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1 Partial Derivatives

1.1 Notation

Partial derivatives denote a derivative of a function (or functions) of more than one variable with respect
to a single variable. The notation is as follows

lim f(x+dxayyza"')_f(x7yaz7"') _ al (1)
dz—0 dx Ox v,
If it is clear which variables are kept constant, we drop the brackets and the lower index and have just 3 af
1.2 Second Order Derivatives
For partial derivatives of higher orders, similar rules as for total derivatives follow
o (0f 0*f
— () =53 2)
Ox \ Ox ox
o (or) _ o 5
oxr \ oy ) 0xzdy
But, the most used theorem in partial differentiation, which is now presented, tells us
0% f 0% f
= (4)
Oxdy  Oydx

This means that it does not matter in which order are the partial derivatives taken, the resultant function
is always the same.

1.3 Total Differential
The total differential of function f is the change of this f with respect to all possible variables, i. e.

df(l‘l,l‘g, ...,.TN) = Z 6f dmi (5)

Hence the total derivative of f with respect to one of these variables is

of dx;  Of of dx;
dxj ZZ Oz; dx; az] + ; Oz; dx; (6)

1.4 Inexact differentials

We defined how to get the total differential from a certain function. However, not expressions of form
>, aidz; have a corresponding function f for which df = ), a;dz;. Such expressions are called inexact
differentials, and are often denoted asdf. There is a simple way to test whether a differential is exact or
inexact if its form is known. If the differential is exact, then

df = Z a;dx; = 8f dxZ

And due to equation

0 oN oN
(112 H ! -5 o
by O0x; 890] 8$, 8x18x2...833i_18xi+1...8mN(9xi 0x1...0T N
But, since the expression is independent of 4, it is the same expression for each coefficient. Therefore,
the differential is exact if and only if the partial derivative of a coefficient of dx; with respect to all other
variables is the same for all dz;.
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1.5 Chain Rule

Further remark is to be made about the total differential. It might be the case that the total change can
be expressed as both function of several variables ( which are somehow handy to use) and just a single
variable (which is a bit problematic to use). Such situation often occurs when integrating in spaces that
are subspaces of the integration space - integrating over lines in planes, over lines in spaces, over planes in
spaces etc.

Lets now take the example of integrating over line. We can parametrize the line by single parameter s -
the distance along the line from a certain point. Then, in a plane, z = z(s) and y = y(s). And therefore
f f Of da az af dy

i+ L 97 %Y 4
T oY= G as ™ T ay ds

df Ofde  Ofdy

ds Oz ds oy Jy ds ()

Similarly, if f = f(x1,22,....,2n) and Vi : x; = x;(s1, S2, ..., Sar)

G-y -y 2y
pt 836 o0x; = 85

df =

Oz ds;
9
dsk Z ox; zzj 0sj dsy, 9)
and so on. For mutually orthogonal variables %2 = 0k, where 0, is the Kronecker delta
af dx;
10
dsk Z 0x; 0sy, (10)

2 Scalar Multivariable Calculus

2.1 Directional Derivatives

The gradient of a scalar function of several variables is defined as

vf= Z e (11)

where x; are components in the cartesian coordinate system and Z; is the unit vector of the cartesian
coordinate system. The directional derivative of f along direction defined by vector  is
R U
Vuf =Vf-a=Vf (=

—) (12)
|l
In order to translate gradient into different coordinate systems, it is sufficient to apply the chain rule
.0 P Os; 0
V:;xi%:;zi(sl,s%.. zaxz asj (13)

where s; and 3; are coordinates and unit directions, respectively, in the new coordinate system. We than
only need to now inverse transformations of the coordinate system and unit directions.

—

2.2 Laplacian

2 is a differential operator of form (in cartesian coordinate system)

0? 0? 0?
0x?2 = Oy? 022
It is a scalar operator - returns a scalar from a scalar function. It has a vector alternative, which has form

V2f = V2 foi + V2 i + V2.2 (15)

Laplacian (or Laplace’s operator) V

V2= (14)

where f; is the component of f in 7 direction.

Forms for Laplacian in other coordinate systems can be calculated directly by applying the chain rule twice
and keeping track of derivative order, but are not stated here, as the form is calculated later on from the
vector differential operators.



PX275 - Mathematical Methods for Physicists Formulae list and derivation

2.3 Integral elements

Commonly in integration, we integrate over certain volume or surface or line. The integration elements (dV/,
dS and dl) are best determined geometrically in most cases, but there is a direct way, using the Jacobian
matrix.

Jacobian matrix is defined as

Ory  Omy Oy
0s Js o Os
(97;12 81’3 61'];[
J= 0s1 Oso ISN (16)
8CE]VI 811\4 ax]\/[
0s1 Ds2 o 9sn

We will consider one cases - square J.
For square J, we might want to transfer the integral from cartesian dxdy to dsdt, or dxdydz to dsdtdu.
This is done by

dS = dzxdy = ||J||dsdt (17)

where ||J|| is the absolute value of the determinant of the Jacobian matrix between (x,y) in rows and (s, t)
in columns. Similarly

dV = dxdydz = ||J||dsdtdu (18)

The line integration is substitution is best understood geometrically - element of length dl is the Euclidian

sum of dx and dy:
2
dl = +/dx? 4 dy? = dxy[1 + (iﬁ) (19)

where x is the coordinate in some direction and y is the corresponding coordinate on the line.
Now follows list of surface/volume/line elements in several coordinate systems.

2.3.1 Polar Planar Coordinates

In polar planar coordinates, the position of point P is given by its distance from the origin r and angle ¢
between the line connecting P and origin and the x axis. In previous years, we have shown that

x = rcos(¢)

y = rsin(¢)
& = cos(¢)i + sin()j
s = —sin(p)i + cos(¢)]

Hence we see that the unit vectors are orthogonal.

Polar planar coordinates have only one surface element to consider - element in the plane. One side of the
element corresponds to change in coordinate r and has length dr, second component corresponds to change
in ¢ coordinate and has length rd¢. Hence, the size of the element is dS = rdrd$. There is no volume
element to consider.

The line element here can be in two general directions. First is the line element in the increasing r direction,
with length dr. So, the element is di’ = dré,. The second line element is along the azimuthal direction
(direction of increasing ¢). This has length rd¢, and therefore is dl' = rdpés.

Both the surface element and line elements are indicated in the Fig.

In the Jacobian formalism

oz ox 9(r cos(p A(r cos(¢p .

J= ( 5 5 ) = ( a(< Qriﬁ)))) a(( 6'¢<(¢>)>) ) = ( cosley et )
Yy Y 7 sin 7 sin 3
e - - sin() 7 cos(9)

or  9¢

|J| = 7cos?(¢) + rsin®(¢) =r

as expected.
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| 1
T f
(0] 1 1
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Figure 1: Line and surface elements in the planar polar coordinates. Circles k and k' are the contours of
constant 7, lines p and p’ are contours of constant ¢. The line elements are indicated. The surface element
has magnitude of the product of lengths of the line elements, as the €, and é4 vectors are perpendicular to
each other.

2.3.2 Hyperbolic coordinates

Here, I am using the definition used for the first time in lectures. It shows that for the second time in
lectures and anywhere on the internet, the definitions of this coordinate system are always different. I only
include these as an illustration of the principles used before.

In hyperbolic coordinates, the position of point P is determined by two coordinates, which satisfy following
relations

y_,
x
Yr =8

The contours of ¢ are lines, the contours of s are hyperbolae (hence the name of the coordinate system). To
find unit vectors, we take the small change of the position vector 7 with small change in s or ¢t coordinate,
respectively.

For s coordinate (keeping ¢ constant)

dr = dry = #(s + ds,t) — 7(s, t)

This situation is represented in Fig.
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Figure 2: Change of the position vector upon changing the s and ¢ variable by small amounts ds and dt,
respectively. Lines p and p’ are contours of ¢ and ¢ + dt, hyperbolae h and h’ are contours of s and s + ds.
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Point P has coordinates x and y, which translate into s and ¢, as we defined. To find the inverse transforms
we note that y = tx. Therefore

ta? =s
s
T=4/-
t
Yy =tx Vst
For point P;, the relations are
Ys
22—
Ts

YsTs = S+ ds
Hence, we can find that again ys = tzs, and hence

tr? = s +ds
:\/m:\/g\/udszx\/urds
t t S S
ds ds
ys=\/§\/1+=y\/1+
s s
The vector d7s is then
R N d A d A
dFs=(xs—x)i+(ys—y)j=w<\/1+;—1>i+y<\/1+;—1>j
Because ds is small
JF ds- n ds~ ds_
TR A YT = 5T
The magnitude of the change in 7 is then
ds ds ds |[s
i 3. 5 S
7| 25‘_‘I 2s w4y 2s t+8t

And the unit vector of s direction is then

. dr, 7 Vios NI 1
€s = = = ? = J =
|drs| |7 Stst /Tt \/1—|-t2 \/1 1

Similarly for the change in ¢, the coordinates of P; are

Yt

— =t+dt
Tt

Yt = (t + dt)l’t
YTy = S

(t+dt)a? =s

rwrr

= /s(t+dt) = \F\/H \/1+1f

dF, =

. . 1 A dt N
—x)i —y)j = -1 1+——-1])7y
(e — )i+ (ye —y)J x( 5 >@+y<\/ +- )J
Again, because dt is small
/ dt p dt —dt + dt -
dﬁ%:p( 1—t—1>i+y]~x+

2t ot Yo/
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The magnitude is

dt dt at [s
d_’ = — 2 2 — = = — —_ t
il = 5Vt +yt =gl =g f1 s

And the unit vector is

. di -V/Z . Vst 1.

~ 1 ~
t 2 3 > 3

€y = - = 1+ g %
Tl T st st Ve \/1+rlzj

The magnitude of the surface element dS is given by the magnitude of the vector product of these two
vectors, drs and dry. Since they both lie in the zy plane, the only component of the vector product will be
in the direction of z. It will be

ds = ‘dFs X dﬁfl = |(d7?8)w(d7:;5)y - (dFS)y(dﬁf)ml =

1
—“dsdt

25 2t|

TosYar T Yas \ Mot st |

2t

ds dt ds dt ds dt dsdt
= |2y 2t

dsdt ‘

In the Jacobian formalism

oz Oz VA RIVE! 2\}7 2—\/@

— s t — s — s t
J= ( & 9y > - a(?/a) a(?/t?t) Vit Vs
£ at L

§ ot ds 2/s 2Vt
1J| = L Vs Wt (_\/g)_1+1_1
T oVst2vt 205\ ovis) At At 2t
and hence
1
dS = dxdy = ||J||dsdt = ‘Qt‘ dsdt

which is what we expected.

2.3.3 Cylindrical coordinates

Cylindrical coordinates are extension of the polar coordinates to 3D. They do this by simply adding the
cartesian z coordinate to the radial and azimuthal coordinate.

dz | q:‘:{«:‘:: T ‘/d S
o dS
N
L |
Q | : |
, Wy dS; y
“*——-"/ | _["
$ r — N.;'!
dr
T

Figure 3: Surface elements in cylindrical coordinates in directions of unit vectors. The unit vectors in
cylindrical coordinates are the same as in planar polar plus the cartesian k vector.

There are three surface elements to consider in the cylindrical coordinates. First is the element in the
direction of the radial vector (in the direction means that the normal vector of the surface element is in
certain direction). One edge of the element has length dz, second edge has length rd¢. Hence, the element
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itself has surface area dS; = rd¢dz (all unit vectors are orthogonal, as é, and é, are orthogonal, as we have
already shown, and they are both orthogonal to é, = l%)

The second surface element, d§2, is in the azimuthal direction, and has size dSs = drdz.

The last element has direction of k and size dS3 = rdrde.

The volume element is the volume of the parallelopiped created by these surface elements, which is given
by the size of one of the surface elements multiplied by the length of the line element in the remaining
direction (surface element is given by two directions). So

dV = dSidr = rdrdgdz = dSord¢ = dSsdz

2.3.4 Spherical Coordinates

In spherical coordinates, point P is given by its distance from the origin  and two angles. First angle ¢ is
the angle between plane A and the x axis, where plane A is a plane perpendicular to xy plane that contains
the point P. Second angle 6 is the angle between the line L, connecting the origin and P, and the z axis.
The illustration is in the Fig. []

z s
'/ rdf
7 |
e Mgl
o Lo
L y
|
¢ Lo
rsin(0),

in(0)d¢

Figure 4: First surface element in spherical coordinates

The transform to cartesian coordinates is as follows.
7=rcosdsinbi + rsinpsinbj + rcos 0k
The unit vector in the direction of change of ¢ is

6y = dry _ 7(r, ¢+ do,0) — 7(r, ¢, 0) _ T sin ¢ sin @d¢i + 7 cos ¢ sin 0d¢j + Ok _
|dry| |dr| V72 sin? ¢sin? 0 + r2 cos? ¢sin® Ode

—rsin ¢ sin 0 + r cos ¢ sin 0 _ rsinf(—sin $i + cos ¢)

o :—sinqﬁ—i—cosqﬁj’
r\/sin2 0(sin? ¢ + cos? ) s

The unit vector in the direction of change of 6 is

. dry 7 cos ¢ cos 0dbi + r sin ¢ cos O] — r sin 0dok N A s
€9 = 757 = = cos ¢ cos Bi + sin ¢ cos 05 — sin 6k
|drp] rdf+/cos? ¢ cos? 0 + sin® ¢ cos? 6 + sin? 0

Importantly
€y €9 = —singcospcost + cospsingpcosd 40 =0

which means that these unit vectors are perpendicular. Finally

dr.  drcos¢sin 07 + drsin ¢sin 0] + dr cos Ok

N \dr,| dr/cos? ¢sin? 0 + sin® ¢ sin’ 0 + cos? 0 = cosgsinfi - singsinbj 4 cosOh

ér

ér -y = cospsinf(—sing) +singsinfcosp+0=0
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é, - €9 = cos ¢sin  cos ¢ cos O + sin ¢ sin O sin ¢ cos O + cos f(— sin ) = cos fsin O(cos® ¢ +sin® ¢ — 1) =0

Hence all unit vectors are mututally perpendicular.
Therefore, the surface first surface element with direction of é, has area

dS, = rsin @d¢rdd = r* sin 0dOde

The other two surface elements are along the two remaining directions - é, and é. dsS, along é4 has size
dSs = drrdf = rdrdf, dS; along éy has size dS3 = drrsinfd¢ = rsin Odrde.

We can determine the size of the volume element again from the size of d.S; and change in the perpendicular
direction, which is dr. Therefore

dV = r? sin Odrdfde

2.4 Pappus’ Theorems

Pappus’ theorems are connected to integrals of revolution - calculating surfaces and volumes of objects
formed by full rotation of some curve/surface around a solid axis. The basic idea is to split the volume into
layers that form cylinders with different radii and common axis.

y

Figure 5: Illustration for infinitesimal cylinder formed by revolution of some function y(x) around the x
axis.

To find the surface area of the object, we need to integrate over all small cylindrical surfaces, which are
created by line elements of function y between x and x + dx. This line element has length

ds:W:dx,/H(Zi)

So the cylindrical surface has area

2
2ryds = 2myq |1 + (dy) dx
dz

no 2 1
S=27r/y 1—|—<dy) dx:27r/yds
0 dx 0

where [ is the total length curve y. This resembles a centroid integral in 1D.
Centroid integral can be described as

And the area is

- Jy yav _ Jy yav (20)
v = v

10
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where V' is some volume and y is some coordinate. In our 1D case

l
- Jl _
_ Jiyds _ Joyds
Y I I

So our integral for surface becomes
S =2nly (21)

where g is the 1D centroid of the line y and [ is the length of the line y. This is called Pappus’ first
theorem.
To find the volume of the created object, we integrate over all the volume elements in cylindrical coordinates.

This gives us
h Yy 27
V= / / / rdedrdx
o Jo Jo

27 h y
Vv :/ d¢/ / rdrdx
0 o Jo

But, the inner integral has a familiar form. Centroid 7 in 2D is a point defined by

_— ffs ydS
YT g ds

where S is some surface and y is some coordinate. Hence, in our case

This can be reordered as

foh Jo rdrda _ foh Jo rdrda

T="% v h
Jo Jo drdz Jo ydzx
h Yy h
/ / rdrdr =7 / ydx
o Jo 0
And therefore
2 h h
174 :/ 7r7’/ ydxdp = QWF/ ydx = 277 A (22)
0 0 0

where 7 is the 2D centroid of the area under the curve y, A is the area under y. This is called the
second Pappus’ theorem.

3 Differential Vector Calculus

3.1 Differential Operators

Following are the definitions and basic forms of several differential operators. Important notice is that each
operator can be viewed as independent of certain coordinate system - the coordinate system only gives the
operator some specific form. I usually start with cartesian form and then try to derive other forms as well.
3.1.1 Gradient

Gradient is a differential operator on a scalar function. As such, we know how to transform it into different

coordinate system.

Cartesian coordiantes Gradient in cartesian coordinates is simply

_Lof _.0f . of

11
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Cylindrical coordinates The cylindrical coordinates follow
T = 7 Cos ¢

y =rsin¢

Hence the inverse transforms from cylindrical to cartesian coordinates are

r = /12 + y2
¢ =tan~! (g)
x

The unit vectors in direction of r and ¢ are
é, = cos ¢i + sin d)}'

€y = —sin &1 + cos ¢

Hence the inverse transforms of unit directions are
i = cos ¢é, — sin péy

J = sin ¢é, + cos Péy

Hence, the gradient operator is (as % g—; =0)
f of | :0f _
V=it 4520
f=ag+ ay+ B, =

or o do 0 ar 0 ¢ 0 ~0
= (cos ¢é, — sin ¢é¢) <6; a{: af 6;) + (sin ¢é, + cos ¢é¢) (a;ai + aj ai) + k; f

From the inverse transforms

or _o(Va?+y? ) 1 x
ox "9 /:172+y /22 + 2

oz
From the forward transforms
x 7 COS ¢
= = cos ¢
Va? + y? T
So % = cos ¢. Similarly
ﬁ =sin ¢
oy
9 _O(tan”'(3)) 1 -y -y _ —sing
or Ox 1_|_y 22 2+22 7
@ _ cos¢
oy 7
So, we have
V[ = (cos ¢pé, — sin ¢é,) <cos gbg — SHTI ¢ Z(J;) + (sin ¢pé, + cos Ppéy) (sm (bg + CO: ¢ gj;
Now, I will group together the parts containing é,
af smqbcosqb@f af 51n¢cos¢8f_8f
(Vf)r = cos (/) or r 8¢+ sin ¢ r d¢  Or

Similarly for other directions
_ —inpemo®L , 007 0f ot 60f 101
(Ve = sm¢cos¢) + - 6¢+sm¢>cosq5 + R TR

of
(V5)e = 5
Hence, in cylindrical coordinates
of . 10 f .t ﬂ

VI= gt L ast

12

)

+E8f
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Spherical coordinates In spherical coordinates, following relations apply
T =rcos@sinb

y = rsin ¢sin @

z=1rcost

AT (29)
¢ = tan™* (g) (30)

X

0 =tan"! <M> (31)

The inverses are

z
The unit direction vectors are
¢, = cos ¢sin B + sin ¢ sin 05 + cos 0k
€y = —sin &1 + cos ¢

é9 = cos ¢ cos B + sin ¢ cos 07 — sin 0k

The inverses are

i = cos ¢sin §é, — sin ¢éy + cos ¢ cos Hég (32)
7 = sin ¢sin 0, + cos pé, + sin ¢ cos Hég (33)
k = cos0é, — sin ey (34)

Therefore, we can determine the gradient as

_:(9orof 000f  000f\ - (0r0f 040f 090f\  ; (Ordf 0¢0f 0969f
vfZ<8x87“+8x8¢+8x89>+‘7<8y67“+8y8¢+8y89>+k<8z8r+828¢+8289)

Here 9
a_ T cos ¢ sin 6
dr r
g—; = sin ¢ sin 6
r
P = cos 6
%__ sin ¢
dr  rsinf
% _ cos¢
dy  rsinf
0o
s =0
a0 1 1 Tz cos ¢sinflcosf  cos¢cost

@D 2% = = —
O 14 ZH 95/ 12 ! (22 4+ y? + 22) /22 + y? rsin g T

00  singcosd

dy
a0 1 Vaz+y?) Vaz+y?  sinf
82_14,# 22 - x2+y2+22_ r

Using expressions for 7, j and /2:, we can group the terms by é,, é, and ég:

%7 sin ¢ %Jr cosqﬁcos@% n
or  rsinf 0¢ r 00

(Vf)r = cos¢sind (cosd)sin@

13
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+ sin¢sinf (blngbsmt?@f COS(;S@ersmgbcos96'f> 4

Or  rsinf 0¢ r 00

+ cos 0 (COSOaf sm@@f) = of

or r 00 ar

(Vf)¢:—sin¢<cos¢sm98f sing 0f COSQSCOSGW) +

Or  rsinf d¢ r 00
) ) [, cosg Of  singcos@Of\ 1 g
+COS¢<Sm¢Sm98r+rsm96¢ r 30) ~ rsinf ¢
B df sing Of cos¢pcosf Of
(Vf)g—cos¢c089(cos¢smﬁar rsinH@TZ)+ . 80)+
. ol Of cosqb@i sinqbcos@@l . of sin@&i B
singosf (bm%mear T sin6 96 s oe) SO\ T e ) T
_lof
T roe
Therefore, in spherical coordinates
8f 1 af. 16f

Vf= (35)

ot e T T a0

3.1.2 Divergence

Following derivation is pretty much taken from Feynmann’s lectures on physics - I greatly recommend
reading the chapters on vector calculus.
Consider a flux of F' from some volume V. It can be calculated as a surface integral across the boundary

of V - 9V. It is then
= / / F.dS (36)
ov

where dS is normal to the surface OV and pointing outwards from the surface.

Now, consider that we split the region by a plane P into two regions, Vi3 and V5. The boundary surfaces
of these regions consist of the part of boundary of region V' (9V{ and 9Vy, respectively) and of the plane
of division, P. Now, consider that we want to calculate the net flux from these two regions separately. For

region Vj
@1:// ﬁ-d?lz// ﬁ.dm//ﬁ.dsrl
oV avy P

as in the integral over the boundary that coincides with boundary of V' the dS is identical with dS.
For region V,

q)z:// F.d8 5. 43 . dS // ﬁ~d§—//ﬁ~d§1
aVa vy vy P

as the vectors dS; and d§2 must be equal and opposite on the plane of division P. Hence, the total flux

:// ﬁ-d§=/ ﬁ.d§+/ FodS—=a, + o, (37)
av avy vy

Therefore, the total flux can be found as a sum of the fluxes of separate parts of the region.
We now consider a infinitesimal region of space, and study the flux out of it in the first approximation.

QU
N2
I
My
Y
&S
QL
n
+
=
&Sl
QL
N2
I
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(z,y, z + dz) i
i ~ dz
| iE
(z,y Hdy. 3 E 7777777777777
/ 4
(,y.2) dx (x + dx,y, )

Figure 6: Divergence of an infinitesimal cube in cartesian coordinates

Cartesian coordinates The flux from an infinitesimal cube is approximately taking vector at each side
of the cube and multiplying its normal component by the area of the side of the cube.
The flux therefore is

d® = Fy(x +dz,y, z)dydz — Fy(x,y, z)dydz + Fy(z,y + dy, 2)dzdz — Fy(x,y, z)dzdz +

oF, n OF, n oF,
Or oy 0z

+ F.(x,y, z + dz)dxdy — F.(z,y, z)dzdy = < > daedydz = V - FdV

where V - F' is called the divergence of F (sometimes also written as divﬁ). Hence, due to 7 flux from

any volume can be written as
@:// d@:/// V. FdV
v v

Comparing with (36]), we have Gauss’s law

//avﬁ.dﬁz///vv-ﬁdv (38)

In other coordinate systems, we define the divergence so that the Gauss’s law is met, i. e. we define it
as the flux from an infinitesimal element. The equations defining divergence in spherical and cylindrical
coordinates follow.

Cylindrical coordinates In cylindrical coordinates, the flux from infinitesimal element can be deter-
mined as follows.

Along the é, direction, the flux flows into the element from the side of with lengths rd¢ and dz. The we
choose reference point for F at (r,¢,z). The flux out of the element in this direction is from the sidewith
lengths (r 4+ dr)d¢ and dz. The reference point here is (r + dr, ¢, z). Only the r element of the F matters,
all other lie in the planes of the sides, and therefore do not contribute to the flux. Thus, the part of the
flux due to these two sides is

d®, = F.(r +dr,¢,2)(r + dr)dedz — F.(r, ¢, 2)rdédz =

= (F(r+dr,¢,2)r — F.(r,¢,z2)r + drF.(r + dr,¢,2)) dpdz =

OF, OF,
= (F,,(r, o, 2)r + a—drr — E(r, ¢, 2)r + drEy(r, ¢, 2) + (dr)? 5 ) dodz
r r
Since all changes are small, we can disregard the element of order (dr)?.
Hhen OF, o(rF, 190(rF, 190(rF,
P, ~ “r+ F, ) drdgdz = Mdrdqﬁdz = *Mrdrd(bdz - ,Mdv
or ar r  Or r  Or

15
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Figure 7: Divergence from small volume element in cylindrical coordinates.

Along the é, direction, the analogous analysis leads to

d®y = Fy(r, ¢ + do, z)drdz — Fy(r, ¢, z)drdz = %—}:;’drdzd¢ = %%rdrdqﬁdz = %%—Z‘bdv
And finally along the k direction
F, F,
d®, = F,(r, ¢,z + dz)rdrdp — F.(r, ¢, z)rdrdp = 88; rdrdpdz = aa; dVv
And the total flux from the small element is
10(rF,) 10F, OF, =
dd, = ( - -—— dVv =V - FdV
( or r 0¢ 0z v

And therefore in cylindrical coordinates

v.F_LO0F) 10F, OF.

(39)

r o or r 0¢ 0z

Figure 8: Divergence from small volume element in spherical coordinates.
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Spherical cooridnates In spherical coordinates, we follow exactly analogous analysis

d®, = F.(r +dr,¢,0)(r + dr)sin0d¢(r + dr)dd — F,.(r, ¢, 0)r sin 0dordd =

_ <F< 6.0+ dr)? + 2 1 an)? — By (r.o, e)r?) sin 06 =

OF,
or

r(dr)? +

oF, oF,
= ( For? + 2F.rdr + F,(dr)* + drr® 42
or or

(dr)?® — Frr2> sin @dpdl =

= | 2F,r + Fydr + OF, r? 4 2a “rdr + OF, (dr)? ) sin Odrdfdeo
or or or

Since dr is small

2
ad, ~ <2Frr 4 b r2> sin 0drdode — 2 in gdrdods

or or
1 a(TzFr) 2 . 1 (TzFr)
= TTTT S 6d7’d0d¢ = ﬁTdV

d®y = Fy(r, ¢,0 + dO)rsin(6 + db)dodr — Fy(r, ¢, 0)r sin Odgdr =

F,
= Fpr(sinf + cos 0d0)dodr + %dé)r(sin 0 + cos 0d0)dedr — Fyr sin Ododr =

= (Fg cos 6 + % sin 0 + % cos 9d9) rdfdedr ~ (Fg cosf + % sin 9) rdfdodr =

_ O(sin0Fyp) 1 O(sinfFp) , . 1 0O(sinfFp)
= TTde(ﬁdr = mTT sSin 9drd9d(b = deV

OF,
99
1 0F,

2 _ ol
r< sin Odrdfde = rsind 90 dv

d®, = Fy(r,¢ + do,0)rdodr — Fy(r, ¢,0)rdodr = <F¢ + do — F¢> rdfdr =

_ 0F, _ 1 0F,
0 rdrdfd¢ = rsinf d¢

And therefore

2 .
0D — V. Fdy — (1 O(r*F,) 1 O(sinbFy) 1 de)

r2  Or 7sin 6 00 rsinf d¢
18(7“2FT)+ 1 O(sinfFy) 1 OF,

v.F:ri2 ar rsinf 09 +rsin06‘7¢

3.1.3 Curl

I

Figure 9: General case is illustrated for circular path I' and line segment as I',. The arrows indicate the
direction of integration.
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Consider cirulation of a vector along a certain path I'.

czyfﬁ.df
I

Now imagine that connect two points (A and B) of the path with intermediate path T'y. Therefore, we can
now do integrals along to paths from A to B both along parts of I' and along the intermediate path. Lets
then do, rather arbitrarily, two closed loop integrals. One starting from A to B along the intermediate path
and then returning to A along one part of I', which we denote as I'y. The second integral will start from
B to A and then return to B via second part of I', I's. This way, at points close to A and B that lie on T,
the integration will have the same direction.

These integrals are

T
L
=
m\>
My
QL
=
_|_
s~
el
L
=
I
—
M,
L
T‘l
°>\m
M,
QL
=

I — ]f
(B,AI'2)

And therefore the sum of the integrals is

11+12:/ F~df+/ ]3~df:?{ﬁ~df:0 (41)
Iy I T

Therefore, the circulation over a loop can be gained by summing the circulations over constituent loops.
Important fact is that the choice of I',, is not important as long as it connects two distinct points on I'.
We now imagine that we fill I' with some open surface. Then, if we find the circulation of any small loop
that lies in this surface, we can find the circulation over I just by integrating over this surface.

There is one more important observation to be made. The circulation of an infinitesimally small loop lying
in the surface can be also calculated as a sum of over three closed loops, each of which lies in a plane normal
to a unit direction in some coordinate system. These three loops are formed by projection of our general
loop onto the planes normal to coordinate directions.

Figure 10: Decomposition of infinitesimal loop into 3 perpendicular loops. The surface vectors of these
loops are the components of the loop surface vector ds. The circulation along the loop dS can be obtained
as a sum of three circulations, each over separate loop dS’aC7 dSy and dSZ. The loops are distanced from the
original loop, in order to make image clearer.

This can be done because small step along the loop can be always decomposed into sum of three small
steps along coordinate directions, i. e.

dl'= 1161 + laés + 365

Carrying out these three integrals along the three loops is then just decomposition of vectors. We therefore
can the circulation along each of these loops and sum it together to get circulation of the initial loop.

18
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Furthermore, we can find circulations of some very small unit loops in planes perpendicular to directions of
coordinate system, and then sum their circulations, multiplied by components of dS in different directions.
Then, we can talk about some form of unit circulation vector C_"u, which gives circulation around a small
loop when scalar product with surface vector of this loop is taken, i.e. the small circulation dC' along loop
dS can be described as

dc =ds-C,
, where 6u consists of small unit loops’ circulations (loops lying in planes perpendicular to unit vectors).

We can also switch this and use unit vector in the direction of the infinitesimal loop dg, which we denote
as 1 and use infinitesimal unit loops for circulation dC,, so that

dC =n-dC,
Cartesian coordinates In cartesian coordinates, we have 3 planes to consider, plane perpendicular to

7, to 7 and to k. Lets start with the plane normal to ¢, in order to 2 component of déu, which is denoted
as dChy.

’ @y2td) oyt dy, st d)
(z.y,z+dz)
(o+ doy 74 @) vt
(z,9,2)
Y
(:L‘+d$.,y-. Z') (:c.‘y.,z) (:E:y—k dy.,:)
T (z+ do,y, 2)| (x+ dz,y+ dy, 2)

Figure 11: Different unit loops in cartesian coordinate system.

To determine the direction in which we take the circulation, we will use the right hand rule - when looking
on the plane and 7 vector goes out of the plane, we integrate anticlockwise.

Therefore, we have four components of the circulation dCy,. First is from (z,y,2) to (z,y + dy,z). We
choose the starting point as the reference point, and then approximate this component as

(z+dx,y,z) . R R ~
(

©,y,2)

The second part is from (x,y + dy, z) to (z,y + dy, z + dz).

(zy+dy,z+dz) = R OF
/ F.dl~ F(z,y+dy,z) - dzk = F,(v,y + dy, 2)dz = F.(z,y,2)dz + ——dydz
(z,y+dy,2) Ay

The third part is from (z,y + dy, z + dz) to (z,y,z + dz)

(@wetdzs) ; OF, . ., OF,
F-dl~F(x,y+dy,z+dz) - (—dy)j = —Fy(z,y, z)dy — a—(dy) - a—‘dzdy
(z,y+dy,z+dz) Y z

And the last part is

(zy,2) N OF
/ F.dl~ F(z,y,z +dz) - (—d2)k = —F.(z,y, 2)dz — —=(dz)?
(z,y,z+dz) 0z

So, the circulation is

LOR L OR o OROR
dCyy =~ 9 dydz oy (dy) P dzdy P (dz)
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If we take out the factor dydz

F F F, F
dC’M:<aZ 0F, OF,dy 8Zdz)dydz

y 0z Oy dz 0z dy

Since the unit directions are normal, % =0= 3—;. Therefore, finally
oF, OF,
dCyy = ==Y ds,
( Oy 0z )

where dS, = dydz is the area of the unit plane perpendicular to x. Similarly, for other two directions

(z,y,z+dz) R .
/ F-dl~F,(z,y,2)dz
(

T,Y,2)

(z+dx,y,z+dz) R N r
/ F.dl~ F,(x,y,z)dr + 0  dxdz
( z

@,y,2+dz) 0
(w+dwyz) Ja F
/ F.-dl~—F.(z,y,2)dz — OF (dz)? — 0 = dxdz
(z+dz,y,z+dz) 0z ox

=

(z,y,2) - aF
/ F.dl ~ —F,(x,y, 2)dx — —=(dz)*
(z4dx,y,z) Ox

0Cy, = (an B 8Fz> as,

0z ox

(ztdzyy,z)
/ F-dl = Fy(x,y,z)dx
(

T,Y,2)

F . dl =~ Fy(z,y,2)dy + —2dzdy

/(erda:,erdy,z) . . OF
(z4dz,y,z) Oz

(@ytdy2) oF OF
/ F-dl ~ —Fy(x,y,2)dr — —=(dz)* — —Zdxdy
(z+dz,y+dy,z) Ox Oy

(@y2) OF
/ F.dl~—Fy(z,y,2)dy — (T?’(czy)2
(z,y+dy,z) Y

OF, OF,
duz: - z dz
¢ <8fc (‘9y> °

We can then used identity ds - éu =7- déu and knowledge that dS = dS,i + dSyj’ + dSZl% to determine

. (OF. OF,\. (0F, OF.\. (0F, OF.\ - )
= —_ —= — — = F
Cu (6y 8z)l+(8z 8x>j+(8x 8y>k VX

Hence, the total circulation of F along I is given by

£F~df:/-/gd0:/[95u~d§://g(vxﬁ)'dg' (42)

where S is the surface that fills I'. This is called the Stokes’” theorem. The operation V x F is called the
curl of F.

Again, using the definition as vector circulations around unit small loops, we can determine the curl in
alternative coordinate systems.
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Cylindrical coordinates We start with the loop normal to radial direction. Parts of the line integral

are
(rdt+dsz)
/ F-dl~ Fy(r,¢,z)rde
(r,¢,2)

(ri¢+de,z+dz)
/ F-dl= F,(r,¢,z)dz
(r,6+de,2) )

(r,¢,z+dz) L. a F
/ F-dl = —Fy(r,¢,z)rd r(de)? — —rdd)dz
(r¢+d,z+dz) 3(25

(rdyz) OF
/ F-dl~—F.(r,¢,2)dz — —=(dz)?
(r,p,z+dz) 0z

Figure 12: Curl loops in cylindrical coordinates

Hence the sum is
10F. 0Fy

(V X F)rdST = (7‘ 8@: — 62«) qubdz

~ 10F. 0F,
(Vo F)r = r O¢ 0z

For ¢ element (0(dSy) denotes boundary of small surface dSg)

?{ Fodl~
8(d5¢)

~ Fu(r.6.2)dz + Fi(r,6.2) P, 20z~ 2= ey — 0% (022 — By (1, 6, 2)dr — 2 (dr)? =
or 0z r
oF, OF,
N(@z a 8r>drdz
- OF, OF,
(VxF)g = 9z  or
And finally, for the z element (dropping explicit point denotation of point (r, ¢, z))
IRy OFy oF, 5 OF;
Bl B Fylr e dryd+ S5 -+ dr)ds = Frdr = 52 (= G2 dodr— Frdo— 2 (do)
(dS=)
I 8F¢ oF, 1 (0(rFy) OF,
j{(dS)F dl ~ (F 5" 8¢>drd¢_r( 5 9 rdrde
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. 1/00F,) OF,
(VXF)Z:r<(gr¢)_8¢>

Hence the curl is

L (10F. OF,\ .
VXF<7“8¢82;)6T

OF, OF.\ . _1(0(rF) OF
+(az 8r>e¢+r< or a¢)ez (43)

Spherical coordinates For illustration, consider again Figure
First, we start with the » component of the curl

= - F,
]{ F - dl = Fyrdf + Fyr(sin 6 + cos 8d0)d¢ + %d@r(sin 0 + cos 0dB)dp—
a(dSy)

0Fy 0F, 0Fy
—Fyrdf — 20" r(df)* — 96 —2rdfd¢ — Fyrsin0dg — %T sin (d¢)? ~
8F¢ 8F9 - 1 3(sin 9F¢) 8F9 2
(F¢COSG+ 50 ° no — 8¢)rd6d¢_rsin0< 50 96 r* sin 0dfd¢
=N 1 6(5111 9F¢) 8F9
(V> F)r = rsin 6 ( 00 kD
Now, the 6 component
7{ Fedl ~ i OF, —Fy(r+dr) sin 9d¢—%(r+dr) sin 9(d¢)2—%(r+dr) sin Ododr—
a(dSe) 0 or

. . F,
—F.dr — OF, (dr)? ~ <8F7 — Fysinf — Mr sin 9) drd¢ =

or oler or

- 1 0FT . 8(F¢r) .

=0 ( 30 sin 6 Ee > rsin Odrdg
= 1 OF, . O0(rFy)

(VXF)QTSH’Ie(a(b sin 6 or )

And the ¢ component

OF, OF, 0Fy

i OF, , 2
-dl =~ F, di'g _Fdr— . e
jg?(ds¢)F dl = F,.dr+ Fy(r+dr)df+ g (r+dr)drdf— F,.dr S (dr)?— = +(d)
_ OFy OF, 1 (0(rFy) OF,
_(Fg-l-arr— 80>de9_r( 6r 69 TdeT
= _ 1 (0(rFy) 10F,
(VXF)¢_T< or v o0

And therefore

L1 (Osm0F) OFY . 1 (0F _ A(rF)\, . 1[00F) OF
_ _ 1 44
v rsma( 28 a¢) +rsm9(a¢> b= )t Tar "o ) WY

3.1.4 Laplacian Operator

Laplacian operator V? is a scalar operator acting on a scalar function. The Laplacian operator is equal to
the divergence of a gradient of the scalar function. Using derivations above, in different coordinate systems,
we can find explicit forms of Laplacian.
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Cartesian coordinates Gradient of f is

of~ Of~. Of-
V= oz o 8y‘7 + 0z
Divergence is
v.F— oF, 0F, OF.

And therefore the divergence of gradient is
0 (of 0 (of 0 (of o2f O f 0°f
2 = . = — _— R — —_ P — _ = — _— _—
Vi =V- (Vi) Ox <8J;>+8y <8y>+8z (82 8x2+6y2 +3z2
Cylindrical coordinates The gradient is

of, 10f,  Of,

VI= bt raete T a.t
The divergence is
= 10(rF.)  10F,  OF,
V- E= r or r O¢
Therefore
i LOPY 10 (0F\ 10 o
ViI=V- O =5 Mo +ra¢> ros) T2 " rar or ) TRagr T B2
Spherical coordinates The gradient is
_of . 1 8f 1 of
V= ar o r90° +rsin087¢

The divergence is
1 0(r?F,) 1 O(sinfFy) 1 OF,

v.F:ri2 or rsinf 00 +rsin087¢
Therefore
10 [ ,0f 1 0 [sinfdf 1 0 1 9f
2p _ o, _ 19 v g = L) =
V2f=V-(Vf) 2o ( 8r>+rsin989< r 89>+rsin98¢ (rsineaqb
10 (,0f 1 of 1 2f
Cr2or ( 8r> t o 2eing <Sm989> " r2 sin® 6 0¢?

Sometimes, laplacian also acts on a vector. In that case, laplacian applies to each component of the vector,
i. e.

V2F = V2F, 61 + V2Fyéy + V2Fse5

3.2 Operator identities

The differential operators have properties that are independent of the coordinate system we choose. In fol-
lowing section, I list some properties of the differential operators and show them in the cartesian coordinate
system, but they hold in any other coordinate system as well.

Curl/Div orthogonality Take a divergence of a curl of a vector in cartesian coordinates

- 0 (0F, OF, 0 (0F, OF, 0 (0F, O0F,\ _
v.<VXF)_5‘:U(8y 8z>+8y(8z_8x)+3z(8x f)y)_

_ O’F, 3 0*F, N 0*F, 3 0?F, 0°F, O%F,
C 0xdy  Oydx  Oydz  0z0y 828x aﬂcﬁz

V- (VxF)=0 (45)
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Scalar potential Take a curl of a gradient in cartesian coordinates

o= (28)-2 () (262 ) (23 -2(2)s

Vx(Vf)=0 (46)

ThlS leads to first two identical conditions for a conservative field F. These conditions two conditions are
F=vV fand V x F = 0, where f is the so called scalar potential.

Gradient distribution Consider a product of two scalar functions. The gradient of the product is

0 s 0 ~ 0 ~ 0 0 0 ag »
V(o) = 5o Ui+ ()i + g fok = Ghgi+ r5%ie Soju 12054 Tghr £300 -

Ox
0 0 0 0 0 0
=f(ag i+ 5 +agk>+(af +3—f + 90 )g=f(Vg>+(Vf)g

V(fg) = f(Vg)+ (Vg (47)

In a special case when f is some constant ¢ in space

V(cg) = cVy

Divergence distribution Consider a vector F that is a multiplied by scalar function f. The divergence
of this new vector is

v-(fﬁ)za(gfm)ﬁ(gj”)ﬁ(gfz) o 2 fF +%f+af £ = (V) P (V)
V. (fF)=(Vf) - F+ f(V-F) (48)

In special case of constant vector C in space
V- (f6)=(vf)-C

Curl distribution Consider taking curl of vector fﬁ

8(£5z) B 8(55;)) P (8(25}) _ 3((]5?)) it (3(£§y) B 3(3;51-)) i

(0f, Of.\:. ,(OF. COf N\ L (OF OF.\ -
‘(ayFZ aﬂ)” ( ) ( 6xF2>”f(az 6x)‘”
8f 8f F, O0F,
+<3w dy >k+f<3

y
V x (fF)=(Vf) x F+ f(Vx F) (49)

v (A =

)k—(Vf)xF—i—f(VxF)

Again, in special case of constant vector C'

Vx (fC)=(Vf)xC
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Curl of curl Consider taking a curl of curl of a vector F

(V3 (V x F))e = 3(8x ay)_ﬁz<8z _8x)_
_ 0 8F+8F278 8F+%+3inﬁ+i2+5i]?
- 0z \ Oy 0z 82 Oz Oy 0z ox?2  0y? 022

52) P
0 (0F, OF, o (0F, OF,\ _
Vx (Vx F)y = a(ayaz>a <8x ay>
0 (OF.  OF\ 6F+8F+6FZ (PP PN,
oy \ 0z  Ox 822 8x2 dy 0z ox2  Oy?  022) Y
oF, OF, d (OF, OF,
F _ =
Vx (VX F)s = Bx(az 8:6) 8y(5‘y 82)
0 (0F. ORN (O N\, 0 (0h OF, R\ (0 0 0,
0z \ Oz Oy 0x2  9y2 ) F 0z \ ox Oy 0z 0x2  Oy? 022) °

Therefore, we have

V x (Vx F) = <£T(V~ﬁ)v2&)%+ (;(V~ﬁ)v2EJ)j+ <§Z(V~ﬁ)v2Fz)1§
=V(V.F)-V?F
Vx(VxF)=V(V-F)—-VF (50)

3.3 Position Vectors and their Time Derivatives

Position vector is a special vector that points from the origin to a point where some object is located.
The time derivative of this position vector is the velocity of the object, its second time derivative is the
acceleration.
According to the partial derivatives and total derivatives chain rule, the total time derivative of a position
vector is

ar d, . . dry | d(é1) dra. d(és) drs. d(és)

o = g(néi et +rsdy) = —re Hn—o gt gt et

The dr’ terms have to be determined depending on the coordinate system. As unit vectors in certain
dlrectlons only depend on position and not on the time, the total time derivative for unit vector é; becomes

dé) (&)  drid(&) | dra0(é) | drs0(&) <o dr; 9(:)
dt ot t or T Ors o ors _Z

Cartesian coordinates In cartesian coordiantes, position vector is determined by how far along each
unit direction the object is. It therefore has the form

F=xi+yj]+ 2k
The unit vectors are independent of position and time, therefore the velocity vector is simply

dr  dx. dyA dz

“a - a'ta T a

<y

And the acceleration vector is
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Cylindrical coordinates The position in cylindrical coordinates is determined by the distance along
the é, vector and the k vector, and the position vector is therefore

F=ré,+ 2k
I will rewrite the é, vector in terms of the cartesian unit vectors, which are independent of space. Then,
the velocity vector is
dr  dr dr d¢ dz, dr, do dz »

A d A . A dz » o . A ~ A
i Eer—kr% (cos @i + sin ¢J)+Ek = %e,.—i—r (— sin ¢i + cos d)]) E_Fak = Ee,.—i—raqu—!—%k

17:

Here, we also determined that

dé, _do,
at — dt?
Similarly
L dv dPr, drde drde d%¢ de déy d?z .
a= T ﬁeT—l—Eae(ﬁ—kaa%—l—r—e(ﬁ—i—r———y—k_

dit? dt dt dit?

d? d? dr d do\? d%z .
rér+<rdtf+2r¢>é¢r<¢> ot k=

o de2 dt dt dt dt2
d2r do\? 2¢ _drd a2z .
= _— _— 2 _— 2—7 2 _—
(dt2 T(dt) )er+<rdt2+ dtdt>e¢+dt2k
Where I used
dey __do,
e dt "

4 Integral Vector Calculus

4.1 Scalar difference

Consider integrating gradient of a scalar function f along some path I'. What is the value of the integral I

I= / (Vf)-dl
r
In cartesian coordinates

_ [0 0t o, [ Of /ﬂ /% — F(9)— £(1) =
I= Faxdm+8ydy+8zdz_ 5 8deL‘+ . aydy—i— . aZdz—f(Z) f()y=Af

Afz/F(Vf)-df (51)

where f(2) is the value of the function at the beginning of the path and f(1) is the value of the function at
the end of the path and I'; are projections of I' into the a direction. This applies in any coordinate system.
We can therefore immidietely see that if the two points are the same, the value of the integral is zero. We
also see that the integral only depends on the end points, and not on the path taken. These two are other
two conditions for conservative fields.

The last condition that follows is that element &- d7 is an exact differential for conservative field & (follows
again from ¢= Vf).

4.2 Green’s theorem in plane

Green’s theorem is special case of the Stoke’s theorem in 2 dimensions. Because it is purely in 2 dimensions,
we need a different way of derivation, as derivation we have done for Stoke’s theorem required 3D vector
field.

Consider we have some curve I'" which is entirely in zy plane. We integrate the vector filed in this plane
along I'. The vector field can be desribed as
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Figure 13: Ilustration for Green’s theorem in plane, with indication of direction of integration. The red
surface is some scalar function of x and y.

I:%ﬁ-di:f}?zdwrfﬂ,dy
I r r

This situation is presented for a circle in Fig.

We now split the curve I' with points O; and O, in such a way so that path I'; going from O; to O2 along
I and I's along I' from Os to O; are both distinct functions of z. We suppose that the x coordinate of O,
x1 is smaller than that of Oy, which is x5 (just dependent on our construction). We denote the function
that traces I'y as y; (), the second one as yo(x). The first part of the integral I then becomes

The integral is

x2

frac— | Pyl (@)de + | Fulaa(@)de = [ (Fulan(@) = P (w)do

1

But, F, is simply a scalar function of two variables. The difference of such scalar function can be expressed
in form of gradient integral

P2 =
AF, = / (VE,)-di
P

where P, and P, are the points between which we take the difference. Taking the opposite of difference
and writing the form explicitly

(w2,y2) .
_AFaz:Fz(xhyl)_Fw(x%yZ):/ _(VF$)dl

(z1,91)

Now, we apply this to our integral

(z,y2) . Y2 . V2 AR,
Fo) = Booae) = [ (VB -dl= [ (VR @i = [ -G ay
(z,y1) Y1 Y

Y1
22 Tov (R, OF,

demz/ —AF, dmz/ / (— I)d da:://— rds
fi" x1 ( ) x1 Y1 6y Y R ay

where R is the region enclosed by I'.
We can do similar analysis for the other part of the integral with the F, function - we choose points O,
and Oy now in such a way that the parts of the paths are functions of y. But this time, the direction of
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integration of I' that we choose (to satisfy the right hand rule), indicates that I's part goes from O; to O
(in direction of increasing y) and I’y part goes in the opposite direction. Therefore

]g Fydy = | " By @), p)dy + / " Fy s 9),0) = / " (Fy (2, ) - By, )y =

Y2 Y1

[ iy [ s
J], Gas= [ (52 %5 ) s

) ds (52)

The total integral then is

%Fdl %Fdx—Fdey—//
fa- //(aai

Notice that if F was 3D vector, the integrand would be just the z component of the curl of F - Green’s
theorem is clearly just a special case of the Stoke’s theorem.

4.2.1 Calculating Areas
If we choose a vector field in the plane such that

oF, OF,
Ox oy

ﬁﬁ-df:/é(aai >dS //dS Sk

we can calculate the area of the region by integrating some vector field around its boundary.
Commont functions for this use are

=1

Then we have

ﬁin—i—xﬁ'
or
—ys
F=_7
5 z+2]

This principle can be further extended into calculations of other 2D integrals. If the integrand function
can be expressed as a difference of the derivatives of the coordinates x and y, the integral can be calculated
as a vector integral around the boundary. Consider for example the moment of inertia integral for uniform

bodies.
Iz//rzdmzp//rzdS
R R

Here, 72 = 22 + y2. Can we find F such that

OF, 0F. _
Or Oy

One such function is for example F = —y;i + %33 Then

// r2ds — //( )dS fF di' = fgdy—fdx

4.2.2 Green’s theorem in other coordinate systems

In other coordinate systems, we simply substitute for the correct component of curl in that coordinate
system. For example, in a polar planar system, the integrand in the area integral becomes the z component
of the curl in the cylindrical coordinate system. Green’s theorem then reads

fra- (2520
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4.2.3 Divergence in 2D

Divergence theorem can be viewed as a consequence of Green’s theorem in plane.
The integral along the boundary I" taking the normal component of a vector is the 2D flux out of the region

j{ﬁ.dﬁ
I

where dii has length of the element of the path along the boundary but is perpendicular to it. In order for
di to point out of the object when we are integrating according to the right hand rule, we have only one
possibility for dii

dit = dyi — dzj

]{ﬁ.dﬁ:f@@)dwg@:f@-di
r r r
where G = (ny)'Ai + F,j. Due to Green’s theorem
oF, OF
ds = S g
Jas= [[ (5 + ) s

S oG 0G
G~dl:// (y— :
fiﬂ r\ Oz oy
_— oF, OF,
£F~dn//R<aw+ay>dS (53)

4.3 Total vector surface area

Then

And therefore

Due to Stoke’s theorem, any integral along an unclosed surface can be transformed into integral along its
boundary. This suggests that for some curve we can choose any surface that spans it and the integral
should be the same for every surface.

To illustrate this, consider the total vector area of a surface. This is calculated as

//Sd§

If the surface is closed, this is definitely zero, as for every element in one direction, there is an opposite
element in the opposite direction. For an unclosed surface, the elements opposing the hole created by the
boundary do not have an opposite element - the integral is some finite vector.

Further consider that the boundary (curve) lies in a plane. Then, the only component of each ds opposing
the boundary that does not get subtracted by some other element opposing the boundary is the element
normal to the plane the boundary lies in. Therefore, for any surface that spans this boundary, the total
vector area is given by the integral across the plane the boundary lies in.

This is also the reason behind the invariance of the Stoke’s theorem for any surface that spans any boundary.

4.4 Divergence Theorem for scalars

If we multiply a scalar function f by a constant vector ¢, the divergence theorem for this scalar still applies.
The surface integral is

// fa-d§=// clfd51+02fd52+03fd53:cl/ del-i-Cg/ fd52+03/ fdS; =
ov ov ov ov ov

:cli-/ fd512+czj-/ fd525+C31%-/ fdsgi%za./ fds
ov ov ov ov

The volume integral becomes

JJ[w-weav = [[[ wp-av e [[ vrav

Then, due to divergence theorem
5./ deT:a-/// Vfdv
v 1%
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We could have chosen any constant vector ¢ for this calculation and it would still be correct. If we than
separately chose unit vectors of some coordinate system, we would have three equations for ¢ € {1,2, 3}

(1, 5), -l o),
I 5=

5 Partial Differential Equations

which leaves us with

Partial differential equations describe a behaviour of some field inside a certain medium. They usually do
so using partial derivatives of of the field with respect to space and time. In this part, I will only consider
using the solution by method of separation of variables. There are other methods, such as Green’s functions
methods (solution somewhere in certain time is dependant on solution everywhere else in previous time) or
eigenvalue methods.

The general recipe to use when using separation of variables is to start with writing the field (start with
scalar for simplicity) as a product of two or more components, each depending on one variable considered.
For example, a general wave amplitude u(t, x,y, z) is rewritten as

u(t, z,y,2) = T()X(2)Y (y)Z(2)

This solution is then substituted into the equation to obtain total derivatives. Then, the resultant equation
is manipulated so that on one side there is only function of one variable and on the other side the expression
is function of other variables, but not the one on the origin side.

Then, as each side is function of different variable, the only way that these two sides are equal for each
possible value of every variable is when both of these sides are together equal to some constant.

This process is then repeated several times until all variables are separated into differential equations of
one variable.

The solution is then constructed by combination of solutions for different allowed values of separation
constants. In cases mentioned here, the equations are linear and hence the combinations are simple linear
combinations.

The boundary conditions are then used to further narrow the allowed values of separation constants.
Additional constants arise from solving the several differential equations for the separated functions of one
variable, and these can be also eliminated by initial conditions or normalisation conditions.

Several different partial differential equations are now mentioned and their homogeneous solutions are
derived (without source terms).

5.1 Diffusion equation

Assume there is some concentration function of some molecules in a medium which freely diffuse. We can
guess that the molecules tend to diffuse from the more concentrated regions to the less concentrated regions.
Therefore, they flow anti-parallel to the concentration gradient. Fick’s law, which we will use further on,
assumes that there is a direct proportionality of a form

-

J(%ZU,ZJ) = —DVC(.T,y,Z,t) (55)

where D is some diffusion constant, real number greater than zero, and 5(3:, Yy, 2, t) is the flux of the particles
through infinitesimal area at (z,y, z,t) normal to j per unit time. The flux of the particle out of some small
volume is then

d® = (ju(2,y, 2, 1) = jo(x + dx,y, 2, 1)) dydz + (jy(z,y, 2, ) — jy(x,y + dy, z,t))drdz+

+(j (2,9, 2,) — jol@,y, 2 + dz, t))dady = —V - jdV

The change in number of particles per some time dt is then

dN = dddt = —V - jdVdt

Here, ‘é—g = dc is the change of concentration at (z,y, z,t) per time dt. Therefore
oc -
V.
ot J
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This is a form of a continuity equation. Applying the Fick’s law now gives us

0
5 ==V (=DVe) = DV - (Ve) = DV
oc
= =DV? 56
5 = PVe (56)
Or for a special case in 1D
v _ o
ot 0x2
In case that there is some source of molecules per unit volume s(z,y, z,t) = jv—]\gt, the continuity equation
does not apply. Instead, the balance of molecules in small volume dV per time dt is
dN = dddt = —V - jdVdt + sdV dt
And the equation becomes
0
8—; — DV?c = s(x,y, 2, 1)
We now consider no source terms. The separation is
c=T()X(x)Y(y)Z(2)
Then ) )
T X Y
XY Z Cth = DT(t) ( d d

YZ7+XZ7+XYd2—Z
dz? dy? dz2
1dr _ (1dX 1Y
Tdt

. n 1d*Z

X dz?2 Y dy? 7 dz?
Left hand side must be equal to a constant. Lets label this constant K. For K = 0 we have the stationary
state. For positive K, we have

dT
— = KT
dt

T = Aef?

positive is possible, hence

which leads to diverging concentrations at very late times - this is clearly not a physical solution. Therefore,
we can relabel K = —K’ as K has to be negative. We can even just drop the prime, as no other K’ than

dr
= = KT
dt

T = Ae K¢
However, this is possible for any real negative number K. We can now continue the separation
1d*X  1d%Y 1d*°Z
K=D|—F+—-—"F+—=-—7=
(X dx? JrYdy2 +Zsz)
D d*X a?y d*Z
K—-———= —— t+ 5
X dz? dy? = dz?
Again, this has to be equal to a constant and so on. For now, I will further explore one dimensional case.
There Y = Z = 1. So we have
d’X K

de2 D
But, only possible solution occured for K = —K (negative K). Therefore

2X K
@ - DY

X = BelVB7 4 Ce—iVBw
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One last class of solutions we have to discuss is solutions for case when K = 0, which are the solutions for
the stationary state. In this case, the differential equation for X becomes

BX
de?
X = on + BO

wher Ag and Bj are some constants.

Since the diffusion equation is linear, the full solution is constructed by superposition of all possible solu-
tions.

The full solution is then

(1) = Aoz + By + Y Ae™ Kt (BelVBe 4 cem V)
K

Relabeling \/% =A
c(x,t) = Aoz + Bo+ ) _ Ae NPt (BT 4 Cem) (57)
A

5.1.1 Boundary conditions

The tipical boundary conditions in 1D are setting either the concentration or the flux of the particles at
the ends of some finite tube to 0.
Lets start with the case when the flux j(¢,x) on both ends of some tube of length L. We can place one
end into the beginning of our coordinate system. Then, we require j(¢,0) = j(¢, L) = 0 (we drop the vector
nature of j, as we are in one dimension).
j is given by Fick’s law. Substituting from the general solution

j=—-DAg— D% = —DAy — Dﬂze—Ath (Ae“m +Be—i)\m)

Ox Ox S

where I absorbed the constant A into constants B and C and relabeled the constants.
Now, applying the derivative (assuming that the sum converges)

j=-DAg— DY e NPt (Aire™® — Bire ™)
A

Our boundary conditions are

J(t,0) = —=DAg — DY e PHAIN ~ Bi)) =0
A

In order for this to be true at any time ¢, two conditions must both apply. First is Ag = 0 and second is
A = B. The condition on the second boundary is

j(t,.L) = =D e NP AN — Aire™ ) =0
A
j(t.L) = =D e NPrAN (e — e ) =0
A

Since A can generaly depend on A, we cannot take it out of the sum. However, we can rewritte the
exponentials as a sine

j(t,L) = =D e NP AiN2isin(AL) = 2D Y Ade N Plsin(AL)
A A

In order for this to be equal to zero for all times, sin(AL) = 0 (which also covers the case A = 0) Therefore

AL =nm
where n is an integer. And therefore
L
L
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Therefore, the full solution becomes (as Ayg = 0)

c(t,x) = By + Z e~ () Dt 4 (VT + e T T) = By + Z 2 4e~ (%) Dt cos (%x)

n=-—oo n=—oo
Since cos is an even function, for some n and the opposite n’ = —n
7(M)2Dt nim _(ﬂ,lllﬂ)th n/ﬂ—
e \'L cos|(—zx) =e cos | —=x
L L

Hence, these two terms in the sum can be substituted by
, _(Q)Qm n'm _(nz)\2py nw , _(nz)\2py nm
247e \' T cos | +2A,e () "Dt ¢og (Tgc> = (24, + 24, )e ()Pt ¢og (Tx)

where we can further relabel 24! + 2A4,, as a single constant A,,. For n = 0, we don’t have the second
opposite term in the sum, but both cosine and the decaying exponential are equal to one, and this term can
be simply added to the constant term By outside of the sum. Therefore, the solution can be represented
by a more familiar form.

c(t,x) = Byp + Z Anef(%)zm cos (%Tx) (58)
n=1

From the initial conditions, we can determine the values of constants A, and By. At time t =0

¢(0,z) = By + i Ay, cos (%x)
n=1

But this is a Fourier serie of some initial distribution of concentration. Since this is cosine series, the
periodic extension of the function is even, and we can find A,, as

2 L nm
A, = Z/o ¢(0, ) cos (Tm) dx

And Bo as

L

Now, I consider a more general case when the flux at the boundaries is constant but otherwise not de-
termined (can be both positive, meaning matter travelling in positive x direction, and negative, for left
travelling matter). Let the flux at = 0 be jj and at = L the flux is j;. Fick’s law gives us

1 L
By = —/ (0, z)dx
0

j=-DAy—DY e MPHAIN - Bi)) = jo
A

In order for jo to be constant, we have again A = B. But, we furthemore have
Jo=—DAop
The second boundary condition is

jr =—DAy— D Z e~ N Dt Ai) (ei’\L — e_“‘L) =—-DAy+D Z e N Dtog sin(AL)
A A

jr can be constant only when sin(AL) = 0, and hence we find that we require j;, = jo - there is some total
net flux accross the pipe. The analysis for initial conditions is very similar as above.

5.2 Wave Equation

In 1D, the wave equation is (as many times observed and derived in other modules)

,0%u  0%u

“ o2 T o2

where c is some real constant.
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The separation of variables is as follows, and is again very similar to diffusion equation

u=X(z)T(t)
d’X d*T
27 A A7
«T dx? X dt?

1 d?X 1 d°T

X da? 2T dt?
Again, both sides are separately functions of different variables, and hence must be together equal to a
constant. Lets first assume that the constant is negative, and therefore denote it as —k2. Then

ld27X —

X dz?

d*X

— =—k’X

dx?

X = Acos(kx) + Bsin(kx)

iﬂ = _ k2
2T dt?

d*T 9 o

W = —k°c°T

T = C cos(kct) + D sin(kct)
u=XT = (Acos(kx) + Bsin(kz))(C cos(ckt) + D sin(ckt))

This is the most common wave solution. The full solution then occurs for superposition of all possible k.
The other family of solutions occurs for separation constant being positive, k2. Then

d*X

—— = kX
dx
X = AeF* 4+ Be =
R 9,9
W = C k T

T = Ceck’t 4 De—ckt
u=XT = (Ae*® + Be ") (Ce* + De=°Ft)

If the solution is bounded in space or time, these solutions can still be physical solutions - they represent
the so called evanescent waves, which are for example present in description of wavefunction tunneling in
Schrédinger equation.

The final family of solutions is for separation constant 0. Then

eX
dx?

X = A(JI + BQ
d’T
22 o
dt?

T = Cot + Dy

u = (AQI + Bo)(Cot + Do)

This solution only represents the 1D wave medium (string for example) moving in the space (T' component)
or somehow tilted in the space (X component) and do not add any new physics. We usually only have to
consider first two types of solutions. Specially, for the first solution, we can again use Fourier analysis to
determine the displacement u depending on boundary and initial conditions.

There are many other solutions that can be derived using separation of variables (including the Schrodinger
equation), but they are included in other modules.
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6 Fourier Transforms

6.1 Complex Fourier Series

In analysis of partial differential equations, we many times used the Fourier series representation of functions
on a finite length interval L

(o]
nm . /nm
f(z)= Ao+ ; Ay, cos (Tx) + B, sin (fx) (59)
Consider rewritting the cosines and sines in terms of complex exponentials. Then

1 nx nz 1 nz in
x) = Ao+ Z §A" (" +e ") + 2—Z_Bn (" —e ")

nm

Lets name “* = k,. The representation becomes

00
({E) _ A0+Z % (eiknw + efiknw)_'_% (eikn:p o 7zk"w A0+Z zk,Lw+Z “n Pn 7iknw

n=1

We can now notice that the second sum can be renumbered by n — —n. This causes k,, — —k,, and the
representation becomes

=Ap+ Z - —|— Jetkn® 4 Z A7 _Bn )eik"w

n=-—oo

Since A,, is generally different for different positive n and B,, as well, we can define new constant dependent
onn, C, = " + " for positive n. For negative n, we can define this constant as C), = =An_ Bon (as for
positive n, A and B are both defined). Then we have

2 %
AO"‘ZC ethn® 4 Z C,e'*

n=—oo

Finally, we note that we can rewrite Ay as
AO _ AOeO _ Aoeikoz
And therefore if we define Cy = Ag, we have

—1 o) 0o
f(IE) _ Z C«neiknm + Coeikox + Z Cneik:na: _ Z Cneiknw
—oco

n=-—00 n=1

This representation of f is called the complex Fourier series. The coefficients C,, can be generally complex,
although Cj is always real (derived from Ag).
The coefficients are recovered from the function as follows

L L 00 &S] L
/ f(z)efikmxdx _ / efikmz Z Cneik:nzdl, _ Z C, / ei(knfkm)xdx
L _L ~ ~ L

Remembering the definition of &,

L L
/ ez(k:nfkm)rdl, :/ ez%(n m)zdx
L L

L 1 o 2L
/ ezf(nfm):lcd‘r =— <6 T(n—m)L _ eflf(”*m)l’) = sin (7‘((77, — m))
L iT(n—m) w(n—m)

Ifn#m

And since n — m is an integer, this is always zero. In the case when n = m

L .
/ ey = 2L
L
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Hence, for general n and m

L L
/ T (=T gy — / e Fn=km)e o — 9L m
—L —L

Where § is the Kronecker delta. Hence

L oo
/ fla)e ¥ dy =y " 2LCp0nm = 2LCh,
—L oo

1t ;
C, = o /_L f(z)e Hn®dy
The reverse transforms to A,, and B,, can be obtained from manipulating C),, and C_,, for some positive n.
A, =C,+C_,
B, =i(C, —C_,)
Exception is Ay, which is defined directly

Ag=Cy
These also give us the conditions on complex C,, in order to be valid Fourier coefficients that give real A,
and B,,. From relation for A,, Im(C,) = —Im(C_,,). From the second reverse transform

B, = i(Re(Cy,) +4Im(Cy,) — Re(C_,,) —iIm(C_,,)) = i(Re(Cp,) — Re(C_,,)) + Im(C_,,) — Im(Cy)
In order for this to be real, Re(C,) = Re(C_,,). Hence, the overall condition can be summarized as
C,=C_,

, the coefficients with opposite indices have to be complex conjugates.

6.2 Fourier Transforms
Now, consider that we increase the length of the interval L to infinity. The coefficient C,, will clearly go to

zero, but that might not be true for expression 2LC,,. This expression goes to

lim 2LC, = / f(x)e*nedy

L—oo

Another thing to notice is that the spacing between k,, and k,; decreases

m m

Hm (kpi1 — kn) =0

L—oco

Hence, we can view the k,, as continuous variable and drop the indexing. We than have
0 .
lim 2LC, = / fx)e~*dy
L—oo — oo

The complex Fourier representation of f(x) can be rewritten as

T - iknT __ 71: - ™ iknx __ 12 i - iknx
flz) = Lh_I}I;Q _XO:OCne = Lh_)rr;O ;(QLCn)TLWe = Lh—>H;o - _Z:(ZLCn)Akne

Again, dropping indexing for k,, the sum converges to following integral

f(z) = % /_ h (2LC,,)e** dk

We call the expression (2LC,,) = f(k) the Fourier transform of f. It depends on k because C,, depends on
n, but there is a one-to-one correspondence between n and k. Then we can rewrite the derived relations as

f) = # 15w = [ T @) da (60)
fa) = WY = o= [ Fwean (61)
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6.3 Dirac Delta

When taking consequently the forward and reverse Fourier transform of a function f, we should arrive at
the same function. Doing this explicitly

FHI =1

—zka:
=0 / / F()da'dk

(note the use of dummy variable for inner integration). Reversing the order of integration

=5 / / ek )dkda' = / fa < / ik(x’ﬂ“dk) da’

The object in the brackets only depends on (2/ — x) term and is called the integral representation of Dirac
delta function, denoted as 6(z’ — x).
The Dirac delta function therefore has property (by the above definition from Fourier transform)

/ F(@)3(z — s)dz = £(s) (62)

where I switched 2’ to z and = to s. From this property, we can imediately determine the second property
of Dirac delta function. If f(z) is a constant function f(z) =1

/O:O F(2)d(a’ — z)dw = /O:O 8(z' — x)dz =1

Hence the Dirac delta is normalised to one. Other properties of Dirac delta are defined from the approx-
imation of the integral representation. Assume that we do not integrate over the whole range from in fty
to 0o, but just from some big —L to some L. Dirac delta function is represented in this way in Fig.

y

Figure 14: Dirac delta approximated as d; = ffL e~k(@'=2) k. The central peak gradualy increases in

height for increasing L. For this example, = 0 - the Dirac delta is centered on zero. Other parts of the
function become insignificant when compared to the central peak.

There are two important properties to derive from this approximation. First is that Dirac delta is zero

everywhere except at zero, i. e.
Ve#£s:0(x—5)=0

Second property is that Dirac delta function is symmetric around the zero in a sense that

[;6(x—s)dx = /:O(S(x—s)dm
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Together with the normalisation of Dirac delta, this leads to
S oo 1
d(x — s)dx = 0(x — s)dx = 5

Obvious consequence of the first property is also that integral of Dirac delta over any interval I which does
not include the point where the argument of Dirac delta is zero goes to zero

/ 0(x—s)dr =0
I,s¢1

Besides being a part of the Fourier transforms theory, Dirac delta function is also a very useful function to
model any point-like sources/particles etc. For example, a point charge can be modeled as charge density
p which takes form

p= Q&7 —7)
where @ is the charge and 63(7— ") is the 3D equivalent of Dirac delta and 7 is the position of the charge.
In cartesian coordinates, the 3D Dirac delta is simply

BF—7)=6(x —2")d(y —y)o(z — 2)

In other coordinate system, the normalisation condition must apply, which means that we must always

have
/// §(F—7)dV =1
V,FeV

Therefore, in cylindrical coordinates, we have
1
() = —b(r )66 — )3 ~ )
r

And in spherical polar coordinates

— <\ __ 1 / / /
53(7,_T)_m5(r—r)5(9—9)5(¢—¢)

Similarly, Dirac delta for other number of dimensions or for tilted planes/lines in different coordinate
systems can be found, but this is not further explored here.

6.4 Some explicit Fourier transforms

Now I present some Fourier transforms of explicit functions f(z), and also reverse Fourier transforms of
the analogous functions f(k)

6.4.1 Dirac Delta
Let f(z) = §(x — 2’). Then

F{o(z—a')} = /_OO 5z — 2)e *§(z — 2’ )dw = e~

Let f(k) = 0(k — k'). Then

by 2

-1 o _i ke o _eik/x
FH{ok k’)}—Q ey (k — k'dk =

— 00

For special case when 2’ = 0 (or &’ = 0), F{6(z)} =1 (or F1{6(k)} = 5-). Therefore, perfect, point-like
localization for a function means its Fourier transform (or reverse Fourier transform) is perfectly delocalized
(constant function). This is further explored in quantum mechanics.
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6.4.2 Cosine and sine

Cosine and sine transform as follows

F{cos(ax)} = / e~k cos(ax)dr = / e*ikz%dz =
1 o o
=3 ( / etz gy 4 / el<k+a)rdx> =7(6(k —a) + 6(k + a))
o© 1 o o
F{sin(azx)} = / e~ % sin(ax)dr = % (/ etz gy —/ e‘“’”“”dw) =
—o0 ¢ —o0 —o0
™

= ;(5(1{:—51) —d6(k+a)=mi(6(k+a)—0(k—a))

6.4.3 Exponential

Pure exponential is not transformable, because at some infinity, this function diverges and the integral
diverges as well. However, function of type e~1%*l does not diverge. The transform is (assuming positive a)

0o 0 0o
ﬂ{ef\aﬂ} _ / efikxefmz\dl, _ / efik:wefa(fz)dx + / efik:wefa(:c)dx _
—o00 —o00 0

0 00 —x(itk—a) 0 —x(ik+a) 0
_ —m(ik—a)d —a:(ik-‘ra)d — € €
/_we “/0 ‘ ’ [—(z‘k—a) L F@E

At the infinity, the real part always dominates the imaginary part, as the imaginary part is oscillatory and
finite while the real part is infinitesimal. Therefore

e—x(ik—a) 0 B 1
—(ik—a)|__ a—ik

|:e—at(ik+a) :| o0 - 1
0

—(ik+a)], a+ik
Therefore ) . tik4 " 5
j _|aa:| _ _ a 2 a—1 _ a
e = Y et %+ k2 PR

6.4.4 Gaussian

22

Gaussian is a function of type f(z) = e «2. It tranforms as

oo oo x . oo x : ia iak
y{e—zjz} :/ efikme—zﬁzdx :/ 67<‘T§+2k$)d1‘:/ e*(af;+zkz+( 21@)27( 2k)2)dx _
—o0

— 00 — 00
B / 67(%+Z%k)2+(u§k)2dx = 67# / 67(%+13k)2d:v
— 0 —o0

By substitution z = £ + %

iak
_=2 K2g2 [OF2 2
F{e 2} =aqae” e % dz

,OOJ’,%
Because the offset is constant for the limits, the integration contour is just a line parallel to the real axis,
adn therefore the we can transform the integral into real integral. Then

k2a2

- oo
Fle @} =ae 1 / e dz = ay/me” 4
— 00

Therefore, the transform of a Gaussian is another Gaussian, multiplied by some constant and with inverse
width % This is the mathematical principle behind the Heisenberg Uncertainty Principle.
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6.5 General Function Properties

Several (and perhaps more important) properties of a Fourier transform of a function can be derived
independently of the specific function form. I now give few examples of those

6.5.1 Linearity

Assume we have a function h(z) = af(x) + bg(x), where f(x) and g(x) are some Fourier-transformable
functions and a and b are some constants. Then, the Fourier transform of A is

o

h(k) = /00 (af(x) + bg(z))e *de = a /_OO f(x)e*dy + b/ g(x)e *dx = af(k) + bg(k)  (63)

— 00 — 00

Therefore, the Fourier transform is a linear operation. This is property is inhereted from the linearity if
the integration.

6.5.2 Translation

Assume we have a function h(z) = f(x — 2’) (function translated to the right with respect to original
function f). The Fourier transform is (using substitution z = = — z’

B(k) = /_00 e ke f(x — 2 Ndx = /_00 e_ik(z'”l)f(z)dz = e tha’ /_OO e f(2)dz = e_““lf(k:) (64)

Therefore translation is transformed as multiplication by factor e_“”’/7 which is equivalent to rotation of a

phasor by some phase angle.
6.5.3 Scaling
Assume we have a function h(z) = f(ax). The Fourier transform is (z = ax)
= <, 1 [ .- 1-(k
h(k) = / e ke f(ax)dx = 7/ e e f(2)dz = = f (> (65)
oo oo a’ \a

The principle here is similar to the transform of a Gaussian - wider function in real space (f(z)) is narrower

in phase space (f(k)).

6.5.4 Derivatives

Let h(z) = L. The Fourier transform is

= dxm
N e} ) n ) n—1 o0 00 ) n—1
h(k)/ e_m—d fda? = [e"kxd f] —/ (—ik‘)e"k”’d /

dxm™ daxn—1 dxn—1

— 00 —00

If we require j:n;,’f\z_&oo =0, the above becomes
7 . > —ikx dnilf
h(k) = (zk)l/ e ik Tl

— 00

We can continue this chain of integration by parts and requiring all derivatives of f to go to zero at infinities
and we then arrive at

) =y [ et e [ e e = v (66)

— 00 — 00

6.5.5 Solving Differential Equations

We can use the properties of Fourier trasforms to solve some differential equations. For example, the Fourier
transform of the diffusion equation (with respect to x) becomes

ou 0%u
%Y\ _ 5 z=
‘/{m} ‘/{DW}
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Let @ = %#{u}. Then, because we can take the derivative with respect to ¢ outside of the integral, the
equation becomes

ou o
Frie D(ik)“u(k,t)

ou

— = —Dk%a(k,t

ot a(k,?)

A K2 (VAD1)?

= VA4Dtre~ 1
V4Dt

Compairing this to the Fourier transform of a Gaussian, we can see that

2 k2 (v4D1)?
a(k,t) = Ae PFt = Ae=— 7

u(zx,t) = 4 hat

o
V4Dt

This is a specific solution to the diffusion equation, which corresponds to point source in time and space.

This is the Green’s function of the diffusion equation. This means that a solution at some later time ¢’ can
be gained from the solution in time ¢ = 0 according to

A 12
u(z,t :/ e~ ipty(z,0)dz
( ) allr V 4Dt ( )

6.5.6 Parseval’s theorem

Consider calculating integral [*_|f(z)|?dz. This integral can be rewritten as

/ Z F (@) F(a)de

We now express f using the reverse Fourier transform of f:

/_Z dz (2171- /_O:o dkeikwf(k)) (2171- /Oo dk/eik'wf(k/)>

— 00

transform the expression to

o)

Reversing the order of integration so that we do integration with respect to x first, the expression becomes

o[ ([ -
-

=55 ) (/: di’ (k) f (k') (;ﬂ /Oo e_i(k/_k)xda:>)

—00

Taking the complex conjugate inside the integral and staking all functions into the inner most integral, we

We can recognize the innermost expression as Dirac delta integral representation, and therefore we can
continue with transforming the expression to

|F (k)| dk

2 J_ o 2m

% _o;dk </_de’f(k)f(k’)6(k’—k)> _ i/oo dkF(E)F(k) = — /oo

Therefore, we have

| U@pae= o [ e

(67)
which is called the Parseval’s theorem.
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6.5.7 Convolutions

The convolution of two functions f(x) and g(x) is a function h(z) defined as

) = fego) = [ 7 fw)gle — y)dy

This seems like a rather arbitrary definition, but this concept has several uses. For example, the translated
function can be expressed as convolution with Dirac delta function

fa-an= | T @)8(( — o) — y)dy

Again, convolutions are linear in both arguments, i. e.

oo

(af+bg)<h(z) = [

— 00

(@ 0)+bgl)ha—s)dy = o [ ) h(a—y)dy +b / " gw)h(a—y)dy = al fxh)(x)+b(geh)(z)

and similarly
[ (ag + bh)(x) = a(f = g)(x) + b(f * h)(x)

where ¢ and b are constants and h is a function. This means that we can represent some repeating pattern
by sum of convolutions of Dirac delta functions with the unit cell of the pattern. This will be covered
explicitly in diffraction.

Now, we are more interested in the Fourier transform of the convolution.

F{f*g} = /: dwe™ ™ /_Z dyf(y)g(z —y)

Using inverse Fourier transform to represent g(z — y)

> —tkx > 1 > ik’ (z—y) ~
Fieg) = [ awet [ ayfe)y- [ e g -

o0 oo o0 1 » ‘ l
= / d.’ﬂ/ dy/ dkl?f(y)g(k/)e*”“ yefl(kfk: )
- -0 —00 ™

Reversing the order of integration so that we integrate with respect to x first

L) 00 oo 1 5 ik —i (kK )
ﬁ{f*g}:/ dy/ dk:// dxﬁf(yg(k:’))e Kye—i(h—k)z _

= [ ws) [ g (;ﬂ | e—“’“—’“”dx) = [ s [ g s - w) -

—0o0 — 00 — 00 — 00 —0o0

-/ T dyf )ik = (k) / T dyf e = Fk)ak)

Therefore, the Fourier transform of a convolution is simply the product of the Fourier trasforms of the
functions in convolution. This is called the convolution theorem.

F{fxg9y = F{}F {9} (68)

6.5.8 Moments of distributions

A general n-th moment of a distribution f(z), M, (f) is given by integral

)= [ gy

Consider the Fourier transform of =" f(x)
F{a"f(x)} = / e~ ke f(z)dx
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Clearly, M, (f) = F{a" f(x)}(k = 0). Now consider the inverse Fourier transform of derivative of transform

of f
L arf 1 [~ .d'f
FI—— = —=dk
{ dkm } 2m /, dkm
We can deconstruct this integral analogously as the one for the derivative of forward Fourier transform,
assuming that all derivatives of f(k) go to zero at infinities

oo dnf ) dnflf~ > oo dn— lf
ikx * J ik o zka:
[we Zn [e dk"—ll [m(zx) o Tdk =
A > ik dnilfl . T\" > ikx
(Z) /,006 a1 = (2) /,ooe 1 (k)dk

s {5} = g = (3

Lg-—l {Znillzz} — LL'nf(l')

Taking Fourier transform of both sides, we find out that

Therefore

WA f

F{x" = 69
fonfla)y =2 (69)
But, this can be used to calculate moments of distributions as
" nd"f
My(f) = FLa" @)}k = 0) =" T g
Summarizing R
Rd"f
M, (f)=14i"—|k= 70
() =" T o (70)

6.6 Generalization to 3D

Fourier transforms in 3D in cartesian coordinates are simply taken with respect to all the coordinates
sequentially. Hence

Flka, by, k2) = F(k) = /_OQ dze~ka® /_Oo dye‘ikyy/oo dze™ =% f(z,y,2) =

/ dac/ / dzeikeathyytka2) () — / dx/ dy/ dze= %7 ()

Therefore, the general formula (valid in other coordinate systems as well) is

7 f(F)} B //-/all space eiiE.Ff(F)dV (71)

Similarly, the inverse Fourier transform is

1{f (27)3 ///allk 5pac€f~ JaVi (72)

where dVj is the element of the k vector space volume. Denoting real space as V' and k space as Vj, we
can use these definitions to find the integral representation of Dirac delta in multiple dimensions

e [ n = [ o s

Reversing the order of integration

s [ v et o sen = [ vaen (g Jf] 5 m)
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The last expression clearly plays the role of 3D Dirac delta. Therefore

1 I
3= — —ik-(7—38)
0°(r=9) (2m)3 ///vk ‘ Wi

Most of other results, importantly including the convolution theorem, have their 3D analogue. The convo-
lution theorem is simply .Z{f % g} (k) = f(k)j(k)

7 Diffraction

7.1 Wave Equation
7.1.1 Decomposition of 1D wave

The wave equation in 1D has form
Pu 2 0?u
o2 " ox?
Taking Fourier transform with respect to space first

2 Fulu) = BT fu)
o
and then with respect to time
W F{ T {u}} = R F{ T {u}}

For non-zero total Fourier transform (with repect to both ¢ and ) of u, we can rewrite this as familiar
dispersion relation
W2 = k22

Or equivalently
W=k =0
Consider now taking the inverse Fourier transform of some function f (w, k). In order to make sure it is a

Fourier transform of a function satisfying the wave equation, we can take all possible functions of w and k
and only choose those for which dispersion relation applies using Dirac delta. This means that

A(w, k) = f(w, k)d(w? — k2c?)
where f is any function of w and k. Now we can take the inverse Fourier transform in frequency

1

F i k) = o

o0
/ et fw, k)d(w? — k*c?)
However, delta function here becomes zero at two points, at +kc. We are only able to handle delta function
if it becomes zero once in the interval. Lets therefore split the integral so that it consists of two intervals,
each with one root of argument of the delta function.

s =5 (f " e o, KR — H) 4 w7 dae o o - )

— 00

2

We now use substitution z = w? — ¢2k?. This has general solution

w=+Vz+ c2k?
dz
2V z + c2k2

The negative pair corresponds to the first integral (only this pair can produce w — —o0). The positive pair
corresponds to the second integral. Therefore the first integral becomes

—ck
—dz —iVZF Rt § 212 —

o ] , N 1
= [ e T Ve RN = e ekt
—C

dw =+
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The second integral becomes

/ 1 ei\/z+c2k2tf~(\/z + 02k2, k)é(z)dz _ Leicktf(ck, k?)

W e 20k
So L
ag—1lr~1 _ —ickt ickt ¢
FMa) = o (7 M ok, k) + ¥ fck, k) )

Taking the inverse Fourier transform with respect to wavenumber (space), we obtain the original amplitude
function

o0

7oUF M) =l t) = 5o [ ket (R (o) + € fok, ) =

— 00

f —Ck, k) ir(o—et) / f cki k)
el (z—c dk - el z—i—ct)dk
27?/ Cdmck + Cdmck
These two integrals are just inverse Fourier transforms of some wavenumber functions. If we name these
functions ~
~ f(_Cka k)
k)="——-+=
g(k) 4drck
7 f(Cka k)
h(k) =
(k) drck
we then have
1 [ » 1 (- -
u(a,t) = o~ / G(k)er =t gk 4 o / h(k)eF @D dl = g(x — ct) + h(z + ct) (73)
T J_ oo T J_oo

Therefore, any wave in one dimension can be expressed as superposition of two waves travelling in opposite
directions.

7.1.2 Radially Symmetric 3D waves

In 3D, the wave equation is more complicated and takes form

0%u

ot?

AV =

However, for spherically symmetric waves in spherical polar coordinate system, only derivatives with respect
to radial direction will be non-zero. Therefore the equation becomes

21 0 [ 50u 0?u
c rt— | = —
r2 or or ot?
In order to make further progress, we assume that the intensity of the wave, which is a square of the

amplitude of the wave, drops as the inverse square of distance from the source, which lies at origin (centre
of symmetry). This means that we assume I oc u? oc . This can be expressed for some function v(r,t) as

Then, the equation becomes
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Which finally leads to
,0%v 9%
2l 27
or?2  ot?
This means that the v function behaves exactly like a wave in 1D. We can therefore express the spherically
symmetric wave as superposition of left and right travelling waves in r, divided by r (the wave is the u

field)

g(r —ct) + h(r + ct)

'LL(T', t) = r

(74)

7.1.3 Monochromatic Light

Now, we consider the effects that a monochromaticity of light has on our derived results. First, for
monochromatic light, just one wavelength, adn therefore just one wavenumber describes the wave. This
means that functions §(k) and h(k) in become effectively Dirac delta functions Ad(k — ko) and
Bo(k — ko), where kg is the wavenumber of the wave. then becomes

1 [ , 1 [ ,
u(x)t) — 27/ A(S(ki _ ko)eik(r—ct)dk. + 27/ B5(k _ ko)ezk(m-&-ct)dk

™) _—co T J-—co

Absorbing the % into the constants, we then have
U(l‘,t) — Aeikg(mfct) + Beiko(erct) (75)

Hence a monochromatic wave in 1D is always a combination of two plane waves travelling in the opposite
direction.
Similarly, for the monochromatic radially symmetrical wave in 3D

A iko (r—ct) B iko (r+ct)
u(r,t) = ¢ + e (76)

r

7.2 Huygens’ principle

It might seem that spherically symmetrical source is a very specific situation, but in fact the solution of
this situation can be extended using the Huygens’ principle.

This principle states that every point on a wavefront of a wave behaves like a independent point source.
Because it is a point source and it is independent, it is spherically symmetrical. Therefore, progression of
any wavefront can be expressed as combination of progression of spherically symmetrical point sources.
There are two last subtleties to take into account. Firtly, at the wavefront, sometimes know the direction
of progression of the wavefront in some small distance around it. We then usually choose the constituent
plane waves created by the point source so that this direction is obeyed. This means that if we know that
the wave is right travelling at some point source, we only choose the e?0("=¢) part, effectively setting B in

to zero.

Second subtlety is discusset in following section

7.2.1 Coherent Light

A complication with the Huygens’ principle approach is that different points at the wavefront have different
relative phases. This can be expressed by some phase difference function 7(7, t), so that we can describe any
point on the wavefront correctly with respect to others as creating a wave proportional to e?(Fo(r—=ct)+n(7t))
This phase difference greatly complicates any calculations, and when its variation is big enough (order of
7 across the considered points), the stable diffraction phenomena becomes not visible (it might be visible
for some slow waves, but for light the pattern simply disappears).

Coherent light is light for which all the points on some wavefront have the same phase, which then enables
us to set n(7,t) = 0.

7.3 Fraunhofer Diffraction

Fraunhofer diffraction is a diffraction in a specific setup, illustrated in Fig. The light incident on the
screen from the left is coherent and only right travelling. Therefore, any point source on the screen creates

a wave '
Apezko (rp—ct)

up(7,t) = "
P
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[ 2

Y1

0 D

Figure 15: Setup for Fraunhofer diffraction. Light is incident on the plane ysy; from the left and travels
in the direction of x. The interference pattern is created on distant screen xox1. The distance of the two
screens is D. The origin of both coordinate systems is O; point.

where 7, is the distance of some point 7 from the given point source.

The amplitude A, varies from point to point on the wavefront. It is perhaps better to describe it as a
function that gives the intensity at some point surface in screen plane - yoy; on which the light is incident.
We call this function the aperture function a(y), where § = (y1,y2,0) is the cartesian coordinate vector on
the screen plane. Then

A, () = a(§)dydys = a(if)d®y

where d?y is just a shorthand for dy;dys.

We can make one more change to make the calculations easier - in order to be able to easily add the effects
of several point sources, we need them to be unit point sources. This is achieved by adding a constant to
the aperture function, which in this case is ﬁ. Then, we have that from one point source on the screen,
the wave is

a(7)eo =7l —ct)

0 = T

where 7 = (z1, 22, x) is the position vector on the image screen.
Then, the total interference pattern is constructed by adding together the influences of all independent
point sources in the screen plane. The wave amplitude in the image plane is then

e 1
(7 1) = —\ iko (|F—i|—ct) d2
ui(7, 1) //ya(y)e Y

where we integrate over the whole screen plane.
In the zeroth approximation, which is valid for the denominator of the integrand, for big distance D when
compared to |7] for ¥ where a(%) # 0

F—gl~D

However, we cannot do the same approximation for the expression in the exponent. Here, we have to be
more careful, as the exponent can vary the value of u; greatly. The first approximation is

7= gl = V(= §)? = V(21— 51)* + (22 — 42)* + 22

This can be approximated. Present a new position vector that has origin in the image plane and has x5
and x; axis parallel to those of yoy; coordinate system. Then, the position on the image plane can be given
by & = (1, 22,0). Then

=i =@+
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Since the screen is at distance @ = D, which is big compared to distances |Z| and ||, which we consider

7 — )2 712 4+ 1712 + 27 - 7 7.7 7.
o=y E T p (1 ST DY (1, )y 2

D2 2D?

So, the interference pattern on the image screen is approximated by

g —zktg(D ct) )
’LL {f 471_D //d2ya 72k0(D+—7ct) _ //d2ya 1%.1/

Here, I put together =3 koZ hecause it represents a wavevector between two points on the image screen created

due to one point source Therefore, we can write that on the image screen due to one point source

- kof
k= 20
D
Hence, we have formula for the interference pattern
e—ik}o(D—Ct) ];; N e—iko(D—Ct) =
(T t) = —— Ne FVd?y = ———a(k
Wl ) = g [ ey = s ath ()

The amplitude on the image screen is therefore proportional to the Fourier transform of the aperture
function.
Now I include a few examples of diffraction patterns.

7.3.1 Single Point Source

The aperture function for a single point source has a form of a(%) = Ad?(ij — /') where i is the position of
the point source on the screen. The image on the image screen becomes

—zko(D ct) ) T —iko(D—ct) T
(T, 1) = A& ( e kY q2y e P
ui (1) 4D / 4mD ¢
And the observed intensity becomes
_ A?
=t = 1520

which is constant with position on the image plane, Z.
7.3.2 Two Point Sources
Let there be two point sources on the screen so that aperture function is a(y) = A0(¢¥ — 1) + Ad(§ — ¥a).

Then, the Fourier transform of this function is

// 672'12-3714(52(?_2?1) +52(7]—y3))d2y _ A// e—iE-ﬁaQ(g_gl)d2y+A// efilz-7752(g_yﬁ»2)d2y =
Yy Yy Yy

— Ae~ k0 + Ae~ k72

Therefore, the intensity on the image screen is

_ 1 2 ( —ik-i ey ik ik,
= witi = {g e ( te y2> (e Ne y2> -
A? FGoi) o iR (G A? -
:W(2+e (2=01) 4 =ik (72 y)>zm(2+2cos<k~(y2—y1))>=
A2 k- (G2 — ) A? koZ - (2 — 1)
= " _4cos? 4eog? (2072 T I
1672p2 % ( 2 = 16m2p2 °” 2D

where I used the definition mentioned earlier k = TE. We can further express the kg using the wavelength

to get more familiar form
A? 7T (2 — Y1)
I= " _4eos? 22 Y
- cos < D
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Therefore, if we move along the direction of > — ¢} along the image screen (changing vector x), we change
the phase most rapidly. If we move in a direction normal to > — %1, we do not change the phase at all.
This means that the pattern looks like familiar fringes that are periodically dim and birght and are all
perpendicular to direction s — /3.
The distance between the maxima is the distance between maxima of cos?, which is distance from maxima
of cos to minimum of cos. This means that for & along > — 1 which gives a maximum, the next maximum
occurs at & + A& for which

o (@ +AZ) - (o — ) 7T (o — Gi)

AD AD

Axl
AD
where [ is the distance between the point sources (AZ is along ¢ — ¥1)

1=

DA

A =
T

Therefore, the smaller the distance between the sources, the bigger the distance between the maxima of
the fringes. Higher order maxima are at multiples of this distance.

7.3.3 Rectangular Slit

Now, consider a case of rectangular shape apreture centered around the origin. If the aperture has width
w (along y; direction) and height h (along the yo direction), the aperture function is

al§) = 0,97 : [y1] > 2V ya] > =

a\y) = Y1 D) Y2 D)

w h

A Vi < —=A —

a(y) = gyl 9 ly2| < 9
The Fourier transform is

w h w 13
(RS (e
v -3 /-4 -3 -4

. w . w 1 . h . h A h
_1k17 _ Zkli - _1k27 _ 1]@25 h _
—iky (e € ) ks (e e ) k1k22sm (kl 2)2sm (k22)
Awh . w . h
= @ sin (kl 5) sin (k:g 2) Awh smc k;l— smc ( )

The intensity is (substituting for &)

1 9 9,92 . o (TTIWY . o (Tx2h
IZWA’LU}?,SIHC (AD)SIHC \D

The most important feature in the sinc function is the central peak. It reaches from the value of argument
—m to . Then, the central peak has approximate size Az

o — 2r Az w
T D2
22D
Ar = —
w
And the size in the other direction is
2D
Axy = 5

Therefore, the central slit is wider in horizontal direction than in vertical direction if the apreture is narrower
in horizontal direction and wider in vertical direction. This leads to a rather bizzare prediction that for
infinitely wide slit in vertical direction the image is slit that is infinitely wide in the horizontal direction.
The reason why we do not observe this commonly in experiment is because the approximation that for all
7, & and ¥ are small does not apply anymore, and the difraction pattern has to be calculated otherwise.
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7.3.4 Two slits

To describe two slits, we need to somehow just replicate and displace the aperture function from previous
problem for a single slit. This can be elegantly done using the convolution. The two slits at positions ¥
and 1> can be described as

az () = a = g(¥)
where
9(¥) = 0(§ — y1) + 0(§ — y2)
The Fourier transform is

Flaxg}t =F{a}F{g}

We already calculated both these transforms. Hence the product is

W\ e
F{ax* g} = Awhsinc (w) sinc (wa ) (eﬂbyz + efmyz)

AD AD
Hence the intensity on the image screen is

1 h 2rx
= m16A2w2h2 Sin62 (%) SinC2 (W;’é ) COS2 <$ : (:[72 - 371))

7.3.5 Diffraction Grating

1

—

Diffraction grating characteristic follows exactly the same analysis as above, but g(%) is now
N
9(@) = Y 6(F+nl)
n=—N

where [ = l9 is the displacement vector between two slits of the grating (I choose for all the slits to be
ordered in the horizontal direction). Then

N N 2N
g(?j) — § eik-(nl) — § elklnl — e—zklNl E eiklnl
n=—N n=—N n=0

This is a standard geometric series with sum equal to

i) =
The absolute value of this squared is
oy (1= eR@NED (] ek NADY) ] (o=t NI ik 2N
9(k)|” = (1 — eihil) (1 — e—ikil) = 1 (eihil 4 e—ikil) 4 1 -
2 2cos(h(2n 41y s’ (REFHY) sin? (mGEEY)
B 2 — 2cos(k1l) o osin? (B sin? (55

This is a typical pattern with some big maxima with several smaller maxima in between.
Here, 2N + 1 is the total number of the slits. Therefore, the total diffraction intensity is

~12)~ in? (Tra@N+1L
_ |a\2|g\2 _ 1 4 Awh sinc? (7755110) sine? magh’) S ( A )
16m2D?%  167w2D? AD AD sin2 (%)
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7.3.6 Circular Aperture

The circular aperture has aperture function
a(y) = AVy: | < R
a(y) =0,vy: 4] > R

where R is the radius of the aperture, which is centered around the origin.
We now do the Fourier transform. To make the integration sensible, we do the integration in planar polar
coordinates, with r = |7 and ¢ the angle from the y; axis. Then

2m
a(F) = // fzkyrdd,d,ﬂ_/ / e ilFI171 €05(6:-0) gy iy
0

where ¢y, is the angle from z; axis to point Z;. Substituting o = ¢, — ¢ and z = |E||gj’| =
the distance of the point & from the origin projected on the image screen. Then

N ¢ —2m
k / rdr / —iz cos(ar)
Pk

Since we complete a full circle in the inner integral, we can rewrite the limits (using the minus side inside

the integral) as
. R 2m )
a(k) :/ rdr/ e~ #eos(@) gy
0 0

The inner integral is the integral representation of the Bessel function of the first kind of order 0.

27Ty

1L~ Where 7y is

Bessel functions of the first kind Bessel function of the first kind of the zeroth order has integral
representation

1 27 )
Jo(z) = %/o e 4% c08() gy (78)
The Bessel functions of the first kind are connected via recursion relation
L a(2)) = 2 (2) (79)
dZ n—1

Also, Bessel functions are solutions of differential equation

2 1d n?
(dz2+zdz+ (1_22)>f(2):0

where n is the order of the Bessel function. This differential equation has two solutions, and the second
one is the Bessel function of the second kind, which is often written as Y, (z).
In our problem, we then have

. R R . |E|R dz on [IFIR
a(k) :/ rdr2nJy(z) = 27r/ rJo(|k|r)dr = 27r/ 7,] (2)=— = = / zJo(2)dz
0 0 0 || |&| |l<:|2 0

Using the recursion relation

-, 2T kIR d 27 |E|R
W= [ g ChEN s = L n e
Since J; does not diverge at zero
. Ji (kIR J, (2mr=R
a(k) = = |K|RJy (|F| R) = 2 (,3 ):% 1(2w¢f)
| k[ % ADR
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7.3.7 Angular Resolution

We can rewrite the above relation with angle from the centre of the aperture 6 (for 7, << D) as (ko = 5F)

J1 (koOR)

Fol
R

a(k) = 2m

We say that two objects are just resolved when the first diffraction pattern minimum lies in the zeroth
maximum of the other object. The first minimum of Bessel function of the first kind and of the first order
appears approximately at 1.227. This means that the minimum angle separation between the objects has

to be A8 such that
1.227 = kgAOR

where d is the diameter of the circular aperture. Therefore, telescopes can resolve more if they are larger.
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