Appendix 4

Dyadic Analysis™

DEFINITIONS

Vector d’ is a linear vector function of vector d when the following relationships hold:

dy = axedy + axydy + ayd;
dy, = aydy + ayydy + ayd;

d, = axdy + azdy + ad.. (A4.1)

These relationships can be represented in more compact form by means of the matrix
notation

d=a-d (A4.2)

The matrix operator itself can be expressed in terms of dyads as

a= Ay Uy Uy + AxyUxUy + Ay U U + ay Uy + aypyiyuy

+ ay;uyu; + azuuy + azxuuy + azuu, (A4.3)
provided, by convention, ab-c stands for a(b-c). The symbol ab is called a dyad, and a
sum of dyads such as a is a dyadic. Also by convention, ¢-ab stands for (c-a)b, so that the
dot product of a dyad and a vector is now defined for ab acting as both a prefactor and a
postfactor. The writing of @ in “nonion” form, as shown above, is rather cumbersome, and
one often prefers to use the form

a4 = (AxxUy + Ay ly + Az U)Ux + (Axy Uy + Gyylly + ayu)uy,

+ (axuy + ayuy + azuy)u; = aju, + a;uy + alu, (A4.4)
where the a’ are the column vectors of the matrix of a. Alternatively,

a4 = Uy (A Uy + Axyly + Ay ;) + Uy (ay 0y, + ayylly + ay,Uy)

+ ug(azuy, + ayuy + azu;) = uea, +uyay, +uzag, (A4.5)

*Professor Lindell has been kind enough to check this appendix, make corrections, and suggest additional
formulas.
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1036 Appendix 4 Dyadic Analysis

where the a are the row vectors of the matrix of @. It is obvious that a-d is, in general,
different from d-a. In other words, the order in which @ and d appear should be carefully
respected. a-dis equal to d-a only when the dyadic is symmetric (i.e., when a;; = ay;).
The transpose of @ is a dyadic @ such that a-d is equal to d-@'. One may easily check that
the transpose is obtained by an interchange of rows and columns. More precisely,

@ = a.u, +ayuy +au, = w,al + wa; +ual. (A4.6)
The trace of the dyadic is the sum of its diagonal terms. Thus,
ra=agy+ ayy + az;. (A4.7)

The trace is a scalar (i.e., it is invariant with respect to orthogonal transformations of the
base vectors). The trace of ab is a-b. Among dyadics endowed with special properties we
note

1. The unitary dyadic, which represents a pure rotation. The determinant of its elements
is equal to 1.

2. The identity dyadic

~Il

= W, + uyuy, + u ;. (A4.8)

Clearly,

~l1
~l1

d=d-I1 =d. (A4.9)

3. The symmetric dyadic, characterized by aj; = ay;, for which @’ = a. The dyadic ab
is symmetric when a x b = 0. Further,

a-d=d-a. (A4.10)

4. The antisymmetric dyadic, characterized by a;; = —ay;. For such a dyadic a = —a,
and

a-d=—d-a. (A4.11)

The diagonal elements are zero, and there are only three distinct components. The
dyadic can always be written in terms of I and a suitable vector b as

a = —b;uuy + byu,u; + b uyu,

— byuyu; — byuu, + byuzuy,

Ixb, (A4.12)

where the skew product is the dyad
(be) xd =b(c x d). (A4.13)
The antisymmetric @ can also be expressed as

a = cb — be. (A4.14)
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5. The reflection dyadic
Fr(u) =1 — 2uu, (A4.15)

where uis a (real) unit vector. Applied to the position vector r, it performs a reflection
with respect to a plane perpendicular to u.

6. The rotation dyadic

7r(0) :uu+sin9(ux?)—i—cos@(i—uu). (A4.16)

Applied to a vector, it performs a rotation by an angle 6 in the right-hand direction
around the direction of u.

The elements of a dyadic may be complex (a case in point is the free-space dyadic discussed
in Chapter 7). It then becomes useful to introduce concepts such as the Hermitian dyadic
(aik = af;), or the anti-Hermitian dyadic (ay = —a;;). Useful products of dyads are defined
as follows:

(ab)-(cd) = a(b-c)d (the direct product, a dyad). (A4.17)

(ab) : (cd) = (a-c)(b-d) (the double product, a scalar). (A4.18)

(ab) X (ed) = (a x ¢)(b x d) (the double cross-product, a dyad). (A4.19)
(ab)~ (cd) = (a x ¢)(b-d) (a vector). (A4.20)

(ab) x (ed) = (a-c)(b x d) (a vector). (A4.21)

General Multiplicative Relationships

(b-a)-c =b-(a-c) =b-a-c (A4.22)
(bxc)-a=b-(c xa)=—c-(bxa) (A4.23)
(@xb)-c=a-(bxc)=—(axc)-b (butnot(@-b) xc) (A4.24)
(bxa)-c=bx (ab) (A4.25)

(b-@) x ¢ =b-(a x ¢ (A4.26)
(bxa)xe=bx@xe)=bxaxc (A4.27)
b x (¢ x a) = ¢(b-a) — a(b-c) (A4.28)
(bc —cb)-d = (c xb) xd (A4.29)
(¢-@)-b = c-(@-h) = c-a-b (A4.30)
(@-b)-c =a-(b-c) =d-b-c (A4.31)
(exa)-b=cx @b =cxab (A4.32)
@b)xe=a-(bx¢)=a-bxc (A4.33)

(@ x ¢)-b=a-(c xb) (A4.34)
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The identity dyadic satisfies the following relationships:

(ixb)-c:b-(?xc):bxc
Ixb)d=bxa=(bxI)a

~ll

X (b x ¢) = cb — bc.

DIFFERENTIAL RELATIONSHIPS

Differentiation with Respect to a Parameter

d — df — da
E(fa)zaa+fw
i(ﬁ.b)zﬁ.b+5.d_b
dt dt dt
—(EXb):EXb+5x@
d dt dt
i(a?)=ﬁ-3+i-£
dt t dt

Basic Differential Operators

The action of a linear operator £ on a dyadic is defined by the formula

La = (Lal)u, + (,Ca;,)uy + (La))u..
In particular,

diva = V-a = (div a)u, + (div ap)uy + (div a))u,

_ Oay L+ da, Oa,
T 9x 3y oz

curla = V x a@ = (curl a))u, + (curl a))u, + (curl a))u,

- @ d¥%a 9% = =
2= — iva a
va 2 + W + 32 = grad div @ — curl curl a.

ux &_8& +uy %_% +uz @_aﬁ
ay 0z 0z ax 0x ay

)

(A4.35)
(A4.36)

(A4.37)
(A4.38)
(A4.39)

(A4.40)

(Ad.41)

(A4.42)

(A4.43)

(A4.44)

(A4.45)

(A4.46)

(A4.47)
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Also
rada=Va=nu da +u da +u da
grada = va =y "Wy T
= grad a,uy + grad ayuy + grad a;u, (A4.48)
a a a
agrad =aV =au,— +au,— + au; —. (A4.49)
ax Ty 0z
Derived Relationships
grad(b x ¢) = (grad b) x ¢ — (grad ¢) x b (A4.50)
grad(fb) = (grad f)b +f grad b (f is any scalar function) (A4.51)

da da da

(bgﬁﬁ:bﬁ;+@5;+@& (A4.52)
dr-grada =da (A4.53)

div(bc) = (div b)e + b-grad ¢ (A4.54)
divcurla =0 (A4.55)

div(fa) = gradf-a+f diva (A4.56)
div(@-b) = (div @)-b + tr(@ -grad b) (A4.57)
div(b x @) = (curl b)-@ — b-curl @ (A4.58)
div(be — ¢b) = curl (¢ x b) (A4.59)
div(fT) = grad f (A4.60)

div(l x a) = curl a (A4.61)

curl(be) = (curl b)e — b x grad ¢ (A4.62)
curl grada =20 (A4.63)

curl(fa) = grad f x a+f curl a (A4.64)
curl(f?) = grad f x i (A4.65)
curl@x b) =curla x b — grad b X a (A4.66)
curl curl( f?) = curl(grad f x ?) = grad grad f — 7V2f . (A4.67)

INTEGRAL RELATIONSHIPS

The integral relationships of vector analysis have their equivalent in dyadic analysis. The
most important examples are

N
/ dc-grad a = a(N) — a(M) (A4.68)
M
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/dc a= /un x grad a ds, (A4.69)
c S

where the contour is described in the positive sense with respect to u,,.

/ de-a= /S u,-curl adS (A4.70)
¢
/ grad adV = / uzadsS (A4.71)
/ divaadv = /Sun .ads (A4.72)
/ curladV = /S x ads (A4.73)
-/V [b-grad div @ — (grad div b)-a] / [(u,-b) diva — div b(u,-a@)]dS (A4.74)

/ [(curl curl b)-@ — b-curl curl @] dV = / (u, x b)-curl @+ (u, x curl b)-a]dS
%

= / [un- (b x curl @) + uy,-(curl b x 5)] das
S
(A4.75)

/ [b-vF - (Vzb)-ﬁ] dv = / [(u,-b) div @ — div b(u,-a)
\% S

+ u,+ (b x curl @) + u, - (curl b x @)] dS
(A4.76)

/ (@V?f —fvia)dv = / u,,- (grad fa — f grad a) dS. (A4.77)
\% S

RELATIONSHIPS IN CYLINDRICAL COORDINATES

Dyadic @ can be written as
a=ayu, +a,u, +au; = u,a, +uya, + ua;.
The basic differential operators are then:

dply

u
grad a = (grad ar — ) u + (grad ay + ar_¢> u, + grad a;u,
r

oa 1 da oa
= A4.78
Yor ar ey r Bgo g, az ( )

diva = (diva, — ) u, + (diva), + ) u, + (@iva)u,

1 da 1o0a, Oa,
=-a+_—+-—+—= (A4.79)
r ar r dp 0z
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/ /
_ a, xu a, xu
= 4
curla = (curl a, + -2 ) u, + <curl a, — — w) uy, + curl alu,
, ,

r

10da, o0a, da, Oa, a, Jda, 1o0a,
= - = — - —+— ——-—. (A4.80
ur(rago az)+“‘”<az 8r>+uz(r+8r r 0 ( )

In particular:

Uyl

gradu, = (A4.81)

gradu, = — ““’r“r (A4.82)

gradu, =0 (A4.83)

grad(ru,) = u,u, + uyu, =1 — v u.. (A4.84)

Note that the dyadic operators expressed in terms of the row vectors a are identical with
their vector counterparts provided bars are put above scalar projections to transform them
into row vectors, and provided the unit vectors are used as prefactors. This simple rule,
which is also valid in spherical coordinates, allows one to write composite operators such
as grad div simply by referring to the vector formula. For example:

_ a 2 0a
V2id=u, (Vzar -3 - ——w) + u, (V2a¢ — r—ﬁ + ﬁa_g;) +u,V%a,. (A4.85)

RELATIONSHIPS IN SPHERICAL COORDINATES
Dyadic @ can be written as
@ = ajug +ajuy + a,u, = Ugag + Upag + Uya,.
The basic differential operators are

apu, apug agug apu
grad a = (gradaR—u— R —ﬂ)ug

ianc) d i)
R R )uR—i—(gra do + Rtan6

+[emday + (4 o)
ra —_
glad % ™ \R ™ Reang /) MM

oa 1 0a 1 oa
— _oa - o2 A4.86
UR5R TR0 T " Rsing 9y (A4.86)
. = . agg +a . agr a
d — (diva, — e (d /o, 96R  Gep )
va ( v ap —r ug + | div ay + R Riand Uy
. AdgR (7]
diva’ + YR L)
+( va, + R +Rtan9 Yo
3 2 19 1 9
_oa  cag  loay - A Ay (A4.87)

R TR TR0 T Rano T Rsing 9p
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/

/

- ay xuy ay XUy ah xug @, XUy
curl @ = | curl a), + -2 ¢ ug + [curla, — =R 4
R R R R 0 R Rtan®
a, X u a, xu
curla/, — R "¢ _ 70 L
+( ¢ R Rtang ) ¥
(e A 1 Bm
R 060  Rtanf Rsin6 dgp

BaR

1
t U (Rsine% TR

In particular:

grad ugp =

grad ug =

grad uy

9 19
B\ (P, Ldme) 0
R 9R " R R a0
B0t , Do (A4.89)
R R
_Uolr | Uply (A4.90)
R Rtan6
_YUeUr _ Ul (A4.91)
R Rtan@
grad(Rug) = I. (A4.92)

NOTES
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