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I Introduction

Yang-Mills theory is growing at the interface between high energy physics and mathemat-
ics It is well known that Yang-Mills theory and Gauge theory in general had a profound
impact on the development of modern differential and algebraic geometry. One could
quote Donaldson invariants in four dimensional differential topology, Hitchin Kobayashi
conjecture relating the existence of Hermitian-Einstein metric on holomorphic bundles
over Kahler manifolds and Mumford stability in complex geometry or also Gromov Witten
invariants in symplectic geometry...etc. While the influence of Gauge theory in geometry
is quite notorious, one tends sometimes to forget that Yang-Mills theory has been also
at the heart of fundamental progresses in the non-linear analysis of Partial Differential
Equations in the last decades. The purpose of this survey is to present the variations of
this important lagrangian. We shall raise analysis question such as existence and regu-
larity of Yang-Mills minimizers or such as the compactification of the “moduli space” of
critical points to Yang-Mills lagrangian in general.

II The Plateau Problem.

Before to move to the Yang-Mills minimization problem we will first recall some funda-
mental facts regarding the minimization of the area in the parametric approach and some
elements of the resolution of the so called Plateau problem.

Let T be a simple closed Jordan Curve in R? : there exists v € C°(S, R?) such that
[ =~(Sh).

Plateau problem : Find a C' immersion u of the two dimensional disc D? which is
continuous up to the boundary, whose restriction to 0D? is an homeomorphism and which
minimizes the area

Area(u) = / |0, u X Opyu| day das
D2
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The area is a fairly degenerated functional :

i) It has a huge invariance group : Diff(D?), the group of diffeomorphism of the disc.
Let u,, be a minimizing sequence of the Plateau problem above, then the composition
of u, with any sequence of diffeomorphism V¥,, of D? is still a minimizing sequence.
The sequence V¥,, can for instance degenerate so that u,, o ¥, converges to a point !

ii) The area of u does not control the image u(D?) which could be uniformly bounded
while u(D?) becomes dense in R? !

In order to solve the Plateau Problem J.Douglas and independently Radé minimize
instead the Dirichlet energy

Area(u) < E(u) = %/ [10,,u|? + |Op,ul?] doy dzy
D2

the inequality comes from the pointwise inequality
20y, u X Opyur| < |0y, ul? + |Opyul* |
and equality holds if and only if
H(u) := |0y, ul? — |0pyul* — 20 Oy tt - Opyu = 0

This condition is satisfied if and only if the differential du preserves angle that is to say
u is conformal.
The Dirichlet energy E has much better properties than the area : it is

i) it is coercive :

Vu, st. limsup, ., E(u,) <+oo Juy —uy in W

ii) lower semi-continuous

E(Uoo) S lim inanJrooE(un) )

iii) it’s snwvariance group in the domain is reduced to the 3-dimensional Mdbius group
M(D?)
M(D?) = {\D(z) =22

—az

st. 0 eR a| < 1}



Why minimizing E instead of the area has any chance to give a solution to the Plateau
problem ?

Let u be an immersion of the disc D? and denote g, the pull back of the standard flat
metric ggs in R® : g, := u*grs. The uniformization theorem on D? gives the existence of
a diffeomorphism ¥ of the disc such that

U*g, = e [da? +dr?] (ie. wo W is conformal)

for some function A from D? into R. So if u minimizes E in the desired class we can
replace it by v := u o ¥ which is conformal and for which

E(v) = Area(v) = Area(u) < E(u)

Hence u is conformal. Assuming now it is not a minimizer of the area, we would then
find w in the desired class such that

A(w) < A(u) = E(u)

and taking again ¥’ s.t. E(w o V') = A(w) we would contradict that v minimizes E.
Hence the difficulty is to find a minimizer of E in the class of C'! immersions sending
continuously and monotonically D? into I'.
One introduces

uweWH3(D?) ; weC%0DT)
F =
and v is monotone from 9D? ~ S! into T’

Fixing the images of three distinct points in dD? in order to kill the action of the
remaining gauge group M(D?) one proves the existence of a minimizer of £ in F which
happens to be a solution to the Plateau problem (A thorough analysis is required to prove
that the minimizer is indeed a C'! immersion).

II.1 The conformal parametrization choice as a Coulomb gauge.

As we have seen the conformal parametrizations of immersed discs play a central role in
the resolution of the Plateau problem. In the present subsection we establish a one to one
correspondence between this choice of conformal parametrization and a Coulomb gauge
choice.

Let u be a conformal immersion of the disc D? (i.e. H(u) =0 on D?). Let A € R such
that

A _
" := [0z ul = [0, ul

Introduce the moving frame associated to this parametrization

—

€ = e O ;U for j =1,2



The family (€}, ;) realizes an orthonormal basis of the tangent space of u(D?) at u(xy, x2).
This can be also interpreted as a section of the frame bundle of u(D?) equipped with the
induced metric ggs.
A simple computation gives
div (), Véy) = 0y, [e72 Oyyu- 02, u] + 0, [e—” By, - (()igu}

=270, (€72 04y |0uyul’] — 2710, [67% Ouy [0y ul’] (IL.1)

= A= 02, =0
In other words, introducing the 1 form on D? given by A := &, - dé&, which is nothing
but the connection form associated to the Levi-Civita connection induced by g, = u*ggrs
on the corresponding frame bundle for the trivialization given by (€7, €), equation (II.1)
becomes
d*gA - d*g (51 . dég) - O 5 (112)

where #, is the Hodge operator associated to the induced metric g,. The equation (II.2) is
known as being the Coulomb condition. We will see again this condition in the following
sections and it is playing a central role in the survey.

Vice versa one proves, see for instance [He| or [40], that for any immersion «, non nec-
essarily conformal, any frame (€}, €;) satisfying the Coulomb condition (I11.2) corresponds
to a conformal parametrization (i.e. 3V € Diff(D?) s.t. v := wo ¥ is conformal and
€; = |0,,v|7" 0,,v . This observation is the basis of the Hélein method for constructing
isothermal coordinates.

III A Plateau type problem on the lack of integra-
bility

In the rest of the class G denotes an arbitrary compact Lie group. We will sometime
restrict to the case where G is a special unitary group SU(n) and we will mention it
explicitly. The corresponding Lie algebra will be denoted by G and the neutral element
of G is denoted e.

III.1 Horizontal equivariant plane distributions.
I11.1.1 The definition.

Consider the simplest principal fiber structure P := B™ x G where B™ is the unit
m—dimensional ball of R™. Denote by 7 the projection map which to { = (z,h) € P
assigns the base point x. Denote by Gr,,,(T'P) to be the Grassmanian of m— dimensional
subspaces of the tangent bundle to P.



We define the notion of equivariant horizontal distribution of plane to be a map
H : P=B"xG — Gr,(TP)
§=(x,h) — H¢
satisfying the following 3 conditions

i) the bundle condition :
Ve P He e TP,

ii) the horizontality condition

V§ e P W*Hg = Tﬂ-(g)Bm s

iii) the equivariance condition
VEe P VgelG  (Rg).He= Hgye

where R, is the right multiplication map by g on P which to any £ = (z, h) assigns
Ry(&) := (2,h g).

I11.1.2 Characterizations of equivariant horizontal distribution of plane by
1—forms on B™ taking values into G.

Let H be an equivariant horizontal distribution of plane in P = B™ x (. Clearly the
following holds

V¢=(v,h) € P VX €T, B™ 3'X"(¢)eT.P st nX"=X

The vector X (€) is called the horizontal lifting of X at &.
At the point (z,e) (recall that e denotes the neutral element of G) we identify T{, )P ~
T,M & G. Using this identification we deduce the existence of A, - X such that

X (ze)=(X,— A, X)

The one form A is called connection 1-form associated to H. The linearity of A, with
respect to X is a straightforward consequence of the definition of X* and therefore A
defines a 1-form on B™ taking values into G.

For any element B € G ~ T.G we denote by B* the unique vector-field on G satisfying

B*(e)=B and VgeG B*(g):=(Ry).B |,



and by an abuse of notation B*(g) is simply denoted B g. Using this notation we have
V¢=(x,h) e P VX €T, B™
XT(E) = (X, = (A - X)*(h)) = (Bn) X" (2, €)

At any point { € P Any vector Z € T¢P admits a decomposition according to H : we
denote by ZV the projection parallel to He onto the tangent plane to the vertical fiber
given by the kernel of 7, :

7V =7 (m.2)"

III.2 The lack of integrability of equivariant horizontal distri-
bution of planes.

A m—dimensional plane distribution H is said to be integrable if it identifies at every
point with the tangent space to a m—dimensional foliation.

We aim to "measure” the lack of integrability of an equivariant horizontal distribution
of planes. To that aim we recall the following classical result

Theorem III.1 (Frobenius). An m—dimensional plane distribution H is integrable if and
only if for any pair of vector fields Y and Z contained in H at every point the bracket
1Y, Z] is still included in H at every point. O

In the particular case of equivariant horizontal distribution of planes in P = B™ x G
we have that H is integrable if and only if

V X, Y vector-fields on B™ (X" YyH)Y =

We shall now compute [X#, Y#]V in terms of the one form A.
We write

[XHv YH](%@) = [(Xv _(A ’ X)*)v (Y7 _(A ’ Y)*>]($76)
= [(X7 O)? (Ya 0)](3776) + [(X7 0)7 (07 _(A ’ Y>*)](a:,e) (HIl)

+[(O’ _(A : X)*)a (K Oﬂ(:c,e) + [(07 (A : X)*)7 (07 (A : Y)*)](Jr,e)

The definition of the Bracket operation on the Lie algebra G together with the commu-
tation of the vector-field bracket operation with the push-forward operation of the right
multiplication map gives that

(A-X)),(A-Y)]=(A-X,A- YD) |, (I11.2)

(=)



where the brackets in the r.h.s. of the identity is the Lie algebra bracket operation. The
definition of the Lie bracket of vector fields gives

[(X,0),(0, =(A-Y))]@e = (0,—d(A-Y) - X) . (IL.3)
Finally we write
[(X,0),(Y,0)] = ([X,Y],0) = ([X,Y],-A- [ X,Y]) +(0,A - [X,Y]) . (II1.4)
Combining (III.1), (II1.2), (II1.3) and (III.4) gives

(XPYH)Y =d(A-X)- Y —d(A-Y)- X +A(X,Y]) +[A- X, A-Y]

Y

and using Cartan formula on the expression of the exterior derivative of a one form we
obtain
(X YH)Y =dAX,)Y)+[A- X, A Y] . (I1L.5)

The two form we obtained
FA(X)Y) =dAX,)Y)+[A- X, A-Y] (I11.6)

is the so called curvature of the plane distribution H and "measures” the lack of integra-
bility of H. It will be conventionally denoted

Fy=dA+ - [A/\A] or simply Fa=dA+ANA

The Lie algebra, and hence the compact Lie group, is equipped with the Killing form
associated to a finite dimensional representation, hence unitary, for which the form defines
a scalar product invariant under adjoint action. For instance G = o(n) or G = u(n)

< B,C >=—Tr(BC)

If the Lie algebra G is semi-simple : it is a direct sum of Lie algebras with no non trivial
ideal, the Lie algebra is equipped with the Killing scalar product :

< B,C >:= —Tr(ad(B) ad(C))

where ad(B) is the following endomorphism of G : ad(B)(D) := [B, D].

The Lagrangian we are considering for measuring the lack of integrability of the plane
distribution H is just the L? norm of the curvature

/ ZM@Z,@;’ R LT



where dz™ is the canonical volume form on B™. The L? norm of the curvature is also
known as being the Yang-Mills energy of the connection form A and is denoted Y M (A).
We can now state one of the main problem these notes are addressing.

Yang-Mills Plateau Problem : Let n be a 1-form on OB™ taking values into a Lie
algebra G of a compact Lie group G does there exists a 1-form A into G realising

inf {YM(A) :/ |dA + AN AP da™ LEBmA:n} :

where Lggm 1S the canonical inclusion of the boundary 0B™ into R™.

In other words we are asking the following question : given an equivariant horizontal
plane distribution over the boundary of the unit ball in R™, can one extend it inside the
ball in an optimal way with respect to the L? norm of the integrability defect.

In order to study this variational problem we first have to identify it’s invariance group.

I11.3 The Gauge Invariance.

In this subsection we identify the group of the Yang-Mill Plateau problem corresponding
to the diffeomorphism group of the disc for the area in the classical Plateau problem.
Let g be a map from B™ into G. We denote by L,-1 the left multiplication by ¢~*

defined as follows
Lyw; P=B"xG — P

£ = (ZE, h) — (xug_l h)
Let H be an equivariant horizontal distribution of planes on P we observe that the push-
forward by L, of H, (Ly-1).H, is still an equivariant horizontal distribution of planes.
We now compute the connection 1-form associated to this new distribution.
Let X be a vector of T, B™ and z(t) a path in B™ such that ©(0) = X. Let h(t) € G
such that £(t) := (z(t), h(t)) is the horizontal lifting of x(¢) starting at the neutral element

e of G (ie. € = (#)H(£(t)) and £(0) = (z,¢)). Since 23’ = 0 we have in particular

dh
S0)=—-A-X

The push forward by Lg-1 of the horizontal vector X H(x,e) is the horizontal lifting of X
at (z,¢7') for the distribution (L,-1).H : X = (5 g=1) Hence we have

X T H (g g7 = (Ly) X (2,e) = (Ly1)u(X, —A - X)

= (¢().g7'h(t) = (X.dg™ - X —g 7' A- X)
= (X, —(97'dg- X +g ' A-Xg)g )
= (X, — (gildg - X + gf1 A- Xg)* (971))

8



Hence we have proved that the horizontal lift at (z,e) for the new plane distribution
(Ly—1)H is (X,—(g7'dg- X + g " A- X g)) and the associated connection one form as-
sociated to the distribution (L,-1),H is

AV=gldg- X +9g 1A Xy
The curvature associated to this new distribution is given by
Fao(X,Y) =dAI(X,Y) + [A9(X), A%(Y)]
We have in one hand
dAY(X,Y) =dg ' Adg(X,Y) +[dg™ g N g Ag)(X,Y)

and in the other hand

[A7(X), A%(Y)] = g7 dg A g™ Agl(X,Y) + g7 A(X), A(Y)]g
Summing the two last identities and using the fact that ¢g='dg + dg~'g = 0 gives finally

Fao =g ' Fayg
Since the Killing scalar product on G is invariant under the adjoint action of G we have
YM(AY) =Y M(A)

The action of L,-1 on the plane distribution H leaves invariant it’s Yang Mills energy and
realizes therefore a "huge” invariance group of the Yang-Mills Plateau Problem which is
called the Gauge group of the problem.

Exactly as for the classical Plateau problem we discussed in the first part of the survey
the task for solving the Yang-Mills Plateau problem will be to "kill” this gauge invariance
and, here again, the Coulomb Gauge choices will be of great help.

I11.4 The Coulomb Gauges.

We first start with the simplest group, the abelian group G = S*. The Yang-Mills Plateau
problem in this case becomes :
Find a minimizer of

inf {YM(A) :/ |dA]* dz™ LgBmA:n} ,

where 1 is some given 1-form on the boundary OB™.



In a reminiscent way to the classical Plateau problem our starting functional is degen-
erate and we shall replace it by a more coercive one

YM(A)gE(A)—/ |dAP + |d*A]? dz™

m

with equality if and only if d*A = 0 (i.e. A satisfies the Coulomb condition).
The following coercivity inequality holds

VAe WH(B™ G) st thgmA =1

o 2 (I1L.7)
/B AR+ 3 [0 AP < € [BOA) 1l

4,j=1

for some fixed constant independent of 1 and A, where H'/2(9B™) is the fractional trace
space of W'2(B™). The convexity of E in W,*(A'B™,G) together with the previous
coercivity inequality implies that the following problem admits a unique minimizer Ay of

min E(A)
AeW, 2 (ALB™ G)

The Euler Lagrange equation reads
V¢ € Wy*(A'B™,G) / dp N*dA+ (—1)"d*ANdxp=0 . (I11.8)

This gives in particular that each of the components of A are harmonic. We choose f to
be an arbitrary function in L?*(B™,G) and we solve

—Au=f in B™
u=0 ondB™

Classical elliptic theory gives that the 1-form ¢ := du is in W, *(A' B™, G). By substituting
¢ = du in (II1.8) we obtain

YV f e L3X(B™,G) / d*A-fda™ =0

Hence we deduce d*A = 0 in B™ and there exists a unique solution to (III.8) which is
also the unique solution of the following system

d*dAy =0 in D'(B™)
d*Ay =0 in D'(B™)
thpmAo =1

10



The components of A are harmonic in B™ and are therefore smooth moreover we have
Y M(Ay) = E(Ap)

Let now B in W,7172(/\Bm,g) we claim that there exists a gauge change g such that
YM(B) = YM(BY) = E(BY). This can be seen as follows. Let ¢ be the solution
of

—Ap=d'B in D'(B™)
=0 on 0B™
Hence we have
d(B+dy) =dB in D'(B™)
d*(B+dyp) =0 in D'(B™)

topm (B + di) =1

Taking g := exp(ip) we have YM(B) = Y M(BY) = E(BY).
Hence Ag realizes

min YM(A)
AeW, 3 (A1B™,G)

Indeed if there would be B € W,*(A'B™,G) such that Y M(B) < Y M(A) we choose g
such that Y M (BY) = E(BY) and we would contradict the fact that Ay minimizes F.

Taking now a general compact Lie group G we would also like to propose to minimize
E instead of Y M but we need first ensure that a Coulomb gauge always exists. We have
the following lemma which answers positively to this last question

Lemma II1.1. Let A € L*(A'B™,G). The following variational problem

inf / lg~tdg + g ' Ag|® dz™

geW*(B™,G)
s achieved and each minimizer satisfies the Coulomb condition
d* (g 'dg+9'Ag) =0
O

Proof of Lemma III.1. Let g, be a minimizing sequence. Since the group is compact
we have that

lim sup/ |dgr|* dz™ < 400

k——+o0 m

Hence, using Rellich Kondrachov’s theorem there exists a subsequence g converging
weakly in W12(B™ G) to g and strongly in every LP(B™,G) space for any p < +o00

11



hence g., € WH2(B™, G). The same holds for g, ' and it’s weak limit in W(B™, G) is
the inverse of g.,. Hence we have

9 gy + 95 A gy — 920 dgee + 9 Agee in D'(B™)

The lower semi continuity of the L? norm implies that g., is a minimizer of (II1.6).
For any U € C§°(B™,G) we introduce

Joo(t) := goo exp(t U)

We have
oo (1) dg (1) + 95 (1) Ageo(t) = exp(—t U) dexp(t U)
+exp(—tU) [93tdgoo + 93t Agoo) exp(t U)

Hence p

77 9 (g (8) + 95 (1) Ageo (1) ] = dU — [U, A%
Since g, is a minimizer we have

d

0= [ |a=Op grm = 2/ (dU — [U, A=]) - A=) da™
Bm m

We use the identity < [U, V], W >=< U, [V, W] > to deduce that
[U, A9><] - A9~ =0

and then we have proved that for any U € C§°(B™,G) we have
0 —/ dU - A% dx™ —/ < U, d" A% > dz™

This finishes the proof of the lemma. O

Since every connection form posses a Coulomb Gauge representative it is then tempting
to minimize F instead of Y M following the main lines of the abelian case. However due
to the non-linearity A A A in F it is not clear whether the E energy controls the W12
norm of A in a similar way of (II1.7) in the general case.

In fact the answer to that question is "no” as we can see in the following example.
We take G = SU(2) and we identify su(2) with the imaginary quaternions. On R*
we identify canonically the point of coordinates (zg, 1, 2, x3) with the quaternion x :=
xo+ w11+ 22j+ 23 k. For a quaternion y = yo + y1 1+ y2j + y3 k we denote by (y) the
element in su(2) given by y; 01 + y2 09 + y3 03 where o; are the Pauli matrices to which
we identify i, j and k

i 0 0 1 0 1
101 = . J&r o= keooz=|
0 —1 -1 0 1 0

12



forming an orthogonal basis of su(2) with norms v/2 for each vector of the basis.
On B*, for A € R, we consider the family of one forms into su(2) given by

Y I (x dX)
AT A2 x]?
The corresponding curvature is given by
dx N dx
Fa = 22 x A dX
(1+ A% [x[?)?

One easily verifies that!

dxt
li Fa|? det = F 2d4:/48—:82<
)\—1>I—POO B4 | AA| v \/]sz | A1| ZL' R4 (1 + |IL’|2)4 T oo

but one verifies also that
lim Oy (A):]? dat = 400
Jim [ 3 104
INES

we might then think that by changing the gauge we can avoid this blow up of the W2
norm of the connection form but, as we see now, this cannot be the case. Consider the
second Chern form Tr(Fa, A Fa,), it satisfies

lim Tr(Fa, A Fa,) =87%8 dx* . (I11.9)

A—400

The second Chern form is invariant under gauge transformation and for any choice of
Gauge ¢ this 4—form, which has to be closed, is on B* the exterior derivative of the
transgression form known as the Chern-Simon 3-form :

Vg : B* — SU(2)

Te(Fa, A Fa,) =d {Tr (Ag AdAS + %Ai A AL, Ai])]

Assume now there would have been a gauge g, s.t.

l)l\rilig)f HA‘;]\’\ HWLQ(B‘*) < 400

!The somehow surprizing factor 48 comes from the fact that there are 6 curvature coordinates and
each curvature coordinate has the form

8

|(FA1)ij|2 = W

where we have used that the square of the norm of each Pauli matrix is 2.
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Then for some sequence A\, — +00, using Rellich Kondrachov theorem A* := A" would
weakly converge to some limit A in W12(A'B?, su(2)) and strongly in Lp(/\lB‘f, su(2))
for any p < 4. Hence

1 1
Tr (Ak A dAF + §A’“ A [AF, Ak]) — Tr <A°° NAA™ 4 ZAX N A, AOO])

in D'(B*). Taking now the exterior derivative and using again the gauge invariance of the
second Chern form we obtain

Tr(Fa, A Fa, ) = Tr(Fa= A Fax) inD'(BY)

Since A% is in W2 the 4-form Tr(F~ A Fas) is an L' function, however, from (IIL.9) it
is equal to the Dirac mass. This gives a contradiction and we have proved the following
proposition

Proposition III.1. There exists A* € WY2(B* su(2)) such that

limsup/ |Fae|? da* < 400
B4

k—4o00

but .
lim inf inf {/ Z ’aﬁl(Ak)g‘Q dz* ;g€ W2,2(347SU<2))} = +00
B4

k——+o0 i1
O

Hence by minimizing E instead of Y M we don’t get enough control on the minimizing
sequence AF in order to extract a converging subsequence to a solution to the Yang-Mills
Plateau problem.

The situation would have been much better in dimension less than 4 where a W2
control of A in terms of F(A) do exist. In dimension equal to 4, despite proposition III.1,
there is still a positive result in that line which says roughly that such a control do exist
for some gauge provided the Yang-Mills energy stays below some positive threshold. The
following section is devoted to the proof of this result by K.Uhlenbeck.

IV Uhlenbeck’s Coulomb Gauge Extraction Method

IV.1 Uhlenbeck’s construction.

We have seen that in dimension 4 - and higher of course- there is no hope to control
the W12 norm of sequences of connection forms from the E energy. The fact that the
dimension 4 is critical for this phenomenon comes form the optimal Sobolev embedding

wt?(B*) — LYB*) ,

which does not hold in higher dimension.

14



Theorem IV.1. Let m < 4 and G be a compact Lie group. There exists eq > 0 and
Cq > 0 such that for any A € Wh2(B™,G) satisfying

/ dA+ANAPR da™ < eq |

there exists g € W*%(B™,G) such that

;

4
/ A9+ |0, A% da™ < Cg / |dA + AN A|? dz™
Bm ij=1 Bm
d*A9 =0 in B™ (1v.1)

\ Lopm (xA) =0,

where A9 = g~tdg + g *Ag and topm is the canonical inclusion map of the boundary of
the unit ball into R™. O

Remark IV.1. The same result holds in arbitrary dimension replacing the L>*—norm for
the curvature by the L™'% norm and the W2 norm of the connection by the W "/2—norm
(see [59]). The proof we are giving below can be transposed word by word in this more
general setting. The adaptation requires just a shift of the exponents 4 — m, 2 — m/2.0

For m < 4 the non linearity A A A is a compact perturbation of dA and the problem
is a perturbation to a simple linear one that we solved in the abelian case. We will then
restrict the presentation to the case m = 4. We assume that the compact Lie group is
represented by a subgroup of invertible matrices in R™ for some n € N* which gives an
isometric embedding of G in an euclidian space.

We aim to solve the Coulomb equation d*AY = 0 keeping this time a control of A9 in
W12 (lemma I11.1 was only giving an L? control). Since we have little energy the hope is
to use a fixed point argument close to the zero connection and for g close to the identity.
The linearization of the Coulomb non-linear elliptic PDE

d* [g_l dg} =—-d [g_lA g] in B
0ggt=—<A,0,> ondB' |
for A" =tw and ¢g' = exp(t U) gives

AU = —d*dU = d*w in B*

U =—<w,d,> ondB!

This linearized problem is solvable for any map w € W1?(B* G) and we get a unique
U € W22(B* G) solving the previous linear equation.

15



However, in order to be able to apply the implicit function theorem we need the
following non-linear mapping to be smooth

N = WH(BY,G) x W?2(B*,G) — W"(B*,G) x H'/*(0B*,G)

(W, U) — (d* (95" dgv + 95" w gu] , Orgu 95" — < w, 0, >)

where gy := exp(U). This is however not the case in dimension 4. This is due to
the fact that W22 does not embed in C° in 4 dimension but only in the Vanishing Mean
Oscillation space VM O(B*) hence simple algebraic operations such as the multiplication
of two G valued W22 maps is not continuous in 4 dimension.

If one replaces however W12 x W22 by a "slightly smaller space” WP x W?2P for any
p > 2 (p being as close as we want from 2) then the space W*P embeds continuously
(and compactly) in C° and the map A° becomes suddently smooth ! and a fixed point
argument is conceivable in this smaller space.

Uhlenbeck’s strategy consists in combining a fixed point argument in smaller spaces -
in which the problem is invertible - together with a continuity argument.

This method is rather generic in the sense that it can be applied to critical extensions
or lifting problems of maps in the Sobolev space W™ (M™) which misses to embed in C°
but for which however the notion of homotopy class is well defined (see [47] and [61]) and
prevents to find global extensions or liftings when the norm of the map is too high. As
an illustration we shall give two results.

Theorem IV.2. For any m > 1, and any compact Lie group G there exists €, ¢ > 0 and
Cp.c > 0 such that for any map g € WH™(S™, Q) satisfying

/ |dg|™ dvolgm < &,
there exists an extension g € WH™TH(B™ 1 Q) equal to g on OB™ such that

/ |dg|"™ ! da™ ! < G, |dg|™ dvolgnm
Bm+1 Sm
O

Remark IV.2. The existence of such an extension g € WH™TY(B™ T Q) is clearly not
true for general g € Wh™(S™ S™). Indeed, consider for instance m = 3 and G =
SU(2) ~ S3, if such an extension would exists one would have using Stokes theorem.

~x 4 1 * |SS‘
0= g*da”® = - g*dvolgy(a) = — deg(g)
B4 4 SS 4
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where deg(g) is the topological degree of the map g which is not necessarily zero. However
there always exists an extension in the “slightly” larger space Wl’(m“"’o)(Bm“,G) of
maps from B™ into G with one derivative in the Marcinkiewicz weak L™(B™) space
(see subsection 1V.3 below). O

Theorem IV.2 is proved in [33] using Uhlenbeck’s method. The second example is the
following one

Theorem IV.3. Let P be a G principal bundle over S™ where G is a compact Lie
group and where 7 is the projection associated to this bundle. There exists €, ¢ > 0 and
C.c > 0 such that for any g € WH™(S™ S™) satisfying

/ |dg|™ dvolgm < ema
there exists v € W1™(S™, P) such that
/ |dv|™ dvolgm < Cy,.i / |dg|™ dvolgm

and
Tov =g

Proof of theorem IV.1.
Fix some 2 < p < 4. For any € > 0 we introduce

Uus = {A c W' (B* G) s.t. / |Fa|* da* < 6} :
B4

and for any ¢ > 0 and C' > 0 and we consider

)

(Acu s t. FgeW?(BLG)
/ AP dat < c/ FalP da
B4 Ist B4

/ |[dAI|2 | da? < C/ |Fy|? da
Bt s Bt

d*AY =0 and (151 *x A9=0

(
The first goal is to show the following

Claim 1
de>0 C>0 st Ve=U°

In order to prove the claim we shall establish successively
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1 - The set U® is path connected.
2 - The set Vg is closed in U¢ for the W'P—topology

3 - For € > 0 chosen small enough and C' > 0 large enough the set V¢ is open for the
WP —topology

Since Vg is non empty, this will imply the claim 1 for this choice of € and C.

Proof of the path connectedness of U¢. For A in U® and t € [0, 1] we define the connection
form A? to be the image of A by the dilation of rate t=1 : A = ¢ > i1 Aj(tx) dxj. We
have in particular

4
FAt = t2 Z (FA)ZJ(.T> dl’z dZEj s

ij=1

/ |Fye|? da —/ |Fu? dot <e |
B4 B}

4
> / 100, (Ap)o, [P da* = O(t*~) (IV.2)
ij—17B*

This shows that in one hand A" € U¢ for any ¢ € [0, 1] and that in the other hand A* — 0
strongly in W1?(B*). Hence A’ is a continuous path contained in U¢ connecting A and 0
which prove the path connectedness of U/°.

Proof of the closeness of Vg in U°.

Let A* € V& and assume A* converges strongly in WP to some limit A% € U*. We
claim that A* € V¢.

Since A¥ — A> strongly in WP dA* — dA> strongly in L? and, using Sobolev
embedding, A¥ — A> in L*/*P_ Hence, due to the later,

hence

and

AR A AR — A% A A strongly in L%/47P(B*)
We have chosen 2 < p < 4 in such a way that p < 2p/4 — p. Hence we deduce that
Far — Fyeo strongly in LP(B*) . (IV.3)

Let ¢* be a sequence such that
(AR |9 duolge < C | |Fae]? dvolgs | V.4
9p4a
B4 B B4

for ¢ = 2,p and .

(A =0 and gk (AN =0 . (IV.5)
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Since both d(AF)9" and d*(A*)9" are uniformly bounded in LP and since there is no
harmonic 3-form? on B* whose restriction on the boundary is zero, classical LP-Hodge
theory (see for instance [21]) infers that (A*)9" is uniformly bounded in W'?. So, using
Sobolev embedding, it is in particular bounded in L*/4~? and since (4%)9" = (g¥)~'dg* +
(g") ' AF gF using that A* is bounded in W'? and hence in L*?/*~? we deduce that dg*
is bounded also in L*/4~?. Since 4 < 4p/4 — p, there exists a subsequence g* converging
strongly to some limit ¢* in C°. Going back to the weak convergence of (Ak)gk in Wte,
the strong convergence of A* in WP and the weak convergence of ¢* in Wh4/4=P we
deduce that
dgk — gk (Ak:>gk o Ak gk

is uniformly bounded in W'? and therefore g* — ¢ weakly in W??(B* G). Thus we
deduce that the following weak convergence in W'?(B*) holds

(¢")rdg" + (g)TAF ¢* — (%) dg™ + (¢7°) T A® g™

Combining (IV.3) and the latest weak convergence we deduce that

/ |d(A®)9™ |7 da* < C/ |Fpeo|? d2* | (IV.6)
Bt B4
for ¢ = 2, p and, using the following continuous embedding of

WP (B*) — W=V/rr(9B*)

we have

[e'S]

d*(A®)" =0 and 1z (A®)Y
So we have proved that A* fulfill all the conditions for being in Vg.

(IV.7)

Proof of the openness of V¢.

Let A be an element of V¢. It is clear that if we find in V¢ an open neighborhood for the
WP —topology of the WP Coulomb gauge A9, then A posses also such a neighborhood.
So we can assume right away that d*A = 0 and tgps * A = 0.

We are looking for the existence of § sufficiently small - possibly depending on A - such
that for any w satisfying ||w|lw1» < d there exists g close to the identity in W?P—norm
such that

& [g7'dg+ g (A+w)g] =0 and tppsi* (A+w)? =0

2Assume B is a 3 form satisfying dB = 0 and d*B = 0 on B* and typsB =0 then «B = dp, B = dfj
and ¢} 543 = dC. With these notations we have

/|B|2=/ dﬂ/\dgpz/ dC ANdp =0
B4 B4 oB4
hence B = 0.
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To that purpose we introduce the map

NA - W (B, G) x W*P(B*,G) — LP(B*,G) x W'"YPP(9B* G)
(IV.8)
(w,U) — (d" [95" dgu + 95 (A+w) gu] , topr ¥ (A+w)) |

where gy := exp(U). We have seen that this map is smooth.
The derivative of N4 along the U direction at (0,0) gives

OuN(0,0) -V = (=AV +[A,dV],0,V)

where A = Zizl 852.
k
Using Calderon Zygmund L? theory (see for instance [52] or [16]) we have the following
a-priori estimate for any V satisfying [, V da* = 0

Vliwess < e [[1AVIzoss) + 10V Ilwi-1moops)]
< ¢ [10oN(0,0) - Vliz + [I[A, dV]l| oo
< ¢ [|10pN(0,0) - V= + c | Allacss) 1aV [l pwrsvipn]

where F is the hyperplane of LP(B*,G) x W'=1/Pr(9B* G) made of couples (f,g) such
that

f(x) da* = — / 9(y) dvolyps
B4 oB4

From the fact that A € Vg we deduce that ||A||z+ < Cy+/C e where Cy is the Sobolev
constant coming from the embedding into L*(B*) of closed 3 forms on B* with adjoint
exterior derivative in L? and whose restriction to dB* is zero. Hence for any V with
average zero on B* we have

||V||W2,p(B4) S C[H@UNA(O,O) : VH]: + CC4 vCe ||dV||L4p/4—p

Using again the embedding of WP(ALB4, G) into L#/*~P(A'B*,G) and denoting C,, the
corresponding constant, we have then

[1—cCyiVC e C) |[V]wewssy < clldpNA(0,0) - V| z

Having chosen € such that ¢ C; v/C ¢ C, < 1/2 we have that 9y N“(0,0) has zero Kernel.
A classical result from Calderon-Zymund theory (see [16]) asserts that

L : W*(B*G)— F
V — (=AV,9,V)
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is invertible and hence has zero index. By continuity of the index the maps
L, : W**(BY,G) — F
V — (-AV +t[A,dV],0,V)

has also zero index and since £; = dpN“4(0,0) has trivial kernel it is invertible. So we
can apply the implicit function theorem and there exists 0 > 0 together with an open
neighborhood O of 0 in the subspace of W??(B* G) with average 0 on B* such that

Ywe WH(B* G) satisfying |wllwirsagy <0
IV, eO s t. NYV,,w)=0 and /Vw:() :
B4

and O can be taken smaller and smaller as § tends to zero. We denote g, := exp(V,,).

It remains to establish the control of the LP norm (resp. L? norm) of d(A + w)% in
terms of the L” norm (resp. L? norm) of Fa.,.

The Coulomb gauge (A + w)9% satisfies for ¢ =2 and ¢ = p

[d(A + w)*[|Le < |Farolle + [[(A+w)? A (A +w)™[|

We have
[(A+w)?||ps < Cy ||dA|| L2 + |lw|lze + || dg®|| s

Using the fact that A is the Coulomb gauge whose W12 norm is controlled by the L2
norm of F4 - which is assumed itself to be less than € - by taking ¢ small enough -
independently of A - by taking ¢ small enough - depending possibly on A - which ensures
in particular that ||dg, ||z« is sufficiently small, and by using the embedding of closed
forms with L7 exterior co-derivative and whose restriction to B* is zero into L*4/4~4
since d*(A 4+ w)% = 0 and ¢},(A + w)? = 0 we have established that

ld(A + w)* [0 < | Faswllze + 27 d(A + w)® ||

This implies that A-+w fulfills the conditions for being in V¢ for and w satisfying ||w||w1» <
d where ¢ has also been taken small enough in such a way that ||[Fai,| < e. This
concludes the proof of the openness of V& with respect to the WP —topology for well
chosen constants € > 0 and C' > 0 and this concludes the proof of the claim 1.

End of the proof of theorem 1V.1.

With the claim 1 at hand now, we are going to conclude the proof of theorem IV.1
Let A € WH(A'B*,G) such that [, |Fal* dvolgs < e. Since C* is dense in W2
there exists A? a family of smooth 1—form on B* into G converging strongly to A in W2
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as t goes to zero. Using again the embedding of W12 into L* we have the existence of
to > 0 such that

Vt<t0 / |FAt|2 dUOlB4 <e€
B4

Thus A* is in 4 and, due to the claim 1, it is also in V§. Let g¢ such that d*(A*)? =0

with
/.

Again, since there is no non-trivial closed and co-closed 3—form on B* the previous
identity implies that (At)gt is bounded in W2 and then in L* too.The approximating
connection one forms A? are converging strongly to A in W2 and hence in L* thus d(g') is
bounded in L*. We then deduce the existence of a sequence t;, — 0 such that g'* converges
weakly in Wh4(B* @) to some limit ¢°. Using Rellich Kondrachov compactness theorem
g converges strongly to ¢° in LP(B*) for any p < 400 and hence ¢° is also taking values
in GG since we have almost everywhere convergence of the sequence. Using the previous
convergences we deduce first that

d ((Af)gt) ‘2 drt < c/ |Fal? dat
s

(g") " dg™ + (g") P Agh — (¢°) T dg® + (¢°) T Ag®  in D'(BY)

This implies that d*((A)¢") = 0. Since both A* and (A*)?" are bounded in W2 and since
¢! is bounded in L*, using

dg' = g' (A" — A'g"
we deduce that ¢' is bounded in W22 and hence the trace of g'* weakly converges to the
trace of ¢° in H*2(0B*,G). So we can pass to the limit in the equation ¢}, * (A%*)9* =0

and we obtain
0
Lypga * (Ao)g =0

Finally since Fy: is strongly converging to F4 in L?, using also the lower semi-continuity
of the L? norm together with the weak convergence of (A%)% towards A9" we have

/ (A7) da* < 0/ Fuf? da
B4 B4

This concludes the proof of theorem IV.1.

IV.2 A refinement of Uhlenbeck’s Coulomb Gauge extraction
theorem.

We have seen that Uhlenbeck’s result is optimal in the sense that without assuming

anything about the smallness of the Yang-Mills energy there is no hope to obtain a gauge
of W12 controlled energy. One might wonder however if the smallness of the L? norm of
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the curvature is the ultimate criterium for ensuring the existence of controlled Coulomb
Gauges. The answer is "no” and one can very slightly reduce this requirement. Recall
the notion of weak L? quasi-norm. We say that a measurable function f on B™ is in the
weak L? space if

1/2
200 = [sup @ [{w € B™; [f(x)| > a}|| < +oo
a>0

f

where |-| denotes the Lebesgue measure on B™. This quantity defines a quasi-norm which
is equivalent to a norm (see for instance [17]) that we denote || - ||a,00. The weak L* space
equipped with || - ||2,0 is complete and define then a Banach space denoted L** called
also Marcinkiewicz weak L? space or also Lorentz weak L? space. It is larger than L2.
Indeed, for any function f € L? we have

e s [ (P < [ 157 o= 1515

a>0

It is strictly larger than L? : the function f(z) := |z|~™? is in L*>*°(B™) but not in
L*(B™). 1t is also not difficult to see that L*»*°(B™) < LP(B™) for any 1 < p < 2. More
generally we define the L9 space of measurable functions f satisfying

1/q

Flao = [sup o 1o € B7 5 @) > o] < oo
a>

This defines again a quasi-norm equivalent to a norm? if ¢ > 1. So it is a space which
7sits” between L9(B™) and all the LP(B™) spaces for any p < ¢. This is a space which
has the same scaling properties as L? but has however the big advantage of containing
the Riesz functions |2/~ which play a central role in the theory of elliptic PDE. As we
will see later the space L?*°(B™) has also the advantage of being the dual of a Banach
space, the Lorentz space LY (B™) of measurable functions f satisfying

/+OO {z; |fl(x) > a}\l/q/ do < 400 (IV.9)
0

where 1/¢' = 1—1/q (see [17]). This later space has very interesting ” geometric” properties
that will be useful for the analysis of Yang-Mills Lagrangian as we will see below.

We have the following theorem

3This is not true for ¢ = 1, the space L'—weak cannot be made equivalent to a normed space -
unfortunately, otherwise the analysis could make the economy of Calderon Zygmund theory and a major
part of harmonic analysis that would sudently become trivial....!
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Theorem IV.4. Let m < 4 and G be a compact Lie group. There exists eq > 0 and
Cq > 0 such that for any A € Wh2(B™,G) satisfying

sup o [{x € B™; |Fa(2)] > a}| <eg (IV.10)

a>0

there exists g € W**(B™, G) such that

4
/ A9+ |0, A% da™ < Cg / |dA + AN A]? da™
Bm™ ig=1 Bm™
d*A%=0  in B" (Tv-11)

\ Lopm (xA) =0,

where A9 = g7tdg + g 1 Ag and 1ypm is the canonical inclusion map of the boundary of
the unit ball into R™. Moreover we have also

4
D 105, A5 < Co |IFall3 o

ij=1

|

The weakening of the smallness criterium by replacing small L? by the less restrictive
small L** condition for the existence of a controlled Coulomb gauge has been first ob-
served in [5]. This was a very precious observation for the control of the loss of energies
in so called neck annular regions in the study of conformally invariant problems such as
Willmore surfaces or also Yang-Mills Fields as we will see below. The estimate (IV.10)
comes naturally from the e—regularity property which holds in neck regions.

Proof of theorem IV.4.

It follows exactly the same scheme as the proof of theorem IV.4 but we will need to
use interpolation spaces between L% and L%!, the Lorentz spaces L%° and some of their
properties.

Let 2 < p < 4 and

~

U = {A e W'(BY,G) st |Faltaepy < s} ;
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and for any ¢ > 0 and C' > 0 and we consider

)

(Acu® s t. dge W (BLG)

/ |dAY|P da* < c/ |F4|P da*

B4 B4

Ve = / dAY? da < C/ Faf? dar*
B4 B4

HdAgH%?’OO(B‘l) <C HFAH%2,00(B4)

| d"A7=0 and ypix A7 =0

The first goal is to show the following

Claim ) A
de>0 C>0 st Vo=U"

The proof of the claim is again divided in 3 steps.

Proof of the path connectedness of Ue. For AinUf and t € 0, 1] we define the connection
form A’ to be the image of A by the dilation of rate t~' : A" =t 37, | A;(tx) dw;. We
have in particular

4
FAt = tz Z(FA)U(ZE) del d$j 5
ij=1
hence |Fa:|(x) = t* |Fa|(t x) and

|Falrzeo ) = [Falpzeopy) < [Falpzeopy <€

and * this path connects A to 0 in the W' topology due to (IV.2). Hence this concludes
the proof of the path connectedness of U°.

The proof of the closeness of )A}é in U° is identical to the proof of the closeness of Ve in
Ue.
Proof of the openness of 178 in U°.

We consider the map N4 defined by (IV.8). We recall® the definition of the space
L2*(B™) where 1 < ¢ < oo and 1 < s < 400. A measurable function f on B™ belongs
to L¥*(B™) if

oo d 1/s
| flg,s == [/0 ta fr(1) ﬂ <400 (IV.12)

4This last inequality illustrates what we meant at the beginning of this subsection by L** has the
same scaling properties as L.

For a more thorough presentation of the Lorentz spaces and it’s interaction with Calderon Zygmund
theory in particular the reader is invited to consult the first chapter of [17] as well as [53] or [55].
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where f*(¢) is the decreasing rearrangement function associated to f, defined on R, and
satisfying

Va>0  [{t>0; [ (t) > a}| = [{z € B™ ; [fl(x) > a}|

This defines again a quasi-norm equivalent to a norm for which the space is complete (see
[17]). One verifies that the space L#'(B™) defined by (IV.9) coincides with the space
given by (IV.12) for s = 1. One verifies also that L?9(B™) = L%(B™) and that for any
q € (1,+00) and any 1 < s < 0 < 400 we have L?*(B™) — L% (B™). We have also that
Vg < rand Vt, s € [1, 00] the following continuous embedding holds LP*(B™) < L%(B™).
The following multiplication rules holds and are continuous bilinear mappings in the
corresponding spaces with the corresponding estimates

LPs . L0y [P0 (IV.13)
where r ' =p ' 4+ ¢g ' and s7! + ¢! = 67! and where 1 < p,q < +00 such that r > 1
and 1 < s,t < oo such that 1 < o < +o0. In particular we have for any 2 < p < 4

LY. [P o [P (IV.14)

Before to move on with the proof of theorem IV.4 we shall need a last tool from function
theory : the improved Sobolev embeddings (see [55]). For 1 < p < m the following
embedding is continuous

m

WLP(B™) —s Lm-»?(B™) | (IV.15)

and more generally for any ¢ € [1, +00]
WhLED(B™) — Lm-pt(B™) (IV.16)

where WP (B™) denotes the space of measurable functions on B™ with distributional
derivative in the Lorentz space LP'(B™).

Proof of openness of ]A/é continued. Using Calderon Zygmund L% theory we have the
following bound

||V||W2vP(B4) S C [||AV||LP(B4) + ||87~V||W1—1/p,p(834)j|
<c [JovN(0,0) - V7 + I[A, dV] ]l o5
<c [1ovN(0,0) - V7 + e[| Allzssessy [dVI|zsi-nnsy]

where F := WP(B* G) x W=1/PP(9B* G). From the fact that A € V¢ we deduce that
|Al| 2.0 < Cyv/C e where Cy is the Sobolev constant coming from the embedding into
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L*(B*) of closed 3 forms on B* with adjoint exterior derivative in L? and whose restriction
to OB* is zero. Hence for any V with average zero on B* we have

IV lw2rpay < c[[|0uNA(0,0) - V]|F + cCuVC € ||dV || papa—po

Using again the embedding (IV.15) and denoting C,, the corresponding constant, we have
then
[1—cCiVC e C |Vwewmy < c||0uN4(0,0)- V£

Having chosen ¢ such that ¢ Cy+/C e C, < 1/2 we have that dyN4(0,0), which is again
a Fredholm operator of index zero, has a trivial kernel and is hence invertible.

The rest of the proof is completed by easily transposing to our present setting each
argument of the case of small L? Yang-Mills energy which was detailed in the previous
subsection.

IV.3 Controlled gauges without small energy assumption.

One might wonder why a W2 control is wished and why one could not give up a bit
our requirements and look for some control of a ”weaker norm”. This is indeed possible,
together with Mircea Petrache [33], the author proved the existence of global gauges AY
whose L** norm is controlled by the Yang-Mills energy which is not necessarily small.
Precisely we have.

Theorem IV.5. Let (M*, g) be a riemannian 4-manifold. There exists a function f :
Rt — R* with the following properties.

Let V be a W2 connection over an SU(2)-bundle over M. Then there exists a global
WL&2) section of the bundle (possibly allowing singularities) over the whole M* such
that in the corresponding trivialization V is given by d + A with the following bound.

ANl oo ) < f (HFVHL2(M4)) ; (IV.17)
where Fy is the curvature form of V.
The following question is still unsolved.

Open Problem : Under the same assumptions as the ones of theorem IV.5, find A €
LY (M*) such that (IV.17) holds and

d"A=0

O
Observe that Fy € L>(M*), A € L»*(M*) together with d*A = 0 imply A € WHZ®) (M),
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Having the existence a global representative with controlled W(%*) —norm and sat-
isfying the Coulomb condition could be useful for studying the Yang-Mills flow in 4 di-
mension. A partial positive answer to the above open problem is given by Yu Wang in
[60].

The proof of theorem IV.5 is deduced from the following existence result which is a
global counterpart of theorem IV.2.

Theorem IV.6. [33] Let G be a compact lie group and u be a map in WH"(S", G) then

there exists an extension @ of u in WHHL2) (B Q) and satisfying

sup o' [{z e B" 5 |V >a}| <, </ |Vu|™ dUOlSn) ,
STL

a>0

where v, is a uniwersal function. O

Here again, there are counterexample to the existence of an extension in the “slightly”
smaller space W1nT1 (Bl @). In fact it is proved in [36] that the previous result does
not require a Lie group structure in the target to be true : it extends to general closed
target riemannian manifold in general.

V  The resolution of the Yang-Mills Plateau problem
in the critical dimension.

V.1 The small energy case.

We first present the resolution of the Yang-Mills Plateau problem in the case where the
given connection at the boundary has a small trace norm. Precisely we shall prove the
following result.

Theorem V.1. Let G be a compact Lie group and m < 4. There exists d¢ > 0 such that
for any 1-form n € HY?(A'OB™,G) satisfying

Il z1208my < b, (V.1)

then the following minimization problem is achieved by a 1-form A® € WY2(A1B™, G)

inf {YM(A) = / |dA+ANAP da™ ; hpnA = 7]}

The previous theorem is a corollary of the following weak closure theorem
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Theorem V.2. Let G be a compact Lie group and m < 4. There exists g > 0 such that
for any 1-form n € HY2(A'OB™,G) satisfying

0l z1208my < b, (V.2)

then for any A¥ € WY2(A'B™,G) satisfying

limsup Y M (A*) = / [dAR + AF AN AR da™ < +oo and  Gpn AV =1n

k—4o00

there exists a subsequence A* and a Sobolev connection A € WY2(A'B™, G) such that
D(AF, A®) = inf /1|A”—(Amﬁﬂ2¢ﬁl—ﬁ0 |
g€W2’2(B47G) Bm
moreover

Y M(A®) < liminf YM(A¥)  and  hpnA® =1

k'—0
O

Proof of theorem V.2. We present the proof in the critical case m = 4. The case
m < 4 being almost like the abelian linear case treated . Let B be the minimizer of £
in W,*(A'B*,G) and using (II1.7) and the Sobolev embedding W"?(B*) into L*(B*) we
have

1 m
[t S [ ek et <olE®) ) v
B4 = B4
7,7=1
The one form B is the harmonic extension of n and classical elliptic estimate gives

EB)<C “77”?{1/2(334) : (V.4)

Combining (V.3) and (V.4) we obtain the existence of a constant C' independent of 7 such
that

[ VFal dt <.C [nlEpromey + Ilomn

We choose first dg > 0 such that C [6% + §4] < ¢ in such a way that we can apply theo-
rem IV.1 and we have the existence of a minimizing sequence A* of Y’ M in W*(A'B*, G)

with a Coulomb gauge (A*)9" controlled in W12 :
(A lwrzgpsy < C |[Farllrzsn < C 5o+ 03] (V.5)
Without loss of generality we can assume that
(AF)9" ~ A®  weakly in WH(A'BY,G) |
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for some 1-form A™ which satisfies the Coulomb condition d*A® = 0 and for which

/ |F i |? da? < liminf/ |F iyt |* dat = liminf [ [Fpef? da* . (V.6)
B4 k B4 B4

—+00 k—+o00

We claim that the restriction of A to dB* is gauge equivalent to 7. Because of the weak
convergence of (A%)9" to A® weakly in W2, by continuity of the trace operation from
W2 into HY/? we have

LBB‘*(Ak)gk = (g") " thpadg” + (¢") T ngt — %3412100 (V.7)
weakly in H'/2(A'0B*,G). Using the continuous embedding
H'?(9B") — L*(0B") ,

we have that the restriction of g* to 9B* converges weakly to some limit ¢> in W13(9B*)
and we have, using (V.5),

1dg* | zs(op) < lim inf 1dg" || 2o

< C H77||H1/2(3B4) + l]ililigof ”(Ak)gk HH1/2(834) (V8)

< C [6g + 02]

Using now Rellich Kondrachov theorem (see for instance [7]), this convergence is strong
in L9 for any ¢ < +o0o which implies that ¢ takes values almost everywhere in G and
g>* € WH3(0B*, G). We have moreover

(97) 7" dg™ + (97) " g™ = thp A
Using the continuous embedding
L® NWY3(0BY) - HY*(0B*) — HY*(0B*)

(the proof of this continuous embedding is also similar to the one of Lemma B1 in [33]),
we have that

||d900HH1/2(aB4)
< C [ll9%llso + g™ llwrs@m9) Unllzr220m0) + 16551 A% /2089 (V.9)
< C [dg + 6?;]

We shall now make use of the following theorem which, as for theorem IV.2 can be proved
following Uhlenbeck’s Coulomb gauge extraction method.
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Theorem V.3. Let G be a compact Lie group. There exists e > 0 such that for any
g € H*?(0B®, Q) satisfying
”9||H3/2(aB4,G) <é&g ,
there exists an extension g € W*2(B*, Q) of g satisfying
19llw221.6) < C gl 32081,

a

End of the proof of theorem V.2. We choose d5 small enough such that the r.h.s. of
(V.9) C [0g+6%] is smaller than e given by the previous theorem. Let g € W22(B*, G)
be an extension of g>° given by theorem V.3. Then

A% = (A=)6™ e WIA(ABY,G)

and we have using (V.6)

/ |Fpeo | da* < liminf/ |Fue|? da?
B4 k B4

—+00

Since A* is a minimizing sequence of the Yang-Mills Plateau problem in W,71’2(/\134, g),
the connection form A* is a solution to this problem and theorem V.2 is proved. a

V.2 The general case and the point removability result for W12
Sobolev connections.

The theorem V.2 as it is stated does not hold without the small norm assumption (V.1)
this is due to the fact that the theorem V.3 and similar results such as theorem IV.2 do
not hold for general data without smallness assumption (see again remark IV.2). We shall
instead prove the following result where the boundary condition is relaxed to a constrained
trace modulo gauge action.

Theorem V.4. Let G be a compact Lie group and m < 4. For any 1-form n €
HY2(A\YOB™,G) the following minimization problem

inf {/ |F4|? dz™ ; thgmA =19  for some g € H3/2(8B4,G)} (V.10)

is achieved by a 1-form A € WH2(A1B™, G). O

In fact theorem V 4 is a corollary of a general closure result.
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Theorem V.5. For any compact Lie group G and any dimension m < 4, the space of
Sobolev connections

A (B™) :={Ae W (B G); tsgmA=n for some g€ H**(0B*, G)}

15 weakly sequentially closed for sequences of controlled Yang-Mills energy. Precisely, for
any A* € 2, (B™) satisfying

limsup Y M (A*) = / |dA* + A" A AR da™ < +oo

k——+o0

there exists a subsequence A¥" and a Sobolev connection A® € 2, (B™) such that

d(AF A®) .= inf / |AF — (A%)92 da™ — 0,
gEWl’Q(B‘l,G) m

moreover

Y M(A®) < liminf Y M (A¥)

k'—0

Proof of theorem V.5. Here again we restrict to the most delicate case : m = 4.

Let A* be a sequence of G—valued 1-forms and denote by e the positive constant
in Uhlenbeck’s theorem IV.1°. A straightforward covering argument combined by some
induction procedure gives the existence of a subsequence that we still denote A*¥ and N
points p; - - - py in B* such that

V6>0 Jp;>0

sup sup / |FAk|2 dzt ; y e B \ UfilBg(pl) e
Bpg(y)ﬂB4

keN

The case without concentration : {py---pn} = 0.
Let p > 0 such that

sup sup / |Fae* da* p < eq
keN yeB* Bo(y)

We fix a finite good covering © of B* by balls of radius p/2. Denote {B,/2(x;)}ier this
covering. On each of the rice larger ball B,(z;) for any k& € N we take a controlled

5We choose in fact £g small enough for the controlled Gauge Uhlenbeck theorem to be valid for this
constant when the domain is any intersection of B* with a ball B,(y) for y € Brand0<p<1

"The word ”good” means that any intersections of elements of the covering is either empty or diffeo-
morphic to B* (see [6]).
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Coulomb gauge (A¥)% such that
I om
R I oy AR

< C/ |FAk|2 d,IA 5
By (x;)

dH(ARY9E =0 . (V.12)
For any pair i # j in I such that B,(z;) N B,(x;) # 0 we denote

(V.11)

and

g5 = i (g) " € W2A(By(x:) N By(:),G)
and we have in particular
k _ - k
(A%)% = (g55)"'dgy + (g5) 7" (A" gy (V.13)

Observe that for any triplet i # j, j # [ and ¢ # [ such that B,(z;) N B,(x;) N By(x) # 0
we have the co-cycle condition

VkeN gfgi=g8 . (V.14)

Combining (V.11) and (V.13) together with the improved Sobolev embedding W?(B*) —
L*?(B*) where L*? is the Lorentz interpolation space given by (IV.12) we obtain that for
any pair ¢ # j such that B,(x;) N B,(z;) # 0

Hd‘gfj”%412(Bp(xi)ﬂBp(zj)) <C / ’FAk’2 dat . (V.15)

By (2:)UBy(x;)
From (V.13) we have
~Agk = (AN - dgk — dgk - (AR (V.16)

Using again the improved Sobolev embedding W'?(B*) — L%2?(B%), inequalities (V.11)
and (V.15) together with the continuous embedding

L4,2 . L4,2 N L2,1 ’
we obtain

||Agl{€j||L2’1(Bp(xi)me(I‘i)) S C /B |FAk|2 d(E4 . (Vl?)

o(xi)UB)(z5)
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Using Calderon Zygmund theory in Lorentz interpolation spaces (see [53]) we obtain that
g5 € W2 (B, (z;) N B,(z;)) where W22 denotes the space of functions with two
derivatives in L*>! and using (V.15) together with (V.17) we obtain the following estimate

1/2
V29511 12 (B4, ja (@) Bty < C [ /B | F ] dﬂﬁ‘*] - (V.18)

p(2i)UB,(z;)
We can then extract a subsequence such that

Viel (AM)% — A sweakly in W2(B,(,))

Vi# g gfj — g;y  weakly in WQ’(Q’I)(Bspm(l’i) N Bspa(z:)))
moreover A% and g;7 satisfy the following identities

Vi AP = (g) Mgy + (g57) AV gy

(V.19)
Vi, g, U9y 95 =91
and we have the following estimate
Vil | _<Cl"f/ Fal? da* V.20
V2955 22 3y, By patagy < € Himind Bp(mi)qu(zj)’ wl do (v-20)

It is proved® in [39] that
W27(271) (B4) s CO(B4) ,

hence we deduce that gi¥ € C°N W22(Bs, 4(2;) N Bsya(w;)) and for any i # j there
exists g7y € G such that

0 0|12
ng’j — 9ij ||L°°(B3p/4(x¢)ﬁ33p/4($j))
(V.21)

k—4o00

<C liminf/ |Fue]? da* <2 C eg
Bp(xi)UBp(x;)

8This embedding can be proved on R* as follows. Let u be a Schwartz function in S(R*). Then the
following representation formula holds

uw(z) =Clz|2xAu

where C |x|~2 is the Green Kernel of the Laplace operator. From this identity one deduce the following
inequality
lullzee < C [l 2|l [|Aullzzn

and the embedding W21 (R*) < CO(R*) follows from a density argument.
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Taking e small enough there exists a unique lifting
U;;O & W27(2’1)<ng/4(l'i) N ng/4({lfj))

such that
Vi#j giof = ﬁ exp(Ui‘}o) )
and
UGNl < Cec

for some constant C' depending only on G. Following an induction argument? such as the
one followed in [28] for the proof of theorem I1.11, we can smooth the U’ in order to
produce a sequence

955 (t) € C(Bsp/a(wi) N Bapa(zj), G)
satisfying

955 (t) — 937 strongly in W2@Y(By, 4(2;) N Bsyya(z;)) ast—0

and

Vit Vi, gl g5 () g5 () = g7 (t)
Since the ball B* is topologically trivial, the previous cocycle condition defines a trivial
Cech smooth co-chain for the presheaf of G—valued smooth functions (see for instance [6]
section 10 chapter IT) and for any ¢ € I and any ¢ > 0 there exists p;(t) € C*°(Bs,/a(w;), G)
such that

g2 () = pilt) oy (V.22)

We shall now make use of the following technical lemma which is proved in [59].

Lemma V.1. Let G be a compact Lie group and {U;}ic; be a good covering of BY. There
exists 6 > 0 such that for any pair of co-chains

VZ%‘] hz-j,gij € W2’2HOO(UZ‘QU]‘,G) ,
satisfying
Vi,j,l 9i5 G451 = il and hz‘j hjl = hz‘l m UZ N Uj N Ul

Assume
Vi gt hy —elliewiov) <0,

9A co-cycle smoothing argument by induction argument is also proposed in [19] under the weaker
hypothesis that the co-cycles g¥ are W14 in 4 dimension. This is made possible due to the fact that
C>(B*, Q) is dense in W4(B* G) (see [47]). The works of Takeshi Isobe [19], [20] are proposing a
framework for studying the analysis of gauge theory in conformal and super-critical dimension.
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where e is the constant map equal to the neutral element of G, then, for any strictly
smaller good covering of B* {V;}ier satisfying V; C U, there exists a family of maps
o, € W2 NCU;NU;,G) such that
VZ #] hij = (O'i)ilgij O'j m V; N ‘/J
O

We apply the previous lemma to h;; := giF(t) and g;j := g5 for ¢ small enough and
we deduce the existence of

oi(t) € W** N CUBya(wi) N Bypalay))
such that
Vit  gx(t)=oi(t) gy oy(t) in B,o(x;) N Bya(x;) . (V.23)
Combining (V.22) and (V.23) we have
Vi£j gy =0opi(op)”  in Byp(w) N Bylw)
Combining this identity with (V.19) we set
A% = (o3p:) Fd(oip;) + (0ips)H AP (03p;)  in B, o (x;)

Clearly A° extends to a W12 G—valued 1-form in B*, moreover, following the arguments
in the proof of theorem V.2, the restriction of A° to dB* is gauge equivalent to 1. This
concludes the proof of theorem V.5 in the absence of concentration points.

The general case with possible concentration : {p,---pn} # 0.

Following the arguments in the previous case, for any ¢ > 0 we exhibit a subsequence
A¥ | a covering by balls B, (x;) of B*\ UY,B}(p;) and a family of gauge changes gF such
that

Viel (A¥)9% —~ A% weakly in Wh2(B,(z;))

Vi #£ j gfj — g7 weakly in Wz’(z’l)(ng/4(xi) N Bspa(i)))

The family g¥ defines again a W —co-chain that we can approximate in C°NW?2? by
a smooth one g¢¢(t). Using the fact that the second homotopy group of the compact Lie
group is trivial mo(G) = 0 (see for instance [8] chapter V proposition 7.5) we deduce that
the co-chain g57(t), defined on a covering of B*\ U, Bj(p;). is trivial for the Cech coho-
mology for the co-chains on the pre-sheaf of smooth G—valued functions. Following each
step of the above argument we construct a W'? G—valued 1-form A° in B*\ UY, Bi(p;)
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which is gauge equivalent to A*> in B Jo(2;) for each i € I and whose restriction on
OB*\ UY. Bi(p) is also gauge equivalent to n. Moreover we have

/ |Fpo]? da* < liminf/ |Fye|* da
BO\UY. B (p1) hortoo Jpa

Using a diagonal argument with 6 — 0 we can extend AY as a G—valued 1-form in
WL2(B*\ {p; ---pn}) and still satisfying

loc

/34 |Fao|? da* < ll};r_r}j&&f /B4 |Fa* da* . (V.24)

We conclude the proof of theorem V.5 by changing the gauge of A® in the neighborhood of
each blow up point p; making use of the following theorem V.7, known as point removability
theorem, which gives the existence of a change of gauge g in order to extend our connection
1-form (A%)? as a W2 G valued 1—form in the neighborhood of each p;. We then paste
together these WH?— gauges by using the same technique as the one we used in the case
without blow up points in order to get a global W2 representative of A° on B* gauge

equivalent to 7 on OB* and satisfying (V.24). This concludes the proof of theorem V.5.
O

Theorem V.6. [Point removability| Let G be a compact Lie group and A € W'l})f(/\lﬁ\
{0}, G) such that

/ |dA+ AN A]? do* < +oo
B4

then there exists a gauge change g € W22(B*\ {0}, G) such that

loc
A9 e WHH(A'B,G)
O

Remark V.1. Point removability results play an important réle in the analysis of confor-
mally invariant variational problems. This is a natural consequence of due to the existence
of point concentration which is inherent to the conformal invariance. These results are
often formulated for the critical points of conformally invariant lagrangians and in the
present case it has been first proved by K.Uhlenbeck for Yang-Mills fields (see [58]). Ob-
serve that here we are not assuming that A is satisfying a particular equation. O

Remark V.2. Beyond geometric analysis, point removability results play also an impor-
tant réle in complex geometry. One could for instance quote the work of Bando [3] about
the possibility to extend an hermitian holomorphic structure FS’Q = 0 with L* bounded
curvature on a the punctured ball B*\ {0} as a smooth holomorphic bundle throughout the
origin. Beside the holomorphicity condition FX’Q = 0 no further ”equation” is assumed
and in particular the Einstein equation w - Fjl’l = c1 1s not assumed and the connection
form is not necessarily a Yang-Mills field. |
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Remark V.3. A similar point removability result can be established at the boundary. It
suffices to extend carefully the gauge about the “singular point” at the boundary in order
to reduce to the interior case. Details are left to the reader. ]

Proof of theorem V.6. Without loss of generality we can assume that

/ ’FA’2 dl‘4 <0 ,

B4

where ¢ > 0 will be fixed later on in the proof. Denote for i > 2
Th i= Bla(0)\ BLoa(0)

From theorem IV.1 there exists 0 > 0 such that, on each annulus 7; there exists a change
of gauge g; such that there exists g; € W2%(T;, G) such that

( 4
[ 21anp 3 o, ap
T;

k=1
d* A% =0 in 7T

2da™ < Cg / |dA + AN AP dx*
T;

(V.25)

| G (x47) = 0
On T; N Ti41 = By iy \ By-i—» the transition function g;;4+1 = g;(gi11) ™" satisfy
A9 = (giip1) " dgiiga + (Giir) T AT Giin (V.26)

Hence (V.25) imply

22Z./ |dgii]? da* < C / |dA+ AN AP dxt . (V.27)
B ¢+1\B§7¢72

BQ*¢+2\3272‘73
Taking the adjoint of the covariant derivative of equation (V.26)
—Agiiv1 = A% - dgii1 — dgiie - AT

and, arguing as in the first part of the proof of theorem V.5, we deduce the existence of
Jiir1 € G such that

giiv1 — gii-i—lHL‘X’(TmTiH)
4
<C 21||d9m‘+1||L2(TimTi+1) +C Z ||a£kzlgii+1||L2’1(TmTi+1) (V_Qg)
k=1

1/2
<C V |dA+AAA|2dx4] <C V6
T,L'UT,L'+1
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We now modify the gauge change g; as follows. Precisely, for any + € N, we denote

0;:=012 923 "' Gi-1: €G
Observe that
—1
A% =5 A% (V.29)
Hence A%7 ' is still a Coulomb gauge satisfying
( 4
/ 2| ATT 4 N |9, AP P da™ < Co / A + A A A da*
T k=1 T

— . (V.30)
d*A%% =0 in T}

\ Lf‘)Bm(*Agiail) =0
Denote h; := ¢; o; ! the transition functions on 7; N T;,; for these new gauges are given
by
iiv1 = 0i0; " 0ir1 (9ir1) " = Gi Giir1 (Gig1)
Using (V.28) we have

1/2
Hh“'+1 - eHLOO(TiﬂTHl) S C |:/ |dA + AN A|2d.§lf4:| S C \/g . (Vgl)
T;

Exactly as for g;, using the identity
Attt = (1) dhiigy + (hier) A hi (V.32)
together with (V.29) and (V.30) we obtain

4
2\l dhiiall 2 romg + D 102 hiii 2o @om )
= (V.33)

1/2
<C V ydA+AAA|2dx4] <CVs
TiuTi_}rl

UTi41

where e is the content function on 7; N T;,; equal to the neutral element of G. Having
chosen 0 small enough we ensure that the transition functions of this new set of triviali-
sation are contained in a neighborhood of the neutral element into which the exponential
map defines a diffeomorphism and there exist U;;1; such that h;;1; = exp(U;;41) and

4
Uil zoemiomiin) + 2°(|dUsia | 2o o) + Z 102, Usinall 20 ()
ki=1 (V.34)

1/2
<C U |dA+A/\A|2dx4} <C Vs
T,L'UT,H,l
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Let p be a smooth function on R, identically equal to 1 between 0 and /2 and compactly
supported in [0,2]. On B* we define

pi(x) == p(|7|2") Vi :i= By—irs;2 \ By~ and 7; := exp(p; Uis1)
With these notations we have
on Vig1NV;= By iyi2\ Bo-i we have 7;, = h;;41 and 7,41 = €
Hence on V;;1 N'V; we have
AMT o= ! A 7,
(V.35)
= (hiis1) " dhiipr 4 (hiiga) ™ AM by = Al = Al in

and the 1-form A equal to A"™ on each annulus V; defines a global I/Vl})c2 connection
1-form on B*\ {0} gauge equivalent to A. Clearly, for k = 1,2, we have the pointwise
estimate
dFrl < C Y 2 d Ui | on Vi
1=0¥

Combining this fact together with (V.30), (V.34) and (V.35) we obtain

4
/ 222’|Ahin 2+ Z ’axkA;lsz|2dx4 S CG’ / ’dA+A/\A|2dI4
Vi k=1 TiUTi41
Summing over ¢ gives
4
/ 2|72 AP + ) [0, Al da* < Ca / |dA+ AN AP dat |
B! k=1 B4

A is then in W'2(A'B%,G) and this concludes the proof of theorem V.6. O

VI The Yang-Mills equation in sub-critical and crit-
ical dimensions.

VI.1 Yang-Mills fields.

Until now we have produced solutions to the Yang-Mills Plateau problem in dimension less
or equal to 4 but we have not addressed issues related to the special properties that should
be satisfied by these solutions. Maybe one of the first question that should be looked at
is whether these minima define smooth equivariant horizontal plane distributions or not.

In order to study the regularity of solutions to the Yang-Mills Plateau problem we
have first to produce the Fuler Lagrange equation attached to this variational problem.
This is the so called Yang-Mills equation.
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Definition VI.1. Let G be a compact Lie group and A be an L? connection 1-form on
B™ into the Lie Algebra G of G. Assume that

/ |dA+ AN AP da™ < 400,

we say that A is a Yang-Mills field if
VE e CR(AN'B™,G)

pn |d(A +t€) + (A +tE) A (A+tE|? da™ |j—o = 0
t Bm
O

Observe that this definition makes sense for any A € L? such that Fy € L?, indeed we
have for any ¢ in C°(A'B™, G)

Fare=Fa+t (dE+ANEFENA)+ EANNE € LP(A’B™,G)
For such a A € L? and for any ¢ in C°(A'B™,G) we denote by da& the following 2-form
daf(X,Y) = dg(X,Y) + [A(X), E(Y)] + [€(X), A(Y)]
So we have for instance
da€(Ou;s Or;) = 00,&5 — 06 + [Ais §5] + [&i, Ay
We have then the following proposition.

Proposition VI.1. [Yang-Mills Equation] Let A € L*(A'B™ G) such that Fy €
L*(A2B™,G). The connection 1-form A is a Yang-Mills field if

VE e CR(A'B™,G)

(VI.36)
/ a6 Fr=0
B4
which is equivalent to

d4Fa=0 i D(B™) . (VIL.37)

In coordinates this reads
cm Y0y (Fa)ij + [A5, (Fa)yl =0 . (VIL.38)

7=1

O
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The Yang-Mills equation (VI.36) is also written symbolically as follows
d*Fa + [A,LFA] =0 ,

where L is referring to the contraction operation between tensors with respect to the flat
metric on B™. The proof of the last statement of the proposition goes as follows (VI.36)
in coordinates is equivalent to

Z /m <axi€j - axjéi + [Aivfj} + [éhAj]? (FA)ij> dz™ =0

ij=1

using integration by parts and the fact that the Killing metric, invariant under adjoint
action, satisfies < U, [V, W] >=< W, [U, V] > we obtain

> /m (= 0w, (Fa)ij + [(Fa)ij, Ail, &) + (Bu; (Fa)ij + [4;, (Fa)y), &) dz™ =0,

ij=1
which implies (VI.38).

The gauge invariance of the integrant of Yang-Mills lagrangian implies that (VI.38)
is solved for A if and only if it is solved for any gauge transformation A9 of A. More
generally we have the following

VAW (AN'B™.G) Y geW*(B",G)
(VL.39)
diayFas = g  diFag

where we recall that A9 := g 'dg+ g~ *Ag.

The Yang-Mills equation (VI.37) has to be compared with the Bianchi identity to
which it is a kind of "dual equation”. This is a structure equation which holds for any
connection 1-form.

Proposition VI.2. [Bianchi identity] For any A € L*(A'B™,G) such that Fy €
L*(A2B™ G) the following identity holds

daFy=0
where doF5 is the 3-form given by
daFA(X,)Y,Z) .= dFs(X,Y, Z)

+AX), Fa(Y, Z2)] + [A(Y), Fa(Z, X)] + [A(Z), Fa(X,Y)]
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The proof of Bianchi identity goes as follows. We have
dFA(X,Y,Z) = d(AA A)(X,Y, Z)
= [dA(X,Y), A(Z)] + [dA(Y, Z), A(X)] + [dA(Z, X), A(Y)]
= [Fa(X,Y), A(Z)] + [Fa(Y, Z), A(X)] + [Fa(Z,X), A(Y)]
where we have used the Jacobi identity
[AX), A, A(2)] + [[A(Y), A(Z)], A(X)] + [[A(Z), A(X)], A(Y)] = 0

This concludes the proof of Bianchi identity.

In the particular case where G is abelian, Yang-Mills equation together with Bianchi
identity is equivalent to the harmonic map form system

d*Fy =0 Yang-Mills
dFy =0 Bianchi |

whose solutions are known to be analytic in every dimension. We are now asking about
the same regularity issue in the non abelian case.

V1.2 The regularity of W!? Yang-Mills Fields in sub-critical and
critical dimensions.

Due to the huge gauge invariance, the “intrinsic” Yang-Mills equation (VI.38) as such
cannot generate any kind of improved regularity for an arbitrary solution!'®. Nevertheless
the “breaking this invariance” by taking the Coulomb gauge will make Yang-Mills PDE
elliptic and will generate regularity under the ad-hoc assumptions. Precisely we have the
following result.

Theorem VL.7. Let G be a compact Lie group and m > 3. Let A € WY™2(A'B™, G) be
a solution of the Yang-Mills equation (VI.37) satisfying the Coulomb condition d*A = 0
then A is C* in B™. |

Proof of theorem VI.7.
We assume that A is Coulomb and satisfy the Yang-Mills equation (VI.37). Hence we
have

d*dA+d*(ANA)+[A LA+ [ALLANA] =0

10 Assuming one solution A would be smooth and taking any arbitrary other “non smooth” gauge g the
new expression of the connection A9 is not smooth though it still solves Yang-Mills
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Using the fact that d*A = 0 the Yang-Mills equation in this Coulomb gauge reads then
AA=d"(ANA)+[A LA+ [A,L(ANA)] (VI.40)
and theorem V1.7 is now the direct consequence of the following result. O

Theorem VI.8. Let m > 2 and N € N*. Let f € C®°(RY x (R™ @ RY),RY) and let
g € C°(RYN RYN) such that there exists C > 0 satisfying

FEDISCIEE and o) <C P (VL)

Let u € Whm/2(B™ RN) satisfying
Au = f(u,Vu) +g(u) (V1.42)
then u is C*°. a

Proof of theorem VI.8.
We start with the following embedding

Wl,m/2(3m> SN Lm(Bm>

We claim that there exists a > 0 such that

sup p_4°‘/ lu|™(z) dz™ < +o0 . (VI1.43)
0<p<1/4 By(x0)

a:oeB‘f/Q(O) ;

Let € > 0 to be fixed later. There exists py > 0 such that

sup / u|™(x) + |Vu|™(z)]de™ < e . (VI.44)
By (wo)

xoeB{'h (0) ; 0<p<po

Let now 2o € By),(0) and p < po arbitrary. On B,(zo) we consider ¢ to be the solution
of
Ap = f(u, Vu) +g(u)  in B (o)
(VI.45)
=0 on 9B} (x)

Classical elliptic estimates (see [16]) give the existence of a constant independent of p
such that

HSOHLM(B;,”(JCU)) < C |[|f(u, Vu) + Q(U)||Lm/3(B;n(m0))

(VI1.46)
<C ||u||Lm(B£”’(Io)) ||VU||Lm/2(B;n(xo)) +C ||U||?im(3;n(xo))
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The difference v := u — ¢ is harmonic on B}'(x). Hence |v|™ is subharmonic

m

Al|™ = m |v|™ 2| Vo]* + 5

(5= 1) Il [V = 0

This gives that
Olv|™

Vr<p / — >0
OB, (z0) or

d1
4 [—/ o™ () dmm] >0
dT rm Bff(:l:())

which implies that

So we have in particular

/ o™ (@) da™ < 47 / o™ (&) da™ | (V1.47)
B, 4(w0)

Bp(xo)

From this inequality we deduce

[ @< [ o e

B, /4(z0) B, /4(%0)

< 2’”1/ lv|™(x) da™ 4 2™ 1 / lp|™ da™ (VI.48)
By (o) By (zo)

ggZ/B( i (e) da” 2 [ el o
p\Z0

By (zo)

Combining (VI.46) and (VI.48) we then have

[ ) da
Bp/4($0)

< [+ Co Uy + Wl [ (o) da”
p\Zo

(V1.49)

We choose € > 0 such that Cpe? < 27! and we have then established that for any p < pg

1
/ lu|™(x) dz™ < —/ lu|™(z) dz™ . (VI.50)
Bya(zo) 2 JB,(x0)

Iterating this inequality gives (VI.43). Inserting the Morrey bound (V1.43) into the equa-
tion (VI.42) gives

sup p‘ma/S/ |Au|™3(z) dz™ < 400 . (VL51)
xOEB{Tb(O) ; 0<p<1/4 B, (z0)
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The Adams-Sobolev embeddings (see [1]) give then the existence of p > m/2 such that
Vu € Ly, .(Bf},(0)). It is easy then to see that the PDE (V1.42) becomes sub-critical for

loc
WP (with p > m/2) in m dimension and we can apply a similar bootstrap arguments to
obtain the desired regularity for u. This concludes the proof of theorem VI.8. a.

Remark VI1.4. The proof of the reqularity of Yang-Mills fields in the critical 4 dimension
1s "soft” in comparison with the proof of the reqularity of the "cousin problem” : the
harmonic maps between a surface and a manifold. Both equations are critical respectively
i 4 and 2 dimensions but the analysis of the harmonic map equation is made more
delicate by the fact that the non-linearity in the harmonic map equation is in L' which
18 a space which does not behave “nicely” with respect to Calderon-Zygmund operations.
There is no such a difficulty for Yang-Mills. What is delicate however is to construct a
"good gauge” in which Yang-Mills equation becomes elliptic. In a somewhat parallel way
the difficulty posed by the harmonic maps equation was overcome by the author by solving
a gauge problem (see [41]).

One consequence of the previous regularity result and the point removability result V.6
is the following point removability theorem for Yang-Mills fields in 4 dimension

Theorem VI.9. [Point Removability for Yang-Mills in conformal dimension.]
Let A be a weak solution in W>(A'B* G) to Yang-Mils equation

dyFa=d Fa+[ALF) =0  inD(B*\{0})

Assume

|dA+ AN A do* < +o0
B4

then there exists g € W22(B*\ {0}) such that
A9 € C™(BY)
and A9 solves the Yang-Mills equation strongly in the whole ball B*. O

Proof of theorem VI.9. The point removability result V.4 qgives the existence of a
W22 —gauge such that A9 € W'2(A'B* G). Using Uhlenbeck’s Coulomb gauge IV.1
extraction theorem we can assume that A9 satisfies the Coulomb condition d*A9 = 0 in
D'(B*). So A9 is a W2 —solution of a system of the form

Au = f(u,Vu) + g(u) in D'(B*\ {0}) ,

where f and g are smooth maps satisfying (VI.41). The distribution Au— f(u, Vu) — g(u)
is supported in {0}. Hence by a classical result in distribution theory this distribution is
a finite linear combination of derivatives of Dirac masses :

—Au+ f(u, Vu) + g(u) = Z Cy 0ado (VL.52)

la<N
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where N € N, a = (a;---ay) € NY |a| := || + -+ - + |4, C € R* and 9, denotes the
partial derivative

oM 9* g Q™
-0zt Owy? x5 0zt
Let x be an arbitrary smooth compactly supported function in B{(0). Denote y.(z) :=
x(z/€), multiply equation (VI.52) by this function and integrate over B* gives

O, :

> P =2 [ Oate/e Vut [ v (#0690 + g(w)

elel €
la| <N

Hence, using Vu € L? and v € L* we have

la|<N

Since 0“x(0) are arbitrary, this implies that C, = 0 for any a. So the equation —Au +
f(u, Vu) + g(u) = 0 holds on the whole ball and we can apply theorem VI.8 to u = AY
and obtain that it is C*° which concludes the proof of theorem VI.9. O

It is clear that the solutions to the Yang-Mills Plateau problems satisfy the Yang-Mills
equation and hence we have the following corollary.

Corollary VI.1. Let G be a compact Lie group and m < 4. For any 1-form n €
HY2(AYOB™,G) the following minimization problem

inf {/ |FAl? d2™ 5 thpmA =17 for some g € H3/2(OBW,G)} (VI.53)

is achieved by a 1-form A° € WY2(A'B™, G) which is C™ in any local W'2— Coulomb
gauge inside the ball B™. O

VII Concentration compactness and energy quanti-
zation for Yang-Mills Fields in critical dimen-
sion.

The goal of this section is to study establish the behavior of sequences of Yang-Mills fields

of uniformly bounded energy in critical dimension 4. There are three main problematics
attached to this study

e Modulo extraction of subsequence, do we have strong converge to a limiting Yang-
Mills ?
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e If the strong convergence does not hold where is located the lack of strong conver-
gence in the base ?

e How much Yang-Mills energy is lost at the limit ?

We have already several tools and results at hand that we established in the previous
sections in order to provide a relatively precise answer to these three questions. The proof
or our main result in this section is based in particular on the following ”quantitative
reformulation” of the regularity theorem VI.7 which belongs to the family of the so called
e—regularity results for conformally invariant problems.

Theorem VII.1. [e—regularity for Sobolev solutions to Yang-Mills in confor-
mal dimension]| Let G be a compact Lie group, there exists g4 > 0 such that for any
G—walued 1-forms A in W12(A'B{(0),G) satisfying the Yang-Mills equation

d\Fa=d"Fa+[ALF =0 in D(B(0))

and the small energy condition

/ |FA|2 dl‘4 <Ega
B(0)

then there exists a gauge g in which the following estimates holds : for any | € N there
exists C; > 0 such that

||VZ<A)9||%OO(BU2(0)) < /Bm(o) |Fa* da* . (VIL1)

|

Proof of theorem VII.1. We choose 4 > 0 that will be definitively fixed a bit later
in the proof to be at least smaller than the e¢; > 0 of the Coulomb gauge extraction
result theorem th-111.2. We now work in this Coulomb gauge and we omit to mention the
superscript ¢g. So, from now on until the end of the proof, we are then assuming that we

have A
/4 |A|2 dz? + Z ‘8501AJ|2 dz? < Cgq /4 |FA|2 da?t < EG4 (VHQ)
By

ij=1 By
from which we deduce in particular

2
/ |F4|? dx4] : (VIL3)
By

/ ‘A’4 d.IA < CO
By

for some constant Cy > 0. Recall that in the Coulomb gauge we are choosing, the con-
nection form A satisfies the elliptic system (VI.40) to which we can apply the arguments
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of the proof of theorem VI.8 that we are going to follow closely keeping track this time of
cach estimate. In particular, having chosen ¢ 4 small enough we have inequality (VI.50)
which holds for u = A and for any B,(x¢) C B1(0) and we deduce

VIO S 33/4(()) Vp < 1/4
/ |A[* da* < 2 p° / |A|* da
By (o) B(0) (VIL4)

2
<200 | [ IRt
B1(0)

where o = log 2/ log 4. Inserting this inequality in the Yang-Mills PDE in Coulomb gauge
(VI.40) we obtain the existence of a constant C; > 0 such that

YV xg 683/4(0) Vp< 1/4
(VIL5)

4/3
/ ’FA’2 dl‘4
B1(0)

Combining (VIL.4) and (VIL.5) we deduce from Adams-Morrey inequalities (see [1])

/ ‘AA‘4/3 d$4 < Cl pa/3
Bp(mo)

3/4
VAl .oy < C sup p”‘/g/ AA[M? dz?
IVA| L2 (8 50)) B Bp<x0>’ | (VIL6)
+C | All 2By 0))
where 16— 4a/3
_16-4a/3
88—«

Hence we have for this p > 2

1/2
/ |FA|2 dl‘4
B1(0)

Since p > 2 the non-linear elliptic system (VI.40) becomes sub-critical in 4 dimensions and
a standard bootstrap argument gives (VIL.1). This concludes the proof of theorem VII.1.O
The previous e—regularity result is the main step for proving the following concentration
compactness theorem for sequences of Yang-Mills fields.

IV A Lo (B, 500 < C

Theorem VII.2. [Concentration compactness for Yang-Mills Fields in confor-
mal dimension] Let (M* h) be a closed j dimensional riemannian manifold and P a
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principal smooth G bundle over M*. Let V¥ be a sequence of Yang-Mills connections
satisfying

limsup/ |Fgr|2 dvoly, < +o0

k—+oco J M4
Then there exists a subsequence V¥, a smooth G—bundle P> over (M* h), a smooth
Yang-Mills connection V> of P> and finitely many points {p1---pn} in M* such that
for any contractible open set D* C M*\ {py---pn} with compact closure, there exists a
sequence of trivialization of P over D* for which

AF 5 A> strongly in C'(D*) VI€N |

where A¥ (resp. A®) is the connection I1-form associated to V¥ (resp. V) in this
sequence of local trivializations of P (resp. P> ) over D*. Moreover we have the following
weak convergence in Radon measure

p¥ = |Fow|? dvol, — p™ := |Fye|? dvoly, +v (VIL7)
where v is a non negative atomic measure supported by the points p;

N
vi=3Y f 0, (VILS)
j=1

|

Proof of theorem VII.2. We follow step by step the proof of theorem V.5 replacing
for the choice of the covering the Uhlenbeck Coulomb Gauge threshold eq(M*, h) by
the smaller positive constant eg4(M*, h) given by the e—regularity result VIL.1 on the
manifold (M*, h). Observe that, because of the epsilon regularity result, the Coulomb
gauges (Ak)gf are pre-compact for any C'—topology on each ball B,(x;). This gives also
the pre-compactness of the transition functions gfj in any of the C! topologies. Hence,
the co-cycles gfj converge in any of these topology to the limiting (now smooth) co-cycle
g7 which defines a smooth G—bundle P> over M 4\ {p1---pn}. Moreover the limiting
collection of 1-forms A’**° defines a connection V> on P> satisfying also the Yang-Mills
equation which passes obviously to the limit under C'** convergence. The gauge invariant
quantities such as |Fgx|* converge also to the corresponding limiting quantities and we
have then, modulo extraction of a further subsequence, the existence of a limiting radon
measure v supported on the points p; exclusively such that (VIL.9) holds. Finally applying
the point removability theorem and once again the e—regularity we extend V*° globally
on M* as a Yang-Mills smooth connection of the bundle P> which also obviously extends
throughout the p; as a smooth bundle. This concludes the proof of theorem VII.2. a

Finally, we identify the concentration atomic measure by proving that the weights f;
in front of the Dirac masses d,, are the sums of Yang-Mills energies of Yang-Mills fields
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over S*, the so called "bubbles”. Precisely we have the following energy identity result
which was first established for instantons in [56] and for Yang-Mills fields in general in
[42]. The proof we present below is using the interpolation Lorentz spaces following a
technic introduced in [24] and [25].

Theorem VII.3. [Energy quantization for Yang-Mills Fields in conformal di-
mension.] Let (M* 1) be a closed 4 dimensional riemannian manifold and P a principal
smooth G bundle over M*. Let V* be a sequence of Yang-Mills connections of uniformly
bounded Yang-Mills energy converging strongly away from finitely many points {p1 - -- Oy}
to a limiting Yang-Mills connection V° as described in theorem VII.2. Let v be the atomic

concentration measure
N
V= E fj (5pj R
j=1

satisfying
,uk = |FVk/|f21 d'UOlh — ILLOO = ‘Fvoo’i d'UOlh + v

Then for each j = 1--- N there exists finitely many G— Yang-Mills connections (D!);—1...n,

J
over S* such that
N
VleN fJ:Z/ ‘FD«L_QdUOZSAL . (VIIg)
i—1 /st

|

Remark VIIL.1. The energy quantization result can be established by direct geometric
arguments in the special case of instantons in 4 dimensions (see [15]).

Proof of theorem VII.3. Since the result is local, the metric in the domain does not
play much role and we will present the proof for M* = B}(0) equipped with the flat
metric and assuming moreover that there is exactly one limiting blow-up point, N = 1,
which coincide with the origin, p; = 0. We also express the connection V* in s

Recall that we denote by €44 the positive constant given by the e—regularity theo-
rem VII.1. We detect the "most concentrated bubble” precisely let

o ::inf{p; 3z € B{(0) s. t. / | Fan|? dx4:%}
Bp(x)

Since we are assuming that blow-up is happening exactly at the origin we have that

p" =0 and

J2F 50 st Fk2d$4:%
A
Bk (z%) 2
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We choose a sequence x* that we call center of the first bubble and p* is called the critical
radius of the first bubble. Let

A~

4
Afy) = p" D Af(pFy + 2b) dy;
=1

Due to the scaling invariance of the Yang-Mills lagrangian in 4-dimensions, AF, which is
the pull-back of A* by the dilation map D¥(y) := p* y+2*, is a Yang-Mills fields moreover

o / | Fael® dy* :/ |l dyt = "4
YEBL 2,4y (0) J Bi(y) Bi(0) 2

1

(VIL10)

Applying the e—regularity theorem VII.1 we deduce that on Uhlenbeck’s Coulomb Gauges
g which exists on each unit ball B;(y) since the €5 4 has been taken smaller than e from
theorem IV.1
VieN sup [V A lp(m,,) <G
€B1/2pk) (0

where (] is independent of k. Hence, locally in Coulomb gauge, modulo extraction of a
subsequence, the sequence AF converges strongly in any C! _ topology on R* to a limiting
Yang-Mills connection A satisfying

/ Pyl dy* = =84
. 2

B1(0)

and which is therefore non trivial. Let now 7 be the stereographic projection with respect
to the north pole, due to the conformal invariance of Yang-Mills energy A:=m"A%is a
non trivial Yang-Mills Field on S*\ {south péle}. Since A is a smooth G—valued 1-form
with finite Yang-Mills energy and satisfying the Yang-Mills equation we can apply the
point removability result for Yang-Mills fields, theorem VI.9 and conclude that A extends
to a global smooth Yang-Mills G—connection D} over the whole S* which is our first
bubble and using again the conformal invariance of Yang-Mills energy we have

£ea §/4|FD%\2 dvolgs = lim lim ) |Fae|* da? . (VIL11)
S

R—400 k—400 BR k(m )
p

We have now to study the loss of Yang Mills energy in the so called neck region between
the first bubble and the macroscopic solution A® to which A* converges away from zero.
Precisely we are studying

lim |FAk|2de'4—/ |FAoo|2dx4—/ |FD%|2 dvolga
B g4

k—4o00 B4

(VIL12)

= lim lim |Fax|? da
R—+400 k—+400 BR—l(xk)\BRpk(lk)
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For any G there is a minimal Yang-Mills energy among all non-trivial Yang-Mills Fields.
This can be proved easily observing that if the energy is less than the e 4 threshold, the
connections can be represented by a global smooth Yang-Mills 1-form on S* to which
the C! estimates of theorem VIL.1 apply. Hence since A satisfies globally on S* the PDE
(VL.40) and for small enough Yang-Mills energy this implies that A is an harmonic one
form on S* which gives that it is a trivial Yang-Mills fields. Denote

YM(G, S*) = min{ |Fp|? dvolgs ; D is a non zero G Yang-Mills Field}
S4

To simplify the presentation we assume that

k—4o00

lim | F g | d® — / | Fpoe [Pda® — / |Fpi|? dvolgs < YM(G,S*) ,  (VIL13)
B4 B4 .
or in other words

lim  lim |Fae? da* < YM(G,S*) . (VIL.14)
R—+00 k—+00 BR_I(Ik)\BRpk(xk)

Alternatively we would have to go through some standard and fastidious induction pro-
cedure to remove all the bubbles one by one - each of them taking at least an amount
of YM(G, §*) Yang-Mills energy - and we would be anyway reduced at the end to study
the loss of energy in annuli region where (VII.14) holds (such a procedure is described
for instance in [5] proposition IIL.1 in the framework of Willmore surfaces). Under the
assumption (VII.14) the goal is ultimately to prove

lim lim |Fae]? da* =0
R—+00 k—+00 Bp—1(z*)\Bp i (z*)

that will finish the proof of the theorem. We are now going to prove the following claim.

Claim 1 :
Vé>0 IRs>1 s t. Vrel[Rsp" Ry

limsup/ |Fa|? dz* < 6
k—+o0o J By, (x*k)\By(z*)

Proof of claim 1. We argue by contradiction. Assume there exists §y > 0 such that for
all R > 1 there exists 7* € [Rp*, R7!]

limsup/ |F e |? do* > &
k=400 JB, r(z*)\B, i(z*)
Since we can find a sequence r; for any R > 1, using a diagonal argument and the
extraction of a subsequence we can assume that

-k
— — +oo  and k=0
p
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Now we introduce

s; 32 € By(2®) \ B (a¥) s t.

k .
s" :=inf
)
/ |FAk|2 dlA = min {—EGA, —0 }
By (2) 2 16

Let 7% be a point in the dyadic annuls By« (2%) \ B,«(2*) where this infimum is achieved.
We clearly have
By (2*) € Bg-1(2*) \ Bg o (2")

for any R > 1 and k large enough. Dilating the Yang-Mills connection A* about z* at a
rate (s*)~! we again obtain a limiting non trivial Yang-Mills field, a second bubble, A
either on R* or on R*\ {0} depending whether s*/r* tends to zero or not. In any case we
have

0
lim lim |FAk|2dx42/ |Fgw|2dx42min{% —0} ,
R4

R*)+OO k—>+00 BR—l(wk)\BRpk(ik) 2 ’ ]_6

and the point removability theorem VI.9 for Yang-Mills fields implies that A extends to
a non-trivial Yang-Mills Field on S*

|Fie)? do* > YM(G, SY)
R4

which contradicts the fact that we are working under the assumption that there is only
one bubble (i.e. assumption (VII.14)). So we have proved claim 1.

Combining claim 1 and the e—regularity theorem VII.1 we obtain

Vo>0 dRs>1 s. t.
Ve Bpa \ Bg, (2" 2| |Far*(z) < 6

Consider an Uhlenbeck Coulomb gauge (A%)¢" in the annulus B, Ry o () \ B, o (2).
Introduce x to be a cut-off function such that

X(@)=1  in R*\ By(0)
X(@)=0  inB{(0) ,
and let x*(z) := x(Rs p* (x — o). Extend (4*¥)9" in B, g, »(2*) by taking
Ak Xk(Ak)gk
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Using again the C! estimates (VIL.1) of e—regularity theorem VII.1 for the Uhlenbeck
Coulomb gauge (A*)? in the annulus By g, (z¥) \ Bg, +(z*) we obtain for any z €

BQRgpk (xk) \ BR5 ok (xk)
| |AM|(z) + |2* [V A*|(2)
12 (VIL15)

<c l/ F]? da*
B4 Rg ok (Q?k)\BR(S pk/g(xk)

We have then produced an extension A* of A* inside the ball B, Ry pk(a:k) equal to A% in
Bp-1\ Bp, o (z*) and satisfying

#l? [Fgelll e, sy < VO
This implies in particular
HFAk”LZOO(BR_l(xk)) <C Vo , (VIIL.16)
&

where C' > 0 is a constant independent of § and k. Taking § small enough we can apply
theorem IV.4 and find a gauge that we denote simply A" and which satisfies

4
/ AP+ oA dam < Cg /
BRgl(.Z‘k)

k
ij=1 Bpa(@

(

‘sz‘z d:L‘4
)

—k

d'A" =0 in BRE1(xk) (VIL17)

* —k _
\ LBBRgl(xk)(*A )=0

Using the gauge invariance of Yang-Mills integrant (V1.39) together with the C! estimates
(VIL.1) of e—regularity theorem VII.1 applied to the Uhlenbeck Coulomb gauge (A*)9 in
the annulus By g, ¢ (2%) \ B, ,+(2*) we obtain on BRgl(fE'k)

[ o] < C[VXF] (AR 2+ C XM [(AF)" P
(VIIL.18)
<C (R5 pk)_?’ ]-k,6 )

where 1,5 is the characteristic function of By g, (2*) \ Bg, »(z¥). This implies the
following estimate

I Faelonnis, oy < € [ PP drt (VIL19)

2 iy o TN\ By i (5)
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where we recall that L(*/31 is the Lorentz space whose dual is the Marcinkiewicz weak

L* space : L**. Using the embeding (IV.15) for p =2 and m = 4
W1,2<B4) SN L4,2(B4) ’

we obtain from (VII.17) the estimate

<
|A ||L472(BR6_1(x’“)) < Cg /B

R

[P dat (VIL.20)
—1 ($k
6

Using now one of the embeddings (IV.13) :
L2<B4) X L4,2(B4) SN L4/3,1(B4) ’

we obtain
"
|d*dA ||L4/3,1(BR71($1€)) < Cg / |FZk|2 dx* . (VIL.21)
5

B __q(zF
e

Combining this fact with the three lines of (VII.17) together with classical elliptic esti-
mates in Lorentz spaces (see [53]) gives

||sz||%2,1(BR71($k)) < Cg / |sz|2 da*
B__1(zF)

s
Rs

Combining this inequality with the estimate (VII.16) of the curvature in the dual space
L% in the neck region we obtain

V>0 dRs>1 s.t.

k——+o0

limsup/ |Fae|? dz* < C V5
Bt (09)\ By g )

from which we deduce

lim lim |Fx|? dat =0
R—+00 k—+oo Bp—1(a¥)\Bp, k (z*)

This implies
|Far|? do* — p™ = |Fye|? da* —I—/ |FD%|2 dvolga &g
S4

This completes the proof of the theorem VII.3. a
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VIII The resolution of the Yang-Mills Plateau prob-
lem in super-critical dimensions.

VIII.1 The absence of W'? local gauges.

We can reformulate the sequential weak closure of W12 connections we proved in the
previous sections for the dimensions up to 4 in the following way. Let G be a compact
Lie group and (M™, h) a compact riemanian manifold. Introduce the space of so called
Sobolev connections defined by

Ae LA(N'M™,G); [yym [dA+ANA[} dvol, < 00
ng(Mm) e
locally 3 g € Wh? st A9 e W2

It is clear that any Sobolev W12 —connection of a smooth G—bundle in the classical sense
of [15] defines an element in Ag(M™) for m < 4. This follows from the existence of a
global representative in L” (p < 4) given by theorem IV.5.

We now prove the converse : that any element A € Ag(M™) for m < 4 define a
smooth bundle and a W12-Sobolev connection in this bundle in the classical sense given
in [15]. Precisely we have the following result.

Proposition VIIL.1. Let G be a compact Lie group and (M™, h) be a riemannian man-
ifold of dimension m < 4. Let A € Ag(M™) then there exists a smooth bundle E over
M™ and there exists a W12 —connection V of E such that A is locally gauge equivalent
to V. O

Proof of proposition VIII.1. We cover M™ by a locally finite family of open balls
B, (z;) realizing a good covering (In the sense of [6]) such that on each of these sets A has
a W2 representative and |, By (1) |Fal? dvoly, < & where ¢ is positive number small enough
in order to ensure the existence of a Coulomb TW!?— representative. We denote by g; the
gauge change such that A% = g;'dg; + g; ' A g; is such a Coulomb W'2—representative.
On B, (z;) N B,,(x;) we denote g;; == g; 'g;. Following word by word the arguments of
the proof of theorem V.5 we have that g;; € CONW"?(B,, (z;)N B, (x;), G) and the family
satisfy moreover obviously the co-cycle condition g;; = gix gr;-

Having taken & > 0 small enough we can ensure that the C° norms of the g;; - possibly
on the intersection of slightly smaller balls - are small and there exists an equivalent
smooth cocycle (h;;) (Le. hij = (0;) 'gi;0; where o; € C° N W (B,,(x;),G) and hy; €
C®.) The cocycle (h;j) associated to the good covering B, (x;) defines a smooth bundle
E over M™. We have

A% e WYAH(A'B,,(x;),G)  and  A%% = hi'dh; + hi;' A% hy;

Hence by definition (A%°7) defines a W2 —connection on E. It is obviously locally gauge
equivalent to A. This concludes the proof of the proposition. |
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Using the same ingredients!! as the one used to prove theorem V.2 one establishes the
following result which is the boundary-free counterpart of theorem V.2.

Theorem VIII.1. For m < 4 the space Ag(M™) is weakly sequentially closed below any
given Yang-Mills energy level : precisely For any A* € Ag(M™) satisfying

limsup Y M (A*) = / |dA* + A% A AF2 dvoly, < +oo

k—+o00

there exists a subsequence A* and a Sobolev connection A® € Aq(M™) such that

dAF A%) = inf / AF — (A dvoly — 0,
Mm

gEWL2(M™,G)

moreover
Y M(A®) < liminf Y M (A*)
k/—0

O
Remark VIIL.1. Observe that the space Ag(M™) contains for instance global L* one
forms taking values into the Lie algebra G that correspond to smooth connections of some
principal G—bundle over M™. If the Yang-Mills energy of a sequence of such smooth
connections is uniformly bounded, we can extract a subsequence converging weakly to a
Sobolev connection and corresponding possibly to another G—bundle. This possibility of
Yiumping” from one bundle to another, as predicted for instance in the concentration
compactness result theorem VII.2, is encoded in the definition of Ag(M™). a

Because of this weak closure property the space g (M™) is the ad-hoc space for
minimizing Yang-Mills energy in dimension less or equal than 4. This is however not the
case in higher dimension. We have the following proposition.

Proposition VIIL.2. Form > 4 the space Agy2)(M™) is _not weakly sequentially closed
below a given Yang-Mills energy level : precisely there exists AF € sy 2)(M™) satisfying

lim sup Y M (A*) = / |dA* + A" A AR da™ < too

k—+o0

and a su(2)—wvalued form A> € L? such that

d(AF, A=) = inf / |A¥ — (4%)92 dvol,, — 0,
geWL2(M™ SU(2)) m

but in every neighborhood U of every point of M™ there is no g such that (A®)9 € WLH2(U)
(Z@ A ¢ 2[5(](2)<Mm)) . O

Observe that the topology of the underlying bundles defined by each AF and given by proposi-
tion VIIIL.1 plays no role in the proof and that the arguments of theorem V.2 carry over in a straightfor-
ward way. Again our approach is to work with analytical objects, i.e. gobal L2—one forms, ignoring the
geometric structures that each of this one form is inducing.
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The proposition is not difficult to prove but we prefer to illustrate this fact by a small
cartoon. We consider a sequence A* of smooth 1-forms on B®, the unit 5 dimensional
ball, into su(2) such that limsup,_, . Y M(A*) < 400. The drawing is representing
the flow lines of the divergence free vector field associated to the closed Chern 4-form :
Tr(Fx A Far). In this cartoon A* is weakly converging in L? to some limit su(2)—valued
1-form A* such that Fiye € L? but this 1-form satisfies

d(Tr(Fas A Fax)) =87% [0p —0n] #0

where P and N are two distinct points of B - the red dots in the figure 3 cartoon. Hence
for almost every small radii » > 0 we have for instance

/ Tr(Fas A Fye) = 87°
9B3(P)

Assume there would exist ¢ € W2 such that (4>°)? € W'? in the neighborhood of P.
The gauge invariance of the Chern form gives that

/ TT(F(AOO)Q /\ F(Aoo)g) - 87T2
oB3(P)

However we have seen in section IIT that the fact that ¢}, (A>)¢ is in WHA(AOB?, su(2))
for almost every r - due to Fubini theorem - imposes

/ TT’(F(AOO)Q A F(AOO)g) =0 s
OB (P)

which is a contradiction.
— Flow lines of tr(F_D ~ F_D)

Fig. 1: Sequence of smooth connections time 1
fT’j Flow lines of tr(F_D A F_D)

29



Fig. 2: Sequence of smooth connections time 2

l/Flow lines of tr(F_D A F_D)

N

Fig. 3: Sequence of smooth connections - the limit.

In the above cartoon!? the limiting 1-form A* is a 1-form of a smooth connection but
on a SU(2)—bundle which is only defined over B*>\ {P} U {N}.

The conclusions we can draw at this point are the following. In dimension m < 3,
the Yang Mills energy is controlling the bundle in the sense that from a sequence of
connections of a given bundle with uniformly bounded L?—curvature one can extract
a weakly converging sequence to a limiting Sobolev connection of the same bundle. In
dimension 4, under the same assumptions one can extract a weakly converging sequence
to a limiting Sobolev connection but possibly from another bundle. The last example is
illustrating the fact that, starting in 5 dimension, the Yang-Mills energy is not coercive
enough to control the bundle structure : The Yang-Mills energy control does not prevent
the corresponding bundle to degenerate and to have local twists at the limit. In fact,
instructed from what happens with the Dirichlet energy of maps from B? into S? one
could even construct a sequence of smooth connections whose weak limit is given by a
form satisfying

supp [d (Tr(Fae A Fax))] = B> |

This means that the limiting bundle has become everywhere singular on B®.

In order to find an ad-hoc weakly sequentially closed space of connections below
any Yang-Mills energy level, we have then to weaken the notion of Sobolev connections.
Sobolev connections are singular but the underlying bundle was smooth. We see that the

12A reader interested in having a rigorous implementation of this cartoon could take for instance a
sequence of axially symmetric smooth maps u from B® into S* with uniformly bounded W1#— energy
and weakly converging to a map u°°, smooth away from P and N and such that

d(u*w54) = |S4| [513 - 5N}

where wgs is the volume form on S*. If Vj is a smooth connection of a non trivial SU(2)—bundle Ej
over S*, the cartoon is realised by A* a one form representing the pull back of the connection by u* over
the trivial bundle (u*)~1E,
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L? control of the curvature does mot preserve the smoothness of the bundle at the limit
in dimension m > 4. Since we do not impose anything more that having bounded Yang-
Mills energy, we have to relax the notion of bundle, the carrier of the connection, and
allow the bundle to have singularities. Countrary to classical differential geometry where
the bundle precede the connection, inspired by the “philosophy” of proposition VIII.1, we
shall work with one-forms and “generate” singular bundles from these one forms.

The new variational objects will be called Weak connections. The quest for finding
the right space is similar to the one at the origin of Geometric Measure Theory when the
class of integer rectifiable currents - i.e. sub manifolds with singularities in a way - have
been produced in order to solve the Classical Plateau Problem in super critical dimension
m > 2. We are looking for a geometric measure theoretic version of bundles and
connections.

VIII.2 Tian’s results on the compactification of the space of
smooth Yang-Mills Fields in high dimensions.

The need of developing a Geometric measure theoretic version of bundle and connections

beyond the too small class of Sobolev connections on smooth bundles has been already

encountered in the study of the compactification of the moduli space of smooth yang-Mills
fields by G.Tian in [57].

Theorem VIIL.2. Let G be a compact Lie group and A* be a sequence of G—wvalued
1-forms in B™. Assume A* are all smooth solutions to the Yang-Mills equation

djﬂvFAk - 0

Assume
limsup/ |dA* + AP A AR d2™ < +oo

k——+o0

Then there exists'® a subsequence A¥ and a limiting G—valued 1-forms A

d(A¥, A%) = inf / AN — (A%)[} dvoly, — 0. (VIIL1)

gEWL2(M™ @)

Moreover there exists a m — 4 rectifiable closed subset of B™, K, of finite m —4 Hausdorff
measure, H™ *(K) < +o0o such that in

V B,(zg) C B"\ K  3g€ WY (B.(x),G) s. t.

(A>)9 is a smooth solution of Yang-Mills equation in B,.(zo)

13The weak compactness of the sequence of Yang-Mills connection as it is presented in Tian’s work [57]
does not involve the gauge invariant L?—distance (VIIL.1). Nevertheles by combining the e regularity
result VIIL.5 with the L2-control of some gauge by the Yang-Mills energy given in [35] one can recast the
weak convergence mentioned in [57] into (VIIL.1).
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and the following weak convergence as Radon measure holds
|F | da™ — |Faoo|* da™ + f HPULK (VIIL2)

where H™ 4L K is the restriction to K of the m — 4 Hausdorff measure and f is a
H™ L K measurable function f(x) € L>°(K). O

This result is very close to a similar result proved in [23] by F.H.Lin for harmonic
maps in super-critical dimension m > 3.

Proof of theorem VIII.2. The starting point of the proof of theorem VIIL.2 is the
following monotonicity formula computed first by P. Price in [38].

Proposition VIIIL.3. [Monotonicity formula] Let m > 4 and A be a G—valued 1-forms
in B7*(0) assume that A is a smooth solution to the Yang-Mills equation

d4Fy=0  in B™(0)

then the following monotonicity formula holds for any point p in B{*(0) and any r <
dist(p, 0B} (0))

d [ 1 4
- { o / |Fal? dwm] =— / |[FALO,|* dvolopn (VIIL3)
dr |r B (p) r dB™ (p)

where 0, = 'Y ;0 and

PQL_ﬁr:::r_IEE:(PQ)U xidxj
i,7=1
d

The monotonicity formula is a direct consequence of the stationarity condition which
is satisfied by any smooth critical point of the Yang-Mills lagrangian. Precisely the sta-
tionarity condition says

d
VX eCPBMRY  — [ |[UIF,

=0 VIIL4
i | : ( )

t=0

where W, is the flow of X.
This condition is equivalent to the following stationary equation :

[ IR X =4 (Fad (Fales) 90X da™ (VIIL5)
Bm

ijk=1

The monotonicity formula is obtained by applying (VIIL.4) to the each vector-field X of
the following form : On the ball B, (p) the vector-field X is equal to the radial one, X = 9,
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for canonical coordinates centered at p which generates the dilations centred at p, and it
realizes a smooth interpolation to 0 outside B, s(p) for any 6 > 0 (see [38]). Once such a
vector field is chosen one computes (VIII.4) and make 0 tend to zero. This computation
gives then (VIIL.3).

The second ingredient of the proof is the extension of the Coulomb gauge extraction in
dimension larger than 4 to the framework of the so called Morrey spaces where the m —4
densities of Yang-Mills energy are assumed to be small everywhere and at any scale. The
following result has been established first in [26] by Yves Meyer and the author of the
present survey and independently by Terence Tao and Gang Tian in [54] .

Theorem VIIIL.3. [Coulomb Gauge extraction] Let m > 4 and G be a compact Lie
group, there exists e, > 0 such that for any smooth G—valued 1-forms A in B7*(0)
satisfying the small Morrey energy condition

1
NEal? /0 (pmgn = sup / |Fa|? da™ < EmG s
MeaBEO) " pm0), r0 T J B (ynBp (0)

then there exists a gauge g € W*?*(BYy},(0), G) such that

1 / m ) ,
o, = N 100, (A%, 2 < CIFal2g 5oy
= b sy o) g M 4 (B (0)

pEBT(0), r>0

ij=1
and
d*(A)Y =0 in B*(0)
LBB{”(O) *(A)P =0
where the constant C' only depends on m and G. O

In this Coulomb gauge any Yang-Mills smooth connection one form satisfies
AAI =d*(AINA9) + [A9,LdAY] + [A,L(AI AN A9)] . (VIIL.6)
We shall make now use of the following generalisation of theorem VI.8 to Morrey spaces.

Theorem VIIL.4. Let m >4 and N € N*. Let f € C®(RY x (R™ @ RY),RY) and let
g € C°(RN RYN) such that there exists C > 0 satisfying

f(&, 3D <C ¢l =] and — |g(§)l < C g (VIILT)

There exists € > 0 such that for any u in L* N W12(B™ RY) satisfying

1
sup
2
pEB(0), r>0 T

/ Vul® d2™ < ema (VIIL8)
B (p)NBY(0)
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and
Au = f(u,Vu)+g(u) (VIIL.9)

then we have for any | € N the existence of C; > 0 such that

1
1V )| o gom < C sup
L (BI/Q(O)) pEBI(0), >0 ,,amf4

/ |Vul? do™ . (VIIL.10)
By (p)NBY'(0)

a

The proof of this theorem is more or less identical to the one of theorem VI.8 replacing
the different spaces in 4 dimensions by their Morrey counterparts in higher dimension,
bearing in mind that Calderon-Zygmund theory extends with the natural exponents to
these spaces (see [27]).

Combining the monotonicity formula, theorem VIII.3 and theorem VIII.4 applied to
the PDE (VIIL.6), adapting the arguments we followed for proving the corresponding
result - theorem VII.1 - from the 4-D counterparts of theorem VIII.4 in the conformal
dimension 4, we obtain the following e—regularity result

Theorem VIIL5. [e—regularity for smooth Yang-Mills|] Let m > 4 and G be a
compact Lie group, there exists €, ¢ > 0 such that for any smooth G—valued I1-forms A
in B"(0) satisfying the Yang-Mills equation

& Fy=0 in B"(0)

and the small energy condition

/ |FA|2 dz™ < Em,G
B(0)

then there exists a gauge g in which the following estimates holds : for any | € N there
exists C; > 0 such that

||VZ(A>9||2L°°(BI/2(O)) < / ’FA|2 dx™
B1"(0)

|

4An e—regularity theorem for smooth Yang-Mills fields has first been obtained by H.Nakajima (see
[30]). Tt is however a ”gauge invariant reslult” which gives only an L° bound on the curvature under the
small energy assumption but is not providing any control of the connection in some gauge. The proof of
Nakajima e-regularity for smooth Yang-Mills fields is following the arguments originally introduced by
R. Schoen in [46] for proving the corresponding result for smooth harmonic map. It is using the Bochner
Formula as a starting point together with the mazimum principle and the Moser iteration technique.
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Proof of theorem VIII.2 continued.
Let

1
EF = {pEBm; m_4/ ’FAk’dl'mZSm’G} :
r Br(p)

where €, ¢ is the epsilon in the e—regularity theorem VIIL.5. The monotonicity formula
implies
VkeN Vr<p EfCE;f

Hence, by a standard diagonal argument we can extract a subsequence such that Ej 5-;
converges to a limiting closed set E,, o—; which of course satisfy

ggj—l C E;SJ
Let
K = (B3
jeN

A classical Ferderer-Zimmer covering argument gives
H™ Y K) < +o0

With the e—regularity theorem at hand, extracting possibly a further subsequence follow-
ing a diagonal argument, we can ensure that A* converges locally away from K in every
C'—norm in the Coulomb gauges constructed in theorem VIII.3 and we have

Iuk:/ — |FAk/‘2 dr™ — ,uoo — ’FAOO|2 dr™ Yy ’

where v is a Radon measure supported in the closed set K. Because of the Radon measure
convergence, the monotonicity formula (VIIL.3) satisfied by A* can be transferred to the
measure (>

Vpe BI0) Y BI(p) C BI(0)

Tm—4

d lu""(BZ«”(p)) dxm} S0

from which we deduce

9m—4(luoo’p) -— lim NOO(B;n(p))

r—0 rm—4

>0 exists for every p € B{"(0)

Observe that

K ={peB0); 6™ *(p*,p) >0} . (VIIL.11)
Using the monotonicity we have that for any p € (0,1) and any p € K N B,(0)
rm—4
v(B"(p)) € 77— lim |Egwr|* da™

(1= p)m=t k=00 Jpm o)
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We deduce from this inequality that v is absolutely continuous with respect to H™ 4L K,
the restriction to K of the m — 4—Hausdorff measure. Let d > 0, define

1
Gs = {p € B*(0) ; 6 < limsup m4/ | Fpoo|? dazm}
r B (p)

r—0

Considering for any § > 0 for any n > 0 and any p € G a radius 0 < r}} <7 such that

)
/ |Fp|? dz™ > = (rg)m_4
B (p) 2

P

For any n > 0 we extract from the covering (BZ% (p))pecs a Besicovitch subcovering
(B"(p))ier of Gs in such a way that there exists an integer N,, > 0 depending only
on m such that each point of B™ is covered by at most /N, balls of this sub-covering. We
then have
H™Gs) < 2limsupZ/ | Fpoo|* daz™
B (p)

)
=0 Ser

2N, .
< lim sup/ | Fpoo|* daz™
0 n—0 dist(z,K)<n

Since K is closed and has Lebesgue measure zero we deduce that

Hr (ﬂ G(;) =0,

or in other words

1
for H™* almost every p € B™ limsup : / |Fpeo|> dz™ =0
=0 T B p)

Using the characterization of K given by (VIIL.11) and the fact that v is absolutely
continuous with respect to H™*L K we deduce from the previous fact that

B,
for v almost every p € B™ lim —V( (1))

- exists and is positive
r—> e

The following result, which is an important contribution to Geometric measure theory was
proved by D.Preiss in [37] and answered positively to a conjecture posed by Besicovitch.
It permits to conclude the proof of theorem VIIIL.2. O

Theorem VIIIL.6. Let v be a Borel non-negative measure in B™. Assume that v almost
everywhere the n—dimensional density of v exists and is positive then v is supported by a
n—dimensional rectifiable subset in B™. O
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In order to have a more complete description of the compactification of the moduli
space of smooth Yang-Mills fields in supercritical dimension three main questions are left
open in this theorem

i) What are the special geometric properties satisfied by the set K ?
ii) What is the energy defect f(x) ?

iii) What is the regularity of A - modulo gauge - throughout K ?

In subcritical dimension m < 4, due to the analysis we have exposed in the previous
sections, we have that K = (), f = 0 and modulo gauge transformation the limiting
connection extends to a smooth Yang-Mills field over the whole ball.

In critical 4 dimensions these questions are answered by the point removability theo-
rem VI.9: the set K is made of isolated points, the function f is the sum of the Yang-Mills
energies of Yang-Mills fields over S* (see [42]) and, modulo gauge transformation, the lim-
iting connection extends to a smooth Yang-Mills field over the whole ball.

In super-critical dimension it is expected that K with the multiplicity f defines a a so
called stationary varifold (see [50]). This belief comes from the fact that smooth Yang-
Mills fields satisfy the stationarity condition (VIIL.4) and it is expected that this condition
should still be satisfied by the weak limit A itself, and hence, due to the Radon measure
convergence (VIIL.2) , it would be ”transfered” to the measure f H™ *_ K. This last
fact is equivalent to the stationarity of (K, f).

Regarding the regularity of A a result of T.Tao and G.Tian [54] asserts that A>
is a smooth Yang-Mills connection of a smooth bundle defined away of a closed subset
L C K satisfying H™ 4(L) = 0. This partial regularity result is probably not optimal
but this optimality or non-optimality is an open problem (a similar open question exists
for stationary harmonic maps - see [43])

The author has proved in [42] that a uniform L' control of the Hessian of the curvature
leads to the energy quantisation along K. Precisely the following theorem holds.

Theorem VIIL.7. [/2] Let A* be a sequence of smooth Yang-Mills Fields on B™ satisfying

limsup/ |V2F k| + |Fgr|? da™ < 400

k——+o0

Then, modulo extraction of a subsequence, there exists a m — 4 rectifiable K C B™ and a
H™ L K measurable function f € L°°(K). such that

|Far|? da™ — |Fpeo|® d2™ + f dH™ LK
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where Fy~ 1s the curvature of a smooth Yang-Mills field of a G—bundle over B™. More-

over
ForH™ *-a. e.x € K IN, €N V,---Vy, and

Ng
f@) =3 [ 1o, dvolse
j=175"

where V; are Yang-Mills connections of some smooth G—bundles over S*.

Recently, Aaron Naber and Daniele Valtorta in [29] have been able to prove the fol-
lowing uniform L' control of the Hessian which had been conjectured by the author in
[42].

Theorem VIIL.8. [29] Let A be a smooth Yang-Mills Fields of a smooth G—bundle over
a closed manifold (M™, h) such that

/ |F4)? dvol, < A,

then
/‘|v%uwmmhgcwxmm«n¢Mmm»

|

Combining theorem VIII.7 and theorem VIII.8 implies the energy quantisation along
K (i.e. the conclusion of theorem VIIL.7) for sequences of smooth Yang-Mills connections
under Yang-Mills energy control only.

VIII.3 The (Q—anti-self-dual instantons.

In 4 dimension a special class of solutions to the Yang-Mills equation, the anti-self-dual
instantons have been considered by S.Donaldson in the early 80’s to produce invariants of
differential 4 dimensional manifolds. On a 4-dimensionnal riemannian manifold (M*, h)
for some given SU(n)—bundle over M™ we consider connections A solutions to the equa-
tion

sy = —Fy . (VIII.12)
This equation is issued from an elliptic complex (see [13]) and is the natural generalization
in 4 dimension of the flat connection equation F4 = 0 on riemann surfaces considered to
classify holomorphic complex structures over such a surface. It defines special solutions
to Yang-Mills equation. Indeed taking the covariant exterior derivative with respect to A,
using the Bianchi identity d4F4 = 0 one obtains d*»Fy = 0. The anti-self-dual equation
(VIII.12) is generalized in higher dimension

s Fa=—QAFy | (VIIL.13)
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where ) is a closed m — 4 form. Again, due to Bianchi identity, by taking the co-
variant exterior derivative with respect to the connection A, using Leibnitz identity on
1-derivations and the fact that €2 is closed, we obtain the Yang-Mills equation d*» F4 = 0.
The Q2—anti-self-dual equation is not elliptic in general. There are however special situa-
tions of geometric interest when the base manifold has a restricted holonomy.

e Hermitian Yang-Mills fields.

Let (M?" h) be an even dimensional riemannian manifold. We assume that M?" is
equipped with an integrable complex structure Jy; - i.e. the brackets operation leaves the
space of 1 — 0 vector fields of TM ® C invariant

V X,Y vector fields  J[X —iJX,Y —iJY]=i[X —iJX,Y —iJY]

Finally we assume that (M?™, h, Jys) is Kahler : w(-,-) := g(-, Jys+) is a closed 2-form. Tt
defines a non degenerate 2-form and w™/m! = dvol,. Let

Q:=w"?/(m—2)!

Consider an hermitian vector bundle E associated to a principal SU(n) bundle over M™
with projection map 7 : E — M?*™. A connection V is Q anti self-dual if and only if it
satisfies the Hermitian Yang-Mills equations :

Fo*=0
xFg=— QNEFy <—
w-FéJ:O

where F%Q (resp. Fé’l ) is the 0—2 (resp. 1—1) part of the curvature (the space T*M @ C
is decomposed according to the eigen-spaces of Jy, for the eigenvalues ¢ and —i) so the
Hermitian Yang-Mills equation

FP=0 & VXY Fo(X—iJX,Y —iJY)=0

m

w -+ Févl =0 = Z(Fv)el"]q =0 where w = Zel A JEZ

I=1 =1
and g; denotes an orthonormal basis of (T*M?™ h).

The Hermitian Yang-Mills equation can be interpreted as follows. The equivariant
horizontal distribution of plane H associated to V defines an almost complex structure
Jv on F in the following way

VEEEVX € ThE  Jo(X) = Jp(XV) + (Ju(m. X)) |

we recall that XV is the projection onto the tangent vertical space (the kernel of the
projection ,) with respect to the horizontal plane H, and Jg is the complex structure

69



on the tangent vertical space defined by the SU(n) structure group of the bundle. The
first part of the equation Hermitian Yang-Mills can be reformulated as follows

V X, Y vector fields in M?*™  F92(X|Y) =0 <=
Jo (X —idy X (Y —iJy V) =i (X —i Sy X)E (Y —iJy Y)H] |

which is equivalent to say that Jy is integrable and that the hermitian bundle is holo-
morphic.

If Ais a su(n)—valued 1-form representing V in an orthonormal trivialisation, this
integrability condition implies, by switching to a local holomorphic trivialisation, that
there is a gauge change g (non-unitary anymore but taking values into Gl(n,C)) such
that locally

g g+ gAY g = (A9)* =0
and the 0 — 1 part of the connection V in this holomorphic trivialization coincide with 0.
Since A is taking values into su(n), we have that AL? = —A01'. Thus we obtain the fact

that
(Al’o)g =htoh

where h := g g is taking values into invertible self-dual matrices. So the so called ” Einstein
part” of the equation w - Fo' = 0 becomes equivalent to the non-linear elliptic equation'®

w-0h 'R =0

e SU(4)—instantons in Calaby-Yau 4-folds.

In high energy physics and later in geometry (see the PhD thesis of C.Lewis , [14],
[57]) the following generalisation of instantons has been introduced. Consider an SU(n)
principal bundle P over (M® g) a Calabi-Yau manifold of complex dimension 4 - i.e.
(M3, g) has holonomy SU(4). Such a manifold posses an integrable complex structure Jy,
for which (M?®, g, Jys) is Kahler and it posses in addition a global holomorphic 4 — 0 form
0 of unit norm - unique modulo unit complex number multiplication - and satisfying

- w
ONE = o
The 4—form 2 defined by
2
Q= AR0) + %

15Recall that in a K&hler manifold w - 80 = A
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is closed, parallel and of unit co-mass ( see [57] lemma 4.4.1) : V2o € M

<Q,U1/\U2/\U3/\U4>

1
Hizl |

The holomorphic 4 — 0 form 6 defines an isometry of the space of 0 — 2 forms on M?® such
that

1=1Q«(z) = sup{ ;ou; € Tp M\ {0}}

Va, e A2M8 alNsgB=a-50

Some basic computation gives the the {2—anti self dual equation in this case is equivalent
to
(14 %) F2* =0
xfg=— QONEFy <—
w - Fé’l =0 ,

which is also known as the SU(4) instanton equation.

VIII.4 Tian’s regularity conjecture on ()—anti-self-dual instan-
tons.

Tian’s result in the case of ) anti-self dual instantons for a closed m — 4—form 2 of
co-mass less than 1 is the following.

Theorem VIIL9. Let (M™, h) be a compact riemannian manifold. Let € be a smooth
m — 4 closed form in M™. Assume Q0 has co-mass less than 1

1120l amy <1,
where
< Qur AN AUy >
m—4
IL=0 Jul
Let E be an hermitian vector bundle associated to an SU(n)-bundle over M™ and let

V* be a sequence of smooth SU(n)—connections satisfying the Q anti self dual instantons
equation

9. (2) == sup{ e TQCM\{O}}

*thk = — Q/\ka mn M™

Then, modulo extraction of a subsequence, there exists a m — 4 rectifiable closed subset of
M™, K, of finite m — 4 Hausdorff measure, H™" *(K) < 400, an hermitian bundle E,
defined over M™ \ K and a smooth SU(n) connection V> of Ey such that

spFoe = — QA Foe  in MM\ K | (VIIL.14)
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moreover

V By(xg) C M™\ K 3 a sequence of trivializations s. t.
AF 5 A>  strongly in C(B™) VIeN |

where V¥ ~ d + A¥ in these trivializations and V>®° ~ d + A in a trivialization of Ey
over B™. Moreover there exists an integer rectifiable current C' such that for any smooth
m — 4 form ¢ on M™

/ Tr(Fgw N Fgw) N — Tr(Fye A Fyes) A + 872 C(p)

Mm

and the current C' s calibrated by ()
C(©) = M(C) = sup{C(¢) ; lllelllzoearmy <1}

where M is the mass of the current C'. Finally the following convergence holds weakly as
Radon measures

|Fow|? dvoly, — |Fos |} dvoly, +87% ©(C) H™ LK

where O(C) is the integer valued L' function with respect to the restriction of the m — 4
Hausdorff measure to K and which is giving the multiplicity of the current C' at each
point. d

Observe that no bound is a-priori needed for the Yang-Mills energy of the sequence.
We have indeed

Y M(VF) = —/ Tr(Fyr A *xpFgr) dvoly,

m

:/ T?“(ka /\ka)/\Q

Since € is closed this integral only depends on the cohomology class of the other closed
form Tr(Fgx A Fgr) which is the second Chern class of £ and which is independent of
V-,

Remark VIIIL.2. Regarding the limiting bundle Ey, it is important to insist on the fact
that there is no reason for Ey to extend through K over the whole manifold M™ as a
smooth bundle. Hence there is a-priori no meaning to give to V° over the whole manifold
and therefore the Q—anti-self dual equation (VIII.14) cannot even hold in a distributional
sense throughout K if we do not relax the notion of bundle and connections. ]
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An important question directly related to the regularity of the limiting configuration
(Ep, V=, () is the following open problem.

Open problem. Show that the limiting current C' has no boundary :
oC =0
O

The resolution of this conjecture would imply that the limiting connection (though defined
on M™\supp(C') only) satisfies globally the stationary equation VIIL5 (i.e. more precisely
the version of (VIIL.5) on (M™ h)). One proves that the open question about proving
that 0C = 0 is equivalent to

This last identity should be equivalent to the following
strong approximation property : Does there exist a sequence D* of smooth SU (n)—connection
of smooth hermitian bundles over M™ such that

i, it [ [V (DR + [ Fon — g7 Fgld dool =0 2

k—+00 geW1:2

If we would know that 0C' = 0 then C' defines a calibrated integral cycle. The opti-
mal regularity for calibrated and semi-calibrated integral cycles of dimension 2 has been
proved respectively in [44] and [12]. Such cycles have at most isolated point singularities.
More generally, the calibrated condition implies that such a cycle is homologically mass
minimizing (see [18]). From this later fact, using Almgren regularity result [2] proved also
by C.De Lellis and E.Spadaro ([9], [10] and [11]), we would obtain that C' is the integra-
tion along a rectifiable set which is a smooth dimension m — 4 sub-manifold away from
a co-dimension 2 singular set with smooth integer multiplicity away from that set. This
result is optimal : integration along holomorphic curves in CP" is a calibrated integral
cycle for the Fubini Study Kahler form and can have isolated singularities which are of
co-dimension 2 within the curve.

In his paper Tian made the following conjecture.

Tian regularity conjecture Let (Ey, V™) be the weak limit of smooth Q-anti-self dual
istantons on a bundle E. Then the limiting bundle Ey and the limiting connections V™

extend to smooth bundle, resp. smooth connection, away from a closed co-dimension 6 set
L in M™. 0.

There is one case which has been completely settled and where the conjecture has
been proved. This is the case of Hermitian Yang-Mills fields. In that case the currents
defined by

Y — TT(ka/\ka)/\QO
M2m

73



is a (m — 2) — (m — 2) positive cycle (i.e. calibrated by w™2/(m — 2)!), This condition
is of course preserved at the limit and then

o — Tr(Fye A Fyes) A @ + 872 C(p)
Mm

is also a (m —2) — (m —2) positive cycle (i.e. calibrated by w™2/(m —2)!). The points of
non zero density correspond to the support of C' and using an important result by Y.T.
Siu [51] we obtain that C' is the integration along an holomorphic sub-variety of complex
co-dimension 2. Using now a result by S.Bando and Y.T.Siu [4] we obtain that Fj extends
to an analytic reflexive sheaf over the whole M?™ it is then locally free (i.e. it realizes
a smooth bundle) away from a closed complex co-dimension 3 subset of M?*™ which is
included in K (see for instance [22]). They also prove a point removability asserting that
V° defines a smooth connection on the part where the sheaf is free which proves the Tian
reqularity conjecture in the special case of Hermitian Yang-Mills fields.

VIIIL.5 The space of weak connections.

As we saw in the previous section, in dimension larger than 4, ”bundles with singularities”
arise naturally as ”carriers” of limits of smooth Yang-Mills fields with uniformly bounded
energy over smooth bundles. If now we remove the assumption to be Yang-Mills and just
follow sequences of connections with uniformly bounded Yang-Mills energy over smooth
bundles we have seen in the beginning of this section that the limiting carrying bundle
can have twists everywhere on the base ! Similarly, taking a sequence of closed sub-
manifolds with uniformly bounded volume the limit ”escape” from the space of smooth
sub-manifold and can be singular. The main achievement of the work of Federer and
Fleming has been to introduce a class of objects, the integral cycles which complete the
space of closed sub-manifold with uniformly bounded volume and which was suitable to
solve the Plateau problem in a general framework. The purpose of the work [34] is to define
a class of weak bundles and weak connections satisfying a closure property under uniformly
bounded Yang-Mills energy and suitable to solve the Yang-Mills Plateau problem.

We introduce the following stratified definition.

Definition VIIL.2. Let G be a compact Lie group and (M™,h) a compact riemanian
manifold. For m < 4 the space of weak connections Ag(M™) is defined to coincide with
the space of Sobolev connections defined by

Ae LA(N'M™,G) 5 [ym [dA+ANAJR dvoly, < 400
ng(Mm) =
locally3 g € W2 st. A9 € W2
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For m > 4 we define the space of weak connections Ag(M™) to be

Ae LA(N'M™.G) 5 [ym [dA+ AN AJR dvol), < 400
A(M™) =
VpeM™ forae r>0 up A€ Ac(0B"(p) .

where B (p) denotes the geodesic ball of center p and radius r > 0 and LBBT(p)A 1s the
restriction of the 1-form A on the boundary of B (p). O

As an illustration of this space, It is not difficult to check that the limiting connections
V* from Tian’s closure theorem are in Ag. We have the following result which justifies
the previous definition.

Theorem VIIL.10. For any m € N* the space of weak connection Ag(B™) is weakly
sequentially closed bellow any Yang-Mills energy level. Precisely, let A* € Ag(B™) such
that

limsup/ |dA* + AP A AR da™ < too

k—+o00
then there ezists a subsequence k' and A>® € Ag(B™) such that

dz™

—
| frwl

S(A¥ A®) = sup inf )/ |AF — (A®)9 A frwl|?

fe€Lipy (Bm Rm—4) gEWL2(B™.G

where Lipy(B™) is the space of lipschitz function on B™ with norm bounded by 1 and
w:i=dry N dTy_a. O

Remark VIIIL.3. In the statement of theorem VIII.10 6 can be replaced by the more
coercive gauge invariant L* distance (VIII.1) when G = SU(2). It is expected this fact to
be true at least for G = SU(n) and n arbitrary. It is related to an interesting problem in
multilinear algebra (see [35]). O

Remark VIII.4. Theorem VIII.10 can be seen as a Rellich Kondrachov type result
for weak connections with L*>—bounded curvatures. ]

A proof of theorem VIII.10 is given in [34] and [35]. It is using the following strong
approximation theorem whose proof is rather technical.

Theorem VIIL.11. Let A € Ag(B™) then there exists A* which are the connection G
1-forms on B™ associated to smooth connections of a sequence of smooth bundles over
B™ minus polyhedral chains of codimension & such that

lim inf / |A — (AM))2 4+ |Fg — g Farg|* dz™ =0

k—+o0 geWl2(Bm,G) [
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These two last results take their roots in the following weak sequential closure, respec-
tively strong approximation, results proved in [32].

Theorem VIIIL.12. Let p > 1 and let F}, be a sequence of LP two forms in B* such that

VpeB® forae B(p)cB® / F,e2nZ
0B (p)
Assume Fj, — F,, weakly in LP then

VpeB® forae B.(p) CB? / Foe2nz
aBr(P)

The strong approximation result says the following.

Theorem VIIL.13. Let p > 1 and let F be an LP two forms in B* such that

VpeB® forae B.(p)CB® / Fe2rZ
aBr(p)

then there exists a sequence A* of smooth connections of a sequence of smooth U(1) bundles
over B® minus finitely many points such that

lim |Fye — F|P da® =0
k—)-‘rOO BS

|

VIII.6 The resolution of the Yang-Mills Plateau problem in 5
dimensions.

In the present section we are solving the “Schoen-Uhlenbeck type” question introduced for
the first time in [48] for harmonic maps. We call it in our framework “Yang-Mills-Plateau
Problem”. We present the result in 5 dimension which has appeared in [34] while the
higher dimensional case is under preparation.

In order to solve the Yang-Mills Plateau problem in the 5-dimensional ball B®, we
introduce a sub-space of Agpy(,)(B®) of weak connections admitting a trace.

Let n be a weak connection 1-form of Ag(S*) we denote by AZU(n)(BE’) the subspace
of Asu(n)(B®) made of weak connection 1-forms A such that

lim inf DA — g tdg— g 'ng|?* dvol ,
Jim S4| FA—g dg—g g 54

where D7 A is the pull-back on S* ~ 9B} (0) of the restriction of A to B?(0) by the dilation
of ratio r. It is proved in [34] that for any n € Ag the space A/, is weakly sequentially
closed under any Yang-Mills energy level. Hence we have the following theorem.
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Theorem VIII.14. [Existence for YM minimizers| Let G be a compact Lie group
and let n be an arbitrary Sobolev connection one form in Ag(S?*) then the folowing mini-
mization problem is achieved

inf{/ |[dA+ANAP da® ; A€ Ag(B5)} : (VIIL.15)
B5
O

Solutions to this minimisation problem will be called solutions to the Plateau problem for
the boundary connection 7.

Once the existence of the minimiser is established it is legitimate to ask about the
regularity for these solutions to the Yang-Mills Plateau problem. Before to give the optimal
regularity we give an intermediate result which holds in the general class of stationary
Yang-Mills in the space of weak connections Ag(B®).

Theorem VIII.15. [e—regularity for weak stationary YM fields in 5D] Let G be
a compact Lie group, there exists e > 0 such that for any weak connection 1-forms A in
Ac(B5) satisfying weakly the Yang-Mills equation

d*Fy+[ALFA =0 in D' (B(0))

assume also that it satisfies the stationarity condition

=0 |,
t=0

d
V X € C°(B°,R?) d—/ U7y |2
t B5

where Uy 1s the flow of X, and the small energy condition

/ |Fal” da’ < eq
B{(0)

then there exists a gauge g € W1’2(Bf/2(0), G) in which the following estimates hold : for
any | € N there exists C; > 0 such that

VA w5 <C/ Fal? da®
V(A7 (Bf ,(0) = 1 35(0)‘ al” da

|

This theorem is a consequence the monotonicity formula deduced from the stationarity
condition and a weak version of the Coulomb gauge extraction theorem VIII.3 which
generalizes the work of T.Tao- G.Tian [54] for admissible connections or the work of
Y.Meyer and the author [26] for approzimable connections to the general framework of
weak connections in Ag(B?).

With the e—regularity result at hand, using a Luckhaus lemma together with a Federer
dimension reduction method following the proof of the regularity result of R.Schoen and
K.Uhlenbeck for minimizing harmonic map [48] we obtain the following theorem.
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Theorem VIII.16. [Regularity for minimizers of the Yang-Mills Plateau prob-
lem.] Let G be a compact Lie group, and let n be the connection 1-form associated to a
smooth connection of some G—bundle over OB® then the minimizers of the Yang-Mills
Plateau problem (VIII.15) are smooth connections V of a smooth bundle defined on B®
minus finitely many points. For G = SU(2) we have

d(tr(Fy AFg)) = & 6., with £ €{-1,+1} |

where a; are the point singularities. |

It is proved in [34] that the theorem is optimal in the sense that there exists a smooth
su(2)—valued 1-form 7 - defining then a connection of the trivial bundle over S* - such
that any solution to the Plateau problem (VIII.15) has isolated singularities.

VIII.7 Weak Holomorphic Structures over Complex Manifolds.

With the definition of weak connection at hands one can reformulate a more general
version of Tian’s regularity conjecture as follows.

Conjecture. Let (M™, h) be a compact riemannian manifold and Q0 a closed m — 4 form
of co-mass less than one. Let A be a weak connection in A(M™) for the Lie group G
and solving

sy = — QN Fy m D/(Mm)
Does A define a smooth connection of some smooth G—bundle over the whole manifold

minus a closed subset of co-dimension 6.

A case of special interest for instance is given by the space of Weak Hermitian
Yang-Mills SU(n)— connections over a Kéahler manifold (M?,J,w) : the elements in
Asv ) (M?P) satisfying

F?=0
in D'(M?*) . (VIIIL.16)
w-Fyt=0

In order to study this question it is of interest to first concentrate on density properties
within the following space of weak holomorphic structures

“A}S:(lf(n)(MQP) = {A€ Asym)(M?) 3 Fi*=0 a. e}

The following result asserts that weak holomorphic structures in 2 complex dimension
(the dimension for which the Yang-Mills energy is critical) are defining classical smooth
holomorphic structures and are strongly approximable by smooth ones.
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Theorem VIIL.17. [31] Let (M*, J,w) be a Kdhler 2 dimensional manifold and A €
A;’llj(n)(sz) and denote by E the smooth SU(n)—bundle defined by A and by ¥V the
associated Sobolev connection (see proposition VIII.1). Then there exists a smooth holo-
morphic structure £ on E such that

V =0y +htoh+0s

where h and h™' are W*P—sections of GL(E) for any p < 2, 0y and Og are respectively
the 1 — 0 and the 0 — 1 parts of the Chern connection associated to €& and the choice
of some smooth Hermitian structure on the bundle. Moreover there exists a sequence of
smooth connections V¥ satisfying

Fgi=0
and
. . kyg|2 -1 2 —
kgrfoo geW11,£l(€\44’G) /M4 A= (VLA [Fa = g7 Forgly dvoly =0,
where h(-,-) = w(-, J-). O

Remark VIIL.5. [t is natural to expect the above theorem VIII.17 to be extended in higher
dimension but allowing singularities and replacing in the result the smooth holomorphic
bundle €& by a the more general notion of reflexive sheaf. O

Finally we are closing this section by mentioning 2 open problems relating weak 1 — 1
curvatures and the strong approximability property.

Open Problem 1 Let F be a 1—1 real 2-form in C* such that F € L (C?) for1<p
and satisfying for almost every two spheres S in C?

/ FeZ . (VIIL17)
S

Prove that F is a closed form!'S

The result should still hold in the almost complex framework. As a matter of illustra-
tion we mention the following open question. In [45], Tian and the author of these notes
establish the optimal partial regularity result for W12—pseudo-holomorphic maps from
an almost Kdhler'™ four dimensional real manifold (M*, J,w) into a projective space CP"

161f p > 4/3, using Holder inequality, one proves that under these assumptions /. ¢ F'is equal to zero
for almost every 2-spheres and then F is closed.
"The form w, compatible with .J, is closed but .J is not necessarily integrable.
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assuming u*wepn is closed!® where wepn is the Fubini Study Kahler 2-form on CP™.

A priori only the condition (VIIL.17) is satisfied for F' := u*w but it is natural to
ask whether d(u*w) = 0 always hold when u is pseudo-holomorphic and if the closdness
assumption made in [45] is redundant or not.

Open Problem 2 Let (M?,J,w) be a p—dimensional complex manifold equiped with
a Kdahler structure and let A € A}q’é(n)(M%). Does the following identity*® hold true

d(t?“(FA N FA)) =0 . (VHIlS)
O
If (VIIL.18) would always hold true under the assumption that A € A}g’é(n)(M ’P), we

could then deduce from such an approximation property the Tian’s regularity conjecture
in the particular case of Weak Hermitian Yang-Mills SU(n) connections over a closed
p—Kahler manifold in it’s full generality® .
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