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Rayleigh relation in black body radiation yielding number of normal radiation modes:
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A two-fold multiplicity of these states (g=2) arises from the spin orientations of
The photon. This requires a multiplication of both expressions omega and gamma by 

a factor of 2, leaving the omega_0 unchanged.  

kT
x

H
x ij

j

i δ=
∂

∂

22

22

...

...

∆+≤≤∆−

∆+≤≤∆−

∫∫

∫∫ ∂

∂

=
∂

∂

EHE

j

i

EHE

j

i
d

d
x

H
x

x

H
x

ω

ω

            0

   0

....

....

EH

j

i

EH

d
E

d
x

H
x

E

≤≤

≤≤

∫∫

∫∫

∂

∂
∆

∂

∂

∂

∂
∆

=

ω

ω

( )
ωω d

x

EH
xd

x

H
x

j

i

EHj

i

EH
∂

−∂
=

∂

∂

≤≤≤≤

∫∫∫∫
   0   0

......

            0

   0

...

...

EH

j

i

EH

d
E

d
x

H
x

E

≤≤

≤≤

∫∫

∫∫

∂

∂

∂

∂

∂

∂

=

ω

ω

( )( ) ( )

j

i

j

i

j

i

x

x
EH

x

EH
x

x

EHx

∂

∂
−+

∂

−∂
=

∂

−∂
)(

( ) ( )( )
ij

j

i

j

i EH
x

EHx

x

EH
x δ)( −−

∂

−∂
=

∂

−∂

( ) ( )( )
ωδωω dEHd

x

EHx
d

x

EH
x ij

EHj

i

EHj

i

EH

)(.........

   0   0   0

−−
∂

−∂
=

∂

−∂

≤≤≤≤≤≤

∫∫∫∫∫∫

( )( ) ωδ dEHdxEHx
EH

iji

x

xi

j

j

)(...
   0

)(

)(

2

1

−−−=
≤≤

∫∫∫



3

( )
ωδω dEHd

x

EH
x

EH

ij

j

i

EH

)(......
   0   0

−−=
∂

−∂

≤≤≤≤

∫∫∫∫

( )
ωδω dHEd

x

EH
x

EH

ij

j

i

EH

)(......
   0   0

−=
∂

−∂

≤≤≤≤

∫∫∫∫

( )( ) ( )
( ) ( )( ) ( )( ) 02

1

=−−−=− EExEExEHx ii

x

xi

j

j

q

p

            0

   0

...

...

EH

j

i

EH

j

i

d
E

d
x

H
x

E

x

H
x

≤≤

≤≤

∫∫

∫∫

∂

∂

∂

∂

∂

∂

=
∂

∂

ω

ω

            0

   0

...

)(...

EH

EH
ij

d
E

dHE
E

≤≤

≤≤

∫∫

∫∫

∂

∂

−
∂

∂

=

ω

ω

δ

[ ]








∂

∂
−

∂

∂
+





∂

∂
=

∂

∂
∫∫

=

= =

=

=

))(,(
)(

)(,
)(),(

),(

)(

)( .

)(

)(

αα
α

α
αα

α

α

α

α
α

α

α

α

α

α

fF
f

gF
g

dx
xF

xF

gx

fx ctex

gx

fx

=−
∂

∂

≤≤

∫∫ ωdHE
E

EH

)(...
   0

{ }=+




∂

−∂

=≤≤

∫∫ ...
)(

...
.   0

ωd
E

HE

cteHEH    0

...

EH

d
≤≤

∫∫ ω

{ }=... [ ] [ ]








−
∂

∂
−−

∂

∂
0

0
E

E
EE

E

E

   0   0

...)(...

EHEH

ddHE
E

≤≤≤≤

∫∫∫∫ =−
∂

∂
ωω

=

∂

∂
=

∂

∂

≤≤

≤≤

∫∫

∫∫

            0

   0

...

...

EH

EH
ij

j

i

d
E

d

x

H
x

ω

ω

δ =









∂

∂

≤≤

∫∫
            0

...ln

1

EH

ij

d
E

ω

δ =










∂

∂

VN

ij

E

S

k

,

δ kTijδ

kT
x

H
x ij

j

i δ=
∂

∂
☺

NkTqp
p

H
p

i

ii

i i

i 3==
∂

∂
∑∑ &

NkTpq
q

H
q

i

ii

i i

i
3=−=

∂

∂
∑∑ &

∑∑ +=
j

jj

j

jj QBPAH
22

=














∂

∂
+

∂

∂
∑

j j

j

j

j
Q

H
Q

P

H
P ( ) ( )( )=+∑

j

jjjjjj QBQPAP 22

( )=+= ∑
j

jjjj QBPA
22

2 H2

∑ 













∂

∂
+

∂

∂
=

j j

j

j

j
Q

H
Q

P

H
PH2

kT
x

H
x

ij

j

i
δ=

∂

∂

∑ 













∂

∂
+

∂

∂
=

j j

j

j

j
Q

H
Q

P

H
PH2

fkTNkTNkTNkTH ==+= 6332

fkTNkTH
2

1
3 ==

RcV 2/7=

RcV 2/5=

RcV 2/3=

T



4

∑ =
i

ii pq &

=− ∫
V

dVP 3 =− ∫
V

dVP3 PV3−

PV3−
NkTPV =

=H == KK =fkT
2

1
NkTNkT

2

3
3

2

1
=

NkTPV 33 −=−

== NkTK
2

3








−

3

1

2

3 K2−

ir
r

jr
r

ij rr
rr

−



5

=














∂

∂
−+









∂

∂
−

j

j

i

i
r

ru
r

r

ru
r

)(
.

)(
.

rr

)(ruF
iri
r

rr
∇−= )(ruF

jrj
r

rr
∇−=

p

=














∂

∂

∂

∂
−+









∂

∂

∂

∂
−=

j

j

i

i
r

r

r

ru
r

r

r

r

ru
r

2

2

2

2

)(
.

)(
.

rr

=














∂

−∂

∂

∂
−+















∂

−∂

∂

∂
−=

j

ij

j

i

ij

i
r

rr

r

ru
r

r

rr

r

ru
r

2

2

2

2

)(
.

)(
.

rr
r

rr
r















∂

−∂
+

∂

−∂

∂

∂
−=

j

ij

j

i

ij

i
r

rr
r

r

rr
r

r

ru
22

2
..

)(
rr

r
rr

r

( )22

2
..

)(
ijrjijri rrrrrr

r

ru
ji

rrrrrrrr
rr −∇+−∇

∂

∂
−=

( ) ( )( )222222

2
)()()(.)()()(.

)(
ijijijrjijijijri zzyyxxrzzyyxxr

r

ru
ji

−+−+−∇+−+−+−∇
∂

∂
−= rr

rrrr

[ ]( ) [ ]( )( )kzzjyyixxrkzzjyyixxr
r

ru
ijijijjijijiji

ˆ)(ˆ)(ˆ)(2.ˆ)(ˆ)(ˆ)(2.
)(

2
−+−+−+−+−+−−

∂

∂
−=

rr

[ ]( ) [ ]( )( ) =−+−−
∂

∂
−= ijjiji rrrrrr

r

ru rrrrrr
2.2.

)(
2

[ ]( )( ) =−−
∂

∂
−= ijij rrrr

r

ru rrrr
.2

)(
2

( )2

2
2

)(
r

r

ru

∂

∂
−

p
( ) =

∂

∂
− 2

2
2

)(
r

r

ru ( ) =
∂

∂

∂

∂
− 2

2
2

)(
r

r

r

r

ru

( ) =

∂

∂∂

∂
−= 2

2
2

1)(
r

r

rr

ru

( ) =
∂

∂
−= 2

2
2

1)(
r

rr

ru

r

ru
r

∂

∂
−=

)(

p
r

ru
r

∂

∂
−

)(

PV3−

p r

ru
r

∂

∂
−

)(

p
r

ru
rN

∂

∂
−

)(

2

1 2

Number of pair particles 1
2

)12(2
=

−×
=

Number of pair particles 3
2

)13(3
=

−×
= Number of pair particles 6

2

)14(4
=

−×
=

Number of pair particles
2

)1( −×
=

NN

1>>N

2

2

1
N≈

p
r

ru
rN

∂

∂
−

)(

2

1 2

V

drr
rg

r

ru
rN

2

0

2 4
)(

)(

2

1 π
∫

∞

∂

∂
−=

p

drrrg
r

ru
rN

V

N 2

0
4)(

)(

2

1
π∫

∞

∂

∂
−PV3−=

drrrg
r

ru
N

n
PV 3

0
)(

)(

1

2
3 ∫

∞

∂

∂
−−=

π

NkT3−=



6

drrrg
r

ru
N

n
PVNkT 3

0
)(

)(

1

2
33 ∫

∞

∂

∂
−−=−

π

drrrg
r

ru
nNNkTPV

3

0
)(

)(
233 ∫

∞

∂

∂
−= π

drrrg
r

runN
NkTPV 3

0
)(

)(

3

2
∫

∞

∂

∂
−=

π









∂

∂
−= ∫

∞

drrrg
r

ru

kT

n
NkTPV

3

0
)(

)(

3

2
1

π

V

drr
rgru

N
NkTE

2

0

2
4

)()(
22

3 π
∫

∞

+=

drrrgruN
V

N
NkT

2

0
)()(

2

4

2

3
∫

∞

+=
π

drrrgrunNNkT 2

0
)()(2

2

3
∫

∞

+= π

















+= ∫
∞

drrrgru

NkT

nN
NkT

2

0
)()(

2

3

2
1

2

3 π









+= ∫
∞

drrrgru
kT

nN
NkTE

2

0
)()(

3

4
1

2

3 π


