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Primary sources in 
physics teaching



A thought…

• 1926: Schrödinger publishes 
series of four communications in  
“Annalen der Physik“: Quantization 
as an Eigenvalue Problem. 

• Communications I and II present 
two very different derivations of 
the wave equation. 

• How then did Schrödinger find his 
wave equation? What were the 
roots of wave mechanics?

The roots of wave mechanics

We teach/learn physics 
with textbooks

What if we used 
primary sources?



At a first glance: Unintelligible!

Prop. XI Newton’s Principia

20(!) Maxwell´s equations (1865)

19 

Maxwell’s 20(!) equations (1865)

I miss Griffiths!!!



The solution: Didactical design

• Careful selection: short excerpts, deep insights 

• Clear learning goals

• Good secondary sources

• Comparison with modern teaching 



Interplay between Mathematics and Physics

Pedagogical potential of the History of Physics
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The apparent enormous complexites of nature, with all its funny laws, are very closely interwoven. However, if you do not appreciate mathematics you 

cannot see, among the great variety of facts, that logic permits you to go from one to the other (Feynman, 1985).
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PCK includes the most useful forms of representation, the most powerful analogies, illustrations, examples and demonstrations [...] The teacher must 

have at hand a veritable armamentarium of alternative forms of representations (Shulman, 1986).
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The apparent enormous complexites of nature, with all its funny laws, are very closely interwoven. However, if you do not appreciate mathematics you 

cannot see, among the great variety of facts, that logic permits you to go from one to the other (Feynman, 1985).
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PCK includes the most useful forms of representation, the most powerful analogies, illustrations, examples and demonstrations [...] The teacher must 

have at hand a veritable armamentarium of alternative forms of representations (Shulman, 1986).
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3

the magnitude of force by measuring three lines segments
QR, SP, and QT. The line segment QR is proportional to
variable d, which shows the distance (d) when the planet
seems to move free fall from R to Q. If we assume the
sun is not exerting the force, the planet tends to move
to point R. Thus, planet seems free fall from point R to
point Q. On the other side, the line segments SP and QT
represent the area of the triangle. This area is propor-
tional to the time (t) at equation 1. Based on Kepler’s
second law, due to the central force during an infinites-
imal time, the swept area is proportional to the time
needed for a planet to move from one point to another
point. Thus, the force in equation one can be formulated
as the following formula.

F / QR

SP 2 ⇥QT 2
.

(2)

To formulate the gravitational force from the sec-
ond equation, we have to determine the magnitude of
QR/QT 2. In order to determine the ratio between QR
and QT 2, we need make FIG 21 more detail into FIG 2.

FIG. 2: Proposition I (with more detail)

In formulating geometrically line QR, we will break
down FIG 2 into three formulations, the formulations
will be shown in FIG 3,4,5.

FIG. 3: First formulation

FIG. 4: Second formulation

FIG. 5: Third formulation

By putting formulation two and three in formulation
one, then we get the equation for QR.

QR = (
QV 2

V G
)(
PC2

CD2
)(
AC

AD
)

(3)

After defining the QR, we should determine QT 2. To
determine QT we need to make two formulations. The
formulations can be seen in FIG 6, 7.

FIG. 6: First formulation

Based on the formulation at FIG 6 and 7, we determine
the QT 2 by the following equation

QT 2 = QX2(
BC2

DC2
)

(4)

After defining the equation for QR and QT 2 then we
can combine the equation 3 and equation 4 to determine
QR
QT 2 into the following equation

Newton’s PQRST force
De motu (1684)

Schrödinger’s real part of !

H e f t  28.  
9, 7. I 9~6  J 

SCItRODINGER: Der stetige 1Jbergang v o n d e r  Mikro- zur Makromechanik. 

gJ~ 

Polynome~).  Mit  e ~ und m i t  dem , ,Normie-  

rungs t ak to r "  (2~n!) 2 mult ipl iz ier t ,  werden  sie 
als H~R~ITnsche Or thogona l funk t ionen  bezeichnet .  
Diese b i lden also die Ampl i t uden  der Eigen-  
schwingungen.  Die ersten IiinI s ind in Fig. I dar-  
gestellt .  Die Ahnl ichkei t  m i t  dem wohlbekann ten  
Bi ld  der  Sa i tenschwingungen is t  b ier  sehr weit-  
gehend. 

Es  m u t e t  im ersten Momen~ rech t  b izarr  an, 
einen Vorgang,  der  nach  der  bisherigen Auffassung 
der  P u n k t m e c h a n i k  angeh6rt ,  durch  ein Sys t em 
solcher Eigenschwingungen  zu beschreiben.  Ich 
m6chte  hier  an  dem gew~hlten einfachen }3eispiel 
den CTergang  zur makroskopischen  Mechanik  in 

- - 0 ~  

Fig. I. 
(AuBerhalb des dargestellten Bereiches -- 3 ~-~ x ~ + 

665 

znsammengefaBt ,  was, wie m a n  le icht  fiberlegt~), 
darauf  h inauskommt ,  eine re la t iv  schmale Gruppe  
in der  U m g e b u n g  des n-Wer tes  

A 2 
~ = - -  (6 )  

2 

herauszugreifen.  Die Ausf t ihrung der  S u m m e  in (4) 
wird geleistet  dtirch die in x und s ident ische Be- 
ziehung 2) 

- -  - S ~ + 2 8 ~  - - - -  
~ 8 ~ e  ~ H~(x) == e 2 (7) 

n = 0  

Also 
A ~ 4 ; ~ i v 0 t  + 2 ~ i v 0 t  x "~ 

~ i V o t  - - -  e A ~ e  
= e 4 ~ (8) 

N i m m t  man  nun, wie vorgesehen,  den reellen Teil  

?Z=4e 

rz~2 L /  A / \ I A  / \ 
/ X / \1f \ / / l----a&_--_.__2 

, ~ 4-3£" 

Die ersten ftinf Eigenschwingungen des PLANCKschen Oszillators nach der Undulationsmechanik. 
3 ni~hern sich alle ftinf Funktionen monoton der x-~-chse.) 

concreto demonstr ieren,  indem ich zeige, dab eine 
Gruppe yon  Eigenschwingungen mi t  hoher Ord- 
nungszahl  n ( , ,Quantenzahl")  und re la t iv  kleinen 
Ordnungszahldi i ferenzen (,, Quantenzahldi f feren-  
zen")  e inen , ,3/lassenpuakt" darzustel len vermag,  
welcher  die nach  der  gew6hnl ichen Mechanik  zu 
e rwar tende  , ,Bewegung"  ausfiihrt ,  d. h. mi t  der 
F requenz  v o oszilliert .  I ch  w~ihle eine ZahI A >~ i 
(d. h. ,,groB gegen i " )  und bi lde folgendes Aggregat  
von  Eigenschwingungen  

x~ (4) oo 

= e~iVot2,{A-- e2zi%tl  n I e 2H~(x)  

Es werden  also die normierten Eigenschwingungen 
(s. o.) mi t  den  Koeff iz ienten  

A" 
~ 2 ~ .  (5) 

1) Vgl. COURAN~-HILB~RT, Methoden der mathe- 
matischen Physik I, Nap. II ,  § io, 4, S. 76 (Berlin : Sprin- 
ger 1924). 

der rechten Seite, so kommt nach. kurzer Zwischen- 
rechnung 

x' @(x - x cos~-~,,0t)~ } 

Dies das Endresuttat, an dem zun~chst  der  erste  
F a k t o r  yon Interesse ist. E r  stel l t  einen re la t iv  
hohen und  schmalen  , B u c k e l "  yon  der  GestaI t  
einer , ,GAussschen Fe h l e r ku r ve"  dar, welcher  je- 
weils in der  U m g e b u n g  der  Stelle 

x = A c o s 2 ~ v 0 t  ( i o )  

iiegt. Die 13reite des Buckels  ist  v o n d e r  GrSBen- 
ordnung i ,  a l s o  nach  Vorausse tzung sehr klein 
gegen A. Nach  (io) oszilliert  der I3uckel genau 

1) Z n  hat  ]i~r groJ3es z als FunCtion yon n ein 
einziges ex~em hohes und relativ sehr scharfes Maxi- 
mum bei n = z. Durch Quadratwurzelziehen erhi~lt 

A 2 
man mit  z = -  die Zahtenreihe (5). 

2 
2) COURANT-HII~BERT, 1. C. Gleichung (58). 

Micro-macro (1926)

RQ1: How to use original sources
effectively in physics teaching?

RQ2: What can students learn from 
reading original sources?

RQ3: How/Why use original sources in 
physics teacher education?

RQ1: What do students learn/struggle
from/with each derivation? 

RQ2: What guides their preferences?

RQ3: How/Why structure teaching
around multiple derivations?

RQ4: How/Why use multiple derivations 
in physics teacher education?
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 30 D5. FA5ADA<'6 E;3E5,0E17A/ 5E6EA5C+E6 ,1 E/EC75,C,7<. (6E5,E6 ;;9,,,.)

 7ZR FOLSV, DV DW C, KROG WKH HQGV RI WKH JDOYDQRPHWHU ZLUH (DOVR RI FRSSHU); DQG WKH
 -ODWWHU DUH PDGH WR SUHVV DJDLQVW WKH ULQJV E\ WKHLU HODVWLFLW\, DQG JLYH DQ HIIHFWXDO

 FRQWDFW EHDULQJ, ZKLFK JHQHUDWHV QR FXUUHQW, HLWKHU E\ GLIIHUHQFH RI QDWXUH RU E\

 IULFWLRQ, GXULQJ WKH UHYROXWLRQ RI WKH D[LV.

 3085. 7KH WZR PDJQHWV DUH EDUV, HDFK 12 LQFKHV ORQJ, 1 LQFK EURDG, DQG 0'4 RI
 DQ LQFK WKLFN. 7KH\ ZHLJK HDFK 19 RXQFHV, DQG DUH RI VXFK D VWUHQJWK DV WR OLIW HDFK

 RWKHU HQG WR HQG DQG QR PRUH. :KHQ WKH WZR DUH DGMXVWHG LQ WKHLU SODFH, LW LV

 ZLWK WKH VLPLODU SROHV WRJHWKHU, VR WKDW WKH\ VKDOO DFW DV RQH PDJQHW, ZLWK D GLYLVLRQ
 GRZQ WKH PLGGOH: WKH\ DUH UHWDLQHG LQ WKHLU SODFH E\ W\LQJ, RU, DW WLPHV, E\ D ULQJ RI
 FRSSHU ZKLFK VOLSV WLJKWO\ RYHU WKHP DQG WKH D[LV.

 3086. 7KH JDOYDQRPHWHU LV D YHU\ GHOLFDWH LQVWUXPHQW PDGH E\ 58+0.25FF (2651.).

 ,W ZDV SODFHG DERXW 6 IHHW IURP WKH PDJQHW DSSDUDWXV, DQG ZDV QRW DIIHFWHG E\ DQ\

 UHYROXWLRQ RI WKH ODWWHU. 7KH ZLUHV, FRQQHFWLQJ LW ZLWK WKH PDJQHWV, ZHUH RI FRSSHU,
 0-04 RI DQ LQFK LQ GLDPHWHU, DQG LQ WKHLU ZKROH OHQJWK DERXW 25 IHHW. 7KH OHQJWK RI

 WKH ZLUH LQ WKH JDOYDQRPHWHU , GR QRW NQRZ; LWV GLDPHWHU ZDV 7\ '-WK RI DQ LQFK. 7KH
 FRQGLWLRQ RI WKH JDOYDQRPHWHU, ZLUHV, DQG PDJQHWV, ZDV VXFK, WKDW ZKHQ WKH EHQG RI
 WKH ZLUHV ZDV IRUPHG LQWR D ORRS, DQG WKDW FDUULHG RQFH RYHU FLJ. 2.

 WKH SROH RI WKH XQLWHG PDJQHWV, DV IURP D WR E, ILJ. 2, WKH JDO- I E
 YDQRPHWHU QHHGOH ZDV GHIOHFWHG WZR GHJUHHV RU PRUH. 7KH

 YLEUDWLRQ RI WKH QHHGOH ZDV VORZ, DQG LW ZDV HDV\ WKHUHIRUH WR
 UHLWHUDWH WKLV DFWLRQ ILYH RU VL[ WLPHV, RU RIWHQHU, EUHDNLQJ DQG
 PDNLQJ FRQWDFW ZLWK WKH JDOYDQRPHWHU DW ULJKW LQWHUYDOV, VR DV

 WR FRPELQH WKH HIIHFW RI OLNH LQGXFHG FXUUHQWV; DQG WKHQ D GH-

 IOHFWLRQ RI 100 RU 15? RQ HLWKHU VLGH RI ]HUR FRXOG EH UHDGLO\
 REWDLQHG. 7KH DUUDQJHPHQW, WKHUHIRUH, ZDV VXIILFLHQWO\ VHQVLEOH IRU ILUVW H[SHULPHQWV

 DQG WKRXJK WKH UHVLVWDQFH RSSRVHG E\ WKH WKLQ ORQJ JDOYDQRPHWHU ZLUH WR IHHEOH

 FXUUHQWV ZDV FRQVLGHUDEOH, \HW LW ZRXOG DOZD\V EH WKH VDPH, DQG ZRXOG QRW LQWHUIHUH

 ZLWK UHVXOWV, ZKHUH WKH ILQDO HIIHFW ZDV HTXDO WR 00, QRU LQ WKRVH ZKHUH WKH FRQVH-
 TXHQFHV ZHUH VKRZQ, QRW E\ DEVROXWH PHDVXUHPHQW, EXW E\ FRPSDUDWLYH GLIIHUHQFHV.

 3087. 7KH ILUVW SUDFWLFDO UHVXOW SURGXFHG E\ WKH DSSDUDWXV GHVFULEHG, LQ UHVSHFW RI
 PDJQHWR-HOHFWULF LQGXFWLRQ JHQHUDOO\, LV, WKDW D SLHFH RI PHWDO RU FRQGXFWLQJ PDWWHU

 ZKLFK PRYHV DFURVV OLQHV RI PDJQHWLF IRUFH, KDV, RU WHQGV WR KDYH, D FXUUHQW RI HOHF-
 WULFLW\ SURGXFHG LQ LW. A PRUH UHVWULFWHG DQG SUHFLVH H[SUHVVLRQ RI WKH IXOO HIIHFW LV

 WKH IROORZLQJ. ,I D FRQWLQXRXV FLUFXLW RI FRQGXFWLQJ PDWWHU EH WUDFHG RXW, RU FRQ-
 FHLYHG RI, HLWKHU LQ D VROLG RU IOXLG PDVV RI PHWDO RU FRQGXFWLQJ PDWWHU, RU LQ ZLUHV
 RU EDUV RI PHWDO DUUDQJHG LQ QRQ-FRQGXFWLQJ PDWWHU RU VSDFH; ZKLFK EHLQJ PRYHG,
 FURVVHV OLQHV RI PDJQHWLF IRUFH, RU EHLQJ VWLOO, LV E\ WKH WUDQVODWLRQ RI D PDJQHW
 FURVVHG E\ VXFK OLQHV RI IRUFH; DQG IXUWKHU, LI, E\ LQHTXDOLW\ RI DQJXODU PRWLRQ, RU
 E\ FRQWUDU\ PRWLRQ RI GLIIHUHQW SDUWV RI WKH FLUFXLW, RU E\ LQHTXDOLW\ RI WKH PRWLRQ LQ
 WKH VDPH GLUHFWLRQ, RQH SDUW FURVVHV HLWKHU PRUH RU IHZHU OLQHV WKDQ WKH RWKHU; WKHQ
 D FXUUHQW ZLOO H[LVW URXQG LW, GXH WR WKH GLIIHUHQWLDO UHODWLRQ RI- WKH WZR RU PRUH LQWHU-
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Faraday’s moving wire

What makes good examples?

- New insights (a-ha moments)

- Conceptual/”mechanistic”/visual

- First times; often pedagogical

- Unfamiliar; foster questions

Interplay between Mathematics and Physics

Pedagogical potential of the History of Physics
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The apparent enormous complexites of nature, with all its funny laws, are very closely interwoven. However, if you do not appreciate mathematics you 

cannot see, among the great variety of facts, that logic permits you to go from one to the other (Feynman, 1985).
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PCK includes the most useful forms of representation, the most powerful analogies, illustrations, examples and demonstrations [...] The teacher must 

have at hand a veritable armamentarium of alternative forms of representations (Shulman, 1986).
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The apparent enormous complexites of nature, with all its funny laws, are very closely interwoven. However, if you do not appreciate mathematics you 

cannot see, among the great variety of facts, that logic permits you to go from one to the other (Feynman, 1985).
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PCK includes the most useful forms of representation, the most powerful analogies, illustrations, examples and demonstrations [...] The teacher must 

have at hand a veritable armamentarium of alternative forms of representations (Shulman, 1986).
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3

the magnitude of force by measuring three lines segments
QR, SP, and QT. The line segment QR is proportional to
variable d, which shows the distance (d) when the planet
seems to move free fall from R to Q. If we assume the
sun is not exerting the force, the planet tends to move
to point R. Thus, planet seems free fall from point R to
point Q. On the other side, the line segments SP and QT
represent the area of the triangle. This area is propor-
tional to the time (t) at equation 1. Based on Kepler’s
second law, due to the central force during an infinites-
imal time, the swept area is proportional to the time
needed for a planet to move from one point to another
point. Thus, the force in equation one can be formulated
as the following formula.

F / QR

SP 2 ⇥QT 2
.

(2)

To formulate the gravitational force from the sec-
ond equation, we have to determine the magnitude of
QR/QT 2. In order to determine the ratio between QR
and QT 2, we need make FIG 21 more detail into FIG 2.

FIG. 2: Proposition I (with more detail)

In formulating geometrically line QR, we will break
down FIG 2 into three formulations, the formulations
will be shown in FIG 3,4,5.

FIG. 3: First formulation

FIG. 4: Second formulation

FIG. 5: Third formulation

By putting formulation two and three in formulation
one, then we get the equation for QR.

QR = (
QV 2

V G
)(
PC2

CD2
)(
AC

AD
)

(3)

After defining the QR, we should determine QT 2. To
determine QT we need to make two formulations. The
formulations can be seen in FIG 6, 7.

FIG. 6: First formulation

Based on the formulation at FIG 6 and 7, we determine
the QT 2 by the following equation

QT 2 = QX2(
BC2

DC2
)

(4)

After defining the equation for QR and QT 2 then we
can combine the equation 3 and equation 4 to determine
QR
QT 2 into the following equation

Newton’s PQRST force
De motu (1684)

Schrödinger’s real part of !

H e f t  28.  
9, 7. I 9~6  J 

SCItRODINGER: Der stetige 1Jbergang v o n d e r  Mikro- zur Makromechanik. 

gJ~ 

Polynome~).  Mit  e ~ und m i t  dem , ,Normie-  

rungs t ak to r "  (2~n!) 2 mult ipl iz ier t ,  werden  sie 
als H~R~ITnsche Or thogona l funk t ionen  bezeichnet .  
Diese b i lden also die Ampl i t uden  der Eigen-  
schwingungen.  Die ersten IiinI s ind in Fig. I dar-  
gestellt .  Die Ahnl ichkei t  m i t  dem wohlbekann ten  
Bi ld  der  Sa i tenschwingungen is t  b ier  sehr weit-  
gehend. 

Es  m u t e t  im ersten Momen~ rech t  b izarr  an, 
einen Vorgang,  der  nach  der  bisherigen Auffassung 
der  P u n k t m e c h a n i k  angeh6rt ,  durch  ein Sys t em 
solcher Eigenschwingungen  zu beschreiben.  Ich 
m6chte  hier  an  dem gew~hlten einfachen }3eispiel 
den CTergang  zur makroskopischen  Mechanik  in 

- - 0 ~  

Fig. I. 
(AuBerhalb des dargestellten Bereiches -- 3 ~-~ x ~ + 

665 

znsammengefaBt ,  was, wie m a n  le icht  fiberlegt~), 
darauf  h inauskommt ,  eine re la t iv  schmale Gruppe  
in der  U m g e b u n g  des n-Wer tes  

A 2 
~ = - -  (6 )  

2 

herauszugreifen.  Die Ausf t ihrung der  S u m m e  in (4) 
wird geleistet  dtirch die in x und s ident ische Be- 
ziehung 2) 

- -  - S ~ + 2 8 ~  - - - -  
~ 8 ~ e  ~ H~(x) == e 2 (7) 

n = 0  

Also 
A ~ 4 ; ~ i v 0 t  + 2 ~ i v 0 t  x "~ 

~ i V o t  - - -  e A ~ e  
= e 4 ~ (8) 

N i m m t  man  nun, wie vorgesehen,  den reellen Teil  

?Z=4e 

rz~2 L /  A / \ I A  / \ 
/ X / \1f \ / / l----a&_--_.__2 

, ~ 4-3£" 

Die ersten ftinf Eigenschwingungen des PLANCKschen Oszillators nach der Undulationsmechanik. 
3 ni~hern sich alle ftinf Funktionen monoton der x-~-chse.) 

concreto demonstr ieren,  indem ich zeige, dab eine 
Gruppe yon  Eigenschwingungen mi t  hoher Ord- 
nungszahl  n ( , ,Quantenzahl")  und re la t iv  kleinen 
Ordnungszahldi i ferenzen (,, Quantenzahldi f feren-  
zen")  e inen , ,3/lassenpuakt" darzustel len vermag,  
welcher  die nach  der  gew6hnl ichen Mechanik  zu 
e rwar tende  , ,Bewegung"  ausfiihrt ,  d. h. mi t  der 
F requenz  v o oszilliert .  I ch  w~ihle eine ZahI A >~ i 
(d. h. ,,groB gegen i " )  und bi lde folgendes Aggregat  
von  Eigenschwingungen  

x~ (4) oo 

= e~iVot2,{A-- e2zi%tl  n I e 2H~(x)  

Es werden  also die normierten Eigenschwingungen 
(s. o.) mi t  den  Koeff iz ienten  

A" 
~ 2 ~ .  (5) 

1) Vgl. COURAN~-HILB~RT, Methoden der mathe- 
matischen Physik I, Nap. II ,  § io, 4, S. 76 (Berlin : Sprin- 
ger 1924). 

der rechten Seite, so kommt nach. kurzer Zwischen- 
rechnung 

x' @(x - x cos~-~,,0t)~ } 

Dies das Endresuttat, an dem zun~chst  der  erste 
F a k t o r  yon Interesse ist. E r  stel l t  einen re la t iv  
hohen und  schmalen  , B u c k e l "  yon  der  GestaI t  
einer , ,GAussschen F eh l e rk u rve"  dar, welcher  je- 
weils in der  U m g e b u n g  der  Stelle 

x = A c o s 2 ~ v 0 t  ( i o )  

iiegt. Die 13reite des Buckels  ist  v o n d e r  GrSBen- 
ordnung i ,  a l s o  nach  Vorausse tzung sehr klein 
gegen A. Nach  (io) oszilliert  der I3uckel genau 

1) Z n  hat  ]i~r groJ3es z als FunCtion yon n ein 
einziges ex~em hohes und relativ sehr scharfes Maxi- 
mum bei n = z. Durch Quadratwurzelziehen erhi~lt 

A 2 
man mit  z = -  die Zahtenreihe (5). 

2 
2) COURANT-HII~BERT, 1. C. Gleichung (58). 

Micro-macro (1926)

RQ1: How to use original sources
effectively in physics teaching?

RQ2: What can students learn from 
reading original sources?

RQ3: How/Why use original sources in 
physics teacher education?

RQ1: What do students learn/struggle
from/with each derivation? 

RQ2: What guides their preferences?

RQ3: How/Why structure teaching
around multiple derivations?

RQ4: How/Why use multiple derivations 
in physics teacher education?
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60     3  Entropy 

Clausius’s derivation of the internal energy 
and the calculation of the Carnot function 

When a body absorbs the heat dQ it changes the temperature by dt and the volume 

by dV, as dictated by the heat capacity Cv and the latent heat O 27 so that we have 

                                            dQ = Cv(t,V) dt + Ȝ(t,V) dV.

Truesdell, who had the knack of a pregnant expression, calls this equation the 

doctrine of the latent and specific heat.28 Applied to an infinitesimal Carnot process 

abcd this reads, cf. Fig. 3.7: 

ab# (dV,dt=0)               d Qab   =  Cv (t,V)            dt  + Ȝ(t,V)           dV

bc# (įƍV,dt)                  d Qbc    = - Cv(t,V+dV) dt + Ȝ(t,V+dV) įƍV
cd# (dƍV,dt=0)              d Qcd   =     Cv(t-dt,V+įV)dt  - Ȝ(t-dt,V+įV)dƍV
da# (įV,dt)                   d Qda  = Cv(t,V)            dt  - Ȝ(t,V) įV

All framed quantities are zero, since the process is composed of isotherms and 
adiabates. Thus with a little calculation – expanding the coefficients – Clausius 
arrived at formulae for 

                                                      heat exchanged:  d Qab+dQcd = ( 8
%

V
8

w
w

w
w �O )dtdV

                                                      heat absorbed:    d Qab = ȜdV

                                                      work done: dp dV = 
t

p

w
w dV dt.

The work was calculated as the area of the parallelogram. 

By the first law the heat exchanged equals the work done: Hence

V

C

t

V

w
w�

w
wO

 = 
t

p

w
w

or
V

C

t

p
V

w
w�

w
�w )(O

= 0 

which may be considered as the integrability condition of the differential form 

dU = Cv dt +(Ȝ – p) dV or dU = d Q – p dV.

Thus Clausius arrived at the notion of the state function internal energy U,
generally a function of t and V. Clausius assumed – correctly – that in an ideal gas
U depends only on t. Therefore O = p holds and the efficiency e of the Carnot 
process is 

                                                     
27 In modern thermodynamics the term latent heat is reserved as a generic expression for the 

heat of a phase transition – like heat of melting, or heat of evaporation –, but this was not 
so in the 19th century.

28 C. Truesdell: ‘‘The tragicomical History of Thermodynamics 1822–1854”. Springer 
Verlag New York (1980) [The specific heat is the heat capacity per mass.]. 

Fig. 3.7. (p,V)-diagram of an infinitesimally small Carnot cycle in a gas. 
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Doctrine of specific 
and latent heats 

Mechanical energy (Kelvin 1) 
Intrinsic energy (Kelvin 2) 

Internal energy (Helmholtz) 

Meaning of dU 

From Clausius (1850) 
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Transformations in 
Clausius cycle 

Transformations in 
Clausius cycle (reverse) 
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Clausius’ cycle

Bohr atom Maxwell’s wheels Bernoulli’s piston Boltzmann statistics



1. Newton’s PQRST force
1. Newton’s PQRST force

????

Kepler’s laws Newton’s gravitational law

Prelude



De Motu Corporum in Gyrum (1684)De Motu Corporum in Gyrum 
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1. Newton’s PQRST force



Theorem 1: Central force è Equal areas in equal times
Theorem 1: Central force   ! Equal areas 

Wikipedia: Newtons proof of Keplers second law.gif 
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Wikipedia: Newton’s proof of Kepler’s second law.gif

1. Newton’s PQRST force



Theorem 3: PQRST formula
Theorem 3: Force proportional to QR/(SP2 x QT2) 
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Kepler problem

Orbit’s shape and sun’s postion                Force law

3

the magnitude of force by measuring three lines segments
QR, SP, and QT. The line segment QR is proportional to
variable d, which shows the distance (d) when the planet
seems to move free fall from R to Q. If we assume the
sun is not exerting the force, the planet tends to move
to point R. Thus, planet seems free fall from point R to
point Q. On the other side, the line segments SP and QT
represent the area of the triangle. This area is propor-
tional to the time (t) at equation 1. Based on Kepler’s
second law, due to the central force during an infinites-
imal time, the swept area is proportional to the time
needed for a planet to move from one point to another
point. Thus, the force in equation one can be formulated
as the following formula.

F / QR

SP 2 ⇥QT 2
.

(2)

To formulate the gravitational force from the sec-
ond equation, we have to determine the magnitude of
QR/QT 2. In order to determine the ratio between QR
and QT 2, we need make FIG 21 more detail into FIG 2.

FIG. 2: Proposition I (with more detail)

In formulating geometrically line QR, we will break
down FIG 2 into three formulations, the formulations
will be shown in FIG 3,4,5.

FIG. 3: First formulation

FIG. 4: Second formulation

FIG. 5: Third formulation

By putting formulation two and three in formulation
one, then we get the equation for QR.

QR = (
QV 2

V G
)(
PC2

CD2
)(
AC

AD
)

(3)

After defining the QR, we should determine QT 2. To
determine QT we need to make two formulations. The
formulations can be seen in FIG 6, 7.

FIG. 6: First formulation

Based on the formulation at FIG 6 and 7, we determine
the QT 2 by the following equation

QT 2 = QX2(
BC2

DC2
)

(4)

After defining the equation for QR and QT 2 then we
can combine the equation 3 and equation 4 to determine
QR
QT 2 into the following equation

2

tion between these laws without further justification. In
general physics course, the relationship was introduced
qualitatively, while in the classical mechanic course, it
was described by using polar coordinate[15–17].

The investigation in this study consist of two main
parts. The first one is probing students’ responses when
they are learning the original formulation of Newton
gravitational law, and the second one is examining stu-
dents’ difficulties when they are learning the connection
between Newton gravitation law and Kepler’s first law.
Since the research question of this study is to analyze stu-
dents’ difficulties, thus, we use the qualitative methodol-
ogy. Moreover, the interview had done by using thinking
out loud protocol[18], where the students asked to explain
their answers based on the questions given. We limit the
intervention during the interview but encouraged them
to “keep talking” if they seem to explain silently.

We conducted several activities to investigate students’
responses when they learned the original formulation of
the Newton gravitational force. In the first activity, stu-
dents watched the video about the original formulation
of Newton gravitational force. This video was taken from
youtube1 and had been edited by adding Indonesia subti-
tle. Students were allowed to watch the video more than
one time, and they could pause or repeat the video on the
part that they did not understand. After watching the
video, students read the same explanation on the work-
sheet given. Furthermore, students wrote their answers
on the worksheet regarding the explanation. Finally, one
by one, they explained their answer in the interview ses-
sion.

In order to examine students’ difficulties when they
learned the connection between Newton gravitational law
and Kepler’s first law, several activities had been set.
Firstly, students were reminded in a glance about how the
original Newton gravitational law formulated. The sec-
ond activity, students answered several questions which
lead them to apply the original formulation of gravita-
tional force to determine the magnitude of force when
the planet revolves in ellipse trajectory and the sun at
the focus of the ellipse. During the interview session, we
got the insight regarding students’ obstacles in applying
the original formulation of gravitational force in Kepler’s
first law. Furthermore, all of the students’ answers ana-
lyzed based on thematic analysis.

1 https://www.youtube.com/watch?v=BRmLPsppWxQ

III. ORIGINAL FORMULATION OF NEWTON
GRAVITATIONAL LAW AND THE QUESTIONS

DURING THE INTERVIEW

A. Original formulation of Newton gravitational
law

Centripetal force is the original formulation of gravi-
tational law by Newton. The sun exerts the centripetal
force to the planet makes the planet revolves in ellipse
trajectory with the sun is at the foci of the ellipse. The
magnitude of the centripetal force from the sun to the
planet is inversely proportional to the distance square
between them. This magnitude (F = 1/r2) is known as
gravitational law.

FIG. 1: Proposition I, book I, Section II (Principia)

How we can determine the gravitational force based on
the formulation of centripetal force? To answer this ques-
tion, we have to determine the magnitude of centripetal
force by the sun to the planet. Figure 1 shows the sun
is at the foci of the ellipse (point S), and the planet is at
point P. If we consider the sun is not exerting the force at
an infinitesimal time interval, the planet will move from
P to R due to the inertia. However, the sun is exert-
ing the centripetal force makes the planet will move from
P to Q. During this time, the magnitude of centripetal
force, which makes the planet moves from P to Q is con-
stant. Likewise, if we consider the sun is not exerting
the force, the planet tends to reach point R. So that, the
planet seems "free fall" from point R to Q under the effect
of the centripetal force, which is also constant. Since the
centripetal force in infinitesimal time is constant, we can
use kinematic formulation (d = 1

2at
2). Based on this for-

mulation, we can calculate the magnitude of acceleration
by using the Newton second law F = ma. Furthermore,
the force can be calculated as equation 1.

F / d

t2

(1)

According to Newton, in his book Principia (Theorem 3),
the magnitude of the central force can be calculated geo-
metrically. If we take a look at (Fig.21), we can determine

Constant acceleration
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1. Newton’s PQRST force



Problems 1, 2 e 3: Applying PQRST
Problems 1, 2 and 3: Force laws and orbits 

Prob. 1 

Prob. 2 Prob. 3 F(r) ∝ 1/r5 

F(r) ∝ r F(r) ∝ 1/r2 

F ∝ QR/(SP2 x QT2) 

1. Newton’s PQRST force
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Newton’s Recipe
Given only two ingredients—the shape of the orbit 

and the center of the force—“Newton’s Recipe” allows 
one to calculate the relative force at any orbital point.  
The recipe consists of the following steps:

1.   The inertial path:  Draw the tangent line to the 
orbit curve at the point P where the force is to be 
calculated.

2.   The future point:  Locate any future point Q on 
the orbit that is close6 to the initial point P.

3.   The deviation line:  Draw the line segment from 
Q to R, where R is a point on the tangent, such 
that QR (line of deviation) is parallel to SP (line of 
force).

4.   The time line:  Draw the line segment from Q to 
T, where T is a point on the radial line SP, such 
that QT (height of “time triangle”) is perpendicu-
lar to SP (base of triangle).

5.   The force measure:  Measure the shape param-
eters QR, SP, and QT, and calculate the force mea-
sure QR/(SP ��QT)2.    

6.   The calculus limit:  Repeat steps two to five for 
several future points Q around P to obtain several 
force measures. Take the limit Q¡P of the se-
quence of force measures to find the exact value of 
the force measure at P.7  

Orbital Mechanics Laboratory

In our Orb Lab, students solve the Kepler Problem 
in three steps:  (1) construct an elliptical orbit,  (2) 
measure the force F at several points r on the orbit,  
(3) analyze the variation of F with r to find the law of 
force.

To construct an orbit, a team of about 10 students 
draws a large ellipse. Two tacks are pinned to a board.  
The ends of an inflexible string or thread are attached 
to the pins. Alternatively, a loop of string can be 
wrapped around the tacks. A pen held taut against the 
string traces out an elliptical curve. The length of the 
string determines the length of the major axis of the 
ellipse. The tacks represent the foci of the ellipse. One 
tack represents the Sun. Two different orbits are con-
structed: ellipse B (major axis = 117.7 cm, eccentricity 
=  0.533) and ellipse B (major axis =  95.1 cm, eccen-
tricity =  0.397).

A photograph of an elliptical orbit partitioned into 
orbital arcs is shown in Fig. 5. Dividing the whole 
orbit into small pieces (parabolic arcs) breaks the 
celestial problem into manageable parts—projectile 
motion problems. On each arc, a point P representing 
the position of the planet is marked. The radial line 
connecting the Sun S and each P is drawn. The radial 
distance r = SP is written next to each P.

Each team member gets his or her own orbital 
arc to analyze. Using Newton’s Recipe, each team 
member is responsible for measuring the value of the 
force F acting on the planet at his or her particular 
value of the Sun-planet distance r. The quest of the 
whole team is to find the force law—the continuous 

Fig. 5. The class constructs an elliptical orbit. Each student 
gets a small piece (arc) of the whole ellipse and measures 
the force responsible for the shape of his or her arc.  

   r (m)           F (m-3)
0.324 14.0

0.359 10.0

0.419 8.60

0.460 6.00

0.560 4.00

0.607 3.66

0.625 3.42

0.644 3.46

0.647 2.80

Table II. Values of the force F measured by a team of 
students at nine different radii r along their elliptical 
orbit. The team uncovers a simple pattern in the data:  
F = 1.23/r2.12. 
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A proposal for high school 
Elliptical Orbit�»�1/r2 Force
Jeffrey Prentis, Bryan Fulton, and Carol Hesse, University of Michigan-Dearborn, Dearborn, MI 

Laura Mazzino, University of Louisiana, Lafayette, LA

Newton’s proof of the connection between 
elliptical orbits and inverse-square forces 
ranks among the “top ten” calculations in 

the history of science. This time-honored calculation 
is a highlight in an upper-level mechanics course.  
It would be worthwhile if students in introductory 
physics could prove the relation elliptical orbit »  
1/r2 force without having to rely on upper-level 
mathematics. We introduce a simple procedure—
Newton’s Recipe—that allows students to readily and 
accurately deduce the algebraic form of force laws 
from a geometric analysis of orbit shapes.

Newton’s Recipe is based on a hidden gem in 
Newton’s Principia—the “PQRST Formula,” which is 
a simple geometric version of F = ma. Given any kind 
of orbital curve (elliptical, spiral, etc.), this formula 
allows one to deduce the force simply by measuring 
the lengths of three line segments—the “shape param-
eters” of the orbit. There are no differential equations 
or computational programs.

In our “Orb Lab,” students solve the celebrated  
Kepler Problem: Given an ellipse, find the force. Stu-
dents draw a large ellipse, cut it into small pieces (para-
bolic arcs), measure the force at a point on each arc, 
and see how the force varies along the orbit. In essence, 
the class discovers one of the most fundamental laws 
of nature—the law of gravity—using string, tacks, and 
a ruler, along with a little help from Galileo, Newton, 
and Kepler. 

Force and Geometry
There exists a deep connection between force and 

geometry. A constant force causes a body to move in 
a parabolic path. A constant centripetal force causes 
a body to move in a circular path. In 1609, Johannes 
Kepler reported that the planet Mars moves in an el-
liptical orbit. What kind of force causes a planet to 
move in an elliptical path? What is the force law—the 
law that specifies how the force F(r) depends on the 
distance r between the Sun and the planet? This Kepler 
problem challenged the natural philosophers of the 
17th century. In general, there are two kinds of prob-
lems in orbital mechanics:

 Direct Problem:  Given the orbit shape, find the 
force law.

 Inverse Problem:  Given the force law, find the orbit 
shape.

Isaac Newton solved these problems in his 
Mathematical Principles of Natural Philosophy, pub-
lished in 1687.1 Table I displays some of Newton’s 
results. In our introductory course, students solve the 
direct problem. 

Orbit Shape “Sun” Location Force Law

Circle Circumference 1/r5

Spiral Pole 1/r3

Ellipse Center r

Ellipse Focus 1/r2

Table I. Force-geometry problems solved by Newton.
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1. Newton’s PQRST force



Some lessons from Newton’s PQRST force

- For Newton, force and time are geometrical entities

- Force was assumed constant for a small ∆t (linear approximation);
Geometrical calculus (“ultimate ratio”)

- PQRST formula is a general recipe: Nature tells us the orbit shape
and we determine the force law (where 1/r2 comes from?)

- Hypotheses non fingo: Compare Newton’s PQRST with Kepler’s
and/or Hooke’s force laws

- Sun at the center (𝐹 ∝ 𝑟) vs. at the focus (𝐹 ∝ 1/𝑟!) of an ellipse:
very different albeit small eccentricities.

1. Newton’s PQRST force
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How physicists disagree on the meaning of entropy
Robert H. Swendsena!
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Discussions of the foundations of statistical mechanics, how they lead to thermodynamics, and the
appropriate definition of entropy have occasioned many disagreements. I believe that some or all of
these disagreements arise from differing, but unstated assumptions, which can make opposing
opinions difficult to reconcile. To make these assumptions explicit, I discuss the principles that have
guided my own thinking about the foundations of statistical mechanics, the microscopic origins of
thermodynamics, and the definition of entropy. The purpose of this paper will be fulfilled if it paves
the way to a final consensus, whether or not that consensus agrees with my point of view. © 2011
American Association of Physics Teachers.

#DOI: 10.1119/1.3536633$

I. INTRODUCTION

“Nobody really knows what entropy really is.”
—John von Neumann1

Since I began speaking and publishing on the relation be-
tween statistical mechanics and thermodynamics in general
and the meaning of entropy in particular,2–7 I’ve encountered
a diversity of opinion among experts that is remarkable for a
field that is well over a century old. Most colleagues with
whom I have discussed the matter have indicated that they
believe their views are essentially the same as those of the
majority of physicists. However, when we discuss details,
opinions turn out to be quite diverse and, at times,
contentious.4,8

The following is a partial list of opinions I have encoun-
tered in the literature and in discussions with other scientists:

• The theory of probability has nothing to do with statistical
mechanics.

• The theory of probability is the basis of statistical mechan-
ics.

• The entropy of an ideal classical gas of distinguishable
particles is not extensive.

• The entropy of an ideal classical gas of distinguishable
particles is extensive.

• The properties of macroscopic classical systems with dis-
tinguishable and indistinguishable particles are different.

• The properties of macroscopic classical systems with dis-
tinguishable and indistinguishable particles are the same.

• The entropy of a classical ideal gas of distinguishable par-
ticles is not additive.

• The entropy of a classical ideal gas of distinguishable par-
ticles is additive.

• Boltzmann defined the entropy of a classical system by the
logarithm of a volume in phase space.

• Boltzmann did not define the entropy by the logarithm of a
volume in phase space.

• The symbol W in the equation S=k log W, which is in-
scribed on Boltzmann’s tombstone, refers to a volume in
phase space.

• The symbol W in the equation S=k log W, which is in-
scribed on Boltzmann’s tombstone, refers to the German
word “Wahrscheinlichkeit” !probability".

• The entropy should be defined in terms of the properties of
an isolated system.

• The entropy should be defined in terms of the properties of
a composite system.

• Thermodynamics is only valid in the “thermodynamic
limit,” that is, in the limit of infinite system size.

• Thermodynamics is valid for finite systems.
• Extensivity is essential to thermodynamics.
• Extensivity is not essential to thermodynamics.

This remarkable diversity of opinion has an interesting
consequence. When people discuss the foundations of statis-
tical mechanics, the justification of thermodynamics, or the
meaning of entropy, they tend to assume that the basic prin-
ciples they hold are shared by others. These principles often
go unspoken, because they are regarded as obvious. It has
occurred to me that it might be good to restart the discussion
of these issues by stating basic assumptions clearly and ex-
plicitly, no matter how obvious they might seem. This paper
is a start in that direction.

There are two possible reactions to the principles I put
forward. A reader might agree with them. In that case, we
would have a firm basis on which to proceed. Or, a reader
might take issue with one or more. In that case, we would
know where the conflict lies, which would give us a good
chance of resolving points of disagreement. In either case,
we should be able to make progress toward arriving at a
consensus, which is the goal of this paper.

Because my topic is limited to macroscopic measurements
of macroscopic systems, I will discuss what I understand
those terms to mean in Sec. II. In this paper I will put for-
ward 12 principles based on the concept of macroscopic
measurements that have led me to advocate the use of Bolt-
zmann’s 1877 definition of the entropy11 over other defini-
tions that are often found in textbooks.

II. MACROSCOPIC SYSTEMS

In this paper I am concerned with the question of how to
describe the observed behavior of macroscopic systems. The
concept of macroscopic frames all of my arguments, so it is
important to make clear at the outset how I define it. A mac-
roscopic system contains a large number of particles, and a
macroscopic measurement is limited in its resolution. These
two features are closely related, in that what can be regarded
as a large number depends on the resolution of the macro-
scopic measurements.

The reason for specifying a large number of particles is
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What is entropy? Why do we need this concept?
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Conceptual framework

Following is based on Cropper (1986) AJP 

Appraisal: “This is one of the strangest memoirs in the entire 
history of physics” (Darrigol)

The two 
transformations 

must be somehow 
equivalent 

Rudolf Clausius (1854)  

https://en.wikipedia.org/wiki/Newcomen_atmospheric_engine

2. Clausius’ 6-step cycle

On a modified form of the second fundamental theorem 
in the mechanical theory of heat (Clausius, 1854)

“This is one of the strangest memoirs in the 
entire history of physics” (Darrigol) 
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60     3  Entropy 

Clausius’s derivation of the internal energy 
and the calculation of the Carnot function 

When a body absorbs the heat dQ it changes the temperature by dt and the volume 

by dV, as dictated by the heat capacity Cv and the latent heat O 27 so that we have 

                                            dQ = Cv(t,V) dt + Ȝ(t,V) dV.

Truesdell, who had the knack of a pregnant expression, calls this equation the 

doctrine of the latent and specific heat.28 Applied to an infinitesimal Carnot process 

abcd this reads, cf. Fig. 3.7: 

ab# (dV,dt=0)               d Qab   =  Cv (t,V)            dt  + Ȝ(t,V)           dV

bc# (įƍV,dt)                  d Qbc    = - Cv(t,V+dV) dt + Ȝ(t,V+dV) įƍV
cd# (dƍV,dt=0)              d Qcd   =     Cv(t-dt,V+įV)dt  - Ȝ(t-dt,V+įV)dƍV
da# (įV,dt)                   d Qda  = Cv(t,V)            dt  - Ȝ(t,V) įV

All framed quantities are zero, since the process is composed of isotherms and 
adiabates. Thus with a little calculation – expanding the coefficients – Clausius 
arrived at formulae for 

                                                      heat exchanged:  d Qab+dQcd = ( 8
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V
8

w
w

w
w �O )dtdV

                                                      heat absorbed:    d Qab = ȜdV

                                                      work done: dp dV = 
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The work was calculated as the area of the parallelogram. 

By the first law the heat exchanged equals the work done: Hence
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which may be considered as the integrability condition of the differential form 

dU = Cv dt +(Ȝ – p) dV or dU = d Q – p dV.

Thus Clausius arrived at the notion of the state function internal energy U,
generally a function of t and V. Clausius assumed – correctly – that in an ideal gas
U depends only on t. Therefore O = p holds and the efficiency e of the Carnot 
process is 

                                                     
27 In modern thermodynamics the term latent heat is reserved as a generic expression for the 

heat of a phase transition – like heat of melting, or heat of evaporation –, but this was not 
so in the 19th century.

28 C. Truesdell: ‘‘The tragicomical History of Thermodynamics 1822–1854”. Springer 
Verlag New York (1980) [The specific heat is the heat capacity per mass.]. 

Fig. 3.7. (p,V)-diagram of an infinitesimally small Carnot cycle in a gas. 
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According to Kelvin, for a Carnot cycle:
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2. Clausius’ 6-step cycle

Äquivalenzwert: Mathematizing the equivalence



- Motivation (raison d’être) to conceptualize entropy

- Äquivalenzwert: Entropy is a mathematical quantity to express the
relation between heat transmission (from T1 to T2) e conversion of
heat into work (and vice-versa).

- In reversible cycles to the total sum (of equivalence-values) is zero.
Otherwise, the sum is positive (more natural than unnatural)

Some lessons from Clausius’ 6-step cycle

2. Clausius’ 6-step cycle



Rutherford (aka Manchester) memorandum 1912

3. Origins of Bohr’s atomic model



Stability and formation of H2 and He2

r

–e

+e

hydrogen atom

Centripetal force = Coulomb force

hydrogen atom

hydrogen molecule

–e

–e

+e +e

r

a a hydrogen molecule

Condition for nuclear stability

𝑚𝜔2	𝑟 =
𝑒2

𝑟2
𝑚𝜔2𝑟3 = 𝑒2

!$

"#$
= 2 # !$

#$$%$
# #

#$$%$
= &!$#

(#$$%$) ⁄& $

(𝑎!+𝑟!) ⁄# ! = 8𝑎# 𝑎! + 𝑟! = 8 ⁄! #𝑎!= 4𝑎!

𝑎!= ⁄𝑟! 3 𝑟 = 𝑎 3
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Stability and formation of H2 and He2
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Similar procedure to Helium
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Planck’s constant enters Bohr’s model
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In general
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Hydrogen atom: X = 1

Hydrogen molecule: X = 1.049

How to fix 𝜔 and 𝑟?
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Pause for reflection…

• Is there anything being quantized?

• Where are the spectral lines?

• What is the value of Planck’s constant?

• Are there quantum jumps?

3. Origins of Bohr’s atomic model



Didactic reconstructionHistorical research

Useful references

3. Origins of Bohr’s atomic model

The Genesis of the Bohr Atom 

BY JOHN L. HEILBRON* AND THOMAS S. KUHN** 

INTRODUCTION 

The following pages offer a reconstruction of a momentous episode 
in the history of science: Niels Bohr's journey from his doctoral thesis 

of 1911 to the composition, some two years later, of his famous three 

part paper, "On the Constitution of Atoms and Molecules." Parts of 

this story have been told before, most notably by L?on Rosenfeld, who 
has published and interpreted the most important of the relevant 

manuscripts.1 Informed by its author's long acquaintance with Bohr, 
Professor Rosenfeld's imaginative and scholarly account will remain 
an essential source for students of the development of modern physics. 
Recent writers, however, working principally from published records 
to which Rosenfeld attached little weight, have suggested the need for 

significant modifications in his account, particularly in respect to the 

importance for Bohr of the work ofJ. W. Nicholson.2 As a result, though 

* 
Department of History, University of California, Berkeley, California 94720. ** 

Program in History and Philosophy of Science, Princeton University, Princeton, New Jersey 
08^40. 
1 L. Rosenfeld, "Introduction" to On the Constitution of Atoms and Molecules (Copenhagen, 1963), 
a reprinting of Bohr's three papers of 1913, hereafter cited as "Rosenfeld." See also L. Rosen 
feld and E. Riidinger, "The Decisive Years, 1911-1918," in S. Rozental, ed., Niels Bohr: His Life 
and Work as seen by his Friends and Colleagues (Amsterdam and New York, 1967), 38-73. 2 
E.g., T. Hirosige and S. Nisio, "Formation of Bohr's Theory of Atomic Constitution," Jap. Stud 
ies Hist. Sci, No. 3 (1964), 6-28; J. L. Heilbron, A History of Atomic Models from the Discovery of the 

Electron to the Beginnings of Quantum Mechanics, diss. (University of California, Berkeley, 1964); 
R. McCormmach, "The Atomic Theory of John William Nicholson," Arch. Hist. Exact Sci., 3 (1966), 
160-184. The older literature (e.g., C. E. Behrens, "Atomic Theory from 1904 to 1913," Am.J. 

Phys., 11 [1943], 60-66, "The Early Development of the Bohr Atom," ibid, 135-147, and "Fur 
ther Developments of Bohr's Early Atomic Theory," ibid., 272-281; E. T. Whittaker, A History of 
the Theories of Aether and Electricity. II. The Modern Theories, igoo-ig26 [London, 1953]; and L. S. 
Polak, "Die Entstehung der Quantentheorie des Atoms (Das Rutherford-Borsche Atommodell)," 
Sowjetische Beitrage zur Geschichte der Naturwissenschaft [Berlin, i960], 226-242), since its authors were 

necessarily ignorant of Rosenfeld's account, is not useful for a reconstruction of Bohr's path, though 
it can help to place his work in historical context. 
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• Abraham Pais, Niels Bohr's Times, 
in Physics, Philosophy, and Polity 
(Oxford: Clarendon Press, 1991).


• Helge Kragh, Niels Bohr and the 
Quantum Atom: The Bohr Model 
of Atomic Structure, 1913–1925 
(Oxford: Oxford University Press, 
2012).


• Finn Aaserud and John Heilbron, 
Love, Literature, and the Quantum 
Atom: Niels Bohr’s 1913 Trilogy 
Revisited (Oxford: Oxford 
University Press, 2013)


• John L. Heilbron, Niels Bohr: A 
Very Short Introduction (Oxford: 
Oxford University Press, 2020).



- At first, Bohr was not interested in explaining the hydrogen spectrum
(otherwise considered his key achievement); he was way more ambitious
than textbooks would have him appear (explain all molecules).

- The (in)famous electron jumps were inferred from the structure of
Balmer’s formula;

- Bohr had problems explaining a ½ factor theoretically, although its need
was clear from the experimental value of R

- Orbital frequency ≠ radiation frequency: MAJOR controversy!

Some lessons from the Manchester memorandum

1) Origins of Bohr’s atomic model
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From micro to macromechanics (Schrödinger, 1926)
34

The wave equation

• 1926: Schrödinger publishes series 
of four communications in Annalen 
der Physik: “Quantization as an 
Eigenvalue Problem.”


• This is where what is now known as 
the Schrödinger equation comes 
from.


• Original notation:

Schrödinger’s four communications 
(1926)

24/04/2023

H e f t  28.  
9, 7. I 9~6  J 

SCItRODINGER: Der stetige 1Jbergang v o n d e r  Mikro- zur Makromechanik. 

gJ~ 

Polynome~).  Mit  e ~ und m i t  dem , ,Normie-  

rungs t ak to r "  (2~n!) 2 mult ipl iz ier t ,  werden  sie 
als H~R~ITnsche Or thogona l funk t ionen  bezeichnet .  
Diese b i lden also die Ampl i t uden  der Eigen-  
schwingungen.  Die ersten IiinI s ind in Fig. I dar-  
gestellt .  Die Ahnl ichkei t  m i t  dem wohlbekann ten  
Bi ld  der  Sa i tenschwingungen is t  b ier  sehr weit-  
gehend. 

Es  m u t e t  im ersten Momen~ rech t  b izarr  an, 
einen Vorgang,  der  nach  der  bisherigen Auffassung 
der  P u n k t m e c h a n i k  angeh6rt ,  durch  ein Sys t em 
solcher Eigenschwingungen  zu beschreiben.  Ich 
m6chte  hier  an  dem gew~hlten einfachen }3eispiel 
den CTergang  zur makroskopischen  Mechanik  in 

- - 0 ~  

Fig. I. 
(AuBerhalb des dargestellten Bereiches -- 3 ~-~ x ~ + 

665 

znsammengefaBt ,  was, wie m a n  le icht  fiberlegt~), 
darauf  h inauskommt ,  eine re la t iv  schmale Gruppe  
in der  U m g e b u n g  des n-Wer tes  

A 2 
~ = - -  (6 )  

2 

herauszugreifen.  Die Ausf t ihrung der  S u m m e  in (4) 
wird geleistet  dtirch die in x und s ident ische Be- 
ziehung 2) 

- -  - S ~ + 2 8 ~  - - - -  
~ 8 ~ e  ~ H~(x) == e 2 (7) 

n = 0  

Also 
A ~ 4 ; ~ i v 0 t  + 2 ~ i v 0 t  x "~ 

~ i V o t  - - -  e A ~ e  
= e 4 ~ (8) 

N i m m t  man  nun, wie vorgesehen,  den reellen Teil  

?Z=4e 

rz~2 L /  A / \ I A  / \ 
/ X / \1f \ / / l----a&_--_.__2 

, ~ 4-3£" 

Die ersten ftinf Eigenschwingungen des PLANCKschen Oszillators nach der Undulationsmechanik. 
3 ni~hern sich alle ftinf Funktionen monoton der x-~-chse.) 

concreto demonstr ieren,  indem ich zeige, dab eine 
Gruppe yon  Eigenschwingungen mi t  hoher Ord- 
nungszahl  n ( , ,Quantenzahl")  und re la t iv  kleinen 
Ordnungszahldi i ferenzen (,, Quantenzahldi f feren-  
zen")  e inen , ,3/lassenpuakt" darzustel len vermag,  
welcher  die nach  der  gew6hnl ichen Mechanik  zu 
e rwar tende  , ,Bewegung"  ausfiihrt ,  d. h. mi t  der 
F requenz  v o oszilliert .  I ch  w~ihle eine ZahI A >~ i 
(d. h. ,,groB gegen i " )  und bi lde folgendes Aggregat  
von  Eigenschwingungen  

x~ (4) oo 

= e~iVot2,{A-- e2zi%tl  n I e 2H~(x)  

Es werden  also die normierten Eigenschwingungen 
(s. o.) mi t  den  Koeff iz ienten  

A" 
~ 2 ~ .  (5) 

1) Vgl. COURAN~-HILB~RT, Methoden der mathe- 
matischen Physik I, Nap. II ,  § io, 4, S. 76 (Berlin : Sprin- 
ger 1924). 

der rechten Seite, so kommt nach. kurzer Zwischen- 
rechnung 

x' @(x - x cos~-~,,0t)~ } 

Dies das Endresuttat, an dem zun~chst  der  erste  
F a k t o r  yon Interesse ist. E r  stel l t  einen re la t iv  
hohen und  schmalen  , B u c k e l "  yon  der  GestaI t  
einer , ,GAussschen Feh l e rku rv e "  dar, welcher  je- 
weils in der  U m g e b u n g  der  Stelle 

x = A c o s 2 ~ v 0 t  ( i o )  

iiegt. Die 13reite des Buckels  ist  v o n d e r  GrSBen- 
ordnung i ,  a l s o  nach  Vorausse tzung sehr klein 
gegen A. Nach  (io) oszilliert  der I3uckel genau 

1) Z n  hat  ]i~r groJ3es z als FunCtion yon n ein 
einziges ex~em hohes und relativ sehr scharfes Maxi- 
mum bei n = z. Durch Quadratwurzelziehen erhi~lt 

A 2 
man mit  z = -  die Zahtenreihe (5). 

2 
2) COURANT-HII~BERT, 1. C. Gleichung (58). 
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“A group of proper vibrations 
may represent a particle”

4. Taking the real part of 𝜓

II. FROM MICRO- TO MACROMECHANICS

Let us start by showing how Schrödinger tried to attach physical meaning only to the

real component of his wave function. This is easily seen in a short paper published by him in

the journal Naturwissenschaften9. In it, Schrödinger writes the eigenfunctions representing

the solutions of the harmonic oscillator as8
><

>:

 n = e
�x2

2 Hn(x)e2⇡i⌫nt

(⌫n = 2n+1
2 ⌫0 ; n = 0, 1, 2, 3...)

(1)

and stresses that “on the right-hand side, the real part is to be taken, as usual”10, which is

similar to the use of complex exponentials in classical wave theory. He even goes on to plot

the first five graphs of Re( n) (Fig. 1) and remarks that “the similarity between this and

the well-known picture of the vibrations of a string is remarkable.”

FIG. 1. First five plots of the real parts of  n for t = 0 (Ref. 9, p. 665).

In the subsequent part of the paper Schrödinger wishes to “demonstrate the transition to

macroscopic mechanics by showing that a group of proper vibrations of high order-number

n may represent a “particle”, which is executing the “motion”, expected from the usual

mechanics.” In order to do that, he writes the sum of (normalized) proper vibrations as

 =
1X

n=0

✓
A

2

◆n
 n

n!
= e

⇡i⌫0t
1X

n=0

✓
A

2
e
2⇡i⌫0t

◆n 1

n!
e
�x2

2 Hn(x), (2)

which, after using a mathematical identity (cf. Ref. 4, Eq. (58), p. 76), becomes

 = e
⇡i⌫0t�A2

4 e4⇡i⌫0t+Axe2⇡i⌫0t�x2

2 . (3)

3

From micro to macromechanics (Schrödinger, 1926)
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Oscillating wave group as the representation of a particle in wave mechanics
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From the function of
Gaussian
1 is the centre of curve

From the first factor of 2
3 cos 289!: = y = centre of
curve. When t change, the
curve will move to the left

3 ≫ 1 represents a tall curve

From micro to macromechanics (Schrödinger, 1926)

Wikimedia commons
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The evolution of wave-
packet with A =20 

(Diagram created by Dr. 
David Green)

The evolution of wave-
packet with A =20 

(Diagram created by Dr. 
David Green)

From micro to macromechanics (Schrödinger, 1926)

Source: Chapter 14.6  
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666 S C H R 6 D I N G E R :  Der stetige Obergang voff der Mikro- zur Makromechanik. [ Die Natur- 
[wissenschaften 

nach demjenigen  Gesetz, das sich ftir einen 
Massenpunkt  mi t  der  Energ ie funkt ion  (i) aus 
der  gew6hnlichen 2vIechanik ergeben wiirde. 
Die Ampl i tude ,  in x gemessen, is t  A, in q ge- 
messen also 

Ftir  die Energie eines Massenpunktes  m, der mi t  
dieser Ampl i tude  und m i t  der  F requenz  v 0 osziltiert, 
ergibt  die gew61mliche Mechanik  

2 ~ a 2 r ~  m A2 
= - -  h Vo (~2) 

2 

d. i. nach (6), gerade n h vo, wo n die mi t t l e re  Qua.n: 
t enzahl  der herausgegriffenen Gruppe.  Die , ,Kor- 
respondenz"  ist  also such  in dieser Hins ich t  eine 
vo l lkommene .  

Der  zweite F a k t o r  in (9) ist  im al lgemeinen so- 
wohl  yon  x aN such  yon t eine sehr rasch veri inder-  
fiche Funk t ion  v o m  Abso lu tbe t rag  ~ i ,  welche 

st~ndlich - -  doch m6chte  ich an dieser Stelle 
hierauf  n ich t  n~her eingehen.  

Unsere WeIlengruppe hdtt dauernd zusammen, 
bre i t e t  sich nicht im Laufe  der Zeit  auf ein immer  
gr6Beres Gebie t  aus, wie m a n  es sonst, z. B. in der  
Optik,  gewohnt  ist. Das  will freilich hier  im eindi- 
mensionalen nicht  v ie i  sagen, ein Buckel  auf  einer 
Saite  verh~ilt sich ganz ~hnlich. N a n  erkermt  aber  
leicht, dab  sich durch Mul t ip l ika t ion  von  zwei bzw. 
drei Ausdri icken wie (4), der  eine in x, der  andere  in y, 
der  dr i t t e  in z geschrieben,  such  der  ebene bzw. der  
riiumliche Oszillator darstel len 1/iBt, d. h. eine ebene 
oder  eine r~iumliche Wel lengruppe,  die auf  ether 
harmonischen  Ell ipse uml~iuftl). Auch  eine solche 
Wel lengruppe  ble ibt  dauernd  beisammen,  im 
Gegensatz  z. B. zu e inem Wel l enpake t  der  klassi- 
schen Optik,  das sich im Laufe  der Zeit  zerstreut .  
Der  Unterschied  dtirf te davon  herrt ihren,  dab unsere 
Gruppe  aus einzehlen dislcreten harmonischen  
K o m p o n e n t e n  aufgebaut  ist, n ich t  aus e inem 
Kontinuum yon  solchem 

Ich  m6chte  schlieBlich noch erw~hnen,  dab eine 

Fig. 2. 

-5 0 ÷ 5 ~-10 v V t 1 7  - ÷20 

Pendelnde Wellengruppe als undulationsmechanisches Bild des Massenpunktes. 

viele t iefe und schmale Furchen  in das Ant l i tz  des 
ersten Fak to r s  gr~tbt und so eine Wellengruppe 
daraus  maclat, deren Bild - -  nu r  ganz schemat isch 
- -  in Fig. 2 wiedergegeben ist. Der  Abszissen- 
mal3stab der  Fig.  2 is t  nat t i r l ich vie l  k le iner  als 
in Fig. I ; Fig. 2 miiBte f~nfmM verg r6ge r t  werden, 
u m  mi t  Fig. I d i rek t  vergle ichbar  zu seim E ine  
genauere  B e t r a c h t u n g  des zwei ten Fak to r s  in (9) 
offenbar t  folgendes in teressante  Detail ,  das in der  
Fig. 2, die nur  ein Stad ium darstel l t ,  n ich t  zum 
Ausdruck  kommt .  D i e  Anzahl und Breite der  
,,Furchen" oder , ,Wel lchen" ,  welche den ~[ass6n- 
punk t  durchsetzen,  is t  zeit l ich ver~nderl ich.  Die  
Wel lchen sind am zahlreichsten nnd schm~lsten beim 
Durchgang  durch  die Mitre  x = o; sie werded 
vSltig ausgegliittet an den Umkehrs te l l en  x = ~ A, 
well  dor t  nach  (Io) der cos 2 er r0 t =- ~= I u n d  daher  
der  sin 2 z r o t = o wird, so dab der  zweite  F a k t o r  
in (9) gar  n ich t  yon x abh~ngt .  Die  gesamte  Aus- 
dehnung der  Wel lengruppe  (,,Dicke des Massen- 
punk tes" )  ble ibt  j e d o c h  s te ts  dieselbel Die V e r -  
Xndertichkeit  der , ,KrXuselung" ist  als eine Ab- 
h~ingigkeit yon der Geschwindiglceit' aufzufassen 
und als solche nach  a l igemeinen nndula t i0ns-  
mechanischen  GesichtsDunkten vo l lkommen  v e t -  

gemeinsame addi t ive  Kons tan te ,  sagen wir U, die 
eigentl ieh in (3) zu allen ~,~ hinzuzuft igen ist  (ent- 
sprechend der  , ,Ruhenerg ie"  des Massenpunktes)  
n ichts  wesentl iches ~tndert. Es  t r i t t  nur  in der 
eckigen K l a m m e r  in  (9) der  Addend 2 a Ut hinzu.  
Dadurch  werden  die Oszil lat ionen innerhalb der  
Wel lengruppe  zeitlich sehr viel  rascher,  w~hrend 
das durch  (IO) beschriebene Pendeln  der  Gruppe 
als ganzer  und ebenso ihre Kr~uselung davon  ganz 
unbei ' i ihr t  bleibem 

Es  l~fit sich m i t  B e s t i m m t h e i t  voraussehen,  dab 
m a n  auf ganz ~hnliche Weise auch die Wellen- 
g r u p p e n  konst ru ieren  k a n n ,  wetche auf  hoch- 
quant igen  Keplerel l ipsen umlaufen  und das un- 
dula t ionsmechanische  Bild des Wasserstoff-  
e lektrons stud; nnr  sind da  die rechentechnischen 
Schwier igkei ten gr6ger als in d e m  bier  behandel-  
ten, gunz besonders e infachen Schulbeispiel.  

1) Es set hier die; interessante ~emerkung ein- 
gesct~Mtet, dal3 fiir den ebenen Oszillator die Quanten- 
niveaus ganzzahlig, ffir den ~?iumNche~ dagegen vdeder 
,,halbzahlig" werden. J~,hnliches gi l t  fiir den Rotator. 
Die spektroskopisch so bedeutungsvolle Halbzahligkeit 
hf~hgt also mi~ der unge/ade,7~ I)imensionszahl des Rau- 
rues zusammen. 

Unsere WeIlengruppe hält dauernd zusammen, breitet sich
nicht im Laufe der Zeit auf ein immer größeres Gebiet aus, wie
man es sonst, z. B. in der Optik, gewohnt ist.

Eine mutige Voraussage:

Es läßt sich mit Bestimmtheit voraussehen, daß man auf ganz ähnliche
Weise auch die Wellen-gruppen konstruieren kann, welche auf hoch-
quantigen Keplerellipsen umlaufen und das undulationsmechanische Bild
des Wasserstoff-elektrons sind; nur sind da die rechentechnischen
Schwierigkeiten größer als in dem hier behandelten, ganz besonders
einfachen Schulbeispiel.

From micro to macromechanics (Schrödinger, 1926)

4. Taking the real part of 𝜓
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a b s t r a c t

In the 1830s, W. R. Hamilton established a formal analogy between optics and mechanics by
constructing a mathematical equivalence between the extremum principles of ray optics (Fermat’s
principle) and corpuscular mechanics (Maupertuis’s principle). Almost a century later, this optical-
mechanical analogy played a central role in the development of wave mechanics. Schrödinger was well
acquainted with Hamilton’s analogy through earlier studies. From Schrödinger’s research notebooks, we
show how he used the analogy as a heuristic tool to develop de Broglie’s ideas about matter waves and
how the role of the analogy in his thinking changed from a heuristic tool into a formal constraint on
possible wave equations. We argue that Schrödinger only understood the full impact of the optical-
mechanical analogy during the preparation of his second communication on wave mechanics: Classical
mechanics is an approximation to the new undulatory mechanics, just as ray optics is an approximation
to wave optics. This completion of the analogy convinced Schrödinger to stick to a realist interpretation
of the wave function, in opposition to the emerging mainstream. The transformations in Schrödinger’s
use of the optical-mechanical analogy can be traced in his research notebooks, which offer a much more
complete picture of the development of wave mechanics than has been previously thought possible.

& 2009 Published by Elsevier Ltd.
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1. The roots of wave mechanics

The genesis of wave mechanics has been treated by many
authors. In a first stage, these studies relied mostly on Erwin
Schrödinger’s published works and reminiscences of his collea-
gues (Gerber, 1969; Klein, 1964; Kubli, 1970). These accounts have
been substantially revised by historians who also considered the
existing correspondence (Hanle, 1971, 1977, 1979; Raman &
Forman, 1969; Wessels, 1979). The various authors have drawn
different conclusions about the roots, the trajectory, and the goals
of Schrödinger’s project on wave mechanics, which we will
discuss in more detail below. However, in the years from
1925–1927, Schrödinger wrote, besides his well-known four
communications on wave mechanics (Schrödinger, 1926b,
1926c, 1926e, 1926f) and several other relevant publications
(e.g., Schrödinger, 1926d) dozens of notebooks comprising
hundreds of pages. These notebooks are an obvious source for a
more detailed understanding of his work and his ambitions in the

years of the creation of wave mechanics. Schrödinger’s notebooks
have been discussed by Kragh (1982, 1984) and Mehra and
Rechenberg (1987a, 1987b). Both found various tantalizing
passages from the notebooks relevant for the discussion. However,
both limit themselves to the study of a small set of notebooks
with immediate relevance to the roots of the wave equation.
Mehra and Rechenberg give extensive summaries of these note-
books but do not attempt to use them for a coherent picture of the
genesis and development of wave mechanics.

We have studied a larger set of 27 notebooks contained in the
AHQP1 that we identified as possibly stemming from the period of
the development of wave mechanics, as well as five earlier
notebooks and manuscripts important for the prehistory of
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a b s t r a c t

In the 1830s, W. R. Hamilton established a formal analogy between optics and mechanics by
constructing a mathematical equivalence between the extremum principles of ray optics (Fermat’s
principle) and corpuscular mechanics (Maupertuis’s principle). Almost a century later, this optical-
mechanical analogy played a central role in the development of wave mechanics. Schrödinger was well
acquainted with Hamilton’s analogy through earlier studies. From Schrödinger’s research notebooks, we
show how he used the analogy as a heuristic tool to develop de Broglie’s ideas about matter waves and
how the role of the analogy in his thinking changed from a heuristic tool into a formal constraint on
possible wave equations. We argue that Schrödinger only understood the full impact of the optical-
mechanical analogy during the preparation of his second communication on wave mechanics: Classical
mechanics is an approximation to the new undulatory mechanics, just as ray optics is an approximation
to wave optics. This completion of the analogy convinced Schrödinger to stick to a realist interpretation
of the wave function, in opposition to the emerging mainstream. The transformations in Schrödinger’s
use of the optical-mechanical analogy can be traced in his research notebooks, which offer a much more
complete picture of the development of wave mechanics than has been previously thought possible.

& 2009 Published by Elsevier Ltd.
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1. The roots of wave mechanics

The genesis of wave mechanics has been treated by many
authors. In a first stage, these studies relied mostly on Erwin
Schrödinger’s published works and reminiscences of his collea-
gues (Gerber, 1969; Klein, 1964; Kubli, 1970). These accounts have
been substantially revised by historians who also considered the
existing correspondence (Hanle, 1971, 1977, 1979; Raman &
Forman, 1969; Wessels, 1979). The various authors have drawn
different conclusions about the roots, the trajectory, and the goals
of Schrödinger’s project on wave mechanics, which we will
discuss in more detail below. However, in the years from
1925–1927, Schrödinger wrote, besides his well-known four
communications on wave mechanics (Schrödinger, 1926b,
1926c, 1926e, 1926f) and several other relevant publications
(e.g., Schrödinger, 1926d) dozens of notebooks comprising
hundreds of pages. These notebooks are an obvious source for a
more detailed understanding of his work and his ambitions in the

years of the creation of wave mechanics. Schrödinger’s notebooks
have been discussed by Kragh (1982, 1984) and Mehra and
Rechenberg (1987a, 1987b). Both found various tantalizing
passages from the notebooks relevant for the discussion. However,
both limit themselves to the study of a small set of notebooks
with immediate relevance to the roots of the wave equation.
Mehra and Rechenberg give extensive summaries of these note-
books but do not attempt to use them for a coherent picture of the
genesis and development of wave mechanics.

We have studied a larger set of 27 notebooks contained in the
AHQP1 that we identified as possibly stemming from the period of
the development of wave mechanics, as well as five earlier
notebooks and manuscripts important for the prehistory of
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4. Taking the real part of 𝜓

Didactic reconstruction



- Schrödinger was initially seeking physical meaning in the real
component of his wave function and struggled to accept a
complex wave function.

- Schrödinger’s prophecy/vision was not fulfilled (wave packets
almost always disperse), but this did not prevent him from
arguing for “spatio-temporal“ interpretations of QM.

Some lessons from Schrödinger’s micro-macro

4. Taking the real part of 𝜓

- For him, fundamental entities are waves; particles are wave
groups.



Discovery of induction
Faraday‘s diary (1822)
Convert magnetism into electricity 29.8.1831

3. [...] Then connected the ends of one of the
pieces on A side with battery; immediately a
sensible effect on needle. It oscillated and settled
at last in original position. On breaking
connection of A side with battery again a
disturbance of the needle.

4. Made all the wires on A side one coil and sent
current from battery through the whole. Effect on
needle much stronger than before.

8. Hence effect evident but transient; but its
recurrence on breaking the connection shows an
equilibrium somewhere that must be capable of
being rendered.

Induction ring

5. Quantifying induction (Faraday)



Discovery of induction
Faraday‘s diary (1822)
Convert magnetism into electricity

17.10.1831

Moving a magnet
through a coil

57. The 8 ends of the helices at one end of the
cylinder were cleaned and fastened together
as a bundle. These compound ends were then
connected with the Galvanometer by long
copper wires then a cylindrical bar magnet 3/4
inch in diameter and 81⁄2 inches in length had
one end just inserted into the end of the helix
cylinder—then it was quickly thrust in the
whole length and the galvanometer needle
moved—then pulled out and again the needle
moved but in the opposite direction. This effect
was repeated every time the magnet was put
in or out and therefore a wave of Electricity
was so produced from mere approximation of
a magnet and not from its formation in situ.

5. Quantifying induction (Faraday)



Lines of force

IMAGInation: Continuous curved patterns

- Place a bar magnet beneath a sheet of paper

- Spread iron fillings

- Continuous curves from pole to pole

1st series (1831)

Diary (1851)

29th series (1852)

5. Quantifying induction (Faraday)



When the bend of the wires was formed into a loop and
carried from a to b, the galvanometer needle was
deflected two degrees or more. The vibration of the
needle was slow, and it was easy to reiterate this action
five or six times, breaking and making contact with the
galvanometer at right intervals, so as to combine the
effect of induced currents; and then a deflection of 10°
or 15° could be readily obtained.

28th series (1852)

Moving wire 

• Deflection is proportional to number of times, i.e. “number of lines
of force that cut/cross the loop” (Counting principle)

• The “moving wire” undergoes a profound transformation: from a
phenomenon to a [reasoning?] instrument to interpret other
phenomena (Fisher, 2001)

 30 D5. FA5ADA<'6 E;3E5,0E17A/ 5E6EA5C+E6 ,1 E/EC75,C,7<. (6E5,E6 ;;9,,,.)

 7ZR FOLSV, DV DW C, KROG WKH HQGV RI WKH JDOYDQRPHWHU ZLUH (DOVR RI FRSSHU); DQG WKH
 -ODWWHU DUH PDGH WR SUHVV DJDLQVW WKH ULQJV E\ WKHLU HODVWLFLW\, DQG JLYH DQ HIIHFWXDO

 FRQWDFW EHDULQJ, ZKLFK JHQHUDWHV QR FXUUHQW, HLWKHU E\ GLIIHUHQFH RI QDWXUH RU E\

 IULFWLRQ, GXULQJ WKH UHYROXWLRQ RI WKH D[LV.

 3085. 7KH WZR PDJQHWV DUH EDUV, HDFK 12 LQFKHV ORQJ, 1 LQFK EURDG, DQG 0'4 RI
 DQ LQFK WKLFN. 7KH\ ZHLJK HDFK 19 RXQFHV, DQG DUH RI VXFK D VWUHQJWK DV WR OLIW HDFK

 RWKHU HQG WR HQG DQG QR PRUH. :KHQ WKH WZR DUH DGMXVWHG LQ WKHLU SODFH, LW LV

 ZLWK WKH VLPLODU SROHV WRJHWKHU, VR WKDW WKH\ VKDOO DFW DV RQH PDJQHW, ZLWK D GLYLVLRQ
 GRZQ WKH PLGGOH: WKH\ DUH UHWDLQHG LQ WKHLU SODFH E\ W\LQJ, RU, DW WLPHV, E\ D ULQJ RI
 FRSSHU ZKLFK VOLSV WLJKWO\ RYHU WKHP DQG WKH D[LV.

 3086. 7KH JDOYDQRPHWHU LV D YHU\ GHOLFDWH LQVWUXPHQW PDGH E\ 58+0.25FF (2651.).

 ,W ZDV SODFHG DERXW 6 IHHW IURP WKH PDJQHW DSSDUDWXV, DQG ZDV QRW DIIHFWHG E\ DQ\

 UHYROXWLRQ RI WKH ODWWHU. 7KH ZLUHV, FRQQHFWLQJ LW ZLWK WKH PDJQHWV, ZHUH RI FRSSHU,
 0-04 RI DQ LQFK LQ GLDPHWHU, DQG LQ WKHLU ZKROH OHQJWK DERXW 25 IHHW. 7KH OHQJWK RI

 WKH ZLUH LQ WKH JDOYDQRPHWHU , GR QRW NQRZ; LWV GLDPHWHU ZDV 7\ '-WK RI DQ LQFK. 7KH
 FRQGLWLRQ RI WKH JDOYDQRPHWHU, ZLUHV, DQG PDJQHWV, ZDV VXFK, WKDW ZKHQ WKH EHQG RI
 WKH ZLUHV ZDV IRUPHG LQWR D ORRS, DQG WKDW FDUULHG RQFH RYHU FLJ. 2.

 WKH SROH RI WKH XQLWHG PDJQHWV, DV IURP D WR E, ILJ. 2, WKH JDO- I E
 YDQRPHWHU QHHGOH ZDV GHIOHFWHG WZR GHJUHHV RU PRUH. 7KH

 YLEUDWLRQ RI WKH QHHGOH ZDV VORZ, DQG LW ZDV HDV\ WKHUHIRUH WR
 UHLWHUDWH WKLV DFWLRQ ILYH RU VL[ WLPHV, RU RIWHQHU, EUHDNLQJ DQG
 PDNLQJ FRQWDFW ZLWK WKH JDOYDQRPHWHU DW ULJKW LQWHUYDOV, VR DV

 WR FRPELQH WKH HIIHFW RI OLNH LQGXFHG FXUUHQWV; DQG WKHQ D GH-

 IOHFWLRQ RI 100 RU 15? RQ HLWKHU VLGH RI ]HUR FRXOG EH UHDGLO\
 REWDLQHG. 7KH DUUDQJHPHQW, WKHUHIRUH, ZDV VXIILFLHQWO\ VHQVLEOH IRU ILUVW H[SHULPHQWV

 DQG WKRXJK WKH UHVLVWDQFH RSSRVHG E\ WKH WKLQ ORQJ JDOYDQRPHWHU ZLUH WR IHHEOH

 FXUUHQWV ZDV FRQVLGHUDEOH, \HW LW ZRXOG DOZD\V EH WKH VDPH, DQG ZRXOG QRW LQWHUIHUH

 ZLWK UHVXOWV, ZKHUH WKH ILQDO HIIHFW ZDV HTXDO WR 00, QRU LQ WKRVH ZKHUH WKH FRQVH-
 TXHQFHV ZHUH VKRZQ, QRW E\ DEVROXWH PHDVXUHPHQW, EXW E\ FRPSDUDWLYH GLIIHUHQFHV.

 3087. 7KH ILUVW SUDFWLFDO UHVXOW SURGXFHG E\ WKH DSSDUDWXV GHVFULEHG, LQ UHVSHFW RI
 PDJQHWR-HOHFWULF LQGXFWLRQ JHQHUDOO\, LV, WKDW D SLHFH RI PHWDO RU FRQGXFWLQJ PDWWHU

 ZKLFK PRYHV DFURVV OLQHV RI PDJQHWLF IRUFH, KDV, RU WHQGV WR KDYH, D FXUUHQW RI HOHF-
 WULFLW\ SURGXFHG LQ LW. A PRUH UHVWULFWHG DQG SUHFLVH H[SUHVVLRQ RI WKH IXOO HIIHFW LV

 WKH IROORZLQJ. ,I D FRQWLQXRXV FLUFXLW RI FRQGXFWLQJ PDWWHU EH WUDFHG RXW, RU FRQ-
 FHLYHG RI, HLWKHU LQ D VROLG RU IOXLG PDVV RI PHWDO RU FRQGXFWLQJ PDWWHU, RU LQ ZLUHV
 RU EDUV RI PHWDO DUUDQJHG LQ QRQ-FRQGXFWLQJ PDWWHU RU VSDFH; ZKLFK EHLQJ PRYHG,
 FURVVHV OLQHV RI PDJQHWLF IRUFH, RU EHLQJ VWLOO, LV E\ WKH WUDQVODWLRQ RI D PDJQHW
 FURVVHG E\ VXFK OLQHV RI IRUFH; DQG IXUWKHU, LI, E\ LQHTXDOLW\ RI DQJXODU PRWLRQ, RU
 E\ FRQWUDU\ PRWLRQ RI GLIIHUHQW SDUWV RI WKH FLUFXLW, RU E\ LQHTXDOLW\ RI WKH PRWLRQ LQ
 WKH VDPH GLUHFWLRQ, RQH SDUW FURVVHV HLWKHU PRUH RU IHZHU OLQHV WKDQ WKH RWKHU; WKHQ
 D FXUUHQW ZLOO H[LVW URXQG LW, GXH WR WKH GLIIHUHQWLDO UHODWLRQ RI- WKH WZR RU PRUH LQWHU-
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5. Quantifying induction (Faraday)



If Fig. 3 represent a magnetic pole N, and over it a circuit, 
formed of metal, which may be of any shape, and which is 
at first in position c; then if that ciruit be moved in one 
direction into position 1, 2, 3, 4 or 5; or any position in 
between; or if the pole moves to position n, then, an 
electric current will be produced in the circuit.

Moving/revolving circuits/magnets

 21 7+E /,1E6 2F 0A*1E7,C F25CE. 31

 VHFWLQJ SDUWV GXULQJ WKH WLPH RI WKH PRWLRQ: WKH GLUHFWLRQ RI ZKLFK FXUUHQW ZLOO EH

 GHWHUPLQHG (ZLWK OLQHV KDYLQJ D JLYHQ GLUHFWLRQ RI SRODULW\) E\ WKH GLUHFWLRQ RI WKH

 LQWHUVHFWLRQ, FRPELQHG ZLWK WKH UHODWLYH DPRXQW RI WKH LQWHUVHFWLRQ LQ WKH WZR RU

 PRUH HIILFLHQW DQG GHWHUPLQLQJ (RU LQWHUVHFWLQJ) SDUWV RI WKH FLUFXLW.

 3088. 7KXV, LI ILJ. 3 UHSUHVHQW D PDJQHWLF SROH 1, DQG RYHU LW D FLUFXLW, IRUPHG RI
 PHWDO, ZKLFK PD\ EH RI DQ\ VKDSH, DQG ZKLFK LV DW ILUVW LQ WKH FLJ. 3.

 SRVLWLRQ F; WKHQ LI WKDW FLUFXLW EH PRYHG LQ RQH GLUHFWLRQ LQWR
 WKH SRVLWLRQ 1; RU LQ WKH FRQWUDU\ GLUHFWLRQ LQWR SRVLWLRQ 2; RU V>41< 4

 E\ D GRXEOH GLUHFWLRQ RI PRWLRQ LQWR SRVLWLRQ 3; RU E\ WUDQVOD-

 WLRQ LQWR SRVLWLRQ 4; RU LQWR SRVLWLRQ 5; RU DQ\ SRVLWLRQ EHWZHHQ
 WKH ILUVW DQG WKHVH RU DQ\ UHVHPEOLQJ WKHP; RU, LI WKH ILUVW SRVL-
 WLRQ F EHLQJ UHWDLQHG, WKH SROH PRYH WR, RU WRZDUGV, WKH SRVL-

 WLRQ Q; WKHQ, DQ HOHFWULF FXUUHQW ZLOO EH SURGXFHG LQ WKH FLUFXLW,

 KDYLQJ LQ HYHU\ FDVH WKH VDPH GLUHFWLRQ, EHLQJ WKDW ZKLFK LV

 0DUNHG LQ WKH ILJXUH E\ DUURZV. 5HYHUVH PRWLRQV ZLOO JLYH FXUUHQWV LQ WKH UHYHUVH

 GLUHFWLRQ (256. &F.).

 3089. 7KH JHQHUDO SULQFLSOHV RI WKH SURGXFWLRQ RI HOHFWULFDO FXUUHQWV E\ PDJQHWLF

 LQGXFWLRQ KDYH EHHQ IRUPHUO\ JLYHQ (27. &F.)*, DQG WKH ODZ RI WKH GLUHFWLRQ RI WKH

 FXUUHQW LQ UHODWLRQ WR WKH OLQHV RI IRUFH, VWDWHG (114, 3079 QRWH). BXW WKH IXOO PHDQ-

 LQJ RI WKH DERYH GHVFULSWLRQ FDQ RQO\ EH DSSUHFLDWHG KHUHDIWHU, ZKHQ WKH H[SHULPHQWDO
 UHVXOWV, ZKLFK VXSSO\ D ODUJHU NQRZOHGJH RI WKH UHODWLRQV RI WKH FXUUHQW WR WKH OLQHV
 RIMEUFH, KDYH EHHQ GHVFULEHG.

 3090. :KHQ OLQHV RIIRUFH DUH VSRNHQ RI DV FURVVLQJ D FRQGXFWLQJ FLUFXLW (3087.),
 LW PXVW EH FRQVLGHUHG DV HIIHFWHG E\ WKH WUDQVODWLRQ RI D PDJQHW. 1R PHUH URWDWLRQ

 RI D EDU PDJQHW RQ LWV D[LV, SURGXFHV DQ\ LQGXFWLRQ HIIHFW RQ FLUFXLWV H[WHULRU WR LW;

 IRU WKHQ, WKH FRQGLWLRQV DERYH GHVFULEHG (3088.) DUH QRW IXOILOOHG. 7KH V\VWHP RI

 SRZHU DERXW WKH PDJQHW PXVW QRW EH FRQVLGHUHG DV UHYROYLQJ ZLWK WKH PDJQHW, DQ\

 PRUH WKDQ WKH UD\V RI OLJKW ZKLFK HPDQDWH IURP WKH VXQ DUH VXSSRVHG WR UHYROYH

 ZLWK WKH VXQ. 7KH PDJQHW PD\ HYHQ, LQ FHUWDLQ FDVHV (3097.), EH FRQVLGHUHG DV

 UHYROYLQJ DPRQJVW LWV RZQ IRUFHV, DQG SURGXFLQJ D IXOO HOHFWULF HIIHFW, VHQVLEOH DW WKH
 JDOYDQRPHWHU.

 3091. ,Q WKH ILUVW LQVWDQFH WKH ZLUH ZDV FDUULHG GRZQ WKH D[LV RI WKH PDJQHW WR

 WKH PLGGOH GLVWDQFH, WKHQ OHG RXW DW WKH HTXDWRULDO SDUW, DQG UHWXUQHG RQ WKH RXW-

 VLGH; ILJ. 4 ZLOO UHSUHVHQW VXFK D GLVSRVLWLRQ. 6XSSRVLQJ WKH FLJ. 4.
 PDJQHW DQG ZLUH WR UHYROYH RQFH, LW LV HYLGHQW WKDW WKH ZLUH
 D PD\ EH FRQVLGHUHG DV SDVVLQJ LQ, DW WKH D[LV RI WKH PDJQHW, H
 DQG UHWXUQLQJ IURP E DFURVV WKH OLQHV RI IRUFH H[WHUQDO WR WKH D

 PDJQHW, WR WKH D[LV DJDLQ DW F; DQG WKDW LQ RQH UHYROXWLRQ,

 * 3KLORVRSKLFDO 7UDQVDFWLRQV, 1832, SDJH 131, &F.
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28th series (1852) 21 7+E /,1E6 2F 0A*1E7,C F25CE. 29

 WKH WUDQVPLVVLRQ RI WKH IRUFH LV DIWHU WKH PDQQHU RI D YLEUDWLRQ RU FXUUHQW, RU VLPSO\

 DFWLRQ DW D GLVWDQFH; DQG WKH PDQ\ RWKHU TXHVWLRQV WKDW DULVH LQ WKH LQLQGV RI WKRVH
 ZKR DUH SXUVXLQJ WKLV EUDQFK RI NQRZOHGJH.

 3084. , ZLOO SURFHHG WR WDNH WKH FDVH RI D VLPSOH EDU PDJQHW, HPSOR\LQJ LW LQ

 LOOXVWUDWLRQ RI ZKDW KDV EHHQ VDLG UHVSHFWLQJ WKH OLQHV RI IRUFH DQG WKH PRYLQJ FRQ-

 GXFWRU, DQG DOVR IRU WKH SXUSRVH RI DVFHUWDLQLQJ KRZ WKHVH OLQHV RI IRUFH DUH GLVSRVHG,

 ERWK ZLWKRXW DQG ZLWKLQ WKH PDJQHW LWVHOI, XSRQ ZKLFK WKH\ DUH GHSHQGHQW RU WR

 ZKLFK WKH\ EHORQJ. FRU WKLV SXUSRVH WKH IROORZLQJ FLJ. 1.

 DSSDUDWXV ZDV HPSOR\HG. /HW ILJ. 1 UHSUHVHQW D
 [aaaaa

 ZRRGHQ VWDQG, RI ZKLFK WKH EDVH LV D ERDUG 17,5 , ' 7
 LQFKHV LQ OHQJWK, DQG 6 LQFKHV LQ EUHDGWK, DQG 0'8 RI

 DQ LQFK LQ WKLFNQHVV: WKHVH GLP-QHQVLRQV ZLOO VHUYH DV B

 D VFDOH IRU WKH RWKHU SDUWV. A B DUH WZR ZRRGHQ

 XSULJKWV; D LV DQ D[LV RI ZRRG KDYLQJ WZR ORQJ

 GHSUHVVLRQV FXW LQWR LW, IRU WKH SXUSRVH RI FDUU\LQJ

 WKH WZR EDU PDJQHWV F DQG *. 7KH ZRRG LV QRW FXW DZD\ TXLWH DFURVV WKH D[LV,

 EXW LV OHIW LQ WKH PLGGOH, VR WKDW WKH PDJQHWV DUH DERXW -1?WK RI DQ LQFK DSDUW.
 FURP 0 WRZDUGV WKH VXSSRUWV A, LW LV UHPRYHG, KRZHYHU, DV ORZ GRZQ DV WKH D[LV

 RI UHYROXWLRQ, VR DV WR IRUP D QRWFK EHWZHHQ WKH WZR PDJQHWV ZKHQ WKH\ DUH LQ
 WKHLU SODFHV; DQG E\ IXUWKHU UHPRYDO RI WKH ZRRG, WKLV QRWFK LV FRQWLQXHG RQ WR WKH
 HQG RI WKH D[LV DW 3. U7KLV QRWFK, RU RSHQLQJ, LV LQWHQGHG WR UHFHLYH D ZLUH, ZKLFK
 FDQ EH FDUULHG GRZQ WKH D[LV RI URWDWLRQ, DQG WKHQ SDVVLQJ RXW EHWZHHQ WKH WZR

 PDJQHWV, DQ\ZKHUH EHWZHHQ 0 DQG 1, FDQ EH UHWXUQHG WRZDUGV WKH HQG 3 RQ WKH
 RXWVLGH. 7KH PDJQHWV DUH VR SODFHG, WKDW WKH FHQWUDO OLQH RI WKHLU FRPSRXQG V\VWHP

 FRLQFLGHV ZLWK WKH D[LV RI URWDWLRQ; E EHLQJ D KDQGOH E\ ZKLFK URWDWLRQ, ZKHQ
 UHTXLUHG, LV JLYHQ. +, DQG , DUH WZR FRSSHU ULQJV, VOLSSLQJ WLJKWO\ RQ WR WKH D[LV, E\
 ZKLFK FRPPXQLFDWLRQ LV WR EH PDGH EHWZHHQ D ZLUH DGMXVWHG VR DV WR UHYROYH ZLWK
 WKH PDJQHWV, DQG WKH IL[HG HQGV RI ZLUHV SURFHHGLQJ IURP D JDOYDQRPHWHU. 7KXV, OHW
 / UHSUHVHQW D FRYHUHG ZLUH; ZKLFK EHLQJ OHG DORQJ WKH ERWWRP RI WKH QRWFK LQ WKH

 D[LV RI WKH DSSDUDWXV, DQG SDVVLQJ RXW DW WKH HTXDWRULDO SDUWV RI WKH PDJQHWV, UHWXUQV

 LQWR WKH QRWFK DJDLQ QHDW 1, DQG WHUPLQDWHV DW 3. :KHQ WKH IRUP RI WKH ZLUH ORRS
 LV GHWHUPLQHG DQG JLYHQ WR LW, WKHQ D OLWWOH SLHFH RI VRIW ZRRG LV SODFHG EHWZHHQ WKH
 ZLUHV LQ WKH QRWFK DW ., RI VXFK WKLFNQHVV, WKDW ZKHQ WKH ULQJ , LV SXW LQWR LWV SODFH,
 LW VKDOO SUHVV XSRQ WKH XSSHU ZLUH, WKH SLHFH RI ZRRG, DQG WKH ORZHU ZLUH, DQG NHHS
 DOO WLJKWO\ IL[HG WRJHWKHU, DQG DW WKH VDPH WLPH OHDYH WKH WZR ZLUHV HIIHFWXDOO\ VHSD-
 UDWHG. 7KH VHFRQG ULQJ, +, LV WKHQ SXW LQWR LWV SODFH RQ WKH D[LV, DQG WKH LQWURGXF-
 WLRQ RI D VPDOO ZHGJH RI ZRRG, DW WKH HQG RI WKH D[LV, VHUYHV WR SUHVV WKH HQG 3 LQWR
 FORVH DQG SHUIHFW FRQWDFW ZLWK WKH ULQJ ,6, DQG NHHS DOO LQ RUGHU. 6R WKH ZLUH LV IUHH
 WR UHYROYH ZLWK WKH PDJQWV, DQG WKH U'LQJV, , DQG 7, DH LWV YLUWXDO WHUUQLQDWLRQV.

This content downloaded from 
            130.225.188.97 on Wed, 26 May 2021 16:57:01 UTC              

All use subject to https://about.jstor.org/terms
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 VHFWLQJ SDUWV GXULQJ WKH WLPH RI WKH PRWLRQ: WKH GLUHFWLRQ RI ZKLFK FXUUHQW ZLOO EH

 GHWHUPLQHG (ZLWK OLQHV KDYLQJ D JLYHQ GLUHFWLRQ RI SRODULW\) E\ WKH GLUHFWLRQ RI WKH

 LQWHUVHFWLRQ, FRPELQHG ZLWK WKH UHODWLYH DPRXQW RI WKH LQWHUVHFWLRQ LQ WKH WZR RU

 PRUH HIILFLHQW DQG GHWHUPLQLQJ (RU LQWHUVHFWLQJ) SDUWV RI WKH FLUFXLW.

 3088. 7KXV, LI ILJ. 3 UHSUHVHQW D PDJQHWLF SROH 1, DQG RYHU LW D FLUFXLW, IRUPHG RI
 PHWDO, ZKLFK PD\ EH RI DQ\ VKDSH, DQG ZKLFK LV DW ILUVW LQ WKH FLJ. 3.

 SRVLWLRQ F; WKHQ LI WKDW FLUFXLW EH PRYHG LQ RQH GLUHFWLRQ LQWR
 WKH SRVLWLRQ 1; RU LQ WKH FRQWUDU\ GLUHFWLRQ LQWR SRVLWLRQ 2; RU V>41< 4

 E\ D GRXEOH GLUHFWLRQ RI PRWLRQ LQWR SRVLWLRQ 3; RU E\ WUDQVOD-

 WLRQ LQWR SRVLWLRQ 4; RU LQWR SRVLWLRQ 5; RU DQ\ SRVLWLRQ EHWZHHQ
 WKH ILUVW DQG WKHVH RU DQ\ UHVHPEOLQJ WKHP; RU, LI WKH ILUVW SRVL-
 WLRQ F EHLQJ UHWDLQHG, WKH SROH PRYH WR, RU WRZDUGV, WKH SRVL-

 WLRQ Q; WKHQ, DQ HOHFWULF FXUUHQW ZLOO EH SURGXFHG LQ WKH FLUFXLW,

 KDYLQJ LQ HYHU\ FDVH WKH VDPH GLUHFWLRQ, EHLQJ WKDW ZKLFK LV

 0DUNHG LQ WKH ILJXUH E\ DUURZV. 5HYHUVH PRWLRQV ZLOO JLYH FXUUHQWV LQ WKH UHYHUVH

 GLUHFWLRQ (256. &F.).

 3089. 7KH JHQHUDO SULQFLSOHV RI WKH SURGXFWLRQ RI HOHFWULFDO FXUUHQWV E\ PDJQHWLF

 LQGXFWLRQ KDYH EHHQ IRUPHUO\ JLYHQ (27. &F.)*, DQG WKH ODZ RI WKH GLUHFWLRQ RI WKH

 FXUUHQW LQ UHODWLRQ WR WKH OLQHV RI IRUFH, VWDWHG (114, 3079 QRWH). BXW WKH IXOO PHDQ-

 LQJ RI WKH DERYH GHVFULSWLRQ FDQ RQO\ EH DSSUHFLDWHG KHUHDIWHU, ZKHQ WKH H[SHULPHQWDO
 UHVXOWV, ZKLFK VXSSO\ D ODUJHU NQRZOHGJH RI WKH UHODWLRQV RI WKH FXUUHQW WR WKH OLQHV
 RIMEUFH, KDYH EHHQ GHVFULEHG.

 3090. :KHQ OLQHV RIIRUFH DUH VSRNHQ RI DV FURVVLQJ D FRQGXFWLQJ FLUFXLW (3087.),
 LW PXVW EH FRQVLGHUHG DV HIIHFWHG E\ WKH WUDQVODWLRQ RI D PDJQHW. 1R PHUH URWDWLRQ

 RI D EDU PDJQHW RQ LWV D[LV, SURGXFHV DQ\ LQGXFWLRQ HIIHFW RQ FLUFXLWV H[WHULRU WR LW;

 IRU WKHQ, WKH FRQGLWLRQV DERYH GHVFULEHG (3088.) DUH QRW IXOILOOHG. 7KH V\VWHP RI

 SRZHU DERXW WKH PDJQHW PXVW QRW EH FRQVLGHUHG DV UHYROYLQJ ZLWK WKH PDJQHW, DQ\

 PRUH WKDQ WKH UD\V RI OLJKW ZKLFK HPDQDWH IURP WKH VXQ DUH VXSSRVHG WR UHYROYH

 ZLWK WKH VXQ. 7KH PDJQHW PD\ HYHQ, LQ FHUWDLQ FDVHV (3097.), EH FRQVLGHUHG DV

 UHYROYLQJ DPRQJVW LWV RZQ IRUFHV, DQG SURGXFLQJ D IXOO HOHFWULF HIIHFW, VHQVLEOH DW WKH
 JDOYDQRPHWHU.

 3091. ,Q WKH ILUVW LQVWDQFH WKH ZLUH ZDV FDUULHG GRZQ WKH D[LV RI WKH PDJQHW WR

 WKH PLGGOH GLVWDQFH, WKHQ OHG RXW DW WKH HTXDWRULDO SDUW, DQG UHWXUQHG RQ WKH RXW-

 VLGH; ILJ. 4 ZLOO UHSUHVHQW VXFK D GLVSRVLWLRQ. 6XSSRVLQJ WKH FLJ. 4.
 PDJQHW DQG ZLUH WR UHYROYH RQFH, LW LV HYLGHQW WKDW WKH ZLUH
 D PD\ EH FRQVLGHUHG DV SDVVLQJ LQ, DW WKH D[LV RI WKH PDJQHW, H
 DQG UHWXUQLQJ IURP E DFURVV WKH OLQHV RI IRUFH H[WHUQDO WR WKH D

 PDJQHW, WR WKH D[LV DJDLQ DW F; DQG WKDW LQ RQH UHYROXWLRQ,

 * 3KLORVRSKLFDO 7UDQVDFWLRQV, 1832, SDJH 131, &F.
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Inside the magnet!

5. Quantifying induction (Faraday)



Now 144 square inches is to 128 square inches as
2,61° is to 2,32° proving that the electric current
induced is directly as the lines of magnetic force
intersected by the moving wire [...] no alterations are
caused by changing the velocity of motion, provided
the amount of lines of force intersected remains the
same. […] “thrice as advantageous to intersect the
lines within nine square feet once, as to intersect
those of one square foot three times”

29th series (1852)

Revolving rectangles
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5. Quantifying induction (Faraday)



Revolving rectangles

Loop in a small magnet Loop in “lines of terrestrial force”

29th series (1852)

5. Quantifying induction (Faraday)



Lessons from quantifying induction

- 20 years (!) from discovery to concept/quantification!

- Deep insight into arduous scientific discovery

- Moving wire, revolving magnets/rectangles: from experiments to
reasoning instruments

- Change in number of lines of force crossing

- From concrete to abstract

5. Quantifying induction (Faraday)



Using history of physics to teach physics?
Why?
- No intermediates: you too can read the original!

- Original motivation of theories, concepts…

- New (usually less abstract) ways to explain things

- (Erratic) processes vs. (rational) products

- Reflect critically about the didactical transposition

- Deeper appreciation for the difficulties encountered by learners

How?
- Selected (short!) excerpts; clearly formulated Int. Learning Outcomes

- Standard topics; originals provide new insights (a-ha moments)

- Usually better a posteriori, comparing with traditional way to teach



An old textbook…An old paper…

Thanks!
ricardo.karam@ind.ku.dk


