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Abstract. We prove (see Theorem 1.3 below) that a generalized harmonic map into a
1,1
(, Sn−1 ) which solves the system
round sphere, i.e. a map u ∈ Wloc
div (ui ∇uj − uj ∇ui ) = 0,

i, j = 1, . . . , n,

is smooth as soon as |∇u| ∈ Lq for any q > 1, and the norm of u in BMO is sufficiently
small. Here,  ⊂ Rm is open, and m, n are arbitrary. This extends various earlier results
of Almeida [1], Ge [15], and R. Moser [38].
A version of this result for generalized p-harmonic maps into spheres is also proved.
The proofs rely on the duality of Hardy space and BMO combined with Lp stability of the
Hodge decomposition and reverse Hölder inequalities.

The results of this note belong to the regularity theory of nonlinear elliptic systems with the right hand side growing critically with the gradient of solution. The
particular system we have in mind may appear special but it is closely linked with
vast parts of geometric analysis and PDE. In case m = n = 2 its solutions agree
with asymptotic limits of solutions of a complex valued Ginzburg–Landau equation involving a small parameter, see Bethuel, Brezis and Hélein [4] and Hardt and
Lin [22]. We consider solutions with weak integrability assumptions, weaker than
those which are needed for a variational interpretration of the system. The proofs
are based on a mixture of (well known) subtle hard analytic methods.
1. Introduction
In late 60’s and early 70’s famous examples of De Giorgi [6], Giusti and Miranda
[19], Frehse [10] and others have ruined all hopes for a positive answer to Hilbert’s
19th problem [28] in case of elliptic systems (see Giaquinta [17, Chap. II.3] for
more information). Since then it is known that regularity requires either some smallness condition or a special structure of the nonlinear terms. This latter condition
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is satisfied for example in the case of harmonic and p-harmonic maps into (some)
Riemannian manifolds. Here are the necessary definitions.
Let N be a compact closed Riemannian manifold, isometrically embedded in
Rn . Let  ⊂ Rm be open and bounded, and let p ∈ [2, m]. Consider mappings
u :  → N such that the p-Dirichlet energy of u, given by the functional

  i 2 p/2
∂u
1
1
Ep [u] : =
|∇u|p dx =
dx ,
(1.1)
p 
p 
∂xj
i,j

is finite. Here, u = (u1 , . . . , un ) is a map into Rn with all coordinates uj ∈
W 1,p (), satisfying the additional constraint u(x) ∈ N a.e. The class of all such
maps is traditionally denoted by W 1,p (, N ).
We say that u ∈ W 1,p (, N ) is weakly p-harmonic (or weakly harmonic when
p = 2) iff u is a critical point of Ep with respect to variations in the range, i.e.



d 
1,p
E
π
◦
(u
+
tϕ)
= 0 for each ϕ ∈ W0 (, Rn ) ∩ L∞ (, Rn ). (1.2)
p
dt t=0
Here, π denotes the nearest point projection of a tubular neighbourhood of the
manifold N onto N .
A standard computation (see e.g. Fuchs [14] or Hélein [27]) shows that condition
(1.2) leads to the Euler–Lagrange system
−div (|∇u|p−2 ∇u) ⊥ Tu N

in the sense of D (, Rn ).

(1.3)

In what follows we consider only the case N = Sn−1 = {x ∈ Rn : |x| = 1}.
Condition (1.3) takes then the form


p−2
j
j
|∇u|
∇u ∇ϕ dx =
|∇u|p uj ϕ j dx,
j = 1, . . . , n,
(1.4)




for all ϕ ∈ W0 () ∩ L∞ ().
Regularity of weakly p-harmonic maps has a long history, dating back to the
celebrated paper of Morrey on Plateau’s problem. Morrey proved that for m =
p = 2 mappings which minimize E2 are of class C ∞ . During the 1980’s, a more
or less complete partial regularity theory has been developed: for arbitrary m ≥ p,
mappings minimizing Ep are regular (i.e. C ∞ for p = 2 and C 1,α for p = 2) outside
a closed singular set Sing u which has Hausdorff dimension at most m − [p] − 1;
see Schoen and Uhlenbeck [41] for p = 2, and Hardt and Lin [21], Fuchs [11],
[12] , and Luckhaus [36] for p = 2. The estimate of the dimension of the singular
set is sharp. Moreover, for p = 2, Sing u is countably rectifiable (the proof, see
Simon [43], is extremely technical).
When one drops the assumption that u (locally) minimizes Ep , there is no hope
for a general partial regularity theory. Rivière [40] has proved that for any smooth
nonconstant Dirichlet boundary data φ : ∂B3 → S2 there exists an everywhere
discontinuous weakly harmonic u : B3 → S2 with u = φ on ∂B3 .
However, for m = p = 2, on the borderline of Sobolev imbedding of W 1,p ()
into Hölder continuous functions, all weakly harmonic maps into arbitrary compact
1,p
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Riemannian manifolds are smooth. This delicate result has been proved by Hélein
in a series of papers [23], [24], [25] (see also Hélein’s book [27] and the survey
[26]), first for N = Sn−1 , then for N being a homogeneous space, and finally for
arbitrary compact targets. The proof was based on the duality of Hardy space and
BMO (see next Section for definitions of these spaces).
Extending Hélein’s methods, Evans [7] (for round spheres) and then Bethuel [3]
(for arbitrary targets) have proved that the (m − 2)-dimensional Hausdorff measure
of the singular set of a stationary harmonic map is equal to zero. The key analytic
indregedient of their results is the following.
Theorem 1.1. Let m ≥ 2,  ⊂ Rm . Assume that N is a compact Riemannian
manifold. There exists a number ε0 = ε0 (m, N ) > 0 such that if u :  → N is a
weakly harmonic map with u BMO < ε0 , then u is of class C ∞ .
Many authors, see e.g. Fuchs [13], Takeuchi [48], Toro and Wang [49], and
the author [46, 47], have observed that for symmetric targets this result can be
generalized to p-harmonic maps. (There are also generalizations to the subellitpic
setting, see [20], [50].)
Theorem 1.2. Let m ≥ 2,  ⊂ Rm , p ∈ [2, m]. There exists a number ε0 =
ε0 (m, n, p) > 0 such that if u ∈ W 1,p (, Sn−1 ) is weakly p-harmonic and
u BMO < ε0 , then u is of class C 1,α for some α > 0.
For N = Sn−1 Theorem 1.1 is grounded on the following observation: for
u ∈ W 1,2 (, Sn−1 ) the harmonic map system −u = |∇u|2 u is equivalent to
div (ui ∇uj − uj ∇ui ) = 0,

i, j = 1, . . . , n.

(1.5)

The reason behind that is Noether’s theorem (see Hélein [27] for an explanation),
∂u
but one can also give an easy straightforward proof based on the fact that u ⊥ ∂x
.
k
Now, to interpret (1.5) in the sense of distributions one does not have to know
that |∇u| ∈ L2 ; it is enough to assume u ∈ L∞ and |∇u| ∈ L1 . This motivates the
1,1
following definition: u ∈ Wloc
(, Sn−1 ) is a generalized harmonic map iff it is a
weak solution of (1.5), i.e.

(ui ∇uj − uj ∇ui )∇ϕ dx = 0
for all ϕ ∈ C0∞ (), i, j = 1, 2, . . . , n.


1,1
. (Incidentally: this is the examThe map x/|x| solves (1.5) and is of class Wloc
ple proposed — for a different system — by Giusti and Miranda in [19], and
used in the theory of harmonic maps since Hildebrandt, Kaul and Widman [29].)
Thus, generalized harmonic maps can have singularities. However, Almeida [1] has
shown that for  ⊂ R2 generalized harmonic maps with ∇u L2,∞ < ε, where
ε = ε(m, n) > 0, are smooth. Here, L2,∞ denotes the Lorentz space, see [45]
for a definition. Ge [15] gave another proof of this result, and has shown that generalized harmonic maps with |∇u| ∈ L2,r for some r ∈ [2, ∞) also are smooth.
Both authors were using an extension of the compensated compactness results from
Coifman, Lions, Meyer and Semmes [5] (cf. inequality (2.5) below) to the setting
of Lorentz spaces.
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Very recently, R. Moser has realised that the condition ∇u L2,∞ < ε was used
by Almeida and Ge only to control the BMO norm of u, and extended their result
to all dimensions, using the method of reverse Hölder inequalities and a nonlocal
construction of test functions, relying on Lp estimates for Hodge decomposition
due to Iwaniec and Martin [31]. Roughly speaking, he has shown that each gener1,p
alized harmonic map u ∈ Wloc (, Sn−1 ) is of class C ∞ provided that u BMO is
small and p is sufficiently close to 2.
Let us now look back at the example of u(x) = x/|x|. This map belongs to
W 1,p (Bm , Sn−1 ) for every p ∈ [1, m); however, the BMO norm of u is not small
(u has mean oscillation 1 on every ball centered at 0). One is tempted to suspect
that the lack of regularity is caused only by the latter fact, and that the degree of
integrability of |∇u| plays a secondary role.
We show that this is indeed the case and sharpen Moser’s result. It turns out
that integrability of |∇u| with any power > 1 leads to full regularity, if the BMO
norm of the map is appropriately small.
Theorem 1.3. For every q ∈ (1, 2] there exists a constant µ0 = µ0 (m, n, q) > 0
1,q
such that each generalized harmonic map u ∈ Wloc (, Sn−1 ) with u BMO < µ0
is of class C ∞ ().
It would be very interesting to know what is the best value of µ0 (m, n, q).
The above theorem has the following immediate corollary.
1,1
(, Sn−1 ) has vanishing
Theorem 1.4. If a generalized harmonic map u ∈ Wloc
mean oscillation and
q

|∇u| ∈ Lloc () for some q > 1
then |∇u| ∈ L2loc (), and u ∈ C ∞ () is a classical solution of −u = |∇u|2 u.
The proofs rely on a nonlocal construction of test functions via the Hodge
decomposition, dating back to Iwaniec [30]. Critical nonlinearities in first order
derivatives are estimated in a standard way, using the duality of Hardy space and
BMO. We apply this method in a way slightly different from Moser [38], and obtain
a reverse Hölder inequality which implies higher integrability of ∇u. What is more
important, we show that the whole reasoning may be iterated, and each time the
gain of integrability exceeds some fixed treshold level. One has to trace various
constants carefully — this, however, is a rather elementary task. In fact, one can
use this method to give a new, relatively simple proof of smoothness of harmonic
maps into spheres (see the end of Section 3.1 for more details).
There is a version of these results also for p = 2. To state it, we adopt the
following definition: u ∈ W 1,p−1 (, Sn−1 ) is a generalized p-harmonic map iff

|∇u|p−2 (ui ∇uj − uj ∇ui )∇ϕ dx = 0


for all ϕ ∈ C0∞ (), i, j = 1, 2, . . . , n.
(1.6)

Note that this condition, meaning formally that div |∇u|p−2 (ui ∇uj − uj ∇ui ) =
0, is equivalent to (1.4) — but only for u ∈ W 1,p (, Sn−1 ).
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Theorem 1.5. Let p ∈ (2, m]. There exist two numbers ε0 = ε0 (m, n, p) > 0
and µ0 = µ0 (m, n, p) > 0 such that if u ∈ W 1,q (, Sn−1 ) is a generalized
p-harmonic map and
q ∈ (p − ε0 , p),

u

BMO

< µ0 ,

p

then |∇u| ∈ Lloc and u is locally Hölder continuous in .
The proof is similar to that of Theorems 1.3 and 1.4. One has to use one more
subtle ingredient, namely the stability theorem for Hodge decomposition, due to
Iwaniec and Iwaniec–Sbordone (see Section 2.1 below).
The notation throughout the paper is standard. Barred integrals denote averages,
i.e. A g dx = |A|−1 A g dx, where |A| is the Lebesgue measure. Sometimes
we also write gA = A g dx. Hölder conjugates of various exponents p, q, s etc.
∈ (1, ∞) are denoted by p , q , s etc. ; p∗ is an exponent for which p is the Sobolev
conjugate, i.e. p∗ = mp/(m+p) in dimension m. The letter C traditionally denotes
a general constant which can change its value even in a single string of estimates.
We write C(a, b, c, . . . ) when C depends only on a, b, c, . . .

2. The tools
To prove the results stated in the introduction, we need three different tools.
2.1. Hodge decomposition: Lp estimates and stability.
Hodge decomposition allows one to write a vector field X as X = ∇v+H , where H
is divergence free. In case of X ∈ L2 (Rm , Rm ) this is just the orthogonal projection
onto gradient fields. In early 1990’s, motivated mainly by beautiful applications to
quasiconformal and quasiregular mappings, T. Iwaniec has obtained a series of
sophisticated Lp estimates for the Hodge decomposition; see e.g. Iwaniec [30],
Iwaniec and Martin [31], Iwaniec and Sbordone [34]. One of his main results [30,
Thm. 8.1], improved and simplified in [34], is the so-called stability theorem. It
expresses in a precise, quantitative way the following naive intuition: for |ε| ≈ 0
the vector field X = |∇w|ε ∇w is close to a gradient, hence its divergence free
component should not be too large. Here is a precise statement, adapted to our
purposes.
Theorem 2.1. Let w ∈ W 1,r (Rm ), r > 1, ε ∈ (−1, r − 1). Then there exist
v ∈ W 1,r/(1+ε) (Rm ) and H ∈ Lr/(1+ε) (Rm , Rm ) such that
|∇w|ε ∇w = ∇v + H,

div H = 0 in D (Rm ).

(2.1)

1+ε
Lr

(2.2)

Moreover,
H

Lr/(1+ε)

≤ C(r) |ε| ∇w

.
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Finally, if s1 < s2 are two fixed numbers in (1, ∞) such that both r and r/1 + ε
belong to (s1 , s2 ), then
C(r) ≤

2r(s2 − s1 ) 
A(s1 ) + A(s2 ) ,
(r − s1 )(s2 − r)

(2.3)

where A(s) stands for the norm of the operator Id + (Rij ) : Ls (Rm , Rm ) →
Ls (Rm , Rm ), Rij = Ri ◦ Rj being the second order Riesz transforms, i, j =
1, . . . , m.
The proof, including estimates of the constant C(r), can be found in Iwaniec
and Sbordone [34]. Iwaniec and Martin [33] show that A(s) is dimension free.
Since |ε| ≤ max(1, r − 1), a trivial application of the triangle inequality and
(2.2) yields
∇v

Lr/(1+ε)

≤ C(r) max(2, r) ∇w

1+ε
Lr .

(2.4)

2.2. Hardy space and BMO.
Let us recall that f ∈ L1 (Rm ) belongs to the Hardy space H1 (Rm ) if and only if
f∗ : = sup |ϕε ∗ f | ∈ L1 (Rm ).
ε>0

Here, ϕε (x) :=
∈ C0∞ (Bm ) with ϕ ≥ 0 and ϕ(y) dy = 1.
The definition does not depend on the choice of ϕ (see [9]).
Equivalently, one can define H1 (Rm ) as the space of those f ∈ L1 (Rm ) for
which all the Riesz transforms Rj f , j = 1, 2, . . . , n, also belong to L1 (Rm ). The
third equivalent definition uses the notion of an atomic decomposition. The reader
is referred to [42] and [44, Chapters 3 and 4] for more details; we just mention that
H1 (Rm ) is a Banach space with the norm
ε−m ϕ(x/ε) for a fixed ϕ

f H1 = f

L1

+ f∗

L1 ,

One proves that f (y) dy = 0 for all f ∈ H1 (Rm ). This is the primary reason of
diverse cancellation phenomena.
Recall that a locally integrable function u belongs to the space of functions of
bounded mean oscillation, BMO(Rm ), iff


u BMO : = sup
|u(x) − uB | dx < +∞,
B

the supremum being taken over all balls B in Rm . If, in addition, B |u − uB | dx
tends to zero uniformly as diam B → 0, then u is said to have vanishing mean
oscillation, u ∈ VMO for short. (We also write u BMO() if the supremum is
taken only over balls B ⊂  for some fixed domain .) C. Fefferman [8], [9]
proved that BMO(Rm ) is the dual of H1 (Rm ).
Coifman, Lions, Meyer and Semmes [5] have shown that if 1 < q < ∞, the
vector field E ∈ Lq (Rm , Rm ) is divergence free, and B ∈ Lq (Rm , Rm ) is rotation
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free, then the scalar product E · B belongs to H1 . (The Jacobian det Dv of a map
v ∈ W 1,m (Rm , Rm ) serves as a crucial example). Moreover,
E · B H1 ≤ C(m, q) E

q

B

q

.

(2.5)

Combining this inequality with Fefferman’s duality theorem, and using standard
extension methods, one easily obtains the following local result.
Theorem 2.2. Let B be a ball compactly contained in  ⊂ Rm and q ∈ (1, ∞).
q
Suppose that E ∈ Lloc (, Rm ) satisfies div E = 0 in the sense of distributions,
1,q

u ∈ W 1,1 (, Sn−1 ) ∩ BMO, and w ∈ W0 (B). Then, for each i = 1, 2, . . . , n,




 ui E · ∇w dx  ≤ C(m, q) u BMO(B) E Lq (B) ∇w q
(2.6)
L (B)


B

for a constant C(m, q) that depends only on m and q, and not on the size of B.
Moreover, if one assumes that q ∈ [1 + δ0 , 1 + 1/δ0 ] for a fixed number δ0 > 0,
then (2.6) holds with a constant C(m, δ0 ) which does not depend on q.
A uniform estimate C(m, q) ≤ C(m, δ0 ) for q ∈ [1 + δ0 , 1 + 1/δ0 ] follows
from a simple analysis of the argument in [5, Section 2]. One has to bound the
constants in Hardy–Littlewood maximal theorem (for p in a compact subinterval
of (1, ∞)) and Sobolev imbedding theorem (for p∗ = mp/(m + p) in a compact
subinterval of [1, m)). Uniform bounds follow from the Riesz–Thorin theorem, or
from an elementary analysis of known values of these constants.
2.3. Reverse Hölder inequalities.
Gehring’s lemma [16], often used in a local variant given by Giaquinta and Modica
[18], is a standard tool applied to prove higher integrability of derivatives of solutions to elliptic equations and systems. (See also Iwaniec’s survey [32].) We shall
use the following version.
q

Proposition 2.3. Let 0 ≤ f ∈ Lloc () for some open domain  ⊂ Rm . Assume
there exist two constants b, θ such that

q


q
f dx ≤ b
f dx + θ
f q dx
Bρ/2

Bρ

Bρ

for each pair of concentric balls Bρ/2 = B(a, ρ2 ) ⊂ Bρ = B(a, ρ) compactly
contained in .
There exists a constant θ0 = θ0 (q, m) such that if 0 ≤ θ < min(θ0 , b), then
p
f ∈ Lloc () for all p < q + γ0 , where γ0 = γ0 (q, m, θ, b) > 0.
Moreover, if q ∈ (1, 2m], then one can take e.g.
θ0 := θ0 (m) = 2−10m m−2m > 0,

(2.7)

and the gain of integrability satisfies
γ0 = γ0 (m, b, q) > θ0 ·

q −1
.
2b

(2.8)
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We refer to Bensoussan and Frehse [2, pages 25–36] for a proof, with cubes
instead of balls. A. Zatorska–Goldstein [51] has recently adapted the proof to a
general setting of a metric space equipped with a doubling measure, replacing
the traditional Calderon–Zygmund subdivision of cubes by a tricky application of
Vitali’s lemma. The values (not best possible, of course) of θ0 and γ0 given above
come from her proof. In fact, if q belongs to an arbitrary finite interval (1, K), then
one can find a θ0 = θ0 (m, K) so that (2.8) is still satisfied.
3. The proofs
3.1. Generalized harmonic maps.
We begin with the following lemma which provides the crucial tool for the proof
of Theorem 1.3 (and Theorem 1.4).
Lemma 3.1. Fix an arbitrary δ0 ∈ (0, 1). There exist two numbers
γ0 = γ0 (δ0 , m, n) > 0,

µ0 = µ0 (δ0 , m, n) > 0

such that each generalized harmonic map u ∈ W 1,1 (, Sn−1 ) with
|∇u| ∈ Lq ,

1 + δ0 ≤ q ≤ 2,

u

BMO()

< µ0 ,

q+γ

satisfies |∇u| ∈ Lloc 0 ().
Proof. We use the constraint |u|2 = 1 a.e. to write
∇uj =

n


ui E ij ,

(3.1)

i=1

where E ij : = ui ∇uj −uj ∇ui . Next, we multiply this identity by ∇ϕ and integrate
over .
The test function ϕ is constructed as follows. We fix two concentric balls Bρ ⊂
B2ρ ⊂ , a cutoff function ζ ∈ C0∞ (B2ρ ) with ζ = 1 on Bρ and |∇ζ | ≤ C(m)/ρ,
and set ũ : = ζ (u − uB2ρ ). Using the Hodge decomposition, we write
|∇ ũ|q−2 ∇ ũj = ∇v j + H j ,

j = 1, . . . , n,

(3.2)

where div H j = 0 for each j . Applying Theorem 2.1 with ε = q − 2 and r = q =
q (1 + ε), we check that
∇v j

Lq (Rm )

+ Hj

Lq (Rm )

≤ C ∇ ũ
≤ C ∇u

q−1
Lq (Rm )
q−1
Lq (B2ρ )

(3.3)

for some constant C = C(m, δ0 ). (One may select s1 = 1 + δ0 /2, s2 = s1 in (2.3).
The second line in (3.3) follows from Minkowski and Poincaré inequalities.) We
j
set ϕ j = ζ (v j − vB2ρ ). By Poincaré inequality,
∇ϕ j

Lq (Rm )

≤ C(m, δ0 ) ∇u

q−1
.
Lq (B2ρ )

(3.4)
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Since div E ij = 0, the estimate of the integral which results from the right hand
side of (3.1) follows immediately from Theorem 2.2 and (3.3). Namely,




 n
i ij
j
 ≤ C(m, δ0 )n u BMO() ∇u Lq (B ) ∇ϕ q

u
E
∇ϕ
dx
2ρ
L (B2ρ )


i=1



(3.4)

≤ C(m, n, δ0 ) u

∇u

BMO()

q
Lq (B2ρ ) .

(3.5)

To deal with the left hand side of (3.1), note that


j
∇uj ∇ϕ j dx =
∇uj ζ ∇v j + (v j − vB2ρ )∇ζ dx



=
∇ ũj ∇v j dx
B2ρ





+

j

j

(v j − vB2ρ )∇uj − (uj − uB2ρ )∇v j ∇ζ dx

B2ρ

= I1 + I2 ,
where





I1 : =

∇ ũ (∇v + H ) dx ≥
j

j

B2ρ

and

|∇u|q−2 |∇uj |2 dx ,

j

(3.6)

Bρ



j

I2 : =

j

(v j − vB2ρ )∇uj − (uj − uB2ρ )∇v j ∇ζ dx .

B2ρ

(3.7)

Our aim is now to obtain an estimate of integral (3.7) by an integral of |∇u|s with
some exponent s < q. To this end we apply Hölder and Sobolev inequalities,
splitting I2 into two terms. We have




j
j
j

|I2,1 | = 
(v − vB2ρ )∇u ∇ζ dx 
B2ρ



1/t  

≤ Cρ m−1


B2ρ

≤ Cρ m
(3.3)

|v − vB2ρ |t dx

|∇v|t∗ dx


≤ Cρ m

1/t

|∇u|t dx
B2ρ

|∇u|t∗ (q−1) dx
B2ρ

B2ρ

1/t∗  

B2ρ

1/t
|∇u|t dx

1/t∗  

1/t
|∇u|t dx

.

(3.8)

B2ρ

To choose the exponent t, we consider now two cases.
Case 1. If q > 1 + m1 , set t = qm/(qm − m − 1). Then 1 < t = qm/(m + 1) < q,
and t∗ = tm/(t + m) = q m/(m + 1). Thus, we have t∗ (q − 1) = t , and both
exponents in (3.8) are equal.
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Case 2. If 1 < q ≤ 1 +
have then

1
m,

set t = (q + 1)/(q − 1), so that t = (q + 1)/2. We

1
1
1
1
2
1
=
+
≥
+1≥
= .
t∗ (q − 1)
q + 1 m(q − 1)
q +1
q +1
t
It is clear that in both cases t < C(δ0 ) < ∞ and one applies Sobolev inequality with |t∗ − m| > θ (δ0 ) > 0, i.e. ‘far away’ from the borderline case t → ∞,
t∗ → m. Therefore (3.8) holds with a constant C = C(m, δ0 ) independent from the
particular value of q ∈ [1 + δ0 , 2]. Thus (applying Hölder inequality in the second
case to obtain two identical integrands) we arrive at the estimate


1/λ

|I2,1 | ≤ C(m, δ0 )ρ m

|∇u|qλ dx

,

(3.9)

B2ρ

where
λ = max

m
q +1
m
2 + δ0
= : λ0 < 1 .
,
≤ max
,
m + 1 2q
m + 1 2 + 2δ0

(3.10)

The second term resulting from I2 , i.e. the integral




j
|I2,2 | : = 
(uj − uB2ρ )∇v j ∇ζ dx  ,
B2ρ

does not exceed the right hand side of (3.9). The details of this computation are left
to the reader.
Combining the estimates of I1 and I2 with (3.5), and summing w.r.t. j , we
finally obtain




1/λ

|∇u| dx ≤ C1 (m, n, δ0 )

|∇u|

q

Bρ

qλ

B2ρ

+ C2 (m, n, δ0 ) u

dx

|∇u|q dx .

BMO()

(3.11)

B2ρ

Both constants C1 and C2 above do not depend on q ∈ [1 + δ0 , 2] (but they both
blow up to ∞ as δ0 → 0 since then estimates of singular integral operators in Lp
for p near 1 are involved in the Hodge decomposition). Thus, for u BMO appropriately small, the assumptions of Proposition 2.3 are satisfied. The lemma follows. It
also follows from (2.7)–(2.8) that γ0 , measuring the gain of integrability, depends
only on n, m and δ0 . 

The proof of Theorem 1.3 is now standard. Iterating the above lemma finitely
many times, one concludes that |∇u| ∈ L2 . Thus, u is a weakly harmonic map, and
smoothness follows from Theorem 1.1.
In fact, Lemma 3.1 may be used to obtain a relatively simple proof of smoothness of harmonic maps into spheres, different from the one based on arguments
by Ladyzhenskaya and Ural’tseva and described by Hélein [27, Chap. 1.5] or Jost

Generalized sphere valued p-harmonic maps with small mean oscillations

483

[35, Chap. 8.5]. The advantage is that one does not have to pass through tedious considerations of difference quotients; special structure of the harmonic map system
can be exploited instead.
Here is a sketch of this argument. It is clear that the constraint q ≤ 2 plays no
significant role in the proof above. What matters is that q does not approach either
1 or ∞; the statement remains unchanged, one only has to adjust the constants.
Thus, iterating Lemma 3.1 finitely many times, we conclude that |∇u| ∈ L2r
loc for
2,r
2
some r > m = dimension. Since −u = |∇u| u, we obtain u ∈ Wloc by a
standard argument using Calderon–Zygmund Lp theory. Hence, |∇u| is Hölder
continuous by Sobolev imbedding. By bootstrap, smoothness follows now from
classical Schauder theory.
3.2. Generalized p-harmonic maps.
1,p−1

Lemma 3.2. Let u ∈ Wloc (, Sn−1 ) be a generalized p-harmonic map. There
exist two numbers ε0 = ε0 (m, n, p) > 0 and µ0 = µ0 (m, n, p) > 0 with the folq
lowing property: if |∇u| ∈ Lloc () for some q ∈ (p − ε0 , p) and u BMO < µ0 ,
p+ε
then |∇u| ∈ Lloc 0 ().
It is clear that Theorem 1.5 follows immediately from this lemma; one can use
the higher integrability of ∇u to apply Theorem 1.2.
Proof of the lemma. As before, we apply the method of reverse Hölder inequalities.
Set, for sake of brevity, E ij = |∇u|p−2 (ui ∇uj − uj ∇ui ). Since |u|2 = 1 a.e., we
∂u
. Hence
have u ⊥ ∂x
k
|∇u|p−2 ∇uj =

n


ui E ij ,

(3.12)

i=1

We construct test functions, using the Hodge decomposition again. Fix two concentric balls Bρ = B(a, ρ) ⊂ B2ρ = B(a, 2ρ) compactly contained in  and pick
ζ with ζ ≡ 1 on Bρ , supp ζ ⊂ B2ρ and |∇ζ | ≤ Cρ −1 . Set ũ = ζ (u − uB2ρ ). For
ε = p − q we write
|∇ ũj |−ε ∇ ũj = ∇v j + H j ,

j = 1, . . . , n,

(3.13)

where div H j = 0 for each j . By Theorem 2.1 and Poincaré inequality, for all
q
exponents s ∈ (1, 1−ε
] we have
Hj

Ls (Rm )

≤ C(m, s) ε ∇u

1−ε
,
Ls(1−ε) (B2ρ )

(3.14)

and moreover
∇v j

Ls (Rm )

≤ C(m, s) ∇u

1−ε
.
Ls(1−ε) (B2ρ )

(3.15)

m p−ε p−ε
In the sequel, we shall apply both these inequalities only for s ∈ [ m+1
1−ε , 1−ε ],
1
where ε ∈ (0, 2 ) is small. It is clear that for such s both (3.14) and (3.15) hold with
constants C(m, p) instead of C(m, s).
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j
Multiplying the left-hand side of (3.12) by ∇ ζ (v j − vB2ρ ) and integrating
over B2ρ , we obtain

j
|∇u|p−2 ∇uj ∇(ζ (v j − vB2ρ )) dx
B2ρ



=
B2ρ



j
|∇u|p−2 ∇ ζ (uj − uB2ρ ) ∇v j + H j dx



−

|∇u|p−2 ∇ ũj H j dx
B2ρ


−

B2ρ


j
j
|∇u|p−2 (uj − uB2ρ )∇v j − (v j − vB2ρ )∇uj ∇ζ dx

= : I1 − I2 − I3 .
We have





I1 =

|∇u|p−2 |∇ ũj |2−ε dx ≥
B2ρ

|∇u|p−2 |∇uj |2−ε dx ,

(3.16)

Bρ

whereas


|I2 | ≤ C ε

|∇u|p−ε dx .

(3.17)

B2ρ
p−ε
(To check this, apply Hölder inequality with exponents p−1
and p−ε
1−ε , and next
invoke the stability estimate (3.14).) The last integral, I3 , is a lower order term. We
bound it, applying Hölder inequality, Sobolev inequality and (3.15) in the following
way:




j
|I3,1 | : = 
|∇u|p−2 (uj − uB2ρ )∇ζ ∇v j dx 
B2ρ

1/s1
|∇u|(p−2)s1 dx
≤ Cρ m−1
B2ρ


×
B2ρ

|u − uB2ρ |s2 dx

1/s2  


≤ Cρ m


|∇u|(p−2)s1 dx
B2ρ

×

|∇u|s2∗ dx

1/s1

1/s2∗  

B2ρ

|∇v|s3 dx

1/s3

B2ρ

|∇u|s3 (1−ε) dx

1/s3
.

B2ρ

p−ε
m
It is convenient to set λ = m+1
and choose s1 = λ p−2
, s3 = λ p−ε
1−ε , since then
s2∗ = (p−ε)λ and all integrands become equal. The second term, I3,2 : = I3 −I3,1 ,
can be estimated in a similar way. Thus,

1/λ
|I3 | ≤ Cρ m
|∇u|(p−ε)λ dx
.
(3.18)
B2ρ
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To cope with the right hand side of (3.12), note that
 n 




 j
j
i ij

 ≤ C u BMO
u
E
∇
ζ
(v
−
v
)
dx
B2ρ


i=1

|∇u|p−ε dx
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(3.19)

B2ρ

by Theorem 2.2, (3.15) and Poincaré inequality. Gathering the estimates (3.16),
(3.17), (3.18), and (3.19), and summing w.r.t. to j = 1, . . . , n, we obtain

1/λ

p−ε
(p−ε)λ
|∇u|
dx ≤ C1
|∇u|
dx
Bρ

B2ρ

+ C2 ( u


BMO

+ ε)

|∇u|p−ε dx ,
B2ρ

with constants C1 and C2 that depend only on m, n, p. Thus, if u BMO + ε is
small enough, Proposition 2.3 can be applied, to yield higher integrability of |∇u|.
Iterating the whole reasoning finitely many times, we finish the proof. (Note that
each time the gain of integrability does exceed some fixed positive constant.) 

Remark. Contrary to the case p = 2, one cannot use this proof to go down with q
almost to p − 1. The problem is caused by the error term

|∇u|p−2 ∇ ũj H j dx ,
B2ρ

which vanishes for p = 2. For p = 2 it must be absorbed via an application of the
stability theorem, and this forces |p − q| small.
References
[1] Almeida, L.: The regularity problem for generalized harmonic maps into homogeneous spaces. Calc. Var. 3, 193–242 (1995)
[2] Bensoussan, A., Frehse, J.: Regularity results for nonlinear elliptic systems and applications. Springer-Verlag, Berlin, Heidelberg, 2002
[3] Bethuel, F.: On the singular set of stationary harmonic maps. Manuscripta Math. 78,
417–443 (1993)
[4] Bethuel, F., Brezis, H., Hélein, F.: Ginzburg-Landau vortices. Progress in Nonlinear
Differential Equations and their Applications, 13. Birkhauser Boston, Inc., Boston,
MA, 1994
[5] Coifman, R., Lions, P.L., Meyer, Y., Semmes, S.: Compensated compactness and
Hardy spaces. J. Math. Pures Appl. 72, 247–286 (1993)
[6] De Giorgi, E.: Un esempio di estremali discontinue per un problema variazionale di
tipo ellittico. Boll. Un. Mat. Ital., Ser. IV 1, 135–137 (1968)
[7] Evans, L.C.: Partial regularity for stationary harmonic maps into spheres. Arch. Rat.
Mech. Anal. 116, 101–113 (1991)
[8] Fefferman, C.: Characterizations of bounded mean oscillation. Bull. AMS 77, 585–
587 (1971)
[9] Fefferman, C., Stein, E.: H p spaces of several variables. Acta Math. 129, 137–193
(1972)

486

P. Strzelecki

[10] Frehse, J.: A discontinuous solution of a mildly nonlinear elliptic system. Math. Z.
134, 229–230 (1973)
[11] Fuchs, M.: Some regularity theorems for mappings which are stationary points of
the p-energy functional. Analysis 9, 127–143 (1989)
[12] Fuchs, M.: p-harmonic obstacle problems. I: Partial regularity theory. Ann. Mat.
Pura Appl., IV Ser. 156, 127–158 (1990)
[13] Fuchs, M.: The blow-up of p-harmonic maps. Manuscripta Math. 81, 89–94 (1993)
[14] Fuchs, M.: Topics in the Calculus of Variations. Vieweg, Braunschweig/Wiesbaden
1994
[15] Ge, Y.: A remark on generalized harmonic maps into spheres. Nonlinear Analysis 36,
495–506 (1999)
[16] Gehring, F.W.: The Lp -integrability of the partial derivatives of a quasiconformal
mapping. Acta Math. 130, 265–277 (1973)
[17] Giaquinta, M.: Multiple integrals in the calculus of variations and nonlinear elliptic systems. Annals of Mathematics Studies, Vol. 105. Princeton University Press,
Princeton, New Jersey, 1983
[18] Giaquinta, M., Modica, G.: Regularity results for some classes of higher order nonlinear elliptic systems. J. Reine Angew. Math. 311/312, 145–169 (1979)
[19] Giusti, E., Miranda, M.: Un esempio di soluzioni discontinue per un problema di
minimo relativo ad un integrale regolare del calcolo delle variazioni. Boll. Un. Mat.
Ital., Ser. IV 1, 219–226 (1968)
[20] Hajłasz, P., Strzelecki, P.: Subelliptic p-harmonic maps into spheres and the ghost
of Hardy spaces. Math. Ann. 312, 341–362 (1998)
[21] Hardt, R., Lin, F.H.: Mappings minimizing the Lp norm of the gradient. Comm. Pure
Appl. Math. 40, 555–588 (1987)
[22] Hardt, R., Lin, F.H.: Singularities for p-energy minimizing unit vectorfields on planar
domains. Calc. Var. 3, 311–341 (1995)
[23] Hélein, F.: Regularité des applications faiblement harmoniques entre une surface et
une sphère. C. R. Acad. Sci. Paris 311, 519–524 (1990)
[24] Hélein, F.: Regularity of weakly harmonic maps from a surface into a manifold with
symmetries. Manuscripta Math. 70, 203–218 (1991)
[25] Hélein, F.: Regularité des applications faiblement harmoniques entre une surface et
une variété riemannienne. C. R. Acad. Sci. Paris 312, 591–596 (1991)
[26] Hélein, F.: Phenomena of compensation and estimates for partial differential equations. Proceedings of the International Congress of Mathematicians, Vol. III (Berlin,
1998). Documenta Math. Extra Vol. III, 1998, pp. 21–30
[27] Hélein, F.: Harmonic maps, conservation laws and moving frames. 2nd edition, Cambridge University Press, Cambridge 2002
[28] Hilbert, D.: Mathematical problems. Reprinted from Bull. Amer. Math. Soc. 8, 437–
479 (1902). Bull. Am. Math. Soc. 37, 407–436 (2000)
[29] Hildebrandt, S., Kaul, H., Widman, K.-O.: An existence theorem for harmonic mappings of Riemannian manifolds. Acta Math. 138, 1–16 (1977)
[30] Iwaniec, T.: p-harmonic tensors and quasiregular mappings. Ann. Math. 136, 589–
624 (1992)
[31] Iwaniec, T., Martin, G.: Quasiregular mappings in even dimensions. Acta Math. 170,
29–81 (1993)
[32] Iwaniec, T.: The Gehring lemma. In: Quasiconformal mappings and analysis. A collection of papers honoring Gehring, F.W. (Ann Arbor, MI, 1995), Peter L. Duren
et al., (eds.), Springer, New York, 1998, pp. 181–204
[33] Iwaniec, T., Martin, G.: Riesz transforms and related singular integrals. J. Reine
Angew. Math. 473, 25–57 (1996)

Generalized sphere valued p-harmonic maps with small mean oscillations

487

[34] Iwaniec, T., Sbordone, C.: Weak minima of variational integrals. J. Reine Angew.
Math. 454, 143–161 (1994)
[35] Jost, J.: Riemannian geometry and geometric analysis. Third edition. Universitext.
Springer-Verlag, Berlin, 2002
[36] Luckhaus, S.: Partial Hölder continuity for minima of certain energies among maps
into a Riemannian manifold. Indiana Univ. Math. J. 37, 346–367 (1988)
[37] Morrey, C.B.: The problem of Plateau on a Riemannian manifold. Ann. Math. 49,
807–851 (1948)
[38] Moser, R.: An ε-regularity result for generalized harmonic maps into spheres. Electronic J. Diff. Eqs. 2003 (1), 1–7 (2003)
[39] Mou, L., Yang, P.: Regularity for n-harmonic maps. J. Geom. Anal. 6, 91–112 (1996)
[40] Rivière, T.: Everywhere discontinuous harmonic maps into spheres. Acta Math. 175,
197–226 (1995)
[41] Schoen, R., Uhlenbeck, K.: A regularity theory for harmonic maps. J. Diff. Geom.
17, 307–335 (1982)
[42] Semmes, S.: A primer on Hardy spaces and some remarks on a theorem of Evans
and Müller. Comm. P.D.E. 19, 277–319 (1994)
[43] Simon, L.: Rectifiability of the singular set of energy minimizing maps. Calc. Var. 3,
1–65 (1995)
[44] Stein, E.M.: Harmonic Analysis: Real-Variable Methods, Orthogonality and Oscillatory integrals. Princeton University Press, Princeton, New Jersey, 1993
[45] Stein, E.M., Weiss, G.: Introduction to Fourier Analysis on Euclidean Spaces. Princeton University Press, Princeton, New Jersey, 1971
[46] Strzelecki, P.: Regularity of p-harmonic maps from p-dimensional ball into a sphere.
Manuscr. Math. 82, 407–415 (1994)
[47] Strzelecki, P.: Stationary p-harmonic maps into spheres. In: Singularities and differential equations (Warsaw, 1993), Banach Center Publ., 33, Polish Acad. Sci.,
Warszawa, 1996, pp. 383–393
[48] Takeuchi, H.: Some conformal properties of p-harmonic maps and a regularity for
sphere valued p-harmonic maps. J. Math. Soc. Japan 26, 217–334 (1994)
[49] Toro, T., Wang, C.: Compactness properties of weakly p-harmonic maps into homogeneous spaces. Indiana Univ. Math. J. 44, 87–113 (1995)
[50] Wang, C.Y.: Subelliptic harmonic maps from Carnot groups. Calc. Var., electronic
online edition, 2002. DOI: 10.1007/s00526–002–0184–7
[51] Zatorska-Goldstein, A.: PhD Thesis. Mathematical Institute of Polish Academy of
Sciences, Warsaw, 2003

