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MOSER-TRUDINGER TRACE INEQUALITIES ON A COMPACT
RIEMANNIAN SURFACE WITH BOUNDARY

YUNYAN YANG

Let (M, g) be a compact smooth Riemannian surface with boundary. In
this paper, we use blowing-up analysis to prove that some Moser-Trudinger
trace inequalities hold on certain function spaces, and that the extremal
functions exist in those function spaces without any additional hypothesis
on (M, g).

1. Introduction and main results

Let (M, g) be a compact smooth Riemannian surface, and H-?(M) the completion
of C°°(M) under the norm

1/2
Nl grr2any = (/ (|VM|2+|M|2)dVg> -
M

A result of N. Trudinger [1967] implies that there exists a constant « such that
sup / e"”‘deg < 4o00.
lull 1,240, =1 I M
J. Moser proved the following theorems:

Theorem A [Moser 1970/71]. Let Q2 be an open domain in R", n > 2. There
exists a constant C which depends only on n such that if u is smooth, has compact
support contained in Q2 and its gradient Vu satisfies fM |Vul"dx <1, then

n/(n—1)
/e“n“' dx <C|Q|,
Q

where a, = n(w,—)"" " and w,_, is the surface measure of the unit sphere in
R™. If oy, is replaced by any o > oy, the integral on the left-hand is still finite, but
can be made arbitrarily large by an appropriate choice of u.

MSC2000: 58J05, 58132.
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Theorem B [Moser 1970/71]. There exists an absolute constant cy such that if u
is a smooth function on S* with sz |Vul?dS =1 and fsl udVy =0, then

2
/ A4S < co.
SZ

The constant 47 is the best possible in the same sense as oy, in Theorem A.

Recall that Sobolev’s theorems, see e.g. [10], assert existence of imbedding
Wy P(Q) — L9(Q) for 1 < p < n and W, (Q) — C%Q) for p > n, where
1/qg =1/p —1/n. Thus Theorem A represents a sharp way to fill in the gap at the
critical exponent p = n. Theorem B plays the same role for the Sobolev theorems
on S2.

Moser’s work was extended in [Adams 1988; Fontana 1993; Nolasco and Taran-
tello 1998; Chang and Yang 1988; Ding et al. 1997]. Generally, the inequalities
obtained by those mathematicians are also called Moser—Trudinger inequalities.

It is well known that Moses—Trudinger inequalities play an important role in the
study of partial differential equations, especially those that arise in geometry and
physics. There has been much work on such inequalities and their applications;
see, for example, [Trudinger 1967; Cohn and Lu 2002; Carleson and Chang 1986;
Chang 1996; Flucher 1992; Lin 1996; Jost and Wang 2001] and the references
therein.

Li and Zhu [1997] established some sharp Sobolev trace inequalities on n-
dimensional compact Riemannian manifolds with smooth boundaries. Recently,
Liu generalized a result of Osgood, Phillips and Sarnak [Osgood et al. 1988]:

Theorem C [Liu 2002]. Let (M, g) be a compact Riemannian surface with bound-

ary OM, then there exists a constant C, which depends only on the geometry of M,
such that for all u € H'"2(M)

1
(1-1) log/ e'dsg < —/ |Vu|2dVg+/ udsy +C.
M dr Ju M

The value P is sharp.
T
A strong version of (1-1) has also been obtained:

Theorem D [Li and Liu 2005]. Let (M, g) be a compact Riemannian surface with
boundary oM. Then

(1-2) sup / e dS, < 400,
Sy IVul?dv,=1 JoM
S wdSg=0
and sup / e“”zng =+00
Sy IVul?Pdvy=1 J oM

Sy udSg=0
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for any a > w. Moreover, there is a function u € C*®(M) which satisfies that
[y IVul?dVy =1, [,,, u=0,and

Tu? _ 7v?
[ et dS, = sup e dS,.
oM Jos IVV2dVy=1 JIM

Jong vdSg=0

Theorems C and D are proved by blowing-up analysis, a method closely related
to those used by Schoen [1984] in his solution of the Yamabe problem, Escobar and
Schoen [1986] for finding conformal metrics with prescribed curvatures in higher
dimensions, and Ding, Jost, Li and Wang [Ding et al. 1997] in their solution of the
differential equation Au = 87 — 8w he” on a compact Riemannian surface.

In this paper we study some trace inequalities similar to (1-2). Let

¥ ={ueH"(M): [, |Vul?PdVy =1, [,,udVy =0},
Jo={ueH">M): [,,(IVul*+u*)dV, =1}.

Theorem 1.1. Let (M, g) be a compact Riemannian surface with boundary oM.
Then

2
sup / ™ dSy < 400
MG%] oM

and sup,, g, /aM e"”‘zng = +o0 for any a > mw. Moreover, there is a function
u e C®(M)NYH, such that

(1-3) / e’”‘zng:sup/ e””zng.
aM vedt, J oM

Our method to prove Theorem 1.1 is similar to that of [Li and Liu 2005]. Pre-
cisely speaking, we divide the proof into two steps. Firstly, for any ¢ > 0, let
U, € 3; be a maximizer of the functional

Tooe(u) = / ey,
aM
on the space #(;. Let G be a Green’s function on M. Then G takes the form
1
Gx,p)= — logr(x)+A,+ O(r)

in a normal coordinate system around p, where r(x) = dist(x, p) and A, is a
constant. If the sequence {u.} blows up, i.e.,

lug|(xe) = sup |ug|(x) > 400 as & — 0,
xeM
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we obtain

(1-4) sup/ e’”‘zng < Vol dM + 2me™r.
aM

ue%l

In the second step, we construct a blowing up sequence ¢, € J€; such that
T ($e) = / % dS, > Vol IM + 2me™
M

for sufficiently small . This contradicts step 1, and implies that blowing up cannot
occur. The weak compactness of L? (M) (p > 1) gives the existence of the extremal
function, i.e., (1-3) holds.

It should be mentioned that x, lies on 0 M naturally in [Li and Liu 2005] because
u. is a harmonic function there. But in our case, passing to any subsequence, we
cannot assume x, € dM and u.(x.) — +oo simultaneously. Also, in the second
step, the blowing up sequence we constructed (see Section 5) is different from that
of [Li and Liu 2005].

Using the same idea described above, we also obtain:

Theorem 1.2. Let (M, g) be as in Theorem 1.1. Then

sup/ e””2ng < +00
oM

ME%Q

and sup, <y, faM e"‘”Qng = +o00 for any o > mw. Moreover, there is a function
u € C®°(M)N %, such that

/ e””zngzsup/ e”vzng.
oM uedt, JoM

Clearly, Theorem C is a corollary of Theorem D. Similar results can also be
derived from Theorems 1.1 and 1.2; for instance, we can substitute f ) udV, for
Sops wdsg, or (1/47) ull g2y for (1/4m) [, [Vul*d Ve + [;,, u ds, in the right
side of inequality (1-1). Theorems 1.1 and 1.2 are independent of Theorems C
and D. They are more interesting than Theorem C because we obtain boundary
estimates without direct boundary conditions.

For simplicity, we often omit the volume elements dV, and d S, when we write
the integrals on M and d M respectively, and sometimes denote different constants
by the same c. The reader can distinguish them easily from the context.

Most of the remainder of this paper is devoted to the proof of Theorem 1.1.
In Section 2, we establish two regularity lemmas for use later. In Section 3, we
prove that 7t is the best constant. And we derive an upper bound of J; (#) under the
assumption that u, blows up in Section 4. A blowing up sequence ¢, is constructed
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to reach a contradiction in Section 5, and this completes the proof of Theorem 1.1.
In Section 6 we outline the proof of Theorem 1.2.

2. Regularity lemmas

Lemma 2.1. Suppose f e LY(M),he H"4(M),1 <q <2,and2 < p <2q/(2—q).
letu € H“2(M) be a solution of the equation

Au=f in M
ou

%:h on oM,

where M denotes the interior of M. Then u lies in L>° (M) and we have

lullLooary < (Il fllzacmy + Wl Loy + VR Lany + Nl L2 an))
where c is a constant depending only on M.

Proof. We use De Giorgi iteration. Choose a C* vector field ¢ whose restriction
on dM is the outward unit normal vector field. By Stokes’ theorem we have, for
any ¢ € C*(M),

@-1) / ViV = / fo— / oo / fo- / divight)
IM n

=/M(f—hdiv; —<c,Vh>g)<p—/Mh<c, Vo)

z/ f%—/ . Vo).
M M

where (-, -) denotes the Riemannian inner product, f 0— = f—hdivi — (¢, Vh),,
and i = he. Clearly, f° e LY(M) and he LP(M).

For 0 < k < 400, define vy = (u —k)*, My = {x € M : vi(x) > 0}. By Holder’s
inequality,

lull L1 an) - IMIV2ull 20
k - k '
where |My| and |M| represent the 2-dimensional measure of M; and M respec-

tively. Inserting ¢ = vy into (2-1), one has
(2-3)

/ |Vvk|2=/ wwkz—/ fovk—i-f (h, Vui)g
M M M M
1/q , 1/q' . 1/2 1/2
(o) (o) () (eoe)
M M My M

(2-2) M| <
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where |-|=4/(-,-)and 1/¢’+1/g = 1. Since 1 < g <2, we have ¢’ > 2. Choose
r sufficiently large that 1/¢’ — 1/r > 1/2—1/p and r(1/2 —1/p) > 1. By the
Sobolev imbedding theorem,

1/2-1
il zr oy < cClloiell 2qan + 1 Vel z200n)) < elvillzran | Mel 2=+ 1V ol 2y

where c is a constant depending only on M.
Without loss of generality we assume that |ul[z2(3) = 1. According to (2-2),

there exists a large integer number kg such that ¢| M| 172=1/r <1 for k > k. Hence

24 lvellizrny < cllVrllzey - for k= ko.
By (2-3), we have

1/¢’'—1 7
1= A 2 IV Vel L2

1/g'—1 7
< el Ol Lo oan | Ml YNV vl 2eany + 12D 2o 1V Ok 22 a0

2 0
IVl 7200y = 1z an okl 2oy | Mk

which gives

1Vl 2qary < el loant Ml 47 4l oony | M) 2717
Note that 1/¢" —1/r > 1/2—1/p. We have
(2-5) IV Vel 2y < cTIMg Y217,

where T = || £l Laqar) + 2]l Lo -
On the other hand, for 2 > k, we have

/v,zz W=k = [Myl(h— k).
M My

Combining this with (2—4) and (2-5), we get |M},| < K (h —k)™"|M|?, with K =
ct” for some constant ¢, 8= (1/2—1/p)r > 1, and kg < k < h < h; < +oo for
any sufficiently large /. By [Troianiello 1987, Lemma 2.9], |M kotkl =0 for some
k> 0; that is, u < kg +I€ in M. With the same argument, one can deduce that
—u<ko+kin M. O
Theorem 3.17 of [Troianiello 1987] yields an immediate consequence:

Lemma 2.2. Suppose that f € LP?(M) and h € H"P (M) for some p > 2, and that
u e HY2(M) is a solution of

Au=f in M

8_u:h on oM.
on

Then u € H>P(M).
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3. The best constants
We now prove that the best constant in Theorem 1.1 is 7r. Here best means that

2
sup,coe, [y € <+oo fora <,
2
sup,coe, [y € =400 fora >m.
The following lemma is well known:

Lemma 3.1. Let M be a compact Riemannian surface with boundary. Then there

. . 5
exists a positive number o such that sup,, s, / Wy e < oo.

Lemma 3.2. Set ay = sup {a : sup,cy, [3 € < +00}. Then a = 21.

Proof. Step 1. We first prove that ap > 2.
Suppose a; < 27. There exists a sequence u, € ¥ such that [}, el s 4 o0
as ¢ — 0. One can see that there exists a p € M such that for any r > 0,

(3-1) f et 4 og as g5 0,
B:(p)

where B, (p) is a geodesic ball centered at p with radius r. For otherwise, using a
covering argument, one has |’ Y, eleate; < ¢ for ¢ small enough, which contradicts
the definition of u,. By the Poincaré inequality, {u,} is bounded in H'?(M), and
so is {|us|}. Hence there is u € H'2(M) such that |u,| — u (weak convergence) in
H'2(M) and |u,| — u (strong convergence) in L*(M) as ¢ — 0. For any n > 0,
we claim that

(3-2) hm/ V(e =) P =1,
8*)0 M

where (Jug| — n)* is the positive part of |us| — 1. Suppose (3-2) does not hold.
Clearly, liminf,_, ¢ fM IV(Jus| — n)T|> < 1. By the definition of a», passing to a
subsequence, we can choose o’ > a, such that

/Mexp( <(|usl—n)+—m/(l sl—n)+) )<c

for sufficiently small €. Using the Poincaré inequality and the inequality ab <
8a’+b?/(48) for any § > 0, we can choose some &’ > 0 such that o’ /(1+¢’) > o and
f M e uz/(1+e) < ¢, which contradicts (3—1) for ¢ small enough, and implies (3-2).

Let v, = min{|u,|, n}. Then v, is bounded in H"2(M). So there exists v €
H'“2(M) such that v, — v weakly in H">(M) and v, — v strongly in L?(M).
Obviously,

(3-3) || = ve + (Juel —m)™.
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Note that

1=/ |Vug|2zf }vmgnz:/ |va|2+/ IV (uel — )]
M M M M

By (3-2), we have [, |Vv.|* — 0 as ¢ — 0. By the Poincaré lemma, [}, v, —
s> = 0 as ¢ — 0, where ¥, = (Vol M)~! [}, v.. Note that v; — v strongly in
L?(M). One has v = v almost everywhere in M. From (3-3), we know that

u=v+w—n"T ae in M.

By an appropriate choice of 7, one easily derives that v=0and u =0 a.e. in M.
Recall that |u.| — u strongly in L?*(M). One has

(3-4) lug| = 0 stronglyin L>(M) ase — O.

Now we turn to (3—1). Take p € d M. Choose an isothermal coordinate system
(U, ¥) around p such that ¢ : U — [B%;r. Choose a cut-off function ¢ € C*°(M)
such that ¢ =1 on B, (p) and ¢ = 0 outside By, /3(p). By (3—4), we have

f IV (ue) |* Sf IV(que) > <1+¢"
B, (p) M

for some &” > 0 with 277 /(14¢") > ap, provided that ¢ is sufficiently small. Define

» (ue)(s, 1) fort =0,
ué‘(sv t) =
(nue)(s, —t) fort <O.
Then fBzr |Vii,|> ds dt <2+2¢”. By Moser’s inequality, we then obtain the bound

~2 ’
Ja, €%/ P12 ds dr < c. Hence

(3-5) f e2muz/(+e) < o / AT 2D g dp < 2c
B, (p) Bor
for sufficiently small r. This contradicts (3-1).
When p is an interior point in M, one can get a contradiction as above without
any difficulty. In this case, i, is not needed any more; one need only consider u,
itself. This completes the proof of step 1.

Step 2. To prove the opposite inequality, ap, < 27, take any p € 0 M and choose
an isothermal coordinate system around p. Set

1
2
— = 2 1

(3-6) e \/%Ogglogg in Bs(p)\ Bs s (p),

Cep in M\ Bs(p),

log

™ | —

in Bs /z(p),
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where ¢ € Cg°(M\Bs(p)), 0 < ¢ <1, and C; is chosen to satisfy fM u, =0. Itis
easy to check that

/ IVu|>—>1 as ¢ >0
M

and that

2 1 2
Ue ) o ) 1—a/ (27 | Vue |2,)
exp| o >exp| ———log— | Vol B >Ce L
/M p( <||”s||L2 ) - p(znnwsniz e be =

for any @ > 2m; the latter lower bound approaches +o0o as ¢ — 0. Therefore
oy < 2. OJ

Lemma 3.3. Ser J,(u) = fBM e Then

sup Jy(u) <+o0o fora<m and sup J,(u) =400 for o> m.
ue¥; u€,

Proof. Take a smooth vector field ¢ whose restriction on d M is the outward unit
normal vector field. Using the divergence theorem and Lemma 3.2, one has

/ waﬂ:/dw@w“m3=/meo+un—wwavmgﬁsz
oM M M

5c(1+/ |vu||u|e<“>"2)
M

2
sc(1+uvmqummuaMmd”f”|umsmanJ

forall u € ¥, where 1/p+1/2+ (m —¢)/(2m —¢) = 1. Combining this estimate
with the Sobolev imbedding theorem, one has sup, g, Jr—e(u) < +o00 for any
¢ > 0, which implies that sup, cg¢, Jo(u) < +00 forany o < 7.

To complete the proof of the lemma, we employ (3—6) to check that for any
o >, Jy(uy) diverges to +00 as ¢ — 0. ]

4. Blowing up analysis

We now use the method of blowing up to prove (1-4). The same method has also
been used in [Li 2001; Li 2005].
The proof consists of several lemmas.

Lemma 4.1. The functional J,_.(u) defined in the space ¥, admits a smooth
maximizer u, € ¥,.

Proof. 1t is obvious that there exists u, € #; such that

Jn—e(ue) = sup Jp_e(u).

ueit,
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The function u, satisfies the Euler—Lagrange equation

_ Me . °
" Au, = 2%, in M,
(4-1) duy,  m—¢ (m—&)u? M
on B )\vg tee ’ on 9 ’
where
2(7(—8) 2
4-2 e = (T—¢ w24 and = (r—eu
(4-2) e =( )aMg e = <701 o

Write h(ug) = (m — 8)/Aguee(”_€)“§. By the Orlicz space imbedding (see [Struwe
1988]), el e L?(M) for any p > 0. Hence h(u,) € H"9(M) for any 1 < g < 2.
By Lemma 2.1 we have u, € L>*(M), hence h(u,) € H“2(M). By Lemma 2.2,
u. € H>>(M). The Sobolev imbedding theorem then implies that i (u.) € H'“? (M)
for some p > 2. Again, by Lemma 2.2, u, € H*”(M). The Sobolev imbedding
theorem gives u, € C!'(M). Using Lemma 2.2 repeatedly, we conclude that u, €
C*®(M). g

Lemma 4.2. liminf,_,oA; > 0.

Proof. The following estimate is elementary

Vol 0M < sup / ¢ = lim eT—e; <VoloM + liminf A,
uedt, J oM e=0 Jom =0

which gives liminf, ¢ A, > 0. O
Lemma 4.3. u./\. is bounded with respect to e.

Proof. By (4-2) and Lemma 4.2, we have

|M£| < 2(7-[ _8) Me(n—a)ug < 2(7[ _8) (eﬂ_s 1

< = + <C. U
Ae VolM Jyu Xe Vol M e T—¢

Write ¢, = |ug|(x:) = max,ep(x). If {c.} is bounded, then by the standard
elliptic estimate with respect to Equation (4-1), there exists u € #; N C*°(M)
such that u, — u in C*°(M) as ¢ — 0, and Theorem 1.1 follows immediately.
Henceforth we assume ¢, — +o00 as ¢ — 0.

Passing to a subsequence, we may assume that u, > 0 for all € > 0, for oth-
erwise we consider —u, instead of u, in (4—1)—(4-2). We consider separately the
possibilities that {u.(x.)} approaches 400 or —oo or as ¢ — 0.

Take first the case u.(x.) — +00. Applying the maximum principle to (4-1),
we see that x, € d M. Passing to a subsequence, we may assume x, — p for some
pEIM.
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Lemma 4.4. Define

ef(rr —&)c? )

1 A
(4-3) re=——==
T—& g

Then rece — 0as e — 0.

Proof. By the first equality in (4-2), we have

T—e a2 T—E 2 T—€& _2
1= . / uZe ™M < - e / u? <c ; e’
£ oM € oM £

for some constant ¢, where we have used the Sobolev trace imbedding theorem.
This implies that r.c. — 0 as e — 0. ]

Choose an isothermal coordinate system (U, ¢) near p such that ¢(p) =0, ¢
maps U to [R%%r ={x=0x,x)eR?: x>0 and p(UNIM) C B[R%r.
Set

(4-4) Ve (X) = ue(xe +rex)/ce, (ps(x)=cs(“£(xs+rsx)_cs)-

Lemma 4.5. ¢, — 1 in C? ([RTi) as e — 0.

loc

Proof. By (4-1), for ¢ is sufficiently small we have

2
— e He in Bt
Ay = E e in B}(0).
We _ LeX=€), =t on Br(0)NaR?
on Ce Ae ¢ ’

for any R > 0. As in the proof of Lemma 4.1, it is not hard to see that /. — 1 in
C*(By; 5(0)) as e — 0. O

Lemma 4.6. The functions ¢. converge in ClzOC (@) as € — 0 to some ¢ satisfying
—Age =0 in Ri

8—('0—62”“) on 8Ri,

on
®(0) =supp =0.
Proof. By (4-1), we have
Aps(x) = csrszﬁ in B;(O),
2h¢
IQe

Ug U )
= ““exp((r—e)pc(14+=°))  on 9RZ N BR(0)
on Ce Ce

for any R > 0. Using Lemma 2.2, we have ¢, — ¢ in CZ(B,J{/Q(O)) as ¢ — 0O for

some u € CZ(B;Q/Q(O)). Clearly u satisfies the required conditions. ]
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It is not difficult to see that

T—¢
/ ¥ < lim inff 2 PCaLE <1,
Br(0)NIR2 ¢20 JBgy, (xo)NIM e

which gives
/ e < 1.
IRZ

By a result in [Li and Zhu 1995], we have

1
p(x) = —3 log(mx7 + (1 +7x2)?).

/ e = 1.
IRZ

Following [Li and Liu 2005], we define u; = min{ ‘T‘, Ugl.

A direct calculation gives

Lemma 4.7. For any ¢ > 1, we have lim._,¢ fM |Vu§|2 =

Proof. Using Stokes’ formula, (4-1) and Lemma 4.5, we have

) T v (=)
Ug — — = [ Vu,VvV (us — —)
M c
+9 +
= (=) G )
oM c) on M c

_ _Ce tr—e (r—e)u? _ ( _ _) He
_/3M<Ms C> e et M e c/ 2xg

+m—€
2/ <u8 —cg/c> U e +0.(1)
IMOBgry x) Ae

c—1

= / e 4+ 0:(R) + 0:(1),
c AR2+NBR(0)

where 0.(1) — 0 as ¢ — 0, and 0.(R) — 0O for any fixed R as ¢ — 0. Letting
& — 0 first, and then R — +00, we obtain

lim inf us — £
e—0

With the same argument, we get

2 -1

C

<':I»—*

hmlnf/ |Vu| >
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Note that since e+ |2
/’v(ug——) +/ IVu? =1,
M ¢ M
we have liminf,o [, [Vu[* =c~'. O

Lemma 4.8. Under the assumption that ¢ — +00 as € — 0, we have the estimate

1 A
sup Jr(u) < VoloM + — lim sup —;
ueit; T ¢>0 Ce

Proof. For any ¢ > 1, we have

/ e(n—s)u? =/ e(n—s)u§+/ e(rr—s)ug
oM IMN{us<cg/c} IMN{us.>ce/c}

2
< / T 2% / 2 glr—ert,
M c; Jom Ae

By Lemma 4.7, according to step 1 in the proof of Lemma 3.2, one can see that
ug — 0 a.e.in M as € — 0. Substituting ug for u in (3-5), one immediately has

/ eTOWD S \olaM  as & — 0.
oM

Hence
. (m—&)u? C2 : Ae
sup Jr(u) = lim e ¢ <VoloM + — lim sup —.
ued, e=>0 Jom T g0 Ce
Letting ¢ — 1, the conclusion of the lemma follows. U

The next result is an immediate consequence of Lemma 4.8:

Corollary 4.9. A./c. — +00 as ¢ — 0.

Lemma 4.10. For any ¢ € C*(dM), we have

T—¢ i
Csuse(ﬂ Ete =¢(p).
e

4-5 lim
@9 tm [ 0%
Proof. For any fixed ¢ > 1, we partition d M into its intersections with

c c
Di=({ue> =]\ Bre ). Da=(fue ==\ Br(x0). D3 =Brs (o).
Denote by Iy, I», I3 the partial integrals in (4-5) taken over Dy, D, D3. Then

T — €& 2
u2e(rr—s)u£
IMN({ue>EY\Bry, (x¢)) Ae

T—¢
<csuple|[1— ule ™o
)\‘ &
M IMNBg,, (x;) M

fcsum(pl(l—f e2”¢+og<R>),
oM 3B} (0)NIRL

|I1| < csup |g]
oM
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where 0. (R) — 0 as ¢ — 0 for any fixed R. Letting ¢ — 0 first, and then R — +o00,
one has /; — 0. Next,

C c

|| < (1 — &) sup lg| -~ / i[O
oM re Jom

C—s (r—e)(u

c\2
<7 sup|g| Dl Lernrmn

3 luell ervre-n@anlle
oM e

~ Ce
< Csum(pIA—,
oM &

where C is a constant depending on M and c, here we have used Holder’s inequality
and Sobolev imbedding theorem. By Corollary 4.9, we get I, — 0 as ¢ — 0.
Finally,

T—¢& 2 u .
L= / 0 T8 oot = / o 18 lr=erp.(huc e
OMNBg,, (x;) Mo IRZNIB(0) Ce

= o (p) ( / e og(R)).
dBE(0)NIRZ

As before, letting ¢ — O first, then R — 400, we get I3 — ¢(p). Combining all
three estimates, we get the conclusion of the lemma. O

Lemma 4.11. |Vu,|> — 8, weakly in the sense of measure.
Proof. Set
A= {q e M : lim liminf/ Vi, > > o}.
B,(q)

r—>0 -0

We claim that A contains only one point.
Suppose not. Then, for any g € M, we have lim,_,¢ liminf,_, ¢ fB @ |Vu|? < 1.
There exist positive numbers » and § such that

/ |Vue|* <8(q) < 1.
B.(q)

With the assumption ¢, — +o00 as ¢ — 0, step 1 in the proof of Lemma 3.2 implies
that u, — 0 in L?(M), and hence fB,(q) us — 0 as ¢ — 0. It is not difficult to see
that there exists a constant «(g) > m such that

f ea(q)u? < Cq
dMNIB,(q)

for some constant C, depending on g. By a covering argument, there exists an

o > 1 such that
/ e
M N
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for some constant C. This contradicts the choice of u,, and our claim follows.

Next we claim that A = {p}. Let g be the unique point in A, and suppose g # p.
Choose a smooth function i such that ¥ (p) # ¥ (g). By Stokes’ theorem and
Equation (4-1), we have

T —¢&
/ vV P = | v uﬁe“’—‘f)“?—/ He —/ eV Vi,
M oM e w 2% Ju

Clearly the last two terms here tend to 0 as € — 0. As in the proof of Lemma 4.10,
we can show that

im [yl Cu2emomt =y (p).
e—0 oM )\,

On the other hand, lim,_,¢ fM U Vue|> = ¥(gq). Hence ¥ (p) = ¥(g), which
contradicts the choice of ¥. This completes the proof of the lemma. u

Lemma 4.12. c,u, — G weakly in H“9(M) for any q : 1 < q < 2. For any
Q € M\ {p}, we have cou, — G in C®(Q), where G satisfies

1

—AG = Sp — m mn M,

(4-6)
G=0, — =

/ 8n IM\{p)

Proof. By Equation (4-1), we have
He .
A = M,
(ceute) Ce 2, m

d(ceu T —¢
(Cotte) = csuge(”_g)“g on 0M.
on c

Integrating both sides on M, one has

//Lg T —E& (7‘[—8)[42
Co— = A(cgug) = Colige €,
/1;4 82)\,8 /};4 ( & 8) /BM )\’8 ewe

By Lemma 4.10, we immediately get copts/(2As) = 1/Vol M as ¢ — 0.
For any ¢ in the range 1 < ¢ < 2, denote its conjugate by ¢’, so 1/g +1/¢’ = 1.
It is well known that

f|V(CsMs)|q55up{/ V¢V(cgus)dvg:||¢||H1,q/=l}.
M M
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The Sobolev embedding theorem yields |[¢|copy < C, where C is a constant
depending only on M. Using the divergence theorem and (4-1), we have

/ Vo V(cous) = f ¢B(C§””— / $A(Cate)
M oM n M

T—& _e)? Me
= ¢ Ceuse(n e —Ce / 0.
oM )\5 2)"8 M

By Lemma 4.10 again, we obtain
| [ = Clgloan <c.
M

This, together with Poincaré’s inequality, implies that c,u, is bounded in H"4(M).
Hence there exists G € H'9(M) such that c,u, — G weakly in H'9(M) as ¢ — 0.
For any ¢p € C*°(M), we have

/ VOV (cots) = / p 7t / $A(Cote)
M oM n M

T —€& 2 Me
(T—e)u
= (]5 CclUge & —=cC d)
/‘;M )\a o SZA /

—>¢(p)—m/ ¢ ase— 0.

Hence

/VGV¢ ¢<p>——V1M/¢

and Equation (4-6) holds.

For any Q2 € M \ {p}, we choose a smooth function n on M such that n = 1
on ©, and n = 0 near p. By Lemma 4.11, nu, — 0 in L>(M) as ¢ — 0. This,
together with the convergence u, — 0 in L>(M) as ¢ — 0, implies that e(T—eMu
is uniformly bounded in L" () with respect to & for any r > 1. Standard elliptic
estimates imply that c,u, — G in C*(Q) for any positive integer k. This completes
the proof of the lemma. O

In the following, we use the capacity technique to derive the upper bound of
Jr(u). Take an isothermal coordinate system (U, ¢) near p such that ¢(p) =0
and ¢ maps U inside [R{%r and U N dM inside B[R{%r. In this coordinate system
we can write g = e2f(dx12 + dx22), with f(0) = 0. Set ¢(x.) = (xsl, 0). Let
B, =B, (xg, 0) C R? be the standard ball centered at (xgl, 0) with radius r. Define

ip= inf wupo¢p”!, s.= sup uz0¢~ ', i, =max{s,, min{u, 00", i.}}.
OB, \ORY AB\IR?
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Clearly,

4-7) / Vi < / Vits
B} \B}, o~ (BY\G 1 (BE,,)

Rrg
51—/ |we|2—/ Ve,
¢~ (B) =1 (BE,,)

Define a function space

ou

_ 1,2 /m+ + . — — 7 —
AE - { ue H (B5 \BRVg) . u|aB;\aRi = S¢, u|8B;r£\8Ri =g, an ‘('NRZ - }.
+

It is easy to see that inf / |Vgeu|? is attained by the unique solution of the
B \B

uelh, JIE
re

{ACIJ:O in B \Byg,
d e A,.

equation

One can check that

se(logr —log(Rr.)) +i.(logd —logr)

b= ,
log 6 — log(Rr.)
whence
_ 2
(4-8) f VP =g el
B \B},, logé —log Rr.

By Lemma 4.7, we have

1/1 1 T log R
/ |Vu8|2:—2(—logR+—log—+O(L)—l—og(l)).
¢—](B;r€) Cs T T 2 R
Lemma 4.12 then yields
1
(4-9) / |w€|2=—2(—llog5+A,,+0(3loga)+og(1)).
M\¢p~1(B)) GG T

By (4-7) and (4-8), we have

s —2mspi, + i’ 1 1
4-10 e ele e __(__1 S+A 0(5loe s 1)
(+10) logd —log(Rre) A\ x 0g8+A 40 (8 logd)+o0:(1)
11 1 log R
——2<—10gR+—log£+0(°g >+05(1)).
Ce \ T T 2 R

From Lemma 4.7 and Lemma 4.12, one can see that

log(1 4+ 7%R?) + 0:(R) —logé+mA,+ O(5) +0:(R)
— ,  Se= .
2mc, ¢ TTCe

lg = Cg¢



194 YUNYAN YANG

Adding this and (4-3) to (4—10), we have
A
log C—2 < —ec? +10g(27?) + A +0:(8) + 0:(R) +0:(1) + 05(1) + 0r (1).

&

Letting ¢ — O first, then § — 0 and R — +o00, we obtain
. )‘5 2 A
limsup — < 277" 7.
e—0 Cg
Together with Lemma 4.8, this estimate yields sup, ¢y, Jr (1) < Vol 9M +27 e A,
In fact, we have proved the following:

Proposition 4.13. Under the assumption that p > 0 and u.(x.) — +oo as ¢ — 0,
we obtain

sup ]71 (M) < Vol oM + 2]‘[@7[ maxpegm A,;.
uedt;

For the other case, u, > 0 and u.(x.) — —o0o, we only need to replace (4—4)
by @ (x) = —c; (ug(xs +rex)+ cg). Using the same arguments we have used from
Lemma 4.5 to Proposition 4.13, we also get:

Proposition 4.14. Under the assumption that i > 0 and u.(x;) — —oo as ¢ — 0,
we obtain
sup Jr(u) < Vol OM + 27 ™ MaXpeam Ap.

ue%l

5. Existence results

Assume A, =max,cym A, for some p € M. In this section, we will construct a
blowing up sequence ¢, with |, M |Vge|?> =1, and

- - 1
70— 5 Vol M + 2 e™Ar here ¢, = —/
/3Me > + e , W ¢s Vol M oat ¢8'

Take an isothermal coordinate system (U, ) around p such that v (p) = (0, 0),

¥ maps M NU) inside dRZ, and g = e/ (ds? + dt?) with f(0) = 0. Let R be

a function of ¢ such that R — +o00 and Re — 0 as ¢ — 0. For sufficiently small

r >0, write B =B (0, —e/7) =B, (0, —e/7) NR2, B} =y~ (B}) and
—(1/27) log(n2s? /e + (wt/e + 1)®) + B

be(s, 1) =c+ - in B,

for some constants B, c.

Set _
P oY (x) if x € Bf,,

¢ =13 (G—np)/c if x € Bj,, \ B},
G/c if x €M\ Bjy,.
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where B, ¢ are constants to be defined later, 8 = G + (1/7) logr — A, = O(r),
n € C3°(Bage) with n =1 on Bg,, and max |Vy| = O(1/(Re)).
To ensure that ¢, € H'?(M), we assume
N —(1/27) log(m*R*)+ B —(1/7) log(Re)+ A,
C C

which gives
(5-1) 2rc? =2logm — 2B —2loge + 21 A,.

By (4-9), we have

f Vel = —— log = 4 1 R—i—O(lOgR)
=—log=+—lo ,
Bt ¢ xc2 BT g2 o8 R

Re

VG| Vg > 2
/ IVge|* = / —+ — - VGVnp).
M\BJ, mey, € B \Bf, € ¢ JBp\Bf,

2Re 2Re

Let Iy, I, I3 be the three summands on the right-hand side of the last equation.
Clearly, I, = ¢ 20(Re) and Is = ¢ 2O (Re). Next,
1 oG 1

c* Jaomgg,) On Sy,

_1 GaG l/ GaG+1 1 / G +10(1)
2 ooy,  On ¢ Jogrom  9n o 2 VolM \ Jpi ¢2 'R

1 1 ]
= c_2<_; log(Re) + A, + O(Relog(R;)) + 0(?))’

whence
1 1
/ Ve |* = —2(——10g(R8)+Ap+O(Rslog(Rg))-i- 0(l>)
M\Bj;, c T R

Combining the two estimates above, one has

1/ 1 1
f|v¢,g|2:_ __10g8+_logz"‘Ap-l-O(Rslog(Re))-l-O(logR) :
M 2\ 7w i1 2 R

To ensure that [, [V |* = 1, we set
1 1
> =——loge+ —log = + A, + O(Re log(Re)) + 0(%).
b4 b4 2

By (5-1), one can determine B as

1
B = —log2+ O(Relog(Re)) + 0(“’%).
T
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A straightforward computation gives

1
Vol M

$, = f b, = %(0((1@5)2 log R) + O((Re)2log e) + O((Re)? 10g(R8))>.
M

Then

/ exp( (¢e — be)°)
dBF.NOM

log (m25%/e2+ (147t /e)?)+che — 2 B\
=/ exp<n<c_ og (m25%/e2+ (147t /e)?) e — 2 >+0(R8)>ds
aB}. NIRZ

2me

2
= / eXP(?TC2 —log (ﬂZS—Z + 1) +2nB — Cd_)s)eo(Rg)ds
aB L, NIRL £

2
= 27e™Ar (— arctan(m R)) exp(O(Re log Re) + O (lo;g?R ))
bid

— 2™ (1 + O(Relog (Re)) + O (IO%R)).

Moreover,
732 2 )
[ @bz [ (e -dr)
IM\OB}, IM\IB, _—
G_
> Vol 9M — Vol(9M N3 BY,) +712/ %
IM\BS,, €
Therefore
(e —e)? n? 2
e > Vol OM + — (G — O(Relog Re))
oM ¢ JoM\Byp, log R
+0(Relog(Re)) + O< 7 )

Set R =log? e. Then R — +o00, Re — 0, c2(log R)/R — 0, ¢*Relog Re — 0.
Hence

/ " P9 > Vol 9M + 2™ Ay
oM

when ¢ is sufficiently small. This contradicts Proposition 4.13 or Proposition 4.14.
Hence Theorem 1.1 holds. 0

6. Proof of Theorem 1.2

Lemma 6.1. Set &, = sup ia; sup / e’ < +00 } Then &y = 2.
M

ME%Z



MOSER-TRUDINGER TRACE INEQUALITIES 197

Proof. We first show that @y > 2. For any « < 27 and u € ¥, we set

. 1
”_”_W/M”‘

Then it € #,. So, by Lemma 3.2,

~2 2
f e < supf e*V < 4o0.
M ve%l M

For any u € ¥, we have
/ eauz < ec(e’) / ea(1+e’)122
M M

for some &’ > 0. One can choose &’ such that a(1 + &) < 27, which gives
2 14,2
f e < sup / ea(1+a v < +o00.
M UE%] M

2
sup/ e’ < +oo0.
M

ue%z

Hence

Next we prove that &, cannot be greater than 2. To do this, the example in the
proof of Lemma 3.2 still works here. For p € dM, we set

1 1 .
—\ 3,087 in Bsu(p),

Ug = L T
\/Togek)gS n Bé(p)\BSﬁ(p)

Cep in M\ Bs(p),

where ¢ € C3°(M \ Bs(p)), 0 < ¢ <1, and C; is chosen to satisfy fM u,=0. Itis
easy to check that

”u8”%.11,2(M) =/ (|Vug|2+ué2\) — 1 as & — 0,
M

and for any o > 27

/ < ( Ue )2> - ( o 1 1) Vol B
exp| o ——— >expl ————log— ) Vo
" el iz 27 e |12 e P

HL2(M)
’
1—#
> Ce ﬂllllsllHlyz(M)
which approaches 400 as ¢ — 0. Therefore &, < 2, as needed. O

Using the same argument as in the proof of Lemma 3.3, we obtain:
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Lemma 6.2.

sup Jy(u) <400 for o <m and sup Jy(u) =400 for a > m.
ue¥, uets

Similarly to Lemma 4.1, one has:

Lemma 6.3. The functional J,_.(u) defined in the space ¥, admits a smooth
maximizer ug € ¥».

Proof. The proof of the existence of u, is the same as that of Lemma 4.1. The
Euler—Lagrange equation of u, is

Aug = ug in M,
6-1 —
(6-1) oug _ g Suge(nfs)ug on 9M.

on Ae
where

e = (T — 6‘)/ uge(nf‘?)”g.
M

Using Lemmas 2.1 and 2.2 repeatedly, we get u, € C*°(M). O

The rest of the proof of Theorem 1.2 is almost the same as that of Theorem
1.1; we only give its outline. Without loss of generality, we may assume u, > 0
in M. Set ¢, = u.(x;) = max,epy u.(x). If {c.} is bounded, it is not difficult to
see that Theorem 1.2 holds. Hence we assume that ¢, — 400 as € — 0. This is
equivalent to saying [, i — 400 for any o > 2w, which implies that u, — 0
strongly in L?(M) (see the first step in the proof of Lemma 3.2). Applying the
maximum principle to (6-1), we find that x, € dM. Assume that x, converges to
p,so pedM. Letre, p.(x) and Y. (x) be as in Section 4. Then

1 .
Qe —> Q= - log(ﬂle2 +( —|—7Tx2)2) in Clzoc(l]%i).

Moreover c.u, — G weakly in H'9(M) for any ¢ such that 1 < g < 2. The
function G € C*°(M \ {p}) satisfies

~AG+G=35, inM,
[,G=1.

In a normal coordinate system around p, the Green’s function G has the repre-
sentation G = —(1/m) logr + A, + O(r), where r (x) = dist(p, x) is the distance
function, A is a constant depending only on p, and A, + O(r) is called the regular
part. Repeating the other steps taken in Section 4, we obtain

(6-2) sup (1) < Vol M + 2mwe™ 7.

ME%Z
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The blowing up sequence we constructed in Section 5 still works here; one can
check that
A <¢—) > Vol dM + 27 e™r
Pe ll 7112 a1y
for sufficiently small &, which contradicts (6-2) and so proves Theorem 1.2. [J
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