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The Black Body Radiation (BBR) Problem

= -



First qﬁemp’[s ‘

= Eugen Lommel (1837 - 1899): Mechanical model of vibrations in solid (Lommel, 1878)
* Vladinmir Alexandrovich Michelson (1860 — 1977): Kinetic Theory (Michelson. 1888)

. Ludwig Boltzmann (1844 - 1906): Electromagnelism (Bollzmann. 1884a & Bollzmann. 1884b)

sBoltzmam used a conneclion belween radialion and the second law of thermodynamics which had
been pit forward several years earlier by the Halian physicist Adolio Bartoli (Bartoli 1876)
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Wha Did People Know?

Empirical and Theorelical Backgrounds



). S'[efcm's Law (1879)

P =oT*

P: Tolal Radialive Power
o = 5.67 X 1072 walls/sqm/K4

“derived theoretically by L. Botzmann five years lafer (Boltzmamn. 188%)"



2. Wien' Displacement Law (1892)

- f(lmax) < T

Deduced theoretically by W. Wien, following Boll zmann's thermodgmmic reasoning,

't had been observed semi-quantitatively by an American astronomer. S. Langley”

_ T/1 = T()AO



Wien 8. Lummer. 1895 Empirical Radiation In’[en__sfty/ Frequency (urve

2 Tlneg COV\fiY‘W\Ed S'[efmn's Iaw b ;, Energy Density Decrease from T to T/2
*  They confirmed Wien's displacement law
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“This is the correct plot



o Paschen 189 P(1,T) = c; A" %exp (—2)
where a = 5.5 : '

e Wien 1896 ' p; = F(4) exp( f(T/D)
2 Dus‘placement law: w

Fy ==
+ Stefan's law:
a1

/15



=

Max Planck Eitered the Came '



Max Plomck Entered the Game
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= First paper concerning ﬂne properties of electromagnelic radialion (Planck. 1895a):

. Trea’[men’[ of the damping eftect arising from the emission of radiation (Planck. 1896)

He explained the goal of his endeavours in the following words:

The study of conservative damping appears to me To be of fundamental importance due to the fact
 Tha Through it one's view is opened Towards the possibity of a general explanalion of irreversivle
processes with the help of conservative forces—a problem which confron?s the theoretical
research in physics more urgenly every day. (Planck. 189, p. 154)



Max Plomck Entered the Game
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= Planck didnt like af all ﬂne probmbilié’[ic nature of entropy (ilroduced bg Boltzmann)

sch a resonator wil be excted bg absorbing ehergy trom the radialion incident upon i trom the

uside. and it will be damped by emilling energy. Now the emited energy wil not. in general. be of
the same Type as The absorbed energy: hence ’[%»e resonalor will change by s vioralion the nature
of the electromagnelic waves propagating through its vicinity To some extedt. Il can be shown thal
these changes possess. in several respects, a certain direction. ie. the Tendency To homogenize.

 (Planck. 1897a. p. 59)



Planck's Altempts

His previous con’[ribuﬁons To the BBR problem and the heal radiation



PIomck_’s Altempls

e - = - ———

= Five cortribitions entitled” Uber irreversible Strahlungsvorginge” (On Irreversible Radialion
Processes) befween Feb1897—Ma91899 (Planck 1897a. b. c. 1898. 1899)

= These investigalions resulted in establising Wien law as the law defining the energy distribulion
of BBR.



Planck's Altempls

S ——— = . = = - — ————— s —

= (Planck 1897a): Calculated the effect of a resonator (haviwj a large wavelength and smal
damping constanl) on incidenl eleclric waves

= (Planck. 1897c): Alter re'éc’(inq  crilicism of Boltzmann, who claimed thal all processes used b
planck were reversile. de wel on To prove The existence of irreversibity in a system in wlnica a
resonalor s situated in the centre of a spherically shaped cavity

"However. in carryjng ol the proot. he had To make an assumption concerning the nature of
radiation '

= (Planck. 1898): Introducing the concept of “nalural radiation as @ hypothesis (defining entrropy)

= (Planck. 1899): Generalized his proot of irreversinilly To a cavity containing radialion and many - ‘
resonalors. He also identified the "electromagnetic” and ‘thermodynamic” entropy and derived BBR
law.



Planck's Altempls

———— - —

Within less than three years, Planck achieved his goal of conwéc’[inq the '[lnermodgmw\ic and
electrodynamic theories. Especially he introduced tae concepl of irreversibilf[y for resonalors in
cavily o

But. he had to pay a price for this success: The ngo’[hesis of Natural Radialion.

1n 1899 Planck was aware of the fact that:

- The hypothesis of natural radiation. if assumed to be valid for all space points at all times, implies al
s core the second law of thermodynamics when applied to the processes of radiation: thal is. i is
andther expression of the same law. (Planck. 1900a. p. 74)



Planck's Procedure
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~ Planck’s Procedure

.........................................................

.................................................

...............................................

Awpltude of oscillations in term of incident wave fr‘equencg




Planck's Procedure

E————
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Planck's Procedure




Planck's Procedure
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, p(f,T>=< e )U(f,T)

Wien's law:

p(f.T) = af® eXp(—g) _




Planck's Procedure

 Planck focuses on ew’[ropgé
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New Experimental Dala

=

(Lummer 8. Jahnke. 1900)



New Experimen’[al Dala

= (ctober 1900. Rubens dnd Gurlbaum

prxT
In agreement with formulae derived earlier by Lord Rayleigh (1900b) and Lummer 8. Jahnke (1900)

U= kT
- Equipartition was holding!
28k
ou?  U?



Planck Made A Guess!
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Abandoning thoughts df deep ’[herwxodgmwﬂc Truths. he decided he'd belter patch things up as best hg -

could



Plomck Made A Guess!

ek
ouz  U(hf +U)

s={1+57)m{1+57) - (3 ) m(i7)

z hf
~ exp(hf/kT) —1

U

8nf2  hf
c3 exp(hf/kT) —1

p(f,T) =



Looking For A Theory.. = '




Lookiwg For A Theory.
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= To explain the Ansalz for the entrropy function. t was evidently necessary to consider several
resonalors in the cavily. |

= Bdlropy function depévmls ol only on the total energy of all resonalors but also on the distribution
of ehergy among the individual resonators

= Totreat emitters tke molecules (as Wien did in 1896). But in order to obtain a complete Theory,
more fealures are needed |



Planck Turned To Boltzmann's method " '
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Planck Turned to Boltlzmamn's method"..
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= Planck had withdrawn his earlier crilicism and increasingly approached Bollzmann's view on the
origin of irreversinilly, especially by introducing the hgpo’[%»esis of ‘nalural radiation” and

~ recognizing the similarity of this concept with %ha’[ of molecular chaos™ which Bollzmann had
i‘vf(ur'ooluceol9 in kinelic theory, ’

= In fall 1900 Planck was prepared well enough and willing To search in Bollzmann's stalistical
theory of malter. He recalls in his Nobel lecture |

This problem led me mu’[oma’[icallg {o a consideralion of the conweé’[ion between entropy and
- probabilty, thal is. To Boltzmann's trends of ideas. unlil after some weeks of the most strenuous work

of my lite. light. came into the darkness and a new perspective began To open up for me (Planck.
1920. p. d) |



Planck Turned to Boltlzmamn's method"..
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= Planck formulated Botzmann's relation as _
S=kIln()

where Q is the total _nuMbek of complexions (permuilalion measure).

T T

= Planck studied in delail Boltzmann's greal memoir. and he discovered right awag the desired
expression in s first section (Bollzmann. 1877)

= There Bollzmann had given an equalion for J. the tolal number of complexions or possiviliies of

distribuling A discrete. equal energy values € among 1 molecules as
~ (A )]

=M n — 1)




Plomck turned to Boltzmann's method .
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0 = (4 1)m(2 1) -2 (3)




Plomck turned to Boltzmann's method .
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