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A CONTINUOUS MODEL OF TRANSPORTATION REVISITED

LORENZO BRASCO AND MIRCEA PETRACHE

ABSTRACT. We review two models of optimal transport, where congestion effects during
the transport can be possibly taken into account. The first model is Beckmann’s one,
where the transport activities are modeled by vector fields with given divergence. The
second one is the model by Carlier et al. (SIAM J Control Optim 47: 1330-1350, 2008),
which in turn is the continuous reformulation of Wardrop’s model on graphs. We discuss
the extensions of these models to their natural functional analytic setting and show that
they are indeed equivalent, using an ad hoc generalization of Smirnov decomposition
theorem for flat 1—currents, which may fail to be normal.
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1.1. Theoretical background. The present work is motivated by the study of transport
problems for distributions, started in [6] and [12], which we want to try and connect to
related works in the theory of currents present in [1, 27, 36]. A motivation for such an
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2 LORENZO BRASCO AND MIRCEA PETRACHE

extension is the study of distributions of the form

Z((Spi _6Q¢)a with Z|P1_Qz‘ < 00,
=1 =1

as in [33]. Such distributions arise as topological singularities in several geometric varia-
tional problems as described for example in [11, 23, 32, 34, 35].

To start with, we formally define three variational problems which can be settled (for
simplicity) on the closure of an open convex subset Q C RY, having smooth boundary.
For the moment, we will be a little bit imprecise about the datum f, but we will properly
settle our hypotheses later. The first problem is the minimization of the total variation of
a Radon vector measure, under a divergence constraint:

(B) mvin{/ﬂdm C divV =, V-VQ:()}.

The above problem can be connected by duality with the following one, called the Kan-
torovich problem:

(K) m§X{<f7 ¢) : IVl ooy < 1},

where now the variable ¢ is a Lipschitz function and (-,-) represents a suitable duality
pairing. Finally, the third problem is the minimization of the total length

(M) ngn{ [ eeaea) s e-es@ = f},

where P is the space of Lipschitz continuous paths 7 : [0, 1] — Q, the length functional ¢ is
defined by

1
o) = /0 /(1) dt,

ep, €1 are the evaluation functions giving the starting and ending points of a path, and the
variable () is a measure concentrated on P.

The classical setting for the above problems is when f is of the form f = f* — f~, where
f1 and f~ are positive measures on  having the same mass (for example, conventionally
one can consider them to be probability measures). We point out that in this case, a more
familiar formulation of (M) is certainly the so-called Monge-Kantorovich problem

@ty i [ e yldnten) s (mpn =7t and (m)en=7 |,

n

where m,, 7, : Q x Q — Q stand for the projections on the first and second variable,
respectively. It is useful to recall that the link between (M) and (M) is given by the fact
that if ng is optimal for Monge-Kantorovich problem then the measure which concentrates
on transport rays, i.e.

Qo = / Sz dno(z,y), where Ty stands for the segment connecting x and y,
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is optimal in (M) and

/f(v)on(v)Z/ |z —y[dno(z,y).
P QxQ

When f has the above mentioned form f™— f~, the equivalence of the three problems above
is well understood: the equivalence of (M’)=(M) and (K) is the classical Kantorovich
duality (see [24]), while that between (B) and (K) seems to have been first identified in
[37].

Recently the equivalence of the above three problems has been shown in [6] for f belong-
ing to a wider class, i.e. when f is in the completion of the space of zero-average measures
with respect to the norm dual to the C! (or flat) norm. This wider space was studied in
[22] and characterized recently in [6, 7]. A different point of view is also available in [25],
where the space of such f is called W11,

1.2. Goals of the paper. Our starting observation is that problem (B) pertains to a wide
class of optimal transport problem, introduced by Martin J. Beckmann in [2], which are of
the form

(By) n%/in {/ H(V)dx : divV = f, V -vg = 0}, where ¢ 2P < H(z) < e2|2|?,
Q

for a suitable density-cost convex function % : RY — Rt and p > 1. For a problem of
this type, the question of finding equivalent formulations of the form (K) and (M) has
already been addressed in [10] (see also [8]), under some restrictive assumptions on f, like
for example

= ft _ - wi +of P(Q) n + = - =0.
F=ftoy th f*.f €I’(@) and /Qf /Qf 0

The goal of this paper is to complement and refine this analysis, first of all by studying
problem (By) in its natural functional analytic setting, i.e. when f belongs to some dual
Sobolev space W 1P (whose elements are not measures, in general). Also, by expanding
the analysis in [8, 10], we will see that alternative formulations of the type (K) and (M)
are still possible for (By) in this extended setting. These formulations are still well-posed
on the dual space W~1P and equivalence can be proved in this larger space. The problem
corresponding to (K) will now have the form (see Section 3 for more details)

(K3) max (7.6~ [ () ds).
and the equivalence with (By) will just follow by standard convex duality arguments (that

we repeat in this paper, for reader’s convenience). On the contrary, in the proof of the
equivalence between (B ) and its Lagrangian formulation

(M) win { [ ig) s : (- evp@ =1},
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some care is needed, due to the fact that f now is not a measure. Here the measure ig will
be some sort of transport density' generated by Q, which takes into account the amount
of work generated in each region by our distribution of curves @ (see Section 4 for the
precise definition). In particular, the proof of this equivalence will point out another not
emphasized connection to Geometric Measure Theory.

The main result of this paper can be formulated as follows (see Theorems 3.1 and 4.5
for more precise statements):

Main Theorem. Let 1 < p < co. Suppose Q C RV is the closure of a smooth bounded
open set, let f € W=IP(Q) and let H be a strictly convex function having p—growth, with
p > 1. Then the minima in (By), (My) and the mazimum in (Ky) are achieved and
coincide. Moreover we have the following relationship among the optimizers of the three
problems:

(i) the unique minimizer of (By) corresponds to a minimizer of (Myy), in the sense
of Proposition 4.3;

(ii) each minimizer of (My) corresponds to the unique minimizer of (By ), in the sense
of Proposition 4.3;

(iii) the unique minimizer V. of (By) and the unique mazimizer v of (By ) are linked by
the relation V() € OH*(x, Vu(z)) a.e. in Q, as specified in Theorem 3.1.

The connection of the first two points in the above theorem to Geometric Measure
Theory lies in the basic theory of flat 1-currents, of which we recall the first steps in the
(long) appendix at the end of the paper. Indeed, in order to show equivalence of (By) and
(M3 in full generality, i.e. in the space of distributions W%, the cornerstone will be
Smirnov decomposition theorem for 1—currents. We also notice that to this aim we need
to slightly extend Smirnov’s result to cover the case of flat currents with finite mass, i.e.
we drop the assumption on the finiteness of the mass of their boundaries (see Theorem
A.20). Translating this in the language of vector fields V', this extension is needed since
the divergence of V now will be just an element of WP, rather than a measure.

For the sake of completeness and in order to neatly motivate the studies performed in
this paper, it is worth recalling that the proof of this equivalence in [10] was based on
the Dacorogna-Moser construction to produce transport maps (see [13]), which has been
revealed a powerful tool for optimal transport problems?. In a nutshell, this method consists
in associating to the “static” vector field V' admissible in (By), the following dynamical
system

V
3Mt_diV((1_t)f++tf_ut>7 po=f+,

1When #(t) = |t|, problem (M3y) is again the Monge-Kantorovich one and i¢ for an optimal Q is
nothing but the usual concept of transport density, see [5, 15, 20].

2t is worth remarking that the first proof of the existence of an optimal transport map for problem
(M), more than 200 years after Monge stated it, was based on a clever use of this construction (see [18]).



A CONTINUOUS MODEL OF TRANSPORTATION REVISITED 5

i.e. a continuity equation with driving velocity field Vv, given by V rescaled by the linear
interpolation between f* and f~. Supposing that one can give a sense (either deterministic
or probabilistic) to the flow of 17}, then the construction of the measure @}y concentrated
on the flow lines of V; paves the way to the equivalence between the Lagrangian model
(My) and (By) (see [8, 10] for more details). However, this strategy seems to need some

restriction on the datum f, in particular f should be a Radon measure on €.

1.3. Plan of the paper. In Section 2 we describe the function spaces W ~1P(Q) and prove
the existence of a minimizer for (By). In Section 3 we prove the equivalence of (By) with
(K%), by appealing to classical convex analysis formulas. The aim Section 4 is to introduce
the Lagrangian counterpart of Beckmann model and to show how the two models turn out
to be equivalent. A self-contained Appendix complements the paper. There we introduce
relevant concepts from Geometric Measure Theory and prove the extension of Smirnov’s
decomposition theorem to general flat 1—currents with finite mass (Theorem A.20), which
is the main ingredient for the proofs of Section 4.

2. WELL-POSEDNESS OF BECKMANN PROBLEM

Let © c RY be the closure of an open bounded connected set, having smooth boundary.
In particular, in what follows Q will always be compact. Given 1 < ¢ < oo, we indicate
with W14(€2) the usual Sobolev space of L4(2) functions, whose distributional gradient is
in L9(§2) as well. We then define the quotient space

. Wha(Q
Wl,q(Q) — A,

where ~ is the equivalence relation defined by

u~wv <= there exists ¢ € R such that wu(z)—v(x)=ceR for ae. z €.

When needed, the elements of leq (92) will be identified with functions in W14(£2) having
zero mean. We endow the space W1h4(£2) with the norm

1

HuHWl,q(Q) = (/Q Vu(x)\qdm> , we Whi(Q),

then we denote by W-Llp (€2) its dual space, equipped with the dual norm, defined as usual
by

1Tl 10y = sup {{Ts0) 5 9 € WH(Q), ol =1}
where p = ¢/(¢ — 1). We start recalling the following basic fact.

Lemma 2.1. Let T € W~12(Q), then

=

P

1 1
Tl i =pr max T, —/ Volldr
ITlhi-s0) = Leryq(mM A== [ 194 ]
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Proof. For every ¢ € W4(Q), we clearly have

1 A
\<T790>\—/|V<plqd:c§sup [AKT,@I—/\Vw\qdw]-
q Jo A>0 q Jo

On the other hand, the supremum on the right is readily computed: this corresponds to

the choice
1 T
A=l ([ [wetar) T
Q

A 1 T p
- [A|<T,so>|—/w|qd4 1 ('< *"”) |
A>0 q Jq p H90||W1,q

Passing to the supremum over ¢ € W4 (©) and using the definition of the dual norm, we
get the thesis. O

which gives

We also denote by &£1(Q) the space of distributions of order 1, with (compact) support
in 2. In what follows, we will tacitly identify this space with the dual space of the Banach
space C*(9), endowed with the norm

leller @) = el @) + Vel Lo @)-

By denoting vq the outer normal versor to €2, we have the following characterization for
the dual space W 1P ().

Lemma 2.2. Let p=¢ = q/(q—1). Given a vector field V € LP(;RYN) and T € &(Q),
we say that V satisfies

(2.1) —divV =T in{, Vevg=0 on 09,
if

/Qch(x) -V(z)dx = (T, ¢), for every ¢ € CH(Q).
If we set

E1,(Q) ={T € £1(Q) : there exists V € LP(Q; RY) satisfying (2.1)},
we then have the identification
WhP(Q) = & ().

Proof. Let T € W~1P(Q), first of all we observe that then T' € £(Q) as well. Now, consider
the following maximization problem

1
sup (T,v) — — / |Vo(z)|?dx.
veWLa(0) 7 Ja
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By means of the Direct Methods, it is not difficult to see that there exists a (unique)
maximizer u € W14(Q) for this problem. Moreover, such a maximizer satisfies the relevant
Euler-Lagrange equation, given by

/ |Vu(z)|972 Vu(z) - Vo(z) dz = (T, ¢), for every ¢ € WhH9(Q).
Q
By defining V = [Vu|972 Vu € LP(Q; RY), the previous identity implies T' € & ().

Conversely, let us take T' € &] (€2), then for every ¢ € C(Q) equation (2.1) implies

(T, )| =

/Q Vo(z) V(z)dz| < el IV o).

Using the density of C'(Q) in W4(Q), we then get that T can be extended in a unique
way as an element (that we still denote T', for simplicity) of W~14(£2). Observe that this
extension satisfies

1Ty 1m0y < IV e
by taking the supremum in the previous inequality. O
Remark 2.3. We remark that the elements of & ,(Q2) have “zero average”, i.e.
(T.1) =0,

as follows by testing the weak formulation of (2.1) with ¢ = 1. This is coherent with the
previous identification W~1P(Q) = £] (), since by construction the space W4(Q) does
not contain any non trivial constant function.

Example 2.4. Consider the measure T = 6, — & for two points a # b € RY. We claim
that

T =06,—0,€ W P(Q) if and only if 1<p< N/(N-1),

where € is a sufficiently large ball containing a, b in its interior. We will prove this by using
the characterization of Lemma 2.2.

Suppose indeed that there exists some V' € LP(Q), such that —divV = T. We pick a ball
B, (a) centered at a and having radius r such that 27 < |a — b|. Then given ¢ < r, we take
a C}(B,(a)) function 7. such that

ne=1 in B,_.(a) and [Vnellze < Ce™?

Thanks to our assumption, we will have

1:<T777€>:/ an5d$7
Br(a)

so that

Ql o

/ V| dz >
By(a)\Br_<(a)
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By Hoélder inequality, this easily implies a lower bound on the LP norm of V', namely

e\NLP
[ vPdez B, @)\ Bra(@)] 7 = Cp et YU [1(1) } |
Br(a) r

We now make the choice € = r/2, so that from the previous we can infer
/ VP dx > CNZ’N{D PPN (=p) — 5N7p pN=P(N=1),
r(a)

The previous estimate clearly contradicts the assumption V' € LP(Q), if the exponent
N —p (N —1) is not strictly positive. Therefore we see by Lemma 2.2 that p < N/(N —1)
is a necessary condition for T € W~1P(0Q).

This condition on p is also sufficient for T' to belong to W~P(Q), as we will now show. Let
us set 27 = |a—b|, for simplicity let us suppose that a = (—7,0,...,0) and b = (7,0, ...,0).
Then, using the notation x = (x1,2’) for a generic point in RY, where 2/ € RN~1 we
consider the following vector field

( /
W, if |2/ <7 and |2 —7 <2z <0,
X1 T
_ _ /
Vap(z) = (fl T’)xN), if |2/| <7 and 1 —|2'| > 21 >0,
xr1 — T
[ (0,...,0), otherwise.
It is easily seen that div V,; = d, — &, and that V,; is supported on the set
a—>b
Doy = {(96173?/) e RN 2| > |2 |+ !a:ﬂ},

which is just the the union of two cones centered at a and b, having opening 1 and height
T = |a — b|/2. Also, by construction we have

P
0 (Vi +2+12P)"
/ |Vap ()P de =2 / / dz" dx
Qayb -7 {2 o' |=21 47}

(z1 4+ 7)NP

0
= QPTH NwN/ (z1 + T)inerJrNil dxq

—T
so that finally
Vaplfe < Cngpla —bN P,

thanks to our assumption p < N/(N — 1). For some related constructions, the reader is
referred to [3, Proposition 3.2] and [32, Lemma 8.3].

As a consequence of Lemma 2.2, we have the following well-posedness result for Beck-
mann problem.
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Proposition 2.5. Let H : Q x RY be a Carathéodory function, such that z — H(zx, z) is
convex on RY, for every x € Q. We further suppose that H satisfies the growth conditions

(2.2) AJzlP = 1) < H(zx, z) < (|z|p +1), (z,2) € Q xRV,

for some 0 < X\ < 1. Then the following problem

(2.3) min {/ H(z,V)de : =divV =T, V- -vq —0}
VeLr(RN)

admits a minimizer with finite energy if and only if T € W1 P(Q).

Proof. Let T € W~'2(Q), then thanks to Lemma 2.2 there exists at least one admissible
vector field Vj with finite energy, so that the infimum (2.3) is finite. If {V;, }oen € LP(;RY)
is a minimizing sequence, then the hypothesis on H guarantees that this sequence is weakly
convergent to some V € LP(Q; RY). Thanks to the convexity of H, the functional is weakly
lower semicontinuous, i.e.

7-[ (z,V)dx < hmmf/ H(z, V,)dx

n—oo
—divV =T
= H(x,V(x : L
VeLl;ﬂglRN {/ (@, V-ovg=0 }
Moreover, this limit vector field V' is still admissible, since
/ Ve -Vdr= li_)m Vo -Vyde = (T, ), for every ¢ € C1(Q),
Q = Ja

by weak convergence. Therefore V realizes the minimum.

On the other hand, suppose that T ¢ W‘Lp(Q). Again thanks to Lemma 2.2 we have that
the set of admissible vector fields is empty, so the problem is not well-posed. ]

For the sequel, we need the following definition.

Definition 2.6. We say that a vector field V € L} (€ RY) is acyclic if, whenever we can
write V = Vi + Vo, with |V| = |V1]| 4 |V2| and div V; = 0 in distributional sense, there must
result V73 = 0.

The following is a mild regularity result for optimizers of (2.3) in the isotropic case, i.e.
when H depends on the variable z only through its modulus. This will be crucial in order
to equivalently reformulate (2.3) as a Lagrangian problem, where the transport is described
by measures on paths.

Proposition 2.7. Let us suppose that H satisfies the hypotheses of Proposition 2.5. In
addition, we suppose that

z v+ H(x,z) is a strictly convex increasing function of |z|, for every x.

Then there exists a unique minimizer V for (2.3) and V is acyclic.
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Proof. The uniqueness of V just follows by strict convexity, so let us prove that V' is acylic.
Let us suppose that we can write V = Vi + Vs, for some vector fields Vi, Vo € L' (Q;RY)
such that

‘V’ = |V1’—|—|V2’ and divVy =0.

As a consequence, we have divV = divV, and |V| > [V|. Thus V3 is a competitor for
problem (2.3) with energy not larger than that of V, thanks to the monotonicity of H.

Since V' is the unique minimizer, it must have energy equal to that of V5. Thus |V| = |Va]
and V1| = 0 almost everywhere. Owing to the definition, this shows that V' is acylic, thus
concluding the proof. O

3. DUALITY FOR BECKMANN PROBLEM

In what follows, we will need the following general convex duality result (for the proof,
the reader is referred to [17, Proposition 5, page 89]). The statement has been slightly
simplified, in order to be directly adapted to our setting.

Convex duality. Let F : Y — R be a convexr lower semicontinuous functional on the
reflexive Banach space Y. Let X be another reflexive Banach space and A : X — Y a
bounded linear operator, with adjoint operator A* : Y* — X*. Then we have

(3.1) sup (z*,x) — F(Az) = min {F*(y") : A"y* =2"}, zt e X*,

where F* : Y* — RU {400} denotes the Legendre-Fenchel transform of F. Moreover, if
the supremum in (3.1) is attained at some xo € X, then the minimum in (3.1) is attained
as well, by a y5 € Y™ such that

Thanks to the previous result, we obtain that Beckmann problem admits a dual formu-
lation, which is a classical elliptic problem in Calculus of Variations.

Theorem 3.1 (Duality). Let H be a function satisfying the hypotheses of Proposition 2.5
and T € W=LP(Q). Then

Veerl’l(lél;RN) { /QH(x, V(z))dr : =divV =T, V. .vg= 0}

(3.2) C e {<T’U>—/QH*(:L',V’U(IL'))(1$}7

veWLa(Q)
where H* is the partial Legendre-Fenchel transform of H, i.e.
H*(x,&) = sup &z —H(z,2), reQ &RV,

2ERN

Moreover, if Vo € LP(Q) and vy € W4(Q) are two optimizers for the problems in (3.2),
we have the following primal-dual optimality condition

(3.3) Vo € OH*(x, Vug) n Q,
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where OH* denotes the subgradient with respect to the £ variable, i.e.
OH* (x,6) = {z € RN H*(2,&) + H(z,2) =€ -2, for every x € Q).
Proof. To prove (3.2), it is sufficient to apply the previous result with the choices

Y = LI RY), X = Wh(Q), F(6)= /Q W@ o) de and  A(p) = V.

Observe that the operator A is bounded, since
[A@)ly = [Vellaq) = llellx, — forevery g € X,
and that
F(O) = [ W@ s@)de = [ Ha gl e
since & — H(z,§) is convex and lower semicontinuous, for every x € Q. We only need

to compute the adjoint operator A* : LP(Q;RN) — W~1P(Q). Let us define the map
D: LP(QRY) — &1,(Q) by

DV € £(Q) such that (DV, ) = / Vo-Vdz, forevery ¢ € CH(Q).
Q

Observe that this is a linear operator, whose image is contained in & ,() = W~1?(Q)
just by construction and by definition of & ,(Q2). Moreover, for every ¢ € C1(Q) and
V € LP(Q;RY) we have

(Ap.V) = /Q Vo(z) - V(z)dz = (g, DV).

By density of C*(Q) in W14(Q), we obtain that D = A*, then (3.2) follows from (3.1).

The primal-dual optimality condition (3.3) as well is a direct consequence of the second
part of the convex duality result. It is sufficient to observe that the maximum in (3.2)
is attained at some vy € WP (Q), simply using the Direct Methods. This implies that a
minimizer Vy of Beckmann problem has to satisfy

V() c oF (vvo),
which implies directly (3.3). O

A significant instance of the previous result corresponds to #H(x,z) = |2|P. Thanks to
Lemma 2.1, we have the following.

Corollary 3.2. For every T € W—1?(Q), we have

Tl oy =, _min {IVli) - ~divV =T, Vo =0}.

Proof. Tt is sufficient to use (3.2) and Lemma 2.1, paying attention to the easy fact

1 1
max !<T,¢>\—/Vs0!qdw— max <T7¢>—/\V<p\qdw-
peEWLa(Q) q Jo pEWLa(Q) qa Jq

This establishes the thesis. O
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Corollary 3.3. Under the hypotheses of Theorem 3.1, we have that the functional

Su: WP(Q) — R+
T —  minimal value (2.3)

18 conver and weakly lower semicontinuous.

Proof. 1t is sufficient to observe that thanks to Theorem 3.1, the value (2.3) can be written
as a supremum of the linear functionals L, defined by

L(D) = (T.9)— [ #(@.Ve)dn,  peitom).
9
Then the thesis follows. OJ

About the duality result of Theorem 3.1, some comments are in order.

Remark 3.4 (Economic interpretation). By the so-called Legendre reciprocity formula in
Convex Analysis, the primal-dual optimality condition (3.3) can be equivalently written as

(3.4) Vg € OH(z, V),  inQ,

so this result is the rigorous justification of the necessary optimality conditions derived in
[2, Lemma 2]. Such a function vy will be called a Beckmann potential and its economic
interpretation is that of an efficiency price system. It can be seen as a generalization of
a Kantorovich potential, to a situation where the cost to move some unit of mass from x
to y is not fixed, but it depends on the quantity of traffic generated by the transport
itself. Heuristically, observe that in such a situation this minimal cost will be given by the
“congested metric”

1
dy,(xo,71) = min / }V’H(‘, Vo) o | [V (t)] dt.
0

v ()=
This means that each mass particle is charged for the marginal cost it produces, the latter
being the derivative of the function H (we suppose for simplicity that H has a true gradient
and not just a subgradient). Then vy acts as a Kantorovich potential for the Optimal
Transport problem

min{/gxgdvo(x,y) dn(z,y) « (me)gn =T+ and (my)yn = T_},

where we suppose for simplicity that T' = T4, — T_, with T} and T_ positive measures
having the same mass. It should be remarked that Vo does not give the direction of
optimal transportation in Beckmann problem, since Vg and V| are linked through the
relation (3.4), thus they are not parallel in general. Actually, this is the case only when the
cost function H is isotropic, i.e. when it just depends on |V|, for every admissible vector
field V. This is the case studied by Beckmann in his original paper [2].

Remark 3.5 (Regularity of optimal vector fields). We point out that if z — H(x, z) is
strictly convex, then & — H*(z, &) is C'. Thus in this case, the optimal Vj is unique and

we have
Vo = VH*(z, V).
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Then the regularity of the optimal vector field V{ can be recovered from the regularity of
a Beckmann potential, which solves the following elliptic boundary value problem

(3.5) —divVH*(z,Vu) = T, inQ
’ VH*(z,Vu)-vqg = 0, ondQ.

For instance, if H* in uniformly convex “at infinity”, i.e if there exists M > 0 such that
1+ 27 f < C|H|11n (D*H*(x,2) €,€), for every |z| > M, x € Q,
and B
ID*H(2,2)| S 1+ )7, (2,2) € QxRY,

then V is bounded, provided that 7" € LY+5(Q), since in this case solutions to (3.5) are
Lipschitz. These assumptions are verified for example by (see [10])

1
H(2) = (2l = 0L,  zeRY,

where (-)4+ stands for the positive part and § > 0, but are violated by anisotropic functions
of the type

— (Jzi] = 0)%, ze RV,

Mz
»Q}—t

=1
considered for example in [8, 9].

4. A LAGRANGIAN REFORMULATION

The aim of this section is to introduce a Lagrangian counterpart of Beckmann model and
to show how the two models turn out to be equivalent. The model we are going to present is
a continuous version of the classical discrete model by Wardrop, which we mentioned above.
This continuous model has already been introduced in [12] and the equivalence has been
discussed in [10]. Here, paralleling the case of Beckmann model, we go one step further, by
extending this model to its natural setting, i.e. the dual space W*Lp(Q). Moreover, we will
prove equivalence of the models without imposing any additional regularity on the datum
T. This will be achieved by means of Smirnov decomposition theorem for 1—currents (see
Theorem A.20).

Given two Lipschitz curves v1, 72 : [0,1] — €, we say that they are equivalent if there exists
a continuous surjective nondecreasing function t : [0, 1] — [0, 1] such that

Y2 (t) = 11 (t(t)), for every t € [0, 1].

Let us call £(2) the set of all equivalence classes of Lipschitz paths in 2. We can introduce
a topology on this set by defining the following distance

d(v1,72) := max {|51(t) — 42(t)| : t € [0,1], 4; equivalent to ;} .

Observe that convergence in this metric is nothing but the usual uniform convergence, up
to reparametrizations.
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We denote the class of o-finite positive Borel (with respect to the above topology) measures
on L(N) by A+(L(Q)). For Q € A#+(L(Y)), we may define the corresponding traffic
intensity by

1
lio.e) = | N ( | et Iv’(t)ldt> 1Q().  we0(),

provided that the outer integrals converges, in which case we say that “the traffic intensity
1 exists”. If this is the case, then the following integral

1
lig.) = | N ( / w(v(t))-v’(t)dt) 1Q(), e R,

also converges. These definitions do not depend on the particular representative of the
equivalence class we chosen, since the integrals in brackets are invariant under time repa-
rameterization.

Remark 4.1. Observe that ig counts in a scalar way the traffic generated by @, while
ig computes it in a vectorial way. This means that in principle ig and |ig| could be very
different, since in ig two huge amounts of mass going in opposite direction give rise to a lot
of cancellations, as the orientation of curves is taken into account. As a simple example,
suppose to have two distinct points zg # x1, then we consider the measure

1 1
Q:§571+§5727

with v () = (1 — t) 2o + tz1 and o2(t) = (1 — t) 1 + t zp, that is we simply exchange the
mass in xg with that in z; and vice versa. By computing the traffic intensity, we get

Q= jfleoajl,

which takes into account the intuitive fact that on the segment Zoz7 globally there is a non
negligible amount of transiting mass. On the other hand, it is easily seen that

iQ =0.
Given T € &£1(Q), we define also the following space of measures

0,(T) = {Q € ML) ig e LP(Q) and (e — e1)xQ = T},

where e; : L(€2) — Q is defined by e;(y) = v(4), for i = 0,1 and the equality (eg—e1)xQ =T
has to be understood in the distributional sense, i.e.

/ 0 (1(0)) — o ()] dQ(Y) = (T. @), for every p € C1(R).
£(9)

The convergence of the above integral is again in the sense of distributions.

Remark 4.2. All these definitions are reformulated in Appendix A in terms of currents.
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Let us now consider H : Q x Rt — RT a Carathéodory function such that
1

(4.1) )\(tp—l)gH(:v,t)SX(tp+l), reQ, teRT

for some 0 < A <1 and such that

t— H(x,t) is convex, for every x € .

If Q,(T) # 0, then we may define the following minimization problem:
M inf / H(z,ig(x)) dx.
(M) ot | Hrig())

We will show that the above minimization is well-posed and equivalent to the one in (2.3).
At this aim, we will use the following result, proved in the appendix (see Theorem A.20)
in a slightly stronger formulation in terms of currents.

Proposition 4.3. Let 1 < p < oo. Suppose that V € LP(Q,RY) and that V is acyclic.
If we set T = —divV, then it is possible to find a positive o—finite Borel measure @) €
M+ (L(Q)) such that

(eo—e)y@ =T in distributional sense.

Moreover, we have
ig=V and ig =|V].
In particular Q € Q,(T).

Thanks to the previous result, we can at first give a necessary and sufficient condition
for the set Q,(T") to be not empty.

Proposition 4.4. The set Q,(T) is not empty if and only if T € W—12(Q).

Proof. Let us suppose that 7 ¢ W~"(Q) and assume by contradiction that there exists
Qo € Qp(T). In particular

(4.2) /Q lig,(x)|P dz < +o0.

The vector measure ig, satisfies (2.1), since

| Ve dia, = [ N ( / Vel (1) 1) dt) 4Qo()

= [ [e6) = 0] dantn) = (7.9)
£(%)

for every p € C1(Q). Also, thanks to the fact that |ig,| < ig, and to (4.2), we have that
ig, € LP(;RY). This contradicts the fact that T ¢ W~1P(Q), as wanted.

Let us now take T € W~1?(Q), then there exists a minimizer V of (2.3). Thanks to
Proposition 2.7, we know that V is acyclic, so that by Proposition 4.3 we can infer the
existence of @ € Q,(T). This gives directly the thesis. d
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We can now prove our equivalence result, which is the main result of this section. Observe
that we prove at the same time existence of a minimizer for (My).

Theorem 4.5. Let H : Q x R™ — R be a Carathéodory function satisfying (4.1) and
such that

t — H(xz,t) is convex and increasing, e Q.

For every T € W~12(Q), we have

. —divV =T,
(4.3) Qelgpf / H(x,ig(x))dx = VeLgl(gl;RN) {/Q’H(a:, |V|)dx : Vg =0 } )

and the infimum on the left-hand side is achieved.

Moreover, if Qo € Qp(T) is optimal, then ig, € LP(Q;RY) is a minimizer of Beckmann
problem. Conversely, if Vy is optimal, then there exists Qv, € Qp(T) such that iQy, = |iQVO|
minimizes the Lagrangian problem.

Proof. Since T € W~1P(§), we first observe that by the previous result the set Q,(T) is
not empty. Moreover, for every admissible ), we have |ig| < ig and ig is admissible for
Beckmann problem. Using the monotonicity of H(z,-), we then obtain

—divV =T .
Vv : ’ < inf d .
VeLrglglRN {/ H(z, [V])d V-vg=0 } - Qelélp(T)/QH(x’ZQ(x)) T <Aoo

Let us now take a minimizer Vy € LP(Q; RY) for Beckmann problem, then by Proposition
2.7 this is acyclic. Thus by Proposition 4.3, there exists Qo € Q,(T') such that |Vp| = ig,,

ie.
—divV =T, | _ .
VeLrglglRN {/ (V) de Viorg=0 } a /szH(wszO(x))dx

This shows that (4.3) holds true and that the infimum in the left-hand side is indeed a
minimum.

The relation between minimizers of the two problems is an easy consequence of the
previous constructions. ]

Remark 4.6. Similar Lagrangian formulations have been studied in connection with trans-
port problems involving concave costs, like for example problems where to move a mass m
of a length ¢ costs m® ¢ (0 < a < 1). For these the reader is referred to the monograph [4],
as well as to the papers [29, 38].

APPENDIX A. DECOMPOSITIONS OF ACYCLIC FLAT 1-CURRENTS

A.1. Definitions and links to vector fields. The classical references which we use for
currents are [19, 21]. We translate however all results in the language of the previous
sections. In the following, by © C RY we still denote the closure of an open bounded
connected set, having smooth boundary.
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Definition A.1. A 0-current on ) is a distribution on €2, in the usual sense. A 1-
current on € is a vector valued distribution on 2. The relevant duality is the one with
1-forms w(x) = Zfil w;(z) dz* having smooth coefficients, i.e. w; € C°°(Q). We denote by
C>(Q, A'RYN) the space of such forms. More generally, a k-current is an element in the
dual of smooth k-forms C°(Q, AFRY).

The above definition automatically gives the space of currents a natual weak topology,
defined via the duality with smooth forms. For any current there is a natural definition of
boundary.

Definition A.2. If I is a k-current on €2, then we can define its boundary 0I to be the
(k — 1)-current on € which satisfies

(OI,p) = —(I,dp),  forall p € C®(Q,A"'RY),

where d is the exterior derivative. For example, if £ = 1 we must take ¢ € C*°(Q2) and dg
is the 1-form ), 0y, dx;.

Definition A.3. Let I be a k-current, then its mass is
M(T) = sup {\(I,w>| fw e C®(Q,APFRY), sup [jw(z)| < 1} ,
€

where the norm |jw]|| for an alternating k-tensor is defined as

|lw|| = sup{{w, e) : e unit simple k — vector}.
For k =1 this coincides with the usual norm [w|| = /w? + ... + w5

We will be interested just in 1-currents which are distributions of order 0 (i.e. vector
valued Radon measures) and in their boundaries (which are scalar distributions of order
1). For them, a comment is in order.

Remark A.4. Finite mass 1-currents can be identified with vector-valued Radon measures
as follows. To every smooth 1-form w we may associate naturally a vector field X, :=
(wi,...,wn). We can then write for a 1-current I

/Xw dI = (I,w).

Since C*° is dense in CY, the resulting linear functional on smooth vector fields can be
identified via Hahn-Banach theorem to a unique linear functional on C° vector fields. The
latter is indeed a vector-valued Radon measure by Riesz representation theorem. Since
lw(z)|| = || Xw(z)|| by the above definition, we automatically obtain that

wn) = [ ar

i.e. the mass equals the total variation of I regarded as a Radon measure. The same
reasoning can be applied to O-currents of finite mass, by identifying them with scalar
Radon measures®.

3See also “Distributions representable by integration” in [19, 4.1.7]
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Definition A.5 (variation of a current). Let A be a k-current with k£ € {0,1}. Then we
may define the variation measure p 4 of A in the usual sense, by identifying A with a Radon
measure as in Remark A.4. Thus for a Borel set E¥ we define

k

pa(E) = sup {Z

=1

/ dA’ : F; form a Borel partition of E} .
E;

An equivalent way of defining 4 would be as the infimum of all measures p such that
(A,w) < [ lw||dp for all smooth 1-forms w.

We recall that a k—current 7T is said to be normal if*
M(T) + M(9T) < +oc.
We now define flat currents, a class useful for its closure properties.
Definition A.6. We define the flat norm of a k-current A as follows
F(A) =inf {M(A —9I)+M(I) : isa (k+ 1)—current with M(I) < co}.

Then the space of flat k-currents is defined as the completion of normal k—currents in the
flat norm.

Flat currents of finite mass have the following characterization, which will be exploited
in the sequel.

Lemma A.7. Let T be a flat k—current of finite mass. Then T is a flat current if and
only if there exists a sequence of normal k—currents {T),}nen such that

lim M(T,, — T) = 0.

n—oo

Proof. This is a standard fact, we provide a proof for the ease of completeness. By definition
of flat convergence, there exists a sequence {I, } ey of normal k—currents and a sequence
{Y,, }nen of (k + 1)—currents such that

1
lim |M(I — I, — 9Y,) + M(Y,,) — —| < lim F(I — I,,)) = 0.
n—oo n n—oo

We then set T;, = I,, + 0Y,, which by construction is a k—current and of course
lim M(T —T,,) =0,

n—oo

thanks to the previous. Moreover, this is a normal current, since by triangular inequality
we have

M(T,,) < M(1,) + M(9Y,) < 2M(1,,) + M(T — I,, — 8Y,,) + M(T) < +o0,
thanks to the fact that 7" has finite mass, and also
M(0T,,) = M(01,,) < +o0,
since 9(0Y,,) = 0. This concludes the proof.

AFor k = 0, we define 9A = 0 and thus the condition on 0A can be omitted.
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The converse implication is even simpler: by definition of flat norm, we directly have
F(T -1, <M(T —-1,),
which concludes the proof. ]

A significant instance of flat 1—currents with finite mass is given by L' vector fields. We
provide a small proof of this elementary fact.

Lemma A.8. Given V € L'(;RYN), we naturally associate to it the 1—current Iy of finite
mass, defined by

N
(Iy,w) = Z/ w; Vidx = / w(V), for every w € C=(Q, N'RY).
=179 L

This has compact support contained in Q and M(Iy) = ||V||1. Moreover, Iy is a flat
current.

Proof. We just prove that Iy is a flat current, the first statement being straightforward.
At this aim, we will use the characterization of Lemma A.7 and we will construct the
approximanting currents by convolution. For every ¢ < 1, we define

Q. ={z e Q: dist(x,00) > 2¢},

then we take a standard convolution kernel o € C§°, supported on the ball {z : |z| < 1}
and we define

x
QE(‘/E) = ng 0 <g) ’ S RN
We also set
V;— = (V : 195) * Q¢
where 1 stands for the characteristic function of a set E. Consequently, we define I, := Iy,

and observe that V. (and thus I.) has compact support contained in Q. From the mass
estimate and Holder inequality we obtain that masses are equi-bounded, since

M(Le) < [[Vellpr < llellzlViize < ClIV]1-

The boundedness of JI. follows a similar route: since V. have compact support (strictly
contained) in €2, we have

|<af€,so>|=|<ze,dso>|:'/st-wm

< [|div Vel[pr [l zee

/ divV: pdz
Q

so that setting C; = ||div V;||z1 and passing to the supremum on ¢, from the previous we
obtain

M(01;) < C: < +o0.

This implies that {I.}.~¢ is a sequence of normal currents. Moreover, the mass convergence
M(I. — I) easily follows from the convergence of V. to V in L'(Q;RY). O
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Remark A.9. With the previous notation, it is easily seen that the boundary 0Iy corre-
sponds to the distributional divergence of V, i.e.

(0L, p) = / Vo Vdz for every ¢ € C™(9).

This distribution as well has compact support in 2.

Definition A.10. A 1-current [ is called acyclic if, whenever we can write I = I} + I,
with M(I) = M(/;) + M(I2) and 011 = 0, there must result I; = 0.

For I = Iy with V € L', we have the correspondence with Definition 2.6, i.e.
(A.1) V is acyclic <= Iy is acyclic.

A.2. Lipschitz curves as currents. We recall that we called £(Q2) the space of equiv-
alence classes of Lipschitz curves 7 : [0,1] — € (see the beginning of Section 4), with the
topology of uniform convergence.

Here we remark that to each v € £(§2) we may associate a vector valued distribution, i.e.
a l-current, denoted by [y] and defined by requiring for all w € C>®(2, ATRY)

1 ) N o1 ,
_ / o /0 MOLOTESY /0 wi(Y (D) 7).

Note that this expression is well-defined on £(€2), since the integral on the right is invariant
under reparameterization.

For v € L£(92) we have M([y]) < = fo |7/ (t)| dt with equality exactly when ~ has a
representative which is injective for 7—[ almost every time. We are interested in a stronger
requirement, namely that the curve does not even intersect itself, so that an injective
representative exists (such curves are called “arcs” in [27]). We fix a notation for such
classes of curves.

Definition A.11 (Arcs). We define £(€2) the subset of £(€) made of those classes of
curves 7 : [0, 1] — © which have an injective representative.

Remark A.12. One could think of the above-defined arcs as “acyclic curves”, where a
“cycle” can mean two things:

e we can have a cycle in the parameterization, where a cycle would be represented by
a curve satisfying (up to reparameterization) (t) = v(1 —¢) and “inserting a cycle
of type 7" in another curve 7 such that 7 (tp) = (0) would result into the curve:

¥(2s) if s € [0,t0/2]
?(S) = ’7(28 - t()) if s € [t0/2, (to + 1)/2]
F(2s—1) ifse[(to+1)/2,1].
e a curve which intersects itself (i.e. which has no injective parameterization) will

instead give rise to a 1-current which is not acyclic, since it will have a reparame-
terization containing an injectively parameterized loop.
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The fact that in the decomposition of acyclic currents one restricts to using just arcs (for
which neither type of cycle occurs) is then another natural consequence of the robustness
of the acyclicity requirement.

On 1-currents we consider the topology of distributions. The following result links the
two topologies:

Lemma A.13. The map L(Q) > v — [v] as defined above is continuous on the sublevels
of the lenght functional € : L(Q) — R.

Proof. Assuming that v; — v and ¢(7;) < C we then obtain that 7; converge uniformly. In
particular they converge as distributions. O

A.3. Smirnov decomposition theorem. We are now in a position of stating the theorem
on the decomposition of 1-currents due to Smirnov [36] and recenlty extended by Paolini
and Stepanov in [27, 28] to metric spaces. The result which is relevant for us is contained
in [36], though for its extension needed below we will use the techniques of [27].

Theorem A.14 ([27, 36]). Suppose that I is a normal acyclic 1-current on Q. Then there
exists a finite Radon measure Q) on the space of continuous curves on S, concentrated on
L(Q), and such that the following decompositions of I are valid in the sense of distributions:

(A2) I= /L P10 and /ﬁ o 1920
and

A3 ol = olvl d d = d .
(A3) /,; o, 2014QE) and o /,; o o 4Q0)

We now note down some reformulations of the items present in the above theorem, in
terms of measures and vector fields:

e the total variation is the mass norm, i.e. p7(2) = M(I) and pgr(2) = M(91);
e if Vis a L} vector field, then Iy has variation measure up, = V|- £V;

o if p = p; — p_ is the decomposition of a signed Radon measure into positive and
negative part, then p, = py +p_;

e in particular for v € £(Q) we have pgj,) = dy(1) + d4(0)- Since this measure has
total variation 2 for all v, we can quantify the total mass of the above ) by means

of the mass norm of the boundary of I. Namely, we have
1 M(oI
QL) = 5 ar(@) = "D,

e for v € EN(Q), there holds pp,) = ' _Im(7) is the arclenght measure of ;

e by expanding the definitions and comparing to Section 4, we see that for I = Iy
with V € L1(Q) and for Q as in Theorem A.14, there holds

V- LN =up, =ig-2V, V.- 2N=I=iy.-2V
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and
divV = 8[\/ = (60 — 61)#Q.

All these reformulations allow to translate Theorem A.14 in the case of I = Iy, with
V e LP(Q), for p > 1. This is the content of the next result. Observe that since for a
bounded 2 we have the continuous inclusion LP(Q) < L(£2), we can restrict the result to
p = 1 without loss of generality.

Corollary A.15 (Reformulation of Theorem A.14). Suppose that V € L*(Q) is an acyclic
vector field such that divV is a signed Radon measure. Then there exists a finite Radon
measure () on the space of continuous curves on §2, concentrated on EN(Q), and such that
the following decompositions of V' are valid in the sense of distributions:

(A.4) ig=V and iQ = V|,
and
(A.5) —divV = (61 — 60)#@ and (diV V)+ + (diV V)_ = (61 + 60)#@.

We are now lead to consider the extension of Theorem A.14 to the case where divV
is not a Radon measure. This is necessary since in our problem divV € W=1P(Q), so
in general it is not a measure. Some non trivial issues arise in this case: first of all, the
measure Q which decomposes I may not be finite, in general.

Example A.16. For p < %, we consider an infinite sequence of small dipoles {(a;, b;)},
such that

(o]
Z la; — bi]N*p(Nfl) < 400, and Dy, p, are disjoint,
i=1

where as in Example 2.4 we used the notation

Do = {(xlam/) eRYN |2/ + |z] < W}
If we consider the vector fields V,, 5, as in Example 2.4, then the new vector field defined

by V =32, V,,», verifies

oo p oo
IVIIZ, = Zvai,bi <Cn Z la; — bV PO < oo,
i=1 Ly i=1

which implies T := 3,(da, — &,) € W1P(Q). By observing that co = M(T) = fﬁ(Q) aQ
for any decomposing measure, we see that no finite measure @) can be found. On the other
hand, a o—finite measure () can be found, since each V, ;, can be separately decomposed
with a measure @); of mass 2 and the @); have disjoint supports.

Example A.17. The following is another version of Example A.16, which exploits the
Sobolev embedding theorem. Let us take ¢ > N, then W14(Q) can be identified with a
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space of functions which are Holder continuous of exponent &« = 1 — N/gq. Then we pick
the following two curves (here ¢ < 1)

1—¢
12/

1
m(t) = /e (cost,sint) and Y2(t) = (cost,sint), t>1.

We define the distribution
@)= [ [etn) - wtutin]dr we =@,

then again this is an element of W ~1P(Q), since by Sobolev embedding [¢]co.a < Cq [|¢]l4ir1.0s
so that

o0

(T, )] S/:olcﬂ(%(t))—@(’m(t))ldtﬁCIISOHWM(Q)/1 71 () = 2(8)* dt

= Clpllwra /
= O plpragy. @ € WHI(Q).

0 o

9
t—2dt

We then introduce the measure on paths @7, defined by

@r = /1 EHOEAOLE

where for every t > 1, by v1(t) v2(t) we indicate the straight segment going from ~;(¢) to
v2(t). Observe that for every ¢ we have

|60 = andQrt) = [ [en(e) - wue))] de = 1.0,
L) 1

and
(oo} fo%S) E
/ ﬁ(v)dQT(v)—/ \71(t)—72(t)dt—/ o
L(Q) 1 1t
=€ @ tl_g Oo—g <
N a—2 1 o 2 o0,

while Q7 is not finite, but just o-finite.

The previous examples clarifies that we cannot hope to give a distributional meaning to
the positive and negative parts of the divergence of V', and the good definition of div V" as
a distribution relies in general on some sort of “almost—cancellation”. Therefore the last
no-cancellation requirement (div V) +(divV)_ = (e1 +eg)#Q of Smirnov’s Theorem A.14
must be relaxed when we extend it to a larger class of V'’s.

We introduce a notion needed in the next theorem:
Definition A.18. Let A, B, C be 1-currents. We say that C is a subcurrent of A if
M(A - C) +M(C) = M(A).
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In this case we write C' < A. If also M(B —C) +M(C) = M(B) we say that C is a common
subcurrent of A and B. We will use the notation

SC(A,B)={C isa 1— current : C < A and C < B},

to denote the set of common subcurrents.
Let C € SC(A, B), then we say that C' is a largest common subcurrent of A and B if

SC(A—C,B - C) = {0},

where by 0 we denote the trivial 1—current such that (0,¢) = 0 for every 1—form ¢. In
this case, we will use the notation C' = A A B.

Lemma A.19. Let A, B be normal 1-currents. Then they admit a largest common sub-
current C'.

Proof. The proof is exactly as in [27, Proposition 3.8] so we just indicate the main modifi-
cations needed in our case. For every pair of currents (7', 5), we set

£(S,T) :=sup{M(C) : C € SC(S,T)}.

Let us define {A,, By, C, },en recursively as follows

A]_:A—Cb’ BlzB_CO,
Ao, B

Co € SC(Ap, By) such that M(Cp) > 5(0270)7

Ayy1=4,-C,, B,y1=B,-C,

where C), € SC(A,, B,) such that M(C,) > 5(14112’&/) for v > 1.

Then as in [27] we have that M(C) < &(A,,B,)/2 for all C € SC(A,41,By+1) and in
particular by taking the supremum we can infer

AV7BZI A ’B
§(Avi1, Buyr) < 5(2) << W

From this we obtain that {A, },en and {B, },cn are converging in mass norm and by setting
A = lim A, and B':= lim B,,
V—00

— 0.

we obtain A’ < A, and B’ < B,, for every v € N. This implies that any C’' € SC(A4’, B)
also belongs to SC(A,, B,) and by definition we have M(C") < {(A,, By) — 0, thus we
get C' = 0, i.e. the trivial current is the only common subcurrent of A’ and B’. We then
observe that A— A’ = B— B’, since A,_1 — A, = B,_1 — B, for v > 1 by construction, so
we have

A—A’:lim[A—A,,]:lim Co+ Ay — A]

—00 l/—>oo[
= lim [Co + (A1 = A2) + -+ + (Ayy — Ay)]
[Co+ (B1— By)+ -+ (B,_1 — By))

= lim [B-B,|=B-B.

V—r00

= lim
V—00
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We can finally set C = A— A’ = B— B’ € SC(A, B) and obtain SC(A—-C,B - C) =
SC(A',B") = {0}, i.e. C is a largest common subcurrent of A and B. O

Theorem A.20 (Smirnov Theorem for flat acyclic currents). Let I be an acyclic flat 1-
current, having finite mass. Then I is decomposable in curves, i.e. there exists a o-finite
positive measure Q on curves such that Q is concentrated on L(£2) and

(A6) 1= pdae).
£(Q)

Moreover, we have

AT = d

(A7) 1 /[,(Q) iy dQ()

and

(A.8) oI = I dQ(v).
L(S2)

Proof. We start observing that thanks to Lemma A.7, our current [ is approximable by
normal currents {.J; };en in the mass norm, i.e. imM(I —.J;) = 0 and M(J;) +M(9J;) < oo.
We construct a first decomposition of I using this information.

SteEP 1. (I can be decomposed in normal currents). We may assume that {J;}ien is a
Cauchy sequence in the mass norm, i.e. that M(J;—1 — J;) < 27" for all i. We then define

{ z(] = Ji07
Ik = Ji0+k - JiDJrk,l for k Z 1.

It then follows that I = 3, I and 3, M(I},) < 2M(I) if ip € N is chosen large enough.
We then modify the [ into a better decomposition I as follows:

Iy = I,
Tiy1 = Tgp1 — T N I for k >0. ’

where we recall that —Tk+1 A I, denotes a largest common subcurrent of —Tk+1 and Iy, which
is well-defined thanks to Lemma A.19. From these definitions it follows that we have the
decomposition
I=>"I M) => M.
k>0 k>0
Moreover the currents I, are still normal since each of them is a finite sum of subcurrents
of normal currents.

STEP 2. (Use of Smirnov’s result for normal currents). By applying Theorem A.14 to

cach of the Ij; we obtain a sequence of measures @ on the set £() concentrated on £(2),
such that @ decomposes I in the sense of Theorem A.14. From the previous step we



26 LORENZO BRASCO AND MIRCEA PETRACHE

obtain then a decomposition for I as follows:

(A.9) f_sz—z/ 2] dQx(

k>0 k>0 £(2)

and

(A.10) =Y My =Y / +) dOk(Y).
k>0 k>0 L)

STEP 3. (Construction of a o-finite measure). We may then define a measure on £(2) by
setting

A) = Z Qr(A), for every Borel set A C L(92),
k>0
where the series on the right has to be intended as Y~ Qr(A) = lim, 00 Y ;o Qr(A) and
this limit exists by monotonicity (it is in fact a supremum), since the measures {Q}ren
are positive. At first, we verify that (Q is indeed a measure: we have

= ZQk((Z)) =0, as Qr(0) =0, for every k € N,

and also for any collection {4;}5°; of disjoint Borel sets in £(2) we get

k=0 =1
=D Qr(A) =D Q)
i=1 k=0 =0

where we have the right to exchange the two series, since each term Qy(A;) is positive.
This finally shows that @ is a measure on £(£2). We also observe that

Q (£@\£@) = 3 au (£ \ £@)) =0,
k=0

as each Qy, is concentrated on £(Q).

In order to verifiy that @ is o—finite, for all h € Z we define the Borel sets B := {v €
L(Q) : £(y) € [2",2"*1[}, which form a partition of £(2). Observe that the fact that B" is
a Borel set easily follows from the lower semicontinuity of the length functional. Moreover,
for fixed h € Z there holds

=) Qi(B") <27 Y M(I) = 27" M(I) < +oo.
k>0 k>0

This finally shows that @ is o—finite. The fact that @ verifies (A.6) and (A.7) follows
directly from (A.9) and (A.10), while (A.8) is a consequence of (A.6), which suffices to test
on special forms w = do. O
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Remark A.21. The proof of the Theorem A.20 extends to general currents on metric
spaces, following [27] (see also [28] and [36]).
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