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On a singular Liouville-type equation
and the Alexandrov isoperimetric inequality

DANIELE BARTOLUCCI AND DANIELE CASTORINA

Abstract. We obtain a generalized version of an inequality, first derived by
C. Bandle in the analytic setting, for weak subsolutions of a singular Liouville-
type equation. As an application we obtain a new proof of the Alexandrov isoperi-
metric inequality on singular abstract surfaces. Interestingly enough, motivated
by this geometric problem, we obtain a seemingly new characterization of local
metrics on Alexandrov’s surfaces of bounded curvature. At least to our knowl-
edge, the characterization of the equality case in the isoperimetric inequality in
such a weak framework is new as well.

Mathematics Subject Classification (2010): 35B45 (primary); 35J75, 35R05,
35R45, 30F45, 53B20 (secondary).

1. Introduction

Let © c R? be an open, smooth and bounded domain, K a measurable function on
2, and w be a signed measure of bounded total variation in 2 and w = w4 — w_
be its Jordan decomposition, that is, for a Borel set £ C €2, it holds wi(E) =
supy cg(£w(U)). Then w4 are non negative and mutually orthogonal measures of
bounded total variation on €2 and we define f = f. — f_, where fi and f_ are
two superharmonic functions constructed as follows,

Fo(o) = ha(x) + /Q Gx, y)dws (), (L.1)

where 4 are harmonic in 2. Here G(x, y) denotes the Green’s function of —A
in 2. We are concerned with some quantitative estimates for subsolutions of the
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Liouville-type equation,
—Au=2Kel " in Q. (1.2)

By assuming 2 simply connected, dQ analytic, u an analytic and C°(2) subsolu-
tion of (1.2) with K (x) = Ky in €2 for some Ky > 0, in a pioneering paper [4], C.
Bandle proved that

L*(9Q) = (41 — 01.(Q) — KoM (R)) M(), (1.3)

where
L(BQ):/ e de.  and M(Q):/ ol gy,
02 Q

Here and in the rest of this paper d¢ and dx are used to denote the integration with
respect to the 1-dimensional and 2-dimensional Hausdorff measures ' and >
respectively.

The inequality (1.3) is sharp and in [4] the case where the equality holds is
characterized as well, see also [5]. Actually (1.3) admits a beautiful geometric
interpretation in terms of the Alexandrov isoperimetric inequality [2], as discussed
in [4] and more extensively in [5]. As we will see later on, the original geometric
setting of the problem in terms of singular isothermal coordinates [22], suggests
that (1.3) should hold in a more general form. This is our motivation and indeed
our main aim is to obtain a generalized version of (1.3) in a weak framework. To
state our result, we need some definitions first.

Definition 1.1. We say that £ C R? is a simple domain, if it is an open and
bounded domain whose boundary 0 E is the support of a rectifiable Jordan curve.
We will also say that E C R? is a regular domain if it is a connected, open and
bounded domain whose boundary d E is the union of finitely many rectifiable Jor-
dan curves.

Definition 1.2. Let S C 2 be a finite set. We say that

feLP™(Q\S) oreitheru € WPl (£\S), forsome p > 2,

loc loc

if for each open and relatively compact set U €@ 2\ § there exists p = py > 2
such that,
f € LPU(U) or either u € W>PU(U) .

Also, by setting B, (S) = |, Br(p), we say that,

peS
f e LP(Q\S) oreitheru € W>P'*(Q\ S), forsome p > 2,
if for each r > 0, there exists p, > 2 such that,

f e LP(Q2\ By(S)) oreitheru € W2P/(Q\ B,(S)).
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Definition 1.3. Let f1 be two superharmonic functions in €2 taking the form (1.1),
ue LIIOC(Q) and Ke/ ™ ¢ Llloc (£2). For any fixed and relatively compact Borel set
E € Q, we define,

K4 (E; Ko) = sup {la)(U) +/ (K — Ko]ef'+“dx}, (14)
vce |2 U

where the supremum is taken over all Borel sets U C E.

Finally we will need the following result about the local exponential integrability
of e/. Although similar exponential estimates for logarithmic potentials are well
known, see [21] or more recently [11] and [31], it seems that the statement which
is really needed here has been introduced only very recently in [1].

Proposition 1.4. Let fi be two superharmonic functions satisfying (1.1) in Q and
S ={x e : wi(x) = 2w}, (1.5)
Then Sy is finite, d) = ldist(Sz,,, 02) > 0 and we have:

() It holds e=~="-) € L®(Q) and e +~"+) € LP01c(Q\ S»,) for some py > 2;
Gi) If
forall x € Q, it holds w4 (x) < 4m. (1.6)
Then eJ+~+) ¢ L9(Q) for some gy > 1.

Let Ko > 0, f1 be two superharmonic functions taking the form (1.1) and satisfying
(1.6), go > 1 and pg > 2 be defined as in Proposition 1.4 and K € Lf’o’é"c(Q \

S2z) N Ly (), for some n > 20['_02 and some s > %. Our main results consist

in finding weak but still sufficient conditions to ensure that the following inequality

L*(DE) > (4 — 2K (E: Ko) — KoM(E)) M(E), (1.7)

holds, with a full characterization of the equality sign, where E is any relatively
compact subdomain E € 2.

Theorem 1.5. Assume that

Kel ™ e L' (Q), whereu € L' (Q)

1.8
is a solution of (1.2) in the sense of distributions. (18

Then u € W2 (Q\ Sax) N W29 (Q) N L®(RQ), for some p > 2 and some

loc loc loc
q € (1, 2), and in particular u is a strong solution of (1.2), that is,

—Au =2Kel M foraa.x € Q. (1.9)

Moreover, for any fixed simple and relatively compact subdomain E € 2, we have
M(E) < +oo and (1.7) holds.
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Theorem 1.6. Assume thatu € W=7 (Q \ So)N Wli’cq (), for some p > 2 and

loc
some q > 1, is a strong subsolution of (1.2), that is,

—Au <2Kel foraa.x € Q. (1.10)

Then, for any fixed simple and relatively compact subdomain E € 2, we have
M(E) < 400 and (1.7) holds.

Theorem 1.7. Let the assumptions of either Theorem 1.5 or Theorem 1.6 be satis-
fied. Then we have:

(1) The equality sign in (1.7) is attained if and only if u is a strong solution of (1.2)
in E and,

, 2
72 |9y (2) (B0 (2)

oJ@ +u@ _

s, forzeE, (L1

2

(14 70 1Bo (20—

for some T # 0, where o = #ay_(E ) and ®g is a conformal map of E onto
the disk of unit radius, |Dg(z)| < 1 with ®g(z9) = 0, for some 709 € E;

(i) If o L e/ T"H?, then the equality holds if and only if, in addition to the above
conditions, one has K = Kg for a.a.z € E and w = 4mwad;—,,, that is,
f@) = h(@) +4naG(z,z20) = h(z) — 2alog|Po(z)|, for some harmonic
function h in E.

Remark 1.8. By using the fact that w; L w_, it is easy to check that if w_ L
e/t H?2  then we have

2K (E; Ko) = w4 (E) + 2[ [K — Ko]te/ T dx,
E

where K+ = max{K, 0}, while in general the equality sign should be replaced by
the inequality sign.

As far as one is just concerned with the inequality and not with the characterization
of the equality sign, then, if the assumptions of Theorem 1.5 are satisfied, then (1.7)
holds under much weaker conditions. The proof of this fact is based on Theorem
1.5 and on some results and arguments in [11] about the regularity properties of
Liouville-type equations.

Corollary 1.9. Let Ko > 0, and f+ be two superharmonic functions taking the
form (1.1) and satisfying (1.6), and K € LY (Q; e/t H?) where u € L' () is a
solution of (1.2) in the sense of distributions. Then:

(i) It holds u € Wll)’cr(Q)fOr anyr € (1,2) and '™ € L!

10c(82) forany t > 1;
(i) The inequality (1.7) holds. *
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Motivated by the study of a cosmic string equation, in a recent paper [8] we derived
(1.7) in the easier situation where w_ = 0 while w_ is proportional to a Dirac delta.
The problem here is more subtle, and the crux of the proof is to attach to each strong
subsolution of (1.2) an auxiliary function (which we will denote by 1) which satis-
fies a Liouville type equation with Dirichlet boundary condition on E, and which
admits a suitable locally absolutely continuous weighted rearrangement (which we
will denote by n*). The difficulty arises since, in view of the generality suggested
by the geometric application, no assumption is made about w, with the unique ex-
ception of the no-cusp” hypothesis (1.6). As a consequence, the term e/+, which is
part of the weight factor in the weighted rearrangement, can come with almost any
kind of singularity. In particular, the standard argument [25] yielding the absolute
continuity of n*, does not work in this case, neither in the slightly improved form
used to handle conical singularities, see [8]. We succeed in solving this problem by
a careful decomposition of the singular set of w., see the definition of S, in (1.5).
The point is that Sy, is finite in €2, while, locally in its complement, we come up
with enough summability for e/ to guarantee that n* is absolutely continuous. This
approach, recently pursued in [1] to prove a regularity result for a class of singular
surfaces introduced by Alexandrov [3], motivates the peculiar notations introduced
in Definition 1.2. In particular, the assumptions about K and u, are essentially the
minimal requirements to match the regularity of n as allowed by the properties of
f derived in this way. The characterization of the equality case in this weak contest
is new as well.

To avoid repetitions we provide a unified proof of Theorems 1.5, 1.6 and 1.7,
which is divided in four steps. In the first and second step we construct n, its
weighted rearrangement n* and prove that n* is locally absolutely continuous. Step
four contains the discussion about the equality case. Step three is the adaptation in
our setting of the part of Bandle’s argument which is concerned with the derivation
of a differential inequality and its consequences.

In the second part of this paper, and in the same spirit of [4], we will apply
(1.7) to derive a new proof of the Alexandrov isoperimetric inequality for Ko > 0
on abstract surfaces of bounded curvature, see (4.9) in Theorem 4.7. We refer the
reader to [5,6,13,17,19] and the references therein for a detailed exposition of the
proof and of the interesting history of Alexandrov’s inequality and to [26,27] for
other more recent proofs. See also [9,23]. While in the above references one can
find various proofs of the inequality (4.9), we were not able to find a proof of the
characterization of the equality case in the weak context pursued here, which seems
therefore to be new even in the geometric setting.

Besides, to apply our estimates to this problem, we need to prove a seemingly
new characterization of the structure of the metrics in local isothermal coordinates
for certain classes of singular surfaces, see Theorem 4.4. This intermediate result
can also be seen as another result in the description of the regularity properties of
isothermal coordinates systems on Alexandrov’s surfaces of bounded curvature re-
cently pursued in [1]. Finally, some explicit examples are discussed to illustrate
these results, including the isoperimetric inequality (4.9) on various singular sur-
faces homeomorphic to the 2-sphere.
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We conclude this introduction with a remark about the case where E is not
simple but just regular, that is, the possibility that £ could be connected but not
simply connected.

Remark 1.10. If 2 is simply connected and the assumptions of either Theorem 1.5
or of Theorem 1.6 are satisfied, but if the set E € € is just assumed to be regular,
then it is straightforward to check that our proof yields the following inequality,

L*E) > (4m — 2K (Es; Ko) — KoM(E)) M(E), (1.12)

where Ej is the interior of the closure of the union of E with the bounded compo-
nents of R2 \ E (the “holes” of E) , which we denote by (E)p, that is,

o

E;, =EU(E)p.

In other words we still have an inequality of the form (1.7), but we have a worse
isoperimetric ratio, which is essentially obtained by subtracting the terms of the
total curvature relative to the “holes” of E. This is not a technical point, and in
fact it is possible to construct counterexamples to the inequality where these terms
are omitted, see for example [9, page 14]. The proof of this inequality is really the
same as that of Theorems 1.5, 1.6, but for the fact that in (3.22) and in (3.23) below
we use the Huber inequality (2.2) for the non contractible domain E. In particular
this is also why we obtain the strict inequality in this case. It is straightforward to
check that if the (weaker) assumptions of Corollary 1.9 are satisfied, then (1.12)
holds with the strict inequality replaced by the > sign.

This paper is organized as follows. In section 2 we prove Proposition 1.4 and
discuss the Huber’s inequality. In Section 3 we prove Theorems 1.5, 1.6, 1.7 and
Corollary 1.9. Sections 4 and 5 are devoted to the discussion of the Alexandrov
isoperimetric inequality and the related examples.

2. Preliminary estimates: exponential summability of subharmonic
functions and Huber’s inequality

The local exponential integrability of e/+ as claimed in Proposition 1.4 is not new,
see [1]. We provide the proof of Proposition 1.4 for the sake of completeness.

Proof of Proposition 1.4. We will denote by dg, the diameter of Q2. Clearly S> is fi-
nite since w is finite, whence obviously dist(S2, 92) >0. Letd;| = ldist(Szﬂ ,002)
and let us set Qy = {x € Q : dist(x, Q) < d}. Then wy () \ 0T asd \ 0T,
whence there exists dy > 0 such that 0T (Qy) < %, for each d < 4dy. We choose
dp possibly smaller to satisfy 4dy < dj. It is not difficult to see that there exists
Co > 0 such that,

1
(f+ () —=h(x)—Co < wo(x) := —/ log(
§224,

dw,, forall x € Qg,.
= )a)+ or all x do

lx — vl
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By Jensen’s inequality and Fubini-Tonelli theorem we can estimate,

/ ( RE AT )
exp| ———— ) dx
Qd() a)-‘r(QZd())
3 3
5/ dx/ ( dq )2 dwi(y) :/ dwi(y) ( de )de
Qdo de() |X - Y| C()+(32d0) deo w4 (QZd()) QdO |x - Y|

Sf Ao+ () ( da )%dx:n(stz)z,

gy ©@+(8240) JB () \ X =

where we used the fact that Q4, C By, (y). This inequality shows that e!/+~h+) ¢
L8(Qy,)-
(i) Since —(f- — h_) is negative, then e~/=7"-) € L®(Q). Let Q =
{2\ Q4 }\ B (S27),withO < r < dy,and letus fix xg € Q9. Since w4 (xp) < 27,
2
then we can find ¢ > 0 such that there exists R > 0 depending on xp and &, such
that the ball centred at xo, say Bog := Bar(xp), satisfies Bog € {2\ Qq,} \ Sox
and wy (Bar) < 2w — 2¢e. As above there exists C > 0 such that,

1 4R
(f+(x) —hy(x) —C =w(x) = —/ log< ) doy,
2 Brg |x _)’|
for all x € Dy, = Dy := Bg(xo),

and for any 6 < 47 we can estimate,
/ ((47r — 5)w>
exp| ————— ) dx
D w4 (BaR)

0
do \* % doy(y) do(y) do 7
5/ dx/ ( Q ) +y _ +y ( Q ) dx
Dy Bor |x - )’| a)-‘r(BZR) Bog C()+(BZR) Dy |.X - y|
-2 2
o[ o < do ) o (rdo)
Bog @+(B2Rr) Jpu (v \1x = VI )

_ (4n—=9) (4 —e)
= 01 (D0) ~ oy Bag) ~ 2

so that e//+~+) ¢ LPPo(Dy), for some Pp, > 2 depending on xp and R.
At this point we define B = Ux % D, , where each D, constructed as above,

Therefore, in particular by choosing § < ¢, we see that pp, :

comes with its own p,, > 2. Clearly B is an open cover of €, and since Q2
is compact, then we can extract a finite cover D, i with j = 1,..., N, and set

py = min{6, minj—; . n pp,,}. Therefore e+=he) e LPu(Q \ B, (Sar)), for
some py > 2, which proves (i).
(ii) Let us define 21 = Q \ Q4, . We use (1.6), as in the proof of (i) to conclude
2

that e/+~+) ¢ L4(Q) for some ¢ > 1. Therefore we find e(/+~"+) ¢ L90(Q)
where go = min{6, ¢} > 1, as claimed. O
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Next we present the well known Huber inequality [18] as well as a generaliza-
tion, suitable to be applied to regular (whence in particular non simply connected)
domains.

Theorem 2.1 (Huber inequality, [18]). Ler @ C R? be open and bounded and
E € Q be a simple and relatively compact subset. Let [ be the difference of two
superharmonic functions in Q taking the form (1.1). Then it holds

2
(/ e§d£) 2(47r—a)+(E))/ el dx. @.1)
oE E

The equality holds in (2.1) if and only if, in complex notations,
f(@) = c+2log|®'@)(P(2)~%F)|

where oy = #aq(E ) and @ is a conformal map of E onto the disk of unitary
radius |w| = |®(z)| < 1 with ®(z9) = 0 for some 7o € E.

We will need the following generalization of the Huber result.

Theorem 2.2. Let @ C R? be open and bounded and E € 2 be a simple and
relatively compact subset. Let f be the difference of two superharmonic functions
in Q taking the form (1.1). If U C E is a regular domain, then it holds

2
(/ egdﬁ) z(4n—w+(E))f e/ dx. 22)
104 U

In particular, if U is not simply connected, then the inequality is strict.

Proof. In view of Theorem 2.1 we are left to discuss the cases where U is not
simply connected and prove in particular that in all those cases the inequality is
strict. Obviously the strict inequality is trivially satisfied if w4 (E) > 47, whence
we assume without loss of generality that w4 (E) < 4m. Let us assume for the
moment that U = Uj \ Uy for a pair of simple domains such that Uy € U; and
aU = aU; U dUy. So U; = U U Uy and in this case, by assumption we have
E = U; and in particular w4 (Up) < w4+(U1) < 4. For any domain U C R2, let
us set

LOU) = / etde, and M(U) =/ ef dx.
G4 U
Thus we may use (2.1) to obtain

E@OU) = €U U dUy) > £2(U)) + *(8U0)
> (4n — w4 (U1) M(Uy) + (47 — w4 (Uo)) M (Uop)
> (47— (U) M(Uy) > (4 — 0 (U1) M),
which is (2.2) in this particular case. The case where R? \ U has finitely many
bounded components readily follows by an induction argument on the number of

“holes” of U. Obviously the inequality is always strict whenever U is not simply
connected. O
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3. The proof of Theorems 1.5,1.6, 1.7 and of Corollary 1.9

This section is devoted to the proof of Theorems 1.5, 1.6, 1.7 and of Corollary 1.9.

Proof of Theorems 1.5, 1.6, 1.7. Once the result has been established for Ko # 0,
then the case Ko = 0 is worked out by an elementary limiting argument, which is

why we will just discuss the case Ko > 0. O
‘om0 540 :
We recall that by assumption oo > 2 and ; i 1. First of all, we have the

following,
Lemma 3.1. The following facts hold:

(@) If (1.8) holds and if K € LS () for some s > —1°—  then,

loc

Ke/T™ e LT (Q),

o0
andu € Ly,

solution of (1.2);

(Q)ﬁW1 (), forany1 <r < 2

<5 + . In particular u is a strong

(b) If (1.8) holds and if K € L{;(Q2\ Sar) N LY, 201’_02 and
some s > q— then,
Keft e L™ (Q\ Soyr) N L. (), (3.1)

and u € WEE™ (Q\ S2) N W2 () N LY

loc loc

1<r< ssf" In particular u is a strong solution of (1.2).

np
(Q), forany2 < k < F;o and

540
s+qo

we also have Ke/ € Ll (Q),forall 1 < g < Sqo . On the other hand, since

Ke/™ e L1(Q), then, by [11, Remark 2], we have elu\ € Lf () for any k > 0,
q

and therefore in particular ¢ € Lq,(Q), where q = g0 < too. Thus we can
apply another result in [11] (see [11, Remark 5]), which yields u € LOO (€2). So,
by standard elliptic estimates, we conclude also that u € W2 "(Q) and in particular

that u is a strong solution of (1.2).
(b) Next, let us fix a compact set U C 2\ S»; and observe that, by assumption,

K € L"(U) for some n > pQUp U5 . Therefore n'fgu > 2 and then, in view of
Proposition 1.4, we also have Ke/ € LP(U), V2 < p < 22U Since U is

Proof. (a) By assumption we have > 1 and then, in view of Proposition 1.4,

n+puy
arbitrary, then we conclude that Ke/ 1" ¢ L{‘ 'C"C(Q \ So) N LIOC(Q), for any 2 <
k < n'f;)’ and1 <r < W As above, by standard elliptic estimates, we conclude

alsothatu € Wlf)ck (2 \S27)N W1 " () and in particular that u is a strong solution

of (1.2). O
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Lemma 3.1 shows that if (1.8) holds, then u € W' (2 \ Sa) NWod ()N
Ly (S2), for some p > 2 and ¢ > 1, and moreover that u is a strong solu-

tion of (1.2). Whence we are reduced to the analysis of the case where u €
WP (Q\ San) N Wind (R) N LE2(RQ), for some p > 2 and ¢ > 1, satisfies

1 1
(1 (ic()) In particular, in tﬁ% rest of the proof, we will use the fact that, by the Sobolev
embedding Theorem, u € CI%C (2). Clearly, in view of (3.1), M(E) is finite. We
divide the proof into four steps.
Step 1. Since E € Q is relatively compact and simple, then we can find an open,

simply connected, relatively compact and smooth domain 2 such that,
E € Qy € Q.

Since Sy is finite and since w4+ (29) < 400, then we can choose €2¢ such that, for
some N € N,

S5 =S N Q0 =1{q1,...,qn} C Qo and Iy N S = ¥. (3.2)
Clearly, in view of (1.10), we have,
—Au <2Kel e =2[K — Kole! e +2Kpel ¥ foraa.x € Qp.  (3.3)
Next, let us define,
¢ (x) ;== —Au —2[K — Kole! e* —2Kpel e, forx € Qp.  (34)

Since u € W>P"™(Q \ S27) N W24 () N CL (Q), for some p > 2 and some

I 1
q > 1,and in \?icew of (3.1) and of Proposition 1(.)51, we see from (3.3) that,

¢(x) <0, foraa.xeQ and ¢ € LI"*(Q\S5,) N LI(Q),

loc

for some p > 2 and some ¢ > 1. Therefore, in view of [16, Theorem 9.15,
Corollary 9.18 and Lemma 9.17] we see that the linear problem,

Aw =¢ in Q, w =0 on 9%, (3.5)

admits a unique strong solution w € Wli’cp’loc(Qo \ 850N W24 (20)NCO(Qp), for
some p > 2 and some g > 1. Obviously w is superharmonic (see [16, Section 2.8
and Example 2.7, 2.8]).

Next let f; be the Perron’s (see [16, Section 2.8]) solution of Af; = 0 in E,
fi = —uon JE. Since u € C°(E), then fi is well defined and continuous up

to the boundary (see [16, Section 2.8 ]). Let us also define f> to be the unique
WP (90 \ S9_) N W24(29) N C(Q) (for some p > 2 and some g > 1)
solution of the linear problem,

—Afy =2[K — Kole/ " in o, f>=0 on 9%y.
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With these definitions, we may finally set = u + w + f; — f>. Then, we see that
ne WPl \ 85.) N W4(E) N CO(E) for some p > 2 and some ¢ > 1 and

- loc
satisfies,

—An:2Koew e'l foraa.xe E, n=0 on JE, 3.6)
where
v=Ffr+hLh-f-—w—-fi. (3.7
By Sobolev embedding theorem we conclude that,
N+ € Clloc(E \ Sgn)‘ (3'8)

Since n € W24 (E), for some g > 1, then by using Sobolev embedding once more
we see that n € WI2(E) N CY(E). Then by the maximum principle for weak
solutions (see for example [16, Theorem 8.1 ]) we deduce that n > 0. In particular,
by the strong maximum principle for weak supersolutions (see for example [16,
Theorem 8.18]) we also check that 7 is strictly positive in E. In particular, we
conclude that,

nx) >0 forall xe€ E and nkx)=0 < x € dE. 3.9

Step 2. Let us set ;. = maxz 17,
¥
dt = e'/’dx, o=e2dl,
and let us define,

Qt)y={xeE|nkx)>t}, tel0,1ty),
and I't)={xeE|nkx)=t}, tel0,14],

() = / dr.
Q(1)

Since 7 satisfies (3.6), then I'(¢) has null measure, whence we conclude that u is
continuous. Moreover, in view of (3.9), we find that,

and

QO)=E, T0)=03dE, 0= / dr. (3.10)
E

Clearly we can extend w on [0, £ ] by setting u(ty) = lim; ,, pu(t) = 0%, whence
w e Yo, t+]). Next, by using (3.6) once more, it is not difficult to see that the
2-dimensional measure of the set {x € £ : Vn(x) = 0} vanishes. Therefore, by
a well known consequence of the co-area formula (see for example [12, page 158])
and of Sard’s Lemma for Sobolev functions [14] (here we use also (3.2)), we see

that, ’

dut

’“‘():—f £, G.11)
dt ro 1Vnl

fora.a.r € [0, 14].
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At this point, for any s € [0, u(0)) = [u(t+), u(0)), we introduce a weighted
rearrangement of 7,

n*(s) = [t € [0, 141 : () > s}, (3.12)

where |U| denotes the Lebesgue measure of a Borel set U C R. By setting
n*(n(0)) = 0, then n* € C°([0, 1 (0)]) is the inverse of  on [0, 7] and coin-
cides with the distribution function of p. Actually n* is strictly decreasing, whence
differentiable almost everywhere. A crucial point at this stage is to prove that n* is
not just continuous and differentiable almost everywhere, but also locally absolutely
continuous. It turns out that in fact it is locally Lipschitz in (0, £(0)) as shown in
the following Lemma.

Lemma3.2. For any 0 < a < a < b < b < w(0), there exist C = C(a,
b, Sz, K+ (E; Ko)) > 0 such that,

n*(a) —n*(b) < C(b —a). (3.13)
Proof. In view of (3.2) and (3.8), we see that [Vn| < Cy onany U € E \ 9 . Let
us then sett; = n(x;) and x; € So fori = 1,...,m,withm < N, and typ = n*(a)
and t,,+1 = n*(b). For any

[ In"(a@)—n*"(B)| 1
&£ <mn{———,  — min {t,+1 titt,
4m +1) 4 i=0,...,

we can find § = &, such that r]_][t,- + &, tiv1 — €] N Bs(S2r) = ¥ for any i =
0,...,m,where Bs(S2) is a §-neighbourhood of the set Sy, . Therefore, in partic-

ular, we can find C, > 0 such that |[Vn(x)| < C,,forallx € n~'[t; + ¢, tiy1 — el
At this point, since Ko > 0, then we can assume without loss of generality that
2ve(Ko) := 4w —2K 1 (E; Ko) > 0 (otherwise 4w — 2K (E; Kg) — KoM (E) <0
and (1.7) would be trivially satisfied). Therefore we can use the coarea formula
(see [12, page 158]) and Huber’s isoperimetric inequality (2.2), to conclude that,

b—a=pnm* ) — (@) = dr—/ dr=/ dr
n>n*(b) n>n*(a) n*(b)<n=<n*(a)

n*(a) d m_ ety g d
=™l Ut =2 O, )
n*(b)<n<n*(a) p*by \Jre 1Vl = r 1Vnl

m tiy1—¢ d 1 tiy1—¢€
-2 ")w— [ (o)
= Jiite ro 1Vnl C NG

«/m fiv1—¢
Ce _O/z, V (t)
2)/E(Ko t’“ “
\/ sz(n (b)) t,+a

1
=C(@, b, S,K+(E; Ko))In* (a)—n (b)—2(m+1De|= ZCIH*(a)—n*(b)I,

=]

for a strictly positive constant C depending on a,b, S K1 (E;Kp),asclaimed. [
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Step 3. In view of (3.11) we obtain,

—1
dn*(s) _ _ </ id@) (3.14)
ds o) 1Vl ’

for any s € I*, where [0, u(0)] \ I* is a set of null measure and, by setting / :=
n*(I*),then u(I) = I'*. Next, let us define,

F(s) = ZKO/ e'dr, fors €0, n(0)],
Q2(n*(s))

where,
F(u(0)) = 2K0/ e'ldt =2KoM(E), (3.15)
E
and we have set,
F(0) = lim F(s) =0". (3.16)
s\ 0+

Clearly F(s) is strictly increasing and continuous on [0, «£(0)] and in particular
locally Lipschitz in (0, ;£(0)), since in fact it satisfies,

|F(s) = F(s0)| < Clpn(n*(s)) — u(*(s0))| = Cls — sol,
forall 0 = u(ty) < sgp <s < wu(0),

for a suitable constant C > 0. In particular it holds,

S
/ e”dt:/ T Pan, forall s € [0, L(0)],
Qn*(s)) 0

so that,
2 *
B koo™, ana CEO o, A6 s
dS dS2 dS (317)
dn*(s) dF(s) .
= —7 , foralls eI”.
ds ds

We remark that since n*(s) is differentiable almost everywhere, then the formula
for the first derivative of F'(s) shows that in fact dﬂg” is differentiable almost ev-
erywhere as well.

For any s € I'* the Cauchy-Schwartz inequality yields,

2 €w
()= )] 0
T (s) Ty 1Vl T Op(s))
dn*(s)\ ! 3
=(-“%7) ([, o)),
ds rare) \ v+

(3.18)
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where v, = % is the exterior unit normal to 2(1*(s)) and we have used (3.14).

Obviously, we can assume without loss of generality that n~! (S, N E) ¢ I, so
that, since 7 satisfies (3.8), then (3.6) readily implies that

3
/ ( i )dz - / 2K, ldr.
Fip*(s) \ OV Qr*(s))

for any s € I'*. Therefore, in particular we deduce that

9
/ ( i )dz - / 2Koe'ldr = F(s).
rapen \ vt Q*(5))

for any s € I'*. Plugging this identity in (3.18) we find

2 * —1
(/ da> < (—d” (S)) F(s), (3.19)
T (r*(s)) ds

for any s € I'*. Clearly, in view of (3.7), we have

AV =0y —w_+¢—Afs <w+2[K — Kogle! ¥, (3.20)
whence
sup {/ (—Al/f)} < 2K+ (E; Ko), (3.21)
UCE U

and we can apply generalized Huber’s inequality (2.2) to conclude that

2
(/ da) > [4m —2K4 (E; Ko)lu(n*(s)) = [4m — 2K 4 (E; Ko)ls, (3.22)
C(n*(s))

forany s € I* N (0, 1(0)).
Remark 3.3. If 47 — 2/C(E; K(T ) < 0, then (3.22) trivially satisfied.

To simplify the exposition let us set,
2yg(Ko) = 4m — 2K, (E; Ko).

Hence, substituting (3.22) in (3.19), we obtain,

* —1
2yE(Ko)s < (—d"ds(s)) F(s), forany s € I* N (0, x(0)).

So, multiplying by

dF(A) _dn*(s)
ds

), we come up with the inequality,

2dF(S) <d77*(5)> £ (Ko)s + JF( ) >0, forany s € I'* N (0, u(0)),
ds ds ds
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and conclude that,

‘“;(s) — 2yp(Ko)F(s) + l(F(s))ﬂ >0,
) 2

forany s € I* N (0, u(0)). Let Py (s) denote the functions in the square brackets.

Since F and n* are both continuous and locally Lipschitz continuous in [0, 1 (0)]

and since, in view of (3.17), % is continuous and locally Lipschitz continuous

in [0, (0)] as well, then we come up with the inequality,
P ((0)) — P4(0) = 0.
Therefore we can use (3.15), (3.16) and (3.17) to obtain,
276 (Ko)r(0)2Koe™ ) — 275 (Ko) 2KoM () +2(Ko)*M*(E) | = 0.
Since n*(u(0)) = 0, this is equivalent to the following inequality,
2y (Ko)n(0) — 2yg(Ko)M(E) + KoM*(E) = 0.

So, by using the inequality (3.22) once more and (3.10) we find,

2 2
L2(8E)=(/ e%ds> E</ a'a) > 2yE(Ko)1(0)
oF o)

> 2y (Ko)M(E) — KoM*(E)
= (4 — 2K (E; Ko) — KoM (E))M (E),

(3.23)

which is (1.7) as claimed.

Step 4. We will discuss here the case where the equality holds in (1.7).

First of all, there is no chance to have the equality in (1.7) if the strict inequality
holds in (3.21). Therefore, because of (3.20), we see that we must have ¢ = 0 for
a.a. x € E, thatis, in view of (3.3) and (3.4), we also conclude that # must be a
solution of (1.2) in E, and not just a subsolution as in (1.10).

Next we must have the equality sign in the Huber inequality used in (3.22) for
aa.s € I*N (0, u(0)) and in (3.23) for s = w(0). Therefore, in view of (2.1) and
(2.2), we conclude that for each ¢ € I U {0}, we have,

(a) Q(¢) is simply connected and ¥ (z) = ¢; + 2 log dJ;(z)(CD,(z))_aQ(’) ,
with z € Q (1),
where ag ;) = %ICAQ (t); Ko), ¢; € R and @, is a conformal map of €(¢) onto

the disk of unit radius |w| = |®,(z)| < 1 with ®,(z;) = 0, for some z; € Q(¢).
Here ¢ is the function defined in (3.7). Since ¢ vanishes, then we have the equality
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sign in (3.20) and (3.21) which therefore do not provide other conditions. However,
in view of Sard’s lemma for Sobolev functions, we can assume without loss of
generality that € (7) is simple for each 1 € TU{0}, so that each ®; can be extended to
aunivalent and continuous map from €2 (¢) to a closed unit disk, see for example [20,
Theorem 2.6 ]. At this point, by setting w = ®¢(z), and in view of (a), we conclude
that

v(w) = n(P; " (W),

is a strong solution of
—Av =2Kpe®|w| eV in {jw| <1}, v=0 on |w|=1,

where @ = ag = aq(). In particular we have that the level lines of v are concentric
circles centred at the origin, that is, v is radial. Actually, by using the Brezis-Merle
estimates for Liouville type equations (see [11, Remark 5]) and standard elliptic
theory, we see that v is analytic far away from the origin and of class W24 (By), for
a suitable ¢ > 1 depending on «.

Thus, by a straightforward evaluation we find that,

2
T

v(w) = log 5 for |w| < 1,
Koe® r0| |2(1-a)
4(1—

(1+

for a suitable constant 7y # 0, to be fixed in order to satisfy the Dirichlet boundary
condition.
As a consequence we find that,

2 ,—co
T e
n(z) = log 5, Withz € E,

(1 + 4(11(0'[ )2 |(I>O(Z)|2(1 Ol))

, 2
for some T # 0 and then, since in particular ¢¥® = ¢% (DO(Z)(CD()(Z))_a , We

see that,

20 |2 (@022

55 with z € E.

1(z) = log o
(14 702 1Po (20—

Since n + ¥ = f + u, then we finally conclude that

2
2 |y (2)(Po(2)) ¢
oS @ +u@) ‘ oeTtTo )

, forz e E,

(1 + 4(11<Ot 7| Po@P( a))
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as claimed in (i) of Theorem 1.7. Finally, by using the well known fact that the
logarithm of the modulus of a non vanishing holomorphic function is harmonic, we
find that,

2Kel T = —Au

’ 2
= Af — Alog (‘q:o(z)(%(z))“\ )

K()‘C2 21—
2Alog (14— 1@ (1-a)
+ Og< +4(1 —Ol)2| 0(Z)|
= Af 4+ 4mad,—y + 2Koe! T = —w + dmwad,—o + 2Koe! T,

in the sense of distributions in E and classically in E \ {0}. Therefore, if v L
e/ T#H? then this identity can be satisfied if and only if,

2Ke! ™ = 2Kpe/ T foraa. z € E, (3.24)
and w = 4w ad,—,,. In other words
f@) =h©@) +20G(z, z0) = h(z) — 2alog |Pp(z)], (3.25)

for some i harmonic in E. At this point (3.24) and (3.25) readily imply that K =
Ko for a.a. z € E, which proves (ii) of Theorem 1.7.

Proof of Corollary 1.9. (i) In this situation we just know that u € LIIOC(Q) and
Keltt ¢ LIIOC(Q). So we also have Au € LIIOC(Q) and then in particular, by
the Green representation formula, |Vu| € LIIOC(SZ). By [11, Remark 2] we find
el e LIIOC(Q) for any + > 1 and letting Q9 € €2 be any open, smooth and
relatively compact subset, we have u € L'(3$)) by standard trace embeddings.
Letu = uj +uy, where u; is the unique weak solution (in the sense of Stampacchia
[24]) of the Dirichlet problem,

—Au; =2Kef T in Q
u; =0 on Qp,

and u, satisfies,
—Aur, =0 1in g
Up = u on Q.

Then up(x) = — fmo u(y)%%(x — y)d£y, where Gy is the Green function of —A
relative to Qq, and since u € L'(8), then us € L (0). Moreover, u; €
Wol’r(Qg) for any r € (1, 2) by the results in [24] and then we find u € W, ().

loc
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(ii) Let E be any relatively compact and simple subset, we can find an open,
smooth, simple and relatively compact subset €2; such that £ € Q; € Q. Let
K, € C°(2) be any sequence satisfying,

K, < K ae.in 2 and K,e/ " — Ke/t*, as n — +oo, in L'(Q). (3.26)

Next, let v, = v,,1 + u2, where v, is the unique weak solution (in the sense of
Stampacchia [24]) of the Dirichlet problem,

—Av, 1 =2K,ef " in Q)
Up1 =0 on Q1,

and u, satisfies,
—Aupy =0 in
Up =1u on ;.

Obviously, as in (i) we find up € L} (€21). In particular, by the Green representa-
tion formula, it is not difficult to see that,

v, <uae.in Q. 3.27)

Let us observe that, by Theorem 4.4, e/t = ¢# € LP%'°°(Q\ S,) N LY (Q) for
some po > 2 and go > 1, whence by standard elliptic estimates and the Sobolev
embedding we find v, € W>%(Q;) N C°(Q1). By using (3.26) with well known
results in [24], we conclude that v, — u in WIL’CF (21), for any r € (1,2). At this

point we observe that v, is a solution of,
—Av, =2K,el e’ in Qy,

where,

K, = K,e" U satisfies sup |K,| < Cpe".
Q

By (i) we have I/(\n € L'(2)) for any + > 1. On the other side, by Proposition
1.4, we also find that e/ € Lf(’)lcoc(SZ \ $27) N LY () for some s > 2 andm > 1.
Therefore we can apply Theorem 1.5 on Q2 with K = K,, and u = v,, to conclude

that,

. 2
(/ e”z”dz) > <4n—2l€+,n(E; Ko)—Ko/ ef+””)/ el T (3.28)
JE E E

where,

Kin(E; Ko) = kg +(E) + / (K, — Kol e/ Tndx.
E
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r

Since v, — u in Wll)’c (£21) and in view of (3.26), along a subsubsequence (which

we will not relabel) we have v, — u ae. in Q; and K,e/ % — Ke/t" as n —
400, a.e. in Q1. Then, by (3.27) and the dominated convergence theorem we con-

clude that,
/e-f+”" — / e/t as n — o0,
E E

K+ n(E; Ko) > K4+ (E; Ko),as n — 400,

f+vn SHu
/ e 2 df —>/ e 2 db,
dE oE

where for the second limit we observe that,

and,

[K, — Kolte/ ™ = [K,e" " — Kolte/ U < [Ke' U] te/ ™0 = [K]Te/ .

. .. fu .
It is understood that the last limit holds true whenever f 9E e%dﬁ is finite, oth-
erwise (1.7) is trivially satisfied since M(E) < -+oo. Therefore, in the limit
n — 400, along the given subsequence we recover (1.7), as claimed. O

4. Application to the Alexandrov isoperimetric inequality

The notion of surface of bounded curvature (SBC for short) was introduced by A.D.
Alexandrov [2], as a model to describe surfaces with a wide variety of singularities.
A detailed discussion of this subtle subject is behind the scope of our work, and we
refer the reader to [3,22] for a complete account about the subject, and to [30] for a
shorter exposition of some of the main results. Here we will just use an equivalent
local description of these objects.

Indeed, according to a series of results due to Huber and Reshetnyak, see [22],
an SBC without boundary can be equivalently defined as a Riemann surface M
equipped with a metric g, which admits an atlas of local charts U = {U;, ®;} ey,
such that each ®; is an isometry of U; on Q; = ®;(U;), with Q; C R2(~ C), a
smooth, open and bounded set, such that g in local coordinates takes the form of a
quadratic differential, CID’?(g) = ¢Pi®|dz|?, with z = x + iy € C. Here # denotes

the standard pull-back, |dz|? is the Euclidean metric and p = p j = P+ — p—, where
p+ are two superharmonic functions defined by

p+(z) = h% (2)+ / [(z, y)dol(y), andT(z,y) = ilog (#) (4.1)
) 27 =Yy

Q; | |

with hg[ harmonic in €2;. Here a)(jE are the mutually orthogonal non negative mea-

sures defined by the Jordan decomposition of a measure of bounded total variation

on 2, o’ = a)E)Ir —a" . Any such system of coordinates is said to be isothermal and
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any metric taking the form e”®|dz|? with p as in (4.1) is said to be subharmonic.
Among other things, the definition is completed by the transitions rules between
charts of functions and holomorphic forms, thus including the metric, see [22] for
further details.

This is why we will focus our attention on the local model of an SBC.

Definition 4.1. An abstract surface of bounded curvature (ASBC for short) is a
pair § = (Q, eP®@ ldzlz), where Q C R? is open, smooth and bounded and p =
P+ — p—, with py as defined in (4.1).

Hence, if S = (Q, eP@ |dz|2) is an ASBC, according to Reshetnyak (see [22, The-
orem 8.1.7]), the total curvature IC, is the measure of finite total variation defined
as follows,

Definition 4.2. Let S = (Q eP@ |dz|2) be an ASBC. The total curvature C(E) of
a Borel set E C Q is defined by:

2K(E) := o™ (E) = 0)(E) — 0° (E).

Remark 4.3. We remark that, with this definition, the total curvature is well de-
fined and finite for any Borel set E C 2. Nevertheless, if for some zg € Q2 it holds
w?F (zo) = 4m, then the lengths and areas of sets containing z¢, as defined via the
metric g = e?® |dz|? (see (4.6), (4.7) below) are not well defined in general. Any
point zo € 2 which satisfies w9r (zo) > 4m is said to be a cusp.

From now on we will assume that S = (Q, eP® |dz|2) is an ASBC with no cusps,
that is, we assume that,

for all z € 2, it holds (1)9r (z) < 4m. “4.2)

Let Sor = {x € Q : a)0+(z) > 2m}. We have the following seemingly new result
about the structure of subharmonic metrics with no cusps. Interestingly enough it
is sharp, see Example 5.1 below for further details. The proof is based on vari-
ous results and arguments in [11] about the regularity properties of Liouville-type
equations. Here 2, denotes the 2-dimensional Hausdorff measure.

Theorem 44. Let S = {Q, e”(Z)Idzlz} be an ASBC with no cusps. Then e’ €
LPO"(Q\ Sor) N LY (Q) for some py > 2 and some qo > 1. Moreover, there

loc loc
exists K € LllOC (Q; ep'Hz) and a Radon measure kg on Q, satisfying ks L ePH?,
such that, letting ks = ks + — kg, be the Jordan decomposition of kg, then p can
be decomposed as p = u + f, where f = fy — f_, with fy satisfying (1.1)
with wy+ = 2ks 4+ and h4 suitable harmonic functions and where u € Llloc(Q) isa
solution of,

—Au=2Kel ™ in Q, 4.3)
in the sense of distributions. In particular, one of the following holds:

(i) We have K € Ly . (), for some s > % and then u is a strong solution of

(4.3) which satisfies u € L () N W2 (Q), forall 1 <r < 390,

loc loc s+qo’
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(i1) We have u € WIL’J(Q)for anyr € (1,2) and el e 1

loc

(RQ) foranyt > 1.
In both cases,
ePD|dz|? = DT O1az?, withz € Q, and Kel ™ € L] (),

and

K(E) = / Kel ™ 4+ ky(E), (4.4)
E

Jor any relatively compact Borel set E € 2. Moreover, if p = u + f for a pair
{u, f} as above, then, for any fixed h harmonic in 2, the pair {uy, fn} = {u —
h, f + h} satisfies the same properties with p = up + fj,.

Proof. Let H(z,y) = G(z.y) —I'(z, y) be the regular part of the Green function on
Q. Thenmi(z) = fQ H(z, y)da)?t(y) are harmonic in €2, and p + m4 — m_ takes
the form p, — p_ for a suitable pair p4 satisfying (1.1). Therefore, by Proposition

1.4, we find e? € Lfooc’loc(SZ \ Soz) N Lﬁ;’c (2) for some py > 2 and some gy >

1. Then e”H? is a Radon measure on €2, and so it is well defined the Lebesgue
decomposition of /C with respect to e”H?,

K =Ke*H? + ks with K € L. (sz; eHY), andks LM (45)

where kg is a Radon measure on 2. We first observe that, since p € LIIOC(Q), then

—Ap = a)O+ — « holds in the sense of distributions in €2, whence, by (4.5) and the
definition of KC, we see that the following equality

—Ap =2KeP + 2k;,

holds as well, in the sense of distributions in 2. Let f = f4 — f_ be defined by
(1.1) with w4 = 2ks +, h+ = 0, and let us set,

u:=p-—f

! (), and since —Af = 2k, in the sense of distributions, then we

loc

Clearly u € L
deduce that
—Au =2Kel " 4+ 2ks + Af =2Ke/ T,

that is, u satisfies (4.3) in the sense of distributions in 2.

At this point, the fact that XC(E) takes the form (4.4) is a straightforward con-
sequence of the fact that k; L e” HZ. Moreover we observe that, if K satisfies the
assumption in (i), then all the assumptions of Lemma 3.1 (a) are satisfied and then
the conclusion readily follows.

So we are left with the case where K does not satisfy the assumption in (i),
that is, we just know that K € L' (Q; e/ T*H?) where u € L' () is a solution of
(4.3) in the sense of distributions. Therefore all the assumptions of Corollary 1.9(i)
are satisfied and then the desired conclusion follows.

Finally it is obvious that the representation p = u + f with all the properties
established above still holds for {uj, f,} where k is an arbitrary harmonic function
in Q. O
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Let E € Q2 be any regular and relatively compact subset and suppose that (4.2)
holds. Then we define the length of 0E,

LGE) =/ e ae, (4.6)
oE

and the area of E,
M(E) = f e/ tdx. (4.7)
E

Definition 4.5. For Ky € R and for any and relatively compact Borel set E € €2,
we define the positive variation of the total curvature of E with respect to Ko,

K4 (E; Ko) = sup {’C(U) — Ko/

ef+“dx} , (4.8)
UCE U

where the supremum is taken over all Borel sets U C E.
Because of (4.4), and since ks 4 L e/ TH? then K+ (E; Ko) takes the form,

K4 (E: Ko) = ks 4 () + / K — Kol*e/+'dx.
E
Definition 4.6. For fixed « > —1 and Ky > 0, a spherical {Ko, a}-cone is the
ASBC defined by {Bl, |w|_2"‘e”(w)|dw|2} where By = {w € C : |w| < 1} and,

2
T,
W) — 0

Kot2
(1+ i)

5 with |w| < 1,

for some 79 # 0.

It is worth to remark that the function v in Definition 4.6 is of class L*°(B;) N
leo’cp(Bl \ {0}hH N W24 (By) for any p > 2 and for any g < \tl_l and it is a strong
solution of —Av = 2Ko|w|2*¢? in Bj.

In view of Theorems 1.5, 1.7, Corollary 1.9 and Theorem 4.4, and in the same
spirit of [4], for Ko > 0 we obtain a new proof of the Alexandrov [2] isoperimet-
ric inequality on an ASBC. At least to our knowledge the characterization of the
equality sign in this weak framework is new.

Theorem 4.7. Let S = {Q, epldzlz} be an ASBC with no cusps and fix Ko > 0.
Then the curvature takes the form (4.4) for some u, f, K, ks as in Theorem 4 4 and
for any simple and relatively compact subset E € 2, it holds

L*(3E) > (4 — 2K, (E; Ko) — KoM (E)) M(E). 4.9)
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In particular, if K satisfies the assumption of Theorem 4.4(i) and also K € L' (Q\

loc
Sox), for some n > pzolﬁ’z, then the equality in (4.9) holds if and only if:

e The ASBC (E,e”|dz|?) is isometric to a spherical {Ky, a}-cone with o =
ks 4 (E);

o It holds p = u + f and e/ " takes the form (1.11), where u is a solution of
(4.3) with K = Ko for a.a. z € E and kg = 2mad,—,,, for some zo € E, that
is, f(z) = h(z) +2aG(z,z0) = h(z) — 2alog|Dg(z)|, for some function h
harmonic in E.

Proof. Since S is an ASBC with no cusps, then, by Theorem 4 4, the curvature takes
the form (4.4) where u € LIIOC(Q) is a solution of (4.3) in the sense of distributions,

f takes the form (1.1) with h4 harmonic and w+ = 2k, + and Ke'tf e L1(Q).

If K satisfies the assumption in Theorem 4.4(i) and also K € L \ S2r), for

loc
some n > pzo@z , then all the hypothesis of Theorems 1.5, 1.7 are satisfied as well.

As a consequence, the inequality (4.9) holds and the equality sign is attained if and
only if (1.11) holds, that is,

e/ DHOdz? = |o Do(2)| 2" P d (0 Do(2)[* = || 24" ™ |dw]?,

witho = "7,
for any By > w = ®¢(z), with z € E, as claimed. In particular, since ® =

2ks L e“*/H? by construction, then Theorem 1.7(ii) can be applied as well. This
observation completes the discussion of the equality case.

Clearly, to conclude the proof, it is enough to show that (4.9) holds in case (ii)
of Theorem 4.4 is satisfied. However this is just the content of Corollary 1.9(ii)
which immediately yields the desired conclusion. O

5. Examples

We recall that a point P on an SBC is said to be a conical singularity of order
o > —1 if in an isothermal chart {€2, z} such that z(P) = 0, the metric takes the
form @ |dz|? = |z]**e*@|dz|?, where u € CO(2) N C2(22\ {O})).

In this section 6, denotes the Dirac delta with pole at p € R2.

Example 5.1. We use [11, Example 1] to construct an ASBC of the form
{B 1, e’ |dz|2} such that {u, f, K, ks} as obtained in Theorem 4.4 have the following
properties:

e Either e” € L*°(By) ore” € L4(B;),forany g > 1;

e We have K € L'(e?H2, B;) N L1 (B)) but there is no s > 1 such that K €
L*(By);

e Function u is not locally bounded;

e Function u has all the properties claimed in Theorem 4.4(ii).
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LetO #a < 1,and for z € By \ {0} let us set u(z) = —alog (log (I%)) and

—(2—a)
K() =3z (log (%)) .

The superharmonic function p(z) = f B, G(z, y)dao’(y), where

@ (y) = 2K (y)e"VdH?,

takes the form p = py — p_ as in (4.1) with h(i =0,and ®® = 0 and a)g(y) =
2K (y)eWdH? if a < 0, while @ (y) = 2K (y)e*¥dH? and o = 0ifa €
(0, 1). Since Ke* € L'(By), then ° « e*H? and so we find {u, f, K, kg} as
claimed in Theorem 4.4 by setting f = 0,k; = 0, K = K and u = u. In fact we
see that u is a solution of,

—Au =2Ke* in By
u=~0 on Bj,

that is, in particular u = p, and so we find,

—a
eP@ — <log (|e|)) , for z € By.

Ifa € (0, 1),thene” € L>®(By) and K € L'(e”H?, B))NL'(B)) butu(z) - —oo

asz — 0.Ifa < O,then e” € L9(By) forany g > 1. Itholds K € L'(e?H?, B))N

L'(B)) but u(z) — 400 as z — 0. In both cases, there is no s > 1 such that

K € L°(B1), and so there is no chance that K satisfies the assumption of Theorem

4 4(1). On the other side, in both cases it is easy to check that u has all the properties

?laimed in "{?eorem 4 4(i1). Clearly Theorem 4.7 applies and then (4.9) holds on
By, ef|dz|

Example 5.2. Let Sz be the SBC defined by the isothermal charts {2;, ¢;}i=1 2
and the local metrics {g, }i=1,2 constructed as follows. Forrp > 4 and —1 < a1 <
a2 < 0, we define,

={zeC: |zl <rg}, with @ =z and g = e”|dz|?,
1 . 1 #
Q= zeCU{oo}:lzI>r— ,  with o= and g1 = ¢ (g2),
0

where,

A0+ @)z
g —————=) iflz <1
(1+|Z|2(1+a2))

4(1 4 a2)?|z >
(1 + |Z|2(]+011))2

p(z) = (5.1

) if |z] € [1, 400).
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This is a compact surface without boundary, homeomorphic to the two sphere, with
two conical singularities, z = oo of order oy and z = 0 of order «,. For o) =
ar < 0 we are reduced to the classical “american football” [28], with constant
Gaussian curvature K = 1. Instead, if «; < oy < 0, we have the glueing of
(I+a)?

(1+a2)?
with different conical singularities, see [7,15] for more details about this singular

surface.
We consider a decomposition in the {27, ¢»} chart, as claimed in Theorem 4 4,
of the form p(z) = f(z) + u(z), where,

two caps of american footballs with gaussian curvatures 1 and respectively,

4(1 2
log (LZ)Z if |z < 1
(1 + |Z|2(1+a2))
41+ ap)?fz e
(1 + |Z|2(1+a1))2

u(z) =

) if |z] € [1, 400),

and
f(@) = f(z00) =2azlog|z], |z| € (0, +00).

Clearly we have u € WX (R2\ {0) N W2/ (R?), forany k > 2and 1 <7 <

C C leer|”

which is also a strong solution of —Au = 2K |z|>**2¢" in R?, with,

1 if 1z € [0, 1)
K@) =1 U0+a)? .
2) ﬁ if 2] € (1, +00).

So K € L°°(R?) and putting
ks,2 = 2m|az|d;=0,

we find,
IC(E):f Kel M dH? + ke o(E), for E € {|z] < ro},
E

which is the total curvature of a relatively compact Borel set E in the {€22, ¢} chart.
For a generic Borel set Eg € CU{o0}, we can consider the analogue decomposition
for g1 which takes the form g; = e”! |[dw|?, with p; = f1 + uy, where

4(1 2
log (1 + o) . if|w| < 1
(1 + |W|2(1+a1))

4(1 + a)?|w| 22—
(1 + |W|2(1+a2))2

up(w) =

) if [w| € [1, +00),
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with fi(-) = f(-,a1), and eventually find the total curvature of any Borel set
Ey € CU {00},

K(Eo) = Kef+“dH2+ks,z<Eo,z)+/ K1e " T aH 4k 1 (91 (Eo,1), (5.2)
Ep» o1(Eo1)

where Eg 2 = EoN{|z| < ro}and Eg ;1 = Eg N{|z| > ro} while K1 = K o ¢, and,
ks,l =27 |a1|8w=0.
Next, to simplify the notations let us set

2
_ (U ta)”

o [ —
T 0

It is easy to check that the area of S2 182w (1 + ap) + %271(1 + o) while, by

a0
using (5.2), we see that the total curvature of S2 ., 18 47, in agreement with the
fact that, as well known [3], the Gauss-Bonnet formula holds even in this singular
context. Please observe that this is just an equivalent formulation of the singular
Gauss-Bonnet formula, see [29], which asserts that the global integral of the abso-
lutely continuous part of the Gaussian curvature equals the singular Euler charac-
teristic, yielding in this particular case the well-known identity,

/ KelHar? + / Kol aH? = 202 + ) + ).
B 1((B1)°)

If E is a simple set surrounding the origin, then we can always take r( large enough
to guarantee that E € {|z] < ro} so that the inequality (4.9) takes the form,

L*(OE) > (47 (1 + a2) — 2[1 — Kol "M (E N By)
—2[o1,2 — Kol" M(E N (B1)°) — KoM(E))M(E).

In particular, if K is not constant in £, then the inequality is always strict and if we
choose Ky = 1, then it reduces to the well known Bol’s [10] inequality,

L2*(3E) > (47 (1 + o) — M(E)) M(E).

If E= Br with R < 1,then K = 1 in E and since,

2
7 2(1 R* 167%(1 2R*®
L*(dBg) = (/ 2R ) = Lot o)
0

1 + R2(+a) (1 4+ R2(+e))2 °

and,
40+ xPe | 4r(l+ay) R

M(BR)=/ S g M Gl L Sy
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then we find the equality in (4.9) with Ko =1,

167%(1 + ap)? R?*®2
(1 +R2(1+a2))2

L*(dBg) =

_Murc1 47 (1 + an)R?*2 \ 47 (1 + ap) R*®2
= |4l +o2) — 1 + R2(ta2) 1 + R2(+a)
= (4 (l +a2) — M(Bg)) M(BR).

Example 5.3. This example illustrates the failure of Theorem 4.4 on a surface
homeomorphic to the two-sphere with a cusp and in the same time the kind of
singularity which yields a curvature function K which is unbounded but in L" (E)
for some r > 1.

Let us consider the same charts {€2;, ¢;};=1 2 as in Example 5.2, where this
time the metric g»(z) = e”®|dz|? is defined as follows,

2 .
log 0 if |z] <1
(2-12F)
p(z) = (5.3)
82|12 .
log 0 if |z] € [1, +00).
(1 + Izlf)

We consider a decomposition as claimed in Theorem 4.4 in the {27, ¢} chart,
0(z) = f(z) + u(z), where we choose f = 0 so that u = p, which satisfies
u e WI%)’Ck’l"C(R2 \ {Oh N Wli’cr(Rz), forany k > 2and 1 <r < %, and is a strong
solution of —Au = 2K e/t in R?, where,

11 .
—1—3 if |Z| S [O, 1)

i .fz (S 1, ).

The total curvature of a relatively compact Borel set E in the {22, g2} chart takes
the form,

K(E) =/ Ke'dx, for E E{|z| < ro},
E

with K € L"(E) N L (E \ {0}) forany | <r < %.

loc
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On the other hand, let us check whether or not the assumption (4.2) is satisfied
on a generic relatively compact Borel set in the {€21, ¢;} chart. The metric takes the
form,

g1(w) = ¢ (g2) = "™ |aw|?,

where,
9
8|lw| ™2
log le if [w| € [0, 1]
(1 + |w|§>
pr(w) = (5.4)
2|w|~? .
log — if [w| € (1, 400).
(2|w|? — 1)
Therefore, it is readily seen that p; takes the form (4.1) with wg 0) = 97” > 4
which violates (4.2). This singular surface is still homeomorphic to the two sphere,
but it has a cusp at z = oco. As a consequence, while the curvature is always

well defined in the sense of measures, the area of a compact Borel set in the
{21, @1} chart is not, since ¢! is not an Llloc(Rz) function. In particular, there
is no chance to use the argument in the proof of Theorem 4.4, which should be
based on the Lebesgue decomposition of K = «° with respect to e”! H?, since the
latter is not even a Radon measure in this case. It is worth to mention that, nev-
ertheless, the product (K o ¢j)e”! is an L}, (R?) function which could be used
in principle as the density of the total curvature. On the other hand, the right
hand side of the Alexandrov’s isoperimetric inequality (4.9) is not well defined in
general.

However Theorem 4.4 and Theorem 4.7 can be applied in the {€2,, ¢} chart, so that
(4.9) holds therein. In particular, if E is any open and relatively compact Borel set
in 2, then the equality is always strict, since K is never constant in E.
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