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p = 2.4

p = 2s + 1



∆tA c∆tA

βc∆t φ

∆tB

∆trec ≡ ∆t + ∆tB − ∆tA = ∆t − ∆t
v

c
cosφ = ∆t(1 − β cos φ)

Γ

∆te = ∆t
′

eΓ

∆trec ≡ ∆t
′

eΓ(1 − β cosφ) =
∆t

′
e

δ

1 − Bjet cos φ

∆te Γ

∆t
′
e

δ



δ ≡ 1

Γjet(1 − Bjet cos φ)
= Γjet(1 + Bjet cos φ

′
)

Γjet = 1/
√

1 − B2
jet

Bjet

cosφ =
β + cosφ

′

1 + β cosφ′

tan φ =
sin φ

′

1 + β cosφ′

φ
′
= −π

2 φ
′
= +π

2

φ ∼ 1
γ

ν = δν
′



ν

dV = δdV
′

m−3

dΩ =
1

δ2
dΩ

′

dΩ

I(dν, dΩ) = δ3I
′
(dν

′
, dΩ

′
)

I(dν, dΩ) −1 −2 −1 −1

j(dν, dΩ) = δ2j
′
(dν

′
, dΩ

′
)

j(dν, dΩ) −1 −3 −1 −1

δ

Γjet 90◦

βobs ≡
x⊥

∆trec
=

β sin φ

1 − β cos φ

Fν









ne K = ne
1−p

γ1−p
max−γ1−p

min







Rb Rb





Hα

1041 erg s−1

1.5 · 1040 erg s−1

4·1041 erg s−1

1041−1043 erg s−1











ε = Eph/mc2

γ = Ee/mc2

γ2 γ

γ2ε $ γ

σT =
8π

3
r2
0

r0 =
1

4πε0

e2

mec2



σ

ṅph(dεs, dΩs) = c

∫

γ

∫

Ωe

ne(dγ, dΩe)




∫

ε

∫

Ωph

nph(dε, dΩph)
dσ

dεsdΩs
(1 − βµph,e)dεdΩph



 dγdΩe

ne(dγ, dΩe) nph(dε, dΩph)

−3 −1 µph,e

dσ
dεsdΩs

εi ϕph, µph

γ, ϕe, µe εs, ϕs, µs µ

ϕ

µph,e



ṅph(dεs, dΩs) =

∫

γ

ne(dγ)

∫

Ωph

∫

ε

nph(dε, dΩph)
dC

dεsdΩs
dεdΩphdγ

dC

dεsdΩs
= c

∫

Ωe

dσ

dεsdΩs
(1 − βµph,e)dΩe

C(ε, µph, γ) σ(ε, µph, γ, µe)

ṅph(dεs, dΩs) =
3

16π
σT cεs

∫

γ

∫

ε

∫

ϕ

∫

µ

ne(dγ)nph(dε, dΩph)Θ(εs − εs1)

× 1

βγ2ε
√

ε2
s − 2µph,sεεs + ε2

×
[
1 − 1

(2εsγβ)2

(
µ+ + µ− + 2b

((µ+ + b)(µ− + b))
3
2

+
µ+ + µ− + 2a

((µ+ + a)(µ− + a))
3
2

)

−
(

ε (1 − µph,s)

2γβ
− εεs (1 − µph,s) + 1

γβε2
sε (1 − µph,s)

)

×
(

1

((µ+ + b)(µ− + b))
1
2

+
1

((µ+ + a)(µ− + a))
1
2

)]
dϕdµdεdγ

µph,s

µph,s = µphµs +
√

1 − µ2
ph

√
1 − µ2

s cos(ϕph − ϕs)

a = − 1

β



b = − 1

β
− ε(1 − µph,s)

βγ

µ± =
AB ± C1

√
B2 + C2

1 − A2

B2 + C2
1

µ±

A = εs

(
1 +

ε(1 − µph,s)

γ

)
− ε

B = β(εs − εµph,s)

C1 = βε
√

1 − µ2
ph,s

Θ(εs−εs1)

εs

εs ≤ εs1 =
γ2ε(1 + β)(1 − βµph,s)

1 + γε(1 + β)(1 − βµph,s)

εs

ε

εs

ε ≥ εs

(γ − εs)γ(1 + β)(1 − βµph,s)

ṅe(dγ) = ne(dγ)

∫

Ωs

∫

εs

∫

Ωph

∫

ε

nph(dε, dΩph)
dC

dεsdΩs
dεdΩphdεsdΩs

nph(dε, dΩph)

ṅe(dγs) =

∫

Ωs

∫

εs

ṅph(dεs, dΩs; γ)δ(γs − (γ − εs))dεsdΩs



log (εs/εs,max)

εs

ε = 10−7 γ = 105

π θs ( 0
εs,max



γs δ

γ γs εs γs ( γ − εs γs

ṅe(dγs) =

∫

Ωs

∫

εs

∫

γ

ne(dγ)

∫

Ωph

∫

ε

nph(dε, dΩph)
dC

dεsdΩs
δ(γs−(γ−εs))dεdΩphdγdεsdΩs

γ

[εs, γmax]

[γs, γmax]

Ωs

εs [0, γmax]

Ω

ε

ε Ω

θ

[0, 2π]

µ+−µ−
µ+

µ+ µ−



dC(ε, γ)

dεs
=

3

4
σT c

1

γ2ε

(
1 + q − 2q2 + 2q ln q +

(Gq)2(1 − q)

2(1 + Gq)

)

q =
εs

4γε(γ − εs)

G = 4γε

εs

εs ∈
(

ε,
4γ2ε

1 + 4γε

)

q ∈
(

1

4γ(γ − ε)
, 1

)

γ

P (dν; γ) =

√
3

4πε0

e3B⊥

mec

(
1 +

(γνp

ν

)2
)

F

(
ν

ν ′
c

)

[W Hz−1 = J] B⊥ = B sin θB

θB



ν
′

c(γ) ≈ νc(γ)

(
1 +

(γνp

ν

)2
)− 3

2

νc(γ) = 3
4π

eB⊥
me

γ2

F (
ν

ν ′
c

) =
ν

ν ′
c

∞∫

ν

ν
′
c

K5/3(ξ)dξ

ν ( 0.3νc

K5/3

P (dν; γ) =
απhν√

3γ2

(
1 +

(γνp

ν

)2
)

CS(x)

α

CS(x) = W0, 43
(x)W0, 13

(x) − W 1
2 , 56

(x)W− 1
2 , 56

(x)

x =
2

3γ2

ν

νe

(
1 +

(γνp

ν

)2
) 3

2

νe = eB/(2πme)

νp =
1

2π

√
nee2

ε0me 〈γ〉

ne



ne(dγ)

νp,tot ≡
√

ν2
p,+ + ν2

p,− =

νp

√
2

−1 −1 −3 −1

n(dγ)

j(dν) =

∞∫

1

P (dν; γ)

4π
ne(dγ)dγ

γ

γ̇sy = −4

3
σT c

UB

mec2
γ2

UB

UB =
B2

2µ0

µ0

p−1
2

Iν



νF (dν)
p = 2



lo
g

I(
dν

)
[J

H
z−

1
s−

1
cm

−
2
]

log ν [Hz]

102 106

−1

α(ν) =
1

8πmeν2

∞∫

1

P (dν; γ)γ2 d

dγ

(
ne(dγ)

γ2

)
dγ

I(dνsy) =
j(dνsy)

α(νsy)

(
1 − 2

τ 2(νsy)

(
1 − e−τ(νsy)(τ(νsy) + 1)

))

[J Hz−1s−1m−2sr−1] τ(νsy) = 2Rbα(νsy)

Rb



θ

θ ∼ 1/γ =
√

1 − (nβ)2

ν $ γνp n =
√

1 −
(νp

ν

)2

νR

νR ≡ 2

3

ν2
p

νe

1

sin θB
=

1

3π

e

ε0

ne

〈γ〉B sin θB
= 1.9 · 104 ne4

〈γ3〉B−2 sin θB
Hz

〈γ3〉 = 〈γ〉/103 103 ne4 =
ne/104cm−3 B−2 = B/10mG

νR

γR ≡ 2

3

νp

νe

1

sin θB
=

2

3

√
me

ε0

n0.5
e

〈γ〉0.5 B sin θB

= 0.6
n0.5

e4

〈γ3〉0.5 B−2 sin θB

γR

108 cm−3

B = 10 mG p = 2



z

εγ

nph(dε, dµ; z)

τγγ(εγ , zi) =

∞∫

zi

dz

+1∫

−1

dµ

∞∫

2
εγ (1−µ)

dε(1 − µ)σγγ(εγ , ε, µ)nph(dε, dµ; z)

µ ε

σγγ(εγ, ε, µ)

σγγ(β) =
3

16
σT

(
1 − β2

) ((
3 − β4

)
ln

(
1 + β

1 − β

)
− 2β

(
2 − β2

))

β =

√

1 − 2

εγε(1 − µ)

εγε ≥ 2
(1−µ)

β = 0 µ = −1 σT
5



εγ ∼ 1
ε

εγ

τ(εγ) =
1

5

σT

4πmec3

Lsoft(
1
εγ

)

R

τ ! 1

l ≡ Lsoft

mec2

σT

4πR2

R

c
= 2.16 · 10−25Lsoft

R
J−1 s m = 2.16

Lsoft44

R14

Lsoft

Lsoft44 =
Lsoft/1044erg s−1 R14 = R/1014cm

4π

Lsoft

τ(εsy) (
l( 1

εsy
)

60

l ! 60

zγ(εγ)

∞∫

ln zγ

d ln τγγ(εγ , z) = d ln rτγγ(εγ, z) = 1

zγ(εγ,esc(r))

εγ < εγ,esc
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(1− µ)



nph(dε) =
3

4
4π

1

εhc

j(dν)

α(ν)

(
1 − e−α(ν)Rb

)

ε = ν h
mec2



ṅph(dεs, dΩs) =
1

4π

∫

γ

ne(dγ)

∫

ε

nph(dε)
dC(ε, γ)

dεs
dεdγ

nph(dε)
dC(ε,γ)

dεs

ν
F

(d
ν
)
·d

2 L
/V
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ob
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1
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−
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εph

p = 2

F (dν)

−p−1
2 νF (dν)



3−p
2

1 − p

R

zb cos θ = zb√
R2+z2

b

R θ

B(dν; Θ(R)) ≡ 2h

c2

ν3

ehν/kBT (R) − 1
cos θ =

2h

c2

(
mec2

h

)3 ε3

eε/Θ(R) − 1
cos θ

Θ(R)

Θ(R) ≡ kbT (R)

mec2
= 1.44

(
M

M'

)− 1
2

(
Ṁ

M'/yr

) 1
4 (

R

Rg

)− 3
4

(

1 −
√

6
Rg

R

) 1
4

Rg = GM/c2 Ṁ = Ldisc/(ηaccc2)

ηacc

θ



R dAe dΩ

dE

dtdν
= B(dν; Θ(R))dAedΩ

n(dε, dΩ) =
B(dν; Θ(R))

εh
dAe

dt

dV

dV = cdtdA dA

dA = dAe cos θ

n(dε, dΩ) =
B(dν; Θ(R))

εhc

1

cos θ

nph(dε, dΩ)/ε2

(nph(dε, dΩ))blob =

(
εblob

εG

)2

(nph(dε, dΩ))G

µ

µG
min =

zb√
R2

disc,out + z2
b

µG
max =

zb√
R2

disc,in + z2
b

Rdisc,in

Rg

µblob =
µG − βjet

1 − βjetµG

1
4 cos θ
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p = 2



ε



cos θs = −1

βjet cos θs = +1

Γjet = 10



Hα Hβ

Hα

τBLR $ 1 τBLR J s−1

LBLR = τBLRLdisc

LBLR ≈ 2 · 1043erg s−1

LBLR = 1.5 · 1040erg s−1 dτBLR

r → r + dr

dτBLR = τclnclσcldr

σcl = πR2
cl Rcl

ncl τcl

j(r) =
dLBLR

dΩdV

j(r) ≡ LdiscdτBLR

(4π) (4πr2dr)
=

Ldisc

16π2r2

dτBLR

dr



ncl = n0

(
r

rin

)α

Rcl = R0

(
r

rin

)β

α = −1.5

β = 0.6 rin rout

dτBLR = τcln0πR2
0

(
r

rin

)α+2β

dr

τBLR ≡
rout∫

rin

τcln0πR2
0

(
r

rin

)α+2β

dr = τcln0πR2
0

rout∫

rin

(
r

rin

)α+2β

dr

τcln0πR2
0

dτBLR

dr
=

τBLR
rout∫

rin

( r
rin

)α+2βdr

(
r

rin

)α+2β

rout∫

rin

(
r

rin
)α+2βdr =

1

rα+2β
in

1

α + 2β + 1

(
rα+2β+1
out − rα+2β+1

in

)

dτBLR

dr
=

τBLR(α + 2β + 1)

rα+2β+1
out − rα+2β+1

in

rα+2β



dτBLR/dr

j(r) =
Ldisc

16π

τBLR(α + 2β + 1)

rα+2β+1
out − rα+2β+1

in

rα+2β−2

r r2 = z2 + l2−2zl cos θ θ

I

j



rin rout

θ

zb

rin

rout

rout

θ

θ

l θ

z



I(z, θ) =

lmin1∫

0

j(r)dl +

lmax∫

lmin2

j(r)dl

lmin1,2 = zb cos θ ∓ zb

√

cos2 θ +

(
rin

zb

)2

− 1

lmax = zb cos θ + zb

√

cos2 θ +

(
rout

zb

)2

− 1

n(dΩ) =
I(dΩ)

εmec3

ε

δ

∫

ε

nph(dε, dΩph)
dC(ε, µph, γ)

dεsdΩs
δ(ε − εαγ(1 − βµph))dε

= nph(dΩph)
dC(ε = εαγ(1 − βµph), µph, γ)

dεsdΩs

εαγ(1 − βµph) Hα

Hβ
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Hα

Hβ Hα

Hα Hβ

Hα Hβ

Hα

rout

U =
Qion

4πr2
outcne

Qion =

∞∫

En

F (E)

E
dE

F (E) En = 13.6

Lion =

∞∫

En

F (E)dE

〈Eion〉 =
Lion

Qion

rout ≡
(

Qion

4πcUne

) 1
2

=

(
Lion

4πc 〈Eion〉Une

) 1
2



Hα 656 nm
Hβ 486 nm

Hα
Hβ



U ∼
ne ∼ (1010−1011 cm−3)

Ω

µ = [−1, +1]

arctan
(

Rdisc,out

zb

)

arcsin
(

rout
zb

)

ε

ε

ṅph(dεs, dΩs) =

∫

γ

ne(dγ)

∫

Ωph

∫

ε

nph(dε, dΩph)
dC(ε, µph, γ)

dεsdΩs
δ(ε−εαγ(1−βµph))dεdΩphdγ

εα Hα





∂ne(dγ; t)

∂t
= Qe(γ, t)− ∂

∂γ
(γ̇ne(dγ; t))+

∞∫

γ

ne(dγ; t)F (γ, γk)dγk−
ne(dγ; t)

TKN

ne(dγ, t) γ

Qe(γ, t)

γmin γmax

Qe(γ, t) = Q0γ
−pΘ(γ − γmin)Θ(γmax − γ)f(t)

f(t) Q0

γ̇

tacc



UB = B2/(2µ0)

γ̇ ≡ γ̇acc + γ̇sync =
γ

tacc
− 4

3

σT

mec
UBγ2

γ

1/TKN

γ

109 cm−3

λij

Ṅij =
dNij(t)

dt
= λijNi(t)

Ni(t)

γ̇T Uph



Ṅi =
dNi(t)

dt
= −λiNi(t)

λi = Σλij λi λij

λij

ṅ(dγj; t) =

∫

γi

ni(dγi, t)




∫

Ωs

∫

Ω

∫

ε

nph(dε, dΩ)
dC (ε, γ)

dεsdΩs
δ(γj − (γ − εs))dεdΩdΩs



 dγi

γj

λij

ne



ṅ(dγi; t) =

∫

γj

ni(dγi, t)




∫

Ωs

∫

Ω

∫

ε

nph(dε, dΩ)
dC (ε, γ)

dεsdΩs
dεdΩdΩs



 dγj

γi

λij

∆ṅ(t)

∆γj
= Σi

λij

∆γj

ni(t)

∆γi
∆γi = Σiλij

ni(t)

∆γi

∆γi

∆γj

∆ṅ(t)

∆γi
= −Σj

λij

∆γj

ni(t)

∆γi
∆γj = −λi

ni(t)

∆γi

∆ni

∆t
= Q(γi, t)∆γi −

γ̇i+1ni+1

∆γi+1
+

γ̇ini

∆γi
+ Σkmax

k=i+1λkink − λini



λi = 1
TKN

ṅph(dεs, dΩs) = Σini(dγi)ζi,s

λij ζi,s

[J Hz−1s−1m−2] δ

Fobs(dνobs; ϕobs, θobs) = δ3I(dν, dΩ)
πR2

b

d2
L

(1 + z)

I(dν, dΩ)

ṅph(dε, dΩ)

Fobs(dνobs; ϕobs, θobs) = δ3εṅph(dε, dΩ)
Vb

d2
L

h(1 + z)

dL

Ω0 = 2q0 = 1

dL =
2c

H0

(
1 + z −

√
1 + z

)

εobs =
δ

1 + z
ε

νF (dν)

νobsFobs(dνobs; ϕobs, θobs) = δ4ε2ṅph(dε, dΩ)
Vb

d2
L

mc2



ṅph,inst,N = ΣN
k=1ṅph,N−k+1

Vk

ΣN
k=1Vk

k = 1

nph,N−k+1

∆tobs

ṅph,integ(M1, M2) =
ΣM2

N=M1
ṅph,inst,N∆tN
∆tobs

M1 M2 ∆tN

fi,max

f0 ∆tN+1 = ∆tN
f0

fi,max
V



Vk = π

z2∫

z1

(
R2

b − z2
)
dz

z1 = kc∆t z2 = (k + 1)c∆t

Vk = π

(
R2

bc∆t − 1

3
(c∆t)3 (

3k2 + 3k + 1
))

t = 0

γmin γmax

ne(dγ) = neγ
−p 1 − p

γ1−p
max − γ1−p

min

Θ(γ − γmin)Θ(γmax − γ)

tblob = 2Rb/c

3Rb/4c

dnph,sy(dεsy)

dt
= Aph,sy(dεsy) − α(ν)cnph,sy(dεsy) −

nph,sy(dεsy)
3Rb/4c

Aph,sy(dεsy) εsy



t = 0 dL

VB

T = (α(ν)c + 4c/3Rb)
−1

∆t = t2 − t1

∆t

nph,sy(dεsy; t) = nph,sy(dεsy; t − ∆t)e−∆t/T + Aph,sy(dεsy)T
(
1 − e−∆t/T

)



ne = 104 cm−3 Rb = 5 ·1014 cm B = 0.05G γmin =
103 γmax = 106 Γ = 20 p = 2

θ = 5◦ zb = 0.5mpc
Ldisc = 1044 erg s−1 MBH = 106M' Rdisc,in = 6Rg =

2.87·10−4 mpc Rdisc,out = 6·106Rg = 287mpc





t = 0





1/4 cos θ

1/4



t = 0

t = 0

t = 0

t = 0





K = 2.4 · 103 cm−3 Rb = 1.3 · 1016 cm
B = 0.025G γmin = 5 ·104 γmax = 106 δ = 23 p = 2

K = 5.3 · 104 (1.6 · 104) cm−3 Rb = 1.7 · 1015 (1.5 ·
1015) cm B = 0.05G γmin = 5·103 (5·104) γmax = 2.5·106 (2·106) δ = 35
p = 2 (2.3)

ne K = ne
1−p

γ1−p
max−γ1−p

min



K = 1.5 · 104 cm−3 Rb = 6 · 1015 cm
B = 0.05G γmin = 1 · 104 γmax = 6 · 105 δ = 20 p = 2

K = 2 · 109 cm−3 Rb = 6.3 · 1015 cm B = 0.01G
γmin = 2.2 · 105 γmax = 5 · 106 δ = 35 p = 2.8
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γ = 102 γ = 104

LSSC

Lsync
=

Usync

UB

γmin γmax

Usync ≡ −
γmax∫

γmin

n(dγ)γ̇tresdγ =

γmax∫

γmin

n(dγ)σT c(
3

4

Rb

c
)UBγ2dγ

tres = 3
4

Rb
c

n(dγ)



Usync = σT Rblobne
1 − p

γ1−p
max − γ1−p

min

γ3−p
max − γ3−p

min

3 − p
UB ( σT Rblobne

p − 1

3 − p
γp−1

minγ3−p
maxUB

p = 2

Usync

UB
= neσT Rbγminγmax

ne neσT Rb

γmin = 103

" 103

! 103

γmax ! 104

! 103

! 105

γmax



γ̇ = −4

3

σT

mc
Uγ2

γ

tsync (
77

B2
−2γ3

s

tSSC ( 1.16 · 1014

ne6Rb14B−2γ3

(
1

γp−1
minγ3−p

max

3 − p

p − 1

)
s

tEC,disc (
106

γ

z2
b1

Ldisc44
Γ2

jets

zb1 = zb/mpc ne6 = ne/106cm−3 Rb14 = Rb/1014cm Ldisc44 = Ldisc/1044erg s−1

5σ



MBH Ldisc ηdisc

Rdisc,in Rdisc,out

ne

Rb

γmin γmax

Γjet

θobs

tobs

MBH 106M' ne 104 cm−3 θobs 1◦

Ldisc 1044 erg s−1 Rb 5 · 1014 cm = 0.16 mpc z 0.031

ηdisc 0.06 B 0.1 G tobs 600 s

Rdisc,in 6Rg = 2.87 · 10−4 mpc γmin 103

Rdisc,out 6 · 106Rg = 287 mpc γmax 106

p 2

Γjet 20







2·10−14 erg s−1 10−13 erg s−1

p = 2.39

t = 0

t = 0



B = 20mG



Rb = 8 ·1014cm



t = 0

B2

R3
b R4

b

ne



ne = 103 cm−3



γmax = 107



γmin = 104



ne n2
e

γmax

γmax

γmin

1−p
γ1−p

max−γ1−p
min

γmin p = 2 γmin γmax



γmin = 103 γmax = 5 · 107

p = 2 ne = 104 cm−3 Rb = 5 · 1014 cm B = 0.01G tobs = 30min
θobs = 0.3◦ z = 0.031





λBLR

Hα RBLR,in RBLR,out

τBLR

αBLR βBLR

λBLR 656 nm

RBLR,in 10 mpc

RBLR,out 40 mpc

τBLR 0.01

αBLR −1.5

βBLR 0.6



tacc = 2 · 105

tacc

10−10 10−9 erg s−1 cm−2



x 10−12 F (10 − 100 eV) [cm−2 s−2] x 10−16 F (0.15 − 0.25 TeV) [cm−2 s−2]

t [s] t [s]

x 10−13 F (0.1 − 1 keV) [cm−2 s−2] x 10−17 F (0.25 − 0.60 TeV) [cm−2 s−2]

t [s] t [s]

x 10−13 F (1 − 10 keV) [cm−2 s−2] x 10−18 F (0.60 − 1.20 TeV) [cm−2 s−2]

t [s] t [s]

x 10−13 F (10 − 100 keV) [cm−2 s−2] x 10−19 F (1.20 − 10.0 TeV) [cm−2 s−2]

t [s] t [s]



γmin = 103 γmax = 106

p = 2 ne = 104 cm−3 Rb = 5 · 1014 cm B = 0.01G tobs = 30min
θobs = 2◦ z = 0.031

tacc = 2 · 105



γmin = 103 γmax = 3 · 107

p = 2 ne = 103 cm−3 Rb = 5 · 1014 cm B = 0.02G tobs = 30min
θobs = 0.3◦ z = 0.031





νF (dν)















λij = ∆γj

∫

Ωs

∫

ε

∫

Ω

nph(dε, dΩph)
dC (ε, γ)

dεsdΩs
dεdΩdΩs

s−1

∆γj

λij

∆γi ∆γj

λij =
1

∆γi

∫

γi,bin

∫

γj,bin

∫

Ωs

∫

ε

∫

Ω

nph(dε, dΩph)
dC (ε, γ)

dεsdΩs
dεdΩdΩsdγj,bindγi,bin

ε ζi,s



ζi,s = ∆γi

∫

Ωph

∫

ε

nph(dε, dΩph)
dC(ε, µph, γ)

dεsdΩs
dεdΩph

∆γi ∆εs

ζi,s =
1

∆εs

∫

εs,bin

∫

γi,bin

∫

Ωph

∫

ε

nph(dε, dΩph)
dC(ε, Ωph, γ)

dεsdΩs
dεdΩphdγi,bindεs,bin



µ+−µ−
µ+

µ+−µ−
µ+

ṅph(dεs, dΩs) =
3

16π
σT cεs

∫

ε

∫

µph,e

∫

γ

ne(γ)nph(dε, dµph,e)Θ (εs − εs1)

× 1

βγ2ε
√

ε2
s − 2µph,eεεs + ε2

×
[
1 − 1

(2εsγβ)2

(
µ+ + µ− + 2b

((µ+ + b)(µ− + b))
3
2

+
µ+ + µ− + 2a

((µ+ + a)(µ− + a))
3
2

)

−
(

ε (1 − µph,e)

2γβ
− εεs (1 − µph,e) + 1

γβε2
sε (1 − µph,e)

)

×
(

1

((µ+ + b)(µ− + b))
1
2

+
1

((µ+ + a)(µ− + a))
1
2

)]
dγdµph,edε

I =
1

2π

µ+∫

µ−

dµ√
(µ − µ−) (µ+ − µ)

(2 + F2 + F3)



F2 =
D2

(µ + a) (µ + b)

F3 =
D3

(µ + a)2 (µ + b)2

D2 =
ε

εs

(1 − µph,e)

(βγ)2
(εεs (1 − µph,e) − 2)

D3 =

(
ε

εs

(1 − µph,e)

(βγ)2

)2

µ+∫

µ−

1

π
√

(µ − µ−) (µ+ − µ)
dµ = 1

δ µ− µ+

∆µ = µ+ − µ− → 0 δ

Θ(µ) =
1

π
√

(µ − µ−) (µ+ − µ)

lim
∆µ→0

µ+∫

µ−

1

π
√

(µ − µ−) (µ+ − µ)
dµ =

+∞∫

−∞

Θ(µ)dµ = 1

lim
∆→0

µ+∫

µ−

1√
(µ − µ−) (µ+ − µ)

f(µ)dµ = π

∫
Θ(µ)f(µ)dµ = πf(µ)

I ( 1

2π
π (2 + I2 + I3)



K =
ε

εs

(1 − µph,e)

(βγ)2
1

(µ + a) (µ + b)

I ( 1

2
(2 + K (εεs (1 − µph,e) − 2 + K))

I ( 1 +
K

2
(εεs (1 − µph,e) − 2 + K)














