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From now, we study electromagnetism.

In our daily life, we often experience that, when
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two objects are rubbed together, electromagnetic
interaction occurs between them.

In such a case, we say that the objects have electric
charge.

There are two kinds of electric charge, that is,
positive and negative.

Whether the charge is positive or negative depends

on the kinds of rubbing materials.

The unit of charge is defined as the quantity carried
by an electric current of 1 ampere through the
cross-section of a conductor within one second.
This unit is called coulomb.

After two objects are rubbed against each other,
they attract each other, namely, an electric force

works between electric charges.
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8. k3 o B W < B R %, 8. The attractive and repulsive forces working
aﬁﬂm%, E el /Al v 7'] EWVNVET between charges are called electrostatic forces or
Coulomb forces.
9. SO L5 2 >0 NI AT o7 b x, 09 When two charges exist in close proximity, charges
;%';ﬁ%foi 55 7 ) 'z, i'?ﬁéﬁi B2 5 R ) BS @j & with different signs creates an attractive force and
3 those with similar signs creates a repulsive force.
0. —Or>% hokxszhz é?ﬁ),ﬁl 10.  There is a law called Coulomb’s law, which gives
N ODEEJJ N ET. the magnitude of this force.
1. 7—uar 0)7£)E|<J [ %E/% 0,0, [C]@ﬁ)ﬁ%i Z %JJ < 11.  Coulomb’s law states that the magnitude of the
t%b F [NJi%, 2 O@aﬁﬁ@% J:I:W I, EEF%’E r electrostatic force F [N] between two electric
[m]D 2 %) GZ);%EE?@Jﬁ”é ZLERLTY YET charges Q,, 0, [C] is proportional to the product
of the magnitudes of each of the charges and
inversely proportional to the square of the distance
7 [m] between two charges.
12.  F7-, EELT?'J%%C k1Xl/4me, THY, Z#E 27— 12.  The proportionality constant k is 1/4reg, .
= /%% s @U\i 7. This constant is called Coulomb’s constant.
13. Z @félg@ &1, ﬁ%@%@é% L D%J: TnET. 13.  The parameter ¢, is called the vacuum
permittivity.
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S Eb hxr< Lo
B RDHLE, EOEVIZT—m )] & 1. The space surrounding an electric charge exerts
<O mh T &
C 52k E 9. Coulomb’s force on other electrically charged
objects.

ChA & T& Nh TAE
COESICERICEAT B B2 F'Eﬁ%, w2 A vector space with such an electrical property
TA

B BT R LI, %Eg%E TE LET is called an electric field and expressed by the
notation E.

é'-éﬁﬁ%%%f&i %}E LIFHI[C]DE ET é’lg 3. In electromagnetism, the electric field is defined

THER I OKRESH BT AL LT as an electric force vector which exerts on a

%%éﬁ’bi?‘. charge of +1 [C].

7=EZE, QO [ClD ”?'-éf% F [N]@t%gﬁi\%ﬁ) 4. For example, when a force of F [N] exerts on

< &9 7&%}7‘%0)j§% S, F/Q[N/C]’C”'ﬂb£ a charge of Q [C], the magnitude of the

SET. electric field is defined as £/ Q[N/C].

i e, 7—uar @{ﬁjﬁj i AR , aﬁm on 5 We can obtain the electric field around charge
T2 B asat %’C TET QO using Coulomb’s law.

Hﬂﬂfﬁ? 0 [C1r B EEFEE’E r @ﬂ \Z+1[C]D ?é{n Suppose that there is a charge of +1[C] at a

’i’[%b‘f: e % 25H&E, 7—n ‘/0)? )Er Wz X distance 7 from a charge of Q [C]. From

v, Z %’WZ%;;) < Hokzsiz Coulomb’s law, the force exerted to this charge

O/dre,r” (x/r)k e 40D, Tz o is obtained as Q/4ne,r” (r/r). Therefore,
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ATHEIONET. the magnitude of the electric field is given by
this expression.
7. r/riLr 71t @%ﬁ“\ 7 LT, 5 IR r/r isaunit vector in the 7 direction and
7(\_"% LCWET. represents the direction of the electric field.
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bH nh

TAET 9t %) < p i ) ) ) ) )
ZHWT, ER Gic B AR e LCoES electrically distorted field using virtual lines
X9 T LT Ok I FA E9IED
DEkF 2, IR BT 2 HIEICHONT called electric field lines.
o
AL ET.
T h &0 r<E n
AW ﬁ'“y% 2RI, WS oD L—un 2, There are several rules to drawing electric field
b ET. lines.
A F VJJ:<(ﬂ‘/V Hun “(‘/Li'_f')l 5 VG/\/A'_?: 3
ETERBITEOERNLADEM~E 3. Lines start from positive charges and end on
i T o
mINIREE LTHIE £, negative charges.
“(‘/ué”)J:((ﬂ‘/v ’d‘ﬁ’}‘/\,ll:}:"} 3L TAE
BRSO ST AIL, EOLFTCOEY 4. The tangential line of an electric field line shows
T Hob
DA X % TWET. the direction of the electric field at this point.
Lr 55 T A
4, LRI 2 DB, Tﬂ ZiXzokric2-o50 5 If two charges of the same sign, for example,
W T A H Ao
EEBRAHIUE, KFET D ® CHiHET. two positive charges exist, the electric field line
curves showing the repulsive action.
’/V/_éin:<(ﬂ' &<f/:) C/eriL . . .
CoW) /7% DR E LT, BWORNEZS 6. Electric field lines never end at the point where
-3 ’(‘ v &) x< E3M
’C“J‘/%@Jﬁ’bf: v, 2 OL/U:@ B B there is no charge, never cross each other and
>720, 4 M T THZ LD EHEA. never bifurcate.

LTS S O h v
FE X 7] R D AL A Biclksi+sric 7. The number of electric field lines is proportional
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iz, to the quantity of charge.
8. ez, O [ ]0)?5&143#75)% 10/¢, %0) ;@/U/% 8. For example, the number of lines from a charge
Pil NS of O [Clis O/e,.
1 //ﬁ 7 ?7% Z)‘jﬁ 72 Fﬁ @éﬁhfat i3§ <, 9. Namely, the electric field is strong at the point

9. Oi@ S
IE}iEf Tt oY i%b b ?,% LET. where line density is high and weak at the point

\}‘
F\

where line density is low.
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1. We used Coulomb’s law to find an electric field.

2. Coulomb’s law gives an electric force between
two charges.

3. Therefore, it becomes difficult to apply
Coulomb’s law to a field with a complicated

distribution of charges.

4, On the other hand, there is a general law called
Gauss’s law  which is easy to apply
mathematically.

5. This Gauss’s law relates the distributed electric

charge in a closed surface to the electric field on
the closed surface.

6. A closed surface means a curved surface in
space like an egg.

7. In preparation for explaining this law, I will

explain a solid angle.
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The solid angle is a concept which is an
extension of an angle in a two dimensional
plane.

First, let’s review an angle in a plane.

An angle in a plane is the figure formed by two
rays (half-lines) sharing a common end point.

In this figure, dO is an angle.

This angle can be represented by an arc length
in between these two rays, which is a part of a
circle with radius of 1.

In a circular measure, the arc length d/
represents d6@ [rad] .

The total plane angle corresponds to the circle’s
circumference and itis 27 [rad].

The solid angle of area dS on a closed surface
S is equal to the corresponding area on the
surface of a sphere with radius 1. This
corresponding area is made on the unit surface
when a ray passes the boundary of area dS'.

The unit of solid angle is steradian [sr].

The total solid angle is 47 [sr] which is equal

to the surface area of a sphere of radius 1.
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There are two ways of expressing Gauss’s law
showing the relationship between charges and
electric fields : an integral form and a
differential form.

Here, I will explain about the integral form.
First, we consider a closed surface S in a
static electric field.

Let the electric field at an point on a closed

surface be E and its outward component be E, .

Gauss’s law in an integral form is expressed by
this expression.

The left-hand side is the total sum of the normal
component E_ = of the electric field on the
closed surface and the right-hand side is the total
charge in the closed surface divided by the
vacuum permittivity.

If the charge is distributed symmetrically in the
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i3 T M f/f/

=4
WA, R 2R B ET space, we can easily obtain the electric field
using Gauss’s law.

8. )’L( Z, D1 O@{ﬂ E'E% % A TCHELLD. 8 Next, I will show an example problem.

F—7—F
- OB, - W TE, - SRR

H A

X7 TR | | |
%5%mvﬁuf%%f@5%§@*e%r%ﬁﬁjawwiﬁ (R L1k, oo E o

OER (5 H) BIESATAER I LBICHY . ZOh ﬁ%ﬁwa&ur%wkﬁ<m%$uguf
ﬁﬁ%?é 1@K%LT&@%@6)_E LY. ENE R ER YA D A ERLET, (=

WLE) O ATNLED

n‘%xﬁ/’m xﬁ « T %R )

58



gdoo0oo0ooooouooooo
00000 Nagoya University 2010

Wb&>5  EZp3LE5TA M ‘C/uli

—RIGEAKEBER/ICEDE

| —BERRERCLSES

PARAOFRAIC—HETNEE ) CREIQ N

HozoxmzER ) E(r)jds (”)

il EISdS=4ﬂr2E

A

>a: _Q(r) = &
£y &g
<a- Q(r):%(lllfl)nr %7
£y g, (4/3)ma® ¢ o
47:80 r>a)
o E(r)=
475:03 r (r<a)
> F

S B PSS, A O, 2SRRI p
LTV AL &, CoBENES B
%wi#

S CHEh S & LT, R a 0B b

%%L<¢é¥@r@&%%%&¢.

&“’%é%ﬁﬁﬁék rita k0 REL
~nE <D B EAT

L3, B s NoREinE o, 0T,
0 /e, L7220 ET.

FiSa koS WE L, HilE S No
LML, ERa K L S o
rla’ % Q, /e, T b DICBBDT, =

DEIITRY FT.

59

Suppose that charge (), is distributed with a
uniform density in a sphere with radius a .
We derive the electric field made by this charge.
As a closed surface, we consider a sphere with
radius » which has the center at the center of
the sphere with radius a .

Gauss’s law is written like this for this closed
surface.

The left-hand side is the product of the area of
the closed surface and the electric field E.

Next, the right-hand side is obtained as follows.
When 7 is greater than a, itis Q, /g,
because the total charge in the closed surface S
is Q.

When 7 issmallerthan a, the total charge in
the closed surface S is shown by this which is

the product of Q, /¢, and the volume ratio

r>/a’ between the closed surface S and sphere
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with radius a .

7. INHxEHT A @?fijéj@%%@l?l(:%ﬁ” BHeE, 7. Substituting this into the Gauss’s law, we can
B R DI ET. obtain the electric field.

8 77 7’(“%)’@ Lorda Lh/hsnkxiz 8 It is shown by this graph. The electric field
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rifa XOKEL DL, BT smaller than @ and decreases in inverse
LTREL R T E T proportionto » when 7 is greater than a
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Next, [ will explain about electric potential.
Suppose that there is positive charge O as
shown in this figure.

Then a force exerts to another charge put in this
electric field as explained before.

For example, if we put a trial charge of +1 [C], a
repulsive force works to this.

In order to bring this trial charge from the
infinity to point A quasi-statically, a positive
work is necessary.

This amount of work is the electric potential.
Namely, the electric potential is the potential
energy made by Coulomb’s force.

Therefore, in this case, the electric potential at
point A is higher than the infinity.

If we assume that the electric potential at the
infinity is zero, the magnitude of the electric

potential is obtained by this integration.
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10. 10.  In this example, the electric potential is
5% i, ;a/uﬁ ﬁo“b QARG aau iﬁﬁﬁ% expressed by this curve graphically. As the
K0 7. position approached to the charge, the

magnitude becomes infinity.

11. ;ﬁh{bi@;jé X X EAL R [V]’C“kﬁ)?i‘éb LET. 11.  The unit of electric potential is volt [V].

12, 7, Bk Ol B T B W, i 12, Since charge ( exists in space, the
CE S BB L, FEEIE K 1272 Y equi-potential lines shown by broken lines are
£7. spheres.
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Until now, I explained about charge.

2. From now, I will explain about materials which
ﬁ%‘ﬁ%\_flﬂ% E3c have charge.
%?ZF X2 O@*@iﬁilﬁg\ FHNnET. 3. Materials are classified into two groups.
i, %FHS L ?"F@%T T 4. They are conductors and insulators.
%%b & %'-év’%iﬂ;ﬁ%ﬂ ) S@T@Tﬁ’ébiz T, %61 5. A conductor is a collective term for all materials
Z‘é% N0 ET in which electric current flows. Metal is a
representative example.

%;;)S: Iz, ?O%% L‘!i, ;@’%72 B 70 \CF@{ZI-W) 6. On the contrary, an insulator is a collective term
%’é%ﬁ <, KT h Y 75)* FoivE for all materials that resist the flow of electric

. current. Wood and ceramics are examples.
Z}U% Z)S‘S-EN’%\ %l ﬁ‘@ X, > Wirﬁ LE@ 4‘/ 7. Electric current flows because metal has free
%%07% 5TY electrons inside it,
LEAEEEI éé%b li3, Z\;U%?b m‘75_’ LE@ : K%ﬁﬁ %)%E/U%L 8. A free electron is an electron which can move
D ETT. freely inside metals.
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9 %é'é L7z ;;? Ko /EIS“C LE@ £ é’-éh 2 !iﬁ Wiz TXA%\% 9. In a charged conductor, free electrons repulse
Ldb\, ;?L Ko @%L%\hfﬁi LET each other, therefore, they distribute only on the

surface.

10. XoT, ;?Llfjﬂbgjﬁ@% 0 ET 10.  Therefore, the electric field inside the conductor

is zero.

1. L»wooh, b L%ﬁilj\? % 75§ HIE, = 11. This is because, if there is an electric field
DI X (CBA AT T HHLTLE S M inside a conductor, charges move and they
5T cancel the field.

2. =V \?ﬁ& Z A, %;t %@?E/ 201272589 12.  Inother words, charges distribute on the surface
W, éé%#;?%v% AT T 50T T to make the electric field inside zero.

13. ij\i%S GZé'-éf/Zi# BRWNDITTI NG, %leilj\? X & 13.  Since there is no electric field inside, the inside
b %ﬂéﬁ 0 £ of the conductor is equi-potential.

14. LLLIO)% Eﬁ? /it 2{? L, Z?MXHIZ 14. This explanation can be shown graphically like
AR Sc this.
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Finally, I will explain about capacitors.

A capacitor. is an electronic component
consisting of a pair of conductors separated in
close proximity. It can store charges by
keeping positive and negative charges in plates
because these charges attract each other.

A capacitor with two parallel metal plates is

called a parallel-plate capacitor.

The amount of charges stored in a parallel-plate
capacitor is proportional to electrostatic
capacity (or capacitance) C and voltage V
between two plates.

Let’s derive the electrostatic capacity.

As shown in the figure, two parallel conductive
plates with area A and separated by d have

charges + Q and — Q, respectively.
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7. S i? Y W72t “Cﬁsj\h FLET 7. The charges are distributed uniformly in the
plates.
8. TT b, %%&éﬁ X0/4¢& Kd b E 8. Therefore, the area density o is Q/ 4.
7.
9. A 0)(£EI v, Hii *t/ iif2) ;é/g@? S E 9. The intensity £ of the electric field derived
i, $Xl%%;3@f\_ D DFE Eua;ﬁ %%%@%%%’C from Gauss’s law as o /g, is obtained by
%‘J ST b DI FLWEY, ofg, T TR bR dividing charge per unit area by the vacuum
£ permittivity.
10, ZZhb })} aﬁﬂ V 2R 5 L, ZHUX 10.  Now we know this, we can obtain the voltage
ﬁ%%%é'%%% ;Eivﬁ E 56 - ’CEEF%E d 72 V' between two conductive plate. It is equal to
§ :§ﬂ L DT, ZThb 0)%@3 VAR the work necessary to bring a trial charge by the
7. distanced under the resistance of E .
1. = %/\ﬁ% Lf:fﬁ@ff}é 3, é}%?fb HRE %Lé'é 11.  Rearranging this expression, we can obtain the
BHC LI ET electrostatic capacity C .
12. %L\:?'é%wé L, ﬂ? ﬁé%*ﬁé Al J:IZWJ L, %}E 8l 12.  From this, we see that the electrostatic capacity
Egﬁl%n d izl JCIZW 452 & Z)V VES is proportional to the area A4 of the plates and
inversely proportional to the distance d
between two plates.
13. 2% T@%ﬁé%ﬁ@g@%ﬂ?# HiuX, =27 13. Like this, you could design a capacitor, a
e éﬂ%@%@g i o Hjale %) practical product, with the knowledge of
Xz £ electromagnetism.
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