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Can we find the intensity 7, (7, QQ) for some simple example!?
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Thermal Radiation

black-body radiation

* formally we need to distinguish...

* thermal radiation

o generated by thermal motion in matter
o all matter with 7> 0 emits thermal radiation

o described by /,(7, Q)

o becomes black-body radiation for optically thick media

* black-body radiation

o generated by matter in thermal equilibrium (7'= const.)
o fully isotropic

o described by B, (T)=1,(T, Q)
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* black-body radiation

o generated by matter in thermal equilibrium (7' = const.)

o fully isotropic

o described by B, (T)=1,(T, Q)

*derivation comes later...
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" black-body

idealized physical body that absorbs all incident electromagnetic radiation,
regardless of frequency or angle of incidence
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" black-body

idealized physical body that absorbs all incident electromagnetic radiation,
regardless of frequency or angle of incidence

* cavity (with a hole)
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" black-body
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black-body radiation

" black-body

idealized physical body that absorbs all incident electromagnetic radiation,
regardless of frequency or angle of incidence

* cavity (with a hole)

* stars
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" black-body

idealized physical body that absorbs all incident electromagnetic radiation,
regardless of frequency or angle of incidence
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" black-body

idealized physical body that absorbs all incident electromagnetic radiation,
regardless of frequency or angle of incidence

* cavity (with a hole)
* stars

* black holes?

examples for black-bodies
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" black-body

idealized physical body that absorbs all incident electromagnetic radiation,
regardless of frequency or angle of incidence
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" black-body

idealized physical body that absorbs all incident electromagnetic radiation,
regardless of frequency or angle of incidence

* cavity (with a hole)
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Thermal Radiation black-body radiation

" black-body

idealized physical body that absorbs all incident electromagnetic radiation,
regardless of frequency or angle of incidence

* cavity (with a hole)

* stars

Hawking’s radiation spectrum

* black holes:

(Grain & Barau 2007)

o they absorb all the radiation that falls on them i Btz ssilissra Bl
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Normalized energy of the particle [0 r,]

o they emit black-body radiation (Hawking radiation) 5
hc

T=c—F0r0—
— the temperature depends on the mass of the black hole 871G My, kg

examples for black-bodies




Thermal Radiation black-body radiation

" black-body

idealized physical body that absorbs all incident electromagnetic radiation,
regardless of frequency or angle of incidence

cavity (with a hole)

* stars

black holes

the most perfect black-body in the Universe?

examples for black-bodies




Thermal Radiation black-body radiation

" black-body

idealized physical body that absorbs all incident electromagnetic radiation,
regardless of frequency or angle of incidence

cavity (with a hole)

* stars

black holes

CMBR’

*Cosmic Microwave Background Radiation: all details in Cosmology course examples for black-bodies
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" black-body

idealized physical body that absorbs all incident electromagnetic radiation,
regardless of frequency or angle of incidence
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Thermal Radiation black-body radiation

" black-body radiation

thermal radiation of a (black-)body in thermodynamic equilibrium with its environment

 populations described by Saha-Boltzmann statistics™
__Ei
Ni = Ne kBT

N; : number of atoms/ions/molecules with energy E;

*we’ll make use of that later when deriving B (7)
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* radiative transfer equation

dl,

Y= [, +S
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" black-body radiation
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Thermal Radiation black-body radiation

" black-body radiation

thermal radiation of a (black-)body in thermodynamic equilibrium with its environment

* populations described by Saha-Boltzmann statistics
__Ei
Ni = Ne kBT

N; : number of atoms/ions/molecules with energy E;

* radiative transfer equation

s, =L
dI o
d_‘L'vz_Iv+Sv=0 - L=5=B/(T) — j=a,B,(T)
v

/

in thermal equilibrium the intensity must be spatially constant




Thermal Radiation black-body radiation

" black-body radiation

thermal radiation of a (black-)body in thermodynamic equilibrium with its environment

* populations described by Saha-Boltzmann statistics
__Ei
Ni = Ne kBT

N; : number of atoms/ions/molecules with energy E;

* radiative transfer equation
s, =L

dl v
d—Tv=—Iv+Sv=0 — I, =S5, =B,(T) —’[jvzava(T)] '7
v

/

in thermal equilibrium the intensity must be spatially constant




Thermal Radiation black-body radiation

" black-body radiation

thermal radiation of a (black-)body in thermodynamic equilibrium with its environment

* populations described by Saha-Boltzmann statistics
__Ei
Ni = Ne kBT

N; : number of atoms/ions/molecules with energy E;

* radiative transfer equation

dl,

d—Tv=—Iv+Sv=0 — IV=SV=BV(T)

e Kirchoff’s law

Jv = ay, B,(T)




Thermal Radiation black-body radiation

" black-body radiation

thermal radiation of a (black-)body in thermodynamic equilibrium with its environment

* populations described by Saha-Boltzmann statistics
__Ei
Ni = Ne kBT

N; : number of atoms/ions/molecules with energy E;

* radiative transfer equation

dl,

d—Tv=—Iv+Sv=0 — IV=SV=BV(T)

e Kirchoff’s law

if material absorbs well at a certain wavelength,

_— B, (T .. .
Jv = ay By(T) it will also radiate well at the same wavelength.




Thermal Radiation black-body radiation

" black-body radiation

thermal radiation of a (black-)body in thermodynamic equilibrium with its environment

* populations described by Saha-Boltzmann statistics
__Ei
Ni = Ne kBT

N; : number of atoms/ions/molecules with energy E;

* radiative transfer equation

dl,

d—Tv=—Iv+Sv=0 — IV=SV=BV(T)

e Kirchoff’s law

at thermal equilibrium, the power radiated

Jv = @ By(T) must be equal to the power absorbed
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" thermodynamics
any chance to obtain
energy density, intensity, and flux
of the radiation field

as a function of temperature?
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" thermodynamics

any chance to obtain
energy density, intensity, and flux
of the radiation field

as a function of temperature?’

4




Thermal Radiation thermodynamics of black-body radiation

" thermodynamics
any chance to obtain
energy density, intensity, and flux
of the radiation field

as a function of temperature?

u(T) = éo'B T# energy density
Cc
1 . :

B(T) = —o0xT* intensity
T

F(T) =05 T* flux

16 3
S(T) = 3¢ OB T°V  entropy
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thermodynamics of black-body radiation

" thermodynamics

integrated quantities!

any chance to obtain

energy density, intensity, and flux

of the radiation field

as a function of temperature?

<
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u(T) = éo'B T# energy density
Cc
1 . :
B(T) = —o0xT* intensity
T
F(T) =05 T* flux

16 3
S(T) = 3¢ OB T°V  entropy
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thermodynamics of black-body radiation

" thermodynamics

integrated quantities!

B, (T) comes later...

any chance to obtain

energy density, intensity, and flux

of the radiation field

as a function of temperature?

<

-
u(T) = éo'B T# energy density
Cc
1 . :
B(T) = —o0xT* intensity
T
F(T) =05 T* flux

16 3
S(T) = 3¢ OB T°V  entropy
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" thermodynamics

* first law of thermodynamics

dQ = dU + pdV up 1.V

A R AR NN

_1

cavity that can be manipulated

U : total energy of cavity
O :heat

p :pressure

V' : volume
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thermodynamics of black-body radiation

" thermodynamics

* first law of thermodynamics

dQ = dU + pdV

* second law of thermodynamics

_aw

dS 7

u,p, 1T,V

A R AR NN

_1

cavity that can be manipulated

U : total energy of cavity
O :heat

p :pressure

V :volume

S : entropy
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" thermodynamics

* first law of thermodynamics

.
. 72
dQ = dU + pdV up 1,V 7

/ ——
* second law of thermodynamics )
10 é

cavity that can be manipulated

* radiation field"
U : total energy of cavity

O :heat

p :pressure
V' : volume
S : entropy

w| <

U=uV, D=

*see Fundamentals lecture
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thermodynamics of black-body radiation

" thermodynamics

* first law of thermodynamics

dQ = dU + pdV

* second law of thermodynamics

_aw

dS 7

e radiation field

U=uV, D=

w| <

u,p, 1T,V

A R AR NN

_1

cavity that can be manipulated

U : total energy of cavity
O :heat

p :pressure

V :volume

S : entropy
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" thermodynamics

* first law of thermodynamics

.
. 72
dQ = dU + pdV up 1,V 7

/ ——
* second law of thermodynamics )
10 é

cavity that can be manipulated

* radiation field
U : total energy of cavity

O :heat

p :pressure
V' : volume
S : entropy

w| <

U=uV, D=

1
_dQ _dU+pdv d@V)+3udV
T T N T
du av 1 dV V 4u

=V?+u?+§u?=7du+§?dV

ds
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" thermodynamics

* first law of thermodynamics

.
. 72
dQ = dU + pdV up 1,V 7

/ ——
* second law of thermodynamics )
10 é

cavity that can be manipulated

e radiation field

_ u U : total energy of cavity
U=uV, P=3 O :heat
p :pressure
V' : volume
1 S : entropy
4o 4Q _dU+pdv _ dwV) +3udv
T T T
_Vdu+ dV+1 dV_Vd +4udV
S T TRt T T T

§=58(1.7)
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" thermodynamics

* first law of thermodynamics

.
. 72
dQ = dU + pdV up 1,V 7

/ ——
* second law of thermodynamics )
10 é

cavity that can be manipulated

e radiation field

_ u U : total energy of cavity
U=uV, P=3 O :heat

p :pressure

V' : volume

1 S : entropy
4o 4Q _dU+pdv _ dwV) +3udv
T T T
du av 1 dv Vv 4u Vdu 4u

=V—=4+um+sumr=zdut+-szdV =z—=dT +-zdV

T T 3 T_T}. TdT~ " 3T

§=58(1.7)
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" thermodynamics

* first law of thermodynamics

.
. 72
dQ = dU + pdV up 1,V 7

/ ——
* second law of thermodynamics )
10 é

cavity that can be manipulated

e radiation field

_ u U : total energy of cavity
U=uV, P=3 O :heat
p :pressure
V' : volume
1 S : entropy
4o 4Q _dU+pdv _ dwV) +3udv
T T T
du av 1 dv Vv 4u Vdu 4u
=V7+u—+—u—=—du+——dV= —— dT + -7 dV

T 3 T T 3T T dT 3T
/ as as

S=S(T,V) = (ﬁ)v ar + (W)T av
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thermodynamics of black-body radiation

" thermodynamics

* first law of thermodynamics

dQ = dU + pdV

* second law of thermodynamics

_aw

dS 7

* radiation field
U=uV,

w| <

p:

1
_dQ _dU+pdv _ d(uV) +zudV

S == T T
_Vdu+ dV+1 dV—Vd +4udV—
=T TUT 3”T_Tu}._
S=8(T,7)

u,p, 1T,V

A R AR NN

_1

cavity that can be manipulated

U : total energy of cavity

O :heat
p :pressure
V : volume
S : entropy
V du T+ 4u -
T dT 3T |
_ <as) dT + <as) v
aT/y ov/r
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thermodynamics of black-body radiation

" thermodynamics

* first law of thermodynamics

dQ = dU + pdV

* second law of thermodynamics

_aw

dS 7

* radiation field
U=uV,

w| <

p:

1
_dQ _dU+pdv _ d(uV) +zudV

S == T T
_Vdu+ dV+1 dV—Vd +4udV—
=T TUT 3”T_Tu}._
S=8(T,7)

u,p, 1T,V

A R AR NN

_1

cavity that can be manipulated

U : total energy of cavity

O :heat
p :pressure
V :volume
S : entropy
V du 4u
Tﬁ dT + 571 dV 92S ~ 92S
s s aToV — aVaT
(2 dT+(—) v
(37), 17 +|(av),
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thermodynamics of black-body radiation

" thermodynamics

* first law of thermodynamics

dQ = dU + pdV

* second law of thermodynamics

_aw

dS 7

e radiation field

U=uV, p=3

1du_ 4 u 4 du

Tdr ~ 372 3Tar

<as) dT+<aS) dv
T, V)
7

u,p, 1T,V

A R AR NN

_1

cavity that can be manipulated

U : total energy of cavity
O :heat

p :pressure

V :volume
S : entropy

(exercise)

oToV ~— dVaT
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thermodynamics of black-body radiation

" thermodynamics

* first law of thermodynamics

dQ = dU + pdV

* second law of thermodynamics

_aw

dS 7

* radiation field
u
U=uV, p—g

1du_ 4 u 4 du

Tdr 372 3Tar

0= 4u+1du
~ 3T2  3TdT

u,p, 1T,V

A R AR NN

_1

cavity that can be manipulated

U : total energy of cavity
O :heat

p :pressure

V :volume

S : entropy
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thermodynamics of black-body radiation

" thermodynamics

* first law of thermodynamics

dQ = dU + pdV

* second law of thermodynamics

_aw

dS 7

* radiation field
u
U=uV, p—g

1du_ 4 u 4 du

TdT — 372 V3Tar
0= 4 u N 1 du
~ 3T2  3TdT

4u du

T —dT

u,p, 1T,V

A R AR NN

_1

cavity that can be manipulated

U : total energy of cavity
O :heat

p :pressure

V :volume

S : entropy
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thermodynamics of black-body radiation

" thermodynamics

* first law of thermodynamics

dQ = dU + pdV

* second law of thermodynamics

_aw

dS 7

* radiation field
u
U=uV, p—g

1du_ 4 u 4 du

TdT — 372 V3Tar
0= 4 u N 1 du
~ 3T2  3TdT
4u du d dT
ks L, S _ g

T=ﬁ u T

u,p, 1T,V

A R AR NN

_1

cavity that can be manipulated

U : total energy of cavity
O :heat

p :pressure

V :volume

S : entropy
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thermodynamics of black-body radiation

" thermodynamics

* first law of thermodynamics

dQ = dU + pdV

* second law of thermodynamics

_aw

dS 7

e radiation field

U=uV _L
=uVvy, p_3
1du_ 4u+4du
TdT  3T2 3TdT
0= 4u+ 1 du
~ 3T2  3TdT
4u du du dT

T=ﬁ u

u,p, 1T,V

A R AR NN

_1

cavity that can be manipulated

U : total energy of cavity
O :heat

p :pressure

V :volume

S : entropy




Thermal Radiation

thermodynamics of black-body radiation

" thermodynamics

* first law of thermodynamics

dQ = dU + pdV

* second law of thermodynamics

_aw

dS 7

* radiation field
u
U=uV, p—g

1du_ 4 u 4 du

TdT — 372 V3Tar

0= 4u+1du

~ 3T2  3TdT
4u_du du _ dT
T dT  u

u,p, 1T,V

A R AR NN

_1

cavity that can be manipulated

U : total energy of cavity
O :heat

p :pressure

V :volume

S : entropy

[am=ar

Stefan-Boltzmann law




Thermal Radiation

thermodynamics of black-body radiation

" thermodynamics

* first law of thermodynamics
dQ = dU + pdV

* second law of thermodynamics

_aw

dS 7

e Stefan-Boltzmann law

(n=ar

energy density

u,p, 1T,V

A R AR NN

_1

cavity that can be manipulated

U : total energy of cavity
O :heat

p :pressure

V :volume

S : entropy
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thermodynamics of black-body radiation

" thermodynamics

* first law of thermodynamics
dQ = dU + pdV

* second law of thermodynamics

_aw

dS 7

e Stefan-Boltzmann law

(n=ar

energy density

...relation to intensity*

w(T) = juv dv = ﬂ h (1) aQadv =4T7TJIV(T) dv

C

*see Fundamentals lecture...

u,p, 1T,V

A R AR NN

_1

cavity that can be manipulated

U : total energy of cavity
O :heat

p :pressure

V :volume

S : entropy
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thermodynamics of black-body radiation

" thermodynamics

* first law of thermodynamics
dQ = dU + pdV

* second law of thermodynamics

_aw

dS 7

e Stefan-Boltzmann law

(n=ar

energy density

...relation to intensity*

w(T) = juvdv = ﬂ h(T) dQadv =477TJBV(T) dv

Cc

*see Fundamentals lecture...

u,p, 1T,V

A R AR NN

_1

cavity that can be manipulated

U : total energy of cavity
O :heat

p :pressure

V :volume

S : entropy
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" thermodynamics

* first law of thermodynamics

.
. 72
dQ = dU + pdV up 1,V 7

/ ——
* second law of thermodynamics )
10 é

cavity that can be manipulated

e Stefan-Boltzmann law

U : total energy of cavity

[{ u(T)=aT* } energy density Q :heat
D :pressure
V :volume
...relation to intensity S : entropy

w(T) = juvdv = ﬂ h(T) aQdv =4T”fBV(T) dv

C

aT4=4—njB (T) dv
C %
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" thermodynamics

* first law of thermodynamics

.
. 72
dQ = dU + pdV up 1,V 7

/ ——
* second law of thermodynamics )
10 é

cavity that can be manipulated

e Stefan-Boltzmann law

U : total energy of cavity

[{ u(T)=aT* } energy density Q :heat
D :pressure
V :volume
...relation to intensity S : entropy

w(T) = juvdv = ﬂ h(T) aQdv =4T”fBV(T) dv

C

%TLL

AT =47”j3v(7) dv > B(T) = JBV(T) dv =




Thermal Radiation

thermodynamics of black-body radiation

" thermodynamics

* first law of thermodynamics

dQ = dU + pdV

* second law of thermodynamics

_aw

dS 7

e Stefan-Boltzmann law

u(T)=aT* energy density

integrated intensity

ac
B(T) =—T*
41T

u,p, 1T,V

A R AR NN

_1

cavity that can be manipulated

U : total energy of cavity
O :heat

p :pressure

V :volume

S : entropy




Thermal Radiation

thermodynamics of black-body radiation

" thermodynamics

* first law of thermodynamics

dQ = dU + pdV

* second law of thermodynamics

_aw

dS 7

e Stefan-Boltzmann law

u(T)=aT* energy density

4
u(T) = - B(T)

ac
B(T) =—T*
41T

integrated intensity

u,p, 1T,V

A R AR NN

_1

cavity that can be manipulated

U : total energy of cavity
O :heat

p :pressure

V :volume

S : entropy




Thermal Radiation thermodynamics of black-body radiation

" thermodynamics

* first law of thermodynamics

.
. 72
dQ = dU + pdV up 1,V 7

/ ——
* second law of thermodynamics )
10 é

cavity that can be manipulated

* Stefan-Boltzmann law
U : total energy of cavity

u(T) =aT* energy density O : heat
p :pressure
V' : volume
ac S': entropy
B(T) = 4_T4 integrated intensity
T

...relation to flux*

F = ij dv = jf I,(Q) cosO dQdv = ﬂ B, cos8 dQdv

2T /2
= ij dvjcos@ dQ = ij dvf dcpf cos6 sinf df = nva dv =nB(T)
0 0

*see Fundamentals lecture...




Thermal Radiation

thermodynamics of black-body radiation

" thermodynamics

* first law of thermodynamics

dQ = dU + pdV

* second law of thermodynamics

_aw

dS 7

e Stefan-Boltzmann law

u(T)=aT* energy density

integrated intensity

ac
B(T) =—T*
41T

ac
F(T) = T*

emergent flux

u,p, 1T,V

A R AR NN

_1

cavity that can be manipulated

U : total energy of cavity
O :heat

p :pressure

V :volume

S : entropy




Thermal Radiation

thermodynamics of black-body radiation

" thermodynamics

* first law of thermodynamics

dQ = dU + pdV

* second law of thermodynamics

_aw

dS 7

e Stefan-Boltzmann law

u(T) =[aJT* energy density

B(T) =El_k T4 integrated intensity
41

F(T) = [%: T* emergent flux

al

u,p, 1T,V

A R AR NN

_1

cavity that can be manipulated

U : total energy of cavity
O :heat

p :pressure

V :volume

S : entropy




Thermal Radiation thermodynamics of black-body radiation

" thermodynamics

* first law of thermodynamics

.
. 72
dQ = dU + pdV up 1,V 7

/ ——
* second law of thermodynamics )
10 é

cavity that can be manipulated

* Stefan-Boltzmann law
U : total energy of cavity

u(T) =@T4 energy density O :heat
p :pressure
V' : volume
@ S : entropy
B(T) ==T* integrated intensity
41t
F(T) = [%: T* emergent flux

4
a= - Op op : Stefan-Boltzman constant




Thermal Radiation

thermodynamics of black-body radiation

" thermodynamics

* first law of thermodynamics

dQ = dU + pdV

* second law of thermodynamics

_aw

dS 7

e Stefan-Boltzmann law

4
u(T) = EO'B T4 energy density

integrated intensity

1
B(T) = =6, T*
T

F(T) = o5 T*

emergent flux (O'B =

u,p, 1T,V

A R AR NN

_1

cavity that can be manipulated

U : total energy of cavity
O :heat

p :pressure

V :volume

S : entropy

215k}

15¢c2h3

: Stefan-Boltzman constant )




Thermal Radiation thermodynamics of black-body radiation

" thermodynamics

]
* first law of thermodynamics é
/
dQ = dU + pdV wp v

/ ——
* second law of thermodynamics )
10 é

cavity that can be manipulated

* Stefan-Boltzmann law
U : total energy of cavity

4
u(T) =-o0 T* energy density O : heat
C p :pressure
V' : volume
1 S': entropy
B(T) = —oT* integrated intensity
T
F(T) =05 T* fl (O'_ZTCSkg'Stf Boltz tant
(T) = op emergent flux (Og = TSR efan-Boltzman constant )
H_/

this factor — and its relation to a — will be derived later...




Thermal Radiation

thermodynamics of black-body radiation

" thermodynamics

* first law of thermodynamics

dQ = dU + pdV

* second law of thermodynamics

_aw

dS 7

e Stefan-Boltzmann law

4
u(T) = -0z T* energy density

C

1 . N
B(T) = —oT* integrated intensity

T
F(T)=o05T* emergent flux (0p =

S(T) = § Op T3V entropy (exercise)

u,p, 1T,V

A R AR NN

_1

cavity that can be manipulated

U : total energy of cavity
O :heat

p :pressure

V :volume

S : entropy

215k}

: Stefan-Boltzman constant
15c2h3 )




Thermal Radiation thermodynamics of black-body radiation

" thermodynamics

1
* first law of thermodynamics 7
f
dQ = dU + pdV wp v
/ ———
* second law of thermodynamics ?
7
ds =22 .
= -
cavity that can be manipulated
e Stefan-Boltzmann law — -
4 I 7000 K
u(T) =—o05 T* energy density °r i
c

dependency on wave-length?

B,(T)? [ B(T) = 1 ogT* } integrated intensity
s

5777 K

/\

Visible light

~€

B,\(T) ( 10°Wm=2nm™! sr)
)
T

F(T) =05 T* emergent flux (Op A
4000 K

0 4._//.-1’_ [ S R
200 400 600 800 1000 1200 1400

S(T) = § O-B T3V entr'opy (exercise) Wavelength A (nm)




Thermal Radiation

" black-body radiation
" thermodynamics of black-body radiation
" Planck spectrum

" local thermal equilibrium
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" thermodynamics of black-body radiation

" Planck spectrum:

* derivation

* properties

" local thermal equilibrium




Thermal Radiation

" black-body radiation
" thermodynamics of black-body radiation

" Planck spectrum:

 derivation

* properties

" local thermal equilibrium




Thermal Radiation

Planck spectrum - derivation

B, (T) ( 10*W m=2nm~! sr!)

5777 K

TN

Visible light

4000 K

P
/
1 | | 1 l

1 ] 1 ]

400 600 800 1000
Wavelength A (nm)

1200 1400




Thermal Radiation

Planck spectrum - derivation

C
B, (T) — E

u, (T)dv =7?

remember: u = 4n/c I, for isotropic radiation, and /,=B, for black-body radiation

uy (T)




Thermal Radiation

Planck spectrum - derivation

B, (T) = ﬁ Uy (T)

u, (T)dv =

N(v)

d
—— (E)

dVv




Thermal Radiation

Planck spectrum - derivation

uv

number density of possible photon states

B,(T) = ﬁ u, (T)

(T)dv = —(

average energy per state




Thermal Radiation

Planck spectrum - derivation

Uy

number density of possible photon states

B,(T) = ﬁ u, (T)

dN(v)

(T)dv = e

(E)

average energy per state:

* gquantum mechanics

* classical thermodynammics

— Planck spectrum

— Rayleigh-Jeans law




Thermal Radiation Planck spectrum - derivation

B,(T) = ﬁ u, (T)

dN(v)

u, (T)dv = e

(E)
number density of possible photon states

average energy per state:

* gquantum mechanics — Planck spectrum

* classical thermodynammics — Rayleigh-Jeans law




Thermal Radiation

Planck spectrum - derivation

" number density of possible photon states

dN(v) _

?
dv
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Planck spectrum - derivation

" number density of possible photon states

2D representation
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Planck spectrum - derivation

" number density of possible photon states

 standing wave

2D representation




Thermal Radiation

Planck spectrum - derivation

" number density of possible photon states

 standing wave

nA; =1L n; €N,i =123
/1/2
A_i = cos(a;)

2D representation

az

451

A




Thermal Radiation

Planck spectrum - derivation

" number density of possible photon states

 standing wave

nA; =1L n; €N,i =123
/1/2
A_i = cos(a;)

* direction cosine (3D)

1 = cos?(ay) + cos?(ay) + cos?(as3)

2D representation

az

451

A




Planck spectrum - derivation

~

Thermal Radiation

-~

= direction cosine

v-é

cos(a) = |13|x

v-é

Yy

cos(b) = 7]

v-é,

cos(c) = 7]

58\2 | (TEN\° | (56,2 , , ;
i =(|rf|) +(|a|) +(ﬁ) = cos?(a) + cos?(b)+ cos*(c)




Thermal Radiation

Planck spectrum - derivation

" number density of possible photon states

 standing wave

nA; =1L n; €N,i =123
/1/2
A_i = cos(a;)

* direction cosine (3D)

1 = cos?(ay) + cos?(ay) + cos?(as3)

2D representation

az

451

A




Thermal Radiation

Planck spectrum - derivation

" number density of possible photon states

 standing wave

nA; =1L n; €N,i =123
/1/2
A_i = cos(a;)

* direction cosine (3D)

1 = cos?(ay) + cos?(ay) + cos?(as3)
* ‘sphere’ condition for standing wave

2L\?
(7> =n? +n3 +n3

2

2
1= 4%41 * 4/52 * 4/}:2 - (izl) <(%)2 * (%)2 * (%)2> - (%) (ni +n3 +n3)

2D representation

az
451

A




Thermal Radiation

Planck spectrum - derivation

" number density of possible photon states
 standing wave

niAl-=L

Y/
A_iz = cos(a;)

n; €N,i=123

* direction cosine (3D)

1 = cos?(ay) + cos?(ay) + cos?(as3)

* ‘sphere’ condition for standing wave

2L ’ 2 2 2 2L
— ] =ni+n;+nj describes a sphere w/ radius =

A

2D representation

az

451

A




Thermal Radiation

Planck spectrum - derivation

" number density of possible photon states

 standing wave

nA; =1L n; €N,i =123
/1/2
A_i = cos(a;)

* direction cosine (3D)

1 = cos?(ay) + cos?(ay) + cos?(as3)

* ‘sphere’ condition for standing wave

2L ’ 2 2 2 2L
— ] =ni+n;+nj describes a sphere w/ radius =

A

how many standing waves fit into octant n;> 0 ?

2D representation

az

451

A




Thermal Radiation Planck spectrum - derivation

" number density of possible photon states

¢ standing wave 2D representation
niA; =1L
‘/1 ' n;, €N,i =123
ﬁ — COS((X')
A, l .
g

* direction cosine (3D)

1 = cos?(ay) + cos?(ay) + cos?(as3)

* ‘sphere’ condition for standing wave >

2L\? A
[(7> =n%+n§+n§}

how many standing waves fit into octant n;> 0 ?

v =55 (5)




Thermal Radiation Planck spectrum - derivation

" number density of possible photon states

¢ standing wave 2D representation
niA; =1L
‘/1 ' n;, €N,i =123
ﬁ — COS((X')
A, l .
g

* direction cosine (3D)

1 = cos?(ay) + cos?(ay) + cos?(as3)

* ‘sphere’ condition for standing wave >

2L\? A
[(7> =n%+n§+n§}

how many standing waves fit into octant n;> 0 ?

A

NI
=
=

<
| —

Il

AT <2L>3 v =

= .

NQA) = %




Thermal Radiation

Planck spectrum - derivation

" number density of possible photon states
 standing wave

niAl-=L

Y/
A_iz = cos(a;)

n; €N,i=123

* direction cosine (3D)

1 = cos?(ay) + cos?(ay) + cos?(as3)

* ‘sphere’ condition for standing wave

2L\°
[(7> =n%+n§+n§}

how many standing waves fit into octant n;> 0 ?

N =53

1 47 <2L>3 v=%
A

* number density of possible photon states

dN(v)

?
dv

2D representation

az
451

A




Thermal Radiation

Planck spectrum - derivation

" number density of possible photon states
 standing wave

niAl-=L

A /2

A;

n; €N,i=123

= cos(a;)

* direction cosine (3D)

1 = cos?(ay) + cos?(ay) + cos?(as3)

* ‘sphere’ condition for standing wave

2L\°
[(7> =n%+n§+n§}

how many standing waves fit into octant n;> 0 ?

N =53

1 47 <2L>3
A

* number density of possible photon states

dN(v)

?
dv

2D representation

az
451

A




Thermal Radiation

Planck spectrum - derivation

" number density of possible photon states
 standing wave

niAl-=L

A /2

A;

n; €N,i=123

= cos(a;)

* direction cosine (3D)

1 = cos?(ay) + cos?(ay) + cos?(as3)

* ‘sphere’ condition for standing wave

2L\°
[(7> =n%+n§+n§}

how many standing waves fit into octant n;> 0 ?

N =53

1 47 <2L>3
A

* number density of possible photon states

dN(v) 4n

2
v _EV dv

2D representation

az
451

A




Thermal Radiation Planck spectrum - derivation

" number density of possible photon states

¢ standing wave 2D representation
niA; =1L
‘/1 ' n;, €N,i =123
ﬁ — COS((X')
A, l .
g

* direction cosine (3D)

1 = cos?(ay) + cos?(ay) + cos?(as3)

A>
* ‘sphere’ condition for standing wave >
2L\ 4
[ (7> =n%+n§+n§}
L
how many standing waves fit into octant n;> 0 ?

Ny = 147 <2L>3 v=s Ny = L4 (ZLV)3_4TC . NGy = Y1324

83 \2) T "WTg3 ) TtV T RWE EEva

* number density of possible photon states

? dlzi/](/v)zi_gfvzdv ?




Thermal Radiation Planck spectrum - derivation

" number density of possible photon states

¢ standing wave 2D representation
niA; =1L
‘/1 ' n;, €N,i =123
ﬁ — COS((X')
A, l .
g

* direction cosine (3D)

1 = cos?(ay) + cos?(ay) + cos?(as3)

A>
* ‘sphere’ condition for standing wave >
2L\ 4
[ (7> =n%+n§+n§}
L
how many standing waves fit into octant n;> 0 ?

Ny = 147 <2L>3 v=s Ny = L4 (ZLV)3_4TC . NGy = Y1324

83 \2) T "WTg3 ) TtV T RWE EEva

* number density of possible photon states

? dN(v) = 4—7Tv2dv ? 2 polarisations!

* av c3




Thermal Radiation

Planck spectrum - derivation

" number density of possible photon states
 standing wave

niAl-=L

A /2

A;

n; €N,i=123

= cos(a;)

* direction cosine (3D)

1 = cos?(ay) + cos?(ay) + cos?(as3)

* ‘sphere’ condition for standing wave

2L\°
[(7> =n%+n§+n§}

how many standing waves fit into octant n;> 0 ?

N =53

1 47 <2L>3
A

* number density of possible photon states

dN 4
(V)=2 s

2
av C—3v dv

2D representation

az
451

A




Thermal Radiation Planck spectrum - derivation

B,(T) = ﬁ u, (T)

dN(v)
u, (T)dv = ———= (E)
v dVv
number density of possible photon states:
dN(v) 8m ,
v Sar

average energy per state:

* gquantum mechanics — Planck spectrum

* classical thermodynammics — Rayleigh-Jeans law




Thermal Radiation Planck spectrum - derivation

B,(T) = ﬁ u, (T)

dN(v)
u, (T)dv = ———= (E)
v dVv
number density of possible photon states:
dN(v) 8m ,
v Sar

average energy per state:
* quantum mechanics — Planck spectrum

* classical thermodynammics — Rayleigh-Jeans law




Thermal Radiation Planck spectrum - derivation

" number density of possible photon states

dN(v) 8m

2
A

" average energy per state




Thermal Radiation

Planck spectrum - derivation

" number density of possible photon states

dN(v) 8m

2
A

" average energy per state

* each state has n discrete photons of energy /1 v:

E,=nhv




Thermal Radiation Planck spectrum - derivation

" number density of possible photon states

dN(v) 8m
T
" average energy per state
* each state has n discrete photons of energy /1v: E,=nhv

quantum mechanical approach!




Thermal Radiation Planck spectrum - derivation

" number density of possible photon states

dN(v) 8m |,
v - 3V dv
" average energy per state
* each state has n discrete photons of energy /1 v: E,=nhv
_En_
* population of states™ described by Boltzmann statistics: p(E,) < e kBT

*this is not the number density of photons




Thermal Radiation Planck spectrum - derivation

" number density of possible photon states

dN(v) 8m |,
v - 3V dv
" average energy per state
* each state has n discrete photons of energy /1 v: E,=nhv
_En_
* population of states described by Boltzmann statistics: p(E,) < e kBT

* average energy: first moment of p(E)




Thermal Radiation

Planck spectrum - derivation

" number density of possible photon states

dN(v) 8m

2
A

" average energy per state

* each state has n discrete photons of energy /1 v:

* population of states described by Boltzmann statistics:

* average energy: (E) =

E,=nhv

p(Ey) « e ksT




Thermal Radiation Planck spectrum - derivation

" number density of possible photon states

dN(v) 8m |,
v - 3V dv
" average energy per state
* each state has n discrete photons of energy /1 v: E,=nhv
_En_
* population of states described by Boltzmann statistics: p(E,) < e kBT

En

0 “kaT -
* average energy: (E) = Zn=o En € EnB — _i In (Z e—,BEn>

%):09 kBT/ 9»

p= (kgT)!

n=0




Thermal Radiation Planck spectrum - derivation

" number density of possible photon states

dN(v) 8m |,
v -3V
" average energy per state
* each state has n discrete photons of energy /1 v: E,=nhv
_En_
* population of states described by Boltzmann statistics: p(E,) < e kBT
_En_ oo
o kT
* average energy: (E) = Ln=o En € = s _ai In (Z e—,BEn>
;?:Oe kT k n=0
/ simple geometric series...

p= (kgT)!




Thermal Radiation Planck spectrum - derivation

" number density of possible photon states

dN(v) 8m |,
v -3V dv
" average energy per state
* each state has n discrete photons of energy /1 v: E,=nhv
_En_
* population of states described by Boltzmann statistics: p(E,) < e kBT
_En_ oo
o0 kT
* average energy: (E) = Ln=o En € = s _ai In (Z e—,BEn>
;?:Oe kT k n=0
/ H_/

simple geometric series...
o] [0¢]

B= (kgT)! Z e~ BEn — z ehrhv = (1 — e_ﬂn,w)—l

n=0 n=0




Thermal Radiation Planck spectrum - derivation

" number density of possible photon states

dN(v) 8m |,
v -3V dv
" average energy per state
* each state has n discrete photons of energy /1 v: E,=nhv
_En_
* population of states described by Boltzmann statistics: p(E,) < e kBT
_En_ oo
o0 kT
* average energy: (E) = Ln=o En € = s _ai In (Z e—,BEn>
;?:Oe kT k n=0
/ H_/

simple geometric series...
o] [0¢]

B= (kgT)! Z e~ BEn — z ehrhv = (1 — e_ﬂn,w)—l

n=0 n=0

_ hv e~ Phv hv hv

— 1 _ B oBhv _ 1k
1—eBhv  eBhv _1 eﬁYT—l




Thermal Radiation

Planck spectrum - derivation

" number density of possible photon states

dN(v) 8m

2
A

" average energy per state

* each state has n discrete photons of energy /1 v:

* population of states described by Boltzmann statistics:

hv

hv
eksT — 1

* average energy: (E) =

E,=nhv

p(Ey) « e ksT




Thermal Radiation

Planck spectrum - derivation

* number density of possible photon states

dN(v) 8m
av 3

vidvy

" average energy per state

* each state has n discrete photons of energy /v :

* population of stat

h
(E) = —mr

eksT — 1

* average energy:

dN(v)
%

u, (T)dv =

(E)

described by Boltzmann statistics:

E,=nhv

p(Ey) « e ksT




Thermal Radiation Planck spectrum - derivation

" Planck spectrum

8t hv3
uV(T) — C3 hv
eksT — 1
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Planck spectrum - derivation

" Planck spectrum

8t hv3
uV(T) — C3 hv
eksT — 1

classical thermodynammics?
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Planck spectrum - derivation

" Planck spectrum

8t hv3
uV(T) — C3 hv
eksT — 1

classical thermodynammics — Rayleigh-Jeans law




Thermal Radiation

Planck spectrum - derivation

" Planck spectrum

8t hv3
uV(T) — C3 hv
eksT — 1

classical thermodynammics — Rayleigh-Jeans law

(E) = kgT

(classical thermodynamics)




Thermal Radiation Planck spectrum - derivation

" Planck spectrum

8t hv3
uV(T) — C3 hv
eksT — 1

classical thermodynammics — Rayleigh-Jeans law

(E) = kgT (classical thermodynamics)

dN(v) 8m

s 2dvy (the same)




Thermal Radiation Planck spectrum - derivation

" Planck spectrum

8t hv3
uV(T) — C3 hv
eksT — 1

classical thermodynammics —>[Rayleigh-jeans Iaw]

(E) = kgT (classical thermodynamics)
dN(v) 8m ,
= — the same
T =V dv ( )
dN(v)

8
[uv(T) = C—Z V2 kgT }




Thermal Radiation Planck spectrum - derivation

" Planck spectrum

8t hv3
uV(T) — C3 hv
eksT — 1

classical thermodynammics —>[Rayleigh-jeans Iaw]

(E) = kgT (classical thermodynamics)
dN(v) 8m ,
= — the same
T = dv ( )
dN(v)

8
[uv(T) = C—Z V2 kgT }

8
u(T) = juv(T)dv = _73TkBTj v2dy = oo ‘ultraviolet catastrophy’
c




Thermal Radiation Planck spectrum - derivation

" Planck spectrum

8t hv3
uV(T) — C3 hv
eksT — 1

classical thermodynammics —>[Rayleigh-jeans Iaw]

(E) = kgT (classical thermodynamics)
dN(v) 8m ,
= — the same
T = dv ( )
dN(v)

8
[uv(T) = C—Z V2 kgT }

8
u(T) = juv(T)dv = _73TkBTj v2dy = oo ‘ultraviolet catastrophy’
c

4
u(T) = ~ 05 T+ finite energy density




Thermal Radiation Planck spectrum - derivation

" Planck spectrum

8t hv3
uV(T) — C3 hv
eksT — 1

B,(T) = ?




Thermal Radiation

Planck spectrum - derivation

" Planck spectrum

8t hv3
uV(T) — C3 hv
eksT — 1
uy (1) = =B, ()
2 hv3
BV(T) — Cz hv

ekBT — 1




Thermal Radiation

Planck spectrum - derivation

" Planck spectrum

8t hv3
* energy density: u,(T) = c3 hv
eksT — 1
| N 2 hv?
intensity: B,(T) = 2 hv

ekBT — 1




Thermal Radiation

" black-body radiation
" thermodynamics of black-body radiation

" Planck spectrum:

* derivation

* properties

" local thermal equilibrium
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Planck spectrum - properties

" properties




Thermal Radiation Planck spectrum - properties

. ) 2 hv3
properties By(T) = 5y

eksT — 1




Thermal Radiation Planck spectrum - properties

hv3 h/2A>

. 2
" properties BT =5 — By(T) = 2¢* ———

ek_BT -1 elkpT — 1




Thermal Radiation

Planck spectrum - properties

" properties

B, (T) = .

c2

hv3
hv
eksT — 1

h/A>
—> By (T) = 2c? %
(exercise) em -1




Thermal Radiation Planck spectrum - properties

. 2 hvd h/A>
[ - _ " =21
properties By(T) = 57w By(T) = 2¢2 —
eksT — 1 eAkeT — 1
* fixed temperature T’
1.6 u 1.2
1.4
1.0 \\
1.2
\ 0.8
< 1.0 \ T
£ \ 3
S08 =06
< = -
50.6 S
0.4
0.4
0.2
021 |
0.0 0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

f [PHZ] A [um]




Thermal Radiation Planck spectrum - properties
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" properties By(T) =
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. : 2 hvd
properties B(T) =5 —
eksT — 1
* fixed temperature T’
1.6 B .
hv L kgT :  Rayleigh-Jeans law
1.4 hv hy 2
eksT —1~-— - B,(T) = — v*kgT
12 kBT c
\ > previously derived using classical thermodynamics (E) = kgT
':I_N:' 1.0 \ » no Planck constant involved
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Planck spectrum - properties

. ) 2 hv3
properties By(T) = 5y

eksT — 1

* fixed temperature T’

1.6 B

1.4

1.2
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udf [J/m3PHz]
o
[00]

o
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©
I

0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

f [PHZ]

hv L kgT :  Rayleigh-Jeans law
hv hv
eksT — 1 ~ T - B,(T) = = vZkgT

> previously derived using classical thermodynamics (E) = kT

» no Planck constant involved

hv > kgT :

hv hv 2 _h
eksT — 1 ~ eksT - B,(T) = ﬁhv3e kpT




Thermal Radiation

Planck spectrum - properties

" properties

* varying temperature 7'

Intensity
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eAkBT — 1
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Planck spectrum - properties

" properties
* varying temperature 7':

O Ccurves never Ccross

Intensity
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the temperature
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7 =6000 K
Amax T =5000 K
T =4000 K
7 =3000 R
I I | I I I I I I
0 500 1000 1500 2000

Wavelength




Thermal Radiation

Planck spectrum - properties

" properties
* varying temperature 7':

O Ccurves never Ccross

o maximum shifts with 7’

AmaxT = 0.290cm K

Wien’s displacement law

Wy = 2.82 kg T

Intensity

h/2A>

— 2

By(T) = 2c2 —
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ultraviolet visible range infrared

the temperature
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" properties
* varying temperature 7':
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o maximum shifts with 7’

AmaxT = 0.290cm K

Wien’s displacement law
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Planck spectrum - properties

" properties
* varying temperature 7':

O Ccurves never Ccross

o maximum shifts with 7’

AmaxT = 0.290cm K

Wien’s displacement law

Wy = 2.82 kg T

o intensity increases with T

Intensity
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Planck spectrum - properties

" properties
* varying temperature 7':

O Ccurves never Ccross

o maximum shifts with 7’

AmaxT = 0.290cm K

Wien’s displacement law

Wy = 2.82 kg T

o intensity increases with T

B(T) = ij(T) dv =%T4

Intensity

result from thermodynamics of black-body radiation

h/A>
BA(T) = ZCZT
eksT — 1

ultraviolet visible range infrared
the temperature
uniquely
determines the curve

T =6000 K

Amax 7 =5000 K
T=4000 K
T = 3000 R
I I I I | I I | I I
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Wavelength

A > Amax: Rayleigh-Jeans law

A KL Apax: Wien law
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Planck spectrum - properties

Wien’s displacement law

" properties
* varying temperature 7':

O Ccurves never Ccross

o maximum shifts with 7’

AmaxT = 0.290cm K

Wy = 2.82 kg T

Intensity

o intensity increases with T

B(T) = ij(T) dv =%T4

result from thermodynamics of black-body radiation
(let’s hope that [ B, (T) dv will also give T

h/A>
BA(T) = ZCZT
eksT — 1

ultraviolet visible range infrared
the temperature
uniquely
determines the curve

T =6000 K

Amax T =5000 K
T=4000 K
T = 3000 R
I I I I | I I | I I
0 500 1000 1500 2000

Wavelength

A > Amax: Rayleigh-Jeans law

A KL Apax: Wien law
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Thermal Radiation
. h/2A>
" properties By(T) = 2¢* ———
eAkBT -1
* varying temperature 7':
ultraviolet visibI range infrared
O Curves never Cross
the temperature
. . . uniquel
o maximum shifts with T’ niquely
determines the curve
AmaxT = 0.290cm K .
Wien’s displacement law "é T = 6000 K
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o intensity increases with T,
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B(T) =ij(T)dv=—T4 :
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Thermal Radiation
. hv3 h/A>
" properties B,(T) = C—Z,W—V By(T) = 2c? —hc/
eAkBT -1

eksT — 1

* varying temperature 7': let’s integrate...

ultraviolet visible range infrared
O curves never Ccross
the temperature
. . . uniquel
o maximum shifts with T niquey
determines the curve
AmaxT = 0.290cm K .
Wien’s displacement law g T = 6000 K
C
O intensity increases
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Thermal Radiation
. hv3 h/2A>
" properties B,(T) = R T By(T) = 2¢* ———
eksT —1 elksT — 1
* varying temperature 7':
ultraviolet visibI range infrared
O Curves never cross
the temperature
. . . uniquel
o maximum shifts with T niquey
determines the curve
AmaxT = 0.290cm K .
Wien’s displacement law "é T = 6000 K
C
o intensity increases with T
Mmax T =5000 K
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41 T=4000 K
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A > Amax: Rayleigh-Jeans law
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Thermal Radiation
. hv3 h/2A>
— 9.2
- pr'OpeI”tIes BV(T) = C_Zh_v— BA(T) = 2c ~he
ekBT -1 eAkBT -1
* varying temperature 7':
ultraviolet visibI range infrared
O curves never Ccross
the temperature
. . . uniquel
o maximum shifts with T’ niquely
determines the curve
AmaxT = 0.290cm K .
Wien’s displacement law 5 T = 6000 K
C
o intensity increases with T
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Thermal Radiation
. hv3 h/2A>
_ — 9.2
- pr'OpeI”tIes BV(T) = C_Zh_v— BA(T) = 2c he
ekBT -1 eAkBT -1
* varying temperature 7':
ultraviolet visibI range infrared
O curves never Ccross
the temperature
. . . uniquel
o maximum shifts with T niquey
determines the curve
AmaxT = 0.290cm K .
Wien’s displacement law 5 T = 6000 K
C
o intensity increases with T
Mmax T =5000 K
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Planck spectrum - properties

" properties

Wien’s displacement law

hv3 h/ 25
B,(T) = 5w By(T) = 2¢* ———
ekBT -1 eAkBT -1

* varying temperature 7':

ultraviolet visible range infrared
O curves never Ccross
the temperature
. . . uniquel
o maximum shifts with 7’ niquely
determines the curve
AmaxT = 0.290cm K .
'§ 7= 6000 K
[
o intensity increases with T
Amax 7 =5000 K
51,4
ac 8m kg
_ 4 _
B(T) —ET a= 150313 T = 4000 K
o= ac} T =3000 K
51,4
Op 2T kB | | | | | I |
B(T) =—T* Op = 0 500 1000 1500 2000
4 15c¢2h3
Wavelength

radiation constants

(expressed in terms of fundamental constants)

A > Amax: Rayleigh-Jeans law

A KL Apax: Wien law
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properties B(T) = 55—
eksT — 1

* characteristic temperatures

B, (T) = 2¢?

h/A°

hc
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Planck spectrum - properties

. ) 2 hv3
properties B(T) = 55—
eksT — 1

* characteristic temperatures:

o brightness temperature 7,
o color temperature 7,

o effective temperature 7,

B, (T) = 2¢?

h/A°

hc
eAkBT -1




Thermal Radiation Planck spectrum - properties

: 2 hv? h/2°
" properties B,(T)= 5w — By(T) = 2c? hc/
ek_BT -1 eAkBT -1

* characteristic temperatures:

o brightness temperature 7,

- we observe I, for fixedv and use it to define T,

I(v) AN

observation

I, L]

v




Thermal Radiation Planck spectrum - properties

: 2 hv? h/2°
" properties B,(T)= 5w — By(T) = 2c? hc/
ek_BT -1 eAkBT -1

* characteristic temperatures:

o brightness temperature 7,

- we observe I, for fixedv and use it to define T,

I(v) AN

observation

IV Bv (Tb)

v

14

remember, Planck curves do not cross!




Thermal Radiation Planck spectrum - properties

: 2 hv? h/2°
" properties B,(T)= 5w — By(T) = 2c? hc/
ek_BT -1 eAkBT -1

* characteristic temperatures:

o brightness temperature 7,

- we observe I, for fixedv and use it to define T,

. . N
- frequently used in radio-astronomy*: 1w

obgervation
.

2
Iv(Tb) = ; VZ kBTb Iy Bv(Tb)

\ 4

*where one can safely use the Rayleigh-Jeans law for B (7)




Thermal Radiation Planck spectrum - properties

: 2 hv? h/2°
" properties B,(T)= 5w — By(T) = 2c? hc/
ek_BT -1 eAkBT -1

* characteristic temperatures:

o brightness temperature 7,

- we observe I, for fixedv and use it to define T},

. . I
- frequently used in radio-astronomy (Rayleigh-Jeans limit):

Cz olg ervation

—_— -2 [V BV(T)
2k, v, b

Tb ==

\ 4




Thermal Radiation Planck spectrum - properties

: 2 hv? h/2°
" properties B,(T)= 5w — By(T) = 2c? hc/
ek_BT -1 eAkBT -1

* characteristic temperatures:

o brightness temperature 7,
o color temperature 7,

- temperature of best-fit Planck curve to observed spectrum

Sun’s Spectrum vs. Thermal Radiator
of a single temperature T = 5777 K
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Thermal Radiation Planck spectrum - properties

: 2 hv? h/2°
" properties B,(T)= 5w — By(T) = 2c? hc/
ek_BT -1 eAkBT -1

* characteristic temperatures:

o brightness temperature 7,
o color temperature 7,

- temperature of best-fit Planck curve to observed spectrum

Sun’s Spectrum vs. Thermal Radiator
of a single temperature T = 5777 K

2.5 T 1T 1T I LI | T T | L I 1T I | ) I | | T o1 o T T
: — spectrum of Sun :
- — spectrum of T = 5777 K blackbody | 4
27— =
g [ ]
£ 15 .
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= [ 1 In practice:
z [ 1 > find maximum
0
g 1 ]
R 1 > use Wien’s displacement law to get T
g8 [ i
05+ -
i Ll I | i ] I | ] I 111 I 111 I 11 1 | 11 1 I 11 1 I 111

200 400 600 800 1000 1200 1400 1600 1800 2000
wavelength (nm)




Thermal Radiation

Planck spectrum - properties

. ) 2 hv3
properties B(T) = 55—
eksT — 1

* characteristic temperatures:

o brightness temperature 7,
o color temperature 7,

o effective temperature 7,

h/A>
hc
eksT — 1

B, (T) = 2¢?

- we only have bolometric, but no frequency information, e.g. total flux F'

F= JIV(Q) cos® dQ dv = o Tgys




Thermal Radiation

Planck spectrum - properties

. ) 2 hv3
properties B(T) = 55—
eksT — 1

* characteristic temperatures:

o brightness temperature 7,
o color temperature 7,

o effective temperature 7,

h/A>
hc
eksT — 1

B, (T) = 2¢?

- we only have bolometric, but no frequency information, e.g. total flux F'

<

observed

F= JIV(Q) cos® dQ dv = o Tgys

W

derived




Thermal Radiation Planck spectrum - properties

: 2 hv? h/2°
" properties B,(T)= 5w — By(T) = 2c? hc/
ek_BT -1 eAkBT -1

* characteristic temperatures:

o brightness temperature T}, - we observe I, for fixedv and use it to define T,
o color temperature 7, - temperature of best-fit Planck curve to observed spectrum

o effective temperature 7,; - no frequency information, only integrated information (e.g. F)




Thermal Radiation Planck spectrum - properties

. 2 hv? h/2°
" properties B,(T)= 5w — By(T) = 2c? hc/
ek_BT -1 eAkBT -1

* characteristic temperatures:

o brightness temperature 7, *- we observe I, for fixedv and use it to define T,
o color temperature 7, #- temperature of best-fit Planck curve to observed spectrum

o effective temperature T,;; *- no frequency information, only integrated information (e.g. F)

*depends on magnitude of the source
#depends on spectral shape only
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" black-body radiation
" thermodynamics of black-body radiation
" Planck spectrum

" local thermal equilibrium
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" global thermal equilibrium

* the whole system of interest has one well defined temperature T’
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" global thermal equilibrium

* the whole system of interest has one well defined temperature T’

" |ocal thermal equilibrium

but what about this system? —the solar interior—

corona

0.0000002
g/cm?

convective zone

L ¢
0.2 g/cm 4 2 million K

7 million K

15.7 million K
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" global thermal equilibrium

* the whole system of interest has one well defined temperature T’

" |ocal thermal equilibrium

but what about this system, —the solar interior—
for which the temperature various 3 orders of magnitude!

corona

0.0000002
g/cm?

convective zone
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20 g/cm? 7 million K

150 g/cm?®
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" global thermal equilibrium

* the whole system of interest has one well defined temperature T’

" |ocal thermal equilibrium

but what about this system, —the solar interior—
for which the temperature various 3 orders of magnitude!

corona
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convective zone
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20 g/cm? 7 million K
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local thermal equilibrium

" global thermal equilibrium

* the whole system of interest has one well defined temperature T’

" |ocal thermal equilibrium

but what about this system,
for which the temperature various 3 orders of magnitude!

stellar modelling - — = 107*—

—the solar interior—

corona

0.0000002
dr Cm g/cm?

— even for layers several kms thick,
the temperature changes only minimally

convective zone

4
0.2 g/cm £ 2 million K

7 million K
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" global thermal equilibrium

* the whole system of interest has one well defined temperature T’

" |ocal thermal equilibrium

but what about this system, —the solar interior—
for which the temperature various 3 orders of magnitude!
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— even for layers several kms thick,
the temperature changes only minimally

convective zone
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and what about the mean free path?

20 g/cm? 7 million K

150 g/cm?®




Thermal Radiation local thermal equilibrium

" global thermal equilibrium

* the whole system of interest has one well defined temperature T’

" |ocal thermal equilibrium

but what about this system, —the solar interior—
for which the temperature various 3 orders of magnitude!

corona

stellar modelling - — =~ 107*—
dr cm 00000002

— even for layers several kms thick,
the temperature changes only minimally

convective zone

2 million K

and what about the mean free path?

1
stellar properties - [ =— = 2cm

Kp

20 g/cm? 7 million K
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" global thermal equilibrium

* the whole system of interest has one well defined temperature T’

" |ocal thermal equilibrium

but what about this system, —the solar interior—
for which the temperature various 3 orders of magnitude!

corona

stellar modelling - — = 107*—
dr cm ol

— even for layers several kms thick,
the temperature changes only minimally

convective zone

4
0.2 g/cm £ 2 million K

and what about the mean free path?

1
stellar properties - [ =— = 2cm

Kp
= layers of several kms are optically thick

7 million K




Thermal Radiation local thermal equilibrium

" global thermal equilibrium

* the whole system of interest has one well defined temperature T’

" |ocal thermal equilibrium

but what about this system, —the solar interior—
for which the temperature various 3 orders of magnitude!

corona

stellar modelling - — = 107*—
dr cm ol

— even for layers several kms thick,
the temperature changes only minimally

convective zone

2 million K

and what about the mean free path?

1
stellar properties - [ =— = 2cm

Kp
= layers of several kms are optically thick

20 g/cm? 7 million K

the radiation in a layer is considered to be at a 150 g
local thermal equilibrium
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" global thermal equilibrium

* the whole system of interest has one well defined temperature T’

" |ocal thermal equilibrium

—the solar interior—

* the mean free path of any particles that might transport
heat (e.g. photons, electrons) is very small compared to
the length scale over which the temperature is changing.

corona

0.0000002
g/cm?

convective zone
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0.2 g/cm 4 2 million K

7 million K
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" global thermal equilibrium

* the whole system of interest has one well defined temperature T’

" |ocal thermal equilibrium

—the solar interior—

* the mean free path of any particles that might transport
heat (e.g. photons, electrons) is very small compared to
the length scale over which the temperature is changing

corona

0.0000002
g/cm?

* the system has a well-defined temperature on a scale
much greater than the free mean path of a photon

convective zone

4
0.2 g/cm £ 2 million K
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Thermal Radiation local thermal equilibrium

" global thermal equilibrium

* the whole system of interest has one well defined temperature T’

" |ocal thermal equilibrium

—the solar interior—

* the mean free path of any particles that might transport
heat (e.g. photons, electrons) is very small compared to
the length scale over which the temperature is changing

corona

0.0000002
g/cm?

* the system has a well-defined temperature on a scale
much greater then the free mean path of a photon

convective zone

4
0.2 g/cm £ 2 million K

— the radiation locally follows a Planck curve

7 million K




Thermal Radiation summary

2 hv3 h/2A>
= Planck spectrum B,(T) = ——— By(T) = 2¢2 ———
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