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The Nature of some physics branches
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Wer nie sein Brot mit Tr&nen al3 /7\ /E] 7}( /@1 )5( EJ/]
Wer nie die kummervollen N&hte N (=t
Auf seinem Bette weinend saf3 LR ﬁ ‘\L/( /Tgi E]/j ’ \
Der kennt euch nicht, ihr himmlischen M&hte. |3 ng /\/?7’5 Z’ /i\[j 3‘,\
Ihr fChrt ins Leben uns hinein, ISR
Ihr lasst den Armen schuldig werden, -L:7/ + o ‘& E]ﬁ | g

Dann tberlasst ihr ihn der Pein:
Denn alle Schuld r&ht sich auf Erden -Goethe, Wilhelm Meisters Lehrjahre, 1795/6
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Table 2 Definitions of en, po. D, H, Macroscopic Maxwell Equations, and Lorentz Force Equation in Various Systems of L‘nit.

Where necessary the dimensions of quantities are given in parentheses. The symbol ¢ stands for the velocity of light in vacuu

System

Electrostatic
{esu)

Electromagnetic
{emu)

(Gaussian
Heaviside-
Lorentz

s1

107
dac?
(Fi'm ')

4w % 1077 |

(mil %)

D =E + 4P

H = B — 47M
1

D=—E+47P

[

H=B - 47M

D=E + 4«P
H=B - 47M

D=E+P

H=B-M

D'_E|T|E+P
"=IB—M

Hao

with dimensions (It 1).

Lorentz
Force per
Unit Charge

Macroscopic Maxwell Equations
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Al B 30 4% Tohn David Jackson & {47 #182—a) 5 %5 ) [ Classical Electrodynamics. John %Is —‘/l\ % %_% ﬁ % E&J El:l @ % éﬁ
Wiley & Sons, Inc., third edition (1999). £ ZE[F LEF & WEaI AFHEFAE %% >r 1 %ﬂ ﬁﬁ - % %é/\ —t
1] — BN X B = N3, vector

4 B 4] H7 15 vector formulas [ff 5t B8 &t 4p

; (bxc)=b-(cxa)=c-(axh) : fO I" m U I ae g i‘ﬂ: ﬁ% )L 3&_ ?

oy . A E -3 7 ¥R E H A
(axb)-(cxd)=(a-c)(b-d)—(a-d)(b-c): :}E :\{z ?EE: %E _-_-1: 'ﬁ Q/‘] ?

L Gy

x(Vxa)=V(V-a)-V'a;: \

e EATHEEREN? T, RAAHG
V(a-b)=(a-V)b+(b-V)a+ax(Vxb)+b=x(Vxa); :\LX' —‘I%\ E]/\j /ﬁz % Z'K % E)ﬁ X\‘ j:g‘ ﬁ ﬁ% ’I/J: A EE ﬁi}i 9

V-(axb)=b-(Vxa)—a-(Vxb); é\—%{v /i\ _\La {\E .
N

Vei{axb)=a(V-b)-b(V-a)+(b-Via—(a-Vib.

HFZfEEREx FV-x=3:Vxx=0.
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EEEWEA {D, E, P} vs. {B, H, M}

1L el1ZE8Edr. Xt ar

2. BEHEZEAWNE, BEEVMRENE? (WEXZHELEMH)

3. ME—KIL? ERERALE —RHFENTEREKT?

4. hxy EEHIESR. EERE? V-D = pr/eg
5. EAMAF R EEL. EESL, ERMIEL—

Here we are going to show that subdivision (of free and bound charges) Is not so

rigid, and unfortunately those two kinds of charge are usually defined in many
different, non- equivalent ways, depending on the context.

“Boh ., RAEBmpeiEa! ” KR! BERDL-2R AR,

Shortly, the concepts of free and bound charges sound quite fuzzy and arbitrary,
and trying to impose a rigid definition of them seems useless. ¥ %
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#* 24T, fhik . All things are made of atoms.
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Electricity (8). £ [E 47 % 5 William Gilbert (1605-1682) 16004 £ # £ De
Magnete (it #%) & 2 T3 T Zelectrum (amber, # g, #E3H) 4l T IR+ T &1
electricus (resembling electrum).

Electric (®.#)). 164051, 4 =X Thomas Browne (1605-1682) {# A T electricix
NEEFX, B ‘WHIEREN

Electrodynamics (H.-3f /7 %¢). 18264, i B4 %E ¥ KX L3 (AndréMarie Ampére,
1775-1836) £ T % 1E14 electrodynamique.

Electron (&, F) . 18914 % /K = #1# % K Geoerge J. Stoney (1826-1911) £ Telectric
% T X AN, electricton; 18974 X 3.

Quantum Electrodynamics (& F #.-34 /7 ). 19274, # [E%k 4% (P.A.M. Dirac)
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¥ = A Magnes, Thales

Gilbert, Franklin, McCullagh?
Oersted

Coulomb, Ampee, Biot-Savoir
Gauss, Weber, Kirchhoff

LA
WK F
Faraday; Ohm, Joule, Lord Kelvin

Henry, Mossetti, Volta

Poisson, Hamilton, Grassmann, Maxwell, Clifford,
Tait, Heaviside, Green, Neumann, Riemann, Voigt
9. Lorentz, Lorenz, Lenz

10. Hertz (Emil Cohn?)

11. J. J. Thomson, Poincaré Einstein

12. Pauli, Dirac, Jordan

13. Schwinger, Feynman, Tomonaga, Dyson

22 L Bw 0 g B ) [

VNE R (=Rl i

9

S & 01 = W

Coulomb
Ampere,
Oersted
\olta

Gauss, Tesla
Weber
Henry
Faraday
Ohm

10. Joule
11. Hertz
12. Siemens
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h The most incomprehensible thing about
the universe is that it is comprehensible.

—Albert Einstein, Physics and Reality, 1936
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Electricity 1s a Physical Phenomenon

Physical phenomenon: E %A 3 %

7£: Physis, E#; Nature, 4/

*f(thunderlllghtnmg) R, A,
AV 5 C = A

ELECTRIC CATFISH

@z@ £30296RS)
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2750 BCE % ¥, JB.%Z & # “Thunderer of the Nile” v
and described them as the "protectors" of all other fish. 4 W ok B R .
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Electricity is a Physical Phenomenon

[

Electric fish are reported by Arabic naturalists
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L 32 3 (electron) & 2| 7 F . FA%

Charged with electricity, with electric charge

¥EIME 4 | 7 (charged with)ff 4




#RE (resin),
% 74 (amber) is fossil resin
& (rosin)
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Electra and Orestes fiiekTpov (electron)

Electra (shining, the beaming sun, amber), *
7, A Orestes (Mountaineer), # {1 =&
Agamemnon ## Clytaemnestra &9 )J)L%4, #iA]
A1k & 7 # 3£ Clytaemnestra

Electra EXRFKEMAET “B” —F
— M Oersted B9 A & I, H BV B B8 AL

i Electra & & ¥t &k & K
1862 F A4, Z w87 F 550K & BB . Electra and Orestes
BEEHHEREL?




Electrum ( fjAexTpov)

Electrum, 448 &4

] 8 = Fu Amber — 5 F

Electrotype of electrum coin from Ephesus, 625-600 BC.

GANEOX EMI ZEMA (retrograde, “I am the badge of
Electr ’
7 7 W > B L& Electro Bt it & H.. Phanes”)

W, 7 X 1E B W & E 5 UL 4 Zelectricity. Electrotype, BL.45 R ()2 #4JE b !



Electric Charge (fif L)

Charged with electricity, with electric charge.
Vitreous electricity: positive 1F #Y

wn[d], electron(3E30) AN £ T+ 4 KW, ¥ 3
FARER? FmErE! Resinous electricity: negative 1 &9
A

+2 -4 +3-1
net -2 net +2

Copyright @ Addison Wesley Longman, Inc
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Thales of Miletus (s248c—548/545 BC):
Friction renders amber magnetic—
electricity.

AR 5| T
SR AR, WATR, EHEA.




Magnes—Magnetite—#% A

1st century BC — Pliny in his Natural History records the story of a
shepherd Magnes discovering the magnetic properties of some iron
stones, “ upon taking his herds to pasture, he found that the nails of
his shoes and the iron ferrel of his staff adhered to the ground.”

The name magnet may come from lodestones found in
Magnesia, Anatolia (4~/& + F ).

Magnes 47 4 13 : Magnet (%2 %%), Magnesium (4%),
J -{Jﬂi ﬂ J ( }éi%) J (%%) M3 A Magnes 47,4k B AL 3L
magnesia, Manganese (4t), manganate A BT B A W ]



Magnes—Magnetite—# A

Lodestone (38 % ), # 1t 7 B4 Magnetite,
N SR A (Mayvijtic AM0og)

Lodestone: Magnetite Fe; 0, , inclusion of
Maghetite cubic Fe, 0 , 7 # %% i .

Magnetite Fe;0, : Z & K
Maghetite cubic Fe,05: 416 E#H R

7 FeO, REFHRT (wiktite)
HEHH FeS,, &AA&, wHH#E




, Magnetite, #&FZ A

Spinel Magnetite, # A, Fe;0,
Space group: Fd3m




Magnes—Magnetite—&% A

Magnetite Fe; 0, , & # 748/ & F

FeFe,0, exhibits an inverse spinel crystal
structure with cubic close-packed (fcc, face-
centered cubic) oxide i1ons In its unit cell.

B et A, T EAZ IR T A A
R P A BT RET S R R Magnetite
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Magnetite Magnus—A & A

W& B, REE, pEE, 7
ASEE, W EHE ...

XREE, #A?

F X A B, NREFE E .

AR ZERE!

JE T AR

torsion balance

HEBH Y g, UATHE, BTH4E, TALEZ,
M4 % . .0 ®
A (BELHR)



Lodestone, 3584t

RG] -% 5

Lodestone, leading stone, IFH A

35 7 5T
MR, SEWF), TiEH

(BPREK) AT, KEREWHRE, WA RLEHAEEZEER

ABWITF . - - wAa
FAIARRKIE, RERENERLE. Michaelson-Morrey 525 A y%fjb&%%%%%ﬁaﬁ
7 377 # 35 TH]

RELBEARR L
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Analogous

, RACRT Rk, B ARSI Ew
REZRRIARIA Wik, TRREH, SR, TED?
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F 5 JLE I It
Otto von Guericke 1602-1686

FeAE HE&E S XY BT FrAEES
Around 1650, Otto von Guericke built a crude electrostatic generator Crs My
(1672): a sulphur ball (%Eﬁfi)that rotated on a shaft. When Guericke WY e oTTO GERICK

Urics el Reipu
7

held his hand against the ball and turned the shaft quickly, a static electric : ; _

% ad (©)

charge built up. This experiment inspired the development of several
forms of "friction machines", that greatly helped in the study of electricity.




“Nollet” glass-globe style electrical machine (f)if%‘f%é F)

In 1740 von Bose, a professor of physics at Wittemberg, substituted glass for the sulfur, and
Improved the rotating mechanism. He also suspended a metal cylinder above the globe by
silk strings, with a metallic chain to conduct the electricity (%I & 4 /& %% T # 7 ) from
the globe to the cylinder. This form of machine is credited to the Abbe Nollet in the middle

of the 18th century, but is simply a modification of the Bose machine. L -



Nollet Electrostatic Generator Hauksbee Electrostatic Generator

42



In 1772 Le Roy, a French, constructed a glass plate machine with only one pair
of pads; he had, however, two insulated cylindrical conductors placed
horizontally at opposite ends of a diameter, one attached to the pads and the
other to the metallic comb, thus he collected both kinds of charge (% F 828 ).

Winter, an Austrian, slightly modified Le Roy's machine.

=7
=
=

Ramsden Friction
Machine, circa 1786

Nairne’s Electrical

Winter's electric machine .
Machine
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Van Marum Electrical Machine

UK EERFRABE, KERE R T
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% F & )LE I IT Van der Graaf ## = % 4 2,
“atE. L. KL, CCD

1igh-valtage
Sharply pointed S I|I_I'Il!;!l'-l- . -Ill afif=
, S terminal
metal comb at | _ 2 S
top allows i Pressure,
- o | - ) [ = L “""‘-. o o
L-hﬂrg:::l' (8} , ) ; % . K / t|:| | I‘ _ I:I 0si t ive
spread ou . - s e
qu the matal | *% ' " = = . f j Ton source
! b J i \ )
|:| e II-._I ! _I-". A\ ; = e . C h ar g E
' Femover
points

Insulating
support Conveyor __acceleration
belt tube

Sharply pointed
matal comb is

givan a positive
voltage to draw
alectrons off tha - A .
belt _. : ; spray points_ driving
- ’ rmotor

=
I._'_[I
c
&
=
h=!
=

=
2
(=
=
L
=
W
=
=
=
o

it

ground plane,,

M |

controllable
spray woltage

— Ground = !
21994 Encyclopaedia Britannica, Inc.

Robert J. Van der Graaf (%) in 1929, 5 MV -

45
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FHE NS E
ZH “BIWAEAL
R RE I D) B9 ? R

¥4, courier, courir, current

= E, R’ AfEH. The flying boy experiment. On the right, a globe electrical machine: the lady:
electrifies the glass as the gentleman turns the wheel connected to the globe.



#F R LRI

LR EL B, TP Rk LU (electric current)
M B AE — iR, flowing fluid?
AR G, Calorique (34 k)

B f& 1+ 4 &y, Electrical effluvia

ok 3R 7L B SRR 2

43
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KEFHEERATEZ —, KERK.
KER KRB, FTUSCHNE — 22 &5 K
BB —fm R, a flowing fluid, #5458 &R T &.

Early water-filled Leyden jar, consisting of a bottle with a
metal spike through its stopper to make contact with the water.




Leyden/Leiden, fi = —A~/N4
F B JLE I EWARISTSEE T, F2 LK Stevin,

Huygens, Van der Waals, Lorentz, Zeeman,
Onnes... & i B #Z &K

S #R (Leyden Jar)

It was the original form of the capacitor, its discovery was

of fundamental importance in the study of electrostatics

R FEY 7]
i, 2 JR 2 T AR )L ?

Early water-filled Leyden jar Franklin, 1876 using metal foil, 1919
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Experiments with the Leyden jar
AR HL A AR
AT A B

B ARLAZ
1767, Joseph Priestley termed electricity

‘the youngest daughter of the sciences

(R FEEx)




Making Giant Capacitor
IR Z B2

D

ap—

o

il
T

5S
ZJBMFD +/=10%
4Mie 500 Hz
{6000 AFC 700

N/ |
y‘
:. -4

THIS GIANT CAPACITOR, a 200,000-volt
air condenser with a capacity of 2,500
mmfd., is used as a phantom antenna for
testing high-power transmitters. It has 12
hollow plates made of 16-gauge sheet steel
and plated first with copper and then with
nickel to improve conduction. Shields at the
ends of each plate prevent dissipation of
electricity. The supporting insulators were
designed for a 400,000-volt dry flashover.
Despite its 10’ height and 2,000-1b. weight,
the unit can be moved easily on its casters
or can be taken down completely or as-
sembled in a single day. It was built by the
Federal Telephone and Radio Corporation,
and is used to test large transmitters at
full load without radiating any signals.
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http://blog.modernmechanix.com/mags/PopularScience/5-1945/giant_capacitor.jpg
http://173.194.138.103/url?sa=i&rct=j&q=giant+capacitor&source=images&cd=&ved=0CAcQjRxqFQoTCOnN4Jedh8YCFe8H2wodcAsABQ&url=%68%74%74%70%3a%2f%2f%6a%69%6d%6d%79%61%75%77%2e%63%6f%6d%2f%74%61%67%2f%61%73%63%2f&ei=e0d5VamkDu-P7AbwloAo&psig=AFQjCNG5iZHxeg95VYaYBzbWCESouTP2wQ&ust=1434097610673316

Electric Charge &1t 4 ?

H.#7 (electric charge), #7 H. (charging electricity)
B A A

INEE A BR AR S

A
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e AT Electroscope & electrometer
e & XEiT

Thermoscope & thermometer

AT it & ?
* R IR B

Pith Ball electroscope; Yes or no.



(NN Electroscope & electrometer
Thermoscope & thermometer

Coulomb Torsion Balance

FEAC B4R - 3 BT

http://www.sparkmuseum.com/ELECTROSCOPE.HTM NENR LB




T 1%, BELAERAFET, T
RERMH; 2 6FHERE, T Kolbe electrometer i R
L)(%B’(%%T?U%ﬂ'if?t—%, 3. 15 R AR, %ﬁﬁﬁ#ﬂéegm;]ts, *‘,Xﬁﬁ;\ Sac
o LGB R (), & AiksE, @ EEAHE

Tk 945 T % R I H R



FRXEEZ THR#EENE

FF /R X B B (William Thomson, 1824-1907)
1842 4 70 8 B v A0 ZE R B9 20 % B B 57 U

19074 £, T RITSETFHE,

Divided ring electrometer (1857);
Quadrant electrometer (/& 2 % #3% J#);

% B LR AR, B S EEL AL L Ampere;

I\ EL U B A B b A U LA R
(Z FHrH R 54 48 # B ) 5% ¥ Hm % (Spiegel galvanometer, 1858 )




(RN

& B 7, % (Jacques & Pierre) T18804 X 3 T /& B &

18984 | 1E 7 JE & # 36 = 25 (Piezoelectric quartz electrometer)
JREE . A A E SR E S ] AR AT AME R
/& B X 13 12 % (\a miracle machine) & 7y 52 I ik St 40 il 0 &

ZA LR & T
%, TUEARS
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Lightning is electricity. .

The Electric Spark (= k 7.)
Louis-Léopold Boilly
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# 1, % (electrostatics)

% 5P R

M

WE: =N

K¥E: RERTALTIA

K. #. BlA N
BB T R 7 RER NG

1766- Joseph Priestly (1733-1804), acting on a suggestion in a letter from
Benjamin Franklin, shows that hollow charged vessels contain no charge on the
inside and based on his knowledge that hollow shells of mass have no gravity
Inside correctly deduces that the electric force law Is inverse square.



# W, % (electrostatics)

B s #~ P 7 R g, 1785

Charles Coulomb (1736-1806)

=k Gl g ok G
- = 12 — 0 1.2 %
Amey, 14 dmey 13
2 REH,
TREEK
1 3 - 1767 — Joseph Priestley proposes an electrical inverse-square law

1785 — Charles Coulomb introduces the inverse-square law of electrostatics.



.f f(ql' qZJT') 17_&,{,1_ 7':*%’?

f(q1,92,7) = f(q2,91,7)
1. xTqi, q %, HEEA  q1+92?7 5 91927

f(OJ qZJT) — f(ql'o)r) . 0

2. = 4% |a] N [ PR UK f(ql,qz,r—>oo) =0, focqlqz

=4 CI1¢I2 7
%% =2, f S 41112 Fo
3. A B = A HESF &R, f= fj;zi, This is Coulomb force.
0
Ak hibo=——19 o) pEEE,

9
€o 4mrl



Bt A AT

1.48 B 1€ A
2. W B E R
8 2k T AR Z 98 ()

3. A b B F B &

A =FW T AG ] IHE

Fi, € q19>

RANIURT UKL T,
BT &F Z 0 ZE
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JE A R g AT

P oy F Lt R B R, A R R —
7] BV A
REHHFTE?

gl B (K 2)HEA, —F i Shradiate
A, X2 YEEEXE.

5 q/S R EW, S=4nr? ZxzmEH

68



s

RWEEXE—AFERAR—FHE

REEMENSBAMN A, WEATE (R2ER)BETNA

MFEEIE FaEEwEf A0, E=L-L 7

€y 4mr?

j E-dS =q/e

S
B R — A H
P E N, ﬁ%g’?%f_ Oy

V-E=p/eg #B, AtaBK A
HAwAE R

AT HENBEZ |82 2407 EREEL B2WwE AR S

|

KB IRHIEL R MR T F TR (WE = 1] =38 1),
TEREUAINERREXE-H 7 A=

E-dS=f V-EdV =0
Shell

19 52



2% %

REM

MBE, HRHFR=E=E ENRE!

W2 §
W&

RERWEITH

HFRATHROHTF: R(E)ZF, WLEREEK, HLTR, B, KR

¥, ARHR G, 1)-HZEE

L Y |



= R-IR-BR T

=R + A TR M (B TUE )
7 R R — L AR

SETA S = 4oy’ BR(k) =R
N
PR dS = risind dode M A2.  Dulong-Petit’s law p = oT*

/& RN B F A A Thomson model- 4% #E 7] #1 h

1

W= X E E x N —
4712 B XA : BRI (spheric wave) & —
i.e., Lorentz Transt tion




#32 1t: Potential theory

Aristotles 4 4F Bl F actfepotency 1 it 4 22 3L 42
Evépyewn (energia), act, 3, ¥(H®ETE)
Abvopuc (dynamis), potency, v . v, H(EE#H )

e IR, K.

[[2E - dx = o(x1) — 9(xp)

q — q
B = T — r) = — —
eo 4mrz 0 ('0( ) €o 4T

E=-Vegp



#: . % (electrostatics)

WA bW
AN T A

G

4

— /M EATHR P EY R AL R T R

ERAAT — RIEL oy Ay

Emy==—-L 7

€o

4TTT 2

f= q{E(qy, ) +E(qz, 1) + -}

U =

1
41e

ZQiZCIj/rij =

L JE

1
EZ qdiPi
l



##2 if: Potential theory B I B F) KT

5| 1 fe sk e A2 T 7 K A, (B4 BE A RA
HY A% T R 2

Laplace equation: V?@ = 0;

Poisson equation: V%@ = —p

WNENHEREFEHR LI : KAFEANRKX!
Je n’avais pas besoin de cette hypothese-la

Pierre-Simon Lapl 1749-1827 \ -
erre-Simon Laplace ( 9-1827) KX T4 # /7% : Newton, Euler, Laplace, Lagrange, Hamilton, Jacobi, Hertz. ..

.-



#7296 Potential theory
AR AT 2 AR Y FE L F M

Laplace equation: V*@ = 0; I

|
o
L
i
i
i
|
i
{
3

Poisson equation: V2@ = —p

HIN TR @ = fffg

41T

5 REREAGET: o(r) = [[f, —22

o
FHER, B

W, BFERFECLE NN

Imeéon Denis Poisson (1781-1840) |



Electron

* T # = 8 Navité

1 q192

Fi, = T
12 0
Ame, 17

1. FEAR, FFRH, &R
ARTERTWHMFAL. wK-13.6eV, 50K

2. AMABR, THRW, FHEFEN?
BT R A 2B F(OLE), ok T

3. —HREAWNREFTHFZX S LZRTTL?

1
Z QizCIj/rij = Ez q; Qi
i

=

|
d1ey L

L JEL



N EE S “m71t A
9%{— FJ% ‘%é}}] Nawvite U= 4n602qlzq1/ru Zqi‘Pi

i JET

ki BRE, £ AWERNEE.
1. EASHH E. AKEHZ q —qg;

2. BEMELBH, N,=N_

3. BEMEREHN, n,=n_,

%M%%%@ &% 7 T # 3% (Madelung potential)

% 2| I 7 1Y <p———+ A M
51 r3 L
NaCl #7Madelung constant 75 1.75 "o

EEA

REAR ((-1D)=142+3 + = ——



FFEEETR BHER p() = 2 [ 25 g3y

lx—x1]
NAEHR, LASTEBRITKRE. Poisson 77 1%
ﬂ—?—EI’JE—/\ AT B AR Vip = —p/e
AR, NIEESEFCSERR \
EFRRAFR L, @ BFH dp/on = HEH
1R % SRk

41 77 A2 WY 34 FAE 7] 7R

> MR T

> F R E

> ER BRI

> RAR B (=%, EXK)
> F R T 7 %




FREEBITR

7 e, KEFHNFH
dplon #E, 4254

Lejeune Dirichlet (1805-1859)
F— e HITIREX EBHmE X
B EAEMMAF T 2+1=3

Franz Neumann (1798-1895)
B R B A BB A

SR B Neumann JE I 5 R b R B AR S T o AR o AR -
FUEWT EELF



EEBEITHE

XTI TT R Vi = —p/eg

Z 2 V26(x,x') = -4 6(x — x') .

ERAEEK G(x,x') = —— + F(x,x)

|x—x1|

HHFF(x,x") #HREV2Q =0.

| J& 77 72 B AR

| |
— / / 3.7 / —
0 = e | PEGC X + (G(x,x)an, o)==

0 0G(x, x'
@ y ( )) -



FREEBITER

N GRS
o
3 F 7 0p = f(x) O G(z, y)

B L ZE T EZO0G(x, x) = 8(x — x)
{AE T — R IR 4 094t}

1515 AR 828G (x, x7)
W & 77 A2 B R 4
dg dg
on’

0 = [ FaNGExEx +£ (G(x, x) == p(x")
REBER: O REBHAR, B, HH

) da'

BAREH T EREM: mET —RERHA
AL T £2 8 4K, RRAEER
REEMRNHILTERELET.




FREEBITER

%tk (George Green, 1793- 1841), — L E R ETNZ THE £

An Essay on the Application of Mathematical Analysis to the
Theories of Electricity and Magnetism (1828). ¥ (&

AN ESSAY

GEORGE
| GREEN
MATHEMATICIA

& PHYSICIST
b 4393~
1841

Toem Rather

Green’s
Functions
in Classical
Physics

E. N. Economou

Green’s Functions
in Quantum Physics
|

The Green
Function
Method in
Statistical
Mechanics

V. L. Bonch-Bruevich
and §. V. Tyablikov




FEEBITR

%1% % (method of image)

H
S
T

RE: RAEB=E S5

RN I S

/W]J"‘\ %@%%@ (CI» Z) — (_q' _Z)

Bl —. H®WEHH (q,2) > (—qR/a, R?/a)
HUE)E L eTAER XENRHA

point charge q is situated a distance a from the center of a grounded
onducting sphere of radius R.

show that the total induced surface charge must be the same as image charge
w using Gauss’s law.



FREEBITR

Finite element method (& FR 7T 7%)~1940

5] 7R KR S B BN KB, X R A 4
12 11 L (%N\)ﬂﬁ*kﬁfl‘z AR E
2), #rERAFEME, LREmD

It is introduced as a special case of Galerkin method. The
process Is to construct an integral of the inner product of
the residual and the weight functions and set the integral
to zero. In simple terms, it is a procedure that minimizes
the error of approximation by fitting trial functions into
the PDE (a set of algebraic equations for steady state
problems, a set of ordinary differential equations for
transient problems).




ST

# IR 763 (Finite element method )~1940

It was also independently rediscovered in China by Feng
Kang in the later 1950s and early 1960s, based on the
computations of dam constructions, where it was called the
finite difference method based on variation principle.

o 7 e E By BB F1950-196048 £ B 7 2k
TRI, HHAHEAIME, Yk ‘&
FEHBENEREN R .




EEETH
21 RN

TAZ, AUEBNTLH.

e - R Y

AZNFEHRSGF? %2, WEEFZR;
g, WEHEFER, ol (H%)

FHENF-REANRE, H2 A HEZNEF

a]—
39,

7] 1k

IIInI

EI-E j(/J -

BAZ,

=? PDLASINTAA,

SR T YA IE
LA KT

MINSERTARZR, KE

L1137



FNEEIZTRIEEE

TS B, 37 o B AT g A Y e R W = [ p(x)p(x)d3x

Taylor B () = ¢(0) + x.V(0) + 5 3, % x1%) 5o n

6xi6xj

(0) + -

7 A null term 1r2v-E(o), 5

W =qp0) — p.E0) — _ZZQ”a](O)+ ° °

REAI AR EI P AR FE T .. @




e

:J _Ji%

1. R q=[p)d3x ARERER q=0

—

2. BB WE p = [xp(x)d3x
WwRq =0, pSETERLTX
3. LW AEQy = [(3xix; — r268;;)p(x)d3x

A R3 AR IR E T34 %8, Lassociated Legendre
function Y,,, & <

Tl SEREM; HERBT

HE—H=

4 1F 4 4% 48

-

1




_J% :J _,ii]

BRTFHE o=—0

4TT€EQ T3

B Fas E= L 2emnw

ATTE r3

P BT A AR AR B Wy, = — p1P2—3(P1.1) (P21

4TTE |1 —x5]3

2 E B m SRR

Ylm (9, d))
w“””m%§;0§:u+1 mEE A7 B o 4 B
=i /
E LT A MBS IR, I L SR IDE ] 5 4 5 A b A E (A A, REAL =2, #AE

EE AR EHA CBEANS . EEEEF, HAEE AL AP AT




Poderable media & Constitutive equation

Ponderable media (& &= & B/~ f), £ 5 WY B f7 £ 5 4 40 X 3500 B %

p(x) = : j(l p(x’), +P(x") -V’ : )d3 x' + -

Amey ) lx — x| |lx — x'|

=V P(x))lx_x |d3x'+---

V.E:(p—V'P) /EO %‘Zé&ﬁ'\/l\i@ﬁ»

D3k B L

g N\ #, AL (electric displacement) D, D=¢,E+P



Electric displacement ?  EB{x#%?

Electric Displacement X MR A R TR £ F E B 5 1

P “RABT, B, RARTEWEZA A
7= 1E: dielektrische Verschiebung; elektrische Erregung;
elektrische Flussdichte; \erschiebungsdichte, Verschiebungsflussdichte

Electric Displacement £ &% i FF R E R 1 F 7| N RktL. BRZAEN 2R
displacement; B/ it /£ B3 T 4 f % A8 T E A R FKCR &S, A electric displacement.
— W HE A B E X _/%Xél’ﬁ%%/\ 7] polarization (1% ft.) E & 2 &

DEMLZER, Fa)lBH. HRNMFEATAFTEEMD . ¥ TEZED=E



AR IR EE

(B

& D, E B9

AN

—IER, 21 p(x)
TE AN e 3 3 B B RE

W= [pe()d3x

B X BE T H A (B )

W= 2fpGe(d

BN, XA A E N AT X T

Fudh f % F 2 dU = TdS — pdV %t
E, DoAlZEZwmmES® (T) fa) Z&(S)

6W=jE-6Dd3x

SW = f&p(x)go(x)d%c
= [V-6D @(x)d>x
= j E-8D d3x
DS, ZEANTR, &
= 1
—~

.

W E-Dd3x

J



28145 Magnetostatics

WERBTEE— 8, BRE— RGN, RHEHNER
(magnetic dipole), W% 1Y 77 [7] Bt = 1% AL v 18 = 55 2 B

T, AR i — 44 (torque), %% Ak

N=uxBb

R ZH < — 1%, B(x,y,z)




F = JLEGR) I
17464, EHH +x, ANERFEEF (Zinc)

Luigi Galvani (1737-1798) 1780 3. & # Al
AT R AL, ERA-EEE AT E
BERLA . A A



#F m LR () Irit

Alessandro \Volta (1745-1827) 7£1799-1800 4 [d] % BH 7 e 3
(voltaic pile), =% 5 &, (battery), K X animal electricity theory.

Electrolyt S
ectrolyte l@
T

Zinc
Copper




#F rJLEQR) it

RATHEIENEEF I EFINEE, X&H
ErmERNNEE R, XA Emi
N IR = B,
P, A, A 4 - £

PEE-ELAN, AT A R R S HY £

R EZE ] =

Georg Ohm (1789-1854) was busy with experiment

96



FeL, L HY il 3

Hans Christian @rsted (1777-1851), &1L
18204F & 3N By 7= AE B A0 AT 5 18254F & FL4E

B4 E1818F 5l —H T X ST R & o
RIAWMERANER, AAFREN#4 B2
MR T, RE. RN HBEQANED

Johannis Christianis Orsted, (1820). Experimenta circa effectum conflictus
electrici in acum magneticam

A
00O

<l

Der

@eist in der Natur

Hand Chriftian Oerited.

Deutfch von

Prof. Dr. &. £, Rannegiesser.

Neue Audgabe vollftdndig in wei Binben.

Criter Band.

Mit Biographie und Portrait,




L U7 B B 2

R FEAR, REMEF Biot-Savart law

1820 - Andre Marie Ampere, one week after hearing of Oersted's discovery, shows that parallel
currents attract each other and that opposite currents attract.

1820 - Jean-Baptiste Biot and Felix Savart show that the magnetic force exerted on a magnetic
pole by a wire falls off like 1/r and is oriented perpendicular to the wire.



ZRE, REEHEFNERANZ —,

James Clerk Maxwell 7£ £ 4 2 “Treatise on Electricity and
Magnetism” F #2235 & “the Newton of electricity”.

Z #4821 T electrodynamique (B3 77 %) B 3t &
2 13 T solénode (solenoid, & K #) X AN18 L
KNG IR, MiZERL “Ux” XMEE, R EER

AndréMarie Ampére, 1775 —183‘

1 4 ', 5 4-F (electrodynamic molecule, served as the component element
of both electricity and magnetism). ¥ 5t & J& Sk 09 FE AR B . Bh4E .

B WA RN BT A F AL 2 I FE D, 1826

Mémoire sur la théorie mathématique des phénomenes €lectrodynamiques uniquement déduite de I’experier




IR & &3 (Circuital vector field )

Solenoid V x

Vortex Dynamics
WIRE) A F
B4 — R

R AR AL | T & A AR B 375 PAA (aether).




SR SIFHIE

1819-1820,  Oersted, .,y 4
1820, Biot-Savart & ¥

WA F XA AR

> 742 Oersted i\ 1R 2| B2 ¥ & [ #Y;

> 18204F &% H X T x;

> X B W4m «F 77 R B R

> X BBl R B RES T £, TiCoulomb <
AN E R AL B, d = ol




A IF)ET
Reciprocally, #37 % B E G (j(x) 1= BiRAEE E),

% F=[j(x)xB(x)d3x

repulsion acting armature
on track

induced magnetic field

J1% N= [+ x(xB)d3x

%/T\ %Oﬁé@{/ﬁmﬁ F, = _&]1]2¢¢dllx(dlzxx1z)

|9C12|3

%‘ A~ —I—; /rT H—é‘ /}“’J é]/j /ﬁz )ﬂ 71:7 MO 1 2 ' incon;ing current

2w d copper based

[t::f:l l_AJ 7I:E] %2 : )i l_LJ 71:5 )_‘/F i composite track

PRk REK, ARREREORERETE, ooo pon B



AN IFH)E

B(x) = ﬂfj(x') X g3y
Biot-Savart law 41 |x — x|
_Ho
—f= B(x) = 4V X

BWMAV-B=0; VXB=puyj




V-B=0; VXB=pugyj

V.-B=0= B=VxA=Vx(4+Vy), gauge freedom, F 11Z %=
VXxB=pyj = VXVXA=V(V-A)—V24A=—-V24=p,j; HATUEV-A=0
K BRI VZA= — wyj

R RS A Ax) =L [ E g3y

lc—x1]

E, #EFN o) = 47jeofp(x,) d3x', & pk4-vectors (pc; j), (@c; A); A B

| —xr|



= Sy =
_:Ejjjj?—%ﬂy Whence comes the H?

B 7 7 L HAT LR ?
A I Bl R S5 TR 218 O\ R A AR Y T R

AG) =22 f L &) | e —al) o BIANBFRE H=——M

—xI |x — x'|3 Ho

Fiz 377 ¥4 governing equations

AGY) = j (x")+ V' x M(x' )

|x — x|

VX H =]
V-B=0
VXB= puy(j+VxM)
(F)H.. 43789 governing equations 4 5B gradett f
E & %@j‘ﬁ)‘gf?% BX
. EYOSINA R
Ueld = VX HAFERE S

VXE=0 V-B=0"




MICHAEL FARADAY

Experimental
Researches in
Electricity v

i 5 (1791-1867)

PAN |

SHRADAY'S
CCERIMENTAL
“SEARCHES

ARADAY'S T4

o CARADAYS

“ERIMENTAL SXppry o
ioemie 1. “MIMENTAL
ARCHED :
ESEARCHES

; IN

F hie o
““CTRICITY

By 9 IN
SECTRICITY

CUTRICITY B

ST 5 B 4 | k. b
FE NI | a




£ (1791-1867)

i

-~
<
N

3

MEF XK

AAH

HFXR
RBH

4=
1R
=
A
87
B
i
=
SE=
v
,
i

1E|
,

:\d:

t, £ T E

Imen

Gedankenexperi

s

J



BERLEEH “1%. 7 A

Filum— file— %,

~ #1% (line of force), 5% (I dl),
ilings 2 % (Iron filings), 2R %k
(linear algebra), & % & & %,

%7 Fields of Force — 4

—REHFINFH. FEA. HEBRR)




AL B

NEBMANE S AR BE T REFFEN . Fu PR, “HH7
R (VS T - o S s e G N 2 AN T e (& e
HH RSN, RN R BhE RO W B X 1A L !

18304F X Faraday M .1t % 9y b 8] @R 45 ) 7 7 7 F (atom of
electricity). & &1 492E 5 FHic.

#r F.# (Antoine Lavoisier, 1743-1794) M A% K5 b 71 & 1 JE F K3 { { ?“”Z
HERET. HRIEHIFZHLE P97 [£ 77 5 -ratio, rational. Ve 4

Action through the field takes time. -Faraday 1832. Lk
| am inclined to compare the diffusion of magnetic forces from a magnet pole, to the
vibrations on the surface of disturbed water, or those of air in the phenomena of Sound




i, 7% B 5 (Electromagnetic Induction)

1831410 A 17 H ¥ 4L % - o7 R
NEEBREN, <HEEEEF

1834 £, HREE dt

\ \\ﬁ: \ﬁ:]’ _E‘ \\i: \ﬁ:]’ _E_
Heinrich Lenz determines the direction of the induced electromotive @ﬂmh)j\ =- , %(Mh)j\ 2

\ ) ,*
force (emf) and current resulting from electromagnetic induction. IR W 'fi . TAVTO PET -
)




= 7 7% . (Electromagnetic Induction)

WA HWSHHE E (RAE) F=[ B-nda
56 H 4 4 (circuit, THF) E=¢. E-dl

) . d
o E'-dl=—k— [, B-nda

f(E’ kv X B) - dl = —kf —nda

Convective derivative |7 B (JR4& 77 %)
dB

2 =2+ (@ VB B EH, TURRA Kh=1, FIA
E'=E B, EfMBREXLHZESHE
:Z—f{-Vx(B)(v)—FUV-B + v X %‘j 71—'-7’/\ 7H: E#J

0B 0B
=—+Vx(BXxv) VXE+—=0 "

dat



R BN - 3L

EHnEHRS T B, AR T AR
77 AR IR A BT H P A EL Y ET B

S

W R TR, B R BALEA AL

The theoretical reciprocality between electricity and magnetism
is perfect - Dirac 1931.

ARH SR BHNTTEEX !

N B FRCERT” 078
Reciprocality: *f #7 ¥ 2 £ oy 3 754

azRill

e e RmIilk

Siemens=-Hejner-Altenedide Dynamomajd)ine



(S

\F:

\

=

EX S ?

HEMT, BXTHE

EER, FRZRIWER, TMUEST £~
BRAMET T ART S XHEE




19604 f&, 37
¥ S LB AR
Bk, %4k A
FERA TR R
EBON, 402 DL
THy o E A B

BR.




WA NH 2R RIS

B TAR
= ML T A2
R TAE
Bz T
¥ TAE

20214 F E 2 & #8.1 10T At
SHeERERE, 277 KAIWH 2 e S ,, Mo st
B & ik ﬁl% RN | Tt et e w;:,;-z**fw::w;;;;@ PR A B IR LT




HL T SF B 3K

Faraday: | am unfortunate in a want of mathematical knowledge and the
power of entering with facility into abstract reasoning.

Riflf: WRERBLAKY, RELBHIREIFLEEN!
M WEEREARY, WAEM—ETREAWERAEAN.
ERETUAKE, TUTA, BE, wl%igHET T,
B EIERY, RAHEEARL IR L BRSNS

The steady progress of physics requires for its theoretical formulation a mathematics that gets continually

more advanced. This is only natural and to be expected. — Dirac, 1931 o



LB S Y 3K
MEENRFRE: KE, AE, (BN)KE

X . | R
BT BN AR 2 Jigm, Bfrq, HIES @%ﬁ%ﬁﬁ‘;@
= X y g 2= F a7 PN,
A BB 2 HE M5, ar 1] 2 fp A W 2

([ )
)
B 4, 371 B PR & B @ BERH A
B EEE BAUMED; mMEEXE B, myyEEH

NEF e, NHFR u; BHMAKE FHY

T FEE: B Ar, BEvV, miEEa, Af
MazEHFZ V, WS = V¢ —lokais




R F B 25

JRTE M, =
(my + my) > my,m,

A wETE (+-)
(g1 +q2), q1, q2 ??

E B2 S
B NEZEBEHE, BRERMAZK, HERHS
El IR B RN, =& T H5l7]F 8 £

a3l 2 R,

B R

fn iR LA AR
BATT Y

118



MY FEm , Bfq <= (Scalar)

EREmiE, &

AR T T
FEAM
“.

i \ mk: 2K+3K=5X

wE: AT BN z=a +ib

RKE: BHFAMAFFTEN=E
Vectci IS vector (charge, %) FeyE. 2:kx3 k=6 FHk

3 k=6 X
XL o F B ik e T % B%iﬁ;&i W#»

L. EEvEK= (vector)




BEP G EBFNES

by BEY — A RAWETE, BE. WEFWERAY
", (& F4H), — TR

bR R RS | Rl A A Rk
A 1843.10. 16 T4, % B BRE LW T Wk

William Rowan Hamilton - e - .
Here as he walked by

(1805-1865) . . .2
E% A lb_ ’ l =-1 on the 16th of October 1843

PUtH q=a+ bi+cj+dk Sir William Rowan Hamilton

! in a flash of genius discovered

1| the fundamental formula for
L quaternion I ultiplication

e .Z_kz_ k_—]_ :‘4 i"j"’ I)L»‘-'—'l
I==] = = Yy = 4 € cutit on astone of thjs bndge




X ERBFENIES

WE- B A1 2 AT A B &K B W L4 ?
LR . AR A1, A IREET R L, Vortex X AMEE R B 3 1 B
WM =T EEF ., WWHE?

) L § b .00
EHFTFETUHR AR BAG B z=a+ ‘Ii’g‘ re
— 0]
B¥z=a+ib B mSmMmEEE “¥ &, Ausdehnung” , Z0 8 (Oa
ZoZ = Tre 0

ey BN ZTTE, a- (ab),

BY R, t=a+ib+jc, ~F, FEHEHA! W T 7
3D ||

B R, q=a+bit+cj+dk, R . 0 @

WAl



% 255 L Y
g A R lR, RFEIDE %)% k% = -1 40
Mit gq=a+bi+cj+dk ¥ q=r+v
£ r A yscalar (v &, REFE F);

¥ v =Dbi+cj+dk A vector (&, #E#wFE)

(r, v1) + (1, v3) = (rp + 1,01 +v3)
(r, 1) (12, V) = (1, — V1 - Vy, 1V 101 + 11 X 1y)
- xE X5

(0,v1) (0,v,) = (—vq1 - V2, V1 XV3)o, "

RERFEXEADLE TG
BRPWERER. AT
THRRNREERER,
RELERWRE, LRFR
WA AN



R B LET & LT R B vector
WAL & & & vector 898 X, Vector , # T #F

The displacement of point derives the term vector.

AB%ﬁ,wmmAB%/ﬁ&%ﬁ%,Mﬁﬁj>///B
HAIEH ZHAFZIB, AB*A=B.
A

AKE %X AB*A=AB+A=B-A+A=B
M HAB + BC=AC, A*BC=AABC, ¥ H &K T L

Wy A R AR WY R R E ey 7 = 5 LT, a2 (1809-
1877) fl3& My ¢ |7 - &R #- REJLMA
% [A] Hermann Grassmann, Ausdehnungslehre 1844; (&% 5 —)




BRI EEmFNiIES

Gibbs # 4 A48 g AR A oA 25 B2 J o 89 9 & Everything should be
made as simple as
possible, but no
W EMTE T BRI TR, £AK R i
AR —HE, BRTEGHFHEREFET o QNS

Frs£, Clifford £ & &8y Ex L EN14& 22— =2 (JLAH

Vector (& &) % Gibbs, PeirceZs A &% & ik T —# & X #Linear
algebra, &y R%, AT “KEXM/LEANTE” R,

WR v,V BRRE, WA *vy+ 2 v, H.2,
12K Biifield (B, %, S, BH). KB UA B

R E % vy, v, WK EmEA, BES AN, 7 AN



BRI EEmFNiIES

\ \ TR X FkA x B ] UL operator AL 5 #X skew-
ATAR, AxB, AT =25 ! symmetric 42 [%, T 1Loperand Bf& #F 4 7

— B2 RN S B =S B (| R AR 9 KT R A K 45 [

Hy =S [8]) BT AL Y R 1E A AR 0
Al = | Az

c=axb=Ilu |

Cobob A1 skew-symmetric matrices [F 14 5 &
= (a,b, —a,b )i+ (ab —ab)j+ (ab, —ab)k bivector 823623 + 831631 -+ 812612 , Eifé: if] B !

0 Bi2  —B31| wmwa%ksmuki
lelemxE =, B= |—Bi, 0 B,3 | spinor # Foperands
ij=—ji; ij=k By, Ees 0 —>& Tk



https://en.wikipedia.org/wiki/Skew-symmetric_matrix

MR M E BN iES

1846$ M\*’ﬁfgﬁ%é%l)\?ﬁk K & F 44 del
\7—l—+j—+k—

i 7= 7-5= (24 ()" ()

X B £ T By B R (vaPha ) & B -3h T S ET I R

Letter from William Robertson Smith to Peter Guthrie Tait , 10 November 1870: My de

propose for V is, as you will remember, Nabla... In Greek the leading form is vopAd... As
of harp and is said by Hieronymus and other authorities to have had the figure of V (an in€
The unit vectors { i, j, k} were originally right versors in Hamilton's quaternions.




BEY S EBFNES

R EC)

BFEDEABNRKALZERT VB F ! zxoxneE

Physical mathematics is very largely the mathematics of V. ---Oliver Heaviside

% 55 T4

§2005% F #r 2 £
x




WX E BN IES
FZHATH5| N\ T curl F2 div

div \VARN — p/EO

curl B=VXxXA

YR iE, A-»>—4; B- B

— 3%, Thomson % 7 % ik 2 # B % 8 & (gradient) W & &, KB T £ 5V= i%+j%+k% . A EEZT
K, ARNBREAHE E=—Vo, Cul WERTIEXRE, =AMRIXERNEULERNZE R,



Del VY =(?) fEX #E, RE; #HE
V-4, VXA4; Vo

Del V is vector, a multivector of grade -1.
Geometric product = inner product + outer product

VB= V-B + VAB
Grade 11; Grade T1

Del V i& 2| #x & ¢, grade-0, 2 H Ve, grade-1.

Del V i 2| & EA,
VA=V:-A4+VAA VXA=-1VAA

=458, grade-2 VAA—> VXA grade-1
WE: XERFETIERE, 7T4Z[E =R,

AN, WRAENETAFTRE
R, AR A R L IR # AR !

BNALH, FHFWIE R RE S
FE A B

IFZHF W AFANEN BRI E —NHEN ,
Q%%K@ﬁ@%,%%%%%ﬁﬁ%ﬁ$
NN

IF 7 —@& 2|47 £ W, 474, A —ifHabE
KRR G. Ta, FIAHERKERK,

T EHNEKFE, FHEREMT !




EHRE & &HIREK

Pointalgebra (2. %), @1(1) +¢,(), @@, 3q) =3¢, q)

Linear algebra (4 By X %X), w5k, Gy

E=E\+E,  {tiwin@fse7. BirnEA2RE) LR
BRI

LEIR AL E WL KR EHRE E By =Ey-Ey + E{ AE A A
TE S Y B

H, 77

Clifford 3 B & 7 — % & X W Clifford ¥ AB=A-B+ ANAB

...noch ist sie zu jung, um zu wissen, dass das leben
nichts umsonst gibt und allem, was man vom schicksal
9\4‘% E 5F,U s 5/ 5]§1 S | empqugt, geheim ein Preis eingezeichnet ist.

—Zweig , Marie Antoinette




H 5L, Ay —EAE LR RN E A R

Bl—. EBrE5AF (15 7#E)

rF=r-F+rAF

Bl —. B rS5zi&p (virial 5A5F)

rp= rv-pt+ TAD
— A

= E B
)= . BFEEE S5EMLP f=q(E+vXxB)
PE=P-E+PAE

U=—-P-E Z%#4, 1t=PXE B#zh/4%



Fik K BA

Neumann 1845; Weber 1846; Thomson 1847 # H.

B=VxA, E=-Vp—0A/dt

BT T H e PR V-B=0
ARl \#rE A, B=VxA (E,B) = (¢; AxAyAp)
N Y= N i I | o
4%?}%@\2@
Ho j(r't) 3y IE#6-4
NG fg = rlld

18564, LA F 1Lk 1L 3 HY R 2 7K 52 Z (electrotonic
intensity) 8\ A 7 & # A, E=-A



Z1860F X i F RAOXE, EEEH RZH

Gauss’s law V-E =p/e

= i R A

Gauss’s law for magnetism V-B =0

= B < 4% (1835,18677 )

Faraday’s law of induction V X E = —dB/0dt
Ampere's circuital law VXB = puyj
2RI A

TRHENBRFIM, THEERERE, THRE
HE (o, DI BN B EHREZEFE
Lrvj=0, EEFERNEE]

D, 1864
Maxwell

dB
VXE+—=0
dt

VxH=j

Oliver Heaviside 18844 7 =



B 5 LA T B9 R

% 2% K WEERULHANIZINT B, BEFTHUHEZ.
3 24K (1910)

\ v 3 \ “ 7 -
/S Fe : : S S— S

——-.-» -~ .

y -_—

# 51K (1911) B=0 Meissner effect _

H
B EEA R, ZMaxwell, Hertz 1A 17 2| B |

x=0

HY

K



R S B SRR 2K T

AR JEGEG, 3B AN B AL 2R AR A 48 B A AR TE AR IE L
Circuital vector #5878 X /M4F1E

ERL BRI RTWAE, EFHARKTHRELB
Faraday®# /1 & &B, BALKED, AT EHRNEEMHELL,
(B, D) #= (E, H) Z 8] oy X 7l = & &L = 175 B LT EE K &

tefree aether ¥, V- E=0; WX GFEAEBNNFR, V-(€E) =0, Blit AT A
Bl A\ BB = 7, €F iscircuital, 4 ZFEH (FFHIRIR), Ly !

ExxErjeie, HaMepmE. DEXXEMELE, #E
% By & 18 § (elektrische Fluss)



(Ji-#)Permeability, (/#.)Permittivity, (& /L % %) Susceptibility 17

Per = through, forward. Permit, permeare, % 3T B = u-poH
M= y,.H
5% “BUR, BEAREFTERMES" LS =Lt
Permeability — 17 & 3 F1773. 18724 William Thomson (7 /K ) D =i uns
YRS — LSesll)
T 78 %
P = yeoE
Permittivity T 1880s & Oliver Heaviside 3| #, to complement er=1tx
Thomson’s "permeability". Ho, €9, = —TCHK.
1=y, €= €€
R WK E

Susceptibility, & % gt 77, capability of receiving impressions or

being influenced, £ & 21, T 1640s
M= y,H, P = xeok

R, WHTRHER, #AEW, BAERE. R k- pL B 8, B R




A\ R 5 A B K O O

4

N q
f__(14n50r2
T eg WEERBTRANEN, EEZHNEEHN!
E%%%%@‘é Z‘Eﬁjﬂ# féﬁ ot -t FtF-F-F-+-

+ot-t-t-t-t-t-t-t-
B! W B F & 8 BB e R C' bbb "

|
+-t-t-t-t-t-t-t-t-

f_

ARHAR (1) f=q——r 2 f=gq +q—25; ¥Qs=0

€r ATTE 7"2 ’ 4TTE r2 4n£0rd

F—MAEEM, rp+rg =71, WAENRBANMFERLEN T Hry + 619 2
BF_MAE, RELEFWNETSN, TRAMANNETRES—FIL HT
EE AR B A, £ FKE. P = yeFE

Carleton C. Murdock, Coulomb's Law and the Dielectric Constant, Am. J. Phys. 12, 201 (1944).



IR LB

D=¢gkE+P B MEREFLER?

%{]\)ﬁ: I/)jii%, l}/@%%a iﬁ9 2&9
& 2 (K e depletion region

& BEA B ABA D=0




L B S BN AN 77 AR

D= ¢&E+ P P=c(vOE 1+ 4@
= &\ X + Y\““EE +
B = 1o (H + M) o )
P = yeokE
D= gE+ P M Fa KA R, K2
H=B/u, —M
M=y, ,H

¥ BN RE E (E, D) 2 (H, B)

Carlo A. Gonano, Riccardo E. Zich, and Marco Mussetta, Definition for Polarization P and
Magnetization M Fully Consistent with Maxwell’s Equations, Progress in Electromagnetics

Research B 64, 83-101 (2015).



2N o 2 —Ab?
B HZREEE R R SEER
Energy is a physical quantity, not an entity

— NFIR R B T FEE —FrEEE, T2 F L 1#-Cao
K T AN )

SR aw  _
8 Th o) ., E—fQ]-Ed%c %:E'%_FH'Z_I:
= [, E-(VxH-22) d

oD OB T RS AR

—_— — - P I 3 1
W oD 9B h
1EE_E.E+H.E; S=FEXH

; 1L & 78T F sl ey 2 3

= YEgr” TR a—ltl+V-S = —]-E Vacuum is a dielectric !

&M “REAWN” BN



Him B2 RR?

Maxwell: B and H are quantities of a different kind.

Hertz (1890): For the determination of the electrical and the magnetic state (in
the ether) the specification of a single directed quantity is sufficient to determine
completely the change of state under consideration.

193247 FI, meeting of British and Continental physicists ¥x = : 9A 1A % B #¢
HEAMETER, SAAAB I HEAEMEFHE.

19364F International electrotechnical commission {7 cgs<& (L | 5, By
i & Gauss, HEY B 4L & Oested, M E1WEELZ —F . —FFHY!
AR, R ABFHEAT AW HE & H KL ?



S I F SRR

EE. WHE . (t;x,y,z) = (ct; x,y,2)

&I, P ) 5l dp+V-j=0
BRI Y (; A)

RBEREE, A (5: V)

AR A& HE., Ai; ARy, RREEMR) EE
il H (E, D) # (H, B). ZT I AH % £
B LW, LEES, NHWBRARYE. BFH.



2 LHF

On Faraday’s lines of force (1855-1856);

On physical lines of force (1861-1862); 201 7 42

A dynamical theory of the electromagnetic field (1864).
FRRAN, WF ] FEA (mechanism)
Electromagnetic field — & JL. 1 .

A treatise on electricity and magnetism, 2 vol.

James Clerk Maxwell
(1831-1879) 13 % 5 H
METE, FEREE
F—IKE R

[l (—&FLD




B, FR 3] 77 2 (electrodynamics)

il T 9] 22 Y R B O BN T AR

Coulomb’s law V-D=p
Gauss’ law V-B=0

) 0B
Faraday’s law VXE+E=O

Ampere’s law VXH=j, o ® @

Ampere’s law EREV-j=0, MELEFTRAV-j+2L=0



i, #5177 % (electrodynamics)

WRILTE, XAAF
132 Ea— &g X

Maxwell’s equations

H R A= K
Coulomb’s law V-D=p MY, TEEA
AT FHH
Gauss’ law V-B=0 Dirac #k&
) 0B
Faraday’s law VXE+§=O
Ampere’s circuital law VXH=j+ 22 {1 +fp=c

of I1x8,+1x4,=c

A 43 bl O . . . 0p
EZEBETEAV-j+--=0 1x4+axd,=c



B, F 5] 77 % (electrodynamics)

Maxwell’s equations Microscopic edition

,u(); EO %%7%{9 —"jﬁ%‘ko

- 2 il TR
Coulomb’s law V-e=n/e Uo€o = 1/c*, cis light velocity In
free space
Gauss’ law V-bh=0 |
J 1o/ €0 impedance of free space
Faraday’s law VXe+ % =0

. . _ .
Ampere’s circuital law V Xb = poj + to€o a_:



X H R A EA

V-E =p/e, V-D=py
V-B=0 V:-B=0
VxE = —dB/ot B
VXB=puyj dt

VXHij
FRAF Liv.j=0FHB!
R FBEERE ZRMTFTEA
B Y -3l 1 E A
V'D=pf
V-E =p/eg V' SBe—0
V:-B=0 OB
VX E =—0B/ot Rl &
V X B = o] + Uo€g0E /Ot VxH=j;+ dD/dt

Fr REK—BEETE W CE A curl, diviS FAETMEV -, VX, AL — AV, VXX



{({

RTxS

A

B B A ]

O N O wWN

K JH B R B
ZREAE RN, ENER;
— WUk £ & 51— 89 7
A B R 37 s B9 A R
KR EZN =L Z BN = A FE ;
FEREZFEEW AR (RE. KE. JLARE. B JUM..);

R () T U R

WAmEEAENRE R ARE; F%

{

e RATHEENZ AT F A REE)NEF K, KERRKL—HA.

2023 R RNEE 2000 AAW AT R F A B ()N XE

JLT K&K
XRHF AR

VF

J



BN %% 7]

FL A T X L3 f=qE

FEL A T XY R 3 f=1B
yr + w54 — Be s
R TE XS R 3 f=quvXB (\@\ (\\@5))
/ e

1895, W1 % 7 f=q(E+vXB)

H %’» Hi
A more energetic
DN\
AN /1:1\— / electron-positron pair
/

f — q(E -|— v X B) I:I:l , E’ Vv %%%’ B 7%{_1,2‘? atomicelectrti:l// !!;!
//;t
R EARX R Py X B, T HE? 7

EWEETFWY i, EBEHRLEN? E+iB B 7 .




R R RBENE

dr-f B, BEX&E; rxf HE, BRXAFE.

v X (ExH) d3x

L
em
CZ

WA ETE, BHEIIFET 77 q @ X B).

J. J. Thomson, Elements of the mathematical theory of electricity and magnetism, CUP, thi



ZHEET N FRERER

VD =ps
V-B=0
= 0B
% 547 % R4 oz s oo
VxH=jc+ dD/dt

EEE T

VS




ZwirF A E4H —(E B)

V-D=
[l e 7B =0
V-B=0 IB
VXE+ dB/ot=0 V><E+E:O

VX B = uyj+ upgeogdE /ot VXH=j¢+ dD/0t

A= TR EN

0°E
V-E=0 BEXME, BEAWT AR Ho€o 5z — V2E =0
V-B=0 VxVxA=V(V-A)—V?4
V X E + 0B/dt=0 52B

V X B = ly€y0E /ot Ho€o 55 = VB =0



X EHH T EA—(p,A)

#E 7 4—vector (@,A)

B=VxA, E=-Vp-—=

5
0 = -
A—-> A+ Vy

A ¥ 9Y # 5% % # (gauge transformation );
P %Y HL 5% B8 2% (gauge function );
A NT LRI ACHAN 8 8 E;
XA B w EA R D (55 05E)

H H i E S B LY, A-B effect;
gl A W A B - AR e
MwRE > B RiZANEE & E



% i A —(p, A)

B=VxA, E=-Vp-—= V-E = p/e
VXB = poj
1 ¢ 2, 10%°A : /
V(V-A+532) =v24 7 50z T Hol ; »
1 do 1 0% 1 En = C
—5 (V- A+ 550) - Vo 4 558 = p/eg g

FF# A Ludvig Lorenz (1829-1891)#.3& V- A + 1 Oty

2
1 0°A 24 o
2o VAT Ho
1 8%¢
S — VP = p/eo RE 0 (@, A) B = T A

A& Coulomb #MEV-A=0, &%
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=
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%t #8 B2 1€ Fl (Action-at-a-Distance) B £ /&

EEEHERARENE A, b, BHESE. EXF,
AR EEREE)E A, AEfEWERALZTRE?
18454, EATE TR 2% BEAFIA, KNG, MEABERET

2
18674 LA S x =, WA TVEV — 220 4 4np = 0 #¢

c? Ot?
T AR V2V + 4mp = 09 B R

2 B 1859F Byt X H A I T X T )L 8y “Quantel”, & #
Gauss: Paucased matura (2, 1E=Z RE)

EXNE XA ITAE M. REEEIEH!

Bernhard Riemann, 1826-1866




1870s, BHF ~x (K. BHR)AVF, BEFSREF!
WIRE| AR — MR F TR R — AR A A
HRALE: R R

18474, Helmholtz: discharge of a Leyden jar should be oscillatory.

TR BT & R . to establish experimentally any relation between electromagnetic forces
and the dielectric polarization of a non-conductor as an effect of electromagnetic induction.
The magnetic lines of force cutting a dielectric causes polarization (5.4 i 7] 2| # 71 % 7= &

AR L)

i 2z 78 AE SLEY A2 ;. variation in the polarization of material dielectrics produces a magnetic

field . FF& 3%

o : : . AR IRA,
In 1887 #f 2% % 3., space free of matter acts as a dielectric. Displacement current ot bR A T

(convection current, 2% .3i) in a vacuum creates a magnetic field.




E o bk ) A “W A%,
Hertz 5 &, %% 35 w9 & gt

Heinrich Hertz (1857-1894), — /M R#WFHI K A4 o L

Die Prinzipien der Mechanik in neuem Zusammenhange dargestellt (77 % J& £
Mxw), N7 WEBAHEH T wE,

18874, VERITHEIMAA (BRoFATR), BET AXKLo#HE, MX
BEHEESET BB, FIAT RN (FFHHE F i 3%19214F F 2 .

AR HE BT M Y OK AL,
E—RFEEZENHA
SR FRT Kk

M ST He v 6 2% 7 Y
MRE—RH, FEZH
Bk




Hertz 5 = 5% o 79 % 3L

- | ‘ mREERXERETE, HEA
CAP.:.I: A %ﬁﬁﬁﬂk%, Spark Iength /}1{%5_

&=

IH!HLIPTEFI % F"_‘ EALL\i r_:.‘:g gﬁ:ETEH {ﬁﬁ\ )ﬂ ;E- % })):Iﬂ( }—)% 9 )d( % ﬁ% /\\\

Q RN s OB SEER 2 7 F
RING
Note: 1873, Willoughby Smith discovers

A
INDUCTION

coiL photoelectric effect in metals (i.e., selenium).
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SRR

ikr

EBRF (R&)ES (x) = Ko ¢

41T r

70 37 I A

ikr A/
lim A(x) =22 £ E (Zik)
kr—oo 4t r !
n

j (xN(n - x)"d3x’'

n

Lkr

HE n=0 % —T A(x) =222

4T 7r

[ dx

f () dx' = - f Ao = — f Xp(x) dix' A .



3 RS
Z¥ K. Why
o

p(x,t) = p(x)et®t ¢

(x,t) = (x)e @t {pE ey, TIHERY

Ludvig Lorenz gauge T+,
/ y(x, t) /
A(x,t):i‘—;fd?’xfdt - 6(' |+t—t)

|xx—x1| c

& & IE Y 3 i A [ RO ok R
A) = 22 a2/ gl

de

H = H—V X A; VX H=—iweyE; Poynting vector S =E X H
0







H AR5
RREEEHE (~102 — 1024 Hz). & — MIE EH BRI LS
% L £ R

1 BFME(RE) 2&Z 6. AmEE ST ERETRFNELSEX-HE, Ak B
PR KB LA [l 25 R AT R XA AL

RITHLA . MR, B A CH B T X R AL ;

VA REEAT . B NP E AT PO R BB & K £

MBREKXK, i e +et -2y
BHEHHENES. ETEEEI B @ EHEy L TR, &, B, 55 =12HE(F

)ﬂﬁjéj—ﬁ/o

o B~ W D



T8 FH K 35 87 (Dddexr Basunosa—Yepenkosa)

[TaBen Anekceesna Yepenkos, 1904-1990

Cherenkov 19344 H K IE B &

Frank & Tamm, 19374 BT, BE

B R IESYHTH AL T — I LM E

dE  (ze)* c?
—— = f wl|ll—— dw
dx €% Je(w)>c2 /v vie(w)




TR R 4B

ENFRF BN ES, SEBEMEEM
432, stopping power

24 42 E R B AR FOR A E
WA BA BHEE EENET

o 2
e~ (A+2 )a, 12 = ‘:_2 [1— UZ/E(a))Cz]

Lv > c/\e B, =4 E %,

KR e~W+A0a = 1, A WAG 4T,

Hl

Cherenkov radiation Mach cone

V6 At K 58 5 Iy 7o
RaRK, FRUWEAR

Bow wake

il 5K I



FE A3 HIRT R

FREA A KA, & ERARA 2R,
CRARILN! FRANENRE Y E HWEH,

V-E =p/eg 1 924 e §
2974 g2y — R S
VXE+ 0dB/dt=0 1 az V2 0 / - | oM
VXB =+ “Og‘f’f c? 9t? v Albert Einstein Hermann Weyl
> A R E Henri Poincaré Woldemar \Voigt
N 2N I -'_.'—‘f‘..&z'lf."?
> 18 At 5 ROR i
AP A
> = A # 5 %%

an S 2
A TGS NBUS .

> B e EeoH
> Lorentz transformation (% X 48 %t #)
> AR EHE (egib: w5 A)

“-.(-\.
RS
e LA o




Maxwell’s equations Z &% £ %

Magnetic Monopole &% ¥ #%

Monopole, #%: —MEEHE,
pm%gﬁﬁ? A
B ?
Coulomb’s law V-D =p, =
. B % A9 7 2 R AR
Gauss’ law V-B=p, f B A ST, ER
R B AR B 7 L
Faraday’s law VXE=—j,, — Z—l: Y R UK =
N . 0D
Ampere’s circuital law VXH=j,+—-

If this is true, 8 %t F0 45w 37716 =40 )L R ?

P. A. M. Dirac, Quantised singularities in the electromagnetic
field, Proc. R. Soc. London133, 60(1931); the theory of
magnetic poles, Phys. Rev. 74, 817(1948). 4~ & monopole



B3 7] F Y IR B RO

Lorentz Tensor 5 7% & _ % %1
- L]

fw=\-E, B,

~E; -B,

F,F* =2(B* + E?)

0 i
af pyo — —E; 0
ga,By6F F — 8(B * E) FUv —
_EZ BZ
~E; -B,

7K & B4 RN 2N R R =K. Electromagnetic Tensor (wiki)

opEs

orEs




V-B=0
0B
VXE+—=0
ot
V-D=p
VXH 6D_,
ot 7

B 5l A7 S B T B R N

V-B=0

VXE+ E 0
ot

V-D=p

VX H-0D/ot=j

E and D as response to the tetrad (p, j)
| prefer the (x, ict), (j, icp) form, It = & M ¥ 7t 4¢. The so-called Minkowski metric

makes things uneasy!

Jacobi B4 =
LOSE:

¥ j%*=(p,J)




i = JU AT Y LB ) ’ﬁﬁgﬁ’f’m
.?—

BB A T oK Clifford R¥, LW RK, KB4, LR

ZufrF A RAT AT EN®, ARZREHERTE

Clifford RZi41 6  (FRA1 £ 7E AL X [A])
Bk A3 KEE{0;, 0y, 03}, CNIME—123 -ERIK
1}, {01, 03, 03}, {010y, 0,03, 0301}, {i= 070,03}

wE  KE, &Me, —XE, BHLy BrE ii=-1
R E S KR E =



w23 LA Tt A

Clifford K#k 4%  (FA14 & £3+14 i =5, Minkowskii spacetime)

7%‘4/]\%—_%‘% {)/0; ]/1) )/2; ]/3} ’ )/u * yv: r]‘uv — dlag(+; T _)9 jﬁ@ﬁizzl- 'é&/f{%&k
(13,  {r.}. vu Av}, {Iv,}, {1 =yoY1Y2 73}
e 40MKkE, 6|_XK=, AIN=%F Exg = -1

(AT, 6N RETUSBRFALAZRE v Ayo Py Ay s Tyr Ave o LAER
= #Clifford X289 £ 7T, F H A K= R4

A Tw#F=E (EB) WHERER EaKEME.
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1665 Newton, Universal gravitation

1785 Coulomb, electrostatic interaction
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1887-18884F, EELW, & LI Field, ¥(chag), ., % M (chingd
18974F, J. J. Thomson & # & ¥, Atomicity of electricity
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18594 BEEAZZ 3 /LT A Quantel.
18774 BHA AN FK/R%ZZ W 4T3 6 7 Llquantized.
19004 BEA THRAALHELSETHN, e=hy .
19134 Frz= A BRI R T B E A 5 & 7] Llquantized, ¢ pdx = nh.
1923-24F  ZEAEHZEN BTEK.

19244, Quantenmechanik — 17 1E =, 1 3.
19254F EEA Y ENETH, xp-—px=ih
19264 BOBAABRENEEE R, 208 ihdy = Hy.

19275 BMANBAHZHEFTE, iho ) = ;= (0 @~ qA)° + ad] 1)
1027 KEAKEH, BHOKH SRR, BFBHAEG®
1928%  KEA KEAHKEE TR, ik E, iy P = map
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Quantum Electrodynamics: Who made it?

Pascual Jordan
Dirac
Heisenberg
Pauli

Oscar Klein
Wigner

Tomonaga (%A 7
Schwinger
Feynman

Dyson

Weinberg

LA 2EHFHQED? Fle THEMEANTHHFE,
BT SEAMERZEEE?

2. QED #r A i ?

3.QED At 2% &?

4. QED F AT 4 [7] #L ?

By mid-1928 both Heisenberg and Pauli were pessimistic about the
prospects of obtaining a satisfactory QED.
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Second quantization: quantization of Wave

S F A function. (Heisenberg representation)

AN

_ n 2 Maxwell equations # & & F L7 — X &
m=0 (AHERT) 7 2 A BRME TS ENE T

H|k,o) = hck|k, o) \ \
KA FE—TT R E THEBENHELE
olk, o) = hk|k, o) EHEREE. "EHZE?

S|k, 0) = £k, 0)
e AT HEFREZAHNESR, EREL?
LTI ERERIT, RELXARLER? BN G AR, RERET 8,

JE K B /5 . Acreation operator creates a particle in the corresponding basis function
and an annihilation operator annihilates a particle in this function.
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FRESHATE V-A =0 885 A £ transvers field, & 5 7t 7 L3t & (112 7 A AL
WM. TEEEF oE%K Vo=0.
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F A Rk BA T, ky = 2m/L... (T LLBE0 K M %)
A(r,8) = Se(ap@®e™ +c.c.) (A RATH R EAERK,

X b BT A
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1 B B, Ok MK R AT
H = ¢ [[[(E? + c*B*)aV ZRIBS AR, B E

H=Y,ho {a+(k)a(k) + %}

MALBBAF KT ERFEE, A2 TR, =T 2#
BENTH %, TWRT LHFEAZL—,

Inference from Photoelectric effect and black-body radiation
& F gauge £ = gk A 7 LL 5| A.canonical quantization #7 =,
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It does not invoke the solutions of Maxwell’s equations in a specific gauge and there Is
no need to consider a finite quantization volume with boundary conditions before being

able to go to the infinite-volume limit.

H B 1E — A Hilbert = 4],

[1TT [T ot

w X=L, Rﬂ.:l, 2

B, XEtE&rE. KaveumpgEIIANERTETHA R Hng(w)) =
hw(ngy + 1/2)Ing; (w)), AL T B R 5= 71 & 5474 2 T R EY

Robert Bennett et al., A physically motivated quantization of the electromagnetic field, Eur. J. Phys. 37, 014001 (20 | 6)
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4 v 837 (i8) = By PRV

FEL oy AU 377 BN A BAE R ieAH X—R AR,
T — R AR

T AR TR iy, (0% + ieA*) —m . G 2 R |

W R - DV = g + jeA*

KA W TH . HE Ve P

XTRTIYNEHN TR (iyHd, —m)yp =eytAyp - _
ATRBBAMEHTE 9,FF =Y, j# =iyl = Legangal SE I
4n R Aw b Ludvig Lorenz gauge d,A* = 0, 5t & T mA* = ejt
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AHALEE®E Ay > A=A, +0,a((x)

Y = P = eldaX)y)
B (iyHd, —m)Y = qrr A
0, FW = j

& Dirac-current j, = ¢y,

R, A 3B B A o ey 36
, AR,

7% u=hc/2e

Dirac 1927, J& 7R 5 & 4f 9] #l; 1931
Enrico Fermi 1932, 1E573E

19474, Hans Bethe 5| A renormalization & 78
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Dyson 1949: The present electrodynamics is certainly 6.
Incomplete, but is no longer certainly incorrect.

Landau: “The lack of complete logical consistency...”

Feynman: £ F #.3/] 77 % = A " % (hocus pocus)

Quantum field theory, which was
born just fifty years ago from the

Dirac: QED (of Feynman, Schwmger and Dyson) is an

Ugly and Incomplete one. “ marriage of quantum mechanics
with relativity, is a beautiful but not
ﬁ% EE.ij]j] —'%‘L' very robust child.
T AU AR, AR, % & et

WA R AR?
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Air at Very
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1

Green Glow

Cathode Ra&s

TS Vacuvum Pump (Metal CfOSS)
—= High Voltage Generator

Cathode Rays

Effects of Elech Field on Cathode Ravs

Cathode Rays Cast Shadows of the Object

Light Paddie
Cathode Rays Wheel

Cathode

Electric Field

Cathode Rays can Rotate a High Paddle Whee! Placed

Shadovl-' of the
Metal Cross

s Placed in their Path

in their Path
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1900 Rantgen, X-ray

1905 Lenard Cathode ray

1906 Thomson, gas discharge
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19144 Y Franck—Hertz experiment
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electric current

102


http://173.194.138.103/url?sa=i&rct=j&q=Frank+Hertz+experiment&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCJHO1synh8YCFc8H2wodoA8ABw&url=%68%74%74%70%3a%2f%2f%77%77%77%2e%66%6f%6f%74%68%69%6c%6c%2e%65%64%75%2f%7e%6d%61%72%61%73%63%6f%2f%34%64%6c%61%62%73%2f%34%64%6c%61%62%38%2e%68%74%6d%6c&ei=ZlJ5VZGDI8-P7Aagn4A4&psig=AFQjCNGE-Pw__Zs24qQbFZKku7UkzvF4Ug&ust=1434100677973417

(o

PR EFET S0 MR RPEKX?

H, Hg H, Hs ‘
6562.10 4860.74 4340.10 ‘Q

AR Tk, F/R 1913F Mk, 1
w5 E TR A& ‘

s

S—.‘tﬁ'b'



http://173.194.138.103/url?sa=i&rct=j&q=anode+ray&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCPnU4uS4h8YCFWos2wodXZYAlw&url=%68%74%74%70%3a%2f%2f%65%6e%2e%77%69%6b%69%70%65%64%69%61%2e%6f%72%67%2f%77%69%6b%69%2f%41%6e%6f%64%65%5f%72%61%79&ei=bGR5VfnuHurY7AbdrIK4CQ&psig=AFQjCNGgZV1I8uVL84cGNkMwtIsX_jl8fQ&ust=1434105323057031

o BBFNE

I RBRES R ITW

ﬂﬁﬁ’

-2

HWEREEFET HA TR




¥ o BEFWEM R,
MERFERETH NI TR

SR¥. BHERFESEAA f=qE 8 TR F R
&1 T F A
i e ma =f

kRN 2L = E@st)

q dt?

2 -

RERSRITE(r; 1),

Rt REAE WL AT X B
T H R




2 AR (BT ¥

E: BERF()TEHRERRZR

Theories seem quite ambiguous nevertheless turn
out to be extraordinarily fruitful (2000)
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