Appendix A.
Nabla and Friends

A.1. Notation for Derivatives

The partial derivative
ou . u(x + he;) —u(z)
=1
o) = h

of a scalar function v : R™ — R is written in short notation as

ou

By u(z) = .

@) = 5 (@)

Similarly we have for the higher derivatives
0*u 0%u
2
amzu(x) = Tﬁ(x)u 61‘1817Ju(x) - 8;@8%’ (1’),
A vector a = (a,...,a,)T of nonnegative integers o is called a multiinder of order

n
|| = Z Q.
i=1

For a given multiindex « we set

leY leY s alalu
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For a given nonnegative integer k
DFu(z) = {0%u(zx) : |a| = k}

denotes the ordered set of all partial derivatives of order k at the point z. Note that DFu(z)
has n* elements, i.e.0;,0,,u(x) and Oy,d,,u(x) are different elements although they have the
same value.
For the special cases k = 1 and k = 2 we identify D'u(z) with the gradient Vu(z) and
D?u(z) with the Hessian matrix V2u(x) (see below for the definition of gradient and Hessian).
In the case of a function u(z,y), u : R* x R® — R, we write Diu or DSu to indicate the
variable with respect to which differentiation is to be applied.

A.2. Vector Differential Calculus

The whole presentation treats the differential operators only in cartesian coordinates.
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Appendix A. Nabla and Friends

A.2.1. Nabla Operator

The nabla operator formally is a row or column vector of partial derivatives with respect to all
variables of its argument:

V=(81,...,00)" (A1)

(when we assume that the argument has n variables).

A.2.2. Gradient

Gradient of a Scalar Nabla applied to a scalar function u(x1,...,z,) in n variables gives a
vector called “gradient” of the function:

Vu = (diu, ..., 0,u)". (A.2)
We can imagine V to be a column vector in this case applied to a scalar which gives a vector.
The gradient of a scalar function in point x is a vector which is perpendicular to the level

set I(¢) = {y : u(y) = ¢} for ¢ = u(x) pointing in the direction of the steepest increase of the
function wu.

Gradient of a Vector-valued Function Nabla applied to a vector-valued function

T
w(x) = (ur(z1, - xn), oy Um (1, .., Tp))
with m components in n variables gives a matrix called the “Jacobian” of the function:

(Vul)T 61u1 Ce 8nu1
Vu = = or (Vu)iyj = 8juz (A3)
(V)T O1Um ... Opum

If we wish to view the gradient as a column vector and the function u also as acolumn vector
(of possibly different size) then we formally have:

“Vu’ = (VuT)T. (A.4)

Here Vu” as an outer product producing a matrix.
In the case of a scalar function u the matrix VVu = V2u is called the Hessian matrix.

A.2.3. Divergence

Divergence of a Vector Field The scalar product of nabla with a vector-valued function gives
a scalar called the “divergence” of the function:

n
i=1
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A.2. Vector Differential Calculus

Divergence of a Matrix-valued Function The divergence operator applied to a matrix-valued
function
01 01,1(.%) O’Ln(.’E)
o(T1y. -y Tp) = : = : :
Om om1(z) ... omn(x)

in n variables is defined to yield the divergence for each row of the matrix. Note that ¢ needs
to have as many columns as there are variables. It produces a vector-valued function:

V. o1 23:1 9jo1,4 n
V0= = or (V . U)i = Z 8jam-. (A5)
V-om > i1 9i0m,; =t

If we regard the divergence as a row vector and o an m X n matrix with n also the number
of variables, then we can formally write

V.o = (V- (67)) . (A.6)

Here the inner product V - (¢7) produces a row vector. Note the similarity to the formula

(A.4).

A.2.4. Curl

The “curl” (also called “rot”, which is exactly the same thing) of a vector field is defined as

82u3 — 83u2
V xu= 63U1 — 81U3 (A.7)
O1ug — Doy

which corresponds to the vector (cross) product a x b = (agbz — azbs, azby — a1bs, a1bs —asby)’.

As stated, it makes only sense for u : R — R3 and there is no obvious extension of the curl
operator to n dimensions. However, the related Stokes theorem (see below) can be extended to
arbitrary dimensions.

A.2.5. Convection Term in Navier-Stokes Equations

For a vector-valued function u, the convection term in the Navier-Stokes equations is written
as u - Vu which is formally defined as

Vu1 U Z?:l uiaiul
u-Vu= (Vu)u= : =1 : . (A.8)
Vg, - u o uiOiun,

Note that the scalar product of a vector with a matrix (Vu is a matrix!) is defined as a vector
where each component is the scalar multiplication of the vector with a row of the matrix.
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A.2.6. Laplacian

Laplacian of a scalar function The Laplacian takes second order derivatives of a scalar func-
tion and is defined as

Au=V-Vu=>)» du. (A.9)

i=1

Laplace of Vector-valued function The definition of the Laplacian is extended to vector-
valued functions by applying it to each component, i.e. the Laplacian of a vector-valued function
is again a vector-valued function. In agreement with the conventions above we have:

V . Vul Au1
Au=V - -Vu= : = : . (A.10)
V - Vu, Au,

A.3. Vector Integral Calculus
A.3.1. Matrix Product

Let T',.S be two m x n matrices, then we define
m n
T:85= ZZTZ‘J’SZ‘J’. (A.ll)
i=1 j=1

Applied to two vector-valued functions u, v with m components in n variables we have with the
definitions from above:

Vu: Vv = ZVui - V. (A.12)
i=1
Now let T', S, @Q be n x n matrices. Then the following holds:

T:(QSQ") =(Q'TQ): S (A.13)
This can be shown as follows:

(QSQT) = §j§jfg TQsQ"e))

i=1 j=1

-3y (Y (st

i=1 j=1

k=1 =1 i=1 j=1

—ZZSklZQm ZT,yle

k=1 1=1 i=1

= (Q'TQ).
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A.3. Vector Integral Calculus

A.3.2. Integration by Parts

Green’s formula for sufficiently smooth scalar functions u, v and a suitable bounded domain 2

is
/(&u)v: —/ u@iv—i—/ wun; (A.14)
Q Q oN

where n; is the i-th component of the outer unit normal vector n.
For a vector-valued function v and a scalar function v we then have

/Q(V-u)v:—/gu-Vv—i—/ému-nv ) (A.15)

For a matrix-valued function 7" and a vector valued function v one shows the corresponding

o [@ 0 0e [150s [ @ o

which is needed in the variational formulation of the Navier-Stokes equations. Indeed using the
definitions above one obtains:

/Q(VT)U:/QE ;(%T%’j (%3
S5 frone )

i=1 j=1

n

n n n
= —/ ZZTi,j(VU)i,j-i-/ Z ZTi,jnj v;
Q3 0,1 \j=1

i=1 j=1
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