ʚʢʣʘʜ ʚ ʵʥʝʨʛʝʪʠʢʫ ʦʪ ʇʊ ʙʳʣ ʚʝʣʠʢ

  ʈʘʜʠʘʪ. ʧʦʪʝʨʠ ï ʥʝ ʫʯʠʪʳʚʘʝʤ  ă ʤʘʣʳʝ ʧʦʪʝʨʠ ʥʘ ʠʟʣʫʯʝʥʠʝ, ʜʘʞʝ ʚ ʨʝʥʪʛʝʥʝ

      ɼʣʷ ʜʚʫʭʪʦʨʦʚʳʭ ʭʘʨʘʢʪʝʨʥʳ 

      ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʠʟʢʠʝ ʤʘʛʥʠʪʥʳʝ ʧʦʣʷ 

  ʂʘʨʪʠʥʘ ʧʦʪʦʢʦʚ -- ʟʘʤʦʨʦʞʝʥʘ ă  Bʠ Vʚ ʢʘʞʜʦʡ ʪʦʯʢʝ ʇʊ ʥʝʠʟʤʝʥʥʳ 

       ʚ ʭʦʜʝ ʚʩʝʛʦ ʧʨʦʮʝʩʩʘ ʫʩʢʦʨʝʥʠʷ ʯʘʩʪʠʮ

       ʋ ʜʚʫʭʪʦʨʦʚʳʭ ʧʦʪʦʢʠ ʢʚʘʟʠʣʘʤʠʥʘʨʥʳ,  

       ʘ ʩʪʨʫʢʪʫʨ rʠ ʧʦʣʝ ʨʝʛʫʣʷʨʥʳ

    
 ɺʙʨʦʩ ʥʝʪʝʧʣʦʚʳʭ ʯʘʩʪʠʮ      Ą ʦʜʥʦʢʨʘʪʥʳʡ

 ʆʙʣʘʩʪʴ ʚʙʨʦʩʘ            Ą ʚʝʩʴ ʦʙʲʝʤ ʇʊ

 ʉʧʝʢʪʨ              Ą ʤʦʥʦʵʥʝʨʛʠʯʥʳʝ

ʎʝʣʴ:   ʄʦʞʝʪ ʣʠ ʇʊ ʚʦʦʙʱʝ ʯʪʦ-ʪʦ ʫʩʢʦʨʷʪʴ?   ʂʘʢʠʝ ʝʝ ʩʪʨʫʢʪʫʨʳ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳ? 

7

ʇʨʠʙʣʠʞʝʥʠʷ



ʆʙʣʘʩʪʴ ʚʙʨʦʩʘ ʥʝʪʝʧʣʦʚʳʭ ʯʘʩʪʠʮ
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ʊʠʧʳ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʭ ʄɻɼ-ʩʪʨʫʢʪʫʨ ʚ ʤʦʜʝʣʠ ʜʚʫʭʪʦʨʦʚʳʭ
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ˏ̖̠̠̆̑̎ ̐̏̌̔̒̆̑́̕
̗̠̗̠̉̑̋̔̌̉  ̗̠̗̠̑̆̉̑̋̔̌̉

˚̠̠̉̇̎ ̐̏̌̔̒̆̑́̕
̗̠̗̠̉̑̋̔̌̉  ̗̠̗̠̑̆̉̑̋̔̌̉

˞̑̆̅̎̉̆ ̙̜̉̑̏̓
(̝̘̜̒̉̌̎̏̈́̍́̄̎̉̆̎̎̆ ̐ ̏̓̏̋̉



ʊʠʧʳ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʭ ʄɻɼ-ʩʪʨʫʢʪʫʨ ʚ ʤʦʜʝʣʠ ʜʚʫʭʪʦʨʦʚʳʭ
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ˏ̖̠̠̆̑̎ ̐̏̌̔̒̆̑́̕
̗̠̗̠̉̑̋̔̌̉  ̗̠̗̠̑̆̉̑̋̔̌̉

˚̠̠̉̇̎ ̐̏̌̔̒̆̑́̕
̗̠̗̠̉̑̋̔̌̉  ̗̠̗̠̑̆̉̑̋̔̌̉

˞̑̆̅̎̉̆ ̙̜̉̑̏̓
(̝̘̜̒̉̌̎̏̈́̍́̄̎̉̆̎̎̆ ̐ ̏̓̏̋̉

˝̘̠́̈̌̉̉ ̃ȡ 

Ą̄̆̏̍̆̓̑̉̉

Ą ̑́ ̈̍̆̑̆

Ą̠̐̏̌̑̎̏̒̓̉ 

˝̠́̈̎́ 
̞̝̆̋̓̉̃̎̏̒̓̕̕ 
̠̔̒̋̏̑̆̎̉ 



Electrons TeV

Levenfish et al (2025)

ʊʨʠ ʧʦʧʫʣʷʮʠʠ ʚʳʩʦʢʦʵʥʝʨʛʠʯʥʳʭ ʯʘʩʪʠʮ (> 100 ʊʵɺ)

9

Bf, ʤʢɻʩTeV



Electrons TeV

Levenfish et al (2025)

ʊʨʠ ʧʦʧʫʣʷʮʠʠ ʚʳʩʦʢʦʵʥʝʨʛʠʯʥʳʭ ʯʘʩʪʠʮ (> 100 ʊʵɺ)

9

Bf, ʤʢɻʩTeV

ʫ ɺʝʣʳ   -- , φȢω ρπ ̞̑Ⱦ̄̒, 

          % ḐτȢυ̃ ̞ˏ

% ʯʘʩʪʠʮʳ, ʫʩʢʦʨʝʥʥʦʡ ʚ ʩʠʩʪʝʤʝ 
ʧʫʣʴʩʘʨʘ ʦʛʨʘʥʠʯʝʥʘ ʩʚʝʨʭʫ 

ʤʘʛʥʠʪʦʩʬʝʨʥʳʤ 

ʧʦʪʝʥʮʠʘʣʦʤ ʧʫʣʴʩʘʨʘ:

% Å
,

Ã

(ʥʝ ʧʨʦʪʠʚʦʨʝʯʠʪ ʤʦʜʝʣʠ)



TeVElectrons TeV Positrons
TeV

Levenfish et al (2025)

ʊʨʠ ʧʦʧʫʣʷʮʠʠ ʚʳʩʦʢʦʵʥʝʨʛʠʯʥʳʭ ʯʘʩʪʠʮ (> 100 ʊʵɺ)

9

Bf, ʤʢɻʩ



Bykov et al (2026)Levenfish et al (2025)

ProtonsElectrons TeV

ʊʨʠ ʧʦʧʫʣʷʮʠʠ ʚʳʩʦʢʦʵʥʝʨʛʠʯʥʳʭ ʯʘʩʪʠʮ (> 100 ʊʵɺ)

10

Bf, ʤʢɻʩTeV TeV



Bykov et al (2026)Levenfish et al (2025)

ProtonsElectrons

ʉʘʤʘʷ ʵʥʝʨʛʠʯʥʘʷ ʧʦʧʫʣʷʮʠʷ ï ʩʠʣʴʥʦ ʘʥʠʟʦʪʨʦʧʥʘ

11

Bf, ʤʢɻʩTeVTeV TeV



Bykov et al (2026)Levenfish et al (2025)

TeV ProtonsElectrons TeV

ʉʘʤʘʷ ʵʥʝʨʛʠʯʥʘʷ ʧʦʧʫʣʷʮʠʷ ï ʩʠʣʴʥʦ ʘʥʠʟʦʪʨʦʧʥʘ

11

Bf, ʤʢɻʩTeVTeV TeV



Bykov et al (2026)Levenfish et al (2025)

TeV ProtonsElectrons TeV

ʉʘʤʘʷ ʵʥʝʨʛʠʯʥʘʷ ʧʦʧʫʣʷʮʠʷ ï ʩʠʣʴʥʦ ʘʥʠʟʦʪʨʦʧʥʘ

11

Bf, ʤʢɻʩTeVTeV TeV

Ἇ ρȾÃἽ Ἄ



ɼʦʩʪʫʧʥʳ 4 ʩʧʦʩʦʙʘ

ʋʩʢʦʨʝʥʠʝ ʯʘʩʪʠʮ  ʚ ʪʝʣʝ  ʜʚʫʭʪʦʨʦʚʳʭ ʇʊ

12

ʋʩʢʦʨʝʥʠʝ ʌʝʨʤʠ 2-ʛʦ ʪʠʧʘ 

ʚ ʩʣʘʙʦʡ ʥʘ ʛʨʘʥʠʮʝ ʇʊ,

 ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʭ ʢʚʘʟʠ-

ʣʘʤʠʥʘʨʥʳʭ ʧʦʪʦʢʘʭ

ʊʨʠ ʚʠʜʘ ʫʩʢʦʨʝʥʠʷ ʚ ʢʚʘʟʠ-

ʣʘʤʠʥʘʨʥʳʭ ʧʦʪʦʢʘʭ:

ʚʩʪʨʝʯʥʳʭ

ʣʠʥʝʡʥʳʭ

ʩ ʚʠʭʨʝʚʦʡ ʛʝʦʤʝʪʨʠʝʡ

ʚʩʪʨʝʯʥʳʭ

c ʣʠʥʝʡʥʦʡ ʛʝʦʤʝʪʨʠʝʡ

ʋʩʢʦʨʝʥʠʝ ʌʝʨʤʠ 2-ʛʦ ʪʠʧʘ 

  ʚ ʩʣʘʙʦʡ ʪʫʨʙ-ʩʪʠ ʥʘ ʛʨʘʥʠʮʝ ʇʊ,

  ʥʘ ʤʘʛʥ. ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʭ ʢʚʘʟʠ-

  ʣʘʤʠʥʘʨʥʳʭ ʧʦʪʦʢʘʭ



ʋʩʢʦʨʝʥʠʝp: ʥʘ ʚʩʪʨʝʯʥʳʭ ʧʦʪʦʢʘʭ

TeV
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ʥʘʯ. ʵʥʝʨʛʠʷ

ʢʦʥʝʯ. ʵʥʝʨʛʠʷ
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ʥʘʯ. ʵʥʝʨʛʠʷ

ʢʦʥʝʯ. ʵʥʝʨʛʠʷ

TeV
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ἤ Ḑ Ἇ Ἄ ᴻᴻἽ
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ἏḐ Ἄ Ἵ

ἤ Ḑ Ἇ Ἄ ᴻᴻἽ

Bykov et al (2026)

ʥʘʯ. ʵʥʝʨʛʠʷ

ʢʦʥʝʯ. ʵʥʝʨʛʠʷ

ʤʘʢʩ. ʵʥʝʨʛʠʷ
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ɺʳʚʦʜʳ:

1) ʊʫʤʘʥʥʦʩʪʠ ʩ ʜʚʦʡʥʳʤ X-ʪʦʨʦʤ Ąʥʝʦʙʳʯʥʳʝ ʫʩʢʦʨʠʪʝʣʠ:

Åʄɻɼ-ʧʦʪʦʢʠ      --  ʢʚʘʟʠʣʘʤʠʥʘʨʥʳ, ʘ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʝ ʄɻɼ-ʩʪʨʫʢʪʫʨʳ --  ʨʝʛʫʣʷʨʥʳ

Å B-ʧʦʣʝ   --  ʧʨʝʜʝʣʴʥʦ ʨʝʛʫʣʷʨʥʦ ʠ ʘʟʠʤʫʪʘʣʴʥʦ

      

ʋʩʢʦʨʝʥʠʝ Å, Å, p  ʦʪ ÆÅ×ʊʵɺ ʜʦ ÆÅ×ρππʊʵɺ

2) ʄʝʭʘʥʠʟʤ ʫʩʢʦʨʝʥʠʷ Ą ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʡ:

Åʚ ʢʚʘʟʠʣʘʤʠʥʘʨʥʳʭ ʧʦʪʦʢʘʭ: ʚʩʪʨʝʯʥʳʭ, ʣʠʥʝʡʥʳʭ ʠ ʚʠʭʨʝʚʳʭ

Åʌʝʨʤʠ 2-ʛʦ ʪʠʧʘ  (ʚ ʩʣʘʙʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʥʘ ʛʨʘʥʠʮʝ ʇʊ ʠ

      ʥʘ ʩʣʘʙʳʭ ʥʝʦʜʥ. ʧʦʣʷ ʚ ʩʜʚʠʛʦʚʳʭ ʧʦʪʦʢʘʭ) 

3) ʅʘʚʝʪʨʝʥʥʘʷ ʠ ʧʦʜʚʝʪʨʝʥʥʘʷ ʧʦʣʫʩʬʝʨʳ ï ʨʘʟʥʳʝ!

Åʨʘʟʥʘʷ ʧʦʣʷʨʥʦʩʪʴ ɺ  

Åʨʘʟʥʳʡ ʨʘʟʤʝʨ ʄɻɼ-ʩʪʨʫʢʪʫʨ

Åʨʘʟʥʘʷ ʛʝʦʤʝʪʨʠʷ ʄɻɼ-ʩʪʨʫʢʪʫʨ 

4) 3 ʧʦʧʫʣʷʮʠʠ ʚʳʩʦʢʦʵʥʝʨʛʠʯʥʳʭ ʯʘʩʪʠʮ (ʢʘʞʜʦʛʦ ʩʦʨʪʘ):

Å ʥʘʠʙʦʣʝʝ ʵʥʝʨʛʠʯʥʘʷĄ ʩʠʣʴʥʦ-ʘʥʠʟʦʪʨʦʧʥʘ; ʩʨʘʟʫ ʞʝ ʧʦʢʠʜʘʝʪ ʇʊ

Å ʜʚʝ ʤʝʥʝʝ ʵʥʝʨʛʠʯʥʳʝ  Ą ʘʥʠʟʦʪʨʦʧʥʳ, ʫʜʝʨʞʠʚʘʶʪʩʷ ʚ ʇʊ ʟʘʤʝʪʥʦʝ ʚʨʝʤʷ

ă ʥʝ ʧʨʝʧʷʪʩʪʚʠʝ ʜʣʷ ʫʩʢʦʨʝʥʠʷ!

ă ʪʨʝʙʫʝʪ ʠʩʩʣʝʜʦʚʘʥʠʷ

ăʟʘʥʠʤʘʝʪ ~ ʩʪʘ ʣʝʪ

ʟʘʨʷʜʳ ç+è ʠ ç-è ʫʩʢʦʨʷʶʪʩʷ

ʨʘʟʥʳʤʠ ʧʫʪʷʤʠ

ʠ ʩ ʨʘʟʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ

ă
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ʈʄɻɼ-ʤʦʜʝʣʴ ʇʊ
ɸʥʘʣʠʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʧʫʣʴʩʘʨʥʦʛʦ ʚʝʪʨʘ (Michel,1973):
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ʉʚʷʟʴ ʤʘʛʥʠʪʥʳʭ ʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʩʪʨʫʢʪʫʨ

Ponomaryov et al (2020)
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ɼʚʫʭʪʦʨʦʚʘʷ ʤʦʨʬʦʣʦʛʠʷ ʚ ʨʝʥʪʛʝʥʝ

ÔÏÙÍÏÄÅÌ

Levenfish et al (2025) Pavlov et al (2001),

Helfand et al (2001)

ÒÅÁÌÉÓÔÉÃÍÏÄÅÌ 6ÅÌÁ(2#

Ponomaryov et al (2020)
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ʉʪʨʫʢʪʫʨʘ ʧʦʪʦʢʦʚ ʚ ʦʜʥʦ- ʠ ʜʚʫʭʪʦʨʦʚʳʭ ʇʊ
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Single torus: ‌ τυЈȟ„ σ Double torus: ‌ ψπЈȟ„ πȢπσ
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ʇʨʝʜʩʢʘʟʘʥʠʷ ʤʦʜʝʣʠ: ʨʝʛʫʣʷʨʥʳʝ ʩʢʣʘʜʢʠ

http://www.aerospaceweb.org/question/propulsion/q0224.shtml
Levenfish et al (2025)
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ʇʨʝʜʩʢʘʟʘʥʠʷ: ʨʝʛʫʣʷʨʥʳʝ ʩʢʣʘʜʢʠ ʤʘʛʥ. ʧʦʪʦʢʦʚ

Levenfish et al (2025)
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ʄʦʨʬʦʣʦʛʠʷ ʇʊ ʂʨʘʙ ʠ ɺʝʣʘ
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ʈʘʜʠʦ ʠ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʇʊ

ʂʨʘʙ ɺʝʣʘ
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ɼʠʥʘʤʠʢʘ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʜʝʪʘʣʝʡ ɺʝʣʳ

ɼʠʥʘʤʠʢʘ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʜʝʪʘʣʝʡ:

1. ʗʨʢʠʝ ʘʨʢʠ: ʤʝʥʷʶʪ ʧʦʣʦʞʝʥʠʷ 
    ʢʦʛʝʨʝʥʪʥʦ (!), ʥʦ  

    ʅɽ ʧʝʨʝʢʨʳʚʘʶʪʩʷ (!)

2. ʋʟʝʣʢʠ: ʧʦʷʚʣʷʶʪʩʷ ʠ ʠʩʯʝʟʘʶʪ,  
      ʥʦ ʚ ʧʨʝʜʝʣʘʭ (!) ʮʝʧʦʯʢʠ

3. ʗʨʢʘʷ ʯʘʩʪʴ ʖɺ ʜʞʝʪʘ:            

      ʚʠʣʷʝʪ ʠʟ ʩʪʦʨʦʥʳ ʚ ʩʪʦʨʦʥʫ

4. ʇʦʣʦʩʢʘ ʧʦʧʝʨʝʢ ʖɺ ʜʞʝʪʘ:       

      ʧʦʷʚʣʷʝʪʩʷ ʠ ʠʩʯʝʟʘʝʪ

N

E
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ɼʠʥʘʤʠʢʘ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʜʝʪʘʣʝʡ:

1. ʉɿ ʜʞʝʪ: ʫʟʢʦ-ʩʢʦʣʣʠʤʠʨʦʚʘʥ         

        ʠʤʝʝʪ ʩʧʠʨʘʣʴʥʫʶ ʜʠʥʘʤʠʢʫ

2. ʗʨʢʠʝ ʘʨʢʠ: ʤʝʥʷʶʪ ʧʦʣʦʞʝʥʠʷ 

    ʢʦʛʝʨʝʥʪʥʦ (!), ʥʦ            
   ʅɽ ʧʝʨʝʢʨʳʚʘʶʪʩʷ (!)

3. ʋʟʝʣʢʠ: ʧʦʷʚʣʷʶʪʩʷ ʠ ʠʩʯʝʟʘʶʪ,  

      ʥʦ ʚ ʧʨʝʜʝʣʘʭ (!) ʮʝʧʦʯʢʠ

4. ʗʨʢʘʷ ʯʘʩʪʴ ʖɺ ʜʞʝʪʘ:            

      ʚʠʣʷʝʪ ʠʟ ʩʪʦʨʦʥʳ ʚ ʩʪʦʨʦʥʫ

5. ʇʦʣʦʩʢʘ ʧʦʧʝʨʝʢ ʖɺ ʜʞʝʪʘ:       
      ʧʦʷʚʣʷʝʪʩʷ ʠ ʠʩʯʝʟʘʝʪ

N

E



Fateeva et al (2023)
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ʇʨʝʜʩʢʘʟʘʥʠʷ: ʚʠʭʨʴ-ʨʝʮʠʨʢʫʣʷʮʠʷ

˛̂̌́̒̓̉ ̐̏̎̉̇̆̎̎̏̄̏0 

ʀθ 0 " $ ʉ

ˏ ̄̌́̈̔ ̖̠̃̉̑ȡ 0  ̐ ̏̎̉̇̆̎̏

˚̉̇̆ 0O ̎̉̇̆ ̝̒̃̆̓̉̍̏̒̓

18/20



ʇʨʝʜʩʢʘʟʘʥʠʷ: ʚʠʭʨʴ-ʨʝʮʠʨʢʫʣʷʮʠʷ
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ʇʨʝʜʩʢʘʟʘʥʠʷ ʤʦʜʝʣʠ: ʚʠʭʨʴ-ʨʝʮʠʨʢʫʣʷʮʠʷ

ɺʝʣʘĄ ʚ ʢʦʩʦʤ (!) ʚʥʝʰʥʝʤ ʧʦʪʦʢʝĄ ʅɽ ʜʦʣʞʥʘ ʙʳʪʴ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʡ

20/20
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ʇʨʝʜʩʢʘʟʘʥʠʷ: ʩʠʣʴʥʦ-ʟʘʤʘʛʥ. ʧʦʪʦʢʠ: v/c ~ (0.75 ï0.85)
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ʅʘʙʣʶʜʝʥʠʷ: ʰʠʨʠʥʘ ʵʢʚʘʪʦʨʘ:  ὰ Ä ρπͯ πȢπτχ̒Ȣ̃̌ ̆̓; 

   ʩʢʦʨʦʩʪʴ ʷʟʳʢʦʚ:ÖȾÃḗ ὰȾς ρρȾσφυḗπȢχψ

11 ʜʥʝʡ
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ʇʨʝʜʩʢʘʟʘʥʠʷ: ʨʘʩʱʝʧʣʝʥʠʝ ʩʠʣʴʥʦ-ʟʘʤʘʛʥ. ʧʦʪʦʢʦʚ
" , ʈ'
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ʉʧʝʢʪʨ ʢʦʤʧʢʪʥʦʡ ʇʊ ɺʝʣʘ
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Electrons responsible for the radiation

(MF estimates "Ḑσπ υπʈ') 



ʌʦʨʤʠʨʦʚʘʥʠʝ ʫʟʢʦʛʦ ʧʦʪʦʢʘ ʚʳʩʦʢʦʵʥʝʨʛʠʯʥʳʭ ʯʘʩʪʠʮ

Bykov et al (2025)

Protons TeV



ʋʩʢʦʨʝʥʠʝ ʚ ʩʜʚʠʛʦʚʳʭ ʪʝʯʝʥʠʷʭ



ʋʩʢʦʨʝʥʠʝ ʚ ʩʜʚʠʛʦʚʳʭ ʪʝʯʝʥʠʷʭ



ʋʩʢʦʨʝʥʠʝ ʚ ʩʜʚʠʛʦʚʳʭ ʪʝʯʝʥʠʷʭ

Ἇ Ἄ ἤȾÃ ï  çʯʝʨʥʳʡè

ἽἸ ɾẗἾȾÃïçʛʦʣʫʙʦʡè



ʋʩʢʦʨʝʥʠʝ ʚ ʩʜʚʠʛʦʚʳʭ ʪʝʯʝʥʠʷʭ

Ἇ Ἄ ἤȾÃ ï  çʯʝʨʥʳʡè

ἽἸ ɾẗἾȾÃïçʛʦʣʫʙʦʡè



ʏʘʩʪʠʮʘ ʤʦʞʝʪ ʢʦʤʙʠʥʠʨʦʚʘʪʴ ʤʝʭʘʥʠʟʤʳ ʫʩʢʦʨʝʥʠʷ

Ἇ Ἄ ἤȾÃïçʯʝʨʥʳʡè
ἽἸ ɾẗἾȾÃïçʛʦʣʫʙʦʡè
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