
Ñïèñîê ôîðìóë ç êóðñó �Åëåêòðîäèíàìiêà âàêóóìà�,
ÿêi ñòóäåíò ìà¹ çíàòè íàïàì'ÿòü

I Ñïåöiàëüíà òåîðiÿ âiäíîñíîñòi
1) Ðåëÿòèâiñòñüêà êiíåìàòèêà

a. Ñïåöiàëüíå ïåðåòâîðåííÿ Ëîðåíöà äëÿ êîîðäèíàò i ÷àñó:

x′ =
x− V t√
1− V 2/c2

, y′ = y, z′ = z, t′ =
t− V x/c2

√
1− V 2/c2

.

b. Ñïîâiëüíåííÿ ÷àñó: τ2 − τ1 =
2∫
1

dt
√

1− v(t)2

c2 .

c. Ëîðåíöåâå ñêîðî÷åííÿ: ∆l′ = ∆l
√

1− v2

c2 < ∆l.

d. Ðåëÿòèâiñòñüêå äîäàâàííÿ øâèäêîñòåé:

v′x =
vx − V

1− vx·V
c2

, v′y =
v′y

√
1− V 2/c2

1− vx·V
c2

, v′z ==
v′z

√
1− V 2/c2

1− vx·V
c2

.

2) Ãåîìåòðiÿ 4-ïðîñòîðó
a. Çàêîí ïåðåòâîðåííÿ êîíòðàâàðiàíòíèõ êîìïîíåíò 4�âåêòîðà: A′i = Λi

kAk = ∂x′i

∂xk Ak.
b. Çàêîí ïåðåòâîðåííÿ êîâàðiàíòíèõ êîìïîíåíò 4�âåêòîðà: B′

i =
(
Λ−1

)k

i
Bk = ∂xk

∂x′i Bk.
c. Ïåðåòâîðåííÿ 4-âåêòîðà ïðè ñïåöiàëüíîìó ïåðåòâîðåííi Ëîðåíöà:

A′1 = γ
(
A1 − βA4

)
, A′2 = A2, A′3 = A3, A′4 = γ

(
A4 − βA1

)
.

d. Äèôåðåíöiàëüíi îïåðàöi¨:

êîâàðiàíòíèé îïåðàòîð 4�ãðàäi¹íòà: ∂φ

∂xi
=

(
∇φ,

1
c

∂φ

∂t

)

êîíòðàâàðiàíòíèé îïåðàòîð 4�ãðàäi¹íòà: ∂φ

∂xi
=

(
∇φ,−1

c

∂φ

∂t

)

4-äèâåðãåíöiÿ: ∂Ai

∂xi
=

∂Ai

∂xi
= divA +

1
c
· ∂A4

∂t

4-ðîòîð: ∂Ai

∂xk
− ∂Ak

∂xi

Îïåðàòîð ä'Àëàìáåðà: ∂2

∂xk∂xk
= ∇2 − 1

c2

∂2

∂t2
= ¤

3) Ðåëÿòèâiñòñüêà ìåõàíiêà
a. 4�øâèäêiñòü, 4�ïðèñêîðåííÿ, 4�iìïóëüñ: ui = dxi

dτ = (γv, γc); wi = dui

dτ , pi =
(
p, Ec

)
.

b. Ôóíêöiÿ Ëàãðàíæà: L = −mc2
√

1− v2

c2 − U(r)

c. Ôóíêöiÿ Ãàìiëüòîíà: H =
√

p2c2 + m2c4 + U(r),
II Åëåêòðîìàãíiòíå ïîëå

1) Çàðÿä â åëåêòðîìàãíiòíîìó ïîëi
a. Óçàãàëüíåíèé iìïóëüñ: P = mvq

1− v2

c2

+ e
cA = p + e

cA.

b. Ôóíêöiÿ Ëàãðàíæà çàðÿäæåíî¨ ÷àñòèíêè â åëåêòðîìàãíiòíîìó ïîëi: L = −mc2
√

1− v2

c2 + e
cA · v − eφ.

c. Ôóíêöiÿ Ãàìiëüòîíà çàðÿäæåíî¨ ÷àñòèíêè â åëåêòðîìàãíiòíîìó ïîëi: H =
√

m2c4 + c2
(P − e

cA
)2 + eφ.

d. Ñèëà Ëîðåíöà: F = eE + e
c [v ×B] .

e. Çâ'ÿçîê ìiæ íàïðóæåíîñòÿìè ïîëiâ i ïîòåíöiàëàìè:

E = −1
c

∂A

∂t
− gradφ, B = rotA.

f. Êàëiáðóâàëüíå (ãðàäi¹íòíå) äëÿ âåêòîðíîãî òà ñêàëÿðíîãî ïîòåíöiàëiâ:

Ak ⇒ Ak +
∂ψ

∂xk
àáî A ⇒ A + gradψ, φ ⇒ φ− 1

c

∂ψ

∂t
.
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g. Òèïè êàëiáðîâîê:
ãàìiëüòîíîâà êàëiáðîâêà φ = 0,

êóëîíîâà êàëiáðîâêà divA = 0,

ëîðåíöåâà êàëiáðîâêà divA +
1
c

∂φ

∂t
= 0

(
∂Ak

∂xk
= 0

)
,

àêñiàëüíà êàëiáðîâêà Az = 0.

h. 4-òåíçîð åëåêòðîìàãíiòíîãî ïîëÿ: F ki = Ai,k −Ak,i:

||F ||ik =




0 Bz −By −Ex

−Bz 0 Bx −Ey

By −Bx 0 −Ez

Ex Ey Ez 0


 , ||F ||ik =




0 Bz −By Ex

−Bz 0 Bx Ey

By −Bx 0 Ez

−Ex −Ey −Ez 0


 .

i. Êîâàðiàíòíå ðiâíÿííÿ ðóõà çàðÿäà â åëåêòðîìàãíiòíîìó ïîëi:

m
duk

dτ
=

e

c
Fkiu

i, àáî m
duk

dτ
=

e

c
F kiui,

j. Ôîðìóëè äëÿ ïåðåòâîðåíü ïîëiâ:

E′‖ = E‖, E′⊥ = γ

(
E⊥ +

1
c

[v ×B⊥]
)

,

B′‖ = B‖, B′⊥ = γ

(
B⊥ − 1

c
[v ×E⊥]

)
.

k. Iíâàðiàíòàìè åëåêòðîìàãíiòíîãî ïîëÿ:
F ikFik = inv, F ikF lmεiklm = inv àáî E2 −B2 = inv, (E ·B) = inv.

2) Ðiâíÿííÿ åëåêòðîìàãíiòíîãî ïîëÿ
a. 4�âåêòîð ñòðóìà : jk = (j, ρc) = ρdxk

dt
b. Ðiâíÿííÿ íåïåðåðâíîñòi (çàêîí çáåðåæåííÿ çàðÿäó):

∂jk

∂xk
= 0, àáî ∂ ρ

∂ t
+ divj = 0 àáî de

dt
= −

∮

S

j · n · dS.

c. Âèðàç äëÿ ïîâíî¨ äi¨ çàðÿäiâ i ïîëÿ:

S = −
∑

a

mac2

∫
dτ +

1
c2

∫ (
Akjk − c

16π
FikF ik

)
d4x.

d. Ðiçíi ôîðìè ðiâíÿíü Ìàêñâåëëà:
Çàêîí åëåêòðî� Êîâàðiàíòíà Äèôåðåíöiàëüíà Iíòåãðàëüíà
ìàãíiòíîãî ïîëÿ ôîðìà ôîðìà ôîðìà

Çàêîí âiäñóòíîñòi
ìàãíiòíîãî çàðÿäó divB = 0

∫
S

B dS = 0

Çàêîí εkimlFml,i = 0

åëåêòðîìàãíiòî¨ rotE = −1
c

∂B

∂t

∮

L

E dl = −1
c

∂

∂t

∫

S

B dS

iíäóêöi¨ Ôàðàäåÿ
Çàêîí Êóëîíà divE = 4πρ

∮
S

E dS = 4πq

Çàêîí Áiî � F ki
,i = 4π

c jk rotB =
4π
c

j+
∮

L

B dl =
4π

c
I+

Ñàâàðà � Ëàïëàñà +
1
c

∂E

∂t
+

1
c

∂

∂t

∫

S

E dS
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e. Ìåæîâi óìîâè:
(
E(2) −E(1)

)
· n12 = 4πσ,

[
n12 ×

(
E(2) −E(1)

)]
= 0,

(
−B(1) + B(2)

)
· n12 = 0,

[
n12 ×

(
B(2) −B(1)

)]
=

4π

c
jS .

f. Çàêîí çáåðåæåííÿ åíåðãi¨ åëåêòðîìàãíiòíîãî ïîëÿ (òåîðåìà Óìîâà�Ïîéíòiíãà):
∂W

∂t
= −divS − j ·E àáî ∂

∂t

∫

V

W dV = −
∫

S

S ds−
∫

V

j ·E dV.

g. Ðiâíÿííÿ äëÿ ïîòåíöiàëiâ (ðiâíÿííÿ ä'Àëàìáåðà, àáî õâèëüîâè ðiâíÿííÿ):

4-âèìiðíi ïîçíà÷åííÿ ∂2Ak

∂xi∂xi
= −4π

c
jk, àáî ¤Ak = −4π

c
jk

3-âèìiðíi ïîçíà÷åííÿ ¤A = −4π

c
j, ¤φ = −4πρ.

3) Åëåêòðîñòàòèêà
a. Ðiâíÿííÿ åëåêòðîñòàòèêè divE = 4πρ, rotE = 0.
b. Ðiâíÿííÿ Ëàïëàññà ∆φ = 0
c. Ðiâíÿííÿ Ïóàññîíà ∆φ = −4πρ

d. Çàãàëüíèé ðîçâ'ÿçîê ðiâíÿííÿ Ïóàññîíà: φ(r) =
∫
V

ρ(r′)dV ′

|r − r′|
e. Îçíà÷åííÿ ïåðøèõ ìóëüòèïîëüíèõ ìîìåíòiâ

Äèñêðåòíèé ðîçïîäië Håïåðåðâíèé ðîçïîäië
çàðÿäiâ çàðÿäiâ

Çàðÿä q =
n∑

i=1

qi q =
∫
V

ρ(r′)dV ′

Äèïîëüíèé ìîìåíò p =
n∑

i=1

qir
′
i p =

∫
V

r′ρ(r′)dV ′

Êâàäðóïîëüíèé ìîìåíò Qαβ =
n∑

i=1

qi(3x′αix
′
βi − δαβr′i

2) Qαβ =
∫
V

ρ(r′)
(
3x′αx′β − δαβr′2

)
dV ′

f. Ïîòåíöiàë íà âåëèêèõ âiäñòàíÿõ: φ(r) =
q

r
+

r · p
r3

+
Qαβxαxβ

2r5
+ · · · ,

g. Åëåêòðè÷íå ïîëå äèïîëÿ: Edip =
3n(p · n)− p

r3

h. Ïîòåíöiàë àêñiàëüíî�ñèììåòðè÷íîãî êâàäðóïîëÿ: φquad =
Q(3 cos3 θ − 1)

4r3

i. Ïîâíà åíåðãiÿ ñèñòåìè çàðÿäiâ ó çîâíiøíüîìó åëåêòðè÷íîìó ïîëi: E = qφ0 − p ·E0 + . . . .
4) Ìàãíiòîñòàòèêà

a. Ðiâíÿííÿ ìàãíiòîñòàòèêè divB = 0, rotB = 4π
c j.

b. Ðiâíÿííÿ Ëàïëàññà ∆A = 0
c. Ðiâíÿííÿ Ïóàññîíà ∆A = −4π

c
j

d. Çàãàëüíèé ðîçâ'ÿçîê ðiâíÿííÿ Ïóàññîíà: A(r) =
1
c

∫
V

j(r′)dV ′

|r − r′|
e. Ìàãíiòíèé äèïîëüíèé ìîìåíò: µ =

1
2c

∫
V

[r′ × j(r′)] dV ′.

f. Ïîòåíöiàë íà âåëèêèõ âiäñòàíÿõ: A =
[µ× r]

r3

g. Ìàãíiòíå ïîëå ìàãíiòíîãî äèïîëÿ: B = −µ− 3n(µ · n)
r3

h. Ïîâíà åíåðãiÿ ó çîâíiøíüîìó ìàãíiòíîìó ïîëi: E = −µ ·B0.
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III Åëåêòðîìàãíiòíè õâèëi
1) Ïëîñêi åëåêòðîìàãíiòíi õâèëi

a. Çàãàëüíèé âèãëÿä ïëîñêî¨ õâèëi: u(x, t) = f(x− ct) + g(x + ct).
b. Ïëîñêà ìîíîõðîìàòè÷íà õâèëÿ: A(r, t) = A0e

ik·r−iωt.
c. Õâèëüîâèé 4-âåêòîð ki = (kx, ky, kz, ω/c).

d. Åôåêò Äîïëåðà: ω = ω′

√
1− v2

c2

1− V

c
cos θ

e. Çàêîí Õàááëà: dR
dt = H ·R, H ≈ (50− 100) êì

ñ·Ìïê .
2) Ñôåðè÷íi åëåêòðîìàãíiòíi õâèëi

a. Çàãàëüíèé âèãëÿä ñôåðè÷íî¨ õâèëi: u(x, t) =
f(r − ct)

r
+

g(r + ct)
r

.

b. Ñôåðè÷íà ìîíîõðîìàòè÷íà õâèëÿ: A(r, t) = A0 · eikr−iωt

r
.

c. Çàãàëüíèé ðîçâ'ÿçîê õâèëüîâîãî ðiâíÿííÿ:

ïîòåíöiàëè ñïiçíåííÿ: φ(r, t) =
∫

V

ρ(r′, t− |r−r′|
c )

|r − r′| dV ′, A(r, t) =
1
c

∫ j
(
r′, t− |r−r′|

c

)

|r − r′| dV ′

ïîòåíöiàëè âèïåðåäæåííÿ: φ(r, t) =
∫

V

ρ(r′, t + |r−r′|
c )

|r − r′| dV ′, A(r, t) =
1
c

∫ j
(
r′, t + |r−r′|

c

)

|r − r′| dV ′

3) Åëåêòðîìàãíiòíå ïîëå òî÷êîâîãî çàðÿäó
a. Ïîòåíöiàëè Ëü¹íàðà �Âiõåðòà: φ(r, t) = q

s , A(r, t) = βφ, β = v
c , s = R− β ·R.

b. Åëåêòðîìàãíiòíå ïîëå ÷àñòèíêè, ùî ðóõà¹òüñÿ äîâiëüíèì ÷èíîì:

E =
q

R2
·
(
1− β2

)
(n− β)

(1− β · n)3
+

q

c2R
· n× [(n− β)× v̇]

(1− β · n)3
, B = [n×E] .

c. Ôîðìóëà Ëàðìîðà: I =
2q2v̇2

3c3
.

4) Åëåêòðî�äèïîëüíå âèïðîìiíþâàííÿ
a. Êðèòåðié åëåêòðîäèïîëüíîãî íàáëèæåííÿ: a ¿ λ ¿ r.
b. Íàïðóæíåíiñòü ïîëÿ âèïðîìiíþâàííÿ: Edip =

[n× [n× p̈]]
c2r

, Bdip = [n×E]

c. Êóòîâèé ðîçïîäië iíòåíñèâíîñòi âèïðîìiíþâàííÿ: dI

dΩ
=

[p̈× n]2

4πc3
.

d. Ïîâíà iíòåíñèâíiñòü äèïîëüíîãî âèïðîìiíþâàííÿ: I =
2

3c3
p̈ 2.

e. Îïið âèïðîìiíþâàííÿ: Rλ =
8π2

3c

(
L

λ

)2

.


