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Because it is rotation powered,
Ω, µ (Bd), α must predict uniquely
Lx, spectrum and everything.

This spirit is ill.

Things are much more complicated:
e.g.
Toroidal magnetic field (multipole field)
Coupling with the NS evolution
Metastable states of the magnetosphere

+ magnetar, CCO,XINS,…
èComprehensive study



Introduction



Challenges
uGeV gamma-ray pulses

outer gap vs current sheet ?

uvariation
• Radio ON/OFF, null, mode change, RRAT
• High-B PSR; radio OFF on magnetar bursts
• Magnetar; radio ON on busts

neither Ω, µ, α, torque/current change 
ènot local but global 

mechanism?
meta stable states, 
toroidal fields(multipole fields)

u Lx-Lrot plot shows a large scatter
origin?

High efficiency Lx/Lrot: soft γ-ray pulsar hot pulsar
Low efficiency; ??????? Linked with PWN



Lx/Lrot～ 10-3 = const., but large scatter
Lx bright è soft gamma-ray pulsars, hot pulsars
Lx dim è ????



A hint; Lx(PWN) has also large scatter
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パルサー本体のX線光度/回転光度



Presumption
X-ray spectrum shall be decomposed eg. Thermal / 
non-thermal and hopefully phase resolved.
èXMM, Chandra, NuSTAR, NICER etc.

nMagnetospheric
emission; non thermal

nPolar cap heating: 
thermal small area

nCooling radiation; 
thermal large area

nMagnetic heating; 
thermal 



Decomposition of spectrum is 
a very strong tool!



Aim

What determines Lx(magnetosphere)?

The mechanism must be linked with 
Lx(PWN)

Origin of the magnetospheric
X-ray radiation



Origin of the magnetospheric
X-ray radiation

Outer Gap  X
Polar Caps ◯

" Full Polar Cap Cascade Scenario: Gamma-Ray and X-Ray
Luminosities from Spin-powered Pulsars”
Zhang, B., & Harding, A.K. 2000, ApJ, 532, 1150   

“Quantized synchrotron radiation in strong magnetic fields”
Harding, A.~K., & Preece, R. 1987, ApJ, 319, 939

“Magentic compton-induced pair cascade model for gamma-
ray pulsars”
Sturner, Steven J., Dermer, Charles D., Michel, F. Curtis 1995, ApJ, 
445, 736

“On the polar cap cascade pair multiplicity of young pulsars”
Timokhin, A.N., & Harding, A.K. 2015, ApJ, 810, 144

We revisit the full polar cap pair cascade model

Syn. R

Res. IC

Aim



Origin of the magnetospheric
X-ray radiation

Outer Gap  X
Polar Caps ◯

We revisit the full polar cap pair cascade model

Obtain Lx, its spectrum
as function of µ(or Bd), Ω, α, B 
(multipole/toroidal field), Rc etc.

Aim



Curvature photon

Pair production front

pair

Acceleration region
Pair production region of 
1st generation

Pair outflow

25.2. Lγ ͱ LX ͷղऍ ୈ 25. 2017 MODEL

ͷϖΞ͕Ͱ͖ɺͦΕ͕ࢠޫ࣍ࡾΛ࡞ΓɺͱΤωϧΪʔΧεέʔυ͍ͯ͘͜͠ͱ͕͑ߟΒΕΔɻLpͷॏ

ཁͳ෦͕ XઢޫʹͳΔՄੑ͕͋ΔɻLp ͷ Lrot ґଘੑͱ Lp ͷ XઢͷޮΛҎԼͰ͑ߟΔɻ

Polar cap ͷඪ४తϞσϧͰɺҰࢠޫ࣍ۂ์ࣹɺϖΞੜ࣓ؾతͳͰ͋Δͱ͑ߟΔɻ

Point 2 ϖΞੜͰ͋Δ݅ؾ࣓ (8.19)͔ΒɺҰࢠޫ࣍ͷΤωϧΪʔ (͜Εಉ࣌ʹॳϖΞͷΤωϧΪʔ

Ͱ͋Δ)ɺ

γpmc2 =
hν1
2

= χ
Bq

B⊥
mc2 = χ

Bq

B

Rc

ℓp
mc2 (25.19)

ͱݱΘͤΔɻ͜͜Ͱɺχ ≈ 1/15ఔͷྔͰ͋Δ (Ruderman & Sutherland 1975)ɻ

͞Βʹɺhν1 ์ࣹͳͷͰۂ͕ (8.2)Λ༻͍Δͱ

2017-gam3; γ3
1 =

4χ

3

Bq

B

R2
c

ℓp(!/mc)
(25.20)

͜͜ͰɺB⊥ = B(ℓp/Rc)ͱධՁͨ͠ɻ͜ͷ γ1 Λ (25.23)ʹೖ͢Ε্͕ࣜಘΒΕΔɻ

Ҏ্ͷ͔ࢉܭΒɺॳϖΞͱҰ࣍ՃཻࢠͷϩʔϨϯπҼ͕ࢠɺϖΞੜͷฏࣗۉ༝ߦఔɺ࣓ڧɺۂ

ܘͱ͚ؔΒΕͨɻ

ॳϖΞͷશཻࢠϑϥοΫε Ṅp ΛͯͬੵݟΈΔɻ

Point 3 Ұ࣍ՃཻࢠҰ͔ͭΒͭزͷॳϖΞ͕Ͱ͖Δ͔Λද͢ྔͱͯ͠ pair multiplisity MΛಋೖ͢Δɻ

ͷશϑϥοΫεΛࢠՃཻ࣍̍ Golereich-Julian valude I0/eͰ֨نԽ͢ΔͱɺॳϖΞͷશཻࢠϑϥοΫ

ε

2017-Np; Ṅp = 2M iI0
e

(25.21)

ͱͳΔɻ͜͜Ͱ iՃྖҬΛྲྀΕΔిྲྀΛ I0 Ͱ֨نԽͨͨ͠͠ͷͰ͋Δɻ

Ճຊ࣭తʹඇఆৗͰ͋Δͱ͓ΘΕΔ͕ɺ͍·͔Γʹఆৗঢ়ଶ͕͋Δͱ͢Δͱɺ·ͣɺՃిࢠཻ

ʹΑΓ ҬͰঃʑʹՃ͞Εྖ͕ࢠཻ࣍1 γ1ʹͳͬͨͱ͜ΖͰۂЍઢͷΤωϧΪʔ͕ hν1ʹୡ͠ɺରੜ

͕࢝·Δͱ͢ΔɻରੜͷͨΊͷฏࣗۉ༝ߦఔ ℓp ͱ͢Δͱɺ͜ͷڑਐΜͩͱ͜ΖͰ Pari production

fron͕ܗ͞ΕɺͦΕΑΓ֎ଆͰϖΞʹΑΓ E∥ = 0ʹεΫϦʔϯ͞ΕΔͱ͑ߟΒΕΔɻ

Point 4 PPF ͷ֎ͰՃͳ͍͕ۂޫࢠͷ์ࣹ͕ଓ͖ɺϖΞੜଓ͘ɻϖΞੜͷଓ͘ڑΛ ℓpc

ͱ͢ΔͱɺୈҰੈͷϖΞͷ multiplicity 

2017-multi; M =
Pcurv

hν1

ℓpc
c

=
4α

9

ℓpc
Rc

γ1 (25.22)
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ͭ·Γɺprimary pair multiplicity  ℓp/ℓ1 ఔ ऴతͳmultiplicity࠷ͷޙҎ߱Χεέʔυ࣍̎) Ͱͳ͍)ɻ

magnetic pair creation ͷॳϖΞͷΤωϧΪʔ mc2γp ͷੵݟΓɿ

χ =
hν1
2mc2

B⊥
Bq

=
hν1
2mc2

B

Bq

ℓ1
Rc

≈ 1

18
(25.32)

ͱ͍͏݅Λ༻͍Δɻ͜͜Ͱɺhν1 Ұࢠޫ࣍ͷΤωϧΪʔɺҰ͕ࢠޫ࣍ϖΞʹͳΔͷͰ

mc2γp =
hν1
2

= χ
Bq

B

R

ℓ1

Rc

R
mc2 (25.33)

ͱੵݟΒΕΔɻ

ϖΞੜΛ͍ͯ͠ΔྖҬͷαΠζɺ࣓ڧɺۂܘΛͦΕͧΕܘɺμΠϙʔϧ࣓ɺμΠϙʔϧ

࣓ͷ࣌ͷۂܘͰ֨نԽ͞Εͨྔɺℓ̂p = ℓp/R, b = B/Bd,rc = Rc/Rcd Λ͍ɺ͜Ε·ͰಘΒΕͨؔ

Βɺ͔

Polar Cap Pair Luminosity ͷਪఆࣜ

2016model-22; Lp = Ṅpmc2γp =

[
ℓ̂prcχ

b

]
·
(
ℓ1
R

)−2

·
[(

ΩR

c

)−1/2(Bq

Bd

)
mc2I0

e

]
(25.34)

ΛಘΔɻҎ্࣓ؾϖΞੜͱ͍͏ԾఆͷΈͰ΄΅ܾ·ΔදݱͰ͋Δɻ͜ͷࣜͷதͰ࠷ॳͷେ͖ͳҼࢠ []

 polar cap ͷ࣓ڧͱزԿܗঢ় (ଟॏۃͷ࣓ͷد༩ͳͲ) தੑࢠͷ࣓ͷ͕ੑݸө͢Δ෦Ͱ

͋Δɻ;ͨͭΊͷҼࢠ (R/ℓ1)2 ిͷܗͱγʔϧυͷཧͰܾఆ͞ΕΔ͖ྔͰ͋Γɺޙ࠷ͷҼࢠ

spindown parameter (P , Ṗ )͔Βܾ·Δύϧαʔݻ༗ͷύϥϝʔλͰ͋Δɻ

Ҽࢠ ℓ1/RɺPoisson eq. ͷྗΛआΓͯҎԼͷΑ͏ʹܾఆ͞ΕΔɻ∇ ·E = 4πρgj ͱ ρgj ≈ ΩB/2πc͔Β

V1 = ℓ1E∥ = ℓ1 ·
[
4π

ΩB

2πc

]
· ℓ1 =

2ΩBℓ21
c

(25.35)

=
4Ω2BdR3

2c2
B

Bd

c

ΩR

(
ℓ1
R

)2

(25.36)

= 4V0
B

Bd

ℓ21
R2

c

ΩR
(25.37)

͜͜ͰɺV0 = µΩ2/c2 ͱͯ͠ɺ࣓ؾϞʔϝϯτ͔ΒಘΒΕΔμΠϙʔϧ࣓Λ µ = BdR3/2Ͱͩ͞Ίͯɺ

polar cap ࣓ (ՃྖҬͷ࣓) Bͱ۠ผͨ͠ɻb = B/BdΛଟॏ࣓ۃͷޮՌͷύϥϝʔλͱ͢ΔɻҎ্

͔Β

Ճిѹʹؔ͢ΔεέʔϦϯάଇ ΛಘΔɿ

2016model-26;

(
ℓ1
R

)2

=
V1

4bV0

(
ΩR

c

)
(25.38)

ిѹʹؔ͢ΔεέʔϦϯάଇΛೖ͢ΔͱϖΞޫ

2016model-Lp; Lp =
4ℓ̂pχrc
γ1

[(
ΩR

c

)−3/2(Bq

Bd

)]
Lrot (25.39)

ͱٻΊΒΕΔɻతʹɺ

2016model-Lpn; Lp =
1.10× 106P 3/2

γ1

(
0.1Bq

Bd

)(
χ

1/12

)
ℓ̂prcLrot (25.40)
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V1 = ℓ1E∥ = ℓ1 ·
[
4π

ΩB

2πc

]
· ℓ1 =

2ΩBℓ21
c

(25.35)

=
4Ω2BdR3

2c2
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ΩR
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ℓ1
R

)2

(25.36)

= 4V0
B
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ℓ21
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ΩR
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ిѹʹؔ͢ΔεέʔϦϯάଇΛೖ͢ΔͱϖΞޫ
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4ℓ̂pχrc
γ1
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ΩR

c

)−3/2(Bq
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ͱٻΊΒΕΔɻతʹɺ

2016model-Lpn; Lp =
1.10× 106P 3/2

γ1

(
0.1Bq
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Polar Cap Model



25.3. POLAR CAP MODEL ୈ 25. 2017(.TEX) MODEL

νΣοΫ͢Δ)ɻLp ͷॏཁͳ෦͕ Xઢޫ Lx ʹͳΔ͕ɺhard-X, soft-gammaʹ͘ߦ෦͋Δɻ

L1 = V1I =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

escaping particles

Lcurv =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

escaping gamma-ray

Lp =

⎧
⎪⎨

⎪⎩

escaping pairs

Lx

Lhhard X or soft-γ

(25.18)

Polar cap modelΛͯͬ࡞ Lp  Lx ͷ Lrot ΛґଘੑΛҎԼͰ͑ߟΔɻಛʹɺͦͷͷ࣓ґଘੑɺଟॏۃ

࣓ʹΑΔӨڹΛௐ͍ͨɻ·ͣɺLp ͷධՁ͔Β࢝ΊΔɻ

Point 1 (Polar cap ͔ΒͷϖΞͷޫ) Polar cap ͔Βຖඵ์ग़͞ΕΔిࢠཅిࢠϖΞཻࢠΛ Ṅpͱ

͠ɺ࡞ΒΕͨϖΞͷϩʔϨϯπҼࢠΛ γpͱ͢ΔͱɺPolar cap Ճ͔ثΒͪ࣋ग़͞ΕΔϖΞͷޫ

2017-Lp; Lp = Ṅpmc2(γp − 1) (25.19)

Ͱ༩͑ΒΕΔɻ͜ͷޫͷ΄ͱΜͲ͕࣓ࣹ์ݍؾͷͳΔͱ͍ͯ͑ߟΔɻ

ॳϖΞͷ์ࣹϝΧχζϜͱ͠ synchrotron radiation (SR)ͱ resonant Compton scattering (RCS) ͕

ΒΕΔɻॳͷϖΞ͔Βͷ์ࣹ͑ߟ (ೋࢠޫ࣍)ଟ͘ͷ߹Ͱ 2mc2 Λང͔ʹ͑ΔͷͰɺೋ͔ࢠޫ࣍Β

ೋͷϖΞ͕Ͱ͖ɺͦΕ͕ࢠޫ࣍ࡾΛ࡞ΓɺͱΤωϧΪʔΧεέʔυ͍ͯ͘͜͠ͱ͕͑ߟΒΕΔɻ

Ұࢠཻ࣍
(Ճཻࢠ)

→ Ұࢠޫ࣍
(์ࣹۂ)

→ ॳϖΞ
(ೋࢠཻ࣍)

→ ೋࢠޫ࣍
(SR/RCS)

→ ϖΞ࣍2 → ࢠޫ࣍3
(SR/RCS)

→

Point 2 Polar cap ͷඪ४తϞσϧͰɺՃ͞ΕͨҰࢠཻ࣍ γ1mc2 ͕ɺۂ์ࣹʹΑΓҰࢠޫ࣍ hν1 Λ์ࣹ
͠ɺͦΕ͕࣓ڧʹΑΓϖΞੜ͢Δͱ͑ߟΔɻ
ϖΞੜͰ͋Δ݅ؾ࣓ (8.13)͔ΒɺҰࢠޫ࣍ͷΤωϧΪʔ (͜Εಉ࣌ʹॳϖΞͷΤωϧΪʔͰ͋Δ)ɺ

2017-paircond; γpmc2 =
hν1
2

= χ
Bq

B⊥
mc2 = χ

Bq

B
Rc

ℓp
mc2 (25.20)

ͱݱΘͤΔɻ͜͜Ͱɺχ ≈ 1/15ఔͷྔͰ͋Δ (Ruderman & Sutherland 1975)ɻ
͞Βʹɺhν1 ์ࣹͳͷͰۂ͕ (8.2)Λೖ͢Δͱ

2017-gam3; γ3
1 =

4χ
3

Bq

B
R2

c

ℓp(!/mc)
(25.21)

ΛಘΔɻ͜͜ͰɺB⊥ = B(ℓp/Rc)ͱධՁͨ͠ɻ

Ҏ্ͷ͔ࢉܭΒɺॳϖΞͱҰ࣍ՃཻࢠͷϩʔϨϯπҼ͕ࢠɺϖΞੜͷฏࣗۉ༝ߦఔɺ࣓ڧɺۂܘͱؔ
͚ΒΕͨɻ

ॳϖΞͷશཻࢠϑϥοΫε Ṅp ΛͯͬੵݟΈΔɻ
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Energy Flow in the cascade

Power of the particle accelerator

Pair Luminosity  at 1st generation

çobservation

probably this part 
dominates  particle 
parts

Let us calculate Lp first, then
obtain Lx



Curvature photon

Pair production front

pair

Acceleration region
Pair production region of 
1st generation

Pair outflow

25.2. Lγ ͱ LX ͷղऍ ୈ 25. 2017 MODEL

ͷϖΞ͕Ͱ͖ɺͦΕ͕ࢠޫ࣍ࡾΛ࡞ΓɺͱΤωϧΪʔΧεέʔυ͍ͯ͘͜͠ͱ͕͑ߟΒΕΔɻLpͷॏ

ཁͳ෦͕ XઢޫʹͳΔՄੑ͕͋ΔɻLp ͷ Lrot ґଘੑͱ Lp ͷ XઢͷޮΛҎԼͰ͑ߟΔɻ

Polar cap ͷඪ४తϞσϧͰɺҰࢠޫ࣍ۂ์ࣹɺϖΞੜ࣓ؾతͳͰ͋Δͱ͑ߟΔɻ

Point 2 ϖΞੜͰ͋Δ݅ؾ࣓ (8.19)͔ΒɺҰࢠޫ࣍ͷΤωϧΪʔ (͜Εಉ࣌ʹॳϖΞͷΤωϧΪʔ

Ͱ͋Δ)ɺ

γpmc2 =
hν1
2

= χ
Bq

B⊥
mc2 = χ

Bq

B

Rc

ℓp
mc2 (25.19)

ͱݱΘͤΔɻ͜͜Ͱɺχ ≈ 1/15ఔͷྔͰ͋Δ (Ruderman & Sutherland 1975)ɻ

͞Βʹɺhν1 ์ࣹͳͷͰۂ͕ (8.2)Λ༻͍Δͱ

2017-gam3; γ3
1 =

4χ

3

Bq

B

R2
c

ℓp(!/mc)
(25.20)

͜͜ͰɺB⊥ = B(ℓp/Rc)ͱධՁͨ͠ɻ͜ͷ γ1 Λ (25.23)ʹೖ͢Ε্͕ࣜಘΒΕΔɻ

Ҏ্ͷ͔ࢉܭΒɺॳϖΞͱҰ࣍ՃཻࢠͷϩʔϨϯπҼ͕ࢠɺϖΞੜͷฏࣗۉ༝ߦఔɺ࣓ڧɺۂ

ܘͱ͚ؔΒΕͨɻ

ॳϖΞͷશཻࢠϑϥοΫε Ṅp ΛͯͬੵݟΈΔɻ

Point 3 Ұ࣍ՃཻࢠҰ͔ͭΒͭزͷॳϖΞ͕Ͱ͖Δ͔Λද͢ྔͱͯ͠ pair multiplisity MΛಋೖ͢Δɻ

ͷશϑϥοΫεΛࢠՃཻ࣍̍ Golereich-Julian valude I0/eͰ֨نԽ͢ΔͱɺॳϖΞͷશཻࢠϑϥοΫ

ε

2017-Np; Ṅp = 2M iI0
e

(25.21)

ͱͳΔɻ͜͜Ͱ iՃྖҬΛྲྀΕΔిྲྀΛ I0 Ͱ֨نԽͨͨ͠͠ͷͰ͋Δɻ

Ճຊ࣭తʹඇఆৗͰ͋Δͱ͓ΘΕΔ͕ɺ͍·͔Γʹఆৗঢ়ଶ͕͋Δͱ͢Δͱɺ·ͣɺՃిࢠཻ

ʹΑΓ ҬͰঃʑʹՃ͞Εྖ͕ࢠཻ࣍1 γ1ʹͳͬͨͱ͜ΖͰۂЍઢͷΤωϧΪʔ͕ hν1ʹୡ͠ɺରੜ

͕࢝·Δͱ͢ΔɻରੜͷͨΊͷฏࣗۉ༝ߦఔ ℓp ͱ͢Δͱɺ͜ͷڑਐΜͩͱ͜ΖͰ Pari production

fron͕ܗ͞ΕɺͦΕΑΓ֎ଆͰϖΞʹΑΓ E∥ = 0ʹεΫϦʔϯ͞ΕΔͱ͑ߟΒΕΔɻ

Point 4 PPF ͷ֎ͰՃͳ͍͕ۂޫࢠͷ์ࣹ͕ଓ͖ɺϖΞੜଓ͘ɻϖΞੜͷଓ͘ڑΛ ℓpc

ͱ͢ΔͱɺୈҰੈͷϖΞͷ multiplicity 

2017-multi; M =
Pcurv

hν1

ℓpc
c

=
4α

9

ℓpc
Rc

γ1 (25.22)
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magnetic pair creation ͷॳϖΞͷΤωϧΪʔ mc2γp ͷੵݟΓɿ

χ =
hν1
2mc2

B⊥
Bq

=
hν1
2mc2

B

Bq

ℓ1
Rc

≈ 1

18
(25.32)

ͱ͍͏݅Λ༻͍Δɻ͜͜Ͱɺhν1 Ұࢠޫ࣍ͷΤωϧΪʔɺҰ͕ࢠޫ࣍ϖΞʹͳΔͷͰ

mc2γp =
hν1
2

= χ
Bq

B

R

ℓ1

Rc

R
mc2 (25.33)

ͱੵݟΒΕΔɻ

ϖΞੜΛ͍ͯ͠ΔྖҬͷαΠζɺ࣓ڧɺۂܘΛͦΕͧΕܘɺμΠϙʔϧ࣓ɺμΠϙʔϧ

࣓ͷ࣌ͷۂܘͰ֨نԽ͞Εͨྔɺℓ̂p = ℓp/R, b = B/Bd,rc = Rc/Rcd Λ͍ɺ͜Ε·ͰಘΒΕͨؔ

Βɺ͔

Polar Cap Pair Luminosity ͷਪఆࣜ

2016model-22; Lp = Ṅpmc2γp =

[
ℓ̂prcχ

b

]
·
(
ℓ1
R

)−2

·
[(

ΩR

c

)−1/2(Bq

Bd

)
mc2I0

e

]
(25.34)

ΛಘΔɻҎ্࣓ؾϖΞੜͱ͍͏ԾఆͷΈͰ΄΅ܾ·ΔදݱͰ͋Δɻ͜ͷࣜͷதͰ࠷ॳͷେ͖ͳҼࢠ []

 polar cap ͷ࣓ڧͱزԿܗঢ় (ଟॏۃͷ࣓ͷد༩ͳͲ) தੑࢠͷ࣓ͷ͕ੑݸө͢Δ෦Ͱ

͋Δɻ;ͨͭΊͷҼࢠ (R/ℓ1)2 ిͷܗͱγʔϧυͷཧͰܾఆ͞ΕΔ͖ྔͰ͋Γɺޙ࠷ͷҼࢠ

spindown parameter (P , Ṗ )͔Βܾ·Δύϧαʔݻ༗ͷύϥϝʔλͰ͋Δɻ

Ҽࢠ ℓ1/RɺPoisson eq. ͷྗΛआΓͯҎԼͷΑ͏ʹܾఆ͞ΕΔɻ∇ ·E = 4πρgj ͱ ρgj ≈ ΩB/2πc͔Β

V1 = ℓ1E∥ = ℓ1 ·
[
4π

ΩB

2πc

]
· ℓ1 =

2ΩBℓ21
c

(25.35)

=
4Ω2BdR3

2c2
B

Bd

c

ΩR

(
ℓ1
R

)2

(25.36)

= 4V0
B

Bd

ℓ21
R2

c

ΩR
(25.37)

͜͜ͰɺV0 = µΩ2/c2 ͱͯ͠ɺ࣓ؾϞʔϝϯτ͔ΒಘΒΕΔμΠϙʔϧ࣓Λ µ = BdR3/2Ͱͩ͞Ίͯɺ

polar cap ࣓ (ՃྖҬͷ࣓) Bͱ۠ผͨ͠ɻb = B/BdΛଟॏ࣓ۃͷޮՌͷύϥϝʔλͱ͢ΔɻҎ্

͔Β

Ճిѹʹؔ͢ΔεέʔϦϯάଇ ΛಘΔɿ

2016model-26;

(
ℓ1
R

)2

=
V1

4bV0

(
ΩR

c

)
(25.38)

ిѹʹؔ͢ΔεέʔϦϯάଇΛೖ͢ΔͱϖΞޫ

2016model-Lp; Lp =
4ℓ̂pχrc
γ1

[(
ΩR

c

)−3/2(Bq

Bd

)]
Lrot (25.39)

ͱٻΊΒΕΔɻతʹɺ

2016model-Lpn; Lp =
1.10× 106P 3/2

γ1

(
0.1Bq

Bd

)(
χ

1/12

)
ℓ̂prcLrot (25.40)

365

ୈ 25. 2017 MODEL 25.2. Lγ ͱ LX ͷղऍ

ͭ·Γɺprimary pair multiplicity  ℓp/ℓ1 ఔ ऴతͳmultiplicity࠷ͷޙҎ߱Χεέʔυ࣍̎) Ͱͳ͍)ɻ

magnetic pair creation ͷॳϖΞͷΤωϧΪʔ mc2γp ͷੵݟΓɿ

χ =
hν1
2mc2

B⊥
Bq

=
hν1
2mc2

B

Bq

ℓ1
Rc

≈ 1

18
(25.32)

ͱ͍͏݅Λ༻͍Δɻ͜͜Ͱɺhν1 Ұࢠޫ࣍ͷΤωϧΪʔɺҰ͕ࢠޫ࣍ϖΞʹͳΔͷͰ

mc2γp =
hν1
2

= χ
Bq

B

R

ℓ1

Rc

R
mc2 (25.33)

ͱੵݟΒΕΔɻ

ϖΞੜΛ͍ͯ͠ΔྖҬͷαΠζɺ࣓ڧɺۂܘΛͦΕͧΕܘɺμΠϙʔϧ࣓ɺμΠϙʔϧ

࣓ͷ࣌ͷۂܘͰ֨نԽ͞Εͨྔɺℓ̂p = ℓp/R, b = B/Bd,rc = Rc/Rcd Λ͍ɺ͜Ε·ͰಘΒΕͨؔ

Βɺ͔

Polar Cap Pair Luminosity ͷਪఆࣜ

2016model-22; Lp = Ṅpmc2γp =
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= 4V0
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ℓ21
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ΩR
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2016model-Lp; Lp =
4ℓ̂pχrc
γ1

[(
ΩR

c

)−3/2(Bq

Bd
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Lrot (25.39)
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2016model-Lpn; Lp =
1.10× 106P 3/2
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(
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Bd

)(
χ
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)
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Point 3 Ұ࣍ՃཻࢠҰ͔ͭΒͭزͷॳϖΞ͕Ͱ͖Δ͔Λද͢ྔͱͯ͠ pair multiplisity MΛಋೖ͢Δɻ̍
ͷશϑϥοΫεΛࢠՃཻ࣍ Golereich-Julian valude I0/eͰ֨نԽ͢ΔͱɺॳϖΞͷશཻࢠϑϥοΫε

2017-Np; Ṅp = 2M iI0
e

(25.24)

ͱͳΔɻ͜͜Ͱ iՃྖҬΛྲྀΕΔిྲྀΛ I0 = µΩ2/cͰ֨نԽͨͨ͠͠ͷͰ͋Δɻ

(ඇఆৗੑ) Ճຊ࣭తʹඇఆৗͰ͋Δͱ͓ΘΕΔ͕ɺ͍·͔Γʹఆৗঢ়ଶࢠཻ (͋Δ͍ฏۉత࢟)
͕͋Δͱ͢ΔͱҎԼͷΑ͏Ͱ͋Δɻ·ͣɺՃిʹΑΓ ҬͰঃʑʹՃ͞Εྖ͕ࢠཻ࣍1 γ1 ʹͳͬ
ͨͱ͜ΖͰۂЍઢͷΤωϧΪʔ͕ hν1 ʹୡ͠ɺରੜ͕࢝·ΔɻରੜͷͨΊͷฏࣗۉ༝ߦఔ ℓp ͱ͢
Δͱɺ͜ͷڑਐΜͩͱ͜ΖͰ Pari production fron͕ܗ͞ΕɺͦΕΑΓ֎ଆͰϖΞʹΑΓ E∥ = 0
ʹεΫϦʔϯ͞ΕΔɻ

Point 4 ՃྖҬͷ֎ (PPFͷ֎ଆ)ͰՃͳ͍͕ۂޫࢠͷ์ࣹ͕ଓ͖ɺϖΞੜଓ͘ɻϖΞੜͷଓ
Λڑ͘ ℓpc ͱ͢ΔͱɺୈҰੈͷϖΞͷ multiplicity 

2017-multi; M =
Pcurv

hν1

ℓpc
c

=
4α
9

ℓpc
Rc

γ1 (25.25)

Ͱ༩͑ΒΕΔɻ͜͜ͰϖΞੜͷଓ͘ڑɺ࣓ڧ͕ଓ͘͞ͱۂ์ࣹʹΑΔݮਰڑͷ͏ͪͷখ͍͞ํɿ

2017-Lp1; ℓpc = min (τc, R) (25.26)

Ͱ͋Ζ͏ɻ͜͜Ͱɺ

2017-tauc; τc =
3

2γ3
1

R2
c

re
(25.27)

re = e2/mc2 ݹయిࢠܘͰ͋Δɻ

์ࣹͷύϫʔۂ(໌ূ) (8.3)ΛయܕతۂޫࢠͷΤωϧΪʔ (8.2)ͰׂΔͱຖඵͷ์ࣹޫࢠ͕Pcurv/hν1
ͰٻΊΒΕΔɻྖҬͷ͞ͷ௨աؒ࣌ ℓpc/cΛ͔͚ΔͱྖҬͰ์ࣹ͞ΕΔޫࢠ͕ٻ·Γɺ͜Ε͕ mul-
tiplicity ʹͳΔɻ

ྖҬͷ࣓͕͍ؒ͞ڧϖΞੜՄͳͷͰɺ࣓͕ऑ͘ͳΒͳ͍ڑͱ͍͏͜ͱͰ RఔͱΈͭ
ΒΕΔ͕ɺۂ์ࣹݮਰʹΑཻ͕ͬͯࢠΤωϧΪʔΛࣦ͏ڑ͕͍ͱ͖ͦͷ͞ τc = γ1mc3/Pcurv

͔͠ϖΞܗଓ͔ͳ͍ɻͳͷͰɺ྆ऀͷ͍ํ͕ ℓpc ʹͳΔɻ

• τc/R < 1ͷͱ͖ɺτc = γ1mc3/Pcurv Λɺ(25.25)ɺ(25.24)ɺ(25.58)ʹೖ͢ΔͱɺLp = γ1mc2iI0/e ͱͳ
ΓɺҰ࣍Ճཻࢠʹ͗ࠐ·ΕͨશΤωϧΪʔ͕ ॳϖΞʹ͍ͯͬߦΔɻ

• τc/R > 1ͷͱ͖ɺՃྖҬͷύϫʔͷ R/τc΄Ͳ͕ϖΞʹ͖ߦɺΓۂ์ࣹ͋Δཻ͍ࢠͷΤωϧΪʔ
ͱͯͪ࣋͠ग़͞ΕΔɻ(ͷ͜Γ͕Ͳ͏ͳΔ͔ͷͪ΄Ͳ͗ΖΜ͠ͳ͚Ε)

Lp = L1 if τc < R (25.28)

Lp = (τc/R)L1 < L1 if τc > R (25.29)

ͨͩ͠ɺτc/Rͷ͕Ͳ͏ͳΔ͔ɺγ1, ℓpc ͳͲͷՃྖҬͷύϥϝʔλΛܾΊͳ͚ΕͳΒͳ͍ͷͰ͜ͷ࣌Ͱɺ
P ,B.Rc ͷґଘੑܾ·Βͳ͍ɻҎԼͰՃϞσϧΛ͍ΕΔͱɺҎԼͰ (25.60)ͱධՁ͞ΕΔɻ
ՃిѹΛܾΊΔϞσϧ͕͋Εɺ(25.23)Λ༻͍ͯ ℓp ͕ܾ·ΓɺLp ͕ܾఆͰ͖ΔɻՃϞσϧ৭ʑՄੑ͕͋

Δ͕جຊతʹ ∇ ·E∥ = 4π(ρe − ρgj)Ͱి͕ܾఆ͞ΕΔɻ͜͜Ͱిՙີͷ Goldreich-Julian ີ ρgj ͱͷζϨ
ɺρgj ఔͱ༧͞ΕΔͷͰɺE∥ ≈ 4π∆jρgjℓ1 ͱ͑ߟΑ͏ɻ
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ΒΕ͑ߟΓɺͱΤωϧΪʔΧεέʔυ͍ͯ͘͜͠ͱ͕࡞Λࢠޫ࣍ࡾΒೋͷϖΞ͕Ͱ͖ɺͦΕ͕͔ࢠ

ΔɻLpͷຆͲ͕݁ہ์ࣹʹͳΔͱ͑ߟΒΕΔ ͰνΣοΫ͢Δɺ100%์ࣹʹͳΒͳ͍߹͋Δ͔͠ޙ)

Εͳ͍)ɻLpͷॏཁͳ෦͕Xઢޫ LxʹͳΔɻLpͱ Lxͷ LrotґଘੑΛҎԼͰ͑ߟΔɻಛʹɺLx/Lrot

ͷ࣓ґଘੑɺଟॏ࣓ۃʹΑΔӨڹΛௐ͍ͨɻ

Point 2 Polar cap ͷඪ४తϞσϧͰɺՃ͞ΕͨҰࢠཻ࣍ γ1mc2͕ɺۂ์ࣹʹΑΓҰࢠޫ࣍ hν1

Λ์ࣹ͠ɺͦΕ͕࣓ڧʹΑΓϖΞੜ͢Δͱ͑ߟΔɻ

ϖΞੜͰ͋Δ݅ؾ࣓ (8.38)͔ΒɺҰࢠޫ࣍ͷΤωϧΪʔ (͜Εಉ࣌ʹॳϖΞͷΤωϧΪʔͰ

͋Δ)ɺ

γpmc2 =
hν1
2

= χ
Bq

B⊥
mc2 = χ

Bq

B

Rc

ℓp
mc2 (25.19)

ͱݱΘͤΔɻ͜͜Ͱɺχ ≈ 1/15ఔͷྔͰ͋Δ (Ruderman & Sutherland 1975)ɻ

͞Βʹɺhν1 ์ࣹͳͷͰۂ͕ (8.2)Λ༻͍Δͱ

2017-gam3; γ3
1 =

4χ

3

Bq

B

R2
c

ℓp(!/mc)
(25.20)

͜͜ͰɺB⊥ = B(ℓp/Rc)ͱධՁͨ͠ɻ

Ҏ্ͷ͔ࢉܭΒɺॳϖΞͱҰ࣍ՃཻࢠͷϩʔϨϯπҼ͕ࢠɺϖΞੜͷฏࣗۉ༝ߦఔɺ࣓ڧɺۂ

ܘͱ͚ؔΒΕͨɻ

ॳϖΞͷશཻࢠϑϥοΫε Ṅp ΛͯͬੵݟΈΔɻ

Point 3 Ұ࣍ՃཻࢠҰ͔ͭΒͭزͷॳϖΞ͕Ͱ͖Δ͔Λද͢ྔͱͯ͠ pair multiplisity MΛಋೖ

͢Δɻ̍࣍ՃཻࢠͷશϑϥοΫεΛ Golereich-Julian valude I0/eͰ֨نԽ͢ΔͱɺॳϖΞͷશཻ

ϑϥοΫεࢠ

2017-Np; Ṅp = 2M iI0
e

(25.21)

ͱͳΔɻ͜͜Ͱ iՃྖҬΛྲྀΕΔిྲྀΛ I0 Ͱ֨نԽͨͨ͠͠ͷͰ͋Δɻ

(ඇఆৗੑ) Ճຊ࣭తʹඇఆৗͰ͋Δͱ͓ΘΕΔ͕ɺ͍·͔Γʹఆৗঢ়ଶࢠཻ (͋Δ͍ฏۉత࢟)
͕͋Δͱ͢Δͱɺ·ͣɺՃిʹΑΓ ҬͰঃʑʹՃ͞Εྖ͕ࢠཻ࣍1 γ1 ʹͳͬͨͱ͜ΖͰۂЍ
ઢͷΤωϧΪʔ͕ hν1 ʹୡ͠ɺରੜ͕࢝·Δͱ͢ΔɻରੜͷͨΊͷฏࣗۉ༝ߦఔ ℓp ͱ͢Δͱɺ͜ͷ
ਐΜͩͱ͜ΖͰڑ Pari production fron͕ܗ͞ΕɺͦΕΑΓ֎ଆͰϖΞʹΑΓ E∥ = 0ʹεΫϦʔ
ϯ͞ΕΔͱ͑ߟΒΕΔɻ

Point 4 ՃྖҬͷ֎ (PPFͷ֎ଆ)ͰՃͳ͍͕ۂޫࢠͷ์ࣹ͕ଓ͖ɺϖΞੜଓ͘ɻϖΞ

ੜͷଓ͘ڑΛ ℓpc ͱ͢ΔͱɺୈҰੈͷϖΞͷ multiplicity 

2017-multi; M =
Pcurv

hν1

ℓpc
c

=
4α

9

ℓpc
Rc

γ1 (25.22)
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νΣοΫ͢Δ)ɻLp ͷॏཁͳ෦͕ Xઢޫ Lx ʹͳΔ͕ɺhard-X, soft-gammaʹ͘ߦ෦͋Δɻ

L1 = V1I =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

escaping particles

Lcurv =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

escaping gamma-ray

Lp =

⎧
⎪⎨

⎪⎩

escaping pairs

Lx

Lhhard X or soft-γ

(25.18)

Polar cap modelΛͯͬ࡞ Lp  Lx ͷ Lrot ΛґଘੑΛҎԼͰ͑ߟΔɻಛʹɺͦͷͷ࣓ґଘੑɺଟॏۃ

࣓ʹΑΔӨڹΛௐ͍ͨɻ·ͣɺLp ͷධՁ͔Β࢝ΊΔɻ

Point 1 (Polar cap ͔ΒͷϖΞͷޫ) Polar cap ͔Βຖඵ์ग़͞ΕΔిࢠཅిࢠϖΞཻࢠΛ Ṅpͱ

͠ɺ࡞ΒΕͨϖΞͷϩʔϨϯπҼࢠΛ γpͱ͢ΔͱɺPolar cap Ճ͔ثΒͪ࣋ग़͞ΕΔϖΞͷޫ

2017-Lp; Lp = Ṅpmc2(γp − 1) (25.19)

Ͱ༩͑ΒΕΔɻ͜ͷޫͷ΄ͱΜͲ͕࣓ࣹ์ݍؾͷͳΔͱ͍ͯ͑ߟΔɻ

ॳϖΞͷ์ࣹϝΧχζϜͱ͠ synchrotron radiation (SR)ͱ resonant Compton scattering (RCS) ͕

ΒΕΔɻॳͷϖΞ͔Βͷ์ࣹ͑ߟ (ೋࢠޫ࣍)ଟ͘ͷ߹Ͱ 2mc2 Λང͔ʹ͑ΔͷͰɺೋ͔ࢠޫ࣍Β

ೋͷϖΞ͕Ͱ͖ɺͦΕ͕ࢠޫ࣍ࡾΛ࡞ΓɺͱΤωϧΪʔΧεέʔυ͍ͯ͘͜͠ͱ͕͑ߟΒΕΔɻ

Ұࢠཻ࣍
(Ճཻࢠ)

→ Ұࢠޫ࣍
(์ࣹۂ)

→ ॳϖΞ
(ೋࢠཻ࣍)

→ ೋࢠޫ࣍
(SR/RCS)

→ ϖΞ࣍2 → ࢠޫ࣍3
(SR/RCS)

→

Point 2 Polar cap ͷඪ४తϞσϧͰɺՃ͞ΕͨҰࢠཻ࣍ γ1mc2 ͕ɺۂ์ࣹʹΑΓҰࢠޫ࣍ hν1 Λ์ࣹ
͠ɺͦΕ͕࣓ڧʹΑΓϖΞੜ͢Δͱ͑ߟΔɻ
ϖΞੜͰ͋Δ݅ؾ࣓ (8.13)͔ΒɺҰࢠޫ࣍ͷΤωϧΪʔ (͜Εಉ࣌ʹॳϖΞͷΤωϧΪʔͰ͋Δ)ɺ

2017-paircond; γpmc2 =
hν1
2

= χ
Bq

B⊥
mc2 = χ

Bq

B
Rc

ℓp
mc2 (25.20)

or

γp =
hν1
2mc2

= χ
Bq

B⊥
= χ

Bq

B
Rc

ℓp
(25.21)

ͱݱΘͤΔɻ͜͜Ͱɺχ ≈ 1/15ఔͷྔͰ͋Δ (Ruderman & Sutherland 1975)ɻ
͞Βʹɺhν1 ์ࣹͳͷͰۂ͕ (8.2),

hν1
2mc2

=
3
4
!/mc
Rc

γ3
1 (25.22)

Λೖ͢Δͱ

2017-gam3; γ3
1 =

4χ
3

Bq

B
R2

c

ℓp(!/mc)
(25.23)

ΛಘΔɻ͜͜ͰɺB⊥ = B(ℓp/Rc)ͱධՁͨ͠ɻ

Ҏ্ͷ͔ࢉܭΒɺॳϖΞͱҰ࣍ՃཻࢠͷϩʔϨϯπҼ͕ࢠɺϖΞੜͷฏࣗۉ༝ߦఔɺ࣓ڧɺۂܘͱؔ
͚ΒΕͨɻ
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νΣοΫ͢Δ)ɻLp ͷॏཁͳ෦͕ Xઢޫ Lx ʹͳΔ͕ɺhard-X, soft-gammaʹ͘ߦ෦͋Δɻ

L1 = V1I =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

escaping particles

Lcurv =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

escaping gamma-ray

Lp =

⎧
⎪⎨

⎪⎩

escaping pairs

Lx

Lhhard X or soft-γ

(25.18)

Polar cap modelΛͯͬ࡞ Lp  Lx ͷ Lrot ΛґଘੑΛҎԼͰ͑ߟΔɻಛʹɺͦͷͷ࣓ґଘੑɺଟॏۃ

࣓ʹΑΔӨڹΛௐ͍ͨɻ·ͣɺLp ͷධՁ͔Β࢝ΊΔɻ

Point 1 (Polar cap ͔ΒͷϖΞͷޫ) Polar cap ͔Βຖඵ์ग़͞ΕΔిࢠཅిࢠϖΞཻࢠΛ Ṅpͱ

͠ɺ࡞ΒΕͨϖΞͷϩʔϨϯπҼࢠΛ γpͱ͢ΔͱɺPolar cap Ճ͔ثΒͪ࣋ग़͞ΕΔϖΞͷޫ

2017-Lp; Lp = Ṅpmc2(γp − 1) (25.19)

Ͱ༩͑ΒΕΔɻ͜ͷޫͷ΄ͱΜͲ͕࣓ࣹ์ݍؾͷͳΔͱ͍ͯ͑ߟΔɻ

ॳϖΞͷ์ࣹϝΧχζϜͱ͠ synchrotron radiation (SR)ͱ resonant Compton scattering (RCS) ͕

ΒΕΔɻॳͷϖΞ͔Βͷ์ࣹ͑ߟ (ೋࢠޫ࣍)ଟ͘ͷ߹Ͱ 2mc2 Λང͔ʹ͑ΔͷͰɺೋ͔ࢠޫ࣍Β

ೋͷϖΞ͕Ͱ͖ɺͦΕ͕ࢠޫ࣍ࡾΛ࡞ΓɺͱΤωϧΪʔΧεέʔυ͍ͯ͘͜͠ͱ͕͑ߟΒΕΔɻ

Ұࢠཻ࣍
(Ճཻࢠ)

→ Ұࢠޫ࣍
(์ࣹۂ)

→ ॳϖΞ
(ೋࢠཻ࣍)

→ ೋࢠޫ࣍
(SR/RCS)

→ ϖΞ࣍2 → ࢠޫ࣍3
(SR/RCS)

→

Point 2 Polar cap ͷඪ४తϞσϧͰɺՃ͞ΕͨҰࢠཻ࣍ γ1mc2 ͕ɺۂ์ࣹʹΑΓҰࢠޫ࣍ hν1 Λ์ࣹ
͠ɺͦΕ͕࣓ڧʹΑΓϖΞੜ͢Δͱ͑ߟΔɻ
ϖΞੜͰ͋Δ݅ؾ࣓ (8.13)͔ΒɺҰࢠޫ࣍ͷΤωϧΪʔ (͜Εಉ࣌ʹॳϖΞͷΤωϧΪʔͰ͋Δ)ɺ

2017-paircond; γpmc2 =
hν1
2

= χ
Bq

B⊥
mc2 = χ

Bq

B
Rc

ℓp
mc2 (25.20)

or

γp =
hν1
2mc2

= χ
Bq

B⊥
= χ

Bq

B
Rc

ℓp
(25.21)

ͱݱΘͤΔɻ͜͜Ͱɺχ ≈ 1/15ఔͷྔͰ͋Δ (Ruderman & Sutherland 1975)ɻ
͞Βʹɺhν1 ์ࣹͳͷͰۂ͕ (8.2),

hν1
2mc2

=
3
4
!/mc
Rc

γ3
1 (25.22)

Λೖ͢Δͱ

2017-gam3; γ3
1 =

4χ
3

Bq

B
R2

c

ℓp(!/mc)
(25.23)

ΛಘΔɻ͜͜ͰɺB⊥ = B(ℓp/Rc)ͱධՁͨ͠ɻ
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Primary photon = curvature rad.
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νΣοΫ͢Δ)ɻLp ͷॏཁͳ෦͕ Xઢޫ Lx ʹͳΔ͕ɺhard-X, soft-gammaʹ͘ߦ෦͋Δɻ

L1 = V1I =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

escaping particles

Lcurv =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

escaping gamma-ray

Lp =

⎧
⎪⎨

⎪⎩

escaping pairs

Lx

Lhhard X or soft-γ

(25.18)

Polar cap modelΛͯͬ࡞ Lp  Lx ͷ Lrot ΛґଘੑΛҎԼͰ͑ߟΔɻಛʹɺͦͷͷ࣓ґଘੑɺଟॏۃ

࣓ʹΑΔӨڹΛௐ͍ͨɻ·ͣɺLp ͷධՁ͔Β࢝ΊΔɻ

Point 1 (Polar cap ͔ΒͷϖΞͷޫ) Polar cap ͔Βຖඵ์ग़͞ΕΔిࢠཅిࢠϖΞཻࢠΛ Ṅpͱ

͠ɺ࡞ΒΕͨϖΞͷϩʔϨϯπҼࢠΛ γpͱ͢ΔͱɺPolar cap Ճ͔ثΒͪ࣋ग़͞ΕΔϖΞͷޫ

2017-Lp; Lp = Ṅpmc2(γp − 1) (25.19)

Ͱ༩͑ΒΕΔɻ͜ͷޫͷ΄ͱΜͲ͕࣓ࣹ์ݍؾͷͳΔͱ͍ͯ͑ߟΔɻ

ॳϖΞͷ์ࣹϝΧχζϜͱ͠ synchrotron radiation (SR)ͱ resonant Compton scattering (RCS) ͕

ΒΕΔɻॳͷϖΞ͔Βͷ์ࣹ͑ߟ (ೋࢠޫ࣍)ଟ͘ͷ߹Ͱ 2mc2 Λང͔ʹ͑ΔͷͰɺೋ͔ࢠޫ࣍Β

ೋͷϖΞ͕Ͱ͖ɺͦΕ͕ࢠޫ࣍ࡾΛ࡞ΓɺͱΤωϧΪʔΧεέʔυ͍ͯ͘͜͠ͱ͕͑ߟΒΕΔɻ

Ұࢠཻ࣍
(Ճཻࢠ)

→ Ұࢠޫ࣍
(์ࣹۂ)

→ ॳϖΞ
(ೋࢠཻ࣍)

→ ೋࢠޫ࣍
(SR/RCS)

→ ϖΞ࣍2 → ࢠޫ࣍3
(SR/RCS)

→

Point 2 Polar cap ͷඪ४తϞσϧͰɺՃ͞ΕͨҰࢠཻ࣍ γ1mc2 ͕ɺۂ์ࣹʹΑΓҰࢠޫ࣍ hν1 Λ์ࣹ
͠ɺͦΕ͕࣓ڧʹΑΓϖΞੜ͢Δͱ͑ߟΔɻ
ϖΞੜͰ͋Δ݅ؾ࣓ (8.13)͔ΒɺҰࢠޫ࣍ͷΤωϧΪʔ (͜Εಉ࣌ʹॳϖΞͷΤωϧΪʔͰ͋Δ)ɺ

2017-paircond; γpmc2 =
hν1
2

= χ
Bq

B⊥
mc2 = χ

Bq

B
Rc

ℓp
mc2 (25.20)

or

γp =
hν1
2mc2

= χ
Bq

B⊥
= χ

Bq

B
Rc

ℓp
(25.21)

ͱݱΘͤΔɻ͜͜Ͱɺχ ≈ 1/15ఔͷྔͰ͋Δ (Ruderman & Sutherland 1975)ɻ
͞Βʹɺhν1 ์ࣹͳͷͰۂ͕ (8.2),

hν1
2mc2

=
3
4
!/mc
Rc

γ3
1 (25.22)

Λೖ͢Δͱ

2017-gam3; γ3
1 =

4χ
3

Bq

B
R2

c

ℓp(!/mc)
(25.23)

ΛಘΔɻ͜͜ͰɺB⊥ = B(ℓp/Rc)ͱධՁͨ͠ɻ
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370

Standard Polar Cap model

large B è short pair mean free path if γ1 const.

condition I
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Ͱ༩͑ΒΕΔɻ͜͜ͰϖΞੜͷଓ͘ڑɺ࣓ڧ͕ଓ͘͞ͱۂ์ࣹʹΑΔݮਰڑͷ͏ͪͷখ

͍͞ํɿ

2017-Lp1; ℓpc = min (τc, R) (25.23)

Ͱ͋Ζ͏ɻ͜͜Ͱɺ

2017-tauc; τc =
3

2γ3
1

R2
c

re
(25.24)

re = e2/mc2 ݹయిࢠܘͰ͋Δɻ

(ূ໌) ์ࣹͷύϫʔۂ (8.3)ΛయܕతۂޫࢠͷΤωϧΪʔ (8.2) ͰׂΔͱຖඵͷ์ࣹޫࢠ

͕ Pcurv/hν1 ͰٻΊΒΕΔɻྖҬͷ͞ͷ௨աؒ࣌ ℓpc/cΛ͔͚ΔͱྖҬͰ์ࣹ͞ΕΔޫࢠ

͕ٻ·Γɺ͜Ε͕ multiplicity ʹͳΔɻ

ྖҬͷ࣓͕͍ؒ͞ڧϖΞੜՄͳͷͰɺ࣓͕ऑ͘ͳΒͳ͍ڑͱ͍͏͜ͱͰ Rఔ

ͱΈͭΒΕΔ͕ɺۂ์ࣹݮਰʹΑཻ͕ͬͯࢠΤωϧΪʔΛࣦ͏ڑ͕͍ͱ͖ͦͷ

͞ τc = γ1mc3/Pcurv ͔͠ϖΞܗଓ͔ͳ͍ɻͳͷͰɺ྆ऀͷ͍ํ͕ ℓpc ʹͳΔɻ

τc/R < 1ͷͱ͖ɺτc = γ1mc3/Pcurv Λɺ(25.22)ɺ(25.21)ɺ(25.53)ʹೖ͢ΔͱɺLp = γ1mc2iI0/e

ͱͳΓɺҰ࣍Ճཻࢠʹ͗ࠐ·ΕͨશΤωϧΪʔ͕ॳϖΞʹ͍ͯͬߦΔɻٯʹɺτc > Rͷͱ͖ɺՃ

ྖҬͷύϫʔͷ R/τc΄Ͳ͕ϖΞʹ͖ߦɺΓۂ์ࣹ͋Δཻ͍ࢠͷΤωϧΪʔͱͯͪ࣋͠ग़͞Ε

Δɻ(ͷ͜Γ͕Ͳ͏ͳΔ͔ͷͪ΄Ͳ͗ΖΜ͠ͳ͚Ε)

ՃిѹΛܾΊΔϞσϧ͕͋Εɺ(25.20)Λ༻͍ͯ ℓp͕ܾ·ΓɺLp͕ܾఆͰ͖ΔɻՃϞσϧ৭ʑՄ

ੑ͕͋Δ͕جຊతʹ∇ ·E∥ = 4π(ρe − ρgj)Ͱి͕ܾఆ͞ΕΔɻ͜͜Ͱిՙີͷ Goldreich-Julian

ີ ρgj ͱͷζϨɺρgj ఔͱ༧͞ΕΔͷͰɺE∥ ≈ 4π∆jρgjℓ1 ͱ͑ߟΑ͏ɻ

Point 5 Poisson equation ∇ ·E∥ = 4π(ρe − ρgj)͔Βɺ

E∥ =
2∆jΩB

c
ℓ1 (25.25)

2017-poisson; V1 ≈ 1

2
E∥ℓ1 = ∆j

ΩB

c
ℓ21 (25.26)

ΛಘΔɻ͜͜Ͱɺρgj = ΩB/2πcɻ(Shibata S., 1997, mnras, 287,262) ಉࣜ͡ polar cap ܘ Rpc =

(ΩR/c)1/2RͰՃྖҬͷ͞Λ֨نԽ͢Δͱ

V1

V0
= 2∆j

(
ℓ1
Rpc

)2

(25.27)

ͱॻ͚Δɻ͕ͨͬͯ͠ ͠ɺℓ1 >∼ Rpc ͳΒɺV1 ∼ V0 Ͱ satulate͢ΔͩΖ͏ɻ

(25.26)ʹΑΔͱɺՃڑ ℓ1͕ͲΜͲΜ৳ͼΔͱɺՃిѹ͕ೋؔ࣍ͰͲΜͲΜ্ঢ͢Δ͕ɺͦΕʹ

ͬͯɺ(25.20)ʹΑͬͯϖΞܗͷฏࣗۉ༝ߦఔ͕͘ͳΓϖΞܗ͢Δॴ͕Ұ൪ଆʹೖͬͨͱ͜Ζ

Ͱ Pair Production Front (PPF)Λܗ͢Δɻ
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Ͱ༩͑ΒΕΔɻ͜͜ͰϖΞੜͷଓ͘ڑɺ࣓ڧ͕ଓ͘͞ͱۂ์ࣹʹΑΔݮਰڑͷ͏ͪͷখ

͍͞ํɿ

2017-Lp1; ℓpc = min (τc, R) (25.23)

Ͱ͋Ζ͏ɻ͜͜Ͱɺ

2017-tauc; τc =
3

2γ3
1

R2
c

re
(25.24)

re = e2/mc2 ݹయిࢠܘͰ͋Δɻ

(ূ໌) ์ࣹͷύϫʔۂ (8.3)ΛయܕతۂޫࢠͷΤωϧΪʔ (8.2) ͰׂΔͱຖඵͷ์ࣹޫࢠ

͕ Pcurv/hν1 ͰٻΊΒΕΔɻྖҬͷ͞ͷ௨աؒ࣌ ℓpc/cΛ͔͚ΔͱྖҬͰ์ࣹ͞ΕΔޫࢠ

͕ٻ·Γɺ͜Ε͕ multiplicity ʹͳΔɻ

ྖҬͷ࣓͕͍ؒ͞ڧϖΞੜՄͳͷͰɺ࣓͕ऑ͘ͳΒͳ͍ڑͱ͍͏͜ͱͰ Rఔ

ͱΈͭΒΕΔ͕ɺۂ์ࣹݮਰʹΑཻ͕ͬͯࢠΤωϧΪʔΛࣦ͏ڑ͕͍ͱ͖ͦͷ

͞ τc = γ1mc3/Pcurv ͔͠ϖΞܗଓ͔ͳ͍ɻͳͷͰɺ྆ऀͷ͍ํ͕ ℓpc ʹͳΔɻ

τc/R < 1ͷͱ͖ɺτc = γ1mc3/Pcurv Λɺ(25.22)ɺ(25.21)ɺ(25.53)ʹೖ͢ΔͱɺLp = γ1mc2iI0/e

ͱͳΓɺҰ࣍Ճཻࢠʹ͗ࠐ·ΕͨશΤωϧΪʔ͕ॳϖΞʹ͍ͯͬߦΔɻٯʹɺτc > Rͷͱ͖ɺՃ

ྖҬͷύϫʔͷ R/τc΄Ͳ͕ϖΞʹ͖ߦɺΓۂ์ࣹ͋Δཻ͍ࢠͷΤωϧΪʔͱͯͪ࣋͠ग़͞Ε

Δɻ(ͷ͜Γ͕Ͳ͏ͳΔ͔ͷͪ΄Ͳ͗ΖΜ͠ͳ͚Ε)

ՃిѹΛܾΊΔϞσϧ͕͋Εɺ(25.20)Λ༻͍ͯ ℓp͕ܾ·ΓɺLp͕ܾఆͰ͖ΔɻՃϞσϧ৭ʑՄ

ੑ͕͋Δ͕جຊతʹ∇ ·E∥ = 4π(ρe − ρgj)Ͱి͕ܾఆ͞ΕΔɻ͜͜Ͱిՙີͷ Goldreich-Julian

ີ ρgj ͱͷζϨɺρgj ఔͱ༧͞ΕΔͷͰɺE∥ ≈ 4π∆jρgjℓ1 ͱ͑ߟΑ͏ɻ

Point 5 Poisson equation ∇ ·E∥ = 4π(ρe − ρgj)͔Βɺ

E∥ =
2∆jΩB

c
ℓ1 (25.25)

2017-poisson; V1 ≈ 1

2
E∥ℓ1 = ∆j

ΩB

c
ℓ21 (25.26)

ΛಘΔɻ͜͜Ͱɺρgj = ΩB/2πcɻ(Shibata S., 1997, mnras, 287,262) ಉࣜ͡ polar cap ܘ Rpc =

(ΩR/c)1/2RͰՃྖҬͷ͞Λ֨نԽ͢Δͱ

V1

V0
= 2∆j

(
ℓ1
Rpc

)2

(25.27)

ͱॻ͚Δɻ͕ͨͬͯ͠ ͠ɺℓ1 >∼ Rpc ͳΒɺV1 ∼ V0 Ͱ satulate͢ΔͩΖ͏ɻ

(25.26)ʹΑΔͱɺՃڑ ℓ1͕ͲΜͲΜ৳ͼΔͱɺՃిѹ͕ೋؔ࣍ͰͲΜͲΜ্ঢ͢Δ͕ɺͦΕʹ

ͬͯɺ(25.20)ʹΑͬͯϖΞܗͷฏࣗۉ༝ߦఔ͕͘ͳΓϖΞܗ͢Δॴ͕Ұ൪ଆʹೖͬͨͱ͜Ζ

Ͱ Pair Production Front (PPF)Λܗ͢Δɻ
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Point 5 Poisson equation ∇ ·E∥ = 4π(ρe − ρgj)͔Βɺ

E∥ =
2∆jΩB

c
ℓ1 (25.30)

2017-poisson; V1 ≈ 1
2
E∥ℓ1 = ∆j

ΩB
c

ℓ21 (25.31)

ΛಘΔɻ͜͜Ͱɺℓ1 ՃྖҬͷ࣓ʹԊͬͨ͞ɺ·ͨɺρgj = ΩB/2πcɻ(Shibata S., 1997, mnras, 287,262)
ಉࣜ͡ polar cap ܘ Rpc = (ΩR/c)1/2RͰՃྖҬͷ͞Λ֨نԽ͢Δͱ

V1

V0
= 2∆j

(
ℓ1
Rpc

)2

(25.32)

ͱॻ͚Δɻ͕ͨͬͯ͠ ͠ɺℓ1 >∼ Rpc ͳΒɺV1 ∼ V0 Ͱ satulate͢ΔͩΖ͏ɻ

(25.31) ʹΑΔͱɺՃڑ ℓ1 ͕ͲΜͲΜ৳ͼΔͱɺՃిѹ͕ೋؔ࣍ͰͲΜͲΜ্ঢ͢Δ͕ɺͦΕʹͬͯɺ
(25.23)ʹΑͬͯϖΞܗͷฏࣗۉ༝ߦఔ͕͘ͳΓϖΞܗ͢Δॴ͕Ұ൪ଆʹೖͬͨͱ͜ΖͰ Pair Production
Front (PPF)Λܗ͢Δɻ

Point 6 PPF͕Ͱ͖ͨͱ͜ΖͰՃి͕εΫϦʔϯ͞ΕΔɻ͜ͷ͜ͱ͔ΒՃྖҬͷ͞ͱϖΞܗͷฏࣗۉ
༝ߦఔͱͷؒʹ

2017-PPF; ℓp ≈ 0.14ℓ1 (25.33)

ͷ͕ؔಋ͔ΕΔɻਤ রɻҎ߱ɺℓpࢀ25.3 = χpℓ1 ͱද͠هɺχp ≈ 0.1ͱ͢Δɻ

(ղઆ) ՃڑͱՃిѹͱ γ = aℓ2 ͷؔʹ͋Γɺฏࣗۉ༝ߦఔՃిѹͱ ℓp = b/γ3 ͷؔʹ
͋ΔɻℓΛύϥϝʔλʹͯ͠ϖΞ͕Ͱ͖ΔҐஔ

y =
γ1/2

a1/2
+

b
γ3

(25.34)

Ͱ༩͑ΒΕΔɻy ͷ࠷খ͕ PPFͷҐஔ ℓPPF Λ༩͑Δɻ͜͜·ͰՃ͞ΕΔͷͰ ℓ1 = ℓPPF ͱ͑ߟΒ
ΕΔɻ͢ࢉܭΔͱ γ = (36ab2)1/7 Ͱ࠷খʹͳΓɺ

ℓ1 = ℓPPF =
{
361/14 + (36)−3/7

}
a3/7b1/7 (25.35)

͕ PPFͷҐஔͰ͋Γɺ͜ͷ࣌ɺ

ℓp =
36−3/7

361/14 + (36)−3/7
ℓ1 = χpℓ1 ≈ 0.143ℓ1 (25.36)

Ͱ͋Δɻਤ 25.3 ʹɺℓ Λύϥϝʔλʹͯ͠ɺγ ͷมԽͱ PPF ͷҐஔΛࣔ͢ɻॎ࣠ɺԣ࣠֨نԽͯ͠ɺ
γ/(ab2)1/7 ͱ ℓ/(a−3/7b1/7) ͱ͍ͯ͠Δɻ

Point 7 ՃిҐ (γ1)ɺۂ์ࣹʴ࣓ؾରੜͷ݅ (25.23)ͱɺిѹΛ͖ΊΔ Poissonํఔ͔ࣜΒಋ͚Δ
(25.31)ͱ͕, (25.33)ͷྗΛआΓͯɺͦΕͧΕ

γ3
1 ∝ R

ℓ1
γ1 ∝

(
ℓ1
R

)2

(25.37)

ͷܗΛ͍ͯ͠ΔͷͰɺલऀ (ϖΞ݅)ӈԼ͕Γɺऀޙ (Ճిѹ)ӈ্ΓͰɺೋͭͷۂઢͷަͱܾͯ͠ΊΒ
ΕΔɻਤ রࢀ25.4
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Point 5 Poisson equation ∇ ·E∥ = 4π(ρe − ρgj)͔Βɺ

E∥ =
2∆jΩB

c
ℓ1 (25.30)

2017-poisson; V1 ≈ 1
2
E∥ℓ1 = ∆j

ΩB
c

ℓ21 (25.31)

ΛಘΔɻ͜͜Ͱɺℓ1 ՃྖҬͷ࣓ʹԊͬͨ͞ɺ·ͨɺρgj = ΩB/2πcɻ(Shibata S., 1997, mnras, 287,262)
ಉࣜ͡ polar cap ܘ Rpc = (ΩR/c)1/2RͰՃྖҬͷ͞Λ֨نԽ͢Δͱ

V1

V0
= 2∆j

(
ℓ1
Rpc

)2

(25.32)

ͱॻ͚Δɻ͕ͨͬͯ͠ ͠ɺℓ1 >∼ Rpc ͳΒɺV1 ∼ V0 Ͱ satulate͢ΔͩΖ͏ɻ

(25.31) ʹΑΔͱɺՃڑ ℓ1 ͕ͲΜͲΜ৳ͼΔͱɺՃిѹ͕ೋؔ࣍ͰͲΜͲΜ্ঢ͢Δ͕ɺͦΕʹͬͯɺ
(25.23)ʹΑͬͯϖΞܗͷฏࣗۉ༝ߦఔ͕͘ͳΓϖΞܗ͢Δॴ͕Ұ൪ଆʹೖͬͨͱ͜ΖͰ Pair Production
Front (PPF)Λܗ͢Δɻ

Point 6 PPF͕Ͱ͖ͨͱ͜ΖͰՃి͕εΫϦʔϯ͞ΕΔɻ͜ͷ͜ͱ͔ΒՃྖҬͷ͞ͱϖΞܗͷฏࣗۉ
༝ߦఔͱͷؒʹ

2017-PPF; ℓp ≈ 0.14ℓ1 (25.33)

ͷ͕ؔಋ͔ΕΔɻਤ রɻҎ߱ɺℓpࢀ25.3 = χpℓ1 ͱද͠هɺχp ≈ 0.1ͱ͢Δɻ

(ղઆ) ՃڑͱՃిѹͱ γ = aℓ2 ͷؔʹ͋Γɺฏࣗۉ༝ߦఔՃిѹͱ ℓp = b/γ3 ͷؔʹ
͋ΔɻℓΛύϥϝʔλʹͯ͠ϖΞ͕Ͱ͖ΔҐஔ

y =
γ1/2

a1/2
+

b
γ3

(25.34)

Ͱ༩͑ΒΕΔɻy ͷ࠷খ͕ PPFͷҐஔ ℓPPF Λ༩͑Δɻ͜͜·ͰՃ͞ΕΔͷͰ ℓ1 = ℓPPF ͱ͑ߟΒ
ΕΔɻ͢ࢉܭΔͱ γ = (36ab2)1/7 Ͱ࠷খʹͳΓɺ

ℓ1 = ℓPPF =
{
361/14 + (36)−3/7

}
a3/7b1/7 (25.35)

͕ PPFͷҐஔͰ͋Γɺ͜ͷ࣌ɺ

ℓp =
36−3/7

361/14 + (36)−3/7
ℓ1 = χpℓ1 ≈ 0.143ℓ1 (25.36)

Ͱ͋Δɻਤ 25.3 ʹɺℓ Λύϥϝʔλʹͯ͠ɺγ ͷมԽͱ PPF ͷҐஔΛࣔ͢ɻॎ࣠ɺԣ࣠֨نԽͯ͠ɺ
γ/(ab2)1/7 ͱ ℓ/(a−3/7b1/7) ͱ͍ͯ͠Δɻ

Point 7 ՃిҐ (γ1)ɺۂ์ࣹʴ࣓ؾରੜͷ݅ (25.23)ͱɺిѹΛ͖ΊΔ Poissonํఔ͔ࣜΒಋ͚Δ
(25.31)ͱ͕, (25.33)ͷྗΛआΓͯɺͦΕͧΕ

γ3
1 ∝ R

ℓ1
γ1 ∝

(
ℓ1
R

)2

(25.37)

ͷܗΛ͍ͯ͠ΔͷͰɺલऀ (ϖΞ݅)ӈԼ͕Γɺऀޙ (Ճిѹ)ӈ্ΓͰɺೋͭͷۂઢͷަͱܾͯ͠ΊΒ
ΕΔɻਤ রࢀ25.4
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Accelerator model : 
Space Charge Limited Flow

condition II
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Point 5 Poisson equation ∇ ·E∥ = 4π(ρe − ρgj)͔Βɺ

E∥ =
2∆jΩB

c
ℓ1 (25.30)

2017-poisson; V1 ≈ 1
2
E∥ℓ1 = ∆j

ΩB
c

ℓ21 (25.31)

ΛಘΔɻ͜͜Ͱɺℓ1 ՃྖҬͷ࣓ʹԊͬͨ͞ɺ·ͨɺρgj = ΩB/2πcɻ(Shibata S., 1997, mnras, 287,262)
ಉࣜ͡ polar cap ܘ Rpc = (ΩR/c)1/2RͰՃྖҬͷ͞Λ֨نԽ͢Δͱ

V1

V0
= 2∆j

(
ℓ1
Rpc

)2

(25.32)

ͱॻ͚Δɻ͕ͨͬͯ͠ ͠ɺℓ1 >∼ Rpc ͳΒɺV1 ∼ V0 Ͱ satulate͢ΔͩΖ͏ɻ

(25.31) ʹΑΔͱɺՃڑ ℓ1 ͕ͲΜͲΜ৳ͼΔͱɺՃిѹ͕ೋؔ࣍ͰͲΜͲΜ্ঢ͢Δ͕ɺͦΕʹͬͯɺ
(25.23)ʹΑͬͯϖΞܗͷฏࣗۉ༝ߦఔ͕͘ͳΓϖΞܗ͢Δॴ͕Ұ൪ଆʹೖͬͨͱ͜ΖͰ Pair Production
Front (PPF)Λܗ͢Δɻ

Point 6 PPF͕Ͱ͖ͨͱ͜ΖͰՃి͕εΫϦʔϯ͞ΕΔɻ͜ͷ͜ͱ͔ΒՃྖҬͷ͞ͱϖΞܗͷฏࣗۉ
༝ߦఔͱͷؒʹ

2017-PPF; ℓp ≈ 0.14ℓ1 (25.33)

ͷ͕ؔಋ͔ΕΔɻਤ রɻҎ߱ɺℓpࢀ25.3 = χpℓ1 ͱද͠هɺχp ≈ 0.1ͱ͢Δɻ

(ղઆ) ՃڑͱՃిѹͱ γ = aℓ2 ͷؔʹ͋Γɺฏࣗۉ༝ߦఔՃిѹͱ ℓp = b/γ3 ͷؔʹ
͋ΔɻℓΛύϥϝʔλʹͯ͠ϖΞ͕Ͱ͖ΔҐஔ

y =
γ1/2

a1/2
+

b
γ3

(25.34)

Ͱ༩͑ΒΕΔɻy ͷ࠷খ͕ PPFͷҐஔ ℓPPF Λ༩͑Δɻ͜͜·ͰՃ͞ΕΔͷͰ ℓ1 = ℓPPF ͱ͑ߟΒ
ΕΔɻ͢ࢉܭΔͱ γ = (36ab2)1/7 Ͱ࠷খʹͳΓɺ

ℓ1 = ℓPPF =
{
361/14 + (36)−3/7

}
a3/7b1/7 (25.35)

͕ PPFͷҐஔͰ͋Γɺ͜ͷ࣌ɺ

ℓp =
36−3/7

361/14 + (36)−3/7
ℓ1 = χpℓ1 ≈ 0.143ℓ1 (25.36)

Ͱ͋Δɻਤ 25.3 ʹɺℓ Λύϥϝʔλʹͯ͠ɺγ ͷมԽͱ PPF ͷҐஔΛࣔ͢ɻॎ࣠ɺԣ࣠֨نԽͯ͠ɺ
γ/(ab2)1/7 ͱ ℓ/(a−3/7b1/7) ͱ͍ͯ͠Δɻ

Point 7 ՃిҐ (γ1)ɺۂ์ࣹʴ࣓ؾରੜͷ݅ (25.23)ͱɺిѹΛ͖ΊΔ Poissonํఔ͔ࣜΒಋ͚Δ
(25.31)ͱ͕, (25.33)ͷྗΛआΓͯɺͦΕͧΕ

γ3
1 ∝ R

ℓ1
γ1 ∝

(
ℓ1
R

)2

(25.37)

ͷܗΛ͍ͯ͠ΔͷͰɺલऀ (ϖΞ݅)ӈԼ͕Γɺऀޙ (Ճిѹ)ӈ্ΓͰɺೋͭͷۂઢͷަͱܾͯ͠ΊΒ
ΕΔɻਤ রࢀ25.4
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with pair production front
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Point 5 Poisson equation ∇ ·E∥ = 4π(ρe − ρgj)͔Βɺ

E∥ =
2∆jΩB

c
ℓ1 (25.30)

2017-poisson; V1 ≈ 1
2
E∥ℓ1 = ∆j

ΩB
c

ℓ21 (25.31)

ΛಘΔɻ͜͜Ͱɺℓ1 ՃྖҬͷ࣓ʹԊͬͨ͞ɺ·ͨɺρgj = ΩB/2πcɻ(Shibata S., 1997, mnras, 287,262)
ಉࣜ͡ polar cap ܘ Rpc = (ΩR/c)1/2RͰՃྖҬͷ͞Λ֨نԽ͢Δͱ

V1

V0
= 2∆j

(
ℓ1
Rpc

)2

(25.32)

ͱॻ͚Δɻ͕ͨͬͯ͠ ͠ɺℓ1 >∼ Rpc ͳΒɺV1 ∼ V0 Ͱ satulate͢ΔͩΖ͏ɻ

(25.31) ʹΑΔͱɺՃڑ ℓ1 ͕ͲΜͲΜ৳ͼΔͱɺՃిѹ͕ೋؔ࣍ͰͲΜͲΜ্ঢ͢Δ͕ɺͦΕʹͬͯɺ
(25.23)ʹΑͬͯϖΞܗͷฏࣗۉ༝ߦఔ͕͘ͳΓϖΞܗ͢Δॴ͕Ұ൪ଆʹೖͬͨͱ͜ΖͰ Pair Production
Front (PPF)Λܗ͢Δɻ

Point 6 PPF͕Ͱ͖ͨͱ͜ΖͰՃి͕εΫϦʔϯ͞ΕΔɻ͜ͷ͜ͱ͔ΒՃྖҬͷ͞ͱϖΞܗͷฏࣗۉ
༝ߦఔͱͷؒʹ

2017-PPF; ℓp ≈ 0.14ℓ1 (25.33)

ͷ͕ؔಋ͔ΕΔɻਤ রɻҎ߱ɺℓpࢀ25.3 = χpℓ1 ͱද͠هɺχp ≈ 0.1ͱ͢Δɻ

(ղઆ) ՃڑͱՃిѹͱ γ = aℓ2 ͷؔʹ͋Γɺฏࣗۉ༝ߦఔՃిѹͱ ℓp = b/γ3 ͷؔʹ
͋ΔɻℓΛύϥϝʔλʹͯ͠ϖΞ͕Ͱ͖ΔҐஔ

y =
γ1/2

a1/2
+

b
γ3

(25.34)

Ͱ༩͑ΒΕΔɻy ͷ࠷খ͕ PPFͷҐஔ ℓPPF Λ༩͑Δɻ͜͜·ͰՃ͞ΕΔͷͰ ℓ1 = ℓPPF ͱ͑ߟΒ
ΕΔɻ͢ࢉܭΔͱ γ = (36ab2)1/7 Ͱ࠷খʹͳΓɺ

ℓ1 = ℓPPF =
{
361/14 + (36)−3/7

}
a3/7b1/7 (25.35)

͕ PPFͷҐஔͰ͋Γɺ͜ͷ࣌ɺ

ℓp =
36−3/7

361/14 + (36)−3/7
ℓ1 = χpℓ1 ≈ 0.143ℓ1 (25.36)

Ͱ͋Δɻਤ 25.3 ʹɺℓ Λύϥϝʔλʹͯ͠ɺγ ͷมԽͱ PPF ͷҐஔΛࣔ͢ɻॎ࣠ɺԣ࣠֨نԽͯ͠ɺ
γ/(ab2)1/7 ͱ ℓ/(a−3/7b1/7) ͱ͍ͯ͠Δɻ

Point 7 ՃిҐ (γ1)ɺۂ์ࣹʴ࣓ؾରੜͷ݅ (25.23)ͱɺిѹΛ͖ΊΔ Poissonํఔ͔ࣜΒಋ͚Δ
(25.31)ͱ͕, (25.33)ͷྗΛआΓͯɺͦΕͧΕ

γ3
1 ∝ R

ℓ1
γ1 ∝

(
ℓ1
R

)2

(25.37)

ͷܗΛ͍ͯ͠ΔͷͰɺલऀ (ϖΞ݅)ӈԼ͕Γɺऀޙ (Ճిѹ)ӈ্ΓͰɺೋͭͷۂઢͷަͱܾͯ͠ΊΒ
ΕΔɻਤ রࢀ25.4
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condition I condition II
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ୈ 25. 2017(.TEX) MODEL 25.3. POLAR CAP MODEL

ਤ 25.3: Pair Production Front ͷͰ͖ΔҐஔͷܾఆɻ

(ղઆ)

(25.23)ɺdipole ͷͱ͖ͷۂܘ R(dipole)
c =

√
RLRͰ֨نԽͨ͠ͷ rc = Rc/R

(diple)
c Λ༻͍Δͱɺ

2017-gampair; γ3
1 =

4χr2c
3χp

(
Bq

B

)
RL

(!/mc)
R
ℓ1

(25.38)

తʹ

γ1 = 1.03× 107
(
0.1Bq

B

)1/3

P

(
ℓ1
R

)−1/3

(25.39)

Ͱ͋ΓɺҰํͰɺ(25.31), (25.33) ͔Β

2017-poisson2; γ1 =
B
Bq

∆j R2

RL(!/mc)

(
ℓ
R

)2

(25.40)

ΛಘΔɻతʹɺ

γ1 = 5.43× 1011
(

B
0.1Bq

)
P−1

(
ℓ
R

)2

(25.41)

ͨͩ͠ɺ
ℓ1
R

>

(
Rpc

2∆jcR

)1/2

=

(
ΩR
2∆jc

)1/2

= 1.023× 10−2P−1/2 (25.42)

ͷ߹ɺՃͷ্ݶ

2017-gam0; γ1 ≈ γ0 =
eV0

mc2
=

B
Bq

R3

(!/mc)R2
L

= 1.137× 108
(

B
0.1Bq

)
P−2 (25.43)

Ͱ಄ଧͪͱͳΔɻ
͜ͷೋͭͷؔަ͕Θͬͨͱ͜ΖͰ ℓ1,γ1 ͕ܾ·Δɻਤ রࢀ25.4

ɺ࿈ཱͯ͠ղ͘ͱࡍ࣮

2017-gam1; γ1 =
24/7χ2/7r4/7c

32/7χ2/7
p

(
Bq

B

)1/7 [ RLR
2

(!/mc)3

]1/7

(25.44)

= 4.88× 107r4/7c

(
0.1Bq

B

)1/7

P 1/7 (25.45)
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ਤ 25.4: ՃిѹͱՃྖҬͷ͞ͷͳ͔Ͱͷಈ࡞

͓Αͼ

2017-ell1;
ℓ1
R

=
22/7χ1/7r2/7c

31/7χ1/7
p

(
Bq

B

)4/7

R4/7
L R−6/7(!/mc)2/7 (25.46)

= 9.48× 10−3r2/7c

(
0.1Bq

B

)4/7

P 4/7 (25.47)

͕ಈ࡞ʹͳΔɻ
ΑΔʹ༺࡞ͷͰ์ࣹͷ͍ߴɺిѹ͕ߏ݁ satulation ͳΔɻʹؾ͕
༩͑ΒΕͨ γ1 ʹରͯ͠ۂ์ࣹʹΑΔ dumping length (25.60):

τc =
3
2
R2

c

re

1
γ3
1

or γ3
1 =

3
2
RL

re

R
τc

(25.48)

ͱɺՃྖҬͷ͞:(25.38)

ℓ1 =
ℓp
χp

=
4χ
3χp

Bq

B
R2

c

!/mc
1
γ3
1

(25.49)

ΛൺΔɻೋͭͷઢਤ 25.4ͰฒߦͰ͋Δɻ
τc > ℓ1 ͳΒΑ͍͕ τc < ℓ1 ͳΒՃྖҬதʹۂ์ࣹͷμϯϐϯά͕ޮཻ͖ࢠͷΤωϧΪʔ͕಄ଧͪʹͳΔɻ͜

ͷΑ͏ͳ͜ͱ͕͖ىͳ͍ͨΊʹ
τc
ℓ1

> 1 (25.50)

Ͱͳͯ͘ͳΒͳ͍ɻ͜ͷ݅

2017-radlimit;
9
8
χp

αχ
B
Bq

= 573
B
Bq

> 1 (25.51)

ͱݱΘͤΔɻۂܘʹΑΒ࣓ͣͷ݅ʹͳͬͯɺB >∼ 7.7× 109 G ͷ࣓͕ඞཁͰ͋Δɻ࣓͕খ͍࣌͞ʹɺ์
ࣹͷ࡞༻ʹΑΓՃཻࢠͷΤωϧΪʔ͕಄ଧͪʹͳΓɺ(25.40)ʹैͬͯϩʔϨϯπҼࢠ૿Ճ͠ͳ͍ɻPc = eE∥c
͔Β Satulation ͢ΔΤωϧΪʔΛٻΊΔͱ

γsat =
32/7r4/7c

α2/7

(
B
Bq

)1/7 [ RLR
2

(!/mc)3

]1/7

(25.52)

ΛಘΔɻ͜ͷͱ͖ͷ pair creation mean free path  (25.23)Ͱ γ1 Λ γsat ʹஔ͖͑Εྑ͍ɿ์ࣹݮਰ͕ޮ͍ͨ࣌
 mean free path 

ℓ(sat)p

R
=

4χα6/7

313/7r12/7c

(
B
Bq

)−10/7 ( R
!/mc

)−6/7 ( RL

!/mc

)4/7

(25.53)
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加速領域の長さ ペア生成領域の長さ

加速の上限

加速電圧

25.2. Lγ ͱ LX ͷղऍ ୈ 25. 2017 MODEL

ਤ 25.4: ՃిѹͱՃྖҬͷ͞ͷͳ͔Ͱͷಈ࡞

ΑΔʹ༺࡞ͷͰ์ࣹͷ͍ߴɺిѹ͕ߏ݁ satulation ͳΔɻʹؾ͕

༩͑ΒΕͨ γ1 ʹରͯ͠ۂ์ࣹʹΑΔ dumping length (25.24):

τc =
3

2

R2
c

re

1

γ3
1

(25.43)

ͱɺՃྖҬͷ͞:(25.33)

ℓ1 =
ℓp
χp

=
4χ

3χp

Bq

B

R2
c

!/mc

1

γ3
1

(25.44)

ΛൺΔɻೋͭͷઢਤ 25.4ͰฒߦͰ͋Δɻ

τc > ℓ1ͳΒΑ͍͕ τc < ℓ1ͳΒՃྖҬதʹۂ์ࣹͷμϯϐϯά͕ޮཻ͖ࢠͷΤωϧΪʔ͕಄ଧͪ

ʹͳΔɻ͜ͷΑ͏ͳ͜ͱ͕͖ىͳ͍ͨΊʹ

τc

ℓ1
> 1 (25.45)

Ͱͳͯ͘ͳΒͳ͍ɻ͜ͷ݅
9

8

χp

χα

B

Bq
= 573

B

B1
> 1 (25.46)

ͱݱΘͤΔɻۂܘʹΑΒ࣓ͣͷ݅ʹͳͬͯɺB >∼ 7.7× 109 G ͷ࣓͕ඞཁͰ͋Δɻ࣓͕খ͍͞

૿ࢠͷΤωϧΪʔ͕಄ଧͪʹͳΓɺ(25.35)ʹैͬͯϩʔϨϯπҼࢠΑΓՃཻʹ༺࡞ɺ์ࣹͷʹ࣌

Ճ͠ͳ͍ɻPc = eE∥c͔Β Satulation ͢ΔΤωϧΪʔΛٻΊΔͱ

γsat =
32/7r4/7c

α2/7

(
B

Bq

)1/7 [ RLR2

(!/mc)3

]1/7
(25.47)

ΛಘΔɻ

(͜͜·Ͱ)
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Standard Polar Cap or Not?
Primary particle energy γ1 saturated 
by curvature radiation drag force

25.3. POLAR CAP MODEL ୈ 25. 2017(.TEX) MODEL

ਤ 25.4: ՃిѹͱՃྖҬͷ͞ͷͳ͔Ͱͷಈ࡞

͓Αͼ

2017-ell1;
ℓ1
R

=
22/7χ1/7r2/7c

31/7χ1/7
p

(
Bq

B

)4/7

R4/7
L R−6/7(!/mc)2/7 (25.46)

= 9.48× 10−3r2/7c

(
0.1Bq

B

)4/7

P 4/7 (25.47)

͕ಈ࡞ʹͳΔɻ
ΑΔʹ༺࡞ͷͰ์ࣹͷ͍ߴɺిѹ͕ߏ݁ satulation ͳΔɻʹؾ͕
༩͑ΒΕͨ γ1 ʹରͯ͠ۂ์ࣹʹΑΔ dumping length (25.60):

τc =
3
2
R2

c

re

1
γ3
1

or γ3
1 =

3
2
RL

re

R
τc

(25.48)

ͱɺՃྖҬͷ͞:(25.38)

ℓ1 =
ℓp
χp

=
4χ
3χp

Bq

B
R2

c

!/mc
1
γ3
1

(25.49)

ΛൺΔɻೋͭͷઢਤ 25.4ͰฒߦͰ͋Δɻ
τc > ℓ1 ͳΒΑ͍͕ τc < ℓ1 ͳΒՃྖҬதʹۂ์ࣹͷμϯϐϯά͕ޮཻ͖ࢠͷΤωϧΪʔ͕಄ଧͪʹͳΔɻ͜

ͷΑ͏ͳ͜ͱ͕͖ىͳ͍ͨΊʹ
τc
ℓ1

> 1 (25.50)

Ͱͳͯ͘ͳΒͳ͍ɻ͜ͷ݅

2017-radlimit;
9
8
χp

αχ
B
Bq

= 573
B
Bq

> 1 (25.51)

ͱݱΘͤΔɻۂܘʹΑΒ࣓ͣͷ݅ʹͳͬͯɺB >∼ 7.7× 109 G ͷ࣓͕ඞཁͰ͋Δɻ࣓͕খ͍࣌͞ʹɺ์
ࣹͷ࡞༻ʹΑΓՃཻࢠͷΤωϧΪʔ͕಄ଧͪʹͳΓɺ(25.40)ʹैͬͯϩʔϨϯπҼࢠ૿Ճ͠ͳ͍ɻPc = eE∥c
͔Β Satulation ͢ΔΤωϧΪʔΛٻΊΔͱ

γsat =
32/7r4/7c

α2/7

(
B
Bq

)1/7 [ RLR
2

(!/mc)3

]1/7

(25.52)

ΛಘΔɻ͜ͷͱ͖ͷ pair creation mean free path  (25.23)Ͱ γ1 Λ γsat ʹஔ͖͑Εྑ͍ɿ์ࣹݮਰ͕ޮ͍ͨ࣌
 mean free path 

ℓ(sat)p

R
=

4χα6/7

313/7r12/7c

(
B
Bq

)−10/7 ( R
!/mc

)−6/7 ( RL

!/mc

)4/7

(25.53)

374

25.3. POLAR CAP MODEL ୈ 25. 2017(.TEX) MODEL

ਤ 25.4: ՃిѹͱՃྖҬͷ͞ͷͳ͔Ͱͷಈ࡞

͓Αͼ

2017-ell1;
ℓ1
R

=
22/7χ1/7r2/7c

31/7χ1/7
p

(
Bq

B

)4/7

R4/7
L R−6/7(!/mc)2/7 (25.46)

= 9.48× 10−3r2/7c

(
0.1Bq

B

)4/7

P 4/7 (25.47)

͕ಈ࡞ʹͳΔɻ
ΑΔʹ༺࡞ͷͰ์ࣹͷ͍ߴɺిѹ͕ߏ݁ satulation ͳΔɻʹؾ͕
༩͑ΒΕͨ γ1 ʹରͯ͠ۂ์ࣹʹΑΔ dumping length (25.60):

τc =
3
2
R2

c

re

1
γ3
1

or γ3
1 =

3
2
RL

re

R
τc

(25.48)

ͱɺՃྖҬͷ͞:(25.38)

ℓ1 =
ℓp
χp

=
4χ
3χp

Bq

B
R2

c

!/mc
1
γ3
1

(25.49)

ΛൺΔɻೋͭͷઢਤ 25.4ͰฒߦͰ͋Δɻ
τc > ℓ1 ͳΒΑ͍͕ τc < ℓ1 ͳΒՃྖҬதʹۂ์ࣹͷμϯϐϯά͕ޮཻ͖ࢠͷΤωϧΪʔ͕಄ଧͪʹͳΔɻ͜

ͷΑ͏ͳ͜ͱ͕͖ىͳ͍ͨΊʹ
τc
ℓ1

> 1 (25.50)

Ͱͳͯ͘ͳΒͳ͍ɻ͜ͷ݅

2017-radlimit;
9
8
χp

αχ
B
Bq

= 573
B
Bq

> 1 (25.51)

ͱݱΘͤΔɻۂܘʹΑΒ࣓ͣͷ݅ʹͳͬͯɺB >∼ 7.7× 109 G ͷ࣓͕ඞཁͰ͋Δɻ࣓͕খ͍࣌͞ʹɺ์
ࣹͷ࡞༻ʹΑΓՃཻࢠͷΤωϧΪʔ͕಄ଧͪʹͳΓɺ(25.40)ʹैͬͯϩʔϨϯπҼࢠ૿Ճ͠ͳ͍ɻPc = eE∥c
͔Β Satulation ͢ΔΤωϧΪʔΛٻΊΔͱ

γsat =
32/7r4/7c

α2/7

(
B
Bq

)1/7 [ RLR
2

(!/mc)3

]1/7

(25.52)

ΛಘΔɻ͜ͷͱ͖ͷ pair creation mean free path  (25.23)Ͱ γ1 Λ γsat ʹஔ͖͑Εྑ͍ɿ์ࣹݮਰ͕ޮ͍ͨ࣌
 mean free path 

ℓ(sat)p

R
=

4χα6/7

313/7r12/7c

(
B
Bq

)−10/7 ( R
!/mc

)−6/7 ( RL

!/mc

)4/7

(25.53)
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ਤ 25.4: ՃిѹͱՃྖҬͷ͞ͷͳ͔Ͱͷಈ࡞

͓Αͼ

2017-ell1;
ℓ1
R

=
22/7χ1/7r2/7c

31/7χ1/7
p

(
Bq

B

)4/7

R4/7
L R−6/7(!/mc)2/7 (25.46)

= 9.48× 10−3r2/7c

(
0.1Bq

B

)4/7

P 4/7 (25.47)

͕ಈ࡞ʹͳΔɻ
ΑΔʹ༺࡞ͷͰ์ࣹͷ͍ߴɺిѹ͕ߏ݁ satulation ͳΔɻʹؾ͕
༩͑ΒΕͨ γ1 ʹରͯ͠ۂ์ࣹʹΑΔ dumping length (25.60):

τc =
3
2
R2

c
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1
γ3
1

or γ3
1 =

3
2
RL

re

R
τc

(25.48)

ͱɺՃྖҬͷ͞:(25.38)

ℓ1 =
ℓp
χp

=
4χ
3χp

Bq

B
R2

c

!/mc
1
γ3
1

(25.49)

ΛൺΔɻೋͭͷઢਤ 25.4ͰฒߦͰ͋Δɻ
τc > ℓ1 ͳΒΑ͍͕ τc < ℓ1 ͳΒՃྖҬதʹۂ์ࣹͷμϯϐϯά͕ޮཻ͖ࢠͷΤωϧΪʔ͕಄ଧͪʹͳΔɻ͜

ͷΑ͏ͳ͜ͱ͕͖ىͳ͍ͨΊʹ
τc
ℓ1

> 1 (25.50)

Ͱͳͯ͘ͳΒͳ͍ɻ͜ͷ݅

2017-radlimit;
9
8
χp

αχ
B
Bq

= 573
B
Bq

> 1 (25.51)

ͱݱΘͤΔɻۂܘʹΑΒ࣓ͣͷ݅ʹͳͬͯɺB >∼ 7.7× 109 G ͷ࣓͕ඞཁͰ͋Δɻ࣓͕খ͍࣌͞ʹɺ์
ࣹͷ࡞༻ʹΑΓՃཻࢠͷΤωϧΪʔ͕಄ଧͪʹͳΓɺ(25.40)ʹैͬͯϩʔϨϯπҼࢠ૿Ճ͠ͳ͍ɻPc = eE∥c
͔Β Satulation ͢ΔΤωϧΪʔΛٻΊΔͱ

γsat =
32/7r4/7c

α2/7

(
B
Bq

)1/7 [ RLR
2

(!/mc)3

]1/7

(25.52)

ΛಘΔɻ͜ͷͱ͖ͷ pair creation mean free path  (25.23)Ͱ γ1 Λ γsat ʹஔ͖͑Εྑ͍ɿ์ࣹݮਰ͕ޮ͍ͨ࣌
 mean free path 

ℓ(sat)p

R
=

4χα6/7

313/7r12/7c

(
B
Bq

)−10/7 ( R
!/mc

)−6/7 ( RL

!/mc

)4/7

(25.53)
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V1 < emf : limit of the unipolar induction

25.3. POLAR CAP MODEL ୈ 25. 2017(.TEX) MODEL

Ͱ༩͑ΒΕΔɻℓ1 ∼ Rpc ʹͳͬͨΒɺLp ∼ i∆jLrot Ͱ death line લͱ͍͏͜ͱʹͳΔɻ(25.46) ͷಈ࡞ͷࣜͰ
ℓ1/Rpc ΛٻΊΔͱɺ

ℓ1
Rpc

= 0.167

(
B
Bq

)−4/7

P 15/14 ∼ 1 (25.66)

͕ death line ͷ҆ʹͳΔɻrc = 0.1ͷΑ͏ʹۂ͕͍ߴͱɺલͷ 0.0865ʹͳΔɻ
τc < ℓ1 ͷ߹ (25.51) ɿ์ࣹݮਰͰཻࢠͷΤωϧΪʔ͕ݮਰ͢Δɻ(25.58)ͰɺPcurv ∼ eE∥cͰΓ߹͏ͷͰɺ

Pcurvℓp/c ∼ V0 ͷ্ݶʹୡ͍ͯ͠Δঢ়گͰ͋Δɻ

25.3.0.1 ͢͜͠ৄ͍͠ಈ࡞ͷߟ

Ճ͔Βग़ཻͨࢠͷϩʔϨϯπҼࢠͷมભɿۂ์ࣹʹΑΔݮਰͰɺҰࢠཻ࣍ͷΤωϧΪʔͱۂ์ࣹͷޫࢠͷΤ
ωϧΪʔɺՃྖҬ͔ΒΕΔͱͲ͏มԽ͍͔ͯ͘͠ʁ
ͷӡಈํఔࣜࢠཻ

dγmc2

dt
= −Pcurv = −2

3
e2c
R2

c
γ4 (25.67)

͜͜Ͱɺdℓ = cdt͕ඈߦɺR2
c ≈ RL(R+ ℓ)ͱ͓͖ɺx = ℓ/Rͱ֨نԽ͢Δͱɺ

dγ
dx

= −2
3

re
RL(1 + x)

γ4 (25.68)

ͱͳΔɻ͜ΕΛੵ͢Δͱɺ

γ3 = γ3
1

(
1 +

1
3τ̂

ln
1 + x
1 + x1

)−1

≈ γ1
1 + (x− x1)/(3τ̂)

(25.69)

͜͜Ͱɺx1 = ℓ1/Rɺτ̂ = τc/Rͱ͓͍ͨɻ2֤Ͱ์ࣹ͞ΕΔۂޫࢠͷΤωϧΪʔɺ

hν
mc2

=
3
2
!/mc
Rc

γ1 =
3
2

!/mc

(RLR)1/2
γ3

(1 + x)1/2
(25.70)

Ͱ͋Γɺ͜ͷޫࢠͷϖΞੜฏࣗۉ༝ߦఔ

ℓp
R

= 2χ
B
Bq

(
RL

R

)1/2 1
hν/mc2

(25.71)

Point 8 ์ࣹͷύϫʔۂ ∝ γ4 ͳͷͰɺ(ٸʹམͪΔ͕)γ ͕ͩΒͩΒҡ࣋͞Εͯɺ3τc/R͕ 10 100͘Β͍Ͱ
·ͩ·ͩҰࢠཻ࣍ͷΤωϧΪʔ͍ͯͬݮͳ͍ɻͨͩ͠ɺฏࣗۉ༝ߦఔͷํޫࢠͷΤωϧΪʔʹ γ3 ͷґଘੑ͕͋Δ
ͷͰɺϖΞੜͷฏࣗۉ༝ߦఔͷ΄͏ɺ3τc/Rʹൺྫͯ͘͠ͳ͍ͬͯ͘ɻ(ਤ 25.8)

Ұࢠޫ࣍Ҏ߱ͷΧεέʔυϓϩηεͷ·ͱΊɻ

Point 9 ୈ iੈͷޫࢠ (ΤωϧΪʔΛ hvi)͕࣓ؾϖΞੜΛͯ͜͠ىɺୈ iੈͷిࢠཅిࢠର (ͦͷΤωϧΪ
hνi/2 = γimc2)͕ɺ࣍ͷੈͷޫࢠΛ์ࣹ͢Δɻ͜ͷୈ i+ 1ੈͷޫࢠͷΤωϧΪʔ hνi+1 ͱॻ͘ɻ
Ұͭͷୈ iੈͷޫࢠɺୈ iੈͷҰରͷిࢠཅిࢠΛੜ͠ɺͦͷୈ iੈͷిࢠཅిࢠରͨ͘͞Μͷୈ i+1

ੈͷޫࢠΛ์ࣹ͢ΔͷͰϖΞੜઇ่ʹͳΔɻ
ϖΞͷ์ࣹߏػͱͯ͠γϯΫϩτϩϯ์ࣹ (SR)ͱٯίϯϓτϯ์ࣹ (ICR)ͷ྆ํ͕͑ߟΒΕΔɻ
SRͷ߹ͷੈؔࣜ

hνi+1 =
3χ
4

hνi (25.72)

Ͱ༩͑ΒΕΔɻ

22017prog/dump.f, gamplot রࢀ
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All the accelerator power goes to the pair luminosity 
or not?
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ਤ 25.4: ՃిѹͱՃྖҬͷ͞ͷͳ͔Ͱͷಈ࡞

͓Αͼ

2017-ell1;
ℓ1
R

=
22/7χ1/7r2/7c

31/7χ1/7
p

(
Bq

B

)4/7

R4/7
L R−6/7(!/mc)2/7 (25.46)

= 9.48× 10−3r2/7c

(
0.1Bq

B

)4/7

P 4/7 (25.47)

͕ಈ࡞ʹͳΔɻ
ΑΔʹ༺࡞ͷͰ์ࣹͷ͍ߴɺిѹ͕ߏ݁ satulation ͳΔɻʹؾ͕
༩͑ΒΕͨ γ1 ʹରͯ͠ۂ์ࣹʹΑΔ dumping length (25.60):

τc =
3
2
R2

c
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1
γ3
1

or γ3
1 =
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2
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τc

(25.48)

ͱɺՃྖҬͷ͞:(25.38)

ℓ1 =
ℓp
χp

=
4χ
3χp

Bq

B
R2

c

!/mc
1
γ3
1

(25.49)

ΛൺΔɻೋͭͷઢਤ 25.4ͰฒߦͰ͋Δɻ
τc > ℓ1 ͳΒΑ͍͕ τc < ℓ1 ͳΒՃྖҬதʹۂ์ࣹͷμϯϐϯά͕ޮཻ͖ࢠͷΤωϧΪʔ͕಄ଧͪʹͳΔɻ͜

ͷΑ͏ͳ͜ͱ͕͖ىͳ͍ͨΊʹ
τc
ℓ1

> 1 (25.50)

Ͱͳͯ͘ͳΒͳ͍ɻ͜ͷ݅

2017-radlimit;
9
8
χp

αχ
B
Bq

= 573
B
Bq

> 1 (25.51)

ͱݱΘͤΔɻۂܘʹΑΒ࣓ͣͷ݅ʹͳͬͯɺB >∼ 7.7× 109 G ͷ࣓͕ඞཁͰ͋Δɻ࣓͕খ͍࣌͞ʹɺ์
ࣹͷ࡞༻ʹΑΓՃཻࢠͷΤωϧΪʔ͕಄ଧͪʹͳΓɺ(25.40)ʹैͬͯϩʔϨϯπҼࢠ૿Ճ͠ͳ͍ɻPc = eE∥c
͔Β Satulation ͢ΔΤωϧΪʔΛٻΊΔͱ

γsat =
32/7r4/7c

α2/7

(
B
Bq

)1/7 [ RLR
2

(!/mc)3

]1/7

(25.52)

ΛಘΔɻ͜ͷͱ͖ͷ pair creation mean free path  (25.23)Ͱ γ1 Λ γsat ʹஔ͖͑Εྑ͍ɿ์ࣹݮਰ͕ޮ͍ͨ࣌
 mean free path 

ℓ(sat)p

R
=

4χα6/7

313/7r12/7c

(
B
Bq

)−10/7 ( R
!/mc

)−6/7 ( RL

!/mc

)4/7

(25.53)
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ͱͳΔɻϛϦඵύϧαʔ (B = 10−5Bq, P = 2msec)Ͱɺℓ(sat)p /R = 0.5ఔʹͳΔɻ͍ΘΏΔɺpartial screen gap
ʹ͍ۙঢ়ଶͰ͋Ζ͏ɻ
ύϧαʔύϥϝʔλʹΑͬͯͲͷΑ͏ʹ Polar cap ͕ৼ͏͔ɿ

• ී௨ͷύϧαʔͰ࣓ؾϖΞੜͷ݅ (25.38)ͱిܾఆͷࣜ (25.40)ͱͷަͰϖΞϓϥζϚʹΑͬͯి
͕εΫϦʔϯ͞ΕΔΑ͏ͳՃྖҬ͕Ͱ͖Δɻղɺ(25.44)ͱ (25.46)Ͱ༩͑ΒΕΔɻ͔͠͠ɺप͕ظ͘ͳͬ
͍ͯ͘ͱྗిىͷݶք (25.43)ͷͨΊʹಈ࡞ͳ͘ͳΔɻϖΞੜʹेͳ͕ྗిىঢ়ଶ (death)ʹͳΔɻ

• Low-B pulsar, ϛϦඵύϧαʔͰྗిىेʹ͋Δ͕Ұࢠཻ࣍ͷΤωϧΪʔ͕ۂ์ࣹͷ࡞༻Ͱ಄ଧͪʹ
ͳΔɻ಄ଧͪʹͳͬͨ γsat ͰվΊͯϖΞੜͷฏࣗۉ༝ߦఔΛΈͭΔͱͷܘΑΓগ͠খ͍͞ఔͰɺ͍
ΘΏΔ partial screen gap ͷΑ͏ͳঢ়گʹͳΔͩΖ͏ɻ

• ਰ͕ޮ͘ͷͰՃ಄ଧͪʹͳΓɺϛϦඵύϧαʔݮ์ࣹͷۂന৭ᛙͰɺՃిѹे͋Δ͕ɺ࣓ڧ
ͳΔɻmultiplicityʹگঢ়ͨࣅʹ ਫ਼ʑ 1ʙ2 ఔͰ͋Ζ͏ɻ

ॳϖΞͷޫ݁ہͲ͏ͳΔ͔ɿ

Lp = Ṅp × γpmc2 (25.54)

= 2M(GJ flux)× (ЍઢΤωϧΪʔۂ) (25.55)

=

(
iI0
e

)
· 2M× hν1

2
(25.56)

=

(
iI0
e

)
· 2Pcurv

hν1

ℓpc
c

× hν1
2

(25.57)

=

(
iI0
e

)
· Pcurv · ℓpc

c
2017-Lp; (25.58)

(25.59)

͜͜Ͱɺℓpc ϖΞܗͷଓ͘ڑͰ͋ͬͨɻ

τc > R ͷ߹ ɿϖΞੜ࣓ͷݮਰʹΑͬͯऴྃ͢Δ߹ɻۂΨϯϚઢϖΞ݅ࣜɺ

2017-tauc;
τc
R

=
313/7χ6/7

p r2/7c

219/7αχ6/7

(
B
Bq

)3/7 ( RL

!/mc

)4/7 ( R
!/mc

)−6/7

(25.60)

= 2.98× 10−1

(
B

0.1Bq

)3/7

P 4/7 > 1 (25.61)

P > 8.32

(
B

0.1Bq

)−3/4

(25.62)

ͱॻ͚Δɻ͜ͷ݅ΛΈΔͱී௨ͷύϧαʔ͜ͷ߹ʹͯ·Βͣɺٯͷ τc < Rͷ߹ʹͳΔɻҰํɺ࣓ڧύ
ϧαʔ͜ͷ߹ʹͳΔɻ(࣓͕͍ڧͱϖΞΛ࡞Γ͘͢ɺখ͞Ίͷ γ1 ͰՃྖҬ͕ด͡Δɻγ1 ͕খ͍͞ͱμϯϐ
ϯάΏΔͯ͘ݮ͞Εͣ֎ʹग़ͯ͘ߦɻ࣓͕ऑ͘ͳͬͨ RΑΓΕͨͱ͜ΖͰɺγ1 ۂ์ࣹҡ࣋͞ΕΔ͕ɺ
ϖΞΘ࡞Βͣͦͷ··ग़ͯͩ͘ߦΖ͏ɻ)
ਤ 25.7 ࣓ڧύϧαʔͷಈ࡞Ͱ͋Δɻ
RҎͰͰ͖ͨϖΞʹΑΔߴ Lp = (iI0/e)Pcurv(R/c)ʹͳΔͷͰ

Lp

Lrot
=

2i
3

eR
RcV0

γ4
1 =

222/7iα

311/7r6/7c

(
B
Bq

)−11/7

R11/7
L R−13/7(!/mc)2/7 (25.63)

Ͱ͋Δɻతʹ
Lp

Lrot
= 0.14

(
B
Bq

)
P 11/7 (25.64)

Ͱ͋Δɻ࣓࣓ڧύϧαʔΛఆ͍ͯ͠ΔͷͰɺBq Ͱ֨نԽɻ

τc < R ͷ߹ ɿͷۙͰ์ࣹݮਰͯ͠͠·͏ͷͰɺℓpc = τc = (γ1mc2/Pcurv)cͰɺҰ࣍Ճཻࢠͷύϫʔͷ
શͯΛϖΞͷΤωϧΪʔʹม͢Δɿ

Lp =
iI0
e

γ1mc2 = 2i∆j

(
ℓ1
Rpc

)2

Lrot (25.65)
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Standard Polar Cap or Not?



radiation drag limited
(long accelerator)

ୈ 25. 2017 MODEL 25.2. Lγ ͱ LX ͷղऍ

ͱͳΔɻϛϦඵύϧαʔ (B = 10−5Bq, P = 2msec)Ͱɺℓ(sat)p /R = 0.5ఔʹͳΔɻ͍ΘΏΔɺpartial

screen gapʹ͍ۙঢ়ଶͰ͋Ζ͏ɻ

ύϧαʔύϥϝʔλʹΑͬͯͲͷΑ͏ʹ Polar cap ͕ৼ͏͔ɿ

• ී௨ͷύϧαʔͰ࣓ؾϖΞੜͷ݅ (25.33)ͱిܾఆͷࣜ (25.35)ͱͷަͰϖΞϓϥζϚʹ

Αͬͯి͕εΫϦʔϯ͞ΕΔΑ͏ͳՃྖҬ͕Ͱ͖Δɻղɺ(25.39)ͱ (25.41)Ͱ༩͑ΒΕΔɻ͠

͔͠ɺप͕ظ͘ͳ͍ͬͯ͘ͱྗిىͷݶք (25.38)ͷͨΊʹಈ࡞ͳ͘ͳΔɻϖΞੜʹेͳ

ঢ়ଶ͕ྗిى (death)ʹͳΔɻ

• ϛϦඵύϧαʔͰྗిىेʹ͋Δ͕Ұࢠཻ࣍ͷΤωϧΪʔ͕ۂ์ࣹͷ࡞༻Ͱ಄ଧͪʹͳΔɻ
಄ଧͪʹͳͬͨ γsat ͰվΊͯϖΞੜͷฏࣗۉ༝ߦఔΛΈͭΔͱͷܘΑΓগ͠খ͍͞ఔͰɺ

͍ΘΏΔ partial screen gap ͷΑ͏ͳঢ়گʹͳΔͩΖ͏ɻ

• ਰ͕ޮ͘ͷͰՃ಄ଧͪʹͳΓɺϛϦݮ์ࣹͷۂന৭ᛙͰɺՃిѹे͋Δ͕ɺ࣓ڧ
ඵύϧαʔʹͨࣅঢ়گʹͳΔɻmultiplicity ਫ਼ʑ 1ʙ2 ఔͰ͋Ζ͏ɻ

ॳϖΞͷޫ݁ہͲ͏ͳΔ͔ɿ

Lp = Ṅp × γpmc2 (25.49)

= 2M(GJ flux)× (ЍઢΤωϧΪʔۂ) (25.50)

=

(
iI0
e

)
· 2M× hν1

2
(25.51)

=

(
iI0
e

)
· 2Pcurv

hν1

ℓpc
c

× hν1
2

(25.52)

=

(
iI0
e

)
· Pcurv ·

ℓpc
c

2017-Lp; (25.53)

(25.54)

τc > R ͷ߹ ɿϖΞੜ࣓ͷݮਰʹΑͬͯऴྃ͢Δ߹ɻ݅ࣜɺ

τc

R
=

313/7χ6/7
p r2/7c

219/7αχ6/7

(
B

Bq

)3/7( RL

!/mc

)4/7( R

!/mc

)−6/7

(25.55)

= 2.98× 10−1

(
B

0.1Bq

)3/7

P 4/7 > 1 (25.56)

P > 8.32

(
B

0.1Bq

)−3/4

(25.57)

ͱॻ͚Δɻ͕ͨͬͯ͠ී௨ͷύϧαʔ࣍Ͱѻ͏ τc < Rʹ૬͢Δɻ͔͠͠ɺ࣓ڧύϧαʔ͜ͷ߹

͕ͯ·Δɻਤ 25.6 ࣓ڧύϧαʔͷಈ࡞Ͱ͋ΔɻLp = (iI0/e)Pcurv(R/c)ʹͳΔͷͰ

Lp

Lrot
=

2i

3

eR

RcV0
γ4
1 =

222/7iα

311/7r6/7c

(
B

Bq

)−11/7

R11/7
L R−13/7(!/mc)2/7 (25.58)

Ͱ͋Δɻతʹ
Lp

Lrot
= 0.14

(
B

Bq

)
P 11/7 (25.59)

Ͱ͋Δɻ࣓࣓ڧύϧαʔΛఆ͍ͯ͠ΔͷͰɺBq Ͱ֨نԽɻ
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ਤ 25.6: ύϧαʔ࣓ڧ B = Bq ͷಈ࡞ɻ

τc < R ͷ߹ ɿͷۙͰ์ࣹݮਰͯ͠͠·͏ͷͰɺ ℓpc = τc = (γ1mc2/Pcurv)cͰ͋Δ͔Β

Lp =
iI0
e
γ1mc2 = 2i∆j

(
ℓ1
Ppc

)2

Lrot (25.60)

Ͱ༩͑ΒΕΔɻℓ1 ∼ Rpc ʹͳͬͨΒɺLp ∼ i∆jLrot Ͱ death line લͱ͍͏͜ͱʹͳΔɻ

τc < ℓ1 ͷ߹ (25.46)ɿ์ࣹݮਰͰཻࢠͷΤωϧΪʔ͕ݮਰ͢Δɻ(25.53)ͰɺPcurv ∼ eE∥cͰΓ߹

͏ͷͰɺPcurvℓp/c ∼ V0 ͷ্ݶʹୡ͍ͯ͠Δঢ়گͰ͋Δɻ

(͜͜·Ͱ)front

݅ curvature radiation power Pcurv ͱిʹΑΔࣄ͕Γ߹͏͜ͱͰ͋ΔͷͰɺPcurv = eE∥c:

͜ΕʹՃྖҬͷ͞Λֻ͚ͯ ℓ1Pcurv ≈ ℓ1eE∥c3 = eV1c = γ1mc3 ͱͳΔɻ(8.3)Λೖ͢Δͱ

γ3
max =

3r2c
2

RL

re

R

ℓ1
(25.61)

͕ satulationͷʹͳΔɻϖΞܗͷ݅ͱฏߦͳͷͰR/ℓ1ͷલͷ͚ͩͰ satulation ͢Δ͔Ͳ͏͔

͕ܾ·Δɻ
γ3
max

γ3
1

=
9χp

8χα

B

Bq
≈ 231

B

Bq
(25.62)

curvature ʹؔΘΓͳ͘ɺB < 2 × 1011 GҎԼͰ์ࣹͷ࡞༻ʹΑͬͯҰࢠཻ࣍ͷΤωϧΪʔ͕಄ଧͪʹ

ͳΓɺϖΞܗ͕Ͱ͖ͳ͍͜ͱʹͳΔɻ

ిѹΛܾఆ͢ΔάϥϑʹϖΞੜྖҬͷ͞ (25.23)Λϓϩοτ͢Δ͜ͱ͕Ͱ͖Δɻ

ℓpc
R

= min
(τc
R
, 1
)
= min

(
3r2cRL

2re
γ−3
1 , 1

)
(25.63)

ℓpc = τcͷ࣌ɺ
Lp

Lrot
= i

γ1
γ0

(25.64)
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ୈ 25. 2017(.TEX) MODEL 25.3. POLAR CAP MODEL

ͱͳΔɻϛϦඵύϧαʔ (B = 10−5Bq, P = 2msec)Ͱɺℓ(sat)p /R = 0.5ఔʹͳΔɻ͍ΘΏΔɺpartial screen gap
ʹ͍ۙঢ়ଶͰ͋Ζ͏ɻ
ύϧαʔύϥϝʔλʹΑͬͯͲͷΑ͏ʹ Polar cap ͕ৼ͏͔ɿ

• ී௨ͷύϧαʔͰ࣓ؾϖΞੜͷ݅ (25.36)ͱిܾఆͷࣜ (25.38)ͱͷަͰϖΞϓϥζϚʹΑͬͯి
͕εΫϦʔϯ͞ΕΔΑ͏ͳՃྖҬ͕Ͱ͖Δɻղɺ(25.42)ͱ (25.44)Ͱ༩͑ΒΕΔɻ͔͠͠ɺप͕ظ͘ͳͬ
͍ͯ͘ͱྗిىͷݶք (25.41)ͷͨΊʹಈ࡞ͳ͘ͳΔɻϖΞੜʹेͳ͕ྗిىঢ়ଶ (death)ʹͳΔɻ

• Low-B pulsar, ϛϦඵύϧαʔͰྗిىेʹ͋Δ͕Ұࢠཻ࣍ͷΤωϧΪʔ͕ۂ์ࣹͷ࡞༻Ͱ಄ଧͪʹ
ͳΔɻ಄ଧͪʹͳͬͨ γsat ͰվΊͯϖΞੜͷฏࣗۉ༝ߦఔΛΈͭΔͱͷܘΑΓগ͠খ͍͞ఔͰɺ͍
ΘΏΔ partial screen gap ͷΑ͏ͳঢ়گʹͳΔͩΖ͏ɻ

• ਰ͕ޮ͘ͷͰՃ಄ଧͪʹͳΓɺϛϦඵύϧαʔݮ์ࣹͷۂന৭ᛙͰɺՃిѹे͋Δ͕ɺ࣓ڧ
ͳΔɻmultiplicityʹگঢ়ͨࣅʹ ਫ਼ʑ 1ʙ2 ఔͰ͋Ζ͏ɻ

ॳϖΞͷޫ݁ہͲ͏ͳΔ͔ɿ

Lp = Ṅp × γpmc2 (25.52)

= 2M(GJ flux)× (ЍઢΤωϧΪʔۂ) (25.53)

=

(
iI0
e

)
· 2M× hν1

2
(25.54)

=

(
iI0
e

)
· 2Pcurv

hν1

ℓpc
c

× hν1
2

(25.55)

=

(
iI0
e

)
· Pcurv · ℓpc

c
2017-Lp; (25.56)

(25.57)

͜͜Ͱɺℓpc ϖΞܗͷଓ͘ڑͰ͋ͬͨɻ

τc > R ͷ߹ ɿϖΞੜ࣓ͷݮਰʹΑͬͯऴྃ͢Δ߹ɻۂΨϯϚઢϖΞ݅ࣜɺ

2017-tauc;
τc
R

=
313/7χ6/7

p r2/7c

219/7αχ6/7

(
B
Bq

)3/7 ( RL

!/mc

)4/7 ( R
!/mc

)−6/7

(25.58)

= 2.98× 10−1

(
B

0.1Bq

)3/7

P 4/7 > 1 (25.59)

P > 8.32

(
B

0.1Bq

)−3/4

(25.60)

ͱॻ͚Δɻ͜ͷ݅ΛΈΔͱී௨ͷύϧαʔ͜ͷ߹ʹͯ·Βͣɺٯͷ τc < Rͷ߹ʹͳΔɻҰํɺ࣓ڧύ
ϧαʔ͜ͷ߹ʹͳΔɻ(࣓͕͍ڧͱϖΞΛ࡞Γ͘͢ɺখ͞Ίͷ γ1 ͰՃྖҬ͕ด͡Δɻγ1 ͕খ͍͞ͱμϯϐ
ϯάΏΔͯ͘ݮ͞Εͣ֎ʹग़ͯ͘ߦɻ࣓͕ऑ͘ͳͬͨ RΑΓΕͨͱ͜ΖͰɺγ1 ۂ์ࣹҡ࣋͞ΕΔ͕ɺ
ϖΞΘ࡞Βͣͦͷ··ग़ͯͩ͘ߦΖ͏ɻ)
ਤ 25.7 ࣓ڧύϧαʔͷಈ࡞Ͱ͋Δɻ
RҎͰͰ͖ͨϖΞʹΑΔߴ Lp = (iI0/e)Pcurv(R/c)ʹͳΔͷͰ

Lp

Lrot
=

2i
3

eR
RcV0

γ4
1 =

222/7iα

311/7r6/7c

(
B
Bq

)−11/7

R11/7
L R−13/7(!/mc)2/7 (25.61)

Ͱ͋Δɻతʹ
Lp

Lrot
= 0.14

(
B
Bq

)
P 11/7 (25.62)

Ͱ͋Δɻ࣓࣓ڧύϧαʔΛఆ͍ͯ͠ΔͷͰɺBq Ͱ֨نԽɻ

τc < R ͷ߹ ɿͷۙͰ์ࣹݮਰͯ͠͠·͏ͷͰɺℓpc = τc = (γ1mc2/Pcurv)cͰɺҰ࣍Ճཻࢠͷύϫʔͷ
શͯΛϖΞͷΤωϧΪʔʹม͢Δɿ

Lp =
iI0
e

γ1mc2 = 2i∆j

(
ℓ1
Rpc

)2

Lrot (25.63)
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all the power of 
the accelerator
goes to pairs

curvature γ-ray can escape



Pair Luminosity at the 1st generation



How much fraction is 
radiated?



hν1 γ1
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photon
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of pair
secondary
photon
(Sy)

secondary
photon
(IC)

secondary
pairs
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γ2
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hν3

hν3

secondary
pairs

tertiary
photon
(Sy)

tertiary
photon
(IC)

hν3

hν3

tertiary
photon
(Sy)

tertiary
photon
(IC)

Pair Cascade on the standard Polar Cap
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frequency (wrong!)cut off by (γ-1)mc2

25.3. POLAR CAP MODEL ୈ 25. 2017(.TEX) MODEL

ਤ 25.10: ࣓ͷؔͱͯ͠ͷੈ͋ͨΓͷϖΞ૿෯ (multiplicity)

ͳͷͰɺ

ζ = 1 +
log(hνesc/hν1)

log κ
(25.98)

ͱදͤΔɻ͜Ε͕ɺԿੈ·ͰΧεέʔυ͢Δ͔ͷ҆Λ༩͑ɺgeneration parameter ͱݺͿɻ
ͷΤωϧΪʔ͕ࢠޫ hνesc ∼ 1MeV bandͰΧεέʔυ͕ࢭ·ͬͯ͜ΕҎ্ఔΤωϧΪʔʹͳΒͳ͍ͷͰɺεϖΫτϧ

ͷ͕Xઢޫ LxΛܾΊΔ͜ͱʹͳΔɻXઢޫ Lxʹͱͬͯ SRͱRICͱد༩ͷ͕͜ํͱͳΔɻͭ·Γɺ
SRͱ RICR ͍ͣΕͷϓϩηε K′ ܥ ͷࢠి) v∥ Ͱಈ͘ܥ) Ͱʹ͓͍ͯ hν′ = ϵB = !eB/mc = !ωB = mc2(B/Bq)
ͷޫ͕ࢠग़Δ͕ɺ؍ଌऀ͕͏͚ΔޫࢠͷΤωϧΪʔࢄཚ֯ʹґଘͯ͠ɺSR Ͱ γmc2(B/Bq) ఔͳͷʹରͯ͠ɺ
RICͰmc2(B/Bq)/γ ఔ·Ͱখ͘͞ͳΓ͏Δɻͭ·ΓɺRICͷ߹ Xઢʹ์ࣹ͕ग़Δ͜ͱ͕Ͱ͖Δɻ
ΧεέʔυͷҰͭͷϒϥϯνͷޙ࠷ͷͱ͜Ζ

hνζ = κζ−1−ζ′

SR κζ′

IChν1 = hνesc (25.99)

Ͱ͋Δͱ͢ΔɻॳϖΞͷωΤϧΪʔ͔Β͜ͷϒϥϯνʹҾ͖͍ͩܧΤωϧΪʔͷׂ߹ɺ

ηζ = ηη−1−ζ′

⊥ ηζ′

∥ (25.100)

Ͱ͋ΔɻXઢޫʹد༩͢Δͷޙ࠷ͷϓϩηεͰ RICͷ์ࣹͷΈͳͷͰɺ֘͢Δ༗ޮͳϒϥϯνͨͱ͑ɺ

hνζ = κSRκICκSR . . .κSR︸ ︷︷ ︸
ζ−2

κIC︸︷︷︸
1

hν1 = hνesc (25.101)

Ͱ͋ΔɻҰൠʹ
hνζ = κζ−2−ζ′

SR κζ′

ICκIChν1 = hνesc (25.102)

Ͱ generation parameter ͕͖·ΓɺRICޫͷ fraction

2017-etaICfrac; ηIC(ζ
′) = ηζ−2−ζ′

⊥ ηζ′+1
∥ (25.103)

Ͱ͋Δɻ͕ͨͬͯ͠ɺ

LIC = Lp

∑

ζ′

ηIC(ζ
′) ≈

∫
Lp ηIC(ζ

′)dζ′ (25.104)
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SED of Resonant Inverse Compton Scattering

8.6. ICޫͷੵݟΓ

Ͱߦͷޙ࠷ γ0 ≫ 1ɺµ∗ ∼ 0ͱͨ͠ɻu = ϵB/γ0kT ͳͷͰɺ݁ہɺ

f (peak)
RIC ≈ 4Ĵ(u)

ζ(4)

σ′

σT

( ϵB
kT

)2
(8.305)

·ͱΊΔͱɺRICͷ SEDɺϐʔΫ͕

(ϵLϵ)
(peak) ≈ NeσTh(σSBT

4S)

(
4Ĵ(u)σ′

ζ(4)σT

)( ϵB
kT

)2
at ϵ ≈ 2

ϵBγ0
kT

kT = γ0ϵB (8.306)

Ͱɺ۠ؒ ϵ(RIC)
a < ϵ < ϵ(RIC)

b Ͱ͖ࢦ̎ͷ͖ؔͰ͋Δ:

(ϵLϵ)RIC ≈ NeσTh(σSBT
4S)

(
4Ĵ(u)σ′

ζ(4)σT

)( ϵB
kT

)2( ϵ

ϵBγ0

)2

(8.307)

ϵ(RIC)
a =

ϵB
γ0(1 + β0)

≈ u

2
kT (8.308)

ϵ(RIC)
b =

ϵB
γ0(1− β0)

≈ 2γ0ϵB (8.309)
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4Ĵ(u)σ′

ζ(4)σT

)( ϵB
kT

)2
at ϵ ≈ 2

ϵBγ0
kT

kT = γ0ϵB (8.306)

Ͱɺ۠ؒ ϵ(RIC)
a < ϵ < ϵ(RIC)

b Ͱ͖ࢦ̎ͷ͖ؔͰ͋Δ:

(ϵLϵ)RIC ≈ NeσTh(σSBT
4S)

(
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8.6. ICޫͷੵݟΓ

8.6 ICޫͷੵݟΓ

ମੵ์ࣹޫࢠϕʔεͰɺ

jph(ϵs) =
NeσTBph

4γ2
0β0

[
I(

ϵs
kT

) + J(ϵs, ϵB , kT )
]

(8.279)

Ұ߲͕ίϯϓτϯࢄཚɺೋ߲͕ڞ໐ίϯϓτϯࢄཚɺʹΑΔ߲Ͱ͋Δɻޫʹؔͯ͠ SED࣍ͷΑ͏

ΒΕΔɿ์ࣹྖҬͷମੵΛੵݟʹ V = Shͱͯ͠ (S ์ࣹ໘ੵɺhిࢠϏʔϜͷ͍ͬͯΔ͞)

ϵLϵ ≈ 4πϵ2jph(ϵ)V (8.280)

= 4π
NeσTBph(kT )2

4γ2
0β0

V
( ϵ

kT

)2 [
I(

ϵ

kT
) + J(ϵ, ϵB , kT )

]
(8.281)

= NeσT (σSBT
4S)h · 1

γ2
0β0ζ(4)

( ϵ

kT

)2 [
I(

ϵ

kT
) + J(ϵ, ϵB , kT )

]
(8.282)

≡ NeσTh(σSBT
4S)(fIC + fRIC) (8.283)

͜͜ͰɺσSB  Stefan-Boltzman constant Ͱ͋ΔɻIC ͓Αͼ RIC ͷҼࢠͦΕͧΕɺ

fIC =
1

γ2
0β0ζ(4)

( ϵ

kT

)2
I(

ϵ

kT
) (8.284)

fRIC =
1

γ2
0β0ζ(4)

( ϵ

kT

)2
J(ϵ, ϵB , kT ) (8.285)

Ͱ͋Δɻ

IC ͷҼࢠɺ۠ؒ

ϵa < ϵs < ϵb (8.286)

ϵa = kT
(1− β0µ∗)

1 + β0
(8.287)

ϵb = kT
(1− β0µ∗)

1− β0
= kTγ2

0(1 + β0)(1− β0µ∗) (8.288)

Ͱ I ∼ ζ(2)(1− β0µ∗)/β0 =ҰఆͰ͋ΔͷͰɺ͜ͷ۠ؒͰ͖ࢦ̎ͷ͖ΛͭɻϐʔΫɺϵs ∼ ϵb Ͱ

f (peak)
IC ≈ 1

γ2
0β0ζ(4)

[γ2
0(1 + β0)(1− β0µ∗)]

2 1− β0µ∗
β0

ζ(2) (8.289)

=
γ2
0(1 + β0)2(1− β0µ∗)3ζ(2)

β2
0ζ(4)

(8.290)

≈ γ2
0
4ζ(2)

ζ(4)
∼ 2γ2

0 (8.291)

Ͱߦͷޙ࠷ γ0 ≫ 1ɺµ∗ ∼ 0ͱͨ͠ɻ

·ͱΊΔͱɺICͷ SEDɺϐʔΫ͕

(ϵLϵ)
(peak) ≈ 2γ2

0NeσTh(σSBT
4S) at ϵ ≈ ϵb ∼ 2γ2

0 (8.292)

Ͱɺ۠ؒ ϵa < ϵ < ϵb Ͱ͖ࢦ̎ͷ͖ؔͰ͋Δɻ

RICͷҼࢠ J ͷதͷޙ࠷ͷҼࢠ γ0 ≫ 1ɺµ∗ ∼ 0Ͱɺu = ϵB/γ0kT Λύϥϝʔλʹͯ͠

Ĵ ≡ ϵB
β0γ0kT

ln

(
1− e−xmax

1− e−xmin

)
≈ u ln

(
1− e−2γ2

0u

1− e−u

)
∼ −u ln(1− e−u) (8.293)
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25.3. POLAR CAP MODEL ୈ 25. 2017(.TEX) MODEL

ਤ 25.10: ࣓ͷؔͱͯ͠ͷੈ͋ͨΓͷϖΞ૿෯ (multiplicity)

ͳͷͰɺ

ζ = 1 +
log(hνesc/hν1)

log κ
(25.98)

ͱදͤΔɻ͜Ε͕ɺԿੈ·ͰΧεέʔυ͢Δ͔ͷ҆Λ༩͑ɺgeneration parameter ͱݺͿɻ
ͷΤωϧΪʔ͕ࢠޫ hνesc ∼ 1MeV bandͰΧεέʔυ͕ࢭ·ͬͯ͜ΕҎ্ఔΤωϧΪʔʹͳΒͳ͍ͷͰɺεϖΫτϧ

ͷ͕Xઢޫ LxΛܾΊΔ͜ͱʹͳΔɻXઢޫ Lxʹͱͬͯ SRͱRICͱد༩ͷ͕͜ํͱͳΔɻͭ·Γɺ
SRͱ RICR ͍ͣΕͷϓϩηε K′ ܥ ͷࢠి) v∥ Ͱಈ͘ܥ) Ͱʹ͓͍ͯ hν′ = ϵB = !eB/mc = !ωB = mc2(B/Bq)
ͷޫ͕ࢠग़Δ͕ɺ؍ଌऀ͕͏͚ΔޫࢠͷΤωϧΪʔࢄཚ֯ʹґଘͯ͠ɺSR Ͱ γmc2(B/Bq) ఔͳͷʹରͯ͠ɺ
RICͰmc2(B/Bq)/γ ఔ·Ͱখ͘͞ͳΓ͏Δɻͭ·ΓɺRICͷ߹ Xઢʹ์ࣹ͕ग़Δ͜ͱ͕Ͱ͖Δɻ
ΧεέʔυͷҰͭͷϒϥϯνͷޙ࠷ͷͱ͜Ζ

hνζ = κζ−1−ζ′

SR κζ′

IChν1 = hνesc (25.99)

Ͱ͋Δͱ͢ΔɻॳϖΞͷωΤϧΪʔ͔Β͜ͷϒϥϯνʹҾ͖͍ͩܧΤωϧΪʔͷׂ߹ɺ

ηζ = ηη−1−ζ′

⊥ ηζ′

∥ (25.100)

Ͱ͋ΔɻXઢޫʹد༩͢Δͷޙ࠷ͷϓϩηεͰ RICͷ์ࣹͷΈͳͷͰɺ֘͢Δ༗ޮͳϒϥϯνͨͱ͑ɺ

hνζ = κSRκICκSR . . .κSR︸ ︷︷ ︸
ζ−2

κIC︸︷︷︸
1

hν1 = hνesc (25.101)

Ͱ͋ΔɻҰൠʹ
hνζ = κζ−2−ζ′

SR κζ′

ICκIChν1 = hνesc (25.102)

Ͱ generation parameter ͕͖·ΓɺRICޫͷ fraction

2017-etaICfrac; ηIC(ζ
′) = ηζ−2−ζ′

⊥ ηζ′+1
∥ (25.103)

Ͱ͋Δɻ͕ͨͬͯ͠ɺ

LIC = Lp

∑

ζ′

ηIC(ζ
′) ≈

∫
Lp ηIC(ζ

′)dζ′ (25.104)
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hνi γi
hνi+1

i-th photon i-th pair

i+1 th
photon
(IC)

hνi+1

i+1 th
photon
(Sy)

Generation relation

25.2. Lγ ͱ LX ͷղऍ ୈ 25. 2017(.TEX) MODEL

ਤ 25.8: Ұࢠཻ࣍ͷมભͱҰࢠޫ࣍ͷΤωϧΪʔɺҰࢠޫ࣍ͷฏࣗۉ༝ߦఔɻ

Point 8 ์ࣹͷύϫʔۂ ∝ γ4 ͳͷͰɺ(ٸʹམͪΔ͕)γ ͕ͩΒͩΒҡ࣋͞Εͯɺ3τc/R͕ 10 100͘Β͍Ͱ
·ͩ·ͩҰࢠཻ࣍ͷΤωϧΪʔ͍ͯͬݮͳ͍ɻͨͩ͠ɺฏࣗۉ༝ߦఔͷํޫࢠͷΤωϧΪʔʹ γ3 ͷґଘੑ͕͋Δ
ͷͰɺϖΞੜͷฏࣗۉ༝ߦఔͷ΄͏ɺ3τc/Rʹൺྫͯ͘͠ͳ͍ͬͯ͘ɻ(ਤ 25.8)

Ұࢠޫ࣍Ҏ߱ͷΧεέʔυϓϩηεͷ·ͱΊɻ

Point 9 ୈ iੈͷޫࢠ (ΤωϧΪʔΛ hvi)͕࣓ؾϖΞੜΛͯ͜͠ىɺୈ iੈͷిࢠཅిࢠର (ͦͷΤωϧΪ
hνi/2 = γimc2)͕ɺ࣍ͷੈͷޫࢠΛ์ࣹ͢Δɻ͜ͷୈ i+ 1ੈͷޫࢠͷΤωϧΪʔ hνi+1 ͱॻ͘ɻ
Ұͭͷୈ iੈͷޫࢠɺୈ iੈͷҰରͷిࢠཅిࢠΛੜ͠ɺͦͷୈ iੈͷిࢠཅిࢠରͨ͘͞Μͷୈ i+1

ੈͷޫࢠΛ์ࣹ͢ΔͷͰϖΞੜઇ่ʹͳΔɻ
ϖΞͷ์ࣹߏػͱͯ͠γϯΫϩτϩϯ์ࣹ (SR)ͱٯίϯϓτϯ์ࣹ (ICR)ͷ྆ํ͕͑ߟΒΕΔɻ
SRͷ߹ͷੈؔࣜ

hνi+1 =
3χ
4

hνi (25.67)

Ͱ༩͑ΒΕΔɻ
࣓ڞ໐ٯίϯϓτϯ์ࣹ (RICR)ͷ߹ͷੈؔࣜ

hνi+1 = η∥
B
Bq

hνi (25.68)

Ͱ༩͑ΒΕΔɻ͜͜Ͱɺη∥ ɺͰ͖ͨϖΞͷΤωϧΪʔ γimc2 ͷ SR loss ͠ͳ͍Ͱͷ͜Δׂ߹Ͱ͋Γɺ

η∥ =
1

(1 + [χBq/B]2 )1/2
(25.69)

Ͱ༩͑ΒΕΔɻ

(ղઆ:SRͷ߹)
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η∥ =
1

(1 + [χBq/B]2 )1/2
(25.69)

Ͱ༩͑ΒΕΔɻ

(ղઆ:SRͷ߹)
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ਤ 25.9: RICΛࢠޫ͢͜ىͱཻࢠͷΈ߹Θͤɻ

ϧΪʔ࣓ڞ໐ٯίϯϓτϯࢄཚ (RIC)์ࣹͰΤωϧΪʔΛ์ࣹଛࣦ͢Δɻ(ޮͱ͍͍ͯͱ͍͏) RICͰग़Δ
͕ࢠͷϩʔϨϯπҼࢠͷཻޙͷΤωϧΪʔɺSRଛࣦࢠޫ γ∥ Ͱ͋ΔͷͰɺ(8.233)͔Βɺ

hνi+1 ≈ 2γ∥hνB = 2η∥γimc2
B
Bq

= η∥
B
Bq

hνi (25.83)

ͱ͍͏ੈ͕ؔಘΒΕΔɻ
ೖࣹޫࢠ (Xઢ)ͱڞ໐ཻࢠͷؔ (8.234)ΑΓ

hνx =
mc2(B/Bq)

γ(1− β cos θi)
(25.84)

Λຬͨ͢Έ߹ΘͤʹͳΔɻ͜͜Ͱɺγi,∥ > γ > γi Ͱࢄཚ͠ɺ͔Βͷ Xઢͷೖࣹ֯ 0͔ΒͷฏઢͷΈ֯Ͱ
ܾ·Δɻྫͱͯ͠ɺB = 1012G (mc2B/Bq ∼ 11 keV)Ͱ cos θi ≪ 1ͷ߹ͷڞ໐ͷΈ߹ΘͤΛਤʹࣔ͢ɻ͜Ε͔Βɺ

γ > γres =
mc2(B/Bq)

2.82kT (1− β cos θi,max)
(25.85)

Ͱ͋Δཻࢠڞ໐ͯ͘͠ΕΔ͜ͱ͕Θ͔Δɻ
ΤωϧΪʔͷΛ͑ߟΔͱɺi − th ੈޫࢠͷΤωϧΪʔ hνi = 2γimc2 ͷؔͰϖΞΛ࡞Γɺ͜ͷ͏ͪͷ

(γ − γ∥)2γmc2 = η⊥2γmc2 ͕γϯΫϩτϩϯޫࢠͳΓɺΓ͕ RICޫࢠʹͳΔͱ͑ߟΒΕΔɿ

hνi =

{
η⊥hνi = (1− η∥)hνi Synchrotron photon energy
η∥hνi RIC photon energy

(25.86)

Χεέʔυ͕ଓͨ͘Ίʹޫ͕ࢠϖΞΛͭ͘Δฏࣗۉ༝ߦఔ ℓp ྖҬͷαΠζ࣓ڧ͕ ∼ R/3ΑΓ͘ͳ͚Εͳ
Βͳ͍ɻB⊥ = Bℓp/Rc ͱͯ͠ɺϖΞܗͷ͔݅Βޙ࠷ͷੈͷޫࢠͷΤωϧΪʔɺ

hνesc = 2χ
Bq

B
Rc

ℓp
mc2 = 2χ

Bq

B
Rc

R/3
mc2 =

2χrc
3

Bq

B

√
RL

R
(25.87)

Ͱ༩͑ΒΕΔɻతʹ hνesc/mc2 = 5.3(0.1Bq/B)−1P 1/2 Ͱ͋Δɻhνζ ·ͰΧεέʔυ͍ͯ͘͠·Ͱ ℓp ेখ
͍͞ɻ
Ұൠʹੈؒͷ͕ؔ hνi+1 = κhνi ͱ͢Δͱ

hνk = κk−1hν1 (25.88)
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ਤ 25.9: RICΛࢠޫ͢͜ىͱཻࢠͷΈ߹Θͤɻ

ϧΪʔ࣓ڞ໐ٯίϯϓτϯࢄཚ (RIC)์ࣹͰΤωϧΪʔΛ์ࣹଛࣦ͢Δɻ(ޮͱ͍͍ͯͱ͍͏) RICͰग़Δ
͕ࢠͷϩʔϨϯπҼࢠͷཻޙͷΤωϧΪʔɺSRଛࣦࢠޫ γ∥ Ͱ͋ΔͷͰɺ(8.233)͔Βɺ

hνi+1 ≈ 2γ∥hνB = 2η∥γimc2
B
Bq

= η∥
B
Bq

hνi (25.83)

ͱ͍͏ੈ͕ؔಘΒΕΔɻ
ೖࣹޫࢠ (Xઢ)ͱڞ໐ཻࢠͷؔ (8.234)ΑΓ

hνx =
mc2(B/Bq)

γ(1− β cos θi)
(25.84)

Λຬͨ͢Έ߹ΘͤʹͳΔɻ͜͜Ͱɺγi,∥ > γ > γi Ͱࢄཚ͠ɺ͔Βͷ Xઢͷೖࣹ֯ 0͔ΒͷฏઢͷΈ֯Ͱ
ܾ·Δɻྫͱͯ͠ɺB = 1012G (mc2B/Bq ∼ 11 keV)Ͱ cos θi ≪ 1ͷ߹ͷڞ໐ͷΈ߹ΘͤΛਤʹࣔ͢ɻ͜Ε͔Βɺ

γ > γres =
mc2(B/Bq)

2.82kT (1− β cos θi,max)
(25.85)

Ͱ͋Δཻࢠڞ໐ͯ͘͠ΕΔ͜ͱ͕Θ͔Δɻ
ΤωϧΪʔͷΛ͑ߟΔͱɺi − th ੈޫࢠͷΤωϧΪʔ hνi = 2γimc2 ͷؔͰϖΞΛ࡞Γɺ͜ͷ͏ͪͷ

(γ − γ∥)2γmc2 = η⊥2γmc2 ͕γϯΫϩτϩϯޫࢠͳΓɺΓ͕ RICޫࢠʹͳΔͱ͑ߟΒΕΔɿ

hνi =

{
η⊥hνi = (1− η∥)hνi Synchrotron photon energy
η∥hνi RIC photon energy

(25.86)

Χεέʔυ͕ଓͨ͘Ίʹޫ͕ࢠϖΞΛͭ͘Δฏࣗۉ༝ߦఔ ℓp ྖҬͷαΠζ࣓ڧ͕ ∼ R/3ΑΓ͘ͳ͚Εͳ
Βͳ͍ɻB⊥ = Bℓp/Rc ͱͯ͠ɺϖΞܗͷ͔݅Βޙ࠷ͷੈͷޫࢠͷΤωϧΪʔɺ

hνesc = 2χ
Bq

B
Rc

ℓp
mc2 = 2χ

Bq

B
Rc

R/3
mc2 =

2χrc
3

Bq

B

√
RL

R
(25.87)

Ͱ༩͑ΒΕΔɻతʹ hνesc/mc2 = 5.3(0.1Bq/B)−1P 1/2 Ͱ͋Δɻhνζ ·ͰΧεέʔυ͍ͯ͘͠·Ͱ ℓp ेখ
͍͞ɻ
Ұൠʹੈؒͷ͕ؔ hνi+1 = κhνi ͱ͢Δͱ

hνk = κk−1hν1 (25.88)
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ਤ 25.9: RICΛࢠޫ͢͜ىͱཻࢠͷΈ߹Θͤɻ

(generation ͋ͨΓͷ Multiplicity)
iੈͷޫ͔ࢠΒͭ͘ΒΕͨҰରͷϖΞ͔Β์ࣹ͞ΕΔγϯΫϩτϩϯͷΤωϧΪʔ (1− η∥)hνi Ͱ͋ΓɺγϯΫϩ
τϩϯޫࢠͻͱͭͷΤωϧΪʔ (3χ/4)hνi Ͱ͋ΔͷͰɺ৽࣍͘͠ͷੈͰܗ͞ΕΔϖΞ (4/3χ)(1− η∥)ରͰ͋
ΔɻҰํɺICʹ͘ߦΤωϧΪʔ η∥hνi ͋Γ RICͷޫࢠͷΤωϧΪʔ η∥(B/Bq)hνi Ͱ͋Δ͔ΒϖΞ Bq/B ʹ
ͳΔɻҎ্·ͱΊΔͱɺϖΞ૿෯ µ֤ϒϥϯνͰ

µ =

⎧
⎨

⎩

4
3χ

(1− η∥) =
4
3χ

(
1− 1

[1 + (χBq/B)2]1/2

)
Synchrotron induced pairs

Bq/B RIC induced pairs
(25.92)

ʹͳΔɻBq/B ͷؔʹͳ͍ͬͯΔ (ਤ)ɻ࣓ڧύϧαʔʹͳΔͱMultiplicity্͕͕Βͳ͍Α͏ͩɻ
(ϖΞܗͷऴྃ)

Χεέʔυ͕ଓͨ͘Ίʹޫ͕ࢠϖΞΛͭ͘Δฏࣗۉ༝ߦఔ ℓp ྖҬͷαΠζ࣓ڧ͕ ∼ R/3ΑΓ͘ͳ͚ΕͳΒͳ
͍ɻB⊥ = Bℓp/Rc ΛɺϖΞܗͷ݅ (25.20)ʹೖͯ͠ɺޙ࠷ͷੈͷޫࢠͷΤωϧΪʔɺ

hνesc = 2χ
Bq

B
Rc

ℓp
mc2 = 2χ

Bq

B
Rc

R/3
mc2 = 6χrc

Bq

B

√
RL

R
mc2 (25.93)

Ͱ༩͑ΒΕΔɻతʹ

2017-esc;
hνesc
2mc2

= 138

(
0.1Bq

B

)
P 1/2rc (25.94)

= (207P 1/2rc)
χBq

B
(25.95)

Ͱ͋Δɻ(ࢉܭ 2017prog/b.f) (Polar cap ͔Βग़Δͨ͘͞ΜͷΨϯϚઢͷ͏ͪɺ∼ 100 MeV ΑΓ͍ߴΤωϧΪʔ
ͷͷϖΞʹͳΓɺٯʹͦΕΑΓ͍ωϧΪʔͷΨϯϚઢͷΈ͕࣓͔ݍؾΒग़ͯ͘Δ͜ͱʹͳΔɻ)
ϖΞΧεέʔυͷޙ࠷ͷੈͰɺ์ࣹ͞ΕΔޫࢠͷΤωϧΪʔ hνesc ҎԼʹͳ͍ͬͯΔɻҰൠʹੈؒͷ͕ؔ

hνi+1 = κhνi ͱ͢Δͱ
hνk = κk−1hν1 (25.96)

Ͱ͋Δɻैͬͯɺޙ࠷ͷੈΛ ζ ͱ͢Δͱɺ

hνζ = κζ−1hν1 = hνesc (25.97)

381

とおいて、κSRとκICを定義



25.3. POLAR CAP MODEL ୈ 25. 2017(.TEX) MODEL

Ͱྑ͍͔ɻ͜͜Ͱɺhνs > γmc2 ͞ࢭېΕΔ͔Βɺ͜ͷ͜ͷΑ͏ͳ࣌ݹయతͳγϯΫϩτϩϯͷ͑ߟద༻Ͱ͖ͳ
͍ɻͦͷΑ͏ͳ͜ͱ͕࣓ڧ࣓ݍؾͰ͜ىΓ͏Δɻ͔͠͠ɺ࣓ؾϖΞੜͰͰ͖ͨిࢠཅిͭࢠʹͭͯ (25.77)Λ
༻͍Δͱ

hνs/γmc2 = 3χ/2 ∼ 1/10

Ͱ͗Γ͗Γݹయ͔͕ۙ͑ͭࣅΔɻ(ৄ͘͠ɺ25.4.0.1અʹղઆɻ)
·ͨδϟΠϩӡಈͷΤωϧΪʔͷ͕ੑࢄฉ͍ͯ͘ΔͱݹయతͳγϯΫϩτϩϯεϖΫτϧͷ͔ࣜͭ͑ͳ͍ɻͰ͖

ܥδϟΠϩӡಈ͚͍ͩͯ͠ΔΑ͏ʹΈ͑Δ͕ࢠཅి/ࢠిͨ (ϓϥΠϜܥ) (࣓ʹԊͬͯ β∥ = β cosαͰӡಈ͢Δ)Ͱ
ͷΤωϧΪʔࢠཅి/ࢠͷి࣌ͨݟ (γ/γ∥)mc2 Ͱӡಈྔ γβ⊥mcͰ͋ΔɿΤωϧΪʔঢ়ଶ

2017-enlevel1;
ϵ′

mc2
=

γ
γ∥

=
(
1 + γ2β2

⊥
)1/2

=

(
1 + 2n

B′

Bq

)1/2

(25.79)

ͱॻ͚Δ3ɻ(∥࣓ํͳͷͰ B = B′) ϖΞੜͷ݅ؾ࣓ γ = χ(Bq/B⊥)Λೖ͢Δͱɺ

2017-enlevel2; γ2β2
⊥ =

χ2B2
q

B2
⊥

β2
⊥ =

χ2B2
qβ

2

B2
≈

χ2B2
q

B2
(25.80)

ͱॻ͚ΔͷͰɺϥϯμॱҐ

n =
χ2

2

(
Bq

B

)3

(25.81)

ͱͳΔɻB = 0.1Bq ≈ 4.4× 1012GͳΒɺn = 2͘Β͍ʹͳΔɻB ∼ 1012GͳΒɺ2× 43 ∼ 128͘Β͍ʹͳΔɻ
ੜͨ͠ϖΞͷ͏ͪ SRͰ์ࣹ͞ΕΔΤωϧΪʔ (γ − γ∥)mc2 Ͱ͋ΔͷͰɺͷ͜Δׂ߹Λ η∥ ͱͯ͠

SR-loss part = (1− η∥)γmc2 = η⊥γmc2 (25.82)

rest part = η∥ γmc2 (25.83)

η∥ =
γ∥
γ

(25.84)

=

[
1 +

(
χBq

B

)2
]−1/2

(25.85)

Ͱ͋Δɻη∥ ͷࣜɺ(25.79) 25.80) ΑΓɻ
(RICͷੈ)

hνi ͷޫ͕ࢠϖΞΛ࡞Γ (ΤωϧΪʔ γimc2 = hνi/2) ͜Ε͕ΤωϧΪʔ (1− η∥)γmc2 Λ SRͰϩε͠ɺΓͷΤω
ϧΪʔ࣓ڞ໐ٯίϯϓτϯࢄཚ (RIC)์ࣹͰΤωϧΪʔΛ์ࣹଛࣦ͢Δɻ(ޮͱ͍͍ͯͱ͍͏) RICͰग़Δ
͕ࢠͷϩʔϨϯπҼࢠͷཻޙͷΤωϧΪʔɺSRଛࣦࢠޫ γ∥ Ͱ͋ΔͷͰɺ(8.233)͔Βɺ

hνi+1 ≈ 2γ∥hνB = 2η∥γimc2
B
Bq

= η∥
B
Bq

hνi (25.86)

ͱ͍͏ੈ͕ؔಘΒΕΔɻ
ೖࣹޫࢠ (Xઢ)ͱڞ໐ཻࢠͷؔ (8.234)ΑΓ

hνx =
mc2(B/Bq)

γ(1− β cos θi)
(25.87)

Λຬͨ͢Έ߹ΘͤʹͳΔɻ͜͜Ͱɺγi,∥ > γ > γi Ͱࢄཚ͠ɺ͔Βͷ Xઢͷೖࣹ֯ 0͔ΒͷฏઢͷΈ֯Ͱ
ܾ·Δɻྫͱͯ͠ɺB = 1012G (mc2B/Bq ∼ 11 keV)Ͱ cos θi ≪ 1ͷ߹ͷڞ໐ͷΈ߹ΘͤΛਤʹࣔ͢ɻ͜Ε͔Βɺ

γ > γres =
mc2(B/Bq)

2.82kT (1− β cos θi,max)
(25.88)

Ͱ͋Δཻࢠڞ໐ͯ͘͠ΕΔ͜ͱ͕Θ͔Δɻ
(ΤωϧΪʔͷΧεέʔυதͷ)

ΤωϧΪʔͷΛ͑ߟΔͱɺi − th ੈޫࢠͷΤωϧΪʔ hνi = 2γimc2 ͷؔͰϖΞΛ࡞Γɺ͜ͷ͏ͪͷ (γ −
γ∥)2γmc2 = η⊥2γmc2 ͕γϯΫϩτϩϯޫࢠͳΓɺΓ͕ RICޫࢠʹͳΔͱ͑ߟΒΕΔɿ

hνi =

{
η⊥hνi = (1− η∥)hνi Synchrotron photon energy
η∥hνi RIC photon energy

(25.89)

3͜͜Ͱɺࣜมܗɿγ2/γ2
∥ = γ2(1− β2

∥) = γ2(1− β2 + β2
⊥) = 1 + γ2β2

⊥
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ਤ 25.11: SRͱ RIC์ࣹͷεϖΫτϧͷҧ͍ɻ

͋Δ͍ɺ

a ζ + b ζ′ = c (25.103)

a = lnκSR (25.104)

b = ln(κIC/κSR) (25.105)

c = ln

(
hνesc
hν1

κ2
SR

κIC

)
(25.106)

͜͜ͰɺκSR = 3χ/4 ≈ 1/20ɺκIC = η∥(B/Bq)Ͱ͋Δɻ
ྫɺB/Bq = 0.1ɺhνesc/hν1 = 10−5 Ͱɺ

a = −1.3, b = 0.22, c = −6.52
b > 0ͷ࣌ɺζ′ Λ૿͢ͱ (ICΛଟ͘͢Δͱ)ɺγϯΫϩτϩϯͷճΛ૿͞ͳͯ͘ͳΒͣɺϒϥϯνͷͲ
ΜͲΜ૿͍͑ͯ͘ɻ

η(ζ′ = 0) = η3
⊥η∥ (25.107)

η(ζ′ = 1) = η3.18
⊥ η2

∥ (25.108)

η(ζ′ = 2) = η3.35
⊥ η3

∥ (25.109)

ηIC =

∫ ∞

0

ηζ−2−ζ′

∥ ηζ′+1
⊥ dζ′ (25.110)

= η∥η
(c/a)−2
⊥

∫ ∞

0

[
η∥η

−(b/a)+1
⊥

]ζ′
dζ′ (25.111)

=
−η∥η

(c/a)−2
⊥

ln
[
η∥η

−(b/a)+1
⊥

] (25.112)

= 0.02 (25.113)

ྫɺB/Bq = 0.03ɺhνesc/hν1 = 10−5 Ͱɺ
a = −1.3, b = −0.61, c = −5.7
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ਤ 25.11: SRͱ RIC์ࣹͷεϖΫτϧͷҧ͍ɻ

͋Δ͍ɺ

a ζ + b ζ′ = c (25.103)

a = lnκSR (25.104)

b = ln(κIC/κSR) (25.105)

c = ln

(
hνesc
hν1

κ2
SR

κIC

)
(25.106)

͜͜ͰɺκSR = 3χ/4 ≈ 1/20ɺκIC = η∥(B/Bq)Ͱ͋Δɻ
ྫɺB/Bq = 0.1ɺhνesc/hν1 = 10−5 Ͱɺ

a = −1.3, b = 0.22, c = −6.52
b > 0ͷ࣌ɺζ′ Λ૿͢ͱ (ICΛଟ͘͢Δͱ)ɺγϯΫϩτϩϯͷճΛ૿͞ͳͯ͘ͳΒͣɺϒϥϯνͷͲ
ΜͲΜ૿͍͑ͯ͘ɻ

η(ζ′ = 0) = η3
⊥η∥ (25.107)

η(ζ′ = 1) = η3.18
⊥ η2

∥ (25.108)

η(ζ′ = 2) = η3.35
⊥ η3

∥ (25.109)

ηIC =

∫ ∞

0

ηζ−2−ζ′

∥ ηζ′+1
⊥ dζ′ (25.110)

= η∥η
(c/a)−2
⊥

∫ ∞

0

[
η∥η

−(b/a)+1
⊥

]ζ′
dζ′ (25.111)

=
−η∥η

(c/a)−2
⊥

ln
[
η∥η

−(b/a)+1
⊥

] (25.112)

= 0.02 (25.113)

ྫɺB/Bq = 0.03ɺhνesc/hν1 = 10−5 Ͱɺ
a = −1.3, b = −0.61, c = −5.7
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high-B PSRlow-B PSR ordinary PSR

RIC dominantSyn. dominant
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cascade
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RIC
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25.2. Lγ ͱ LX ͷղऍ ୈ 25. 2017(.TEX) MODEL

ਤ 25.9: RICΛࢠޫ͢͜ىͱཻࢠͷΈ߹Θͤɻ

ϧΪʔ࣓ڞ໐ٯίϯϓτϯࢄཚ (RIC)์ࣹͰΤωϧΪʔΛ์ࣹଛࣦ͢Δɻ(ޮͱ͍͍ͯͱ͍͏) RICͰग़Δ
͕ࢠͷϩʔϨϯπҼࢠͷཻޙͷΤωϧΪʔɺSRଛࣦࢠޫ γ∥ Ͱ͋ΔͷͰɺ(8.233)͔Βɺ

hνi+1 ≈ 2γ∥hνB = 2η∥γimc2
B
Bq

= η∥
B
Bq

hνi (25.83)

ͱ͍͏ੈ͕ؔಘΒΕΔɻ
ೖࣹޫࢠ (Xઢ)ͱڞ໐ཻࢠͷؔ (8.234)ΑΓ

hνx =
mc2(B/Bq)

γ(1− β cos θi)
(25.84)

Λຬͨ͢Έ߹ΘͤʹͳΔɻ͜͜Ͱɺγi,∥ > γ > γi Ͱࢄཚ͠ɺ͔Βͷ Xઢͷೖࣹ֯ 0͔ΒͷฏઢͷΈ֯Ͱ
ܾ·Δɻྫͱͯ͠ɺB = 1012G (mc2B/Bq ∼ 11 keV)Ͱ cos θi ≪ 1ͷ߹ͷڞ໐ͷΈ߹ΘͤΛਤʹࣔ͢ɻ͜Ε͔Βɺ

γ > γres =
mc2(B/Bq)

2.82kT (1− β cos θi,max)
(25.85)

Ͱ͋Δཻࢠڞ໐ͯ͘͠ΕΔ͜ͱ͕Θ͔Δɻ
(ΤωϧΪʔͷΧεέʔυதͷ)

ΤωϧΪʔͷΛ͑ߟΔͱɺi − th ੈޫࢠͷΤωϧΪʔ hνi = 2γimc2 ͷؔͰϖΞΛ࡞Γɺ͜ͷ͏ͪͷ (γ −
γ∥)2γmc2 = η⊥2γmc2 ͕γϯΫϩτϩϯޫࢠͳΓɺΓ͕ RICޫࢠʹͳΔͱ͑ߟΒΕΔɿ

hνi =

{
η⊥hνi = (1− η∥)hνi Synchrotron photon energy
η∥hνi RIC photon energy

(25.86)

(generation ͋ͨΓͷ Multiplicity)
iੈͷޫ͔ࢠΒͭ͘ΒΕͨҰରͷϖΞ͔Β์ࣹ͞ΕΔγϯΫϩτϩϯͷΤωϧΪʔ (1− η∥)hνi Ͱ͋ΓɺγϯΫϩ
τϩϯޫࢠͻͱͭͷΤωϧΪʔ (3χ/4)hνi Ͱ͋ΔͷͰɺ৽࣍͘͠ͷੈͰܗ͞ΕΔϖΞ (4/3χ)(1− η∥)ରͰ͋
ΔɻҰํɺICʹ͘ߦΤωϧΪʔ η∥hνi ͋Γ RICͷޫࢠͷΤωϧΪʔ η∥(B/Bq)hνi Ͱ͋Δ͔ΒϖΞ Bq/B ʹ
ͳΔɻҎ্·ͱΊΔͱɺϖΞ૿෯ µ֤ϒϥϯνͰ

µ =

⎧
⎨

⎩

4
3χ

(1− η∥) =
4
3χ

(
1− 1

[1 + (χBq/B)2]1/2

)
Synchrotron induced pairs

Bq/B RIC induced pairs
(25.87)
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ਤ 25.9: RICΛࢠޫ͢͜ىͱཻࢠͷΈ߹Θͤɻ

(generation ͋ͨΓͷ Multiplicity)
iੈͷޫ͔ࢠΒͭ͘ΒΕͨҰରͷϖΞ͔Β์ࣹ͞ΕΔγϯΫϩτϩϯͷΤωϧΪʔ (1− η∥)hνi Ͱ͋ΓɺγϯΫϩ
τϩϯޫࢠͻͱͭͷΤωϧΪʔ (3χ/4)hνi Ͱ͋ΔͷͰɺ৽࣍͘͠ͷੈͰܗ͞ΕΔϖΞ (4/3χ)(1− η∥)ରͰ͋
ΔɻҰํɺICʹ͘ߦΤωϧΪʔ η∥hνi ͋Γ RICͷޫࢠͷΤωϧΪʔ η∥(B/Bq)hνi Ͱ͋Δ͔ΒϖΞ Bq/B ʹ
ͳΔɻҎ্·ͱΊΔͱɺϖΞ૿෯ µ֤ϒϥϯνͰ

µ =

⎧
⎨

⎩

4
3χ

(1− η∥) =
4
3χ

(
1− 1

[1 + (χBq/B)2]1/2

)
Synchrotron induced pairs

Bq/B RIC induced pairs
(25.92)

ʹͳΔɻBq/B ͷؔʹͳ͍ͬͯΔ (ਤ)ɻ࣓ڧύϧαʔʹͳΔͱMultiplicity্͕͕Βͳ͍Α͏ͩɻ
(ϖΞܗͷऴྃ)

Χεέʔυ͕ଓͨ͘Ίʹޫ͕ࢠϖΞΛͭ͘Δฏࣗۉ༝ߦఔ ℓp ྖҬͷαΠζ࣓ڧ͕ ∼ R/3ΑΓ͘ͳ͚ΕͳΒͳ
͍ɻB⊥ = Bℓp/Rc ΛɺϖΞܗͷ݅ (25.20)ʹೖͯ͠ɺޙ࠷ͷੈͷޫࢠͷΤωϧΪʔɺ

hνesc = 2χ
Bq

B
Rc

ℓp
mc2 = 2χ

Bq

B
Rc

R/3
mc2 = 6χrc

Bq

B

√
RL

R
mc2 (25.93)

Ͱ༩͑ΒΕΔɻతʹ

2017-esc;
hνesc
2mc2

= 138

(
0.1Bq

B

)
P 1/2rc (25.94)

= (207P 1/2rc)
χBq

B
(25.95)

Ͱ͋Δɻ(ࢉܭ 2017prog/b.f) (Polar cap ͔Βग़Δͨ͘͞ΜͷΨϯϚઢͷ͏ͪɺ∼ 100 MeV ΑΓ͍ߴΤωϧΪʔ
ͷͷϖΞʹͳΓɺٯʹͦΕΑΓ͍ωϧΪʔͷΨϯϚઢͷΈ͕࣓͔ݍؾΒग़ͯ͘Δ͜ͱʹͳΔɻ)
ϖΞΧεέʔυͷޙ࠷ͷੈͰɺ์ࣹ͞ΕΔޫࢠͷΤωϧΪʔ hνesc ҎԼʹͳ͍ͬͯΔɻҰൠʹੈؒͷ͕ؔ

hνi+1 = κhνi ͱ͢Δͱ
hνk = κk−1hν1 (25.96)

Ͱ͋Δɻैͬͯɺޙ࠷ͷੈΛ ζ ͱ͢Δͱɺ

hνζ = κζ−1hν1 = hνesc (25.97)
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ਤ 25.9: RICΛࢠޫ͢͜ىͱཻࢠͷΈ߹Θͤɻ

(generation ͋ͨΓͷ Multiplicity)
iੈͷޫ͔ࢠΒͭ͘ΒΕͨҰରͷϖΞ͔Β์ࣹ͞ΕΔγϯΫϩτϩϯͷΤωϧΪʔ (1− η∥)hνi Ͱ͋ΓɺγϯΫϩ
τϩϯޫࢠͻͱͭͷΤωϧΪʔ (3χ/4)hνi Ͱ͋ΔͷͰɺ৽࣍͘͠ͷੈͰܗ͞ΕΔϖΞ (4/3χ)(1− η∥)ରͰ͋
ΔɻҰํɺICʹ͘ߦΤωϧΪʔ η∥hνi ͋Γ RICͷޫࢠͷΤωϧΪʔ η∥(B/Bq)hνi Ͱ͋Δ͔ΒϖΞ Bq/B ʹ
ͳΔɻҎ্·ͱΊΔͱɺϖΞ૿෯ µ֤ϒϥϯνͰ

µ =

⎧
⎨

⎩

4
3χ

(1− η∥) =
4
3χ

(
1− 1

[1 + (χBq/B)2]1/2

)
Synchrotron induced pairs

Bq/B RIC induced pairs
(25.92)

ʹͳΔɻBq/B ͷؔʹͳ͍ͬͯΔ (ਤ)ɻ࣓ڧύϧαʔʹͳΔͱMultiplicity্͕͕Βͳ͍Α͏ͩɻ
(ϖΞܗͷऴྃ)

Χεέʔυ͕ଓͨ͘Ίʹޫ͕ࢠϖΞΛͭ͘Δฏࣗۉ༝ߦఔ ℓp ྖҬͷαΠζ࣓ڧ͕ ∼ R/3ΑΓ͘ͳ͚ΕͳΒͳ
͍ɻB⊥ = Bℓp/Rc ΛɺϖΞܗͷ݅ (25.20)ʹೖͯ͠ɺޙ࠷ͷੈͷޫࢠͷΤωϧΪʔɺ

hνesc = 2χ
Bq

B
Rc

ℓp
mc2 = 2χ

Bq

B
Rc

R/3
mc2 = 6χrc

Bq

B

√
RL

R
mc2 (25.93)

Ͱ༩͑ΒΕΔɻతʹ

2017-esc;
hνesc
2mc2

= 138

(
0.1Bq

B

)
P 1/2rc (25.94)

= (207P 1/2rc)
χBq

B
(25.95)

Ͱ͋Δɻ(ࢉܭ 2017prog/b.f) (Polar cap ͔Βग़Δͨ͘͞ΜͷΨϯϚઢͷ͏ͪɺ∼ 100 MeV ΑΓ͍ߴΤωϧΪʔ
ͷͷϖΞʹͳΓɺٯʹͦΕΑΓ͍ωϧΪʔͷΨϯϚઢͷΈ͕࣓͔ݍؾΒग़ͯ͘Δ͜ͱʹͳΔɻ)
ϖΞΧεέʔυͷޙ࠷ͷੈͰɺ์ࣹ͞ΕΔޫࢠͷΤωϧΪʔ hνesc ҎԼʹͳ͍ͬͯΔɻҰൠʹੈؒͷ͕ؔ

hνi+1 = κhνi ͱ͢Δͱ
hνk = κk−1hν1 (25.96)

Ͱ͋Δɻैͬͯɺޙ࠷ͷੈΛ ζ ͱ͢Δͱɺ

hνζ = κζ−1hν1 = hνesc (25.97)
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ਤ 25.9: RICΛࢠޫ͢͜ىͱཻࢠͷΈ߹Θͤɻ

(generation ͋ͨΓͷ Multiplicity)
iੈͷޫ͔ࢠΒͭ͘ΒΕͨҰରͷϖΞ͔Β์ࣹ͞ΕΔγϯΫϩτϩϯͷΤωϧΪʔ (1− η∥)hνi Ͱ͋ΓɺγϯΫϩ
τϩϯޫࢠͻͱͭͷΤωϧΪʔ (3χ/4)hνi Ͱ͋ΔͷͰɺ৽࣍͘͠ͷੈͰܗ͞ΕΔϖΞ (4/3χ)(1− η∥)ରͰ͋
ΔɻҰํɺICʹ͘ߦΤωϧΪʔ η∥hνi ͋Γ RICͷޫࢠͷΤωϧΪʔ η∥(B/Bq)hνi Ͱ͋Δ͔ΒϖΞ Bq/B ʹ
ͳΔɻҎ্·ͱΊΔͱɺϖΞ૿෯ µ֤ϒϥϯνͰ

µ =

⎧
⎨

⎩

4
3χ

(1− η∥) =
4
3χ

(
1− 1

[1 + (χBq/B)2]1/2

)
Synchrotron induced pairs

Bq/B RIC induced pairs
(25.92)

ʹͳΔɻBq/B ͷؔʹͳ͍ͬͯΔ (ਤ)ɻ࣓ڧύϧαʔʹͳΔͱMultiplicity্͕͕Βͳ͍Α͏ͩɻ
(ϖΞܗͷऴྃ)

Χεέʔυ͕ଓͨ͘Ίʹޫ͕ࢠϖΞΛͭ͘Δฏࣗۉ༝ߦఔ ℓp ྖҬͷαΠζ࣓ڧ͕ ∼ R/3ΑΓ͘ͳ͚ΕͳΒͳ
͍ɻB⊥ = Bℓp/Rc ΛɺϖΞܗͷ݅ (25.20)ʹೖͯ͠ɺޙ࠷ͷੈͷޫࢠͷΤωϧΪʔɺ

hνesc = 2χ
Bq

B
Rc

ℓp
mc2 = 2χ

Bq

B
Rc

R/3
mc2 = 6χrc

Bq

B

√
RL

R
mc2 (25.93)

Ͱ༩͑ΒΕΔɻతʹ

2017-esc;
hνesc
2mc2

= 138

(
0.1Bq

B

)
P 1/2rc (25.94)

= (207P 1/2rc)
χBq

B
(25.95)

Ͱ͋Δɻ(ࢉܭ 2017prog/b.f) (Polar cap ͔Βग़Δͨ͘͞ΜͷΨϯϚઢͷ͏ͪɺ∼ 100 MeV ΑΓ͍ߴΤωϧΪʔ
ͷͷϖΞʹͳΓɺٯʹͦΕΑΓ͍ωϧΪʔͷΨϯϚઢͷΈ͕࣓͔ݍؾΒग़ͯ͘Δ͜ͱʹͳΔɻ)
ϖΞΧεέʔυͷޙ࠷ͷੈͰɺ์ࣹ͞ΕΔޫࢠͷΤωϧΪʔ hνesc ҎԼʹͳ͍ͬͯΔɻҰൠʹੈؒͷ͕ؔ

hνi+1 = κhνi ͱ͢Δͱ
hνk = κk−1hν1 (25.96)

Ͱ͋Δɻैͬͯɺޙ࠷ͷੈΛ ζ ͱ͢Δͱɺ

hνζ = κζ−1hν1 = hνesc (25.97)

381

escape photon without pair creatoin

ୈ 25. 2017(.TEX) MODEL 25.3. POLAR CAP MODEL

ਤ 25.9: RICΛࢠޫ͢͜ىͱཻࢠͷΈ߹Θͤɻ

(generation ͋ͨΓͷ Multiplicity)
iੈͷޫ͔ࢠΒͭ͘ΒΕͨҰରͷϖΞ͔Β์ࣹ͞ΕΔγϯΫϩτϩϯͷΤωϧΪʔ (1− η∥)hνi Ͱ͋ΓɺγϯΫϩ
τϩϯޫࢠͻͱͭͷΤωϧΪʔ (3χ/4)hνi Ͱ͋ΔͷͰɺ৽࣍͘͠ͷੈͰܗ͞ΕΔϖΞ (4/3χ)(1− η∥)ରͰ͋
ΔɻҰํɺICʹ͘ߦΤωϧΪʔ η∥hνi ͋Γ RICͷޫࢠͷΤωϧΪʔ η∥(B/Bq)hνi Ͱ͋Δ͔ΒϖΞ Bq/B ʹ
ͳΔɻҎ্·ͱΊΔͱɺϖΞ૿෯ µ֤ϒϥϯνͰ

µ =

⎧
⎨

⎩

4
3χ

(1− η∥) =
4
3χ

(
1− 1

[1 + (χBq/B)2]1/2

)
Synchrotron induced pairs

Bq/B RIC induced pairs
(25.92)

ʹͳΔɻBq/B ͷؔʹͳ͍ͬͯΔ (ਤ)ɻ࣓ڧύϧαʔʹͳΔͱMultiplicity্͕͕Βͳ͍Α͏ͩɻ
(ϖΞܗͷऴྃ)

Χεέʔυ͕ଓͨ͘Ίʹޫ͕ࢠϖΞΛͭ͘Δฏࣗۉ༝ߦఔ ℓp ྖҬͷαΠζ࣓ڧ͕ ∼ R/3ΑΓ͘ͳ͚ΕͳΒͳ
͍ɻB⊥ = Bℓp/Rc ΛɺϖΞܗͷ݅ (25.20)ʹೖͯ͠ɺޙ࠷ͷੈͷޫࢠͷΤωϧΪʔɺ

hνesc = 2χ
Bq

B
Rc

ℓp
mc2 = 2χ

Bq

B
Rc

R/3
mc2 = 6χrc

Bq

B

√
RL

R
mc2 (25.93)

Ͱ༩͑ΒΕΔɻతʹ

2017-esc;
hνesc
2mc2

= 138

(
0.1Bq

B

)
P 1/2rc (25.94)

= (207P 1/2rc)
χBq

B
(25.95)

Ͱ͋Δɻ(ࢉܭ 2017prog/b.f) (Polar cap ͔Βग़Δͨ͘͞ΜͷΨϯϚઢͷ͏ͪɺ∼ 100 MeV ΑΓ͍ߴΤωϧΪʔ
ͷͷϖΞʹͳΓɺٯʹͦΕΑΓ͍ωϧΪʔͷΨϯϚઢͷΈ͕࣓͔ݍؾΒग़ͯ͘Δ͜ͱʹͳΔɻ)
ϖΞΧεέʔυͷޙ࠷ͷੈͰɺ์ࣹ͞ΕΔޫࢠͷΤωϧΪʔ hνesc ҎԼʹͳ͍ͬͯΔɻҰൠʹੈؒͷ͕ؔ

hνi+1 = κhνi ͱ͢Δͱ
hνk = κk−1hν1 (25.96)

Ͱ͋Δɻैͬͯɺޙ࠷ͷੈΛ ζ ͱ͢Δͱɺ

hνζ = κζ−1hν1 = hνesc (25.97)

381

ୈ 25. 2017(.TEX) MODEL 25.3. POLAR CAP MODEL

ਤ 25.9: RICΛࢠޫ͢͜ىͱཻࢠͷΈ߹Θͤɻ

(generation ͋ͨΓͷ Multiplicity)
iੈͷޫ͔ࢠΒͭ͘ΒΕͨҰରͷϖΞ͔Β์ࣹ͞ΕΔγϯΫϩτϩϯͷΤωϧΪʔ (1− η∥)hνi Ͱ͋ΓɺγϯΫϩ
τϩϯޫࢠͻͱͭͷΤωϧΪʔ (3χ/4)hνi Ͱ͋ΔͷͰɺ৽࣍͘͠ͷੈͰܗ͞ΕΔϖΞ (4/3χ)(1− η∥)ରͰ͋
ΔɻҰํɺICʹ͘ߦΤωϧΪʔ η∥hνi ͋Γ RICͷޫࢠͷΤωϧΪʔ η∥(B/Bq)hνi Ͱ͋Δ͔ΒϖΞ Bq/B ʹ
ͳΔɻҎ্·ͱΊΔͱɺϖΞ૿෯ µ֤ϒϥϯνͰ

µ =

⎧
⎨

⎩

4
3χ

(1− η∥) =
4
3χ

(
1− 1

[1 + (χBq/B)2]1/2

)
Synchrotron induced pairs

Bq/B RIC induced pairs
(25.92)

ʹͳΔɻBq/B ͷؔʹͳ͍ͬͯΔ (ਤ)ɻ࣓ڧύϧαʔʹͳΔͱMultiplicity্͕͕Βͳ͍Α͏ͩɻ
(ϖΞܗͷऴྃ)

Χεέʔυ͕ଓͨ͘Ίʹޫ͕ࢠϖΞΛͭ͘Δฏࣗۉ༝ߦఔ ℓp ྖҬͷαΠζ࣓ڧ͕ ∼ R/3ΑΓ͘ͳ͚ΕͳΒͳ
͍ɻB⊥ = Bℓp/Rc ΛɺϖΞܗͷ݅ (25.20)ʹೖͯ͠ɺޙ࠷ͷੈͷޫࢠͷΤωϧΪʔɺ

hνesc = 2χ
Bq

B
Rc

ℓp
mc2 = 2χ

Bq

B
Rc

R/3
mc2 = 6χrc

Bq

B

√
RL

R
mc2 (25.93)

Ͱ༩͑ΒΕΔɻతʹ

2017-esc;
hνesc
2mc2

= 138

(
0.1Bq

B

)
P 1/2rc (25.94)

= (207P 1/2rc)
χBq

B
(25.95)

Ͱ͋Δɻ(ࢉܭ 2017prog/b.f) (Polar cap ͔Βग़Δͨ͘͞ΜͷΨϯϚઢͷ͏ͪɺ∼ 100 MeV ΑΓ͍ߴΤωϧΪʔ
ͷͷϖΞʹͳΓɺٯʹͦΕΑΓ͍ωϧΪʔͷΨϯϚઢͷΈ͕࣓͔ݍؾΒग़ͯ͘Δ͜ͱʹͳΔɻ)
ϖΞΧεέʔυͷޙ࠷ͷੈͰɺ์ࣹ͞ΕΔޫࢠͷΤωϧΪʔ hνesc ҎԼʹͳ͍ͬͯΔɻҰൠʹੈؒͷ͕ؔ

hνi+1 = κhνi ͱ͢Δͱ
hνk = κk−1hν1 (25.96)

Ͱ͋Δɻैͬͯɺޙ࠷ͷੈΛ ζ ͱ͢Δͱɺ

hνζ = κζ−1hν1 = hνesc (25.97)
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ਤ 25.9: RICΛࢠޫ͢͜ىͱཻࢠͷΈ߹Θͤɻ

(generation ͋ͨΓͷ Multiplicity)
iੈͷޫ͔ࢠΒͭ͘ΒΕͨҰରͷϖΞ͔Β์ࣹ͞ΕΔγϯΫϩτϩϯͷΤωϧΪʔ (1− η∥)hνi Ͱ͋ΓɺγϯΫϩ
τϩϯޫࢠͻͱͭͷΤωϧΪʔ (3χ/4)hνi Ͱ͋ΔͷͰɺ৽࣍͘͠ͷੈͰܗ͞ΕΔϖΞ (4/3χ)(1− η∥)ରͰ͋
ΔɻҰํɺICʹ͘ߦΤωϧΪʔ η∥hνi ͋Γ RICͷޫࢠͷΤωϧΪʔ η∥(B/Bq)hνi Ͱ͋Δ͔ΒϖΞ Bq/B ʹ
ͳΔɻҎ্·ͱΊΔͱɺϖΞ૿෯ µ֤ϒϥϯνͰ

µ =

⎧
⎨

⎩

4
3χ

(1− η∥) =
4
3χ

(
1− 1

[1 + (χBq/B)2]1/2

)
Synchrotron induced pairs

Bq/B RIC induced pairs
(25.92)

ʹͳΔɻBq/B ͷؔʹͳ͍ͬͯΔ (ਤ)ɻ࣓ڧύϧαʔʹͳΔͱMultiplicity্͕͕Βͳ͍Α͏ͩɻ
(ϖΞܗͷऴྃ)

Χεέʔυ͕ଓͨ͘Ίʹޫ͕ࢠϖΞΛͭ͘Δฏࣗۉ༝ߦఔ ℓp ྖҬͷαΠζ࣓ڧ͕ ∼ R/3ΑΓ͘ͳ͚ΕͳΒͳ
͍ɻB⊥ = Bℓp/Rc ΛɺϖΞܗͷ݅ (25.20)ʹೖͯ͠ɺޙ࠷ͷੈͷޫࢠͷΤωϧΪʔɺ

hνesc = 2χ
Bq

B
Rc

ℓp
mc2 = 2χ

Bq

B
Rc

R/3
mc2 = 6χrc

Bq

B

√
RL

R
mc2 (25.93)

Ͱ༩͑ΒΕΔɻతʹ

2017-esc;
hνesc
2mc2
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(
0.1Bq

B

)
P 1/2rc (25.94)

= (207P 1/2rc)
χBq

B
(25.95)
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Ͱ͋Δɻैͬͯɺޙ࠷ͷੈΛ ζ ͱ͢Δͱɺ

hνζ = κζ−1hν1 = hνesc (25.97)
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ͳΔɻҎ্·ͱΊΔͱɺϖΞ૿෯ µ֤ϒϥϯνͰ

µ =

⎧
⎨

⎩

4
3χ

(1− η∥) =
4
3χ

(
1− 1

[1 + (χBq/B)2]1/2

)
Synchrotron induced pairs

Bq/B RIC induced pairs
(25.92)
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ਤ 25.10: ࣓ͷؔͱͯ͠ͷੈ͋ͨΓͷϖΞ૿෯ (multiplicity)

ͳͷͰɺ

ζ = 1 +
log(hνesc/hν1)

log κ
(25.98)

ͱදͤΔɻ͜Ε͕ɺԿੈ·ͰΧεέʔυ͢Δ͔ͷ҆Λ༩͑ɺgeneration parameter ͱݺͿɻ
ͷΤωϧΪʔ͕ࢠޫ hνesc ∼ 1MeV bandͰΧεέʔυ͕ࢭ·ͬͯ͜ΕҎ্ఔΤωϧΪʔʹͳΒͳ͍ͷͰɺεϖΫτϧ

ͷ͕Xઢޫ LxΛܾΊΔ͜ͱʹͳΔɻXઢޫ Lxʹͱͬͯ SRͱRICͱد༩ͷ͕͜ํͱͳΔɻͭ·Γɺ
SRͱ RICR ͍ͣΕͷϓϩηε K′ ܥ ͷࢠి) v∥ Ͱಈ͘ܥ) Ͱʹ͓͍ͯ hν′ = ϵB = !eB/mc = !ωB = mc2(B/Bq)
ͷޫ͕ࢠग़Δ͕ɺ؍ଌऀ͕͏͚ΔޫࢠͷΤωϧΪʔࢄཚ֯ʹґଘͯ͠ɺSR Ͱ γmc2(B/Bq) ఔͳͷʹରͯ͠ɺ
RICͰmc2(B/Bq)/γ ఔ·Ͱখ͘͞ͳΓ͏Δɻͭ·ΓɺRICͷ߹ Xઢʹ์ࣹ͕ग़Δ͜ͱ͕Ͱ͖Δɻ
ΧεέʔυͷҰͭͷϒϥϯνͷޙ࠷ͷͱ͜Ζ

hνζ = κζ−1−ζ′

SR κζ′

IChν1 = hνesc (25.99)

Ͱ͋Δͱ͢ΔɻॳϖΞͷωΤϧΪʔ͔Β͜ͷϒϥϯνʹҾ͖͍ͩܧΤωϧΪʔͷׂ߹ɺ

ηζ = ηη−1−ζ′

⊥ ηζ′

∥ (25.100)

Ͱ͋ΔɻXઢޫʹد༩͢Δͷޙ࠷ͷϓϩηεͰ RICͷ์ࣹͷΈͳͷͰɺ֘͢Δ༗ޮͳϒϥϯνͨͱ͑ɺ

hνζ = κSRκICκSR . . .κSR︸ ︷︷ ︸
ζ−2

κIC︸︷︷︸
1

hν1 = hνesc (25.101)

Ͱ͋ΔɻҰൠʹ
hνζ = κζ−2−ζ′

SR κζ′

ICκIChν1 = hνesc (25.102)

Ͱ generation parameter ͕͖·ΓɺRICޫͷ fraction

2017-etaICfrac; ηIC(ζ
′) = ηζ−2−ζ′

⊥ ηζ′+1
∥ (25.103)

Ͱ͋Δɻ͕ͨͬͯ͠ɺ

LIC = Lp

∑

ζ′

ηIC(ζ
′) ≈

∫
Lp ηIC(ζ

′)dζ′ (25.104)

Ͱ XઢޫΛੵݟΔ͜ͱ͕Ͱ͖ΔͩΖ͏ɻຊདྷ RICͷ͏ͪͷ Xઢʹׂ͍͘߹Λ͢ࢉܭΔඞཁ͕͋Δɻ
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∥ (25.103)

Ͱ͋Δɻ͕ͨͬͯ͠ɺ

LIC = Lp

∑

ζ′

ηIC(ζ
′) ≈

∫
Lp ηIC(ζ

′)dζ′ (25.104)

Ͱ XઢޫΛੵݟΔ͜ͱ͕Ͱ͖ΔͩΖ͏ɻຊདྷ RICͷ͏ͪͷ Xઢʹׂ͍͘߹Λ͢ࢉܭΔඞཁ͕͋Δɻ

382

25.3. POLAR CAP MODEL ୈ 25. 2017(.TEX) MODEL

ਤ 25.10: ࣓ͷؔͱͯ͠ͷੈ͋ͨΓͷϖΞ૿෯ (multiplicity)

ͳͷͰɺ

ζ = 1 +
log(hνesc/hν1)

log κ
(25.98)

ͱදͤΔɻ͜Ε͕ɺԿੈ·ͰΧεέʔυ͢Δ͔ͷ҆Λ༩͑ɺgeneration parameter ͱݺͿɻ
ͷΤωϧΪʔ͕ࢠޫ hνesc ∼ 1MeV bandͰΧεέʔυ͕ࢭ·ͬͯ͜ΕҎ্ఔΤωϧΪʔʹͳΒͳ͍ͷͰɺεϖΫτϧ

ͷ͕Xઢޫ LxΛܾΊΔ͜ͱʹͳΔɻXઢޫ Lxʹͱͬͯ SRͱRICͱد༩ͷ͕͜ํͱͳΔɻͭ·Γɺ
SRͱ RICR ͍ͣΕͷϓϩηε K′ ܥ ͷࢠి) v∥ Ͱಈ͘ܥ) Ͱʹ͓͍ͯ hν′ = ϵB = !eB/mc = !ωB = mc2(B/Bq)
ͷޫ͕ࢠग़Δ͕ɺ؍ଌऀ͕͏͚ΔޫࢠͷΤωϧΪʔࢄཚ֯ʹґଘͯ͠ɺSR Ͱ γmc2(B/Bq) ఔͳͷʹରͯ͠ɺ
RICͰmc2(B/Bq)/γ ఔ·Ͱখ͘͞ͳΓ͏Δɻͭ·ΓɺRICͷ߹ Xઢʹ์ࣹ͕ग़Δ͜ͱ͕Ͱ͖Δɻ
ΧεέʔυͷҰͭͷϒϥϯνͷޙ࠷ͷͱ͜Ζ

hνζ = κζ−1−ζ′

SR κζ′

IChν1 = hνesc (25.99)

Ͱ͋Δͱ͢ΔɻॳϖΞͷωΤϧΪʔ͔Β͜ͷϒϥϯνʹҾ͖͍ͩܧΤωϧΪʔͷׂ߹ɺ

ηζ = ηη−1−ζ′

⊥ ηζ′

∥ (25.100)

Ͱ͋ΔɻXઢޫʹد༩͢Δͷޙ࠷ͷϓϩηεͰ RICͷ์ࣹͷΈͳͷͰɺ֘͢Δ༗ޮͳϒϥϯνͨͱ͑ɺ

hνζ = κSRκICκSR . . .κSR︸ ︷︷ ︸
ζ−2

κIC︸︷︷︸
1

hν1 = hνesc (25.101)

Ͱ͋ΔɻҰൠʹ
hνζ = κζ−2−ζ′

SR κζ′

ICκIChν1 = hνesc (25.102)

Ͱ generation parameter ͕͖·ΓɺRICޫͷ fraction

2017-etaICfrac; ηIC(ζ
′) = ηζ−2−ζ′

⊥ ηζ′+1
∥ (25.103)

Ͱ͋Δɻ͕ͨͬͯ͠ɺ

LIC = Lp

∑

ζ′

ηIC(ζ
′) ≈

∫
Lp ηIC(ζ

′)dζ′ (25.104)

Ͱ XઢޫΛੵݟΔ͜ͱ͕Ͱ͖ΔͩΖ͏ɻຊདྷ RICͷ͏ͪͷ Xઢʹׂ͍͘߹Λ͢ࢉܭΔඞཁ͕͋Δɻ

382



25.3. POLAR CAP MODEL ୈ 25. 2017(.TEX) MODEL

ਤ 25.10: ࣓ͷؔͱͯ͠ͷੈ͋ͨΓͷϖΞ૿෯ (multiplicity)

ͳͷͰɺ

ζ = 1 +
log(hνesc/hν1)

log κ
(25.98)

ͱදͤΔɻ͜Ε͕ɺԿੈ·ͰΧεέʔυ͢Δ͔ͷ҆Λ༩͑ɺgeneration parameter ͱݺͿɻ
ͷΤωϧΪʔ͕ࢠޫ hνesc ∼ 1MeV bandͰΧεέʔυ͕ࢭ·ͬͯ͜ΕҎ্ఔΤωϧΪʔʹͳΒͳ͍ͷͰɺεϖΫτϧ

ͷ͕Xઢޫ LxΛܾΊΔ͜ͱʹͳΔɻXઢޫ Lxʹͱͬͯ SRͱRICͱد༩ͷ͕͜ํͱͳΔɻͭ·Γɺ
SRͱ RICR ͍ͣΕͷϓϩηε K′ ܥ ͷࢠి) v∥ Ͱಈ͘ܥ) Ͱʹ͓͍ͯ hν′ = ϵB = !eB/mc = !ωB = mc2(B/Bq)
ͷޫ͕ࢠग़Δ͕ɺ؍ଌऀ͕͏͚ΔޫࢠͷΤωϧΪʔࢄཚ֯ʹґଘͯ͠ɺSR Ͱ γmc2(B/Bq) ఔͳͷʹରͯ͠ɺ
RICͰmc2(B/Bq)/γ ఔ·Ͱখ͘͞ͳΓ͏Δɻͭ·ΓɺRICͷ߹ Xઢʹ์ࣹ͕ग़Δ͜ͱ͕Ͱ͖Δɻ
ΧεέʔυͷҰͭͷϒϥϯνͷޙ࠷ͷͱ͜Ζ

hνζ = κζ−1−ζ′

SR κζ′

IChν1 = hνesc (25.99)

Ͱ͋Δͱ͢ΔɻॳϖΞͷωΤϧΪʔ͔Β͜ͷϒϥϯνʹҾ͖͍ͩܧΤωϧΪʔͷׂ߹ɺ

ηζ = ηη−1−ζ′

⊥ ηζ′

∥ (25.100)

Ͱ͋ΔɻXઢޫʹد༩͢Δͷޙ࠷ͷϓϩηεͰ RICͷ์ࣹͷΈͳͷͰɺ֘͢Δ༗ޮͳϒϥϯνͨͱ͑ɺ

hνζ = κSRκICκSR . . .κSR︸ ︷︷ ︸
ζ−2

κIC︸︷︷︸
1

hν1 = hνesc (25.101)

Ͱ͋ΔɻҰൠʹ
hνζ = κζ−2−ζ′

SR κζ′

ICκIChν1 = hνesc (25.102)

Ͱ generation parameter ͕͖·ΓɺRICޫͷ fraction

2017-etaICfrac; ηIC(ζ
′) = ηζ−2−ζ′

⊥ ηζ′+1
∥ (25.103)

Ͱ͋Δɻ͕ͨͬͯ͠ɺ

LIC = Lp

∑

ζ′

ηIC(ζ
′) ≈

∫
Lp ηIC(ζ

′)dζ′ (25.104)

Ͱ XઢޫΛੵݟΔ͜ͱ͕Ͱ͖ΔͩΖ͏ɻຊདྷ RICͷ͏ͪͷ Xઢʹׂ͍͘߹Λ͢ࢉܭΔඞཁ͕͋Δɻ
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۩ମతͳࢉܭҎԼͷΑ͏ʹͳΔɿɹ
·ͣ ζ ΛܾΊΔࣜ

κζ
SR

(
κIC

κSR

)ζ′

=
hνesc
hν1

κ2
SR

κIC
(25.105)

͋Δ͍ɺ

a ζ + b ζ′ = c (25.106)

a = lnκSR (25.107)

b = ln(κIC/κSR) (25.108)

c = ln

(
hνesc
hν1

κ2
SR

κIC

)
(25.109)

͜͜ͰɺκSR = 3χ/4 ≈ 1/20ɺκIC = η∥(B/Bq)Ͱ͋ΔɻಛʹɺిࢠཅిࢠͷΤωϧΪʔ͕ ICޫ͔͘ߦʹࢠ SRޫࢠ
ʹ͍͔͘ΛܾΊΔͷ

η∥ =
(B/Bqχ)√

1 + (B/Bqχ)2
(25.110)

Ͱ͋Γɺ·ͨɺޫࢠͷΤωϧΪʔ͕ ICͱ SRͱͲ͔͕ͪେ͖͍͔ΛܾΊΔҼࢠ

κIC

κSR
=

(B/Bq)η∥
(3/4)χ

=
4
3

(B/Bqχ)
2

√
1 + (B/Bqχ)2

(25.111)

Ͱ༩͑ΒΕΔɻਤ 25.12ʹΈΒΕΔΑ͏ʹɺ࣓ڧ B/Bq > χ ∼ 1/15Ͱ RIC͕༏Ͱ͋Γɺऑ࣓Ͱ SR͕༏
Ͱ͋Δɻhν1 ͷධՁ curvature radiation ͰՃిѹ γ1 ∼ 5× 107 ఔͰ҆ఆ͍ͯ͠Δͱ͢Δͱɺ

hν1
mc2

=
3
4
!/mc
Rc

γ3
1 =

3
4rc

!/mc
R

√
R
RL

γ3
1 = 5× 104P−1/2r−1

c

(
γ1

5× 107

)3

(25.112)

Ͱ͋Δɻ(25.94)ͱ߹ΘͤΔͱ
hνesc
hν1

= 4× 10−3Bqχ
B

r2cP

(
γ1

5× 107

)−3

(25.113)

ΛಘΔɻΑͬͯɺ

hνesc
hν1

κ2
SR

κIC
= 4× 10−3Bqχ

B
r2cP

(
γ1

5× 107

)−3 3
4

√
1 + (B/Bqχ)2

(B/Bqχ)2
3χ
4

(25.114)

= 2.2× 10−3χ

√
1 + (B/Bqχ)2

(B/Bqχ)3
r2cP

(
γ1

5× 107

)−3

(25.115)

(֤ϒϥϯνͷ୳ࠪ) ζ′ = 0, 1, 2, ...ͱ͢ΔͱΧεέʔυͷϒϥϯνΛ୳ࠪ͢Δ͜ͱ͕Ͱ͖Δɻ

ζ = − b
a
ζ′ +

c
a

(25.116)

ζ′′ = ζ − 2− ζ′ = −(
b
a
+ 1)ζ′ +

c
a

(25.117)

͜͜Ͱɺζ′′ ɺ(25.103) Ͱ η⊥ ͷϕΩࢦɻc/a < 0 ͷͱ͖ ζ′ = 0 ͷͱ͖Ͱ ζ ਖ਼ͷΛͱΒͳ͍ͷͰɺΧε
έʔδ͓͖ࣗͳ͍ɻ͜Εɺa < 0ͳͷͰ c < 0ͱ͍͏͜ͱʹͳΔͷͰɺेߴΤωϧΪʔͷҰ͕ࢠޫ࣍ແ͍߹Ͱ
͋Δɻ࣍ʹɺζ′′ = 0ʹͳͬͨͱ͜ΖͰΧεέʔυͷྻܥด͡Δ

ζ′ ≤ (c/a)− 2
1 + (b/a)

=
c− 2a
a+ b

(25.118)

۩ମతʹͲͷΑ͏ʹΧεέʔυ͢ΔΈ߹Θ͕ͤ͋Δ͔ਤ 25.13 Λࢀরɻ
ྫɺB/Bq = 0.2154ɺP = 1 sec Ͱɺζ = 0.472ζ′ + 3.148 Ͱ

η(ζ′ = 0) = η1.71
⊥ η∥ (25.119)

η(ζ′ = 1) = η1.18
⊥ η2

∥ (25.120)

η(ζ′ = 2) = η0.65
⊥ η3

∥ (25.121)

η(ζ′ = 2) = η0.124
⊥ η4

∥ (25.122)
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ਤ 25.13: ΧεέʔυϒϥϯνͷΈ͋ΘͤɿηRIC = ηp⊥η
q
∥ = ηζ−2−ζ′

⊥ ηζ
′+1

∥

ͷΑ͏ʹϒϥϯν͕ଘ͢ࡏΔɻ1.7, 1.18ͳͲ෯͕͍ڱͷҰͭͷ SRͷϒϥϯνʹҰͭͷ ICϒϥϯν͕ͿΒ͕ͬ͞
͍ͯΔͷͰɺͦΕͧΕͷϒϥϯνʹ ζ′′ ͷࣜͰɺζ′ ͷલʹ͍͍ͭͯΔॏΈ (1 + b/a)Λ͚ͭΕྑ͍ɻ֤ϒϥϯνͰ
 SRʹ ζ′′ɺRICʹ ζ′ ͷͳ͔ͰΈ߹Θ͕ͤࣗ༝ͳͷͰೋ߲ɺ

(
ζ − 2
ζ′

)
=

(ζ − 2)!
ζ′!(ζ − 2− ζ′)!

=
Γ(ζ − 1)

Γ(ζ′ + 1)Γ(ζ − 1− ζ′)
(25.123)

ͷॏΈ͕͋ΔɻҎ্͔ΒɺICͷϒϥϯνʹߴ͘ߦͷ fraction

ηIC =

(c−2a)/(a+b)∑

ζ′=0

a+ b
a

Γ(ζ − 1)
Γ(ζ′ + 1)Γ(ζ − 1− ζ′)

ηζ−2−ζ′

⊥ ηζ′+1
∥ (25.124)

≈
∫ (c−2a)/(a+b)

0

a+ b
a

Γ(ζ − 1)
Γ(ζ′ + 1)Γ(ζ − 1− ζ′)

ηζ−2−ζ′

⊥ ηζ′+1
∥ dζ′ (25.125)

= (1 +
b
a
)ηc/a

⊥ η∥

∫ (c−2a)/(a+b)

0

Γ(− b
aζ

′ + c
a − 1)

Γ(ζ′ + 1)Γ(−( b
a + 1)ζ′ + c

a )
η−(b/a+1)ζ′

⊥ ηζ′

∥ dζ′ (25.126)

ੵΛ࣮͢ߦΔͱ Lp ͔Β RICʹ͘ߦ fraction͕ٻΊΒΕΔɻ݁ՌΛਤʹࣔ͢ɻ
(͜͜·Ͱ)front
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Ͱྑ͍͔ɻ͜͜Ͱɺhνs > γmc2 ͞ࢭېΕΔ͔Βɺ͜ͷ͜ͷΑ͏ͳ࣌ݹయతͳγϯΫϩτϩϯͷ͑ߟద༻Ͱ͖ͳ
͍ɻͦͷΑ͏ͳ͜ͱ͕࣓ڧ࣓ݍؾͰ͜ىΓ͏Δɻ͔͠͠ɺ࣓ؾϖΞੜͰͰ͖ͨిࢠཅిͭࢠʹͭͯ (25.77)Λ
༻͍Δͱ

hνs/γmc2 = 3χ/2 ∼ 1/10

Ͱ͗Γ͗Γݹయ͔͕ۙ͑ͭࣅΔɻ(ৄ͘͠ɺ25.4.0.1અʹղઆɻ)
·ͨδϟΠϩӡಈͷΤωϧΪʔͷ͕ੑࢄฉ͍ͯ͘ΔͱݹయతͳγϯΫϩτϩϯεϖΫτϧͷ͔ࣜͭ͑ͳ͍ɻͰ͖

ܥδϟΠϩӡಈ͚͍ͩͯ͠ΔΑ͏ʹΈ͑Δ͕ࢠཅి/ࢠిͨ (ϓϥΠϜܥ) (࣓ʹԊͬͯ β∥ = β cosαͰӡಈ͢Δ)Ͱ
ͷΤωϧΪʔࢠཅి/ࢠͷి࣌ͨݟ (γ/γ∥)mc2 Ͱӡಈྔ γβ⊥mcͰ͋ΔɿΤωϧΪʔঢ়ଶ

2017-enlevel1;
ϵ′

mc2
=

γ
γ∥

=
(
1 + γ2β2

⊥
)1/2

=

(
1 + 2n

B′

Bq

)1/2

(25.79)

ͱॻ͚Δ3ɻ(∥࣓ํͳͷͰ B = B′) ϖΞੜͷ݅ؾ࣓ γ = χ(Bq/B⊥)Λೖ͢Δͱɺ

2017-enlevel2; γ2β2
⊥ =

χ2B2
q

B2
⊥

β2
⊥ =

χ2B2
qβ

2

B2
≈

χ2B2
q

B2
(25.80)

ͱॻ͚ΔͷͰɺϥϯμॱҐ

n =
χ2

2

(
Bq

B

)3

(25.81)

ͱͳΔɻB = 0.1Bq ≈ 4.4× 1012GͳΒɺn = 2͘Β͍ʹͳΔɻB ∼ 1012GͳΒɺ2× 43 ∼ 128͘Β͍ʹͳΔɻ
ੜͨ͠ϖΞͷ͏ͪ SRͰ์ࣹ͞ΕΔΤωϧΪʔ (γ − γ∥)mc2 Ͱ͋ΔͷͰɺͷ͜Δׂ߹Λ η∥ ͱͯ͠

SR-loss part = (1− η∥)γmc2 = η⊥γmc2 (25.82)

rest part = η∥ γmc2 (25.83)

η∥ =
γ∥
γ

(25.84)

=

[
1 +

(
χBq

B

)2
]−1/2

(25.85)

Ͱ͋Δɻη∥ ͷࣜɺ(25.79) 25.80) ΑΓɻ
(RICͷੈ)

hνi ͷޫ͕ࢠϖΞΛ࡞Γ (ΤωϧΪʔ γimc2 = hνi/2) ͜Ε͕ΤωϧΪʔ (1− η∥)γmc2 Λ SRͰϩε͠ɺΓͷΤω
ϧΪʔ࣓ڞ໐ٯίϯϓτϯࢄཚ (RIC)์ࣹͰΤωϧΪʔΛ์ࣹଛࣦ͢Δɻ(ޮͱ͍͍ͯͱ͍͏) RICͰग़Δ
͕ࢠͷϩʔϨϯπҼࢠͷཻޙͷΤωϧΪʔɺSRଛࣦࢠޫ γ∥ Ͱ͋ΔͷͰɺ(8.233)͔Βɺ

hνi+1 ≈ 2γ∥hνB = 2η∥γimc2
B
Bq

= η∥
B
Bq

hνi (25.86)

ͱ͍͏ੈ͕ؔಘΒΕΔɻ
ೖࣹޫࢠ (Xઢ)ͱڞ໐ཻࢠͷؔ (8.234)ΑΓ

hνx =
mc2(B/Bq)

γ(1− β cos θi)
(25.87)

Λຬͨ͢Έ߹ΘͤʹͳΔɻ͜͜Ͱɺγi,∥ > γ > γi Ͱࢄཚ͠ɺ͔Βͷ Xઢͷೖࣹ֯ 0͔ΒͷฏઢͷΈ֯Ͱ
ܾ·Δɻྫͱͯ͠ɺB = 1012G (mc2B/Bq ∼ 11 keV)Ͱ cos θi ≪ 1ͷ߹ͷڞ໐ͷΈ߹ΘͤΛਤʹࣔ͢ɻ͜Ε͔Βɺ

γ > γres =
mc2(B/Bq)

2.82kT (1− β cos θi,max)
(25.88)

Ͱ͋Δཻࢠڞ໐ͯ͘͠ΕΔ͜ͱ͕Θ͔Δɻ
(ΤωϧΪʔͷΧεέʔυதͷ)

ΤωϧΪʔͷΛ͑ߟΔͱɺi − th ੈޫࢠͷΤωϧΪʔ hνi = 2γimc2 ͷؔͰϖΞΛ࡞Γɺ͜ͷ͏ͪͷ (γ −
γ∥)2γmc2 = η⊥2γmc2 ͕γϯΫϩτϩϯޫࢠͳΓɺΓ͕ RICޫࢠʹͳΔͱ͑ߟΒΕΔɿ

hνi =

{
η⊥hνi = (1− η∥)hνi Synchrotron photon energy
η∥hνi RIC photon energy

(25.89)

3͜͜Ͱɺࣜมܗɿγ2/γ2
∥ = γ2(1− β2

∥) = γ2(1− β2 + β2
⊥) = 1 + γ2β2

⊥
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ਤ 25.11: SRͱ RIC์ࣹͷεϖΫτϧͷҧ͍ɻ

͋Δ͍ɺ

a ζ + b ζ′ = c (25.103)

a = lnκSR (25.104)

b = ln(κIC/κSR) (25.105)

c = ln

(
hνesc
hν1

κ2
SR

κIC

)
(25.106)

͜͜ͰɺκSR = 3χ/4 ≈ 1/20ɺκIC = η∥(B/Bq)Ͱ͋Δɻ
ྫɺB/Bq = 0.1ɺhνesc/hν1 = 10−5 Ͱɺ

a = −1.3, b = 0.22, c = −6.52
b > 0ͷ࣌ɺζ′ Λ૿͢ͱ (ICΛଟ͘͢Δͱ)ɺγϯΫϩτϩϯͷճΛ૿͞ͳͯ͘ͳΒͣɺϒϥϯνͷͲ
ΜͲΜ૿͍͑ͯ͘ɻ

η(ζ′ = 0) = η3
⊥η∥ (25.107)

η(ζ′ = 1) = η3.18
⊥ η2

∥ (25.108)

η(ζ′ = 2) = η3.35
⊥ η3

∥ (25.109)

ηIC =

∫ ∞

0

ηζ−2−ζ′

∥ ηζ′+1
⊥ dζ′ (25.110)

= η∥η
(c/a)−2
⊥

∫ ∞

0

[
η∥η

−(b/a)+1
⊥

]ζ′
dζ′ (25.111)

=
−η∥η

(c/a)−2
⊥

ln
[
η∥η

−(b/a)+1
⊥

] (25.112)

= 0.02 (25.113)

ྫɺB/Bq = 0.03ɺhνesc/hν1 = 10−5 Ͱɺ
a = −1.3, b = −0.61, c = −5.7
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ΜͲΜ૿͍͑ͯ͘ɻ

η(ζ′ = 0) = η3
⊥η∥ (25.107)

η(ζ′ = 1) = η3.18
⊥ η2

∥ (25.108)

η(ζ′ = 2) = η3.35
⊥ η3

∥ (25.109)

ηIC =

∫ ∞

0

ηζ−2−ζ′

∥ ηζ′+1
⊥ dζ′ (25.110)

= η∥η
(c/a)−2
⊥

∫ ∞

0

[
η∥η

−(b/a)+1
⊥

]ζ′
dζ′ (25.111)

=
−η∥η

(c/a)−2
⊥

ln
[
η∥η

−(b/a)+1
⊥

] (25.112)

= 0.02 (25.113)

ྫɺB/Bq = 0.03ɺhνesc/hν1 = 10−5 Ͱɺ
a = −1.3, b = −0.61, c = −5.7
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In the Future

We obtain an analytic form of the RIC luminosity for 
the standard polar cap model.
In the next step,
1. get spectrum (so Lx) and multiplicity  as function 

of P, B and Rc to understand large variation in 
Lx/Lrot and correlation between Lx(PSR) and 
Lx(PWN)

2. Confirm by numerical simulations.
3. How about non standard polar cap model, i.e., 

high-B pulsars and magnetars, MSPSRs
4. Advance precise observations so that clearer 

spectrum (thermal / non-thermal) as functions of 
phase


