CAUCHY, POMPEIU, GREEN, AND BIOT-SAVART

JAMES P. KELLIHER?

ABSTRACT. The main purpose of this paper is pedagogical. We show how the divergence
theorem can be used to prove a generalization of Cauchy’s integral theorem that applies
to a continuous complex-valued function, whether differentiable or not. We use this gen-
eralization to obtain the Cauchy-Pompeiu integral formula, a generalization of Cauchy’s
integral formula for the value of a function at a point. We then demonstrate the connections
among the Cauchy-Pompeiu integral formula, the Biot-Savart law, and Green’s representa-
tion formula in the context of the study of 2D incompressible fluids. We close by obtaining
a generalization of the Cauchy integral formula for the derivative of a function.
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1. PATH INTEGRALS AND THE DIVERGENCE THEOREM
We begin by recalling the definition of contour integrals, real and complex:

Definition 1.1. Let C C R? be a curve parameterized by a path ~: [a,b] — C that is Lipschitz
continuous, and assume that f: C — R is continuous. We define the real contour integral by

?gf =9§f = / P @) e

Ifu: C — R is continuous with u = (u',u?), then ﬁc u is vector-valued with

yg W= | ") @l =12

Definition 1.2. Let C C C be a curve parameterized by a path ~y: [a,b] — C' that is Lipschitz
continuous, and assume that f: C' — C is continuous. We define the complex contour integral

by

/j = /  Feo e at

¢sz1/¢

We will sometimes also write
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when we don’t wish to introduce a specific path, though this only defines the integral up to
s1gn.

By assuming in Definitions 1.1 and 1.2 that the paths are Lipschitz continuous, we are
assured that 7/(¢) is bounded and defined almost everywhere along the curve. We will always
assume Lipschitz continuity of all paths without explicitly stating so.

Lemma 1.3 is useful for switching between viewing functions as defined on R? and on C.

—
Lemma 1.3. Define a map, : C — R2, by x + iy = (x,y). Let z,w € C and - be the usual
dot (inner) product of Fuclidean vectors. Then

Re (zw) = Z - W,
. (1.1)
Im (zw) = -z - W
(Here, and in what follows, if x = (x,y) is a vector then
xt = (—y, ).

L is x rotated 90 degrees counterclockwise.)

Hence, x
Also, f is analytic in some domain  if and only if div f = curl f = 0 in Q, where
8u1 8’&2 8uz aul

divu:i= —+4+ —, curlu:=—— —

3.T1 8:1/‘2 ’ 8561 8552

are the divergence and (scalar) curl of u.

Proof. Letting z = x + iy, w = u + iv, we have
2w = zu — vy + i(zv + yu) = (2, —y) - (u,v) —i(x, —y)(—v,u) = Z - T — iz - T
That f analytic gives div f = curl f = 0 follows from the Cauchy-Riemann equations. O

We mentioned that analytic (by which we always mean complex-analytic) functions satisfy
the Cauchy-Riemann equations. Another way of writing this is to define the Wirtinger
operators,

O — 10y _O0p +1i0y
0, = 5 0z := 5
Then f satisfies the Cauchy-Riemann equations if and only if dzf = 0.

The Wirtinger operators have great utility because 9, and Jz operate independently; that

is, abusing notation somewhat,

(1.2)

9:f(z) = 9zf(z) = 0. (1.3)
With Lemma 1.3, we can give the relationship between real and complex contour integrals.
Lemma 1.4. Let v: [a,b] — C be a path on which the complez-valued function f is continu-

ous. Let T be the unit tangent vector in the direction of ¥ and n the associated unit normal,
with (n,T) in the standard orientation of (e1,ez). Let C = image~y. Then

/f 9€ff+z 7o

i s

b b
Re / f = / Re [f(x()/ (1)) dt = / Fov(t)) -~ (1) .

Proof. We have,
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Here, we applied (1.1); with z = f(vy(t)), w = 7/(t). Now, we are free to reparameterize v as
we see fit, so let us just assume up front that + is parameterized by arc length, meaning that
|7 (t)] = |7/ (t)| = 1 for all t. It follows, then, that

N
V() =7 =T,

the unit tangent vector in the direction that «(¢) moves. Then we can see that

Hence,
-

b, b 5
mlf—LfwwwVQa—waw»wMﬂmﬁ—ﬁfw.

Similarly,
—

b b,
Im/fz/ImUW@W%Hﬁz—/fW@%M@Lw

Here, we applied (1.1)s with z = f(y(¢)), w = 74/(¢). But from above, we know that

SO

Imlfzﬁéc}-n. 0

In all that follows, we will assume that Q@ C R? is a domain with compact boundary
I' := 0N) having at least Lipschitz regularity and having a finite number of boundary compo-
nents, I'y,...,I'n41. Because its boundary is compact, €2 is either a bounded domain or the
exterior of one or more bounded domains. If €2 is bounded, we assume that I'x+1 bounds the
unbounded component of Q or Q€.

On each I'; we will define unit normal and tangent vectors, (n,7), in the same orienta-
tion as the standard unit vectors (ej, e3) and where we assume that n is outward-directed.
Equivalently, as one moves in the direction of 7 along I';, €1 is to the left and n points to the
right.

We will use the divergence theorem in the following form:

Theorem 1.5. Suppose that u is continuously differentiable on a neighborhood of Q. Then

9{ u-n—/divu.
o0 Q

In Theorem 1.5, the boundary integral is a sum of N + 1 integrals over each boundary
component, the relative orientation of those boundary components being very important.

We will also frequently use the following corollary to the divergence theorem, which we
will simply refer to as “integration by parts”:

Corollary 1.6 (“Integration by parts”). Assume that the vector-valued Junction X and the
scalar-valued function f are continuously differentiable on a neighborhood of Q). Then

/diva+/X-Vf—/ (X -n)f.
Q Q o0
Proof. Apply Theorem 1.5 with u = fX and use that

divu= fdivX +Vf X. O
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Finally, we note that both Theorem 1.5 and Corollary 1.6 require less regularity of u than
we have assumed, but we will not investigate such issues in this paper.

2. A GENERALIZATION OF CAUCHY’S INTEGRAL THEOREM

We will use the divergence theorem to prove Theorem 2.1, a generalization of Cauchy’s
integral theorem.

Theorem 2.1. Let f: Q — C with f continuously differentiable in a neighborhood of Q.

Then
[nyQi/QaéfZ/Q(curl]?%—idiv}).

Here, the integral over v = 082 is a complex contour integral and the integrals over ) are the
usual area integral (of the real and imaginary parts). Also, Oz is defined in (1.2). Moreover,
if [ is (complex) analytic on a neighborhood of ) then

/Wf:O.

Remark 2.2. Assuming that fis continuously differentiable does not mean that f is complez-
differentiable; so the first partial derivatives of f are continuous, but need not satisfy the
Cauchy-Riemann equations.

Proof. Let v; parameterize I';, j = 1,..., N +1, oriented as described above. Thus, applying
Lemma 1.4, Theorem 1.5, and Lemma 2.3,

[r-5 =S Foeisf nefir oo,
e R PRy S

:/(curl}+idiv})=/2iazf‘
Q Q

J_ .

‘n

L

We used that 7+ = —n and that x - y = x* - y* for any vectors x, y. We also used that for

any vector field v = (vl v?),

—divvt = —div(—v%,v') = = (01(—v?) + v') = dv? — Og! = curlv
=1 _
giving —div f = curl f.

—

Finally, div f and curl f both vanish by Lemma 1.3 when f is analytic (equivalently,
O0zf = 0), completing the proof. O

Lemma 2.3 lists the many relations among the divergence, curl, d,, and dz operators, one
of which we used above in the proof of Theorem 2.1.

Lemma 2.3. For fdiﬁerentiable,
div f—i— i curl f: 20, f, div? + icurl? =20.f,
divf —icurl f = 20sf, divf—icurl f =205,
curlf — Zlef = —2i0,f, curl? — idiv? = —2i0.f,
curlf + i div f = 2i0%f, curlf—i— i div f: 2i0-f,
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and
div f = 0.f + 0=f, curl
divf = 0.F +0-f, curl
Proof. First we compute that
div? = div(u, —v) = Opu — 9y, curl f = curl(u, —v) = —(dyv + Iyu).
For the first set of identities, we calculate,
20, f = (0p —10y)(u + 1v) = Opu + Oyv + i

( )
20, f = (0y —i0y)(u — iv) = Oyu — Oyv — i(Dpv + Oyu) = div?—i—icurl?,
( )

( OV — Oyu —divf+icurlﬁ
(
(
(

20:f = (0r +1i0y)(u +iv) = — Oy +1(0pv + Oyu —div?—icuﬂ?,
20z f = (O + i0y) (u — iv) = 8u—|—0v—z(av—8u) div f — i curl f.
The second and third set of identities then follow from the first set. O

3. A GENERALIZATION OF CAUCHY’S INTEGRAL FORMULA: POMPEIU

We can also generalize Cauchy’s integral formula for the value of a function, as in Theo-
rem 3.1. The idea of such a generalization goes back at least to Pompeiu [4], and led to the
Cauchy-Pompeiu integral formula.

Theorem 3.1 (Cauchy-Pompeiu integral formula). Make the same assumptions as in The-
orem 2.1. Then for any a € €,

o= g [ g L[ IO

211 7z—a zZ—a

f(z) dz_m/ curl?( )+idiV?(Z) &z
Q

21 v Z—a Z—a

In Theorem 3.1, fQ is the area integral of the real and imaginary parts of the integrand.
The first expression for f(a) is how the Cauchy-Pompeiu formula is usually written in terms
of the 0z operator, though not using the language of differential forms. The second expression
for f(a) is in a form more directly applicable to incompressible fluid mechanics, as we will
see in Section 5

Proof. We will apply Theorem 2.1 to f(z)/(z — a) and make an argument to cut out the
singularity that results. To do this, define

Q. :=Q\ B:(a)
for all € > 0 sufficiently small that B.(a) C . Then we can apply Theorem 2.1 to give
10 i [ 016 g [ 2540

8QEZ_CL zZ—aQa Qe zZ—Q

by virtue of (1.3). This holds for all € > 0 and so holds after taking ¢ — 0, giving
/(z) dz = lim /(z) dz + lim¢ /(z) dz
9B (

a0 < —a e—0 0. Z—a e—0 Sa)z—a
o=
:21/ =/(2) d2’+lim¢ UG,
QO Z—a e—0 aBs(a)z—a
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But f is continuous, so

2w it )
lim HE g [ IO i gy — i),
e=0/9B.(a) Z — @ e—=0 Jg el
from which, along with Lemma 2.3, the result follows. U

4. GREEN’S REPRESENTATION FORMULA

Here and in the following section we discuss some connections between our generalizations of
Cauchy’s theorems and 2D incompressible fluid mechanics.

The velocity of an incompressible fluid is represented by a divergence-free vector field u on
Q. In most incompressible fluid applications, such as when working with the Euler equations,
u-n = 0 on the boundary, meaning that no fluid leaves or enters the container, 2. It is
natural, then, to work in the function space,

H:={uc (L*(Q))?*: divu=0,u-n =0}, (4.1)

endowed with the L?(Q2) norm.

In this definition of H, the divergence is defined in terms of distributions (or as an element
of (H~1(2)) and the normal component in terms of a trace. These technicalities will not,
however, much concern us, for we will be working with vector fields whose gradient also lies
in L?(Q); that is, with vector fields in H N H'(Q)2.

We will need to impose some additional constraints on the domain 2, however. We assume
that 2 C C is a domain with compact boundary I' := 92 having at least Lipschitz regularity
and having a finite number of boundary components, I'1,...,'y11. Because its boundary is
compact, €2 is either a bounded domain or the exterior of a bounded domain; assume that
I' 41 bounds the unbounded component of € or 0c.

Define H as in (4.1) and define the subspace of harmonic vector fields,

H,={ue€ H: curlu=0}.

As a part of the Hodge decomposition of L? vector fields (a subject for another time), we
have

H=Hy® H,,

where the direct sum meaning that any u € H can be written uniquely as a sum of vector
field in Hy and a vector field in H,. Moreover, the direct sum is orthogonal in H, meaning
that (v,w) =0 for any v € Hy, w € H,.

So let u € HN HY(Q)2. Fix x on one boundary component, say I'y,1. For z € Q, let
~ be any path from zg to x lying in 2. We can do this, since we have assumed that  is
connected. Define

where here 7 is the unit vector in the direction of 4. Then the divergence-free condition on
u together with u-n = 0 on each boundary component allow us to apply the divergence
theorem to conclude that ¢ is independent of the chosen path. By choosing 7 so that near x
it is either horizontal or vertical, one can show that Vi) = —u', and hence that u = V-+1).
This is, in fact, a classical construction: noting that curl(—ut) = divu = 0, this is the
same manner in which one can obtain the potential for a curl-free vector field. In general,
such a potential exists only for simply connected domains, which gives the independence of
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1 on the choice of path, but u-n = 0 provides the independence in our setting for multiply
connected domains. It also shows that v is constant on each boundary component.
Let w := curlu. Since Ay = div Vi) = —divut = curlu = w, 1 satisfies
Ay =w inQ
v ’ (4.2)
p=C; only
for some constants Cj.
Now restrict u to lie in Hy N H'(Q)?, meaning it has no harmonic component. Since there
is only one boundary component, we can choose the one constant C1 = 0, since adding a
constant to 1 does not change u = V4. Then (4.2) becomes

{Aw:w in Q,

Y =0 on I';. (43)

Now, Green'’s representation formula for the solution to (4.3) can be written in the form,
vla) =~ B y)n Vo) dy+f (VO m)e - ) dy+ f S - 9)AG)dy
o0 oQ Q
= % Oz —y) (u-7)(y)dy Wé O(z — y)w(y) dy,
o0 Q

where
®(z) := (2m) " log|z|

is the fundamental solution to the Laplacian. (See, for instance, [2] Section 2.2.4(a) Equation
(25)'.) We also used that n - V¢ = nt - Vi =u-T.
Defining the Biot-Savart kernel,
1 at

K(z) :=Vid(z) = rapEs (4.4)

we can take the gradient of our expression for ¢ (z), giving

u(z) = V(a) =~ K(z —y) (u-7)(y)dy + 9€ K(z - y)w(y) dy.
o0 Q

What we have proved is the following:
Theorem 4.1. For any u € HyN H'(Q)?,

u(z) = V49(z) = —ggﬂff(x —y) (u- ) () dy + /Q K(z — y)w(y) dy.

Let ur, ug be the boundary, area integral in Theorem 4.1. Then in €2, divur = curlur = 0,
because div, K(z—y) = curl, K(z—y) = 0 for y away from x. This means that {ir is analytic
in D. If w= curlu € L*(), say, then, although this is not immediately obvious, u, ur, and
ugq are all continuous on €, so tr s analytic on D and continuous up to the boundary.

We cannot use Theorem 4.1 directly to recover a velocity field u from its curl w, unless we
know the value of the velocity on the boundary, though we can still use it effectively if we
have some independent bounds on the value of u on the boundary. The boundary integral in
Green’s representation theorem, and so, ultimately, the boundary integral in Theorem 4.1,
can be replaced by modifying the kernel in the area integral—this leads to Green’s functions.

lEvans uses the opposite sign convention for the fundamental solution to the Laplacian, but is solving Ay =
—w. So the representation formula here has the opposite sign to that in [2]
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Although we will not follow the story that leads to a Green’s function for 2, we note that
using it, one easily obtains a modified Biot-Savart kernel, Kq, which eliminates the boundary
term in Theorem 4.1. One then has

u(z) = /Q Koz, y)w(y) dy. (4.5)

The kernel K has the great advantage over K(x — y) that Kq(z,y) = 0 for all y € 99,
which (often) eliminates boundary terms when integrating by parts. It has the disadvantage
that only in special geometries can it be obtained explicitly, and obtaining estimates on its
higher derivatives, which is sometimes necessary, can be difficult, even for simply connected
domains. (See, for instance, [1].)

5. CAUCHY, GREEN, AND BIOT-SAVART

To connect our generalizations of Cauchy’s theorems to Green’s representation theorem, we
show in this section how to use the results of Sections 2 and 3 to give an alternate proof of
Theorem 4.1.

We continue to work with a vector field u € Ho N H*(Q2)2. Note that if © is simply
connected, then Hy is all of H. Writing < for the inverse of the = map defined in Lemma 1.3,

we can apply Theorem 3.1 to f = %, so that f = u, to obtain, for any a € Q,

T(a) = 1 /%(z) dy — 1 /chrlu(é’)—l—idivu(é') iz

211 zZ—a 21

z—a
_l/ﬁ(z) dz—l/ curlu(?) iz
S 2mi ), z—a 2ri Jq z—a ’

Note that we could have applied Theorem 3.1 directly to ﬁ, but the div and curl operators
would not have appeared as neatly.
Taking the conjugate of both sides and converting to vector-form gives
_— _—

u(a) iLﬁ(z>dz L) e /ﬁ()d /Q““‘”d (5.1)

2r ),z —a 2 Z—a 2 ). z —a 2 Z—a

In most applications to the Navier-Stokes equations, we have the classical boundary con-
ditions, u = 0 on 9. In this special case, the boundary integral vanishes, and we obtain
Theorem 5.1.

Theorem 5.1. Assume that u € Hy is a continuously differentiable divergence-free vector
field on Q vanishing on the boundary, and w := curlu is bounded. Then for all a € €,

—

u(@) = - / culu() ;- (5.2)
2t Jo z—a
Theorem 5.3 below gives another way to obtain Theorem 5.1, if we assume that w € L>(Q),
a weaker assumption than u being continuously differentiable. This method of proof uses the
Biot-Savart law of Lemma 5.2 (which is the full-space equivalent of Theorem 4.1).

Lemma 5.2 (Biot-Savart law). Define the Biot-Savart kernel K on R? as in (4.4). If
w € LYR?) N L>®(R?) then u = K * w is the unique bounded divergence-free vector field
u for which curlu = w.
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Theorem 5.3. Assume that u € Hy N L>®(Q) N HE(Q) is divergence-free and w := curlu is
bounded. Then for all a € QQ,

i w(?2)

u(d) = K * (wlg)(a) =

—— [ —=dz. 5.3

2t Jo z—a : (5:3)
Proof. Because u € H{(Q), Eu, the extension of u by zero to all of R?, lies in H!(R?);
moreover, u also lies in L' N L>°(R?). Then curl€u = w on Q while curl éu = 0 on R?\ Q.
Hence, we can apply the Biot-Savart law to recover u on all of R?,

u=Kx(curléu) = K * (wlq).

(Outside of 2, we obtain 0, so it is only the value on € that we care about.)
It remains to show that K * (wlg)(@) is the same as the integral on the righthand side of
(5.3). This is a matter of unraveling definitions using the ~ operator. We have,

B IO P mdz
21 Joz —a 21 Jogz—a
But,
SN
e e = g P i )
>_ L
— 3 () = K@= D)
which yields the desired equality. ]

We can view Theorem 5.3, then, as a special form of the Biot-Savart law, though with an
important caveat: If we use an arbitrary scalar-valued function w to obtain the vector field
u given by (5.3), that vector field will be divergence-free, but will not, in general, vanish on
the boundary nor even be tangential to the boundary.

Moreover, writing (5.3) in the form,

u(z) = /Q Kz — y)w(y) dy,

we see it is very similar to the expression (4.5). In fact, since the kernel is simpler (and
explicit), on its face, it appears superior to that in (4.5). But K(z — y) has no particular
value for y € 0€2, which makes it difficult to utilize when integrating by parts, an inevitable
occurrence in most PDE applications. So while it is simpler, and estimates on K (z — y) are
(much) easier to obtain than estimates on Kq(z,y), it is less effective to utilize, even for
solutions to the Navier-Stokes equations, where there is no boundary integral.

Now let us return to (5.1), and assume only that the normal component, u - n, vanishes
on the boundary (that is, u € H N H'(2)?). The area integral is treated the same way as in
Theorems 5.1 and 5.3 and returns a divergence-free vector field, though with no particular
value on the boundary. Since u is divergence-free, the boundary integral must also yield a
divergence-free vector field, the combined normal components cancelling to yield zero.

We work now to express the boundary integral in (5.1) in a purely vector-based form. Let



10 JAMES P. KELLTHER
Applying Lemma 1.4 gives

AT Py 1[

%Vz—a 2

SO

Z/%(Z)d;,'—l% (2n,ir>
27T,YZ—CL 27T89

Writing u = (u', u?) and letting w = z — a, we have

z w ul +iu?) (wh + iw?
A(z):[ﬁm]:ﬁ:ﬁ (u' + iv?)(w" + i)

z—a w o |w|? |w|?
ulw! —vPe? +i(utw? + vPwt)
B |w|? ’
SO
i(z) _ (! — ww?, wlw? + uw)
|w|?
Then,
(Z-n, Z-T) = (Z~ (n',n?), A. (—nQ,nl))
_ (vlw'n! —wPw?n! + wlw?n? + wPwln?, —ulw'n? + vwn® + vlwn! + wwint)
B jw|?
_ (w'(utn! +uPn?) — wPw?n! +ulw?n?, w?(uln! +u?n?) — wlw'n? + wPw'nt)
- |w|?
_(—vPwin! 4+ wlw?n?, —ulw'n? + vPw'int)
B |w]?
B (u?n! —uln?)(—w?), (—u'n? + u?*nb)w! ~ (~(u- Tw?, (u-7)wh)
- |w]? - |w]?
(z — )t (a — 25t
=(u- T)W>: —(u- T)m7

where we used u-n = 0. It follows that the boundary term in (5.1) is

1 (@—2)*+ o q
s 9%9 o n@dE= K@ ) ) )dy (5.4)

This matches the boundary integral in Theorem 4.1. Combined with the treatment in
Theorems 5.1 and 5.3 of the area integral, this yields an alternate proof of Theorem 4.1.

Our approach illustrates how Cauchy’s integral formula for the value of a function is
an expression of the boundary integral in Green’s representation formula. It can be most
effectively exploited when the underlying function is analytic (meaning as a vector field it is
divergence- and curl-free). The power of Cauchy’s integral formula is that it allows one to
determine the value of a function in a domain given only its value on the domain’s boundary
(and the strong knowledge that the function is complex-analytic). The Biot-Savart law in a
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sense works in the opposite direction, taking knowledge of the gradient of a vector field in
the domain (via its curl and knowing that it is divergence-free) and giving the value of the
function itself in the domain—and so also on the boundary.

6. A GENERALIZATION CAUCHY’S INTEGRAL FORMULA FOR n = 2

When f is analytic, we know from Cauchy’s integral theorem that

L[ ), "

2mi 5 (z—a)" n!

Hence, we should expect to have difficulty extending Theorem 3.1 to generalize this integral,
as, at a minimum, we would need a replacement for the complex derivatives of f, which will
not exist in general. What we find is the following:

Theorem 6.1. Let f: Q0 — C with f twice continuously differentiable in a neighborhood of
Q. Then for any a € €,

. 1 f(z) 1 / 9f(z) -
i — > = — — — P. V. . '1
Oy f(a) —i0zf(a) omifn G a)? dz . 0 —a)? dz (6.1)
The principal value integral (defined in the proof) can be evaluated as
O:f(2) . / 0zf(2) — 0zf(a) . 1
p.Vv. dz = dzZ+ 0zf(a / —
Rl e ) Jory (o) P
where 7 > 0 is arbitrary as long By(x) C Q.

Moreover, if f is complex-analytic in a neighborhood of ), the lefthand side of (6.1) is f'(a)
and the area integral vanishes (yielding the classical Cauchy’s integral formula for n = 2).

dz,

Remark 6.2. As we will see in the proof of Theorem 6.1, we could equivalently write
1, = =] £(2) i curl F(2) +idiv (2)
- - = 1 d = — dz+ —p.v. dz.
0z f(a) 2(cur f+idiv f)(a) ol = a)? z+2ﬂ_p v /Q a2 Z

Proof of Theorem 6.1. We parallel the proof of Theorem 3.1 as closely as possible, apply-
ing Theorem 2.1 to f(z)/(z — a)?. Defining Q. as in the proof of Theorem 3.1, we apply
Theorem 2.1 to give

ﬁég J) dz:2i/6g /) dzz2i/ O=1C) 4z

(z—a)? (2 —a)? (z—a)?
by virtue of (1.3). This holds for all € > 0 and so holds after taking ¢ — 0, giving
}é /(z) dz = lim /(z) dz + lim /(z) dz
o0 (2 —a)? e=0/50, (2 —a)? e=0JaB.(a) (2 — a)?
= Zi/ 9:1(2) dZ + lim /() dz,
. (2 —a)? =098 (a) (2 — a)?

if both limits exist.
At this point in the proof of Theorem 3.1, we easily took ¢ — 0. Now, however, we need
to take much greater care—the integrand in the area integral above is not integrable on all

of Q, and the contour integral, on the face of it, seems to scale like Ce~ 1.
Let F(2) := 0zf(z). Then,

0:(2) o [ FA-F@ . po f L o
/6(2—a)2dz_/5 (z —a)? d+F()/ (Z—G)Qd'

€
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Let B,(a) be any ball of radius r > 0 such that B, (a) C Q. Then
1 (z=a)? _ (z—a')?—(y—a®)?—2i(z —a')(y — o)

(z—a)*  |z—alt |z —alt

and we can see by symmetry that

1 _‘_
/BT\B8 m dZ = 0 (62)

Moreover, VF' is bounded because f is twice continuously differentiable. Thus,
‘F(E)—F(ﬁ)‘< F() - F(a) L IVEl
G-a? |57 =a |lzd = md

F(2)-F(a)
(z—a)?

0=/ o [FEO-F@ o poy 1o
et e E F@ e | o i

Here, p.v. means a specific type of principal value integral:

p. v./ g(z)dzZ=1lim [ g(z)dZ
Q

e—0 Q.

This shows that is locally integrable and that we can take ¢ — 0 to obtain

if it exists. For g(z) = (z — a)~2 we can be a little more explicit. From (6.2), we see that

1 1
v, dZ— / _ iz
/Q (z —a)? O\B, () (# — a)?

where we can choose r > 0 so that B,(x) is the largest ball lying in .
This leaves the boundary, integral,

f(2) _ fE) = fla) e dz
~¢E;B5(a) (z —a)? 4 _¢885(a) (z —a)? de )¢835(a) (z —a)?
(

_ f(z) — f(a)
_¢885(a) (z —a)? a2

where we applied Cauchy’s integral theorem.
Now, we assumed that f is twice continuously differentiable, which means we can apply
Taylor’s theorem to conclude that

f(z) = fla) = A(z — a) + R(2),

_ [Ozu Oyu
aim (20 2 02

evaluated at @ and |R(z)| < M|z — a|? for all z sufficiently close to a. Then,

where

lim ‘55 R(z) 5 dz’ < lim 27eM = 0,
e—0 835((1) (Z — (I) e—0

SO

lim 1(z)

dz = lim
e—0 OBc(a) (Z — (l)

e—0 dBe(a) (Z — CL)2

2
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(We know this limit exists because the original integral exists and we showed the limit above
exists, but we also show its existence independently in what follows.)
In the integrand, we can let z —a = ee® for 6 € [0,27]. We can then write the integral as
é——
Az —
[ (z-a ] 1 [?™ A(cosf,sin®)
- dz = - — g tee” db
9B.(a) (2 —a) € Jo e

2m
= z/ (A% cosf + Ay sinf + i(Af cosf + A3 sin6)) e dp.
0

Writing,
Al cos 04+ Ad sin 6 4 i(A3 cos § + A2 sin 0)
= Ale" +iA%e? + (AL + A?)sin @ +i(A2 — Al)sin,

we see that

(__—.

|:A(Z —a :| 27 2T

¢ e dz = z/ (A +iA?)do + z/ (AL + A2 4 i(A2 — Ab))sinfe' db
0B.(a) (2 —a) 0 0

2
= 2mi(A] +iAT) (A} + A +i(AZ — A%))/ (sin @ cos @ + isin? 0) d
0

= 2mi(AL +iA2) + mi(AL 4+ A? +i(A2 — AD)
= Ti(2A] +i24% + A} + A2 +i(A3 - A]))
= 7i(247 + A + AT +i(24% + A3 — A])).
But,
2ATHAL + AT +i(2A7 + A3 — AY) = 20,u + Oyu + Opv + i(20,v + Oyv — Dyu)
— 2(8pu + i0,0) — (curl F + i div f) = 28, f — (curl f + i div ).
Also,
2AT+AS + AT +i(2A7 + A3 — A7) = 2(0pu + 10,0) + Oyu + Oy + i(Oyv — Dpu)
=20, f + Oy(u+iv) + 0z (v — tu) = 20, f + Oy f — 10, f = 20, f — 2i0=f.
In particular, if f is analytic, then 0z = 0 and d,f = f’, so
2A1 + A+ A% +i(2A% + A3 — A}) = 2f'(a).
Putting this all together, we obtain the result. (Il

Consider the form of Theorem 6.1 given in Remark 6.2. Viewed in terms of vector fields
(without explicitly making the translation), it tells us that if we know the value of a vector
field on the boundary along with its div and curl everywhere, we can obtain its full gradient,
the matrix A of (6.3): Remark 6.2 gives us 0,u and dyu, and then J,v = curl f + O u,
Oyv = div f — O, u.

In another connection with incompressible fluid mechanics, if f = ﬁ, where u is an
incompressible vector field, the expression in Remark 6.2 is the analog of the formula relating
curlu (the vorticity) to the velocity gradient Vu via a singular integral operator whose kernel
is VK, K being the Biot-Savart kernel of (4.4). See, for instance, Proposition 2.20 of [3] for
the whole-plane result.
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