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grav − Fnonres − Fres,
n CS'

F i
grav

?
Fatm

4(%>4�U8>82Z?82�`u&on@682�=>?�&�2�E5?54(>,>;CM`p<D?�+5C�?G=�@�UEA;CM`K<D?�+8Ca<@4>95654�&�?5=�+�'
>5?,@G954�&>4�O
A;C�- A�4�&>4>682�@BkHGIGI'DA�&>?5=(>52m&>4�+ D>AJ4j=:2�&(A#4><
G6'@6�'e^a`�<XK!2

F e
grav

K
Fnonres

?
Fres

4(%>4�U8>82Z?82�`u&
nD652�=>?,&�2�E;?54(>�>;CM`-<D?M+8C(K#2s&�2�A,YR'�>�'@6�'
UD4(>82�>;<H>;CM`-?n6�'
UD4(>82�>;<H>;CM`-<D?�+ \ 682ZC)?82�E5?;4(>�>54(n@4
C32�=�+�'H>5?�@1F

& 682R=>?,&�2�E5?;4(>�>82�@l<@?�+)2,K�CS'
F5<
&�=�CM`y[e2�@B>82R'�C)?�>5?�E�C�4(%�� dHA'2�K5682�=(>52

Fgrav = F e
grav + F i

grav = (nmi + Znme)
GM?

r2
,

- 5Zx:<

n CS'
n
lbAJ4(>,E�'H>,&�682�E5?�@q?54�>54>=5F

[�Q



� + @k=(\P?5?5<X+�'H>5?�@�>,'D6�'=UE4(>82�>5<H>54�F <D?M+�\ 682ZC)?82�E5?;4(>�>54(n@4gC32�=�+�'
>5?,@]?5<@954�+�D�UDC('=&><V@
G�4>6�A,CZ+)2,K;9565?5=('�CS'H>,>82�@|K�>82R9565?�AJ'@6|K!=XA,>5?�nH'�� '=+�'=U8>,@;A�4�=�2g- 5Z7(7:9�<4)

Fnonres = ne
σT

c

σST T 4
γ

1 + τT
,

- 5(5�<

n CS'
ne

luAJ4(>�E�'
>,&>682�E5?,@�k=+�'@A,&>654�>54>=�K
σST

lq954><
&�4Z@�>�>82�@ ( &�'HGa2�>82�O Io4�+�D�E�A'2�>82,K
Tγ

lh+!4RO
A�2�+�D(>52�@�&('
A#9�'D682�&�C�682:954�+�@�?,U
+8CM?�'
>5?,@u2

τT

lj4>9�&>?�?�'@<DA�2�@s&>4�+�[e?�>82X=sAJ4(>�&>?�>;CJCMAJ'�F

� + @k=(\P?5?5<X+�'H>5?�@U6,'
UE4�>82�>5<
>54(F]<D?�+ \ 682�C!?82�E5?54�>�>54(n@4BC)2�=�+�'
>5?,@�?5?;<=+�'
>�>54m?�>,&('�O
nD6;?56;C('=&><V@kC�682R=(>�'H>;?�'\9�'D6�'
>54><D2 ?,U=+8CM?�'H>5?�@T=wE5?5AM+!4�&>6;4(>�>54(F.+!?�>5?;?|K�?,UXA�4�&>4>654�nD4l4>956�'�O
CS'X+ @�'=&><V@u9M+!4�&(>;4><
&�D3kH>,'D6�n@?5?q954�+ @sGa4�&>4(>54�=

Uphot

?zC)2�+�'H'
Fres

A�2�A −dUphot/dr
F

�N4><@AJ4�+�D>A;Cs=RE5?5AM+!4�&>6;4(>�>54(Fz+!?,>5?5?�AJ4�+!4(>5A�2i@;=�+ @�'=&><V@�4>9�&>?�?�'@<DA5?w&>4�+!<
&�4(F|K;C�682�=�O
>�'
>5?�'a9�'D6�'
>54><D2jUE2�95?5<
\�=�2�'
&�<V@u=\=>?MC�'�C�682R=(>�'H>;?,@wC!?�GIG�C�UD?5? )

∇ · Jphot = Sphot +
1

3
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1

2mK(1, m/Te)
exp

(

−
√

p2 + m2

Te

)

,
� ~  �

= ��!
m
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dσn0

dp′dxdθ
= 2πr2

0 ·
Bq

B
· 1

n!
· c

vrel
· 1

2π
· δ(E0 + ε − En − ε′) · E0 + m

2E0
· En + m

2En
×

� ~	$ �

× exp(−x)

(x + Q2)2
· xn ·

{

R2
A(x) +

(

pi⊥

ε

)2

R2
B(x) − 2

pi⊥

ε
RA(x)RB(x) cos θ

}

,

= ��!
r0 � e2/(mc2)
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E0 � m2 2 p2
e

;
En � m2 2 p′

2 2
2n/λ2 6 λ2 � (Bq/B) · (1/m2)

6

Q2 �
�
λ2 B#$ � [(pe − p′)2 − (E0 − En)2] � λ2(E0En − pep

′ − m2 − n/λ2)
F
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I = 2πr2
0 ·

Bq

B
· 1

n!
· c ·

∫ ∞

−∞
dp′

E0 + m

2E0
· En + m

2En
· δ(E0 + ε − En − ε′) ×

� ~>~ �

×
∫ ∞

0
dx

exp(−x)

(x + Q2)2
· xn ×

×
∫ 2π

0

dθ

2π
·
{

R2
A(x) +

(

pi⊥

ε

)2

R2
B(x) − 2

pi⊥

ε
RA(x)RB(x) cos(θ)

}

· (ε′ − ε).
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ε − ε′ =
[

ε2 + 2piz(pe − p′) + (pe − p′)2 +
2pi⊥

λ

√
2x cos θ +

2x

λ2

]1/2

− ε ≈
� ~�Q �

≈ piz

ε
(pe − p′) +

(pe − p′)2

2ε
+

pi⊥

√
2x cos θ

λε
+

x

λ2ε
.
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RA(x) =

A0 − (piz/ε)A3 = const(x)
?

RB(x) = B1

√

n/x
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M = S1 cos2 θ + S2 cos θ + S3,
� ~.- �

= ��!

S2 = −2
pi⊥

ε
RAB1

√

n

x

[

piz

ε
(pe − p′) +

(pe − p′)2

2ε
+

x

λ2ε

]

+
pi⊥

√
2x

λε

[

R2
A +

(

pi⊥

ε

)2

B2
1

n

x

]

,
� ~#[ �

S1 = −2

√
2n

λ

(

pi⊥

ε

)2

RAB1, S3 = T1 · x + T2 · 1

x
+ T3,

T1 =
R2

A

λ2ε
, T2 =

(

pi⊥

ε

)2

B2
1 · n

(

piz

ε
(pe − p′) +

(pe − p′)2

2ε

)

,

T3 = R2
A

(

piz

ε
(pe − p′) +

(pe − p′)2

2ε

)

+
(

pi⊥

ε

)2

B2
1 ·

n

λ2ε
.
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8C ∫ 2π
0 (dθ/2π) cos θ �

Y>; ∫ 2π
0 (dθ/2π) cos2 θ �
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I = 2πr2
0 ·

Bq

B
· 1

n!
· c ·

∫ ∞

−∞
dp′

E0 + m

2E0
· En + m

2En
×

� ~ 7 �

×
∫ ∞

0
dx · δ(E0 + ε − En − ε′)

exp(−x)

(x + Q2)2
· xn

{

1

2
S1 + S3

}

.

d �2�$1�;����>4
δ(φ(x)) =

∑

i

1

|dφ(x)
dx

(ai)|
δ(x − ai), φ(ai) = 0,
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φ(p′) = E0 + ε − En − ε′ = E0 + ε − � ~#" �

−
[

m2 + p′2 +
2n

λ

]1/2

−
[

ε2 + 2piz(pe − p′) + (pe − p′)2 +
2pi⊥

λ

√
2x cos θ +

2x

λ2

]1/2

,

dφ(p′)

dp′
= − p′

En
+

piz + (pe − p′)

ε′
= −

(

p′

En
− p′iz

ε′

)

.
� ~ 8 �
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ε′ − ε
F 
�4�= �32

δ(E0 + ε − En − ε′) =
1

| p′

En
− piz+(pe−p′)

ε′
|
∑

±

δ(p′ − p±),
� Q3Y �

= ��!
p± = (−B ±

√
B2 −A · C)/A ; A = 1 − (piz/ε)

2 ; B = pe(piz/ε)
2 − E0(piz/ε)

;
C = 2n/λ2 + 2E0(piz/ε)pe − (piz/ε)

2p2
e − p2

e

F
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Θ =

∑

± δ(p′ − p±)

| p′

En
− piz+(pe−p′)

ε′
|

{(

1

2
S1 + T3

)

· Bn(Q2) + T1 · Bn+1(Q
2) + T2 · Bn−1(Q

2)
}

,
� Q  �
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dEi

dt
= 2πr2

0 ·
Bq

B
· c
∫

dpedpiz2πpi⊥dpi⊥ · E0 + m

2E0

· fe(pe) · fi(piz , pi⊥)
N
∑

n=1

1

n!

∑

p′=p±

En + m

2En

×
� QB$ �

×
(

1
2
S1 + T3

)

· Bn(Q2) + T1 · Bn+1(Q
2) + T2 · Bn−1(Q

2)

| p′

En
− piz+(pe−p′)

ε′
|

,

= ��! � 
 1'
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t
� Y

Bn(t) =
∫ ∞

0
dx

exp(−x)

(x + t)2
xn.
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B̃n(t) =
∫ ∞

0
dx

exp(−x)

(x + t)2

xn

n!
.
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|pe| ≤ 5 · (Te +
√

2mTe)
; |pi| ≤ 5 ·

√
2mTi
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2mTi
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