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ABSTRACT. In this paper we present a new theory of calculus over
k-dimensional domains in a smooth n-manifold, unifying the dis-
crete, exterior, and continuum theories. The calculus begins at
a single point and is extended to chains of finitely many points
by linearity, or superposition. It converges to the smooth contin-
uum with respect to a norm on the space of “monopolar chains,”
culminating in the chainlet complex. Through this complex, we
discover a broad theory of coordinate free, multivector analysis in
smooth manifolds for which both the classical coordinate calcu-
lus and the Cartan exterior calculus become special cases. The
chainlet operators, products and integrals apply to both symmet-
ric and antisymmetric tensor cochains. As corollaries, we obtain
the full calculus on Euclidean space, cell complexes, bilayer struc-
tures (e.g., soap films) and nonsmooth domains, with equal ease.
The power comes from the recently discovered prederivative and
preintegral that are precedent to the derivative and integral of clas-
sical theory. These lead to new models for the continuum of space
and time, and permit analysis of domains that may not be locally
Euclidean, or locally connected, or with locally finite mass.

PREFACE

We put forward a novel meaning of the real continuum which is found
by first developing a full theory of calculus at a single point — the origin,
say, of a vector space — then carrying it over to domains supported in
finitely many points in an affine space, and finally extending it to the
class of “chainlets” found by taking limits of the discrete theory with
respect to a norm. Local Euclidean structure is not necessary for the
calculus to hold. The calculus extends to k-dimensional domains in
n-manifolds. We do not rely on any results or definitions of classical
calculus to develop our theory. In the appendix we show how to derive
the standard results of single and multivariable calculus in Euclidean
space as direct corollaries.
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This preprint is in draft form, sometimes rough. There are some
details which are still linked to earlier versions of the theory. It is
being expanded into a text which includes new applications, numerous
examples, figures, exercises, and necessary background beyond basic
linear algebra, none of which are included below.

Problems of the classical approach. As much as we all love the
calculus, there have been limits to our applications in both pure and
applied mathematics coming from the definitions which arose during
the “rigorization” period of calculus. Leibniz had searched for an ’alge-
bra of geometry’, but this was not available until Grassmann realized
the importance of k-vectors in his seminal 1844 paper. But his ideas
were largely ignored until Gibbs and Clifford began to appreciate them
in 1877. Cartan used the Grassmann algebra to develop the exterior
calculus. Meanwhile, Hamilton and others were debating the rigoriza-
tion of multivariable calculus. It was not even clear what was meant
by “space” in the late 19th century. The notions of div, grad and
curl of Gibbs and Heaviside, were finally settled upon by the bulk of
the community, and there have been two separate, and often compet-
ing, approaches ever since. But the Cartan theory, rather than the
coordinate theory we teach our freshmen, has given mathematicians
and physicists a clearer vision to guide great leaps of thought, and
this theory has led to much of the mathematics behind the prizewin-
ning discoveries of mathematics and mathematical physics. The group
of those who now understand the importance of the Cartan theory is
growing, as evidenced by the many books and papers which now start
with this theory as their basis.

The reader might well ask, what are some of the problems of coordi-
nate calculus? Does this Cartan theory have limitations? Why do we
need something new?

First of all, the coordinate theory requires multiple levels of limits
upon limits to be able to understand interesting applications in man-
ifolds or curved space that take years of training to understand. We
become proud virtuosos of our coordinate techniques. But these meth-
ods are a barrier to others who do not have the time or patience to
learn them. And they also form a barrier to those of us who rely on
them for they may cloud our vision with their complexity. After we
become experts in Euclidean space with our div, grad and curl opera-
tors, we then move into curved space. Everything works quite well in
restricted settings of smooth Riemannian manifolds and submanifolds.
We can manipulate the limits, know when to change their orders, and
do term by term integration with Fourier series and wavelets, etc. But
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when we try to reduce our assumptions and work with less smooth
domains, permitting piecewise linear, corners, Lipschitz conditions, or
introduce singularities, the coordinate theory becomes more and more
intractable, and soon begins to break down. We are forced to consider
too much information that is not necessary, and need more and more
assumptions, and limits, to get anywhere. The classical calculus can-
not treat everywhere nonsmooth domains as there are be no tangent
spaces to work with. The Cartan theory cannot handle important bi-
layer structures such as soap films because the boundary operator intro-
duces extraneous terms along branched curves. The standard Cartan
proof to Stokes’ theorem relies on boundaries matching and cancelling
with opposite orientation where they meet so local connectivity and
locally finite mass are required. Discrete theories, so important today,
also have problems. It can be surprisingly difficult to be certain when
supposed approximations actually do converge to something meaning-
ful. Bootstrapping techniques still prevail. Cochains in discrete or
combinatorial theories usually fail to satisfy a basic property such as
commutativity or associativity of wedge product, or existence of a sat-
isfactory Hodge star operator. Simplicial complexes have appealing
simplicity, but it is surprisingly difficult to model vector fields with
them. There is a great deal of information in a simplicial complex
that is not needed for calculus. There are corners, matching bound-
aries of simplices, ratios of length to area, and so forth, that must be
considered.

As we try to apply calculus to important microscopic relations of
physics or biology, the classical and discrete theories fail us. Both
the Cartan model and the coordinate model assume a rigid, locally
Euclidean continuum. This forces the calculus to completely break
down in quantum mechanics. There is simple mathematics going on
that cannot be seen with an assumption of a local Euclidean structure
with it its “infinitesimal connectivity”.

Geometrization of Dirac delta functions. In this paper we present
a new approach to calculus in which more efficient choices of limits are
taken at key points of the development, greatly reducing the number
of limits needed for the full theory. This work is motivated by Grass-
mann’s algebra of k-vectors

A = By

in a vector space V', but takes his ideas further. Instead of using k-
vectors which have ambiguous geometric meaning, we do something
slightly different to recover geometric meaning. We shrink a k-cell to
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the origin, say, renormalizing its mass at each stage so it remains con-
stant. The question is ”what do you get in the limit?” Intuitively, these
geometrical “infinitesimals” are like “mass points”, or geometric ver-
sions of Dirac delta points. In this paper, we show that the limit exists
in a normed space N>° and depends only on the k-direction and mass
of the k-cell. We call the limit a (0, k)-pole at the origin. The space of
(0, k)-poles at the origin is isomorphic to the space of exterior k-vectors
Ay. The boundary operator 9 : N2° — NZ°, is continuous, and thus
determines the boundary of a (0, k)-pole as a sum of (1, %k — 1)-poles, a
geometrization of Dirac dipoles of dimension k£ — 1. A geometric direc-
tional derivative operator V, : N° — NZ° is defined on (1, k)-poles,
leading to geometrizations of quadrupoles of abritrary order. We call
V. a prederivative. Its dual is the directional derivative of forms. The
formal treatment begins with the use of the Koszul complex X (V') in
§1. Our geometrical view is supported and encapsulated by a matching
algebraic construction of the Koszul complex which keeps track of all
the implicit tensor algebra. For example, the Koszul complex shows
that the boundary of a (0, k)-pole is well defined, and leads to a nice
proof that 9% = 0.

The real continuum beyond numbers. Arising from this theory
are new models for the real continuum. Morris Hirsch wrote,! on De-
cember 13, 2003.

A basic philosophical problem has been to make sense
of “continuum”, as in the space of real numbers, with-
out introducing numbers. Weyl wrote, “The introduc-
tion of numbers as coordinates ... is an act of violence”.
Poincaré wrote about the “physical continuum” of our
intuition, as opposed to the mathematical continuum.
Whitehead (the philosopher) based our use of real num-
bers on our intuition of time intervals and spatial regions.
The Greeks tried, but didn’t get very far in doing geom-
etry without real numbers. But no one, least of all the
Intuitionists, has come up with even a slightly satisfac-
tory replacement for basing the continuum on the real
number system, or basing the real numbers on Dedekind
cuts, completion of the rationals, or some equivalent con-
struction.

We propose chainlets as more flexible models for the real continuum,
since our “infinitesimal” (0, 1)-poles can be limits of intervals, or equally

fAn e-mail message, quoted with permission
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well intervals with countably many smaller intervals removed such as
Cantor sets. The topology of limiting approximations of (0, 1)-poles
does not matter, contrasted with 1-dimensional tangent spaces which
must have the structure of Euclidean space. Moreover, we add layers
of possibilities to the continuum model, by allowing higher order poles
at each point, a sum of a geometric monopole, dipole, quadrupole, etc.,
a kind of “jet” of geometry. Philosophers have said “there is only now”
in human experience, but this continuum model gives a model of time
which includes in each moment a jet of time, something we might sense
as a Gestalt experience when time seems nearly to come to a halt, or
the opposite when time seems to rush by.

Our methods are different from those of nonstandard analysis which
also defines “infinitesimals,” but where there is great effort to mimic the
structure of the reals as closely as possible. For the theory of hyperreals
of nonstandard analysis to work, there is an ordering required, as well
as inverses, transfer principles, etc. We only use local Euclidean space
as an affine space to support our chainlets. We make use of the affine
space structures of subtraction x — y and existence of norms |z — y|.

Unification of viewpoints. Mathematicians take many viewpoints
in the pure theory and its applications, be they smooth manifolds,
Lipschitz structures, polyhedra, fractals, finite elements, soap films,
measures, numerical methods, mathematical physics, etc. The choice
sets the stage and determines our audience and our methods. All of
these viewpoints can potentially be unified in chainlet theory.

Three basic theorems for chainlet domains J lead to much of the
classical theory, forming a “tripod” of calculus.

(i) [,,w = [, dw (Stokes’ theorem)
(ii) J; ,w= [, f*w (Change of variables)
(iii) [, ,w = [, *w (Star theorem)

Each of these is optimal, each has a one line proof, after the initial
definitions and basic continuity results. (See §5 and [H4].) Only the
Star theorem requires a metric. With a metric, (i) and (i) imply a
general divergence theorem

/ w:/d*w,
10J J

and a general curl theorem

/ w:/*dw.
aL1J J
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In the standard approach, one proves the Fundamental Theorem of Cal-
culus first, and then eventually builds up to a general Stokes’ theorem
for manifolds. We start with the three results above, as first results.

In §11 we provide a general method for testing whether a dual tri-
angulation will converge to the Hodge star smooth continuum as the
mesh size tends to zero. For example, this method, along with our
change of variables result 5.9 and 5.6, can be used to show that the
circumcentric dual introduced by by Marsden, et al, [D, H, L, M] does
converge to the smooth continuum. (See §11 for a general method.)
The work in this paper, especially the continuity theorems for opera-
tors, products and relations in §2, should fill in the missing ingredients
needed to show which of the operators, products and relations in the
above works converge to the smooth continuum.

Besides the discrete theory, the author has developed two other ex-
tensions of calculus:

(i) Bilayer calculus with applications to the calculus of vari-
ations including Plateau’s problem (soap bubbles) (See [HS],
H9).)

(ii) Calculus on nonsmooth domains (e.g., fractals) (See [HN1],
[HN2), [H1], [H3], [H2], [H4].

Differential complexes. Let 2} denote the space of differential k-
forms of class C" on a manifold M™. Since the exterior derivative d
satisfies d®> = 0 it follows that

0 d d r—1 d r d r+1 d d k+r
Qg = == Q= = =Yy

is a chain complex for each k +r = ¢ > 1. Versions of this com-
plex provide the basis to much of analysis and topology. Differential
forms provide coordinate free integrands, leading to the Cartan exterior
calculus [C]. De Rham cohomology theory is based on this complex.
Classical operators such as Hodge star and pullback are closed in this
complex, leading to broad applications.

Mathematicians have sought a matching differential covariant com-
plex for domains, with 0 playing the role of d and for which the complex
is closed under smooth mappings. Poincaré introduced the simplicial
complex with its boundary operator mapping a simplicial complex of
dimension k into one of dimension k£ — 1. Many papers continue to
be written from the viewpoint of the simplicial complex, especially
in numerical analysis. Although much progress has been made, (e.g.
[D, H, L, M]), the simplicial complex brings with it inherent problems.
The smooth pushforward operator is not closed in the simplicial com-
plex, making iterative methods problematic. Difficulties include the
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commutative cochain problem, lack of associativity of cochains, lack of
natural definitions of vector fields, a well-behaved discrete Hodge star
operator, and convergence of operators and relations to the smooth
continnum. We know of no other discrete theory, apart from that
presented in this paper, which solves all of these problems simultane-
ously. For example, wedge product is defined for our discrete cochains
as restriction of the wedge product for forms at discrete points and is
commutative, by definition.

Beyond the needs of the discrete community, though, pure mathe-
maticians have sought a geometrically based, covariant differential com-
plex for which operators of analysis act continuously on the complex.
Of especial interest are operators dual to operators on differential forms
such as Hodge star x, and those which commute with the pushforward
operator, for these lead to well defined integral relations in manifolds.
An important goal has been to extend the Gauss divergence theorem
to nonsmooth domains. (See Theorem 5.11.)

Whitney [W] introduced the vector space of polyhedral chains which
does form a chain complex satisfying 9> = 0. The Banach space of
his sharp norm is not a chain complex because the boundary operator
on polyhedral chains is not continuous. His flat norm does yield a
chain complex with a well defined boundary operator. This has led to
applications in geometric measure theory [F|. However, the Hodge star
operator is not closed in the flat covariant complex. The flat norm has
no divergence theorem, as can be seen by the example in Whitney of a
flat form w in R? without flat components ([W], p. 270).

de +dy, > —y
w= :
0, r < —y

The net divergence of w is zero, yet the net flux across the boundary of
a square with diagonal x = —y is nonzero. The problem resides with
the Hodge star operator which is not continuous in the flat norm™*.
Schwarz’s distributions and de Rham’s currents [deR] solved the co-
variant chain complex problem almost too perfectly. Currents 7, are
defined to be continuous linear functionals on differential k-forms of
class C" with compact support. Bounded operators on currents are
defined by duality with bounded operators on forms. For example, the
boundary of a current 7" is defined by 07 (w) = T'(dw). Stokes’ theorem
holds by definition. Since d? = 0, it follows that 9* = 0, yielding the

*More than one research group has not noticed this example, and tried to use
the flat norm to develop calculus over fractal boundaries.
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current Complex

TO

R 77:4_11 0 Tr 0 TrJrl 0 g%k+r.

Questions of regularity of currents can be a serious issue. For ex-
ample, does the boundary of a current correspond to the boundary
defined geometrically? Is a current solution smooth? What is its sup-
port? These problems can be difficult to solve. In a way, spaces of
currents are too big, and we look for proper subspaces that are sim-
pler to work with. Examples include the normal and integral currents
of Federer and Fleming [FF| which have been important in geometric
measure theory.

We identify proper subspaces of currents J, C 7,7, called k-chainlets
of degree r, that give us a natural covariant chainlet complex for do-
mains that is algebraically closed under the basic operators of calculus.

jko+7“ i jkT+11 2 j jTH % . i okH-

While currents are dual to forms, chainlets are a predual to forms.
More precisely, let Bi denote the space of k-forms, of class C"~ 11,
with a bound on each of the derivatives of order 5,0 < s < r. (We
do not require that the ambient space be compact.) Then the space
of bounded linear functionals on J; is precisely B;. Chainlets are not
reflexive and thus J;' C (J7)* = (B},)* C 7;7. An example of a current
that is not a chainlet in V' = R™ is R™ itself. However, even for compact
ambient manifolds, chainlets form a proper subspace of currents since
the space of chainlets is normed and the space of currents is not.

Each differential k-form w € Bj, is represented by a k-chainlet J,, in
the sense that wa n= [wAx*nforall n € Bj. (The LHS is the chainlet
integral of §5. The RHS is the Riemann integral.) Therefore, Bj, is
naturally immersed in J;. (See [H6], [H7].)

B, CJ, C1T.

All three of these spaces are Banach spaces for each 0 < r < oo, and
the inclusions are strict. Each is dense in the larger spaces. Define
the direct limit J2° = (JJ; and the inverse limit By° = (| B}. The
space B;° is a Frechet space, while J>° is a normed space. It is a direct
limit of Banach spaces and contains a dense inner product space, while
currents 7,>° are a topological vector space.

The chainlet complex contains a dense subcomplex of discrete chains
Pi(V), called polypolar chains with each chain supported in finitely
many points.

0 0 1o} 0
73](3+r AN 73]::’+% 73 Pr—i—l . 737“-&-1‘
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Wedge product and inner product are both defined on this discrete
subcomplex. But there is no continuity of either of these products in the
chainlet norms. The chainlet complex has neither a wedge product nor
an inner product since it includes polyhedral chains and L' functions.
(Polyhedral chains have no wedge product and L' functions have no
inner product.) But the space of chainlets contains a dense, inner
product space — the algebra of monopolar k-chains.

Acknowledgements. I would like to thank Morris Hirsch for his con-
tinued encouragement, support, and invaluable feedback for this work
which evolved over a period of two decades. James Yorke has also
given encouragement and helpful advice over the years for which I am
grateful.

I wish to thank Alain Bossavit and Robert Kotiuga who helped me
appreciate the historical perspective and interests of theoretical and
computational engineering. I also thank the students at the Ravello
Summer School of Mathematical Physics, and those in my Spring 2005
graduate seminar, especially Patrick Barrow and Alan Shinsato for
encouraging me towards the full development of this program. Finally, I
thank the wonderful undergraduates in my Berkeley 2006 experimental
course on chainlets for their energy and enthusiasm.



10 J. HARRISON DEPARTMENT OF MATHEMATICS U.C. BERKELEY

1. THE K0OSZUL COMPLEX

1.1. Exterior algebra. Let V be a vector space over a field F =R or
C. Let T(V') denote its tensor algebra. Let I be the two sided ideal of
T(V), generated by all elements of the form v ® v,v € V and define
A(V) as the quotient
AV)=T(V)/I.

Use the symbol A for multiplication, or exterior product in A(V).
Since v Av = 0 we deduce vAw = —wAu and v1 A- - - Av, = 0 whenever
W = (wy,...,wy) are linearly dependent in V. Elements of the form
v1 A+ Ay are called simple k-vectors. We sometimes denote these
by

Oék<W) =w N ANwg
where W is the list (wy,...,wg). For example, as(v,w) = v A w. If
W1 = (wm, Ce 7w1,k> and W2 = (U)QJ, ce ,w2’1>7 let

(Wb WQ) = (wl,b sy, Wk, Wayt, - - ,wz,z)-

Thus ag(W1) A ay(Wa) = (W7, Wa).

The subspace of A(V') generated by all simple k-vectors is known as
the k-th exterior power of V and is denoted by Ay (V). The exterior
algebra can be written as the direct sum of each of the k-th powers:

A(V) = é/\kv

noting that Ag(V) = F and Ay(V) = V. The exterior product of a j-
vector and an k-vector is a (j + k)-vector. Thus, the exterior algebra
forms a graded algebra where the grade is given by k.

We may replace v* = v ®v with any quadratic form Q(v) and obtain
geometric differentials of the Clifford algebra. This extension will be
treated treated in a sequel.

1.2. Symmetric algebra. The symmetric algebra of V is defined
as follows. Let J be the two-sided ideal of T'(V) generated by all
elements of the form v ® v — u ® v. Define S(V) = T(V)/J. The
symmetric product of u,v € V is denoted uv = vu. For j > 1,
denote the j-th symmetric product by

/A
VU—U1U2"'Uj

where U is the list (uq,...,u;). The subspace of S(V) generated by
the j-th symmetric products is denoted S’(V'). There is a direct sum
decomposition of S(V) as a graded algebra into summands S(V) =
®S57(V) where S°(V) = F and S* (V) = V. The space S/(V) is the j-th
symmetric powerof V. Elements of S7(V) of the form uyus - - - uj, j >
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1, are denoted by V7, where U = (uy, ug, . . ., u;). We observe that V3, is
independent of the order of the vectors of U and permits duplications,
whereas oy (W) depends on the order of .

Define the associative, unital algebra

X(V) = @8 (V) @ A(V).

Denote Vi,a;, = Vi, ® oy, where V3, € S1(V) and ap, € Ap(V). The
integer k is the geometric dimension of V7,a(V*), and j is its order.
The product - in X (V) is defined for simple vectors a(W7), a(W;) by

Vi a(Wh) - Vi a(Wy) = VI8 a(Wy, W) /272,
for ji,jo > 1, and extended by linearity. For j; = 0 or j, = 0, the
product is merely scalar multiplication. The operator V7, : X (V) —
X (V) is defined by
Vi (Vi) = Vi,
1.3. Mass and direction of simple k-vectors. We choose a pre-

ferred basis (eq,...,e,) of V and use it to define an inner product on
V: < e;,e; >=0;5. Define mass of a simple k-vector by

M(a(wy, ... wy)) = det(< w;, w; >).

If a different basis is chosen, the two masses will be proportional. The
resulting normed spaces will be the same, and the theory will be iden-
tical. The orientation of the subspace W of V spanning the list
(wy, ..., wg) is the orientation of the list (wy,...,wy). (Two linearly
independent lists have the same orientation if and only if the determi-
nant of the change of basis matrix is positive.) The k-direction of a
simple k-vector a(ws,...,wy) is the oriented k-dimensional subspace
spanning the list (wq,...,w;). The k-direction of a simple k-vector is
independent of the preferred basis.

LEMMA 1.1. Two simple k-vectors a and (3 are equal if and only if
their masses and directions are the same.

The proof follows directly from the multilinearity properties of tensor
product.

1.4. The Banach algebra X (V). Define
IVgall; = [l - - Jus | M ()

where U = (uq, ..., u;). A basis of V generates a basis of S7 ® Ag. Let
Al = > aiV{]iai, written in terms of this basis, and define

14905 = 3 Jadd |V, 0]
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Finally, for A =}7. A7 € S(V), define
1Al = 11475
J

PROPOSITION 1.2. || - || is a norm on the algebraX (V') satisfying
|4 - Bl < [|A[llB]]-

Proof. Supppose A = »°_ A7 and [|A]| > 0. We may assume that
the terms of A7 = > aiV£iai are written in terms of a basis. By the
triangle inequality, || A7]|; > 0 for some j. Hence ||V{]az|| ; > 0 for some
i. By definition of the norm, and since mass is a norm, it follows that
Vi, i # 0. Since A7 is written in terms of a basis, we know A7 # 0,
and thus A # 0 since we are using a direct sum. The other properties
of a norm follow easily from the definitions.
The inequality is a consequence of the triangle inequality and

IV, - Vi, aell; = 100y A el
< U | U M (i) M (exy)

= IV}, i

Ji V%fﬂé”jz-

1.5. The covariant complex.

Prederivatives V,. Let u € V and Via € X (V). Define the pred-
ertvative (in the direction u) by
Ve: S @A, — STt @ Ay
by
‘ .
Vu(Via) = V@U)a.
In the next section we give a geometric interpretation of this operator.

In a sequel, we show it is a derivation.
We next define the boundary operator

0: 5 @A, —» STV @A, k> 1.
Define
0v = V,(1).

There is a unique extension of d to X (V') making the boundary operator
into a derivation. In particular,

duAv)=0u-v—u-dv.
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In general,
0:5 N, — S @ Ay

is defined recursively:
Assume the boundary of a simple k-vector a has been defined, and
v € V. Define

IaAv)=0a v+ (=1)fa-0ve S'® A
For 7 > 0, define . .
I(Vi,a) = Vi, (0av).
We obtain a linear mapping
0: S V)Y@ A(V) = ST(V) @ Ay (V)

which is a derivation. It follows that 9 o 9 = 0.

We conclude that X (V') is a unital, associative, bigraded differential
Banach algebra. The product of X (V') is associative, bilinear, graded
commutative, and the boundary operator is a derivation: If A, B €
X (V), then

d(A-B) = (0A) - B + (=1 . (9B).
For each 0 < k+j=1¢0<k <nandj >0, we have the bigraded,

differential, covariant complex

SOV @ Ay (V) 2 SY V) @ A1 (V) S - & 575 (V) @ Ag(V).
We next see how the boundary operator relates to the prederivative
operator in the case of a simple k-vector.

LEMMA 1.3. If « is a simple k-vector, then O« is the sum of k pred-
erivatives of simple (k — 1)-vectors.

Proof. The proof proceeds by induction on k. The result holds by
definition for £ = 1. Assume it holds for simple (k — 1)— vectors. If «
is a simple k-vector then a = A v where [ is a simple (k — 1)-vector,
then da = 98- v+ (—1)*"13-0v. By induction, 943 is the sum of (k—1)
prederivatives of simple (k — 1)-vectors. But 3 - dv = V, [ is also the
prederivative of a simple (k — 1)-vector. O

1.6. The contravariant Koszul complex. Define the exterior de-
rivative operator

d: (V)@ A(V*) = S7HV) @ Apyr (V)

as follows: d(v® 1) = 1 ® v. Much as in the preceding section, d has a
unique extension so it is a graded derivation on the product.
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Foreach 0 < k+j=1¢0<k <nandj > 0, we have the contravari-
ant Koszul complex

SOV) @ Ay (VF) <& oo & 51 @ A (V) & ST (V) @ Ag(V)
THEOREM 1.4. S7(V) @ A (V*) C (S7(V) @ Ap(V))*.

Even though Ag(V*) 2 (Ax(V))* and S7(V*) = (S7(V))* the tensor
products of dual spaces is not isomorphic to the dual of tensor products.
The exterior derivative that we have defined as dual to the boundary
operator is an operator on the space (S7(V) ® A,(V))*, and thus is
also an operator on S7(V) ® Ai(V*). On the other hand, the exterior
derivative defined in the contravariant Koszul complex S7 (V') @ Ay (V*)
by “moving covectors from the symmetric side to the antisymmetric
side” is not naturally extendable to (S7(V) @ Ag(V))*.

The algebra of polynomials is isomorphic to the symmetric algebra
and can be useful as coefficients of k-covectors in S7(V) @ Ap(V*).
Again, this does not have natural extension into (S7(V) ® Ax(V))*.
For (S7(V) ® A,(V))* it is more natural to use differential forms with
coefficient functions with bounded derivatives, such as trigonometric
functions or smooth functions with compact support. This touches on
a philosophical difference between Taylor’s theorem approximations by
polynomials, vs approximations with Fourier series or wavelets with
their superior convergence rates.

In summary, the covariant complex X (V') leads to a more general
theory than the contravariant complex X (V*). It is simpler to work
with conceptually as it is based upon physical concepts.” The basic
operators of pushforward, boundary, and perp are more natural than
the duals of pullback, exterior derivative, and Hodge star.

2. THE POLYPOLAR CHAIN COMPLEX

2.1. The algebra of polypolar chains. Consider the product space
V x X(V). A j-polar k-vector in V with support at p is a pair
(p; Vi) € Vo x A (V). We form the vector space P(V) of j-polar
k-chains of formal sums A =377 | (pi; Vy; o) subject to the relation
(p; V{‘]a) = (p; —V{JB) if & and 3 have the same mass and k:—dir/ection,
but with opposite orientation. Furthermore, (p; V{,a) + (p; Vi, /) =
(p; V{]a—I—VJU,,O/), and t(p; V{,a) = (p;tV{,a),t € F. Define Py, = @; P}

"There is a foundational difference between the approach of [1] and our own. By
building upon the prederivative operator V,, of the Koszul chain complex, rather
than the exterior derivative operator of the Koszul cochain complex, we generate a
discrete theory with a geometrical basis rather than a basis of differential forms.
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and P = @, P,. For 7 = 0,1,2, we call j-polar k-chains monopolar,
dipolar and quadrupolar k-chains, respectively. We are especially in-
terested monopolar k-chains as they are dense in spaces of chainlets.
For simplicity, consider monopolar 1-vectors. The space PY(V) differs
from the affine space of V' in the following important way. The space
of monopolar 1-chains is a vector space, equipped with the translation
operator T,(p; V,a) = (p + v; V,a). The affine space associated to a
vector space V' is not a vector space, as there is no addition, only sub-
traction p — ¢. A monopolar k-vector (p;a). separates the two basic
roles of a vector into its two parts. In the first slot of (p; ), we think
of the vector p € V' as a point. It is merely the support, or location, of
the k-vector « in the second slot. The pair becomes a “smart point”
which contains much more information than just p alone. We make use
of two projections:

supp : PL(V) =V,
mapping P = > (p;; V{}iai) to the point set supp(P) = Up; and
Vec), - PI(V) — AL(V)

mapping P = > (p;; V{ZO@) to Y V{}iai.
Wedge product on P. Define

DR L P#q
i) M) {(p;omﬁ), pP=4q.

For A=) (pi; A;) and B =) (¢;; B;) € V x X(V), define

ANB = Z(pi;Ai - By)

where p; = ¢;. This reduces to wedge product of k-vectors if A and B
have order zero. For A = (p;; A;), define the norm

1A = 11All-

AN Bl < [l A[lIBIl

making the space of monopolar chains P into an associative, unital,
Banach algebra.
Define the 1-difference monopolar k-vector by

AL(p; ) = Tup; a) — (p; @)
and the j-difference monopolar k-vector recursively by

A (p o) = AL(AL (ps ).

Then
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where U = (u,U’). Define w(A,(p; @) = w(Tu(p; @) — w(p; o) and
extend recursively to w(A;(p; «)) and by linearity to w(P), P € Py.

We next see how to develop calculus at a point by way of polyvectors.
Define

1A% (05 @)l = M{(a),
and, for j > 1, define | A, (p; @)||; = |U|M (a) where |U| = |uy] - - - Ju;|, U =

(uh e 7uj)'
Define Di (V) to be the subspace of PP(V) generated by j-difference
k-chains

D’ = Z aiA{]i (pi; ;).

2.2. Differential forms on monopolar chains. A differential k-
form w is defined to be a linear functional on the space of monopolar
k-chains P(V). The support of a k-form is a closed set K defined as
follows: A point x is in the complement of K if there exists a neigh-
borhood U of = and missing K, such that w(z;a) = 0 for all pairs
(r;),x € Uya € Ap(V).

Denote the operator norm

jwl* = flwllo = sup {Jw(z;a)| : M(a) =1}

We say that w is bounded measurable if |w|* < oco. The space of all
bounded measurable forms is denoted Py (V)*
Let w € Pe(V)* and j > 0. Define

Jeoly = sup { (& (x5 )] 184 s @)l = 1}
Define the norm
jw[* = max{||wllo, ..., [lw]l+}

PROPOSITION 2.1. |w|* is a norm on the subspace of bounded Lipschitz
forms with |w|* < oco.

The completion of the space of bounded measurable k-forms with
lw|f < oo is denoted Bj(V).} Examples include sin(2x)dz, f(x)dx
where f has compact support. Nonexamples include zdz since ||zdzx|o =
0.

In coordinates, this space is equivalent to the space of k-forms with coefficients
of class C"~1+L% i e., the Lipschitz constant of each derivative of order (r — 1) is
uniformly bounded in V.
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2.3. Wedge product of forms. Given w € B} and n € B;,, define

W/\/r’(p7 O{(Ul, cee 7Uk+m))
= Z w(p; (Vo(1); - - - Vo) )N(UD; Voot 1), - - -, Valotm))-

€Sk
PROPOSITION 2.2. Suppose w € B},,n € B;,. Then

|w /\?ﬂur+s < |w|hr’77 i

Proof. We prove that

o Anlleru < llwllellnll

forall 0 <t <r,0<wu<s. The LHS is the supremum of terms of the
(wAn) (AL ok ym)
fo Mﬁ We may assume wlog that oy, = a(er, ..., €rim)

where (eq, ..., €g1m) is orthonormal. Then M (agim) = M (ag)M (ay,)
for any permutation of the vectors of aj,,. Split the list U™ into two
lists U*t* = (UL, UY).

The result now follows since wedge product is averaged over all such
permutations. O

2.4. Norms on P2(V). Denote the dual norm on P2(V) by

P
|P|" = sup ﬁu),P e PY(V).
weBy, ‘w‘ "
By duality, |P|* is a norm on the space P{(V).
For D’ € DJ(V), define
w(D7)
lwll;

The next lemma follows directly from the definitions.

I1D?[|; = sup

LEMMA 2.3. | D% < ||D7];.
THEOREM 2.4. If P € PY andr > 0, then

[P = inf{S5_o| D] : P = X5y, D' € D).

Proof. Suppose P = Y_ D’. By the triangle inequality

[Pl <> DI <Y 1D
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On the other hand, let ¢ > 0. There exists P = > D7 such that
RHS > %" ||D?||; — . Then

P D%+ w(D"
i — o 2D _ DY+ (D)
wey [wlt wesp max{lwllo, .-, [lwllr}
D° Dr
wesy L llwllo [[wl]

<> |ID|; < RHS +¢.

§=0
Since this holds for all € > 0, the result follows. O

2.5. Prederivative operator V,,.

LEMMA 2.5. Ifw € B, pe V, and o € A (V), then
A .
hm {W <p’ tu(pa O[)) }
t—0 t

The proof to this appears in [H6]. If w is only Lipschitz, Radamacher’s
theorem shows this limit exists a.e. If w € B'*¢, the limit exists and is
continuous.

Define the directional derivative

exrists and is unique.

Bulpie)),

Dyw(p;a) = lim w <p; n

and
w(p; Vua) = Dyw(p; av).
LEMMA 2.6. D, is bilinear in v and o and satisfies
Dyl < Jullewfer.
Proof. Tt suffices to show
[Duwllj—1 < Julllwll;-

But
D,w AIT! D; ) w(Aqu(p;a)|u|
1Dylyo1 = sup LoNBG DD _ g Tt PO
B el e A, el
]

LEMMA 2.7. |V, P < |ul|P|*-1.
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Proof. By Lemma 2.6

w(V,P Dyw(P D w|tr—1|P|tr—
T s S <o P < e

|V P|*" = sup
U

2.6. Exterior derivative d. By Lemma 1.3 the boundary of a simple
k-vector « is the sum of k prederivatives of simple (k — 1)-vectors
Bi. That is, da = >V, 0. It is often convenient to assume that
the directions of translation are orthogonal to the 3;. This follows if
a = a(vy,...,v;) where the list (vy, ..., vx) is orthogonal. But a always
has such a representative by Lemma 1.1.

Define the exterior derivative on forms by

dw(p; o) = w(p; Ov).
LEMMA 2.8. Let w € B} and ¢ € Bi. Then

(i) do(p;u) = Vuo(p)
(ii) dw(p; ) = > Vy,w(p; Bi).

Proof. Part (i) follows since
d(p; u) = o(p; Ou) = ¢(p; Vu(1)) = Dud(p).
For Part (ii), we have

dw(p; @) = w(p; 0a) = w(p; £V, B:) = > Duw(p; Bi).

PROPOSITION 2.9. (i) dlw+n) =dw+dn
(ii) dlw An) =dw An+ (—1)*w Adn
(iil) d(dw) =0
(iv) do = > D.,ode; if (eq,. .., e,) is orthonormal.

Proof. Part (i) follows from linearity of boundary operator. Parts (ii)
is a consequence of Lemma 2.8 and the definition of wedge product.
(See [F1], for example.) (iii) follows since 0 o d = 0.

Proof of (iv):

do(p; Y aie;) =Y _do(pre) = De,d(p) = Y Deddei(p;e).
U
PROPOSITION 2.10. If w € By, then

|dw|=1 < (k + 1)|w|™.
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Proof. Let a be a simple (k + 1)-vector. Suppose da = > V,,.5; where
u; is orthogonal to the k-direction of ;. Therefore,

dw(Aﬁ_la) . w(A‘é_laa)
1A7 el 1AG el
w Aj i
< sup >~ El(u’U)ﬁ)
1A ollj—

1AL 85 A w1
|ui| [U]M(5:)
<(k+1 ——

ldeollj—1 = sup

<(k+1)

= (k+ Dwll;-
O

We may now extend the definition of forms recursively so they are
defined on each Pj. Assume that forms of class B, have been defined
on Pl,j<r Ifwe B then D,w € By. Define

w(p; Vi pa) = Dyw(p; Vg_la).
We may now define
dw(p; Vo) = w(p; Vioa).

The boundary operator extends by linearity to monopolar chains P.
Stokes’ theorem for monopolar chains follows

dw(P) = w(0P).
PROPOSITION 2.11. If P € P}, then 0P|+ < k|P|*.
Proof. By Proposition 2.10

b P b
et — gup WOP) _ 4 (P) ldw | Pl
|OP] = sup W sup WE < ksup Ve

= k|P|*.
O

By linearity d o0 = 0, giving us a chain complex for each k+7 = ¢ :

0 0 -1 0 0 0 0
P, Lo 2P Sp Lp S S
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3. SMOOTH PUSHFORWARD

We first give a coordinate free definition of the r-norm on smooth
mappings, and then relate this to a more familiar norm relying on
coordinates.

Definition 3.0.1. The r-norm of a mapping f : V — R" is defined by
A ()|
£l = sup =
vt0ata || Ay (z;a)l;

and

| flpy = max{{| flljo, - - [|f Il }
We say f € B" if | f]p) < oc.

We remark that || f||1) < C is equivalent to assuming that f satisfies
a Lipschitz condition.

[f(x+u) = fl=)]

Jul

<C

Let Qk(0) denote the n—cube centered at the origin with edge length
2K.

LEMMA 3.1. Let f = (f1,..., fa) : V — Qk(0) in standard coordinates
of R" and r > 0. Then for each 1 < i <mn,

Proof. Tt suffices to show each
1fills < 1f Ml
Let
i i <K
wi(z;1) = . &
Then
lwillo < K, flwlls £1 = |wil” < K.
But
i@l =|[ =l
Ay (@31) frAf (231)
< i) fo A (a5 1)
< K|f Ay (2 1)
Therefore,

Ifilly < Kl = 1£il" < KI|f],.
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LEMMA 3.2. Let f € B%,u € V,z € V. Then each directional derivative
D, fi(z;1) exists and is a O-form of class B*.

Proof.
D, fi(z;1) = fi(z; V(1)) = lim fi(A(2;1/t))

by the main lemma. O

For u = e;, then D, f(x;1) = 9%t

T Oz

Definition 3.2.1. Let f = (f1,...,fa), x €V, and u € V. Define the
pushforward f,(x;u) by

f*(x,u) = (f(x)yDufl(x)v T 7Dufn(x))

One way to interpret pushforwards is as follows. Let f : R — R" be
a smooth mapping. Then we can think of f, :R™ — R™ as the best
linear approximation of f at z. Suppose u € R™. Let o, = {x + tu :
0 <t <1} be the 1-cell of (z;u). Then f.o, is a singular 1-cell with
endpoint f(x). The tangent vector to f.o, at f(x) is fi(z;u). Now
f+«z 18 linear and in coordinates takes the form of the classical Jacobian
matrix

o 0 o
Ui(r) Ui(y) - 2Ui(y)
982 ()

T1

8n' . Ofn
() ()

In order to extend to monopolar k-chains, we define

felwsug Av- Aug) = (F(2); faur Ao+ A faug).
Define
fu(z; Vua) = (f(2); Vg fra)

From here we provide the following useful lemma that relates push-
forward to all the other operators we have studied:

LEMMA 3.3.

(i) (fog)« = gso [
(iii) f.0 = 0f.

Note however that the pushforward and perp operators do not com-
mute. A counterexample is the shear operator.

Another property that is standard is the chain rule. This follows
since it holds for linear mappings.
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THEOREM 3.4 (Chain Rule). Suppose f : R™ — R™ and g : R" — RP
are smooth mappings. Then

(fog)s = figs
Proof.
fegu(z;0) = fi(9(2); grv) = (f(9(2)); fag(a) Goa?)
= (fog(x); (fog)uv)=(fog)lz;v)
O

Definition 3.4.1. Let f : R* — RP be a smooth mapping and w a
k-form on RP. Define f*w on R™ by

frol@a) =wfi(z; o) =w(f(2); fra)
The change of variables theorem is immediate for monopolar chains.

THEOREM 3.5. Change of variables:

Jr ],

The pullback behaves similarly to the pushforward.

LEMMA 3.6.
(i) f*(wnm = fwA
(ii) (fog) =g of"
(iii) f*d = df*
Proof. 1. follows since it holds for covectors. For 2. we apply the chain
rule. 3. follows from Lemma 3.3. U

Now we establish the continuity of the pushforward operator.

THEOREM 3.7. | f*w| < |f|p|w|*

Proof.
* Aj . *Aj .
||f*w||] = sup f w(j U(xa a)) S sup w(fj U(xa a))
| Ay (w5 )| | Ay (z; ) [l
A (20 |b
S |w|h]- sup |f jU(za &)|
Ay (5 Q)]
< | f gyl
< | flplw)®
The result follows. O

Now we can establish the continuity of the pushforward.
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COROLLARY 3.8. If P is a monopolar chain and f is a smooth mapping
of class B", then | f.P|* < |f|m|P|*

Proof.
P *w(P *olir | o
P —sup EPI 1P
’wybr |w|hr ’w’hr
|flpplwl [ P[*
< Sup[]lT = |flwm|PI*

4. THE OPERATOR L

Let a be a simple k-vector. Define L a to be the simple (n — k)-
vector with the same mass as o and with (n — k)-direction orthogonal
to the k-direction of a. Define

1 (Vo) =V, (L a).
Extend by linearity to define
L 73]1 — Pf;fk.

(See [H5] for details of the perp operator in R™.)
Define the unit volume n-form dV by

dV(a) =1 «

for simple n-vectors a. By linearity | pdV =1 Pfor Pe PY.
Define the unit volume n-vector by vol = «(ey, ..., e,) where (e1, ..., €,)
is an orthonormal basis of V.

LEMMA 4.1. (i) LL a=(=1)kn-hq
(i) aA L a = M(a)?vol
(i) ¢ L=L1 ¢.

PROPOSITION 4.2 (Continuity of the perp operator). If P € P[, then
| L Pl =P

Define 0* = o =1 0 L and the geometric Laplace operator by
0= 0o+ ¢ 0. Define the Hodge star operator by

ww(p; o) = w(p; L a).

LEMMA 4.3.
| *w| = Jw|*.
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Proof.
wdy(pia) _ o wBy(p L o)
1AL (p; )l A7 (p; @) I
_ Nl 1A% (p: L o))
1A (p; )5

= [lwll;

[ % wlj = sup

THEOREM 4.4 (Star theorem). Ifw € B}, and P € P!_,, then

Jore= Lo

The Laplace operator on forms is given by A = dd+dd where § = xdx.
PROPOSITION 4.5. Aw(P) = 0(0OP).

THEOREM 4.6 (Star theorem).

Jor= L

5. THE CHAINLET COMPLEX

Denote the completion of the space of the space PP (V) under the
norm |P|* by N7 (V) and call its elements r-natural k-chainlets in
V.

Compare this to the definition of currents 7] with norm

T(w
T = sup (—h)
weBy, |w| "
Currents are dual to differential forms. That is, (B})* = 7). Chainlets
of N} are a predual to differential forms in that (N})* = Bj. The spaces
are not reflexive since N is separable. It contains a countable dense
subspace whereas, B}, is not separable. (See Whitney [W].) Therefore,

NN =T,
Let J € N{. Then there exists a sequence of monopolar chians

P; — J in the r-norm. Since the norms are decreasing, it follows that
P; converges to a unique chainlet f.s(JJ) € NJ ", s > 0.

|T

LEMMA 5.1. The mapping

fro t N — NI
is a homomorphism. Furthermore, f..(J) = J for all J € N and
fre = fsto frs, forallr < s < t.
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Define the direct limit N2°(V) = UN (V).
THEOREM 5.2. N° is a vector space with norm
| P = lim | P

Proof. Let P = %7 (pi; ;) be a monopolar k-chain that is not zero.
Then (po; ) # 0, say. We may assume without loss of generality that
the k-direction L of «aq is the subspace spanned by (ey,...,e;). Let
n = dxy---dx,. Now n(P) = >7 n(pi;u) = > i on(pi; i) where 5;
is the projection of «o; onto L. Since [3; is top dimensional, there exist
scalars f(p;) such that 3; = f(p;)e1 A- - - Aeg. There exists a polynomial
@ defined on L such that > Q(p;)f(p:;) > 0. Define w = @Qn. Then

w(P) =Qn(P) = ZQ(pi)f(pi) > 0.

Now each derivative of w is bounded above by the derivatives of Q). It
follows that | P[> > 0.
The other properties of the norm are straightforward to verify. [

Every monopolar k-cell (p;«) is naturally included in N for each
r. The pair is called a (0, k)-pole. This corresponds naturally to an
electric monopole for k = 3.

The inverse limit By°(V') = NBL(V) of spaces of differential forms is
the space of smooth k-cochainlets. These forms are infinitely smooth
with a bound on each derivative of order r.

LEMMA 5.3. B*(V) is a Frechet space.
THEOREM 5.4. Chainlets form a proper subspace of currents.

Proof. This follows since chainlets form a normed space and currents
are just a topological vector space. O

Chainlets are a rich and interesting space. They are more than just
a normed space. They are the direct limit of Banach spaces, and have
an orthonormal basis. So they are “almost a Banach space”. They
contain a separable, dense inner product space, and are thus “almost
an inner product space”.

5.1. Isomorphisms of forms and cochains. By definition, B; =
(NZ)*. Therefore forms and cochains are canonically isomorphic in
this category. The isomorphism respects the pullback operator since
df* = f*d. (See [H2] for a much longer proof of the same result.)

THEOREM 5.5. The spaces B}, and (N})* are naturally isomorphic.

The de Rham isomorphism of cohomology will later be found as a
corollary since singular chains are dense in chainlets in a manifold.
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5.2. The part of a chainlet in an open set. Let U C R" be open.
For a monopolar chain P = ) (p;; a;), define P|y= Y (pij, a;;) where
pij are points in the support of PNU. (See [H6] for more details of this
section, including a discussion of nonexceptional open sets.) Suppose
J has finite mass. If U is nonexceptional w.r.t J then if P, — J with
M(P;) — M(J) then P;|U is a Cauchy sequence. We denote the limit
by J|U.

5.3. Improper chainlets. A sequence of monopolar chains P, is said
to converge to an improper chainlet J if P;|; converges to a
chainlet, denoted J |y, for each open set U in V. An improper chainlet
K is the boundary of an improper chainlet J, if 3(J | ) —J |sgv= K| v for
all nonexceptional U. We write 0J = K. An example of an improper
chainlet is R™. Consider a binary mesh of R"™ with vertices p;. Let @)
denote the unit n-cube and define P; = > 27 (p;; Q). Tt is left to the
reader to verify that P; converges to the improper chainlet R™.

5.4. Operators on chainlets. Operators on monopolar chains are
continuous in the chainlet norms, and therefore extend to operators on
chainlets.

5.4.1. Prederivative operator V,. It J € N is a chainlet, choose P, —
J in NY. According to Theorem 2.7, we know V,P; is a Cauchy se-
quence. Define V,J = lim V, P;. Therefore, V, : NJ "' — N satisfies

Vud [ < Jul| T

The other operators and relations described in Section 3 for monopo-
lar chains extend in a similar fashion, including boundary, pushforward,
prederivative and perp.

5.4.2. Boundary 0J. Define 0J = limdPF;. Since the boundary oper-
ator is continuous, it follows that 0 o @ = 0 on chainlets, giving us a
chainlet complex

L)L SN V) B NEV) SN (V) S S NEE (),

5.4.3. Integration over chainlet domains. Define the integral over chain-
lets J € N (V) and for forms w is of class B}, as follows:

/ w= lim w(F)

J 11— 00

where P; — J in the chainlet norm. The limit exists for J € N and
we N0 <r < oo, since

w(P)] < |wl*| PP,
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The support of a chainlet is defined by its complement, using the
chainlet integral. A point p is in the complement of supp(J) if there
exists a neighborhood U missing K such that [ ;w = 0 for all forms
supported in U.

By taking limits, we deduce the following results.

THEOREM 5.6. If J € N{,0 <r < o0, and w € B}, then

[

The next result is a primitive form of Stokes’ theorem as it relates
prederivatives of chainlets to directional derivatives of forms.

THEOREM 5.7. Forw € B,"' and J € Nj', 0 <r < oo,

/Duw :/ w.
J wl

The following general form of Stokes” theorem extends the classical
version and applies to all chainlets J, including soap films, polypolar
chains, and fractals.

< ’J|br|w|hr_

THEOREM 5.8 (Chainlet Stokes’ theorem). For w € B and J €

0<r <o,
/w:/dw.
aJ J
/dw:lim/dw:lim w:/w
J P aP; aJ
O

THEOREM 5.9 (Chainlet change of variables). For w € By, J € N},
and f € B", 0<r < oo,

/f*w:/ w.

J fud
/f*w:hm/ f*w:hm/ w:/ w
J P; f«P; «J

THEOREM 5.10 (Chainlet star theorem).

[== ]2

T
k+1>

Proof.

Proof.
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COROLLARY 5.11 (Chainlet divergence theorem).

/d*w:/ w.
J 18J

COROLLARY 5.12 (Chainlet curl theorem).

/*dw —/
aLJ

5.5. Four dense subsets of chainlets.

5.5.1. Monopolar chains. Monopolar chains are dense in chainlets, of
course. Monopolar chains P are not only a Banach algebra but they
are also an inner product space, both structures not present in chain-
lets. But the inner product gives us certain numerical advantages for
chainlets, since an orthonormal basis for P is also an orthonormal basis
of each NJ,0 <r < oc.

Inner product on monopolar k-chains. Define

<P Q>= / dv.
PAXQ

The norm |Ply = V< P,P > = />, M(;)? is an “L? norm” for

monopolar chains. For an “LP norm”, p > 1, define

[Pl = (D M(ai)")'”.

One may extend the geometric product of Hestenes simply by taking
the sum PQ =< P,Q > +PAQ, P,Q € PY. Then PQ is a well-defined
element of the algebra of monopolar chains P. It is an open question
whether this will lead to anything more than chainlets already present.
A forthcoming extension of the theory to Clifford algebras, however, is
clearly deeply important.

5.5.2. Polyhedral chains. Polyhedral chains were invented by Whitney
and were the basis to his Geometric Integration Theory [W]. We show
that polyhedral chains are naturally included in the space of chainlets
as a dense subset.

PROPOSITION 5.13. A k-cell o naturally corresponds to a chainlet.

Proof. First consider a k-cube (). Divide it into subcubes @);. Let p;
be the midpoint of @Q;. Let (p;; ;) be the unique (0, k)-pole supported
in p; with mass the same as the mass of (); and the same k-direction
as that of ). The monopolar chain ) (p;; ;) is Cauchy in the natural
norm. (See [H6].) Call the limit Jg. Finally, if o is a cell, subdivide
it into its Whitney decomposition of cubes. The sum converges in the
mass norm to a chainlet J,. O
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Later, we will see that f w= f w in the classical setting, where the
LHS is the chainlet mtegral of §5 and the RHS is the Riemann integral.

A polyhedral chain is defined to be a chain of k-cells. P = )" a;0;.
Every polyhedral chain is therefore a chainlet.

THEOREM 5.14. Polyhedral chains are dense in chainlets.

Proof. This follows since monopolar chains are dense in chainlets and
polyhedral chains are limits of monopolar chains. O

Polyhedral chains include simplicial chains which are important in
algebraic topology. Singular chains are also dense in chainlets. There
is a natural chainlet Mayer-Vietoris result for chainlet homology using
operators in this paper which will give a method for computing chainlet
homology classes.

5.5.3. Smooth submanifolds with boundary in R™. An oriented, smooth
k-submanifold N in R™ may be triangulated. Each simplex o; of the
triangulation determines a k-direction and a k-mass. Let «; be the
unique k-cell with the same mass and k-direction. Choose a point p;
in the simplex, or near it. The monopolar chain »_(p;; ;) is Cauchy
in the l-natural norm. The limit chainlet Jy represents N in that
Jyw = [, w for all forms w € Bj. (The LHS is the Riemann inte-
gral over submanifolds, and the RHS is the chainlet integral.) Smooth
submanifolds are dense in chainlets since polyhedral chains are dense.

5.5.4. Differential forms. We embed Bj, in N]. A k-form w is defined
as a linear functional of monopolar chains. By the Riesz representation
theorem, for each p € V', w at p is represented by a k-vector ( such that
w(p; a) =< B, a > for all simple k-vectors a. Recall P, = >~ 27" (p;; Q)
converges to the improper chainlet V. Define B; = Y 27" (p;; 3;) where
B; = B(p;). Then B; converges to an improper chainlet J,,. Furthermore,

/ n:/n/\*w

LEMMA 5.15.

and | J, | =

Proof.

/ = lim/ n= limz 27" n(pi; Bi) = limz 27" pAxw(p;) = /T]A*w.
T B

O
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6. MEASURE THEORY AND CHAINLETS

6.1. Lower semicontinuity. Define
jwli = max{|lwlo, .., pllwll}-

Then the norms |w|% are decreasing as p — 0 to the norm |w|**. It
follows that the dual norms |P[% are increasing to the norm |P[-1.
The Banach spaces | P|% are isomorphic to N/} for each p. (The spaces
are the same, only the norms are different.) So each norm |P ’E; is con-
tinuous in N). This proves that the limiting norm, the (r — 1)-natural
norm, is lower semi-continuous in N;. We similarly show that each
| P is lower semicontinuous in A for each 0 < s < r, by multiplying
the higher order terms by p.
If J €N} and 0 < s < r define

7|, = inf{liminf |P* : P, &5 J}.

This quantity is the s-norm in the r-natural space. It coincides with
the s-natural norm if J is a monopolar chain P. This follows from
lower semicontinuity of |- |. In particular, we may now freely speak of
the mass of a chainlet J, realizing that the mass might be infinite.

THEOREM 6.1. If J € N} then |T,J — J|* < |ul|J],_1.
Proof. Choose P; — J with |P|"-t — |.J|,_1. The result follows since
T, P — P < |u||Pl,_:. O

6.2. The operator Vec'. We define an operator Vec' : Nj — AL(V)
as follows. It will be fundamental to integration, differentiation and
measure of chainlet domains.

For P =) (p;; o), define
Ved (P) =) o,

In what follows, set 7 = 0. The general case (proved in a sequel) is
similar, but is not needed for this draft.

LEMMA 6.2. Suppose P is a monopolar chain and |w|lp < co. Ifw(p) =
wq for a fixed coelement wy and for all p, then

/Pw = wo(Ved(P)).

Proof. This follows for monopolar chains P € PP since wy(a) = wo(Vec(a)).
t
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THEOREM 6.3. If P is a monopolar k-chain and r > 1, then
M(Ved(P)) < |P|*.
If supp(P) C B.(p) for some p € V and € > 0, then
|P|" < M(Vec®(P)) +eM(P).

Proof. Let ng be a coelement such that |nglo = 1, and ng(Vec®(P)) =
M (Vec®(P)). Define the k-form n by n(a,) := no(c). Since 7 is constant
it follows that [|n||, = 0 for all » > 0 and ||dn||, = 0 for all » > 0. Hence
1nl- = nlo = |nolo = 1. By Lemma 6.2 and Theorem 5.6 it follows that

M(Ved(P) = m(Vec'(P) = [ o< |l =PI,

For the second inequality we use the definition of the r-natural norm.
It suffices to show that %%‘ is less than or equal the right hand side

for any 1-form w of class B'. Given such w define the k-form wy(ay,) :=
w(ay) for all g. By Lemma 6.2

/w /CL)Q /w—wo
P P P

< lwp)(Ved(P)| + sup |w(p) — w(q)|M(P)

q€supp(P)
< lwlloM (Vec"(P)) + ellwlh M(P)
< |w[M(M(Ved(P)) + M (P))

< +

COROLLARY 6.4. If J is a k-chainlet of class N", r > 1, then
M(Ved(J)) < |J|*.

Proof. By Theorem 6.3 the result holds for monopolar chains. Choose
P, — J with M(P;) — M(J). Then Vec®(P;) — Vec®(J) by continuity
of Vec. By lower semicontinuity of mass,

M(Vec(J)) < liminf M(Vec®(P)) < liminf | P = |J|*.
O

THEOREM 6.5. Let J; be a sequence of k-chainlets of class N such
that for some C' > 0 and k-vector « the following hold:

M(J;) < C, supp(J;) C B.,(p), Ve’ (J;) — a as g; — 0.
Then J = lim J; exists and Vec®(J) = a.
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Proof. Suppose ¢; < ¢; for j > ¢. Choose monopolar chains P; — J;—J;
with M (Ps) — M(J; — J;) and supp(Ps) C Be,(p). By Theorem 6.3

[P < M(Ved"(P)) +eM(P).
Hence
|J; — Jj|" < |Ji — 5| < liminf M(Vec®(P,)) + ;M (J; — J;).
But Vec®(P;) — Vec®(J; — J;) — 0 by continuity of Vec. Hence
J = lim J, exists and Vec®(J) = a. O
COROLLARY 6.6. Vec®(dJ) = 0.

Proof. 1t suffices to prove this for (0, k)-poles /3, by continuity of the
operators. But Vec®(p; V,a) = 0 implies Vec®(95) = 0. O

Given a monopolar chain P = ) a;«;, let AP denote its normalized
linear contraction: AP = Y (Ap;; A¥a;)/A\*. This contraction operator
is continuous and extends to chainlets. By Theorem 6.5 Vec’(J) =
limy_g AJ.

6.3. Part of a chainlet in a Borel set. The norm on a finitely
additive k-vector valued set function p is defined as

h7':sup{/cu-du:|u)|h7"§1}.
v

We can extend Whitney’s theorem ([W], XI Theorem 11A) to as-
sociate a k-chainlet J with finite mass to a finitely additive k-vector
valued set function p; defined by

pr(X) = Ve (J| x).

17

THEOREM 6.7 (Chainlet representation theorem). If J is a k-chainlet
with finite mass, there exists a unique k-vector valued set function p gy

such that
/w = / w - dp.
J 1%

The correspondence is an isomorphism such that
gl = |JJ

Whitney’s proof extends, but the methods in this paper lead to a
more direct proof.

The ideas extend to define j-polar k-vector valued set functions,
leading to a similar representation theorem for chainlets with |.J|; < oo.

The isomorphism preserves operators.
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6.4. Numerical method. Fix a mesh of V. Let J be a chainlet with
finite mass in V. Let U; be a cell in the mesh. We can define the
part of J in U; and denote it by J|y,. Then Vec(J|y,) is a k-vector.
Let p; be a point in U;. The sum > Vec(J|y,) converges to J in the
natural norm. That means we may do calculus over this monopolar
chain and be assured that our results converge to the continuum limit.
The operators involved in defining these monopolar chains all may be
implemented numerically.

6.5. Graphs of L' functions. (sketch) A nonnegative L' function
f :]0,1] — R is an increasing limit of simple functions g; each of which
is a sum of indicator functions satisfying

[ gsdn=u(s)

where p denotes Lebesgue measure. The graph of an indicator function
&s is a 1-chainlet with finite mass by Theorem 6.7. Denote the graph
of a simple function g by I'. The chainlet I'; — I'y is a finite sum of
difference chainlets. We estimate the total 1-norm of these difference
chainlets. Since the Lebesgue area of the subgraph of f is finite, the
l-norm of I'; — Iy, tends to zero as i, k — 0o. (Use Theorem 6.1.)

7. VECTOR FIELDS AND CHAINLETS

7.1. Multiplication by a function. A zero form ¢ € B is a function
¢ : V. — R. We may write ¢(p) = ¢(p; 1), depending on the context.
Recall [¢[* = max{||¢]lo, ..., [[¢[l:}.
Define ¢ > (pi; i) = D> (pi; d(pi) o).

PROPOSITION 7.1. (i) (P + Q) = ¢(P)+ ¢(Q)

(i) (¢ +)P =P + 9P

(iii) (¢9p)P = (¢ P)

(iv) ¢P = aP if ¢(p) = a for all p

(v) M((¢ +v)P) = M(¢P) + M(¥P) if ¢(p),1b(p) =0

(vi) M(¢P) < M(¢P) if 0 < ¢(p) < ¢(p).

Proof. These follow readily from the definitions. U
PROPOSITION 7.2. (1) M(¢OP — 0¢P) < k|o|" M (P)

(i) M(0¢P) < k|¢|* M(P) + || M (OP).
Proof. These are essentially the same as in [W], p. 209. U

THEOREM 7.3. If ¢ € By and P € Py, then

WH”§§:(2)W
=0

ui P|h'r7
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Proof. Let € > 0. By Theorem 2.4, there exists P = Z;:o D7 such that
D7 € P} and |P|* > 3 ||D7||; — e. Tt suffices to prove that

J .
J |85 J
|w\s;(Jw
Clearly, this holds for j = 0. Assume it holds for norms less than j.
Let U = (u,U’) and 8 = A}, . Then
Ao = A(AL ) = A3

B

D|;.

Therefore,
|6(p; AL )% = [d(p; AuB)|*
< |¢Tou(p; B) — Tud(p; B~ + | Tudb(p; B) — d(p; B
Now

|6Tu(p; B) — Tud(p; B) = |(d(p + u) — d(p))(p + u; )|

(77" )imo-

Ufﬂwmwwﬂ

1

(77" )

-1

T.68 — 6815 < [ulléBls- < (jgl)hﬁ
i=0
1

[y

i

IA

Bl

.
= O

.

(]

IN
— o

| Agall;,

[e=]

7=

and

<.

“ul| g

IN

) — 1 . ;
(75" e 1adal;

~
Il
o

It follows that

“lagal;.

ot < (4 )10
=0

Define ¢w(p; o) = w(p; ¢(p)a). It follows by linearity that
pw(P) = w(¢P).

The next result follows from Proposition 7.1.
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PROPOSITION 7.4. (i) p(w+n) = o(w) + o(n)

(i) (¢ +Y)w = dw + Yw

(iii) (¢v)w = P(Yw)
(iv) ¢w = aw if p(p) = a for all p
(v) (¢ +)wl = [gw]® + [Yw]* if ¢(p),¥(p) = 0
(vi) |gwl < [ypwl® if 0 < ¢(p) < ¥ (p)

The next two propositions follow from Proposition 7.2 and Theorem

7.3.

PROPOSITION 7.5. (i) |pdw — dpw|® < (k + 1)|¢|* |w]
(i) [dowl < (k + 1)[[* [w] + |¢f|dw|*.

PROPOSITION 7.6.

|pw

<3 ()

7.2. k-vector fields. A k-vector field X on V is defined to be a func-
tion X : V. — Ag(V). Therefore, functions are a field of monopolar
0-vectors. We next consider monopolar k-vector fields.

The vector field e; in V' is associated to the 1-chainlet J., defined
as follows: We first define J., in a unit n-cube ). Let Q@ = R x [
where R is an (n — 1)-face of @ and I is a 1-cell with direction e;.
Let po be the midpoint of R. Subdivide R into binary (n — 1)-cubes
Ry, ; with side length 27", Denote the midpoints of the Ry.; by p.i. Let
Py = 0¢ denote the 1-cell supported in (), with direction e, and with
one endpoint py. Let P, =) 2*”kak7i with each oy ; parallel to oy and
with endpoint py ;. Then M(P;) =1 and the sequence { P} is Cauchy
in the 1-norm since the distance of translation tends to zero and the
total mass that is translated i M(Q). (See Theorem 2.4 or [H7] for
details.) Denote the limit by J.,. Use the preferred basis to construct
n-chainlets J,, associated to the vector field e;.

A vector field X can be written X = Y " ¢e;. Therefore, the
chainlet Jy =Y | ¢J, is associated to X. Define

X[ = )l
i=1

7.3. Exterior product ExJ. Let 8 € A,,(V). Define the exterior
product operator

Eﬁ : Plz: - Plier

Eﬁ Z(I%‘; ai) = Z(pi; oy N ﬂ)

The next two results follow directly from the definitions.

by
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LEMMA 7.7. EgP is a bilinear operator in v and P satifsying
(i) EgEs =0
(ii) E5(P-Q)=EsP-Q+ (—1)*P- EsQ
(i) fiEgP = Eypf.P
(iv) ¢EgP = EgoP = EypP
(¥) [EaPl = | PP,
PROPOSITION 7.8.
|EgP|* < M(B)|P|*.

If f: M — N isamapping and Y is f-related to X, that is, f,o X =
Y o f, then Ey(f.P) = f.(ExP). Of course, is f is a diffeomorphism,
then f,X is always f-related to X.

Define the interior product operator of forms by duality

as
igw(p; ) = w(p; Esa).
Lemma 7.7 yields
LEMMA 7.9. igw s a bilinear operator in v and w satisfying
(i) 1gig =0
(ii) ig(w Am) =igw An+ (—=1)*w Aign
(ili) f*(ipw) = ig.pf"w
(iv) gigw = igpw = iypw;l
(v) ligw]™ = |wl®.

THEOREM 7.10. Let X be an m-vector field on V', and P a monopolar
k-chain. There exist constants C(X, k,m,r) > 0 such that

|Ex(P)| < C(X, k,m,r)|X[*|P[r.
Proof. Set X =Y ¢;e;. Observe that |E,,(P)|* < |P|*. Then

AEP) _iew(P) _iqe(P) _ _ w(P)
P E A I g

Therefore, by Lemma 7.7 (iv) and Theorem 7.3
| Boe,(P)|" = |$(Ee, P)[*" < Ci(,r)|of |PI*

= |P|*.

r

where the constants C;(¢,7) = > _._, ; ) &
the basis (e1,...,e,). To obtain the result, set C(¢,7) = > Ci(¢, 7).
O

%, Now take sums over
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If J is a chainlet in N'k", X and m-vector field, and P; — J, define

ExJ =lim ExP; € N, ..

Lemma 7.7 (iii) extends to J:

f*EXJ: Ef*Xf*J
and
f*in = if*Xf*w.

A similar construction leads to

EXjJ
for a j-polar m-vector field X7. As with most of the operators, j =
1,2, ..., we obtain fields polypolar vectors expressed as chainlets.

Since the operators and products commute with pushforward, the
definitions and relations extend to smooth manifolds.

If f: M — N is a smooth mapping and Y is f-related to X, then
Y = f.X and iy ffw = frixw.

7.4. Lie derivative LxJ. If X is a vector field and « is a k-vector
field in a manifold, we recall the classical Lie derivative of « in the
direction X. Let g; be the flow of X. Fix zy and define

Lx(a)s == lz’mtﬂo—g_t*arz — %
If X is smooth, then the limit exists.

We similarly define Lx on fields of (j, k)-poles The limit exists in
the j-natural norm as a field of (j, k)-poles. This leads to a definition

of LxJ for a chainlet J.

LEMMA 7.11.
Lxd=0Lx.
Proof.
Lo = lim? —ta%t_ %% _ i f‘”‘% — ILxa.
0
Define

Lxw(p;a) = w(p; Lxa).
Lxw is bilinear in X,w and Lxw An=Lxw An+w A Lxn.

THEOREM 7.12. (i) Vec®(Vx) = Lx
(ii) OV = V0.
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Proof. The first part follows by continuity of the operator Vec.
dLxw(p; a) = Lxw(p; 0a) = w(p; Lx0a) = w(p; 0Lxa) = Lxdw(p; a).
The second follows from the definitions. O
THEOREM 7.13. Vy = 0Ex + Ex0.

COROLLARY 7.14 (Cartan’s magic formula). Lxw = dixw + ixdw.

Proof. By Theorem 7.12 Lx P = Ve®(VxP) = Ve (Ex P+ ExOP).
It follows that dixw(P) + ixdw(P) = w(O(P A X)) + w(OP AN X) =
w(VxP) = Lxw(P). O

For a diffeomorphism f,
ffLxw= Ly xfw.
If f: M — N is a mapping and Y is f-related to X, then
Ly f'w=f"Lxw.

7.5. Translation Tx.J. The translation operator T,,(p; o) = (p+u; «)
is continuous in the chainlet norm. Similar techniques as those given

above show that this operator extends to T'xJ for smooth vector fields
X and chainlets J.

8. THE CHAINLET COMPLEX IN A MANIFOLD

Now set V = R". A singular k-chainlet g.J in a smooth n-manifold
M of class N is a continuous mapping ¢ : R — M and a k-chainlet
J in R"™. Consider the vector space N (M), generated by all singular
k-chainlets subject to the relation: g(p;a) = h(q;3) if and only (™! o
9)«(g(p; @) = h(g; B), for all (p; ) € R™ x AY. The boundary operator
is well defined on chainlets in a manifold by Corollary 3.3. We obtain
a chain complex of vector spaces since 0o d = 0.

0L M) S BN ) S N (M) S NG ) S S N (M,

Forms of class B, and of class Cj, are well defined on M. The relation
ffw = wo f, leads to a well-defined integral of smooth forms of class
B} over chainlets in N (M).

/ .
J

The operators V, and 0 are well-defined on manifolds since they
commute with pushforward of diffeomorphisms.
We deduce extensions of Theorem 5.7 and Stokes’ theorem 5.8.
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/Duw:/ w
J wd

forw € By(M) and J € N

THEOREM 8.2 (Stokes’ theorem for chainlets in a smooth manifold).

o -

forw € By(M) and J € NJ*.

THEOREM &.1.

In Riemannian manifolds, the translation operator T;, is defined via
the covariant derivative. The operators | and Hodge star are well
defined, leading to a divergence theorem for chainlets in Riemannian
manifolds.

9. INTEGRATION OF ROUGH FORMS OVER ROUGH DOMAINS

Given a chainlet J € N and a form w € B§,0 < s < r, define

/w:sup{liminf/ w:Pth}.
J P,

Then
/w
J
/dwg/w,
J aJ
/d*wg/ wl,
J 18J
and

| < w| < JullJ|sJw]*.

Whitney’s example [W2] of a functlon nonconstant on a connected
set of critical points shows this inequality is sharp. (See also [N].)

10. FURTHER OPERATORS

10.1. Slant product .J/X. Suppose @ € AY and 5 # 0 € A% with
0 < m < k < n. Define the slant product
Ssa = a8 := ()M L (BA L a)/M(B)? € AL

If m = 0, slant product reduces to division of a k-vector by a nonzero
scalar. Therefore, if kK = m = 0, slant product reduces to division of
real numbers in R!.
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LEMMA 10.1. The slant product Sg : A) — A} _, is linear and satisfies
(i) Ve(B) c Vec®(a) = BA(a/f) =«
(i) Ved(B) L Vec®(a) = (aAB)/f=a and a/f=0€TF
(iii) a/a = 1.

PROPOSITION 10.2. |P/B|* < |P|*/M(B).
Proof. Then
|[P/BI = 18N L P /M(B)* < | P /M(B).

Therefore, the slant operator extends to chainlets in R™.
T/ B[ < |J[F/M(B).
LEMMA 10.3. Slant product is a linear transformation
Ss:PL— P,
satisfying
(i) SgSs =0
(ii) fioSp=Sppofe
(iil) ¢Sp =S¢

Therefore, slant product extends to chainlets in manifolds.

If X is a nonzero monopolar k-vector field, slant product is defined
at each point. Let us further assume that the mass of each k-vectors
is bounded below by a constant K.

THEOREM 10.4. If X € B", there ezists a constant C(r, X) such that
|P/X [ < C(r, X)|X[*| P|".
Proof. By Theorem 7.3
[ L ((¢e)A L P)fr =|g(esh L P)f < C(r,0)| P*.
Suppose X = >"" | ¢ie;. Let C(r, X) = C(r, X;). Then
[P/X[r <Y | L(delp)n L PP /M(X(p,))* < K2C(r, X)|X| [P
U

It follows that J/X is well defined for a nonzero k-vector field X.
Order j vector fields are treated in a similar fashion.
For each 3 € AY | define the extrusion operator on forms

exts : B, — By

extgw(p; o) = w(p; a/B).
This extends to k-vector fields X.
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extxw(p; o) = w(p; /X (p)).

Define Hz = dexts + extgd where § = xd . It is an open question
whether or not Hgs is a derivation.

Slant product is not generally defined on smooth manifolds since
pushforward does not commute with the perp operator.

Cross product J x X. Define

L . -
Xt Piﬁ X P;ii - 7]zl—k]12—k2
by
ax f =1 (aAp).

For ky = ky = n/3 this product combines pairs of (0, k)-poles and
produces a (0, k)-pole. Of course, when n = 3 this corresponds to the
standard cross product of vectors.

In the degenerate case with v = w, then Vec®(v) A Vec®(w) is zero.
Thus L of it is zero. On the other hand, if v is orthogonal to w, then
the wedge product is a (0, 2)-pole with mass the same as the product
|v||w|, so its perp corresponds to a vector with norm |v||w]| that is
orthogonal to this (0, 2)-pole.

We next show this extends to J x X where X is a smooth k-vector
field in V.

THEOREM 10.5.
P x X|" < C(r, X)|P"| X]|*.
Proof. Let X = ¢;e;. Then by definition and Theorem 7.3,
[P x gie;|'r = Z| L ((ps, as) A dilps)ed)|™

- Z |ps (D) (ps, ts A €3)]*
< C(r, ¢:)| i | P|*".

The result follows by setting C'(r, X) = > C(r, ¢;).

As usual, we define a dual operator on forms as

(wx B)(p; ) =w(p;a x B).
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Intersection product JN X. Let ky + ky > n. Let a € 73,2, g e 73,];
Define

anf:=L(LanLp).

For j; = jo = 0 this identifies the intersection product of o and
G.
As above, we may extend this to J N X where X is a k-vector field.
The dual operator on forms is define by

wNX(pa)=wpanX).
Projection. If a € Py, B € Py, define
g =L (Lang)ng.

As above, we may extend this to mxJ where X is a k-vector field. The
dual operator on forms is define by

Txw(p; ) = w(p; Txa).

11. APPLICATIONS

11.1. Solutions to Plateau’s Problem. Suppose o is a 2-cell in 3-
space. Let u be a unit vector orthogonal to Vec?(s). Then V,o is a
dipole surface that locally models a soap film without branches. By
adding three of these along a common dipole edge at angles of 12098,
we can obtain a branched surface.

A mass cell is defined to be e,o. Then de,0 = V,0 + €,(00). Sums
of mass cells and dipole cells give models of soap films with curvature.

We call a chain of dipole k-cells and mass k-cells a k-dipolyhedron.

As an application of chainlet methods, we observe that any naturally
arising soap film S spanning a smooth curve v can be expressed as a
limit of dipolyhedra S = lim D; in the natural norm with 9 D; supported
in 7. The boundary of S is also supported in .

A similar construction in R* [H8] leads to existence of minimal span-
ning set for a fixed Jordan curve, a solution to Plateau’s problem,
assuming a bound on energy. The minimizer has soap film regularity
a.e. [H9] and has surface area smaller than any other Plateau solutions
to date.

The new methods of this paper shed some light on the general prob-
lem which is under investigation.

11.2. Chainlets and distributions. The question arises whether or
not we may replace currents with the smaller space of chainlets in
analysis. The simplest case is k = 0. In this section we ask whether we
can “take the derivative” of 0-chainlets. Distributions are defined over
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test functions with compact support. For O-chainlets, test functions
need only be integrable, in order to take the derivative

If J is a O-chainlet in R, define J' = V,J where w is the unit vector e;.
This corresponds to the derivative of a smooth function f. A smooth
function f determines a chainlet Jy if its integral is finite.

LEMMA 11.1. V,J; = —Jp.

Proof. The proof reduces to showing

g
Vqu J

s
for all smooth g. That is,

, Vug—/fg /f’g-

We use integration by parts. f(b)g(b) — f(a)g(a) = [ fg'+ [ f'g. Since
the integral of f is finite and f is smooth, the left hand side tends to
zero for a — oo and b — —oo0. 0

Chainlets offer more structure, and therefore a richer theory that is
easier to work with than distributions since they form a normed space.
Applications to PDE’s are anticipated.

11.3. Dual mesh convergence. In the discrete theory of simplicial
complexes, the problem of existence and convergence of a geometric
Hodge star operator has eluded mathematicians until recently. Barycen-
tric subdivisions or or barycentric duals are commonly used. The cir-
cumcentric dual is introduced in [D, H, L, M] which has the advantage
of orthogonality to the primary mesh. But convergence to the smooth
continuum remained elusive. The author proved the chainlet discrete
Hodge star converged to the smooth continuum ([H6], see also [H7]).
Wilson [Wi] constructed a combinatorial Hodge star operator via a
dual mesh, and showed convergence to the continuum as the mesh of
a triangulation tends to zero. The methods of [H6] apply to simpli-
cial complexes as a special case, but there is no mention there of dual
complexes. We address this now.

Let (S,T) be an ordered pair of two simplicial complexes. We will
call (S,T) a mesh pair if the k-simplexes o, of S are in 1 — 1 corre-
spondence with the (n—k)-simplexes 7,,_; of T. We call S the primary
mesh and T the dual mesh. Let p; be the barycenter of o4 and ¢, _x
the barycenter of 7,,_j. Let o, =L Vec(ox) and 3,1 = Vec®(Th_)-
We say that a sequence of mesh pairs (5%, T") is a Hodge sequence if

(i) The mesh sizes of both S* and T" tend to zero as i — oo.
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(ii)
M( Z—k - O‘i—k)
M(B;,_)

— 0, as 7 — 00
(iii)
[Pk — @kl — 0, as i — oo,
LEMMA 11.2. If (5%, T") is a Hodge sequence then

‘Tfl—k_ 1 Uiic’hl

: — 0 as 1 — o0.
M(sz—k)

Proof. By the triangle inequality,
Tnk= L ow[™ < |Tuk = T Tnil”
g Tnk — (ks Bai) [P
+ [Pk, Brei) — (Phs Qtnie)|*
+ [(pr, i) — L op|™

We know
(Pl i) — L o
M(ay)
by the definition of the operator L . In particular, the distance of
translation of estimates of (p},a’ ,)— L o} is tending to zero, the

total mass is kept constant. (See Theorem 2.4.) The second term is
similar.

Also,

— 0

7ok — Tpi—q};,kTLk’m < [Pk — Gk M (7).
The third term simplifies to
|(p7i;§ Lk - O‘:}kﬂul < M( fvfk - O‘f%k)'
O

Since L is a continuous chainlet operator and dual to Hodge star
* on forms, this lemma guarantees that a Hodge sequence will limit
to the smooth continuum w.r.t. the Hodge star and boundary opera-
tors. Therefore, discrete methods relying on such meshes will produce
reliable discrete approximations to Gauss and Stokes’ theorems. Nu-
merical estimates on convergence may be gleaned from the definition
and lemma.
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11.4. Wavelets over chainlets. A chainlet transform is defined
on R". (Sketch) Cover R" with a binary grid Q. Let J be a k-chainlet.
For each @, in the grid, the part of J in @, is a chainlet J|g,,.
Since mass is lower semi-continuous in the chainlet norm [H6|, a,, =
M(J|g,,) is well-defined. Let p,, denote the midpoint of @Q,,. Let
T(J,Q)=>a,Vec"(J|g,,). Then T(J,Q) is a sequence of monopolar
chains converging to J in the 1-natural norm.

By setting Py = 7(J,Qo) and B = T(J,Qis1) — T(J.Q,), we may

write .
J=Y P.
i=1

The P; may be written in terms of an orthonormal basis of the sub-

n!
space of monopolar chains P, = > 21" B;;, so that

Wavelets over chainlets now become natural, as do Fourier series over
chainlets. If w = E;}il 7n; is a wavelet series or Fourier series, then

/JW:/.oo P-E;ﬁmj :ZZ/HUT

i=1 i=1 j=1

We end up with a convergent double series of trivial integrals. All of the
operators involved may be implemented numerically since monopolar
chains are dense in chainlets.

APPENDIX A

11.5. Deduction of the coordinate calculus. We next see that
standard integral equations of coordinate calculus follow readily from
the concise integral equations (i)-(iii) of chainlets. This paper, there-
fore, provides the foundations for a full theory of calculus starting from
basic principles of multilinear algebra.! The following proofs are not
possible from the perspective of the Cartan theory which is missing the
prederivative operator V, and the geometric Hodge star operator L.
We first retrieve the standard formulation of the exterior derivative of
a multivariable function f : R"™ — R: Let (eq,...,e,) denote the stan-
dard basis of R". The pair (z;v) denotes a 1-vector v in the tangent

$Indeed, in the spring of 2006, the author will be teaching an experimental course
on chainlet theory to 30 math students at Berkeley, all of whom have studied
abstract linear algebra, with no assumptions of calculus, algebra, or real analysis.
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space of x € R"™. A partial derivative of f at x € V is defined as a
directional derivative

of
aZEZ’

where (eq,...,e,) is a preferred basis and x = z1e; + - - - x,€,,.

(2) = De, f(; 1)

THEOREM 11.3. df(x;e;) = g—ida:i(m; €i).
Proof.
df (z;€;) = f(x;0e;) = f(2; Ve, (1)) = De, f(;1).

COROLLARY 11.4. df = #Ldx;.

The Fundamental Theorem of Calculus follows from (i):

/ab f(@)de = /W)] df = /a[a,b]f = /{b}{a}f = f(b) - f(a).

Green’s theorem over a bounded open set U C R? also follows from (i):

Gl aP

/ Pdx 4+ Qdy = / d(Pdz + Qdy) = / —dxdy — —dxdy.
ou U v O oy

The chainlet divergence theorem follows from (i) and (iii):

/d*w:/ w.
J 18J

For a simple domain V in R?, we retrieve the Gauss’ divergence theorem
for 1-forms F' defined in a neighborhood of V. Suppose F' = Pdx +
Qdy + Rdz. Then

d* F =dx (Pdx + Qdy + Rdz) = d(Pdydz + Qdzdx + Rdxdy)
oP 0Q OR

- (= 4 == 4 = =V - FdV.
(ax+ay+az)dmdydz V- FdV.

/V-FdV:/d*F:/ F:/ F-ndS.
1% 1% LoV v

The chainlet curl theorem takes the form [ S xdw = ) 51 w- Therefore,
if S is a surface in R® and F' a smooth 1-form defined in a neighborhood

Thus



48 J. HARRISON DEPARTMENT OF MATHEMATICS U.C. BERKELEY

of S in R? we calculate
*dF = xd(Pdz + Qdy + Rdz)

_(OR  0Q oP  OR 0Q oP
_<ay az)d“(az 8m)dy+(8x ay>dz‘
=V XxF

Therefore,

/(VxF)~ﬁdA:/ *sz/ F:/ F-ds.
S 18 oS oS
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APPENDIX B

11.6. Relation to previous versions. Chainlets have been develop-
ing over a period of years. In earlier versions, they relied on coordinate
expressions which made proofs long and relatively cumbersome. They
initially took the viewpoint of Whitney, starting with completions of
polyhedral chains with respect to a norm. The Ravello lecture notes
[H6] started with polyhedral chains and developed the first discrete
chainlet theory with the definition of a k-element as a geometric rep-
resentation of a k-vector, based at a point, now called a monopolar
k-vector. A monopolar k-chain is a finite sum of monopolar k-vectors
supported in finitely many points, and these form a dense subset of
chainlets, as seen in [H6]. The main object of the Berkeley lecture
notes [H7] was to produce a coordinate free theory of chainlet calculus
without any assumption of the integral theorems of classical calculus.

The initial goal of this paper was to develop the theory without
using polyhedral chains, except as examples. The Koszul complex aided
enormously in this quest. Setting aside polyhedral chains soon led to
large simplifications of the theory. Now there is essentially one classical
limit to establish for the full calculus, beyond the Cauchy sequences
needed for examples, namely that of Lemma 2.5 proving the existence
of the prederivative operator.

CONCLUSION

The prederivative operator V,, is an operator at the very foundations
of mathematics. For V, leads to boundary, which, in turn leads to
exterior derivative through duality. It links boundary 9 to exterior
product e, () = (o A u) in a “magic formula”

VXJ = aexj + ean.

The operator V, leads to the existence of norms on chainlets which, in
turn, leads to uniform convergence theorems, not available for distribu-
tions and currents. The prederivative, combined with the preintegral,
leads to a general divergence theorem with three integrals, rather than
two, that models well conservation of matter and energy in curved
space. The full continuum with its polypoles of all dimensions and
orders reveals mysteries of mathematics and physics. Both simple and
multilayered complex systems naturally arise from this which are self-
organizing. The polypoles are natural candidates for the basic compo-
nents of a “genetic code” of the universe itself.
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